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Abstract

In obstructive sleep apnea (OSA), heart rate variability (HRV) decreases and performance in psychomotor vigilance task (PVT) wors-
ens with more severe hypoxic load. Nevertheless, the association between HRV and PVT performance is poorly understood. Thus,
we hypothesize that nocturnal short-term HRV is better related to daytime psychomotor vigilance compared with overnight HRV. To
investigate this hypothesis, we retrospectively analyzed the electrocardiograms from polysomnographies of 546 consecutive patients
with suspected OSA. We determined overnight HRV and short-term HRV in nonoverlapping 5-min segments and performed stepwise
linear regression analyses to associate HRV with the median reaction time (RT) in the PVT. The short-term decrease in the median
interval between two successive normal R peaks (NN interval), root mean square of successive NNs, and normalized high-frequency
band power were all significant (p < 0.001) indicators of longer median RTs. However, the overnight HRV parameters did not indicate
worsening median RT. Instead, increased hypoxic load and N3 duration were associated with longer median RT in men but not in
women. The association of HRV and cardiorespiratory coupling with PVT performance was generally weak. Nocturnal short-term HRV
evaluation reflected a state of vigilance better than the average overnight HRV. Thus, the overnight HRV analysis might not be optimal
for patients with OSA. Utilizing the HRV analysis in a time-series manner and combined with the hypoxic load and sleep stages could
bring new aspects to the health assessment of patients with OSA.
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Graphical Abstract

Nocturnal short-term HRV reflects impaired daytime vigilance better

than overnight HRV in suspected OSA patients
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Statement of Significance

of sleep-related health risks.

Long-term heart rate variability (HRV) is considered as a biomarker of health. However, nocturnal short-term HRV was linked
to impaired daytime vigilance in our study whereas long-term overnight HRV was not. These novel findings emphasize that by
averaging HRV overnight, we lose a marked amount of information on vagal modulation and physiological responses on unstable
breathing patterns in patients with obstructive sleep apnea (OSA). Thus, the overnight HRV analysis might not be optimal for
patients with OSA. Patients with OSA could benefit from more thorough HRV analysis combined with an assessment of hypoxic
load severity as short-term HRV analyses enable the detection of subtle variations in autonomic cardiac regulation and early signs

Introduction

Obstructive sleep apnea (OSA) is a growing global health problem
that affects approximately 1 billion people [1, 2]. In OSA, frag-
mented sleep due to nocturnal respiratory events (i.e. apneas and
hypopneas) gradually leads to excessive daytime sleepiness (EDS),
impaired daytime vigilance, and decreased neurocognitive per-
formance with difficulties sustaining attention [3, 4]. Therefore,
OSA puts pressure on health care systems as these patients have
a higher risk for other comorbidities as well as for work and traf-
fic accidents [5, 6].

The psychomotor vigilance task (PVT), which measures reac-
tion times (RTs) to repeated visual stimuli, is a quick and objec-
tive way to assess an individual’s ability to sustain attention [7,
8]. Despite the PVT producing sensitive markers for impaired vig-
ilance [9, 10], it is not a routine test in the current clinical OSA
diagnostics although people with OSA exhibit lower performance
in PVT compared with healthy individuals [3, 11]. Previous studies
[4, 11], however, demonstrate a poor connection between PVT out-
comes and conventional parameters measuring OSA severity (i.e.
the apnea-hypopnea index, AHI), its worsening, and the degree
of sleep fragmentation (i.e. the arousal index). Instead, impaired
vigilance and EDS are better associated with nocturnal hypoxic
load and its severity [11-16].

The hypoxic load associated with OSA also has negative
effects on cardiorespiratory health. The autonomic nervous sys-
tem (ANS) is influenced by hypoxic load, which causes a shift in
the sympathovagal balance toward sympathetic dominance [6].
These alterations can be assessed noninvasively using heart rate
variability (HRV) [17]. Elevated sympathetic nervous system (SNS)
activity increases heart rate (HR), decreases long-term HRV indi-
cating poor health, and causes oxidative stress [6, 17]. The sever-
ity of hypoxic load is directly related to the level of SNS activation
[18] and the degree of acute cardiorespiratory coupling (CRC)
impairment [19]. A high level of CRC in the high-frequency (HF)
band (0.15-0.40 Hz) is considered a dependable biomarker for sta-
ble sleep and breathing in healthy adults [20-22].

Previously, HRV has been used to detect impaired vigilance
in sleep-deprived patients [23, 24|, but conflicting findings have
emerged when investigating the relationship between HRV and
EDS in patients with OSA [25]. Thus, the connection between HRV
and diminished alertness in OSA patients remains unclear. Given
that hypoxic load impacts both HRV and PVT performance, HRV
characteristics could be utilized to assess the vigilance of patients
with OSA. HRV can be readily computed as electrocardiography
(ECG) is routinely recorded in polysomnography (PSG) and it could
be easily attached to home sleep apnea tests. Thus, our objective
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was to investigate whether HRV varies between patients with OSA
who perform well and those who perform poorly in the PVT. We
hypothesized that patients who experience a decrease in HRV
and impaired CRC during sleep exhibit longer RTs and a higher
number of lapses in the PVT.

Methods

Dataset

The initial clinical population comprised 901 consecutive patients
undergoing type I PSG and PVT. The patients were referred for
sleep study due to an OSA suspicion in the Sleep Disorders Center
of Princess Alexandra Hospital (Brisbane, Australia) between
2015 and 2017. The PSGs were recorded using the Compumedics
Grael acquisition system (Compumedics, Abbotsford, Australia).
Experienced sleep technicians manually scored the PSG record-
ings in compliance with the prevalent American Academy of Sleep
Medicine (AASM) 2012 scoring criteria using the 3% desaturation
rule for hypopneas [26]. The retrospective data collection and
reuse were approved by the Metro South Human Research Ethics
Committee (HREC/16/QPAH/021 and LNR/2019/QMS/54313).

As HRV parameters are reliable markers of the ANS state when
the heart beats in sinus rhythm, we excluded patients with car-
diac conditions potentially affecting the heart functioning and
sinus rhythm (total of n = 148, Figure 1). We also excluded patients

901 PSGs of consecutive patients
referred to a sleep study due to
suspected OSA

!

R peak detection and ectopic peak
correction with Kubios from ECGs
recorded as a part of PSG

45 patients excluded in the following order \
* Corrupted PSG data, n=6

* Incomplete demographic data, n = 14

* No scored desaturations, n=4

« Patients with cardiac failure and/or stroke, n = 62

»| * Total sleep time during PSG < 4h, n =173

* Incomplete ECG, n=8

+ Cardiac pacemaker, n = 15

= Continuous atrial fibrillation during PSG, n = 16

* > 5% corrected ectopic beats, n = 55

Qﬂissing PVT or ESS results, n=2 /
A 4

( 546 PSGs included )

l

RR time series and nasal pressure
into non-overlapping 5-min segments

A 4
( 45 104 segment pairs included )

¥

1 148 segment pairs excluded
« Last segment of the patient, n = 546
* < 200 detected R peaks, n = 602

A 4
Segment-wise (short-term) HRV Patient-wise (nvernlght) HRV
and CRC analyses during sleep and CRC analyses during sleep

Figure 1. Inclusion and exclusion criteria for patients and 5-min
segment pairs of R peak time series and nasal pressure selection.
Abbreviations: CRC, cardiorespiratory coupling; ECG, electrocardiogram;
ESS, Epworth sleepiness scale, HRV, heart rate variability; Kubios, Kubios
Premium 3.4.1 software (Kubios Oy, Kuopio, Finland); OSA, obstructive
sleep apnea; PSG, polysomnography; PVT, psychomotor vigilance task.
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whose PSG or ECG recording failed or whose demographic data
were incomplete (total of n = 32), and patients who slept less than
4h during the PSG (n=173) to ensure having high-quality data
and the most descriptive population of OSA patients as possible.
After patient exclusion, we included a total of 546 (52.7% of men)
patients in this study (Table 1) [27].

The patients completed the PVT between 7 and 9 pm on the
evening before the PSG. The PVTs were conducted with the 10-min
protocol for the Psychology Experiment Building Language (PEBL)
program [28]: 121 visual stimuli appeared to each patient occur-
ring every 3.4-12.4 s (each interstimulus interval included a 2-s
feedback on response time followed by a 0.4-s fixation period).
The patients were instructed to respond to visual stimuli as fast
as possible by pressing the button on an external keyboard. The
RTs were recorded and from them, the number of lapses (the
number of responses with an RT of >500 ms) was calculated.

Data preparation

We detected the R peaks for the HRV analysis from the ECGs
(sampling frequency of 256 Hz, modified lead II [26]) with the
Kubios Premium 3.4.1 software (Kubios Oy, Kuopio, Finland) with
the default settings [29]. The Kubios utilizes the Pan-Tompkins
method [30] in the R peak detection and automatically corrects
the artifacts due to ectopic beats and missed peak detections by
replacing them using cubic spline interpolation. Excessive ectopic
beats interfere with the HRV analysis; therefore, we excluded
patients with >5% of corrected peaks in their R peak time series
(Figure 1).

We extracted each patient’s R peak time series during sleep
and divided them into nonoverlapping 5-min segments. We
divided the nasal pressure signal, recorded with a sampling fre-
quency of 128 Hz, into corresponding segments. The last seg-
ment pair of each patient was excluded due to most likely being
shorter than 5 min. For each 5-min segment pair, the severity of
the hypoxic load was described using the desaturation severity
(DesSev) parameter [31]. The DesSev parameter measures the
degree of the nocturnal hypoxic load by considering the depth
and duration of each desaturation event as the integrated area
under the blood oxygen saturation curve. It was calculated by
normalizing the sum of individual desaturation areas in the seg-
ment with the duration of the segment (i.e. 5 min). In this study,
the DesSev included the recovery area back to the baseline as the
desaturations were scored from baseline to baseline. In addition
to the segment-wise DesSev, we computed the overnight DesSev
for each patient by normalizing the sum of all desaturation areas
during sleep by the total sleep time.

HRV and spectral coherence

We separately computed the short-term (5 min) and long-term
(overnight) HRV for men and women to measure their ANS
states. For short-term HRV, we calculated the interbeat intervals
(interval between two successive normal R peaks, NN interval)
from the 5-min R peak time series. We excluded the segments
containing <200 R peaks, that is, with an average HR of <40 bpm
(Figure 1). In the frequency-domain HRV, we resampled the 5-min
NN interval series by cubic spline interpolation to 4 Hz and
detrended the signals using the Smoothness priors method [32].
We estimated the power spectral density (PSD) of each 5-min NN
time series using Welch's method (eight windows, 50% overlap,
and the Hamming window) and computed the frequency-domain
HRV parameters from the PSDs [17, 33]. The parameters com-
prised the HF band (0.15-0.4 Hz) power, the low-frequency (LF)
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Table 1. Characteristics of the study population

All

Men ‘Women

Number of patients, n (%)
Age [y]
BMI [kg/m?]
AHI [events/h]
No OSA, n (%)
Mild OSA, n (%)
Moderate OSA, n (%) 135
Severe OSA, n (%)
ODL,, [events/h]
Total sleep time [min]
PVT
Median RT [ms]

546 (100%)

51.8 (41.3-62.0)

34.0 (28.7-39.8)

13.0 (5.7-25.5)

120 (22.0%)

180 (33.0%)
(24.7%)

111 (20.3%)

12.3 (3.8-31.1)

333.8 (289.5-374.5)

376 (341-437)

Lapses [n] 12.5 (5-34)
ESS score 10 (6-14)
Comorbidities, n (%)

Atrial arrhythmia’ 31(5.7%)

COPD 42 (7.7%)

T2DM 89 (16.3%)

Hypothyroidism 55 (10.1%)

Hypertension 199 (36.4%)

288 (52.7%) 258 (47.3%)
52.2 (41.4-62.5) 51.3 (41.0-60.3)
32.5 (27.8-38.3) 36.1 (29.9-43.3)

17.7 (8.4-32.9) 9.2 (3.8-17.2)
38 (13.2%) 82 (31.8%)
87 (30.2%) 93 (36.0%)
87 (30.2%) 48 (18.6%)
76 (26.4%) 35 (13.6%)
18.5 (6.1-40.2) 7.1(2.3-20.8)

326.0 (282.8-367.3) 340.8 (304.0-383.5)

361 (330-407) 398 (360-469)

9 (4-20) 17 (8-43)
10 (6-14) 11 (6-15)
22 (7.6%) 9 (3.5%)
23 (8.0%) 19 (7.4%)
51 (17.7%) 38 (14.7%)
17 (5.9%) 38 (14.7%)
103 (35.8%) 96 (37.2%)

Values are presented as medians (interquartile range) for continuous variables and as counts (percentages) for discrete variables. The severity of OSA is defined
according to AASM guidelines [27]: No OSA = AHI < 5, Mild OSA = 5 < AHI < 15, Moderate OSA = 15 < AHI < 30, Severe OSA = AHI > 30. Abbreviations: AHI, apnea-

hypopnea index; BMI, body mass index; COPD, chronic obstructive pulmonary disease; ESS, Epworth sleepiness scale; ODI

4 OXygen desaturation index using the

3% desaturation rule for hypopneas; PVT, psychomotor vigilance task; RT, reaction time; T2DM, type II diabetes mellitus.

‘Patients have a history of arrhythmias but sinus rhythm during PSG.

band (0.04-0.15 Hz) power, the ratio of the LF and HF band powers
(LE/HF ratio) as well as the normalized powers for the HF and LF
bands (HF,, = HF/(HF + LF) and LF, = LF/(HF + LF), respectively)
[17]. The time-domain HRV parameters were computed from the
5-min NN time series and comprised the average NN interval, the
standard deviation of NN intervals (SDNN), the root mean square
of successive differences (RMSSD), and the proportion of the NN
intervals differing by more than 50 ms from each other (pNN50)
[17, 33]. For overnight HRV, the frequency-domain parameters
were determined as a mean of the parameter values of the 5-min
segments separately for each patient (Figure 2) [33]. For the over-
night time-domain HRV parameters, however, we determined the
complete NN time series from sleep onset to offset and computed
the parameters from that NN series [33].

Next, we computed the degree of short-term CRC as the spec-
tral coherence between the NN time series and correspond-
ing nasal pressure segments. Before the coherence analysis,
we downsampled the nasal pressure from 128 to 4 Hz to corre-
spond to the sample rate of the resampled NN time series. We
applied Welch’s method (eight windows, 50% overlap, and the
Hamming window) to compute the magnitude-squared coher-
ence function on HF and LF power bands (HFc and LFc, respec-
tively). The coherence was computed only if the NN intervals and
nasal pressure were linearly related within each power band and
the value of spectral coherence exceeded the threshold value
for a significant coupling. Otherwise, the coupling was marked
as zero. We determined the level of a significant coupling in a
5-min segment (p = 0.6241) based on a surrogate data analysis
[34]. We accepted an a = 1% risk of obtaining a result indicating

a significant coupling between the NN intervals and nasal pres-
sure even though a real coupling did not exist. We have described
the threshold value determination in detail in our previous study
[19]. In addition to the short-term CRC, we computed the over-
night CRC individually for the patients by averaging all their CRCs
within the 5-min segments (Figure 2).

Covariate-adjusted stepwise regression analysis

We performed covariate-adjusted stepwise regression analysis
separately for the 5-min segments (n =45 104) and at the patient
level (overnight) to consider the effects of sleep stages and comor-
bidities on the PVT results (median RT and number of lapses) and
subjective sleepiness based on the Epworth Sleepiness Scale (ESS).
We studied men and women separately. In stepwise regression
models, we used the largest set of terms in a linear fit with the
Akaike information criterion. We considered demographic factors
(i.e. age and the body mass index), HRV, CRC, and sleep stages
in minutes as continuous adjusting variates in all our regression
models. Comorbidities (chronic obstructive pulmonary disease
(COPD), type II diabetes mellitus (T2DM), and hypertension) were
considered as the binary adjusting variates. In the segment-wise
(short-term) regression models, each segment was associated
with the demographic factors, comorbidities, PVT results, and ESS
score of the patient from whom the segment was extracted, that
is the adjusting data were duplicated for each segment. All HRV
parameters were separated into time- and frequency-domain
models. We set the limit for the statistical significance to p <0.05
in overnight regression models and to p<0.001 in short-term
regression models due to larger sample sizes.
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Figure 2. An illustration of heart rate variability (HRV) and cardiorespiratory coupling (CRC) of a patient (a) without sleep apnea (apnea-
hypopnea index (AHI) = 0.4 events/h) accompanied by low nocturnal hypoxic load (Desaturation severity (DesSev) = 0.008%) and (b) with severe
sleep apnea (AHI = 81.2 events/h) accompanied by severe hypoxic load (DesSev = 5.022%). Intermittent hypoxia over-activates the sympathetitc
nervous system and induces arousals from sleep. Together they further lead to fragmented sleep, lower normalized high-frequency (HF) power
(decreased HRV), and weakened spectral coherence in the HF band (consistently impaired CRC). The level of significant CRC was based on
surrogate data analysis [34]: it is determined only if the coupling level exceeded the threshold (p = 0.6241) for significant coupling. Otherwise,

the coupling was marked as zero.

Patient-by-patient comparison and statistical
analysis

We divided the patients into four equal-sized groups (quartiles,
Q,—Q,) based on their DesSev and HF, . In those quartiles, we cal-
culated the median overnight HRV, CRC, and PVT results to study
the effects of overnight DesSev and HRV on daytime vigilance.

In addition, we performed a similar comparison between quar-
tiles divided based on the median RT in the PVT to determine
the effect of impaired vigilance on HRV. The statistical signifi-
cance of the difference between quartiles was assessed with the
Mann-Whitney U-test. Due to the multiple comparisons between
the quartiles, we performed the Bonferroni correction and set the
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limit for the statistical significance to p <0.008. All signal, sta-
tistical, and regression analyses were performed with MATLAB
R2022b (MathWorks Inc, MA).

Results

Effect of HRV and sleep on vigilance

In general, the association of HRV with impaired vigilance was
weak in overnight and short-term regression models. Short-
term changes, however, were more strongly linked to impaired
vigilance.

In overnight models for the median RT in the PVT, we observed
that neither HRV parameters nor comorbidities were selected into
stepwise regression models and thus, were not associated with the
median RT in men (Table 2). Instead, increasing time in deep sleep
(sleep stage N3) together with a more severe hypoxic load and
older age led to longer RTs being the only parameters included in
our regression models. In men, time- and frequency-domain HRV
models were identical. In short-term models, however, lower time-
domain HRV and lower HF, together with more severe hypoxic
load and longer time spent in N3 were associated with longer RTs
in men (Table 2). In addition, the presence of COPD and T2DM was
positively associated, while the presence of hypertension was neg-
atively associated with longer RTs. All parameters included in the
stepwise regression models are presented in Table 2.

In women, age, RMSSD, and T2DM were included in overnight
models, but only the presence of T2DM was significantly associ-
ated with an RT increase (Table 2). In the short-term models, a
lower time-domain HRV, HF, and LF/HF, and a higher HFc were
associated with increased median RTs in the PVT (Table 2). In
addition, older age and an increase in the presence of T2DM led to
longer RTs. Segment-wise sleep structure and hypoxic load were
not associated with RT performance in women.

In men’s overnight models, the same parameters were signifi-
cantly associated with an increase in the number of lapses in PVT
(Supplementary Table S1) as in models for the median RT in PVTs
(Table 2). Furthermore, the short-term models for the number of
lapses were similar to the median RT-based models, in addition
to a reduced time in light sleep (sleep stage N1) being associated
with a lower number of lapses. In women, the number of lapses
was not significantly linked to HRYV, sleep structure, or comorbid-
ities in the overnight models (Supplementary Table S1). In the
short-term models, lower time-domain HRV, a reduced HF,, a
longer time in N3, and the presence of hypertension together with
older age and an increased DesSev led to an increased number of
lapses in the PVT.

In men’s overnight regression models for subjective sleepiness
(the ESS score), increasing DesSev was the only parameter lead-
ing to a significantly higher ESS score (Supplementary Table 2). In
the short-term models, the DesSev, time-domain HRV, light sleep
structure (N1 and N2), and comorbidities were all associated with
the ESS score. As in men, HRV, sleep structure, or comorbidities
were not associated with the ESS score in the women's over-
night model (Supplementary Table S2). In the short-term models,
anthropometric factors and HRV were associated with the ESS
score, but sleep structure and comorbidities were not.

Patient-wise comparison

When patients were split into quartiles based on the median
RT, worse performance in PVT was not significantly linked to
OSA severity, overnight HRV, or CRC (Supplementary Table S3).
However, we observed an insignificant worsening trend in the

OSA severity (i.e. AHI, ODI, T90, and DesSev) toward non-vigilant
men (Q,). In non-vigilant men, only the overnight HFc differed sig-
nificantly from the well-performing, vigilant group (Q,, Figure 3).
In similar short-term analyses, hypoxic load severity and all HRV
parameters except the LF/HF ratio significantly differed between
vigilant and non-vigilant men. The findings in women were sim-
ilar excluding the frequency-domain HRV parameters (Figure 4).

Increasing hypoxic load was linked only with the conventional
OSA parameters when dividing patients into four quartiles based
on DesSev (Supplementary Table S4). In addition, we observed
the lowest HF coherence with the highest variance (p <0.008)
among the most hypoxic patients (DesSev Q,). Finally, when
patients were divided into quartiles based on HF, Increasing
HF, , was significantly associated only with other HRV parameters
(Supplementary Table S5).

Discussion

OSA-related hypoxic load contributes to decreased HRV and infe-
rior PVT performance but the association between HRV and PVT
performance has remained unrecognized. In this study, we inves-
tigated whether HRV and PVT performance are connected among
suspected OSA patients and hypothesized that nocturnal short-
term HRV is more strongly linked to impaired daytime vigilance
compared with overnight HRV. In overnight analyses, HRV was
not related to the PVT performance in men or women, but older,
more severely hypoxic men with longer N3 durations showed a
stronger association with poor PVT performance. However, our
new approach to utilize the short-term analysis showed that
lower vagal modulation and interbeat variability were linked to
worse PVT performance together with age and hypoxic load in
men with comorbidities. In women, acutely decreased HRV and
T2DM were associated with poor PVT performance. As overnight
HRV was not associated with impaired vigilance in our popula-
tion, but the acutely worsening HRV in terms of decreasing vagal
modulation indicated poor PVT performance, the current results
importantly suggest that overnight HRV measurements might
not be optimal to describe the physiological stress caused by OSA.

The results demonstrate that overnight HRV is not an indica-
tor of poor PVT performance. We obtained the same results when
analyzing the relationship between overnight HRV and subjec-
tive sleepiness quantified by using the ESS. These findings were
against our hypothesis, and they are counterintuitive as sleep
deprivation is a common daytime symptom of OSA [4]. Moreover,
previous studies [23, 24, 35] have shown that sleep deprivation
deteriorates HRV. However, it is noteworthy that none of these
studies performed overnight HRV measurements nor included
patients with sleep disorders but only healthy participants. In
addition, the connection between deteriorated HRV and impaired
vigilance was shown with a custom frequency band [23, 35]
instead of the conventional frequency bands that we used in
our HRV analyses. Although overnight HRV was not associated
with impaired vigilance in our study population, the acutely
worsening HRV indicated poor PVT performance supporting our
hypothesis. In men and women, shorter NN intervals (i.e. higher
HR), increased overall variability (SDNN), decreased interbeat
variability (RMSSD), and weaker vagal modulation indicated
worsening PVT performance in segment-level analyses (Table 2,
Supplementary Table S1). The acute (short-term) HRV parame-
ter values also significantly differed between vigilant and non-
vigilant patients (Figures 3 and 4).

According to our results, the overnight HRV evaluation might
not be optimal for describing the physiological stress caused by
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Table 2. Stepwise linear regression models for changes in median reaction time due to demographic factors, HRV, sleep, and

comorbidities
Men
Overnight Short term
B (SE) B (SE)

Women
Overnight
B (SE)

Short term

B (SE)

Time domain
Age [y]
BMI [kg/m?|
DesSev [%]

N of resp. events

1.892 (0.649)'

10.500 (4.517)"

1323 (0.077)"
0.653 (0.124)"
4.461 (0.465)"
~1.241 (0.445)

Mean NN [ms] — -21.514 (0.622)"
SDNN [ms] — 154.680 (35.229)"
RMSSD [ms] — ~234.602 (36.248)"
N1 [min] — —

N2 [min] — —

N3 [min] 0.748 (0.239) 4.961 (0.684)"
REM [min] — -1.065 (0.619)
COPD — 62.516 (3.604)"
T2DM — 17.136 (2.718)"
Hypertension — -30.194 (2.206)"
Adj. R? 0.0425 0.0436

Frequency domain
Age [y]
BMI [kg/m?]
DesSev [%]
N of resp. events
HF

NU

1.892 (0.649)

10.500 (4.517)°

1.255 (0.075)"
0.792 (0.124)"
4.904 (0.464)"
~1.362 (0.444)
—31.767 (4.408)"

LF/HF — —

HFc — 10.410 (4.160)
N1 [min] — —

N2 [min] — —

N3 [min] 0.748 (0.239)' 5.167 (0.679)"
REM [min] — -0.981 (0.618)
COPD — 66.520 (3.554)"
T2DM — 19.589 (2.669)"
Hypertension — -30.434 (2.193)"
Adj. R? 0.0425 0.0440

1.148 (0.775)

~467.927 (255.124)

66.138 (31.379)

0.0307

1.180 (0.778)

67.680 (31.513)

0.0217

1.710 (0.093)"
0.350 (0.124)
~1.823 (0.590)
~102.226 (9.189)"
132.865 (54.828)
-202.035 (44.393)"
~2.844 (1.805)
1.251 (0.734)

53.527 (3.814)"

0.0396

1.526 (0.089)"
0.626 (0.124)"
-1.995 (0.591)"
-78.781 (6.806)"
-2.346 (0.393)"
38.358 (7.152)"
-3.635 (1.802)
1.910 (0.733)

62.873 (3.723)"

0.0390

Abbreviations: Adj. R?, adjusted R? (model fit); BMI, body mass index; COPD, chronic obstructive pulmonary disease; DesSev, desaturation severity; HFc, cross
spectral coherence in the HF band; HF,, normalized power in the HF band (HF/(HF + LF)); HRV, heart rate variability; LF/HF, ratio of LF to HF band power; N of
resp. events, the number of respiratory events within the period of analysis; REM, rapid eye movement sleep; RMSSD, root mean square of successive differences;
SDNN, standard deviation of NN intervals; SE, standard error of ; T2DM, type II diabetes mellitus; B, estimated coefficient for the regression model.

‘The statistically significant B-coefficient (p < 0.05).
“The statistically significant p-coefficient (p < 0.001).

OSA. With stable breathing, HRV is a reliable measure of ANS
state [17]. During the daytime, OSA patients have increased SNS
activity compared with non-OSA controls [36, 37]. In OSA, how-
ever, nocturnal breathing becomes unstable, marking poor sleep
quality and impaired CRC [20]. Thus, the respiratory events, desat-
urations, and the resulting cyclical hypo- and hyperventilation
(loop gain) may interfere with overnight HRV analyses making
the interpretation demanding, as demonstrated in the review by
Sequeira et al. [36] presenting inconsistent overnight HRV results

in OSA patients. By averaging HRV over long periods of stable and
unstable breathing, we lose a significant amount of information
on the nocturnal unstable breathing periods and continuous
high-magnitude variance. For example, we have previously shown
that an increasing hypoxic load leads to short-term sympathetic
overactivity and impaired CRC [18, 19], but we did not observe the
same effect in our current overnight analyses (Supplementary
Table S4). Despite decreased long-term HRV being a good indi-
cator of sympathetic overdrive and, thus, impaired health [17],
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Variation of HRV and CRC in men
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Figure 3. Variation of overnight and short-term heart rate variability (HRV) and cardiorespiratory coupling (CRC) parameters in men based on their
performance in psychomotor vigilance task (PVT). In general, the variation within parameters is higher in the short-term data: by averaging the
parameter values overnight, we lose important physiological information. Abbreviations: DesSev, desaturation severity; HFc, cross-spectral coherence
in the HF band; HFnu, normalized power in the HF band (HF/(LF+HF)); LFc, cross-spectral coherence in the low-frequency band; LF/HF, ratio of LF to
HF band power; LFnu, normalized power in the low-frequency band (LF/(LF+HF)); NN, interval between two successive normal R peaks; RMSSD, root
mean square of successive differences; SDNN, standard deviation of NN intervals. *Statistically significant difference compared with the vigilant
group Q, (p < 0.05), *'statistically significant difference compared with vigilant group Q, (p < 0.001).
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Variation of HRV and CRC in women
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Figure 4. Variation of overnight and short-term heart rate variability (HRV) and cardiorespiratory coupling (CRC) parameters in women based on
their performance in psychomotor vigilance task (PVT). In general, the variation within parameters is higher in the short-term data: by averaging the
parameter values overnight, we lose important physiological information. Abbreviations: DesSev, desaturation severity; HFc, cross-spectral coherence
in the HF band; HFnu, normalized power in the HF band (HF/(LF+HF)); LFc, cross-spectral coherence in the low-frequency band; LF/HF, ratio of LF to
HF band power; LFnu, normalized power in the low-frequency band (LF/(LF+HF)); NN, interval between two successive normal R peaks; RMSSD, root
mean square of successive differences; SDNN, standard deviation of NN intervals. **Statistically significant difference compared with the vigilant
group Q, (p <0.001).
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OSA patients could benefit from complementary, more detailed
nocturnal HRV measurements considering the acute, short-term
changes in ANS activity and their severity. In addition, overnight
and acute HRV measurements could be complemented with other
measurements, such as baroreflex sensitivity as it is connected
to impaired vagal modulation and objective daytime sleepiness
among other effects of OSA [38, 39]. By measuring acute HRV
changes and other indices evaluating autonomic modulation, we
could obtain a more accurate picture of the nocturnal physio-
logical consequences of respiratory events. Thus, these important
aspects warrant further investigation. Nevertheless, with these
HRV measurements, we could easily obtain a more comprehen-
sive overview of the physiological effects of OSA as ECG is always
recorded as a part of the routine PSG.

In this study, increasing nocturnal hypoxic load, age, and N3
duration were associated with impaired vigilance during over-
night analyses in men (Table 2 and Supplementary Table S1). We
observed an increasing but insignificant trend in hypoxic load
severity and conventional OSA severity parameters when men
were grouped based on the median RT (Figure 3, Supplementary
Table S3). In addition, the hypoxic load severity was the only
significant factor indicating subjective sleepiness in men
(Supplementary Table S2). The number of respiratory events,
however, was not linked to poor PVT performance in the regres-
sion analyses (Table 2 and Supplementary Table S1). Numerous
earlier studies [3, 11-16, 40] support our findings demonstrating
that increasing hypoxic load severity is more strongly connected
to impaired vigilance and objective daytime sleepiness in OSA
patients than the AHI, especially in men. Furthermore, a more
severe hypoxic load has been more strongly linked, for example,
to sympathetic overactivity, an increased risk for cardiovascular
diseases, and other comorbidities [40, 41]. As the hypoxic load
is one of the key factors contributing to a decreased ability to
sustain attention and to other physiological consequences, OSA
patients could benefit from a more detailed analysis of the oxy-
gen saturation profile, considering intermittent desaturations
and tonic hypoxic conditions.

Significantly, the N3 duration increased with a more severe
hypoxic load leading to worse PVT performance (Table 2 and
Supplementary Table S1). N3 sleep is essential for memory con-
solidation and the glymphatic clearance of metabolic waste prod-
ucts from the brain [42-45]. Furthermore, the respiratory event
rate is reduced in N3 compared with other sleep stages due to
higher upper airway muscle activity and arousal threshold [46,
47]. In OSA, N3 sleep is usually the period with no respiratory
events and hypoxic load, and its duration decreases as OSA wors-
ens. Thus, our current results seem to demonstrate that the abil-
ity to sustain attention and body recovery functions suffers more
with a more severe hypoxic load and increased duration of N3
sleep. However, we did not concentrate on this specific topic in our
analyses, and it needs to be explored in more detail. In addition,
our study demonstrated the typical differences in the effects of
hypoxic load on vigilance and subjective sleepiness between men
and women: in women, we did not observe a similar connection
between hypoxic load and PVT performance as seen in men. Men
are more prone to experiencing more respiratory events as well
as longer and deeper desaturations with longer recovery times
for anatomical and physiological reasons [48, 49], which partly
explains the sex differences. In addition, women tend to have
a less sensitive peripheral chemoreflex to the hypoxic stimulus
[50], and their PVT performance seems to be affected by arousals
rather than nocturnal hypoxic load [14].

Strengths and limitations

This study has several strengths. First, it benefitted from a sub-
stantial sample size, which enhanced the statistical power of this
study and allowed for more robust analyses. Additionally, the
inclusion of both sexes in this research provided a more com-
prehensive and representative dataset, revealing sex-specific
patterns in the results. The dataset also included approximately
50:50 men and women, which is unusual compared with the
majority of OSA studies. Moreover, this study’s statistical meth-
ods were well-conceived and rigorously applied. This research
adopted an interdisciplinary approach incorporating elements
from diverse fields such as sleep medicine, cardiology, and psy-
chomotor vigilance.

Despite its strengths, this study also has certain limitations.
For instance, the PVTs were performed on the evening preceding
the PSG. This setup complicates the interpretation of the rela-
tionship between the level of vigilance and sleep as the pre-PVT
circumstances have not been controlled: routine daily activities
could affect the PVT performance in addition to the quality of
the previous night’s sleep. However, Djonlagic et al. [51] showed
that patients with untreated OSA present no differences between
the PVTs conducted in the evening before and the morning after
the PSG. Therefore, we believe that this setup better captures the
overall vigilance level in the patient’s normal circumstances at
home. Ideally, the PVT could, for example, also be conducted after
the PSG or repeatedly in a couple of mornings to reduce a com-
mon first-night effect in the PSG potentially affecting the sleep
quality and thus the other measurements such as the PVT. On a
large scale, this might be possible to implement using home-PSG
or simplified wearable sleep monitoring systems in combination
with mobile PVT applications.

In addition, our dataset did not include sleep diaries and had
limited information related to patients’ caffeine intake and alco-
hol consumption. This lack of information is a limitation because
chronic sleep deprivation, caffeine intake, and alcohol consump-
tion affect neurocognitive performance and vagal modulation [35,
39, 52]. Patients were merely instructed to treat the day preced-
ing the PSG as a regular day; this way, the measurement setup
provides a more realistic overview of the patients’ sleep quality
and daily vigilance. Furthermore, we had incomplete medica-
tion data for the studied population. Certain medications, such
as psychoactive drugs and B-blockers, can affect vigilance, vagal
modulation, and thus cardiac functioning. However, we excluded
patients with arrhythmias and a history of cardiac failure and
adjusted the stepwise linear regression models with the available
and relevant comorbidities.

Clinical implications

Short-term HRV shows potential for establishing a more robust
correlation with daytime vigilance, enabling the detection of
subtle variations in autonomic regulation. Additionally, by utiliz-
ing short-term HRV analysis, healthcare providers may identify
early signs of sleep-related health risks, such as cardiovascular
issues or disruptions in autonomic function. This approach has
the potential to enhance patient care and contribute to early
intervention, ultimately improving health outcomes. While these
benefits hold promise for both research and clinical applications,
further research is necessary to explore its full implications.
Nevertheless, this study provides important information on how
the data from PSG recordings could be analyzed more compre-
hensively in the future to improve personalized treatment paths
and reduce the risks due to untreated OSA.
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Conclusions

The hypoxic load and its severity are key indicators of impaired
vigilance in men while the overnight HRV changes were not asso-
ciated with PVT performance. However, by studying physiologi-
cal changes in our novel short-term methodological manner, we
observed that acutely impaired HRV relates to poor PVT perfor-
mance in both men and women. These novel findings emphasize
that we lose a marked amount of information on vagal modula-
tion and other physiological consequences in OSA patients due
to unstable breathing patterns by averaging HRV overnight. As
acutely impaired HRV relates to impaired vigilance and mark-
ers indicating increased cardiac load and sympathetic activity,
it would be important to study the nocturnal HRV changes as a
time series instead of an overnight average. This novel approach
could provide a more detailed picture of the state of the cardiac
and nervous systems in OSA patients.

Supplementary Material

Supplementary material is available at SLEEP online.
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