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Abstract

Background: The purpose of this study is to determine if adolescents with overweight or obesity are more susceptible to Sleep-related
Breathing Disorder (SRBD), and if chronic inflammation is a potential pathway linking them.

Methods: Body mass index (BMI), and waist and hip circumferences were measured in 90 adolescents aged 15-18. Participants were stratified
into overweight/obesity group (BMI percentile285%) and control group (BMI percentile <85%) per the CDC growth chart. Pediatric Sleep
Questionnaire (PSQ) was used to assess SRBD symptoms, including snoring, daytime sleepiness and hyperactive behavior (Figure 1). Participant's
early life stress was assessed using the Childhood Trust Events Survey. Blood samples were collected for measuring the inflammatory factors.
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Figure 1: Correlations between pediatric sleep questionnaires and adiposity measures including body mass index in A, waist circumference in
B, and waist to hip ratio in C (correlation coefficients were 0.38, 0.28, and 0.44, respectively, all p<0.05).

Results: Partial correlation analysis indicated that BMI percentile, waist circumference, and waist to hip ratio were positively correlated with
PSQ scores in adolescents (r=0.29, p=0.012; r=0.28, p=0.013; r=0.44, p<0.001, respectively) after controlling for depression, gender, race, early life
stress, smoking, family income, and parental education. Levels of interleukin (IL-6) and tumor necrosis factor-a (TNF-a) significantly correlated
with PSQ scores (r=0.33, p=0.01; r=0.27, p=0.046, respectively). In addition, IL-6 significantly correlated with snoring (r=0.26, p=0.04). TNF-a and
IL-8 were correlated with hyperactive behavior (r=0.32, p=0.01; r=0.26, p=0.04, respectively). The PSQ score could be predicted by IL-6, TNF-q,
C-reactive protein, and adiponectin in the overweight/obese group.

Conclusion: Our results suggest that being overweight or obese is more susceptible to SRBD measured by the PSQ through elevated inflammatory
factors in adolescents. The association between SRBD, obesity, and chronic inflammation warrant further investigation due to potentially being a

target for intervention.
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Abbreviations: SRBD: Sleep-related Breathing Disorder; BMI: Body Mass Index; ELS: Early Life Stress; TNF-a: Tumor Necrosis Factor-a; IL:
Interleukin; CDC: Center for Disease Control and Prevention; PSQ: Pediatric Sleep Questionnaire; WHR: Waist to Hip Ratio
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Introduction

Childhood obesity has emerged as one of the most serious
public health concerns over the past 30 years. Data from the
National Health and Nutrition Examination Survey shows the
prevalence of obesity, defined as having a body mass index (BMI)
at or above the 95th percentile for age and sex, in 2-19 year old
youth was 16.8% in 2007-2008 and increased to 18.5% in 2015-
2016 [1-3]. During childhood, the development of obesity can cause

several adverse health effects such as poor mental health, increased

risk of developing medical conditions such as heart disease and
worsened neurocognitive functioning [4]. Because childhood
obesity is a strong risk factor for adult obesity, risks for certain
types of cancer, cardiovascular diseases, osteoarthritis, and type
2 diabetes and other comorbidities are also increased throughout
the lifespan [4-5]. Studies have indicated that inappropriate sleep
quantity, schedules, and quality potentially contribute to obesity
because these factors can cause changes in metabolic processes
and obesogenic behavior [6]. Sleep problems, including Sleep-
related Breathing Disorders (SRBDs), can impair one’s ability to
acquire normal sleep and can have harmful effects on the body.
Indeed, SRBD, characterized by snoring, hyperactivity, and daytime
sleepiness, has become increasingly diagnosed in adolescents
and has been associated with obesity although the underlying
mechanisms are not fully understood [7,8]. It is important to
evaluate sleep problems such as SRBDs in adolescence so it can be
addressed earlier in development to have better health outcomes
later in life [9]. Since SRBDs and childhood obesity have been noted
to be increasingly prevalent pediatric problems, more research is
warranted to understand whether adolescents with overweight or
obesity are more susceptible to SRBD and to understand how they
are associated.

Chronic inflammation plays a role in the development of sleep
problems such as SRBDs [10]. Our previous studies and other
studies suggest the involvement of inflammatory factors such as
tumor necrosis factor-a (TNF-a), interleukin (IL)-1 and IL-6 in
the development of obesity, which is characterized as a low-grade
inflammatory status [11-14]. In prior studies, inflammatory factors
such as IL-6 and C-reactive protein are also reported to be elevated
in individuals with SRBDs in adults [15-17]. Compared to well-
rested individuals, leptin levels are decreased in adults with sleep-
restriction [18-19]. In contrast, much less is known about leptin and
other inflammatory markers in children than in adults. In addition,
recent studies have shown conflicting results about leptin levels.
While one study found that short sleep duration was associated with
lower leptin levels, another study revealed that short sleep duration
was associated with higher leptin levels [20-22]. Therefore, further
research is needed to clarify the role of inflammatory factors,

including leptin, in the relationship between childhood obesity and
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sleep problems. A cross-sectional study was designed to explore the
relationships between sleep problem and obesity in adolescents
with a particular focus on SRBD, BMI percentile and waist to hip
ratio. The secondary aim of this study was to investigate whether
inflammatory factors would be a potential pathway to link sleep

problems with obesity in adolescents.

Methods

Participants Recruitment

The Institutional Review Board at the University of Alabama at
Birmingham (UAB) approved this study. Written informed consent
was obtained from both the legal guardians and adolescents
before any procedures were done. All procedures followed were
in accordance with the Helsinki Declaration of 1975, as revised
in 2008. Participants were recruited from July 2017 to October
2019 from surrounding Birmingham, Alabama, communities
via flyers and media advertisements. Data on age, race, gender,
years of education, current cigarette smoking were collected in
adolescents by self-report. Highest level of education and family
income of the legal guardians were also collected by self-report.
Prescription and over-the-counter medications were determined
by transcription of medications brought into the laboratory at
UAB. A sample of 103 adolescents 15-18 years participated in the
study, and 90 completed all study procedures for data analysis.
Participants were excluded if they had a psychiatric diagnosis other
than depression based on DSM-5 criteria (e.g., psychosis, bipolar
disorder, alcohol or substance use disorders), a diagnosed sleep
disorder by parent reports or medical records, a prior tonsillectomy
and/or adenoidectomy, a diagnosed immune system disorder, or
participation in weight management program. Participants were
also excluded if they were taking antibiotics, anti-inflammatory
medications in the last 30 days, or medications that affect body
weight in the last 3 months. Female participants were excluded if
they were pregnant or lactating. Adolescents with depression were
included in the study and early life stress (ELS) is thought to be
related with depression [23]. Thus, Childhood Trust Events Survey
was applied to each participant to assess their prior exposures to

adverse events, i.e., ELS [24].

Anthropometrics and Groups

Anthropometric measures were taken in duplicate and
averaged in each participant, including height, weight, and waist
and hip circumferences. Height was measured to the nearest 0.1
cm by using a mounted stadiometer. Weight was determined to the
nearest 0.1 kg by using an electronic scale. Ten percent of height,
weight and waist circumference measurements were repeated by
a second research staff member to assess inter-rater reliability.
Waist and hip circumferences were measured to the nearest 0.1
inch with a Gulick tape measure, and waist circumference was
measured at the umbilicus at the end of inspiration. BMI was
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calculated as weight (kg) divided by height squared (m2), and BMI
percentile was determined using the Center for Disease Control
and Prevention (CDC) growth charts. According to the CDC growth
chart, obese is=95th percentile, and overweight is 285th percentile,
respectively, in adolescents [25]. Participants were stratified into
an overweight/obese group if their BMI was >85th percentile.

Others were placed in the control group.

Pediatric Sleep Questionnaire

Sleep problems in adolescents was evaluated by the Pediatric
Sleep Questionnaire (PSQ), a 22-item scale that evaluates sleep
under the domains of snoring, daytime sleepiness, and hyperactive
behavior [26]. The PSQ is used to evaluate sleep symptoms that are
often present in disorders such as SRBD and other sleep conditions.
Polysomnography is the gold standard for the diagnosis of SRBDs
and other sleeping disorders [27]. When polysomnography is
not available or difficult to utilize, the PSQ is a validated and
dependable way to pinpoint SRBDs or related symptoms [26].
The PSQ is also very useful for evaluating sleep in larger samples
because it is more easily administered [7]. The PSQ is designed to
be completed by their parents or guardians with a sensitivity and
specificity of 0.81 and 0.87, respectively for correct classification
of polysomnographically-defined sleep disordered breathing [26].
A parent responds “yes=1", “no=0", and “don’t know = missing” to
each item. A mean score is summed and divided by the number
of items rated “yes”. The mean score can vary from 0.0 to 1.0.
Participants who have a cut-off score of 20.33 are likely having a
diagnosis of SRBD.

Blood Samples Collection and Measurement

Fifteen milliliters of blood were drawn from each participant,
centrifuged at 3000g for 15 mins, immediately divided into
aliquots, and frozen at -80°C until analysis. The analysis for
inflammatory factors, including IL-6, IL-8, IL-10 and TNF-a, was
performed using a Meso Scale Discovery multiplex spot assay and
analyzed with MSD Discovery Workbench software (Gaithersburg,
MD). Concentrations for the inflammatory factor were expressed
in pg/ml. C- reactive protein (CRP, mg/L) was analyzed using
immunoassay on a Stanbio Sirrus Analyzer (Stanbio Laboratory,
Boeme, TX). Leptin and adiponectin (expressed in ng/ml and
ug/ml, respectively) were assayed using commercially available
radioimmunoassay Kkits according to the procedures supplied by
the manufacturer (Millipore Corp, MA). All samples were run in

duplicate and the mean of the duplicate samples were reported.

Statistical Analysis

All data are presented as count or mean * standard error unless
otherwise stated. Two-sided p-values of <0.05 were considered
significant. All variables were tested for normality of distribution by
means of Kolmogorov-Smirnofftests. Variables that deviated greatly
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from a normal distribution were logl0 transformed, including
TNF-a, IL-6, IL-10 and leptin. A chi-square test for categorical
variables and an independent T-test for continuous variables were
performed to assess the differences in characteristics between
the two groups. ANCOVA was used to compare PSQ score between
the two BMI percentile groups with adjustment for gender, race,
depression, early life stress, family income and smoking status.
ANCOVA was also applied to compare inflammatory factor levels
between BMI percentile groups, including CRP, IL-6, IL-8, IL-10,
TNF-a, leptin and adiponectin after controlling for gender, race,
depression, early life stress, and smoking status. Partial correlation
analyses were used to estimate the levels of associations between
the PSQ total scores and BMI percentile, waist circumference, or
waist to hip ratio (WHR) with adjustments for all aforementioned
covariates. Linear regression was used to supplement correlational
evidence to further evaluate factors that predict PSQ scores. These
linear regressions were conducted with BMI percentile, WHR,
and waist circumference in separate models with covariates. The
participants were then analyzed separately by BMI percentile
group. A linear regression was conducted in both groups to evaluate
predictive quality of inflammatory factors and to any differences
between groups. All covariates and inflammatory factors were
added in these models. Mediation analysis was conducted using
PROCESS. All statistical analyses were performed using the
Statistical Package for the Social Sciences version 25 (SPSS Inc., IL).

Results

Participants Characteristics

The summary of the characteristics of the 90 participants is
presented in Table 1. Participants were separated into the control
and overweight/obesity groups based on their BMI percentile.
Participants with BMI percentile <85% were placed in the control
group, and participants with BMI percentile 285% were placed in
the overweight/obese group. As shown in Table 1, no significant
differences were present in age, gender, race, parents’ education
levels, family income, early life stress and smoking status, but there
was a significant difference in depression status. Compared to the
control group, adolescents in the overweight/obese group had a
greater BMI (33+1.0 vs. 21+0.3 kg/m2, p<0.05), BMI percentile
(96+0.6 vs. 50+3, p<0.05), waist circumference (39+1.0 vs. 29+1.0,
p<0.05), WHR (0.91£0.02 vs. 0.82+0.001, p<0.05), as well as greater
PSQ scores (0.28+0.03 vs. 0.15+0.02, p<0.05) after controlling
for depression, gender, race, family income, early life stress, and
smoking status.

Increased Inflammatory Factors in overweight/Obese
Group

To determine if chronic inflammation may be involved in

adolescents with overweight or obesity, the levels for several
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inflammatory factors were measured in adolescents. After
controlling for all aforementioned covariates, comparisons between
subjects in the two groups revealed that:

Table 1: Characteristics of Participants
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a)

factors, including CRP, leptin, and IL-6, were elevated in the

In contrast to the control group, the levels of inflammatory

overweight/obese group (Table 2);

Control Overweight/Obese p values
N 48 42
Male, N 23 15 0.67
Race, C/AA, N 30/18 25/17 0.49
Age, years 16.1+0.4 16.1+1.0 0.64
PSQ scores 0.15+0.02 0.28+0.03 <0.001
Family income, thousands 63+8 56+7 0.54
Guardian education 12+ yrs, N 41 26 0.56
Current smoker, N 3 5 0.32
Significant early life stress, N 15 15 0.27
Depression, N 22 25 0.03
Body mass index (kg/mZ) 21+0.3 33+1.0 <0.001
Body mass index percentile 50+3 96+0.6 <0.001
Waist Circumference (inch) 29+1.1 39+1.0 <0.001
Waist to hip ratio 0.82+0.0 0.91+0.0 <0.001
Note: C=Caucasian; AA=African Americans; PSQ=Pediatric Sleep Questionnaire
Table 2: Comparison of Inflammatory Factors
Control Overweight/obese p values
CRP 0.83+0.15 5.20+1.33 <0.001
IL-6 0.48+0.04 1.27+0.16 <0.001
IL-8 9.86+1.38 8.40+0.66 0.90
IL-10 0.42+0.07 0.40+0.07 0.64
TNF-a 2.27+0.21 2.41+0.16 0.71
Leptin 22.3+x291 73.8+8.84 <0.001
Adiponectin 13.8+0.84 8.93+1.07 <0.001

Note: CRP: C-Reactive Protein, IL: Interleukin; TNF- a: T tumor necrosis factor

b) In contrast, adiponectin levels were much lower in the
overweight/obese group, and
c¢) No differences regarding IL-8, IL-10 and TNF- « levels

were observed between the two groups.

Relationship Between Psq, Obesity Measures, and
Inflammatory Factors

Partial correlation analysis indicated that BMI percentile,
waist circumference and WHR were positively correlated with PSQ
scores in adolescents (r=0.29, p=0.012; r=0.28, p=0.013; r=0.44,
p<0.001, respectively), after controlling for all aforementioned
covariates (Fig. 1A-C). Linear regression confirmed having higher
BMI percentile, higher waist circumference, and higher WHR
significantly predicted PSQ scores ($=0.002, p=0.012; $=0.004,
p=0.038; =0.61, p=0.001 respectively). IL-6 and TNF-a were

positively correlated with the PSQ scores (r=0.33, p=0.01; r=0.27,
p=0.046, respectively). In addition, IL-6 was positively correlated
with snoring (r=0.26, p=0.04). TNF-a and IL-8 were positively
correlated with hyperactive behavior (r=0.32 and 0.26, both
p<0.05, respectively). When analyzing overweight/obese and
control groups separately, the PSQ score could be predicted by IL-6
(B=0.226, p=0.024), TNF-a ($=0.651, p=0.022), CRP (f=-0.312,
p=0.007), and adiponectin ($=-0.453, p=0.017) in the overweight/
obese group only. Mediation analysis showed that IL-6 had an
indirect effect of 30% on the link of WHR with PSQ scores in
adolescents.

Discussion

In this cross-sectional study, we found an association of sleep
problems, i.e,, SRBD, with being overweight or obese, i.e., having
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higher BMIpercentile,and/or greater waist circumference and WHR,
in adolescence. In addition, correlations between inflammatory
factors and sleep problems were also observed, especially in those
who are overweight or obese. IL-6 was found to play a mediational
role in the relationship between SRBD measured by PSQ and WHR.
These findings were independent of demographics, socioeconomic
status, depression, early life stress, and smoking status. To the
best of our knowledge, this study is the first to demonstrate
concomitant associations between obesity, sleep problems and
chronic inflammation in 15 to 18 years old adolescents. Several
meta-analyses found that decreased sleep duration is a risk
factor or marker of developing obesity in infants, children, and
adolescents [28,29]. Our own study in adults indicated that poor
sleep is associated with abdominal adiposity [16]. Findings from
the current study are consistent with our prior findings in adults.
These findings also support the previous results from others that
there is an association between sleep problems, i.e, SRBD, and
overall obesity (measured by BMI percentile, waist circumference
and WHR) in adolescents. Moreover, we also considered variables
such as tobacco use, socioeconomic status, and mental health status
that could be related to both sleep and obesity.

Thus, this study adds important information to the current
understanding of the relationship between obesity and sleep
problems in adolescence. There is limited literature available
on the relationship between inflammatory factors and SRBDs in
adolescents, especially focusing on those who are overweight or
obese. In a previous study conducted in adults, short sleep duration
was associated with higher levels of IL-6 [30]. TNF-a is believed to
play a role in sleep regulation and is released in response to sleep
loss, in both autocrine and paracrine signaling [31]. In our study,
we found that IL-6 predicted sleep problems in adolescents with
overweight or obesity. Also, IL-6 predicted snoring which can be a
symptom of obstructive sleep apnea. Furthermore, the TNF-a level
was associated with both sleep problems, i.e.,, SRBD, in adolescents
with overweight/obesity and hyperactive behavior. Although
several other inflammatory factors were elevated in adolescents
with overweight or obesity in our study, they were not associated
with sleep problems. It seems that individual inflammatory factors
may play differential roles based on SRBDs and specific domains of
SRBD. Our data analysis did not show an association between sleep
problems and inflammatory factors in adolescents in the control
group. This may suggest that those with obesity or overweight
may have differing inflammatory mechanisms related to sleep
compared to those who are not obese or overweight. Future studies
are warranted to further investigate the biological mechanisms
dictating the relationship between inflammatory factors, obesity,
and sleep problems, especially SRBDs, in adolescence. In the
present study, our results showed that adolescents with overweight
or obesity had elevated leptin levels, however, higher PSQ scores
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was associated with IL-6 and TNF-a rather than leptin. Our
previous study showed that adults with poor sleep and increased
visceral fat had elevated leptin levels [16]. However, little is
known about the effects of inflammatory factors like leptin and
adiponectin in adolescent populations relating to sleep problems
and obesity. Recent studies have shown conflicting results when
looking at certain sleep factors such as sleep duration, which is
another important measure of sleep. While one study showed
that short sleep duration was associated with lower leptin levels,
another study revealed that short sleep duration was associated
with higher leptin levels [20-22]. The lack of consensus in research
on the role of inflammatory factors, including leptin, in the
relationship between obesity and sleep problems may be linked to
study population, study design, different ages of the sample, varied
exposure categories, and different confounders adjusted. Specific
parameters of sleep problems may also be associated with different
inflammatory factors, which may contribute to the conflicting body
of evidence. Therefore, more research is needed to conclusively
determine which inflammatory factors are truly involved.

The strengths of this study include the adjustments for a
wide range of possible confounding factors in data analysis,
and simultaneous examination of the associations among sleep
problems, inflammatory markers, and obesity. Several limitations
should be kept in mind, however, while interpreting our results.
The study is a cross-sectional design so it cannot explain the causal
relationship between sleep problems and obesity in adolescence.
Despite this limitation, our findings stress the importance to
control weight for reducing sleep problems, which can be a target
for clinical intervention in adolescents. Another limitation of our
study is the use of the PSQ to evaluate participant’s sleep problems
because it relies on reports from parents on how their child sleeps.
This method of reporting could be affected by bias, subjectivity,
inattentiveness, and forgetfulness. However, the PSQ has been
validated and deemed a reliable research tool by others [26, 32]. In
the future, it would be useful to employ an objective method, e.g.,
polysomnography, to measure sleep rather than parental report to
have a more definitive diagnosis. Third, we were unable to analyze
if there was a difference between adolescents who were obese
compared to overweight, as the sample size required us to group
them together. Future studies may consider evaluating these groups
individually against a control group. Lastly, adolescents aged 15-18
participated in the current study, but similar studies in the future
may need to be performed in other age groups before our study

findings could be generalized.
Conclusion

In conclusion, higher PSQ scores in adolescents was found to be
associated with higher BMI percentile, higher waist circumference
and higher WHR, even after adjusting for confounding factors. In
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addition, some inflammatory factors, including IL-6, could predict
the PSQ scores in adolescents with overweight or obesity, and
mediate the association between obesity and PSQ scores. Our
findings suggest that periodic assessment of sleep problems-
related symptoms in at- risk groups such as adolescents with
overweight or obesity may help identify those needing sleep- related
interventions. Our study also provides a better understanding
of a complex relationship among obesity, sleep problems and

inflammatory factors.
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