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Sleep-disordered breathing (SDB), particularly obstructive sleep apnea (OSA), is a
major public health issue linked to cardiovascular morbidity and mortality. While
polysomnography (PSG) remains the diagnostic gold standard, its complexity and
cost limit widespread use. Heart rate variability (HRV) has emerged as a promising
non-invasive alternative for assessing autonomic dysregulation associated with SDB,
even when measured outside sleep periods. However, its reliability in extreme
settings remains unclear. This study investigates whether time-domain HRV
parameters measured during wakefulness reflect nocturnal SDB severity across
two populations: 11 healthy men exposed to prolonged high-altitude hypoxia during
a one-year stay at the Antarctic Concordia station (equivalent to ~3,800 m) and 35
clinically suspected OSA men. HRV metrics were compared against the apnea-
hypopnea index (AHI) and pulse oximetry-derived respiratory indices. In the clinical
group, HRV showed significant associations with OSA severity, including a negative
correlation between root mean square of successive differences (RMSSD) and AHI
(r = -0.524, p = 0.001) and a positive correlation between RMSSD and mean
nocturnal oxygen saturation (SpO,) (r = 0.703, p < 0.001). In the high-altitude
group, weaker but significant longitudinal associations were observed only in nights
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without PSG recordings, including correlations between RMSSD and SpO; (r =
0.339, p = 0.016), and between deceleration capacity and SpO, (r = -0.200, p =
0.009). While HRV may not serve as a definitive diagnostic marker, it could function
as an early indicator of physiological stress and potential SDB, particularly in
resource-limited or controlled environments. These findings underscore the
need for context-specific validation of HRV-based screening tools prior to
clinical implementation.

KEYWORDS

autonomic regulation, extreme environments, hypobaric hypoxia, non-invasive
screening, QT variability

1 Introduction

Sleep-disordered breathing (SDB) represents a significant
public health concern (Hillman et al., 2006). These disorders are
broadly categorized into obstructive sleep apnea (OSA), central
sleep apnea (CSA), sleep-related hypoventilation, and sleep-related
hypoxemia (Tsara et al., 2009; Seet and Chung, 2017). Among these,
OSA is the most prevalent, affecting almost 1 billion people globally,
and with prevalence exceeding 50% in some countries (Benjafield
etal., 2019). Although OSA has traditionally been reported as more
prevalent in men, its prevalence in women increases substantially
after menopause, approaching that of age-matched men (Bixler
et al,, 2001; Young et al., 2003). It is characterized by recurrent
episodes of partial or complete upper airway obstruction during
sleep, leading to breathing cessations lasting more than 10 seconds
(Seet and Chung, 2017). CSA, on the other hand, results from the
intermittent absence of central respiratory drive due to disrupted
pontomedullary pacemaker activity, leading to a failure in
generating neural output to activate inspiratory thoracic muscles
(Selim et al,, 2017). It has been shown that undiagnosed and
untreated SDB is associated with increased risks of all-cause
mortality, myocardial infarction, stroke, heart failure, and
arrhythmias (Kendzerska et al., 2014).

Polysomnography (PSG) is the gold standard for diagnosing
SDB. However, it is expensive, requires specialized infrastructure
and trained personnel, and can be burdensome for patients. These
factors contribute to limited accessibility and widespread
underdiagnosis. To address these challenges, recent efforts have
explored alternatives such as wearable and portable devices, and AI-
driven diagnostic tools (Lee and Sundar, 2021). While promising,
these technologies often exhibit limitations, including reduced
sensitivity in mild or complex cases, poor generalizability across
populations, and insufficient validation (Penzel et al., 2018).

Among these emerging approaches, the analysis of heart rate
variability (HRV) derived from electrocardiogram (ECG) signals
has gained attention due to its non-invasive nature and widespread
availability. As cardiac autonomic activity is modulated during sleep
and influenced by respiratory disturbances, HRV offers a potential
window into the physiological consequences of SDB (Qin et al.,
2021a; Onanga et al., 2023). Studies have demonstrated associations
between HRV features and various sleep disorders, including OSA,
insomnia, and excessive daytime sleepiness (Lombardi et al., 2008;
Guaita et al., 2015). Reduced HRV is a well-established predictor of
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cardiovascular and all-cause mortality outcomes, underscoring its
potential as a global biomarker of autonomic health (Jarczok et al.,
2022). Nonetheless, its broader clinical use remains limited by issues
such as vulnerability to confounding factors, inter-individual
variability, and lack of standardized analytical protocols. In
parallel, QT variability (QTV), which reflects fluctuations in
ventricular repolarization (Almeida et al., 2006), has emerged as a
complementary ECG-derived metric. Although less widely used
than HRV, QTV may offer insights into autonomic influences on
ventricular myocardial electrophysiology independent of heart rate
changes, increasing with sympathetic stimulation (e.g., stress or
exercise) and enabling longitudinal assessment of sympathetic
activity (Magnano et al., 2002). Incorporating QTV, therefore,
provides complementary insight into autonomic balance beyond
what HRV alone can capture.

Because high-altitude hypoxia naturally predisposes individuals to
CSA-like periodic breathing, unique environments such as the
Concordia Station offer a compelling testbed to validate these
autonomic markers. Located at 3,233 meters above sea level on the
Antarctic Plateau (Dome C), the Concordia Station offers in fact a
chronic hypobaric hypoxia that is equivalent to ~3,800 m at mid-
latitudes (inspired O, partial pressure ~90 mmHg vs. ~150 mmHg at
sea level), which has been shown to negatively affect both sleep and
cognitive performance (Van Ombergen et al,, 2021). In particular, the
hypobaric hypoxia at high altitude is known to promote physiological
CSA, particularly in the form of periodic breathing patterns driven by
respiratory control instability. Altitude-induced hyperventilation
narrows the CO, reserve and promotes periodic breathing depending
on individual ventilatory control stability (Dempsey and Smith, 2014).
Beyond altitude, Concordia also exposes crewmembers to other
environmental stressors that may exacerbate SDB. The extremely low
humidity, for instance, frequently leads to nasal obstruction, dry nose,
and sore throat, likely due to chronic airway inflammation (Van
Ombergen et al, 2021). In addition, this extreme setting disrupts
circadian regulation, with crew members frequently reporting sleep
disturbances related to circadian misalignment. These include reduced
sleep quality (Pattyn et al.,, 2018), increased light sleep
(Wickramasinghe and Anholm, 1999), periodic breathing (Khoo
et al,, 1996), and decreased performance (Titus et al., 2007), with no
evidence of acclimatization even after extended stays (Porcelli et al.,
2017). These conditions make Concordia a unique environment to
study physiological responses to sleep disruption, especially in the
absence of typical comorbidities seen in clinical populations.
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In this study, we aim to evaluate whether time-domain HRV and
QTV parameters described in the literature and measured during
wakefulness (Qin et al., 2021a; Onanga et al., 2023) can serve as reliable
indicators of SDB severity. Specifically, we ask whether these
autonomic markers can consistently reflect the physiological
consequences of SDB, regardless of the underlying mechanism. To
address this, we compare two distinct settings: 1) a clinical dataset
composed of patients suspected of having OSA and 2) a dataset
collected on healthy participants experiencing mainly CSA while
being involved in a one-year winter over at the Antarctic station
Concordia. By examining HRV under both standard and high-altitude
hypoxic conditions, we aim to assess the robustness and translational
potential of these parameters across different populations and SDB
patterns. We hypothesized that if HRV primarily reflects the
physiological consequences of nocturnal hypoxemia rather than the
underlying SDB mechanism, associations with oxygenation markers
would be observable across both populations. This is particularly
relevant in remote, resource-limited, or high-altitude environments,
where access to traditional diagnostic tools is limited, and simplified

sleep assessment methods are needed.

2 Materials and methods
2.1 Data collection (study design)
2.1.1 Sea-level clinical dataset

The clinical dataset (PoSUMS study) was collected at Erasme
University Hospital in Brussels, Belgium (about 20 m above sea

10.3389/fphys.2026.1793057

level) as a prospective study conducted in accordance with the
Declaration of Helsinki. The study received approval from the
Ethics Committee of Hopital Erasme-ULB (reference: P2023/029;
B4062023000020) and is registered on ClinicalTrials.gov (identifier:
NCT06029881). The dataset comprises data from participants
recruited between November 2023 and December 2024. Eligible
participants were male adults aged between 18 and 70 years with a
body mass index (BMI) below 35 kg/m?, referred by their physicians
to the Sleep Laboratory at Erasme Hospital for evaluation of sleep-
related complaints. Individuals with atrial fibrillation, significant
valvular heart disease, or ventricular dysfunction were excluded.

On the day of hospitalization, in the evening prior to PSG setup,
patients were asked to perform a standardized respiratory protocol
guided by an audio recording. The protocol, shown in Figure 1,
consisted of the following phases:

. 5 minutes of paced breathing with 10-second cycles,
. 5 minutes of spontaneous (uncontrolled) breathing,
. 10-second end-expiratory apnea.

2.1.2 Antarctic high-altitude dataset

The high-altitude dataset (Kinosomno study) was collected at
the Concordia Station, Antarctica. On-site, one overnight ECG
record was conducted each month (total: 11 planned records per
participant). At 4 time points, these measurements were performed
simultaneously with PSG measurements. These corresponded to the
months of January, February, July, and September. When PSG was
not performed concurrently with ECG, peripheral oxygen
saturation (SpO,) was monitored using a pulse oximeter. A
detailed timeline of all measurements is provided in Table 1.
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Schematic representation of study design and timing of autonomic assessments in both cohorts. (A) Sea-level clinical cohort: HRV measurements
were performed in the evening prior to polysomnography (PSG) using a standardized respiratory protocol including 0.1 Hz paced breathing (10-
second cycles), spontaneous breathing, and end-expiratory apnea. (B) Antarctic high-altitude cohort: Monthly overnight recordings were conducted
throughout the expedition. At four predefined time points, recordings included full PSG; during the remaining months, sleep-related breathing
indices were derived from pulse oximetry alone. The autonomic respiratory protocol was performed in the morning shortly after awakening and
included progressively reduced breathing frequencies, end-expiratory apnea, and a Muller maneuver. For comparability, analyses were restricted to

the shared 0.1 Hz paced breathing segment in both cohorts.
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TABLE 1 Data collection timeline at the Concordia station.

Days from

arrival Pu'lse Polysomnography
(mean + SD) oximetry
65+ 17 10

+31+3 8 v

+57 + 18 9 v
492 + 17 8 v
+122 %17 8 v

+157 17 11 v

+177 £ 18 9 v

+206 + 17 10 v

4236 + 17 11 v
+268 + 18 6 v

+298 + 16 11 v

+334 £ 17 9 v

At baseline data collection (65 + 17 days before arrival), only ECG data were acquired. In all
cases, the heart rate variability features were evaluated in the morning, shortly after waking up.
At each time point, the mean (+ standard deviation) number of days before/after arrival at
Concordia is indicated, while n refers to the number of subjects whose data could be collected
and analyzed.

In the morning after the overnight record, the participants were
asked to perform a respiratory protocol as soon as possible after
waking up, normally within 15 minutes. This respiratory protocol
differed from the one used in the clinical dataset. The full
respiratory protocol (represented in Figure 1) included the
following sequence:

. 20 seconds of uncontrolled breathing,

. 40 seconds of 4-second breathing cycles,

. 60 seconds of 6-second breathing cycles,

. 80 seconds of 8-second breathing cycles,

. 100 seconds of 10-second breathing cycles,
. 10 seconds of end-expiratory apnea,

. 20 seconds of end-expiratory apnea,

. 10 seconds of Miiller maneuver.

Despite differences between the two protocols, both included a
phase of 10-second paced breathing cycles. For comparability, we
restricted our analysis to this phase in each dataset, examining a
100-second segment. This controlled deep-breathing maneuver
(6 breaths per minute; 0.1 Hz) has been validated for capturing

TABLE 2 Demographics of the subjects in both datasets.

10.3389/fphys.2026.1793057

HRV patterns relevant to OSA (Onanga et al,, 2023). In healthy
individuals, this maneuver induces large heart rate oscillations and
high vagally mediated HRV, whereas patients with OSA typically
exhibit a blunted response reflecting reduced parasympathetic
modulation (Onanga et al.,, 2023). Although originally validated
in OSA, its use here provided a controlled and comparable
challenge across datasets, allowing us to investigate autonomic
modulation independently of the spontaneous breathing
instabilities characteristic of high altitude. This maneuver
maximizes respiratory sinus arrhythmia and provides robust
indices of vagal activity and baroreflex sensitivity. Among
standard autonomic function tests, the deep—breathing test has
consistently shown the highest sensitivity for detecting autonomic
dysfunction in patients with OSA, particularly in those with more
severe hypoxemia (Veale et al., 1992; Izzi et al., 2018).

All procedures were conducted in accordance with the
Declaration of Helsinki, and the study protocol for the Antarctic
missions was approved by the European Space Agency (ESA) and
by the Ethics Committee of Hopital Erasme-ULB (P2019/
301/B406201940381).

2.2 Participants

The clinical dataset included 35 male patients. The high-altitude
data were collected from 11 male crew members who remained at
the Concordia station for a duration of approximately one year.
During their stay in Antarctica, participants followed their
operational wake and rest schedules. The detailed demographics
of each group are indicated in Table 2.

All participants provided written informed consent prior to
participation and were informed of their right to withdraw from the
study at any time.

2.3 Assessments

2.3.1 ECG recordings

During the respiratory protocol, ECG was recorded using the
MOVESENSE Medical Sensor (Movesense, Vantaa, Finland) in the
clinical dataset and using the Kino device, an in-house developed
wearable (Hossein et al., 2019), in the high-altitude dataset. In both
datasets, the ECG sampling rate was 500 Hz. Despite differences in
the recording systems, both devices featured sensors with
comparable characteristics.

Group Sea-level patients High-altitude crew P-value Cohen's d
# subjects (all male) 35 11

Age (years) 44 [37, 53] 38 [32, 54] 0.470 0.221

Body mass (kg) 89 [83, 96] 80 [73, 90] 0.037* 0.796

Body height (cm) 178 [174, 183] 177 [174, 183] 0.803 0.148

BMI 29 [26, 30] 25 [23, 29] 0.038* 0.835

Data are presented as median [first quartile; third quartile], except for the number of subjects. Values for the high-altitude dataset are based on baseline measurements taken 65 days prior to

arrival at Concordia Station. * indicates p < 0.05 between groups.
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2.3.2 Polysomnography recordings

In both datasets, recordings were acquired using MEDATEC
devices (Belgium). At Concordia Station, the Dream device was
used. In the clinical dataset, recordings were obtained using either
Dream device or B3IP-TCO09. Each PSG session included
electroencephalography (EEG), electrooculography (EOG),
submental and anterior tibialis electromyography (EMG) to
monitor muscle tone and limb movements, pulse oximetry,
thoracoabdominal plethysmography, and airflow measurements
via nasal pressure sensors or thermistors, thoracoabdominal
respiratory effort belts, and a microphone, consistent with
standard AASM 2012 guidelines (Iber, 2007). For the patient
dataset, EEG was recorded using central (C4-M1), occipital (O2-
M1), and frontal (F4-M1) derivations according to the international
10-20 system. For the high-altitude dataset, EEG was recorded
using frontal derivations (Fpl-M2 and Fp2-M1).

2.3.3 Pulse oximetry

Overnight peripheral oxygen saturation (SpO,) data were
collected using either the fingertip pulse oximeter of the Dream
device or a Nonin device (Nonin Medical Inc., Plymouth,
Minnesota, USA) when no PSG data were acquired simultaneously.

2.4 Data analysis

2.4.1 ECG recording

ECG signals were filtered using a bandpass filter with a range of
0.5-45 Hz. For HRV analysis, 100-second segments of 10-second
breathing cycles were selected from the respiratory protocol data. In
the Antarctic cohort, these 100-second segments were extracted
directly from the protocol (see section 2.1.2 for detailed protocol).
In the clinical dataset, the first 100 seconds during which
participants adhered to the protocol were used for analysis (see
the full protocol in section 2.1.1).

R peaks were detected using Kubios HRV software (version
4.1.1, Kubios Oy, Kuopio, Finland), then visually inspected from a
trained operator, with manual corrections applied when necessary.
From these, the RR interval time series was constructed and
subsequently corrected using Kubios’s “automatic method”
(Lipponen and Tarvainen, 2019). The following time-domain
HRV parameters were then calculated:

* Root Mean Square of the Successive Differences (RMSSD),

* Percentage of successive normal-to-normal intervals that
differ by more than 20 ms (PNN20),

* Deceleration Capacity (DC),

all of which are indicative of parasympathetic activity and tend
to show reduced values in pathological conditions (Kantelhardt
et al., 2007; Campana et al., 2010; Platonov and Holmgqvist, 2011;
Drawz et al., 2014). PNN20 was used instead of the conventional
PNNG50 threshold, as lower thresholds have been shown to improve
sensitivity to reduced beat-to-beat variability, particularly in
conditions of diminished overall HRV (Mietus et al., 2002).
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AHR and QT variability index (QTVi) were computed using
MATLAB (R2023a, MathWorks), based on the R-peaks extracted
from Kubios. AHR was defined as the mean difference between the
maximum and minimum heart rates within a respiratory cycle, as
described in (Onanga et al., 2023). For this purpose, the respiration
signal was derived from the ECG using the method of Varon et al
(Varon et al., 2020). QTVi was computed following the approach
outlined in (Baumert et al., 2016). First, the Q peak and T wave
endpoints were identified beat by beat using a two-dimensional
signal warping approach (Schmidt et al., 2018) to extract QT
intervals. The variance normalized to the squared mean was
computed for QT and RR (QTVN in and RRVN; Equations 1, 2,
respectively). Finally, QTVi was computed as the logarithmic ratio
of QTVN and RRVN (Equation 3).

QTV(ZY
QTN = (™5 (1)
RRV!IY
RRVN = RR,.? )
_ QTVN
TVi=1 3
QTVi=log ppvN 3

where, QT4 and RR,,, are the variances of the QT and RR
intervals, and QT ean and RRpeqn their respective mean values.

2.4.2 Polysomnography recording

PSG was scored in accordance with AASM guidelines (Iber,
2007). Apneic events were defined as a complete cessation of airflow
lasting more than 10 seconds. Hypopneic events were characterized
by a 230% reduction in airflow for at least 10 seconds, accompanied
by a 24% drop in oxygen saturation (Iber, 2007). The Apnea-
Hypopnea Index (AHI, events/hour) was calculated for each subject
to assess the severity of SDB.

Additional PSG-derived parameters included average SpO,, the
percentage of time spent with SpO, below 90% (T90, %), and the
number of oxygen desaturation events meeting a predefined
amplitude criterion (e.g., 4% drop from baseline), typically
sustained for more than 10 seconds, per hour of sleep (ODI,
events/hour).

2.4.3 Pulse oximetry

Pulse oximeter data was analyzed with nVISION software
(version 6.5.1, Nonin Medical Inc., Plymouth, Minnesota, USA).
The parameters extracted for analysis included average SpO, (%),
the percentage of time spent with SpO, below 85% (185, %), and the
ODI (events/hour). T90 was used for the clinical dataset, whereas
T85 was used for the high-altitude group to better capture
desaturation severity in each context (see Limitations for details).

2.4.4 Analytical considerations
Frequency-domain parameters were not computed, as the 100-

second signal segments were too short to allow reliable spectral
analysis. In the high-altitude dataset, reliable detection of Q-wave
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was not possible in several recordings due to ECG signal quality;
therefore, QTVi was only computed for the clinical dataset.

2.5 Statistics

Statistical analyses were performed using GraphPad Prism
version 9.5.1 (GraphPad Software, San Diego, CA, USA) and
Python (packages: scipy.stats, pingouin, statsmodels.formula.api).
In the clinical dataset, correlations between variables were assessed
using Spearman analysis due to non-normal distribution of several
SDB variables and potential monotonic but non-linear associations.
In the high-altitude dataset, repeated measures correlation analysis
(Vallat, 2018) was used to evaluate intra-individual associations
across all longitudinal pulse-oximetry sessions and, in a separate
analysis, across the PSG recordings.

For the high-altitude dataset, the effect of undergoing a PSG,
which can be burdensome (Lee and Sundar, 2021), on the HRV
measurements was investigated. Linear mixed-effects models were
fitted for each HRV feature, using PSG status as a categorical fixed
effect with three levels: no PSG, first PSG night, and subsequent PSG
nights. Subject was included as a random intercept to account for
intra-individual variability. Model fitting was performed using the
mixedlm function from the statsmodels.formula.api package.
Statistical significance was defined as a p-value < 0.05. Results are
presented as median [Q1; Q3], unless otherwise specified
(mean * sd).

For interpretability, effect sizes were reported as Cohen’s d. For
correlation analyses, Spearman’s rho and repeated-measure
correlation coefficient (r) were converted to Cohen’s d using the
standard transformation (Equation 4).

10.3389/fphys.2026.1793057

2r
V1-1?
This allows interpretation of effect magnitude using
conventional thresholds small (0.2<d<0.5), moderate (0.5<d

<0.8), and large (d>0.8).
Given the exploratory nature of the correlation analyses, no

d= (4)

formal correction for multiple comparisons was applied. Results
should therefore be interpreted with caution.

3 Results

3.1 Sea-level clinical dataset: relationship
between HRV and sleep apnea indicators

To evaluate the inter-individual relationship between
autonomic function and SDB, we analyzed the correlations
between various PSG-derived parameters collected overnight and
RMSSD collected during wakefulness, as previously described
(Figure 2). In the clinical dataset, the median RMSSD across
participants was 33 [21, 41] ms. The median AHI and ODI were
19 [12, 34] and 19 [9, 30] 1/h, respectively, consisting mainly in
OSA events. A breakdown of the average number of each type of
apneic event (apneas only, hypopneas not shown) is provided in
Appendix 1 (Table Al). Median overnight SpO, and T90 were 93%
[92%, 94%] and 1.87% of time in bed [0.00%, 11.19%], respectively.

Figure 2 illustrates the relationship between individual values of
RMSSD during wakefulness and SDB markers. Most significant
associations showed moderate-to-large effect sizes. Low values of
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TABLE 3 Spearman correlations coefficients between autonomic markers measured during wakefulness and SDB markers in the sea-level clinical
dataset (n = 35 for all comparisons except QTVi, reported on 32 subjects due to challenges in Q wave detection in 3 participants).

SDB parameters Autonomic markers r Cl195% p-value Cohen's d
AHI DC -0.52 [-0.73, -0.21] 0.001* 122
PNN20 052 [-0.73, -0.22] 0.001* 122
HR 0.34 [0.00, 0.61] 0.043* 0.72
AHR -0.45 [-0.69, -0.13] 0.007* -1.01
QTVi 0.28 [-0.09, 0.58] 0.126 0.58
oDI DC -0.37 [-0.63, -0.03] 0.028* -0.80
PNN20 -0.39 [-0.65, -0.06] 0.020* -0.85
HR 0.26 [-0.09, 0.56] 0.126 0.54
AHR 034 [-0.61, 0.00] 0.044* -0.72
QTVi 0.19 [-0.18, 0.51] 0.301 0.39
Average SpO2 DC 0.66 [0.41, 0.82] <0.001* 1.76
PNN20 0.71 [0.48, 0.85] <0.001* 2.02
HR -0.29 [-0.57, 0.06] 0.095 -0.61
AHR 0.67 [0.42, 0.82] <0.001* 1.81
QTvi -0.43 [-0.68, -0.09] 0.014* -0.95
T90 DC -0.42 [-0.67, -0.09] 0.013* -0.93
PNN20 -0.49 [-0.71, -0.17] 0.003* 112
HR 033 [-0.02, 0.61] 0.054 0.70
AHR -0.37 [-0.64, 0.03] 0.030* -0.80
QTVi 032 [-0.04, 0.61] 0.069 0.68

SDB markers: Apnea hypopnea index (AHI, 1/hr), oxygen desaturation index (ODI, 1/hr), average SpO2 (%), and time spent with SpO, < 90% (T90, %). Autonomic markers: DC (ms), PNN20

(%), HR (bpm), AHR (bpm), and QTVi (-). *indicates p < 0.05.

RMSSD were correlated with high rates of apneas and desaturations
(AHI: r=-0.524, CI=[-0.73, -0.22], p=0.001, and ODI: r=-0.389, CI=
[-0.64, -0.05], p=0.021), as well as with low overall oxygen
saturation (SpO,: r=0.703, CI=[0.47, 0.84], p<0.001, and T90: r=-
0.462, CI=[-0.69, -0.14], p=0.005).

Similar associations were observed for HR and other
parasympathetic time-domain indices measured during wakefulness
(DC, PNN20, and AHR), see Table 3 for complete results. QT'Vi was
only associated with mean overnight SpO, (Table 3).

3.2 Antarctic high-altitude dataset:
relationship between HRV and sleep apnea
indicators

3.2.1 Nights with ECG and pulse oximetry

When analyzing longitudinal changes over time at high altitude,
we found that SDB indicators remained relatively stable throughout
the nights with only ECG and pulse oximetry. Overall mean (+ sd)
SDB-related parameters derived from pulse oximetry were as
follows: ODI = 41 + 21 1/h, SpO, = 85 + 1%, T85 = 43 + 20%.

The monthly evolution of the HRV-related features measured
during wakefulness is presented in Appendix 2 (Table A2). For the
nights with only ECG and pulse oximetry, these features also
showed minimal night-to-night variation (mean + sd): RMSSD =
45 + 8 ms, DC = 60 + 27 ms, PNN20 = 50 + 16%, HR = 69 + 6 bpm,
and AHR = 15 + 6 bpm.
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Using pulse oximetry as a reference, the changes in RMSSD
measured during wakefulness showed a tendency for associations
with the associated changes in overnight mean SpO, and T85 but
not in ODI (p-values: 0.016, 0.055, and 0.310, respectively), as
shown in Figure 3.

Table 4 presents the results for repeated measures correlations
between SpO,-derived SDB markers and the other ECG-derived
autonomic markers reflecting parasympathetic activity. None of
these ECG-derived features were associated with ODI, while DC
and HR were significantly associated with mean overnight SpO,
and T85 (see Table 4 for detailed statistics).

3.2.2 Nights with PSG

When comparing no PSG, first PSG night, and subsequent PSG
nights using linear mixed-effects models, we found that HRV
metrics were altered during PSG nights, particularly on the first
night with PSG. Specifically, mean HR was higher (p = 0.018), while
AHR, RMSSD, and DC were lower on the first PSG night compared
to nights without PSG (p = 0.019, p = 0.021, and p =
0.033, respectively).

After excluding these familiarization nights, SDB markers
remained stable across the nights assessed with PSG, with the
following mean + sd values: SpO, = 84 + 2%, AHI = 35 + 25 1/
hr, consisting mainly in CSA events. Further details on the
distribution of apneic event types, limited to apneas, can be found
in Appendix 2 (Table Al).
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Repeated measures correlation between RMSSD (ms) measured during wakefulness and pulse oximetry-derived markers collected overnight:
(A) oxygen desaturation index (ODI, 1/hr), (B) average SpO, (%), and (C) time spent with SpO, < 85% (T85, %). Data from n = 11 subjects at high
altitude; mean number of timepoints per subject = 6 + 1. Each subject is represented by a different color. The slope of the parallel lines represents
the best-fit regression line slope across time points between subjects, and the length of each parallel line is constrained to the bounds of each
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HRV parameters also showed relatively constant values:
RMSSD = 50 + 38 ms, DC = 67 = 48 ms, PNN20 = 55 + 18%,
HR = 67 = 7 bpm, and AHR = 15 + 6 bpm.

For the analysis of repeated measures correlations, the
familiarization nights were excluded. Unlike SpO, measured with
the standalone nighttime pulse oximeter, the previously observed
correlations between HRV features and average SpO2 were no
longer present when examining longitudinal changes over time at
high altitude. Similarly, as presented in Table 5, no statistically
significant correlations were observed between changes in
AHI and those in the time-domain HRV features reflecting
parasympathetic activity.

4 Discussion

Across both datasets, sea-level patients and Antarctic high-altitude
crew, reduced parasympathetic activity during wakefulness, reflected by
lower time-domain HRV metrics, was associated with more severe
SDB and lower nocturnal oxygen saturation. In the clinical sea-level
dataset, HRV metrics such as RMSSD, DC, and PNN20 showed strong
cross-sectional correlations with AHI, ODI, mean SpO,, and T90. In
the Antarctic high-altitude dataset, HRV parameters remained
relatively stable over time but demonstrated moderate associations
with longitudinal changes in oxygenation indices derived from pulse
oximetry, especially following nights with no PSG.

TABLE 4 Repeated measures correlation between overnight markers of sleep apnea, oxygen desaturation index (ODI, 1/hr), average SpO, (SpO2, %),
time spent with SpO, < 85% (T85, %), and markers of parasympathetic activity measured during wakefulness in the high-altitude dataset: DC (ms),

PNN20 (%), HR (bpm), and AHR (bpm).

SDB parameters  Autonomic markers r CI95% p-value Cohen’s d
ODI DC -0.20 [-0.45, 0.08] 0.163 -0.41
PNN20 -0.01 [-0.29, 0.26] 0.919 -0.02
HR 0.14 [-0.14, 0.41] 0.316 0.28
AHR -0.01 [-0.28, 0.27] 0.968 -0.02
Average SpO2 DC 0.36 [0.09, 0.58] 0.009* 0.77
PNN20 -0.09 [-0.11, 0.43] 0.222 -0.18
HR -0.39 [-0.60, -0.12] 0.005* -0.85
AHR -0.11 [-0.38, 0.17] 0.441 -0.22
T85 DC -0.33 [-0.56, -0.06] 0.019* -0.70
PNN20 -0.16 [-0.42, 0.12] 0.260 -0.32
HR 0.36 [0.10, 0.58] 0.009* 0.77
AHR 0.16 [-0.13, 0.42] 0.272 0.32
*indicates p < 0.05.
Frontiers in Physiology 08 frontiersin.org
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TABLE 5 Repeated measures correlation of apnea hypopnea index (AHI, 1/hr) and average SpO, (%) with markers of parasympathetic activity measured
during wakefulness: RMSSD (ms), DC (ms), PNN20 (%), HR (bpm), and AHR (bpm).

SDB parameters Autonomic markers R CI95% p-value Cohen’s d

AHI RMSSD 0.12 [-0.40, 0.58] 0.667 0.24
DC 0.10 [-0.41, 0.57] 0.707 0.20
PNN20 045 [-0.06, 0.77] 0.079 1.01
HR -0.22 [-0.64, 0.31] 0.414 -0.45
AHR 0.17 [-0.36, 0.61] 0532 035

Average SpO2 RMSSD -0.10 [-0.57, 0.42] 0.722 -0.20
DC -0.10 [-0.56, 0.43] 0.760 -0.20
PNN20 -0.44 [-0.77, 0.06] 0.084 -0.98
HR 032 [-0.21, 0.70] 0.229 0.68
AHR -0.10 [-0.56, 0.42] 0.736 -0.20

*indicates p < 0.05. Data from n = 11 subjects at high altitude; mean number of timepoints per subject = 3 + 1.

4.1 Association between HRV and sleep
apnea indicators

The results in the clinical dataset demonstrated a consistent
correlation between all HRV parameters reflecting parasympathetic
activity, QTVi (a marker of sympathetic activity, less influenced by
heart rate), and PSG-derived markers of SDB. These findings are in
line with previous work, including a large multicentric study
involving over 1247 subjects across 7 sleep centres Qin et al,
2021a), and with established evidence showing that OSA is
characterized by parasympathetic withdrawal and sympathetic
overactivity during wakefulness (Somers et al., 1995; Narkiewicz
et al., 1998; Somers et al., 2008). Similar trends were also observed in
the high-altitude dataset, where repeated-measures correlations
between HRV and pulse oximetry supported these associations.

The observed reduction in HRV markers appears to be more
closely linked to intermittent hypoxemia than to the number of
discrete respiratory events. Traditional parameters like AHI are
limited in this regard, as they cannot capture how deep or how long
oxygen drops last, or the full toll they take on the body. Hypoxic
burden (i.e., area under each desaturation curve) was originally
developed as an OSA-specific metric (Azarbarzin et al., 2019) but is
increasingly recognized as clinically and prognostically meaningful
in CSA as well (Oldenburg et al,, 2021), providing a more
comprehensive picture of the overall stress caused by disordered
breathing (Azarbarzin et al., 2019). Although hypoxic burden was
not computed in this analysis, the stronger association of
parasympathetic HRV markers with SpO,-based metrics than
with AHI suggests that the depth and duration of desaturations
may be more relevant to autonomic disruption than event
frequency alone. Future studies may benefit from including
hypoxic burden to better capture these effects.

4.2 Inter- and intra-subject variability

Although acute exposure to high altitude is associated with
marked autonomic changes, characterized by increased sympathetic
activity and reduced parasympathetic modulation (Hainsworth
et al., 2007; Roche et al., 2025), studies have shown that these
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responses only partially normalize over time. In lowlanders residing
at high altitude, RMSSD and other HRV indices, after their initial
reduction upon ascent, tend to recover partially but seldom return
to sea-level values, even after prolonged exposure lasting several
weeks or months (Dhar et al, 2014). This pattern suggests a
persistent autonomic shift likely driven by the chronic hypoxic
load rather than transient hypoxemia. Individual differences in
habitability, chemosensitivity, ventilatory control, and sleep
quality may further modulate this shift (Ainslie and Subudhi, 2014).

The absence of strong correlations between repeated HRV
measures and indices such as AHI or SpO, may also suggest
ongoing longer-term compensatory adaptations. One such
adaptation is the progressive increase in red blood cell mass,
which enhances oxygen-carrying capacity and mitigates the effects
of chronic hypoxemia. Classic studies show that after several
months above 4,000 m, red blood cell mass and total blood
volume increase substantially compared to sea level (Pugh, 1964).
In addition, circadian misalignment caused by the prolonged
absence of normal light-dark cycles in Antarctica (Pattyn et al,
2017) may further alter autonomic regulation, particularly by
affecting parasympathetic tone (Boudreau et al., 2013). Together,
these factors may blunt the acute physiological signatures typically
associated with SDB, thereby weakening correlations between HRV
and nocturnal desaturation metrics.

4.3 Potential confounding factors

In section 3.2, we observed that HRV values during the first PSG
measurement, conducted two months (57 days) after arrival were
significantly different from those recorded on nights without PSG,
whereas no such differences were observed for the other PSG nights.
This was expected, as the first-night effect (Tamaki et al., 2005),
caused by the stress and increased wakefulness during an initial PSG
recording, can temporarily alter autonomic markers.

Interestingly, HRV values recorded from subsequent PSG nights
did not consistently reflect changes in oxygen saturation. This may be
due to the fact that PSG nights inherently differ from non-
instrumented nights because of the physiological and mechanical
burden associated with the recording setup. We hypothesize that this
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may be driven by multiple stressors, including the discomfort
associated with the PSG setup, combined with hypoxia-induced
physiological strain and disrupted sleep architecture. These
disturbances, common at high altitude, include frequent arousals,
periodic breathing, and reductions in REM and deep NREM sleep
(Guo et al,, 2024). One possible explanation is that individuals may
approach the limits of their autonomic flexibility (“HRV reserve”)
under such conditions, where chronic sleep fragmentation and altered
sleep stages at high altitude, compounded by PSG-related discomfort
and hypoxia, leave little residual adaptive capacity. A similar
phenomenon was reported in a recent crossover study at 4,000 m,
where suppressing nocturnal periodic breathing with inspiratory CO,
did not reduce sympathetic activation or heart rate compared with
unmodified breathing, indicating that hypobaric hypoxia itself imposes
such a dominant autonomic load that additional SDB contributes little
further (Roche et al, 2025). Therefore, the lack of significant
associations during PSG nights may reflect attenuation or masking of
autonomic coupling under these recording conditions rather than a
true absence of physiological interaction.

Individual characteristics may further modulate autonomic
tone. Some studies have reported that elderly individuals with
OSA exhibit significantly lower low-frequency to high-frequency
ratios compared to younger counterparts, though this difference
appears to be limited to nocturnal wakefulness and is not
consistently observed across sleep stages (Qin et al., 2021b).
Although the average age did not differ significantly between
groups in our study, individuals with longstanding SDB may
exhibit blunted autonomic responses compared to those with
more recent onset, independently of age.

Environmental factors unique to Concordia Station must also
be considered. Although the station’s internal ambient temperature
is well regulated and prolonged mild cold exposure appears to have
limited effects on HRV (Harinath et al., 2005), previous reports
suggest that overwintering may still be associated with reduced
vagal modulation and increased sympathetic activity (Kalnish et al.,
2016; Maggioni et al., 2020). Isolation and confinement may further
contribute to autonomic variability through psychological stress,
although these effects are difficult to isolate and likely vary
depending on individual resilience and group dynamics (Pagel
and Chouker, 2016; Liu et al., 2024).

Taken together, these factors highlight that HRV features reflect
cumulative physiological stress but lack specificity for
distinguishing between different stressors (as illustrated by the
differences observed between nights with and without PSG). In
extreme environments such as the Concordia station, where
numerous non-respiratory stressors act concurrently, the intra-
individual relationship between HRV markers and sleep apnea
severity becomes difficult to discern.

Here, we focused on time-domain HRV metrics during
controlled breathing to ensure methodological consistency given
the relatively short duration of the recordings. Future studies may
extend this approach by incorporating frequency-domain and
nonlinear indices, such as temporal asymmetry measures linked
to autonomic regulation (Porta et al., 2008).
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It should be noted that both cohorts included only male
participants. Given known sex-related differences in SDB
presentation and autonomic regulation, particularly after
menopause, these findings may not be directly generalizable to
women and require validation in female populations.

4.4 Limitations

In addition to the physiological considerations discussed above,
several methodological limitations should be acknowledged when
interpreting the results.

First, the relatively small sample size of the high-altitude cohort
increases the risk of Type II error. Consequently, non-significant
associations in this group should be interpreted cautiously and not
as definitive evidence of absence of physiological interaction.

Second, HRV measurements were performed in the morning in
Antarctic crew members and in the evening in the clinical cohort.
Given the well-established circadian variation in vagal tone
(Boudreau et al., 2013), this timing difference may have
contributed to some between-group differences. Evening
measurements are generally associated with higher heart rates and
lower HRV, compared to morning assessments, even when
controlling for chronotype (Roeser et al., 2012; Vondrasek et al.,
2022). However, because analyses were conducted within each
cohort separately, this factor is unlikely to have affected the
internal associations observed.

Third, different oxygen desaturation thresholds were used
across datasets (T90 in the clinical cohort and T85 at high
altitude). This distinction was necessary because, in the clinical
group, SpO, levels were almost always above 85%, while the high-
altitude crew spent nearly 100% of the night with SpO, below 90%.

Although analyses were restricted to the shared 0.1 Hz paced
breathing segment, the Antarctic protocol involved a gradual
ramping of respiratory frequency prior to reaching 0.1 Hz,
whereas the clinical protocol transitioned more abruptly. Subtle
autonomic carry-over effects from preceding respiratory dynamics
cannot be entirely excluded and may have influenced absolute HRV
amplitudes. In addition, the paced breathing maneuver represents a
standardized autonomic challenge and therefore reflects autonomic
responsiveness under controlled conditions rather than
spontaneous resting autonomic tone.

Differences in physical training status and individual ventilatory
chemoreflex sensitivity between cohorts were not formally assessed
and may have influenced autonomic responses. In addition, the
predominant SDB phenotype differed between groups (OSA in the
clinical cohort versus CSA at high altitude). Although the
underlying pathophysiology differs, both conditions involve
intermittent hypoxemia, allowing exploration of associations
between desaturation severity and autonomic markers across
these distinct settings.

Two subjects did not undergo the initial familiarization night
with PSG in Antarctica, and their SDB markers may therefore have
been influenced by first-night effects. However, they were retained
due to the limited sample size.
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Operational factors may also have contributed to variability.
Not all crewmembers followed the same daily schedule, and some
had night shift duties. Irregular schedules and circadian disruption
associated with shift work are known to alter autonomic balance,
typically reducing parasympathetic activity and increasing
sympathetic tone (Fink, 2020; Liu et al., 2024). To mitigate this,
HRV assessments were conducted at least three days after the last
night shift whenever possible.

Finally, substantial inter-individual variability in HRV was
observed across both cohorts. Such variability limits the definition
of universal HRV thresholds for detecting SDB and reduces the
applicability of HRV as a standalone diagnostic tool at the
individual level, even when population-level associations exist.

5 Conclusion

In conclusion, time-domain HRV measured during wakefulness
is associated with nocturnal oxygenation-related markers of SDB,
but these associations are strongly context-dependent. While HRV
metrics show consistent associations with sleep apnea indicators in
clinical settings, their interpretation in extreme environments like
high-altitude requires caution. Multiple physiological and
environmental stressors can significantly modulate HRV and
obscure its relationship with SDB. Although HRV cannot serve as
a definitive clinical marker, it can act as a valuable early warning
signal, helping to prompt timely healthcare intervention and
diagnosis. These findings underscore the importance of context-
specific validation before HRV can be used reliably as a surrogate
marker for SDB in complex or non-standard environments. Future
work should explore integrating HRV into multiparametric
screening approaches combining autonomic, respiratory, and
oxygenation signals to improve robustness and clinical applicability.
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