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Abstract

Background Insulin resistance (IR) is a precursor to metabolic syndrome. Weekend catch-up sleep (WCS) is practiced
to compensate for insufficient weekday sleep, but its impact on IR remains unclear. This study investigated associa-
tions between WCS and severe IR risk.

Methods Data from 1,903 adults participating in the National Health and Nutrition Examination Survey 2017-2020
were analyzed. IR was assessed using the Homeostatic Model Assessment for IR (HOMA-IR) and Metabolic Score for IR
(METS-IR), with severe IR defined as the highest quartile. WCS was calculated by subtracting weekday sleep dura-
tion from weekend sleep duration and was categorized into five groups. Weighted logistic regression and restricted
cubic spline analyses were performed to examine associations between WCS patterns and severe IR risk. Percentages
reported were weighted to account for sampling design and population distribution.

Results The majority of participants were under 60 yrs (75.2%, n=1,344) and had a body mass index below 30 kg/
m? (59.29%, n=1,082). Slightly more than half of the participants were female (51.3%, n=990). A U-shaped relationship
between WCS duration and severe IR risk was observed, with the lowest risk at approximately 0.7-1.0 h of WCS. Short
WCS durations (0 <WCS < 1 h) were associated with a significantly reduced risk of severe IR as defined by HOMA-IR
(OR=0.63,95% Cl: 0.41-0.97, P=0.037) compared to stable sleep pattern (WCS=0). Long WCS durations (WCS>2 h)
were associated with an increased risk of severe IR as defined by METS-IR (OR=1.88, 95% Cl: 1.13-3.14, P=0.018). Sen-
sitivity analyses showed that the reduction in severe IR risk associated with short WCS durations was more significant
in individuals with weekday sleep durations of seven hours or less.

Conclusions WCS duration exhibits a U-shaped association with severe IR risk, with approximately 0.7-1.0 h of WCS
linked to the lowest risk. Both insufficient and excessive WCS are associated with increased severe IR risk, emphasizing
the importance of optimal sleep patterns for metabolic health.
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Background

Metabolic syndrome (MetS) is a cluster of metabolic
abnormalities, including abdominal obesity, elevated
blood pressure, impaired glucose tolerance, and dyslipi-
demia, which is prevalent in approximately 34 percent of
Americans and 25 percent of the world populace [1, 2].
As an increasing global public health challenge, MetS has
entailed an enormous financial burden and medical care
policy issues [3]. Insulin resistance (IR) has been proven
to be a common pathophysiological mechanism and a
precursor for MetS, which is defined physiologically as a
state of reduced responsiveness in insulin-targeting tis-
sues to high physiological insulin levels [4, 5]. Therefore,
screening and early warning for populations at high risk
for IR may be the basis and key step for preventive treat-
ment and management of MetS.

A growing number of people have experienced
declined sleep duration and poor sleep quality during
recent years [6—8]. More than one-third of U.S. adults
report sleeping less than the recommended seven hours
per night and 30% report sleeping less than six hours per
night [9]. These trends may be strongly associated with
MetS prevalence, such as type 2 diabetes, hypertension,
hyperlipidemia, and cardiovascular diseases [10-12].
Epidemiologic evidence has accumulated to support the
role of long-term insufficient sleep as an independent
risk factor for the development and exacerbation of IR
[13, 14]. Experimental studies have also shown that sleep
deprivation is associated with changes in IR and B-cell
function [15, 16]. In this situation, one common strategy
to recover from insufficient sleep during work or school
days is to catch up or recover on sleep during weekends
or free days [17, 18]. Previous studies [19-21] examining
the relationship between weekend catch-up sleep (WCS)
and MetS have produced inconsistent results. Observa-
tional studies have suggested that WCS may reduce the
risk of MetS in middle-aged individuals with chronic
short sleep [19, 20], while a randomized controlled trial
found no significant protective effects of WCS in pre-
venting MetS associated with recurrent insufficient sleep
[21]. These mixed findings highlight the need for further
investigation into the role of WCS in metabolic health.
Although WCS has been studied in the context of MetS,
limited research has specifically focused on its potential
impact on IR, a key precursor to diabetes and cardiovas-
cular diseases.

Furthermore, previous studies indicate that the rela-
tionship between sleep behavior and metabolic health
can differ by demographic characteristics [22, 23]. Sex
differences in the link between sleep and insulin sensitiv-
ity may stem from biological variations in hormone regu-
lation or sleep architecture [22]. Additionally, married
individuals—who often have more regular sleep patterns
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and lower psychological stress—may derive greater ben-
efits from sleep supplementation, whereas single or
divorced individuals may experience diminished protec-
tive effects due to social isolation or disrupted sleep pat-
terns [23—-25]. However, it remains unclear whether the
associations between WCS and IR exhibits similar het-
erogeneity across different populations. Therefore, this
study seeks to fill these gaps by investigating the associa-
tion between WCS and IR and exploring whether these
associations vary among diverse demographic groups.

This study leveraged data from the National Health
and Nutrition Examination Survey (NHANES) to inves-
tigate the associations between the pattern and time of
WCS and IR among U.S. adults. To assess IR, we uti-
lized two complementary methods: Homeostatic Model
Assessment for IR (HOMA-IR) and Metabolic Score
for IR (METS-IR). HOMA-IR, a well-established clini-
cal marker, is calculated from fasting glucose and insulin
levels, providing insights into hepatic insulin resistance
[26, 27]. On the other hand, METS-IR includes additional
metabolic variables, such as lipid profiles, that contrib-
ute to a broader assessment of IR, encompassing periph-
eral insulin sensitivity as well [28]. By employing both
HOMA-IR and METS-IR, this study captures distinct
dimensions of IR, allowing for a comprehensive evalua-
tion of the potential relationship between WCS and IR.
Understanding the potential relationship between WCS
and IR can provide information for public health recom-
mendations and personal behavioral strategies, poten-
tially refining guidelines and interventions aimed at
reducing the burden of IR and related metabolic disor-
ders in the general population.

Methods

Data source and study population

NHANES is a continuous and population-based cross-
sectional survey designed to assess the nutrition and
health status of the general population in the U.S. The
survey employs a complex, multistage probability sam-
pling design to provide information on demographic
characteristics, socioeconomic status, physiological
measurements, biochemical indicators, and various
health-related aspects, and to ensure that participants
in each two-year cycle are representative of the national
population. Meanwhile, participants in NHANES pro-
vided written informed consent, and the study protocol
was approved by the Research Ethics Review Board of the
National Center for Health Statistics and the U.S. Army
Research Institute of Environmental Medicine Human
Use Review Committee. Detailed information can be
achieved at (https://www.cdc.gov/nchs/nhanes/index.
htm).


https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
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A total of 15,560 individuals from NHANES 2017-
2020 were initially considered for inclusion in this study.
Participants were excluded if they had missing key data,
including information on sleep-related variables (n=
6,567), metabolism-related parameters required to cal-
culate IR indices, such as fasting plasma glucose (FPG),
fasting serum insulin (FINS), triglyceride (TG), high-
density lipoprotein cholesterol (HDL-c), or body mass
index (BMI) (n= 5,265), socioeconomic variables such as
education level, marital status, or family income meas-
ured as the ratio of family income to poverty (FPIR) (n=
771), and lifestyle factors such as smoking status, alcohol
consumption, or dietary recall information (n= 1,054).
After applying these exclusion criteria, a total of 1,903
individuals were included in the final analysis. A detailed
overview of the participant selection process and exclu-
sion criteria was presented in Fig. 1. Since all participants
in NHANES provided written informed consent and only
publicly available data were used in this analysis, no ethi-
cal approval was required.

Definitions of IR

In this study, HOMA-IR and METS-IR were calculated to
provide parameters of whole-body IR [26, 29]. For sub-
sequent weighted logistic regression models, the entire
sample was divided into quartiles based on the two IR
indicators mentioned above, with the highest quar-
tile representing the severe IR [30]. According to the
NHANES protocol, FINS levels were determined by the
ATA-PACK IR] a two-site immunoenzymometric assay
performed on a Tosoh AIA Chemistry Analyzer. FPG,
TG, and HDL-c levels were measured by an automated
biochemical analysis instrument. The formulas for the
two indices were presented as follows: HOMA-IR =FINS
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(tU/ml) XFPG (mmol/L)/22.5 [26]; METS-IR =Ln [(2
X FPG (mg/dL) +fasting TG (mg/dL)] x BMI (kg/m?)/Ln
[HDL-c (mg/dL)] [29].

Assessments of sleep parameters

In the NHANES surveys conducted between 2017 and
2020, participants reacted to the following sleep-related
doubts to find out their sleep duration, quality, and reg-
ularity: (1)"the number of hours usually sleep on week-
days or workdays", (2)"the number of hours usually sleep
on weekends or non-workdays", (3)"what time do you
usually fall asleep on weekdays or workdays?", (4)"what
time do you usually wake up on weekdays or workdays?",
(5)"what time do you usually fall asleep on weekends or
non-workdays?", (6)"what time do you usually wake up on
weekends or non-workdays?", (7)"in the past 12 months,
how often did you snore while sleeping?”, (8)"how often
did you snort, gasp, or stop breathing?", (9)"ever told a
doctor or other health professional that you have trou-
ble sleeping?”, (10)"how often feel excessively or overly
sleepy during day?".

The average sleep duration was calculated using
the following formula [31, 32]: Average sleep dura-
tion =(5 Xweekday sleep duration +2 Xweekend sleep
duration)/7.

Social jetlag status was assessed based on responses
regarding typical bedtimes, and wake times on weekdays
and weekends. The midpoint of sleep was assessed by
the sleep onset time and wake time. This midpoint was
computed separately for weekdays (MSW) and weekends
(MSE). Social jetlag was defined as the absolute differ-
ence between these two sleep midpoints, expressed in
hours (|JMSE-MSW/|) [33]. In our study population, 98%
of participants exhibited social jetlag ranging between 0

Total participants in NHANES 2017-2020

(n=15,560)
Excluded due to the missing data:
* Sleep information (n = 6,567)
¢ Metabolism-related parameters (n = 5,265)
¢ Socioeconomics information (n=771)
« Lifestyles information (n =1,054)
Final sample
(n=1,903)

No alteration in duration Decrease in sleep duration

Group A: WCS = 0h Group B: WCS < 0h

(n=714) (n=284)

Short catch-up sleep duration
Group C: 0h <WCS < 1h
(n=399)

Moderate catch-up sleep

Group D: 1h<WCS <2h

Long catch-up sleep duration
Group E: WCS > 2h
(n=386)

(n=120)

Fig. 1 Flow chart of the study population. Abbreviation: NHANES, National Health and Nutrition Examination Survey; WCS, weekend catch-up sleep
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and 4.75 h. To facilitate analysis, participants were cat-
egorized into three groups: Less than one hour of social
jetlag, one to less than two hours of social jetlag, and two
or more hours of social jetlag. Consistent with previous
studies, we used participants with less than 1 h of social
jetlag as the reference group [34, 35].

The time of WCS was defined as the time of sleep on
weekends minus the time of sleep on weekdays according
to the patient’s self-report. It was then classified into five
groups [36]: stable sleep pattern (Group A, WCS =0),
decrease in sleep duration (Group B, WCS <0), short
catch-up sleep duration (Group C, 0< WCS <1 h), mod-
erate catch-up sleep duration (Group D, 1< WCS <2 h),
and long catch-up sleep duration (Group E, WCS >2 h).

Assessments of covariates

The selection of covariates adhered to biological con-
siderations and previously published literature [19, 32,
37]. Demographic characteristics were elucidated in the
demographic questionnaire, encompassing age (< 60,
>60), sex (male, female), race (Mexican American, non-
Hispanic black, non-Hispanic white, other races), educa-
tion level (< high school, high school, and > high school),
marital status (never married, married/living with a part-
ner, and widowed/divorced/separated), and FPIR [low
income (< 1.3), middle income (> 1.3 and <3.5), and high
income (> 3.5)] [38].

Furthermore, information regarding smoking and
alcohol intake status was derived from the cigarette use
and alcohol use questionnaires. Smoking status was cat-
egorized into non-smokers, former smokers, and current
smokers (non-smokers: smoked less than 100 cigarettes
in life; former smokers: smoked more than 100 cigarettes
in life and smoke not at all now; current smokers: smoked
more than 100 cigarettes in life and smoke some days or
every day) [39]. Alcohol intake status encompassed never
drinking, former drinking, and current drinking, further
classified into mild, moderate, or heavy drinking based
on the frequency and amount of consumption (current
heavy drinking: >3 drinks per day for females, >4 drinks
per day for males, or binge drinking on 5 or more days
per month; current moderate drinking: >2 drinks per day
for female, > 3 drinks per day for males, or binge drinking
>2 days per month; current mild drinking: not meet the
above) [40].

In addition, daily energy intake (kcal/d) was obtained
from two 24-h dietary recall interviews, calculated by
averaging the total energy intake on Day 1 and Day 2. The
physical activity (PA) data in the NHANES survey were
collected using the Global Physical Activity Question-
naire, developed by the World Health Organization [41].
This questionnaire assesses PA across three domains:
occupational (work-related activities), transportation
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(such as walking or cycling), and recreational (leisure-
time exercise). Participants reported the frequency, dura-
tion, and intensity of activities within each domain. For
ease of analysis, the duration of vigorous activities was
converted to an equivalent amount of moderate activity
using a standard conversion: one minute of vigorous PA
is equivalent to two minutes of moderate PA [42, 43]. The
calculation formula used is as follows: total PA time per
week =moderate activity frequency per week X duration
per session +2 Xvigorous activity frequency per week
X duration per session. According to the World Health
Organization guidelines [44], participants who engage
in moderate intensity aerobic physical activity for >150
min per week are classified as high levels of PA. People
who do not meet these thresholds are classified as having
low PA levels, while participants who report no PA are
defined as inactive.

Comorbidities considered in the study include hyper-
tension and obesity. Hypertension was defined by the fol-
lowing criteria: (1) average systolic blood pressure >140
mmHg, (2) average diastolic blood pressure >90 mmHg,
or (3) the use of antihypertensive medication, or (4) sub-
jects with a self-reported hypertension diagnosis [45].
In our study, height and weight were directly measured
by trained NHANES personnel as part of the physical
examination. BMI is calculated by dividing an individu-
al’s weight (in kilograms) by the square of their height (in
meters). Obesity was defined as BMI >30 kg/m? for the
need for subgroup analysis [46].

Statistical analysis

We adopted NHANES-recommended sample weights
to account for the survey’s complex sampling design. We
conducted descriptive statistics on population character-
istics based on the categories of WCS. Use the Shapiro—
Wilk test to assess the normality of the data. Variables
that conform to normal distribution are described using
mean and standard deviation (SD), and intergroup dif-
ferences are analyzed using one-way analysis of variance.
Variables that deviate from normality are characterized
by median and interquartile range (IQR), and we use
Kruskal-Wallis rank-sum test to conduct groups com-
parisons. Categorical variables are expressed in sample
counts and weighted percentages, and Rao-Scott chi-
square test is used to analyze the population characteris-
tics of different sleep patterns.

Using weighted logistic regression to explore the
influencing factors of severe IR. We also used weighted
logistic regression models to investigate the relationship
between WCS and severe IR risk in the general popula-
tion. Model 1 was adjusted based on demographic data,
while Model 2 was adjusted based on demographic data
and lifestyle factors; Model 3 was also adjusted based on



Liu et al. BMC Medicine (2025) 23:311

comorbidities; Model 4 was further adjusted for sleep
related factors (such as average sleep time, social jetlag,
snore, stop breathing, trouble sleeping, and overly sleepy
during day) based on Model 3.

A logistic regression model with weighted restricted
cubic spline (RCS) was used to investigate the poten-
tial nonlinear relationship between WCS duration and
severe IR risk. We tested nodes between three and seven
and selected the model with the lowest Akaike informa-
tion standard value for RCS. If RCS analysis shows that
U-shaped, inverted U-shaped, or L-shaped curves have
identifiable inflection points, the data is divided into two
different parts based on the inflection points and seg-
mented logistic regression is performed to gain a more
detailed understanding of the relationship between the
duration of WCS and IR.

Subgroup analyses were conducted to investigate
whether this association varies due to demographic vari-
ables (age, sex, race, education level, and marital status),
and likelihood tests were used to test the interaction
effects. Sensitivity analyses were performed to explore
associations between WCS and severe IR risk at different
weekday sleep durations.

All analyses in this research were conducted using R
software (version 4.4.0). All statistical tests were two-
sided, with the significant threshold considered at a=
0.05.

Results

Baseline characteristics of participants stratified

by patterns of WCS

Table 1 summarizes the baseline characteristics of par-
ticipants according to WCS patterns. Key demographic,
lifestyle, and clinical variables showed statistically signifi-
cant differences across groups. Younger participants (<
60 years) predominantly belonged to Groups B through
E, while elderly participants (> 60 years) were more com-
monly observed in Group A (P< 0.001). Non-Hispanic
Whites were most prevalent in Groups A and D (P=
0.004), whereas Groups C and D had more individuals
with higher educational attainment (P< 0.001). Social jet-
lag followed a gradient pattern, increasing progressively
from Group A to Group E (P< 0.001). Groups D and E
exhibited longer weekend sleep times (median 9.0-9.5 h)
(P< 0.001). Regarding metabolic parameters, glucose lev-
els differed significantly across groups (P= 0.046), with
Group B displaying lower median glucose levels. How-
ever, no significant differences were noted for HOMA-IR
or METS-IR metrics of IR, nor for their associated severe
IR prevalence across the groups.
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Associations between patterns of WCS and severe IR risk
defined by HOMA-IR and METS-IR indices

We first explored the associations between WCS pat-
terns and severe IR using univariate and multivariable
weighted logistic regression (Table 2). For severe IR
defined by HOMA-IR, participants in Group C (0 < WCS
<1 h) had a significantly lower risk of severe IR com-
pared to Group A (WCS =0) (OR =0.63, 95% CIL: 0.41-
0.97, P= 0.037), while defined by METS-IR, those in
Group E (WCS >2 h) showed a notably higher risk (OR
=1.88, 95% CI: 1.13-3.14, P= 0.018). To further exam-
ine these relationships, we applied stepwise-adjusted
weighted logistic regression models in the general popu-
lation (Table 3). Consistent with the findings in Table 2,
short durations of WCS (Group C) were associated with
reduced severe IR risk under HOMA-IR (OR =0.63, 95%
CI: 0.41-0.97, P= 0.037), whereas long durations of WCS
(Group E) significantly increased severe IR risk under
METS-IR (OR =1.88, 95% CI: 1.13-3.14, P= 0.018).

RCS analysis investigating nonlinear associations

between the time of WCS and severe IR risk

As shown in Fig. 2, a U-shaped association between WCS
time and the risk of severe IR was observed in both analy-
ses after adjusting for demographics characteristics (age,
sex, race, education level, marital status, and FPIR), life-
style factors (alcohol consumption, smoke, energy intake,
and physical activity), comorbities (BMI >30 kg/m?* and
hypertension), and sleep-related factors (average sleep
time, social jetlag, snore, stop breathing, trouble sleeping
and overly sleepy during day) (P for nonlinearity <0.01;
P for overall <0.01). For HOMA-IR (Fig. 2A), at around
0.7 h of WCS, the severe IR risk reached its minimum
value (OR =0.82, 95% CI: 0.69-0.99, P= 0.036), and then
gradually increased, although there was no statistical sig-
nificance at approximately four hours (OR =1.28, 95%
CI: 0.96-1.72, P=0.091). A similar pattern was observed
for METS-IR (Fig. 2B), where the risk of severe IR was
lowest near one hour of WCS, and significantly increased
with prolonged WCS (OR =1.72, 95% CI: 1.22-2.44, P=
0.004).

Subgroup and sensitivity analyses of associations

between patterns of WCS and severe IR risk

As shown in Tables 4 and 5, the association between pat-
terns of WCS and severe IR risk, as defined by HOMA-IR
and METS-IR, was examined through various sociode-
mographic subpopulations. Generally, the associations
between WCS patterns and severe IR risk were consist-
ent among different subgroups. However, for severe IR
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Table 1 Baseline characteristics of participants stratified by the patterns of WCS
Characteristics®  Patterns of WCS® P-value®
Total Group A Group B Group C Group D Group E
(n=1,903) (n=714) (n=284) (n=399) (n=120) (n=386)

Age, n (weighted <0.001
%)

<60 1,344 (75.2%) 382 (58.4%) 221 (82.7%) 303 (80.5%) 101 (81.1%) 337 (92.0%)

>60 559 (24.8%) 332 (41.6%) 63 (17.3%) 96 (19.5%) 19 (18.9%) 49 (8.0%)
Sex, n (weighted 0.360
%)

Female 990 (51.3%) 367 (52.0%) 145 (49.7%) 216 (53.3%) 73 (60.9%) 189 (45.4%)

Male 913 (48.7%) 347 (48.0%) 139 (50.3%) 183 (46.7%) 47 (39.1%) 197 (54.6%)
Race, n (weighted 0.004
%)

Non-Hispanic 489 (11.1%) 162 (9.8%) 98 (18.2%) 99 (9.8%) 20 (5.9%) 110 (12.3%)
Black

Non-Hispanic 693 (65.5%) 323 (71.0%) 91 (58.9%) 141 (67.3%) 50 (70.0%) 88 (56.3%)
White

Mexican Ameri- 246 (8.6%) 71 (6.5%) 36 (9.9%) 43 (6.2%) 21 (11.1%) 75 (13.5%)
cans

Other races 475 (14.8%) 158 (12.8%) 59 (13.0%) 116 (16.7%) 29 (13.0%) 113 (17.9%)
Education level, n < 0.001
(weighted %)

< High school 259 (7.8%) 90 (7.1%) 46 (11.0%) 36 (4.3%) 13 (7.5%) 74 (11.2%)

High school 409 (23.8%) 165 (26.5%) 71 (28.8%) 69 (15.2%) 19 (14.5%) 85 (29.1%)

> High school 1,235 (68.4%) 459 (66.4%) 167 (60.2%) 294 (80.5%) 88 (78.0%) 227 (59.7%)
Marital status, n 0.064
(weighted %)

Never married 361 (19.1%) 113 (14.8%) 65 (25.9%) 74 (20.2%) 17 (10.1%) 92 (24.4%)

Married/living 1,177 (64.2%) 425 (65.0%) 162 (60.8%) 260 (65.7%) 86 (70.6%) 244 (60.7%)
with partner

Widowed/ 365 (16.7%) 176 (20.2%) 57 (13.3%) 65 (14.0%) 17 (19.3%) 50 (15.0%)
Divorced/Sepa-
rated
FPIR, n (weighted 0.001
%)

<13 451 (14.7%) 176 (18.6%) 86 (21.4%) 72 (7.8%) 23 (8.0%) 94 (14.2%)

(1.3,3.5] 737 (33.4%) 277 (30.9%) 118 (39.1%) 133 (27.8%) 45 (32.2%) 164 (41.5%)

>35 715 (51.8%) 261 (50.6%) 80 (39.6%) 194 (64.4%) 52 (59.8%) 128 (44.3%)
BMI (kg/m?), n 0494
(weighted %)

<30 1,082 (59.2%) 421 (62.1%) 167 (62.0%) 219 (58.4%) 67 (51.4%) 208 (55.8%)

> 30 821 (40.8%) 293 (37.9%) 117 (38.0%) 180 (41.6%) 53 (48.6%) 178 (44.2%)
Alcohol consump- 0.007
tion, n (weighted
%)

Never 180 (7.2%) 72 (8.8%) 31 (6.7%) 37 (6.3%) 12 (10.7%) 28 (4.5%)

Mild 876 (48.0%) 370 (54.9%) 110 (35.4%) 190 (52.1%) 50 (36.8%) 156 (43.2%)

Moderate 412 (23.2%) 131 (19.1%) 67 (27.0%) 89 (23.0%) 36 (35.7%) 89 (23.8%)

Heavy 435 (21.5%) 141 (17.2%) 76 (30.9%) 83 (18.6%) 22 (16.8%) 113 (28.5%)
Smoke, n 0.405
(weighted %)

Never 1,106 (59.1%) 380 (55.5%) 160 (60.6%) 239 (60.8%) 83 (69.3%) 244 (59.0%)

Former 452 (26.7%) 208 (30.2%) 59 (20.9%) 86 (26.4%) 24 (23.0%) 75 (26.0%)

Now 345 (14.2%) 126 (14.3%) 65 (18.4%) 74 (12.8%) 13 (7.7%) 67 (15.0%)
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Table 1 (continued)
Characteristics®  Patterns of WCS® P-value®
Total Group A Group B Group C Group D Group E
(n=1,903) (n=714) (n=284) (n=399) (n=120) (n=386)

Hypertension, n 790 (34.5%) 358 (42.5%) 112 (30.1%) 148 (30.3%) 52 (44.4%) 120 (24.5%) 0.004
(weighted %)
PA, n (weighted 0.101
%)

Inactive 375 (16.5%) 153 (16.9%) 58 (17.4%) 76 (17.4%) 23 (21.5%) 65 (12.3%)

Low levels of PA 260 (12.6%) 112 (15.7%) 25 (5.7%) 52 (11.7%) 16 (14.3%) 55 (11.9%)

High levels 1,268 (70.9%) 449 (67.4%) 201 (76.9%) 271 (70.9%) 81 (64.2%) 266 (75.8%)
of PA
Energy intake 2,006 (1,547, 1,963 (1,504, 2,120 (1,582, 1,890 (1,476, 1,935(1,527, 2,079 (1,633, 0.004
(kcal/d) 2,540) 2,465) 2,715) 2414) 2,543) 2,684)
Weekday sleep 7.50(7.00, 8.50) 8.00 (7.00, 8.50) 8.50 (8.00, 9.00) 7.50 (7.00, 8.00) 7.50 (6.50, 8.00) 7.00 (6.00, 7.50) < 0.001
time (h/d)
Weekend sleep 8.00 (7.50,9.00) 8.00 (7.00, 8.50) 7.00 (6.00, 8.00) 8.00 (8.00, 9.00) 9.00 (8.00, 9.50) 9.50(8.91,10.00) < 0.001
time (h/d)
Average sleep 7.79 (7.00, 8.50) 8.00 (7.00, 8.50) 8.07(7.36,8.71) 7.64(7.29,8.29) 7.93(6.93,843) 7.53(6.57,821) <0.001
time (h/d)
Social jetlag (h) 0.75(0.00, 1.50) 0.00 (0.00, 0.00) 1.00 (0.50, 1.50) 1.16 (0.50, 1.50) 1.25(0.75,1.75) 1.75(1.00, 2.50) < 0.001
Social jetlag, n <0.001
(weighted %)

<1h 1,019 (53.2%) 599 (83.0%) 132 (47.2%) 191 (47.4%) 51 (45.7%) 46 (12.9%)

[1h,2h) 474 (28.3%) 71 (12.9%) 100 (34.2%) 125 (35.7%) 48 (38.1%) 130 (39.7%)

>2h 410 (18.5%) 44 (4.1%) 52 (18.6%) 83 (16.9%) 21(16.3%) 210 (47.4%)
Snore, n 0487
(weighted %)

Never 444 (25.5%) 155 (23.8%) 77 (27.8%) 97 (30.8%) 28 (16.2%) 87 (23.9%)

Rarely 544 (31.3%) 202 (30.8%) 83 (32.3%) 105 (27.1%) 44 (37.1%) 110 (34.4%)

Occasionally 375 (17.6%) 144 (17.2%) 52 (15.1%) 90 (20.1%) (20 7%) 66 (15.8%)

Frequently 540 (25.6%) 3(28.2%) 72 (24.7%) 107 (22.0%) 25 (26.0%) 123 (25.9%)
Stop breathing, n 0.510
(weighted %)

Never 1,381 (75.3%) 495 (72.1%) 213 (78.6%) 296 (76.7%) 92 (77.3%) 285 (76.6%)

Rarely 267 (13.6%) 1(15.2%) 37 (12.0%) 52 (12.9%) 15 (9.3%) 52 (14.1%)

Occasionally 29 (6.3%) 61 (7.6%) 6 (5.8%) 29 (6.7%) 6 (4.3%) 7 (4.3%)

Frequently 26 (4.8%) 47 (5.0%) 8 (3.6%) 22 (3.7%) 7 (9.0%) 32 (5.0%)
Trouble sleeping, 558 (32.5%) 250 (37.0%) 9 (27.4%) 110 (31.9%) 31 (30.2%) 8 (29.0%) 0.264
n (weighted %)
Overly sleepy 0.191
during day, n
(weighted %)

Never 270 (12.8%) 09 (14.7%) 38 (10.7%) 58 (11.7%) 20 (18.6%) 45 (10.0%)

Rarely 449 (22.7%) 53 (22.0%) 69 (28.6%) 106 (23.1%) 33(20.3%) 88 (20.4%)

Sometimes 695 (37.4%) 269 (38.4%) 113 (35.8%) 134 (39.3%) 40 (38.0%) 139 (34.3%)

Often 337 (18.8%) 123 (18.7%) 47 (16.4%) 76 (19.9%) 22 (17.8%) 69 (19.6%)

Almost always 152 (8.3%) 60 (6.2%) 17 (8.4%) 25 (6.0%) 5 (5.4%) 45 (15.7%)
Glucose (mg/mL) 102 (95, 110) 103 (97,113) 100 (93, 107) 101 (95, 109) 102 (95,111) 102 (96, 109) 0.046
Glucose (mmol/L) 5.66(5.27,6.11) 5.72(5.38,6.27) 5.55(5.16,5.94) 5.61(5.27,6.05) 5.66 (5.27,6.15) 5.66 (5.33,6.05) 0.046
Insulin (uU/mL) 9(6,15) 9(6,15) 10 (6, 16) 8(5,13) 9(6,15) 10 (6, 18) 0.072
TG (mg/dL) 89 (61, 134) 94 (62, 140) 84 (61,125) 91 (58,132) 85 (67,131) 87 (57,138) 0.634
HDL-c (mg/dL) 52 (43,63) 53 (44,67) 51 (41,60) 53 (45,61) 52 (41,65) 49 (42, 60) 0.159
HOMA-IR 2.28(1.45,4.20) 41 (1.45,4.19) 2.31(1.44, 4.66) 1.99 (1.26,3.67) 2.58(1.56,4.24) 248 (1.53,4.96) 0.074
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Table 1 (continued)
Characteristics®  Patterns of WCS® P-value®
Total Group A Group B Group C Group D Group E
(n=1,903) (n=714) (n=284) (n=399) (n=120) (n=386)
Severe IR defined 475 (21.8%) 173 (21.2%) 70 (25.9%) 86 (15.4%) 34 (22.7%) 112 (27.4%) 0.072
by HOMA-IR, n
(weighted %)
METS-IR 42 (34,51) 41 (34, 49) 41 (33, 50) 42 (34, 49) 43 (33,52) 43 (35, 53) 0497
Severe IR defined 475 (23.6%) 165 (21.8%) 73 (23.9%) 91 (20.5%) 30 (25.4%) 116 (29.9%) 0.294
by METS-IR, n
(weighted %)

Abbreviations: BMI body mass index, FPIR ratio of family income to poverty, HDL-c high-density lipoprotein cholesterol, HOMA homeostatic model assessment, IR
insulin resistance, METS metabolic syndrome, PA physical activity, TG triglyceride, WCS weekend catch-up sleep

9 Group A: stable sleep pattern (WCS =0), weighted N= 48,209,019; Group B: decrease in sleep duration (WCS <0), weighted N= 17,664,346; Group C: Short catch-up
sleep duration (0 <WCS <1 h), weighted N=32,039,017; Group D: moderate catch-up sleep duration (1 <WCS <2 h), weighted N= 9,825,264; Group E: long catch-up
sleep duration (WCS > 2 h), weighted N = 26,633,495; Total participants: weighted N= 134,371,140

b Continuous variables are presented as medians and interquartile ranges, and categorical variables are expressed as weighted percentages

¢ Chi-squared test with Rao & Scott’s second-order correction. Kruskal-Wallis rank-sum test for complex survey samples. P-values < 0.05 are considered statistically

significant

defined by METS-IR, significantly elevated IR risk was
observed among never-married (OR =5.05, 95% CI:
1.32-19.21, P= 0.02) and widowed/divorced/separated
individuals (OR =7.87, 95% CI: 1.58-39.27, P= 0.01) in
Group E (WCS >2 h). Similar results were also observed
in widowed/divorced/separated individuals of Group B
(WCS <0) (OR =9.70, 95% CI: 2.07-45.57, P= 0.01).

In sensitivity analyses stratified by weekday sleep
duration (Table 6), distinct associations between WCS
patterns and severe IR risk were observed, varying by
weekday sleep duration and IR indicators. Among partic-
ipants sleeping less than six hours on weekdays, a short
WCS duration (0 < WCS <1 h) was significantly associ-
ated with a lower risk of severe IR as defined by METS-
IR (OR =0.05, 95% CI: 0.00-0.71, P= 0.029), while no
significant associations were observed for HOMA-IR
(OR =0.86, 95% CI: 0.27-2.75, P= 0.791). In the 6-7 h
group, short WCS (0 < WCS <1 h) was linked to reduced
severe IR risk as defined by HOMA-IR (OR =0.20, 95%
CI: 0.05-0.77, P= 0.021). For participants with weekday
sleep durations of 7—8 h, there was no significant statisti-
cal difference between short WCS (0 <WCS <1 h) and
severe IR risk reduction, whether assessed by HOMA-
IR (OR =0.46, 95% CI: 0.14—1.54, P= 0.198) or METS-
IR (OR =0.34, 95% CI: 0.10-1.11, P= 0.073). Similarly,
no significant associations was observed for individuals
sleeping more than 8 h on weekdays, regardless of the IR
assessment method used.

Discussion

In this study, data from a survey on a representative
population of the U.S. was used to investigate the asso-
ciations between WCS patterns and the risk of severe IR

among adults. Our findings reveal a U-shaped relation-
ship between WCS duration and severe IR risk, with the
lowest risk observed at approximately 0.7-1.0 h of WCS.
Both insufficient and excessive WCS were associated
with increased severe IR risk, highlighting the impor-
tance of optimal sleep patterns for metabolic health.
Research has shown that sleep is not only essential for
physiological rest but also plays a critical role in maintain-
ing metabolic homeostasis and health through complex
and dynamic processes [19, 20, 37]. In the present study,
we observed that participants with short durations of
WCS (0 < WCS <1 h) exhibited a significantly lower risk
of severe IR, as defined by HOMA-IR. Specifically, their
risk of severe IR was reduced by 37% compared to those
with a stable sleep pattern (WCS =0). This association
remained robust after adjusting for potential confound-
ers, including demographic, lifestyle, and clinical factors.
Our findings align with previous research, demonstrat-
ing a significant association between WCS and metabolic
health, reflecting the nuanced role of WCS in influencing
IR risk [19, 20]. The observed association between short
WCS durations and reduced IR risk may be attributed to
several interconnected mechanisms involving hormonal
regulation, energy balance, and autonomic nervous sys-
tem activity. First, insufficient sleep is known to decrease
leptin (a satiety hormone) and increase ghrelin (an
appetite-stimulating hormone), resulting in an elevated
ghrelin-to-leptin ratio that promotes appetite and caloric
intake [10, 47]. In our study, participants with short WCS
durations (0 < WCS <1 h) took in the least energy among
all groups, suggesting that short WCS may help main-
tain a more balanced ghrelin-to-leptin ratio, potentially
mitigating appetite dysregulation and lowering IR risk.
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Fig. 2 Weighted RCS of the association between the time of WCS and the risk of severe IR defined as severe IR by HOMA-IR (A) and METS-IR (B).
The association was adjusted for age, sex, race, education level, marital status, FPIR, BMI, alcohol consumption, smoke, hypertension, energy intake,
physical activity, average sleep time, social jetlag, snore, stop breathing, trouble sleeping, and overly sleepy during day. Abbreviations: BMI, body
mass index; Cl, confidence interval; FPIR, ratio of family income to poverty; HOMA, homeostatic model assessment; IR, insulin resistance; METS,
metabolic syndrome; OR, odds ratio; RCS, restricted cubic spline; WCS, weekend catch-up sleep

Second, insufficient sleep is associated with heightened
sympathetic nervous system (SNS) activity and sup-
pressed parasympathetic nervous system (PNS) function,
impairing pancreatic beta-cell function, reducing insu-
lin secretion, and promoting visceral fat accumulation,
which collectively exacerbate IR risk [48, 49]. Short WCS
durations may help restore the balance between SNS
and PNS activity, thereby improving insulin sensitivity.
Finally, chronic sleep deprivation is linked to persistently
elevated cortisol levels, which antagonize insulin action,
reduce insulin sensitivity, and increase IR risk [50, 51].
However, short WCS durations may mitigate these cor-
tisol dysregulation effects typically observed with insuffi-
cient sleep, preserving normal insulin signaling pathways
and metabolic stability.

We also found that participants with long WCS (WCS
>2 h) had a higher risk of severe IR when defined by
METS-IR. Like the findings of our study, other previous
research has also indicated that the health effects of WCS
vary depending on its duration [31, 52]. A cross-sectional
study suggested that compensating for excessive week-
day sleep deprivation with WCS of 2 h or more may be
associated with a negative impact on blood lipid regula-
tion [53]. Based on these findings, it can be expected that
WCS of 0-1 h during weekends to achieve the optimal
average sleep duration may be beneficial for metabolic
homeostasis. However, trying to compensate for exces-
sive weekday sleep deprivation with WCS of 2 h or more
to achieve the optimal average sleep duration may not

have metabolic benefits. The specific mechanism by
which excessive WCS time is associated with IR may be
related to sleep fragmentation, fatigue, and immune func-
tion [54—56], leading to increased levels of inflammation
in the body and affecting metabolic status [57-59]. In
addition, prolonged WCS exceeding two hours may also
reduce the time of physical activities and have a higher
tendency to unhealthy behaviors [60], which may affect
the overall health of the body, lead to IR, further develop
into obesity, hypertension, and diabetes, and promote the
occurrence and development of MetS [61, 62]. Our study
provides a theoretical basis for considering individual
sleep patterns in the management of metabolic health.
Our results show that the definition of severe IR criti-
cally affects the observed associations between WCS
and severe IR risk, underscoring the importance of
study-specific IR metrics. HOMA-IR, which is derived
from fasting insulin and glucose concentrations, pri-
marily reflects hepatic insulin sensitivity [26]. Notably,
short WCS exhibited a protective effect on severe IR
defined by HOMA-IR, possibly through partial restora-
tion of hepatic metabolic homeostasis via brief sleep
recovery. In contrast, METS-IR encompasses a broader
spectrum of systemic metabolic dysfunction, including
dyslipidemia [29]. Our findings indicated that long WCS
heightened the risk of severe IR as defined by METS-
IR, particularly after adjusting for sleep-related factors.
This suggests that extended irregular sleep patterns may
exacerbate circadian misalignment or lead to fragmented
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Table 6 Sensitivity analyses of associations between the patterns of WCS and severe IR stratified by different weekday sleep time

Patterns of WCS HOMA-IR METS-IR
OR (95%Cl) P-value® OR (95%Cl) P-value®
Weekday sleep time <6 h
Group A (WCS =0) Ref Ref
Group B (WCS <0) 1.08 (0.13,9.06) 0.941 2(045,276.28) 0.135
Group C(0<WCS <1 h) 0.86(0.27,2.75) 0.791 0.05(0.00,0.71) 0.029
Group D (1 <WCS <2h) 3.60(042,30.81) 0.230 2.53(0.15,41.71) 0.501
Group E(WCS >2h) 1.38(0.45,4.21) 0.563 347 (0.65,1851) 0.138
6 <Weekday sleep time <7 h
Group A (WCS =0) Ref Ref
Group B (WCS <0) 1.48(0.30,7.17) 0616 2.32(0.55,9.85) 0.242
Group C(0<WCS <1 h) 0.20(0.05,0.77) 0.021 1.09 (0.18,6.42) 0.924
Group D (1 <WCS <2 h) 0.32(0.07,1.57) 0.153 145 (0.27,7.82) 0.653
Group E (WCS =2 h) 0.24(0.03, 1.86) 0.164 11.14(0.67,186.17) 0.090
7 <Weekday sleep time <8 h
Group A (WCS =0) Ref Ref
Group B (WCS <0) 0.94 (0.34,2.63) 0.901 0.36 (0.09,143) 0.140
Group C (0 <WCS <1 h) 046 (0.14, 1.54) 0.198 0.34(0.10,1.11) 0.073
Group D (1 <WCS <2h) 1.77 (0.52, 6.00) 0.348 0.77 (0.13,4.47) 0.759
Group E (WCS =2 h) 2.29(0.46,11.50) 0.300 0.74(0.12,4.42) 0.729
Weekday sleep time >8 h
Group A (WCS =0) Ref Ref
Group B (WCS <0) 1.78 (0.70, 4.54) 0.215 1.78(0.74,4.29) 0.190
Group C(0<WCS <1 h) 0.85(0.47,1.52) 0.563 0.87(0.28,2.67) 0.796
Group D (1 <WCS <2 h) 0.57(0.05,6.10) 0.632 0.10 (0.01,0.90) 0.041
Group E(WCS =2 h) 41(0.28, 7.06) 0.663 2.36(0.28,20.09) 0418

The analysis was adjusted for demographics characteristics (age, sex, race, education level, marital status, and FPIR), lifestyle factors (alcohol consumption, smoke,
energy intake, and physical activity), comorbities (BMI > 30 kg/m? and hypertension), and sleep-related factors (average sleep time, social jetlag, snore, stop breathing,

trouble sleeping and overly sleepy during day)

Abbreviations: BMI body mass index, CI confidence interval, FPIR ratio of family income to poverty, HOMA homeostatic model assessment, IR insulin resistance, METS

metabolic syndrome, OR odds ratio, WCS weekend catch-up sleep

9 P-values < 0.05 are considered statistically significant

sleep, ultimately promoting visceral adiposity and dys-
regulated lipid metabolism—key components of meta-
bolic syndrome. This pattern aligns with evidence linking
social jetlag to an increased risk of metabolic syndrome,
especially in individuals with preexisting obesity [63]. By
elucidating these mechanistic pathways, our work under-
scores the value of a dual-metric approach to IR, offering
a more nuanced perspective on how weekend sleep pat-
terns interact with specific metabolic phenotypes.
Although the overall testing of the interaction did not
reach statistical significance, there was a significant asso-
ciation between WCS patterns and severe IR in specific
subgroups. The elevated risk of severe IR among never-
married and widowed/divorced/separated individuals
with long WCS durations might reflect the impact of psy-
chosocial stressors and social isolation on sleep patterns
and metabolic regulation. Moreover, social isolation may
reduce the regulation of sleep—wake cycles, resulting in

irregular sleep patterns and a greater need for sleep com-
pensation on weekends [64, 65]. This misalignment can
adversely affect glucose metabolism and lipid profiles,
contributing to an increased risk of severe IR [66].

We further analyzed our data by incorporating average
weekday sleep duration to eliminate potential confound-
ing effects on the risk of severe IR. Among chronic short
sleepers (sleeping less than six hours on weekdays), we
found that a WCS duration of approximately one hour
was significantly associated with a lower risk of severe
IR as defined by METS-IR. This suggests that even mini-
mal catch-up sleep on weekends can partially mitigate
the adverse metabolic effects of severe weekday sleep
deprivation by reducing accumulated sleep debt and
improving insulin sensitivity, consistent with the find-
ings of Kim et al. [19]. Among participants with weekday
sleep durations of 6-7 h, short WCS durations (0 < WCS
<1 h) were associated with a reduced risk of severe IR.
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According to HOMA-IR, the risk decreased by 80%.
This indicates that slight extensions of sleep duration on
weekends might enhance metabolic health by providing
additional restorative sleep without causing significant
circadian misalignment. In contrast, for participants
sleeping more than seven hours on weekdays, WCS pat-
terns showed limited associations with severe IR, pos-
sibly because these individuals are already obtaining
sufficient sleep during weekdays, and additional weekend
sleep does not confer extra metabolic benefits. Overall,
these results highlight the importance of individualized
sleep recommendations, considering both weekday sleep
duration and the potential metabolic impacts of weekend
sleep patterns.

A major strength of this study is that we used nation-
ally representative data from NHANES, enabling us to
generalize our findings to a broader population. Addi-
tionally, the study also controlled for a wide range of
covariates, including demographic variables, lifestyle fac-
tors, and comorbidities, further increasing the statistical
power of our findings. Despite the substantial strengths
of this study, there are certain limitations in our study.
In this study, sleep characteristics, physical activity, and
dietary intake were estimated using self-reported survey
data, which are subject to limitations such as recall bias,
social desirability bias, and measurement inaccuracies
[67]. These factors may lead to misclassification or inac-
curacies in the recorded data, potentially influencing our
findings. Furthermore, due to the cross-sectional design
of NHANES, we are unable to assess the longitudinal
association between the pattern or time of WCS and IR
risk. In the future, we need to conduct objective meas-
urements in more prospective studies to confirm these
associations and explore the effects of WCS time or dif-
ferent patterns of WCS on metabolic health.

Conclusions

Our study found a U-shaped relationship between WCS
duration and severe IR risk. Approximately 0.7-1.0 h of
WCS was linked to the lowest IR risk. Short WCS dura-
tions (0 <WCS <1 h) were associated with reduced
severe IR risk, especially in individuals with weekday
sleep durations of seven hours or less. Both insufficient
and excessive WCS increased IR risk, emphasizing the
importance of optimal sleep patterns for metabolic
health. These findings highlight the need for personalized
sleep recommendations to reduce metabolic risks.

Abbreviations

BMI Body mass index

@] Confidence interval

FINS Fasting serum insulin

FPG Fasting plasma glucose

FPIR Ratio of family income to poverty
HDL-c High-density lipoprotein cholesterol
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HOMA Homeostatic model assessment
IQR Interquartile range

IR Insulin resistance

MetS Metabolic syndrome

METS Metabolic score

NHANES National Health and Nutrition Examination Survey
OR Odds ratio

PA Physical activity

PNS Parasympathetic nervous system
RCS Restricted cubic spline

SD Standard deviation

SNS Sympathetic nervous system

TG Triglyceride

WCS Weekend catch-up sleep

WTSAF2YR  Fasting Subsample 2 Year Mobile Examination Center Weight
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