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Abstract

Background: Sleep is an important physiological behavior in humans that is associated with the occurrence and development
of various diseases. However, the association of sleep duration with health-related outcomes, including obesity-related factors,
musculoskeletal diseases, and mortality because of different causes, has not been systematically reported.

Objective: This study aims to systematically investigate the effect of sleep duration on health-related outcomes.

Methods: Overall, 54,664 participants with sleep information from 8 survey cycles of the National Health and Nutrition
Examination Survey (2005-2020) were included in the analysis. Health-related outcomes comprised obesity-related outcomes
(ie, BMI, obesity, waist circumference, and abdominal obesity), metabolism-related outcomes (ie, uric acid, hyperuricemia, and
bone mineral density [BMD]), musculoskeletal diseases (ie, osteoarthritis [OA] and rheumatoid arthritis [RA]), and mortality
because of different causes. The baseline information of participants including age, sex, race, educational level, marital status,
total energy intake, physical activity, alcohol consumption, smoking, hypertension, and diabetes was also collected as covariates.
Information about the metabolism index, disease status, and covariates was acquired from the laboratory, examination, and
questionnaire data. Survival information, including survival status, duration, and cause of death, was obtained from the National
Death Index records. Quantile regression models and Cox regression models were used for association analysis between sleep
duration and health-related outcomes. In addition, the threshold effect analysis, along with smooth curve fitting method, was
applied for the nonlinear association analysis.

Results: Participants were divided into 4 groups with different sleep durations. The 4 groups showed significant differences in
terms of baseline data (P<.001). The quantile regression analysis indicated that participants with increased sleep duration showed
decreased BMI (β=−.176, 95% CI −.220 to −.133; P<.001), obesity (odds ratio [OR] 0.964, 95% CI 0.950-0.977; P<.001), waist
circumference (β=−.219, 95% CI −.320 to −.117; P<.001), abdominal obesity (OR 0.975, 95% CI 0.960-0.990; P<.001), OA
(OR 0.965, 95% CI 0.942-0.990; P=.005), and RA (OR 0.940, 95% CI 0.912-0.968; P<.001). Participants with increased sleep
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duration also showed increased BMD (β=.002, 95% CI .001-.003; P=.005), as compared with participants who slept <5.5 hours.
A significant saturation effect of sleep duration on obesity, abdominal obesity, and hyperuricemia was detected through smooth
curve fitting and threshold effect analysis (sleep duration>inflection point). In addition, a significant threshold effect of sleep
duration on BMD (P<.001); OA (P<.001); RA (P<.001); and all-cause (P<.001), cardiovascular disease−cause (P<.001),
cancer-cause (P=.005), and diabetes-cause mortality (P<.001) was found. The inflection point was between 6.5 hours and 9
hours.

Conclusions: The double-edged sword effect of sleep duration on obesity-related outcomes, embolism-related diseases,
musculoskeletal diseases, and mortality because of different causes was detected in this study. These findings provided
epidemiological evidence that proper sleep duration may be an important factor in the prevention of multisystem diseases.

(JMIR Public Health Surveill 2023;9:e46385) doi: 10.2196/46385
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Introduction

Background
A third of our lives is spent sleeping, a crucial activity for
maintaining our physiological functions. It is increasingly
believed to influence the development of many diseases such
as diabetes and death. Some studies have found that sleep
deprivation can reduce energy expenditure by slowing
metabolism and may also increase the risk of cardiovascular
disease (CVD) [1]. Many meta-analyses have shown that short
and long sleep durations are associated with all-cause mortality
[2-4]. Moreover, sleep may improve musculoskeletal disease
at the psychological level [5-8]. It has also been reported that
sleep duration is associated with obesity and diabetes [9-11].
However, the problems that cannot be ignored are that there are
opposite results reported, differences between different types
of studies, diverse target populations and reference groups,
insufficient sample size, and other factors; therefore, the benefits
of sleep duration on human disease and mortality are still in an
uncertain stage.

In addition, different ages, sex, race, education, marital status,
body size, lifestyle habits, and the presence of chronic diseases
all influenced the outcome variables [12,13]. They are similar
to spiderwebs, which have complex connections and restrict or
promote each other. At present, few studies include multiple
influential factors to establish a prediction model of
multiple-disease and multiple-factor mortality and a large sample
size to evaluate the correlation between sleep duration and
obesity, metabolism-related factors, musculoskeletal disease,
and different types of mortalities.

Objectives
The US National Health and Nutrition Examination Survey
(NHANES) database collected sleep data from participants in
the survey program between 2005 and 2020. We used these data
to evaluate the complex relationship between sleep duration
and obesity metabolism, musculoskeletal disease, and mortality
and to elaborate on their essential roles systematically (Figure
1).
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Figure 1. The schematic graph of the relationship between sleep duration and metabolism, musculoskeletal disease, and mortality in the general US
population. CVD: cardiovascular diseases.

Methods

Data Source and Population
All data used in this study were acquired from 8 survey cycles
(2005-2006, 2007-2008, 2009-2010, 2011-2012, 2013-2014,
2015-2016, 2017-2018, and 2019-2020) of the NHANES
program. The NHANES database is designed to survey the
nutritional health of the US population every 2 years. It uses a
stratified sampling strategy that includes certain groups, such
as people aged >60 years and other ethnic groups in the United
States. The project includes demographic, inspection, laboratory,
and questionnaire data. All data used in this study are available
on the NHANES website [14].

Ethical Considerations
The investigation protocol for this national health program in
the United States was reviewed and approved by the National
Center for Health Statistics, as one of the departments of the
Centers for Disease Control and Prevention. All participants
were given an informed consent form outlining the program
details, and they would sign it before being included [15].
Furthermore, this study was reviewed and approved by the ethics
committee of Xiangya Hospital (202309188).

Measure of Sleep Duration
In the NHANES program, 8 survey cycles (2005-2020)
monitored sleep disorders in people aged >16 years. A detailed
measurement method for testing sleep disorders can be found
on the website [14]. Sleep information survey collected the
enrolled population’s sleep duration and wake duration,
including sleep and wake duration on weekdays and weekends.
Statistical sleep time was rounded to the nearest half hour. The
questions were asked at home by trained interviewers using a

computer-assisted personal interview system to ensure data
integrity, consistency, and analysis usefulness.

Obesity Evaluation
BMI assesses obesity, which is obtained as weight/square of

height (kg/m2), and participants’ obesity status was then
determined by BMI, with a BMI of ≥30 being considered obese.
For the assessment of abdominal obesity, each participant’s
waist circumference (WC; in cm) was obtained for each survey
period. Abdominal obesity was defined as WC of >102 cm for
men and >88 cm for women. Bone mineral density (BMD) was
measured using the dual-energy x-ray absorptiometry method,
which has the advantages of high speed, ease of use, and low
radiation [16]. Blood uric acid (UA) detection is based on UA
oxidation by uricase, under the action of 4-aminophenazone, to
produce color products, which the instrument can detect.

Assessment of Musculoskeletal Diseases
We evaluated musculoskeletal diseases including hyperuricemia
(HUA), osteoarthritis (OA), and rheumatoid arthritis (RA). The
diagnosis of HUA is determined using the enrolled patient’s
serum UA concentration. HUA is diagnosed with serum UA
>7mg/mL in men or 6 mg/mL in women. The OA or RA status
of participants was obtained through a questionnaire survey.
The questions included the following: Have you ever been
diagnosed with arthritis? Once the answer was confirmed, they
were asked what type of arthritis was diagnosed. Participants
were divided into OA, RA, and other groups based on their
answers to these 2 questions. A previous study showed an 81%
agreement between self-reported OA and clinically diagnosed
OA [17].
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Determination of Mortality Outcomes
Mortality information for NHANES program participants is
available for download on the National Death Index website,
the database used by the National Center for Health Statistics
to register death certificate records. The mortality data used in
this study were followed up to 2019. National Death Index
mortality data included the number of NHANES participants,
mortality status, causes of death, and survival time since
enlisting in the NHANES program. The cause of death was
determined according to the International Statistical
Classification of Diseases, 10th edition. The National Institute
of Health divided the causes of death into heart disease
(054-068) and cancer (019-043). In addition, whether the
participants died because of high blood pressure and diabetes
was included in the data. In this study, all mortality rates were
identified as all-cause mortality, and those related to malignancy
were identified as cancer-cause mortality. In addition, deaths
related to heart disease or hypertension were identified as
CVD-cause mortality. Finally, diabetes-related deaths were
identified as diabetes-cause mortality [18].

Assessment of Covariates
Covariate data were collected and included demographic data
such as age, sex, race, education, and marital status. The race
consisted of Mexican American, non-Hispanic Black,
non-Hispanic White, other Hispanic, and other race. Education
level included <9th grade, 9th to 11th grade, high school
graduate, some college or Associate of Arts degree, college
graduate or above, and others. Marital status included married,
widowed, divorced, separated, never married, living with a
partner, and others. Data also included BMI, total energy intake,
physical activity, alcohol consumption, smoking, high blood
pressure, and diabetes. There are subdivisions for each type of
data. For example, hypertension is defined as a systolic blood
pressure >140 mm Hg and a diastolic blood pressure >90 mm
Hg. Diabetes is diagnosed by fasting blood glucose >7.0 mmol/L
or the use of hypoglycemic drugs.

Statistical Analysis
This study aimed to investigate the association between sleep
duration and various health-related outcomes using
cross-sectional and follow-up data. The analysis between sleep
duration and mortality information owing to different causes
belongs to the prospective part, as the mortality information
was collected after some period of follow-up, whereas the
analysis between sleep duration and the other outcomes belongs
to the cross-sectional part, as the information of these outcomes
was collected at the same time with that of sleep duration and
the covariates information. For the prospective part, the Cox
quantile regression risk model was used for association analysis
between sleep duration and mortality, and the hazard ratio (HR)
was used for assessing the effect of sleep duration on
mortality-related outcomes. For the cross-sectional part, the

quantile regression model was used to analyze the correlation
between sleep duration and other outcomes, and the odds ratio
(OR) was used for assessing the effect of sleep duration on other
health-related outcomes. For continuous variables, β values
were used to measure the effect of risk factors on outcome
measures. An OR or HR value >1 indicates that the factor is a
risk factor. An OR or HR value <1 indicates that the element
is protective. A β value of >0 indicates that the factor positively
correlates with the outcome measure and vice versa. First, all
the participants were equally grouped into 4 quantiles from
short to long sleep duration, and the incidence or effective size
of clinical outcomes in the first quantile (Q1) was set as the
reference. Second, 3 regression models (Cox quantile or quantile
regression model) with different covariables were constructed.
A nonadjusted model without covariates is first used for the
analysis. Model 1 was adjusted for age, sex, race, education,
and marital status, and model 2 was adjusted for age, sex, race,
education, marital status, BMI, total energy intake, physical
activity, smoking, alcohol consumption, hypertension, and
diabetes. In addition, baseline data between the 4 groups of
participants were compared using the chi-square test (classified
data) and the Kruskal-Wallis test (quantitative data). The smooth
curve fitting method was used to analyze the nonlinear
relationship between sleep duration and these outcomes.
According to the results of the smooth curve fitting, the
threshold effect analysis was used to investigate whether there
were significant differences between the linear model and the
2-piecewise model. A P value of <.05 for logarithmic likelihood
ratio test was considered to detect the threshold effect of sleep
duration on outcomes. A P value <.05 was considered
statistically significant in all statistical analyses. R software (R
Foundation for Statistical Computing) was used for statistical
analysis [19].

Results

Baseline Data of Participants in Different Sleep
Duration
A total of 54,896 participants with sleep questionnaire
information in the NHANES (2005-2020) were included. After
excluding 232 participants with insufficient sleep questionnaire
information, 54,664 participants were finally included (Figure
2). Significant differences between the 4 groups were detected
in terms of various baseline data, including race composition,
educational background, marital status, BMI, total energy intake,
physical activity, alcohol consumption, smoking, hypertension,
and diabetes (Table 1).

In addition, significant differences between the 4 groups were
detected in terms of analyzed outcomes, including
obesity-related outcomes, musculoskeletal index, and diseases,
as well as mortality because of different causes (Table 2).
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Figure 2. The flow diagram of screening eligible participants from 8 survey cycles (2005-2020) of the National Health and Nutrition Examination
Survey (NHANES) program and research structure of association analysis between sleep duration and various clinical outcomes. BMD: bone mineral
density; CVD: cardiovascular disease; HUA: hyperuricemia; OA: osteoarthritis; RA: rheumatoid arthritis; UA: uric acid.
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Table 1. Baseline data comparison of 54,664 participants in different groups divided by sleep duration on the basis of the National Health and Nutrition
Examination Survey program (2005-2020; N=54,664; Q1, Q2, Q3, and Q4 represented the intervals of different sleep durations).

P valueQ4 (n=23,080)Q3 (n=14,198)Q2 (n=10,524)Q1 (n=6862)

N/Aa8-14.57-7.56-6.51-5.5Sleep duration (hours)

<.00146.65 (21.37)45.76 (18.81)46.03 (18.21)47.76 (17.97)Age (years), mean (SD)

<.001Sex, n (%)

10,695 (46.34)7111 (50.08)5345 (50.79)3452 (50.31)Male

12,385 (53.66)7087 (49.92)5179 (49.21)3410 (49.69)Female

<.001Race (Hispanic origin), n (%)

3940 (17.07)2223 (15.66)1618 (15.37)827 (12.05)Mexican American

4667 (20.22)2645 (18.63)2792 (26.53)2445 (35.63)Non-Hispanic Black

9393 (40.70)5990 (42.19)3791 (36.02)2180 (31.77)Non-Hispanic White

2176 (9.43)1331 (9.37)1050 (9.98)704 (10.26)Other Hispanic

2904 (12.58)2009 (14.15)1273 (12.10)706 (10.29)Other race

<.001Education level, n (%)

2344 (11.78)1154 (9.03)883 (9.17)684 (10.60)<9th grade

2845 (14.30)1483 (11.60)1316 (13.67)1070 (16.58)9th-11th grade

4602 (23.13)2764 (21.62)2235 (23.22)1669 (25.87)High school graduate

5685 (28.57)3670 (28.71)3026 (31.44)2095 (32.47)Some college or AAb degree

4378 (22.00)3706 (28.99)2156 (22.40)929 (14.40)College graduate or above

7 (0.04)4 (0.03)4 (0.04)4 (0.06)Refused

39 (0.20)3 (0.02)6 (0.06)1 (0.02)Do not know

<.001Marital status, n (%)

10,202 (49.86)7305 (55.84)5040 (51.28)2938 (44.83)Married

2644 (12.92)1201 (9.18)914 (9.30)715 (10.91)Widowed

2394 (11.70)1433 (10.95)1232 (12.54)987 (15.06)Divorced

473 (2.31)276 (2.11)306 (3.11)283 (4.32)Separated

3396 (16.60)2057 (15.73)1677 (17.06)1138 (17.37)Never married

1332 (6.51)802 (6.13)649 (6.60)487 (7.43)Living with partner

15 (0.07)6 (0.05)10 (0.10)5 (0.08)Refused

4 (0.02)1 (0.01)0 (0)0 (0)Do not know

<.00128.49 (7.04)28.68 (6.82)29.33 (7.19)30.09 (7.91)BMI (kg/m2), mean (SD)

<.0012064.69 (978.45)2159.49 (992.91)2166.06 (1035.51)2136.61 (1147.03)Total energy intake (kcal), mean (SD)

<.001Physical activity, n (%)

14,298 (63.53)8368 (59.77)6033 (58.04)3938 (58.14)No

8209 (36.47)5633 (40.23)4361 (41.96)2835 (41.86)Yes

N/AAlcohol consumption, n (%)

6590 (38.29)3763 (33.68)2679 (31.83)2035 (36.44)No

10,620 (61.71)7409 (66.32)5737 (68.17)3550 (63.56)Yes

<.001Smoking, n (%)

12,107 (58.44)7778 (59.59)5471 (55.89)3230 (49.43)No

8609 (41.56)5274 (40.41)4318 (44.11)3304 (50.57)Yes

<.001Hypertension, n (%)

15,542 (67.45)10,079 (71.05)6980 (66.39)4095 (59.81)No
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P valueQ4 (n=23,080)Q3 (n=14,198)Q2 (n=10,524)Q1 (n=6862)

7500 (32.55)4107 (28.95)3534 (33.61)2752 (40.19)Yes

<.001Diabetes, n (%)

19,728 (87.29)12,434 (89.67)9040 (87.86)5684 (85.15)No

2873 (12.71)1433 (10.33)1249 (12.14)991 (14.85)Yes

aN/A: not applicable.
bAA: Associate of Arts.
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Table 2. The comparison of health-related metabolism index, disease information, and mortality information in different groups divided by sleep
duration among 54,664 participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020; N=54,446; Q1,
Q2, Q3, and Q4 represented the intervals of different sleep durations).

P valueQ4 (n=23,080)Q3 (n=14,198)Q2 (n=10,524)Q1 (n=6862)

N/Aa8-14.57-7.56-6.51-5.5Sleep duration (hours)

<.001Obesity, n (%)

13,999 (65.14)8647 (64.45)6142 (61.34)3713 (57.16)No

7491 (34.86)4770 (35.55)3871 (38.66)2783 (42.84)Yes

<.00197.18 (17.02)97.44 (16.38)98.87 (17.09)100.46 (17.81)Waist circumference, mean (SD)

<.001Abdominal obesity, n (%)

9641 (47.21)6173 (47.83)4368 (45.40)2600 (42.08)No

10,779 (52.79)6734 (52.17)5254 (54.60)3579 (57.92)Yes

<.0011.00 (0.18)1.01 (0.18)1.02 (0.18)1.02 (0.19)Femur BMDb, mean (SD)

<.0015.37 (1.46)5.38 (1.40)5.46 (1.45)5.50 (1.47)Uric acid, mean (SD)

<.001Hyperuricemia, n (%)

16,747 (82.57)10,550 (83.28)7741 (81.78)4935 (80.43)No

3534 (17.43)2118 (16.72)1725 (18.22)1201 (19.57)Yes

<.001Osteoarthritis, n (%)

14,169 (85.99)9680 (88.53)7101 (88.41)4267 (86.25)No

2308 (14.01)1254 (11.47)931 (11.59)680 (13.75)Yes

<.001Rheumatoid arthritis, n (%)

14,169 (92.98)9680 (94.91)7101 (93.47)4267 (89.31)No

1069 (7.02)519 (5.09)496 (6.53)511 (10.69)Yes

<.001All-cause mortality, n (%)

14,529 (87.47)10,064 (92.09)7830 (90.33)4959 (87.32)No

2082 (12.53)864 (7.91)838 (9.67)720 (12.68)Yes

<.001CVDc-cause mortality, n (%)

15,849 (95.41)10,645 (97.41)8367 (96.53)5430 (95.62)No

762 (4.59)283 (2.59)301 (3.47)249 (4.38)Yes

<.001Cancer-cause mortality, n (%)

16,169 (97.34)10,703 (97.94)8475 (97.77)5514 (97.09)No

442 (2.66)225 (2.06)193 (2.23)165 (2.91)Yes

<.001Diabetes-cause mortality, n (%)

16,389 (98.66)10,842 (99.21)8579 (98.97)5581 (98.27)No

222 (1.34)86 (0.79)89 (1.03)98 (1.73)Yes

aN/A: not applicable.
bBMD: bone mineral density.
cCVD: cardiovascular disease.

Correlation Between Sleep Duration and
Musculoskeletal Diseases, Obesity, and
Metabolism-Related Outcomes
As shown in Tables 3-6, a negative association between sleep
duration and negative association was detected in the whole
quantile of all the 3 models. In model 2, the β values of sleep
duration on BMI in Q2, Q3, and Q4 were −.308, −.687, and

−.931, respectively, and the ORs for obesity in Q2, Q3, and Q4
were 0.924, 0.874, and 0.810, respectively. The β values of
sleep duration on WC in Q2, Q3, and Q4 of model 2 were −.593,
−1.449, and −1.456, respectively. A negative correlation with
abdominal obesity in Q3 (OR 0.898, 95% CI 0.831-0.971) and
Q4 (OR 0.871, 95% CI 0.809-0.937) in model 2 was also
detected. In contrast, a positive correlation with BMD in Q3
(OR 0.012, 95% CI 0.006-0.008) and Q4 (OR 0.008, 95% CI
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0.002-0.013) in model 2 was found, whereas no significant
association was detected between sleep duration and UA as well
as HUA. In addition, a negative correlation between sleep
duration and OA was detected in Q2 (OR 0.839, 95% CI
0.733-0.959), Q3 (OR 0.780, 95% CI 0.686-0.887), and Q4 (OR
0.771, 95% CI 0.683-0.870) in model 2. Similarly, a negative
association between sleep duration and RA was detected in the
whole quantile of all the 3 models. Subsequently, the nonlinear
association using the smooth curve fitting method indicated that
sleep duration showed a negative association with BMI, obesity,
WC, and abdominal obesity (Figures 3A and 4D). In addition,
a n-shaped association between sleep duration and BMD and

HUA was detected (Figures 3E and 4F). However, an L-shaped
association was observed between sleep duration and OA and
RA (Figures 3G and 4H). The threshold effect analysis detected
a significant threshold effect of sleep duration on BMI, obesity,
and WC (Table 7) as well as on BMD, HUA, OA, and RA
(Table 8). The relative inflection points in BMI, obesity, and
WC were 8 hours. The relative inflection points in BMD, HUA,
OA, and RA were 7.5 hours, 5 hours, 8 hours, and 6.5 hours,
respectively. Below the inflection point, negative correlations
were detected with BMI, obesity, WC, OA, and RA, whereas
a positive correlation was observed between BMD and HUA.
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Table 3. The association between sleep duration and obesity-related outcomes using the quantile regression method among 51,416 participants in 8
survey cycles of the National Health and Nutrition Examination Survey program (2005-2020). Model 1 was adjusted for age, sex, race, educational
level, and marital status; model 2 was adjusted for age, sex, race, educational level, marital status, total energy intake, physical activity, alcohol
consumption, smoking, hypertension, and diabetes.

P valueβ (95% CI)Body index

BMI

Nonadjusted (N=51,416)

N/Aa0 (0)1-5.5

<.001−.756 (−.979 to .534)6-6.5

<.001−1.407 (−1.618 to 1.196)7-7.5

<.001−1.595 (−1.793 to 1.397)8-14.5

Model 1 (N=45,818)

N/A0 (0)1-5.5

<.001−.433 (−.658 to .208)6-6.5

<.001−.843 (−1.059 to .627)7-7.5

<.001−1.034 (−1.236 to .831)8-14.5

Model 2 (N=37,979)

N/A0 (0)1-5.5

.01−.308 (−.545 to .070)6-6.5

<.001−.687 (−.916 to .458)7-7.5

<.001−.931 (−1.146 to .716)8-14.5

WCb

Nonadjusted (N=49,128)

N/A0 (0)1-5.5

<.001−1.587 (−2.129 to 1.044)6-6.5

<.001−3.015 (−3.529 to 2.500)7-7.5

<.001−3.276 (-3.759 to 2.793)8-14.5

Model 1 (N=43,676)

N/A0 (0)1-5.5

.001−.860 (−1.386 to .334)6-6.5

<.001−1.875 (−2.380 to 1.370)7-7.5

<.001−1.791 (−2.266 to 1.316)8-14.5

Model 2 (N=37,195)

N/A0 (0)1-5.5

.03−.593 (−1.143 to .042)6-6.5

<.001−1.449 (−1.979 to 0.919)7-7.5

<.001−1.456 (−1.955 to 0.957)8-14.5

aN/A: not applicable.
bWC: waist circumference.
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Table 4. The association between sleep duration and obesity-related outcomes using the quantile regression method among 51,416 participants in 8
survey cycles of the National Health and Nutrition Examination Survey program (2005-2020).

P valueORa (95% CI)Obesity outcomes

Obesity

Nonadjusted (N=51,416)

N/Ab1 (0)1-5.5

<.0010.841 (0.789-0.896)6-6.5

<.0010.736 (0.693-0.782)7-7.5

<.0010.714 (0.675-0.755)8-14.5

Model 1 (N=45,818)

N/A1 (0)1-5.5

.0030.903 (0.845-0.966)6-6.5

<.0010.844 (0.791-0.900)7-7.5

<.0010.799 (0.752-0.849)8-14.5

Model 2 (N=37,979)

N/A1 (0)1-5.5

.040.924 (0.857-0.996)6-6.5

<.0010.874 (0.813-0.940)7-7.5

<.0010.810 (0.756-0.867)8-14.5

Abdominal obesity

Nonadjusted (N=49,128)

N/A1 (0)1-5.5

<.0010.874 (0.819-0.932)6-6.5

<.0010.792 (0.745-0.842)7-7.5

<.0010.812 (0.767-0.860)8-14.5

Model 1 (N=43,676)

N/A1 (0)1-5.5

.100.940 (0.875-1.011)6-6.5

<.0010.871 (0.812-0.933)7-7.5

<.0010.856 (0.802-0.914)8-14.5

Model 2 (N=37,195)

N/A1 (0)1-5.5

.330.961 (0.886-1.041)6-6.5

.0070.898 (0.831-0.971)7-7.5

<.0010.871 (0.809-0.937)8-14.5

aOR: odds ratio.
bN/A: not applicable.
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Table 5. The association between sleep duration and bone mineral density, uric acid level, using the quantile regression method among participants in
8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020). Model 1 was adjusted for age, sex, race, educational
level, and marital status; model 2 was adjusted for age, sex, race, educational level, marital status, total energy intake, physical activity, alcohol
consumption, smoking, hypertension, and diabetes.

P valueβ (95% CI)Metabolism index

BMDa (g/cm2)

Nonadjusted (N=31,008)

N/Ab0 (0)1-5.5

.61.002 (−.005 to .009)6-6.5

.74−.001 (−.008 to .006)7-7.5

<.001−.020 (−.026 to −.013)8-14.5

Model 1 (N=27,966)

N/A0 (0)1-5.5

.16.004 (−.002 to .010)6-6.5

.03.006 (.001 to .012)7-7.5

.84.001 (−.005 to .006)8-14.5

Model 2 (N=24,485)

N/A0 (0)1-5.5

.06.006 (−.000 to .012)6-6.5

<.001.012 (.006 to .017)7-7.5

.006.008 (.002 to .013)8-14.5

UAc(mg/dL)

Nonadjusted (N=48,551)

N/A0 (0)1-5.5

.07−.043 (−.089 to .004)6-6.5

<.001−.117 (−.161 to −.073)7-7.5

<.001−.134 (−.176 to −.093)8-14.5

Model 1 (N=43,437)

N/A0 (0)1-5.5

.53−.014 (−.058 to .030)6-6.5

.005−.060 (−.102 to −.018)7-7.5

.03−.044 (−.084 to .005)8-14.5

Model 2 (N=36,060)

N/A0 (0)1-5.5

.73.008 (−.037 to .053)6-6.5

.70.008 (−.035 to .052)7-7.5

.43.017 (−.024 to .057)8-14.5

aBMD: bone mineral density.
bN/A: not applicable.
cUA: uric acid.
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Table 6. The association between sleep duration and hyperuricemia, osteoarthritis, and rheumatoid arthritis using the quantile regression method among
participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020).

P valueORa (95% CI)Diseases

HUAb

Nonadjusted (N=48,511)

N/Ac1 (0)1-5.5

.030.916 (0.844-0.994)6-6.5

<.0010.825 (0.763-0.892)7-7.5

<.0010.867 (0.806-0.933)8-14.5

Model 1 (N=43,437)

N/A1 (0)1-5.5

.770.987 (0.906-1.075)6-6.5

.050.921 (0.848-1.001)7-7.5

.180.949 (0.879-1.025)8-14.5

Model 2 (N=36,060)

1 (0)1-5.5

.421.041 (0.944-1.149)6-6.5

.241.059 (0.963-1.164)7-7.5

.221.057 (0.967-1.155)8-14.5

OAd

Nonadjusted (N=40,390)

N/A1 (0)1-5.5

<.0010.823 (0.740-0.915)6-6.5

<.0010.813 (0.736-0.898)7-7.5

.641.022 (0.932-1.121)8-14.5

Model 1 (N=40,390)

N/A1 (0)1-5.5

<.0010.796 (0.709-0.895)6-6.5

<.0010.705 (0.630-0.788)7-7.5

<.0010.728 (0.657-0.808)8-14.5

Model 2 (N=31,502)

N/A1 (0)1-5.5

.010.839 (0.733-0.959)6-6.5

<.0010.780 (0.686-0.887)7-7.5

<.0010.771 (0.683-0.870)8-14.5

RAe

Nonadjusted (N=37,812)

N/A1 (0)1-5.5

<.0010.583 (0.513-0.664)6-6.5

<.0010.448 (0.394-0.509)7-7.5

<.0010.630 (0.564-0.704)8-14.5

Model 1 (N=37,812)

N/A1 (0)1-5.5
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P valueORa (95% CI)Diseases

<.0010.647 (0.564-0.741)6-6.5

<.0010.515 (0.450-0.589)7-7.5

<.0010.587 (0.521-0.660)8-14.5

Model 2 (N=29,476)

N/A1 (0)1-5.5

<.0010.667 (0.572-0.779)6-6.5

<.0010.561 (0.481-0.654)7-7.5

<.0010.631 (0.551-0.724)8-14.5

aOR: odds ratio.
bHUA: hyperuricemia.
cN/A: not applicable.
dOA: osteoarthritis.
eRA: rheumatoid arthritis.
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Figure 3. The nonlinear association analysis between sleep duration and (A) BMI; (B) obesity; (C) waist circumference; (D) abdominal obesity; (E)
bone mineral density; (F) hyperuricemia; (G) osteoarthritis; (H) rheumatoid arthritis; and (I) Aal-cause, (J) cardiovascular disease (CVD)–cause, (K)
cancer-cause, and (L) diabetes-cause mortality among participants in 8 survey cycles of the National Health and Nutrition Examination Survey program
(2005-2020) through smooth curve fitting. Note: Except for diabetes-cause mortality, the analysis was adjusted for age, sex, race, educational level,
marital status, total energy intake, physical activity, alcohol consumption, smoking, hypertension, and diabetes; the analysis of diabetes-cause mortality
was adjusted for age, sex, race, educational level, marital status, total energy intake, physical activity, alcohol consumption, smoking, and hypertension.

JMIR Public Health Surveill 2023 | vol. 9 | e46385 | p. 15https://publichealth.jmir.org/2023/1/e46385
(page number not for citation purposes)

Lei et alJMIR PUBLIC HEALTH AND SURVEILLANCE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 4. The nonlinear association analysis between sleep duration and mortality of participants experiencing diseases or metabolism disorders through
smooth curve fitting: the nonlinear association between sleep and all-cause mortality in 8 survey cycles of the National Health and Nutrition Examination
Survey program (2005-2020; (A) all-cause mortality, (B) cardiovascular disease (CVD)–cause mortality, (C) cancer-cause mortality, and (D) diabetes-cause
mortality of participants in the US hyperuricemia population; the nonlinear association between sleep and (E) all-cause mortality, (F) CVD-cause
mortality, (G) cancer-cause mortality, and (H) diabetes-cause mortality of participants in the US osteoarthritis population; the nonlinear association
between sleep and (I) all-cause mortality, (J) CVD-cause mortality, (K) cancer-cause mortality, and (L) diabetes-cause mortality of participants in the
US rheumatoid arthritis population. Except for diabetes-cause mortality, the analysis was adjusted for age, sex, race, educational level, marital status,
total energy intake, physical activity, alcohol consumption, smoking, hypertension, and diabetes; the analysis of diabetes-cause mortality was adjusted
for age, sex, race, educational level, marital status, total energy intake, physical activity, alcohol consumption, smoking, and hypertension.
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Table 7. Threshold effect analysisa of sleep duration on obesity-related outcomes among 37,979 participants in 8 survey cycles of the National Health
and Nutrition Examination Survey program (2005-2020).

AB obesityd (n=37,195),
OR (95% CI)

WCc (n=37,195), β (95%
CI)

Obesity (N=37,979),

ORb (95% CI)

BMI (N=37,979), β (95% CI)Obesity-related outcomes

0.975e (0.960 to 0.990)−0.219e (−0.320 to
−0.117)

0.964e (0.950 to 0.977)−0.176e (−0.220 to −0.133)Effect analysis by one linear model

Effect analysis by 2-fold piecewise model

0.963e (0.943 to 0.982)−0.407e (−0.546 to
−0.269)

0.943e (0.925 to 0.961)−0.249e (−0.309 to −0.190)Effect difference

1.008 (0.970 to 1.047)0.258f (0.000 to 0.516)1.018 (0.983 to 1.054)0.006 (−0.104 to 0.116)Sleep duration<inflection point

1.047 (0.997 to 1.099)0.666e (0.335 to 0.997)1.079g (1.032 to 1.129)0.255e (0.114 to 0.397)Sleep duration≥inflection point

aThe model used for the threshold effect analysis was adjusted for age, sex, race, educational level, marital status, total energy intake, physical activity,
alcohol consumption, smoking, hypertension, and diabetes.
bOR: odds ratio.
cWC: waist circumference.
dAB obesity: abdominal obesity.
eP<.001.
fP<.05.
gP<.01.

Table 8. Threshold effect analysisa of sleep duration on bone mineral density (BMD), hyperuricemia, osteoarthritis, and rheumatoid arthritis (RA)
among 36,060 participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020; N=36,060).

RA (n=29,476), OR
(95% CI)

Osteoarthritis (n=31,502),
OR (95% CI)

Hyperuricemia (N=36,060),

ORb (95% CI)

BMD (n=24,485), β (95%
CI)

Obesity-related outcomes

0.940d (0.912 to 0.968)0.965c (0.942 to 0.990)1.015 (0.997 to 1.033)0.002c (0.001 to 0.003)Effect analysis by one linear model

Effect analysis by 2-fold piecewise model

0.726d (0.681 to 0.773)0.901d (0.871 to 0.932)1.139c (1.035 to 1.253)0.006d (0.004 to 0.007)Sleep duration<inflection
point

1.103d (1.055 to 1.154)1.135d (1.070 to 1.203)1.002 (0.981 to 1.023)−0.005d (−0.007 to −0.002)Sleep duration≥inflection
point

1.520d (1.385 to 1.668)1.259d (1.166 to 1.360)0.880e (0.793 to 0.976)−0.010d (−0.014 to −0.006)Effect difference

aThe model used for threshold effect analysis was adjusted for age, sex, race, educational level, marital status, BMI, total energy intake, physical activity,
alcohol consumption, smoking, hypertension, and diabetes.
bOR: odds ratio.
cP<.01.
dP<.001.
eP<.05.

Association Between Sleep Duration and Mortality in
General Population
As shown in Table 9, a significantly negative correlation
between sleep duration and all-cause mortality was found in
Q2 (HR 0.844) and Q3 (HR 0.749) of model 2, respectively.
Consistently, a significantly negative correlation with
CVD-cause mortality in Q2 (HR 0.773) in model 2 was
discovered. For cancer-cause mortality, a significant HR in Q2
(HR 0.801) and Q3 (HR 0.798) of model 1 was detected, which
was absent in model 2. For diabetes-cause mortality, a
significantly negative HR was detected in Q2 (HR 0.654) and
Q3 (HR 0.0.562) of model 1 as well as Q3 (HR 0.633) of model

2. The analysis results of smooth curve fitting indicated an
L-shaped association between sleep duration and all-cause,
CVD-cause, cancer-cause, and diabetes-cause mortality (Figures
3I and 4L). The threshold effect analysis detected a significant
threshold effect of sleep duration on all-cause, CVD-cause,
cancer-cause, and diabetes-cause mortality, and an inflection
point of 6.5 hours was detected (Table 10). When below the
inflection point, a significantly protective HR of sleep duration
was detected in terms of all-cause, CVD-cause, cancer-cause,
and diabetes-cause mortality. However, when above the
inflection point, a significant risk HR of sleep duration was
detected in terms of all-cause, CVD-cause, cancer-cause, and
diabetes-cause mortality.
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Table 9. The association between sleep duration and hazard ratios for mortality in population using the quantile regression method among 51,416
participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020).

P valueModel 2P valueModel 1P valueNonadjusted

N/A31,419 (100)N/A39,501 (100)N/Aa41,886 (100)All-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HRb (95% CI)

.0050.844 (0.751-0.949)<.0010.800 (0.724-0.884)<.0010.752 (0.681-0.831)6-6.5, HR (95% CI)

<.0010.749 (0.666-0.842)<.0010.708 (0.641-0.783)<.0010.651 (0.589-0.718)7-7.5, HR (95% CI)

.630.975 (0.879-1.081).470.969 (0.888-1.056)<.0011.171 (1.076-1.275)8-14.5, HR (95% CI)

N/A31,419 (100)N/A39,501 (100)N/A41,886 (100)CVDc-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.370.909 (0.745-1.107).0470.843 (0.712-0.998).0040.781 (0.661-0.924)6-6.5, HR (95% CI)

.010.773 (0.632-0.945)<.0010.689 (0.579-0.818)<.0010.617 (0.520-0.731)7-7.5, HR (95% CI)

.821.020 (0.857-1.215).891.010 (0.873-1.169).0031.241 (1.076-1.432)8-14.5, HR (95% CI)

N/A31,419 (100)N/A39,501 (100)N/A41,886 (100)Cancer-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.080.805 (0.632-1.025).040.801 (0.650-0.987).0080.756 (0.614-0.931)6-6.5, HR (95% CI)

.090.813 (0.642-1.030).030.798 (0.650-0.978).0030.738 (0.604-0.903)7-7.5, HR (95% CI)

.740.964 (0.780-1.192).400.925 (0.771-1.110).411.078 (0.902-1.290)8-14.5, HR (95% CI)

N/A31,419 (100)N/A39,501 (100)N/A41,886 (100)Diabetes-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.080.738 (0.525, 1.038).0040.654 (0.490-0.873)<.0010.587 (0.441-0.782)6-6.5, HR (95% CI)

.010.633 (0.446-0.899)<.0010.562 (0.419-0.754)<.0010.476 (0.357-0.636)7-7.5, HR (95% CI)

.631.072 (0.805-1.429).160.842 (0.661-1.072).500.922 (0.726-1.169)8-14.5, HR (95% CI)

aN/A: not applicable.
bHR: heart rate.
cCVD: cardiovascular disease.

Table 10. Threshold effect analysis of sleep duration on mortality with different causes among 31,419 participants in 8 survey cycles in the National
Health and Nutrition Examination Survey program (2005-2020; N=31,419).

Diabetes-cause mortali-

ty (n=32,173)c, HR
(95% CI)

Cancer-cause mortali-

ty (N=31,419)a, HR
(95% CI)

Cardiovascular dis-
ease–cause mortality

(N=31,419)a, HR (95% CI)

All-cause mortality

(N=31,419)a, HRb

(95% CI)

Mortality

1.018 (0.955-1.084)1.028 (0.980-1.079)1.043e (1.003-1.084)1.036d (1.012-1.060)Effect analysis by one linear model

Effect analysis by 2-fold piecewise model

0.813d (0.709-0.933)0.892e (0.804-0.990)0.835f (0.770-0.906)0.847f (0.806-0.889)Sleep duration<inflection point

1.150d (1.050-1.260)1.120d (1.041-1.206)1.188f (1.122-1.258)1.169f (1.129-1.210)Sleep duration≥inflection point

1.414f (1.161-1.722)1.255f (1.077-1.462)1.422f (1.262-1.603)1.381f (1.285-1.484)Effect difference

aThe model used for the threshold effect analysis was adjusted for age, sex, race, educational level, marital status, total energy intake, BMI, physical
activity, alcohol consumption, smoking, hypertension, and diabetes.
bHR: hazard ratio.
cThe model used for threshold effect analysis was adjusted for age, sex, race, educational level, marital status, total energy intake, BMI, physical activity,
alcohol consumption, smoking, and hypertension.
dP<.01.
eP<.05.
fP<.001.
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Association Between Sleep Duration and Mortality in
RA, OA, and HUA Populations
As shown in Table 11, in the HUA population, the HR of
all-cause mortality in Q2, Q3, and Q4 was 0.784 (95% CI
0.633-0.972; P=.03), 0.669 (95% CI 0.538-0.832; P<.001), and
0.786 (95% CI 0.649-0.953; P=.01), respectively. The HR of
CVD-cause mortality in Q3 was 0.667 (95% CI 0.471-0.944;
P=.02). The HR of diabetes-cause mortality in Q2 and Q3 was
0.587 (95% CI 0.345-0.996; P=.048) and 0.464 (95% CI
0.266-0.810; P=.007), respectively. In the OA population, sleep
duration was identified as a protective factor for OA in Q3 of
all-cause mortality. The HR for all-cause mortality in Q3 was
0.647 (95% CI 0.487-0.861; P=.003). In the RA population,
sleep duration was identified as a protective factor for RA in
Q3 (HR 0.500, 95% CI 0.338-0.742; P<.001) of all-cause

mortality and Q3 (HR 0.302, 95% CI 0.143-0.638; P=.002) of
CVD-cause mortality. The analysis results of the smooth curve
fitting showed an L-shaped association between sleep duration
and mortality in participants with HUA (Figure 4) and a
n-shaped association between sleep duration and cancer-cause
mortality in the OA population. The threshold effect analysis
found a significant threshold effect of sleep duration on
all-cause, CVD-cause, cancer-cause, and diabetes-cause
mortality in the HUA population, which was also detected for
all-cause and CVD-cause mortality in the OA and RA
populations as well as diabetes-cause mortality in the OA
population. In the OA population, the detected inflection points
of sleep duration for all-cause, CVD-cause, and diabetes-cause
mortality were 6.5 hours, 8.5 hours, and 7.5 hours, respectively
(Table 12).

Table 11. The effect of sleep duration on mortality of population experiencing musculoskeletal disorders using the quantile regression method among
5538 participants in 8 survey cycles of the National Health and Nutrition Examination Survey program (2005-2020). The model was adjusted by age,
sex, race, educational level, marital status, total energy intake, physical activity, alcohol consumption, smoking, hypertension, and diabetes.

P valueRAc populationP valueOAb populationP valueHUAa population

N/A1615 (100)N/A3209 (100)N/Ad5538 (100)All-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HRe (95% CI)

.790.956 (0.683-1.337).080.782 (0.591-1.034).030.784 (0.633-0.972)6-6.5, HR (95% CI)

<.0010.500 (0.338-0.742).0030.647 (0.487-0.861)<.0010.669 (0.538-0.832)7-7.5, HR (95% CI)

.560.913 (0.675-1.236).250.863 (0.670-1.110).010.786 (0.649-0.953)8-14.5, HR (95% CI)

N/A1615 (100)N/A3209 (100)N/A5538 (100)CVD-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.960.985 (0.575-1.688).300.772 (0.471-1.266).240.818 (0.583-1.147)6-6.5, HR (95% CI)

.0020.302 (0.143-0.638).350.795 (0.492-1.285).020.667 (0.471-0.944)7-7.5, HR (95% CI)

.360.791 (0.477-1.311).671.097 (0.720-1.672).160.804 (0.594-1.088)8-14.5, HR (95% CI)

N/A1615 (100)N/A3209 (100)N/A5538 (100)Cancer-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.550.817 (0.421-1.584).231.489 (0.778-2.848).730.919 (0.565-1.494)6-6.5, HR (95% CI)

.090.522 (0.246-1.107).821.080 (0.552-2.114).360.796 (0.486-1.303)7-7.5, HR (95% CI)

.540.833 (0.463-1.497).551.211 (0.646-2.272).810.947 (0.610-1.469)8-14.5, HR (95% CI)

N/A1669 (100)N/A3345 (100)N/A5725 (100)Diabetes-cause mortality, n (%)

N/A1 (0)N/A1 (0)N/A1 (0)1-5.5, HR (95% CI)

.950.970 (0.342-2.746).520.763 (0.338-1.723).0480.587 (0.345-0.996)6-6.5, HR (95% CI)

.180.396 (0.101-1.552).470.737 (0.323-1.685).0070.464 (0.266-0.810)7-7.5, HR (95% CI)

.671.220 (0.490-3.036).940.975 (0.481-1.975).080.661 (0.418-1.046)8-14.5, HR (95% CI)

aHUA: hyperuricemia.
bOA: osteoarthritis.
cRA: rheumatoid arthritis.
dN/A: not applicable.
eHR: heart rate.
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Table 12. Threshold effect analysisa of sleep duration on mortality with different causes among 3345 participants with osteoarthritis (OA), 1669
participants with rheumatoid arthritis (RA), and 5725 participants with hyperuricemia (HUA) in 8 survey cycles of the National Health and Nutrition
Examination Survey program (2005-2020).

Diabetes-cause mortalityCancer-cause mortalityCVDb-cause mortalityAll-cause mortalitySpecific population

3345 (100)3209 (100)3209 (100)3209 (100)OA population, n (%)

1.164 (0.988-1.370)0.978 (0.863-1.109)1.153d (1.052-1.264)1.037 (0.980-1.098)Effect analysis by one linear model, HRc

(95% CI)

Effect analysis by 2-fold piecewise model, HR (95% CI)

0.851 (0.665-1.087)1.003 (0.874-1.152)0.961 (0.855-1.079)0.755e (0.671-0.851)Sleep duration＜inflection point

1.663e (1.288-2.148)0.558 (0.138-2.259)1.778e (1.470-2.150)1.236e (1.140-1.339)Sleep duration≥inflection point

1.956d (1.274-3.003)0.556 (0.132-2.339)1.850e (1.424-2.404)1.636e (1.377-1.942)Effect difference

1669 (100)1615 (100)1615 (100)1615 (100)RA population, n (%)

1.073 (0.876-1.314)0.980 (0.859-1.119)0.984 (0.875-1.106)1.000 (0.934-1.070)Effect analysis by one linear model, HR
(95% CI)

Effect analysis by 2-fold piecewise model, HR (95% CI)

0.985 (0.782-1.241)0.794 (0.619-1.019)0.753d (0.608-0.933)0.845f (0.739-0.965)Sleep duration＜inflection point

1.893 (0.897-3.995)1.161 (0.940-1.434)1.215f (1.014-1.457)1.133f (1.017-1.262)Sleep duration≥inflection point

1.921 (0.807-4.575)1.462 (0.984-2.173)1.614d (1.151-2.264)1.341d (1.091-1.649)Effect difference

5725 (100)5538 (100)5538 (100)5538 (100)HUA population, n (%)

0.988 (0.881-1.108)1.042 (0.946-1.149)0.978 (0.913-1.049)0.979 (0.937-1.023)Effect analysis by one linear model, HR
(95% CI)

Effect analysis by 2-fold piecewise model, HR (95% CI)

0.743f (0.633-0.871)0.942 (0.843-1.053)0.852d (0.766-0.947)0.852f (0.797-0.911)Sleep duration＜inflection point

1.546f (1.264-1.891)1.731f (1.300-2.305)1.212d (1.055-1.393)1.216f (1.113-1.328)Sleep duration≥inflection point

2.083f (1.527-2.840)1.838f (1.300-2.597)1.423d (1.154-1.755)1.427f (1.250-1.629)Effect difference

aThe model used for the threshold effect analysis was adjusted for age, sex, race, educational level, marital status, total energy intake, BMI, physical
activity, alcohol consumption, smoking, hypertension, and diabetes.
bCVD: cardiovascular disease.
cHR: hazard ratio.
dP<.01.
eP<.001.
fP<.05.

Below the inflection point, a significantly decreased HR for
all-cause mortality was detected, whereas a significantly
increased HR for all-cause, CVD-cause, and diabetes-cause
mortality was detected above the inflection point. In the RA
population, the detected inflection point of sleep duration for
all-cause and CVD-cause mortality was 6.5 hours. Below the
inflection point, a significantly decreased HR for all-cause and
CVD-cause mortality was detected. Above the inflection point,
a significantly increased HR for all-cause and CVD-cause
mortality was detected. In the HUA population, the inflection
point of sleep duration for all-cause, CVD-cause, cancer-cause,
and diabetes-cause mortality in model 2 was 7.5 hours, 7.5
hours, 9 hours, and 7.5 hours, respectively. Below the inflection
point, a significantly decreased HR for all-cause, CVD-cause,
and diabetes-cause mortality was detected. Above the inflection
point, a significantly increased HR for all-cause, CVD-cause,
cancer-cause, and diabetes-cause mortality was detected.

Discussion

Principal Findings
In this study, we found that increased sleep duration was
associated with decreased BMI, obesity, WC, abdominal obesity,
OA, and RA but increased BMD. The nonlinear analysis
indicated that sleep duration caused a saturation effect on
obesity, abdominal obesity, and HUA. In addition, a significant
threshold effect of sleep duration on BMD; OA; RA; and
all-cause, CVD-cause, cancer-cause, and diabetes-cause
mortality was found.

Sleep is an indispensable physiological activity for human
beings that is closely associated with physical and mental health
and the incidence and development of various diseases. Despite
the critical significance of healthy sleep, sleep disorders have
gradually increased over the past 2 decades, with more than a
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third of adults and 57% of teenagers in the United States
experiencing insomnia [20]. With aggravating the worrying
sleep dilemma, accumulating interests have been aroused in
exploring sleep’s physiological and pathological role in human
beings. According to the International Classification of Sleep
Disorders published by the American Academy of Sleep
Medicine, the diagnosis of sleep disorders can be divided into
7 types, including insomnia, sleep-related breathing disorders,
central disorders of hypersomnolence, circadian rhythm
sleep-wake disorders, parasomnias, sleep-related movement
disorders, and other sleep disorders [21]. These sleep disorders
would significantly impair sleep duration, which is essential to
maintain mental health [22,23].

Many studies have investigated the association between obesity
and sleep duration, with controversial conclusions achieved. A
negative association between obesity and sleep duration has
been detected in some studies [24-27], whereas none of these
studies have a sample size of>10,000 participants. In addition,
Kripke et al [28] reported a U-shaped association between BMI
and sleep duration in 636,095 female participants in the United
States, with an inflection point of sleep duration (7 to 8 hours).
In comparison, no significant association between BMI and
sleep duration was detected in 480,841 male participants. To
the best of our knowledge, we are the first to find the saturation
effect of sleep duration on obesity-related outcomes, indicating
a negative association between obesity and sleep duration when
sleep duration is <8 hours. Some epidemiological studies have
pointed out that sleep duration may cause obesity and endocrine
changes such as decreased glucose tolerance and insulin
sensitivity, increased evening concentrations of cortisol,
increased levels of ghrelin, decreased levels of leptin, and
increased hunger and appetite [29,30]. Although only a few
experimental studies have explored the underlying mechanism
behind this phenomenon, it could be hypothesized that the
underlying mechanism is complex and works in multiple
networks.

In this study, we have found a n-shaped association between
BMD and sleep duration, with the inflection point of 7.5 hours
sleep duration detected. On the basis of the NHANES program
2017-2018, Lee et al [6] found that the osteoporosis incidence
of female participants aged >50 years with a sleep duration of
<5 hours was significantly higher than that of normal
participants (OR 7.35) in the NHANES program 2005-2010,
which was almost consistent with the findings of Shiao et al
[31]. In addition, Tang et al [32] found that participants with
shorter or longer sleep durations showed lower BMD than those
with normal sleep duration (7 to 9 hours), which was consistent
with our findings. It should not be ignored that some studies
reported no significant association between sleep duration and
BMD [33] and osteoporosis [34]. These epidemiological studies
revealed that sleep duration seems to be a double-edged sword
in affecting the change of BMD. However, more experimental
evidence should be provided to demonstrate this phenomenon.
Swanson et al [35] found that the level of P1NP, a biomarker
of bone formation, decreased when the sleep circadian rhythm
was disrupted, which was more pronounced among younger
people and indicated a detrimental effect of sleep disorders on
normal bone turnover. In addition, it was reported that growth

hormone might be an important effective agent involving sleep
duration affecting bone mass [36]. In general, many
epidemiological studies have demonstrated the detrimental
effect of sleep disorders on BMD, although exploring specific
molecular mechanisms needs further work.

UA is the terminal metabolite of purine compounds, of which
approximately 80% are endogenous and 20% are derived from
exogenous food rich in purine or nucleic acid proteins [37].
Under normal physiological conditions, the production and
catabolism of UA are in dynamic homeostasis, mainly regulated
by liver synthesis and excretion from or absorption in the kidney
and intestine [38]. Excessive serum UA, HUA, was reported to
be closely associated with various diseases, including gout,
chronic kidney disease, and CVD [39,40]. A few
epidemiological studies have investigated the association
between sleep duration and UA or HUA. Lee et al [41] found
a U-shaped association between sleep duration and UA in
Korean women, indicating that female individuals with a sleep
duration of 7 to 8 hours showed the lowest UA level. In addition,
many related studies have reported the negative association that
increased sleep duration was significantly associated with a
lower risk of HUA [42-44]. However, in this study, we found
a threshold effect between sleep duration and HUA, indicating
a positive association between HUA and sleep duration when
sleep duration was <5 hours. This finding was different from
that of previous studies. Owing to the lack of experimental
evidence and controversy regarding epidemiological studies, it
could be challenging to draw an affirmative conclusion related
to the association between sleep duration and UA level up till
now.

OA is one of the most common musculoskeletal diseases,
seriously impairing the health and social functioning of the US
population. Recent epidemiological studies have investigated
the association between sleep duration and OA. On the basis of
the Korea NHANES program, Park et al [45] found a U-shaped
association between sleep duration and OA in the older woman
population (aged >50 years), with a lower incidence of OA
occurring in the group reporting a 7 to 8 hours sleep duration.
Ni et al [46] found that the increased OA incidence was
positively correlated with a shorter sleep duration. These studies
were conducted within a specific population in Korea. At the
same time, there were few studies to investigate the association
between sleep duration and OA in the general US population.
What we performed in this study tried to answer this question,
and we found a threshold effect of sleep duration on OA
incidence in the US population. The OA incidence increased
with the increase in sleep duration; however, this synergistically
positive association disappeared when sleep duration increased
to 8 hours. It is worth noting that Ni et al [46] found that patients
with OA aged >60 years in the NHANES program (2011 to
2018) experienced a higher incidence of sleep trouble [46].
These studies and our findings have demonstrated a positive
association between sleep duration and OA incidence, although
the causal association between them is yet to be clarified. It is
well known that progressing OA pathology into the advanced
stage causes severe pain and impairs the patient’s function and
sleep quality [47,48]. Therefore, the more profound association
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between sleep duration and OA, such as a causal relationship,
should be verified by more prospective clinical studies.

As an autoimmune disease, RA is caused by multiple factors,
including genetic susceptibility and environmental factors [49].
Kim et al [50] found that the RA incidence in the Korean
population decreased with an increase in sleep duration when
sleep duration was <6 hours. They also found that severe RA
pain was closely associated with sleep duration when it was <6
hours [50]. Meanwhile, Wu et al [51] found that shorter sleep
duration, <6 hours, and poor sleep quality were positively
associated with RA incidence. This study found that increased
sleep duration was negatively associated with RA. A threshold
effect (inflection point: 6.5 hours) was detected in the
association analysis between sleep duration and RA. The
association we detected between sleep duration (<6.5 hours)
and RA was almost consistent with the aforementioned studies.
It is worth noting that we were the first to find that excessive
sleep duration (>6.5 hours) was a risk factor for RA. However,
the causal relationship between sleep duration and RA was
challenging to be verified because the pain symptom was one
of the main characteristics of RA, which could also cause
detrimental influences on sleep quality. Notably, Gao et al [52]
performed a Mendelian randomization study to investigate the
causal relationship between sleep traits and RA. They found no
association between sleep duration and frequent insomnia, any
insomnia, sleep duration, or snoring, although the casual effect
of shorter sleep duration (<6 hours) on RA was detected through
inverse variance weighted and weighted median methods, which
provided further evidence to support our findings. Despite this
accumulating epidemiological evidence and continuous insight
into the pathogenesis of RA, research on how sleep duration or
traits affect the occurrence and development of RA still needs
to be completed. Further experimental studies focusing on this
perspective may yield a new understanding of the pathogenesis
of RA.

Many epidemiological studies have widely investigated the
association between sleep duration and mortality [2,53,54]. The
U-shaped association (inflection point: 6.5 hours) detected in
this study between sleep duration and all-cause, CVD-cause,
and cancer-cause mortality was first detected in the general US
population, which was consistent with a previous study
involving a specific population, such as older or woman
populations [55-57]. With the change in dietary structure,
diabetes has gradually become one of the most common aging
diseases, causing serious detrimental effects on health and
longevity [58,59]. However, mortality, mainly or partly because
of diabetes, has been less investigated, especially for
investigating the effect of life behaviors on diabetes-cause
mortality in the general or specific population. Hou et al [60]
investigated the association between diabetes-cause mortality
and carbohydrate intake behaviors and found that low-quality
carbohydrates at dinner were positively associated with
diabetes-cause mortality. We first explored the association
between sleep duration and diabetes-cause mortality, with a
U-shaped association detected in the general US population.
We also detected a similar U-shaped association between sleep
duration and diabetes-cause mortality in the OA and HUA
populations. These findings provide a strong epidemiological

evidence that lifestyle behaviors, such as dietary and sleep
behaviors, may have played an essential role in affecting poor
diabetes-related outcomes. A large amount of epidemiological
evidence have been provided to demonstrate that shorter or
excessive sleep duration causes a detrimental effect on mortality
outcomes. Unlike previous studies, we are the first to identify
a threshold effect of sleep duration on mortality in the OA, RA,
and HUA populations. This discovery offers new clinical
evidence about the impact of sleep duration on mortality
outcomes within these specific populations, highlighting the
potential benefits of maintaining an appropriate sleep duration
for individuals in these groups. There are some potential
explanations from the perspective of mechanisms to clarify the
negative association between shorter sleep duration and
mortality, including increased cortisol secretion, altered growth
hormone metabolism, inflammation activation, and changes in
circulating leptin and ghrelin [2,61,62]. Although no such
hypothesis has been provided to clarify the detrimental effect
of excessive sleep duration on mortality in the general or specific
population, further experimental studies must be conducted.

Study Limitations
Some limitations should be addressed when generalizing the
conclusions. First, as a cross-sectional study, this study
highlighted the association between sleep duration and various
outcomes; however, it was not possible to infer the causal
association between sleep duration and these outcomes.
Mendelian randomization analysis could be an alternative
method to investigate their causal association, which may be
conducted to further determine their causal association in the
US population. Second, the diagnosis of OA and RA was
defined through a questionnaire survey method, which may lead
to misdiagnosing or missed diagnosis of some participants and
impair the evidence level of our conclusion. Third, although we
included various covariates for adjustment in the analysis, there
must be missing covariates associated with the outcomes
analyzed in this study. For example, genetic factors, family
history, and environmental exposures have been considered as
the risk factors for some diseases, such as RA and obesity.
Owing to the limitation of data availability, it was difficult to
include these individual information as covariates. Furthermore,
the sleep duration information of children was absent in the
NHANES program. Therefore, we should be careful when
generalizing the conclusions to specific populations. In addition,
the quality of sleep is an important factor influencing the health
status; however, the lack of this individual information in the
NHANES program makes it difficult to analyze the role of sleep
quality on individual health, which should be investigated in
future studies. In general, more prospective and related
experimental studies or Mendelian randomization studies are
needed to further validate the conclusions of this study.

Conclusions
In our study, which included a total of 54,664 participants across
8 survey cycles of the NHANES program, we observed that
longer sleep duration was associated with decreased BMI,
obesity, WC, abdominal obesity, OA, and RA but increased
BMD. Furthermore, we found that sleep duration caused a
saturation effect on obesity, abdominal obesity, and HUA. In
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addition, a significant threshold effect of sleep duration on
BMD; OA; RA; and all-cause, CVD-cause, cancer-cause, and
diabetes-cause mortality was found. In conclusion, this study
provided further evidence about the double-edged sword effect

of sleep duration on health, and proper sleep duration plays a
critical role in maintaining good health status. These findings
suggested that ensuring adequate sleep duration should be an
integral part of public health programs.
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