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Abstract

Background: Sleepisanimportant physiological behavior in humans that is associated with the occurrence and devel opment
of various diseases. However, the association of sleep duration with health-related outcomes, including obesity-related factors,
muscul oskeletal diseases, and mortality because of different causes, has not been systematically reported.

Objective: Thisstudy aimsto systematically investigate the effect of sleep duration on health-related outcomes.

Methods: Overdl, 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
guestionnaire 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 differencesin
terms of baseline data (P<.001). The quantile regression analysisindicated that participants with increased sleep duration showed
decreased BMI (=-.176, 95% CI -.220 to —.133; P<.001), obesity (odds ratio [OR] 0.964, 95% CI 0.950-0.977; P<.001), waist
circumference (3=-.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% Cl 0.912-0.968; P<.001). Participants with increased sleep
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duration also showed increased BMD (3=.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 sowing
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 problemsthat 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.

https://publichealth.jmir.org/2023/1/e46385

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 mode of
multiple-disease and multiple-factor mortaity and alarge 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, muscul oskeletal 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.
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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 groupsin 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 disordersin 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 deep duration and wake duration,
including sleep and wake duration on weekdays and weekends.
Statistical sleep time was rounded to the nearest half hour. The
guestions were asked at home by trained interviewers using a

https://publichealth.jmir.org/2023/1/e46385

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/m?), and participants obesity status was then
determined by BMI, withaBMI| 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 eval uated muscul oskel etal diseasesincluding 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
answersto 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 dataused 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 Hedth 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, al mortality rates were
identified asall-cause mortality, and those rel ated 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 statusincluded married,
widowed, divorced, separated, never married, living with a
partner, and others. Dataalso 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. Diabetesisdiagnosed 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 hedth-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, asthe 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
guantile 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
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guantile regression model was used to analyze the correlation
between sleep duration and other outcomes, and the odds ratio
(OR) wasused for ng the effect of deep duration on other
health-related outcomes. For continuous variables, B values
were used to measure the effect of risk factors on outcome
measures. An OR or HR value >1 indicates that the factor isa
risk factor. An OR or HR value <1 indicates that the element
isprotective. A (3 value of >0 indicatesthat the factor positively
correlates with the outcome measure and vice versa. Firgt, 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
participantswere compared using the chi-square test (classified
data) and the Kruskal-Wallistest (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-piecewisemodel. 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 Participantsin Different Sleep
Duration

A tota of 54,896 participants with sleep questionnaire
information in the NHANES (2005-2020) wereincluded. 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,
educationa 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,
aswell 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 datacomparison of 54,664 participantsin 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).

Q1 (n=6862) Q2 (n=10,524) Q3 (n=14,198) Q4 (n=23,080) P value
Sleep duration (hours) 1-55 6-6.5 7-75 8-145 N/AZ
Age (years), mean (SD) 47.76 (17.97) 46.03 (18.21) 4576 (18.81) 46.65 (21.37) <.001
Sex, n (%) <.001
Male 3452 (50.31) 5345 (50.79) 7111 (50.08) 10,695 (46.34)
Female 3410 (49.69) 5179 (49.21) 7087 (49.92) 12,385 (53.66)
Race (Hispanic origin), n (%) <.001
Mexican American 827 (12.05) 1618 (15.37) 2223 (15.66) 3940 (17.07)
Non-Hispanic Black 2445 (35.63) 2792 (26.53) 2645 (18.63) 4667 (20.22)
Non-Hispanic White 2180 (31.77) 3791 (36.02) 5990 (42.19) 9393 (40.70)
Other Hispanic 704 (10.26) 1050 (9.98) 1331 (9.37) 2176 (9.43)
Other race 706 (10.29) 1273 (12.10) 2009 (14.15) 2904 (12.58)
Education level, n (%) <.001
<oth grade 684 (10.60) 883 (9.17) 1154 (9.03) 2344 (11.78)
oth-11th grade 1070 (16.58) 1316 (13.67) 1483 (11.60) 2845 (14.30)
High school graduate 1669 (25.87) 2235 (23.22) 2764 (21.62) 4602 (23.13)
Some college or AAP degree 2095 (32.47) 3026 (31.44) 3670 (28.71) 5685 (28.57)
College graduate or above 929 (14.40) 2156 (22.40) 3706 (28.99) 4378 (22.00)
Refused 4 (0.06) 4(0.04) 4(0.03) 7(0.04)
Do not know 1(0.02) 6 (0.06) 3(0.02) 39 (0.20)
Marital status, n (%) <.001
Married 2938 (44.83) 5040 (51.28) 7305 (55.84) 10,202 (49.86)
Widowed 715 (10.91) 914 (9.30) 1201 (9.18) 2644 (12.92)
Divorced 987 (15.06) 1232 (12.54) 1433 (10.95) 2394 (11.70)
Separated 283(4.32) 306 (3.11) 276 (2.11) 473 (2.31)
Never married 1138 (17.37) 1677 (17.06) 2057 (15.73) 3396 (16.60)
Living with partner 487 (7.43) 649 (6.60) 802 (6.13) 1332 (6.51)
Refused 5(0.08) 10 (0.10) 6 (0.05) 15 (0.07)
Do not know 0(0) 0(0) 1(0.02) 4(0.02)
BMI (kg/m?), mean (SD) 30.09 (7.91) 29.33(7.19) 28.68 (6.82) 28.49 (7.04) <.001
Total energy intake (kcal), mean (SD) 2136.61 (1147.03)  2166.06 (1035.51) 21590.49(992.91)  2064.69 (978.45)  <.001
Physical activity, n (%) <.001
No 3938 (58.14) 6033 (58.04) 8368 (59.77) 14,298 (63.53)
Yes 2835 (41.86) 4361 (41.96) 5633 (40.23) 8209 (36.47)
Alcohol consumption, n (%) N/A
No 2035 (36.44) 2679 (31.83) 3763 (33.68) 6590 (38.29)
Yes 3550 (63.56) 5737 (68.17) 7409 (66.32) 10,620 (61.71)
Smoking, n (%) <.001
No 3230 (49.43) 5471 (55.89) 7778 (59.59) 12,107 (58.44)
Yes 3304 (50.57) 4318 (44.11) 5274 (40.41) 8609 (41.56)
Hypertension, n (%) <.001
No 4095 (59.81) 6980 (66.39) 10,079 (71.05) 15,542 (67.45)
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Q1 (n=6862) Q2 (n=10,524) Q3 (n=14,198) Q4 (n=23,080) P value
Yes 2752 (40.19) 3534 (33.61) 4107 (28.95) 7500 (32.55)
Diabetes, n (%) <.001
No 5684 (85.15) 9040 (87.86) 12,434 (89.67) 19,728 (87.29)
Yes 991 (14.85) 1249 (12.14) 1433 (10.33) 2873 (12.71)

8N/A: not applicable.
PAA: 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 participantsin 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).

Q1 (n=6862) Q2 (n=10,524) Q3 (n=14,198) Q4 (n=23,080) P value
Sleep duration (hours) 1-55 6-6.5 7-75 8-145 N/AR
Obesity, n (%) <.001
No 3713 (57.16) 6142 (61.34) 8647 (64.45) 13,999 (65.14)
Yes 2783 (42.84) 3871 (38.66) 4770 (35.55) 7491 (34.86)
Wiaist circumference, mean (SD) 100.46 (17.81) 98.87 (17.09) 97.44 (16.38) 97.18 (17.02) <.001
Abdominal obesity, n (%) <.001
No 2600 (42.08) 4368 (45.40) 6173 (47.83) 9641 (47.21)
Yes 3579 (57.92) 5254 (54.60) 6734 (52.17) 10,779 (52.79)
Femur BMDY, mean (SD) 1.02 (0.19) 1.02(0.18) 1.01(0.18) 1.00 (0.18) <.001
Uric acid, mean (SD) 5.50 (1.47) 5.46 (1.45) 5.38 (1.40) 5.37 (1.46) <.001
Hyperuricemia, n (%) <.001
No 4935 (80.43) 7741 (81.78) 10,550 (83.28) 16,747 (82.57)
Yes 1201 (19.57) 1725 (18.22) 2118 (16.72) 3534 (17.43)
Osteoarthritis, n (%) <.001
No 4267 (86.25) 7101 (88.41) 9680 (88.53) 14,169 (85.99)
Yes 680 (13.75) 931 (11.59) 1254 (11.47) 2308 (14.01)
Rheumatoid arthritis, n (%) <.001
No 4267 (89.31) 7101 (93.47) 9680 (94.91) 14,169 (92.98)
Yes 511 (10.69) 496 (6.53) 519 (5.09) 1069 (7.02)
All-cause mortality, n (%) <.001
No 4959 (87.32) 7830 (90.33) 10,064 (92.09) 14,529 (87.47)
Yes 720 (12.68) 838 (9.67) 864 (7.91) 2082 (12.53)
CVD®-cause mortality, n (%) <.001
No 5430 (95.62) 8367 (96.53) 10,645 (97.41) 15,849 (95.41)
Yes 249 (4.38) 301 (3.47) 283 (2.59) 762 (4.59)
Cancer-cause mortality, n (%) <.001
No 5514 (97.09) 8475 (97.77) 10,703 (97.94) 16,169 (97.34)
Yes 165 (2.91) 193 (2.23) 225 (2.06) 442 (2.66)
Diabetes-cause mortality, n (%) <.001
No 5581 (98.27) 8579 (98.97) 10,842 (99.21) 16,389 (98.66)
Yes 98 (1.73) 89 (1.03) 86 (0.79) 222 (1.34)

8N/A: not applicable.
BMD: bone mineral density.
¢CVD: cardiovascular disease.

Correlation Between Sleep Duration and

M usculoskeletal Diseases, Obesity, and

M etabolism-Related Outcomes

As shown in Tables 3-6, a negative association between sleep
duration and negative association was detected in the whole
quantile of al the 3 models. In model 2, the 3 values of sleep
duration on BMI in Q2, Q3, and Q4 were -.308, —.687, and
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-.931, respectively, and the ORsfor obesity in Q2, Q3, and Q4
were 0.924, 0.874, and 0.810, respectively. The 3 values of
deepdurationon WCin 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 aso
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
associ ation was detected between sleep duration and UA aswell
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 al the 3 models. Subsequently, the nonlinear
associ ation using the smooth curvefitting method indicated that
dleep duration showed a hegative association with BMI, obesity,
WC, and abdominal obesity (Figures 3A and 4D). In addition,
a n-shaped association between sleep duration and BMD and
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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). Thethreshold effect analysis detected
asignificant 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. Therelativeinflection pointsin 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 participantsin 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, educationa level, marital status, total energy intake, physical activity, acohol
consumption, smoking, hypertension, and diabetes.

Body index B (95% CI) P value
BMI

Nonadjusted (N=51,416)

1-55 0(0) N/AZ
6-6.5 ~.756 (-.979 to .534) <.001
7-75 ~1.407 (-1.618 to 1.196) <.001
8-14.5 ~1.595 (-1.793 to 1.397) <.001
Model 1 (N=45,818)
1-55 0(0) N/A
6-6.5 ~.433 (-.658 10 .208) <.001
7-75 -.843 (-1.059 to .627) <.001
8-14.5 ~1.034 (-1.236 to .831) <.001
Model 2 (N=37,979)
1-55 0(0) N/A
6-6.5 -.308 (~.545 to .070) 01
7-75 ~.687 (-.916 0 .458) <.001
8-14.5 -.931 (-1.146 to .716) <.001

wcP
Nonadjusted (N=49,128)

155 0(0) N/A
6-6.5 ~1.587 (-2.129 to 1.044) <.001
7-75 -3.015 (-3.529 to 2.500) <.001
8-145 -3.276 (-3.759 t0 2.793) <.001
Mode 1 (N=43,676)
155 0(0) N/A
6-6.5 —.860 (~1.386 t0 .334) 001
7-75 ~1.875 (-2.380 to 1.370) <.001
8-145 ~1.791 (-2.266 to 1.316) <.001
Mode 2 (N=37,195)
155 0(0) N/A
6-6.5 - 593 (~1.143 t0 .042) .03
7-75 ~1.449 (-1.979 t0 0.919) <.001
8-145 ~1.456 (-1.955 to 0.957) <.001

3N/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 participantsin 8
survey cycles of the National Health and Nutrition Examination Survey program (2005-2020).

Obesity outcomes OR?(95% Cl) P value
Obesity
Nonadjusted (N=51,416)
1-55 1(0) N/AP
6-6.5 0.841 (0.789-0.896) <.001
7-75 0.736 (0.693-0.782) <.001
8-14.5 0.714 (0.675-0.755) <.001
Mode 1 (N=45,818)
1-55 1(0) N/A
6-6.5 0.903 (0.845-0.966) .003
7-75 0.844 (0.791-0.900) <.001
8-14.5 0.799 (0.752-0.849) <.001
Model 2 (N=37,979)
1-55 1(0) N/A
6-6.5 0.924 (0.857-0.996) .04
7-75 0.874 (0.813-0.940) <.001
8-14.5 0.810 (0.756-0.867) <.001
Abdominal obesity
Nonadjusted (N=49,128)
1-55 1(0) N/A
6-6.5 0.874 (0.819-0.932) <.001
7-75 0.792 (0.745-0.842) <.001
8-14.5 0.812 (0.767-0.860) <.001
Mode 1 (N=43,676)
1-55 1(0) N/A
6-6.5 0.940 (0.875-1.011) .10
7-75 0.871 (0.812-0.933) <.001
8-14.5 0.856 (0.802-0.914) <.001
Model 2 (N=37,195)
1-55 1(0) N/A
6-6.5 0.961 (0.886-1.041) .33
7-75 0.898 (0.831-0.971) .007
8-14.5 0.871 (0.809-0.937) <.001
80R: 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 participantsin
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, educationa level, marital status, total energy intake, physical activity, acohol
consumption, smoking, hypertension, and diabetes.

Metabolism index B (95% ClI) P value
BMD? (g/lcm?)
Nonadjusted (N=31,008)
1-55 0(0) N/AP
6-6.5 .002 (-.005 to .009) .61
7-75 —.001 (~.008 to .006) 74
8-14.5 -.020 (-.026 to -.013) <.001
Model 1 (N=27,966)
1-55 0(0) N/A
6-6.5 .004 (~.002 to .010) 16
7-75 .006 (.001 to .012) .03
8145 .001 (~.005 to .006) 84

Model 2 (N=24,485)

1-55 0(0) N/A
6-6.5 .006 (-.000 to .012) .06
7-75 .012 (.006 to0 .017) <.001
8-14.5 .008 (.002 to .013) .006
UA%(mg/dL)

Nonadjusted (N=48,551)
155 0(0) N/A
6-6.5 -.043 (~.089 to .004) 07
775 -.117 (-.161 to -.073) <.001
8-14.5 -.134 (-.176 to —.093) <.001

Model 1 (N=43,437)
1-55 0(0) N/A
6-6.5 -.014 (-.058 to .030) .53
7-75 -.060 (-.102 to —.018) .005
8-14.5 -.044 (-.084 to .005) .03

Mode 2 (N=36,060)
155 0(0) N/A
6-6.5 .008 (-.037 to .053) .73
7-75 .008 (-.035 t0 .052) .70
8-14.5 .017 (-.024 to .057) 43

3BMD: bone mineral density.
BNI/A: not applicable.
CUA: uric acid.
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Table6. Theassociation 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).

Diseases OR?(95% Cl) P vaue
HUAP
Nonadjusted (N=48,511)
1-55 1(0) NJ/AC
6-6.5 0.916 (0.844-0.994) .03
7-75 0.825 (0.763-0.892) <.001
8-14.5 0.867 (0.806-0.933) <.001
Mode 1 (N=43,437)
1-55 1(0) N/A
6-6.5 0.987 (0.906-1.075) a7
7-75 0.921 (0.848-1.001) 05
8-14.5 0.949 (0.879-1.025) 18
Model 2 (N=36,060)
1-55 1(0)
6-6.5 1.041 (0.944-1.149) 42
7-75 1.059 (0.963-1.164) 24
8-14.5 1.057 (0.967-1.155) 22
oAd
Nonadjusted (N=40,390)
1-55 1(0) N/A
6-6.5 0.823 (0.740-0.915) <.001
7-75 0.813 (0.736-0.898) <.001
8-14.5 1.022 (0.932-1.121) .64
Mode 1 (N=40,390)
1-55 1(0) N/A
6-6.5 0.796 (0.709-0.895) <.001
7-75 0.705 (0.630-0.788) <.001
8-14.5 0.728 (0.657-0.808) <.001
Mode 2 (N=31,502)
1-55 1(0) N/A
6-6.5 0.839 (0.733-0.959) .01
7-75 0.780 (0.686-0.887) <.001
8-14.5 0.771 (0.683-0.870) <.001
RA®
Nonadjusted (N=37,812)
1-55 1(0) N/A
6-6.5 0.583 (0.513-0.664) <.001
7-75 0.448 (0.394-0.509) <.001
8-14.5 0.630 (0.564-0.704) <.001
Modd 1 (N=37,812)
1-55 1(0) N/A
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Diseases OR®(95% Cl) P vaue
6-6.5 0.647 (0.564-0.741) <.001
7-75 0.515 (0.450-0.589) <.001
8-14.5 0.587 (0.521-0.660) <.001
Model 2 (N=29,476)

155 1(0) N/A

6-6.5 0.667 (0.572-0.779) <001
7-75 0.561 (0.481-0.654) <.001
8-145 0.631 (0.551-0.724) <.001

80R: odds ratio.

PHUA: hyperuricemia.
°N/A: not applicable.
d0A: osteoarthritis.

®RA: 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 minera density; (F) hyperuricemia; (G) osteoarthritis; (H) rheumatoid arthritis, and (1) Aal-cause, (J) cardiovascular disease (CVD)—cause, (K)
cancer-cause, and (L) diabetes-cause mortality among participantsin 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.

£ m;_
(A) (B) o+ (C)
= S} (]
L_g_
— a\~:. T~ “ﬂ_) S
S A E.| —
= . ] ~ =° e —
m S -1 T o
|0 —— |5
LR b
- . 0
x N 'g“ﬂ
Sleep duration Sleep duration Sleep duration
Q
£ (D) % (E) ()
° c = ©
Q - . —
o |- 3% < T~ £
By T — - T |8 S —
s = y _ | @85 o e
g e — s . / AN
. - - - // = r \\'x
= - £ S p
° ~ | E3 oz
2 o |7
1 ) N S ) Ay I Iy v me-l | N T Y | ) N o | 1 ) I Y A I Iy v 1
Sleep duration Sleep duration Sleep duration
2 a, 2
(G) 24 (H) z | (I)
RUEN 'E§- @
i th 5 e
RN 2. E- //
sz ., ERIR
o N ®. 3. e
D . 2 - P - /
- AY £° S -~ ol e e
0 o s, N - 0 e ~
O, T o gg- e e = N~
o - <
Sleep duration Sleep duration Sleep duration
)
S 2 =
= =" v
A g (K /(L)
- "
Q. £ £ .
E s gz ﬁ«- //
2 - ~ 4
? e = ~ 3. -
o] ~ ~ L ~ o L
[ ~— - Q — - T Ve
Q ~ b = I — Q- T 7
Q- D 4 8 ~— -1 ~_/
> = c s
Ug__ 8,- g—.
: . : e B : .

ASIe:ep d;.lratiuon

https://publichealth.jmir.org/2023/1/e46385

RenderX

Sleep duration

Sleep duration

JMIR Public Health Surveill 2023 | vol. 9| e46385 | p. 15
(page number not for citation purposes)


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

JMIR PUBLIC HEALTH AND SURVEILLANCE Leieta

Figure4. Thenonlinear association analysis between sleep duration and mortality of participants experiencing diseases or metabolism disordersthrough
smooth curvefitting: the nonlinear association between sleep and all-cause mortality in 8 survey cyclesof the National Health and Nutrition Examination
Survey program (2005-2020; (A) all-cause mortdlity, (B) cardiovascular disease (CV D)—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 mortdlity, (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 (1) all-cause mortality, (J) CVD-cause mortality, (K) cancer-cause mortality, and (L) diabetes-cause mortality of participantsin 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 analysis® 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).

Obesity-related outcomes

BMI (N=37,979), B (95%Cl) Obesity (N=37,979),

WCC (n=37,195), B (95% AB obesity" (n=37,195),

OR" (95% CI) cl) OR (95% Cl)
Effect analysis by onelinear model  _( 176 (-0.220t0-0.133)  0.964%(0.950t00.977) -0.219°(-0.320to 0.975° (0.960 to 0.990)
-0.117)
Effect analysis by 2-fold piecewise model
Effect difference -0.249¢ (-0.309t0-0.190)  0.943%(0.925t00.961) -0.407° (-0.546 to 0.963% (0.943 to 0.982)
-0.269)
Sleep duration<inflection point  0.006 (-0.104 to 0.116) 1.018 (0.983 to 1.054) 0.258f (0.000 to 0.516) 1.008 (0.970to 1.047)
Sleep durationzinflection point g 255€ (0,114 to 0.397) 1.0799 (1.032t01.129) 0.666°(0.335t00.997)  1.047 (0.997 to 1.099)

#The 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.
POR: odds ratio.

CWC: waist circumference.

daB obesity: abdominal obesity.

€P<.001.

fp<.05.

9p<.0L.

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

Obesity-related outcomes BMD (n=24,485), 3 (95%

Hyperuricemia(N=36,060),

Osteoarthritis (=31,502), RA (n=29,476), OR

cn OR® (95% C1) OR (95% Cl) (95% Cl)
Effect analysisby onelinearmodel  ,002° (0.001t00.003) ~ 1015(0997t01033)  0965°(0.942t00.990)  0.940% (0.9121t0 0.968)
Effect analysis by 2-fold piecewise model
Sieep durationirflection 0,006 (0.004100007)  1136°(1035101.253 0901/ (0871100932)  0.726" (068L100.77)
poin
Sieep durationzinflection —,005% (-0.007to-0007) 1002(09B101029) 11357 (1070101208 1108 (105 10 1.154)
poin
Eifect difference -0.010% (-0.014t0-0.006) 0.880°(0.793t00.976)  1.25¢% (1.166t01.360)  1.520° (1.385101.668)

@The 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.
POR: odds ratio.

°P<.01.

dp< 001.

€p<.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 mortaity in Q2 (HR 0.773) in model 2 was
discovered. For cancer-cause mortality, asignificant 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 (HR0.0.562) of model 1 aswell asQ3 (HR 0.633) of model
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2. The analysis results of smooth curve fitting indicated an
L-shaped association between sleep duration and all-cause,
CVD-causg, cancer-cause, and diabetes-cause mortality (Figures
3l 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, asignificantly protective HR of sleep duration
was detected in terms of all-cause, CV D-cause, cancer-cause,
and diabetes-cause mortality. However, when above the
inflection point, a significant risk HR of dleep duration was
detected in terms of al-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).

Nonadjusted Pvaue Modd 1 Pvalue Model 2 P value
All-cause mortality, n (%) 41,886 (100) N/A? 39,501 (100) N/A 31,419 (100) N/A
155, HR (95% CI) 1(0) N/A 1(0) N/A 1(0) N/A
6-6.5, HR (95% CI) 0.752(0.681-0.831)  <.001  0.800(0.724-0.884) <001  0.844 (0.751-0.949)  .005
7-7.5, HR (95% ClI) 0.651 (0.589-0.718) <.001  0.708 (0.641-0.783) <.001  0.749(0.666-0.842) <.001
8-14.5, HR (95% CI) 1.171 (1.076-1.275) <.001 0.969 (0.888-1.056) A7 0.975 (0.879-1.081) .63
CVDC-cause mortality, n (%) 41,886 (100) N/A 39,501 (100) N/A 31,419 (100) N/A
1-5.5, HR (95% Cl) 1(0) N/A 1(0) N/A 1(0) N/A
6-6.5, HR (95% Cl) 0.781 (0.661-0.924) .004 0.843 (0.712-0.998) .047 0.909 (0.745-1.107) .37
7-7.5, HR (95% CI) 0617 (0520-0.731) <001  0.689(0579-0.818) <001  0.773(0.632-0.945) .01
8-14.5, HR (95% CI) 1.241 (1.076-1.432) .003 1.010 (0.873-1.169) .89 1.020 (0.857-1.215) .82
Cancer-cause mortality, n (%) 41,886 (100) N/A 39,501 (100) N/A 31,419 (100) N/A
1-5.5, HR (95% Cl) 1(0) N/A 1(0) N/A 1(0) N/A
6-6.5, HR (95% CI) 0.756 (0.614-0.931)  .008 0.801 (0.650-0.987) .04 0.805 (0.632-1.025) .08
7-7.5, HR (95% Cl) 0.738 (0.604-0.903) .003 0.798 (0.650-0.978) .03 0.813 (0.642-1.030) .09
8-14.5, HR (95% CI) 1.078 (0.902-1.290) 41 0.925 (0.771-1.110) 40 0.964 (0.780-1.192) 74
Diabetes-cause mortality, n (%) 41,886 (100) N/A 39,501 (100) N/A 31,419 (100) N/A
1-5.5, HR (95% Cl) 1(0) N/A 1(0) N/A 1(0) N/A
6-6.5, HR (95% Cl) 0.587 (0.441-0.782) <001  0.654(0.490-0.873) .004 0.738(0.525, 1.038) .08
7-7.5, HR (95% CI) 0476 (0.357-0.636)  <.001  0562(0419-0.754) <001  0.633(0.446-0.899) .01
8-14.5, HR (95% CI) 0.922 (0.726-1.169) .50 0.842 (0.661-1.072) .16 1.072 (0.805-1.429) .63

8N/A: not applicable.
PHR: heart rate.
¢CvD: cardiovascular disease.

Table 10. Threshold effect analysis of sleep duration on mortality with different causes among 31,419 participants in 8 survey cyclesin the National

Health and Nutrition Examination Survey program (2005-2020; N=31,419).

Diabetes-cause mortali-

ty (n=32,173)%, HR
(95% ClI)

1.018 (0.955-1.084)

Cancer-cause mortali-

ty (N=31,419)2 HR
(95% ClI)

1.028 (0.980-1.079)

Cardiovascular dis-
ease—cause mortality

(N=31,419)2 HR (95% Cl)

Mortality All-cause mortality

(N=31,419)® HRP
(95% Cl)

Effect analysis by one linear model

10369 (1.012-1.060)  1.043° (1.003-1.084)

Effect analysis by 2-fold piecewise model

Sleep duration<inflection point

0.847' (0.806-0.889)  0.835' (0.770-0.906) 0.892°(0.804-0.990)  0.813" (0.709-0.933)

Sleep duration=inflection point

11601 (1.129-1.210)  1.188' (1.122-1.258) 11209 (1.041-1.206)  1.150% (1.050-1.260)

Effect difference

1.3817 (1.285-1.484)  1.422" (1.262-1.603) 1.255' (1.077-1.462)  1.4141 (1.161-1.722)

#The 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.

PHR: hazard ratio.

“Themodel used for threshold effect analysiswas adjusted for age, sex, race, educational level, marital status, total energy intake, BMI, physical activity,
alcohol consumption, smoking, and hypertension.

dp< 01
®p<.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% Cl 0.471-0.944;
P=.02). The HR of diabetes-cause mortality in Q2 and Q3 was
0.587 (95% CIl 0.345-0.996; P=.048) and 0.464 (95% CI
0.266-0.810; P=.007), respectively. Inthe 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

Leieta

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
al-cause and CVD-cause mortaity in the OA and RA
populations as well as diabetes-cause mortality in the OA
population. Inthe OA population, the detected inflection points
of dleep 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.

HUA?® population Pvalue  oaP population Pvaue RAC population P value
All-cause mortality, n (%) 5538 (100) n/Ad 3200 (100) N/A 1615 (100) N/A
1-5.5, HR® (95% Cl) 1(0) N/A 1(0) N/A 1(0) N/A
6-6.5, HR (95% CI) 0.784 (0.633-0.972) .03 0.782 (0.591-1.034) .08 0.956 (0.683-1.337) 79
7-7.5, HR (95% Cl) 0.669 (0.538-0.832) <001  0.647 (0.487-0.861) 003 0.500 (0.338-0.742) <.001
8-14.5, HR (95% CI) 0.786 (0.649-0.953) .01 0.863 (0.670-1.110) 25 0.913 (0.675-1.236) .56
CVD-cause mortality, n (%) 5538 (100) N/A 3209 (100) N/A 1615 (100) N/A
1-5.5, HR (95% Cl) 1(0) N/A 1(0) N/A 1(0) N/A
6-6.5, HR (95% Cl) 0.818 (0.583-1.147) 24 0.772 (0.471-1.266) 30 0.985 (0.575-1.688) 96
7-7.5, HR (95% CI) 0.667 (0.471-0.944) .02 0.795 (0.492-1.285) 35 0.302 (0.143-0.638) .002
8-14.5, HR (95% Cl) 0.804 (0.594-1.088) 16 1.097 (0.720-1.672) 67 0.791 (0.477-1.311) 36
Cancer-cause mortality, n (%) 5538 (100) N/A 3209 (100) N/A 1615 (100) N/A
1-5.5, HR (95% Cl) 1(0) N/A 1(0) N/A 1(0) N/A
6-6.5, HR (95% CI) 0.919 (0.565-1.494) 73 1.489 (0.778-2.848) 23 0.817 (0.421-1.584) 55
7-7.5, HR (95% Cl) 0.796 (0.486-1.303) 36 1.080 (0.552-2.114) 82 0.522 (0.246-1.107) 09
8-14.5, HR (95% Cl) 0.947 (0.610-1.469) 81 1.211 (0.646-2.272) 55 0.833 (0.463-1.497) 54
Diabetes-cause mortality, n (%) 5725 (100) N/A 3345 (100) N/A 1669 (100) N/A
1-5.5, HR (95% Cl) 1(0) N/A 1(0) N/A 1(0) N/A
6-6.5, HR (95% Cl) 0.587 (0.345-0.996) 048 0.763(0.338-1.723) 52 0.970 (0.342-2.746) 95
7-7.5, HR (95% CI) 0.464 (0.266-0.810) .007 0.737 (0.323-1.685) 47 0.396 (0.101-1.552) 18
8-14.5, HR (95% Cl) 0.661 (0.418-1.046) 08 0.975 (0.481-1.975) 94 1.220 (0.490-3.036) 67

3HUA: hyperuricemia.
POA: osteoarthritis.

°RA: rheumatoid arthritis.
IN/A: not applicable.
®HR: heart rate.
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Table 12. Threshold effect analysis® 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).

Specific population All-cause mortality Cancer-cause mortality Diabetes-cause mortality

CVDP-cause mortal ity

OA population, n (%)

3209 (100)

Effect analysis by one linear model, HR®  1.037 (0.980-1.098)

(95% Cl)

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

Sleep duration<<inflection point
Sleep duration=inflection point
Effect difference

RA population, n (%)

Effect analysis by one linear model, HR
(95% CI)

0.755° (0.671-0.851)
1.236° (1.140-1.339)

1.636° (1.377-1.942)
1615 (100)
1.000 (0.934-1.070)

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

Sleep duration<<inflection point
Sleep duration=inflection point
Effect difference

HUA population, n (%)

Effect analysis by one linear model, HR
(95% Cl)

0.845 (0.739-0.965)
1.133" (1.017-1.262)

1.3419 (1.091-1.649)
5538 (100)
0.979 (0.937-1.023)

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

Sleep duration<<inflection point
Sleep duration=inflection point

Effect difference

0.852 (0.797-0.911)
1.216' (1.113-1.328)

1.427" (1.250-1.629)

3209 (100)

1.153% (1.052-1.264)

0.961 (0.855-1.079)

1.778% (1.470-2.150)

1.850° (1.424-2.404)
1615 (100)
0.984 (0.875-1.106)

0.753% (0.608-0.933)
1.215 (1.014-1.457)

1.614% (1.151-2.264)
5538 (100)
0.978 (0.913-1.049)

0.852% (0.766-0.947)
1.2129 (1.055-1.393)

1.4239 (1.154-1.755)

3209 (100)
0.978 (0.863-1.109)

1.003 (0.874-1.152)
0.558 (0.138-2.259)
0.556 (0.132-2.339)

1615 (100)
0.980 (0.859-1.119)

0.794 (0.619-1.019)
1.161 (0.940-1.434)
1.462 (0.984-2.173)

5538 (100)
1.042 (0.946-1.149)

0.942 (0.843-1.053)

1.731 (1.300-2.305)

1.838' (1.300-2.597)

3345 (100)
1.164 (0.988-1.370)

0.851 (0.665-1.087)

1.663° (1.288-2.148)

1.9569 (1.274-3.003)
1669 (100)
1.073 (0.876-1.314)

0.985 (0.782-1.241)
1.893 (0.897-3.995)
1.921 (0.807-4.575)

5725 (100)
0.988 (0.881-1.108)

0.743 (0.633-0.871)
1.546' (1.264-1.891)

2,083 (1.527-2.840)

#The 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.

°HR: hazard ratio.

dp< 1.

€P<.001.

fp<.05.

Below the inflection point, a significantly decreased HR for
all-cause mortality was detected, whereas a significantly
increased HR for al-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, asignificantly decreased HR for all-cause and
CVD-cause mortality was detected. Abovetheinflection point,
a significantly increased HR for al-cause and CVD-cause
mortality was detected. In the HUA population, the inflection
point of sleep duration for all-cause, CV D-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 theinflection
point, a significantly decreased HR for all-cause, CVD-cause,
and diabetes-cause mortality was detected. Abovetheinflection
point, a significantly increased HR for all-cause, CVD-cause,
cancer-cause, and diabetes-cause mortality was detected.

https://publichealth.jmir.org/2023/1/e46385

Discussion

Principal Findings

In this study, we found that increased sleep duration was
associ ated 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, asignificant
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
beingsthat is closely associated with physical and mental health
and theincidence and devel opment 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
deep dilemma, accumulating interests have been aroused in
exploring sleep’s physiological and pathological rolein 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 haveinvestigated the association between abesity
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,
Kripkeet al [28] reported a U-shaped association between BMI
and sleep duration in 636,095 femal e participantsin 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 thefirst to find the saturation
effect of sleep duration on obesity-related outcomes, indicating
anegative 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 a [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 a
[31]. In addition, Tang et a [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 seemsto be a double-edged sword
in affecting the change of BMD. However, more experimental
evidence should be provided to demonstrate this phenomenon.
Swanson et a [35] found that the level of PINP, 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

https://publichealth.jmir.org/2023/1/e46385
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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 arein dynamic homeostasis, mainly regulated
by liver synthesisand 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 deep 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 asleep
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
athreshold 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 KoreaNHANES program, Park et a [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 a [46] found that the increased OA incidence was
positively correlated with ashorter sleep duration. These studies
were conducted within a specific population in Korea. At the
sametime, there were few studiesto investigate the association
between deep 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 theincreasein sleep duration; however, this synergistically
positive association disappeared when sleep duration increased
to 8 hours. Itisworth 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 a [50] found that the RA incidence in the Korean
population decreased with an increase in sleep duration when
sleep duration was <6 hours. They aso 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 amost consistent with the af orementioned studies.
It is worth noting that we were the first to find that excessive
sleep duration (>6.5 hours) was arisk 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 aso cause
detrimental influences on sleep quality. Notably, Gao et al [52]
performed a Mendelian randomization study to investigate the
causal relationship between sleep traitsand 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 continuousinsight
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 anew understanding of the pathogenesis
of RA.

Many epidemiological studies have widely investigated the
associ ation 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 wasfirst 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 heath and
longevity [58,59]. However, mortality, mainly or partly because
of diabetes, has been less investigated, especialy for
investigating the effect of life behaviors on diabetes-cause
mortality in the general or specific population. Hou et a [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 al so 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
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evidence that lifestyle behaviors, such as dietary and sleep
behaviors, may have played an essentia role in affecting poor
diabetes-related outcomes. A large amount of epidemiological
evidence have been provided to demonstrate that shorter or
excessive deep duration causes adetrimental effect on mortality
outcomes. Unlike previous studies, we are the first to identify
athreshold effect of sleep duration on mortality inthe 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 mechanismsto clarify the
negative association between shorter deep duration and
mortality, including increased cortisol secretion, altered growth
hormone metabolism, inflammation activation, and changesin
circulating leptin and ghrelin [2,61,62]. Although no such
hypothesis has been provided to clarify the detrimental effect
of excessive deep duration on mortality inthe 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 evidencelevel of our conclusion. Third, although we
included various covariatesfor adjustment inthe 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
generaizing the conclusionsto specific populations. In addition,
the quality of sleep isanimportant factor influencing the health
status; however, the lack of this individual information in the
NHANES program makesit difficult to analyzetherole 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 atotal of 54,664 participants across
8 survey cycles of the NHANES program, we observed that
longer dleep 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 deep duration on of sleep duration on health, and proper sleep duration plays a
BMD; OA; RA; and all-cause, CVD-cause, cancer-cause, and  critical role in maintaining good health status. These findings
diabetes-cause mortality was found. In conclusion, this study  suggested that ensuring adequate sleep duration should be an
provided further evidence about the double-edged sword effect  integral part of public health programs.
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