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Objective: Although growth hormone was shown to be specifically released during slow wave sleep (SWS), no population-based
evidence has demonstrated the association between sleep quality and childhood height. To address this gap, our study aims to
investigate the relationship between SWS and height of children.

Methods: We analyzed polysomnography data and z-scores for height in 2527 suspected obstructive sleep apnea (OSA) children (537
non-OSA children and 1990 OSA children) collected over the past 16 years. Different grades of z-scores for height and SWS were
classified by the quartile method, and the lowest z-scores for height quartile defined short stature as the main outcome. Logistic
regression models were used to assess the relationship between SWS and short stature.

Results: 1990 OSA children and 537 non-OSA children were included in analyses. The mean value of z-score for height from high to
low were 0.80, 0.34, 0.23 and —0.19 in non-OSA children, and 0.47, 0.10, 0.14 and 0.05 in OSA children. Fully adjusted logistic
regression models showed that, compared to the highest SWS quartile, the lowest quartile had 4.85-fold higher odds (95% CI, 2.4-9.4)
of short stature in non-OSA children and 2.15-fold higher odds (95% CI, 1.5-3.0) in OSA children. Subgroup analyses demonstrated
that in both non-OSA and OSA children, the reduction of SWS was significantly related to short stature in prepubertal children. Linear
regression models confirmed positive correlations between SWS and z-score for height.

Conclusion: Our findings emphasize the crucial role of adequate sleep quality in childhood growth and development, supporting the
inclusion of sleep assessments and improvements in pediatric growth monitoring programs.
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Introduction

It is widely claimed that adequate amounts and qualities of sleep are necessary for height growth in children. This
assertion is evidenced by a plethora of cultural records from around the world, including those of the Greek, Indian, and
Chinese civilizations. The close relationship between sleep and growth was mentioned in the ancient Chinese medical
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classic Huangdi Neijing in 26 BCE, which suggests that sleep initiation during the Zi Shi period (11:00 PM to 1:00 AM)
is beneficial for enhancing metabolic vitality and promoting the growth and development process of children.’

The earliest evidence related to the physiological mechanism of height development originated in the 1920s, when
scientists removed the pituitary glands of animals, causing growth arrest, with resumed growth after supplementing with
pituitary extract.” The key role of the pituitary gland in growth regulation was confirmed, and it was speculated that
a growth-promoting hormone exists.* Subsequently, in 1957, Morris Raben successfully extracted growth hormone (GH)
from the pituitary gland of human corpses and used the extract for treating dwarfism, marking the beginning of the
clinical application of GH and clarifying the effect of GH on the development of bone structure.” To date, GH remains
the first-line treatment for growth hormone deficiency (GHD), with approved indications extending to a spectrum of
pediatric growth disorders, including Turner syndrome and Prader-Willi syndrome.®’

Polysomnography (PSG) is the gold standard tool for assessing the quantity and quality of sleep.® In PSG-determined
sleep stages, slow wave sleep (SWS) is considered a deep sleep state and reflects the quality of sleep under homeostatic
regulation. In 1968, it was first revealed that the peak of GH secretion was closely related to SWS.? Numerous studies
have confirmed this finding and demonstrated that GH secretion remains strongly linked to SWS regardless of altered
circadian rhythms or sleep deprivation.'®'® After two decades of whole-organism physiological research, recent work by
Dan et al, for the first time, comprehensively demonstrated the neuroendocrine circuits regulating GH secretion across
separate behavioral states of rapid eye movement (REM) sleep, non-rapid eye movement (NREM) sleep, and
wakefulness.'*

Nowadays, many textbooks, guidelines, and public education for childcare emphasize that good sleep is the basis for
maintaining normal growth and development. However, population-based studies have yet to demonstrate an immediate
relationship between sleep and linear growth. One significant challenge in addressing this gap has been the difficulty in
obtaining a sufficiently large sample of polysomnographically measured sleep data in children. Our study addresses this
gap by analyzing PSG-measured SWS and physical examinations of children in a large opportunistic clinical sample over
a 16-year period. In addition, previous studies on SWS and GH have been exclusively conducted in adult humans and
rodent models, which cannot directly demonstrate GH’s role in longitudinal growth. In contrast, our study focusing on
a pediatric population offers unique insights into the physiological mechanisms underlying height development during
childhood.

Elucidating the direct relationship between SWS and child height carries significant clinical implications. The
findings are expected to: (1) offer a scientific basic for clinical practices aimed at promoting linear growth and mitigating
growth faltering through sleep quality interventions; (2) advocate for the standardization of sleep quality assessment in
routine child healthcare, shifting public health strategies from merely “ensuring adequate sleep duration” to “optimizing
sleep architecture”; and (3) ultimately lay the groundwork for developing personalized sleep-health guidance programs to
maximize children’s growth potential.

Materials and Methods

Subjects

This cross-sectional study included subjects from the Sleep Medicine Center, West China Hospital. This study complies
with the Declaration of Helsinki and the Sichuan University Review Board approved the study procedure (NO. 1119).
Before undergoing PSG monitoring, well-trained researchers verbally informed each child and their guardian about the
study using a standardized script. The script includes a unified greeting, an explanation of the research purpose, and the
potential use of their de-identified clinical data. Only participants and guardians who provide agreement are formally
enrolled in the study, as documented by the researcher using a unified checklist and signed consent form. Subsequent
analysis exclusively utilizes data from these consented individuals.

All subjects were Chinese children (aged 2—18 years) evaluated at the Sleep Medicine Center because of clinical
suspicion of obstructive sleep apnea (OSA, primary symptoms including snoring, mouth breathing, hypertrophy of
tonsils, etc). All potential research subjects were interviewed with a comprehensive questionnaire to collect information
on general health, medication use, and history of sleep complaints.
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To quantify for the present study, subjects were classified as OSA children if they meet an apnea-hypopnea index
(AHI) criterion of >2 events/hour, whereas individuals with an AHI<2 events/hour were classified as the non-OSA
children. We excluded subjects who had (1) duplicate data; (2) incomplete height or weight information; (3) other sleep
disorders (eg, central disorder of hypersomnia, parasomnias, insomnia, sleep movement disorders and others); or (4)
severe neuropsychiatric disorders (eg, epilepsy, depression, anxiety, schizophrenia, Tourette’s syndrome, and others).
Additional information on screening criteria for the subjects is provided in Figure S1.

Physical Examination

The height and weight measurements of each subject were obtained by a trained physician on the PSG night. To
standardize height and weight and increase the comparability of height and weight across different ages, z-scores for
height and body mass index (BMI) were calculated using the World Health Organization (WHO) 2006 growth standard'”
and Cole’s LMS method.'® Subjects were divided into quartiles by z-score for height, and the lowest quartile of z-score
for height was considered as short stature (for non-OSA children: z-score for height<-0.507, for OSA children: z-score
for height<-0.509).

Polysomnography (PSG)

All subjects completed a full-night PSG in sleep laboratories (using Alice 5 Diagnostic Sleep System prior to 2016 and
the Alice 6 thereafter; Philips Respironics Bend, OR). During the sleep study, subjects were allowed to sleep ad libitum
based on their routine sleep time, with the recording time ranging from 21:00-22:00 to 06:00-07:00. Sleep recordings
were scored according to the latest version of the American Academy of Sleep Medicine (AASM) Manual for the
Scoring of Sleep and Associated Events applicable in the corresponding year.'” SWS was expressed as the percentage of
total sleep time and categorized into quartiles (for non-OSA children: Q4 (SWS>32.20), Q3 (26.60<SWS<32.20), Q2
(21.40<SWS<26.60), and Q1 (SWS<21.40); for OSA children: Q4 (SWS>29.10), Q3 (24.70<SWS<29.10), Q2
(20.20<SWS<24.70), and Q1 (SWS<20.20)). The highest quartile of percent SWS for each group was considered as
their reference.

The AHI was determined by counting the total number of apneas and hypopneas per hour during sleep. An apnea was
defined as a reduction in airflow of 90% or more, lasting at least 10 seconds. According to the prevailing AASM
definitions, two different criteria were used to define hypopnea. From 2009-2012, a hypopnea was defined as a reduction
in airflow of 50% or more for at least 10 seconds, accompanied by a decrease in blood oxygen saturation of 4% or more,
or a reduction in airflow of 30% or more for at least 10 seconds, accompanied by a respiratory effort-related arousal
(RERA). From 2013-2025, a hypopnea was defined as a reduction in airflow of 30% or more for at least 10 seconds,
accompanied by a decrease in blood oxygen saturation of 3% or more, or resulting in a RERA.'®"?

Statistical Analysis

Differences in sample characteristics according to OSA status and amount of SWS were assessed using ANOVA,
independent-sample t-tests, or Mann—Whitney U-tests for normally distributed and skewed continuous variables,
respectively. Chi-square tests were applied for categorical variables.

Independent associations of OSA and SWS with short stature, as well as their interaction effect, were assessed by
logistic regression models. After observing a significant OSAxXSWS interaction (P<0.001), we first examined the
association of short stature with SWS in OSA and non-OSA children separately. Then, the joint effects of OSA and
SWS on short stature were assessed by using non-OSA children as a reference group. We further investigated the relation
between the presence/absence of OSA and short stature in stratified analysis across different SWS quartiles. Previous
studies found that disturbed objective sleep structure and OSA severity negatively impacts the release of GH, indirectly
influencing the growth of children.2%%! Therefore, covariates included age, sex, z-score for BMI, sleep onset latency
(SOL), total sleep time (TST), sleep efficiency (SE), wake after sleep onset (WASO), arousal index (Al), AHI, and mean
blood oxygen saturation (SpO2). Collinearity correlation indicators were excluded, including percentage of non-rapid eye
movement sleep stage 1 (N1%), non-rapid eye movement sleep stage 2 (N2%) and rapid eye movement sleep stage
(REM%). Results are presented as unadjusted and adjusted odds ratios (ORs) and 95% Confidence Intervals (CIs).

Nature and Science of Sleep 2025:17 hetps: 2959


https://www.dovepress.com/article/supplementary_file/475390/475390%20Revised%20Supplementary%20Material.docx

@ Chen et al

The same logistical regression models were used to measure the independent associations of SWS with short stature
in different age, sex, and weight subgroups. In the age-stratified subgroups, subjects were categorized as children (2-9
years) and adolescents (1018 years).”? In the weight-stratified subgroups, overweight was defined as>2 standard
deviation (SD) of weight-for-height by sex in children aged 2—4 years, and >1 SD z-score for BMI for age and sex in
children between 5-18 years according to the WHO standard.”® Additionally, among children with OSA, we performed
subgroup analyses based on OSA severity and arousal levels. OSA severity subgroups were classified as follows: mild
(AHI >2events/hour), moderate (AHI >5events/hour), and severe (AHI >10 events/hour).>* Arousal level subgroups were
dichotomized using the mean Al value of 11.30 as the cutoff, resulting in high-arousal (Al >11.30) and low-arousal (Al
<11.30) subgroups.

We also used linear regression models to explore the association between z-score for height values and percent SWS
among non-OSA children and across different degrees of OSA severity. Age, sex, z-score for BMI, SOL, TST, SE,
WASO, Al, AHI, and mean SpO, were included as covariates.

Statistical analyses were performed with SPSS version 29.0. All statistical tests were 2-sided, and P values of equal or
less than 0.05 were considered statistically significant.

Results

The sample comprised 2527 subjects, of whom 1990 were patients with OSA. Among all the participants, 66.24% were
male. The mean age was 6.55£3.25 years, the mean z-score of BMI was 0.30£1.49, and the mean z-score for height was
0.21£1.21. Demographic and sleep characteristics of this sample of non-OSA children and subjects with OSA are
provided in Table S1. Compared with non-OSA children, OSA subjects had a higher percentage of male children, higher
BMI, arousal index, and AHI, and lower SWS. Non-OSA children and OSA children showed comparable age, z-score for
height, SOL, TST, SE, WASO, N1%, N2%, REM%, and mean SpO2%. The demographic and sleep characteristics of
non-OSA children and OSA children stratified according to percent SWS are exhibited in Tables S2 and S3, respectively.
Children with lower percentage of SWS were older, had lower z-scores for height and WASQO, higher SE, AI, N1%, N2%
and REM%, longer TST. Histograms were employed to illustrate the distribution of z-score for height across SWS%
quartiles (Figures S2 and S3). OSA children in lower SWS quartiles had higher AHI.

As shown in Table 1, SWS presented a significant, dose-dependent association with short stature in both non-OSA
and OSA children. From unadjusted and adjusted models, compared with Q4 group (subjects with the highest quartile
of percent SWS), Q3, Q2 and Q1 groups were all more likely to have short stature, in both non-OSA and OSA children.
Given that the criteria for interpreting hypopnea changed in 2012, we conducted a separate analysis of the data from
January 2013 onward to explore the stability of the results. As shown Table S4, findings after 2013 are comparable with
those from 2009 to 2025.

In Table 2, we present the joint effect of OSA and SWS on height. OSA children with less SWS (Q3, Q2, Q1) were
more likely to show short stature compared with non-OSA children. However, OSA children with highest SWS (Q4) had
decreased odds of short stature compared with non-OSA children.

We further performed subgroup analyses separately for children without OSA and those with OSA, stratified by sex,
age group, and overweight status (Figures 1 and 2). Additional subgroup analyses based on OSA severity and arousal
levels were conducted specifically in those with OSA (Tables S5 and S6). In non-OSA children, males in QI group
showed 3.34-fold higher odds of short stature versus in Q4, while females exhibited even greater risk (OR, 6.04).
Children aged 2-9 years and non-overweight individuals displayed similar dose-response patterns (OR, 4.38 and 4.20,
respectively). Among OSA children, lower SWS quartiles were associated with increased odds, particularly in males
(OR, 2.05) and children aged 2-9 years (OR, 2.07). Non-overweight OSA children showed more solid associations than
overweight peers. In children with OSA, a significant association between SWS and short stature was observed primarily
in those with moderate to severe OSA. Moreover, among all children with OSA, those in the lower SWS quartiles
exhibited a consistently elevated risk of short stature, regardless of arousal levels.

Additionally, height and SWS were considered as continuous variables to explore the linear relationship. In Table S7,
SWS and z-score for height showed a significantly positive correlation in both non-OSA ($=0.028) and OSA children
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Table | Adjusted ORs and 95% Cls for

the Association Between SWS and Short

Stature
n OR (95% CI)
Model | Model 2 Model 3
Non-OSA 537
Q4-SWS% 134 Reference Reference Reference
Q3-SWS% 136 2.99 (1.51-5.91)** 3.08 (1.54-6.18)** 3.02 (1.50-6.07)**
Q2-SWS% 132 2.90 (1.46-5.77)** 2.77 (1.38-5.58)** 2.62 (1.30-5.31)**
QI-SWS% 135 5.30 (2.71-10.36)*** | 5.01 (2.48—10.15)** | 4.85 (2.38-9.87)***
P value for trend <0.00 |##* <0.00 | <0.00 |
OSA 1990
Q4-SWS% 492 Reference Reference Reference
Q3-SWS% 497 2.34 (1.71-3.20)%** 2.29 (1.67-3.14)%** 2.33 (1.70-3.20)***
Q2-SWS% 497 2.07 (1.51-2.85)%** 2.02 (1.47-2.79)%** 2.05 (1.49-2.84)***
QI-SWS% 504 2.22 (1.60-3.08)*** 2.14 (1.53-2.98)*** 2.15 (1.54-3.01)%**

P value for trend

<0.00 | *#*

<0.00 [##*

<0.00

Notes: ¥¥P<0.01; **P<0.001. In non-OSA children, QI, SWS<21.4; Q2, 21.4<SWS<26.6; Q3, 26.6<SWS<32.2;
Q4, SWS>32.2. In OSA children, QI, SWS<20.2; Q2, 20.2<SWS<24.7; Q3, 24.7<SWS$=<29.2; Q4, SWS§>29.2.
Model | was adjusted for sex, age, and z-score for BMI; Model 2 was adjusted for variables included in model I,
sleep onset latency, total sleep time, sleep efficiency, wake after sleep onset, and arousal index; Model 3 was
adjusted for variables included in model 2, AHI, and mean SpO2.

Abbreviations: OR, odds ratio; Cl, confidence interval; OSA, obstructive sleep apnea; SWS, slow wave sleep;
BMI, body mass index; AHI, apnea-hypopnea index; SpO2, oxygen saturation during sleep.

Table 2 Adjusted ORs and 95% Cls for the Joint Effects of OSA and SWS on Short
Stature

n OR (95% CI)
Model | Model 2 Model 3
Non-OSA 537 Reference Reference Reference
OSA 1990

Q4-SWS% 492 0.59 (0.43-0.81)* 0.62 (0.45-0.86)* 0.68 (0.49-0.94)*

Q3-SWSs% 497 .38 (1.04—1 82)* 1.40 (1.05-1.86)* 1.55 (1.15-2.08)*
Q2-SWS% 497 122 (0.92-1.61) 122 (0.92-1.63) 1.35 (1.00-1.83)*
QI-SWS% 504 130 (0.98-1.72) 128 (0.96-1.71) .40 (1.04—1.90)*
P value for trend <0.00 |+ 0.002* <0.00 |+

Notes: *P<0.05; **P<0.01; ***P<0.00l. QI, SWS<20.2; Q2, 20.2<SWS<24.7; Q3, 24.7<SWS$<29.2; Q4,
SWS$>29.2. Model | was adjusted for sex, age, and z-score for BMI; Model 2 was adjusted for variables included
in model |, sleep onset latency, total sleep time, sleep efficiency, wake after sleep onset, and arousal index;
Model 3 was adjusted for variables included in model 2, AHI, and mean SpO2.

Abbreviations: OR, odds ratio; Cl, confidence interval; OSA, obstructive sleep apnea; SWS, slow wave sleep;
BMI, body mass index; AHI, apnea-hypopnea index; SpO2, oxygen saturation during sleep.

(B=0.022) and severe (=0.026) OSA subgroups.

Discussion

(B=0.019). In OSA subgroups, a significant positive relationship between SWS and z-score for height existed in moderate

Our study provides the first large population-based evidence showing an association between reduced SWS and a higher

risk of short stature in children under real-world conditions. Our findings reveal that children in the lowest SWS quartile
had 4.85-fold higher odds of short stature in non-OSA children and 2.15-fold higher odds in OSA children relative to
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Subgroups n OR (95% CI)
Sex
Male 318 .
Q4 78 reference !
Q3 84 2.64 (1.05-6.61) —
Q2 81 1.38 (0.51-3.68) B i —
Q1 75 3.34 (1.28-8.71) : =
Female 219 i
Q4 56 reference .
Q3 52 2.20 (0.72-6.71) e —
Q2 51 4.79 (1.65-13.93) : - >
Q1 60 6.04 (1.98-18.49) P>
Age ‘
Children 455 5
Q4 122 reference "
Q3 123 2.74 (1.34-5.61) E —
Q2 115 2.51 (1.22-5.17) [ E—
Q1 95 4.38 (2.07-9.27) ‘ = >
Adolescents 82 :
Q4 12 reference m
Q3 13 - :
Q2 17 - ;
Q1 40 - '
Overweight ;
No 492 !
Q4 122 reference .
Q3 122 2.82(1.40-5.72) P
Q2 122 2.40 (1.18-4.88) ——
Q1 126 4.20 (2.05-8.63) : =
Yes 45 E
Q4 12 reference "
Q3 14 - E
Q2 10 - !
Q1 8 - :

I 1 I 1 1

1 1 1 1
0123 45 67289
OR (95% CI)

Figure | Subgroup analysis of the association between SWS and short stature in non-OSA children. Children were defined as those aged 2-9 years; adolescents were
defined as those aged 1018 years. Overweight was defined as22 SD of weight-for-height by sex in children aged 2—4 years, and 2| SD z-score for BMI for age and sex in
children between 5-18 years. QI, SWS<21.4; Q2, 21.4<SWS<26.6; Q3, 26.6<SWS<32.2; Q4, SWS>32.2. The sex-stratified models were adjusted for age, z-score for BMI;
age-stratified models were adjusted for sex, z-score for BMI; weight-stratified models were adjusted for age and sex. All models were additionally adjusted for sleep onset
latency, total sleep time, sleep efficiency, wake after sleep onset, arousal index, AHI, and mean SpO2.

Abbreviations: SWS, slow wave sleep; OSA, obstructive sleep apnea; BMI, body mass index; AHI, apnea-hypopnea index; SpO2, oxygen saturation during sleep.

those in the matching highest quartile, even after comprehensive adjustment for potential confounders. Similar and stable
results were obtained for sex, age, and weight subgroups. These results substantiate historical observations linking sleep
quality to growth while providing novel evidence that SWS deficiency may represent an independent risk factor for
impaired height development across pediatric populations.

The link between reduced SWS and increased risk of short stature in both non-OSA and OSA children provides
evidence that SWS deficiency contributes to height impairment. The underlying physiological mechanism is rooted in the
GH-insulin-like growth factor-1 (IGF-1)-1 axis, which is a critical mediator of bone growth. Specifically, GH promotes
the production of IGF-1 in the liver, which supports bone growth by stimulating chondrocyte proliferation in the
epiphyseal plates.”>*® We speculate that reduction of SWS leads to a shortened release time window of GH, resulting
in a decrease in GH level, thereby directly stunting linear growth in children.?’>° While SWS deficiency appears to be
a primary driver of GH deficiency and short stature in non-OSA children, pathophysiology in children with OSA is more
multifactorial and complex. Therefore, we also preliminarily explored the joint effects of SWS and OSA on height,
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Subgroups n OR (95% CI)
Sex
Male 1356
Q4 356 reference "
Q3 332 2.65(1.79-3.91) ;-
Q2 339 2.32 (1.56-3.46) , T
Q1 329  2.05(1.34-3.14) | ——
Female 634 !
Q4 136 reference L
Q3 165  1.87 (1.08-3.23) ——
Q2 158 1.67 (0.95-2.93) I
Q1 175  2.07 (1.17-3.64) ——
Age '
Children 1673 '
Q4 460 reference .
Q3 445  2.44 (1.75-3.39) P
Q2 417 1.95 (1.38-2.74) E —a—
Q1 351  2.07 (1.46-2.95) | —-—
Adolescents 317 '
Q4 32 reference .
Q3 52 1.35 (0.42-4.38) —t—
Q2 80 1.75 (0.60-5.13) -
Q1 153 1.47 (0.51-4.21) e
Overweight '
No 1473 ;
Q4 367 reference L]
Q3 370 2.49 (1.75-3.55) , —a—
Q2 373 1.98(1.37-2.84) D —.—
Q1 363 1.98 (1.36-2.89) | —E—
Yes 517 E
Q4 125 reference L]
Q3 127 1.73 (0.83-3.60) —
Q2 124 2.38(1.16-4.88) —
Q1 141 2.68 (1.28-5.61) [ —
I

1 1 I I 1 I I

1
1 23 4567809
OR (95% Cl)

o

Figure 2 Subgroup analysis of the association between SWS and short stature in OSA children. Children were defined as those aged 2-9 years; adolescents were defined as
those aged 10-18 years. Overweight was defined as22 SD of weight-for-height by sex in children aged 2—4 years, and 2| SD z-score for BMI for age and sex in children
between 5-18 years. QI, SWS<20.2; Q2, 20.2<SWS=<24.7; Q3, 24.7<SWS<29.2; Q4, SWS>29.2. The sex-stratified models were adjusted for age, z-score for BMI; age-
stratified models were adjusted for sex, z-score for BMI; weight-stratified models were adjusted for age and sex. All models were additionally adjusted for sleep onset
latency, total sleep time, sleep efficiency, wake after sleep onset, arousal index, AHI, and mean SpO2.

Abbreviations: SWS, slow wave sleep; OSA, obstructive sleep apnea; BMI, body mass index; AHI, apnea-hypopnea index; SpO2, oxygen saturation during sleep.

considering that majority of our research sample consisted of subjects with OSA (78.75% of the total sample).
Unexpectedly, in children with OSA, increased risk of short stature was only observed in those with deficient SWS,
not in those with preserved SWS, suggesting that SWS play a protective role against growth impairment in children
affected by OSA and further supports the apparent effect of OSA on the height of children.

OSA-related pathophysiological alterations might also affect the height of children, which can be explained by the
fact that, in the fully adjusted models, the OR of non-OSA children was twice as high as that of OSA (4.85 vs 2.15).
Non-OSA children with low SWS experience GH deficiency, making the reduction in SWS a primary factor in height
impairment and indicating that the influence of SWS on height is higher in non-OSA children than in OSA children,
which further supports the independent correlation between SWS and height. In contrast, the main pathophysiological
hypotheses for OSA, chronic intermittent hypoxia and sleep fragmentation is that they independently affect bone
metabolism by increasing inflammatory cytokines (eg, IL-6, TNF -a) and oxidative stress, which is supported by studies
showing that OSA-related growth impairment often results from complex interactions between hypoxia-inducible factors
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(HIF), inflammatory cytokines, and metabolic changes, which may alter the GH - IGF —1 axis independently of SWS
effects.®*3! The impact of OSA-related characteristics on the height of children will be further explored in our
subsequent studies.

The association between SWS deficiency and short stature is more significant in prepubertal children, which can be
explained by the following reasons. First, epidemiological investigations show that the age range of onset of OSA in
children is generally 4-6 years old,”° such that the age at which children first visit the doctor and complete a PSG is
concentrated before puberty. In our sample, the proportions of adolescents among non-OSA and OSA children are
15.27% and 15.93%, respectively, suggesting that smaller sample sizes may lead to less robust findings in the adolescent
subgroups. Second, the factors influencing the height of adolescents are complex and diverse. In addition to GH, sex
hormones also affect the growth and development of adolescents.>*>> The age-related decrease in SWS proportion may
represent an additional modulatory mechanism.** We speculate that the diversity of factors influencing height during
adolescence and the phenomenon that SWS decreases with age may mask the impact of SWS on height in adolescents.
However, this speculation requires further verification in future studies with sufficient sample sizes to adequately address
the issue.

Infancy (from birth to 1 year old) and adolescence (10—12 years old for females and 12—14 years old for males) are
two peaks of height growth in children.’® In the present sample, children aged 2-9 years constituted up to 84.21% of the
subjects, indicating that most subjects were in a period of steady height growth. Exploring the relationship between SWS
and height during such a period may facilitate the reduction of confounding factors, such as the peak of sex hormone
secretion. Thus, our results are likely to be reliable and stable among the group of children before puberty. In other
subgroup analyses, independent correlations between the reduction of SWS and the increased risk of short stature were
obtained in different sex and weight subgroups. Subgroup analyses based on OSA severity and arousal level in children
with OSA also confirmed this association consistently (See Tables S5 and S6). These results demonstrate the stability of
the finding that SWS is related to children’s height. Meanwhile, the relationship between SWS and short stature has not
been obtained in some subgroups, such as overweight and adolescents, which could be attributed to insufficient sample
size for robust comparisons. Further studies with sufficient sample sizes and adequate follow-up duration are expected to
better investigate this issue.

Our findings support important clinical considerations. During children’s critical growth period, especially before
puberty, the influence of sleep quality on height development should be considered, with PSG recommended for
objective assessment when necessary. Reduced SWS was shown to be a risk for short stature in both non-OSA and
OSA children. This suggests that sufficient SWS is of importance for all children, particularly for those with already
compromised sleep. For children with OSA, clinicians should attach importance to the negative impact of sleep
fragmentation and associated reductions in SWS on height. Notably, in children with conditions that impair sleep quality,
such as attention-deficit hyperactivity disorder, autism spectrum disorder, or epilepsy, clinical management should extend
beyond treating the primary disease to address potential growth impairments associated with disrupted sleep. For children
with growth-impairing conditions (eg, GHD, Prader-Willi syndrome, etc)., sleep quality optimization may represent
a novel therapeutic target in addition to growth hormone therapy. Future research should investigate the efficacy of
behavioral interventions (eg, sleep hygiene education, regulated daylight exposure, and moderate exercise) and pharma-
cologic options on growth promotion in those children.*

This is the first study to report direct evidence of an association between sleep quality and height of children.
A strength of this study is its large sample size. However, the study has limitations. First, given the study’s observational
design, it did not establish a causal link between reduced SWS and impaired height. While follow-up data might provide
further evidence of a relationship between SWS and children’s height, it will still be insufficient to demonstrate a causal
link. Even an optimal study design examining this relationship that would employ concurrent measurement of PSG-based
SWS%, GH levels, and height in a large sample of children, which would be logistically and fiscally prohibitive, would
still yield only correlational data. Second, although night-to-night variations and the first-night effects on sleep quality
and SWS cannot be ruled out by the one-night PSG recording employed by the current study, previous research has
demonstrated that SWS exhibits high night-to-night reproducibility,>’~* largely attributable to its heritable nature.*
Third, although we adjusted for numerous potential confounders, unmeasured factors such as nutritional status, physical
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activity, parental height, and genetic predisposition may still influence our study results. Finally, the generalizability of
these results is constrained by the clinically derived nature of the study cohort. Meanwhile, the sample included in our
study was predominantly composed of subjects with OSA, and high proportion of patients with OSA means the findings
may not be easily generalizable to the general pediatric population without sleep disorders. Future studies should further
validate our results in longitudinal and population-based cohorts.

Conclusion

This study presents evidence that reduced SWS is linked to increased risk of short stature in both non-OSA children and
those with OSA, with especially pronounced effects seen in prepubertal children. Our findings highlight the vital role of
sufficient sleep quality in childhood growth and development, advocating for the inclusion of sleep evaluation and
improvement in pediatric growth monitoring programs.
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