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a b s t r a c t

Objective: This study aimed to assess the association of changes in sleep behaviors from adolescence to
young adulthood with the risk of overweight/obesity, and the reverse relationship.
Methods: Data of 1978 participants was obtained from the 15- and 20-year follow-ups of the GINIplus
and LISA birth cohorts. Insuf�cient sleep was de�ned as reported sleep duration <8 h for adolescents,
<7 h for adults, and sleep dif�culties as reported having sleeping dif�culties. Logistic regression models
were used to assess bidirectional associations of changes in insuf�cient sleep and sleep dif�culties with
overweight/obesity. The polygenic risk scores (PRS) for body mass index (BMI) was tested in a sub-
sample (n … 918).
Results: Compared with suf�cient sleep in both adolescence and young adulthood, insuf�cient sleep only
in young adulthood was associated with an increased risk of overweight/obesity (odds ratio … 1.85, 95%
con�dence interval … [1.27e2.69]). Compared with no sleep dif�culties at both time-points, only
persistent sleep dif�culties was associated with a higher risk of overweight/obesity (2.15 [1.22e3.77]).
The PRS for BMI was associated with overweight/obesity (1.41 [1.17e1.70]), but no signi�cant gene-sleep
interaction effect was observed. Reversely, only persistent overweight/obesity was associated with
increased risks of insuf�cient sleep (1.81 [1.21e2.70]), and sleep dif�culties (1.77 [1.18e2.66]),
respectively.
Conclusions: Insuf�cient sleep only presented a cross-sectional association with overweight/obesity in
young adulthood, while long-term sleep dif�culties from adolescence to young adulthood was associated
with young adult overweight/obesity. Reversely, long-term overweight/obesity from adolescence to
young adulthood was associated with insuf�cient sleep and sleep dif�culties in young adulthood.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The prevalence of pediatric insuf�cient sleep and insomnia has
greatly increased over the past decades [1,2]. Insuf�cient sleep and
insomnia have detrimental effects on health and well-being among
children and adolescents [3], especially on overweight/obesity in
adulthood [4e6]. However, the cause and direction of the
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association between sleep behaviors and overweight/obesity
remain unclear, and few longitudinal studies have investigated the
relationships between changes in sleep behaviors (insuf�cient
sleep or sleep dif�culties) from adolescence transitioning to young
adulthood and the risk of young adult overweight/obesity [5,7].

The transition from adolescence to young adulthood is an
important developmental period when individuals undergo sub-
stantial physiological and psychological changes, which might lead
to changes in sleep behavior, in turn impacts health [8,9]. Previous
prospective studies analyzed a different number of follow-up time-
points and sleep assessment methods in childhood and adoles-
cence [4,10e12] to predict subsequent obesity or fat mass, but these
had not considered the changes in sleep duration at different time-
points. Additionally, only a few studies investigated changes in
sleep duration and obesity in children and adolescents [7,13]. One
study found that girls with insuf�cient sleep at 11 years but suf�-
cient sleep at 18 years had an increase in body mass index (BMI) z-
scores at 18 years compared to those with suf�cient sleep at both
time-points [7], while another study observed that change in total
sleep duration was not signi�cantly associated with changes in BMI
over 2 years in adolescence [13].

Insuf�cient sleep has been identi�ed as an important risk factor
for the development of obesity [3,4,6,14], but as a reverse direction
of association cannot be ruled out, the association may be bidi-
rectional [15e17]. It might be plausible that obesity predisposes
people to poor sleep quality, such as sleep apnea disrupting sleep
[18]. Only a few studies examined the potential bidirectional lon-
gitudinal associations between sleep duration and obesity in chil-
dren and adolescents with inconsistent �ndings [12,19,20]. Some
studies discovered that higher BMI was associated with subsequent
shorter sleep during adolescence to adulthood [19], or in infancy
and early childhood [20], but not vice versa. However, another
study revealed a bidirectional association between sleep duration
and adiposity among South Asian children [12].

The application of polygenic risk scores (PRS), as an estimate of a
participant's genetic liability to a trait or disease, represents a
possibility to study gene-environment interaction effects on
obesity with increased power [21]. A few gene-environment
interaction studies have investigated the interactions of sleep
duration with PRS on obesity in adults, which indicated that short
sleep duration accentuated the effect of PRS on obesity [22,23].
However, the research on gene-sleep interactions in children and
adolescents is rare, and previous PRS only focused on several
common adult BMI single nucleotide polymorphisms (SNPs)
[24,25] and were not based on the latest comprehensive loci for
BMI [26].

In the present study, we assessed the associations of changes in
sleep duration and sleep dif�culties from adolescence to young
adulthood, with overweight/obesity in young adulthood, consid-
ering genetic risk variants, using data from two prospective
German birth cohorts. In parallel, we examined the relationships of
the changes in overweight/obesity status with insuf�cient sleep
and sleep dif�culties from adolescence to young adulthood.

2. Methods

2.1. Study participants

Data in the present study was obtained from the 15- and 20-year
follow-up examinations of two ongoing German birth cohort
studies, GINIplus (German Infant Study on the in�uence of Nutri-
tion Intervention PLUS environmental and genetic in�uences on
allergy development) and LISA (In�uence of Lifestyle factors on the
development of the Immune System and Allergies in East and West
Germany). In brief, a total of 5991 mothers and their newborns

were recruited into the GINIplus study between 1995 and 1998 in
Munich and Wesel, which consisted of the intervention arm
(n … 2252), and the observation arm (n … 3739). The intervention
study arm was a double-blind, randomized, intervention trial using
three hydrolyzed formula nutrition and cow's milk formula, and
was carried out among newborns with at least one allergic parent
and/or sibling during the �rst 4 months, while breastfeeding was
not wished or feasible. Newborns without a family history of
allergic disease, and those with a family history whose parents
refused to participate in the trial were followed-up in the obser-
vation arm. For the LISA study, a total of 3094 healthy, full term
neonates were recruited between 1997 and 1999 in Munich, Leip-
zig, Wesel and Bad Honnef and surrounding areas. Four study
centers were selected to represent different living areas across
Germany, with Munich and Leipzig being considered more urban,
and Wesel and Bad Honnef more rural areas. The study designs and
recruitments have been described in more detail elsewhere
[27e29].

Finally, a total of 1978 participants with complete information
on variables of interest at both 15- and 20-year follow-ups were
included for the main analysis, and a sub-sample of 918 partici-
pants with genotype data available in Munich and Wesel study
centers were included for the genetic analysis (Fig. 1). Both studies
were approved by the respective local ethics committees (Bavarian
Board of Physicians, University of Leipzig, Board of Physicians of
North-Rhine-Westphalia), and written informed consents were
given from participants and their families.

2.2. Unfavorable sleep behaviors

Two unfavorable sleep behaviors, insuf�cient sleep duration and
sleep dif�culties, were assessed in the questionnaires at the 15- and
20-year follow-up examinations of both cohorts. In the 15-year
follow-up, participants’ parents were asked to answer the sleep
duration related question “How many hours in total during the day
and night does the child sleep on average?” and the sleep dif�-
culties related question “Does the child have sleeping dif�culties?
(answer: yes; no)”. In the 20-year follow-up, participants respon-
ded to the sleep duration related questions “How many hours do
you sleep on average on school/working days?” and “How many
hours do you sleep on average on days off from school/work?”.
Information on sleep dif�culties was collected by the question “Do
you have sleeping dif�culties? (answer: yes; no)”. Average sleep
duration in the 20-year follow-up was calculated as [(sleep dura-
tion on school/working days * 5 þ sleep duration on days off from
school/work * 2)/7]. Insuf�cient sleep was de�ned as sleep duration
of <8 h for adolescents (15-year follow-up) [30] and < 7 h for young
adults (20-year follow-up) [31]. Sleep dif�culties were de�ned as
parent-reported or self-reported sleeping dif�culties.

To investigate the changes in insuf�cient sleep between
adolescence and young adulthood, the participants were catego-
rized into four groups according to insuf�cient sleep at both follow-
ups, describing presence/absence at both time-points or at either
time-point:

1) persistent suf�cient sleep at both time-points (No/No, n … 1372)
2) insuf�cient sleep in adolescence but suf�cient sleep in young

adulthood (Yes/No, n … 259)
3) suf�cient sleep in adolescence but insuf�cient sleep in young

adulthood (No/Yes, n … 267)
4) persistent insuf�cient sleep at both time-points (Yes/Yes,

n … 80).

For the changes in sleep dif�culties over time, the participants
were also divided into four groups:
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1) persistent no sleep dif�culties at both time-points (No/No,
n … 1412)

2) sleep dif�culties in adolescence but no sleep dif�culties in
young adulthood (Yes/No, n … 162)

3) no sleep dif�culties in adolescence but sleep dif�culties in
young adulthood (No/Yes, n … 293)

4) persistent sleep dif�culties at both time-points (Yes/Yes,
n … 111).

2.3. Overweight/obesity

The weight and height of participants were reported by the
parents at the 15-year follow-up, and by the participants at the 20-
year follow-up. BMI was calculated as weight (kg)/height's square
(m2). For the 15-year follow-up, BMI z-scores were calculated based

on the World Health Organization (WHO) growth reference for
school-aged children and adolescents [32]. BMI was categorized
into overweight/obesity (BMI z-scores �1 for adolescents [32] and
BMI �25 kg/m2 for young adults [33]) and normal weight (BMI z-
scores <1 for adolescents and BMI <25 kg/m2 for young adults).

To elucidate the changes in weight status from adolescence
transitioning to young adulthood, participants were categorized
into four groups, describing the presence/absence of overweight/
obesity at both time-points or at either time-point:

1) persistent normal weight at both time-points (No/No, n … 1581)
2) overweight/obesity in adolescence but normal weight in young

adulthood (Yes/No, n … 72)
3) normal weight in adolescence but overweight/obesity in young

adulthood (No/Yes, n … 172)

Fig. 1. Flow chart of participants.

M. Wang, C. Flexeder, A. Kilanowski et al. Sleep Medicine 101 (2023) 401e410

403

Publication I_____________________________________________________________________________________

37/134



4) persistent overweight/obesity at both time-points (Yes/Yes,
n … 153).

2.4. Calculation of PRS

Genotyping for GINIplus and LISA was performed in 1511 sam-
ples using the Affymetrix Chip 5.0 and 6.0 (Thermo Fisher, USA) in
the Munich study center and 883 samples using the In�nium Global
Screening Array GSA v2 MD (Illumina, USA) in the Wesel study
center. After quality control and genotype imputation, genome-
wide data available for 918 participants in Munich and Wesel
study centers with complete information on variables of interest
was included in the present study. The quality control and genotype
imputation have been described in detail previously [34,35].

PRS for adult BMI, as genetic determinants, were calculated
based on previously published genome-wide association studies
(GWAS) results on 97 signi�cant BMI-associated loci (P < 5 � 10�8)
[26]. The individual number of effect alleles of the selected SNPs
were extracted for each participant and were weighted with the
determined GWAS effect size [26]. For the Munich study center, of
the 97 SNPs [26], only 96 SNPs were available, where 2 more were
excluded due to low imputation quality (R2 < 0.4) but one proxy
with R2 > 0.7 was added to replace one of the missing SNPs, and 95
SNPs in total were �nally included in the calculation of the PRS. For
the Wesel study center, 96 SNPs were available to be calculated into
a PRS, but there was no proxy available for the missing variant. All
PRS were normalized for the �nal analysis. The lists of SNPs for
Munich and Wesel datasets can be found in the Supplemental
Table S1.

2.5. Potential confounders

Potential confounders were sex, study (GINI observation arm,
GINI intervention arm, and LISA study), study center (Munich,
Leipzig, Bad Honnef, and Wesel), a parental highest education level
(low: <10th grades; medium: 10th grades; and high: >10th grades),
puberty stage (at 15-year follow-up) as well as exact age, physical
activity, screen time, traf�c noise and education/occupation types
at the 20-year follow-up. Puberty stage was obtained from a self-
rated scale for pubertal development: 1) prepubertal, 2) early pu-
bertal, 3) midpubertal, 4) late pubertal, 5) postpubertal [36], and
then was combined into 3 groups for the �nal analysis: 1) pre-/
early/mid-pubertal, 2) late pubertal, and 3) postpubertal. Partici-
pants were asked how many hours per week (h/week) they spent in
moderate physical activity (slight sweating, slightly increased
breathing e.g. cycling, swimming, skating) in summer and winter,
respectively; and how many hours they spent in vigorous physical
activity (a lot of sweating, rapid breathing, e.g. ball games, training)
in summer and winter, respectively. Then the average number of
hours in moderate physical activity (summer and winter), and in
vigorous physical activity (summer and winter), in h/week were
calculated, respectively; followed by the sum of average moderate
activity and average vigorous activity in h/week, which was de�ned
as moderate to vigorous physical activity (MVPA). Physical activity
was classi�ed as low (MVPA <7 h/week), medium (7 h/
week � MVPA <10.5 h/week; MVPA �10.5 h/week but vigorous
physical activity <3.5 h/week), high (MVPA �10.5 h/week and
vigorous physical activity �3.5 h/week), according to Janssen
(2007) [37]. Participants were asked how many hours they spent in
front of a screen (television, computer, video games) per working/
school day in summer and winter, respectively: 1) < 1 h, 2) 1e2 h,
3) 3e4 h, 4) 5e6 h, 5) 7e8 h, 6) 9e10 h, 7) > 10 h. Screen time was
categorized into �2 h in summer and winter, and >2 h in summer
or winter. Traf�c noise was the self-reported degree to which the

participant was disturbed by traf�c noise at home when the win-
dow is open, from 0 (does not disturb) to 10 (unbearable), and was
de�ned as no (0) and yes (>0). Participants were asked about the
activity they currently mainly carried out: 1) school, 2) job training
(a dual system accompanied with school attendance), 3) voluntary
social/environmental year, 4) university, 5) employed, 6) unem-
ployed, 7) housewife/househusband, 8) other. Then, education/
occupation types were categorized into �ve types: 1) university, 2)
job training, 3) school, 4) employed, and 5) other activities
(voluntary social/environmental year, unemployed, housewife/
househusband, and other).

2.6. Statistical analysis

The characteristics of the study participants were described in
the total population and by sex, using mean value and standard
deviation (SD) for continuous variables, and frequency (n) and
percentage (%) for categorical variables. T-test for continuous var-
iables and Chi-square test for categorical variables were used to
explore differences between males and females.

In order to investigate the effects of changes in sleep behaviors
on overweight/obesity, unfavorable sleep behaviors changes from
adolescence to young adulthood, insuf�cient sleep and sleep dif�-
culties, respectively, were modelled as exposures, and overweight/
obesity in young adulthood as the outcome in multivariable logistic
regression analyses. Three models were developed to adjust for
potential confounding variables and PRS: Model 1 with adjustment
for age, sex, study, study center, parental education, puberty (in
adolescence), physical activity, screen time, traf�c noise and edu-
cation/occupation types in young adulthood; Model 2 with
adjustment for covariates in Model 1 plus overweight/obesity in
adolescence to test the effect of pre-existing overweight/obesity;
and Model 3 with adjustment for covariates in Model 1 plus the PRS
for BMI, followed by Model 3a that further added the interaction
term with PRS. The insuf�cient sleep changes and sleep dif�culties
changes were mutually adjusted for in the same models.

In parallel, to determine the impact of the changes in over-
weight/obesity on unfavorable sleep behaviors, the exposures and
outcomes were reversed. In the multivariable logistic regression
models, the overweight/obesity status changes from adolescence to
young adulthood were included as independent variables, and
unfavorable sleep behaviors in young adulthood, insuf�cient sleep
and sleep dif�culties, respectively, as dependent variables. Two
models were conducted to assess the effects of potential con-
founders. Model 1 included age, sex, study, study center, parental
education, puberty (in adolescence), physical activity, screen time,
traf�c noise, education/occupation types, and sleep dif�culties (for
insuf�cient sleep) or insuf�cient sleep (for sleep dif�culties) in
young adulthood. Model 2 additionally included insuf�cient sleep
and sleep dif�culties in adolescence to examine the impact of pre-
existing unfavorable sleep behaviors.

Furthermore, the interaction effects with sex were tested, and if
the interaction term reached nominal signi�cance, followed by sex-
strati�ed analyses. Three sensitivity analyses were used to examine
the robustness of our �ndings: �rst, excluding participants with
overweight/obesity in adolescence; second, excluding those who
had insuf�cient sleep or sleep dif�culties in adolescence; third,
using insuf�cient sleep de�ned only on school/working days in
young adulthood.

3. Results

A total of 1978 participants with available data in adolescence
and young adulthood were included in the �nal analyses. Table 1
presents the characteristics of the participants in the total
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population and by sex in adolescence and young adulthood. Over-
all, the prevalence of insuf�cient sleep and sleep dif�culties in
adolescence was 17.1% and 13.8%, respectively, and the corre-
sponding prevalence in young adulthood was 17.5% and 20.4%,
respectively. The range of sleep duration in adolescence and young
adulthood was 5.0e12.0 and 4.6e12.1 h, and the number of par-
ticipants sleeping more than 10 h was 7 (0.3%) and 6 (0.3%),
respectively. In addition, the prevalence of insuf�cient sleep on

school/working days and on days off from school/work in young
adults was 22.2% and 1.6%, respectively. The prevalence of sleep
dif�culties in participants with insuf�cient sleep was signi�cantly
higher than that in those with suf�cient sleep in adolescence (25.4%
vs 11.4%), and in young adulthood (32.6% vs 17.8%), respectively.
However, no signi�cant interaction effect between sleep dif�culties
and insuf�cient sleep on overweight/obesity was observed (data
not shown).

Table 1
Characteristics of participants in adolescence and young adulthood.

Variable Total (n … 1978) Male (n … 864) Female (n … 1114) P-value

Study, % 0.081
GINI observation 715 (36.1) 289 (33.4) 426 (38.2)
GINI intervention 573 (29.0) 257 (29.7) 316 (28.4)
LISA 690 (34.9) 318 (36.8) 372 (33.4)

Study center, % 0.176
Munich 1080 (54.6) 495 (57.3) 585 (52.5)
Leipzig 152 (7.7) 66 (7.6) 86 (7.7)
Bad Honnef 69 (3.5) 29 (3.4) 40 (3.6)
Wesel 677 (34.2) 274 (31.7) 403 (36.2)

Parental education, % 0.219
Low 79 (4.0) 40 (4.6) 39 (3.5)
Medium 454 (23.0) 186 (21.5) 268 (24.1)
High 1445 (73.1) 638 (73.8) 807 (72.4)

Adolescence (15-year follow-up)
Age, years 15.0 ± 0.3 15.0 ± 0.2 15.1 ± 0.3 0.180
BMI, kg/m2 20.1 ± 2.8 20.1 ± 2.9 20.1 ± 2.6 0.982
BMI z-score �0.1 ± 1.0 0.0 ± 1.0 �0.2 ± 0.9 0.011
Sleep duration, hours 8.2 ± 0.8 8.3 ± 0.7 8.1 ± 0.8 <0.001
Overweight/obesitya, % <0.001

No 1753 (88.6) 735 (85.1) 1018 (91.4)
Yes 225 (11.4) 129 (14.9) 96 (8.6)

Insuf�cient sleepb, % <0.001
No 1639 (82.9) 752 (87.0) 887 (79.6)
Yes 339 (17.1) 112 (13.0) 227 (20.4)

Sleep dif�culties, % 0.009
No 1705 (86.2) 765 (88.5) 940 (84.4)
Yes 273 (13.8) 99 (11.5) 174 (15.6)

Puberty, % <0.001
Pre-/early/mid-pubertal 406 (20.5) 359 (41.6) 47 (4.2)
Late pubertal 1376 (69.6) 499 (57.8) 877 (78.7)
Postpubertal 196 (9.9) 6 (0.7) 190 (17.1)

Young adulthood (20-year follow-up)
Age, years 20.3 ± 0.4 20.3 ± 0.4 20.2 ± 0.4 <0.001
BMI, kg/m2 22.4 ± 3.4 22.9 ± 3.4 22.1 ± 3.4 <0.001
Sleep duration, hours 7.6 ± 0.8 7.6 ± 0.8 7.7 ± 0.8 0.005
Overweight/obesitya, % 0.032

No 1653 (83.6) 704 (81.5) 949 (85.2)
Yes 325 (16.4) 160 (18.5) 165 (14.8)

Insuf�cient sleepb, % 0.409
No 1631 (82.5) 705 (81.6) 926 (83.1)
Yes 347 (17.5) 159 (18.4) 188 (16.9)

Sleep dif�culties, % 0.001
No 1574 (79.6) 716 (82.9) 858 (77.0)
Yes 404 (20.4) 148 (17.1) 256 (23.0)

Physical activity, % <0.001
Low 872 (44.1) 322 (37.3) 550 (49.4)
Medium 589 (29.8) 263 (30.4) 326 (29.3)
High 517 (26.1) 279 (32.3) 238 (21.4)

Screen time, % 0.380
� 2 h 322 (16.3) 133 (15.4) 189 (17.0)
> 2 h 1656 (83.7) 731 (84.6) 925 (83.0)

Traf�c noise, % 0.039
No 788 (39.8) 367 (42.5) 421 (37.8)
Yes 1190 (60.2) 497 (57.5) 693 (62.2)

Education/occupation types, % 0.096
University 1119 (56.6) 480 (55.6) 639 (57.4)
Job training 436 (22.0) 184 (21.3) 252 (22.6)
School 80 (4.0) 42 (4.9) 38 (3.4)
Employed 191 (9.7) 97 (11.2) 94 (8.4)
Other activities 152 (7.7) 61 (7.1) 91 (8.2)

a Overweight/obesity: BMI z-score �1 according to WHO for adolescents; BMI �25 kg/m2 for adults.
b Insuf�cient sleep: sleep duration <8 h for adolescents; <7 h for adults.
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In adolescence, 225 (11.4%) participants were overweight or
obese, and in young adulthood, 325 (16.4%) were overweight or
obese. Regarding the difference between sexes, female adolescents
had a signi�cantly higher prevalence of insuf�cient sleep and sleep
dif�culties than males, while the prevalence of overweight/obesity
in females was lower than in males. In young adulthood, a similar
pattern was found, although the difference in the prevalence of
insuf�cient sleep between males and females was non-signi�cant.

3.1. Associations between unfavorable sleep behaviors changes and
overweight/obesity

Table 2 shows the associations from multivariable logistic
regression models analysing changes in unfavorable sleep behav-
iors from adolescence to young adulthood with overweight/obesity
in young adulthood. In Model 1, suf�cient sleep in adolescence but
insuf�cient sleep in young adulthood, and persistent sleep dif�-
culties at both time-points were associated with increased risks of
young adult overweight/obesity (odds ratio (OR) … 1.80, 95%con-
�dence interval (CI) … [1.29e2.51] and 1.76 [1.05e2.94]), respec-
tively. In Model 2, the effects were consistent with further
adjustment for overweight/obesity in adolescence, and corre-
sponding OR [95%CI] were 1.85 [1.27e2.69] and 2.15 [1.22e3.77],
respectively. In contrast, participants with insuf�cient sleep or
sleep dif�culties in adolescence transitioning to be favorable in
young adulthood, had no increased risk of young adult overweight/
obesity (1.26 [0.82e1.95] and 1.12 [0.66e1.89]; respectively, Model
2). In Model 3, additionally including the PRS for BMI, the PRS was
independently associated with the risk of young adult overweight/
obesity (1.41 [1.17e1.70]), but the effect of persistent sleep dif�-
culties on overweight/obesity attenuated to statistical non-
signi�cance (2.05 [0.95e4.42]). However, there was no signi�cant
interaction effect between PRS and the changes in insuf�cient sleep
or sleep dif�culties (Model 3a).

For the interaction analyses with sex, there was a signi�cant
interaction effect between sex and the group with suf�cient sleep
in adolescence but insuf�cient sleep in young adulthood (P-value
interaction … 0.029). In the sex-strati�ed analyses, insuf�cient
sleep only in young adulthood was associated with an increased
risk of young adult overweight/obesity among males (2.62
[1.58e4.35]), but no such association was found in females

(Table S2). However, females with persistent sleep dif�culties at
both time-points had a higher risk of young adult overweight/
obesity (2.29 [1.09e4.81], Table S2). In the sensitivity analyses
excluding those who were overweight/obese in adolescence, the
overall �ndings did not change (Table S3).

3.2. Associations between overweight/obesity status changes and
unfavorable sleep behaviors

Participants with persistent overweight/obesity at both time-
points had higher risks of insuf�cient sleep (1.81 [1.21e2.70]),
and sleep dif�culties (1.77 [1.18e2.66]), respectively, compared to
those who had normal weight at both time-points, including
adjustment for insuf�cient sleep and sleep dif�culties in adoles-
cence (Table 3, Model 2). In contrast, the risk of young adult
insuf�cient sleep or sleep dif�culties did not seem to increase,
when overweight/obesity in adolescence transitioned to normal
weight in young adulthood (1.08 [0.56e2.09] and 0.54 [0.25e1.19];
respectively).

No signi�cant interaction effect between sex and weight status
changes was observed. In females, persistent overweight/obesity in
both periods was associated with an increased risk of sleep dif�-
culties (2.47 [1.42e4.27]) in young adulthood, but there was no
association between weight status changes and insuf�cient sleep
(Table S4). However, among males, no signi�cant association be-
tween weight status changes and sleep dif�culties was found, but
overweight/obesity only in young adulthood was associated with a
higher risk of insuf�cient sleep (2.06 [1.17e3.60]) (Table S4). In
additional sensitivity analyses, after exclusion of those who had
insuf�cient sleep or sleep dif�culties in adolescence, the risk of
sleep dif�culties in the group with persistent overweight/obesity at
both time-points was attenuated and not signi�cant (1.59
[0.96e2.64], Table S5).

In further sensitivity analyses, the overall �ndings remained
robust and unchanged, when using the de�nition of insuf�cient
sleep restricted on school/working days only (Table S6).

4. Discussion

In the present study, we assessed the changes in unfavorable
sleep behaviors and the risk of young adult overweight/obesity, and

Table 2
Associations between unfavorable sleep behaviors changes from adolescence to young adulthood and young adult overweight/obesity.

Outcome Exposure Model 1 (N … 1978) Model 2 (N … 1978) Model 3 (N … 918) Model 3a

Adolescence Young
adulthood

n (%) OR (95% CI) P-value OR (95% CI) P-value n (%) OR (95% CI) P-value P-value
interaction

Overweight/obesity Insuf�cient sleep
No No 201 (14.7) 1.00 1.00 92 (14.5) 1.00
Yes No 42 (16.2) 1.10 (0.75e1.61) 0.639 1.26 (0.82e1.95) 0.289 20 (15.7) 0.99 (0.55e1.75) 0.960 0.767
No Yes 65 (24.3) 1.80 (1.29e2.51) 0.001 1.85 (1.27e2.69) 0.001 34 (27.4) 2.18 (1.34e3.56) 0.002 0.844
Yes Yes 17 (21.2) 1.22 (0.66e2.24) 0.520 0.83 (0.39e1.77) 0.634 8 (23.5) 1.36 (0.55e3.37) 0.503 0.090
Sleep dif�culties
No No 216 (15.3) 1.00 1.00 101 (15.3) 1.00
Yes No 27 (16.7) 1.18 (0.74e1.87) 0.488 1.12 (0.66e1.89) 0.678 10 (14.7) 0.97 (0.46e2.06) 0.945 0.705
No Yes 57 (19.5) 1.32 (0.93e1.86) 0.117 1.16 (0.78e1.72) 0.476 31 (22.0) 1.37 (0.84e2.25) 0.212 0.930
Yes Yes 25 (22.5) 1.76 (1.05e2.94) 0.030 2.15 (1.22e3.77) 0.008 12 (25.5) 2.05 (0.95e4.42) 0.066 0.575
PRS 1.41 (1.17e1.70) <0.001

Model 1: Adjusted for age, sex, study, study center, parental education, puberty (in adolescence), physical activity, screen time, traf�c noise, and education/occupation types in
young adulthood.
Model 2: Model 1 þ overweight/obesity in adolescence.
Model 3: Model 1 þ PRS for BMI.
Model 3a: Model 3 þ interaction term between unfavorable sleep behaviors and PRS.
n (%): number of cases (prevalence). OR: odds ratio; 95%CI: 95% con�dence interval. PRS: polygenic risk scores. The insuf�cient sleep changes and sleep dif�culties changes
were mutually adjusted for in the same models.
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the reverse association of changes in overweight/obesity with the
risk of young adult unfavorable sleep behaviors, using data from the
15- and 20-year follow-ups of the GINIplus and LISA cohorts. We
found that insuf�cient sleep only had a cross-sectional association
with overweight/obesity in young adulthood, while persistent
sleep dif�culties from adolescence to young adulthood was asso-
ciated with overweight/obesity. Reversely, persistent overweight/
obesity had impacts on young adult insuf�cient sleep and sleep
dif�culties.

The risk of overweight/obesity in young adulthood was associ-
ated with current insuf�cient sleep, independent of insuf�cient
sleep in adolescence. Participants who favourably altered their
insuf�cient sleep between adolescence and young adulthood had a
similar risk of overweight/obesity to those with persistent suf�-
cient sleep at both time points. To our knowledge, only one other
study assessed the relationships between combinations of the
presence or absence of insuf�cient sleep at two time-points and
BMI or BMI z-scores from childhood to young adulthood among
3974 Brazilian participants [7]. In contrast to the �ndings of the
present study, compared to those with adequate sleep duration at
both time-points, girls who altered the inadequate sleep duration
at 11 years to adequate sleep duration at 18 years, had an increase in
BMI z-scores (b … 0.39, 95%CI … 0.13e0.65) and fat mass index (FMI)
z-scores (b … 0.30, 95%CI … 0.07e0.53) [7]. In addition, a study
reported that the change in total sleep duration was not associated
with changes in BMI or percent body fat (PBF) over 2 years in 723
US adolescents [13]. On the contrary, another prospective study
comprising 14800 US participants found that cumulative exposure
to short sleep from adolescence to young adulthood had a dose-
response association with the odds of obesity [4].

Unlike the cross-sectional association between insuf�cient sleep
and overweight/obesity in young adulthood, sleep dif�culties
exhibit a long-term relationship with overweight/obesity
throughout adolescence and young adulthood. While the cross-
sectional association of BMI with sleep duration is well known,
the association of sleep dif�culties with overweight/obesity is less
clear. A meta-analysis mostly comprising cross-sectional studies
including 25,082 children, adolescents, and young adults found
that poor sleep quality (subjectively reported) was signi�cantly
associated with a higher odds of overweight/obesity (1.46
[1.24e1.72]), independent of sleep duration [38]. In contrast, 233
German patients with a con�rmed diagnosis of insomnia (mean age
52 years old) showed a lower BMI (23.8 kg/m2 versus 27.1 kg/m2;
P < 0.05), compared to the representative population matched by
age and sex [39]. Varying �ndings between previous studies might
be due to different study designs, age groups, and sample sizes.

In addition to previous studies, we also considered genetic risk
variants and found that PRS for BMI was independently associated
with overweight/obesity in young adulthood, while there was no
interaction effect with unfavorable sleep behaviors. This is different
from the previous studies related to the interaction effects between
genetic risk scores (GRS) with sleep duration in children and ado-
lescents. For example, in a Chinese cohort study of 3211 children
and adolescents aged 6e18 years, Fu et al. [25] revealed that a GRS
consisting of six leptin-related SNPs had an interaction with sleep
duration, where GRS was robustly associated with a higher BMI and
overweight/obesity among short sleepers (<8 h/day). Similarly,
Prats-Puig et al. [24] reported that a GRS of three common SNPs in
the obesity genes (FTO, TMEM18, and NRXN3) had a greater effect on
the negative association between short sleep duration and BMI in
297 Caucasian children aged 5e9 years. Unlike the previous few
studies of gene-sleep interactions in children and adolescents [22],
our study utilized the most comprehensive SNPs (96 SNPs in
Munich center and 95 SNPs in Wesel center) for BMI to analyse the
gene-sleep interaction on the risk of overweight/obesity in young
adults. The discrepancy between the above studies may be due to
the different study approaches, where we evaluated the genetic risk
using GWAS-selected SNPs, but other studies focused on speci�c
pathways, as well as different sample sizes and ethnicities [22].

Our study also found that associations vary between sexes,
where females with persistent sleep dif�culties from adolescence
to young adulthood had a higher risk of overweight/obesity, yet
males with insuf�cient sleep only in young adulthood was associ-
ated with an increased risk of overweight/obesity. This �nding
related to short sleep among males was consistent with the ma-
jority of previous research. Several studies have reported a stronger
association between short sleep and overweight/obesity in boys
than in girls among adolescence [40,41]. For example, a US study
composed of a nationally representative sample found that short
sleep presented a cross-sectional association with obesity in
adolescent boys but not in girls, while exhibiting a longitudinal
association with obesity in both young adult males and females
[41]. In contrast, Lytle et al. [13] did not observe a signi�cant as-
sociation between change in sleep duration and change in BMI or
PBF over 2 years during adolescence in either girls or boys. The
evidence about the sex discrepancy in association between sleep
dif�culties and overweight/obesity is rare. Our �ndings suggested
that females with sleep dif�culties between adolescence and young
adulthood are more susceptible to develop overweight/obesity
than males, which might be due to different physiologic mecha-
nisms and sex hormones between sexes during adolescence
[41,42].

Table 3
Associations between overweight/obesity status changes from adolescence to young adulthood and unfavorable sleep behaviors in young adulthood.

Outcome Exposure Model 1 (N … 1978) Model 2(N … 1978)

Adolescence Young adulthood n (%) OR (95% CI) P-value OR (95% CI) P-value

Insuf�cient sleep Overweight/obesity
No No 253 (16.0) 1.00 1.00
Yes No 12 (16.7) 1.07 (0.56e2.06) 0.838 1.08 (0.56e2.09) 0.813
No Yes 39 (22.7) 1.46 (0.98e2.16) 0.060 1.45 (0.98e2.15) 0.067
Yes Yes 43 (28.1) 1.81 (1.21e2.70) 0.004 1.81 (1.21e2.70) 0.004

Sleep dif�culties Overweight/obesity
No No 314 (19.9) 1.00 1.00
Yes No 8 (11.1) 0.55 (0.26e1.19) 0.129 0.54 (0.25e1.19) 0.126
No Yes 35 (20.3) 1.06 (0.71e1.59) 0.784 0.99 (0.65e1.50) 0.959
Yes Yes 47 (30.7) 1.74 (1.17e2.58) 0.006 1.77 (1.18e2.66) 0.006

Model 1: Adjusted for age, sex, study, study center, parental education, puberty (in adolescence), physical activity, screen time, traf�c noise, education/occupation types, and
sleep dif�culties (for insuf�cient sleep) or insuf�cient sleep (for sleep dif�culties) in young adulthood.
Model 2: Model 1 þ insuf�cient sleep and sleep dif�culties in adolescence.
n (%): number of cases (prevalence). OR: odds ratio; 95%CI: 95% con�dence interval.
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While exploring the direction of unfavorable sleep behaviors
with overweight/obesity, we observed that overweight/obesity had
long-term impacts on insuf�cient sleep and sleep dif�culties from
adolescence to young adulthood. Our �nding regarding the bidi-
rectional associations of sleep duration with overweight/obesity
was similar to the results in children observed by Collings et al. [12],
where sleep duration was inversely associated with total and
abdominal adiposity, and higher adiposity was also associated with
shorter sleep duration among South Asian children, using data at 4
time-points from 12 to 36 months of age. However, Sokol et al. [19]
found that higher BMI was associated with subsequent shorter
sleep during adolescence to adulthood, but sleep duration was not
associated with subsequent BMI. Until now, longitudinal studies on
obesity and sleep dif�culties, as well as their bidirectional associ-
ations were very rare in children and adolescents. A meta-analysis
conducted in adults based on three prospective studies found that
the odds of developing future insomnia symptoms among partici-
pants with obesity at baseline were not signi�cantly higher than
among those with normal-weight at baseline (1.07 [0.91,1.26]) [43].

Regarding the bidirectional relationships between insuf�cient
sleep, sleep dif�culties, and overweight/obesity, it is hard to
distinguish what comes �rst [44,45], and it might be that there are
also shared risk factors. In our sensitivity analyses, after exclusion of
adolescents who were overweight/obese at baseline, persistent
sleep dif�culties was still associated with the risk of developing
new-onset young adult overweight/obesity (2.04 [1.11e3.73]).
However, persistent overweight/obesity was no longer statistically
related to the risk of developing new-onset young adult sleep dif-
�culties (1.59 [0.96e2.64]) after the exclusion of participants with
insuf�cient sleep/sleep dif�culties at baseline, although the p-value
(0.071) was borderline signi�cant. The mechanism of sleep re-
striction leading to obesity may be that sleep deprivation in�uences
physiological, autonomic nervous system, hormonal system, and
food preferences, further promoting the increased dietary intake,
decreased physical activity, and weight gain [44e46]. On the other
side, the relationship that obesity could cause sleep loss or sleep
disorders should also be worth noting. The biological mechanisms
regarding this association might involve the changes in pro-
in�ammatory cytokines levels, diet food components, and
vitamin D de�ciency [44,47,48].

Our study has several strengths. We investigated the relation-
ships between the changes in sleep dif�culties from adolescence
transitioning to young adulthood and the risk of overweight/
obesity for the �rst time. Our data also allowed us to consider the
role of genetic variants for BMI on the associations. In addition, we
explored the bidirectional associations between unfavorable sleep
behaviors and overweight/obesity in adolescence and young
adulthood. The limitations of the present study should also be
noted. Firstly, the information on sleep behaviors, including sleep
duration and sleep dif�culties, were obtained by parent-reported
questionnaire at 15-year follow-up and self-reported question-
naire at 20-year follow-up. Although there is a potential bias be-
tween subjective sleep and objective sleep, some evidence showed
that parent-reported and self-reported sleep data were moderately
correlated with objective sleep data [49,50]. However, self-reported
sleep duration has been used by several previous studies, but
applied different methodology with regards to number and time-
points of sleep assessment as well as age and follow-up period
which limits comparability [4,10e12]. Secondly, the weight and
height of participants were reported by parents at the 15-year
follow-up, and by participants at the 20-year follow-up. Despite
males tend to overestimate their heights and females tend to un-
derestimate their weights, self-reported height and weight has
been con�rmed to be statistically associated with actual measures
and can be calculated for BMI and weight categories in young adults

[51]. Thirdly, we could not account for other sleep characteristics,
such as sleep timing, sleep ef�ciency, sleep onset latency, and day-
to-day variability in sleep duration, which could also have impacts
on weight status in adolescents [52,53]. Fourthly, our study used
the average sleep duration in the 15-year follow-up and average
sleep duration [(sleep duration on school/working days * 5 þ sleep
duration on days off from school/work * 2)/7] in the 20-year follow-
up to represent participants’ average and habitual sleep duration,
and was unable to consider the weekend catch-up sleep. Our re-
sults showed that the prevalence of insuf�cient sleep in a week and
on school/working days were similar, but the prevalence of insuf-
�cient sleep was much lower on days off from school/work. How-
ever, the sensitivity analyses restricting the de�nition of
insuf�cient sleep only on school/working days showed robust re-
sults. Fifthly, we were not able to distinguish suf�cient sleep and
hypersomnia, due to missing information about the daytime
sleepiness in the study. Sixthly, we could not differentiate sleep
dif�culties from other sleep disorders, especially insomnia and
delayed sleep phase syndrome, which are common sleep disorders
in adolescents [54].

5. Conclusions

Long-term sleep dif�culties between adolescence and young
adulthood were associated with young adult overweight/obesity,
and vice versa, indicating a bidirectional association. Insuf�cient
sleep only showed a cross-sectional relationship with young adult
overweight/obesity, while overweight/obesity had a longitudinal
association with young adult insuf�cient sleep. In contrast, the risk
of young adult overweight/obesity did not seem to increase when
unfavorable sleep behaviors in adolescence transitioned to be
favorable in young adulthood. Our study highlighted the impacts of
long-term sleep dif�culties on young adult obesity, and empha-
sized the importance of maintaining a healthy sleep from adoles-
cence to young adulthood through future public health
interventions to prevent obesity later in life.
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Table S1. List of included SNPs for PRS calculation 
Legend: SNP = single nucleotide polymorphism, Beta = beta coefficient from genome-wide association study, Switched 
effect allele (0=no, 1=yes), PRS = polygenic risk scores. 

 Munich study center   Wesel study center 

SNP Proxy R2 Beta Effect 
allele 

Switched 
effect allele   Proxy R2 Beta Effect 

allele 
Switched 
effect allele 

rs1558902 NA NA 0.0818 A 0  NA NA 0.0818 A 0 
rs6567160 NA NA 0.0556 C 0  NA NA 0.0556 C 0 
rs13021737 NA NA 0.0601 G 0  NA NA 0.0601 G 0 
rs10938397 NA NA 0.0402 G 0  NA NA 0.0402 G 0 
rs543874 NA NA 0.0482 G 0  NA NA 0.0482 G 0 
rs2207139 NA NA 0.0447 G 0  NA NA 0.0447 G 0 
rs11030104 NA NA 0.0414 A 1  NA NA 0.0414 A 1 
rs3101336 NA NA 0.0334 C 0  NA NA 0.0334 C 0 
rs7138803 NA NA 0.0315 A 0  NA NA 0.0315 A 0 
rs10182181 NA NA 0.0307 G 0  NA NA 0.0307 G 0 
rs3888190 NA NA 0.0309 A 0  NA NA 0.0309 A 0 
rs1516725 NA NA 0.0451 C 0  NA NA 0.0451 C 0 
rs12446632 NA NA 0.0403 G 1  NA NA 0.0403 G 1 
rs16951275 NA NA 0.0311 T 1  NA NA 0.0311 T 1 
rs3817334 NA NA 0.0262 T 0  NA NA 0.0262 T 0 
rs2112347 NA NA 0.0261 T 1  NA NA 0.0261 T 1 
rs12566985 NA NA 0.0242 G 1  NA NA 0.0242 G 1 
rs3810291 NA NA 0.0283 A 0  NA NA 0.0283 A 0 
rs7141420 NA NA 0.0235 T 0  NA NA 0.0235 T 0 
rs13078960 NA NA 0.0297 G 0  NA NA 0.0297 G 0 
rs10968576 NA NA 0.0249 G 0  NA NA 0.0249 G 0 
rs17024393 NA NA 0.0658 C 0  NA NA 0.0658 C 0 
rs657452 NA NA 0.0227 A 1  NA NA 0.0227 A 1 
rs12429545 NA NA 0.0334 A 0  NA NA 0.0334 A 0 
rs12286929 NA NA 0.0217 G 0  NA NA 0.0217 G 0 
rs13107325 NA NA 0.0477 T 0  NA NA 0.0477 T 0 
rs11165643 NA NA 0.0218 T 0  NA NA 0.0218 T 0 
rs7903146 NA NA 0.0234 C 1  NA NA 0.0234 C 1 
rs10132280 NA NA 0.0230 C 1  NA NA 0.0230 C 1 
rs17405819 NA NA 0.0224 T 1  NA NA 0.0224 T 1 
rs6091540 NA NA 0.0188 C 1  NA NA 0.0188 C 1 
rs1016287 NA NA 0.0229 T 1  NA NA 0.0229 T 1 
rs4256980 NA NA 0.0209 G 0  NA NA 0.0209 G 0 
rs17094222 NA NA 0.0249 C 0  NA NA 0.0249 C 0 
rs12401738 NA NA 0.0211 A 0  NA NA 0.0211 A 0 
rs7599312 NA NA 0.0220 G 1  NA NA 0.0220 G 1 
rs2365389 NA NA 0.0200 C 1  NA NA 0.0200 C 1 
rs205262 NA NA 0.0221 G 0  NA NA 0.0221 G 0 
rs2820292 NA NA 0.0195 C 0  NA NA 0.0195 C 0 
rs12885454 NA NA 0.0207 C 1  NA NA 0.0207 C 1 
rs9641123 NA NA 0.0191 C 0  NA NA 0.0191 C 0 
rs16851483 NA NA 0.0483 T 0  NA NA 0.0483 T 0 
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rs1167827 NA NA 0.0202 G 0  NA NA 0.0202 G 0 
rs758747 NA NA 0.0225 T 0  NA NA 0.0225 T 0 
rs1928295 NA NA 0.0188 T 1  NA NA 0.0188 T 1 
rs9925964 NA NA 0.0192 A 1  NA NA 0.0192 A 1 
rs11126666 NA NA 0.0207 A 0  NA NA 0.0207 A 0 
rs2650492 NA NA 0.0207 A 0  NA NA 0.0207 A 0 
rs6804842 NA NA 0.0185 G 0  NA NA 0.0185 G 0 
rs12940622 NA NA 0.0182 G 1  NA NA 0.0182 G 1 
rs7164727 NA NA 0.0180 T 0  NA NA 0.0180 T 0 
rs11847697 NA NA 0.0492 T 0  NA NA 0.0492 T 0 
rs4740619 NA NA 0.0179 T 1  NA NA 0.0179 T 1 
rs492400 NA NA 0.0158 C 1  NA NA 0.0158 C 1 
rs13191362 NA NA 0.0277 A 1  NA NA 0.0277 A 1 
rs3736485 NA NA 0.0176 A 1  NA NA 0.0176 A 1 
rs17001654 NA NA 0.0306 G 0  NA NA 0.0306 G 0 
rs11191560 NA NA 0.0308 C 0  NA NA 0.0308 C 0 
rs2080454 NA NA 0.0168 C 1  NA NA 0.0168 C 1 
rs7715256 NA NA 0.0163 G 1  NA NA 0.0163 G 1 
rs2176040 NA NA 0.0141 A 1  NA NA 0.0141 A 1 
rs1528435 NA NA 0.0178 T 0  NA NA 0.0178 T 0 
rs2075650 NA NA 0.0258 A 1  NA NA 0.0258 A 1 
rs1000940 NA NA 0.0192 G 0  NA NA 0.0192 G 0 
rs2033529 NA NA 0.0190 G 0  NA NA 0.0190 G 0 
rs11583200 NA NA 0.0177 C 1  NA NA 0.0177 C 1 
rs7239883 NA NA 0.0164 G 1  NA NA 0.0164 G 1 
rs2836754 NA NA 0.0164 C 0  NA NA 0.0164 C 0 
rs9400239 NA NA 0.0188 C 0  NA NA 0.0188 C 0 
rs10733682 NA NA 0.0174 A 1  NA NA 0.0174 A 1 
rs11688816 NA NA 0.0172 G 1  NA NA 0.0172 G 1 
rs11057405 NA NA 0.0307 G 1  NA NA 0.0307 G 1 
rs9914578 NA NA 0.0201 G 0  NA NA 0.0201 G 0 
rs977747 NA NA 0.0167 T 1  NA NA 0.0167 T 1 
rs2121279 NA NA 0.0245 T 0  NA NA 0.0245 T 0 
rs29941 NA NA 0.0182 G 0  NA NA 0.0182 G 0 
rs11727676 NA NA 0.0358 T 1  NA NA 0.0358 T 1 
rs3849570 NA NA 0.0188 A 0  NA NA 0.0188 A 0 
rs9374842 NA NA 0.0187 T 0  NA NA 0.0187 T 0 
rs6477694 NA NA 0.0174 C 1  NA NA 0.0174 C 1 
rs4787491 NA NA 0.0159 G 0  NA NA 0.0159 G 0 
rs1441264 NA NA 0.0175 A 0  NA NA 0.0175 A 0 
rs7899106 NA NA 0.0395 G 0  NA NA 0.0395 G 0 
rs2176598 NA NA 0.0198 T 1  NA NA 0.0198 T 1 
rs2245368 NA NA 0.0317 C 1  NA NA 0.0317 C 1 
rs17203016 NA NA 0.0210 G 0  NA NA 0.0210 G 0 
rs7243357 NA NA 0.0217 T 1  NA NA 0.0217 T 1 
rs16907751 NA NA 0.0350 C 1  NA NA 0.0350 C 1 
rs1808579 NA NA 0.0167 C 1  NA NA 0.0167 C 1 
rs13201877 NA NA 0.0233 G 0  NA NA 0.0233 G 0 
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rs2033732 NA NA 0.0192 C 0  NA NA 0.0192 C 0 
rs9540493 NA NA 0.0172 A 1  NA NA 0.0172 A 1 
rs1460676 NA NA 0.0197 C 0  NA NA 0.0197 C 0 
rs6465468 NA NA 0.0166 T 0  NA NA 0.0166 T 0 
rs12016871 rs76790205 0.9503 0.0298 T 0       
rs2287019       NA NA 0.0360 C 1 
rs17724992       NA NA 0.0194 A 1 
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Table S2. Associations between unfavorable sleep behaviors changes from adolescence to 
young adulthood and young adult overweight/obesity stratified by sex 

Outcome 
  

Exposure 
n(%) OR (95% CI) P-value 

Adolescence Young adulthood 

Males(n=864)    

Overweight/  
obesity Insufficient sleep 

 
  

 No No 100(16.2) 1.00  

 Yes No 17(19.3) 1.44 (0.73-2.83) 0.287 

 No Yes 43(31.9) 2.62 (1.58-4.35) <0.001 
 Yes Yes 0(0.0) Inf 0.983 
 Sleep difficulties  

  

 No No 119(18.2) 1.00  

 Yes No 12(19.0) 1.26 (0.58-2.75) 0.553 
 No Yes 23(20.5) 1.10 (0.60-2.04) 0.752 
 Yes Yes 6(16.7) 1.71 (0.63-4.66) 0.295 

Females(n=1114)    

Overweight/  
obesity Insufficient sleep 

 
  

 No No 101(13.4) 1.00  

 Yes No 25(14.6) 1.13 (0.62-2.05) 0.683 

 No Yes 22(16.7) 1.15 (0.63-2.09) 0.659 

 Yes Yes 17(30.4) 1.51 (0.62-3.66) 0.359 

 Sleep difficulties  
  

 No No 97(12.8) 1.00  

 Yes No 15(15.2) 0.99 (0.47-2.11) 0.984 

 No Yes 34(18.8) 1.14 (0.65-1.99) 0.647 

  Yes Yes 19(25.3) 2.29 (1.09-4.81) 0.029 
Adjusted for age, study, study center, parental education, puberty (two levels in adolescence; pre-/early/mid-
pubertal vs. late/post-pubertal for males; pre-/early/mid-/late pubertal vs. postpubertal for females), physical 
activity, screen time, traffic noise, and education/occupation types in young adulthood, as well as 
overweight/obesity (in adolescence); 
n (%): number of cases (prevalence). OR: odds ratio; 95%CI: 95% confidence interval. Inf: no case in this group. 
The insufficient sleep changes and sleep difficulties changes were mutually adjusted for in the same models. 
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Table S3. Associations between unfavorable sleep behaviors changes from adolescence to 
young adulthood and young adult overweight/obesity after exclusion of those who were 
overweight/obese in adolescence (N=1753) 

Outcome 
  

Exposure 
 n(%) OR (95% CI) P-value 

Adolescence Young adulthood 

Overweight 
/obesity Insufficient sleep   

 

 No No 107(8.7) 1.00  

 Yes No 26(10.9) 1.24 (0.77-2.00) 0.376 

 No Yes 35(15.4) 1.81 (1.19-2.78) 0.006 
 Yes Yes 4(6.2) 0.64 (0.22-1.84) 0.405 
 Sleep difficulties  

  

 No No 122(9.7) 1.00  

 Yes No 15(10.5) 1.16 (0.64-2.09) 0.628 
 No Yes 19(7.6) 0.77 (0.46-1.29) 0.316 

  Yes Yes 16(16.0) 2.04 (1.11-3.73) 0.021 
Adjusted for age, sex, study, study center, parental education, puberty (in adolescence), physical activity, 
screen time, traffic noise, and education/occupation types in young adulthood; 
n (%): number of cases (prevalence). OR: odds ratio; 95%CI: 95% confidence interval. The insufficient sleep 
changes and sleep difficulties changes were mutually adjusted for in the same models. 
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Table S4. Associations between overweight/obesity status changes from adolescence to 
young adulthood and unfavorable sleep behaviors in young adulthood stratified by sex 

Outcome 
  

Exposure 
n(%) OR (95% CI) P-value 

Adolescence Young adulthood 

Male(n=864)    

Insufficient sleep Overweight/obesity    

 No No 108(16.5) 1.00  

 Yes No 8(16.3) 1.05 (0.47-2.37) 0.900 
 No Yes 22(27.5) 2.06 (1.17-3.60) 0.012 
 Yes Yes 21(26.2) 1.73 (0.98-3.08) 0.061 

Sleep difficulties Overweight/obesity    

 No No 114(17.4) 1.00  

 Yes No 5(10.2) 0.54 (0.20-1.48) 0.229 
 No Yes 14(17.5) 0.90 (0.46-1.76) 0.765 
 Yes Yes 15(18.8) 1.24 (0.65-2.39) 0.514 

Female(n=1114)    

Insufficient sleep Overweight/obesity    

 No No 145(15.7) 1.00  

 Yes No 4(17.4) 1.31 (0.42-4.07) 0.644 
 No Yes 17(18.5) 1.11 (0.62-2.00) 0.729 
 Yes Yes 22(30.1) 1.78 (0.99-3.20) 0.056 

Sleep difficulties Overweight/obesity    

 No No 200(21.6) 1.00  

 Yes No 3(13.0) 0.44 (0.12-1.60) 0.214 
 No Yes 21(22.8) 1.00 (0.58-1.74) 0.992 

  Yes Yes 32(43.8) 2.47 (1.42-4.27) 0.001 
Adjusted for age, study, study center, parental education, puberty (two levels in adolescence; pre-/early/mid-
pubertal vs. late/post-pubertal for males; pre-/early/mid-/late pubertal vs. postpubertal for females), physical 
activity, screen time, traffic noise, education/occupation types, sleep difficulties (for insufficient sleep) or 
insufficient sleep (for sleep difficulties) in young adulthood, as well as insufficient sleep and sleep difficulties 
(in adolescence); 
n (%): number of cases (prevalence). OR: odds ratio; 95%CI: 95% confidence interval.  
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Table S5. Associations between overweight/obesity status changes from adolescence to 
young adulthood and unfavorable sleep behaviors in young adulthood after exclusion of 
those who had insufficient sleep or sleep difficulties in adolescence (N=1452) 

Outcome 
Exposure 

n(%) OR (95% CI) P-value 
Adolescence Young adulthood 

Insufficient 
sleep Overweight/obesity    

 No No 166(14.3) 1.00  

 Yes No 9(15.8) 1.12 (0.53-2.36) 0.772 

 No Yes 30(24.4) 1.87 (1.18-2.96) 0.007 

 Yes Yes 28(25.0) 1.73 (1.07-2.81) 0.026 
Sleep 
difficulties Overweight/obesity    

 No No 188(16.2) 1.00  

 Yes No 5(8.8) 0.60 (0.23-1.54) 0.287 

 No Yes 16(13.0) 0.78 (0.44-1.37) 0.383 

  Yes Yes 25(22.3) 1.59 (0.96-2.64) 0.071 
Adjusted for age, sex, study, study center, parental education, puberty (in adolescence), physical activity, 
screen time, traffic noise, education/occupation types, and sleep difficulties (for insufficient sleep) or 
insufficient (for sleep difficulties) in young adulthood; 
n (%): number of cases (prevalence). OR: odds ratio; 95%CI: 95% confidence interval.  
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Table S6. Associations between sleep behaviors and overweight/obesity, with insufficient 
sleep defined only on school/working days 

Outcome 
Exposure 

n(%) OR (95% CI) P-value 
Adolescence Young adulthood 

Overweight/  
obesity Insufficient sleep    

 No No 192(14.7) 1.00  

 Yes No 34(14.7) 1.16 (0.73-1.85) 0.528 

 No Yes 74(22.3) 1.62 (1.13-2.30) 0.008 

 Yes Yes 25(23.1) 1.10 (0.58-2.06) 0.777 

 Sleep difficulties    

 No No 216(15.3) 1.00  

 Yes No 27(16.7) 1.11 (0.66-1.89) 0.685 

 No Yes 57(19.5) 1.15 (0.77-1.71) 0.506 

 Yes Yes 25(22.5) 2.08 (1.18-3.65) 0.011 
Adjusted for age, sex, study, study center, parental education, puberty (in adolescence), physical activity, 
screen time, traffic noise, education/occupation types, and overweight/obesity in young adulthood. The 
insufficient sleep changes and sleep difficulties changes were mutually adjusted for in the same models. 
Insufficient 
sleep Overweight/obesity    

 No No 328(20.7) 1.00  

 Yes No 13(18.1) 0.83 (0.44-1.58) 0.574 

 No Yes 47(27.3) 1.32 (0.91-1.91) 0.150 

 Yes Yes 52(34.0) 1.61 (1.10-2.36) 0.014 
Sleep 
difficulties Overweight/obesity    

 No No 314(19.9) 1.00  

 Yes No 8(11.1) 0.56 (0.26-1.23) 0.147 

 No Yes 35(20.3) 1.00 (0.66-1.51) 0.985 

  Yes Yes 47(30.7) 1.79 (1.19-2.68) 0.005 
Adjusted for age, sex, study, study center, parental education, puberty (in adolescence), physical activity, 
screen time, traffic noise, education/occupation types, and sleep difficulties (for insufficient sleep) or 
insufficient sleep (for sleep difficulties) in young adulthood, as well as insufficient sleep and sleep difficulties in 
adolescence. 
n (%): number of cases (prevalence). OR: odds ratio; 95%CI: 95% confidence interval.  
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Abstract
Objective: This study aimed to identify sleep clusters based on objective multidimen-

sional sleep characteristics and test their associations with adolescent cardiometa-

bolic health.

Methods: The authors included 1090 participants aged 14.3 to 16.4 years (mean =

15.2 years) who wore 7-day accelerometers during the 15-year follow-up of the Ger-

man Infant Study on the influence of Nutrition Intervention PLUS environmental and

genetic influences on allergy development (GINIplus) and the Influence of Lifestyle fac-

tors on the development of the Immune System and Allergies in East and West

Germany (LISA) birth cohorts. K-means cluster analysis was performed across 12 sleep

characteristics reflecting sleep quantity, quality, schedule, variability, and regularity. Car-

diometabolic risk factors included fat mass index (FMI), blood pressure, triglycerides,

high-density lipoprotein cholesterol, high-sensitivity C-reactive protein, and insulin

resistance (n = 505). Linear and logistic regression models were examined.

Results: Five sleep clusters were identified: good sleep (n = 337); delayed sleep phase

(n = 244); sleep irregularity and variability (n = 108); fragmented sleep (n = 313); and
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prolonged sleep latency (n = 88). The “prolonged sleep latency” cluster was associated

with increased sex-scaled FMI (� = 0.39, 95% CI: 0.15�0.62) compared with the “good

sleep” cluster. The “sleep irregularity and variability” cluster was associated with increased

odds of high triglycerides only in male individuals (odds ratio: 9.50, 95% CI: 3.22�28.07),

but this finding was not confirmed in linear models.

Conclusions: The prolonged sleep latency cluster was associated with higher FMI in

adolescents, whereas the sleep irregularity and variability cluster was specifically

linked to elevated triglycerides (�1.7 mmol/L) in male individuals.

INTRODUCTION

Cardiometabolic risk factors may appear as early as childhood and

track into adulthood, increasing cardiovascular disease risk [1]. Accu-

mulating evidence has linked short sleep to increased cardiometabolic

risk in children and adolescents [2, 3]. Recently, the American Heart

Association added sleep duration as the eighth metric to cardiovascu-

lar health�s definition (Life�s Essential 8) [4]. Besides sleep duration,

other sleep characteristics, including sleep efficiency, timing, variabil-

ity, regularity, and wake time, have also been associated with adoles-

cent cardiometabolic health [5�8]. These sleep characteristics within

an individual were mainly assessed independently; however, they tend

to be correlated with each other [9].

Cluster analysis provides the ability to consider multidimensional

sleep characteristics from a holistic perspective [9]. To date, only one

study has applied this approach to identify sleep patterns and explored

their relationships with cardiometabolic health in children and adults

using accelerometry-measured sleep data [10]. Four patterns were iden-

tified, and the “overall good sleepers” pattern was associated with more

favorable body mass index (BMI) and metabolic syndrome severity score.

However, associations among sleep patterns and other cardiometabolic

risk factors such as fat mass index (FMI), high-sensitivity C-reactive pro-

tein (hs-CRP), or insulin resistance have not been investigated [2, 3]. For

instance, several studies have linked short sleep to higher CRP in chil-

dren and adolescents [2]. Additionally, earlier objective sleep midpoint

timing was associated with increased 1-year fat mass in youth [5]. How-

ever, adolescents with late objective sleep midpoint timing had increased

odds of developing insulin resistance within 2 years [6].

Therefore, we applied cluster analysis to identify sleep clusters

across 12 accelerometry-assessed sleep characteristics in 1090 ado-

lescents and investigated their associations with cardiometabolic risk

factors, including FMI, blood pressure (BP), lipids, hs-CRP, and

Homeostatic Model Assessment of Insulin Resistance (HOMA-IR).

METHODS

Study participants

We used data from the 15-year follow-up of two ongoing German

birth cohorts, the German Infant Study on the influence of Nutrition

Intervention PLUS environmental and genetic influences on allergy

development (GINIplus) and the Influence of Lifestyle factors on the

development of the Immune System and Allergies in East and

West Germany (LISA). More details of both studies have been

published [11]. Briefly, the GINIplus study recruited 5991 healthy

Study Importance

What is already known?

� Multiple objective sleep characteristics, including sleep

duration, efficiency, timing, variability, regularity, and

wake time, are associated with cardiometabolic risk in

children and adolescents.

� These sleep characteristics within an individual are often

assessed independently, although they tend to be corre-

lated with each other.

What does this study add?

� Five sleep clusters were identified in adolescents by clus-

ter analysis across 12 accelerometry-derived sleep char-

acteristics, i.e., “good sleep,” “delayed sleep phase,”

“sleep irregularity and variability,” “fragmented sleep,”

and “prolonged sleep latency.”

� The prolonged sleep latency cluster was associated with

increased fat mass index, and male individuals within the

sleep irregularity and variability cluster had higher odds

of having high triglycerides.

How might these results change the direction of
research or the focus of clinical practice?

� Considering the relationships among multidimensional

sleep characteristics and health from a holistic perspec-

tive deserves further investigation.

� Our results suggest that improvements in sleep latency,

variability, and regularity may enrich existing sleep-

targeted intervention strategies for cardiometabolic

health that mainly focus on improving adequate sleep.

SLEEP CLUSTERS AND ADOLESCENT CARDIOMETABOLIC RISK 201
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newborns in Munich and Wesel from 1995 to 1998, comprising an

intervention arm, which aimed to investigate the hydrolyzed formulae

effects for allergy prevention in infants with a family history of allergy,

and an observation arm, including newborns without a family history

of allergy and those whose parents declined to participate in the inter-

vention. The LISA study recruited 3094 healthy neonates in Munich,

Wesel, Leipzig, and Bad Honnef between 1997 and 1999. At the

15-year follow-up between May 2011 and July 2014, a subset of par-

ticipants (1247 in GINIplus and 435 in LISA) consented to wear accel-

erometers to measure sleep and physical activity (PA) in Munich and

Wesel. Finally, a total of 1090 participants with valid accelerometry-

measured sleep data and complete information on cardiometabolic

outcomes (except for HOMA-IR in a subsample, n = 505) were

included in the analyses. Participants were included only with at least

3 weekdays and 1 weekend day of valid accelerometry recording for

�10 h/day [12]. More details are described in Figure 1. Both studies

were approved by the respective local ethics committees, and written

consents were provided by all participants and their families.

Sleep assessment and characteristics

Accelerometry

Nighttime sleep and daytime PA were measured by a triaxial accelerome-

ter (ActiGraph GT3X, Pensacola, Florida) during a regular school week, the

validity of which has been demonstrated in adolescents [13]. Participants

wore accelerometers for 7 consecutive days and nights, with

F I G U R E 1 Flowchart of participants. GINIplus, German Infant Study on the influence of Nutrition Intervention PLUS environmental and
genetic influences on allergy development; LISA, Influence of Lifestyle factors on the development of the Immune System and Allergies in East
and West Germany.
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accelerometers worn on the nondominant wrists at night, and kept sleep

diaries. Accelerometry protocol details have been provided elsewhere [12].

Sleep characteristics

Accelerometry-measured sleep data were analyzed with the ActiLife

software (version 5.5.5, firmware 4.4.0) using the Sadeh algorithm [14].

The sampling rate was set to 30 Hz, and measured accelerations were

stored at 1 Hz after conversion into proprietary “activity counts,”

which were summed over 60-s epochs. The “probability of sleep” was

computed as a score centered around zero for each minute partici-

pants indicated as time-in-bed in their diary (time between going to

bed and getting up). The minute was identified as “asleep” if the score

was equal to or greater than zero, and the minute was identified as

“awake” if the score was less than zero [14]. The following six sleep

characteristics were derived for each valid night:

1. Total sleep time (hours): the total number of minutes scored as

asleep by the algorithm, divided by 60;

2. Sleep efficiency (percentage): the ratio of algorithm-scored asleep

minutes to the total diary-recorded minutes in bed;

3. Sleep midpoint timing (24-h clock): the first minute algorithm-

scored as asleep, adding half of the total sleep time, then con-

verted to 24-h clock;

4. Sleep latency (minutes): the total number of minutes between

diary-recorded time of going to bed and the first minute algorithm-

scored as asleep;

5. Time awake per hour after sleep onset (minutes per hour): the total

number of algorithm-scored awake minutes after sleep onset

(WASO), divided by the hours in bed after sleep onset (total sleep

time + WASO/60);

6. Awakenings per hour after sleep onset: the number of algorithm-

scored different awakening episodes after sleep onset, divided by

the hours in bed after sleep onset.

For each of six daily sleep characteristics, the daily average was cal-

culated as mean value across all valid days, and the day-to-day variabil-

ity was calculated as standard deviation (SD) across all valid days. In

total, 12 sleep characteristics reflecting sleep quantity (total sleep time),

quality (sleep efficiency), schedule (sleep midpoint timing, sleep latency,

time awake per hour after sleep onset, and awakenings per hour after

sleep onset), variability (SD in total sleep time, SD in sleep efficiency,

SD in sleep latency, SD in time awake per hour after sleep onset, and

SD in awakenings per hour after sleep onset), and regularity (SD in

sleep midpoint timing) were used in subsequent cluster analysis.

Cardiometabolic risk factors

Participants� body weight (kilograms), height (meters), systolic BP (SBP,

millimeters of mercury), and diastolic BP (DBP, millimeters of mercury)

were measured. Fat-free mass (kilograms) was assessed by means of

phase sensitive bioelectrical impedance (NutriBox, Data Input GmbH,

Pöcking, Germany), and fat mass (kilograms) was calculated by subtract-

ing fat-free mass from body weight. FMI was calculated as fat mass (kilo-

grams) per height squared (meters squared). Serum total cholesterol (TC,

millimoles per liter), triglycerides (TG, millimoles per liter), high-density

lipoprotein cholesterol (HDL, millimoles per liter), low-density lipoprotein

cholesterol (LDL, millimoles per liter), and hs-CRP (milligrams per liter)

were measured. Fasting glucose (millimoles per liter) and fasting insulin

(picomoles per liter) were measured, and HOMA-IR was calculated as fol-

lows: (glucose � insulin)/(22.5 � 6.945) [15]. Details on the measure-

ments are provided in online Supporting Information Methods.

Cardiometabolic risk factors were dichotomized based on estab-

lished cutoffs or sex-specific percentiles. According to three compo-

nents of metabolic syndrome definitions in children and adolescents by

the International Diabetes Federation (IDF) [16], high BP was defined

as SBP � 130 mm Hg or DBP � 85 mm Hg; high TG was defined as

TG � 1.7 mmol/L; and low HDL was defined as HDL < 1.03 mmol/L at

ages 10 to 16 years and, at ages �16 years, <1.03 mmol/L in male indi-

viduals and <1.29 mmol/L in female individuals. High hs-CRP was

defined as hs-CRP � 75% sex-specific percentile of the current popula-

tion with hs-CRP � 0.2 mg/L (0.91 mg/L in male and 0.87 mg/L in

female individuals) [17]. High FMI was defined as FMI � 75% sex-spe-

cific percentile (5.01 kg/m2 in male and 6.68 kg/m2 in female individ-

uals), and high HOMA-IR was defined as HOMA-IR � 75% sex-specific

percentile (2.59 in male and 2.74 in female individuals).

Confounders

Sex, age at blood sampling, study (GINIplus observation arm, GINIplus

intervention arm, and LISA study), study center (Munich and Wesel),

season of sleep measurement (spring, summer, autumn, and winter),

parental highest education (low/medium: �10th grade; high: >10th

grade), and fasting status at blood sampling (yes, no) were collected

by questionnaires. Pubertal stage was categorized into two groups:

pre-, early, or midpubertal and late or postpubertal stage based on a

self-rated questionnaire [18]. Accelerometry-measured PA was classi-

fied into sedentary, light, moderate, and vigorous PA according to

published triaxial cutoffs by Aguilar-Farías [19] (for sedentary) and

Romanzini [20], and then moderate and vigorous PA were merged

into moderate-to-vigorous PA (MVPA) [12]. Average sedentary (hours)

and MVPA (minutes) across all valid days were included. Depressive

symptoms were evaluated by the Depression Screener for Teenagers

and defined as a score � 12 [21]. Dietary information was assessed by

a self-administered food frequency questionnaire [22]. Total energy

intake (EI, kilocalories) was calculated [23], and carbohydrate intake

was expressed as its percentage in total EI (%EI).

Statistical analysis

All statistical analyses were performed in R (version 4.1.2, R Center

for Statistical Computing, Vienna, Austria). A total of 12 sleep
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T A B L E 1 Participant characteristics in total population and stratified by sex

Total Male Female p value

n 1090 489 601

Age (y) 15.2 ± 0.3 15.2 ± 0.3 15.2 ± 0.3 0.230

Weight (kg) 61.2 ± 11.0 64.1 ± 11.7 58.8 ± 9.9 <0.001

Height (cm) 171.4 ± 8.0 176.2 ± 7.4 167.5 ± 6.1 <0.001

FMI (kg/m2) 5.1 ± 2.1 4.1 ± 1.9 5.9 ± 1.9 <0.001

High FMI, n (%) 272 (25.0) 122 (24.9) 150 (25.0) 1.000

SBP (mm Hg) 118.5 ± 11.7 121.2 ± 12.3 116.3 ± 10.8 <0.001

DBP (mm Hg) 69.4 ± 8.9 68.7 ± 8.9 70.1 ± 9.0 0.010

High BP, n (%) 206 (18.9) 124 (25.4) 82 (13.6) <0.001

TC (mmol/L) 4.3 (3.8, 4.8) 4.1 (3.6, 4.6) 4.4 (3.9, 5.0) <0.001

TG (mmol/L) 1.0 (0.7, 1.3) 1.0 (0.7, 1.4) 1.0 (0.7, 1.3) 0.561

High TG, n (%) 130 (11.9) 70 (14.3) 60 (10.0) 0.036

HDL (mmol/L) 1.5 ± 0.4 1.4 ± 0.4 1.6 ± 0.4 <0.001

Low HDL, n (%) 84 (7.7) 56 (11.5) 28 (4.7) <0.001

LDL (mmol/L) 2.3 (1.9, 2.7) 2.2 (1.8, 2.6) 2.4 (2.0, 2.8) <0.001

hs-CRP (mg/L) 0.4 (0.2, 0.7) 0.4 (0.2, 0.7) 0.4 (0.2, 0.7) 0.305

High hs-CRP, n (%) 218 (20.0) 96 (19.6) 122 (20.3) 0.843

HOMA-IR 2.1 (1.5, 2.6) 2.0 (1.4, 2.6) 2.1 (1.6, 2.7) 0.095

High HOMA-IR, n (%) 128 (25.3) 61 (25.4) 67 (25.3) 1.000

Total EI (kcal/day) 2093.9 ± 645.2 2406.4 ± 643.4 1868.0 ± 544.9 <0.001

Carbohydrate intake (%EI) 53.0 ± 7.3 52.5 ± 7.2 53.4 ± 7.4 0.095

Sedentary (h) 8.2 ± 1.4 8.0 ± 1.5 8.4 ± 1.3 <0.001

MVPA (min) 50.4 ± 26.5 57.3 ± 25.4 44.7 ± 26.2 <0.001

Depression, n (%) 141 (13.9) 48 (10.6) 93 (16.5) 0.010

Fasting status (yes), n (%) 511 (46.9) 241 (49.3) 270 (44.9) 0.170

Sleep clusters, n (%) <0.001

Good sleep 337 (30.9) 109 (22.3) 228 (37.9)

Delayed sleep phase 244 (22.4) 103 (21.1) 141 (23.5)

Sleep irregularity and variability 108 (9.9) 43 (8.8) 65 (10.8)

Fragmented sleep 313 (28.7) 193 (39.5) 120 (20.0)

Prolonged sleep latency 88 (8.1) 41 (8.4) 47 (7.8)

Study, n (%) 0.278

GINIplus observation 414 (38.0) 179 (36.6) 235 (39.1)

GINIplus intervention 437 (40.1) 192 (39.3) 245 (40.8)

LISA 239 (21.9) 118 (24.1) 121 (20.1)

Study center, n (%) 0.136

Munich 625 (57.3) 293 (59.9) 332 (55.2)

Wesel 465 (42.7) 196 (40.1) 269 (44.8)

Season, n (%) 0.357

Spring 281 (25.8) 133 (27.2) 148 (24.6)

Summer 167 (15.3) 65 (13.3) 102 (17.0)

Autumn 353 (32.4) 158 (32.3) 195 (32.4)

Winter 289 (26.5) 133 (27.2) 156 (26.0)

Parental highest education, n (%) 0.824

Low/medium 337 (30.9) 149 (30.5) 188 (31.3)

High 753 (69.1) 340 (69.5) 413 (68.7)
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characteristics were standardized, and their Spearman correlation

was examined (Figure S1). Hierarchical cluster analysis was

conducted using Euclidean distance and Ward�s linkage (Ward.D2).

K-means cluster analysis was applied testing three, four, five, and

six clusters. The final number of sleep clusters was set to five, con-

sidering the combination of the following methods: 1) interpretabil-

ity of k-means results; 2) hierarchical cluster dendrogram

(Figure S2); 3) results of principal component analysis (Table S1;

5 components account for 80% cumulative percentage of variance);

and 4) sum of squares method (Figure S3, by minimizing the within-

cluster sum of squares and maximizing the between-cluster sum of

squares). More details are provided in online Supporting Information

Methods. In final k-means cluster analysis, the number of clusters

was specified as five, with 50 random initial centroids. One-way

ANOVA and Kruskal�Wallis rank sum test for continuous variables

and �2 test for categorical variables were used to explore differ-

ences among sexes and sleep clusters, followed by Bonferroni-

adjusted post hoc tests.

Linear regression models were conducted to evaluate associations

among sleep clusters and continuous cardiometabolic markers, which

were examined for normality and naturally log-transformed as appropri-

ate. Outliers were detected visually using box plots (median ± 3 inter-

quartile range, outliers were not excluded). Three models were

performed: Model 1 was adjusted for sex, age, study, study center, and

parental highest education; Model 2 was additionally adjusted for sea-

son, pubertal stage, sedentary, MVPA, depression, fasting status (except

for HOMA-IR), total EI, and carbohydrate intake; and Model 3 was

Model 2 plus adjustment for FMI. For comparability, FMI (sex-specific),

SBP, DBP, and HDL (inverse) were scaled, and results were described

as � with 95% confidence intervals (CI). TC, TG, LDL, and HOMA-IR

were log-transformed, and the � estimate of linear models were then

back-transformed to means ratio (MR = exp[�]) with 95% CI. MR repre-

sents the ratio of the mean of the outcome variable in one group versus

the reference group. Considering the correlation among outcomes, the

number of independent tests was calculated as seven according to

Nyholt [24] using the R package “poolr” [25], yielding a Bonferroni-

T A B L E 1 (Continued)

Total Male Female p value

Pubertal stage, n (%) <0.001

Pre-, early, or midpubertal 202 (21.7) 178 (43.8) 24 (4.6)

Late or postpubertal 729 (78.3) 228 (56.2) 501 (95.4)

Note: The results are presented as mean ± SD, median (first quartile, third quartile), or n (percentage). The number of participants with available
information was as follows: HOMA-IR (505); total EI (865); carbohydrate intake (865); sedentary (1082); MVPA (1082); depression (1017); and pubertal
stage (931). P < 0.05 are highlighted in bold.
Abbreviations: BP, blood pressure; carbohydrate intake (%EI), carbohydrate as percentage of total energy intake; DBP, diastolic blood pressure; EI, energy
intake; FMI, fat mass index; GINIplus, German Infant Study on the influence of Nutrition Intervention PLUS environmental and genetic influences on
allergy development; HDL, high-density lipoprotein cholesterol; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; hs-CRP, high-sensitivity
C-reactive protein; LDL, low-density lipoprotein cholesterol; LISA, Influence of Lifestyle factors on the development of the Immune System and Allergies in
East and West Germany; MVPA, moderate-to-vigorous physical activity; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides.

F I G U R E 2 Distributions of sleep characteristics in a week in five sleep clusters.
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corrected, two-sided � level of 0.007 (0.05/7; online Supporting

Information Methods). Given the highly skewed distribution of hs-CRP,

it was not tested in linear models.

To explore the vulnerable/extreme subgroups of cardiometabolic

outcomes, logistic regression models were used to assess associations

among sleep clusters and dichotomous cardiometabolic markers (high

FMI, high BP, high TG, low HDL, high hs-CRP, and high HOMA-IR),

with the same adjustment levels as in linear models. Results were

described as odds ratios (OR) with 95% CI. Bonferroni correction was

applied with the Nyholt method [24], yielding a two-sided � level of

0.010 (0.05/5).

Additionally, the interaction effects among sleep clusters and sex

were tested, followed by sex-stratified analyses. The following two

sensitivity analyses were performed: 1) restricted to only fasting par-

ticipants; and 2) sleep clusters were identified by sleep characteristics

only on weekdays. Multiple imputation by sex was applied to some

confounders with missing values (pubertal stage, sedentary, MVPA,

depression, total EI, and carbohydrate intake) using the R package

“mice” [26].

RESULTS

The overall prevalence of high BP, high TG, low HDL, and high hs-

CRP was 18.9%, 11.9%, 7.7%, and 20.0%, respectively (Table 1). Male

individuals had a higher prevalence of high BP, high TG, and low HDL

than female individuals, but female individuals had higher FMI, TC,

and LDL than male individuals (p < 0.05).

Five sleep clusters were identified and named by their character-

istics: “good sleep” (n = 337; average total sleep time = 7.6 h);

“delayed sleep phase” (n = 244; 7.2 h); “sleep irregularity and variabil-

ity” (n = 108; 6.9 h); “fragmented sleep” (n = 313; 6.9 h); and “pro-

longed sleep latency” (n = 88; 6.9 h; Table 1, Table S2). Figure 2

displays the distributions of sleep characteristics in a week in each

sleep cluster. The good sleep cluster was characterized by higher total

sleep time and sleep efficiency. The delayed sleep phase cluster was

characterized by higher sleep midpoint timing, SD in sleep midpoint

timing, and sleep efficiency. The sleep irregularity and variability clus-

ter exhibited higher SD in most sleep characteristics such as total

sleep time, sleep midpoint timing, and higher time awake per hour

after sleep onset. Furthermore, the fragmented sleep cluster had

higher time awake and awakenings per hour after sleep onset,

whereas the prolonged sleep latency cluster had higher sleep latency,

SD in sleep latency, and time awake per hour after sleep onset.

Figure S4 demonstrates the stability and robustness of the identified

sleep clusters in the present study by demonstrating that the distribu-

tions of sleep characteristics only during weekdays were similar to

those of the entire week (Figure 2). Table S3 shows the participant

characteristics in five sleep clusters.

In linear analyses, compared with the good sleep cluster, the pro-

longed sleep latency cluster was significantly associated with

increased sex-scaled FMI (� = 0.39, 95% CI: 0.15�0.62; Model

2, Table 2). The sleep irregularity and variability cluster was associatedT
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with higher HOMA-IR (MR = 1.19, 95% CI: 1.01�1.40, Model 2);

however, it was nonsignificant after adjustment for FMI. No signifi-

cant interaction with sex was found. Male and female individuals

within the prolonged sleep latency cluster had higher FMI (� = 0.38,

95% CI: 0.01�0.75; � = 0.41, 95% CI: 0.10�0.72), respectively, but

these associations were not significant after multiple testing correc-

tion (Table S4).

In logistic analyses, the sleep irregularity and variability cluster was

associated with increased odds of high TG (OR = 2.35, 95% CI: 1.24�

4.48, Model 2); however, it was not significant after adjustment for

FMI and multiple testing correction (Table 3). The association of the

prolonged sleep latency cluster with high FMI (OR = 1.98, 95%

CI: 1.14�3.45; Model 2, Table 3) was detected, but it did not reach the

significance threshold after multiple testing correction. Additionally, the

prolonged sleep latency cluster was associated with high HOMA-IR

(OR = 2.70, 95% CI = 1.17�6.25; Model 2, Table 3), but it was nonsig-

nificant after adjustment for FMI. A significant interaction effect

between sex and the sleep irregularity and variability cluster on high

TG was observed (p = 0.002), restricting this association only to male

individuals (OR = 9.50, 95% CI: 3.22�28.07; Figure 3, Table S5). In

female individuals, the association between the prolonged sleep latency

cluster and high FMI (OR = 2.23, 95% CI: 1.05�4.72), as well as the

association between sleep irregularity and variability cluster and high

hs-CRP (OR = 2.05, 95% CI: 1.02�4.14), were observed, but they were

nonsignificant after multiple testing correction (Figure 3, Table S5).

In sensitivity analyses, the overall findings did not change sub-

stantially when considering only fasting adolescents (Tables S6 and

S7) and when sleep clusters were limited to being defined based on

sleep characteristics on weekdays only (Tables S8 and S9).

DISCUSSION

Based on 1090 adolescents, five sleep clusters, i.e., “good sleep,”

“delayed sleep phase,” “sleep irregularity and variability,” “fragmented

sleep,” and “prolonged sleep latency,” were identified by applying

cluster analysis across 12 accelerometry-derived sleep characteristics.

The prolonged sleep latency cluster was associated with increased

FMI. Furthermore, the sleep irregularity and variability cluster was

associated with high TG (�1.7 mmol/L) only in male individuals, but

this finding was not replicated in linear models.

We identified five sleep clusters using 12 sleep characteristics

reflecting sleep quantity, quality, schedule, variability, and regularity.

Several studies have identified sleep patterns by comprehensively

considering multiple objectively assessed sleep characteristics, includ-

ing cluster analysis [10, 27], latent class analysis [28, 29], and compos-

ite sleep scores considering self-reported sleep behaviors [30], but

only a few studies have been conducted in children and adolescents.

Matricciani et al. used cluster analysis to identify four sleep clusters

(overall good sleepers, short sleepers, late to bed, and long sleepers) in

F I G U R E 3 Associations among sleep clusters and dichotomous cardiometabolic risk factors in adolescents by sex. BP, blood pressure; FMI,
fat mass index; HDL, high-density lipoprotein cholesterol; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; hs-CRP, high-
sensitivity C-reactive protein; OR, odds ratio; TG, triglycerides.
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1043 Australian children aged 11 to 12 years, using four

accelerometry-measured sleep characteristics (period, efficiency, mid-

point timing, and sleep period variability) [10]. Furthermore, Thumann

et al. applied latent class analysis to classify four sleep subtypes (opti-

mal sleep, early birds, short sleep duration, and poor sleep quality)

among 559 European children aged 9 to 16 years, using five sleep

characteristics (duration, efficiency, latency, reported wake-up time,

and reported lights-off time) [29]. Other studies have detected various

sleep patterns in adults, but they all identified a cluster or group

named good sleep or healthy sleep [28, 30]. Our findings provided fur-

ther insights into more diverse sleep patterns by additionally including

time awake, awakenings, sleep latency, and their variabilities because

we were able to classify sleep profiles labeled fragmented sleep, pro-

longed sleep latency, and sleep irregularity and variability. Notably,

the identified delayed sleep phase cluster clearly presented the com-

mon phenotype of delayed sleep phase disorder in adolescents [31].

Furthermore, to enhance comparability among participants with vary-

ing total sleep time and effectively capture distinct sleep patterns, we

used the time awake per hour after sleep onset (ratio of WASO to

(total sleep time + WASO/60)) [12] rather than relying solely on

WASO. This standardized assessment approach was also applied to

the awakenings per hour after sleep onset.

The prolonged sleep latency cluster was significantly associated

with increased FMI in linear models, which was also observed in logis-

tic models but was nonsignificant after multiple testing correction,

possibly due to lower power. Previous studies have demonstrated an

association between short sleep and childhood obesity, but only a few

studies have examined the impact of objective sleep latency, an

aspect leading to sleep loss, on obesity [8]. One study showed no

association of accelerometry-measured long sleep latency with BMI

z scores among 107 Swedish children aged 2 to 6 years [32]. More-

over, Thumann et al. reported that accelerometry-measured sleep

latency was not associated with BMI z scores among 559 European

children aged 9 to 16 years [29]. However, in our study, the prolonged

sleep latency cluster (n = 88) was characterized by extremely high

sleep latency (46.4 min; Table S2) compared with the other four sleep

clusters (13.8�18.9 min). Possible mechanisms for this association

may include the following: 1) prolonged sleep latency can cause frus-

tration, anxiety, or stress, leading to emotional eating, preference for

energy-dense foods, and increased calorie intake [3, 33]; 2) prolonged

sleep latency may delay the onset of the first sleep stage and reduce

time spent in deep sleep (third sleep stage), impacting physical resto-

ration and leading to fatigue and decreased motivation for PA [34];

and 3) disruption of hormonal balance such as cortisol due to pro-

longed sleep latency can impact EI and expenditure [3].

Male individuals within the sleep irregularity and variability pat-

tern were at increased odds of high TG. Similarly, Spruyt et al. found

that accelerometry-determined sleep duration variability during school

days was correlated with TG among 47 children with obesity aged

4 to 10 years [35]. Duan et al. also observed a relationship between

short sleep and high TG (�1.24 mmol/L) only in adolescent boys [36].

Furthermore, a recent review supported associations of greater sleep

variability and irregularity with obesity and adverse cardiometabolic

health in adolescence [7]. The underlying mechanism may involve

sociocultural and biological influences. Adolescents within the sleep

irregularity and variability cluster may have irregular breakfast behav-

iors, which were associated with higher TG [7, 37]. Additionally, it

may be explained by increased absorption of dietary lipids with

increased de novo synthesis of TG in the liver or decreased ability to

catabolize absorbed dietary fat in male individuals with sleep

deprivation [38]. Moreover, in our study, male individuals with a sleep

irregularity and variability pattern were more likely to be in late or

postpuberty (70.6% compared with 55.9% in the good sleep cluster),

whereas no difference in female individuals was found. This suggests

that, in male individuals with a sleep irregularity and variability pat-

tern, puberty may start earlier, leading to increased testosterone and

decreased sex hormone-binding globulin, and may potentially affect

TG level [39]. However, the causality needs to be verified to deter-

mine whether pubertal hormonal changes drive sleep behaviors

changes [40].

Although we found a significant association of sleep irregularity

and variability cluster with high TG (�1.7 mmol/L) in male individuals,

this was not confirmed in linear analyses. We further explored poten-

tial reasons. The median TG values were similar across five sleep clus-

ters, but the prevalence of high TG in the sleep irregularity and

variability cluster (19.4%; Table S3) was higher than in other sleep

clusters (9.2%�14.8%). Additionally, this finding was only found in

male individuals and was consistent in fasting male individuals

(Figure S5). Regarding the cutoff for TG, the IDF recommended that

elevated TG (�1.7 mmol/L) was most commonly observed in adults

with metabolic syndrome, and using adult levels was a wise, easy-

to-apply definition to identify children and adolescents at increased

risk [16]. Because linear models can only discover differences in the

mean TG, logistic models suggested a higher prevalence of extreme

values of TG, which could point toward vulnerable subgroups at risk.

Notably, the prolonged sleep latency cluster and the sleep irregu-

larity and variability cluster seemed to be associated with higher insu-

lin resistance, possibly due to increased adiposity, because

associations were nonsignificant after adjustment for FMI. The rela-

tionship among sleep, adiposity, and insulin resistance may be bidirec-

tional and potentially causal [41]. Sleep disturbance affects metabolic

pathways, increasing insulin resistance, potentially reducing energy

expenditure, and boosting appetite. Conversely, psychological and

endocrine abnormalities in individuals with obesity and/or diabetes

disrupt sleep, creating a harmful cycle.

This study investigated associations among sleep patterns identi-

fied by cluster analysis and cardiometabolic health in a large adoles-

cent population, with accelerometry-measured sleep data and a

comprehensive assessment of cardiometabolic risk factors. However,

some limitations should be noted. First, our cross-sectional, observa-

tional study was unable to infer causality. Notably, our previous study

found a bidirectional association between reported sleep difficulty

and overweight/obesity from adolescence to young adulthood [42].

Second, we used sex-specific upper quartiles to dichotomize FMI,

HOMA-IR, and hs-CRP to improve comparability across outcomes

because no standard thresholds are available in adolescents, which
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may limit comparability with other studies. Third, although the accel-

erometer is a practical approach to measure sleep in epidemiological

research [43], it differs from polysomnography (gold standard) [44].

Fourth, daytime sleep data were unavailable. Fifth, we assumed that

1-week sleep measurements estimated habitual sleep patterns over a

longer period [43], although the measurements of cardiometabolic risk

factors preceded sleep assessments in our study, with a mean age dif-

ference of 0.36 years. Sixth, caution should be exercised when gener-

alizing our findings to other age groups or cultures because our

participants are German adolescents aged 14 to 16 years.

CONCLUSION

We identified five distinctive sleep patterns by cluster analysis and

found that the cluster describing “prolonged sleep latency” pattern

was associated with higher fat mass in adolescents. Additionally, the

cluster describing “sleep irregularity and variability” pattern seemed

to be associated with high TG in male individuals. Our results suggest

that improvements in sleep latency, variability, and regularity may

enrich existing sleep-targeted intervention strategies for cardiometa-

bolic health that mainly focus on improving adequate sleep.O
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based on the correlation matrix between outcomes. Subsequently, it applies the Bonferroni correction 
to establish a stringent significance threshold (0.05/n).  
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Table S1. Results of principal component analysis 
Component Eigenvalue Percentage of variance (%) Cumulative percentage of variance (%) 
1 3.84 32.00 32.00 
2 2.18 18.20 50.20 
3 1.44 11.98 62.18 
4 1.20 10.01 72.19 
5 0.91 7.56 79.75 
6 0.87 7.27 87.02 
7 0.62 5.15 92.17 
8 0.38 3.14 95.31 
9 0.29 2.43 97.74 
10 0.19 1.60 99.33 
11 0.08 0.65 99.98 
12 0.00 0.02 100.00 
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Table S2. Sleep characteristics in sleep clusters 

Sleep parameters  
Good sleep   Delayed sleep phase  Sleep irregularity and 

variability  
 Fragmented sleep  Prolonged sleep latency 

p* 337  244  108  313  88 

Mean Median [Q1, Q3]   Mean Median [Q1, Q3]   Mean Median [Q1, Q3]   Mean Median [Q1, Q3]   Mean Median [Q1, Q3] 
Daily averages                
Total sleep time, hours 7.6 7.5 [7.2, 7.9]a  7.2 7.2 [6.8, 7.7]b  6.9 6.9 [6.5, 7.4]c  6.9 6.9 [6.5, 7.2]c  6.9 7.0 [6.5, 7.4]c <0.001 
Sleep efficiency, % 84.7 84.5 [82.6, 86.7]a  82.0 81.8 [79.6, 84.4]b  75.1 76.5 [72.0, 78.6]c  75.2 75.7 [72.6, 78.2]c  72.3 72.8 [69.3, 76.0]c <0.001 
Sleep latency, mins 13.8 12.2 [8.3, 17.4]a  16.3 14.7 [9.7, 22.2]b  18.9 16.3 [11.4, 24.6]b  18.5 17.5 [12.5, 23.5]b  46.4 43.3 [37.6, 53.6]c <0.001 
Time awake per hour after sleep 
onset, mins/h 7.7 7.9 [6.6, 9.0]a  9.2 9.3 [7.9, 10.3]b  13.2 12.4 [10.9, 14.5]c  13.2 12.8 [11.4, 14.9]c  12.8 12.5 [10.6, 14.9]c <0.001 

Awakenings per hour after sleep 
onset 2.5 2.6 [2.2, 2.9]a  2.7 2.7 [2.3, 3.1]b  2.8 2.8 [2.5, 3.1]b  3.4 3.4 [3.1, 3.7]c  2.9 2.8 [2.5, 3.2]b <0.001 

Sleep midpoint timing,  
24-hour clock 02:30 02:29  

[02:09, 02:49]a 
 03:12 03:11  

[02:46, 03:32]b 
 02:30 02:32 

[02:07, 02:56]a 
 02:06 02:08 

[01:47, 02:29]c 
 02:24 02:33  

[01:59, 02:52]a <0.001 

Day-to-day variability                
SD in total sleep time, mins 50.8 49.1 [34.0, 63.9]a  79.5 77.3 [60.5, 98.4]b  89.9 86.0 [69.0, 110.1]b  48.8 47.4 [33.9, 60.1]a  66.2 60.2 [44.7, 82.0]c <0.001 
SD in sleep efficiency, % 4.2 3.9 [3.0, 5.1]a  4.8 4.7 [3.7, 6.0]b  11.3 10.8 [9.1, 13.2]c  5.2 5.1 [3.9, 6.4]b  7.5 7.2 [5.7, 8.4]d <0.001 
SD in sleep latency, mins 10.1 8.5 [5.2, 13.2]a  11.8 10.7 [6.3, 15.4]b  16.2 14.6 [8.9, 21.8]c  13.9 12.6 [8.5, 18.7]c  42.8 38.6 [30.8, 49.7]d <0.001 
SD in time awake per hour after 
sleep onset, mins/h 2.5 2.3 [1.7, 3.0]a  2.8 2.8 [2.0, 3.5]b  6.8 6.4 [5.5, 7.6]c  3.2 3.1 [2.5, 4.0]a  4.2 4.1 [3.2, 5.2]e <0.001 

SD in awakenings per hour after 
sleep onset 0.5 0.5 [0.4, 0.6]a  0.6 0.6 [0.5, 0.8]b  0.7 0.7 [0.5, 0.9]b  0.5 0.5 [0.4, 0.6]a  0.6 0.6 [0.4, 0.7]ab <0.001 

SD in sleep midpoint timing, mins 54.1 53.6 [40.4, 67.3]a   91.3 89.6 [73.1, 105.6]b  78.5 77.1 [53.4, 96.8]c   55.6 53.6 [39.2, 70.6]a   72.1 68.7 [50.1, 90.4]c <0.001 
* : Kruskal-Wallis test with Dunn post hoc tests and Bonferroni adjustment. Different letters (a b c d e) are considered significantly different (adjusted P-values < 0.05). SD: standard deviation. Q1: 
first quartile. Q3: third quartile 
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Table S3. Participant characteristics in sleep clusters 

  Good sleep Delayed sleep phase Sleep irregularity and 
variability  Fragmented sleep Prolonged sleep latency P* 

n (%) 337 (30.9) 244 (22.4) 108 (9.9) 313 (28.7) 88 (8.1)  

Male, n(%) 109 (32.3)a 103 (42.2)a 43 (39.8)a 193 (61.7)b  41 (46.6)ab  <0.001 
Age, year 15.2 ± 0.3 15.2 ± 0.3 15.2 ± 0.3 15.2 ± 0.3 15.2 ± 0.3 0.440 
Weight, kg 59.7 ± 10.2a 60.7 ± 11.0ab 61.9 ± 11.7ab 62.5 ± 10.8b 62.7 ± 13.1ab 0.008 
Height, cm 170.2 ± 8.1a 171.2 ± 7.8a 171.6 ± 7.9ab 173.1 ± 7.6b 170.6 ± 8.4ab <0.001 
FMI, kg/m2 5.1 ± 1.9 5.1 ± 2.1 5.3 ± 2.0 4.8 ± 2.1 5.5 ± 2.1 0.023 
High FMI, n(%) 72 (21.4)  63 (25.8)  27 (25.0)  82 (26.2)  28 (31.8)  0.299 
SBP, mmHg 117.6 ± 11.9 118.3 ± 11.8 119.0 ± 10.1 119.1 ± 12.1 120.1 ± 11.6 0.334 
DBP, mmHg 69.5 ± 8.9 69.5 ± 8.9 70.8 ± 9.1 68.9 ± 9.0 69.3 ± 8.4 0.401 
High BP, n(%) 59 (17.5)  48 (19.7)  19 (17.6)  65 (20.8)  15 (17.0)  0.818 
TC, mmol/L 4.3 [3.8, 4.9] 4.2 [3.9, 4.8] 4.4 [3.8, 4.9] 4.2 [3.7, 4.7] 4.3 [3.8, 4.8] 0.427 
TG, mmol/L 1.0 [0.7, 1.3] 1.0 [0.7, 1.3] 0.9 [0.7, 1.4] 1.0 [0.8, 1.3] 1.0 [0.7, 1.3] 0.823 
High TG, n(%) 31 (9.2) 23 (9.4)  21 (19.4)  42 (13.4)  13 (14.8)  0.027 
HDL, mmol/L 1.5 ± 0.4ab 1.5 ± 0.3a 1.5 ± 0.4ab 1.4 ± 0.3b 1.5 ± 0.4ab 0.015 
Low HDL, n(%) 22 ( 6.5)  18 ( 7.4)  8 ( 7.4)  29 ( 9.3)  7 ( 8.0)  0.775 
LDL, mmol/L 2.3 [1.9, 2.7] 2.3 [1.9, 2.7] 2.3 [1.9, 2.7] 2.3 [1.9, 2.7] 2.4 [1.9, 2.9] 0.918 
Hs-CRP, mg/L 0.4 [0.2, 0.7] 0.3 [0.2, 0.7] 0.5 [0.2, 0.9] 0.4 [0.2, 0.8] 0.3 [0.2, 0.7] 0.581 
High hs-CRP, n(%) 62 (18.4)  53 (21.7)  27 (25.0)  63 (20.1)  13 (14.8)  0.381 
HOMA-IR 2.0 [1.5, 2.6] 2.1 [1.4, 2.6] 2.3 [1.7, 2.7] 2.1 [1.4, 2.7] 2.2 [1.5, 2.9] 0.344 
High HOMA-IR, n(%) 37 (23.3)  28 (22.4)  13 (29.5)  37 (27.2)  13 (31.7)  0.650 
Total EI, kcal/day 1989.3 ± 618.3a 2059.5 ± 634.5ab 2187.2 ± 709.1ab 2213.3 ± 649.3b 2094.2 ± 625.0ab 0.001 
Carbohydrate intake (%EI) 53.8 ± 7.2 52.5 ± 7.8 52.1 ± 8.2 52.4 ± 6.7 54.1 ± 7.5 0.066 
Sedentary, hour 8.4 ± 1.3a 8.7 ± 1.4a 8.1 ± 1.1ab 8.0 ± 1.4b 7.5 ± 1.3b <0.001 
MVPA, mins 48.4 ± 30.4 48.7 ± 25.9 50.0 ± 24.4 54.2 ± 24.0 49.9 ± 22.4 0.053 
Depression, n(%) 43 (13.8)  35 (15.0)  13 (12.7)  34 (11.8)  16 (19.3)  0.500 
Fasting status (yes), n(%) 162 (48.1)  125 (51.2)  45 (41.7)  137 (43.8)  42 (47.7)  0.347 
Study, n(%)      0.094 
    GINI observation 136 (40.4)  101 (41.4)  35 (32.4)  109 (34.8)  33 (37.5)   
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    GINI intervention 141 (41.8)  96 (39.3)  47 (43.5)  116 (37.1)  37 (42.0)   

    LISA 60 (17.8)  47 (19.3)  26 (24.1)  88 (28.1)  18 (20.5)   

Study center, n(%)      0.012 
    Munich 205 (60.8)  126 (51.6)  53 (49.1)  196 (62.6)  45 (51.1)   

    Wesel 132 (39.2)  118 (48.4)  55 (50.9)  117 (37.4)  43 (48.9)   

Season, n(%)      0.079 
    Spring 87 (25.8)  67 (27.5)  30 (27.8)  76 (24.3)  21 (23.9)   

    Summer 38 (11.3)  35 (14.3)  20 (18.5)  57 (18.2)  17 (19.3)   

    Autumn 107 (31.8)  77 (31.6)  32 (29.6)  115 (36.7)  22 (25.0)   

    Winter 105 (31.2)  65 (26.6)  26 (24.1)  65 (20.8)  28 (31.8)   

Parental highest education, n(%)      <0.001 
    Low/medium 93 (27.6)  72 (29.5)  39 (36.1)  88 (28.1)  45 (51.1)   

    High 244 (72.4)a  172 (70.5)a  69 (63.9)ab  225 (71.9)a  43 (48.9)b   

Pubertal stage, n(%)      0.005 
    Pre-/early-/mid-pubertal 53 (18.5)  47 (22.1)  12 (13.2)  76 (29.1)  14 (17.7)   

    Late-/post-pubertal 234 (81.5)a 166 (77.9)ab 79 (86.8)a 185 (70.9)b  65 (82.3)ab  

The results are presented as mean ± standard deviation, median [first quartile, third quartile], n(%) (numbers(percentage)). Abbreviations: FMI, fat mass index; SBP, systolic 
blood pressure; DBP, diastolic blood pressure; BP, blood pressure; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein cholesterol; LDL, low-density 
lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; HOMA-IR, homeostatic model assessment of insulin resistance; EI, energy intake; carbohydrate intake 
(%EI), carbohydrate as percentage of total energy intake; MVPA, moderate-to-vigorous physical activity. 
The number of participants with available information:  HOMA-IR (505), total EI (865), carbohydrate intake (865), sedentary (1082), MVPA (1082), depression (1017), and 
pubertal stage (931). 
*: Post hoc tests after one-way ANOVA test or Kruskal-Wallis test or Chi-square test, with Bonferroni adjustment. Different letters (a b c) are considered significantly 
different. P-values < 0.05 are highlighted in bold. 
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Table S5. Sex-stratified associations between sleep clusters and dichotomous cardiometabolic risk factors in adolescents 
 Good sleep  Delayed sleep phase  Sleep irregularity and variability   Fragmented sleep  Prolonged sleep latency 
Outcomes % OR (95%CI)  % OR (95%CI) P   % OR (95%CI) P   % OR (95%CI) P   % OR (95%CI) P 
Males (489) 
n 109  103  43  193  41 
High FMI 21.1 Ref  22.3 0.79 (0.39-1.61) 0.521  30.2 1.49 (0.64-3.50) 0.355  25.9 1.30 (0.71-2.38) 0.389  31.7 1.65 (0.68-3.98) 0.266 
High BP 24.8 Ref  29.1 1.35 (0.70-2.61) 0.373  23.3 0.74 (0.30-1.79) 0.502  25.4 0.92 (0.51-1.65) 0.770  19.5 0.49 (0.19-1.28) 0.146 
High TG 7.3 Ref  9.7 1.60 (0.55-4.72) 0.392  34.9 9.50 (3.22-28.07) <0.001  16.1 2.39 (0.98-5.80) 0.056  14.6 1.91 (0.54-6.80) 0.316 
Low HDL 9.2 Ref  10.7 1.07 (0.41-2.84) 0.888  14.0 1.27 (0.40-4.04) 0.686  11.9 1.16 (0.50-2.67) 0.729  14.6 1.20 (0.36-3.96) 0.764 
High hs-CRP 19.3 Ref  21.4 0.98 (0.46-2.08) 0.952  18.6 0.59 (0.22-1.63) 0.310  19.7 0.73 (0.38-1.41) 0.350  17.1 0.48 (0.17-1.36) 0.168 
High HOMA-IRa 21.4 Ref  20.3 1.36 (0.46-4.05) 0.580  38.1 2.43 (0.67-8.82) 0.178  27.9 2.06 (0.79-5.36) 0.139  27.8 1.87 (0.41-8.59) 0.423 
Female (601) 
n 228  141  65  120  47 
High FMI 21.5 Ref  28.4 1.33 (0.80-2.21) 0.279  21.5 0.96 (0.47-1.97) 0.917  26.7 1.45 (0.84-2.50) 0.182  31.9 2.23 (1.05-4.72) 0.037 
High BP 14.0 Ref  12.8 0.78 (0.40-1.50) 0.455  13.8 0.88 (0.38-2.06) 0.766  13.3 0.96 (0.48-1.92) 0.915  14.9 0.89 (0.34-2.31) 0.814 
High TG 10.1 Ref  9.2 0.90 (0.43-1.91) 0.792  9.2 0.79 (0.30-2.13) 0.648  9.2 0.85 (0.38-1.88) 0.690  14.9 1.53 (0.57-4.08) 0.399 
Low HDL 5.3 Ref  5.0 0.95 (0.33-2.71) 0.918  3.1 0.41 (0.08-2.08) 0.281  5.0 0.87 (0.29-2.62) 0.801  2.1 0.20 (0.02-1.86) 0.159 
High hs-CRP 18.0 Ref  22.0 1.17 (0.66-2.07) 0.581  29.2 2.05 (1.02-4.14) 0.045  20.8 1.18 (0.64-2.16) 0.603  12.8 0.48 (0.17-1.34) 0.164 
High HOMA-IRa 24.3 Ref   24.2 0.81 (0.36-1.80) 0.601   21.7 0.95 (0.28-3.26) 0.940   26.0 0.82 (0.34-1.99) 0.661   34.8 2.93 (0.91-9.46) 0.074 
Abbreviations: FMI, fat mass index; BP, blood pressure; TG, triglycerides; HDL, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; HOMA-IR, 
homeostatic model assessment of insulin resistance. High HOMA-IRa: 240 males and 265 females.  
Adjusted for age, study, study center, parental highest education, season, pubertal stage, sedentary, MVPA, depression, fasting status (except for high HOMA-IR), total EI, carbohydrate 
intake, and FMI (except for high FMI). 
P-values < 0.01 are highlighted in bold, which remained significant after Bonferroni correction using the Nyholt method. 

 

 
 

  

Publication II_____________________________________________________________________________________

78/134





11 
 

Adjusted for age, sex (except for males and females), study, study center, parental highest education, season, pubertal stage, sedentary, MVPA, depression, total EI, 
carbohydrate intake, and FMI (except for FMI). 
P-values < 0.05 are highlighted in bold (No correction for multiple testing was performed because of the reduced sample size). 
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Table S7. Associations between sleep clusters and dichotomous cardiometabolic risk factors in adolescents only with  fasting status 
 Good sleep  Delayed sleep phase  Sleep irregularity and variability   Fragmented sleep  Prolonged sleep latency 
Outcomes % OR (95%CI)  % OR (95%CI) P   % OR (95%CI) P   % OR (95%CI) P   % OR (95%CI) P 
Total (511) 
n 162  125  45  137  42 
High FMI 20.4 Ref  24.0 1.07 (0.59-1.93) 0.822  28.9 1.53 (0.69-3.41) 0.297  26.3 1.48 (0.82-2.64) 0.191  31.0 1.95 (0.84-4.51) 0.118 
High BP 14.2 Ref  14.4 1.04 (0.51-2.12) 0.916  15.6 0.78 (0.29-2.12) 0.631  16.1 1.06 (0.52-2.15) 0.876  19.0 1.56 (0.56-4.31) 0.396 
High TG 3.1 Ref  2.4 0.61 (0.13-2.97) 0.543  15.6 5.97 (1.46-24.45) 0.013  5.1 1.76 (0.46-6.73) 0.411  2.4 0.80 (0.07-9.06) 0.856 
Low HDL 5.6 Ref  4.8 0.53 (0.16-1.79) 0.306  8.9 0.65 (0.14-3.06) 0.590  7.3 0.87 (0.28-2.69) 0.811  4.8 0.62 (0.10-3.84) 0.609 
High hs-CRP 19.1 Ref  21.6 1.29 (0.68-2.43) 0.431  26.7 1.16 (0.50-2.70) 0.725  19.0 0.97 (0.50-1.88) 0.921  16.7 0.49 (0.17-1.38) 0.177 
Male (241)                   
n 56  59  21  86  19 
High FMI 23.2 Ref  18.6 0.58 (0.21-1.57) 0.286  42.9 2.28 (0.68-7.64) 0.181  24.4 1.11 (0.46-2.67) 0.815  42.1 2.56 (0.71-9.25) 0.153 
High BP 16.1 Ref  20.3 1.43 (0.50-4.09) 0.509  19.0 0.67 (0.16-2.83) 0.588  18.6 1.04 (0.37-2.93) 0.937  21.1 1.20 (0.26-5.55) 0.820 
High TG 3.6 Ref  1.7 0.23 (0.01-4.20) 0.319  23.8 10.23 (0.69-152.3) 0.093  5.8 1.92 (0.23-16.26) 0.550  0.0 Inf 0.993 
Low HDL 8.9 Ref  6.8 0.42 (0.08-2.19) 0.302  14.3 0.37 (0.04-3.16) 0.368  11.6 1.22 (0.28-5.30) 0.790  10.5 0.70 (0.08-6.25) 0.753 
High hs-CRP 12.5 Ref  18.6 1.53 (0.46-5.09) 0.485  19.0 0.47 (0.09-2.37) 0.359  16.3 0.82 (0.25-2.62) 0.734  15.8 0.29 (0.04-1.85) 0.190 
Female (270) 
n 106  66  24  51  23 
High FMI 18.9 Ref  28.8 1.63 (0.76-3.51) 0.212  16.7 0.81 (0.23-2.85) 0.747  29.4 1.66 (0.71-3.91) 0.246  21.7 1.11 (0.32-3.86) 0.866 
High BP 13.2 Ref  9.1 0.58 (0.19-1.80) 0.349  12.5 1.06 (0.25-4.57) 0.935  11.8 1.09 (0.34-3.54) 0.881  17.4 2.12 (0.47-9.64) 0.333 
High TG 2.8 Ref  3.0 1.40 (0.18-10.67) 0.744  8.3 5.61 (0.57-55.66) 0.142  3.9 1.39 (0.15-13.3) 0.774  4.3 0.89 (0.04-18.91) 0.941 
Low HDL 3.8 Ref  3.0 0.51 (0.06-4.70) 0.554  4.2 2.18 (0.11-42.02) 0.606  0.0 Inf 0.995  0.0 Inf 0.997 
High hs-CRP 22.6 Ref  24.2 1.06 (0.48-2.34) 0.877  33.3 1.91 (0.66-5.55) 0.234  23.5 1.03 (0.43-2.51) 0.943  17.4 0.53 (0.13-2.13) 0.375 
Abbreviations: FMI, fat mass index; BP, blood pressure; TG, triglycerides; HDL, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein.  
Adjusted for age, sex (except for males and females), study, study center, parental highest education, season, pubertal stage, sedentary, MVPA, depression, total EI, carbohydrate 
intake, and FMI (except for high FMI). 
P-values < 0.05 are highlighted in bold (No correction for multiple testing was performed because of the reduced sample size). 
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HOMA-IRa Ref  0.96 (0.83-1.11) 0.612  1.18 (0.94-1.48) 0.147  1.07 (0.92-1.24) 0.406  1.15 (0.92-1.44) 0.220 
Abbreviations: FMI, fat mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoprotein cholesterol; TC, total cholesterol; TG, 
triglycerides; LDL, low-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance; MR, means ratio. HOMA-IRa: 240 males and 265 
females. 
Adjusted for age, sex (except for males and females), study, study center, parental highest education, season, pubertal stage, sedentary, MVPA, depression, fasting status 
(except for HOMA-IR), total EI, carbohydrate intake, and FMI (except for FMI).  
P-values < 0.007 are highlighted in bold, which remained significant after Bonferroni correction using the Nyholt method. 
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Table S9. Associations between sleep clusters and dichotomous cardiometabolic risk factors in adolescents only on weekdays 
 Good sleep   Delayed sleep phase  Sleep irregularity and 

variability  
 Fragmented sleep  Prolonged sleep latency 

Outcomes % OR (95%CI)  % OR (95%CI) P   % OR (95%CI) P   % OR (95%CI) P   % OR (95%CI) P 
Total (1090) 
n 407  210  89  311  73 
High FMI 22.4 Ref  23.3 0.94 (0.62-1.42) 0.775  29.2 1.54 (0.89-2.65) 0.119  27.0 1.45 (1.004-2.10) 0.048  30.1 1.75 (0.97-3.18) 0.064 
High BP 18.9 Ref  15.2 0.78 (0.49-1.25) 0.305  20.2 0.85 (0.46-1.57) 0.597  20.6 0.87 (0.58-1.30) 0.499  20.5 0.81 (0.41-1.59) 0.543 
High TG 9.6 Ref  10.5 1.23 (0.69-2.20) 0.487  21.3 2.42 (1.25-4.65) 0.008  12.9 1.22 (0.73-2.02) 0.449  13.7 1.43 (0.64-3.23) 0.383 
Low HDL 6.4 Ref  6.7 1.08 (0.53-2.18) 0.840  9.0 1.11 (0.46-2.70) 0.818  9.3 1.15 (0.63-2.08) 0.656  9.6 1.04 (0.40-2.72) 0.928 
High hs-CRP 19.7 Ref  22.4 1.17 (0.76-1.80) 0.479  20.2 0.89 (0.49-1.65) 0.721  19.0 0.85 (0.56-1.28) 0.444  19.2 0.66 (0.33-1.32) 0.239 
High HOMA-
IRa 20.8 Ref  23.6 1.19 (0.64-2.25) 0.581  37.1 2.25 (0.97-5.25) 0.060  27.6 1.45 (0.80-2.62) 0.216  34.2 3.06 (1.24-7.57) 0.016 

Male (489)                   
n 148  80  41  183  37 
High FMI 20.3 Ref  23.8 1.24 (0.62-2.48) 0.547  31.7 2.14 (0.92-4.96) 0.077  27.9 1.78 (1.01-3.11) 0.045  24.3 1.42 (0.55-3.62) 0.469 
High BP 26.4 Ref  21.2 0.79 (0.40-1.56) 0.491  34.1 1.06 (0.47-2.37) 0.891  25.1 0.80 (0.47-1.37) 0.424  21.6 0.58 (0.23-1.49) 0.259 
High TG 11.5 Ref  12.5 1.42 (0.56-3.59) 0.455  26.8 2.33 (0.87-6.23) 0.092  15.3 1.24 (0.60-2.53) 0.563  10.8 0.89 (0.25-3.20) 0.853 
Low HDL 9.5 Ref  12.5 1.57 (0.62-3.97) 0.345  7.3 0.54 (0.13-2.21) 0.396  12.6 1.17 (0.54-2.49) 0.693  16.2 1.41 (0.44-4.49) 0.560 
High hs-CRP 20.9 Ref  18.8 0.74 (0.35-1.59) 0.444  14.6 0.35 (0.12-1.03) 0.058  19.7 0.62 (0.34-1.13) 0.120  21.6 0.58 (0.21-1.61) 0.300 
High HOMA-
IRa 22.4 Ref  21.3 0.93 (0.32-2.71) 0.889  41.2 2.89 (0.77-10.88) 0.119  26.5 1.24 (0.50-3.08) 0.635  29.4 2.03 (0.45-9.08) 0.356 

Female (601) 
n 259  130  48  128  36 
High FMI 23.6 Ref  23.1 0.76 (0.45-1.29) 0.308  27.1 1.11 (0.52-2.37) 0.788  25.8 1.17 (0.69-1.97) 0.562  36.1 2.43 (1.08-5.49) 0.033 
High BP 14.7 Ref  11.5 0.67 (0.34-1.33) 0.248  8.3 0.56 (0.19-1.72) 0.315  14.1 1.01 (0.52-1.93) 0.986  19.4 1.16 (0.43-3.10) 0.769 
High TG 8.5 Ref  9.2 1.10 (0.50-2.41) 0.812  16.7 2.16 (0.85-5.47) 0.105  9.4 1.09 (0.50-2.36) 0.832  16.7 2.62 (0.90-7.63) 0.079 
Low HDL 4.6 Ref  3.1 0.63 (0.18-2.19) 0.467  10.4 2.55 (0.77-8.49) 0.126  4.7 0.97 (0.33-2.88) 0.953  2.8 0.40 (0.04-3.63) 0.414 
High hs-CRP 18.9 Ref  24.6 1.40 (0.80-2.45) 0.234  25.0 1.69 (0.76-3.73) 0.199  18.0 0.96 (0.53-1.75) 0.896  16.7 0.53 (0.19-1.53) 0.242 
High HOMA-
IRa 19.8 Ref  25.4 1.34 (0.57-3.10) 0.501  33.3 1.84 (0.55-6.22) 0.324  29.4 1.58 (0.67-3.70) 0.296  38.1 4.23 (1.24-14.44) 0.022 

Abbreviations: FMI, fat mass index; BP, blood pressure; TG, triglycerides; HDL, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; HOMA-IR, 
homeostatic model assessment of insulin resistance. High HOMA-IRa: 240 males and 265 females. 
Adjusted for age, sex (except for males and females), study, study center, parental highest education, season, pubertal stage, sedentary, MVPA, depression, fasting status (except 
for high HOMA-IR), total EI, carbohydrate intake, and FMI (except for high FMI).  
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P-values < 0.01 are highlighted in bold, which remained significant after Bonferroni adjustment using the Nyholt method. 

Publication II_____________________________________________________________________________________

85/134













22 
 

References: 

1. Kassambara A. Practical guide to cluster analysis in R: Unsupervised machine learning, Edition 1. Sthda, 2017. 

2. Kelta Z. Principal Component Analysis in R Tutorial  [Accessed 30th June 2023]. Available from: https://www.datacamp.com/tutorial/pca-analysis-r. 

3. Matt.0. 10 Tips for Choosing the Optimal Number of Clusters 2019 [Accessed 30th June 2023]. Available from: https://towardsdatascience.com/10-
tips-for-choosing-the-optimal-number-of-clusters-277e93d72d92. 

4. Kansagra S. Sleep Disorders in Adolescents. Pediatrics 2020;145: S204-S209. 

5. Nyholt DR. A simple correction for multiple testing for single-nucleotide polymorphisms in linkage disequilibrium with each other. Am J Hum Genet 
2004;74: 765-769. 

 

 

Publication II_____________________________________________________________________________________

91/134

https://www.datacamp.com/tutorial/pca-analysis-r
https://towardsdatascience.com/10-tips-for-choosing-the-optimal-number-of-clusters-277e93d72d92
https://towardsdatascience.com/10-tips-for-choosing-the-optimal-number-of-clusters-277e93d72d92


https://link.springer.com/article/10.1007/s12519-024-00872-5#Sec14


Vol.:(0123456789)

World Journal of Pediatrics 
https://doi.org/10.1007/s12519-024-00872-5

ORIGINAL ARTICLE

Accelerometry-assessed sleep clusters and�obesity in�adolescents 
and�young adults: a�longitudinal analysis in�GINIplus/LISA birth 
cohorts

Mingming�Wang1,2�• Claudia�Flexeder1,3�• Carla�P.�Harris1,4�• Sara�Kress5�• Tamara�Schikowski5�• Annette�Peters1,6�• 
Marie�Standl1,7 

Received: 26 August 2024 / Accepted: 11 December 2024 
© The Author(s) 2024

Abstract
Background  Some studies have revealed various sleep patterns in adolescents and adults using multidimensional objective 
sleep parameters. However, it remains unknown whether these patterns are consistent from adolescence to young adulthood 
and how they relate to long-term obesity.
Methods  Seven-day accelerometry was conducted in German Infant Study on the in�uence of Nutrition Intervention PLUS 
environmental and genetic in�uences on allergy development�(GINIplus) and In�uence of Lifestyle factors on the develop-
ment of the Immune System and Allergies in East and West Germany�(LISA) birth cohorts during the 15-year and 20-year 
follow-ups, respectively. Five sleep clusters were identi�ed by k-means cluster analysis using 12 sleep characteristics at each 
follow-up. Adjusted linear and logistic regression models using generalized estimating equations were examined. Further, 
the interaction e�ects with time of follow-ups and polygenic risk scores (PRS) for body mass index (BMI) were tested.
Results  Five sleep clusters were classi�ed consistently in both adolescence (n = 1347, aged 14.3�16.4�years) and young 
adulthood (n = 1262, aged 19.5�22.4�years). Adolescents in the �good sleep�, �delayed sleep phase�, and �fragmented sleep� 
clusters displayed greater stability transitioning into young adulthood, while those in the �sleep irregularity and variability�, 
and �prolonged sleep latency� clusters showed lower stability (n = 636). Compared to the �good sleep� cluster, the �prolonged 
sleep latency� cluster exhibited associations with higher BMI [� = 0.56, 95% con�dence interval (CI) = (0.06, 1.05)] and 
increased odds of overweight/obesity [Odds ratio = 1.55, 95%�CI = (1.02, 2.34)]. No signi�cant PRS-sleep cluster interaction 
was found for BMI or overweight/obesity. Among males only, the �delayed sleep phase�, �sleep irregularity and variability� 
and �fragmented sleep� clusters showed stronger associations with overweight/obesity as age increased.
Conclusion  Adolescents and young adults shared �ve consistent sleep patterns, with the �prolonged sleep latency� pattern 
linked to higher BMI and overweight/obesity.

Keywords  Accelerometry�• Adolescents�• Obesity�• Sleep clusters�• Young adults
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Introduction

Insu�cient sleep is associated with increased risks of 
obesity and cardiovascular diseases [1, 2], prompting its 
inclusion as an eighth essential factor for cardiovascular 
health by the American Heart Association in 2022 [3]. 
Apart from sleep duration [4], other sleep dimensions are 
recognized as obesity risk factors, such as sleep e�ciency 
[5], variability [6], and timing [7]. These sleep character-
istics are interrelated within an individual, making sleep 
health a multidimensional construct with overlapping 
components [8].

Some studies have identi�ed diverse sleep patterns in 
children, adolescents, and adults, using comprehensive 
approaches by considering multiple objective sleep char-
acteristics [9�13]. Cluster analysis e�ectively groups simi-
lar individuals by accounting for the correlations among 
various sleep characteristics [8]. Recently, we identi�ed 
�ve sleep clusters in German adolescents by K-means 
cluster analysis across 12 accelerometry-assessed sleep 
characteristics, and observed an association between �pro-
longed sleep latency� cluster and higher fat mass index 
[14]. Another recent study identi�ed three sleep clusters 
for males and females among Brazil young adults using 
K-means cluster analysis on seven sleep characteristics 
measured mainly by accelerometry, with �healthy sleep-
ers� cluster showing lower prevalence of overweight [13]. 
However, it is poorly understood whether objective sleep 
patterns change during the transition from adolescence 
into young adulthood due to substantial physiological, 
psychological, and environmental shifts [15, 16]. To our 
knowledge, no study has comprehensively identi�ed sleep 
patterns with multiple objective sleep characteristics, 
across both adolescence and young adulthood.

In addition, it is unclear whether objective sleep pat-
terns interact with obesity-related genetic variants [17]. 
One study reported uncorrected interactions between 
objective sleep duration and three gene loci affecting 
body mass index (BMI) in 643 New Zealand children [18]. 
Furthermore, evidence remains scarce on examining sex 
di�erences in relationships between objective sleep char-
acteristics and obesity during the transition from adoles-
cence into young adulthood. A study from USA revealed 
that subjective short sleep was linked to obesity only in 
adolescent males, but was linked to incident obesity in 
both sexes during young adulthood [19].

Therefore, we aimed to investigate longitudinal associa-
tions of clustering-identi�ed sleep patterns, using multi-
dimensional accelerometry-assessed sleep characteristics, 
with BMI and overweight/obesity in adolescence and 
young adulthood, and to explore sleep interaction e�ects 
with time of follow-ups and genetic risk.

Methods

Study population

Data were obtained from two ongoing German birth cohorts, 
German Infant Study on the in�uence of Nutrition Interven-
tion PLUS environmental and genetic in�uences on allergy 
development�(GINIplus) and In�uence of Lifestyle factors 
on the development of the Immune System and Allergies in 
East and West Germany�(LISA). More details are available 
elsewhere [20�22]. For two cohorts, 1682 participants from 
Munich and Wesel at the 15-year follow-up (15 y) between 
2011 and 2014, and 1595 participants from Munich, Wesel 
and Bad Honnef at the 20-year follow-up (20 y) between 
2016 and 2020, consented to and completed accelerometry 
measurements.

For the main analyses, a total of 1973 participants at 15 y 
(n = 1347) and/or 20 y (n = 1262) in Munich or Wesel were 
included, with 636 participants having repeated data at both 
follow-ups. A subset of 1087 participants (n = 775 at 15 
y; n = 701 at 20 y) with genetic data were used for genetic 
analysis, including 389 with repeated exposures and out-
comes. Participants were included if they had at least three 
weekdays and one weekend day of valid accelerometry data 
for � 10�hours/day. Figure�1 o�ers detailed inclusion criteria. 
Local ethics committees approved both cohorts, and all par-
ticipants and their parents wrote informed consents.

Sleep assessment, characteristics, and�clusters

Accelerometry

A validated triaxial accelerometer (ActiGraph GT3X, Pen-
sacola, Florida) was applied at both follow-ups [23, 24]. 
Participants wore accelerometers on non-dominant hand-
side wrists at night for assessing sleep, and on dominant 
hips during the day for measuring physical activity (PA), for 
seven consecutive days during a regular school/work week. 
Participants also kept sleep diaries to record the times they 
went to bed and got up, corresponding with the transition 
of the accelerometer from hip to wrist in the evening and 
back in the morning. Accelerometry measurements details 
are available elsewhere [25�27].

Objective sleep characteristics

Accelerometry-assessed sleep data were analyzed with 
ActiLife software (�rmware 4.4.0; version 5.5.5 at 15 y; 
version 6.11.2 at 20 y) based on the Sadeh algorithm [28]. 
Accelerations were sampled at 30�Hz, converted to propri-
etary �activity count units�, and stored at 1�Hz, aggregated 
over one-second intervals. The �probability of sleep� was 
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calculated as a score centered around zero for each minute 
of recorded time-in-bed. A score was classi�ed as �asleep� 
if it was zero or positive, and �awake� if negative. Six sleep 
characteristics were generated per valid night: (1) total 
sleep time (hours), algorithm-scored total �asleep� minutes 
divided by 60; (2) sleep e�ciency (%), ratio of algorithm-
scored �asleep� minutes to diary-recorded total time in bed; 
(3) sleep midpoint timing (24-hour clock), �rst algorithm-
scored minute of �asleep� plus half of total sleep time, con-
verted to 24-hour clock; (4) sleep latency (minutes), total 
number of minutes between diary-recorded timing of going 
to bed and the �rst algorithm-scored minute of �asleep�; (5) 
time awake per hour after sleep onset (minutes/hour), total 
algorithm-scored awake minutes after sleep onset, divided 
by hours spent in bed after sleep onset; and (6) awaken-
ings per hour after sleep onset (numbers/hour), total algo-
rithm-scored di�erent awakening episodes after sleep onset, 
divided by hours spent in bed after sleep onset. Six average 
sleep characteristics were computed as mean value across 
all valid days, and their day-to-day variability was computed 
as standard deviation (SD). Twelve sleep characteristics 

were included for cluster analysis: (averaged) total sleep 
time (TST), sleep e�ciency (SE), sleep latency (SL), time 
awake per hour after sleep onset (WASO/h), awakenings per 
hour after sleep onset (awakenings/h), sleep midpoint tim-
ing (SMT), SD in total sleep time (SD in TST), SD in sleep 
e�ciency (SD in SE), SD in sleep latency (SD in SL), SD 
in time awake per hour after sleep onset (SD in WASO/h), 
and SD in awakenings per hour after sleep onset (SD in 
awakenings/h), SD in sleep midpoint timing (SD in SMT).

Sleep clusters

Five sleep clusters at 15 y were identi�ed previously: good 
sleep, delayed sleep phase, sleep irregularity and variability, 
fragmented sleep, and prolonged sleep latency [14]. Sleep 
cluster at 20�y were identi�ed in the current study.

Subjective sleep characteristics included reported�time in 
bed, sleep quality, sleep di�culties, di�culty falling asleep, 
di�culty staying asleep. More detailed de�nitions are pre-
sented in Supplementary�Method S1.

Body mass index measurements

At 15 y, participants� body weight (kg) and height (m) were 
measured objectively by physical examinations (n = 1197) 
and parent-reported by questionnaires (n = 150). At 20 y, 
participants self-reported weight and height by question-
naires. BMI was calculated as weight divided by height 
squared (kg/m2). The objective BMI strongly correlated 
with subjective BMI (Pearson coe�cient = 0.95) at 15 y, 
and BMI z-scores were computed following World Health 
Organization references [29]. BMI were categorized into 
overweight/obesity and non-overweight/obesity, de�ned as 
BMI z-scores > 1 and � 1 for adolescents [29], and BMI � 25 
and < 25�kg/m2 for adults [30], respectively.

Confounders

Potential confounders included time of follow-ups (15 y 
and 20 y), the time-independent variables: sex, study (GINI 
observation arm, GINI intervention arm, and LISA study), 
study center (Munich and Wesel), parental highest education 
level (low/medium: � 10th grade; high: > 10th grade); and 
the time-dependent variables: age at BMI measurements, 
BMI measurement methods (examination vs. questionnaire 
at 15 y; questionnaire at 20 y), season of sleep measure-
ments (spring, summer, autumn, and winter), accelerom-
etry-measured sedentary behavior, moderate-to-vigorous 
physical activity (MVPA), and total energy intake (kcal) at 
two follow-ups, respectively. In both follow-ups, sedentary, 
MVPA [25] and total energy intake were obtained using the 
same protocol. Accelerometry-measured PA was categorized 
into sedentary (by Aguilar-Farías [31]), light, moderate, and 

Fig. 1   Flow chart of participants. GINIplus German Infant Study 
on the in�uence of Nutrition Intervention PLUS environmental and 
genetic in�uences on allergy development, LISA In�uence of Life-
style factors on the development of the Immune System and Allergies 
in East and West Germany. a: Inclusion for sleep data: (1) at least 
three weekdays and one weekend day of valid accelerometry record-
ing for � 10�hours/day; (2) 2�hours � daily total sleep time � 15�hours; 
(3) daily sleep e�ciency � 20%; (4) daily sleep onset timing between 
17:00 and 08:00. b: Inclusion for participants: (1) participants in 
Munich and Wesel study centers; (2) complete outcomes; (3) com-
plete confounders, except for total energy intake
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vigorous PA using triaxial cuto�s by Romanzini [32], with 
moderate and vigorous PA combined into MVPA. This study 
used the averaged sedentary (hours) and MVPA (minutes) 
from all valid days. Total energy intake was computed 
from a self-administered food frequency questionnaire [33, 
34], with missing values (n = 284 at 15�y; n = 243 at 20�y) 
imputed using a linear regression model based on sex, age, 
study, study center, and parental highest education [35].

Polygenic risk score for�BMI

Genotyping for GINIplus and LISA was conducted using 
Affymetrix Chip 5.0 and 6.0 (Thermo Fisher, USA) in 
Munich and In�nium Global Screening Array GSA v2 MD 
(Illumina, USA) in Wesel. Quality control and genotype 
imputation details were previously published [36, 37]. PRS 
for BMI were computed according to 97 genome-wide sig-
ni�cant single nucleotide polymorphisms (SNPs) [38]. Of 
the 97 SNPs, 95 SNPs available in Munich, and 96 SNPs 
available in Wesel were included for polygenic risk score 
(PRS) calculation, respectively [39]. Standardized PRS were 
used, with higher values indicating increased risk for high 
BMI. SNPs lists can be found previously [39].

Statistical analysis

At both follow-ups, 12 sleep characteristics were first 
standardized, then tested for their Spearman correlation, 
followed by hierarchical cluster analysis using Euclidean 
distance and Ward�s linkage (Ward.D2), and k-means clus-
ter analysis. Details on sleep cluster number selection at 
15�y has been described previously [14]. The �nal num-
ber of sleep clusters at 20 y was determined to be �ve after 
evaluating: (1) interpretation of k-means results; (2) results 
of principal component analysis (Supplementary�Table�S1, 
where �ve components balance the criteria of eigenval-
ues > 1 and a cumulative variance > 80%); (3) dendrogram 
of hierarchical clustering (Supplementary�Fig.�S1); and (4) 
visualized results from sum of squares method (Supplemen-
tary�Fig.�S2). The principal component analysis plots (Sup-
plementary�Fig.�S3) visually validated similar clustering pat-
terns at 15 y and 20 y, according to a systematic framework 
[40]. In the �nal K-means cluster analysis at each follow-
up, �ve clusters were designated, using 50 random initial 
centroids. In addition, the K-means cluster analyses were 
limited to participants with data available at both time points 
(n = 636) to test the agreement of sleep�pattern classi�cation 
between the full dataset and the subsample. Di�erences in 
characteristics by sex and by sleep clusters were assessed 
using one-way analysis of variance and Kruskal�Wallis rank 
sum test for continuous variables, and Chi-square test for 
categorical variables, followed by Bonferroni-adjusted post-
hoc tests.

Linear and logistic regression models using generalized 
estimating equations (GEE) were used to evaluate longitudi-
nal associations of sleep clusters with BMI and overweight/
obesity. GEE models can estimate population-averaged 
e�ects across repeated measurements and provide robust 
estimates, even with only one time-point data for some par-
ticipants. Boxplot inspection identi�ed BMI outliers, none of 
which were excluded. Three models were examined: Model 
1 was adjusted for time of follow-ups, sex, age, study, study 
center, parental highest education, and BMI measurement 
methods; Model 2 was further adjusted for season, seden-
tary, MVPA, and total energy intake; Model 3 was Model 
2 plus PRS interaction term with sleep clusters. The results 
were presented as � with 95% con�dence interval (CI), and 
odds ratio (OR) with 95%CI, respectively. P < 0.05 was con-
sidered statistically signi�cant.

Furthermore, the interaction e�ects of sleep clusters with 
sex and time of follow-ups were examined, followed by sex- 
and time-strati�ed analyses (cross-sectional analyses at two 
time-points). Four sensitivity analyses were conducted: (1) 
including participants with repeated sleep and BMI data at 
both follow-ups (n = 636); (2) excluding participants with 
missing total energy intake; (3) excluding participants with 
parent-reported BMI at 15 y; (4) determining sleep clusters 
by sleep characteristics excluding weekends (the nights from 
Friday to Saturday and Saturday to Sunday). All statistical 
analyses were conducted in R (version 4.3.1) [41].

Results

Table�1 presents participants characteristics overall and by 
sex, in adolescence and young adulthood. In adolescence, 
males had higher prevalence of having overweight/obesity 
than females, yet no signi�cant di�erence between sexes 
was observed in young adulthood. From adolescence to 
young adulthood, averaged TST decreased (7.2�6.6�hours), 
SE increased (79.3%�84.4%), SMT was one� hour later 
(2:36�3:36) and SL was shortened (18.7�6.8� minutes, 
Table�2). Day-to-day variability in six sleep characteristics 
exhibited minimal changes, except for a decrease of SD 
in SL (14.9�6.7�minutes). In addition, females had higher 
TST than males (7.3 vs. 7.0�hours in adolescence; 6.8 vs. 
6.5�hours in young adulthood). More details can be found in 
Supplementary�Table�S2. 

Five sleep clusters in young adulthood were identi�ed and 
consistent with those during adolescence [14], and named 
by their unique parameters: (1) �good sleep�, marked by 
higher TST and SE; (2) �delayed sleep phase�, distinguished 
by later SMT, higher SE, and SD in SMT; (3) �sleep irregu-
larity and variability�, characterized by higher SD in most 
sleep characteristics and higher WASO/h; (4) �fragmented 
sleep�, demonstrating longer WASO/h and more frequent 
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Table 1   Participants characteristics in adolescence and young adulthood

The results are presented as mean – standard deviation or n (%). BMI body mass index, MVPA moderate-to-vigorous physical activity, GINIplus 
German Infant Study on the in�uence of Nutrition Intervention PLUS environmental and genetic in�uences on allergy development; LISA In�u-
ence of Lifestyle factors on the development of the Immune System and Allergies in East and West Germany
Overweight/obesity: BMI z-score > 1 for adolescents; BMI � 25�kg/m2 for adults according to World Health Organization
The number of participants with available total energy intake: n = 1063 in adolescence; n = 1019 in young adulthood. P value: one-way analysis 
of variance was used for continuous variables, and Chi-square test was used for categorical variables. P values < 0.05 were highlighted in bold

Characteristics Adolescence Young adulthood

Total Male Female P�value Total Male Female P value

N 1347 611 736 1262 491 771
Age, y 15.2 – 0.3 15.2 – 0.3 15.2 – 0.3 0.397 20.2 – 0.4 20.3 – 0.4 20.2 – 0.4  < 0.001
Study, n (%) 0.238 0.036
�GINIplus observation 497 (36.9) 217 (35.5) 280 (38.0) 488 (38.7) 174 (35.4) 314 (40.7)
�GINIplus intervention 509 (37.8) 226 (37.0) 283 (38.5) 480 (38.0) 185 (37.7) 295 (38.3)
�LISA 341 (25.3) 168 (27.5) 173 (23.5) 294 (23.3) 132 (26.9) 162 (21.0)

Study center, n (%) 0.016 0.003
�Munich 818 (60.7) 393 (64.3) 425 (57.7) 762 (60.4) 322 (65.6) 440 (57.1)
�Wesel 529 (39.3) 218 (35.7) 311 (42.3) 500 (39.6) 169 (34.4) 331 (42.9)

Weight, kg 61.1 – 11.0 63.9 – 11.8 58.7 – 9.7  < 0.001 68.7 – 12.6 76.6 – 10.9 63.8 – 11.0  < 0.001
Height, cm 171.4 – 8.1 176.2 – 7.4 167.4 – 6.3  < 0.001 174.5 – 9.6 183.2 – 6.8 169.0 – 6.4  < 0.001
BMI, kg/m2 20.7 – 3.0 20.5 – 3.1 20.9 – 3.0 0.022 22.5 – 3.3 22.8 – 2.9 22.3 – 3.5 0.009
BMI z-score 0.1 – 1.0 0.0 – 1.1 0.1 – 0.9 0.661
Overweight/obesity, n (%) 0.004 0.635
�No 1120 (83.1) 488 (79.9) 632 (85.9) 1040 (82.4) 401 (81.7) 639 (82.9)
�Yes 227 (16.9) 123 (20.1) 104 (14.1) 222 (17.6) 90 (18.3) 132 (17.1)

BMI measurement methods, n (%) 0.342 NA
�Examination 1197 (88.9) 537 (87.9) 660 (89.7)
�Questionnaire 150 (11.1) 74 (12.1) 76 (10.3) 1262 (100.0) 491 (100.0) 771 (100.0)

Sleep clusters, n (%)  < 0.001  < 0.001
�Good sleep 440 (32.7) 154 (25.2) 286 (38.8) 389 (30.8) 103 (21.0) 286 (37.1)
�Delayed sleep phase 245 (18.2) 101 (16.5) 144 (19.6) 330 (26.2) 133 (27.1) 197 (25.6)
�Sleep irregularity and 

variability
130 (9.6) 54 (8.8) 76 (10.3) 132 (10.5) 60 (12.2) 72 (9.3)

�Fragmented sleep 424 (31.5) 249 (40.8) 175 (23.8) 340 (26.9) 158 (32.2) 182 (23.6)
�Prolonged sleep 

latency
108 (8.0) 53 (8.7) 55 (7.5) 71 (5.6) 37 (7.5) 34 (4.4)

Season, n�(%) 0.326 0.454
�Spring 355 (26.4) 168 (27.5) 187 (25.4) 349 (27.7) 129 (26.3) 220 (28.5)
�Summer 198 (14.7) 79 (12.9) 119 (16.2) 342 (27.1) 129 (26.3) 213 (27.6)
�Autumn 437 (32.4) 205 (33.6) 232 (31.5) 297 (23.5) 127 (25.9) 170 (22.1)
�Winter 357 (26.5) 159 (26.0) 198 (26.9) 274 (21.7) 106 (21.6) 168 (21.8)

Total energy intake, 
kcal/day

2076.4 – 647.6 2374.5 – 645.0 1851.5 – 552.1  < 0.001 1776.3 – 661.1 2146.2 – 690.7 1583.6 – 555.3  < 0.001

Sedentary behavior, 
hours

8.3 – 1.4 8.0 – 1.5 8.5 – 1.3  < 0.001 8.4 – 1.5 8.3 – 1.7 8.4 – 1.5 0.762

MVPA, minutes 50.8 – 27.1 57.7 – 27.3 45.2 – 25.7  < 0.001 46.2 – 23.7 48.9 – 23.6 44.6 – 23.6 0.002
Parental highest education, n (%) 0.748 0.017
�Low/medium 395 (29.3) 176 (28.8) 219 (29.8) 355 (28.1) 119 (24.2) 236 (30.6)
�High 952 (70.7) 435 (71.2) 517 (70.2) 907 (71.9) 372 (75.8) 535 (69.4)
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awakenings/h; and (5) �prolonged sleep latency�, exhibiting 
higher SL, SD in SL, and WASO/h (Table�2 and Fig.�2a). 
Supplementary�Table�S3 demonstrates that, in adolescence, 
the �good sleep� and �delayed sleep phase� clusters subjec-
tively reported shorter time in bed with higher sleep quality, 
while the �prolonged sleep latency� cluster had the oppo-
site. In young adulthood, the �delayed sleep phase� cluster 
reported the lowest time in bed. Supplementary�Table�S2 
and�Supplementary Table�S4 display sex-strati�ed sleep 
characteristics and participants characteristics in �ve sleep 
clusters. Figure�2b and Supplementary�Table�S5 illustrate 
sleep clusters transition from adolescence to young adult-
hood among participants with repeated data (n = 636). Ado-
lescents within the �good sleep�, �delayed sleep phase�, and 
�fragmented sleep� clusters were more stable into the same 
cluster during the transition (consistency rate � 40%). Con-
versely, adolescents within the �sleep irregularity and varia-
bility�, and �prolonged sleep latency� clusters showed lower 
stability (consistency rate < 10%). Similar transition patterns 
were found in both sexes. Furthermore, the re-identi�ed 
sleep clusters speci�cally among participants with repeated 
data showed strong agreement with the original analysis 
(Cohen�s kappa = 0.87 in adolescence, 0.78 in young adult-
hood), supporting the robustness and representativeness of 
the sleep�pattern classi�cations (Supplementary�Table�S6).

In GEE regression models, compared to the �good sleep� 
cluster, the �prolonged sleep latency� cluster was associ-
ated with higher BMI [� = 0.56, 95% CI = (0.06, 1.05)] and 
increased odds of having overweight/obesity [OR = 1.55, 
95%�CI = (1.02, 2.34)], after adjustment for confounders 
(Model 2, Table�3). In addition, PRS was associated with 
higher BMI [� = 0.65, 95%�CI = (0.39, 0.91)] and over-
weight/obesity [OR = 1.52, 95%� CI = (1.15, 2.00)], yet 
had no signi�cant gene-sleep cluster interaction (Model 3, 
Table�3). No interaction between sleep clusters and sex was 
detected (P-interaction > 0.05, Supplementary�Table�S7).

No significant interaction of time of follow-ups with 
sleep clusters was found in the total population and in 
females (Supplementary� Table� S8). However, among 
males, significant interactions were observed between 
time of follow-ups and the �delayed sleep phase� cluster 
on BMI, as well as time of follow-ups with �delayed sleep 
phase�, �sleep irregularity and variability� and �frag-
mented sleep� clusters on overweight/obesity (P-interac-
tion < 0.05). Figure�3 shows the visualizations of marginal 
means for BMI and prevalence of overweight/obesity in 
five sleep clusters among males and females. These visu-
alizations also incorporate interaction terms between 
sleep clusters and time of follow-ups from GEE mod-
els. In males only, marginal BMI means in the �delayed 
sleep phase� cluster, and overweight/obesity prevalence 
in �delayed sleep phase�, �sleep irregularity and variabil-
ity� and �fragmented sleep� clusters display higher values Ta

bl
e 

2  
(c

on
tin

ue
d)

Sl
ee

p 
ch

ar
ac

te
ris

tic
s

To
ta

l
Sl

ee
p 

cl
us

te
rs

G
oo

d 
sl

ee
p

D
el

ay
ed

 sl
ee

p 
ph

as
e

Sl
ee

p 
irr

eg
ul

ar
ity

 a
nd

 v
ar

i-
ab

ili
ty

Fr
ag

m
en

te
d 

sl
ee

p
Pr

ol
on

ge
d 

sl
ee

p 
la

te
nc

y
*p

 v
al

ue

M
ea

n
M

ed
ia

n 
(I

Q
R

)
M

ea
n

M
ed

ia
n 

(I
Q

R
)

M
ea

n
M

ed
ia

n 
(I

Q
R

)
M

ea
n

M
ed

ia
n 

(I
Q

R
)

M
ea

n
M

ed
ia

n 
(I

Q
R

)
M

ea
n

M
ed

ia
n 

(I
Q

R
)

��S
D

 in
 

A
w

ak
en

in
gs

/h
, 

nu
m

be
rs

/h

0.
6

0.
6 

(0
.3

)
0.

5
0.

5 
(0

.2
)a

0.
7

0.
6 

(0
.3

)b
0.

9
0.

9 
(0

.4
)c

0.
6

0.
6 

(0
.3

)b
0.

7
0.

6 
(0

.3
)b

 <
 0.

00
1

��S
D

 in
 S

M
T,

 m
in

70
.4

65
.2

 (4
6.

0)
49

.9
47

.9
 (2

9.
2)

a
94

.5
90

.8
 (4

1.
8)

 b
93

.0
88

.3
 (5

3.
0)

b
61

.9
57

.7
 (3

7.
4)

c
69

.5
65

.1
 (4

2.
9)

c
 <

 0.
00

1

Th
e 

re
su

lts
 a

re
 p

re
se

nt
ed

 a
s 

m
ea

n 
an

d 
m

ed
ia

n 
(I

Q
R

) o
f s

le
ep

 c
ha

ra
ct

er
is

tic
s, 

gi
ve

n 
th

at
 m

os
t o

f t
he

m
 d

id
 n

ot
 fo

llo
w

 a
 n

or
m

al
 d

is
tri

bu
tio

n.
 P

 v
al

ue
: K

ru
sk

al
�W

al
lis

 te
st

 w
ith

 D
un

n 
po

st
 h

oc
 te

st
s 

an
d 

B
on

fe
rr

on
i a

dj
us

tm
en

t. 
Sh

ar
in

g 
th

e 
sa

m
e 

le
tte

r 
(a

 b
 c

 d
 e

) 
ar

e 
co

ns
id

er
ed

 n
ot

 s
ig

ni
�c

an
tly

 d
i�

er
en

t (
ad

ju
st

ed
 P

 v
al

ue
s <

 0.
05

). 
Aw

ak
en

in
gs

/h
 a

w
ak

en
in

gs
 p

er
 h

ou
r 

af
te

r 
sl

ee
p 

on
se

t, 
IQ

R 
in

te
rq

ua
rti

le
 ra

ng
e,

 S
D

 st
an

da
rd

 d
ev

ia
tio

n,
 S

E 
sl

ee
p 

e�
ci

en
cy

, S
L 

sl
ee

p 
la

te
nc

y,
 S

M
T 

sl
ee

p 
m

id
po

in
t t

im
in

g,
 T

ST
 to

ta
l s

le
ep

 ti
m

e,
 W

AS
O

/h
 ti

m
e 

aw
ak

e 
pe

r h
ou

r a
fte

r s
le

ep
 o

ns
et

Publication III_____________________________________________________________________________________

99/134



	 World Journal of Pediatrics

Fig. 2   Five sleep clusters and their transitions in adolescence and 
young adulthood. a, Sleep characteristics in each of �ve clusters in 
adolescence and young adulthood. The 12 axes represent 12 sleep 
characteristics, which were scaled to the value between 0 and 1. 
Five colors represent �ve sleep clusters (same as b). Awakenings/h 
awakenings per hour after sleep onset, SD standard deviation, SE 
sleep e�ciency, SL sleep latency, SMT sleep midpoint timing, TST 
total sleep time, WASO/h time awake per hour after sleep onset. b, 

Transitions of sleep clusters from adolescence to young adulthood 
(N = 636), during 5-year follow-up. The line thickness between ado-
lescence and young adulthood represents the proportions of each 
sleep cluster in adolescence that remained in the same cluster or tran-
sitioned to a di�erent cluster in young adulthood. The thicker the line, 
the higher the proportion.  Modi�ed from Wang M, et� al., Obesity 
(Silver Spring), 2024, under CC BY-NC-ND 4.0
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