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Abstract

Study Objectives: Patients with obstructive sleep apnea (OSA) exhibit heterogeneous heart rate variability (HRV) during wakefulness and sleep. We investigated the
influence of OSA severity on HRV parameters during wakefulness in a large international clinical sample.

Methods: 1247 subjects (426 without OSA and 821 patients with OSA) were enrolled from the Sleep Apnea Global Interdisciplinary Consortium. HRV parameters
were calculated during a 5-minute wakefulness period with spontaneous breathing prior to the sleep study, using time-domain, frequency-domain and nonlinear
methods. Differences in HRV were evaluated among groups using analysis of covariance, controlling for relevant covariates.

Results: Patients with OSA showed significantly lower time-domain variations and less complexity of heartbeats compared to individuals without OSA. Those

with severe OSA had remarkably reduced HRV compared to all other groups. Compared to non-OSA patients, those with severe OSA had lower HRV based on SDNN
(adjusted mean: 37.4 vs. 46.2 ms; p < 0.0001), RMSSD (21.5 vs. 27.9 ms; p < 0.0001), ShanEn (1.83 vs. 2.01; p < 0.0001), and Forbword (36.7 vs. 33.0; p = 0.0001). While no
differences were found in frequency-domain measures overall, among obese patients there was a shift to sympathetic dominance in severe OSA, with a higher LF/HF
ratio compared to obese non-OSA patients (4.2 vs. 2.7; p = 0.009).

Conclusions: Time-domain and nonlinear HRV measures during wakefulness are associated with OSA severity, with severe patients having remarkably reduced and
less complex HRV. Frequency-domain measures show a shift to sympathetic dominance only in obese OSA patients. Thus, HRV during wakefulness could provide
additional information about cardiovascular physiology in OSA patients.

Clinical Trial Information: A Prospective Observational Cohort to Study the Genetics of Obstructive Sleep Apnea and Associated Co-Morbidities (German Clinical
Trials Register - DKRS, DRKS00003966) https://www.drks.de/drks_web/navigate.do?navigationld=trial. HTML&TRIAL_ID=DRKS00003966
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Statement of Significance

Obstructive sleep apnea (OSA) is strongly associated with cardiovascular morbidity and mortality. One possible mechanism explaining this
association is abnormal autonomic nervous control during wakefulness and sleep. Measurement of heart rate variability (HRV) is a widely
accepted approach to assess the autonomic modulation. However, little is known about the impact of OSA severity on linear and nonlinear
HRV metrics during wakefulness. This research study examined the association between HRV parameters during wakefulness and OSA
and its severity in a large international clinical sample. Among all patients, time-domain and nonlinear HRV parameters significantly differ
among OSA severity groups, with more severe patients demonstrating the largest reductions in HRV. Frequency domain measurements
suggested a shift to sympathetic dominance in severe OSA among obese patients, but not in non-obese. Thus, HRV provides information
regarding cardiovascular physiology related to OSA, without additional testing beyond the polysomnography.

Key words: obstructive sleep apnea; heart rate variability; wakefulness; autonomic nervous activity; time domain analysis; frequency domain analysis; nonlinear

dynamic analysis

Introduction

Heart rate variability (HRV) is a simple and non-invasive tool
for the assessment of autonomic nervous activity. HRV is
quantified by identifying variations between successive heart
beats, measured as RR intervals, derived from electrocardiog-
raphy (ECG) [1]. Using the standard deviation of normal-to-
normal intervals (SDNN), a standard HRV metric, Hillebrand
et al. [2] suggested that cardiovascular morbidity increased
with reduction in HRV, with a 1% decrease in HRV translating
to about a 1% increase in fatal and non-fatal cardiovascular
events. Thus, HRV may represent a marker of underlying
cardiovascular risk.

Obstructive sleep apnea (OSA) is a common sleep disorder
that has also been associated with increased cardiovascular
disease risk [3]. Patients with OSA who have abnormal cardiac
electrophysiologic changes during wakefulness and sleep are
at a higher risk of developing cardiac events [4-6]. Moreover,
Gami et al. [7] found that the incidence of nocturnal sudden
death was more likely to occur in patients with severe OSA.
While the severity of OSA is commonly determined by the
apnea-hypopnea index (AHI) [8], this likely does not com-
prehensively characterize disease severity and treatment re-
sponse [9, 10]. Additional measures in combination with AHI,
such as HRV, may help to refine our characterization of dis-
ease severity and assess the susceptibility to cardiovascular
complications.

Supporting this concept, early small-scale studies indicated
that the severity of OSA has a detrimental impact on HRV indices
[11-14]. However, mechanisms by which OSA severity affects
HRV during wake and sleep ultimately remain unclear. Current
studies, mainly focusing on HRV around apneic episodes, during
sleep or across 24-hours, demonstrate that patients with OSA
have altered autonomic regulation [14-17]. Limited data are
available in patients with OSA addressing abnormalities of
autonomic control and cardiac impairment during wakefulness
before sleep.

We predict that HRV during wakefulness may represent a
non-invasive approach to characterize the underlying inter-
action between OSA and autonomic modulation. Currently,
the three established methods to quantify HRV are: (1) time-
domain analysis for quantifying the magnitudes of variation;
(2) frequency-domain analysis for revealing the underlying
autonomic components; and (3) nonlinear analysis for
displaying dynamic complexity of heartbeats [1]. Each of
these metrics captures unique aspects of HRV. Previous find-
ings describing differences among OSA severity groups (based
on AHI) during wakefulness are limited to either a small-scale

study or use of only one or two of these analytical approaches
[11-14].

Thus, the relationship between OSA severity and multiple
HRV metrics during wakefulness remains an open question.
Towards this end, the present study utilizes data among indi-
viduals without OSA and with different severity of OSA from
a large international clinical sample, the Sleep Apnea Global
Interdisciplinary Consortium (SAGIC), to evaluate differences in
HRV measures with a normal breathing pattern during wakeful-
ness immediately preceding the overnight sleep study.

Methods
Study population

All subjects (426 individuals without OSA and 821 patients with
OSA, based on AHI > 5) were recruited as part SAGIC [18, 19].
Individuals without OSA (age 46.2 + 14.5 years, 39.9% males) and
OSA patients (53.3 + 13.8 years, 59.4% males) included in this pre-
sent study underwent overnight PSG at one of seven sleep cen-
ters (University of Pennsylvania, United States; The Ohio State
University, United States; Royal North Shore Hospital, Sydney and
Sir Charles Gairdner Hospital, Perth, Australia; Charité University
Hospital, Germany; Instituto do Sono/AFIP, Brazil; and Chang
Gung Memorial Hospital, Taiwan). Before the overnight sleep
study, demographic, and anthropometric profiles were assessed.
Clinical data of each subject were collected from medical inter-
views and questionnaires. Demographic and anthropometric
characteristics included age, sex, body mass index (BMI), clin-
ical symptoms, previous medical history and current medication
usage. A total of 1,297 subjects with HRV measurements and avail-
able data on AHI, age, sex, BMI, and race/ethnicity were included
in our eligible study sample. Of these, 50 individuals with over
10% ectopy time in 5-minute HRV analysis (no normal-to-normal
[NN] time > 30 seconds) were excluded from the analysis sample,
resulting in a final sample of 1247 participants: 426 without OSA
(AHI < 5 events/hour), 319 mild OSA (5 < AHI < 15 events/hour),
184 moderate OSA (15 < AHI < 30 events/hour), and 318 severe
OSA (AHI>30 events/hour). Every participant provided informed
consent and the experimental procedures as part of SAGIC were
approved by the ethics committees of each institution.

ECG recording and HRV measurements

ECG acquisition

A standardized operating procedure for ECG recording was
introduced across all centers in order to collect comparable data.
Individual sleep labs followed standard clinical procedures prior
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to completing sleep studies; all sites except Sydney and Perth
site informed patients to avoid alcohol and caffeinated bever-
ages, such as tea and coffee during the day of study. ECG meas-
ures were obtained from a single-channel ECG using modified
lead II (Supplementary Figure S1). The sampling rate used for
ECG collection in each sleep center ranged from 128 to 512 Hz;
62.7% of all samples had a sampling rate <256 Hz (e.g. 128Hz
[11.3%],200Hz [51.2%)] or 250Hz [0.2%]), while the remaining were
recorded at either 256Hz [28.0%] or 512Hz [9.3%]. All participants
were required to maintain relaxed tidal breathing for 15 min-
utes during wakefulness before the initiation of the overnight
PSG. Electroencephalogram (EEG) was used to identify whether
subjects were awake during the ECG acquisition. All subjects
were awake without any abnormal breathing (e.g. OSA and cen-
tral sleep apnea) during the measurement of HRV. R peaks were
detected in the ECG using the Pan Tompkins algorithm [20]. The
RR interval series was obtained as a series of time differences
between consecutive R peaks. Then, as previously described, an
adaptive filtering algorithm was applied to automatically detect
and remove artifacts and additional ectopic values from the RR
intervals [21]. Finally, HRV was analyzed for each subject from
a selected 5-minute segment prior to sleep onset, as 5 minutes
is considered a preferred time window for short-term time-
domain, frequency-domain, and nonlinear dynamic HRV meas-
urements [1, 22], with less than 10% ectopy time from the RR
interval time series using Matlab R2018a (The MathWorks Inc.,
Natick, MA).

Linear methods

The time-domain parameters are based on statistical measures
derived from RR intervals and the differences between them
[1]. The parameters obtained in this study included standard
deviation of the normal-to-normal interval (SDNN), SD of the
1-minute average of NN intervals over five minutes (SDANN1),
square root of the mean squared differences of successive NN
intervals (RMSSD), and NN>50ms counts divided by the total
number of all NN intervals in percentage (pNN50), which are
commonly used to analyze HRV.

The frequency-domain parameters allow the quantifica-
tion of the periodic components in the HRV signal [1]. In this
study, 5-minute total power (5-min TP, 0.0001-0.4 Hz), power
in low frequency (LF power, 0.04-0.15 Hz) and high frequency
(HF power, 0.15-0.4 Hz) ranges, low frequency expressed in
normalized units [see below] (LF nu), high frequency expressed
in normalized units [see below] (HF nu), and low-frequency to
high-frequency power ratio (LF/HF) were calculated [1]. LF nu
and HF nu are calculated as relative proportions, equal to LF/
(LF+HF)x100 and HF/(LF+HF)x100, respectively. Power in ultra-low
frequency (0.0001-0.003 Hz) and very low frequency (0.003-0.04
Hz) ranges are not reported in this study as those data obtained
from short-term ECG recordings (e.g. 5 minutes) are inaccurate
to elaborate the power spectral density [1]. The HF component
mainly represents parasympathetic activity and the LF compo-
nent reflects both sympathetic and vagal activity mainly me-
diated by baroreflexes [1, 23]. The LF/HF ratio is considered a
measure of sympathovagal balance [1].

Nonlinear dynamic methods

Nonlinear phenomena also occur in the HRV signal. We used
Shannon entropy (ShanEn) and symbolic dynamics measures
to identify monotonous and complex presences of heartbeats
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[21]. A higher Shannon entropy indicates that there is more ir-
regularity in HRV. Symbolic dynamics transforms a time series
into a symbol sequence in order to analyze the coarse dynamic
behavior. In this study, the RR intervals are transformed into a
symbolic dynamics representation using 3-symbol (w = 3) words
and an alphabet composed of four symbols [21] (Supplementary
Figure S2). Then, the dynamics of the symbols sequence is
analyzed by two parameters—the frequency of word distri-
bution of Shannon entropy (Fwshannon) and forbidden words
(Forbword). The Fwshannon measures complexity of the corres-
ponding tachograms (Supplementary Figure S3), with larger
values meaning higher complexity. Forbword is the number of
words of length 3 that never or only seldom occur. Larger values
of Forbword indicate a higher stability, since the number of for-
bidden words will be low when the time series is highly irregular
[21]. Additional details are described in the Supplementary
Material.

Polysomnography and Scoring

A standard overnight polysomnography was performed using
AASM criteria for evaluation of OSA. Signals included EEG,
electrooculogram (EOG), ECG as described above, chin electro-
myogram (EMGchin), thoracoabdominal movements bands,
body position sensor, pulse oximetry, and airflow (thermistor
and nasal pressure) after skin preparation with gel and alcohol.
Patients were encouraged to lie in the supine position. Sleep
apnea episodes were defined as >90% reduction of baseline air-
flow amplitude for >10 seconds and hypopnea episodes were de-
fined as >30% reduction of airflow with >4% desaturation for >10
seconds, respectively [24]. Patients were diagnosed as without
OSA (AHI < 5 events/hour), mild OSA (AHI > 5 and <15 events/
hour), moderate OSA (AHI > 15 and <30 events/hour), and severe
OSA (AHI > 30 events/hour).

Statistical Analysis

Quantitative data were presented as mean + SD and compared
among groups using analysis of variance (ANOVA). Categorical
data were expressed as number (percentages) and compared
among groups using chi-squared tests. To evaluate differences
in HRV variables among OSA severity groups, we used ANOVA
(unadjusted) or analysis of covariance (ANCOVA) controlling for
important clinical covariates, including age, sex, BMI, race/eth-
nicity, presence of comorbidities (hypertension, hyperlipidemia,
coronary artery disease, heart failure, stroke and diabetes), SAGIC
site, and ECG sampling rate and time from end of ECG to sleep
onset [18, 19]. To better understand potential modifying effects
of obesity on observed among group associations, analyses were
performed in the full sample and stratified by obesity (defined
as BMI > 27 kg/m? among participants of self-reported Asian eth-
nicity and BMI > 30 kg/m? among others) [25]. Statistical inter-
action tests evaluating the significance of an [obesity (1 = obese,
0 = non-obese)] by [OSA severity group] product term in models
including the main effects were performed to formally test for
differences by obesity status.

In addition to analyses among groups, we utilized Pearson’s
linear and partial correlations (adjusted for the same covariates)
to assess the relationship between continuous AHI or Epworth
Sleepiness Scale (ESS) and HRV measures. Based on observed
non-normality in variable distributions, SDNN, SDANN1, RMSSD,
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5-min TP and LF/HF were natural log-transformed in all analyses.
Similarly, the natural log of AHI + 1 was used to assess con-
tinuous associations with HRV measures.

Statistical significance was based on a domain-specific
Bonferroni correction, including p < 0.0125 for time-domain
measures, p < 0.0083 for frequency-domain measures and
p < 0.0167 for nonlinear domain measures. If significant or
nominal (p < 0.05) differences among groups were observed in
overall ANOVA/ANCOVA analyses, between-group compari-
sons were performed, using a Bonferroni corrected threshold
of p < 0.0083 for statistical significance. In all analyses, p < 0.05
was considered nominal evidence of an association. SAS version
9.4 (SAS Institute, Cary, NC) and Stata/SE 14.2 (StataCorp LLC,
College Station, TX) were used to perform statistical analyses.

Results
Characteristics of participants

Comparisons of baseline characteristics among OSA severity
groups are shown in Table 1. Significant differences were ob-
served among groups for each demographic and anthropometric
variable (all p < 0.0001). Similarly, differences were observed in
nearly all comorbidities, with higher prevalence among pa-
tients with OSA. In general, patients with OSA were older,
more obese, and more likely to be male compared to patients
without OSA. There was no significant difference in the time
from end of 5-minute ECG recording to sleep onset (p = 0.554).
A higher proportion of severe OSA patients had recordings per-
formed at 512 Hz. All of these measures, except AHI, were in-
cluded as covariates in adjusted comparisons of HRV measures
among groups.

Linear and nonlinear metrics among OSA
severity groups

Comparisons of HRV measurements among groups are pre-
sented unadjusted (Table 2) and controlling for clinical covariates
(Table 3 and Figure 1).

In time-domain measures of HRV, unadjusted analyses
showed a significant reduction in all measurements (SDNN,
SDANN1, RMSSD, and pNN50) with increased OSA severity
(Table 2). After controlling for clinical covariates, differences
in all measures remained significant (see Table 3; p < 0.005).
For each HRV measure, patients with severe OSA had lower
values compared to patients with no, mild or moderate OSA
(Table 3 and Figure 1). These results indicate that more se-
vere OSA is associated with lower HRV parameters in the
time-domain.

In frequency-domain measures, differences in 5-minute TP
(p < 0.0001), LF power (p = 0.0039) and HF power (p < 0.0001) were
observed across all groups in unadjusted analyses (Table 2).
However, after adjustment for clinical covariates, there were no
differences in these measures among AHI categories within the
full sample (Table 3).

Finally, for nonlinear HRV parameters, there was a loss of
HRV complexity in patients with more severe OSA compared
to those without OSA. Patients with severe OSA had signifi-
cantly lower ShanEn and Fwshannon values and higher values in
Forbword (Figure 1). Results were statistically significant in both

unadjusted (Table 2) and covariate adjusted (Table 3 and Figure
1) comparisons.

HRV measures among OSA severity groups in obese
and non-obese subjects

In addition to including BMI as a covariate in the analysis of HRV
among OSA severity groups, we also performed additional ana-
lysis by performing separate analyses in obese and non-obese
subjects (see Methods). Results are shown in Supplementary
Tables S1 (unadjusted) and S2 (covariate adjusted). In covariate-
adjusted analyses (Supplementary Table S2), associations
between time-domain and nonlinear HRV measures were con-
sistent in non-obese and obese participants, with a decrease in
the overall HRV and less complex HRV measures among more
severe patients. On the other hand, results show evidence of dif-
ferences in the relationship between frequency domain meas-
ures and OSA severity based on obesity status. Specifically,
there was evidence of significant effect modification for LF
power (p = 0.009), LF/HF (p = 0.009), LF nu (p = 0.014) and HF nu
(p = 0.014). For each measure, nominal differences (p < 0.05) were
observed among OSA severity groups for obese patients, but no
associations seen in the non-obese. Overall, OSA severity was
associated with a shift to sympathetic dominance among obese
patients, as shown by a higher LF/HF ratio (p = 0.017) and in-
creased LF (p = 0.042), but not in non-obese subjects. Overall,
these results provide sufficient confidence that measures of HRV
are related to OSA status regardless of obesity.

Association between HRV measures and
continuous AHI

In addition to comparisons of HRV measures among OSA se-
verity groups, we assessed the relationship with continuous
AHI (Table 4). Consistent with differences among groups, in
adjusted analyses increased AHI was significantly associated
with lower values of all time-domain measures, including SODNN
(p = -0.11, p < 0.0001), SDANN1 (p = -0.09, p = 0.002), RMSSD
(p =-0.15, p < 0.0001) and pNN50 (p = —0.11, p = 0.0001). Similarly,
more severe OSA was associated with a loss of HRV com-
plexity, including negative correlations with ShanEn (p = -0.11,
p = 0.0001) and Fwshannon (p = -0.11, p = 0.0001) and positive cor-
relations with Forbword (p = 0.12, p < 0.0001) in adjusted analyses.
There were no statistically significant correlations between AHI
and frequency-domain measures (Table 4).

Association between HRV measures and Epworth
Sleepiness Scale

As an exploratory analysis, we also examined whether HRV
during wakefulness associated with the subjective sleepiness
measured by the Epworth Sleepiness Scale (ESS) (Supplementary
Table S3). In covariate adjusted analyses, higher ESS was stat-
istically significantly associated with lower RMSSD (p = -0.10,
p=0.004) and lower Fwshannon (p = -0.09, p = 0.005). Correlations
were consistent for other time domain and nonlinear dymanic
measures, although results did not reach statistical significance
after Bonferroni correction. Thus, results support some correl-
ation between ESS and wake HRYV, albeit not as strong as ob-
served with AHIL
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Table 1. Baseline characteristics of patients with and without obstructive sleep apnea

No OSA Mild OSA Moderate OSA Severe OSA

Variable AHI <5 5<AHI<15 15 <AHI < 30 AHI > 30 p-value
N 426 319 184 318
Age, years 46.2 +14.5 53.1+13.5 55.1+13.9 52.5+14.0 <0.0001
Male, N (%) 170 (39.9) 168 (52.7) 99 (53.8) 221 (69.5) <0.0001
BMI, kg/m? 274 +5.6 308+7.4 326+7.2 33.3+838 <0.0001
AHI, events/hour 1.7+15 9.5+29 21.0+43 59.0 £ 24.1 <0.0001
Ethnicity, N (%)

Caucasian 158 (37.1) 124 (38.9) 74 (40.2) 118 (37.1) <0.0001

Asian 11 (2.6) 18 (5.6) 15 (8.2) 96 (30.2)

C/S American 205 (48.1) 129 (40.4) 61 (33.2) 72 (22.6)

Afr./Afr. American 11 (2.6) 18 (5.6) 13 (7.1) 12 (3.7)

Others 41 (9.6) 30 (9.4) 21 (11.4) 20 (6.3)
Site, N (%)

Berlin 22 (5.2) 25 (7.8) 12 (6.5) 18 (5.7) <0.0001

Brazil 241 (56.6) 156 (48.9) 75 (40.8) 92 (28.9)

osu 25 (5.9) 28 (8.8) 18 (9.8) 41 (12.9)

Penn 13 (3.1) 19 (6.0) 16 (8.7) 13 (4.1)

Perth 40 (9.4) 20 (6.3) 23 (12.5) 17 (5.3)

Sydney 79 (18.5) 67 (21.0) 27 (14.7) 44 (13.8)

Taiwan 6 (1.4) 4 (1.3) 13 (7.1) 93 (29.2)
Comorbidity, N (%)

Hypertension 84 (19.7) 100 (31.3) 75 (40.8) 127 (39.9) <0.0001

CAD 10 (2.3) 21 (6.6) 16 (8.7) 28 (8.8) 0.0007

Heart failure 6(1.4) 8(2.5) 8 (4.3) 18 (5.7) 0.008

Stroke 7 (1.6) 9(2.8) 4(2.2) 16 (5.0) 0.048

High cholesterol 88 (20.7) 100 (31.3) 79 (42.9) 126 (39.6) <0.0001

Diabetes 18 (4.2) 42 (13.2) 17 (9.2) 35 (11.0) 0.0002
ECG Latency*, minutes 12.4+20.3 12.3+19.8 11.2 +14.0 10.7 £ 15.3 0.554
Sampling rate, N (%)

128 Hz 46 (10.8) 39 (12.2) 28 (15.2) 28 (8.8) <0.0001

200 Hz 262 (61.5) 181 (56.7) 87 (47.3) 108 (34.0)

250 Hz 0(0.0) 0(0.0) 1(0.5) 2(0.6)

256 Hz 112 (26.3) 95 (29.8) 55 (29.9) 87 (27.4)

512 Hz 6 (1.4) 4 (1.3) 13 (7.1) 93 (29.2)

Continuous data presented as mean + SD and categorical data as frequency and percentage; Abbreviations: BMI = body mass index, AHI = apnea-hypopnea index,
OSU = The Ohio State University, Penn = University of Pennsylvania, C/S = Central/South, Afr. = African, CAD = coronary artery disease; *“Time (minutes) from end of

5-minute ECG recording to sleep onset.

Discussion

We have demonstrated that a 5-minute ECG recording during
wakefulness provides comprehensive insights regarding vari-
ation in HRV patterns with OSA severity. Our results indicate
that time-domain and nonlinear measures of HRV during the
wake period are valuable markers of OSA severity, providing
additional information related to cardiovascular physiology.
OSA patients showed reduced HRV compared to non-OSA
patients. OSA patients exhibit significantly lower values of
time-domain HRV measures and less complex dynamic HRV
compared to patients without OSA after adjusting for relevant
covariates. Importantly, our data demonstrated that OSA se-
verity independently contributes to lower variation of heart rate
in time-series and dynamic analysis, particularly, in severe OSA
patients. Moreover, our results suggest that frequency-domain
HRV measurements demonstrate a shift to sympathetic dom-
inance in obese participants with more severe OSA, but not in
the non-obese. Our analysis evaluated all aspects of HRV and in
much larger sample than prior studies [11-13], and provides im-
portant evidence of OSA-related differences in previously iden-
tified cardiovascular risk endpoints [3, 26].

The observed associations were found using HRV during
wakefulness immediately prior to the sleep study. This approach
provides a readily obtainable metric of HRV that can be readily
incorporated into clinical practice. Moreover, HRV changes in
OSA patients during sleep is influenced by sleep stages, apneas
and respiratory event-related blood gas disturbances [16, 27,
28]. Analyses focused on the residual effect of the spontaneous
autonomic nervous system variability in OSA patients during
resting periods of wakefulness, overcomes these complex and
dynamic physiological differences across the night. Importantly,
our study identified meaningful relationships with HRV meas-
ures during wake, demonstrating their potential utility.

Time-domain measures

We observed a decrease in overall HRV, quantified as SDNN and
SDANN1, from mild to severe OSA. This is in agreement with
previous findings that OSA is associated with abnormal car-
diac autonomic modulation that continues during wakefulness
(when there are no respiratory events) [11-13]. In the present
study, RMSSD also significantly differed based on OSA severity.
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Table 2. Unadjusted heart rate variability parameters in healthy subjects and patients with obstructive sleep apnea

Mean + SD
No OSA Mild OSA Moderate OSA Severe OSA
Variable AHI <5 5<AHI< 15 15 <AHI < 30 AHI > 30 p-valuet
Time domain measures
SDNN, ms 484 +259 448 + 24.6 41.5 + 22.0%! 35.8 + 19.5f <0.0001*
SDANNT1, ms 23.8+19.3 22.3+18.2 20.7 +15.2! 17.0 + 12.8f <0.0001%
RMSSD, ms 29.5+17.2 26.7 + 16.28] 23.6 + 14.74!1 20.5 +12.8f <0.0001%
PNNS50, % 10.1 +13.1 8.1+ 12.12J 6.4 +10.7¢ 4.7 + 8.5° <0.0001
Frequency domain measures
5-min TP, ms? 312.4 + 371.7 271.4 + 364.8%1 259.6 + 292.0¢ 208.1 + 246.7F <0.0001*
LF Power, ms? 82.2+914 67.1 + 86.32 66.7 + 96.3¢ 59.4 +79.1f 0.0039
HF Power, ms? 39.1+489 29.5 +41.7>1 23.8 +29.2¢ 22.4 +29.0 <0.0001
LF/HF 3.22+3.13 3.63 +3.55 4.11 + 4.07 3.85 +4.44 0.178%
LF nu 0.663 +0.176 0.676 + 0.190 0.693 + 0.196 0.677 +0.191 0.293
HF nu 0.337 £ 0.176 0.324 + 0.190 0.307 =+ 0.196 0.323 +0.191 0.293
Nonlinear dynamic measures
Shannon entropy 2.06 + 0.48 1.99 + 0.48 1.93 +0.50%! 1.80 + 0.48f <0.0001
Fwshannon 2.75 +0.53 2.66 + 0.52%8] 2.56 + 0.56¢ 2.46 + 0.54f <0.0001
Forbword 31.5+11.1 34.3 +11.2%) 35.9 +10.9¢ 37.5 +9.6° <0.0001

p-values in bold statistically significant after domain-specific Bonferroni correction. SDNN = standard deviation of normal to normal (NN) interval;
SDANN1 = standard deviation of the 1-minute average of NN intervals; RMSSD = square root of the mean squared differences of successive NN intervals;

pNN50 = NN > 50 ms counts divided by the total number of all NN intervals in percentage; 5-min TP = total power in five minutes; LF power = power in low frequency
range; HF power = power in high frequency range; LF/HF = ratio between low frequency and high frequency power; LF nu = normalized low frequency power; HF

nu = normalized high frequency power; Fwshannon = frequency of word distribution of Shannon entropy; Forbword = forbidden word.
p-value from analysis of variance (ANOVA) test comparing measures among OSA severity groups.
*Analysis performed on natural log transformed outcome; ®p < 0.05 (mild vs. control); ’p < 0.0083 (mild vs. control); °p < 0.05 (moderate vs. control); 9p < 0.0083 (mod-
erate vs. control); ¢p < 0.05 (severe vs. control); p < 0.0083 (severe vs. control); & < 0.05 (mild vs. moderate); *p < 0.0083 (mild vs. moderate); 'p < 0.05 (mild vs. severe);

Jp < 0.0083 (mild vs. severe); ¥p < 0.05 (moderate vs. severe); 'p < 0.0083 (moderate vs. severe).

Table 3. Adjusted comparison of heart rate variability parameters in individual without and with obstructive sleep apnea

Covariate adjusted mean and 95% confidence interval®

No OSA Mild OSA Moderate OSA Severe OSA
Variable AHI <5 5<AHI<15 15 <AHI < 30 AHI > 30 p-value
Time domain measures
SDNN, ms 46.2 (43.8, 48.6) 45.1 (42.5, 47.6) 43.4 (40.1, 46.7)! 37.4 (34.5, 40.3)f 0.0001+
SDANN1, ms 22.8 (21.0, 24.6) 22.3(20.4, 24.2) 21.5 (19.3, 24.0)* 18.0 (15.9, 20.0)f 0.0051+
RMSSD, ms 27 9 (26.3, 29.6) 27 1(25.4, 28.8) 24 8 (22.6, 27.1)ck 21 5 (19.6, 23.4)1 <0.0001*
PNN50, % .2 (8.0,10.4) 4(7.2,9.7) 2(5.6,8.9) 1(3.7,6.5)f 0.0008
Frequency domain measures
5-min TP, ms? 276.0 (241.8,310.1) 277.9 (242.0,313.7) 289.4 (242.0, 336.5) 233.1(192.7,273.3) 0.126%
LF Power, ms? 71.4 (62.5, 80.4) 69.2 (59.8, 78.5) 76.4 (63.0, 87.7) 66.5 (56.0, 77.1) 0.726
HF Power, ms? 33.4(29.3, 37.5) 31.7 (27.4, 36.0) 28.3 (22.6, 34.0) 25.1(20.3,29.9) 0.098
LF/HF 3.31(2.91, 3.70) 3.58 (3.16, 3.99) 4.10 (3.54, 4.63) 3.8 (3.3,4.3) 0.240¢
LF nu 0.661 (0.642, 0.680) 0.671 (0.651, 0.692) 0.693 (0.666, 0.720) 0.684 (0.661, 0.707) 0.280
HF nu 0.339 (0.320, 0.358) 0.329 (0.308, 0.349) 0.307 (0.280, 0.334) 0.316 (0.293, 0.339) 0.280
Nonlinear dynamic measures
Shannon entropy 2.01 (1.96, 2.05) 2.01 (1.96, 2.06) 1.98 (1.91, 2.05)! 1.83 (1.77, 1.89) <0.0001
Fwshannon 2.68 (2.62, 2.73) 2.69 (2.64, 2.75) 2.62 (2.54, 2.69)F 2.50 (2.43, 2.56)f 0.0001
Forbword 33.0 (32.0, 34.1) 33.7 (32.6, 34.8) 34.7 (33.3, 36.3) 36.7 (35.4, 38.0)f 0.0006

p-values in bold statistically significant after domain-specific Bonferroni correction. SDNN: Standard deviation of normal to normal (NN) interval; SDANN1: Standard
deviation of the 1-min average of NN intervals; RMSSD: Square root of the mean squared differences of successive NN intervals; pNN50: NN>50ms counts divided by
the total number of all NN intervals in percentage; 5-min TP: Total power over five minutes in log transformation; LF power: Power in low frequency range; HF power:
Power in high frequency range; LF/HF: Ratio between low frequency and high frequency in log transformation; LF nu: Normalized low frequency power; HF nu:

Normalized high frequency power; Fwshannon: frequency of word distribution of Shannon entropy; Forbword: Forbidden word.
Least squares mean and 95% confidence interval, adjusted for age, gender, BMI, race/ethnicity, site, comorbidities (hypertension, CAD, heart failure, stroke, high chol-

esterol and diabetes), ECG sampling rate and time from end of ECG recording to sleep onset.

*Analysis performed on natural log transformed outcome; ®p < 0.05 (mild vs. control); bp < 0.0083 (mild vs. control); ¢p < 0.05 (moderate vs. control); 9p < 0.0083 (mod-
erate vs. control); ®p < 0.05 (severe vs. control); fp < 0.0083 (severe vs. control); & < 0.05 (mild vs. moderate); *p < 0.0083 (mild vs. moderate); 'p < 0.05 (mild vs. severe);

Jp < 0.0083 (mild vs. severe); ¥p < 0.05 (moderate vs. severe); 'p < 0.0083 (moderate vs. severe).
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Figure 1. Time-domain and nonlinear HRV measures among OSA severity groups. The covariate adjusted mean and 95% confidence interval for time-domain and
nonlinear HRV measures are shown across OSA severity groups ranging from no OSA (AHI<5; green), mild OSA (AHI 5-15; blue), moderate OSA (AHI 15-30; grey) and
severe OSA (AHI > 30; red). We observed significant differences among OSA severity groups for both domains, including in SDNN (p < 0.0001), SDANN1 (p = 0.003), and
RMSSD (p < 0.0001), Shannon entropy (p < 0.0001), Fwshannon (p < 0.0001), and Forbword (p = 0.0004). Overall, reduced and less complex HRV measures were observed among
patients with more severe OSA. *p < 0.0083 (mild vs. severe); 'p < 0.0083 (moderate vs. severe); ¥p < 0.0083 (severe vs. control); §p < 0.05 (moderate vs. severe); p < 0.05

(moderate vs. control).

Notably, there is a decline of 9 ms with RMSSD in severe OSA
compared to controls. Previous studies have suggested that an
RMSSD < 25 ms or a reduction in RMSSD > 8 ms could be a risk
indicator for coronary heart disease in the general population
without recognized cardiovascular disease [29, 30]. These find-
ings may be associated pathophysiologically with the increased
cardiovascular risk observed in patients with severe OSA in lon-
gitudinal studies [31]. Similarly, pNN50 is significantly reduced in
severe OSA, which indicated less variability in cardiac rhythm.

Frequency domain measures

We found a relationship between OSA severity and HRV
frequency-domain measures in unadjusted analyses, but not
after adjustment for covariates. However, more in-depth ana-
lyses showed that the relationship between the measures and
OSA severity was modified by obesity status. In particular, dif-
ferences in the ratio between low and high frequency power
suggest a shift to sympathetic dominance in more severe OSA
among obese participants, but not in the non-obese. Prior studies
found elevated sympathetic tone directly measured by MSNA
during wakefulness in small samples of OSA patients [11, 32,
33]. Somers et al. [32] suggested respiratory event-induced hyp-
oxia and enhanced chemoreflex sensitivity might contribute.
Carlson et al. [33] showed that augmented awaking sympathetic
activity is related to an impaired baroreflex sensitivity in an OSA
population. However, unchanged or decreased wake LF during
daytime wakefulness when using HRV has also been observed
[34-37]. Further research is warranted, particularly regarding the
modifying effects of obesity.

The changes in spectral components of HRV in OSA are
mostly attributed to abnormal autonomic activity, mediated by
the cardiovascular sympathetic and parasympathetic nervous

system due to complex interaction between respiratory disturb-
ances and hemodynamics [32]. Spectral HRV patterns vary from
daytime to nighttime in OSA patients [38]. Moreover, abnormal
autonomic activity likely contributes to progressively higher
cardiovascular-related morbidity and mortality in the general
population [39, 40]. Ultimately, differences between our study
and prior studies reporting spectral findings [11-13, 34, 36] could
be explained by differences in underlying disease severity and
the HRV analysis approach. Previous results likely reflect the
spectral HRV patterns under the restrictive conditions tested.
Specifically, none of those studies compared the spectral meas-
ures among controls and the full range of OSA severity groups.
Also, our study is the only one reporting statistical comparison
results with robust covariate adjustment.

Nonlinear measures

To the best of our knowledge, we are the first to study nonlinear
wake HRV features in relation to OSA severity. In particular,
Shannon entropy and symbolic dynamics during wakefulness
across AHI groups has not previously been studied. These met-
rics are important when considering relationships to cardiovas-
cular disease. Nonlinear HRV measures quantify the randomness
of beat-to-beat dynamic properties and cardiac autonomic func-
tioning. Stein et al. [41] found that time and frequency analyses
sometimes fail to identify abnormal HRV patterns in individuals
with erratic cardiac rhythm. For example, regular and irregular
heart rate patterns can result in the same SDNN. Importantly,
only less complex heart rate patterns are considered to be a
pathological condition [41]. Our comparative analysis between
different AHI groups demonstrated that severe OSA patients have
less complex HRV, with lower Shannon entropy and Fwshannon
values and higher Forbword. The results of the symbolic dynamics
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Table 4. Pearson’s correlations between HRV measurements and In(AHI+1)

Variable Unadjusted Adjusted!
p p p p
Time domain measures
SDNN¥, ms -0.21 <0.0001 -0.11 <0.0001
SDANN1¥, ms -0.16 <0.0001 -0.09 0.0020
RMSSD*, ms -0.25 <0.0001 -0.15 <0.0001
PNN50, % -0.19 <0.0001 -0.11 0.0001
Frequency domain measures
5-min TP, ms? -0.14 <0.0001 -0.04 0.137
LF Power, ms? -0.11 0.0002 -0.01 0.673
HF Power, ms? -0.18 <0.0001 -0.07 0.013
LF/HF* 0.06 0.047 0.05 0.054
LF nu 0.05 0.090 0.05 0.057
HF nu -0.05 0.090 -0.05 0.057
Nonlinear dynamic measures
Shannon entropy -0.21 <0.0001 -0.11 0.0001
Fwshannon -0.23 <0.0001 -0.11 0.0001
Forbword 0.23 <0.0001 0.12 <0.0001

Results in bold statistically significant after domain-specific Bonferroni correction. SDNN: Standard deviation of normal to normal (NN) interval; SDANN1: Standard
deviation of the 1-min average of NN intervals; RMSSD: Square root of the mean squared differences of successive NN intervals; pNN50: NN>50ms counts divided by
the total number of all NN intervals in percentage; 5-min TP: Total power over five minutes in log transformation; LF power: Power in low frequency range; HF power:
Power in high frequency range; LF/HF: Ratio between low frequency and high frequency in log transformation; LF nu: Normalized low frequency power; HF nu:
Normalized high frequency power; Fwshannon: frequency of word distribution of Shannon entropy; Forbword: Forbidden word.

tPearson’s partial correlation adjusted for age, gender, BMI, race/ethnicity, site, comorbidities (hypertension, CAD, heart failure, stroke, high cholesterol and diabetes),

ECG sampling rate and time from end of ECG recording to sleep onset.
*Analysis performed on natural log transformed outcome.

display the patterning of RR interval sequences becoming more
monotonous at higher AHI. This suggests that heart rate does not
adequately respond and adapt to endogenous and exogenous
changes in severe OSA, due to blunted cardiac autonomic modu-
lation [42]. To date, nonlinear HRV methods are mostly applied in
research; the clinical relevance of these nonlinear HRV measures
in OSA patients is unknown.

Impact of impaired HRV

Impaired HRV has been previously shown in smaller studies
using short-term wake HRV in patients with OSA [11-14, 35].
Moreover, lower baroreflex sensitivity and higher sympathovagal
imbalance were found in OSA patients with excessive daytime
sleepiness than those without [43]. This evidence highlights the
long-lasting effect of OSA on automonic nervous system even
during wakefulness. HRV results from the complex intergrad-
ation of brain-heart interactions, autonomic nervous system
processes and physiological stimulus [44]. Current findings sug-
gested that autonomic dysfunction in OSA may be induced by
several mechanisms, such as vagal withdrawal, sympathetic
hyperactivity,impaired baroreflex sensitivity, or the combination
of these responses mediated by baroreflex and chemoreflex [45].
Arousal, apnea and hypoxia are the major possible mediators
of baroreceptor and chemoreceptor reflex control activation,
causing surges in heart rate and blood pressure, particularly
during the termination of sleep apnea [46]. Chemoreflex activa-
tion in response to hypoxia contributes to elevated central sym-
pathetic discharge via positive feedbacks in stimulating input
to increase cardiovascular output [46]. Comparably, reductions
in parasympathetic drive mediated baroreflex are closely asso-
ciated with arousal. Consequently, baroreflex sensitivity is im-
paired after long-term exposure of repetitive arousals [47].

HRV combined with neuroimaging, may help understanding
of how central control mechanisms regulate the adaption in
cardiovascular response in order to maintain homeostasis in
neurovisceral pathways [48]. Central and autonomic nervous
system dysfunction may explain the regulatory mechanisms
in the development of co-morbid neuropsychological dysfunc-
tion and cardiovascular diseases in OSA patients [49, 50]. Some
studies indicated that continuous positive airway pressure
(CPAP) treatment improves autonomic function assessed by HRV
after eliminating physiological influences (e.g. arousal, hypoxia
and respiratory events) in OSA population [51, 52]. Thus, fur-
ther investigations on the interplay between neuro-metabolic-
cardiac networking and OSA-related physiological alternations
are needed.

Decreased HRV is associated with coronary heart disease,
heart failure and myocardial infarction [40]. Decreased HRV is
implicated in the risk and incidence of cardiovascular complica-
tions and death in different populations without heart disease
[29, 30, 53]. Studies have shown that the clinical application of
linear and nonlinear measures facilitates screening of OSA pa-
tients (i.e. heavy snorers with low HRV tend to have more severe
sleep disordered breathing [54]). However, no studies have inves-
tigated HRV predicting the onset of cardiovascular outcomes in
OSA population. This is a future direction.

Strengths and limitations

This study has several strengths. It evaluated all aspects of HRV,
including time-domain, frequency and nonlinear measures, to
provide a comprehensive assessment of the relationship be-
tween HRV and OSA severity. Our study is the largest on HRV
in OSA to-date. and includes participants recruited from sleep
clinics worldwide. Thus our results are more generalizable to
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real-world clinical patients throughout the world [55]. Finally,
our ability to show associations between HRV during wakeful-
ness immediately prior to the sleep study provides an easily
obtainable metric of cardiovascular traits in OSA patients,
facilitating clinical translation.

There are also limitations. First, since our data relies on
ECG recordings during wake immediately prior to the sleep
study, results may not be generalizable to daytime wakeful-
ness. Second, while we controlled for relevant comorbidities
(including hypertension, cardiovascular diseases, high choles-
terol and diabetes), information on specific medications were
not readily available in all patients and, thus, could not be
included as covariates; this might underestimate the effect
of OSA severity on HRV and reduce the sympathetic activity.
Third, HRV and AHI were both measured from a single PSG.
Future studies evaluating night-to-night variability in these
measures [56], as well as how this may affect the observed
associations, are warranted. Also, given the cross-sectional
nature of our study, we cannot test the cause-effect relation-
ship between HRV and OSA severity, or the implications of the
observed lower HRV among more severe OSA patients on risk
of developing new cardiac impairments. Fourth, 75% of pa-
tients were advised to avoid caffeine on the day of the sleep
study or after 9 am during the day of study (all sites except
the two in Australia). Fifth, we used ECGs sampled at >128
Hz; 250 Hz or higher may be recommended [1]. However, Voss
et al. showed that there is acceptable minor error when using
128Hz ECG sampling rate both in linear and nonlinear HRV
analysis in comparison with 100Hz, 200Hz, 500Hz and 1000Hz
[57,58]. Similarly, Ziemssen et al. [59] suggested ECG sampling
frequency of at least 100 Hz (100 Hz and 200 Hz) has no sig-
nificant influence on frequency-domain analysis, compared to
500 Hz. To control for any sample rate bias, we included ECG
sampling rate as a covariate in the adjusted models. Sixth, the
time from end of the 5-minute ECG recording to sleep onset
varied among subjects. However, 91.8% of the sample had <30
minutes between the end of ECG and the start of sleep. To con-
trol for any potential impact of this duration on the observed
results, we have added the time between the end of ECG and
start of sleep as an additional covariate in adjusted analyses.
Seventh, we used a 4% desaturation to define hypopneas,
based on our prior studies showing excellent inter-rater
agreement of scoring of the AHI in SAGIC when using a 4% cri-
teria for hypopneas [60], while scoring agreement of the AHI
degrades when arousals are included in the hypopnea defin-
ition [61]. Thus, our results may not directly generalize to dis-
ease severity based on a hypopnea definition using arousals
and/or 3% desaturation. Lastly, we did not control the fre-
quency of breathing and tidal volume for each subject (e.g. by
using paced breathing) as the respiratory influences on HRV
parameters are debatable [62]. However, we analyzed a stand-
ardized 5-minute window of ECG before sleep onset with the
patient quiet and in a supine, relaxed position. Under these
conditions, spontaneous breathing attenuates the effect of
respiration on the high frequency of HRV [63]. This protocol
is readily applied to different sleep laboratories and allows
standardized recording of the awake HRV of patients under-
going overnight polysomnography. Further validation to iden-
tify established cardiovascular abnormalities (e.g., how well
does single-channel ECG identify abnormalities compared to
the full ECG exam) is still required.
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Conclusion

Measures of HRV during wakefulness were significantly associ-
ated with increased OSA severity, with a decrease in the overall
HRV and less complex HRV measures among more severe pa-
tients after controlling for relevant covariates. These observed
differences are consistent with worse cardiovascular abnor-
malities in the most severe OSA group. Thus, the HRV measures
studied here may provide additional information on cardiovas-
cular physiology in the context of OSA. However, evidence re-
garding whether comprehensive HRV measures, in combination
with other characteristics of OSA, may identify early proposed
cardiac damage or improve cardiovascular risk stratification
in patients with OSA is still lacking. Further research to better
understand the predictive value and clinical implication of the
observed differences in HRV parameters in the future risk of car-
diovascular events among different OSA subgroups is necessary.

Supplementary material

Supplementary material is available at SLEEP online.
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