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Abstract

Study Objectives: Respiratory events during sleep induce immediate cardiac alterations, including increased RR intervals during events
and decreased RR intervals after events. However, the extent to which related desaturations and arousals modulate these responses
remains underexplored. We hypothesized that desaturations and arousals are the main contributors to respiratory event-related cardiac
response, with greatest cardiac alterations expected when both are present.

Methods: We analyzed RR, QT, and heart rate-corrected QT (QTc) intervals before, during, and after 4310 respiratory events from 129
obstructive sleep apnea patients. Mixed-effect statistical models were utilized to assess the influence of the presence and severity of
desaturations and arousals on the cardiac electrical response to respiratory events.

Results: There were no significant differences between pre- and post-respiratory event RR and QTc intervals in the absence of
desaturation or arousal. Arousal (RR estimate=-23.9 ms; QTc estimate=5.7 ms) or simultaneous desaturation and arousal (RR
estimate =—32.8 ms; QTc estimate =8.4 ms) modulated significantly (p <.05) mean RR and QTc intervals after respiratory events.
Desaturation alone affected only RR intervals (estimate=—9.3 ms, p<.05). Greater desaturation depth (RR estimate = —0.09 ms; QTc
estimate =0.56 ms) and longer arousal duration (RR estimate = —3.52 ms; QTc estimate = 0.84 ms) were significant (p < .05) predictors
of RR and QTc magnitude alterations after respiratory events.

Conclusions: Not all respiratory events have the same effects on cardiac electrophysiology; they are associated with acute alterations
after events if they cause desaturations and/or arousal, with longer arousal and deeper desaturations increasing the magnitude of
cardiac responses.
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« Respiratory event are associated with acute cardiac response if they cause desaturations and/or arousals

« Deeper desaturations and longer arousal increases the magnitude of cardiac response to the respiratory events

Statement of Significance

This study provides a detailed analysis of the temporal dynamics of cardiac response to respiratory events in obstructive sleep apnea
patients, with a focus on the potential modulators of this response. Our observations present that not all respiratory events have the
same effects on cardiac electrophysiology; they are associated with significant cardiac response if they cause desaturations and/or
arousals, with longer arousal and deeper desaturations increasing the magnitude of cardiac response. Our results present evidence of
possible modulators of post-event cardiac function, providing a deeper understanding of obstructive sleep apnea’s impact on health as
potential underlying mechanisms leading to adverse cardiovascular events.

Introduction

Obstructive sleep apnea (OSA) is a common sleep disorder affect-
ing nearly 1 billion adults worldwide [1]. It is especially prevalent
in patients with cardiovascular disease [2] and is a recognized
risk factor for sudden cardiac death (SCD) [3]. However, the cur-
rent clinical OSA severity measure, the apnea-hypopnea index
(AHI), is based solely on the frequency of respiratory events
and does not consider the immediate impacts of respiratory
events (apneas and hypopneas) on cardiovascular function. The
current evidence indicates a substantial increase in the rela-
tive risk of nocturnal arrhythmia after respiratory event-related
disturbances [4], suggesting an immediate effect of respiratory
events on cardiac electrophysiology and arrhythmia. Respira-
tory events elicit alterations in the sympathovagal balance char-
acterized by increased cardiac parasympathetic activity during
respiratory events, increased sympathetic activity at respiratory
event termination [5], and parasympathetic tone withdrawal upon
breathing resumption [6]. OSA-related hypoxemia, arousals, and
intrathoracic pressure swings are potential modulators of respira-
tory event-related changes in autonomic activity [7], which might
induce cardiac activity variations reflected by electrocardiogram
(ECG) changes. Abnormalities in the cardiac repolarization, such

as in heart rate-corrected QT interval (QTc) prolongation, are
associated with an increased risk of arrhythmia [8] and SCD [9].
Despite the immediate impact of respiratory events on car-
diac function, the temporal dynamics of these variations and
the role of possible modulatory mechanisms remain relatively
underexplored. Previous studies indicate that there is a pattern
of increased RR interval within the respiratory event [10] and
decreased RR interval after event termination [11, 12]. However,
decreases in post-event RR intervals are more pronounced in
association with scored arousals or deep desaturations [12]. In
addition, hypoxemia and arousals may independently lead to
immediate variations in cardiac electrical activity, demonstrated
by decreased RR interval [13, 14], decreased QT interval [14],
and increased QTc interval [13] and QT variability [15]. However,
a comprehensive understanding of the temporal dynamics of
OSA-related cardiac electrophysiological alterations is lacking.
In particular, nocturnal respiratory events can occur in close
succession and thus may either mask or amplify the actual
temporal cardiac electrical alterations and lead to over- or under-
estimations of cardiac response. It is also unclear how respiratory
event-related cardiac electrical activity differs from the periods
unaffected by respiratory event-induced alteration, and whether
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respiratory event-related alterations are independent of possible
confounding factors, potential pre-existing cardiac alterations,
and patient-specific differences. Additionally, it remains unclear
to what extent desaturations, arousals, and sleep stages mod-
ulate these variations. Therefore, we sought to explore respi-
ratory event-induced temporal alterations in cardiac electrical
activity and identify contributors to the dynamics of alterations.
We hypothesized that desaturations and arousals are the main
contributors to post-event variations in cardiac electrical activity,
with the most prominent cardiac alterations occurring when the
respiratory event trigger both phenomena.

Materials and Methods
Dataset

This retrospective study was based on a subpopulation of a
dataset comprising over 900 type I polysomnography (PSG)
recordings of suspected OSA patients conducted with the Com-
pumedics Grael acquisition system (Compumedics, Abbotsford,
Australia) at the Princess Alexandra Hospital (Brisbane, Australia)
between 2015 and 2017. Of these, 548 patients had medication
information available, and of these 134 patients satisfied the
following inclusion criteria: more than 4 h of objective sleep,
no comorbidities (except diagnosed hypertension) possibly
affecting cardiac health (i.e. type 2 diabetes mellitus, chronic
obstructive pulmonary disease, hypothyroidism, arrhythmia
history, or stroke), no previous cardiac or respiratory failure, no
pacemaker, no atrial fibrillation/flutter during PSG, no history
of using medication possibly affecting cardiac electrophysiology
(i.e. beta-blockers, calcium channel blockers, antipsychotics, or
antiarrhythmics), sufficient quality of ECG and nasal airflow
signals, and no apparent T-wave abnormalities in ECG signals
during PSG (i.e. inverted T-wave, biphasic T-wave, or prominent
U-wave). All patients underwent the PSG study due to OSA
suspicion and thus were not treated for OSA before or during
the PSG recording. The flowchart of inclusion/exclusion criteria
is presented in Figure S1. The PSGs were scored manually
according to the American Academy of Sleep Medicine 2012
guidelines [16]. A detailed description of the scoring protocol
has been published previously [17]. Approval for the collection
of retrospective data and its reuse was granted by The Metro
South Human Research Ethics Committee, Brisbane, Australia
(HREC/16/QPAH/021 and LNR/2019/QMS/54313). All procedures
performed in studies involving human participants were done
in accordance with the ethical standards of the institutional
and/or national research committee and the Declaration of
Helsinki.

Data analysis

ECG signals were recorded with a sampling frequency of 256 Hz
using a modified lead II configuration. ECG signals were filtered
with a fourth order Butterworth band-pass filter (0.05-40 Hz)
before further processing. The nasal airflow signal was utilized
to assess the flow-limitation status of patients on a breath-by-
breath basis. Each identified breath was classified as normal
breathing, possible flow-limited, or certain flow-limited by a fully
automated procedure [18, 19].

To capture the dynamics of ventricular repolarization vari-
ations due to respiratory events and their immediate conse-
quences, we considered a sequence of segments for each respi-
ratory event, including a 20-s pre-event segment before the onset
of the respiratory event, a within-event segment during the entire
respiratory event (i.e. from respiratory event onset till respiratory
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event offset), and a 20-s post-event or post-desaturation segment
after the end of the respiratory event (Figure 1, A) or end of related
desaturation event (Figure 1, B). In case the respiratory event led
to a desaturation, two additional segments were considered: a
segment from the respiratory event offset to the nadir of a desat-
uration event equivalent to lung-to-finger circulation time (LFCT),
and a segment from the nadir of a desaturation event to nor-
mal oxygenation (resaturation; Figure 1, B). In the case of several
overlapping sequences, only the first sequence was included if its
post-event or post-desaturation segments did not overlap with the
within-event segment of adjacent event; the rest were excluded
to avoid misinterpretation of the dynamics of variations in the
case of consecutive respiratory events (n=10438). We further
excluded the sequences where the desaturation event started and
ended within the respiratory event (n=138) and LFCT was too
short (<4 s) or too long (>55 s) to be physiologically plausible
(n=283).

ECG sequences were up-sampled to 1000 Hz and automatically
delineated using a wavelet-based ECG delineator [20]. The ECG
delineations algorithm utilizes the extrema and zero crossings
of the signal’s wavelet transform at different scales to delineate
wave points within each beat [20]. All sequences were automat-
ically inspected for ectopic beats [21]. Sequences with a mean
heart rate <30 bpm and beat delineation rejection >10 per cent
(beats could not be delineated due to the high noise and ectopic
beat) were excluded from the analysis (n=267). Otherwise, only
noisy and ectopic beats in a segment were excluded from the
analysis. The final number of analyzable sequences was 4310 (Fig-
ure S1). After applying exclusion criteria, 129 patients contributed
at least one sequence of segments to the analysis (Table 1). The
number of included sequences from each patient is presented
in Figure S2. Included sequences were further divided into three
groups depending on whether respiratory events were associated
with a desaturation >3 per cent (n=2378), only arousal (n=1722),
or no desaturation or arousal (n=210). The RR interval, the QT
interval, and the QTc interval, according to Bazett's formula
[22], were calculated for every beat within each sequence. The
mean values of RR, QT, and QTc intervals were calculated in
all segments of sequences, and the pre-event segments were
considered the event-specific baselines. We also calculated RR,
QT, and QTc intervals for a 1-min ECG segment selected during
the wake stage with normal breathing for each patient to assess
variations compared to a patient-specific baseline resembling
normal breathing while awake. However, nine patients did not
have enough continuous wake with normal breathing and thus,
the analysis with patient-specific baselines involved only 120
patients.

Statistical analysis

We utilized linear mixed-effect models to assess the effects of
different parameters on mean RR, QT, and QTc intervals as depen-
dent variables. Individual patient identifiers were included in the
models as a random effect. Mixed-effect models were utilized
to assess the significance of differences in RR, QT, and QTc
intervals between event-specific and patient-specific baselines
and other segments (segments in a sequence treated as a cat-
egorical variable with baselines as reference level), independent
of confounding factors (i.e. age, sex, body mass index [BMI], and
diagnosed hypertension) as fixed effects and individual patient
identifiers as a random effect. In addition, mixed-effect models
were incorporated to investigate the association of the presence
of arousals or desaturations with the direction and magnitude of
the variations in mean RR, QT, and QTc intervals. Moreover, we
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Figure 1. Segmentation process of electrocardiogram (ECG) sequences for (A) respiratory events with no related desaturation and (B) events with
related desaturation. The respiratory event was identified from the nasal pressure signal (upper figure), oxygen saturation (SpO,) signal was used to
detect the presence of a desaturation event >3 per cent (middle figure), and ECG sequences were segmented and delineated (bottom figure).
A/H=apnea or hypopnea, LFCT =lung-to-finger circulation time, Desat = desaturation.

Table 1. Characteristics of the study population. Values are
presented as number (%) or median (interquartile range) where
appropriate

Clinical characteristics

Patients (n, (male%))

Age (years)

Body mass index (kg/m?)
Apnea-hypopnea index (1/h)
Arousal index (1/h)

129 (56.5)

453 (32.9, 56.4)
31.7 (26.8, 38.5)
113 (5.1, 26.9)
23.5 (16.1, 38.4)

Oxygen desaturation index (1/h) 8.2(1.5,29.6)
Total sleep time (min) 342.0 (291.9, 385.1)
T90 (%) 0.2 (0.0,5.3)
Diagnosed hypertension 29.0 (22.4)

T90=percentage of total sleep time with oxygen saturation <90%.

investigated whether parameters related to the severity of events,
including the flow-limited breathing before the respiratory event
(more than 50 per cent of breaths in the pre-event segment were
labeled as certain flow-limited based on the procedure presented
at[18]), type and duration of the respiratory event, depth of desat-
uration events, duration of arousals, and occurrence of respiratory
events in rapid eye movement (REM) or non-rapid eye movement
(NREM) sleep modulated the variations in mean RR, QT, and
QTc intervals during and after the respiratory event. Sensitivity
analyses were conducted to assess the effects of patients with
low data contributions and the effects of different variables in the
modeling. All analyses were conducted with MATLAB R2022b, with
the limit for statistical significance set to p <.05. All p-values were
adjusted with Bonferroni correction.

Results

Variations in RR, QT, and QTc intervals within and after
respiratory events

The mean (standard deviation, SD) RR intervals in event-specific
baselines were 920.8 (+131.1) milliseconds (ms) for events with
desaturation, 969.2 (£154.7) ms for events with only arousals, and
932.5 (£164.5) ms for events without desaturation and arousals.
RR intervals increased significantly in within-event segments
(p <.05) and decreased after events (p <.05) compared to event-
specific baselines as presented in Figure 2. However, relative RR
interval variations after respiratory events without desaturation
or arousal were not significantly different from the event-specific
baseline (Figure 2, C). In the sequences involving desaturations,
RR intervals increased again in the resaturation and post-
desaturation (p <.05) segments compared to the event-specific
baseline; however, the increase was smaller than seen in the
within-event segment (Figure 2, A). Residual analysis of mixed-
effect models for RR interval variations in different segments
(Figure 2) is presented in Figure S3. Moreover, QT intervals showed
a similar pattern of variations within different segments as RR
intervals compared to event-specific baseline (mean (SD) of 407.2
(£30.8) ms for events with desaturations, 413.2 (£32.9) ms for
events with only arousals, and 404.7 (£32.6) ms for events without
desaturation and arousals); however, the variations were either
insignificant or small (Figure S4).

At event-specific baselines, mean (SD) QTc values were 426.6
(£25.2) ms for events with desaturation, 422.5 (£27.3) ms for those
with only arousals, and 422.5 (+29.7) ms for events without either
desaturation or arousals. QTc intervals decreased significantly
(p <.05) during respiratory events, followed by an increase in the
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Figure 2. The mean and standard deviation of the RR interval series (left figures) and forest plot of linear mixed-effect model results for mean RR
intervals in different segments compared to baselines (right figures) in (A) respiratory events with desaturation (with or without accompanied arousal,
n=2378), (B) only arousal (n=1722), and (C) without desaturation or arousal (n=210). Data points within segments were uniformly interpolated to
provide equal-size series for visualization. Mixed-effect models were adjusted for age, sex, body mass index, and diagnosed hypertension, with
patients’ identifiers as the random effect. Model estimates are presented as raw values in milliseconds. The mean RR interval in segments was
considered a categorical variable with the baseline (event-specific or patient-specific) as the reference level. LFCT =lung-to-finger circulation time,
Resat=resaturation, Desat =desaturation, A/H=apnea or hypopnea, CI = confidence interval. *p <.05. The p-values are adjusted with Bonferroni

correction.

following segment (i.e. LFCT in Figure 3A and post-event seg-
ments in Figure 3, B and C). However, the post-event QTc interval
increase was negligible when the respiratory event was not fol-
lowed by desaturation or arousal (Figure 3, C). In sequences with
desaturations, QTc intervals showed a subsequent decrease in
the resaturation and post-desaturation segments compared to the
event-specific baseline (Figure 3, A). Nevertheless, this decrease
was less pronounced than that for the within-event segment.
Moreover, QTc intervals after respiratory events did not signifi-
cantly changed when the event was not followed by desaturation
and arousal (Figure 3, C). Residual analysis of mixed-effect models
for QTc interval variations in different segments (Figure 3) is
presented in Figure SS.

At patient-specific baselines (i.e. normal breathing while
awake), the mean (SD) RR intervals were 883.6 (£128.0) ms for
events with desaturations, 947.3 (£155.5) ms for events with only
arousals, and 909.6 (£155.3) ms for events without desaturation

and arousals. Mean (SD) of QT intervals at patient-specific
baseline were 405.8 (+30.6) ms for events with desaturations,
411.7 (£32.9) ms for events with only arousals, and 403.9 (£32.6)
ms for events without desaturation and arousals. Corresponding
patient-specific baseline values for QTc intervals were 434.4
(£27.5) ms, 426.2 (£27.3) ms, and 426.9 (£29.7) ms, respectively.
Comparison to a patient-specific baseline, while demonstrating
an independent increase of RR intervals in all segments, revealed
a similar pattern of between-segment variations as event-
specific baseline (Figure 2, right panel figures). Moreover, QT
intervals variations compared to patient-specific baseline had
a similar pattern as RR intervals while, the variations were either
insignificant or small (Figure S4). Considering variations from
the patient-specific baseline, within-event segments had slightly
higher QTc values. However, in post-event segments (LFCT and
post-event), QTc values increased further and remained elevated
above baseline in subsequent segments (Figure 3).
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Figure 3. The mean and standard deviation of QTc interval series (left figures) and forest plot of linear mixed-effect model results for mean QTc
intervals in different segments compared to baselines (right figures) in (A) respiratory events with desaturation (with or without accompanied arousal,
n=2378), (B) only arousal (n=1722), and (C) without desaturation or arousal (n=210). Data points within segments were uniformly interpolated to
provide equal-size series for visualization. Mixed-effect models were adjusted for age, sex, body mass index, and diagnosed hypertension, with
patients’ identifiers as the random effect. Model estimates are presented as raw values in milliseconds. The mean QTc interval in segments was
considered a categorical variable with the baseline (event-specific or patient-specific) as the reference level. LFCT =lung-to-finger circulation time,
Resat=resaturation, Desat = desaturation, A/H=apnea or hypopnea, CI=confidence interval. *p <.05. The p-values are adjusted with Bonferroni

correction.

Factors influencing the change in RR, QT, and QTc
intervals

Mixed-effect models indicate that variations in RR and QTc inter-
vals after respiratory events are associated with desaturations
and arousals after simultaneous adjustments for age, sex, BMI,
respiratory event type, and hypertension, with patients’ iden-
tifiers treated as the random effect (Figure 4, residual analy-
sis is presented in Figure S6). Our analysis revealed that when
a respiratory event was not accompanied by desaturation or
arousal, RR, and QTc intervals after a respiratory event did not
differ significantly from those during the event-specific baseline
(Figure 4). On the other hand, the highest variations in mean
RR (Estimate = —32.8; 95% confidence interval (CI)=-37.3, —28.3)
and mean QTc (Estimate=8.4; 95% CI=7.4, 9.4) intervals occurred
when the respiratory event was associated with both desaturation
and arousal (Figure 4). Moreover, RR intervals after respiratory
events were affected by both desaturation (Estimate=-9.3; 95%
CI=-14.8, —3.8) and arousal (Estimate=-23.9; 95% CI=-28.2,

—19.6) while after event QTc intervals were only affected by
arousal (Estimate=5.7; 95% CI=4.7, 6.7). However, the uncor-
rected QT intervals did not show significant variations in the
presence or absence of desaturations and arousals (Figure S7).
The sensitivity analysis also highlighted the same associations
regarding the effects of desaturation and arousal on QTc and RR
intervals after respiratory events (Table S1).

The type of respiratory event and the flow-limited pre-event
segment were independently associated with decreased RR
and increased QTc during the within-event segment (Table 2).
Moreover, respiratory event duration, desaturation depth, and
arousal duration were independently associated with increased
QTc and decreased RR interval after respiratory events (Table 3).
The associations remained the same in the sensitivity anal-
ysis (Table S4). The effects of parameters on QT intervals
are presented in Tables S2 and S3. The residual analyses of
models in Tables 2 and 3 are presented in Figures S8 and S9,
respectively.
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Figure 4. Forest plot of linear mixed-effect models for the modulatory effect of desaturations and arousals on (A) mean RR and (B) mean QTc intervals
after respiratory events (LFCT segment for events with desaturations and post-event segments for events with only arousal or no desaturation and
arousal). Event consequences (No desaturation and arousal [n=210], desaturation [n=_880], arousal [n=1722], or both desaturation and arousal
[n=1498]) are considered categorical variables with the mean pre-event values as the reference. Patients’ identifiers were included in the model as a
random effect. Model estimates are presented as raw values in milliseconds. BMI=body mass index, QTc =heart rate-corrected QT interval,
CI=confidence interval, *p < .05, **p < .01, **p < .001. The p-values are adjusted with Bonferroni correction, and thus significance markers and

non-zero-crossing 95% Cls might not coincide in some parameters.

Discussion

This study examined the temporal dynamics of cardiac response
to respiratory events and focused on the potential modulators of
this response. Our data indicate that the relative changes in post-
event cardiac electrical activity are associated with the presence
of desaturations and arousals. We also observed that more severe
desaturations and longer arousals increases the magnitude of
change in cardiac electrical activity after respiratory events. Our
results provide new insights regarding the modulators of post-
respiratory event cardiac electrical activity, thereby contribut-
ing to understanding the possible mechanisms explaining the
increased risk of arrhythmogenesis in OSA patients. Moreover,
we identified REM sleep as a more vulnerable phase for car-
diac alterations that NREM sleep when related to sleep apnea
events.

Physiological insights

Alterations in the ECG waveform due to respiratory events
can originate from several physiological reflex mechanisms.
Airway obstruction and hypoxia related to respiratory events
activate the diving reflex, increasing cardiac parasympathetic
and peripheral vascular sympathetic activity [23], and subsequent
parasympathetic tone withdrawal at the termination of the
respiratory events can lead to immediate cardiac electrical
response [6]. Moreover, increased intrathoracic pressure swings
during respiratory events has been related to sympathetic
activity via mechano-receptor feedback within the heart [7] and
respiratory event-induced hypoxemia and hypercapnia activate
peripheral and central chemoreceptors, leading to sympathetic
activation [24]. Furthermore, respiratory event-related arousals
may elicit acute transient sympathetic activations [25], and
systolic and diastolic blood pressure surges following arousals
may lead to baroreceptor stimulation [26], both contributing to
cardiac electrical activity alterations. We consistently observed

increased RR and decreased QTc intervals during respiratory
events compared to the event-specific baselines. Yet, RR and
QTc intervals after respiratory events were not significantly
different from event-specific baselines when desaturations or
arousals were absent. This may suggest that when respiratory
events are not followed by desaturations or arousals, the resulting
intrathoracic pressure changes are insufficient to overtly impact
our cardiac electrophysiologic measures. However, desaturation
and arousal decreased RR and increased QTc intervals after
respiratory events compared to the event-specific baselines
(Figures 2 and 3). Our observations align with previous studies
on general RR interval alterations due to respiratory events [10-
12]. Respiratory event termination with arousal was shown to
be accompanied by hyperventilation [27]. Post-event heart rate
acceleration in the absence of cortical arousals has previously
been attributed to the subcortical reflex response [27, 28].
However, in the current study, these responses were only present
in association with a post-respiratory event desaturation and
may suggest a possible link between desaturation events and
subcortical arousal.

Although we observed the largest relative post-event cardiac
response in the presence of both desaturation and arousal, a
previous study showed that cardiac response to auditory arousals
did not differ between hypercapnic hypoxia and normoxia condi-
tions [29]. This discrepancy can originate from different degrees
of hypoxia when compared to controlled ventilation conditions,
as our analysis indicated the independent effect of desaturation
depth on cardiac response. In addition, observed QTc intervals
during respiratory events contradict an earlier study that pre-
sented increased QTc intervals during respiratory events com-
pared to pre-event intervals [30]. However, our observations are
based on a larger pool of data and provide evidence of distinct
respiratory event-related cardiac responses independent of con-
founding factors and intersubject variability. Our findings high-
light the major role of heart rhythm neural controls compared
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to direct electrophysiological changes after respiratory events, as
evident by significant changes in RR intervals and small QT inter-
val alterations. This potentially suggests elevated sympathetic
activity when respiratory events trigger both desaturation and
arousal.

Dynamics of cardiac electrical activity during and after res-
piratory events were observed to be affected by confounding
factors. We observed a consistent independent modulatory effect
of pre-respiratory event flow-limited breathing on RR and QTc
intervals within respiratory events (Table 2). Although previous
studies indicated that flow-limited breathing can be accompanied
by an independent cardiac response [31], we focused on the
possible accumulated effects of flow-limited breathing on cardiac
variations during the respiratory events. Flow-limited breathing
can initiate altered intrathoracic pressure swings before the ini-
tiation of respiratory events, thus leading to more pronounced
cardiac activity within the events, as we observed in our analysis.
Moreover, respiratory events in REM sleep were associated with
significantly decreased RR interval and increased QTc interval
after respiratory events compared to NREM sleep (Table 3). While
sleep stage-specific differences in RR and QTc intervals have
been previously observed [32]; there is mixed evidence about
the impact of sleep state on post-event electrical activity, with
both REM sleep-related modulation [5] and insignificant effects
of sleep stages [12] being reported. REM sleep is associated with
increased sympathetic activity, whereas NREM sleep is associated
with parasympathetic activity, which progressively increases with
deeper NREM stages [25]. Although our results presented signifi-
cant effects of REM sleep compared to NREM sleep in respiratory
event-related cardiac responses, inclusion of all sleep stages (N1,
N2, N3, and REM sleep) destabilized statistical modeling, poten-
tially due to unequal/insufficient data size for all sleep stages.
Therefore, further studies are required to better understand the
effect of all sleep stages on respiratory event-related cardiac
responses. Furthermore, as a common OSA comorbidity, hyper-
tension was not observed to have a significant effect on cardiac
electrical activity during and after respiratory events (Tables 2
and 3). This may be due to modeling hypertension as a dichoto-
mous variable without accounting for its severity, varying degrees
of control of hypertension, the influences of antihypertensive
medications, and the low prevalence of the disease in the study
population.

Clinical implications

We found that the presence of desaturation and arousal are
independently associated with cardiac electrical function, with
the greatest relative changes in RR and QTc intervals occur-
ring when both factors are present; and conversely, that differ-
ences between post-event cardiac electrical activity and event-
specific baselines in the absence of related desaturation and
arousal were not statistically significant (Figure 4). This is con-
sistent with prior reports showing the possible modulatory role
of arousal and deep desaturations on cardiac autonomic function
[12], and that desaturation and arousal have independent effects
on ventricular repolarization in OSA patients [13, 15, 33]. These
data suggest that measures of desaturation and arousal severity
may correlate better with the risk of nocturnal cardiovascular
events than the conventional OSA severity metrics. This is con-
sistent with recent studies showing that the overall hypoxemic
load and arousal burden better predict cardiovascular mortality
than the AHI [34-37]. However, in another study, incorporation
of arousal associated respiratory events did not predict incident
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cardiovascular disease better than a desaturation associated res-
piratory event [38].

Previous studies have demonstrated that longer respiratory
events are associated with a greater decrease in RR intervals
after respiratory events compared to shorter events [11, 12], that
deeper desaturations are associated with increased ventricular
repolarization lability [13], and that increased arousal intensity
and arousal duration are associated with increased cardiac activ-
ity [39, 40]. Consistent with previous literature, our analysis shows
that the duration of respiratory events, deeper desaturation, and
longer arousal are independently associated with the magnitude
of RR interval decrease and QTc interval increase in post-event
segments compared to event-specific baselines (Table 3). This
relationship may explain, at least in part, the significantly ele-
vated risk of arrhythmia after respiratory events [4]. Our observa-
tion also suggests a possible mechanism behind the elevated risk
of arrhythmogenesis after respiratory events through observed
fast-paced variations in cardiac electrical activity. The occurrence
of several respiratory events in close succession can potentially
influence the QT-RR adaptation mechanism. The QT-RR adapta-
tion, i.e. the dynamic adjustment of the QT intervals in response
to changes in the heart rate [41], could be influenced by the rapid
changes due to the respiratory event-related cardiac electrical
activity. However, a detailed analysis of QT-RR adaptations during
and after respiratory events is warranted. Notably, our results
are based on a population with moderate sleep apnea, low T90,
no medications, and no comorbidities except diagnosed hyper-
tension. This further highlights the importance of our results:
even patients with milder OSA burden are prone to acute cardiac
electrical activity alterations if they experience severe respiratory
events during sleep.

Limitations

Our exclusion criteria led to omitting a large pool of patients,
affecting the generalizability of the present findings. However,
excluding patients with comorbidities and medications known
to affect cardiac electrophysiology was done to minimize the
effects of confounding factors and pre-existing cardiovascular
alterations. We also excluded events occurring in close proximity
to each other and those where desaturation ended during respi-
ratory events to better understand the modulatory mechanisms
of cardiac electrical activity during and after respiratory events.
Thus, these results may not generalize to periods of consecu-
tive respiratory events or individuals who primarily experience
consecutive respiratory events in close proximity. Moreover, the
number of data sequences available for analysis was heavily
affected by our strict exclusion criteria to minimize potential
misinterpretation of the observations; therefore, no power anal-
ysis was performed. Our focus on cardiac response to isolated
events and modulators of its response are necessary to fully
understand the temporal dynamics of alterations unaffected by
responses to adjacent events. In addition, we did not consider the
effects of transient blood pressure alteration within the respira-
tory event cycles due to the unavailability of blood pressure mea-
surement within the standard PSG setup. Dose-response effect of
blood pressure alteration on arousal intensity [42] and worsening
hypoxemia [43] might further increase our understanding regard-
ing respiratory events-related alterations, yet we believe the lack
of this information does not jeopardize our results. Additionally,
our heartbeat delineation algorithm is fully automated, which can
be prone to artifacts and misdetections. We addressed this by
inspecting signal quality, identifying T-wave abnormalities, and
excluding noisy segments to reduce the possible inclusion of
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artifacts in the analysis. Furthermore, our dataset lacks a clinical
endpoint, and our results cannot directly be related to cardio-
vascular outcomes. Despite this, our results present compelling
evidence of possible modulators of post-event cardiac electrical
activity. Our observations provide evidence that due to transient
dynamics of respiratory events, patients with high hypoxic load
and fragmented sleep might have a higher tendency to QTc
prolongation.

Conclusion

Based on the present results, respiratory events in OSA patients
are associated with significant cardiac variations if they lead to
desaturations and arousals. Moreover, the duration of respiratory
events, depth of desaturations, and duration of arousals were
independently associated with greater cardiac response. These
findings indicate that not all respiratory events have a similar
effect on the heart, and the magnitude of the impact is related to
the presence and severity of related desaturations and arousals.

Supplementary material

Supplementary material is available at SLEEP online.

Acknowledgments
The authors thank Brett Duce B.Sc. (Hons) for providing the data.

Disclosure statement

Financial Disclosure: This work was supported by the European
Union’s Horizon 2020 Research and Innovation programme
(965417 to T.L.); the State Research Funding for university-level
health research, Kuopio University Hospital, Wellbeing Service
County of North Savo (projects 5041820 to T.L., 5041798 to S.S.,
506386 to S.S., 5041804 to S.K., 5041822 to S.K., 5041808 to S.E.,
and 5041823 to M.R.); The Research Council of Finland (360119
to SXK., 360290 to S.S., and 361199 to TL.); Seindjoki Central
Hospital (7798 and 7770 to A.K.); the Competitive State Research
Financing of Expert Responsibility Area of Tampere University
Hospital (VTR7340 to A.K., VTR7335 to A K., VTR7330 AK., and
EV02089 to A.K.); Finnish Cultural Foundation—Central fund (to
S.K.); Tampere Tuberculosis Foundation (to S.K.); Sigrid Juselius
Foundation (230216 to J.T.). E.S. was supported by the National
Health and Medical Research Council (NHMRC) of Australia (grant
2001729). This project has been partly supported by PID2021-
1267340B-C21 funded by MCIN/AEI/10.13039/501100011033/ and
by “ERDF A way of making Europe”; and TED2021-131106B-
100 funded by MCIN/AEI/10.13039/501100011033/ and by the
“European Union NextGenerationEU/PRTR” and by Gobierno de
Aragon (Reference Group BSICoS T39-23R) to R.B. L.G.is supported
by the Swedish Heart and Lung Foundation (HLF20240848), the
EU Horizon 2020 grant “Sleep Revolution” (965417) and grants
from the Swedish state under the agreement between the
Swedish government and the county councils, the ALF agreement
(ALFGBG1006211).

Non-financial disclosure: VK.S. is a consultant for Jazz Pharma-
ceuticals, ApniMed, Lilly, and Zoll and is on the Scientific Advi-
sory Board of Sleep Number. L.G. reports lecturing activities for
Resmed, Philips, Itamar, Astra Zeneca, and Lundbeck. L.G.is mem-
ber of the advisory board for ONERA and he is a shareholder of a
company with a licensed patent on pharmacological treatment
in OSA. M.R.B. reports lecturing activities and being a member of

the advisory board for Bioprojet and Takeda. The other authors
declare that they have no conflict of interest.

Data availability

Data cannot be shared publicly because of potentially identifying
or sensitive patient information. These ethical restrictions are
imposed by the Institutional Human Research Ethics Committee
of the Princess Alexandra Hospital. Data are available from
the Institutional Human Research Ethics Committee of the
Princess Alexandra Hospital (contact via MSHEthics@health.
gld.gov.au) for researchers who meet the criteria for access
to confidential data. Researchers can contact the IHREC of PA
Hospital and the project steering committee will review the
requests.

References

1. Benjafield AV, Ayas NT, Eastwood PR, et al. Estimation of the
global prevalence and burden of obstructive sleep apnoea: a
literature-based analysis. Lancet Respir Med. 2019;7(8):687-698.
https://doi.org/10.1016/52213-2600(19)30198-5

2. Javaheri S, Barbe F, Campos-Rodriguez F, et al. Sleep apnea:
types, mechanisms, and clinical cardiovascular consequences.
J Am Coll Cardiol. 2017;69(7):841-858. https://doi.org/10.1016/].
jacc.2016.11.069

3. Gami AS, Olson EJ, Shen WK, et al. Obstructive sleep apnea
and the risk of sudden cardiac death: a longitudinal study of
10,701 adults. ] Am Coll Cardiol. 2013;62(7):610-616. https://doi.
0rg/10.1016/j.jacc.2013.04.080

4. Monahan X, Storfer-Isser A, Mehra R, et al. Triggering of noc-
turnal arrhythmias by sleep-disordered breathing events. J
Am Coll Cardiol. 2009;54(19):1797-1804. https://doi.org/10.1016/
j.jacc.2009.06.038

S. Spicuzza L, Bernardi L, Calciati A, Di Maria GU. Auto-
nomic modulation of heart rate during obstructive versus
central apneas in patients with sleep-disordered breathing.
Am ] Respir Crit Care Med. 2003;167(6):902-910. https://doi.
0rg/10.1164/rccm.200201-0060C

6. Bonsignore MR, Romano S, Marrone O, Insalaco G. Respi-
ratory sinus arrhythmia during obstructive sleep apnoeas
in humans. J Sleep Res. 1995;4:68-70. https://doi.org/10.1111/
J.1365-2869.1995.tb00190.x

7. Rossi VA, Stradling JR, Kohler M. Effects of obstructive sleep
apnoea on heart rhythm. Eur Respir J. 2013;41(6):1439-1451.
https://doi.org/10.1183/09031936.00128412

8. Zhang N, Gong M, Tse G, et al. Prolonged corrected QT interval
in predicting atrial fibrillation: a systematic review and meta-
analysis. Pacing Clin Electrophysiol. 2018;41(3):321-327. https://
doi.org/10.1111/pace.13292

9. Straus SMJM, Kors JA, De Bruin ML, et al. Prolonged QTc interval
and risk of sudden cardiac death in a population of older adults.
J Am Coll Cardiol. 2006;47(2):362-367. https://doi.org/10.1016/j.
jacc.2005.08.067

10. Bonsignore MR, Romano S, Marrone O, Chiodi M, Bon-
signore G. Different heart rate patterns in obstructive apneas
during NREM sleep. Sleep. 1997;20(12):1167-1174. https://doi.
0rg/10.1093/sleep/20.12.1167

11. Hietakoste S, Korkalainen H, Kainulainen S, et al. Longer apneas
and hypopneas are associated with greater ultra-short-term
HRV in obstructive sleep apnea. Sci Rep. 2020;10(1):1-10. https://
doi.org/10.1038/s41598-020-77780-x

920z Aieniga4 0 uo Jasn ezobelez ap pepisianiun eoajolqig Aq €€ 1Z958/z8¢slesz/das|s/c60 1 01 /10p/aloe-aoueape/das|s/wod dno-olwapese//:sdny woJl papeojumoq


https://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaf382#supplementary-data

 44616 11388 a 44616 11388 a
 
mailto:MSHEthics@health.qld.gov.au
mailto:MSHEthics@health.qld.gov.au
mailto:MSHEthics@health.qld.gov.au
mailto:MSHEthics@health.qld.gov.au
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1016/j.jacc.2016.11.069
https://doi.org/10.1016/j.jacc.2016.11.069
https://doi.org/10.1016/j.jacc.2016.11.069
https://doi.org/10.1016/j.jacc.2016.11.069
https://doi.org/10.1016/j.jacc.2016.11.069
https://doi.org/10.1016/j.jacc.2013.04.080
https://doi.org/10.1016/j.jacc.2013.04.080
https://doi.org/10.1016/j.jacc.2013.04.080
https://doi.org/10.1016/j.jacc.2013.04.080
https://doi.org/10.1016/j.jacc.2013.04.080
https://doi.org/10.1016/j.jacc.2009.06.038
https://doi.org/10.1016/j.jacc.2009.06.038
https://doi.org/10.1016/j.jacc.2009.06.038
https://doi.org/10.1016/j.jacc.2009.06.038
https://doi.org/10.1016/j.jacc.2009.06.038
https://doi.org/10.1164/rccm.200201-006OC
https://doi.org/10.1164/rccm.200201-006OC
https://doi.org/10.1164/rccm.200201-006OC
https://doi.org/10.1164/rccm.200201-006OC
https://doi.org/10.1164/rccm.200201-006OC
https://doi.org/10.1111/j.1365-2869.1995.tb00190.x
https://doi.org/10.1111/j.1365-2869.1995.tb00190.x
https://doi.org/10.1111/j.1365-2869.1995.tb00190.x
https://doi.org/10.1111/j.1365-2869.1995.tb00190.x
https://doi.org/10.1111/j.1365-2869.1995.tb00190.x
https://doi.org/10.1111/j.1365-2869.1995.tb00190.x
https://doi.org/10.1183/09031936.00128412
https://doi.org/10.1183/09031936.00128412
https://doi.org/10.1183/09031936.00128412
https://doi.org/10.1111/pace.13292
https://doi.org/10.1111/pace.13292
https://doi.org/10.1111/pace.13292
https://doi.org/10.1111/pace.13292
https://doi.org/10.1016/j.jacc.2005.08.067
https://doi.org/10.1016/j.jacc.2005.08.067
https://doi.org/10.1016/j.jacc.2005.08.067
https://doi.org/10.1016/j.jacc.2005.08.067
https://doi.org/10.1016/j.jacc.2005.08.067
https://doi.org/10.1093/sleep/20.12.1167
https://doi.org/10.1093/sleep/20.12.1167
https://doi.org/10.1093/sleep/20.12.1167
https://doi.org/10.1093/sleep/20.12.1167
https://doi.org/10.1038/s41598-020-77780-x
https://doi.org/10.1038/s41598-020-77780-x
https://doi.org/10.1038/s41598-020-77780-x
https://doi.org/10.1038/s41598-020-77780-x
https://doi.org/10.1038/s41598-020-77780-x

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Chouchou F, Pichot V, Barthélémy JC, Bastuji H, Roche F. Car-
diac sympathetic modulation in response to apneas/hypopneas
through heart rate variability analysis. PLoS One. 2014;9(1):1-10.
https://doi.org/10.1371/journal.pone.0086434

Ebrahimian S, Sillanmaki S, Hietakoste S, et al. Beat-to-beat
cardiac repolarization lability increases during hypoxemia and
arousals in obstructive sleep apnea patients. Am J Physiol Heart
Circ Physiol. 2024;326(5):H1094-H1104. https://doi.org/10.1152/
ajpheart.00760.2023

Smith JH, Baumert M, Nalivaiko E, McEvoy RD, Catcheside PG.
Arousal in obstructive sleep apnoea patients is associated with
ECG RR and QT interval shortening and PR interval length-
ening. J Sleep Res. 2009;18(2):183-195. https://doi.org/10.1111/
j.1365-2869.2008.00720.x

Shahrbabaki SS, Linz D, Redline S, Stone K, Ensrud K,
Baumert M. Sleep arousal-related ventricular repolarization
lability is associated with cardiovascular mortality in older
community-dwelling men. Chest. 2023;163(2):419-432. https://
doi.org/10.1016/j.chest.2022.09.043

Berry RB, Brooks R, Gamaldo CE, et al. The AASM manual for the
scoring of sleep and associated events: rules, terminology, and
technical specifications, version 2.2. Am Acad Sleep Med. 2012.
Kainulainen S, Duce B, Korkalainen H, et al. Severe desat-
urations increase psychomotor vigilance task-based median
reaction time and number of lapses in obstructive sleep
apnoea patients. Eur Respir J. 2020;55(4):1901849. https://doi.
0rg/10.1183/13993003.01849-2019

Mann DL, Georgeson T, Landry SA, et al. Frequency of flow
limitation using airflow shape. Sleep. 2021;44(12):1-13. https://
doi.org/10.1093/sleep/zsab170

Staykov E, Mann DL, Duce B, et al. Increased flow limitation
during sleep is associated with increased psychomotor
vigilance task lapses in individuals with suspected OSA.

Chest. 2024;165(4):990-1003. https://doi.org/10.1016/j.chest.2023.

11.031

Martinez JP, Almeida R, Olmos S, Rocha AP, Laguna P. A wavelet-
based ECG delineator evaluation on standard databases. IEEE
Trans Biomed Eng. 2004;51(4):570-581. https://doi.org/10.1109/
TBME.2003.821031

Mateo J, Laguna P. Analysis of heart rate variability in the
presence of ectopic beats using the heart timing signal. IEEE
Trans Biomed Eng. 2003;50(3):334-343. https://doi.org/10.1109/
TBME.2003.808831

Bazett HC. An analysis of the time-relations of electrocardio-
grams. Ann Noninvasive Electrocardiol. 1997;2(2):177-194. https://
doi.org/10.1111/j.1542-474X.1997.tb00325.x

Panneton WM, Gan Q. The mammalian diving response: inroads
to its neural control. Front Neurosci. 2020;14(June):1-27. https://
doi.org/10.3389/fnins.2020.00524

Somers VK, Mark AL, Zavala DC, Abboud FM. Contrasting effects
of hypoxia and hypercapnia on ventilation and sympathetic
activity in humans. J Appl Physiol. 1989;67(5):2101-2106. https://
doi.org/10.1152/jappl.1989.67.5.2101

Somers VK, Dyken ME, Mark AL, Abboud FM. Sympathetic-
nerve activity during sleep in normal subjects. N Engl J
Med. 1993;329(1):21-26. https://doi.org/10.1056/NEJM 19930204
3280502

Silvani A, Calandra-Buonaura G, Benarroch EE, Dampney RAL,
Cortelli P. Bidirectional interactions between the baroreceptor
reflex and arousal: an update. Sleep Med. 2015;16(2):210-216.
https://doi.org/10.1016/j.sleep.2014.10.011.

Jordan AS, Eckert DJ, Wellman A, Trinder JA, Malhotra
A, White DP. Termination of respiratory events with and

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ebrahimianetal. | 11

without cortical arousal in obstructive sleep apnea. Am ] Respir
Crit Care Med. 2011;184(10):1183-1191. https://doi.org/10.1164/
rccm.201106-09750C

Azarbarzin A, Ostrowski M, Moussavi Z, Hanly P, Younes M.
Contribution of arousal from sleep to postevent tachycardia in
patients with obstructive sleep apnea. Sleep. 2013;36(6):881-889.
https://doi.org/10.5665/sleep.2716

O’'Driscoll DM, Meadows GE, Corfield DR, Simonds AK, Mor-
rell MJ. Cardiovascular response to arousal from sleep under
controlled conditions of central and peripheral chemorecep-
tor stimulation in humans. ] Appl Physiol. 2004;96(3):865-870.
https://doi.org/10.1152/japplphysiol.00749.2003

Sékmen E, Ozbek SC, Gelik M, Sivri S, Metin M, Avcu M. Changes
in the parameters of ventricular repolarization during preapnea,
apnea, and postapnea periods in patients with obstructive sleep
apnea. Pacing Clin Electrophysiol. 2018;41(7):762-766. https://doi.
org/10.1111/pace.13365

Guevarra JT, Castillo B, Joshi H, Parekh A, Ayappa I, Rapoport
DM. Immediate physiological responses to inspiratory flow
limited events in mild obstructive sleep apnea. Ann Am
Thorac Soc. 2022;19(1):99-108. https://doi.org/10.1513/Annals
ATS.202001-0040C

Ebrahimian S, Sillanmaéki S, Hietakoste S, et al. Inter-sleep stage
variations in corrected QT interval differ between obstruc-
tive sleep apnea patients with and without stroke history.
PLoS One. 2022;17(12 December):1-11. https://doi.org/10.1371/
journal.pone.0278520

Sillanmaki S, Ebrahimian S, Hietakoste S, et al. Hypoxemic
load in sleep apnea is associated with acute changes in T-
wave amplitude. ER] Open Res. 2024;10(5):00341. https://doi.
0rg/10.1183/23120541.00341-2024

Azarbarzin A, Sands SA, Stone KL, et al. The hypoxic burden of
sleep apnoea predicts cardiovascular disease-related mortality:
the Osteoporotic Fractures in Men Study and the Sleep Heart
Health Study. Eur Heart J. 2019;40(14):1149-1157a. https://doi.
org/10.1093/eurheartj/ehy624

Shahrbabaki SS, Linz D, Hartmann S, Redline S, Baumert M.
Sleep arousal burden is associated with long-term all-cause
and cardiovascular mortality in 8001 community-dwelling older
men and women. Eur Heart J. 2021;42(21):2088-2099. https://doi.
org/10.1093/eurheartj/ehab151

Muraja-Murro A, Kulkas A, Hiltunen M, et al. The severity of
individual obstruction events is related to increased mortality
rate in severe obstructive sleep apnea. J Sleep Res. 2013;22(6):
663-669. https://doi.org/10.1111/js1.12070

Bonsignore MR. Adaptive responses to chronic intermittent
hypoxia: contributions from the European Sleep Apnoea
Database (ESADA) Cohort. J Physiol. 2023;601(24):5467-5480.
https://doi.org/10.1113/]P284108

Azarbarzin A, Sands SA, Han S, et al. Relevance of cortical
arousals for risk stratification in sleep apnea: a 3 cohort analysis.
J Clin Sleep Med. 2023;19(8):1475-1484. https://doi.org/10.5664/
jcsm. 10598

Azarbarzin A, Ostrowski M, Hanly P, Younes M. Relationship
between arousal intensity and heart rate response to arousal.
Sleep. 2014;37(4):645-653. https://doi.org/10.5665/sleep.3560
Trinder J, Allen N, Kleiman J, et al. On the nature of cardiovascu-
lar activation at an arousal from sleep. Sleep. 2003;26(5):543-551.
https://doi.org/10.1093/sleep/26.5.543

Pueyo E, Husti Z, Hornyik T, et al. Mechanisms of ventric-
ular rate adaptation as a predictor of arrhythmic risk. Am
J Physiol Heart Circ Physiol. 2010;298(5):1577-1587. https://doi.
org/10.1152/ajpheart.00936.2009

920z Aieniga4 0 uo Jasn ezobelez ap pepisianiun eoajolqig Aq €€ 1Z958/z8¢slesz/das|s/c60 1 01 /10p/aloe-aoueape/das|s/wod dno-olwapese//:sdny woJl papeojumoq


https://doi.org/10.1371/journal.pone.0086434
https://doi.org/10.1371/journal.pone.0086434
https://doi.org/10.1371/journal.pone.0086434
https://doi.org/10.1371/journal.pone.0086434
https://doi.org/10.1371/journal.pone.0086434
https://doi.org/10.1152/ajpheart.00760.2023
https://doi.org/10.1152/ajpheart.00760.2023
https://doi.org/10.1152/ajpheart.00760.2023
https://doi.org/10.1152/ajpheart.00760.2023
https://doi.org/10.1111/j.1365-2869.2008.00720.x
https://doi.org/10.1111/j.1365-2869.2008.00720.x
https://doi.org/10.1111/j.1365-2869.2008.00720.x
https://doi.org/10.1111/j.1365-2869.2008.00720.x
https://doi.org/10.1111/j.1365-2869.2008.00720.x
https://doi.org/10.1016/j.chest.2022.09.043
https://doi.org/10.1016/j.chest.2022.09.043
https://doi.org/10.1016/j.chest.2022.09.043
https://doi.org/10.1016/j.chest.2022.09.043
https://doi.org/10.1016/j.chest.2022.09.043
https://doi.org/10.1183/13993003.01849-2019
https://doi.org/10.1183/13993003.01849-2019
https://doi.org/10.1183/13993003.01849-2019
https://doi.org/10.1093/sleep/zsab170
https://doi.org/10.1093/sleep/zsab170
https://doi.org/10.1093/sleep/zsab170
https://doi.org/10.1093/sleep/zsab170
https://doi.org/10.1093/sleep/zsab170
https://doi.org/10.1016/j.chest.2023.11.031
https://doi.org/10.1109/TBME.2003.821031
https://doi.org/10.1109/TBME.2003.821031
https://doi.org/10.1109/TBME.2003.821031
https://doi.org/10.1109/TBME.2003.821031
https://doi.org/10.1109/TBME.2003.808831
https://doi.org/10.1109/TBME.2003.808831
https://doi.org/10.1109/TBME.2003.808831
https://doi.org/10.1109/TBME.2003.808831
https://doi.org/10.1111/j.1542-474X.1997.tb00325.x
https://doi.org/10.1111/j.1542-474X.1997.tb00325.x
https://doi.org/10.1111/j.1542-474X.1997.tb00325.x
https://doi.org/10.1111/j.1542-474X.1997.tb00325.x
https://doi.org/10.1111/j.1542-474X.1997.tb00325.x
https://doi.org/10.1111/j.1542-474X.1997.tb00325.x
https://doi.org/10.1111/j.1542-474X.1997.tb00325.x
https://doi.org/10.3389/fnins.2020.00524
https://doi.org/10.3389/fnins.2020.00524
https://doi.org/10.3389/fnins.2020.00524
https://doi.org/10.3389/fnins.2020.00524
https://doi.org/10.1152/jappl.1989.67.5.2101
https://doi.org/10.1152/jappl.1989.67.5.2101
https://doi.org/10.1152/jappl.1989.67.5.2101
https://doi.org/10.1152/jappl.1989.67.5.2101
https://doi.org/10.1056/NEJM199302043280502
https://doi.org/10.1016/j.sleep.2014.10.011
https://doi.org/10.1016/j.sleep.2014.10.011
https://doi.org/10.1016/j.sleep.2014.10.011
https://doi.org/10.1016/j.sleep.2014.10.011
https://doi.org/10.1016/j.sleep.2014.10.011
https://doi.org/10.1164/rccm.201106-0975OC
https://doi.org/10.1164/rccm.201106-0975OC
https://doi.org/10.1164/rccm.201106-0975OC
https://doi.org/10.1164/rccm.201106-0975OC
https://doi.org/10.1164/rccm.201106-0975OC
https://doi.org/10.5665/sleep.2716
https://doi.org/10.5665/sleep.2716
https://doi.org/10.5665/sleep.2716
https://doi.org/10.5665/sleep.2716
https://doi.org/10.1152/japplphysiol.00749.2003
https://doi.org/10.1152/japplphysiol.00749.2003
https://doi.org/10.1152/japplphysiol.00749.2003
https://doi.org/10.1152/japplphysiol.00749.2003
https://doi.org/10.1111/pace.13365
https://doi.org/10.1111/pace.13365
https://doi.org/10.1111/pace.13365
https://doi.org/10.1111/pace.13365
https://doi.org/10.1513/AnnalsATS.202001-004OC
https://doi.org/10.1371/journal.pone.0278520
https://doi.org/10.1371/journal.pone.0278520
https://doi.org/10.1371/journal.pone.0278520
https://doi.org/10.1371/journal.pone.0278520
https://doi.org/10.1371/journal.pone.0278520
https://doi.org/10.1183/23120541.00341-2024
https://doi.org/10.1183/23120541.00341-2024
https://doi.org/10.1183/23120541.00341-2024
https://doi.org/10.1093/eurheartj/ehy624
https://doi.org/10.1093/eurheartj/ehy624
https://doi.org/10.1093/eurheartj/ehy624
https://doi.org/10.1093/eurheartj/ehy624
https://doi.org/10.1093/eurheartj/ehy624
https://doi.org/10.1093/eurheartj/ehab151
https://doi.org/10.1093/eurheartj/ehab151
https://doi.org/10.1093/eurheartj/ehab151
https://doi.org/10.1093/eurheartj/ehab151
https://doi.org/10.1093/eurheartj/ehab151
https://doi.org/10.1111/jsr.12070
https://doi.org/10.1111/jsr.12070
https://doi.org/10.1111/jsr.12070
https://doi.org/10.1111/jsr.12070
https://doi.org/10.1113/JP284108
https://doi.org/10.1113/JP284108
https://doi.org/10.1113/JP284108
https://doi.org/10.1113/JP284108
https://doi.org/10.5664/jcsm.10598
https://doi.org/10.5664/jcsm.10598
https://doi.org/10.5664/jcsm.10598
https://doi.org/10.5664/jcsm.10598
https://doi.org/10.5665/sleep.3560
https://doi.org/10.5665/sleep.3560
https://doi.org/10.5665/sleep.3560
https://doi.org/10.5665/sleep.3560
https://doi.org/10.1093/sleep/26.5.543
https://doi.org/10.1093/sleep/26.5.543
https://doi.org/10.1093/sleep/26.5.543
https://doi.org/10.1093/sleep/26.5.543
https://doi.org/10.1152/ajpheart.00936.2009
https://doi.org/10.1152/ajpheart.00936.2009
https://doi.org/10.1152/ajpheart.00936.2009
https://doi.org/10.1152/ajpheart.00936.2009

12 | SLEEPJ, 2025, Vol. 00, No. 00

42. Davies RJO, Belt PJ, Roberts SJ, Ali NJ, Stradling JR.
Arterial blood pressure responses to graded transient
arousal from sleep in normal humans. ] Appl Physiol.
1993;74(3):1123-1130.  https://doi.org/10.1152/jappl.1993.74.3.
1123

43. Sasaki N, Nagai M, Mizuno H, Kuwabara M, Hoshide S, Kario
K. Associations between characteristics of obstructive sleep
apnea and nocturnal blood pressure surge. Hypertension.
2018;72(5):1133-1140. https://doi.org/10.1161/HYPERTENSION
AHA.118.11794

© The Author(s) 2025. Published by Oxford University Press on behalf of Sleep Research Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits

unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
SLEEPJ, 2025, 00, 1-12

https://doi.org/10.1093/sleep/zsaf382

Original Article

920z Aieniga4 0 uo Jasn ezobelez ap pepisianiun eoajolqig Aq €€ 1Z958/z8¢slesz/das|s/c60 1 01 /10p/aloe-aoueape/das|s/wod dno-olwapese//:sdny woJl papeojumoq


https://doi.org/10.1152/jappl.1993.74.3.1123
https://doi.org/10.1161/HYPERTENSIONAHA.118.11794
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/sleep/zsaf382

	 Hypoxemia and arousals modulate cardiac responses to respiratory events in obstructive sleep apnea
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	Supplementary material
	Acknowledgments
	Disclosure statement
	Data availability


