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Autonomic regulation across sleep
and wake during an Antarctic
overwintering

C.Tortello?, A. Folgueira?, B. Cauda3, L. E. Gonzalez3, E. Sala Lozano*, N. Pattyn567:8,
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Isolated, confined and extreme environments like Antarctic overwinterings present significant
challenges to human psychophysiological adaptation. While previous evidence suggests that such
conditions affect autonomic response, the extent to which human physiology adapts, in particular,
the sleep-wake cycle and circadian rhythms, remains unclear. To assess the impact of prolonged
isolation and the polar night on autonomic nervous system activity, we conducted an observational
and longitudinal study at Belgrano Il Argentine Antarctic station over a year-long campaign. Heart
rate variability, a measure of cardiac autonomic modulation, was computed in 13 crewmembers
over 24-hour periods every two months. Analysis revealed a decrease in parasympathetic regulation
during wakefulness and an increase during sleep, in association with the increasing duration of
isolation. At the same time, parasympathetic activity during sleep decreased during the polar night,
suggesting a distinct seasonal effect. These findings offer novel insights into how isolation and

the polar night influence autonomic regulation. Understanding these physiological adaptations is
crucial for developing effective countermeasures to mitigate stress-related health issues in extreme
environments.

Keywords Antarctica, Autonomic nervous system, Isolated, confined and extreme environments, Circadian
rhythms, Sleep, Heart rate variability

Antarctic overwinterings pose significant challenges for human psychophysiological adaptation'->. The unique
combination of isolation, confinement, and extreme (ICE) conditions* has shown to significantly influence sleep
and circadian rhythms®>~7, hormonal responses®, mood®!°, and behavioral patterns'!. Due to these characteristics,
Antarctica is regarded as a space analogue, where some of the variables experienced during space flight can be
ecologically studied!?~14.

A primary concern in studying physiological adaptation is understanding autonomic regulation in extreme
environments like Antarctic overwinterings. Evidence from annual campaigns indicates that prolonged isolation
influences both physiological markers!® and subjective reports of stress'®. Confinement has been associated with
a progressive increase in the stress response!”'%, while the absence of natural light during winter has been linked
to sleep disturbances and heightened psychosocial strain!-2!. Together, these conditions have been shown to
modulate neuroendocrine!® and autonomic? responses, highlighting the impact of Antarctic overwinterings on
autonomic regulation.

Heart rate variability (HRV), a measure of cardiac autonomic modulation, has been proposed as a reliable
tool to quantify the physiological and neurobehavioral effects of human adaptation to various stressors, such
as those encountered during Antarctic overwintering®®. However, few studies have investigated the adaptation
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of the autonomic nervous system (ANS) through HRV parameters in Antarctica, revealing distinct changes in
sympathetic and parasympathetic activity across different timeframes!®24-%7.

Shortstays do notappear to significantly alter autonomic responses during diurnal assessments**?*. When day-
night differences are compared during a summer campaign through brief five-minute recordings, an autonomic
disparity appears, characterized by a reduced sympathetic response and a predominance of parasympathetic
activity at night compared to daytime?®. Another summer campaign, albeit only with nightly data, shows an
altered ultradian rhythm of autonomic regulation throughout the night, corresponding to the alterations of
sleep architecture?®. In year-long missions, ten-minutes recordings show higher RR intervals in the middle of the
campaign?® while continuous 24-hour HRV monitoring evidences a vagal predominance during summer with a
modest association with depressive symptoms?’. In summary, research either relies on short recording intervals,
it does not distinguish between day and night differences, or focuses on brief stays in Antarctica during summer
campaigns. To the best of our knowledge, no 24-hour investigation has analyzed autonomic differences between
sleep and wake states or autonomic circadian rhythm during a full-year Antarctic campaign. Our previous
study demonstrates reduced sleep duration during the polar night*°, which confirms the consensus of available
literature regarding sleep during Antarctic overwinterings’. It remains unclear how these conditions affect HRV.
The reciprocal relationship between sleep architecture and autonomic regulation warrants investigating both
wake and sleep autonomic tone to shed new light on this persistent maladaptive outcome.

In this context, the Belgrano II Argentine Antarctic station, one of the closest stations to the South Pole (at
sea level and 77°S) with year-long campaigns under extreme isolation, provides a unique setting for studying
human physiological adaptation to extreme environmental conditions. This study aims to explore this adaptation
by assessing 24-hour ECG recordings, to examine changes in both sleep-wake HRV differences and circadian
HRV rhythm during an Antarctic overwintering at Belgrano II. Our main hypothesis is that reduced natural
light exposure will lead to a decrease in parasympathetic tone, along with a progressive decline associated with
prolonged confinement.

Results

HRYV and sleep-wake cycle

Figure 1 shows the temporal variations in sleep-wake HRV indices, while Tables 1 and 2 present the linear mixed
models’ results that account for these changes. These models reveal a significant interaction effect of the isolation
(linear term), and the sleep-wake period, in RRM, SDNN, RMSSD, VLE, HF and LE. During the wake period,
these variables exhibit a significant linear decreasing trend, while during the sleep period, the trend is reversed,
except for SDNN, which is non-significant. Only HFnu shows a significant decreasing linear effect independent
of the sleep-wake cycle (Fig. 1). Overall, these findings indicate that parasympathetic tone decreases during
wakefulness and increases during sleep in parallel with the duration of isolation.

Additionally, the models also evidence a significant interaction of the polar night (quadratic term) and the
sleep-wake period, in RRM, SDNN, RMSSD, HE, HFnu, and LH. During wakefulness, only SDNN changes
exhibit a significant trend, with a minimum observed in July. During sleep, RRM, RMSSD, VLE, HE HENU, and
LH changes are significant. RRM reaches its minimum in September and its maximum in November. RMSSD,
VLE HE and HFNU reach their lowest values in July, while LH peaked during the same month (Fig. 1). Overall,
results show that during sleep, HRV variables associated with parasympathetic activity decrease during the polar
night.

Circadian Rhythm of HRV

Figure 2 shows the temporal variations in circadian rhythm HRV indices, while Table 3 presents the models’
results that account for these changes. The results indicate a linear increasing trend in the amplitude of RRM,
SDNN, RMSSD, LE, HF and LH with increasing time spent in isolation (significant linear term). RRM, SDNN,
LE, and HF also show a decrease in the amplitude of the circadian rhythm during the polar night (significant
quadratic term) (Fig. 2).

On the one hand, the positive linear trend observed in almost all variables can be attributed to the temporal
patterns of sleep-wake HRV differences described above, which are more pronounced at the end of confinement
compared to the beginning, reflecting a progressive increase in the amplitude of parasympathetic circadian
rhythm (Fig. 1). The concurrent linear increasing trends in the amplitude of the circadian rhythm for RRM,
SDNN, RMSSD, LE and HF (parasympathetic activity) and LH (typically associated with sympathetic activity)
may seem contradictory. However, this is not the case, as by the end of confinement, even though all variables
show increased sleep-wake differences, RRM, SDNN, RMSSD, LF, and HF exhibit higher values during the
night, while LH show higher values during the day (Fig. 1).

On the other hand, the decrease in the amplitude of the circadian rhythm of HRV variables that reflect
parasympathetic activity (Fig. 2), aligns with the decrease in sleep (but not wake) parasympathetic activity
during the polar night (Fig. 1).

Finally, neither the Mesor nor the Acrophase showed significant variations throughout the campaign (See
Supplementary Table 4).

Discussion

Antarctica’s extreme conditions including extreme photoperiod, confinement and isolation activate a human
adaptive response!®. While advances in equipment and technology ensure survival in this environment, the
main question regarding human adaptation is the extent to which human physiology adjusts its balance to
meet the demands of such extremes. In this context, this study aimed to examine human autonomic regulation
through HRV variations throughout one year of an Antarctic campaign. Our results showed a decrease in
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Fig. 1. Sleep-wake HRV throughout one year of Antarctic isolation. Shown are observed means with 95%
confidence intervals (vertical bars); lines connect the means across time. The curves show the model-predicted
trends based on the linear mixed models (LMMs), with shaded areas representing 95% confidence intervals.
The orange color shows the wake period, whereas dark blue represents the sleep period. RRM, average duration
of RR intervals in milliseconds; SDNN, standard deviation of RR intervals in milliseconds; RMSSD, root

mean square of successive RR interval differences; VLE, very low-frequency component; LE, low-frequency
component; HE, high-frequency component; HFnu, normalized units of HF; LH, HF/LF ratio.
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Estimate | Std. error | Statistic | p.value

Isolation 31 14 -39 <0.001

Polar night -3 1 -3.0 0.003

RRM Sleep/wake 247 30 41.0 <0.001
Isolation x S/w -29 10 3.9 <0.001

Polar night x S/w | 3 1 3.6 <0.001

Isolation -1127 |2.65 -43 <0.001

Polar night 0.68 0.19 3.6 <0.001

SDNN | Sleep/wake -13.79 5.79 8.2 <0.001
Isolation x S/w 5.84 1.91 35 0.001

Polar night x S/w | - 0.34 0.14 -2.5 0.014

Isolation 0.95 1.30 -4.6 <0.001

Polar night -0.15 0.09 -1.6 0.118

RMSSD | Sleep/wake 5.04 2.95 7.6 <0.001
Isolation x S/w -1.49 0.97 4.2 <0.001

Polar night x S/w | 0.16 0.07 23 0.023

Isolation -0.03 0.04 -4.5 <0.001

Polar night 0.00 0.00 0.1 0.959

VLF Sleep/wake 0.32 0.08 28.9 <0.001
Isolation x S/w 0.00 0.03 4.0 <0.001

Polar night x S/w | 0.00 0.00 0.8 0.405

Isolation -0.07 0.06 -3.7 <0.001

Polar night 0.00 0.00 0.6 0.519

LF Sleep/wake -0.02 0.12 7.8 <0.001
Isolation x S/w 0.02 0.04 3.6 <0.001

Polar night x S/w | 0.00 0.00 0.0 0.993

Isolation 0.03 0.06 -5.0 <0.001

Polar night -0.01 0.00 -13 0.188

HF Sleep/wake 0.36 0.13 14.1 <0.001
Isolation x S/w -0.06 0.04 4.0 <0.001

Polar night x S/w | 0.01 0.00 2.2 0.028

Isolation 4.05 1.19 -1.0 0.298

Polar night -0.31 0.09 -3.6 <0.001

HFnu Sleep/wake 16.01 3.09 13.2 <0.001
Isolation x S/w -348 1.01 0.3 0.741

Polar night x S/w | 0.26 0.07 35 <0.001

Isolation -0.64 0.51 2.5 0.014

Polar night 0.06 0.04 1.7 0.092

LH Sleep/wake -3.26 1.07 -85 <0.001
Isolation x S/w 0.71 0.36 -1.0 0.307

Polar night x S/w | - 0.06 0.03 -21 0.032

Table 1. LMMs estimates of sleep-wake HRV. Shown are the results of the linear mixed models (LMMs) for
each of the HRV indexes. Tsolation’ represents the linear term of the model, while ‘Polar night represents
its quadratic term. RRM, average duration of RR intervals; SDNN, standard deviation of RR intervals in
milliseconds; RMSSD, root mean square of successive RR interval differences; VLE, very low-frequency
component; LE, low-frequency component; HE, high-frequency component; HFnu, normalized units of HF;
LH, LF/HF ratio.

parasympathetic tone during wakefulness and an increase during sleep in parallel with the duration of isolation,
with a concurrent decrease in sleep parasympathetic activity during the polar night. In line with this, there was
an increase in the amplitude of the parasympathetic circadian rhythm as isolation progressed, along with a
decrease in its amplitude during the polar night.

Regarding the impact of isolation, the decreasing prevalence of parasympathetic activity during the day
over the course of the mission highlights the influence of confined conditions on human autonomic regulation.
Previous research has demonstrated that the lack of novelty and the sensory and social monotony can lead to
multiple cognitive and emotional consequences'*?"*!. Furthermore, the absence of clear boundaries between
work and leisure, combined with constant interaction with the same individuals may amplify minor daily
job-related or personal events, resulting in negative social dynamics®*~3°. Along the same line, our previous
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Estimate | Std. error | Statistic | p.value
Isolation — Wake - 246 0.95 -2.6 0.01
Isolation - Sleep 3.68 14 2.6 0.008
RRM
Polar night - Wake | - 0.33 0.39 -0.8 0.4
Polar night - Sleep | 2.25 0.6 3.8 <0.001
Isolation — Wake -0.89 0.19 -438 <0.001
Isolation - Sleep 0.31 0.27 1.2 0.248
SDNN
Polar night - Wake | 0.34 0.08 4.4 <0.001
Polar night - Sleep | - 0.01 0.12 -0.1 0.954
Isolation — Wake -0.34 0.09 -3.9 <0.001
Isolation - Sleep 0.34 0.15 23 0.019
RMSSD
Polar night - Wake | 0.01 0.04 0.4 0.683
Polar night - Sleep | 0.18 0.06 2.9 0.004
Isolation — Wake -0.01 0 -4.1 <0.001
Isolation - Sleep 0.01 0 2 0.046
VLF
Polar night - Wake | - - - -
Polar night - Sleep | - - - -
Isolation — Wake -0.01 0 -27 0.006
- Isolation - Sleep 0.01 0.01 2.5 0.012
Polar night - Wake | - - - -
Polar night - Sleep | - - - -
Isolation — Wake -0.02 0 -5.2 <0.001
HE Isolation - Sleep 0.01 0.01 1.2 0.239
Polar night - Wake | 0 0 0.7 0.474
Polar night - Sleep | 0.01 0 3.1 0.002
Isolation — Wake - - - -
Isolation - Sleep - - - -
HFnu
Polar night - Wake | - 0.05 0.03 -2.1 0.039
Polar night - Sleep | 0.21 0.07 3 0.003
Isolation — Wake - - - -
Isolation — Sleep - - - -
LH
Polar night - Wake | - - - -
Polar night - Sleep | - - - -

Table 2. Estimated marginal trends derived from the LMMs. Shown are the results of the estimated marginal
trends derived from the LMM:s (Table 1), reported when interactions are significant. Isolation’ represents

the linear term of the model, while ‘Polar night’ represents its quadratic term. RRM, average duration of RR
intervals; SDNN, standard deviation of RR intervals in milliseconds; RMSSD, root mean square of successive
RR interval differences; VLE, very low-frequency component; LE, low-frequency component; HF, high-
frequency component; HFnu, normalized units of HF; LH, LF/HF ratio.

work evidenced a decline in psychological coping throughout the expedition, and a progressive reduction in
social support, which was positively correlated to the ability to recover from stress>. Interestingly, a recent
study showed that social support is related to the stress levels reported by crewmembers®. Additionally,
prolonged separation from family and friends, combined with the psychological anticipation of the mission’s
conclusion, likely increases anxiety and amplifies stress responses?!. These changes may not always show clinical
significance®, as seen in previous studies>*3>3,

During sleep periods, however, parasympathetic influence increased as the mission progressed. This
observation can be explained by several factors. Firstly, the autonomic nervous system may attempt to offset
daytime stress by promoting restorative parasympathetic activity during sleep®. Elevated sympathetic activation
during wakefulness could result in a compensatory rebound effect at night, facilitating recovery. In this regard,
decreased heart rate during sleep has been previously reported in summer campaigns in Antarctica?’. Secondly,
sleep is crucial for emotional and physical recovery from stress. For instance, studies in mice have shown
that stressful conditions increase both non-REM and REM sleep, underscoring the role of sleep in restoring
homeostasis**~*>. Finally, privacy deprivation is a major challenge in ICE environments** so the role of sleep can
be crucial in providing a natural boundary against external demands and stress. During the night, participants
may have more sense of personal control over the environment, feeling less crowded*®. The need to restore
personal resources after a stressful day can be met through quality sleep and moments of solitude away from the
group?®?’. Consequently, sleep may serve as both a physical and emotional “privacy space”, acting as a retreat
where individuals can recover from workplace stress and interpersonal conflicts.
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Fig. 2. Amplitude of the circadian HRV rhythm throughout one year of Antarctic isolation. Shown are
observed means with 95% confidence intervals (vertical bars); lines connect the means across time. The
curves show the model-predicted trends based on the linear mixed models (LMM:s), with shaded areas
representing 95% confidence intervals. Amp’ stands for the amplitude of the cosinor curve fitted to each HRV
variable. RRM, average duration of RR intervals in milliseconds; SDNN, standard deviation of RR intervals

in milliseconds; RMSSD, root mean square of successive RR interval differences; VLE, very low-frequency
component; LE, low-frequency component; HE, high-frequency component; HFnu, normalized units of HF;
LH, HF/LF ratio.
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Estimate | Std. Error | Statistic | p-value

Isolation -47 13 2.0 0.048
RRM

Polar night | 4 1 4.0 <0.001

Isolation -54 1.5 2.3 0.026
SDNN

Polar night | 0.4 0.1 4.0 <0.001

Isolation -0.80 1.06 22 0.034
RMSSD

Polar night | 0.08 0.07 1.1 0.260

Isolation -0.05 0.03 1.7 0.093
VLF

Polar night | 0.00 0.00 1.8 0.075
LF Isolation -0.07 0.04 34 0.001

Polar night | 0.01 0.00 2.4 0.021
HE Isolation -0.09 0.05 2.1 0.037

Polar night | 0.01 0.00 2.2 0.034

Isolation -1.77 1.06 0.7 0.485
Hfnu

Polar night | 0.14 0.07 1.8 0.076
H Isolation -0.67 0.60 3.0 0.004

Polar night | 0.07 0.04 1.6 0.108

Table 3. LMMs estimates of circadian HRV rhythm Amplitude. Shown are the results of the linear mixed
models (LMMs) for each of the circadian HRV indexes. ‘Isolation’ represents the linear term of the model,
while ‘Polar night’ represents its quadratic term. RRM, average duration of RR intervals; SDNN, standard
deviation of RR intervals in milliseconds; RMSSD, root mean square of successive RR interval differences;
VLE, very low-frequency component; LF, low-frequency component; HE, high-frequency component; HFnu,
normalized units of HF; LH, LF/HF ratio.

With respect to the effects of the polar night, we observed that it was associated with a decreased
parasympathetic prevalence, consistent with previous findings on its effects on sleep”*’ and mood!'®%. Changes
in nocturnal HRV can be interpretated in light of sleep architecture variations reported during Antarctic winter”.
Previous research at sea- level stations, has shown a reduction in slow-wave sleep (SWS)*>*, likely reflecting a
partial disruption of restorative processes. Since SWS is the stage most strongly associated with parasympathetic
dominance and cardiovascular recovery, a decrease in its proportion could directly influence HRV profile. In this
context, daytime napping could potentially play a compensatory role®!, contributing to the restoration of sleep
need and supporting parasympathetic regulation, although this remains to be investigated in detail. In line with
this idea, our previous work has shown that participants used daytime naps to offset reduced nocturnal sleep
during polar night*°.

Our previous research has also demonstrated a delay in chronotype and an increase in social jetlag during the
same period, associated with the length of the daylight at Belgrano II throughout a year®. The polar night presents
two main challenges for human physiology: lack of exposure to natural light and the need to remain indoors due
to harsh weather conditions. Light is a primary synchronizer of the central circadian clock®?, and its disruption
can impact both sympathetic and parasympathetic pathways, which play a crucial role in the synchronization of
peripheral clocks and the stress response®. Light exposure has been demonstrated to influence heart rate* and
circadian rhythms®>>>°.

In addition to its role as a synchronizer, light has been linked to various mood disorders®”>8. The absence
of natural light appears to affect the dopaminergic and serotoninergic systems, promoting negative changes in
mood®>®, which in turn may affect parasympathetic activity®-52. A well-known example, particularly relevant
at extreme latitudes, is seasonal affective disorder (SAD), which is characterized by depressed mood, irritability,
anxiety, and social withdrawal®®. Although mood changes were not seen in this expedition, subclinical forms
may also occur, also associated with changes in HRV336465, Qur previous research has reported a deterioration
in social dynamics during the final period of the mission®, not specifically linked to the polar night. However,
we can hypothesize that the psychological alterations mentioned above may also influence social interactions
among crewmembers during this period, impacting partially on autonomic regulation.

Furthermore, it is well established that light is not the only factor responsible for synchronizing the master
clock. Other variables, such as social routines, can also act as zeitgebers®®®’. One study during an Antarctic
summer even evidenced a decoupling of melatonin secretion, responding to constant daylight; and cortisol
secretion, responding to the social schedule?. Remaining inside the station without a less clear differentiation
between work and free time, weakens social cues that help regulate circadian rhythms®, which may also modulate
the vagal response®.

Finally, the observed changes in the amplitude of HRV circadian rhythm, suggested its modulation by both
the isolation and the polar night. These results go in line and support those discussed previously. On the one
hand, the influence of the isolation was reflected on a higher amplitude of parasympathetic HRV circadian
rhythm toward the end of the year. This variation is likely related to the increased parasympathetic predominance
during sleep and its decline during wakefulness over the course of the campaign. As noted, this increase may
be associated with an increased (though subclinical) stress response, that reflects in HRV measurements®:°.

Scientific Reports |

(2026) 16:1771 | https://doi.org/10.1038/541598-025-31009- X nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

In this regard, it is important to note that, in the circadian rhythm literature, a greater amplitude is generally
interpreted as a more robust rhythm?’%, which could suggest some degree of adaptation. However, considering
our earlier interpretation of increased daytime stress and nighttime restoration, we view the increased amplitude
not as an adaptive consolidation of circadian rhythmicity, but rather as an exaggerated separation between sleep
and wake autonomic profiles, likely reflecting underlying stress-related compensation. On the other hand, the
decreased amplitude of HRV circadian rhythm during the polar night indicates a deterioration of the circadian
regulation?, confirming the idea that the absence of natural light impacts negatively on the strength of the
rhythms®. These results are consistent with those reported by Steinach et al. (2016), who observed both linear
and quadratic patterns in sleep parameters as a consequence of the combined effects of increasing overwintering
time and local sunshine radiation on circadian rhythms’?, a pattern also evident at Belgrano II station during
polar night®.

Our study presents some limitations. Due to logistical constraints inherent to Antarctic expeditions, pre-
and post-deployment measurements could not be obtained, which would have provided valuable insights
into individual baseline variations and changes after the expedition. Additionally, only male participants were
included, which limits the generalizability of our findings to female crew members.

In conclusion, our study of 24-hour HRV over the course of a one-year campaign at Belgrano II Argentine
Antarctic Station is the first to reveal distinct patterns of parasympathetic variations, which we attribute to
the extreme conditions of isolation and light deprivation. Our findings provide the first evidence of sleep-
wake cycle variations in HRV evaluated through 24-hour recordings during an overwintering period. Future
studies should compare the effects of photoperiod variations across other Antarctic stations, ideally offering the
opportunity to include female participants. Identifying changes in autonomic activity due to extreme conditions
can enhance our understanding of the mechanisms underlying the stress response in health and disease and,
in turn, contribute to the development of countermeasures for Antarctic overwinterings and other prolonged
exposures to isolation and confinement.

Materials and methods

Participants and design

This observational longitudinal study analyzed HRV data from 13 male military personnel who participated in
an overwinter campaign at the Argentine Antarctic station Belgrano II (77° 51’ S, 34° 33’ W). Participants had a
mean age of 34 + 1 years and a mean body mass index (BMI) of 26 + 1 kg/m”. The crew of the station comprised
18 men, including the 13 Argentine army personnel that participated in our study, two members of the National
Weather Service, and three scientists of the Argentine Antarctic Institute. All participants were healthy, according
to the medical and psychological examinations performed before their selection as crewmembers™®.

Located about 1300 km from the South Pole, Belgrano II Argentine Antarctic station is the third southernmost
permanent station of the planet. Due to its location, it experiences an extreme photoperiod that consists of four
months of constant daylight (polar day) and four months of constant darkness (polar night). The natural sunlight
period (daylight + civil twilight) duration on the 15th day of each month was: March, 17:32 h; May, 00:00 h; July,
00:00 h; September, 14:01 h; and November, 24:00 h. Isolation and confinement are defining characteristics,
communications beyond the station are limited to internet and satellite phone. In emergencies, assistance from
another Antarctic station can take at least three days to arrive.

Activities were organized on a weekly basis, in which each crew member must follow a structured routine
with specific responsibilities assigned depending on their expertise. A regular workday consisted of a 9:00
a.m. to 6:30 p.m. schedule with a 90-minute break in the afternoon. During the winter, the light-dark cycle is
regulated by artificial lighting. Most areas, except for the medical room, have illumination levels below 500 1x*.
Measurements were collected every other month from March to November (March, May, July, September and
November).

Crewmembers remained physically healthy throughout the year. Mental health was also preserved during the
campaign, as indicated by scores on the Spanish validated versions of the Beck Depression Inventory-1I (BDI-
11)7%and the Beck Anxiety Inventory (BAI)”?, administered at each measurement point™.

Measurements

HRV

Electrocardiogram signal was continuously recorded (225 Hz) using a digital Holter device (Holtech, Servicios
Computados S.A., Argentina) for 24 h every other month on measurement points. Ventricular depolarizations
(R waves) were identified using the device’s software. The intervals between R waves (RR intervals) were
subsequently calculated. HRV indices were determined for 30-minutes segments. An automated filter was used
to detect premature and missing beats, which were then replaced with RR intervals obtained through linear
interpolation’.

HRV Time Domain measures assess heart rate variation over time. Among these indicators, RRM (average
duration of RR intervals in milliseconds) reflects the mean RR interval; SDNN (standard deviation of RR intervals
in milliseconds) offers a broad assessment of overall variability; and RMSSD (root mean square of successive RR
interval differences) evaluates short-term heart rate fluctuations, related to parasympathetic activity.

Frequency Domain measurements assess the power of different frequency components contributing to HRV.
The high-frequency (HF) component (0.15-0.4 Hz) relates to respiratory sinus arrhythmia and is modulated
by parasympathetic activity, while the low-frequency (LF) component (0.04-0.15 Hz) is linked to baroreflex
regulation, involving both sympathetic and parasympathetic influences. A very low-frequency (VLF) component
(< 0.04 Hz), of uncertain origin, has been associated with thermoregulatory changes in vasomotor tone and
humoral factors like the renin-angiotensin system, with the dependence on the presence of parasympathetic
outflow”>7S.
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To analyze HRV frequency components, the discrete wavelet transform (DWT) was preferred over the
traditional fast Fourier transform due to its robustness against discontinuities and non-stationarities. Before
applying the DWT, the signal’s linear trend and mean value were removed. The signal was then evenly sampled
at a 2.4 Hz frequency through a spline interpolation algorithm and zero-padded to the next power of two. A
six-level wavelet decomposition was conducted with a Daubechies four-wavelet function. In this setup, levels
A6 and D1-D6 represented the total power (TP, 0-0.6 Hz), with levels A6 and D6 approximating the VLF band
(0-0.0375 Hz), levels D4-D5 corresponding to the LF band (0.0375-0.15 Hz), and levels D2-D3 corresponding
to the HF band (0.15-0.6 Hz). In DWT, the square of the standard deviation of wavelet coefficients at each level
aligns with the spectral power of that level. Results are reported as the natural logarithm of TP, HE, LE, and VLF;
normalized units of HF [HFNU: HF/(TP - VLF) x 100]; and the LF/HF ratio (LH)””7%,

HRYV variables, assessed in 30-minutes windows, were averaged over the wake (typically between 06:30 and
22:30) and sleep periods (typically between 23:00 and 06:30)**7%. The sleep-wake periods were determined by
actigraphy, as described below. Data corresponding to diurnal sleep periods (between 06:30 and 22:30) were
excluded from the analysis.

HRV circadian rhythm was also studied. For each HRV index, a cosinor curve was fitted to 24-hour data, from
which three principal variables were derived: Mesor (the mean value of the fitted curve), Amplitude (difference
between the curve’s peak and the average baseline), and Acrophase (timing of the curve’s maximum value)”®7°.

Sleep-wake cycle

Participants were asked to wear a wrist accelerometer (MicroMini Motionloggers Actigraphs, Ambulatory
Monitoring Inc., Ardsley, NY, USA) during seven days on their non-dominant wrist every other month on
measurement points. Sleep-wake cycle was analyzed using the software provided by the manufacturer
(Action-W User’s Guide, Version 2.4; Ambulatory Monitoring, Inc., Ardsley, NY, USA)**80, Additionally,
participants completed sleep logs specifying nighttime and daytime sleep which served as a control measure for
the actigraphy.

Statistical analyses

To explore changes in sleep-wake HRV differences over time, linear mixed-effects models (LMMs) were applied,
with each participant’s 30-minute HRV indexes considered as the outcome. A second-degree polynomial
predictor was included to account for the effects of isolation and polar night. Isolation was represented by the
linear term, reflecting time spent in isolation (linear component: Time), while Polar Night was represented by
the quadratic term, capturing the U-shaped variation in natural light exposure over time (quadratic component:
Time?). The sleep-wake cycle was introduced as an interaction term with both the linear and quadratic
components of time. To account for individual differences, a random intercept for subjects was included.
Estimated marginal trends for both linear and quadratic time components were reported for each sleep-wake
condition.

Linear mixed-effects models were also used to explore changes in circadian HRV rhythm, with the Mesor,
Amplitude and Acrophase of each HRV index as the outcomes. Acrophases were linearized before performing
statistical analyses, since their distribution did not cover the whole range of 360 degrees. As in the previous
analyses, Isolation was introduced as a second-degree polynomial predictor to account for time spent in isolation
(linear component: Time), while Polar Night was included to account for changes in photoperiod (quadratic
component: Time?.

Estimates and standard errors reported for each model were calculated using raw polynomial terms to
enhance interpretability of the linear and quadratic effects. Corresponding p-values were derived using
orthogonal polynomial terms to reduce multicollinearity and improve the reliability of significance testing. The
two model variations were identical in structure, differing only in the specification of the polynomial terms.
To assess the models’ adequacy, residuals were visually examined. For the variables RMSSD, LH and HFnu the
variance of the residuals was observed to increase with the fitted values, indicating heteroscedasticity. As a result,
an exponential variance structure was incorporated into the model to account for this relationship.

Statistical significance was set at p <0.05.

All analyses and plots were performed in RStudio. Mixed-effects models were fitted using the ‘Ime’ package®!,
and cosinor analysis was conducted with the ‘cosinor2’ package®?. Data visualization was performed using the
‘ggplot2’ package®.

Ethics

The study was approved by the Ethics Committee from Universidad Nacional de Quilmes (Argentina) and was
performed in accordance with the Declaration of Helsinki and its amendments. Participants were informed
about the nature and purpose of the study and then invited to participate in the study. All the participants
provided written informed consent.

Data availability
The anonymized datasets analyzed during the current study are available from the corresponding authors on
reasonable request.
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