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Purpose: While prior research has highlighted a significant association between sleep characteristics and angina pectoris (AP) 
incidence, the link between sleep efficiency (SE) and angina remains unexplored. This study seeks to elucidate the relationship 
between AP and objectively quantified SE.
Patients and Methods: We examined a cohort of 2990 participants (1320 males and 1670 females; mean age 63.69 ± 13.2 years) 
from the Sleep Heart Health Study. The main exposure variable was SE, as determined by baseline home polysomnography, while the 
primary outcome was the first incidence of angina pectoris (AP) during the period between the baseline polysomnography and the end 
of follow-up. A multivariate Cox regression model was utilized, controlling for factors such as age, gender, BMI, smoking and alcohol 
consumption habits, diabetes, hypertension, sleep duration, triglycerides, cholesterol, high-density lipoprotein, apnea-hypopnea index, 
nocturnal oxygen saturation, to analyze the relationship between SE and AP.
Results: During an average follow-up of 11 years, 284 patients developed AP. The unadjusted Kaplan-Meier analysis identified the 
2nd quartile of SE as having the lowest AP risk. The multivariate Cox proportional hazards model demonstrated a higher risk of AP in 
quartile 1 (HR, 1.679; 95% CI, 1.109–2.542; P <0.014) and quartile 3 (HR, 1.503; 95% CI, 1.037–2.179; P <0.031), compared to 
quartile 2 of SE. Upon stratified analysis, this relationship was particularly pronounced in hypertensive individuals.
Conclusion: Our results highlight the critical role of optimal sleep efficiency in mitigating the risk of angina pectoris, especially 
among hypertensive individuals.
Keywords: sleep efficiency, angina pectoris, polysomnography, cardiovascular risk, sleep heart health study, hypertension

Introduction
Angina pectoris (AP), characterized by chest discomfort typically induced by physical exertion or emotional distress due 
to myocardial ischemia, remains a substantial global health concern, affecting millions of individuals each year.1 Beyond 
the immediate pain and discomfort, AP often signals an underlying, substantial risk of cardiovascular disease (CVD).2 

Therefore, identifying contributing factors to AP, and by extension CVD, carries profound public health implications.
Among various lifestyle factors, the role of sleep, including both its quantity and quality, has garnered significant 

attention in recent years due to its potential association with cardiovascular health. Adequate, high-quality sleep is 
increasingly recognized as a cornerstone of both physical and mental well-being.3,4 Emerging evidence shows that 
optimal sleep patterns could reduce the risk of CVD.5,6 Conversely, poor sleep quality has been implicated in 
a heightened occurrence of cardiovascular events.7,8 This relationship is further emphasized by studies establishing 
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a connection between sleep characteristics—such as sleep duration, sleep quality, and sleep apnea—and the incidence of 
AP. Therefore, we postulate that sleep efficiency (SE), a quantifiable, objective metric of sleep quality, could significantly 
influence the risk of AP.9–11

Interestingly, the protective effect of high-sleep quality on cardiovascular events does not follow a linear relationship 
as traditionally believed. Rather, contemporary research proposes a U- or J-shaped association, where neither the highest 
proportion of slow-wave sleep nor the least arousal burden corresponds to the lowest cardiovascular risk. Rather, It 
appears that moderate sleep indices may offer the most significant protective effect.12,13

Despite these findings, a knowledge gap persists in the current literature concerning the association between objective 
SE, as determined by polysomnography, and AP. This association warrants further investigation, particularly considering 
the nuanced relationship between sleep quality and cardiovascular health. Therefore, in this study, we aim to elucidate the 
relationship between AP and objectively measured SE using data from the Sleep Heart Health Study (SHHS) database. 
We hypothesize that a non-linear relationship exists between SE and AP risk, akin to the U- or J-shaped association 
observed between other sleep indices and cardiovascular events. Our findings aim to enhance the understanding of sleep’s 
role in cardiovascular health and could potentially inform strategies to improve sleep health and mitigate AP and CVD 
risk.

Methods
Study Design and Population
The Sleep Heart Health Study (SHHS) is a multicenter, community-based, prospective cohort study aimed at exploring 
the relationship between sleep-disordered breathing and cardiovascular disease. Between 1995 and 1998, this study 
recruited 6441 men and women aged 40 years or older without prior cardiovascular disease. Baseline assessments were 
conducted, which included collecting information on cardiovascular health and wellness habits, administering a sleep 
habit questionnaire, recording anthropometric measurements, and conducting overnight polysomnography (PSG) at 
home. The cohort was then followed for an average of 11 years for cardiovascular events and other outcomes. The 
study design details have been previously reported.14,15 All the participants provided written informed consent, and the 
study was approved by the institutional review board of each participating institution. We received access to the SHHS 
database by completing a signed agreement with Brigham and Women’s Hospital. Our study followed definitely the 
guidelines outlined in the Declaration of Helsinki. For this study, inclusion criteria were: (1) Availability of complete 
PSG data and clinical records, and (2) No prior history of AP. Participants with prior AP history (n=212) and without 
time-to-AP outcome events (n=1840) were excluded. Due to sovereignty issues, the Strong Heart Study participants 
(n=637) were not included in the SHHS dataset. A total of 2990 participants who met the selection criteria were included 
in this study. Figure 1 illustrates a flowchart of the participant data selection process.

Outcome Definition and Covariates
Angina pectoris was defined as “definitive angina pectoris” for the first onset during the SHHS, with a mean follow-up 
period of 11 years. Subjects were followed for cardiovascular events at least every 2 years. Cardiovascular events were 
identified through structured telephone or home interviews. In one of the SHHS cohorts (CHS cohort), potential events 
were identified by alternating telephone calls and clinic visits every 6 months. Inpatient and outpatient surgical records 
were obtained and extracted by trained personnel. In this study, criteria for ‘definite angina pectoris’ include an exercise 
stress test diagnostic for ischemia, coronary angiography demonstrating 70% narrowing of an epicardial coronary artery, 
or the occurrence of a surgical intervention. Only the ‘definite angina pectoris’ events will be utilized by the SHHS. 
‘Possible angina pectoris’ was not considered an outcome.

All SHHS participants received a family, single-night, unattended PSG (P-Series; Compumedics, Abbotsville, 
Australia)and the PSG graded at the Central Reading Center. SE was calculated as the total sleep time divided by the 
total time in bed and multiplied by 100%. SE was categorized into quartile 1 (≥90.5%), quartile 2 (90.5–85.3%), quartile 
3 (78.0–85.3%) and quartile 4 (<78.0%). Wake after sleep onset (WASO) was defined as the total awake time from the 
first time the participant fell asleep to the time the participant was fully awake. WASO was categorized into quartile 1 
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(<30min), quartile 2 (30–49.5min), quartile 3 (49.5–81.5min) and quartile 4 (≥81.5min). Sleep fragmentation index (SFI) 
was defined as the number of awakenings and sleep-stage shifts per hour. SFI was categorized into quartile 1 (<6.6 
events/h), quartile 2 (6.6–8.5 events/h), quartile 3 (8.5–10.7 events/h) and quartile 4 (≥10.7 events/h). Total arousal index 
(ArI-total) was defined as the number of arousals per hour. Arl-total was categorized into quartile 1 (<12.0 events/h), 
quartile 2 (12.0–16.7 events/h), quartile 3 (16.7–23.5 events/h) and quartile 4 (≥23.5 events/h). Non-rapid eye movement 
arousal index (ArI-NREM) and rapid eye movement arousal index (ArI-REM) were measured based on the number of 
arousals per hour during NREM and REM sleep, respectively. Slow-wave sleep (SWS) was described as the third stage 
of non-REM sleep. REM sleep % was defined as the percentage of REM sleep captured by PSG. REM was categorized 
into quartile 1 (<15.6%), quartile 2 (15.6–20.0%), quartile 3 (20.0–23.8%) and quartile 4 (≥23.8%). Sleep duration was 
defined as total time in bed. The apnea-hypopnea index (AHI) was defined as all apnea and hypopnea occurrences 
per hour of sleep accompanied by at least a 4% drop in oxygen saturation. The Epworth sleepiness score (ESS) score was 
assessed using an eight-item self-report questionnaire. Participants were considered sleepy if ESS scored 11 or higher.

Baseline demographic, lifestyle, and medical information were collected from the SHHS, including age, sex, 
ethnicity, smoking status, body mass index (BMI), alcohol consumption, diabetes status, hypertension status, sleep 
duration, AHI, triglycerides, total cholesterol, high-density lipoprotein (HDL) and ESS questionnaire scores. Based on 
the common classification methods, sleep duration (< 6 h vs 6 ~ 8 h vs > 8 h) and smoking state (current vs former vs 
never) were divided into three categories, and AHI (< 5, 5–15, 15–30, ≥30) was divided into four categories.

Statistical Analysis
Baseline characteristics differences between AP patients and controls were analyzed using an independent sample t-test for 
continuous variables and chi-square test for categorical variables. Continuous variables were expressed as mean ± standard 
deviation, and categorical variables as percentages. An unadjusted Kaplan-Meier plot was employed to evaluate the 
association between quartiles of SE, WASO, SFI, Arl, REM, SWS and the incidence of AP. Univariate and multivariate 
Cox regression analyses were used to explore the association between sleep characteristics and AP occurrence. Clinically 

Figure 1 Eligibility criteria for the study population.
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relevant baseline variables or those showing a univariate relationship with the outcome were included in the multivariate Cox 
proportional-hazards regression model. In sleep efficiency, quartile 2 was chosen as the reference due to its lowest incidence of 
AP. Similarly, quartile 3 was chosen as the reference for SWS and REM. These results were expressed as hazard ratios (HR) 
with 95% confidence intervals (CIs). The potential interaction between SE and other variables was examined in multivariate 
Cox regression analysis. Restricted cubic splines were used to explore potential non-linear associations of continuous 
variables with the outcome. All statistical analyses and calculations were performed using SPSS 26.0 and R statistical 
software. Statistical significance was considered at two-sided P-values <0.05.

Results
Participant Characteristics
This study included a total of 2990 participants, with 284 AP patients and 2706 control participants. About 56% of the 
participants were female, 80% were white, and the mean age was 63.9 ± 13.2 years. The analysis revealed that the AP 
group consisted of significantly older participants with higher BMI, more likely to be female, and had a greater 
proportion of individuals with diabetes and hypertension. Furthermore, AP patients exhibited higher WASO, SFI, Arl, 
Arl-nrem, REM, ESS score, AHI, and SaO2 values than the control group. Conversely, their sleep efficiency and slow- 
wave sleep were lower than those in the control group. The participant characteristics, categorized by AP presence, are 
detailed in Tables 1 and 2.

Association of Sleep Characteristics with Incidence of AP
The unadjusted Kaplan-Meier analysis demonstrated the incidence of AP in the SE, WASO, SFI, ArI, REM and SWS 
(Figure 2). A significant association was found between the incidence of AP and the severity of sleep fragmentation, 
particularly in terms of SE and wake WASO (P<0.001). Participants with the lowest SE (<78.0%) had the highest 
incidence of AP, while those in quartile 2 (85.3% to 90.5%) had the lowest. Participants with the highest WASO (≥81.5 

Table 1 Clinical Characteristics of Participants with or Without AP

Variables Total (n=2990) AP (n=284) Controls (n=2706) P

Age, y 63.9±13.2 75.3±7.9 62.7±13.1 <0.001
Gender, n(%) 0.087

Male 1320 (44.1) 139 (48.9) 1181 (43.6)

Female 1670 (55.9) 145 (51.1) 1525 (56.4)
Race, n(%) <0.001

White 2367 (79.2) 219 (77.1) 2148 (79.4)

Black 306 (10.2) 61 (21.5) 245 (9.1)
Other 317 (10.6) 4 (1.4) 313 (11.5)

BMI 27.9±5.1 28.1±4.9 27.9±5.1 0.500

Smoking status, n(%) 0.060
Current smoker 1427 (47.9) 127 (44.7) 1300 (48.2)

Former smoker 291 (9.8) 20 (7.1) 271 (10.1)

Never smoker 1262 (42.3) 137 (48.2) 1125 (41.7)
Alcohol use <0.001

None 1533 (57.5) 197 (70.1) 1336 (56.1)

At least 1 drink per day 1131 (42.4) 84 (29.9) 1047 (43.9)
Diabetes mellitus, n (%) 218 (8.4) 46 (26.7) 172 (7.1) <0.001

Hypertension, n (%) 1211 (44.8) 176 (62.0) 1035 (38.2) <0.001

Triglycerides, mg/dL 153.7±105.4 154.8±108.0 153.5±105.6 0.849
Cholesterol, mg/dL 205±38.8 202.4±36.9 206.1±39.0 0.132

HDL, mg/dL 50.4±14.4 50.7±14.3 50.4±14.4 0.723

Follow-up time, y 10.0±3.8 4.7±3.3 10.5±3.4 <0.001

Notes: Results are presented as mean±SD or n(%). P values represent the difference between 2 groups. 
Abbreviations: AP, angina pectoris; BMI, Body mass index; HDL, high-density lipoprotein cholesterol.
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min) had the highest AP incidence, whereas those in quartile 1 (<30 min) had the lowest. In addition to this, participants 
with the lowest REM (<15.6%) had the highest incidence of AP, while participants with the 3 quartile (20.0% to 23.8%) 
had the lowest incidence.

Table 2 Sleep Characteristics of Participants with or Without AP

Variables Total (n=2990) AP (n=284) Controls (n=2706) P

Sleep duration, n (%) 0.866
<6h 269 (9.0) 28 (10.0) 241 (9.0)

6–8h 1921 (64.2) 181 (63.5) 1740 (64.2)

>8h 800 (26.8) 75 (26.5) 725 (26.8)
AHI, n (%) <0.001

<5 1482 (49.7) 101 (35.6) 1381 (51.0)

5–15 894 (30.0) 107 (37.7) 787 (29.1)
15–30 400 (13.4) 51 (18.0) 349 ((11.7)

≥30 204 (6.8) 25 (8.8) 189 (7.0)
SaO2, % 3.7±10.6 4.3±11.3 3.6±10.5 0.210

SE, % 82.5±11.0 80.1±11.7 82.7±10.9 <0.001

WASO, min 62.8±45.7 75.4±48.8 61.4±45.2 <0.001
SFI, events/h 8.9±3.7 9.2±3.8 8.8±3.7 0.097

Total Arl, events/h 19.0±10.6 20.6±11.2 18.8±10.5 0.008

Arl nrem, events/h 19.8±11.6 21.8±12.1 19.6±11.5 0.002
Arl rem, events/h 15.1±11.0 14.8±10.9 15.2±11.0 0.597

SWS, % 17.4±11.9 15.9±11.9 17.6±11.9 0.018

REM, % 19.6±6.4 19.8±6.2 18.0±7.3 <0.001
ESS 7.3±4.3 7.8±4.4 7.3±4.3 0.037

Notes: Results are presented as mean ± SD or n (%). P values represent the difference between 2 groups. 
Abbreviations: AP, angina pectoris; AHI, apnea-hypopnea index; SaO2, oxygen saturation; SE, sleep efficiency; WASO, wake after sleep 
onset; SFI, sleep fragmentation index; Arl, arousal index; NREM, non-rapid eye movement; REM, rapid eye movement; SWS, Slow-Wave 
Sleep; ESS, Epworth sleepiness score.

Figure 2 Unadjusted Kaplan-Meier plots of cumulative risk for AP stratified by sleep characteristics quartiles in individuals. (A) SE, sleep efficiency; (B) WASO, wake after 
sleep onset; (C) SFI, sleep fragmentation index; (D) Arl, arousal index; (E) REM, rapid eye movement; (F) SWS, slow-wave sleep.
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Association of Sleep Efficiency with Incidence of AP
Table 3 presents the associations between SE quartiles and incident AP, using quartile 2 as the reference. After adjusting 
for age, sex, BMI, smoking status, alcohol use, diabetes mellitus, hypertension, sleep duration, triglyceride, total 
cholesterol HDL, AHI, and percentage of sleep time with SaO2 <90%, quartile 1 and quartile 3 of SE was significantly 
associated with the incidence of AP. Furthermore, a statistically significant interaction, stratified by hypertension, was 
observed between SE (Pinteraction <0.05) and the incidence of AP, leading to further investigation of the association of SE 
with incident AP in participants with or without hypertension (Table 4).

In univariate analysis, participants who with hypertension in quartile 1(HR, 1.714; 95% CI, 1.009–2.909; P =0.046), 
quartile 3(HR, 2.154; 95% CI, 1.340–3.462; P = 0.002), and quartile 4(HR, 1.753; 95% CI, 1.093–2.812; P = 0.020) all 
had significantly higher risk of AP compared to quartile 2. After multivariable Cox regression analysis, participants who 
with hypertension in quartile 1(HR, 2.019; 95% CI, 1.164–3.500; P =0.046) and quartile 3(HR, 1.770; 95% CI, 1.085– 
2.888; P = 0.022) still had significantly higher risk of AP compared with quartile 2 (Table 4). A U-shaped association 
between sleep efficiency and AP can be observed on restriction cube splines (Figure 3).

Correlation Between AP and WASO, SFI, Arl, SWS, REM, Arl-nrem, Arl-rem, or ESS
In the unvariate Cox regression analysis, AP were significantly associated with WASO, SFI, Arl, SWS, REM, Arl-nrem, 
Arl-rem, or ESS. However, in multivariate Cox regression analysis, only REM in quartile 1 (HR, 1.421; 95% CI, 1.002– 
2.016; P <0.049) and quartile 2 (HR, 1.445; 95% CI, 1.003–2.083; P =0.048) was associated with AP after adjusting for 
age and gender, and the association between the remaining sleep parameters and AP was not significant (Table 3).

Discussion
This study, to our knowledge, is the first longitudinal investigation utilizing PSG data to examine the relationship 
between objectively measured sleep efficiency and the risk of AP. Our findings indicate that sleep efficiency significantly 
influences the development of AP after accounting for age, sex, BMI, smoking status, alcohol use, diabetes, hypertension, 
sleep duration, triglycerides, and cholesterol and high-density lipoprotein levels. At present, sleep insufficient and poor 
sleep quality have shown to be strongly associated with AP,11,16 but little is known about the relationship between 
objectively measured sleep efficiency and AP. Furthermore, our results suggested a U-shaped association between sleep 
efficiency and AP risk, with the lowest risk observed in the second quartile.

Our study distinguishes itself from the recent work by Sobhan Salari Shahrbabaki et al, published in the European 
Heart Journal (2021),12 which primarily focused on the relationship between sleep wake burden and overall cardiovas
cular events. In contrast, our research delved into a statistical analysis of commonly used clinical measures reflecting 
sleep fragmentation, emphasizing sleep efficiency and its connection to angina pectoris specifically. Angina pectoris often 
serves as an initial, warning manifestation of cardiovascular disease, and its investigation can provide crucial early 
insights into cardiovascular health risks. Furthermore, the decision to concentrate on angina pectoris, instead of broader 
cardiovascular morbidity and mortality, was informed by previous reports linking sleep fragmentation to cardiometabolic 
factors. Given that angina pectoris is strongly associated with these cardiometabolic factors, we hypothesized that an 
objective measurement of sleep characteristics might reveal significant correlations with this condition. Our results 
support this hypothesis, highlighting the nuanced role of sleep efficiency in the onset of angina, and underscoring the 
importance of sleep quality in cardiovascular health.

Several epidemiological studies have found that sleep insufficiency heightens the risk of cardiovascular disease,16 

obesity,17,18 and diabetes,19 yet our understanding of the mechanisms underlying these associations is still incomplete. In 
order to study the protective effect of sleep on cardiovascular disease, Carras et al treated mice with sleep fragmentation 
and found that long-term SF induced the activation of NADPH oxidase and increased oxidative stress, inducing vascular 
endothelial dysfunction.20,21 McAlpine et al conducted similar experiments and found that mice treated with sleep 
fragmentation produced more Ly-6Chi monocytes and formed larger atherosclerotic lesions.22 These factors could lead to 
the formation of atherosclerotic plaque, luminal narrowing, or even vessel occlusion, triggering APor acute myocardial 
infarction.23
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Table 3 Univariable and Multivariable Cox Regression Analysis for Sleep Characteristics Associated with AP

Univariate Models HR 
(95% CI)

P Age and Gender Adjusted 
HR (95% CI)

P Multivariable Adjusted 
A HR (95% CI)

P Multivariable Adjusted 
B HR (95% CI)

P

SE
≥90.5% 1.040 (0.699–1.545) 0.848 1.529 (1.027–2.276) 0.037 1.659 (1.096–2.510) 0.017 1.679 (1.109–2.542) 0.014
85.3–90.5% 1 1 1 1

78.0–85.3% 1.929 (1.355–2.747) <0.001 1.391 (0.974–1.986) 0.069 1.500 (1.036–2.172) 0.032 1.503 (1.037–2.179) 0.031

<78.0% 2.064 (1.457–2.925) <0.001 1.196 (0.841–1.702) 0.319 1.189 (0.825–1.715) 0.353 1.196 (0.828–1.726) 0.340
WASO

<30min 1 1 1 1

30–49.5min 1.056 (0.709–1.572) 0.789 0.862 (0.578–1.284) 0.464 0.901 (0.597–1.360) 0.621 0.903 (0.598–1.363) 0.628
49.5–81.5min 1.985 (1.392–2.830) <0.001 1.032 (0.720–1.479) 0.864 1.024 (0.701–1.497) 0.902 1.031 (0.705–1.509) 0.873

≥81.5min 2.313 (1.635–3.272) <0.001 0.928 (0.650–1.325) 0.680 0.887 (0.604–1.303) 0.54 0.888 (0.603–1.307) 0.547

SFI
<6.6 events/h 1 1 1 1

6.6–8.5 events/h 0.950 (0.670–1.349) 0.776 1.038 (0.731–1.474) 0.834 1.073 (0.749–1.538) 0.700 1.043 (0.726–1.498) 0.820

8.5–10.7 events/h 1.087 (0.782–1.511) 0.619 1.144 (0.823–1.591) 0.424 1.110 (0.787–1.564) 0.552 1.106 (0.785–1.559) 0.565
≥10.7 events/h 1.409 (1.021–1.994) 0.037 1.037 (0.750–1.433) 0.827 1.075 (0.767–1.507) 0.674 1.073 (0.764–1.507) 0.685

Arl
<12.0 events/h 1 1 1 1

12.0–16.7 events/h 1.051 (0.745–1.482) 0.778 1.035 (0.734–1.460) 0.845 1.019 (0.714–1.453) 0.919 1.188 (0.888–1.590) 0.247

16.7–23.5 events/h 1.172 (0.844–1.629) 0.344 1.055 (0.758–1.467) 0.751 1.048 (0.746–1.472) 0.786 1.287 (0.889–1.863) 0.182
≥23.5 events/h 1.484 (1.080–2.040) 0.015 0.978 (0.710–1.347) 0.893 0.936 (0.671–1.304) 0.694 1.036 (0.622–1.726) 0.891

SWS
<9.8% 1.545 (1.105–2.158) 0.011 1.235 (0.883–1.728) 0.218 1.243 (0.879–1.757) 0.219 1.202 (0.849–1.703) 0.300
9.8–17.7% 1.185 (0.823–1.706) 0.362 1.110 (0.770–1.598) 0.576 1.096 (0.750–1.602) 0.634 1.083 (0.741–1.585) 0.68

17.7–25.2% 1 1 1 1

≥25.2% 1.181 (0.821–1.698) 0.370 0.900 (0.625–1.295) 0.571 0.881 (0.606–1.282) 0.508 0.856 (0.588–1.245) 0.415
REM

<15.6% 2.186 (1.543–3.096) <0.001 1.421 (1.002–2.016) 0.049 1.369 (0.956–1.960) 0.087 1.391 (0.970–1.994) 0.073

15.6–20.0% 1.714 (1.190–2.470) 0.004 1.445 (1.003–2.083) 0.048 1.334 (0.913–1.948) 0.137 1.367 (0.935–1.998) 0.106
20.0–23.8% 1 1 1 1

≥23.8% 1.275 (0.867–1.875) 0.216 1.381 (0.939–2.032) 0.101 1.283 (0.862–1.910) 0.219 1.279 (0.858–1.908) 0.227

Arl-nrem 1.015 (1.006–1.025) <0.001 1.000 (0.990–1.010) 0.986 0.998 (0.989–1.008) 0.759 0.999 (0.988–1.010) 0.872
Arl-rem 0.996 (0.985–1.008) 0.515 1.000 (0.989–1.011) 0.996 1.000 (0.989–1.012) 0.941 1.001 (0.989–1.013) 0.907

ESS 1.027 (1.001–1.055) 0.043 1.027 (1.001–1.055) 0.045 1.020 (0.992–1.048) 0.156 1.020 (0.992–1.049) 0.154

Notes: A=age, sex, BMI, smoking status, alcohol use, diabetes mellitus, hypertension, sleep duration, triglycerides, cholesterol, HDL. B=A+AHI, SaO2. 

Abbreviations: SE, sleep efficiency; WASO, wake after sleep onset; SFI, sleep fragmentation index; Arl, arousal index; NREM, non-rapid eye movement; REM, rapid eye movement; SWS, Slow-Wave Sleep; ESS, Epworth sleepiness score.
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Table 4 Univariable and Multivariable Cox Regression Analysis for SE Associated with AP Stratified by Hypertension

Univariate Models HR 
(95% CI)

P Age and Gender Adjusted 
HR (95% CI)

P Multivariable Adjusted 
A HR (95% CI)

P Multivariable Adjusted 
B HR (95% CI)

P

No Hypertension
SE

≥90.5% 0.696 (0.379–1.278) 0.242 1.141 (0.619–2.104) 0.672 1.357 (0.711–2.592) 0.354 1.347 (0.706–2.570) 0.366
85.3–90.5% 1 1 1 1

78.0–85.3% 1.469 (0.853–2.529) 0.165 1.074 (0.622–1.855) 0.797 1.198 (0.669–2.144) 0.544 1.204 (0.673–2.156) 0.532

<78.0% 2.070 (1.227–3.493) 0.006 1.192 (0.703–2.023) 0.515 1.309 (0.740–2.317) 0.355 1.283 (0.723–2.277) 0.395
Hypertension
SE

≥90.5% 1.714 (1.009–2.909) 0.046 1.990 (1.171–3.381) 0.011 1.985 (1.147–3.438) 0.014 2.019 (1.164–3.500) 0.012
85.3–90.5% 1 1 1 1

78.0–85.3% 2.154 (1.340–3.462) 0.002 1.670 (1.035–2.694) 0.036 1.822 (1.119–2.965) 0.016 1.770 (1.085–2.888) 0.022

<78.0% 1.753 (1.093–2.812) 0.020 1.195 (0.741–1.927) 0.464 1.224 (0.755–1.983) 0.412 1.225 (0.755–1.987) 0.411

Notes: A=age, gender, BMI, smoking status, alcohol use, diabetes mellitus, sleep duration, triglycerides, cholesterol, HDL. B=A+AHI, SaO2. 
Abbreviation: SE, sleep efficiency.
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We observed a more pronounced U-shaped association between sleep efficiency and APin hypertensive individuals. 
This could be attributed to fragmented sleep reducing non-REM sleep duration, hyperactivating the hypothalamic- 
pituitary-adrenal axis, and escalating sympathetic tone.24 Increased sympathetic activity, an independent cardiovascular 
risk factor, may raise peripheral vascular resistance, thereby increasing blood pressure, heart rate, myocardial oxygen 
demand, and decreasing coronary blood flow, thereby predisposing to AP.25,26 While larger studies are required to assess 
the relationship between AP risk and sleep efficiency, the U-shaped association we observed echoes findings linking 
sleep duration with various cardiovascular outcomes and cardiometabolic risk factors.

Our study also demonstrated how the age of participants could influence the relationship between sleep efficiency and 
AP risk. Sleep efficiency was not associated with AP incidence in the univariate Cox analysis when sleep efficiency was 
≥ 90.5%, however, after adjusting for age and sex, sleep efficiency significantly correlated with AP incidence. This 
observation might be attributable to the larger proportion of young people in the high sleep efficiency group. Conversely, 
in participants with sleep efficiency < 78.0%, after adjusting for age and sex, no association was found between sleep 
efficiency and AP, possibly due to older individuals constituting a higher proportion of this group and the age-related 
decrease in sleep needs.27–29

Our study provides a new perspective on the relationship between objectively measured sleep efficiency and the risk 
of AP. The results demonstrate a U-shaped association, indicating both higher and lower sleep efficiency than the optimal 
range can increase AP risk, especially in individuals with hypertension. The results, thus, emphasize the critical role of 
adequate sleep in cardiovascular health and the importance of screening and managing sleep disorders to potentially 
mitigate the risk of AP. The strengths of our study include the large, community-based prospective design, enhancing the 
generalizability of our results, and the use of PSG for standard, objective measurement of sleep parameters, which 
increases accuracy. However, our study has several limitations. Firstly, while we employed age as a covariate in our 
multivariate analyses to mitigate its influence, we acknowledge that an age-matched control group could offer a more 
isolated view of SE’s effects on AP incidence. However, this strategy would require the exclusion of a substantial portion 
of our diverse data, potentially constraining the breadth of our conclusions. Additionally, the multifaceted impacts of age 
on the cardiovascular system are challenging to disentangle from the cumulative events of a lifetime, encompassing 
various known and yet-to-be-discovered factors influencing the cardiovascular system. Secondly, the observational nature 
of our study presents complexities in definitively establishing a causal relationship between sleep efficiency (SE) and AP, 

Figure 3 Restricted spline curve for association between estimated SE and AP.
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notably, the U-shaped association we observed is nuanced, influenced by the older age and more frequent comorbidities 
in the AP group. Future studies could enrich understanding by employing an age-matched cohort and delving deeper into 
the potential confounders identified, including medication use and the “healthy user effect”. Additionally, all participants 
were middle-aged or elderly, and the majority were white, consequently, our findings may not be applicable to all ethnic 
groups or younger populations. Lastly, our use of a single night’s PSG data may limit the accuracy of sleep efficiency 
measurements, and multiple PSG recordings over an extended period could provide more precise information.

Conclusion
Our study based on polysomnography confirms the correlation of objective measures of SE with AP. The results showed 
a U-shaped relationship between SE and the risk of AP, highlighting the key role of optimal SE in reducing the risk of 
angina, especially in patients with hypertension.
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