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Abstract

Background and Objectives: Evidence on the association between sleep duration and obesity
phenotypes jointly considering adiposity and metabolic health is limited, particularly in
adults without known chronic diseases. We aimed to examine this association in apparently
healthy Korean adults. Materials and Methods: In this cross-sectional study, we analyzed 7808
apparently healthy adults aged >20 years from the Korea National Health and Nutrition
Examination Survey 2013-2015, assigned to metabolically healthy normal weight (MHNW),
metabolically abnormal normal weight (MANW), metabolically healthy obesity (MHO),
or metabolically abnormal obesity (MAO) phenotypes. Self-reported sleep duration was
grouped as <5, 6,7, 8, or >9 h/day. Survey-weighted multinomial logistic regression
was performed with MHNW and >9 h as references, adjusting for age and sex (Model
1) and socioeconomic and lifestyle factors (Model 2). Sensitivity analyses used 7 h/day
as the reference and a stricter definition of metabolic health; effect modification by sex
and age was examined. Results: The proportion of MHNW increased from 61.6% (<5 h)
t0 76.0% (>9 h) (p < 0.001). In Model 2, sleeping <5 h was associated with higher odds
of MHO (odds ratio [OR] 1.380, 95% confidence interval [CI] 1.098-1.734) and MAO (OR
1.472, 95% CI 1.109-1.953) relative to 7 h, and these associations remained significant after
false discovery rate correction, whereas none of the associations relative to >9 h, including
that with MANW, did. Under the stricter definition, the association with MAO persisted,
whereas that with MHO was no longer statistically significant despite a similar effect
estimate (vs. 7 h: OR 1.394, 95% CI 0.926-2.098); no significant interactions by sex or age
were observed for MHO or MAO. Conclusions: In apparently healthy Korean adults, short
sleep duration was associated with higher odds of MHO and MAO, most consistently MAO,
but not robustly with MANW. Because of the cross-sectional design, these associations
do not imply causality, and prospective studies are needed to determine whether sleep
duration is a modifiable target for metabolic health.
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1. Introduction

Obesity and metabolic syndrome are major and growing public health concerns in
Korea. Based on national health screening data, the prevalence of obesity (body mass index
[BMI] > 25 kg/ m?) among Korean adults increased from 30.2% in 2012 to 38.4% in 2021 [1],
and the prevalence of metabolic syndrome increased from 23.3% in 2013 to 28.6% in 2022 [2].
At the same time, sleep deprivation is common among Korean adults, and sleep duration
decreased further between 2010 and 2022 [3]. Sleep is essential for maintaining metabolic
homeostasis, and a growing body of evidence has linked short sleep duration to obe-
sity [4,5], type 2 diabetes [6,7], cardiovascular disease [8], and metabolic syndrome [9-11].
Accordingly, sleep health has recently been added as a core component of cardiovascu-
lar health in the American Heart Association’s Life’s Essential 8 [12]. Experimental and
observational studies suggest several underlying mechanisms, including altered levels
of appetite-regulating hormones such as leptin and ghrelin [13,14] and reduced insulin
sensitivity [15]; moreover, in randomized studies, experimental sleep restriction increased
energy intake and visceral fat accumulation [16], whereas sleep extension reduced energy
intake in adults with overweight [17]. Furthermore, the relationship between sleep duration
and adverse outcomes is often U-shaped, with risks elevated at both extremes [6,8,11];
hence, the selection of the reference category is methodologically important.

Obesity, however, is a heterogeneous condition, and BMI alone does not fully capture
cardiometabolic risk. To capture this heterogeneity, individuals can be cross-classified
by both adiposity and metabolic status into four groups, namely metabolically healthy
normal weight (MHNW), metabolically abnormal normal weight (MANW), metabolically
healthy obesity (MHO), and metabolically abnormal obesity (MAO) [18-20], although the
cardiometabolic risk attributed to MHO depends considerably on how metabolic health is
defined [20]. Normal-weight individuals with metabolic abnormalities may have insulin
resistance and visceral adiposity, and thus a cardiometabolic risk that is not reflected by
body weight alone [21,22]. This issue is especially important for Asians, in whom metabolic
derangements often emerge at a lower BMI than in Western populations [23].

Although the relationship between sleep duration and obesity or metabolic syndrome
has been examined extensively, less is known about how sleep duration relates to obesity
phenotypes that jointly consider adiposity and metabolic health. Previous KNHANES-
based studies have examined sleep duration in relation to metabolic syndrome [10], and an
analysis of the KNHANES 2010-2012 showed that obese phenotypes had a shorter mean
sleep duration than non-obese phenotypes [24]; however, in the latter study, sleep duration
was examined as an outcome rather than as a categorized exposure. Treating sleep duration
as the exposure allows the odds of each phenotype to be estimated across sleep-duration
categories with adjustment for confounders and makes it possible to evaluate graded or
threshold patterns and the sensitivity of the findings to the choice of the reference cate-
gory, which cannot be addressed by comparing mean sleep duration between phenotypes.
In Chinese young workers, sleeping < 7 h was associated with higher odds of metaboli-
cally healthy and unhealthy overweight/obesity, but not of the metabolically unhealthy
normal-weight phenotype [25]; however, that study was limited to a young occupational
population. In particular, evidence in adults without known chronic diseases is limited;
in this population, associations are less likely to be influenced by disease-related sleep
disturbances or medication use. Therefore, the objective of this study was to examine the
association between self-reported sleep duration and obesity phenotypes (MHNW, MANW,
MHO, and MAO) in apparently healthy Korean adults using data from the Korea National
Health and Nutrition Examination Survey (KNHANES) 2013-2015. We hypothesized that
short sleep duration would be associated with higher odds of the MANW, MHO, and
MAO phenotypes.
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2. Materials and Methods
2.1. Study Population

We analyzed the 2013-2015 cycles of the KNHANES, administered by the Korea Dis-
ease Control and Prevention Agency (KDCA). The KNHANES is a continuing nationwide
survey with a cross-sectional design; a representative sample of the non-institutionalized
Korean population is drawn each year by stratified, multistage, clustered probability sam-
pling, and trained staff administer its health interview, nutrition, and health examination
components [26]. The sixth KNHANES (2013-2015) included 22,948 participants, with a re-
sponse rate of 78.3% [27]. We used the 2013-2015 data because sleep duration was assessed
using a single question on average daily sleep duration in these survey years, whereas from
2016 onward, sleep was assessed using separate bedtimes and wake-up times on weekdays
and weekends, and these items were administered only intermittently (2016-2018 and
2021) [28]. Using the 2013-2015 data therefore allowed a consistent sleep measure across
the three survey years and comparability with previous KNHANES-based studies [24], and
avoided the influence of changes in sleep and lifestyle during the COVID-19 pandemic on
more recent data [3,28].

Of the 22,948 individuals who participated in the KNHANES 2013-2015, we excluded
those aged <20 years (n = 5168). Following the definition used in our previous study [29],
apparently healthy adults were identified by excluding participants with a physician di-
agnosis of hypertension, dyslipidemia, diabetes mellitus, stroke, myocardial infarction,
angina pectoris, pulmonary tuberculosis, asthma, thyroid disease, renal failure, liver cirrho-
sis, or cancer (n = 6331) and those with missing information on disease history (n = 2473).
Among the remaining 8976 participants, we further excluded those with missing data
required to define obesity phenotypes (n = 924), those who did not report their sleep dura-
tion (n = 53), pregnant women (n = 36), and those who had fasted for <8 h before blood
sampling (n = 155). Finally, 7808 apparently healthy adults were included in the analysis
(Figure 1).

Participants in KNHANES 2013-2015
(n = 22,948)

#| Excluded: aged <20 years (n = 5,168)

Adults aged =20 years
(n=17,780)

Excluded (n = 8,804)
- Physician-diagnosed chronic disease
or cancer (n = 6,331)
- Missing disease history (n = 2,473)

r

Apparently healthy adults
(n =8,976)

Excluded (n = 1,168)
- Missing obesity phenotype data (n = 924)
- Unknown sleep duration (n = 53)
- Pregnancy (n = 36)
- Fasting duration <8 h (n = 155)

Final study population
(n=7,808)

Figure 1. Flow diagram of participant selection. KNHANES, Korea National Health and Nutrition
Examination Survey.
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The KNHANES protocol received approval from the KDCA Institutional Review
Board, and written informed consent was obtained from every participant. Ethical ap-
proval for this secondary analysis was granted by the Institutional Review Board of Chosun
University Hospital (approval number: 2024-09-0260), and the study adhered to the princi-
ples of the Declaration of Helsinki.

2.2. Assessment of Sleep Duration

Participants reported their usual daily sleep duration in response to a single question-
naire item, and the responses were grouped into five categories (<5, 6, 7, 8, and >9 h/day).
Information on sleep quality, napping, and sleep disorders such as obstructive sleep apnea
was not collected in the KNHANES 2013-2015.

2.3. Anthropometric and Laboratory Measurements

Trained examiners performed the anthropometric measurements according to stan-
dardized protocols. BMI was computed as body weight (kg) divided by height squared
(m?). Waist circumference (WC) was measured halfway between the lowest rib and the
top of the iliac crest. Three blood pressure readings were taken with a standard mercury
sphygmomanometer while participants were seated after resting for >5 min, and the mean
of the last two readings was used. Blood was drawn after an overnight fast of >8 h. Serum
total cholesterol, triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and
fasting plasma glucose (FPG) levels were determined with an automated analyzer (Hitachi
Automatic Analyzer 7600-210, Hitachi, Tokyo, Japan), and glycated hemoglobin (HbA1lc)
was determined by high-performance liquid chromatography (Tosoh G8, Tosoh Bioscience,
Tokyo, Japan). Low-density lipoprotein cholesterol (LDL-C) was measured directly when
available; otherwise, it was calculated using the Friedewald equation in participants with
TG <400 mg/dL.

2.4. Definition of Obesity Phenotypes

Metabolic syndrome was defined as the presence of at least three of the following five
components: (1) central obesity, using the Korean Society for the Study of Obesity cut-offs
for WC (men, >90 cm; women, >85 cm) [30]; (2) hypertriglyceridemia (TG > 150 mg/dL)
or treatment for elevated TG; (3) low HDL-C (<40 mg/dL in men or <50 mg/dL in women)
or use of lipid-lowering medication; (4) elevated blood pressure (systolic > 130 mmHg
and/or diastolic > 85 mmHg) or use of antihypertensive medication; and (5) impaired
fasting glucose (FPG > 100 mg/dL) or use of glucose-lowering agents. Because participants
with a physician diagnosis of hypertension, dyslipidemia, or diabetes were excluded, no
participant met any component solely on the basis of medication use; thus, metabolic
syndrome status was determined entirely by measured values.

Participants were then classified into four obesity phenotypes according to BMI, using
the Asian-specific cut-off of 25 kg/m? [23], and the presence or absence of metabolic syn-
drome. Participants with a BMI < 25 kg / m? were classified as MHNW or MANW, and those
with a BMI > 25 kg/m? as MHO or MAO, depending on whether metabolic syndrome
was absent or present, respectively. Underweight participants (BMI < 18.5 kg/m?) were
included in the normal-weight categories. In a sensitivity analysis, a stricter definition of
metabolic health was applied, in which participants were classified as metabolically healthy
only if they had none of the four metabolic syndrome components other than WC (elevated
TG, low HDL-C, elevated blood pressure, and elevated FPG), because WC is closely corre-
lated with BMI [20,25]. In another sensitivity analysis, underweight participants (n = 401)
were excluded.
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2.5. Covariates

Information on household income, educational attainment, residential area, smoking
status, alcohol drinking, physical activity, perceived stress, work schedule, and dietary
intake was obtained through health interviews, self-administered questionnaires, and
the nutrition survey. Household income was categorized into quartiles, and educational
attainment was categorized as middle school or less, high school, or college or higher.
Smoking status was classified as never, past, or current smoking. Participants who reported
any alcohol consumption during the previous year were classified as drinkers. Regular
exercise referred to >150 min/week of moderate-intensity or >75 min/week of vigorous-
intensity physical activity. Perceived stress was dichotomized as high (feeling “very much”
or “quite a lot” of stress in daily life) or low, and total energy intake (kcal/day) was
estimated from the 24 h dietary recall. Work schedule was classified as day work (usually
working between 6 a.m. and 6 p.m.), non-day work (evening, night, regular rotating, 24 h
rotating, split, irregular rotating, or other shifts), or not working during the past year.

Covariates for the main multivariable model were selected a priori on the basis of
previous evidence and a conceptual framework of confounding, rather than by statistical
selection procedures [31]. We included factors that are plausibly associated with both
sleep duration and metabolic status—age, sex, household income, educational attainment,
smoking status, alcohol drinking, and regular exercise—and that are unlikely to lie on the
causal pathway between sleep duration and obesity phenotypes. Total energy intake was
not included in the main model because it may act as a mediator of the association between
short sleep and adiposity [16,17]; instead, it was considered in an additional model together
with residential area, perceived stress, and work schedule.

2.6. Statistical Analysis

Following the KDCA analytic guidelines, the complex sampling design of the KN-
HANES (strata, primary sampling units, and sampling weights) was incorporated into
every analysis; integrated weights for the 3-year period were calculated by dividing the
health interview and examination weights by 3. Variances were estimated using Tay-
lor series linearization, with the analytic sample treated as a subpopulation. Weighted
means =+ standard errors (SE) are reported for continuous variables, and unweighted num-
bers with weighted percentages for categorical variables. Differences according to sleep
duration were tested using design-adjusted Wald F tests.

Survey-weighted multinomial logistic regression was used to estimate the association
of sleep duration with obesity phenotypes, with obesity phenotype as the dependent vari-
able (MHNW as the reference category) and sleep duration as the independent variable
(>9 h as the reference category). Model 1 included age and sex as covariates; Model 2
additionally included household income, educational attainment, smoking status, alcohol
drinking, and regular exercise; and Model 3 additionally included residential area, per-
ceived stress, total energy intake, and work schedule. Because the choice of the reference
category may influence the estimates, a sensitivity analysis was performed in which the
multinomial logistic regression analyses (Models 1 and 2) were repeated using 7 h/day, the
most common sleep duration in the study population, as the reference category. Additional
sensitivity analyses were performed using the stricter definition of metabolic health and
after excluding underweight participants. To examine effect modification, analyses were
stratified by sex and age group (20-39 and >40 years), and interaction terms between sleep
duration and sex or age group were tested jointly and separately for each phenotype using
design-adjusted Wald F tests. Because the number of participants sleeping >9 h was small
within strata, 7 h was used as the reference category in the stratified analyses.
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Multicollinearity among covariates was assessed using variance inflation factors (VIFs),
and all VIFs were below 5 (maximum, 4.18 for the sleep-duration indicator variables), with
all generalized VIFs adjusted for degrees of freedom <1.41. The overall significance of each
model was assessed using design-adjusted Wald F tests; because formal goodness-of-fit
tests for survey-weighted multinomial models are not well established, model adequacy
was further examined by comparing the estimates across nested models and sensitivity
analyses. Multivariable analyses were performed as complete-case analyses: of the 7808
participants, 62 (0.8%) had missing data on at least one covariate in Model 2 (household
income, n = 33; educational attainment, n = 13; smoking status, n = 1; regular exercise, n = 24)
and were excluded from Model 2. The excluded participants were older (weighted mean
age, 47.8 vs. 40.5 years), but the proportion of MHNW was similar (68.0% vs. 68.0%). Given
the small proportion of missing data, multiple imputation was not performed [32]. No
formal adjustment for multiple comparisons was applied in the primary analyses because
the analyses addressed a prespecified hypothesis and the estimates across sleep-duration
categories and phenotypes were correlated [33]; therefore, results with p values close to 0.05
were interpreted with caution, and we focused on the consistency of the associations across
models and sensitivity analyses rather than on individual p values. As a supplementary
check, the Benjamini-Hochberg false discovery rate (FDR) procedure was applied to the
unrounded p values of the 12 sleep-duration-by-phenotype comparisons in Model 2 for
each reference category. ORs and 95% CIs are presented, and a two-sided p value < 0.05 was
considered statistically significant. SPSS version 32.0 (IBM Corp., Armonk, NY, USA) was
used for the statistical analyses; the additional sensitivity, interaction, and FDR analyses
were performed using Python version 3.13 with the same Taylor series linearization variance
estimation, which reproduced the SPSS estimates of the main models.

3. Results
3.1. Participant Characteristics by Sleep Duration

The analytic sample comprised 7808 apparently healthy adults. The weighted distri-
bution of sleep duration was 12.7% for <5 h, 28.9% for 6 h, 30.4% for 7 h, 21.5% for 8 h, and
6.5% for >9 h (Table 1). Mean age decreased with longer sleep duration, from 43.6 years in
the <5 h group to 35.5 years in the >9 h group. The proportion of men was lowest in the
>9 h group (43.0%). Socioeconomic factors showed a U-shaped pattern: the proportion of
participants in the lowest household income quartile was highest in the >9 h (17.4%) and
<5 h (13.6%) groups, and the proportion with college or higher education was lowest in
these two groups (35.4% and 36.7%, respectively). The proportion of current smokers was
highest in the <5 h group (29.9%), and alcohol drinking was least common in the <5 h and
>9 h groups.

Table 1. Participant characteristics by sleep duration category.

<5h 6h 7h 8h >9h p Value
n (weighted %) 1036 (12.7) 2271 (28.9) 2347 (30.4) 1660 (21.5) 494 (6.5)
Age (years) 43.6 £ 0.5 414 +03 40.34+0.3 394+04 355408 <0.001
Male sex (%) 48.4 55.6 51.2 50.4 43.0 <0.001
Household income (%) <0.001
Quartile 1 (lowest) 13.6 8.4 7.1 8.7 174
Quartile 2 23.3 23.7 23.9 25.6 26.5
Quartile 3 31.7 31.0 33.1 34.1 30.2
Quartile 4 (highest) 31.5 36.9 36.0 31.6 25.9
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Table 1. Cont.
<5h 6h 7h 8h >9h p Value
Education (%) <0.001
Middle school or less 23.7 12.8 12.2 13.7 16.8
High school 39.7 409 38.6 435 47.8
College or higher 36.7 46.3 49.2 42.8 35.4
Urban residence (%) 84.8 84.4 86.4 84.6 79.8 0.045
Smoking status (%) 0.020
Never 54.4 53.9 56.4 56.6 60.3
Past 15.7 19.4 19.3 17.4 15.4
Current 29.9 26.7 24.3 26.0 24.3
Alcohol drinking (%) 76.0 82.1 83.8 82.0 76.3 <0.001
Regular exercise ? (%) 53.4 53.4 52.8 51.8 47.5 0.308
BMI (kg/m?) 23.8 £0.1 237 +£0.1 232 +£0.1 23.1+0.1 22.6 + 0.3 <0.001
WC (cm) 81.0+ 04 80.5+ 0.2 79.0 £ 0.2 789 +0.3 77.8 £ 0.6 <0.001
SBP (mmHg) 1153 £ 0.6 1135+ 04 1129 + 0.4 112.7 £ 0.4 110.0 0.7 <0.001
DBP (mmHg) 754 + 0.4 753+ 0.3 745 1+ 0.3 744 + 0.3 71.5 £ 0.5 <0.001
FPG (mg/dL) 94.7 £ 0.5 95.0 £ 04 939+0.3 939+0.3 93.1 £0.9 0.050
HbA1lc (%) 5.57 £ 0.02 5.56 + 0.01 5.52 £ 0.01 5.51 £ 0.01 5.50 £+ 0.03 0.005
Total cholesterol 1885+12  1899+08  187.6+08 1862410  1815+20  <0.001
(mg/dL)
LDL-C (mg/dL) 113.1+ 1.1 1145 + 0.7 1124 +0.7 111.5+ 09 1079 + 1.7 0.002
HDL-C (mg/dL) 521+ 04 52.0 £0.3 522 +0.3 523 +0.3 52.6 £ 0.6 0.880
TG (mg/dL) 1278 + 3.4 131.3 +2.7 1279 + 3.0 1239 +2.7 1155+ 5.6 0.075
Metabolic syndrome (%) 194 16.8 14.5 141 10.8 <0.001
Obesity phenotype (%) <0.001
MHNW 61.6 64.9 70.1 70.7 76.0
MANW 5.7 4.6 4.7 4.5 2.7
MHO 19.0 18.3 15.3 15.3 13.2
MAO 13.7 12.2 9.9 9.6 8.1

Continuous variables are shown as weighted mean + SE and categorical variables as weighted
percentages. p values were derived from design-adjusted Wald F tests. # >150 min/week of moderate-
intensity or >75 min/week of vigorous-intensity physical activity. BMI, body mass index; DBP,
diastolic blood pressure; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MANW, metabolically
abnormal normal weight; MAO, metabolically abnormal obesity; MHNW, metabolically healthy
normal weight; MHO, metabolically healthy obesity; SBP, systolic blood pressure; SE, standard error;
TG, triglycerides; WC, waist circumference.

BMI (23.8 kg/m? in the <5 h group vs. 22.6 kg/m? in the >9 h group), WC (81.0 vs.
77.8 cm), systolic blood pressure (115.3 vs. 110.0 mmHg), and diastolic blood pressure
(75.4 vs. 71.5 mmHg) were higher among those with shorter sleep duration (all p < 0.001).
HbAlc, total cholesterol, and LDL-C also differed significantly according to sleep duration,
although the absolute differences were small, whereas FPG, HDL-C, and TG did not differ
significantly. The prevalence of metabolic syndrome decreased from 19.4% in the <5 h
group to 10.8% in the >9 h group (p < 0.001).
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Obesity phenotype distribution varied significantly across sleep-duration categories
(p < 0.001; Figure 2). The proportion of MHNW increased progressively with longer sleep
duration, from 61.6% in the <5 h group to 76.0% in the >9 h group. Conversely, the
proportions of MAO (13.7% vs. 8.1%), MHO (19.0% vs. 13.2%), and MANW (5.7% vs.
2.7%) were higher in the <5 h group than in the >9 h group. Overall, the non-MHNW
phenotypes (MANW, MHO, or MAO) accounted for 38.4% of those sleeping <5 h and
24.0% of those sleeping >9 h.

= MHNW == MANW == MHO = MAO
100 SR
137 122 9.9 95 o
&=
< [ 5 S E=ESES
. a5
2 =5
£ 601
Q
S
a
9 40
=
5
=
20 1

=5h 6 h 7 h 8h =9 h
Sleep duration (h/day)

Figure 2. Distribution of obesity phenotypes according to sleep duration. Values are weighted
percentages. MANW, metabolically abnormal normal weight; MAO, metabolically abnormal obesity;
MHNW, metabolically healthy normal weight; MHO, metabolically healthy obesity.

3.2. Participant Characteristics by Obesity Phenotype

Participant characteristics by obesity phenotype are summarized in Table 2. The
weighted prevalence was 68.0% for MHNW, 4.6% for MANW, 16.5% for MHO, and 10.9%
for MAO. Participants with MANW were the oldest (51.4 years) and had the lowest
educational attainment, whereas those with MHO were similar in age to those with MHNW
(39.8 vs. 39.4 years). The proportion of men and current smokers was higher in the
other three phenotypes than in the MHNW phenotype. As expected, compared with
the MHNW phenotype, the MANW and MAO phenotypes had higher BMI, WC, blood
pressure, FPG, HbA1lc, and TG and lower HDL-C. Sleep duration also differed according to
obesity phenotype (p < 0.001). Mean sleep duration was longest in the MHNW phenotype
(6.87 h/day) and shorter in the MANW (6.64 h/day), MHO (6.67 h/day), and MAO
(6.64 h/day) phenotypes. The proportion of participants sleeping <6 h was 39.0% in the
MHNW phenotype, compared with 44.4%, 46.8%, and 48.6% in the MANW, MHO, and
MAO phenotypes, respectively, whereas the proportion sleeping >9 h was highest in the
MHNW phenotype (7.2%).

Table 2. Participant characteristics by obesity phenotype.

MHNW MANW MHO MAO p Value

n (weighted %) 5306 (68.0) 395 (4.6) 1258 (16.5) 849 (10.9)
Age (years) 39.4 4 0.2 514 408 39.8 4+ 0.4 444405 <0.001
Male sex (%) 45.3 61.6 61.0 70.7 <0.001
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Table 2. Cont.
MHNW MANW MHO MAO p Value
Household income (%) 0.125
Quartile 1 (lowest) 8.8 15.6 9.2 10.1
Quartile 2 24.1 242 24.6 24.8
Quartile 3 324 28.8 322 33.9
Quartile 4 (highest) 34.7 31.4 33.9 31.3
Education (%) <0.001
Middle school or less 12.5 32.3 13.8 20.2
High school 41.2 40.6 42.1 38.6
College or higher 46.3 27.1 441 41.2
Urban residence (%) 86.0 77.8 84.2 81.2 0.003
Smoking status (%) <0.001
Never 60.8 41.3 49.5 39.6
Past 16.9 21.7 19.3 23.5
Current 224 37.0 31.1 36.9
Alcohol drinking (%) 81.0 77.1 83.7 82.5 0.023
Regular exercise @ (%) 52.1 47.5 58.7 47.8 <0.001
BMI (kg/m?) 21.58 + 0.03 23.18 £ 0.08 27.12 + 0.06 28.69 + 0.13 <0.001
WC (cm) 75.0£0.1 82.7+0.3 879 +0.2 944+ 03 <0.001
SBP (mmHg) 109.7 £ 0.2 1273+ 1.1 1152+ 04 1254 £+ 0.6 <0.001
DBP (mmHg) 723 +0.2 82.0 £ 0.7 76.0 £ 0.3 84.1+04 <0.001
FPG (mg/dL) 914+ 0.2 109.1 + 1.5 942 +03 1059 + 0.8 <0.001
HbA1lc (%) 5.45 + 0.01 5.92 + 0.05 5.56 + 0.01 5.85 + 0.03 <0.001
Total cholesterol (mg/dL) 183.0 £ 0.5 196.5 + 2.1 1941 +1.1 203.6 £1.5 <0.001
LDL-C (mg/dL) 108.7 £ 0.5 1155+ 2.1 1205+ 1.0 123.8 +£1.3 <0.001
HDL-C (mg/dL) 55.0 + 0.2 425+ 0.5 50.2 £ 0.3 414403 <0.001
TG (mg/dL) 999 £ 1.1 237.3 £ 84 130.4 + 3.2 246.7 £ 7.1 <0.001
Sleep duration (h/day) 6.87 £+ 0.02 6.64 + 0.07 6.67 = 0.04 6.64 £+ 0.05 <0.001
Sleep duration category (%) <0.001
<5h 11.5 15.8 14.7 16.1
6h 27.5 28.6 32.1 325
7h 31.3 30.9 28.2 27.6
8h 224 21.0 19.9 19.0
>9h 7.2 3.7 5.2 4.8

Continuous variables are shown as weighted mean + SE and categorical variables as weighted
percentages. p values were derived from design-adjusted Wald F tests.  >150 min/week of moderate-
intensity or >75 min/week of vigorous-intensity physical activity. BMI, body mass index; DBP,
diastolic blood pressure; FPG, fasting plasma glucose; HbAlc, glycated hemoglobin; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MANW, metabolically
abnormal normal weight; MAO, metabolically abnormal obesity; MHNW, metabolically healthy
normal weight; MHO, metabolically healthy obesity; SBP, systolic blood pressure; SE, standard error;
TG, triglycerides; WC, waist circumference.
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3.3. Sleep Duration and Risk of Obesity Phenotypes

Table 3 and Figure 3 present the multinomial logistic regression results. In Model 1,
participants who slept <5 h had significantly higher odds of MANW (OR 1.933, 95% CI
1.033-3.619), MHO (OR 1.707, 95% CI 1.173-2.484), and MAO (OR 1.696, 95% CI 1.078-2.669)
than those who slept >9 h. Sleeping 6 h was also associated with higher odds of MHO (OR
1.493, 95% CI 1.057-2.109), whereas the ORs for 7 h and 8 h of sleep were not statistically
significant for any phenotype.

Table 3. Association between sleep duration and obesity phenotypes.

Sleep MANW MHO MAO
Duration YHNW  or@swen PV oreswcp PYVAMC gresucp P Value
Model 1 (n = 7808)
1.933 1.707 1.696
<5h Reference 533 3 619) 0.039 (1.173-2.484) 0.005 (1.078-2.669) 0.022
1.646 1.493 1.394
6h Reference ) 93375 90) 0.085 (1.057-2.109) 0.023 (0.911-2.133) 0.126
1.683 1.184 1.099
7h Reference ) 946 5 996) 0.077 (0.831-1.686) 0.349 (0.722-1.672) 0.659
1.624 1.179 1.093
8h  Reference 508 5 969) 015 (0811-1.712) 0388 (0705-1.605 091
>9h Reference 1 (reference) 1 (reference) 1 (reference)
Model 2 (n = 7746)
2.063 1.650 1.649
<5h Reference ;570 3 g7g) 0.031 (1.128-2.413) 0.010 (1.047-2.597) 0.031
1.876 1.495 1.442
6h  Reference ;433 3 409 0.039 (1.049-2.131) 0.026 (0.940-2211) 909
1.870 1.195 1.120
7h Reference 1 13 460) 0.046 (0.831-1.719) 0.335 (0.735-1.708) 0.597
1.772 1.168 1.096
8h  Reference 945 3374 0074 (0.799-1.707) 0423 (706-1.701) 0683
>9h Reference 1 (reference) 1 (reference) 1 (reference)

ORs and 95% CIs were estimated using survey-weighted multinomial logistic regression with MHNW
as the reference phenotype (OR fixed at 1) and sleep duration of >9 h as the reference category. Model
1 included age and sex; Model 2 additionally included household income, educational attainment,
smoking status, alcohol drinking, and regular exercise. CI, confidence interval; MANW, metabolically
abnormal normal weight; MAO, metabolically abnormal obesity; MHNW, metabolically healthy
normal weight; MHO, metabolically healthy obesity; OR, odds ratio.

After further adjustment for socioeconomic and lifestyle factors (Model 2, n = 7746), the
associations for the <5 h group remained significant for MANW (OR 2.063, 95% CI 1.070-
3.978), MHO (OR 1.650, 95% CI 1.128-2.413), and MAO (OR 1.649, 95% CI 1.047-2.597).
Sleeping 6 h was associated with higher odds of MANW (OR 1.876, 95% CI 1.033-3.409)
and MHO (OR 1.495, 95% CI 1.049-2.131), and sleeping 7 h was associated with higher
odds of MANW (OR 1.870, 95% CI 1.010-3.460). For MHO and MAOQO, the ORs showed a
graded decrease from the <5 h group to the 8 h group, whereas for MANW the ORs were
similar across all categories below 9 h, with wide CIs (Figure 3A).

In the sensitivity analysis using 7 h as the reference category (Table S1 and Figure 3B),
the associations of short sleep with MHO and MAO were consistent with those of the main
analysis. In Model 2, sleeping <5 h was associated with higher odds of MHO (OR 1.380,
95% CI1.098-1.734) and MAO (OR 1.472, 95% CI 1.109-1.953), and sleeping 6 h was also
associated with higher odds of MHO (OR 1.251, 95% CI 1.048-1.492) and MAO (OR 1.287,
95% CI 1.047-1.583). In contrast, sleeping 8 h or >9 h was not associated with MHO or
MAO. For MANW, the ORs for <5 h (1.104, 95% CI 0.742-1.641) and 6 h (1.003, 95% CI
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0.729-1.381) were not significant, whereas sleeping >9 h was associated with lower odds
of MANW (OR 0.535, 95% CI 0.289-0.990). The results of Model 1 were similar (Table S1).

A. Reference sleep duration: 29 h

MANW vs. MHNW MHO vs. MHNW MAO vs. MHNW

<5h 5] 3 —a— 3

6 h A [} %—._ ;

7 h A ‘=—ll —%—I— . %

8h ,—- 4 _4.._

=9 h (ref.) ‘ Q | ' | ? . ‘ . ‘ Q:

B. Reference sleep dﬁration: 7h

<5 h A —{n— ] b

6h —Ij— . i_._ .

7 h (ref.) 4 ’: ] ‘i 1 ‘i

=9 h 4 @ ‘ —a—
025 05 1 2 4 025 05 1 2 4 025 05 1 2 4
OR (95% CI) OR (95% CI) OR (95% CI)

Figure 3. Association between sleep duration and obesity phenotypes in Model 2. Squares indicate
ORs and horizontal lines indicate 95% Cls, estimated using survey-weighted multinomial logistic
regression with MHNW as the reference phenotype and (A) >9 h or (B) 7 h as the reference sleep
duration (diamonds), adjusted for age, sex, household income, educational attainment, smoking
status, alcohol drinking, and regular exercise. The x-axis is on a logarithmic scale. CI, confidence
interval; MANW, metabolically abnormal normal weight; MAO, metabolically abnormal obesity;
MHNW, metabolically healthy normal weight; MHO, metabolically healthy obesity; OR, odds ratio.

3.4. Additional Sensitivity and Subgroup Analyses

When the stricter definition of metabolic health was applied (Table S2), the weighted
prevalence of MHO decreased to 5.9% (n = 433) and that of MAO increased to 21.5%.
Sleeping < 5 h remained associated with higher odds of MAO compared with sleeping > 9h
(OR 1.675, 95% CI 1.146-2.447) and 7 h (OR 1.395, 95% CI 1.099-1.771) in Model 2. The ORs
for MHO were of similar magnitude to those in the main analysis but were not statistically
significant (vs. >9 h: OR 1.397, 95% CI 0.805-2.423; vs. 7 h: OR 1.394, 95% CI 0.926-2.098),
and no association was observed for MANW. After excluding underweight participants
(n = 401; Table S3), the associations of sleeping < 5 h with MHO and MAO relative to 7 h
remained significant (OR 1.363, 95% CI 1.084-1.713, and OR 1.464, 95% CI 1.103-1.944,
respectively), whereas relative to >9 h the association with MAO was attenuated (OR 1.514,
95% C10.964-2.378). In Model 3, further adjusted for residential area, perceived stress, total
energy intake, and work schedule (n = 6854; Table 54), sleeping < 5 h remained associated
with MHO and MAO relative to 7 h (OR 1.388, 95% CI 1.086-1.775, and OR 1.426, 95% CI
1.043-1.949, respectively), and the estimates were nearly identical to those of Model 2 fitted
in the same participants (OR 1.406 and 1.455, respectively).

In the stratified analyses (Table S5), the ORs of sleeping < 5 h for MHO and MAO were
above 1 in all subgroups (range, 1.233-1.641), although not all were statistically significant
owing to the smaller sample sizes. No significant interaction was observed between sleep
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duration and sex (overall p for interaction = 0.119; MHO, p = 0.983; MAO, p = 0.547) or age
group (overall p for interaction = 0.870; MHO, p = 0.230; MAO, p = 0.890). For MANW, a
significant interaction with sex was observed (p = 0.006), driven mainly by lower odds of
MANW among men sleeping >9 h. After FDR correction, the associations of sleeping <5h
with MHO and MAO relative to 7 h remained significant (g = 0.045) and those of sleeping
6 h were of borderline significance (g = 0.050), whereas none of the associations relative
to >9 h remained significant (all g4 > 0.093). The VIFs for the covariates are presented in
Table S6.

4. Discussion

In this nationally representative sample of apparently healthy Korean adults, those
sleeping < 5 h had higher odds of MHO and MAO than those sleeping > 9 h, and these
associations persisted after adjustment for socioeconomic and lifestyle factors and were
consistent when 7 h was used as the reference category. After FDR correction, however,
only the associations relative to 7 h remained significant. An association with MANW
was also observed in the main analysis, but it was not robust to the choice of the reference
category. The MANW, MHO, and MAO phenotypes together accounted for 38.4% of those
sleeping < 5 h compared with 24.0% of those sleeping > 9 h. These findings are in line
with previous studies linking short sleep to obesity [4,5], metabolic syndrome [9-11], and
type 2 diabetes [6,7]. They are also consistent with an earlier KNHANES analysis show-
ing shorter sleep duration in obese phenotypes [24] and with a study of Chinese young
workers in which short sleep was associated with metabolically healthy and unhealthy over-
weight/obesity, but not with the metabolically unhealthy normal-weight phenotype [25].
Our study extends these findings by showing that short sleep is associated with obesity
phenotypes irrespective of metabolic health, even in adults without known chronic dis-
eases. Unlike the earlier KNHANES analysis, which compared mean sleep duration across
phenotypes [24], we examined sleep duration as a categorized exposure; this allowed us to
estimate the odds of each phenotype across the full range of sleep duration, to identify a
threshold-type pattern below 7 h, and to assess the robustness of the associations to the
choice of the reference category and to correction for multiple comparisons.

Several mechanisms may explain the association between short sleep and the MHO
and MAO phenotypes. Experimental sleep restriction lowers leptin and raises ghrelin
concentrations, thereby stimulating hunger and appetite [13,14], and impairs glucose
tolerance and insulin sensitivity [15,34]. In a randomized crossover study, experimental
sleep restriction increased energy intake and visceral fat accumulation [16], and in a
randomized clinical trial, sleep extension reduced energy intake in adults with overweight
in a real-life setting [17]. Sleep loss is also associated with elevated evening cortisol
levels [35] and low-grade systemic inflammation [36], and short sleep duration has been
associated with abdominal fat accumulation [37]. These pathways may contribute to
insulin resistance and visceral adiposity, which characterize both MAO and MANW [21,22].
In addition, short sleepers in our study had lower household income and educational
attainment and a higher prevalence of current smoking; however, the associations remained
significant after adjustment for these factors, suggesting that they do not fully explain the
observed relationship. Conversely, obesity and metabolic abnormalities may themselves
shorten or fragment sleep, for example through sleep-disordered breathing, and this
bidirectional relationship cannot be disentangled in a cross-sectional study.

The MANW phenotype deserves particular attention because it is easily overlooked
in clinical practice. In the main analysis, the ORs for MANW were elevated in all groups
sleeping less than 9 h. However, no clear dose-response gradient was observed; the CIs
were wide, and the associations were not significant when 7 h was used as the reference
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category. Instead, the sensitivity analysis showed that long sleep (>9 h) was associated with
lower odds of MANW relative to 7 h of sleep, suggesting that the associations observed
in the main analysis were largely driven by the low prevalence of MANW in the small
>9 h reference group (2.7%). Therefore, our findings do not provide robust evidence of an
association between short sleep and MANW, and further studies with larger numbers of
individuals with MANW are needed.

Short sleep was also associated with MHO, which is often regarded as a relatively
benign or transitional state [18,19]. The ORs for MHO and MAO decreased in a graded
manner with longer sleep duration, and the associations for MHO were significant in both
the <5 h and 6 h groups, regardless of whether >9 h or 7 h was used as the reference
category. Because MHO defined by the absence of metabolic syndrome allows up to two
metabolic abnormalities, including elevated WC, and because the cardiometabolic risk
of MHO depends substantially on the definition used [20,38], we additionally applied a
stricter definition that allowed no metabolic abnormality other than elevated WC. Under
this definition, the association with MAO persisted, whereas the ORs for MHO were similar
in magnitude to those in the main analysis but were no longer statistically significant, with
wide ClIs reflecting the small size of the strictly defined MHO group (5.9%). Therefore,
part of the association between short sleep and MHO in the main analysis may reflect
individuals with one or two metabolic abnormalities, and this association should be inter-
preted with caution. Because a substantial proportion of individuals with MHO progress
to metabolically unhealthy obesity over time [19], lifestyle factors associated with MHO,
including short sleep, may warrant investigation in longitudinal and interventional studies
to determine whether they contribute to this transition.

The association between sleep duration and obesity may differ by sex and age. A recent
meta-analysis found that short sleep was associated with incident obesity in both men and
women, without a significant difference between the sexes [5], whereas a meta-analysis of
metabolic syndrome found no association between short sleep and metabolic syndrome
in adults aged >65 years [11]. In our study, the ORs of short sleep for MHO and MAO
were above 1 in all sex and age subgroups, and no significant interaction was observed for
these phenotypes, although the associations were somewhat weaker in women and the
stratified analyses had limited statistical power. The significant sex interaction for MANW
was driven by lower odds of MANW among men sleeping > 9 h, which further suggests
that the MANW findings are unstable.

The choice of the reference category warrants consideration. In the main analysis, we
used >9 h of sleep as the reference to contrast short sleepers with those at the opposite end
of the sleep-duration distribution. However, long sleep duration has also been associated
with adverse health outcomes in a U-shaped manner [6,8,11], and in our study the >9 h
group was the smallest (6.5%), the youngest, and had the lowest socioeconomic status.
Although age was included in all models and socioeconomic factors were added in Model 2,
residual confounding related to these characteristics cannot be excluded, and the small size
of this group resulted in wide CIs. To address these concerns, we performed a sensitivity
analysis using 7 h, the most common sleep duration in our study population and within
the range generally recommended for adults, as the reference category. The associations
of short sleep (<6 h) with MHO and MAO were consistent in this analysis, and 8 h or
>9 h of sleep was not associated with these phenotypes, indicating a threshold-type
association in which the odds increased mainly below 7 h of sleep. These findings support
the robustness of the associations with MHO and MAOQO, whereas the association with
MANW should be interpreted with caution. Moreover, although no formal adjustment
for multiple comparisons was applied in the primary analysis, the associations of <5 h
of sleep with MHO and MAO relative to 7 h remained significant after FDR correction,
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whereas none of the associations relative to >9 h, including those for MANW, did; therefore,
individual associations with p values close to 0.05, including those for 6 h of sleep, should
be interpreted cautiously, and our conclusions are based primarily on the comparisons with
7 h as the reference.

From a clinical perspective, our findings indicate that short sleep duration frequently
coexists with the MHO and MAO phenotypes, even in adults without diagnosed chronic
diseases, and that sleep habits may be worth considering when lifestyle factors are eval-
uated in individuals with obesity. However, because of the cross-sectional design, the
observed associations do not indicate that short sleep causes these phenotypes or that
extending sleep would improve metabolic health; reverse causation and residual confound-
ing remain plausible explanations. Whether sleep duration is a modifiable target for the
prevention of unfavorable obesity phenotypes therefore needs to be tested in prospective
and interventional studies.

This study has several strengths. First, we used data from a large sample representative
of Korean adults and accounted for the complex survey design throughout the analyses.
Second, obesity phenotypes were defined by jointly considering adiposity and metabolic
health, which allowed a more nuanced assessment than BMI alone. Third, restricting
the analysis to apparently healthy adults, defined by the exclusion of participants with
clinically diagnosed chronic diseases [29], reduced the influence of overt disease and its
treatment on sleep and metabolic status. Fourth, the associations with MHO and MAO
were consistent after adjustment for socioeconomic and lifestyle factors and across several
sensitivity analyses.

Nevertheless, some limitations should be acknowledged. First, because of its cross-
sectional design, causality cannot be inferred, and reverse causation is possible; for ex-
ample, obesity and metabolic abnormalities may lead to shorter or poorer sleep through
sleep-disordered breathing or other mechanisms. Therefore, our findings should not be
interpreted as evidence that sleep duration is a modifiable cause of unfavorable obesity
phenotypes. Second, sleep duration was self-reported using a single question and assessed
as average daily sleep duration; sleep quality, napping, weekday—weekend differences,
and sleep disorders such as obstructive sleep apnea were not assessed, and self-reported
sleep duration may differ from objectively measured sleep. Such misclassification may
have biased the observed associations; if it was non-differential with respect to obesity phe-
notype, it would most likely have attenuated them, but differential misreporting according
to body weight or metabolic status cannot be excluded. Third, although we adjusted for
major socioeconomic and lifestyle factors, and additionally for perceived stress, total energy
intake, and work schedule in a sensitivity analysis, residual confounding by unmeasured or
imprecisely measured factors, such as diet quality, depressive symptoms, and the duration
of shift work, cannot be excluded; moreover, a further 892 participants were excluded from
Model 3, mainly because of missing dietary data, which may have introduced selection
bias, although the estimates of Model 2 fitted in the same participants were nearly identical.
Because factors such as depressive symptoms and poor diet quality are associated with
both short sleep and adverse metabolic profiles, residual confounding may have inflated
the observed associations, and their magnitude should be interpreted with caution. Fourth,
metabolic health was defined using metabolic syndrome criteria, and direct measures of
insulin resistance, body fat distribution, or inflammation were not available. In addition,
underweight participants were included in the normal-weight categories, which may have
introduced heterogeneity into these groups, although the associations relative to 7 h were
similar after excluding them; furthermore, the association with MHO was no longer statis-
tically significant despite a similar effect estimate under a stricter definition of metabolic
health. Fifth, the >9 h reference group was small (6.5%) and differed from the other groups
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in age and socioeconomic characteristics, and the associations relative to this group did not
remain significant after correction for multiple comparisons. Sixth, the data were collected
in 2013-2015, and the prevalence of obesity, metabolic syndrome, and short sleep in Korea
has changed since then [1-3]; therefore, the prevalence estimates may not reflect the current
population, and replication in more recent data with updated sleep measures is warranted.
Finally, “apparently healthy” status was defined by the absence of clinically diagnosed
chronic diseases; undiagnosed conditions, such as undiagnosed hypertension, diabetes,
or sleep apnea, cannot be excluded, and the exclusion of participants with diagnosed
conditions such as hypertension, dyslipidemia, and diabetes, who are more likely to have
the MANW or MAO phenotypes, may have led to an underestimation of the prevalence of
these phenotypes and limits the generalizability of our findings to the general population
and to other ethnic populations.

5. Conclusions

Among apparently healthy Korean adults, sleeping <5 h per day was linked to higher
odds of the MHO and MAO phenotypes, after adjustment for socioeconomic and lifestyle
factors, and these associations relative to 7 h of sleep remained significant after FDR
correction. By contrast, none of the associations relative to >9 h remained significant
after FDR correction, and these should be interpreted cautiously. The association with
MAO was also robust to a stricter definition of metabolic health, whereas the association
with MHO was no longer statistically significant under the stricter definition, despite a
similar effect estimate. The association with MANW was also sensitive to the choice of
the reference category and should not be regarded as established. Because of the cross-
sectional design, these findings reflect associations and do not establish that short sleep
causes unfavorable obesity phenotypes. Prospective and interventional studies are needed
to determine whether sleep duration is a modifiable factor and whether improving sleep
duration can prevent the development of metabolically unhealthy phenotypes and obesity.
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Table S2: Association between sleep duration and obesity phenotypes using a stricter definition
of metabolic health; Table S3: Association between sleep duration and obesity phenotypes after
excluding underweight participants; Table S4: Association between sleep duration and obesity phe-
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