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Background: Cardiac autonomic dysfunction (CAD) is a common pathology in cardiovas
cular diseases; however, the role of glycolipid metabolic disorders in CAD development in 
obstructive sleep apnea (OSA) remains poorly understood.
Methods: In total, 4152 patients with suspected OSA were recruited in our sleep center. 
Metabolic characteristics including anthropometric and glycolipid data were collected. Heart 
rate variability (HRV) was measured to assess the risk of CAD; its dose–response relation
ship with OSA severity was evaluated via restricted cubic spline (RCS) analysis. 
A segmented multivariate linear regression (SMLR) model was used to evaluate the roles 
of metabolic variables in different stages of OSA.
Results: The RCS showed that CAD risk increased in a nonlinear relationship pattern with 
OSA severity, from slow fluctuation at earlier stages to rapid change in later stages. After 
integrating the clinical definition and RCS selected knots, we obtained the new four OSA 
severity stages. SMLR model showed that the overall value of glycolipid variables for 
prediction of HRV abnormalities was greater than the value of OSA variables at earlier 
stages, while OSA variables were more effective predictors in more severe stages. The 
discordance in respective relationship of HRV with metabolic and OSA variables sheds the 
light how metabolic disorders promoted the development of CAD in OSA, the later further in 
turn deteriorates cardiac function.
Conclusion: These results are indicative of stage-specific involvement of glycolipid meta
bolic factors underlying CAD nonlinear changes in patients with OSA. Early control 
glycolipid disorders may help the control of CAD development in patients with OSA.
Keywords: obstructive sleep apnea, autonomic nervous system, cardiac autonomic 
neuropathy, metabolism, heart rate variability

Introduction
Obstructive sleep apnea (OSA) is a breathing disorder characterized by recurrent 
episodes of upper airway collapse during sleep, leading to chronic intermittent 
hypoxia and sleep fragmentation.1 Several large cohort studies (eg, the Sleep 
Heart Health Study and WISCONSIN Study) have shown that OSA is associated 
with the development of cardiovascular disease (CVD).2–4 Cardiac autonomic 
dysfunction (CAD) is a common pathology involved in the development of 
many CVDs, including arrhythmia, hypertension and coronary artery disease.5,6 
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In the study of CAD, heart rate variability (HRV) is 
a widely used, noninvasive measure for assessment of 
cardiac autonomic function; it is also a good indicator 
of early impairment of heart function in the development 
of CVD.7,8 Previous studies have demonstrated that, in 
patients with OSA, HRV is regulated by multiple sleep- 
related factors (eg, arousal and sleep quality), as well as 
breathing-related factors (eg, respiratory rhythm and 
intrathoracic pressure).9,10 In parallel, multiple glycolipid 
metabolic disorders (eg, diabetes, hyperlipidemia, and 
obesity) frequently coexist in patients with OSA and 
appear to play a causative role in the development of 
many CVDs;11 they have been shown to exert significant 
adverse effects on autonomic cardiovascular nervous sys
tem function.12,13 Given this extensive interplay among 
OSA, glycolipid disorders, and CAD, a more thorough 
understanding of these interactions is warranted.14

HRV serves as a key component for evaluation of the 
interactions among CAD, glycolipid metabolic disorders, 
and OSA.11,13 However, most of previous studies investi
gated the one-to-one relationship across the three. This 
practice somehow resulted in a great limitation in explor
ing a clear relationship. For example, sleep-related breath
ing disorders were inversely associated with standard 
deviation of all normal R-R intervals (SDNN) in a large 
cohort of participants taken from the general population (n 
= 1255, 10% with OSA),15 in contrast to two other studies 
which revealed elevated SDNN scores in patients with 
OSA.16,17 Furthermore, two additional studies found that 
SDNN scores were not significantly associated with 
OSA.18,19 The reason for these previous inconsistent 
results is unclear and is likely multifaceted, for example, 
the small sample sizes or inadequate adjustment for con
founding covariates. It is presumably partly because of 
various confounding factors, such as metabolic compo
nents. To the best of our knowledge, few studies have 
attempted to address the interrelationship among metabo
lism, OSA, and cardiac autonomic function. Of these 
analyses, only three small-sample studies (n = 46, 60, 
and 33 patients, respectively) investigated the role of the 
glucose metabolism on cardiac autonomic function in 
patients with OSA; no investigations into other metabolic 
factors (eg, lipid metabolism) have been reported thus 
far.20–22 While some degree of interaction had been 
observed among risk factors on cardiac autonomic func
tion, these investigations were not comprehensive in nat
ure. Another important maybe reason was that for many 
chronic diseases, such as obesity and diabetes, the 

relationship between a risk factor and its resulting conse
quence is rarely linear.23,24 In a large-sample study 
reported recently, we also found that the dose–response 
relationship between OSA severity and dyslipidemia was 
complex, such that it consisted of multiple stages with 
a plateau.25 Thus, the relationship between CAD and 
OSA may also be nonlinear in nature due to strong impact 
of glycolipid metabolic disorders on disease outcomes.

The goal of this study was to provide insights into the 
heterogeneous contributions of various risk factors to 
CVD variation among stages of OSA. In this study, early 
CVD development was investigated by evaluation of HRV 
in CAD. We hypothesized that OSA was associated with 
CVD development in a nonlinear manner, whereby gluco
lipid metabolic disorders served as significant confounders 
of disease outcomes. Rather than using a model-driven 
strategy, we selected a data-driven strategy to identify 
potential multi-stage relationships among risk factors (eg, 
glycolipid metabolism disorders, sleep disorders, and 
respiratory abnormalities) for CAD in patients with OSA.

Materials and Methods
Patients and Research Design
This cross-sectional observational study involved 4152 
adults with symptoms of snoring and excessive daytime 
sleepiness who visited our sleep center from July 2012 to 
September 2017. In total, 752 patients were excluded for 
the following reasons: 1) age younger than 18 years; 2) use 
of coffee and/or other drugs that may affect heart rate, 
prior to nocturnal polysomnographic analysis; 3) prior 
diagnosis of CVD, hyperthyroidism, or respiratory dis
eases that may affect HRV; 4) previous treatments for 
OSA, diabetes, obesity or dyslipidemia; 5) other sleep 
disorder (eg, upper airway resistance syndrome, restless 
leg syndrome, or narcolepsy); or 6) missing data. 
Therefore, 3400 patients were included in the analysis. 
A flowchart outlining patient inclusion criteria is shown 
in Figure S1. Although none of the procedures involved in 
this study were experimental, written informed consent 
was obtained from each participant for inclusion in the 
study and for the use of personal information. This study 
was approved by the Internal Review Board of the 
Institutional Ethics Committee of Shanghai Jiao Tong 
University Affiliated Sixth Hospital and was conducted 
in accordance with the tenets of the Declaration of 
Helsinki.
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Sleep Studies
A full nocturnal monitoring of sleep was conducted in 
each OSA subject using a laboratory-based polysomnogra
phy (PSG) device (Alice 4 or 5; Respironics, Pittsburgh, 
PA, USA) according to the American Academy of Sleep 
Medicine (AASM) criteria.26 Sleep period time (SPT) was 
the sum of the duration of stage 1, stage 2, stage 3 (or 
slow-wave sleep-SWS), wake time after sleep onset 
(WASO) and the sleep stage of rapid eye movement 
(REM). Sleep stages were expressed as percentage of 
SPT. Apnea was defined as the complete cessation of air
flow lasted for 10 s or more; hypopnea was defined as 
either a larger -than-50% reduction in airflow for 10 s or 
more, or a smaller-than-50% but discernible reduction in 
airflow that was accompanied by either a more-than-4% 
decrease in oxyhemoglobin saturation or an arousal. The 
apnea-hypopnea index (AHI) records the number of 
apnea-plus-hypopnea events per hour during sleep. OSA 
was defined as apnea or hypopnea occurring no fewer than 
five times per hour, lasting for at least 10 seconds. An 
arousal was identified as an abrupt shift in the electroen
cephalogram frequency that lasted ≥3 s and was labelled 
during rapid-eye-movement sleep by a concurrent increase 
in the electromyogram amplitude. The microarousal index 
(MAI) was defined as the average number of arousals 
per hour of sleep. The oxygen desaturation index (ODI) 
was defined as the total number of episodes of ≥4% 
oxyhemoglobin desaturation per total sleep time in hours. 
OSA severity was defined by AHI according to the current 
standards: non OSA (AHI<5), mild OSA (5≤AHI<15), 
moderate OSA (15≤AHI<30), severe OSA (AHI≥30).26 

Epworth sleepiness scale (ESS) is a self-administered 
questionnaire that provides a subjective measure of day
time sleepiness in eight items. Respondents use a four- 
point scale (scored 0 to 3) to respond to each of the eight 
questions, and the scores are summed to provide an overall 
score of 0 to 24.27

Heart Rate Variability Analysis and 
Definition of CAD
HRV was analyzed following the guidelines of Task Force 
of the European Society of Cardiology and the North 
American Society of Pacing and Electrophysiology.8 In 
the polysomnographic test, ECG signal was recorded at 
500 Hz an over 5-min awake period before the onset of 
sleep when the subject was breathing spontaneously and in 
supine position. The 5-minutes ECG segment taken during 

wakefulness periods were used to calculated the HRV 
parameters. The ARTiiFACT 3.0 (Psychonomic Society, 
Inc.) was used to detect R-peaks and extract inter-beat 
intervals. The result was manually corrected for missing 
R-peaks and incorrect artifacts by an experienced doctor. 
In the frequency-domain analysis, the power was calcu
lated in both low-frequency (LF, 0.04–0.15 Hz), and high- 
frequency bands (HF, 0.15–0.40 Hz). The LF component 
was corrected to normalized units (nus) using the equation 
LF[n.u.]=LF/(LF+HF), and the HF component was cor
rected to normalized units as HF[n.u.]=HF/(LF+HF). 
Table S1 summarizes the HRV parameters and CAD per
centages in each group according to the diagnosis of OSA 
severity. The abnormality of those HRV indices were often 
considered as the indication of CAD.6,12 Two approaches 
were used to define the cardiac autonomic dysfunction 
(CAD) in this report. Firstly, the highest or lowest quartile 
of various HRV indices was considered as the indices for 
CAD. Secondly, the reference values for HRV was estab
lished from the 263 healthy subjects based upon the 
Clinical and Laboratory Standards Institute (CLSI) C28 
protocol.28 If HRV index met normal distribution, the 
reference range was set as mean ± 2 SD. If a normal 
distribution was not reached, then the reference range 
was set from 5th percentile to 95th percentile (Table S2).

Anthropometric and Biochemical 
Measurements
Body mass index (BMI) was calculated as weight in kilo
grams divided by height in meters squared (kg/m2). 
Obesity was defined as BMI ≥ 30 kg/m5. Neck circumfer
ence (NC) was measured midway between the mid- 
cervical spine and mid-anterior neck to the nearest 
0.5 cm, just below the laryngeal prominence if palpable. 
Waist circumference (WC) was measured midway 
between the lower costal margin and the iliac crest while 
the subject was standing. Hip circumference (HC) was 
measured as the maximum girth of the greater trochanters. 
WHR was the ratio WC and HC. Daytime blood pressure 
(BP) was measured after at least 5 min of rest in a sitting 
position using a mercury sphygmomanometer, following 
the American Society of Hypertension Guidelines, and the 
mean of three measurements was recorded. The presence 
of hypertension (defined as SBP ≥ 140 mmHg, DBP ≥ 90 
mmHg, or current use of antihypertensive medication). For 
each participant, a fasting blood sample was collected 
from the antecubital vein the morning after PSG 
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monitoring. The fasting serum glucose was measured 
using an H-7600 autoanalyzer (Hitachi, Tokyo, Japan).

An immunoradiological method was used to measure the 
fasting serum insulin level. Insulin resistance was estimated 
using the previously described homeostasis model assess
ment method: fasting serum insulin (μU/mL) × fasting 
plasma glucose (mmol/L)/22.5. Serum lipid profiles were 
measured in the hospital laboratory using routine procedures, 
including total cholesterol (TC), triglycerides (TG), high- 
density lipoprotein cholesterol (HDL-C), low-density lipo
protein cholesterol (LDL-C), apolipoprotein (apo) A-I, apoB, 
apoE, and lipoprotein(a) (Lp(a)). Diabetes was defined as 
a fasting blood glucose level ≥126 mg/dL (or 7.0 mmol/L). 
Dyslipidemia in terms of TC, TG, HDL-C, and LDL-C was 
defined as ≥5.17, ≥1.7, <1.03, and ≥3.33 mmol/L, respec
tively, according to the diagnostic criteria of the US National 
Cholesterol Education Program Adult Treatment Panel III 
(NCEPIII).29

Statistical Analysis
Statistical analyses were performed using IBM SPSS 
Statistics, version 20 (IBM Corp., Armonk, NY, USA). 
P values < 0.05 were considered to indicate statistical sig
nificance. Data that are normally distributed, skewed, or 
categorical are shown as either the mean (standard devia
tion) or median (interquartile range), as appropriate. The 
Kolmogorov–Smirnov test was used to determine whether 
continuous variables followed a normal distribution. 
Skewed variables were log-transformed using the natural 
logarithm method to determine whether a normal distribu
tion could be attained; variables that continued to exhibit 
a skewed distribution were analyzed by nonparametric 
methods. Differences in baseline characteristics among 
groups of patients were assessed using one-way analysis 
of variance or nonparametric tests for continuous variables 
and the chi-squared test for categorical variables. The post 
hoc test was used to compare the subgroup difference.

To reduce the quantity of raw data and simplify the 
analysis, correlation analyses were conducted across indi
vidual HRV parameters (Table S3). Results from this ana
lysis, in combination with common HRV indices used in 
previous studies,5–10 were used to identify three common 
indicators of HRV that served as indirect measurements of 
cardiac autonomic function. Mean heart rate (MEANHR) 
and low frequency/high frequency ratio (LF/HF) were 
selected to measure sympathovagal imbalance. SDNN was 
used to quantify the standard deviation of all heart rates 
during the test period, which mainly reflected the degree of 

parasympathetic activity; a reduction typically represented 
impaired autonomic function. Abnormalities of those HRV 
indices were regarded as indications of CAD (Table S2). 
A full description of the guidelines used in these assess
ments can be found in the Supplementary Materials.

The dose–response association between OSA severity 
and the log probability of CAD (as tested in HRV indices) 
was quantitatively assessed using restricted cubic spline 
(RCS) modeling. A detailed description of the procedures 
used in these analyses can be found in our previous work.25 

The knots were equally spaced between the splines on the 
quantile scale using the default setting (typically 5). The 
detail for the RCS selected knots had been provided in the 
Supplementary Material. Following integration of the clin
ical definition of OSA severity and the OSA quantitative 
knots generated in our RCS analysis, patients were regrouped 
according to AHI scores into a new set of four severity 
stages. Multiple stepwise linear regressions were then per
formed using MEANHR, SDNN, and LF/HF as dependent 
variables, which were then compared against each indepen
dent variable including general measurements (eg, age, sex, 
BMI, hypertension, alcohol status, and smoking status), gly
colipid metabolic variables (eg, ratio between waist circum
ference and hip circumference [WHR], fasting glucose, 
fasting insulin, and blood serum lipid), and OSA variables 
(AHI, MAI, Epworth Sleepiness Scale score [ESS], total 
sleep time, and sleep stage distribution). The R2% was cal
culated from the multiple linear regression for each indivi
dual variable. The relative contribution of metabolic 
variables and OSA variables in prediction of the HRV index 
was then calculated as the sum of individual R2% of the 
variables in each category divided by the total.30

Please see the online Supplementary Materials and 
Data for details regarding the following items: healthy 
participant recruitment, the detail for the RCS selected 
knots, and supplementary results (Figures S1–S3 and 
Tables S1–S4).

Results
Patient Baseline Characteristics
Patients were divided into four subgroups according to the 
current standards of OSA severity. Table 1 summarizes the 
baseline characteristics of all variables in each subgroup. 
Patients with more severe OSA were more likely to be 
elderly, male, smokers, and drinkers, consistent with the 
findings in previous reports. Serum high-density lipopro
tein cholesterol, apolipoprotein A, and lipoprotein a (Lp-a) 
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concentrations; lowest oxygen saturation; and the percen
tages of slow wave sleep, REM, and wake time after sleep 
onset were all negatively correlated with the AHI. In 
contrast, BMI, neck circumference, waist circumference, 
hip circumference, systolic blood pressure, and diastolic 
blood pressure were all positively correlated with AHI (all 
p < 0.05), and the serum concentrations of total choles
terol, triglycerides, low-density lipoprotein cholesterol, 
apolipoprotein B, apolipoprotein E, fasting glucose and 
insulin, as well as ODI, MAI, ESS score, and the percen
tages of sleep stages 1 and 2 were all positively correlated 
with AHI (all p < 0.05).

Preliminary Assessment of HRV Indices 
with OSA Severity
As demonstrated in the baseline data (Table 1), the repre
sentative HRV indices (MEANHR, SDNN, and LF/HF) 
varied with different OSA severity subgroups; their values 
did not follow a uniform pattern in either of the two 
subgroups. For example, the values of SDNN and LF/HF 
were higher in the mild OSA subgroups than in the non- 
OSA subgroups; however, the values were lower in the 
moderate OSA subgroup than in the mild OSA subgroup. 
The relationship between OSA and other HRV indices also 
showed the same pattern (Table S1). Because inadequate 
stratification of OSA might have concealed the actual 
correlations, all 3400 patients were further divided into 
10 equal portions according to the value of AHI; average 
HRV values were then recalculated across each of the 10 
groups. Figure 1 shows how the three HRV parameters 
(MEANHR, SDNN, LF/HF) change among individuals 
with different AHI scores. An overall enhancement was 
observed in all three indices in conjunction with elevated 
AHI; however, the relationship was not uniform. 
MEANHR and LF/HF changed very slowly at AHI levels 
below 50 and 60, respectively, but increased sharply there
after. A small asymptotic enhancement was observed in 
SDNN values in association with elevated AHI, following 
two fluctuations at AHI levels below 30.

Dose–Response Relationships Between 
HRV Indices and OSA Severity Indices, 
Determined by Nonlinear Model Analysis
RCS analysis was used to evaluate the potential dose–response 
relationships between the three HRV parameters used as 
indices of CAD and OSA severity indices (AHI, ODI, MAI) 
(Figure 2). For each of the three HRV indices, log odds were 

calculated as a function of the three OSA indices (AHI, ODI, 
and MAI) in 7 distinct conditions: (1) raw data (unadjusted), or 
data adjusted by (2) age; (3) sex; (4) BMI; (5) age, sex, and 
BMI; (6) smoking and alcohol statuses; or (7) all above factors 
in combination. As shown in Figure 2, the 7 log odds-OSA 
curves in each panel were either parallel or largely overlap
ping. Notably, the risk of HRV indices did not change linearly 
with any of the three OSA severity indices. In the high 
MEANHR and high LF/HF measurements, the log-odds 
curve exhibited slow changes or other fluctuations in the 
early stages of OSA (AHI scores between 5 and 15). This 
early lag phase was followed by a rapid change in association 
with further enhancements of OSA severity, ultimately reach
ing a plateau at very high OSA indices. For example, the log 
odds of high MEANHR exhibited a slow rise with AHI below 
15 (Figure 2A), followed by a small decline with AHI scores 
between 15 and 30. A rapid rise was observed at AHI scores 
greater than 30, after which no significant changes were 
observed in association with higher AHI. Similar nonlinear 
features were evident in the log-odds-OSA curves for the risks 
of all three HRV indices as functions of the other OSA indices 
(ie, ODI and MAI) (Figure 2). Similar fluctuations were also 
obtained when CAD was defined according to the normal 
reference values from the healthy participant cohort (Figure 
S3). Notably, in the log-odds curves against AHI and MAI (but 
not ODI), there is a plateau for patients with very severe OSA 
(eg, AHI and MAI > 90). While the cause of this plateau is 
unclear, the limited number of patients in this study above this 
threshold (72 patients) prevented definitive assessment regard
ing these patients.

Despite these strong associations, the overall log odds 
of low SDNN was inversely proportional to OSA severity 
(Figure 2D–F), a trend that was generally consistent with 
the overall enhancement of SDNN with OSA (Figure 1). 
This phenomenon makes SDNN unique. While the risks of 
high MEANHR and high LF/HF increase with OSA sever
ity (Figure 2A–C, G–I), the risk of low SDNN does not. 
These findings suggest that the impact of OSA on the 
development of CAD is likely different from that of 
other chronic disorders, such as type II diabetes.

Multi-Stage Model for Assessment of 
Glycolipid Metabolic Disorder Impacts on 
HRV Indices
Patients with OSA are typically categorized according to 
AHI clinical definitions (normal, mild, moderate, and 
severe). Based on these observations, we chose to employ 
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Table 1 Comparison of Demographic/Metabolic Characteristics and HRV Across 4 Subgroups Classified by OSA Severity

Non-OSA Mild OSA Moderate OSA Severe OSA

AHI<5 (n=647) 5≤AHI<15 (n=541) 15≤AHI<30 (n=507) 30 ≤ AHI (n=1705) p value

Demographics

Age, years 37 (30, 47) 41 (33, 51)a 43 (35, 54)b 43 (35, 53)c <0.001

Male N (%) 384 (59.4) 416 (76.9)a 421 (83)b 1528 (89)c <0.001

BMI kg/m2 23.78 (21.67, 25.71) 25.15 (23.31, 27.43) 25.991 (23.98, 28.40)b 27.68 (25.64, 30.02)c <0.001

NC cm 36 (34, 39) 38 (36, 40)a 39 (37, 41)b 41 (39, 43)c <0.001

WC cm 86 (80, 92.5) 92 (86, 97)a 95 (90, 100)b 99 (94, 105)c <0.001

HC cm 96 (92, 101) 99 (95, 103)a 100 (96, 105)b 103 (99, 108)c <0.001

SBP 120 (112, 126) 120 (115, 132)a 125 (116, 135)b 127 (120, 138)c <0.001

DBP 78 (70, 81) 79 (71, 85)a 80 (72, 86)b 80 (76, 90)c <0.001

Biochemistry assays

TC mmol/L 4.34 (0.93) 4.71 (0.87)a 4.65 (4.11, 5.28)b 4.79 (4.21, 5.40)c <0.001

TG mmol/L 1.12 (0.74, 1.65) 1.42 (1, 2.08)a 1.61 (1.14, 2.275)b 1.73 (1.26, 2.52)c <0.001

HDL-C mmol/L 1.11 (0.95, 1.3) 1.05 (0.92, 1.23)a 1.02 (0.91, 1.185)b 1.01 (0.89, 1.15)c <0.001

LDL-C mmol/L 2.66 (0.82) 2.99 (0.78)a 2.94 (2.475, 3.5)b 3.05 (2.53, 3.56)c <0.001

apoA-I g/L 1.11 (0.97, 1.28) 1.08 (0.96, 1.23)a 1.07 (0.96, 1.23)b 1.08 (0.97, 1.21)c 0.011

apoB g/L 0.725 (0.61, 0.85) 0.83 (0.18)a 0.81 (0.71, 0.955)b 0.85 (0.75, 0.98)c <0.001

apoE mg/L 3.93 (3.23, 4.74) 4.1 (3.44, 5.02)a 4.31 (3.55, 5.32)b 4.47 (3.68, 5.63)c <0.001

Lp (a) g/L 7.8 (4.3, 16.6) 7.65 (3.9, 17.2)a 7.2 (3.7, 14.29)b 7 (3.6, 14.3)c 0.002

Fasting glucose mmol/L 4.99 (4.65, 5.30) 5.13 (4.85, 5.56)a 5.25 (4.86, 5.79)b 5.415 (5.02, 6.02)c <0.001

Fasting insulin μU/L 7.4 (5.07, 10) 8.9 (6.2, 13)a 10 (7.27, 15)b 12 (8.8, 18)c <0.001

HOMA-IR 0.50 (0.67) 0.74 (0.74)a 0.92 (0.51, 1.34)b 1.13 (0.72, 1.54)c <0.001

Sleep parameters

AHI 1.7 (0.6, 3.1) 9.2 (7, 12.1)a 21.6 (18.2, 25.85)b 58.3 (44.3, 70.725)c <0.001

MAI 12.8 (9.4, 20.2) 18 (12.6, 26.1) 23 (14.85, 31.15)b 38.4 (23.8, 55.425)c <0.001

LSpO2 93.5 (91, 95) 87 (84, 91)a 83 (78, 87)b 72 (63, 79)c <0.001

ODI 1 (0, 3) 9 (6, 12)a 21 (17, 27)b 56 (42, 71)c <0.001

ESS 4 (0, 8) 6 (3, 10.5)a 6 (3, 11)b 10 (6, 14.5)c <0.001

Sleep architecture

SPT min 359.56 (82.80) 367.25 (83.56)a 379.40 (75.22)b 395.72 (73.98)c <0.001

S1 (% SPT) 18.18 (12.70) 18.94 (13.05)a 19.71 (13.67)b 22.38 (15.35)c <0.001

S2 (% SPT) 51.99 (12.97) 52.08 (13.44)a 52.62 (14.52)b 53.77 (15.09)c 0.014

SWS (% SPT) 15.96 (9.99) 15.46 (9.81)a 14.25 (9.73)b 11.16 (9.77)c <0.001

REM (% SPT) 13.07 (6.85) 11.81 (6.50)a 11.68 (6.08)b 11.16 (6.28)c <0.001

WASO (% SPT) 13.11 (0.53) 11.85 (0.53)a 9.82 (0.45)b 8.45 (0.24)c <0.001

Lifestyle history

Current smoking % N (%) 126 (19.5) 187 (34.6)a 201 (39.6)b 818 (48)c <0.001

Alcohol consumption N (%) 179 (27.7) 208 (38.4)a 217 (42.8)b 834 (48.9)c <0.001

Representative HRV parameters

MEANHR (bpm) 67.532 (61.44, 74.06) 68.122 (62.67, 76.02)a 69.73 (63.48, 75.79)b 73.19 (66.23, 80.40)c <0.001

SDNN (ms) 67.84 (47.94, 103.46) 68.25 (45.37, 101.00)a 66.30 (45.80, 99.55)b 76.95 (54.19, 104.49)c <0.001

LF/HF 1.74 (0.89, 3.19) 2.00 (1.06, 3.29)a 1.91 (1.10, 3.27)b 2.54 (1.53, 4.12)c <0.001

Notes: The data with normal distribution are presented as means (SD); the skewed data are presented as the median (IQR), and categorical data as the number 
(percentage). Differences and the linear trends in the baseline characteristics among the four groups were examined using analysis of variance (ANOVA) or Kruskal–Wallis 
H-test or χ2 tests according to the characteristics of the data distribution. a or b or C Indicated the significant difference between Mild OSA vs Non-OSA or Mild OSA vs 
Non-OSA or Mild OSA vs Non-OSA. 
Abbreviations: SBP, systolic blood pressure; SDP, diastolic blood pressure; BMI, body mass index; NC, neck circumference; WC, waist circumference; HC, hip 
circumference; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; apo, apolipoprotein; 
Lp(a), lipoprotein(a); HOMA-IR, insulin resistance index calculated by the homeostasis model assessment; AHI, apnea-hypopnea index; LSpO2, lowest oxygen saturation; 
ODI, oxygen desaturation index; MAI, microarousal index; ESS, Epworth Sleepiness Scale score; S1, sleep stage 1; S2, sleep stage 2; SWS, slow wave sleep; REM, rapid eye 
movement; WASO, wake time after sleep onset; SPT, sleep period time; MEANHR, mean heart rate; SDNN, standard deviation of RR intervals; LF/HF, ratio between low 
frequency and high frequency powers.
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a data-driven strategy as the best option for identifying the 
true multi-stage in OSA. In the present study, after adjust
ments for standard covariates such as age and sex etc, AHI 
thresholds were calculated based on RCS curves (AHI = 
0.7, 10, 29.95, 55.6, and 81.4, respectively). We integrated 
the clinical definition and RCS-selected thresholds, then 
regrouped the OSA severity stages from I to IV as AHI < 
10, 10 ≤ AHI < 30, 30 ≤ AHI < 55, and AHI ≥ 55, 
respectively. After this regrouping, we repeated the 
SMLR analysis to identify risk factors and their respective 
predictive values for HRV abnormalities in each stage.

The results of SMLR are summarized in Tables 2–4 for 
each of the three HRV indices. These tables also show the 
SMLR values comparing HRV indices with glycolipid 
factors, sleeping, and OSA variables, respectively. 
A complex profile is present in the correlations between 
individual glycolipid factors and HRV indices. First, there 
is no consistency between individual metabolic risk factors 
and HRV indices across different OSA stages. For exam
ple, WHR was only correlated with MEANHR in patients 
with stage II OSA (10 ≤ AHI < 30); no associations were 
observed in other groups (Table 2). In contrast, fasting 
insulin was positively correlated with MEANHR across 
all four stages. Second, individual HRV indices were cor
related with different metabolic risk factors, even in 
a single stage. For example, in patients with stage I, 
MEANHR was positively correlated with fasting glucose, 
insulin, and total cholesterol (β = 0.921, p = 0.028; β = 
0.153, p = 0.008; and β = 0.804, p = 0.029, respectively; 
Table 2), while SDNN was negatively correlated with 
fasting insulin and Lp-a (β = −0.691, p = 0.023; β = 
−0.175, p = 0.048, respectively). Furthermore, the correla
tions between OSA variables and HRV indices were much 
stronger in later OSA stages. For example, significant 
correlations were observed between AHI and MEANHR, 
as well as LF/HF, in patients with stage IV OSA (β = 
0.125, p < 0.001 and β = 0.049, p < 0.001; Tables 2 and 4). 
Strong correlations were also observed between MAI and 
SDNN in these patients, as mentioned above. Such corre
lations were specific to this group; no correlations were 
observed in patients with earlier stages of OSA.

The correlations between observed metabolic risk fac
tors and SDNN do not match the relationships between 
OSA measurements (eg, MAI) and HRV index. SDNN 
values increased with OSA severity (Figure 1); the log 
odds ratio of low SDNN values decreased in association 
with OSA indices (Figure 2D–F). Because the overall 

Figure 1 The changes of HRV indices as the function of AHI. The HRV parameter 
value is presented as means (SD). A total of 3400 subjects were divided equally 
according to decile. (A-C) are the HRV parameter value along with OSA severity . 
Abbreviations: LF/HF, the ratio between low frequency and high frequency 
powers; MEANHR, the mean heart rate; OSA, obstructive sleep apnea; SDNN, 
standard deviation of all normal RR intervals.
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Figure 2 Restricted cubic spline regression of the dose response patterns between OSA severity and the risk of CAD represented by HRV indices. The highest or 
lowest quartile for each HRV index was defined as high or low HRV indices as CAD. The x-axis represents the continuous values of OSA severity (AHI, ODI and 
MAI). The left y-axis represents the log odds of CAD for each HRV index. The population number for each OSA severity measure unit is indicated by the yellow line 
in the figure. The right y-axis represents the population number. The dose response patterns for the risk of high MEANHR against the AHI (A), ODI (B), MAI (C); 
the dose response patterns for the risk of lower SDNN against the AHI (D), ODI (E), MAI (F); the dose response patterns for the risk of high LF/HF against the AHI 
(G), ODI (H), MAI (I). 
Abbreviations: AHI, apnea-hypopnea index; OSA, obstructive sleep apnea; CAD, cardiac autonomic dysfunction; LF/HF, ratio between low frequency and high frequency 
powers; MAI, microarousal index; MEANHR, mean of heart rate; ODI, oxygen desaturation index; SDNN, standard deviation of RR intervals.
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frequency of metabolic disorders increases in association 
with OSA severity, regardless of whether this relationship 
is linear, SDNN is predicted not to decrease in response to 
higher rates of metabolic disorders during OSA develop
ment. However, based on the based on the standardized 
coefficients in multivariate linear regression analysis, most 
metabolic factors observed in this study (WHR, fasting 
insulin, and triglycerides) were indeed negatively asso
ciated with SDNN across all OSA stages; an exception 
was Lp-a in patients with stage III OSA, which showed 
a positive correlation (Table 3). Furthermore, the correla
tions between SDNN and AHI were not significant in 
patients with any OSA stage, although MAI was positively 
associated with SDNN in patients with stages IV and 
V OSA (β = 0.286, p = 0.008; β = 0.285, p < 0.001, 
Table 3).

The contribution of metabolic disorders and OSA were 
determined as the sum of individual R2% of the variables in 
each category divided by the total. This analysis was per
formed for each of the two factors (metabolic disorders 
versus OSA) in two SMLR models: model 1 included the 
metabolic disorder variables WHR, fasting glucose, fasting 
insulin, and blood serum lipid, along with two OSA vari
ables (AHI and MAI). Model 2 included all variables in 
model 1, along with additional sleep variables (eg, ESS, total 
sleep time, and OSA sleep stage distribution). The relative 
contribution values of the two factors (metabolic disorders 
and OSA) varied across OSA stages. The mean predictive 
value of glycolipid metabolic variables was stronger for 
MEANRR than for OSA variables (AHI and MAI in the 
SMLR model 1) in the first three stages of OSA (R2 = 2.4%, 
3.6% and 2%, respectively, for metabolic variables and 0% 
for all OSA stages; Figure 3A). Similar results were 
obtained in model 2, which contained more variables for 
OSA, including AHI, MAI, ESS, total sleep time, and sleep 
stage distribution. R2 values of 2.5%, 3.9%, and 2% were 
observed for metabolic variables and 1.8%, 2%, and 0% 
were observed for OSA in the first three OSA stages. 
However, in the last stage, OSA factors exhibited stronger 
predictive power in all three HRV indices, compared to 
glycolipid metabolic factors; R2 values of OSA in model 1 
were 3.5%, 2.3% and 3.4% for MEANHR (Figure 3A), 
SDNN (Figure 3B) and LF/HF (Figure 3C), respectively, 
while the corresponding values of metabolic disorders were 
1.4%, 1.5%, and 0%. The outcome of both models showed 
that metabolic factors were superior to OSA indices in 
prediction of HRV abnormalities in the first three stages of 
disease, suggesting a stronger impact of glycolipid 

metabolism on cardiac autonomic function in the early 
stages of OSA. In summary, the results demonstrated stage- 
specific associations and interstage variation between risk 
factors and HRV parameters.

Discussion
The present research was based on a large-scale clinical 
study analyzed using a combination of nonlinear analysis 
and segmental linear models. First, data-driven nonlinear 
models were used to identify nonlinear associations 
between HRV and OSA severity (indicated by AHI, ODI, 
and MAI). Next, metabolic factors and OSA variables 
were correlated with each of the three HRV indices in 
SMLR, demonstrating that glycolipid metabolic disorder 
factors may be involved in CAD variation among OSA 
stages.

Nonlinear Relationship of HRV 
Abnormality with OSA
In the natural development of OSA, the progression of 
CAD is affected by a variety of factors, including glyco
lipid metabolic disorders, which may influence OSA phe
notypes in a nonlinear manner.14 However, previous 
studies largely ignored these complex associations; they 
used linear regression or log-transformed linear models to 
explore the effects of OSA on CAD. This practice proved 
inefficient for capturing the complex underlying features, 
as evidenced by the extensive discrepancies observed 
among studies. Here, we employed a data-driven strategy 
to better understand the dose–response relationship 
between CAD risk (defined according to HRV abnormal
ity) and OSA severity. The nonlinear features of the rela
tionship were demonstrated in several ways. First, 
fluctuations or small changes in HRV variables were 
observed in the early stages of OSA (Figure 1, AHI < 
50). Second, the risk of CAD was strongly associated with 
both high MEANRR and high LF/HF (Figures 1 and 2); 
sharp elevations of CAD risk were only present in patients 
with stage IV OSA. Finally, changes in the relationships of 
the three HRV variables and OSA were split; enhance
ments of MEANRR and LF/HF in OSA occurred indepen
dently of SDNN values.

The mechanisms underlying the nonlinear results above 
are unclear. We hypothesized that fluctuations in early stages 
of OSA may be related to compensatory effects exerted by 
homeostatic mechanisms. When these compensatory mechan
isms are ultimately overwhelmed by underlying disease 
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conditions, they are no longer able to maintain normal cardiac 
autonomic function; this leads to rapid deterioration of HRV 
measurements.31 The dose–response relationship between 
OSA and various related-factors may be nonlinear, but exhi
bits various manifestations. For example, our previous work 
found a nonlinear relation between the risk of dyslipidemia 
and OSA severity; notably, a plateau was observed in the 
middle stage of disease development (AHI between 20 and 
40).25 In the present study, we failed to identify any plateaus in 
the relationship between HRV and OSA in the middle range of 
AHI; instead, we observed a J-shaped curve with small fluc
tuations or small changes in the mild range of AHI. Other 
important factors underlying the nonlinear relationships 
described here may include the broad effects of intermittent 
hypoxia, sleep disturbance, and glycolipid metabolic disorders 
on HRV, as evidenced by the apparent stage-specific 

relationship; these may result in fluctuations or discordance 
in respective nonlinear dose–response curves.

SDNN is the primary HRV parameter used to quantify 
heart rate variations. Low SDNN values are associated 
with an elevated risk of CAD, as are higher values for 
both MEANHR and LF/HF.5,6 Our study showed that MAI 
reduced the risk of CAD in SDNN (Figure 2), suggesting 
that enhanced arousal may have a protective effect on the 
body by preventing excessive apnea effects during OSA. 
Our study suggested that MAI changes in stages III and IV 
were correlated with SDNN (Table 3), indicating that sleep 
deprivation significantly enhanced the protective effects of 
cardiac autonomic nerve function in response to OSA 
failure. Taken together, these various alterations—includ
ing the protective effect of arousal and adverse effect of 
chronic intermittent hypoxia in the context of OSA—could 

Table 2 The Correlations Between Potential Risk Factors and MEANHR Evaluated by Multivariate Linear Regression Analysis in 
Multiple Stages Model

Risk Factor Total Sample 
(n=3400)

Stage I: AHI < 10 
(n=954)

Stage II: 10≤AHI<30 
(n=741)

Stage III:30≤AHI<55 
(n=742)

Stage IV:55 ≤ AHI 
(n=963)

WHR 17.194 (0.7308)**

Fasting glucose 0.921 (0.402)*

Fasting insulin 0.156 (0.021)*** 0.153 (0.060)** 0.243 (0.053)*** 0.150 (0.043)** 0.126 (0.031)***

TC 0.804 (0.377)**

TG

HDL-C

Lp (a) −0.062 (0.024)*

Hypertension

S1% 0.072 (0.034)*

S2%

SWS%

REM% −0.119 (0.030)*** −0.195 (0.064)** −0.180 (0.054)**

WASO%

SPT min

MAI 0.025 (0.011)*

AHI 0.075 (0.008)*** 0.125 (0.030)***

ESS

Notes: Data are presented as β (SE). Subjects were divided into four stage subgroups. Each segmented multiple stepwise regression model was adjusted by age, sex 
(reference: women), smoking status (reference: non-current smoker), alcohol status (reference: non-current drinker). ***p< 0.001, **P< 0.01, *p< 0.05. 
Abbreviations: BMI, body mass index; ESS, Epworth Sleepiness Scale score; WHR, the ratio between waist circumference and hip circumference; TC, total cholesterol; 
TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; Lpa, lipoprotein(a);S1, sleep stage 1; S2, sleep stage 2; SWS, slow wave sleep; REM, rapid eye movement; 
WASO, wake time after sleep onset; SPT, sleep period time; MEANHR, mean of heart rate; MAI, microarousal index; AHI, apnea hypopnea index.
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lead to disturbances and activity change in the autonomic 
nervous system.13,32 These complex changes may in turn 
drive the apparent nonlinear associations in CAD, causing 
further difficulty in tracking the etiology of CVD in 
patients with OSA.

Stage-Specific Relationship Between 
Glycolipid Metabolic Disorders and HRV
Previous clinical studies have shown that glycolipid metabolic 
abnormalities affect cardiac autonomic function.5,6 Chronic 
hyperglycemia and hyperlipidemia can directly exert deleter
ious effects on multiple organs including the autonomic sys
tem, resulting in progressive neuronal damage and cellular 
death (glucotoxicity and lipotoxicity).33 In this large-scale 
study, we analyzed the stage-specific relationship between 

OSA and HRV through multiple stages models and found 
that fasting glucose, insulin, lipid, and other glycolipid mar
kers were all significantly associated with distinct CAD indi
cators at different stages of OSA. Another stage-specific 
feature was that glycolipid metabolic factors are superior to 
OSA indices for prediction of cardiac autonomic function 
according to OSA stage. Overall, these results suggest that 
the effects of metabolism on cardiac autonomic nerve function 
occur earlier than the effects of respiratory factors. Further 
studies are needed to identify the potential mechanism under
lying these associations.

Clinical Implications
This study indicated that not only sleep disturbance and 
intermittent hypoxia but glycolipid metabolism was 

Table 3 The Correlations Between Potential Risk Factors and SDNN Evaluated by Multivariate Linear Regression Analysis in Multiple 
Stages Model

Risk Factor Total Sample 
(n=3400)

Stage I: AHI < 10 
(n=954)

Stage II: 10≤AHI<30 
(n=741)

Stage III: 30≤AHI<55 
(n=742)

Stage IV: 55 ≤ AHI 
(n=963)

WHR −92.963 (33.185)**

Fasting glucose

Fasting insulin −0.355 (0.105)** −0.691 (0.303)* −0.312 (0.136)*

TC

TG −1.667 (0.581)** −2.128 (1.033)** −1.824 (0.704)*

HDL-C

Lp (a) −0.175 (0.088)* 0.342 (0.113)**

Hypertension −14.82 (6.52)*

S1%

S2%

SWS%

REM% −0.638 (0.286)*

WASO% −0.425 (0.196)* −0.381 (0.144)**

SPT min 0.044 (0.014)** 0.078 (0.028)**

MAI 0.195 (0.046)*** 0.286 (0.104)** 0.285 (0.067)***

AHI

ESS 1.041 (0.451)*

Notes: Data are presented as β (SE). Subjects were divided into four stage subgroups. Each segmented multiple stepwise regression model was adjusted by age, sex 
(reference: women), smoking status (reference: non-current smoker), alcohol status (reference: non-current drinker), and hypertension (reference: non-hypertension). 
***p< 0.001, **P< 0.01, *p< 0.05. 
Abbreviations: BMI, body mass index; ESS, Epworth Sleepiness Scale score; WHR, the ratio between waist circumference and hip circumference; TC, total cholesterol; 
TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; Lpa, lipoprotein(a); S1, sleep stage 1; S2, sleep stage 2; SWS, slow wave sleep; REM, rapid eye movement; 
WASO, wake time after sleep onset; SPT, sleep period time; MEANHR, mean of heart rate; MAI, microarousal index AHI, apnea hypopnea index; CVD, cardiovascular 
disease.
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involved in the cardiac autonomic control in patients with 
OSA. Continuous positive airway pressure, the first-line 
treatment for OSA, was ineffective for reducing the 
occurrence of cardiovascular events; this is presumably 
because continuous positive airway pressure is only able 
to attenuate the pathological cascade response to hypoxia, 
whereas it does not affect changes induced by various 
glycolipid metabolic disorders.34,35 We found that com
pared to hypoxia and sleep deprivation, glycolipid meta
bolic disorders have a greater impact on HRV in early 
stages of OSA. Our results indicated that early interven
tions for glycolipid metabolic disorders in patients with 
OSA may be important for improvement of cardiac auto
nomic function and help prevent development of CVD. 
This study showed a nonlinear relationship between 

cardiac autonomic function and OSA, which helps to 
elucidate the complexity and stage-heterogeneity of car
diac autonomic function and its associations with differ
ent risk factors among disease stages for individualized 
treatment. AHI was an important indicator of OSA sever
ity; however, OSA severity exhibited obvious heteroge
neity among patients with severe OSA (AHI > 30). 
Notably, there remain no cut-off values that can be used 
to further classify severity in patients with severe OSA. 
The data-driven strategy employed in the current study 
may aid in developing an objective and unbiased multi- 
stage test for OSA (ie, AHI cut-off point for severe OSA 
= 55). Additional prospective studies are needed to 
further confirm this cut-off value and its effects across 
multiple disease stages.

Table 4 The Correlations Between Potential Risk Factors and LF/HF Evaluated by Multivariate Linear Regression Analysis in Multiple 
Stages Model

Risk Factor Total Sample 
(n=3400)

Stage I: AHI < 10 
(n=954)

Stage II: 10≤AHI<30 
(n=741)

Stage III: 30≤AHI<55 
(n=742)

Stage III: 55 ≤ AHI 
(n=963)

WHR

Fasting glucose

Fasting insulin

TC

TG

HDL-C 0.434 (0.192)*

Lp (a) −0.007 (0.003)*

Hypertension

S1%

S2%

SWS%

REM% 0.030 (0.014)*

WASO%

SPT min

MAI 0.007 (0.003)*

AHI 0.009 (0.002)*** 0.049 (0.008)***

ESS

Notes: Data are presented as β (SE). Subjects were divided into four stage subgroups. Each segmented multiple stepwise regression model was adjusted by age, sex 
(reference: women), smoking status (reference: non-current smoker), alcohol status (reference: non-current drinker). ***p< 0.001, *p< 0.05. 
Abbreviations: BMI, body mass index; ESS, Epworth Sleepiness Scale score; WHR, the ratio between waist circumference and hip circumference; TC, total cholesterol; 
TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; Lpa, lipoprotein(a); S1, sleep stage 1; S2, sleep stage 2; SWS, slow wave sleep; REM, rapid eye movement; 
WASO, wake time after sleep onset; SPT, sleep period time; MEANHR, mean of heart rate; MAI, microarousal index AHI, apnea hypopnea index; CVD, cardiovascular 
disease.
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Figure 3 The comparison of predictive value of OSA and metabolic disorder (MD) for HRV abnormality. The predictive values of each variable were judged by comparing 
the proportion of the total variation that each of the variables could explain, that is, the R2% for the entire regression model. The total of R2% for the OSA variables and MD 
variables respectively was calculated by summing R2% value for each variable according to the classification. Model 1 was adjusted for age, sex, BMI, hypertension, alcohol 
and smoking status, the MD variables (WHR, fasting glucose, fasting insulin, blood serum lipid), the OSA variables (AHI, MAI). Model 2 was adjusted for all the variables in 
model 1 plus more sleep variables (ESS, total sleep time and sleep stage distribution). (A-C) are the HRV parameter value along with different OSA severity stages.
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Strengths and Weaknesses of the 
Study
Although this was a large-scale study that used data col
lected by laboratory-based polysomnography, the inclusion 
of patients with a wide range of AHI values required 
optimization using innovative analytical approaches; our 
approaches included multiple models, determination of 
dose–effect relationships, and adequate control of potential 
confounders. These approaches were necessary to explore 
the complex relationship between CAD and OSA and 
identify stage-specific risk factors for disease outcomes. 
However, due to the observational nature of this study, we 
could not obtain causal evidence to support these relation
ships. Second, despite adjustments for metabolic and sleep 
structure effects, other factors (eg, exercise habits or other 
lifestyle factors) were not considered. Third, the use of 
HRV as an indicator of electrical signals in our study only 
reflected the chronic effects of the disease on the cardiac 
autonomic nerve in patients with OSA. Cardiac autonomic 
function in sleeping patients or during acute respiratory 
events should be further studied.

Conclusions
The results presented here indicate that glycolipid meta
bolic disorders play a nonlinear, stage-specific role in 
CAD development. This heterogeneity in terms of risk 
factors for CAD among multiple stages suggests that an 
exploration of variations in glycolipid metabolic disorders 
among OSA stages could provide a solid foundation for 
individual treatments of OSA and its associated 
comorbidities.
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