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Acute hypobaric hypoxia during high-alƟtude exposure may affect cardiac autonomic 
regulaƟon and, consequently, ECG intervals and morphology; however, published 
findings remain heterogeneous due to differences in altitude, exposure profile, and 
measurement methodology. The aim of this study was to assess short-term ECG 
changes during rouƟ ne hypobaric hypoxia exposure to 5,000 m above sea level (a.s.l.) 
in clinically healthy young men.

The study included 68 healthy men (17–24 years) undergoing a standardized 
hypobaric-chamber (HC) protocol comprising baseline, ascent, a 30-minute stay at 
5,000 m a.s.l. (six consecuƟ ve 5-minute phases), and descent. ConƟnuous 3-lead Holter 
ECG monitoring and pulse oximetry were performed throughout the exposure. Heart 
rate (HR), PQ, QRS, QT, QTc, ST-interval, and R- and T-wave amplitudes were evaluated 
using repeated-measures analysis with appropriate correcƟ ons; associaƟ ons between 
ECG parameters, HR, and  peripherial capillary oxygen saturaƟ on (SpO₂) were assessed.

Mean SpO₂ decreased from 96.87±0.97% at baseline to 79.85±3.11% at 5,000 m a.s.l., 
while HR increased from 85.64±14.22 bpm to 98.20±8.03 bpm. HR showed signifi cant 
inverse associaƟ ons with SpO₂ within each study stage (p<0.001). No rhythm disorders 
were observed during any stage of chamber exposure. Across successive 5-minute 
phases at 5,000 m a.s.l., PQ, QRS, and QT intervals showed progressive shortening, 
whereas QTc demonstrated only a small, non-signifi cant tendency toward prolongaƟ 
on. No measurable ST-interval deviaƟ on was detected. Changes in R-wave amplitude 
and T-wave morphology were non-signifi cant.

There are signifi cant negaƟ ve correlaƟons between oxygen saturaƟon and heart rate. 
The duraƟons of the PQ interval, QT interval, and the QRS complex shortened 
significantly during ongoing hypoxia, including the 30-minute stay at the simulated 
altitude of 5,000 m a.s.l. in the HC (while remaining within the normal range). These 
changes may reflect integrated chemoreflex-mediated autonomic–chronotropic 
adaptaƟ on to hypoxemia. 
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ParƟ cipants did not use any pharmacological 
agents or sƟ mulants. They were clinically 
healthy and had been cleared by an aeromedical 
commission to undergo rouƟ ne hypoxia-tolerance 
tesƟ ng in the low-pressure chamber.

Ethics statement: The study protocol was 
approved by the relevant Military InsƟ tute of 
AviaƟ on Medicine bioethics commiƩ ee (approval 
No. 14/2018), and all parƟ cipants provided wriƩ en 
informed consent. 

ConƟ nuous ambulatory ECG monitoring was 
performed using a DMS 300-4A digital Holter 
recorder integrated with the CardioScan 12 
system. Recordings were obtained in a three-lead 
confi guraƟ on, yielding three bipolar Holter channels 
with precordial orientaƟ on approximaƟ ng V1-, V5-, 
and V6-like vectors (hereaŌ er referred to as V1-
like, V5-like, and V6-like; these are not equivalent to 
standard 12-lead precordial leads). The ECG signal 
sampling rate was 4,096 samples/s. Recordings were 
Ɵ me-aligned with the hypobaric chamber protocol 
and analyzed according to predefi ned stages and 
phases. Voltages (in mm) and duraƟ ons of ECG 
intervals were evaluated (amplitudes of P, Q, R, S, 
and T waves with the PQ interval as the isoelectric 
baseline), as well as PQ interval, QRS duraƟ on, QT 
interval, and heart-rate-corrected QT (QTc) interval 
calculated using BazeƩ ’s formula. ECG intervals and 
amplitudes were measured manually by a trained 
physician in each channel using uniform criteria. 
Values were derived from arƟ fact-free sinus beats 
within each predefi ned stage/phase aŌ er excluding 
ectopic beats and intervals with baseline instability; 
where more than one eligible beat was available, 
measurements were averaged within the interval 
and, when appropriate, across channels. Hemoglobin 
oxygen saturaƟ on was monitored conƟ nuously using 
pulse oximetry throughout the hypobaric chamber 
exposure. ExaminaƟ ons were conducted in the 
morning, aŌ er a normal night’s sleep and aŌ er a 
meal (at least 1 hour before tesƟ ng). The protocol 
was conducted under standard chamber condiƟ ons 
(temperature 17°C). ParƟ cipants were instructed 
to remain in a stable siƫ  ng posiƟ on and minimize 

INTRODUCTION
Acute alƟ tude hypoxia is considered to be one 

of the most signifi cant threats to the pilot’s body 
during high-alƟ tude fl ight in military aviaƟ on 
[5,10,12]. The level of tolerance to alƟ tude hypoxia 
is an individual maƩ er and, up to an alƟ tude of 
4,000 m a.s.l., may vary considerably [2,6,15]. The 
manifestaƟ on and severity of symptoms resulƟ ng 
from hypoxia are infl uenced by numerous factors, 
including, but not limited to, alƟ tude and the rate 
of ascent [2,6]. A decrease in the parƟ al pressure 
of oxygen (pO₂) in the ambient atmosphere results 
in a reducƟ on in its concentraƟ on in arterial and 
venous blood. This, in turn, leads to a decrease in 
the parƟ al pressure of oxygen in Ɵ ssues [2,5,15]. 
The eff ects of hypoxic hypoxia on the human body 
have been the subject of research and publicaƟ ons 
for many years. A signifi cant number of studies 
have been conducted on cardiovascular responses, 
with some also examining the eff ect of alƟ tude 
hypoxia on ECG morphology [13,19,23]. However, 
the eff ects on the electrocardiogram under 
hypoxic condiƟ ons have been assessed at various 
alƟ tudes in individuals of diff erent ages and levels 
of physical fi tness [13,23]. The present paper is 
consistent with this line of research.

AIM OF THE STUDY

The aim of the study was to assess the eff ect of 
the hypobaric hypoxia exposure on the morphology 
of ECG parameters at a simulated alƟ tude of 5,000 
m a.s.l. in the HC in clinically healthy young men.

MATERIALS AND METHODS

The study group comprised 68 candidates for 
the Polish Air Force Academy aged 17–24 years 
(mean age: 19.6 years). All parƟ cipants had normal 
results from laboratory and diagnosƟ c evaluaƟ ons, 
including hemoglobin concentraƟ on, serum 
sodium and potassium levels, thyroid-sƟ mulaƟ ng 
hormone levels, echocardiography, and a standard 
resƟ ng 12-lead ECG.

In contrast, R- and T-wave amplitudes, QTc duraƟ on, and the ST interval did not change 
signifi cantly.

A rouƟ ne alƟ tude-hypoxia tolerance test performed at a simulated alƟ tude of 5,000 
m a.s.l. in the HC in this cohort did not reveal any clinically relevant changes in ECG 
morphology. Accordingly, conƟ nuous rhythm and heart rate monitoring may be suffi  cient 
for surveillance in similar low-risk seƫ  ngs. However, extrapolaƟ on to other populaƟ ons, 
longer exposures, or higher-risk individuals should be approached with cauƟ on.

Keywords: hypobaric hypoxia, pilots, electrocardiographyKeywords: 
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RESULTS
Mean values and standard deviaƟ ons of 

ECG parameters for each stage of the study are 
presented in Table 1.

Mean values and standard deviaƟ ons of HR and 
SpO₂ for the enƟ re period and each stage of the 
study are presented in Table 2.

Diff erences in mean SpO₂ and HR values 
between each study stage are presented in Figures 
1 and 2. 

Fig. 1.  Diff erences in mean SpO₂ values between each 
study stage.

SpO₂ – peripheral capillary oxygen saturaƟ on; 1 – fi rst study stage (base-
line); 2 – second study stage (ascent to 5,000 m a.s.l.); 3 – third study 
stage (at an alƟ tude of 5,000 m a.s.l.); 4 – fourth study stage (“descent”).

Fig. 2.  Diff erences in mean HR values between each 
study stage.

movement and conversaƟ on during the analyzed 
intervals to reduce moƟ on arƟ facts.

For the assessment of ECG-Holter morphology, 
the HC examinaƟ on was divided into four stages: 
Stage 1—baseline; Stage 2—ascent to a simulated 
alƟ tude of 5,000 m a.s.l. over 7 minutes; Stage 3—
stay at 5,000 m a.s.l. for 30 minutes; and Stage 4—
descent/return to sea-level pressure in the chamber 
(760 mmHg) over 7 minutes. In addiƟ on, Stage 3 was 
subdivided into six consecuƟ ve 5-minute phases: 
Phase 1 (0–5 min), Phase 2 (5–10 min), Phase 3 (10–
15 min), Phase 4 (15–20 min), Phase 5 (20–25 min), 
and Phase 6 (25–30 min). Morphological analysis of 
Holter ECG recordings was performed for each stage 
and phase of the test. The Ɵ me points corresponding 
to successive simulated “alƟ tudes” were marked by 
parƟ cipants by pressing an appropriate buƩ on on 
the recording device. Changes in the rate of alƟ tude 
increase in the HC corresponded to a pressure 
decrease of approximately 0.5 mmHg/s. During the 
hypobaric chamber exposure, peripheral oxygen 
saturaƟ on was conƟ nuously monitored using pulse 
oximetry. 

StaƟ sƟ cal analyses were performed using 
STATISTICA. Normality was evaluated using the 
Kolmogorov–Smirnov test. Within-subject diff erences 
across protocol stages/phases were assessed using 
one-way repeated-measures ANOVA (RM-ANOVA). 
Sphericity was assessed with Mauchly’s test and, 
when violated, degrees of freedom were adjusted 
using the Greenhouse–Geisser correcƟ on. Post-hoc 
pairwise comparisons were adjusted for mulƟ ple 
tesƟ ng using Bonferroni correcƟ on. AssociaƟ ons 
between variables were evaluated using Pearson’s 
correlaƟ on coeffi  cient. Results are presented as 
mean ± SD, and staƟ sƟ cal signifi cance was defi ned as 
two-sided p ≤ 0.05.

Stage PQ [ms] QRS [ms] QT [ms] QTc [ms] R [mm] T [mm]

1 140.33±11.5 94.05±6.2 348.65±10.6 416.54±11.1 16.67±2.8 4.00±0.3

2 131.68±9.1 88.00±5.1 317.67±12.1 418.23±10.9 16.00±1.7 3.70±0.9

3 135.54±6.3 91.09±7.2 334.88±15.3 428.42±8.4 17.68±1.3 3.58±0.2

4 138.72±3.3 99.32±4.9 340.00±16.2 417.49±14.2 16.24±1.5 4.34±0.7

En  re period Stage 1 Baseline Stage 2 Ascent Stage 3 (5000 m a.s.l.) Stage 4 Descent

Mean ± SD

SpO₂ 82.02±5.52 96.87±0.97 90.76±2.04 79.85±3.11 87.48±4.04

HR 96.05±10.15 85.64±14.22 87.32±11.79 98.20±8.03 88.74±12.82

Tab. 1.  Mean values and standard deviaƟ ons of ECG parameters for each stage of the study.

Tab. 2.  Mean values and standard deviaƟ ons of HR and SpO₂ for the enƟ re period and each stage of the study.

1 – fi rst study stage (baseline); 2 – second study stage (ascent to 5,000 m a.s.l.); 3 – third study stage (at an alƟ tude of 5,000 m a.s.l.); 4 – fourth study 
stage (“descent”).

SpO₂ – hemoglobin oxygen saturaƟ on; HR – heart rate
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<200 ms); however, across successive 5-minute 
phases of Stage 3, it gradually shortened. Signifi cant 
diff erences in atrioventricular conducƟ on Ɵ me 
were found, depending on the duraƟ on of exposure 
to alƟ tude hypoxia (Phase 1 vs Phases 2–6; Phases 
2, 3, and 4 vs Phases 5 and 6).

QRS complex duraƟ on recorded over the enƟ re 
HC study remained within the normal range (<120 
ms); however, across successive 5-minute phases 
of Stage 3, it gradually shortened. Signifi cant 
diff erences in intraventricular conducƟ on Ɵ me 
were found, depending on the duraƟ on of exposure 
to alƟ tude hypoxia (Phase 1 vs Phase 5; Phase 6 vs 
Phases 1–5) of Stage 3 of the study.

QT interval duraƟ on recorded over the enƟ re 
HC study remained within physiological limits for 
healthy young adults; however, across successive 
5-minute phases of Stage 3, it gradually shortened.
Signifi cant diff erences in QT interval duraƟ on were
found, depending on the duraƟ on of exposure to
alƟ tude hypoxia (Phase 1 vs Phases 4–6; Phases 2 and 
3 vs Phases 5 and 6). QTc interval duraƟ on showed a
small increase across phases relaƟ ve to Phase 1, but
diff erences were not signifi cant in any phase.

During the HC study, SpO₂ ranged from 96% 
to 76%, with signifi cant diff erences between 
individual stages. During hypobaric exposure, heart 
rate ranged from 57 to 138 beats/min and diff ered 
signifi cantly across all study stages. Signifi cant 
inverse correlaƟ ons between SpO₂ and HR were 
observed within each stage (all p < 0.001). 

No heart rhythm disturbances were observed 
 during any stage of HC exposure. 

Mean values and standard deviaƟ ons of the 
assessed Holter ECG parameters in successive 
phases of Stage 3 (30 minutes at 5,000 m a.s.l.) and 
one-way repeated-measures ANOVA test results 
are presented in Figure 3.

No measurable ST-interval deviaƟ on was 
detected across stages within the resoluƟ on of 
the three-channel Holter method; therefore, ST-
related variability could not be quanƟ fi ed.

Signifi cant phase eff ects were observed for: HR 
values, PQ, QRS, and QT duraƟ on. No signifi cant 
phase eff ects were observed for: R- and T-wave 
amplitudes or QTc duraƟ on. 

PQ interval duraƟ on recorded over the enƟ re 
study remained within the normal range (120 to 

Fig. 3.  Mean values and standard deviaƟ ons of the assessed Holter ECG parameters in successive phases of Stage 3.

PQ – PQ interval; QRS – QRS complex duraƟ on; QT – QT interval; QTc – QT corrected interval; R – R-wave amplitude; T – T-wave amplitude; HR – heart 
rate; Ɵ me of exposure at 5,000 m a.s.l. presented in minutes (5, 10, 15, 20, 25, 30).
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net eff ect of these complex circulatory responses 
is an acceleraƟ on of heart rate [6,11,14,15,18]. 

In our study, we demonstrated that, as the 
parƟ al pressure of oxygen decreased across 
successive stages and phases of the hypobaric 
chamber protocol, there was a gradual acceleraƟ on 
of heart rate. We also idenƟ fi ed signifi cant inverse 
associaƟ ons between SpO₂ and HR at each stage of 
the study. The results obtained are consistent with 
those reported by other invesƟ gators. In numerous 
studies, an increase in HR has been observed in 
response to high-alƟ tude hypoxia [7,8,23]. 

The PQ interval recorded throughout the enƟ re 
HC protocol remained within the normal range (120 
to <200 ms). Nevertheless, during the individual 
5-minute phases of Stage 3, gradual shortening
was observed. No signifi cant associaƟ ons were
observed between PQ interval duraƟ on and SpO₂
at any stage of the HC study.

The PQ interval refl ects conducƟ on Ɵ me from 
the onset of atrial depolarizaƟ on to the onset 
of ventricular depolarizaƟ on and thus primarily 
captures atrial conducƟ on and atrioventricular 
nodal delay, with subsequent propagaƟ on 
through the His–Purkinje system to the iniƟ aƟ on 
of ventricular acƟ vaƟ on. Its duraƟ on shows a 
physiological dependence on heart rate and 
autonomic modulaƟ on; it typically shortens with 
increasing heart rate and sympatheƟ c acƟ vaƟ on 
and/or vagal withdrawal [4]. At the same Ɵ me, 
it should be emphasized that under hypoxic 
condiƟ ons, the net direcƟ on of PQ changes may 
depend on the balance between autonomic 
infl uences and potenƟ al direct eff ects of hypoxia 
on atrioventricular conducƟ on. In our study, 
the observed shortening of the PQ interval co-
occurred with an increase in HR across successive 
phases of hypobaric exposure, which is consistent 
with a potenƟ al autonomic infl uence and with 
results obtained by others [9]. 

The QRS complex duraƟ on recorded throughout 
the enƟ re HC protocol remained within normal 
limits (<120 ms); however, across the individual 
5-minute phases of Stage 3, it exhibited gradual
shortening, indicaƟ ng signifi cant diff erences in
ventricular depolarizaƟ on duraƟ on depending on
exposure Ɵ me. No signifi cant associaƟ ons were
observed between QRS duraƟ on and SpO₂ at any
stage of the HC study. The fi ndings reported by
Laciga [9] indicated that with increasing alƟ tude,
QRS duraƟ on in bipolar leads did not diff er
signifi cantly, whereas in unipolar leads a signifi cant
shortening of QRS was observed only in lead V2;
the authors considered these changes to be non-
characterisƟ c of hypoxia.

During Stage 3, R-wave amplitude showed 
a downward trend across successive 5-minute 
phases; however, these changes were not 
signifi cant in any phase.

T-wave amplitude recorded over the enƟ re HC
study remained within the normal range (<10 mm). 
As the study progressed through the successive 
fi ve-minute phases of Stage 3, the T wave 
became fl aƩ er; however, these diff erences were 
not signifi cant. Assessment of the relaƟ onships 
between individual components of the ECG 
recording and SpO₂ during successive 5-minute 
phases of Stage 3 showed a signifi cant negaƟ ve 
associaƟ on only between HR and SpO₂.

DISCUSSION

The cardiovascular response to high-alƟ tude 
hypoxia is mediated by a refl ex from peripheral 
arterial chemoreceptors, which are the most 
sensiƟ ve “sensors” of reducƟ ons in blood oxygen 
content. Historically, changes in blood oxygen 
concentraƟ on were aƩ ributed exclusively to 
chemoreceptors in the caroƟ d and aorƟ c bodies. 
There is now broad consensus that other cells in 
the human organism can detect acute and chronic 
alteraƟ ons in oxygenaƟ on. These cells have 
been shown to respond to such changes through 
changes in protein acƟ vity and the expression of 
specifi c genes [21]. In response to hypoxia, changes 
also occur in the acƟ vity of various autonomic 
nervous system (ANS) components. Many 
invesƟ gators report an increase in sympatheƟ c 
drive during acute hypoxia; however, biochemical 
markers of sympatheƟ c acƟ vaƟ on (plasma/
urine catecholamines) do not invariably rise 
under laboratory condiƟ ons, despite increases 
in direct indices of sympatheƟ c acƟ vity (e.g., 
muscle sympatheƟ c nerve acƟ vity), which may 
result, among other factors, from enhanced 
catecholamine clearance and diff erences in 
exposure protocols [19]. Sevre et al. demonstrated 
a transient reducƟ on in both sympatheƟ c and 
parasympatheƟ c acƟ vity during a stepwise, 3-day 
simulated “ascent” in a hypobaric chamber to 
an alƟ tude of 4,500 m a.s.l.; this could, however, 
refl ect physiological adaptaƟ on to the specifi c 
exposure profi le [22]. Thus, the literature indicates 
heterogeneity of autonomic responses depending 
on the mode of exposure (abrupt vs. gradual) and 
the duraƟ on of hypoxia [5,6,15,16,18,22]. 

Although acƟ vaƟ on of the sympatheƟ c–
circulatory refl ex in hypoxia is associated with a 
range of non-uniform changes in systemic vascular 
resistance and pulmonary vascular resistance, the 
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the eff ect of hypoxia on electrocardiographic 
morphology. 

Except for the well-characterized eff ect of 
hypoxia on peripheral chemoreceptors, the 
direct consequences of oxygen defi ciency on 
the cardiovascular system—including the ECG 
paƩ ern in a healthy individual—are diffi  cult to 
invesƟ gate, primarily because of the large number 
of indirect infl uences, such as hypocapnia resulƟ ng 
from respiratory alkalosis and acƟ vaƟ on of the 
sympathoadrenal system. Despite extensive eff orts 
to evaluate these alteraƟ ons, the outcomes have 
remained ambiguous. One study demonstrated 
that administraƟ on of propranolol, a β-adrenergic 
receptor blocker, resulted in a signifi cant reducƟ on 
in ST-interval depression and T-wave fl aƩ ening, 
when compared to the control group. Conversely, 
alteraƟ ons in the depolarizaƟ on phase—
exemplifi ed by a reducƟ on in R-wave amplitude 
and an augmentaƟ on of the QRS complex, which 
aƩ ained staƟ sƟ cal signifi cance only in lead V6—
occurred in both the propranolol group and the 
control group, suggesƟ ng a possible direct eff ect 
of hypoxia [1]. Another study [20], also conducted 
at a simulated alƟ tude of 6,000 m a.s.l., in which 
ECG changes at alƟ tude were evaluated without 
and with β-receptor blockade as well as aŌ er 
inhalaƟ on of isoprenaline, demonstrated that 
β-receptor sƟ mulaƟ on also accounts for most 
ECG changes during alƟ tude exposure, such as 
shortening of RR intervals, QT prolongaƟ on, and 
parƟ cularly T-wave fl aƩ ening. AŌ er “switching off ” 
catecholamine eff ects at alƟ tude, ECG changes 
were less pronounced but sƟ ll signifi cant. The 
authors aƩ ributed these changes to other, not yet 
fully defi ned factors, such as myocardial hypoxia, 
inhibiƟ on of vagal acƟ vity, or an increase in 
pulmonary vascular resistance. Other invesƟ gators, 
during high-alƟ tude hypoxia, reported an increase 
in P-wave amplitude in leads II and III, shortening of 
the PQ interval, rightward deviaƟ on of the cardiac 
axis, and features of right ventricular overload and 
hypertrophy. A transient right bundle branch block 
was also described. 

It is also worthwhile to relate our fi ndings to the 
large study by Coustet et al. [3], which analyzed 
ECG recordings obtained during moderate 
exercise in normoxia and hypoxia at a simulated 
alƟ tude of 4,800 m. The authors reported a 
systemaƟ c reducƟ on in P/QRS/T-wave amplitudes 
in hypoxia (remaining within physiological limits). 
The amplitude reducƟ on was associated with 
exercise-induced desaturaƟ on and individual 
characterisƟ cs, suggesƟ ng interindividual 
variability in cardiorespiratory responses to 

Discrepancies among studies may be explained 
by the fact that QRS duraƟ on refl ects the global 
Ɵ me of ventricular depolarizaƟ on and is sensiƟ ve 
both to intrinsic conducƟ on properƟ es and to 
the method of recording and measurement (lead 
dependence). Changes in heart rate may co-
occur with changes in QRS duraƟ on; however, 
the direcƟ on of this relaƟ onship is not uniform (in 
some individuals, QRS shortens, whereas in others 
it widens as HR increases). Conversely, under 
condiƟ ons of severe Ɵ ssue hypoxia/ischemia, 
slowed conducƟ on has been described (among 
other mechanisms related to altered excitability 
and impaired intercellular coupling), which 
may promote QRS prolongaƟ on; however, this 
mechanism may not necessarily manifest during 
high-alƟ tude hypoxia in healthy individuals or when 
recordings are limited to selected Holter channels. 
Moreover, in our study, the Holter recording was 
analyzed in channels corresponding to V1/V5/V6-
like orientaƟ on, whereas ventricular depolarizaƟ on 
generates diff erent vectors depending on the lead, 
and the idenƟ fi caƟ on of QRS onset/off set may 
diff er between channels [4,9,16].

The QT interval duraƟ on recorded throughout 
the enƟ re HC protocol remained within the normal 
range; however, across the individual 5-minute 
phases of the study, it exhibited gradual shortening. 
Signifi cant diff erences in QT interval duraƟ on 
were observed between phases, indicaƟ ng an 
eff ect related to the duraƟ on of high-alƟ tude 
hypoxic exposure. No signifi cant associaƟ ons were 
found between QT interval duraƟ on and SpO₂ at 
any stage of the HC study. Roche et al [17], in a 
study performed at a simulated alƟ tude of 4,800 
m a.s.l., also reported a signifi cant shortening 
of the QT interval, which is consistent with our 
fi ndings. Analysis of QTc using BazeƩ ’s correcƟ on 
demonstrated prolongaƟ on during phases of 
hypoxic exposure at 5,000 m a.s.l. relaƟ ve to the 
fi rst phase; however, these changes were small 
and not staƟ sƟ cally signifi cant. Other studies have 
reported that the uncorrected QT interval shortens 
with increasing alƟ tude, whereas the heart-rate–
corrected value may prolong [11]. Overall, fi ndings 
regarding QT/QTc under hypoxic condiƟ ons are 
inconsistent in the literature and depend, among 
other factors, on alƟ tude level, exposure duraƟ on, 
and the correcƟ on method used [16]. 

During the HC protocol, R-wave amplitude 
decreased, and T-wave fl aƩ ening was also 
observed. These diff erences did not reach staƟ sƟ cal 
signifi cance, possibly due to the limited number 
of analyzed leads. These fi ndings are consistent 
with those of previous studies that have evaluated 
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Limita  ons. Several limitaƟ ons in our study 
should be acknowledged. First, an ECG was 
recorded using a 3-lead Holter confi gura  on, 
which may be less sensiƟ ve than a standard 12-lead 
ECG for subtle repolarizaƟ on changes; therefore, 
the absence of measurable ST changes should 
be interpreted in the context of the recording 
method. Second, venƟ latory parameters and CO₂ 
indices were not measured, precluding direct 
assessment of hypocapnia-related eff ects on ECG 
intervals. Finally, the protocol involved short-term 
responses to staged exposure. 

CONCLUSIONS

There are signifi cant negaƟ ve correlaƟ ons 
between oxygen saturaƟ on and heart rate. The 
duraƟ ons of the PQ interval, QT interval, and the 
QRS complex shorten signifi cantly with ongoing 
hypoxia, including during a 30-minute stay at 
the simulated alƟ tude of 5,000 m a.s.l. in the 
HC (while remaining within the normal range), 
which may refl ect integrated chemorefl ex-
mediated autonomic–chronotropic adaptaƟ on to 
hypoxemia; in contrast, R- and T-wave amplitudes, 
QTc duraƟ on, and the ST interval course do not 
change signifi cantly.

A rouƟ ne alƟ tude-hypoxia tolerance test 
performed at a simulated alƟ  tude of 5,000 m a.s.l. 
in the HC in this cohort did not reveal any clinically 
relevant changes in ECG morphology. Accordingly, 
conƟ nuous rhythm and heart rate monitoring may 
be suffi  cient in similar low-risk seƫ  ngs. However, 
extrapolaƟ on to other populaƟ ons, longer 
exposures, or higher-risk individuals should be 
approached with cauƟ on.

hypoxia and a possible link to intracellular oxygen 
availability and ATP-dependent ion-channel 
acƟ vity. In our material, we did not observe a 
staƟ sƟ cally signifi cant analogous “amplitude 
phenotype” (R and T), plausibly refl ecƟ ng a 
diff erent sƟ mulus profi le (no exercise), shorter 
exposure, and the inherent limitaƟ ons of three-
channel Holter monitoring. Both approaches 
collecƟ vely support the idea that, in low-risk 
populaƟ ons, ECG changes typically remain within 
normal limits during short-term hypoxic exposure. 
Accordingly, in our hypobaric chamber cohort, 
the ECG paƩ ern did not indicate any clinically 
signifi cant morphological abnormaliƟ es during the 
analyzed exposure period. 

In summary, these data contribute to the 
expansion of current knowledge by providing a 
detailed temporal characterizaƟ on of PQ/QRS/QT/
QTc changes in 5-minute intervals during hypobaric 
hypoxia at 5,000 m a.s.l.. This approach also enabled 
the assessment of trends that evolved over the 
course of high-alƟ tude hypoxic exposure, which 
represents a key strength of the study. In the studied 
group of young, clinically healthy individuals, longer 
exposures under such condiƟ ons would likely not 
lead to progression toward the changes described 
by others [22]. Rather, earlier cerebral symptoms 
of intolerance to high-alƟ tude hypoxia would be 
expected. Under rest-and-monitoring condiƟ ons, 
the predominant changes are those consistent with 
chronotropic loading and conducƟ on adaptaƟ on 
within physiological limits. The direcƟ on of axis 
shiŌ s, ST–T changes, and QTc alteraƟ ons in alƟ tude 
studies vary between reports; however, they are 
most oŌ en transient and reversible aŌ er return to 
sea level [16]. Overall, our fi ndings are consistent 
with broader evidence that ECG changes during 
temporary high-alƟ tude exposure are oŌ en modest, 
protocol-dependent, and typically reversible aŌ er 
return to normoxia [16].
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