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Abbreviations 
 

OSA: Obstructive sleep apnea 

HRV: Heart rate variability 

BMI: Body mass index 

AHI: Apnea-hypopnea index 

ECG: Electrocardiography 

PSG: Polysomnography 

CPAP: Continuous positive airway pressure 

meanNN: mean value of normal to normal (NN) interval time series 

CVNN: ratio of SDNN divided by meanNN 

SDNN: Standard deviation of NN intervals  

SDANN1: Standard deviation of the average of 1-minute NN intervals over five minutes  

RMSSD: Square root of the mean squared differences of consecutive NN intervals 

pNN50: the percentage of NN>50ms counts divided by the total number of all NN intervals  

pNNl20: NN intervals differences<20ms in percentage 

5-min TP: Total power over 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 

LF nu: Low frequency power in normalized units 

HF nu: High frequency power in normalized units 

LF/p: Ratio of low frequency power and total power 

HF/p: Ratio of high frequency power and total power 

ShanEn: Shannon entropy  

Renyi4: Renyi entropy with a weighting coefficient of α=4 

Fwshannon: Frequency of Shannon entropy of word distribution  

Fwrenyiα: Frequency of Renyi entropy of word distribution using a weighting coefficient of α 

(α=025,4) 

Forbword: Forbidden Word (number of seldom (p< 0.001) or never occurring word types) 

Wpsum02: relative portion of words consisting only of the symbols ‘0’ and ‘2’ 

Wpsum13: relative portion of words consisting only of the symbols ‘1’ and ‘3’ 

Wsdvar: Standard deviation of the word sequence 

Plvar20: Portion of low-variability patterns in the NN interval time series (< 20 ms) 
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RRI: R peak to R peak intervals  

SAGIC: Sleep Apnea Global Interdisciplinary Consortium 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8



Abstract in English  

 

Background: Patients with obstructive sleep apnea (OSA) show impaired cardiac autonomic 

function with heterogeneous profiles of heart rate variability (HRV) during sleep-wake states. 

However, the effect of OSA and its severity on autonomic modulation assessed by HRV during the 

wake period in a large multicenter clinical cohort is unclear. 

Methods: A total of 1247 participants (426 non-OSA controls and 821 OSA patients, according to 

apnea-hypopnea index≥5) were globally recruited from the Sleep Apnea Global Interdisciplinary 

Consortium. HRV measures were computed from 5-minute ECG data in wake status with relaxed 

tidal breathing prior to the sleep onset, using time-domain, frequency-domain and non-linear 

approaches. Differences in HRV measurements were estimated among groups using analysis of 

covariance, adjusted for age, gender, body mass index, race/ethnicity, comorbidities and sites. 

Results: OSA patients exhibited significantly reduced time-domain variations (SDNN, SDANN1, 

RMSSD, pNN50) and less complexity of cardiac rhythms (Shannon entropy, Fwshannon, 

Forbword) compared to non-OSA subjects. Those with severe OSA had considerably lower HRV 

compared to in comparison to other groups, both in time-domain and non-linear measurements. 

Compared to patients with OSA, those with severe OSA had reduced HRV based on SDNN 

(adjusted mean [95% CI]: 37.40 [34.55, 40.25] vs.46.19 [43.77, 48.60] ms; p<0.0001), SDANN1 

(17.98.0 [15.87, 20.10] vs. 22.77 [20.97, 24.56] ms; p<0.0001), RMSSD (21.51 [19.59, 23.42] 

vs.27.98 [26.35, 29.60] ms; p<0.0001), pNN50 (5.1% [3.7%, 6.5%] vs. 9.2% [8.0%, 10.4%]; 

p=0.0001), Shannon entropy (1.8 [1.8, 1.9] vs. 2.0 [2.0, 2.1]; p<0.0001), Fwshannon 2.7 [2.6, 2.7] 

and Forbword (37 [35, 38] vs. 33[32, 34]; p=0.0001). There were no significant differences in 

overall frequency-domain metrics. Among obese patients, there is an increase in sympathetic tone 

in patients with severe OSA with higher LF/HF ratio compared to those without OSA (4.2 vs. 2.7; 

p = 0.009). 

Conclusions: HRV is significant correlative with OSA severity. OSA patients show reduced HRV 

patterns during pre-sleep wakefulness compared to individuals without OSA, especially patients 

with severe OSA having significantly decreased time-domain HRV metrics and less complex non-

linear HRV dynamics. Only obese OSA patients show enhanced sympathetic activity with 

increased LF and LF/HF. Thus, HRV could be a promising tool to investigate autonomic 

modulation and cardiovascular pathophysiology in patients with OSA. 
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Abstract in German 

 

Hintergrund: Patienten mit obstruktiver Schlafapnoe (OSA) zeigen eine eingeschränkte kardiale 

autonome Funktion mit heterogenen Profilen der Herzratenvariabilität (HRV) im Wachzustand 

und im Schlaf. Die Wirkung von OSA und ihrer Schwere auf die autonome Modulation, die durch 

HRV während der Wachphase in einer großen multizentrischen klinischen Kohorte bewertet wurde, 

sind jedoch unklar. 

Methoden: Insgesamt 1247 Probanden (426 ohne OSA und 821 Patienten mit OSA, basierend auf 

dem Apnoe-Hypopnoe-Index ≥ 5) wurden weltweit aus einem globalen interdisziplinären 

Konsortium für Schlafapnoe rekrutiert (the Sleep Apnea Global Interdisciplinary Consortium, 

SAGIC). Die HRV-Parameter wurden während einer Periode von 5-minütigen Wachheit mit 

Spontanatmung vor der eigentlicher Schlafstudie unter Verwendung von Zeitbasis-, 

Frequenzbasis- und nichtlinearen Methoden berechnet. Unterschiede in den HRV-Parametern 

wurden zwischen den Gruppen unter Verwendung von Kovarianzanalysen bewertet, wobei Alter, 

Geschlecht, Body-Mass-Index, Ethnizität, Komorbiditäten und Standort des Schlaflabors 

kontrolliert wurden. 

Ergebnisse: Patienten mit OSA zeigten im Vergleich zu Personen ohne eine OSA signifikant 

geringere Variationen der Parameter in der Zeitbasis (SDNN, SDANN1, RMSSD, pNN50) und 

eine geringere Komplexität der Herzschläge (Shannon-Entropie, Fwshannon, Forbword). 

Diejenigen mit schwerer OSA hatten im Vergleich zu allen anderen Gruppen eine auffallend 

reduzierte HRV, sowohl in den Zeitbasis als auch in nichtlinearen Parametern. Im Vergleich zu 

Patienten ohne OSA hatten Patienten mit schwerer OSA eine niedrigere HRV basierend auf SDNN 

(adjustierter Mittelwert [95% CI]: 37.40 [34.55, 40.25] vs.46.19 [43.77, 48.60] ms; p<0.0001), 

SDANN1 (17.98.0 [15.87, 20.10] vs. 22.77 [20.97, 24.56] ms; p<0.0001), RMSSD (21.51 [19.59, 

23.42] vs.27.98 [26.35, 29.60] ms; p<0.0001), pNN50 (5.1% [3.7%, 6.5%] vs. 9.2% [8.0%, 10.4%]; 

p=0.0001), Shannon entropy (1.8 [1.8, 1.9] vs. 2.0 [2.0, 2.1]; p<0.0001), Fwshannon 2.7 [2.6, 2.7] 

and Forbword (37 [35, 38] vs. 33[32, 34]; p=0.0001). Bei Ergebnissen der Methoden im 

Frequenzbereich wurden insgesamt keine signifikanten Unterschiede gefunden. Bei adipösen 

Patienten gibt es einen Anstieg des sympathischen Tonus bei schwerer OSA mit einem höheren 

LF/HF-Verhältnis im Vergleich zu adipösen nicht-OSA-Patienten (4,2 vs. 2,7; p = 0,009). 

Schlussfolgerungen: Die HRV korreliert signifikant mit dem Schweregrad der OSA. OSA-

Patienten zeigen im Wachzustand reduzierte HRV-Messwerte im Vergleich zu Personen ohne OSA, 

insbesondere Patienten mit schwerer OSA zeigen deutlich verringerten HRV-Messwerten in der 
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Zeitbasis und weniger komplexitatin parametern der nichtlinearen HRV-Dynamik. Nur adipöse 

OSA-Patienten zeigen eine sympathische Hyperaktivität mit erhöhtem LF und LF/HF. Somit 

könnte HRV zusätzliche Informationen über die autonome Modulation und die kardiovaskuläre 

Physiologie bei OSA-Patienten liefern. 
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1. Introduction 
 

1.1 Obstructive sleep apnea (OSA) and autonomic function 
 

Obstructive sleep apnea (OSA) is a heterogeneous sleep disordered breathing with high prevalence, 

which affects approximately 37% males and 17% females in the general population.1 OSA is 

independently associated with cardiovascular diseases such as hypertension, arrhythmias, stroke 

and sudden death.2-4 Furthermore, OSA is the leading cause of secondary hypertension.5 OSA is 

characterized by complete and partial airway collapsibility, arousal and hypoxia.6 Accordingly, 

these OSA-related physiologic changes may lead to activation of the autonomic nervous system. 

The autonomic nervous system mediates circulatory responses to internal and external stimulus 

via the sympathetic and parasympathetic nerve branches. It plays a key role in the control of 

heartbeat. Heart rate variability (HRV) measures variations between consecutive normal sinus 

beats (NN intervals) obtained from electrocardiography (ECG) data and is commonly used to 

quantify cardiac autonomic nervous activity.7  

 

A number of previous studies provide primary evidence of negative associations between 

autonomic function and OSA under different conditions.8 These findings suggested that autonomic 

dysregulation, particularly sympathetic hyperactivity and autonomic imbalance, could contribute 

to the pathogenesis and the development of cardiovascular diseases in patients with OSA. OSA 

can carry residual effects without any clinical symptoms even during daytime.9, 10 To date, the 

clinical implication of altered autonomic function in OSA and the underlying mechanisms of high 

prevalence and risk of unfavorable cardiovascular outcomes in OSA are still unknown.  

 

1.2 Heart rate variability (HRV) 
 

OSA affects cardiac autonomic modulation.8 Currently, OSA severity is defined by the apnea–

hypopnea index (AHI, the number of apnea and hypopnea events per hour of sleep), which only 

captures the respiratory aspect of disease heterogeneity among patients.11 Additional 

measurements combined with AHI, such as HRV, may help to improve the present characterization 

of OSA severity and cardiovascular implications. OSA patients appear to have a markedly elevated 

incidence of autonomic dysfunction, showing a diversity of HRV patterns during wake and sleep.8 

HRV could provide important encoded information in these fluctuations of RR sequence with 

regard to cardiovascular pathophysiology associated with OSA, without additional measuring 
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beyond polysomnography (PSG).12 

 

Three main analytical approaches have been established to quantify linear and non-linear HRV: (1) 

time-domain analysis for quantifying the degree of variation of heartbeats (2) frequency-domain 

analysis for identifying the sympathetic and parasympathetic activity (3) non-linear analysis for 

capturing the randomness and complexity of heartbeats.7 Given the non-linear and stochastic 

phenomenon of autonomic regulation for the cardiovascular system, any of these variables convey 

an individual biomedical message about HRV both in static and dynamic perspectives. 

 

However, many confounding factors during sleep (e.g. sleep stages and sleep apneas) on HRV 

have been reported.13, 14 In particular, temporal fluctuation in cardiac rhythms during sleep is 

associated with the time course of apneic events, exhibiting cyclic alternations of bradycardia and 

tachycardia during episodes of sleep apnea and respiratory restoration.15 24-hour HRV is also 

influenced by circadian rhythms, physical activity and emotional changes.7 In addition, there are 

no standardized methods on sleep HRV and 24-hour HRV analysis. As a result, it is challenging to 

compare sleep HRV data and to interpret their results among different studies due to the nature of 

HRV measures and various methodologies. Unlike nocturnal and 24-hour ECG recordings, short-

term records are easy to control and perform. Nevertheless, sparse data is reported in OSA patients 

regarding addressing abnormal changes of cardiac autonomic regulation and impaired 

cardiovascular variability during pre-sleep wakefulness.9, 16, 17  

 

1.3 Study objectives 

 

Thus, differences in multiple HRV parameters during pre-sleep wakefulness among OSA severity 

groups are unknown. With regards to this, this study takes advantage of a large-scale multicenter 

OSA clinical cohort recruited from the Sleep Apnea Global Interdisciplinary Consortium (SAGIC) 

to show the cardiovascular autonomic characteristics in OSA patients at normal breathing during 

wakefulness prior to sleep onset. It aims to study whether HRV measures could serve as a potent 

and reliable indicator to assess OSA severity and to evaluate autonomic nervous system regulation 
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2. Methods 
 

2.1 Study population 
 

426 controls without OSA and 821 patients with OSA, on the basis of AHI>5 events/hour were 

enrolled as part of the SAGIC study. All subjects included in this study untaken nocturnal sleep 

study at one of seven centers (Charité – Universitätsmedizin Berlin, Germany; Royal North Shore 

Hospital, Australia; Sir Charles Gairdner Hospital, Australia; University of Pennsylvania, the 

United States; The Ohio State University, the United States; Médicado Instituto do Sono, Brazil; 

and Chang Gung Memorial Hospital, Taiwan). Demographic and anthropometric characteristics 

were assessed before overnight in-lab polysomnography. Clinical profiles were obtained from 

medical history-taking and questionnaires. Demographic, anthropometric and clinical data 

included age, sex, body mass index (BMI), previous medical history, current medication usage and 

clinical symptoms. 1622 subjects in total with HRV and completed information on AHI, age, 

gender, BMI, and race/ethnicity were available in our SAGIC study cohort database. Of these, 321 

participants with wake ECG recording after sleep study from the Icelandic site, 4 subjects with 

ECG sampling rate<128Hz, and 50 subjects with no normal-to-normal time>30000s (10% ectopic 

time in 5-minute HRV measurement) were excluded from the analysis sample. A final sample of 

1247 subjects were eligible to test hypotheses in the present study (Figure 1). Every participant 

offered the informed consent as according to the Helsinki protocol. The experimental protocol as 

part of the SAGIC projects were individually approved by the ethical committee of every 

institution and hospital involved.  
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2.2 ECG acquisition and HRV analysis 
 

2.2.1 ECG recording and signal processing  

 

A standardized operating procedure for recording ECG was introduced across all centers to obtain 

comparable data (Figure 2). Each sleep lab implemented standard clinical protocols before 

completing overnight PSG for traditional and methodological control; all sites except Sydney and 

Perth site instruct patients that they should avoid alcohol and caffeine-containing beverages (e.g. 

tea and coffee) during the day of study. ECG data was collected from a modified single lead II 

channel (Figure 2).  

 

 

Patient recruitment 

1622 subjects with available ECG 

recordings in SAGIC patient cohorts 

Exclusion 

321 subjects with wake ECG recording after sleep 

study from Icelandic site 

4 subjects with ECG<128Hz 

 

Exclusion 

50 subjects with nonntime>30000s 

Patient selection 

1297 subjects with wake HRV data 

prior to PSG 

Inclusion  

1247 subjects with wake HRV data prior to PSG 

-426 non-OSA subjects 

-319 mild OSA subjects 

-184 moderate OSA subjects 

-318 severe OSA subjects 

 

Figure 1 Flowchart of patient selection. 
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The sampling frequency applied to ECG acquisition in each sleep laboratory ranged from 128 to 

512 Hz. All subjects were instructed to maintain resting spontaneous breathing for 15 minutes in 

waking condition prior to the initiation of overnight sleep study. Electroencephalogram (EEG) was 

employed to assess whether subjects were awake during ECG data collection. All participants were 

awake without any abnormal breathing patterns (e.g. obstructive sleep apnea and central sleep 

apnea) during HRV measurements. The Pan Tompkins algorithm was utilized to detect R peaks in 

ECG data18. The beat-to-beat interval series was derived from a series of time differences between 

successive R peaks. Then, as previously described, an adaptive filtering algorithm was used to 

automatically detect and remove artifacts and ectopic beats from the interbeat intervals. Finally, 

HRV measures was calculated from a selected 5-minute ECG segment preceding sleep onset for 

each participant, as 5 minutes is thought to be a preferred time window for short-term linear and 

non-linear dynamic HRV analysis (Figure 3). 

 

 

 

Figure 2 Five-minute polymographic tracings and the ECG Lead II placement in a patient during 

wakefulness prior to sleep onset. 

Each channel from top to bottom is hypnogram of sleep stage, electroencephalography (EEG), 

flow, thoracic effort (THO), abdominal effort (ABD), snore, electrocardiogram (ECG), heart 

rate (HR), pulse oxygen saturation (SpO2). The panel at top right corner illustrated the 

placement of ECG electrodes with a single modified lead II channel (left) and ECG with large 

R-wave and baseline at the lower level (right). 
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Figure 3 Heart rate variability. 

ECG: electrocardiography; PSG: polysomnography; HRV: heart rate variability; meanNN: the 

mean value of normal to normal (NN) interval time series; CVNN: the ratio of SDNN divided by 

meanNN; SDNN: the standard deviation of NN intervals; SDANN1: the standard deviation of the 

average of 1-minute NN intervals over five minutes; RMSSD: square root of the mean squared 

differences of successive NN intervals; pNN50: the percentage of NN>50ms counts divided by 

the total number of all NN intervals ; pNNl20: Percentage of NN intervals differences<20ms; 5-

min TP: total power over five minutes; LF: low frequency, HF: high frequency range; LF/HF: the 

ratio between low frequency and high frequency; LF nu: low frequency power in normalized units; 

HF nu: high Frequency power in normalized units; LF/p: ratio of low frequency power and total 

power; HF/p: ratio of high frequency power and total power; ShanEn: Shannon entropy; Renyi4: 

Renyi entropy with a weighting coefficient of α=4; Fwshannon: frequency of Shannon entropy of 

word distribution; Fwrenyi4: frequency of Renyi entropy of word distribution using a weighting 

coefficient of α (α=025,4); Forbword=forbidden word (number of seldom (p< 0.001) or never 

occurring word types); Wpsum02: relative portion of words consisting only of the symbols ‘0’ and 

‘2’; Wpsum13: relative portion of words consisting only of the symbols ‘1’ and ‘3’; Wsdvar: 

standard deviation of the word sequence; Plvar20: portion of low-variability patterns in the NN 

interval time series (< 20 ms). 
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2.2.2 HRV measurements  
 

The time-domain measures were calculated based on RR intervals (RRI) over time series to 

quantify the amount of variation between heartbeats.7 Seven common time-domain variables were 

reported in our study including standard deviation of the normal-to-normal interval (SDNN) 

aggregates RRI over time into an ensemble measure of HRV and is the most common index; 

standard deviation of the average of 1-minute NN intervals over five minutes (SDANN1), square 

root of the mean squared differences of consecutive NN intervals (RMSSD), and the percentage 

of NN>50ms counts divided by the total number of all NN intervals (pNN50), mean value of NN 

interval time series(meanNN), ratio of sdNN divided by meanNN (CVNN), and NN intervals 

differences<20ms in percentage (pNNl20). RMSSD and pNN50 are closely correlatives with 

parasympathetic nervous activity.  

 

The spectral analysis identifies components of ECG data to quantify the cardiac autonomic 

modulation.7 Eight frequency-domain measures were demonstrated in this study including 5-

minute total power (5-min TP, 0.0001-0.4 Hz), very low frequency (VLF, 0.003–0.04 Hz), low 

frequency (LF, 0.04-0.15 Hz) and high frequency (HF, 0.15-0.4 Hz), low frequency presented in 

normalized units (LF nu), high frequency presented in normalized units (HF nu), and low-

frequency to high-frequency power ratio (LF/HF).7 Normalized LF (LF nu)and normalized HF(HF 

nu) are defined as relative proportions, equal to LF/(TP-VLF)x100 and HF/(TP-VLF)x100, 

respectively. LF/P and HF/P are ratios of LF and total power and ratio of HF and total power, 

respectively. The HF component is believed to reflect parasympathetic activity and the LF 

component possibly represents both sympathetic and vagal control, which is mainly mediated by 

baroreflexes.19 LF/HF reflects the autonomic balance.7 

 

The non-linear analysis explore self-similarity and randomness of cardiac rhythm as heartbeat is a 

complex non-linear physiological signal.7 In this study, Shannon entropy and symbolic dynamics 

parameters were used to measure the complex dynamics of heartbeats.20 A higher Shannon entropy 

indicated more irregularity in HRV. Symbolic dynamics transform RR intervals into a symbol 

series in order to dynamically investigate the behavior of heart rate oscillations.20 First, the RR 

intervals are transformed into symbolic dynamics sequences employing 3-symbol words (w = 3) 

and an alphabet consisted of four symbols.20 Then, the complexity of the symbols dynamics 

sequences is evaluated by eight metrics – the frequency of word distribution of Shannon entropy 

(Fwshannon), forbidden words (Forbword), relative portion of words including only of the 
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symbols “0” and “2” (wpsum02), relative portion of words consisting only of the symbols “1” and 

“3” (wpsum13), standard deviation of the word sequence (wsdvar), portion of low-variability 

patterns in the NN interval time series (plvar20), Renyi entropy of the word distribution with 

weight coefficent α=X (X=025,4; fwrenyiX, bit), portion of low-variability patterns in the NN 

interval time series<20 ms (plvar20). Accordingly, the Fwshannon is introduced to quantively 

assess the randomness and regularity of the interbeat tachograms. Larger values of Fwshannon 

indicate higher complexity of heart rate. Forbword is the number of words of length 3 that never 

or rarely appear. Lower values of Forbword suggest a higher irregularity, as it is found that the 

number of Forbword will be larger when the time series is highly regular. Wpsum02 is measured 

by quantifying low variation in mean of heartbeat intervals for decreased HRV, while wpsum13 is 

for increased HRV by quantifying high variation in mean of heartbeat intervals. Fwrenyi025 

weight smaller probabilities and Fwrenyi4 weight larger probabilities. Plvar20 measures 

probability for low variation of NN<20ms. Renyi entropy with a weighting coefficient of α=4 

(renyi4). Renyi4 tends to estimate larger probabilities more than lower coefficients of variation. 

 

Shannon entropy of the HRV histogram is applied as an entropy measure to quantify the 

distribution of NN intervals: 

Shannon entropy = − ∑  pj  log(pj)j∈Ω   

where pj is the histogram of the time series.  

 

The Shannon entropy of the probabilities of occurrence of the words of the symbol sequence 

(Fwshannon): 

Fwshannon = − ∑ pk  log(pk)

4w

k=1

  

where pk are the probabilities of each word of w symbols of the sequence. The larger 

Fwshannon, the higher the complexity of the corresponding tachograms. 

 

Renyi entropy (α=4) of the HRV tachogram is calculated to measure the weighted probability 

distributions (Renyi4): 

Renyi entropy = −
1

3
log2 ∑ Pi

4

n

i=1

 

where Pi  is the class probabilities (i=1,2,3..,n) using a weighting coefficient of α=4. It weights 

the larger probability more than the lower coefficient.  
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Symbolic dynamics transformation: 

 

𝐒𝐢(Xi) = {

0:                μ                 < Xi ≤   (1 + α)μ

1:           (1 + α)μ        < Xi <                ∞
2:             (1 − α)μ      < Xi ≤                 μ
3:                   0               < Xi ≤  (1 − α)μ

 

 

where i = 1, 2, 3 …the time series 𝐗𝟏, 𝐗𝟐, 𝐗𝟑,…𝐗𝐍. 𝐗𝐢is transformed into the symbol sequence 

𝐒𝟏, 𝐒𝟐, 𝐒𝟑,…𝐒𝐍. 𝐒𝐢∈A based on the alphabet A = (0, 1, 2, 3). The transformation into symbols 

refers to three given levels where μ represents the mean RR interval and α is a variable that is 

chosen to be 0.05.  

 

2.3 Sleep studies 
 

A standard nocturnal polysomnography was conducted for assessment of OSA. The following 

polysomnographic signals were recorded via electroencephalography (EEG), electrooculogram 

(EOG), ECG as described above, chin electromyogram (EMGchin), thoracoabdominal movements 

bands to measure respiratory effort, tracheal sound by microphone, body position sensor, pulse 

oximetry measure oxygen saturation, and airflow (thermistor and nasal pressure) monitor 

breathing after skin preparation with gel and alcohol. All participants were encouraged to sleep 

supinely. According to AASM criteria.11 Apnea episodes were scored as a decrease ≥90% of pre-

event baseline airflow amplitude for ≥10 seconds and hypopnea episodes were defined as a dorp 

≥30% of pre-event baseline airflow with ≥4% desaturation or an arousal for ≥10 seconds, 

respectively. OSA categories were stratified by apnea-hypopnea index (AHI, numbers of apneaic 

and hyponeaic events per hour over sleep period). Patients were divided into four groups based on 

AHI severity: non-OSA (AHI<5 events per hour), mild OSA (5AHI<15 events per hour), 

moderate OSA (15<AHI30 events per hour), and severe OSA (AHI≥30 events per hour).  

 

2.4 Statistical analyses 
 

Numerical data were reported as mean ± standard deviation (SD) or median (range). Categorical 

data were present as numbers (percentages). Comparison of quantitative data among groups using 

analysis of variance (ANOVA) and categorical data compared among groups using chi-squared 

tests. To assess differences in HRV parameters among different AHI severity groups, unadjusted 

ANOVA or adjusted analysis of covariance (ANCOVA) controlling for important clinical 

covariates, including age, sex, BMI, race/ethnicity, presence of comorbidities (hypertension, 
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hyperlipidemia, coronary artery disease, heart failure, stroke and diabetes), SAGIC site, and ECG 

sampling rate and time from the end of ECG to sleep onset, was utilized in this study. To better 

investigate further modifying effects of obesity on observed relationships among group, 

exploratory analyses were conducted in the full sample. The obesity stratification was based on 

BMI ≥ 27 kg/m2 among subjects of self-reported Asian ethnicity and BMI ≥ 30 kg/m2 among 

others ethnicities.21 Statistical interaction tests assessing the significance of a product term [obesity 

(1 = obese, 0 = non-obese)] by [AHI severity group] in models including the main effects were 

used to evaluated for discrepancies among OSA severity groups stratified by obesity status. 

 

Additionally, Pearson’s linear and partial correlations (adjusted for the same covariates) to study 

the associations between continuous AHI or Epworth Sleepiness Scale (ESS) and HRV metrics 

were employed among groups. In accordance with observed non-normal distributions of variables, 

meanNN, CVNN, SDNN, SDANN1, RMSSD, 5-min TP, LF/HF and HF/P were in natural log- 

transformations in all analyses. Similarly, the natural log of AHI + 1 was applied to examine 

continuous relationships with HRV variables.  

 

Statistical significance was according to the results of a domain-specific Bonferroni correction 

(e.g. p<0.0125 for time-domain parameters, p<0.0083 for frequency-domain parameters and 

p<0.0167 for non-linear domain parameters). If significant or nominal (p<0.05) differences among 

groups were found in overall ANOVA/ANCOVA analyses, post-hoc comparisons 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. We used SAS version 9.4 (SAS 

Institute, Cary, NC) and Stata/SE 14.2 (StataCorp LLC, College Station, TX) to perform statistical 

analyses. 

 

3. Results 
 

3.1 Patient characteristics  
 

The comparison of baseline characteristics among subjects with and without OSA according to 

AHI classification is summarized in Table 1.22 There are significant differences among groups for 

each demographic, anthropometric and ECG sampling variable including age, gender, BMI, AHI, 

ethnicity, site and sampling rate (all p<0.0001). Only a small number of participants in the analysis 

(n=4 [0.3%]) had a sampling frequency <128 Hz; these individuals were excluded. Among those 
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included in the analysis, 62.7% of all recordings had a sampling frequency <256 Hz, including 

128Hz (11.3%), 200Hz (51.2%), 250Hz (0.2%), 256Hz (28.0%) and 512Hz (9.3%). While there 

were some differences in sampling frequencies across sites, we do not expect this to influence the 

distributions of OSA severity presented in Table 1; we also included site as a covariate in our 

adjusted analyses to control for possible confounding due to site-specific factors. Similarly, 

differences were observed in all reported comorbidities, with higher prevalence of cardiovascular 

diseases and diabetes among patients with OSA. No significant difference was found in time from 

end of 5-minute ECG recordings to sleep onset (P=0.554). Overall, the mean (standard deviation) 

time between end of the ECG and sleep initiation was 11.8 (18.2) minutes. There was indeed a 

large range from 0 to 244 minutes; however, 91.8% of the sample had <30 minutes between the 

end of ECG and the start of sleep. There was only a small negative correlation between this 

duration and Epworth scores (rho=-0.07, p=0.032), and no significant correlation between this 

duration and log-transformed AHI (rho = -0.05, p=0.102). All of these variables, except AHI, were 

included as covariates in adjusted comparisons of HRV parameters from non-OSA to severe OSA. 
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Table 1 Summary of characteristics of participants with and without obstructive sleep apnea at 

baseline22 

Variable No OSA 

AHI<5 

Mild OSA 

5≤AHI<15 

Moderate 

OSA 

15≤AHI<30 

Severe OSA 

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/m2 27.4 ± 5.6 30.8 ± 7.4 32.6 ± 7.2 33.3 ± 8.8 <0.0001 

AHI, events/h 1.7 ± 1.5 9.5 ± 2.9 21.0 ± 4.3 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*, mins 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 ± standard deviation (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. 

Note: this table is adopted from my doctoral work (Ref 22) as there are the same samples included 

in this study, which means the values of the clinical and technical features are same. 
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3.2 Linear and non-linear HRV measures among OSA severity groups 
 

The comparisons of HRV measurements among groups are shown in unadjusted analysis (Table 

2) and adjusted analysis with controls for confounding factors (Table 3). 

 

Table 2 Unadjusted comparison of heart rate variability measures by apnea-hypopnea index 

categories in the SAGIC cohort 

Variable 

Mean ± Standard Deviation 

AHI<5 5≤AHI<15 15≤AHI<30 AHI≥30 
p-value* 

Time-domain parameters 

meanNN, ms  871 ± 123 897 ± 134a, g, j 866 ± 123l 836 ± 137f <0.0001‡ 

SDNN, ms 48.36 ± 25.88  44.78 ± 24.59  41.48 ± 21.98d, l 35.86 ± 19.48f <0.0001‡ 

SDANN1, ms 23.78 ± 19.34 22.32 ± 18.20 20.72 ± 15.25l 7.01 ± 12.76 <0.0001‡ 

CVNN 0.06 ± 0.03 0.05 ± 0.03b, j 0.05 ± 0.02d, k 0.04 ± 0.02f <0.0001‡ 

RMSSD, ms 29.51 ± 17.16 26.68 ± 16.15a, g, j 23.65 ± 14.74d, l 20.55 ± 12.79f <0.0001‡ 

pNN50, % 10.1 ± 13.1 8.1 ± 12.1a, j 6.4 ± 10.7d 4.7 ± 8.5f <0.0001 

pNNl20 0.58 ± 0.23 0.61 ± 0.22a, h, j 0.67 ± 0.23d, k 0.71 ± 0.23f <0.0001 

Frequency-domain parameters 

5-min TP, ms2 312 ± 372 271 ± 365b, i 260 ± 292c  208 ± 247f <0.0001‡ 

LF, ms2 82 ± 92 67 ± 86a 67 ± 96c 60 ± 79f 0.0039 

HF, ms2 39 ± 49 30 ± 42b, i 24 ± 29d 22 ± 29f <0.0001 

LF/HF 3.2 ± 3.1 3.6 ± 3.6 4.1 ± 4.1 3.9 ± 4.4 0.178‡ 

LF nu 0.66 ± 0.18 0.68 ± 0.19 0.69 ± 0.20 0.68 ± 0.19 0.293 

HF nu 0.34 ± 0.18 0.32 ± 0.19 0.31 ± 0.20  0.32 ±0.19 0.293 

LF/P 0.29 ± 0.14 0.29 ± 0.15 0.28 ± 0.15 0.29 ± 0.15 0.3511 

HF/P 0.16 ± 0.13 0.15 ± 0.14 0.14 ± 0.14d 0.15 ± 0.13 0.0031‡ 

Non-linear dynamic parameters 

Shannon entropy 2.1 ± 0.5 2.0 ± 0.5j 1.9 ± 0.5d, l 1.8 ± 0.5f <0.0001 

Fwshannon 2.8 ± 0.5 2.7± 0.5a, g, j 2.6 ± 0.6d 2.5 ± 0.5f <0.0001 

Forbword 32 ± 11 34 ± 11b, j 36±11d 38 ±10f <0.0001 

Renyi4  1.71 ± 0.48  1.65 ± 0.48 1.60 ± 0.50c, j, l 1.46 ± 0.48f <0.0001 

Fwrenyi025 3.23 ± 0.42 3.13 ± 0.44d, j 3.06 ± 0.45d 3.00 ± 0.43f <0.0001 

Fwrenyi4 2.05 ± 0.60 1.97 ± 0.57j 1.88 ± 0.60d, k 1.76 ± 0.57f <0.0001 

Wsdvar 1.29 ± 0.58 1.19 ± 0.59a, j  1.17 ± 0.63c, k 1.05 ± 0.55f <0.0001 

Wpsum02 0.54 ± 0.27 0.60 ± 0.27b, j 0.62 ± 0.28d, l 0.68 ± 0.234f <0.0001 

Wpsum13 0.15 ± 0.15 0.13 ± 0.13i 0.13 ± 0.14k 0.10 ± 0.11f 0.0004 

  Plvar20 0.19 ± 0.27 0.20 ± 0.28d, h, j 0.29 ± 0.32k 0.36 ± 0.34f <0.0001 

P-values in bold showed statistically significances after domain-specific Bonferroni correction; *p-value from analysis of variance 

(ANOVA) test comparing parameters among OSA severity groups; ‡Analysis performed on natural log transformed outcome; aP<0.05 (mild 

vs. control); bP<0.0083 (mild vs. control); cP<0.05 (moderate vs. control); dP<0.0083 (moderate vs. control); eP<0.05 (severe vs. control); 
fP<0.0083 (severe vs. control); gP<0.05 (mild vs. moderate); hP<0.0083 (mild vs. moderate); iP<0.05 (mild vs. severe); jP<0.0083 (mild vs. 

severe); kP<0.05 (moderate vs. severe); lP<0.0083 (moderate vs. severe); meanNN: mean value of normal to normal (NN) interval time 

series; SDNN: standard deviation of normal to normal (NN) interval; SDANN1: standard deviation of the average of 1-minute NN intervals; 

CVNN: ratio of SDNN divided by meanNN; RMSSD: square root of the mean squared differences of consecutive NN intervals; pNN50: 

percentage of NN > 50 ms counts divided by the total number of all NN intervals; pNNl20: percentage of NN intervals differences<20ms; 

5-min TP: total power over five minutes; LF power: power of low frequency range; HF power: power of high frequency range; LF/HF: 

ratio of 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; Renyi4:Renyi entropy with a weighting 

coefficient of α=4; FwrenyiX: frequency of shannon entropy of word distribution using a weighting coefficient of α (α=025,4); Wpsum02: 

relative portion of words consisting only of the symbols ‘0’ and ‘2’; Wpsum13: relative portion of words consisting only of the symbols 

‘1’ and ‘3’; Wsdvar: standard deviation of the word sequence; Plvar20: portion of low-variability patterns in the NN interval time series (< 

20 ms).   
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Seven features (meanNN, SDNN, SDANN1, CVNN, RMSSD, pNN50, and pNNl20) of time-

domain HRV were presented. Unadjusted analyses demonstrated a significant reduction in all time-

domain metrics with increased disease severity (p<0.0001; Table 2). After included clinical and 

technological covariates in adjustment model, differences in all variables remained significant 

(p≤0.005; Table 3). For each HRV parameter, severe OSA patients had lower values in comparison 

with other groups (Table 3). In between-group comparisons, meanNN showed significant 

differences among each AHI groups. These results suggest that patients with more severe OSA 

tend to have lower time-domain HRV measures. 

 

Six features (5-minute TP, LF, HF, LF/HF, LF nu, HF nu, LF/P and HF/P) of frequency-domain 

parameters were reported. Differences in 5-minute TP (p<0.0001), LF (p=0.0039), HF (p<0.0001) 

and HF/P (P<0.0031) were found across all AHI categories in unadjusted analyses. However, after 

controlling clinical and technological covariates, no differences in these measurements among 

AHI groups were observed (Table 3). 

 

For ten non-linear HRV parameters (ShanEn, FwshanEn, Forbword, Renyi4, Fwrenyi025 and 

Fwrenyi4, wpsum02, wpsum13, Wsdvar, and Plvar20), there was an overall decrease of dynamic 

HRV complexity in patients with higher degree of AHI when compared to those without OSA. 

Severe OSA patients had significantly lower values in ShanEn, Renyi4, Fwshannon, Fwrenyi025, 

Fwrenyi4, Wsdvar, and Plvar20 and higher values in Forbword, wpsum02 and Plvar20. Results 

were significantly different in both unadjusted and adjusted comparisons (Table 3). 
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Table 3 Adjusted comparison of heart rate variability measures by apnea-hypopnea index 

categories in the SAGIC cohort 

Variable 

Covariate adjusted mean and 95% confidence interval† 

p-value AHI<5 5≤AHI<15 15≤AHI<30 AHI≥30 

Time-domain metrics 

meanNN, ms 877 (864, 890) 892 (879, 905)h, j 859 (841, 877)k 836 (820, 851)f <0.0001‡ 

SDNN, ms 46.19 (43.77, 48.60) 45.07 (42.53, 47.61) j 43.36 (40.01, 46.70) l 37.40 (34.55, 40.25) f 0.0001‡ 

SDANN1, ms 22.77 (20.97, 24.56) 22.24 (20.36, 24.12) j 21.50 (19.01, 23.98) k 17.98 (15.87, 20.10) f 0.0051‡ 

CVNN 0.052 (0.050, 0.055) 0.050 (0.048, 0.053)j 0.050 (0.046, 0.053)k 0.044 (0.041, 0.047)f 0.0030‡ 

RMSSD, ms 27.98 (26.35, 29.60)) 27.08 (25.37, 28.78) j 24.85 (22.60, 27.09) c,k 21.51 (19.59, 23.42) f <0.0001‡ 

pNN50, % 9.2 (8.0, 10.4) 8.4 (7.2, 9.7)j 7.2 (5.6, 8.9) 5.1 (3.7, 6.5)f 0.0008 

pNNl20 0.60 (0.58, 0.62) 0.60 (0.58, 0.62)g, j 0.65 (0.62, 0.68)c 0.69 (0.66, 0.72) <0.0001 

Frequency-domain metrics 

5-min TP, ms2 276 (242 310) 278 (242, 314) 289 (242, 337) 233 (193, 273) 0.126‡ 

LF, ms2 71 (63, 80) 69 (60, 79) 76 (63, 88) 67 (56, 77) 0.726 

HF, ms2 33 (29, 38) 32 (27, 36) 28 (23, 34) 25 (20, 30) 0.098 

LF/HF 3.3 (2.9, 3.7) 3.6 (3.2, 4.0) 4.1 (3.5, 4.6) 3.8 (3.3, 4.3) 0.240‡ 

LF nu 0.66 (0.64, 0.68) 0.67 (0.65, 0.69) 0.69 (0.67, 0.72) 0.68 (0.66, 0.71) 0.280 

HF nu 0.34 (0.32, 0.36) 0.33 (0.31, 0.35) 0.31 (0.28, 0.33) 0.32 (0.29, 0.34) 0.280 

LF/P 0.28 (0.27, 0.30) 0.29 (0.27, 0.31) 0.28 (0.26, 0.30) 0.30 (0.28, 0.32) 0.582 

HF/P 0.16 (0.14, 0.17) 0.16 (0.14, 0.17) 0.14 (0.12, 0.16) 0.16 (0.13, 0.16) 0.392‡ 

Non-linear dynamic metrics 

Shannon entropy 2.0 (2.0, 2.1) 2.0 (2.0, 2.1)j 2.0 (1.9, 2.1)l 1.8 (1.8, 1.9)f <0.0001 

Fwshannon 2.7 (2.6, 2.7) 2.7 (2.6, 2.8)j 2.6 (2.5, 2.7)k 2.5 (2.4, 2.6)f 0.0001 

Forbword 33 (32, 33) 34 (33, 35)j 35 (33, 36) 37 (35, 38)f 0.0006 

Renyi4 1.65 (1.60, 1.70) 1.67 (1.61, 1.72)j 1.65 (1.58, 1.72)l 1.49 (1.44, 1.55)f 0.0001 

Fwrenyi025 3.17 (3.13, 3.21) 3.16 (3.12, 3.21)j 3.11 (3.05, 3.17) 3.03 (2.98, 3.08)f 0.0007 

Fwrenyi4 1.98 (1.92, 2.03) 2.00 (1.94, 2.06)j 1.94 (1.85, 2.02)l 1.79 (1.72, 1.86)f 0.0001 

Wsdvar 1.22 (1.16, 1.28) 1.21 (1.15, 1.27)i 1.23 (1.15, 1.31)l 1.08 (1.02, 1.15)f 0.0133 

Wpsum02 0.56 (0.55, 0.60) 0.59 (0.56, 0.61)j 0.59 (0.55, 0.62)l 0.67 (0.64, 0.70)f 0.0002 

Wpsum13 0.14 (0.12, 0.15) 0.13 (0.12, 0.15) 0.14 (0.13, 0.16)l 0.11 (0.09, 0.13)e 0.0394 

   Plvar20 0.22 (0.19, 0.25) 0.20 (0.17, 0.23)j, g 0.27 (0.23, 0.31)k 0.33 (0.29, 0.36)f <0.0001 

P-values in bold showed statistically significances after domain-specific Bonferroni correction; †Least squares mean and 95% confidence interval, 

adjusted for age, gender, BMI, race/ethnicity, site, comorbidities, ECG sampling rate and time from end of ECG recording to sleep onset; ‡Analysis 

performed on natural log transformed outcome; aP<0.05 (mild vs. control); bP<0.0083 (mild vs. control); cP<0.05 (moderate vs. control); dP<0.0083 

(moderate vs. control); eP<0.05 (severe vs. control); fP<0.0083 (severe vs. control); gP<0.05 (mild vs. moderate); hP<0.0083 (mild vs. moderate); 
iP<0.05 (mild vs. severe); jP<0.0083 (mild vs. severe); kP<0.05 (moderate vs. severe); lP<0.0083 (moderate vs. severe); meanNN: mean value of 

normal to normal (NN) interval time series; SDNN: standard deviation of normal to normal (NN) interval; SDANN1: standard deviation of the 

average of 1-minute NN intervals; CVNN: ratio of SDNN divided by meanNN; RMSSD: square root of the mean squared differences of consecutive 

NN intervals; pNN50: percentage of NN > 50 ms counts divided by the total number of all NN intervals; pNNl20: percentage of NN intervals 

differences<20ms; 5-min TP: total power over five minutes; LF power: power of low frequency range; HF power: power of high frequency range; 

LF/HF: ratio of 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; Renyi4:Renyi entropy with a weighting coefficient 

of α=4; FwrenyiX: frequency of shannon entropy of word distribution using a weighting coefficient of α (α=025,4); Wpsum02: relative portion of 

words consisting only of the symbols ‘0’ and ‘2’; Wpsum13: relative portion of words consisting only of the symbols ‘1’ and ‘3’; Wsdvar: standard 

deviation of the word sequence; Plvar20: portion of low-variability patterns in the NN interval time series (< 20 ms). 
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3.3 HRV metrics among OSA severity groups in obesity-stratified analyses 

 

We also performed statistical interaction tests between the HRV variables and obesity status to 

formally evaluate whether the observed relationships are modified by obesity. Unadjusted and 

adjusted results are shown in Table 4 and 5. Those results indicate that in both obese and non-

obese subjects, time domain and non-linear measurements of HRV during pre-sleep wakefulness 

remained significantly related to increasing AHI severity, with a reduction in the global HRV 

metrics and less complex HRV parameters in patients with more severe condition even after 

adjusted for relevant covariates (Table 5). In addition, obesity status was linked to a shift to 

sympathetic enhancement as manifested by a higher LF and LF/HF, which was not seen in lean 

patients. Overall, these results donated adequate evidence in support of the hypothesis that HRV 

measures are associated with OSA regardless of obesity. 
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3.4 Relationship between HRV parameters and continuous AHI 

 

To compare differences in HRV measurements among OSA severity groups, we evaluated the 

association with continuous AHI. Consistent with the results of comparisons among AHI groups,  

rising AHI was significantly related to lower values of all time-domain parameters in adjusted 

analyses, including meanNN (rho=-0.12, p<0.0001), SDNN (rho=-0.11, p<0.0001), SDANN1 

(rho=-0.09, p=0.002), CVNN (rho=-0.09, p=0.0013), RMSSD (rho=-0.15, p<0.0001), pNN50 

(rho=-0.11, p=0.0001), and pNNl20 (rho=0.14, p<0.0001). Similarly, more severe OSA have a 

close association with a loss of HRV complexity, showing negative correlations with ShanEn 

(rho=-0.11, p=0.0001), Fwshannon (rho=-0.11, p=0.0001), Renyi4 (rho=-0.09, p=0.0012), 

Fwrenyi025 (rho=-0.01, p=0.0001), Fwrenyi4 (-0.10, p=0.0003), Wsdvar (rho=-0.06, p=0.0354), 

and positive correlations with Forbword (rho=0.12, p<0.0001), Wpsum02 (rho=0.10, p=0.0007) 

and Plvar20 (rho=0.12, p<0.0001) in analyses of adjustment. No statistically significant 

correlations between AHI and frequency-domain parameters were found.  
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3.5 Association between HRV measures and Epworth Sleepiness Scale 

 

To perform an exploratory analysis on the relationship between HRV and sleepiness, we also tested 

whether HRV during pre-sleep wakefulness correlated with the subjective sleepiness evaluated by 

the Epworth Sleepiness Scale (ESS). In covariates adjusted analyses, higher ESS was significantly 

related with meanNN (rho=-0.10, p=0.0018), SDNN (rho=-0.07, p=0.040), lower RMSSD (rho = 

-0.10, p=0.004), Renyi4 (rho=-0.08, p=0.0189), pNNl20 (rho=0.08, p=0.0237), lower Fwshannon 

(rho = -0.09, p=0.005), ShanEn (rho=-0.08, p=0.021), Fwrenyi4 (rho=-0.10, p=0.0043). 

Correlations were in line with other time domain and non-linear dynamic measurements, although 

results did not reach statistical significance after Bonferroni correction. Thus, results provided 

evidence regarding some correlations between ESS and HRV measures during wakefulness, even 

though they were not as strong as seen with AHI.  
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4. Discussion 

 

4.1 Summary 
 

This study provides further evidence of the existence of cardiovascular abnormalities and 

autonomic dysfunction in OSA patients even during the wake period without the presence of sleep 

apnea. Our results show a significant relationship between simple 5-minute ECG heart rate 

variability during pre-sleep wakefulness and OSA severity. OSA patients demonstrate significantly 

lower values of temporal HRV parameters and more regular dynamic HRV patterns compared to 

non-OSA patients after controlling relevant covariates. Our results suggested AHI severity is an 

independent contributor to a reduction in the variability and complexity of heartbeat time series, 

particularly in patients with severe OSA. Furthermore, our subgroup analyses show that there is 

sympathetic hyperactivity in more severe OSA among obese patients with higher LF and LF/HF 

compared to those who are non-obese. Current data has confirmed that many HRV measures 

during ambulatory wakefulness associate with OSA severity within small sample sizes.9, 10, 16 Our 

study overcomes the limitation of published research and extends the research topic by using a 

board of OSA samples and comprehensive HRV measurements. 

 

Multiple HRV measurements during pre-sleep wakefulness are employed to capture HRV patterns 

and address the observed relationships in this study. The wake HRV analyses allows a cost-

effective method to be carried out in existing clinical settings. Moreover, interpreting results of 

sleep HRV in patients with OSA is challenging due to influences from different sleep stages, 

respiratory events, arousal and hypoxia.13, 14, 23 Analyses focus on the carryover effect of OSA on 

the autonomic nervous system in quiet wake condition can avoid overnight physiological 

heterogeneities. Importantly, our data demonstrates meaningful associations with wake HRV 

metrics and their potential utility of HRV into clinical practices.  

 

4.2 Time-domain HRV analysis  

 

We found a significant decrease in overall time-domain HRV measures, quantified by meanNN, 
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CVNN, SDNN and SDANN1 among groups with different levels of OSA. This is consistent with 

previous findings on OSA during wake period without presence of OSA.9, 10, 16 RMSSD and 

pNN50 are related to parasympathetic tone. pNNl20 is highly related to diminished beat-to-beat 

intervals as SDANN<20 ms is shown in more severe OSA. Those measures provide insight to 

visually lower variation of interbeat intervals. Both meanNN and CVNN distinguish mild, modest, 

and severe OSA even after adjustment. Notably, previous studies reported cut-off points for 

increased mortality risk. Reduced SDNN (e.g. <40ms) or RMSSD (e.g. <25ms) could be an 

indicator for cardiovascular risk stratification.24, 25 

 

4.3 Frequency-domain HRV analysis 

 

With respect to frequency-domain analysis in our study, the results showed that there is a 

relationship between AHI severity and unadjusted spectral measures but not after multivariable 

adjustment within the entire samples. However, exploratory analyses suggested that obesity status 

may modify the association between measures and OSA severity. Differences in LF and LF/HF 

indicate that a shift of sympathetic dominance occurs among obese patients with more severe OSA.  

 

The results of the sympathetic and parasympathetic activity are less consistently found in 

frequency-domain analysis compared to time-domain analysis. The inconsistent findings in 

spectral HRV measures in OSA are possibly due to methodological concerns. The most 

controversial finding was the significant differences in the sympathetic and vagal outflow among 

different studies. In the secondary analyses, stratified by obesity, the observed differences are 

consistent in sympathetic overactivity in severe obese OSA patients with other studies, suggesting 

that, in particular, obesity status may cover changes in autonomic control in OSA.26 Interestingly, 

Gula et al. suggested that changes in autonomic activity are disproportional to OSA severity, 

demonstrating elevated sympathetic predominance and discordant autonomic imbalance from mild 

to moderate OSA, compared to blunted responses in severe OSA.27 Our data also show a tendency 

of less sympathetic hyperactivity in severe OSA compared to moderate OSA. This nonlinear 

relationship between impaired autonomic control and OSA severity is an open question. More 

evidence in support of this idea is needed in order to study its clinical implication.  
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4.5 Non-linear HRV analysis 

 

Quantifying of the dynamics of cardiac rhythm is crucial to identify univocal and morbid HRV 

patterns. To the best of our knowledge, this study is the first to investigate the association between 

non-linear wake HRV and OSA severity. Complexity analysis is able to derive non-linear features 

of cardiac beat-to-beat variability compared to traditional time- and frequency-domain analysis.7, 

20 Shannon entropy and Renyi entropy are markers for regularity and predictability of HRV.28 

Conventional linear HRV analyses cannot capture the nonlinearity of heartbeat as cardiovascular 

system is a complex system.29 Stein et al. suggested patients with similar overall variability exhibit 

a wide range of nonlinear HRV patterns, which help identify pathological conditions.29 Thus, non-

linear HRV is being increasingly explored as a tool to investigate cardiac autonomic regularity 

based on information theory and chaotic dynamics.  

 

In this study, we compared differences in nonlinear dynamics among various AHI severity groups 

using a variety of symbolic dynamic parameters. We validated that those symbolic measures and 

were able to identify complexity of cardiac autonomic modulation in different levels of OSA 

severity. Entropy measures system regularity and predictability. Lower entropy indicates more 

system order and less randomness. We used Shannon Entropy, Renyi Entropy, and their relative 

symbolic word distribution frequency, to provide a potential physiological interpretation of what 

reduced entropy measures imply in this study. The decreased Renyi4 suggested that the dynamic 

of severe OSA is more likely to be predictable, showing heart rate control is less complex. Entropy 

measures, Fwshannon and Fwrenyi constantly decreased in more severe OSA. Symbolic dynamics 

provide intuitive insight of erratic behavior of heart rate time series.30 RR sequences in more severe 

OSA become more regular with higher values of Forbword, Wpsum02, and Plvar20, and lower 

values of Wsdvar and Wpsum13. Those symbolic dynamic measures transfer numerous 

conditional probabilities into a wide range of regularity measurements. Compared to time-domain 

measures, entropy and symbolic measures appear to be more sensitive and effective to identify 

OSA severity with more significance between groups. Further studies on nonlinear HRV analysis 

are needed to facilitate its proper utilization, potential application, and medical interpretation in 

diagnostic and predictive uses. 
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4.6 Impact of impaired HRV 

 

Impaired autonomic function and abnormal HRV patterns have previously been demonstrated in 

small-scale studies using short-term HRV analysis during pre-sleep wakefulness in OSA patients.9, 

10, 16, 31, 32 Current findings showed that several mechanisms may initially be involved in autonomic 

dysfunction in OSA. Chemoreceptors and baroreceptors play an important role in modulating 

autonomic input to the heart.33 In addition, a negative intrathoracic pressure due to inspiratory 

effort against an occluded airway and arousal in OSA may activate pulmonary stretch receptors, 

which contributes to a fall in cardiac output.34 Recurrent vicious circles of these nocturnal 

cardiovascular changes may cause chronic autonomic nervous system stimulation, possibly 

damaging baroreflex sensitivity and reset stimulation threshold.35 The magnitude of bradycardia 

alters proportionally with the degree of hypoxia. Heart rate decrease leads to bradycardia during 

apnea due to increased vagal activity during apnea, while heart rate increase leads to tachycardia 

at the apnea due to elevated sympathetic tone or vagal withdrawal.15, 23 As a result, those sleep 

apnea relative changes such as hypoxia, arousal, and pleural pressure swings may lead to 

sympathetic overactivity, parasympathetic withdrawal, impaired baroreflex sensitivity, discordant 

autonomic imbalance, or the combination of these changes mediated via the chemoreflex, 

baroreflex and mechanical reflexes. Those chronic autonomic impairments may be not only 

manifested during sleep but also persist in the daytime.  

 

The predictive and prognostic value of HRV for use in cardiac risk stratification have been 

investigated in other populations, such as the patients after myocardial infarction and the elderly.36, 

37 Reduced HRV is in relation to risk and incidence of adverse cardiovascular outcomes. In a meta-

analysis, Hillebrand et al demonstrated a 1% drop in HRV is related to approximately a 1% raise 

in fatal and non-fatal cardiovascular events in individuals without recognized CVD.38 However, 

the associations of impaired HRV and long-term cardiovascular sequelae in patients with OSA is 

unknown. Sankari et al. used total and sleep RR intervals index (RRDI), computed by the number 

of RRI dips divided by total recording time and sleep time, respectively to investigate the role of 

overnight alternation in heartbeats in CV risk in OSA patients from the Wisconsin Sleep Cohort.39 

Their findings suggested that the increased dips in sleep RRI are related to CVD onset with hazard 
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ratio of 1.21 per 10-unit increment in RRDI. Patients with greater total RRDI are at higher risk in 

elevated incidence of CVD and mortality with a 7.4 hazard ratio. Whether HRV measures could 

be a good indicator of different CV risk phenotypes in OSA requires more investigation. 

 

4.7 Strengths and limitations 

 

There are several strengths in this study. It not only evaluated mathematical properties, but also 

discussed further clinical indication of HRV in OSA using time-domain, frequency-domain and 

nonlinear HRV measures. It provides better understanding of a clear relationship between OSA 

severity and HRV when patients are during wakefulness prior to sleep onset. Our study used a 

large OSA clinical cohort with a wide range of AHI severity across multiple centers. Thus, our 

results are more generalizable to patients in authentic clinical practices worldwide. Finally, we 

introduced standard 5-minute HRV measurements during wakefulness immediately prior to 

polysomnography. which is a simple method to translate to clinical settings.  

 

However, there are also some limitations. First, our data was obtained from an observational study, 

which was not able to evaluate the causal relationship between HRV and OSA severity, or the 

associations between the lower HRV in patients with more severe OSA and the higher risk of new-

onset cardiovascular diseases. Secondly, we recorded 5-minute ECG data preceding the sleep study. 

Whether our results could directly generalize to the daytime wake state needs further validation. 

Third, specific medications on the management of hypertension, cardiovascular diseases, diabetes 

and high cholesterol were not included as covariates in adjusted models, which might 

underestimate the impact of OSA severity on HRV and reduce the sympathetic tone. Fourth, a 

variety of ECG sampling rate were used among different SAGIC sites. We used sampling rate 

≥128Hz due to its acceptability for HRV analysis.40 To diminish any sampling rate bias, ECG 

sampling rate was included as a covariate in statistical models. Finally, we did not use paced 

breathing to control the tidal volume and respiratory rate for each participant because the impact 

of respiration on HRV is controversial. Instead, we instructed patients to breathe spontaneously in 

a relaxing supine position. This protocol is easy to implement in different sleep laboratories and 

allows to carry out standardized protocol of wake HRV measurements at normal breathing without 
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cooperation of patients. Therefore, our findings should still be clinically applicable. 

 

5. Conclusion 

 

HRV measures during wakefulness prior to sleep have a significant association with incremental 

severity of OSA, showing a loss of the global HRV and less complex HRV dynamics among more 

severe and obese patients after adjustment for relevant confounding factors. These observed 

changes are in agreement with worse cardiac autonomic regulation in patients with the most severe 

OSA. Acute and recurrent OSA related changes during sleep have cumulative impacts on 

autonomic nervous system activity. Thus, the HRV characteristics may provide valuable hidden 

information on cardiovascular pathophysiology and autonomic function in OSA simply based on 

ECG data. However, evidence concerning whether comprehensive HRV metrics, in combination 

with other features of OSA, may identify cardiac autonomic dysfunction and improve 

cardiovascular risk stratification with OSA is still limited. To more precisely characterize 

individual patients with OSA, further research on the role of HRV in developing cardiac 

phenotypes of OSA and predicting their cardiovascular outcomes is needed. 
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