Sleep and Breathing (2024) 28:477-487
https://doi.org/10.1007/s11325-023-02886-1

PEDIATRICS - ORIGINAL ARTICLE q

Check for
updates

Poor sleep quality and its associated neurocognitive function
in children with obesity with or without obstructive sleep apnea

ChunTing Au’ - Giorge Voutsas'2 - Sherri Lynne Katz>** . Amy Chan'2 - Indra Narang'-*¢

Received: 14 February 2023 / Revised: 14 February 2023 / Accepted: 19 July 2023 / Published online: 25 July 2023
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract

Objective To evaluate the associations of OSA severity, snoring symptoms, subjective sleep quality, and daytime sleepiness
with executive functioning and behaviors in children with obesity.

Methods This was a cross-sectional study of children aged 8—18 years with obesity and symptoms suggestive of OSA. All
participants underwent an overnight polysomnography and completed a set of questionnaires to assess their sleep-related
breathing disordered (SRBD) symptoms [Pediatric Sleep Questionnaire (SRBD-PSQ)], sleep quality [Pittsburgh Sleep
Quality Index (PSQI)], executive function [Behavior Rating Inventory of Executive Function (BRIEF)], and inattention and
hyperactivity symptoms (Conners-3 Parent Short Form).

Results A total of 85 children (62% male, mean age: 13.9 + 3.0 years) were included in this analysis, of whom 36, 16, and
33 were categorized into the non-OSA (obstructive apnea hypopnea index, OAHI < 1.5/h), mild OSA (OAHI 1.5-5/h), and
moderate-severe OSA (OAHI > 5/h) groups, respectively. Of 85 participants, 27 (32%) were classified with poor sleep quality
(PSQI composite score > 8). From multiple linear regression analyses, poor sleep quality and sleepiness were both indepen-
dently associated with higher BRIEF behavioral regulation T-score, metacognition T-score, and global executive composite
T-score in the fully adjusted model. In addition, poor sleep quality was also independently associated with higher Conners-3
inattention and executive functioning T-scores, while greater sleepiness was also associated with a higher learning problem
T-score. The presence of OSA and snoring were not associated with any cognitive outcomes.

Conclusions Subjective sleep quality and daytime sleepiness, but not OSA severity and snoring symptoms, were indepen-
dently associated with executive functioning and behavioral problems in children with obesity.

Keywords Obesity - Obstructive sleep apnea - Sleep quality - Daytime sleepiness - Executive function - Behavioral
problems

Introduction Conflicting findings have been reported regarding the

association between sleep disordered breathing (SDB),

Sleep is essential for normal cognitive functioning across the
lifespan [1, 2]. A systematic review which summarized 16
adolescent studies concluded that sleep deprivation, i.e. at
least 1 whole night without sleep, is followed by poor per-
formance in vigilance tasks [3], while sleep extension by as
little as 13 min in those with chronic sleep reduction [4] and
sleep improvement in insomniacs contributes to improve-
ment in working memory [5]. A meta-analysis showed that
poor sleep quality and excessive daytime sleepiness were
even stronger contributors to poor school performance than
sleep duration [6].

Extended author information available on the last page of the article

specifically obstructive sleep apnea (OSA), and cognitive
function in children. While there is evidence suggesting that
children with OSA have lower intellectual abilities, there
is no strong evidence of reduced academic performance,
nor impairment in language, memory, attention, or execu-
tive functioning [7]. An important confounder exists when
examining the association between sleep apnea and aca-
demic performance in individuals with obesity-related OSA,
as obesity has been found to be associated with cognitive
deficits across the lifespan. Particularly, reduced executive
function has been reported in children and adolescents with
obesity [8].

Currently, there is a paucity of data describing the asso-
ciation between OSA, sleep quality, and neurocognition in
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children with obesity. Given the increasing prevalence of
obesity in youth [9], and the close linkage of obesity with
both OSA [10] and impaired sleep quality [11], a better
understanding of the inter-relationship between sleep-related
parameters and cognitive performance in children with obe-
sity could potentially provide strategies for targeted interven-
tion to mitigate long-term adverse neurocognition.

This study aimed to evaluate the associations between
OSA severity, snoring symptoms, subjective sleep quality,
and daytime sleepiness on parent-reported executive func-
tioning and neurocognition in children with obesity. We
hypothesized that OSA severity and symptoms, poor sleep
quality, and daytime sleepiness were independently asso-
ciated with lower neurocognitive function in children with
obesity.

Methods
Study population

This was a cross-sectional study of children with obesity,
aged 8—18 years, who were enrolled into an ongoing multi-
centre, prospective cohort study conducted at the Hospital
for Sick Children (Toronto, Ontario) and the Children's
Hospital of Eastern Ontario (Ottawa, Canada) to identify
predictors and outcomes of OSA in children with obe-
sity. Overweight and obese children with symptoms sug-
gestive of OSA, who were referred and reviewed at these
sleep centres and scheduled to undergo an overnight poly-
somnogram (PSG), were recruited between June 2015 and
August 2022. All participants underwent a diagnostic PSG
following enrolment. Overweight and obesity were defined
respectively as a BMI of 85" — 95™ percentile and > 95"
percentile for age and sex [12]. Children were ineligible for
participation if they were referred for an adenotonsillectomy,
had craniofacial anomalies, central nervous system lesions,
syndromes (neuromuscular, neurological, or genetic), coro-
nary heart disease or ventricular dysfunction, chronic lung
disease other than asthma, diabetes or used medication for
glucose management or hypertension. We also excluded
children already using positive airway pressure therapy as
this was an outcome of interest in our larger study. Patients’
demographics and anthropometrics at the time of the diag-
nostic PSG (age, sex, height, weight, body mass index
(BMI)), symptoms including snoring, nasal congestion and
presence of tonsillar and/or adenoid hypertrophy, and PSG
data were recorded systematically. Waist and hip circumfer-
ences were measured according to the National Institutes of
Health, and World Health Organization guidelines, respec-
tively [13]. Neck circumference was measured according to
a previously published protocol specific for pediatric popu-
lations [14]. This study was approved by the local Research
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Ethics Boards at The Hospital for Sick Children, Toronto,
Canada and the Children's Hospital of Eastern Ontario,
Ottawa, Canada. All participants and parents provided writ-
ten informed consent and/or assent, as appropriate, prior to
conducting any study procedures.

Overnight polysomnography (PSG)

Overnight PSG was performed using XLTEK data acquisi-
tion and analysis systems (Natus Medical, San Carlos, CA).
PSG measurements included electroencephalograms, bilat-
eral electrooculograms, and submental and bilateral ante-
rior tibialis electromyograms. Chest wall and abdominal
movements were monitored using respiratory inductance
plethysmography belts. Arterial oxyhemoglobin saturation
(Sa0,) was measured by a finger probe oximeter. Transcuta-
neous carbon dioxide (TcCO,) and end tidal carbon dioxide
(EtCO,) were monitored. Respiratory airflow pressure sig-
nal was obtained via a nasal catheter placed at the anterior
nares and connected to a pressure transducer. An oronasal
thermal sensor was used to detect absent airflow. Snoring
was measured by a microphone placed near the throat. Body
position was monitored via a body position sensor. Sleep
architecture was assessed using standard techniques [15].
Respiratory events were scored according to the American
Academy of Sleep Medicine (AASM) guidelines [15] by
a registered, certified PSG technician and were reviewed
and interpreted by one of five experienced pediatric sleep
physicians. As per AASM, all PSG data for children aged
13 years and younger were scored based on pediatric guide-
lines, whereas all PSG data for children older than 13 years
were scored based on adult rules. OSA severity was graded
according to the obstructive apnea—hypopnea index (OAHI)
— the total number of obstructive apneas, mixed apneas and
obstructive hypopneas per hour during sleep. Participants
were divided into non-OSA (OAHI < 1.5 events/hour), mild
OSA (OAHI > 1.5 — <5 events/hour) and moderate-severe
OSA (OAHI > 5 events/hour) for comparisons.

Sleep questionnaires

All questionnaires were completed either prior to or in
the morning after the diagnostic PSG. The Sleep-Related
Breathing Disorder scale of the Pediatric Sleep Ques-
tionnaire (SRBD-PSQ) [16] was completed by a parent
or caregiver. It contains 22 symptom items which assess
the overall symptoms of sleep-disordered breathing with
three symptom subscales: snoring, daytime sleepiness, and
behavioral problems. Responses are "yes" =1, "no" =0,
and "don't know" =missing. The mean response on non-
missing items is the score, which can vary from O to 1. The
present study specifically analyzed the sleepiness (4 items)
and snoring (4 items) subscales of the PSQ. A subscale
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score of 0.33 or higher, equivalent to having at least 2 out
of 4 symptoms, was defined as elevated concerns of sleepi-
ness and snoring [17-19].

The Pittsburgh Sleep Quality Index (PSQI) is a self-rated
questionnaire which assesses sleep quality and disturbances
over the recent one month. Nineteen individual items gen-
erate seven “‘component” scores: subjective sleep quality,
sleep latency, sleep duration, habitual sleep efficiency, sleep
disturbances, use of sleeping medication, and daytime dys-
function. The sum of scores for these seven components
yields one composite score [20]. A composite score of > 8
indicates poor self-perceived sleep quality in a clinical popu-
lation [21-24].

Executive function

The Behavior Rating Inventory of Executive Function
(BRIEF), which is a caregiver-completed questionnaire, was
used to assess executive function in this study. The BRIEF
provides three age- and gender-adjusted summary scores:
Behavioral Regulation Index (BRI), Metacognition Index
(MI), and the Global Executive Composite scale (GEC) [25].
The BRI measures the caregiver’s perception of the child’s
ability of emotional and behavioral regulation with appropri-
ate inhibitory control. The MI measures the child’s ability of
initiating, planning, and organizing self-managed tasks, and
the GEC is a summary score of the child’s overall executive
function. A higher score indicates worse functioning.

Behavioral outcomes

Behavioral problems were assessed by the Conners 3 — Par-
ent Short Form (Conners-3 SF), which measures the symp-
toms of attention-deficit/hyperactivity disorder in children
aged between 6 and 18 years of age [26]. The Conners-3 SF
yields six subscales: Inattention, Hyperactivity/Impulsiv-
ity, Executive Functioning, Learning Problems, Defiance/
Aggression, and Peer/Family Relations. Responses are rated
on a 4-point Likert scale from O=not true at all (never, sel-
dom), 1 =Just a little true (occasionally), 2 =Pretty much
true (often, quite a bit), 3 =very much true (very often, very
frequently). A higher score indicates worse functioning.

Statistical analysis

Normally distributed, skewed, and categorical data were
shown as mean + SD, median (IQR), and percentages,
respectively. Comparisons between moderate-severe OSA,
mild OSA, and non-OSA groups were tested by one-way
ANOVA, Kruskal-Wallis tests, and chi-square tests for nor-
mally distributed, skewed, and categorical data, respectively.
Comparisons between good and poor sleep quality groups
were tested by independent t tests, Mann—Whitney U tests,

and chi-square tests (or Fisher’s exact tests) for normally dis-
tributed, skewed, and categorical data, respectively. Bivari-
ate correlation was assessed by Pearson correlation analysis.
General linear model was used to test the associations of
sleep-related parameters (presence of OSA (OAHI> 1.5/h),
poor sleep quality (PSQI > 8), elevated concerns of snor-
ing and sleepiness) with neurocognitive outcomes (BRIEF
and Conners-3 scores), using neurocognitive outcomes
as dependent variables, while adjusting for age, sex, and
BMI z score. Two-way interactions between the presence
of OSA, poor sleep quality, elevated concerns of sleepi-
ness and snoring, and sex were also tested, and subgroup
analyses were performed if any significant interactions were
detected. Skewed data such as OAHI were log-transformed
before analysis. A p-value <0.05 determined significance.
All the analyses were conducted with SPSS version 26.0
(IBM Corp, Armonk, NY).

Results
Subject characteristics

A total of 85 children (62% male, mean age: 13.9+3.0 years,
mean body mass index (BMI): 38.2 kgm_2 +8.7) were
included in this analysis, of whom 36, 16, and 33 were cat-
egorized into the non-OSA, mild OSA, and moderate-severe
OSA groups, respectively. Using a cut-off of > 8 of the PSQI
composite score, 27 participants were classified with poor
sleep quality. BMI z score significantly correlated with log-
transformed OAHI, and log-transformed ODI as well as
SRBD-PSQ snoring subscale (Fig. 1).

Characteristics of different OSA severity groups

The moderate-severe OSA group had greater proportion
of males, and greater BMI z score, waist-to-hip ratio, and
neck-to-height ratio. No significant differences in age and
body height were observed between groups (Table 1). For
the PSG findings, apart from the expected differences in
OAHI between groups, the moderate-severe group also had
significantly higher ODI and a lower SpO2 nadir, as well as
a higher arousal index (Table 1).

The sleep questionnaire data showed that the moderate-
severe group had a significantly higher SRBD-PSQ snoring
subscale score than the non-OSA group (Table 1).

Characteristics of Subjects with PSQl < 8 versus =8
Participants with poor sleep quality had a smaller pro-
portion of males than those with good sleep quality.

No significant differences in age and body size were
observed between the two groups. (Table 2) The poor
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Fig. 1 A heatmap showing the Pearson correlation coefficients between
variables, with red and blue indicating positive and negative correla-
tions, respectively, while white indicates zero correlation. The “*” and
“**” indicate significant correlation with p<0.05 and p <0.001, respec-
tively. The orange panel displays the correlations between BRIEF and
Conners-3 subscales. The light blue panel displays the correlations
between age, BMI z score, and various sleep parameters. The green

sleep quality group had a lower OAHI. However, there
were no significant differences in ODI, SpO, nadir,
and arousal index between the two groups. (Table 2)
From the sleep questionnaire data, the poor sleep
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panel displays the correlation between sleep parameters and neurocogni-
tive outcomes. Abbreviations: BMI, body mass index; BRIEF, Behav-
ioral Rating Inventory of Executive Function; log Arl, log-transformed
arousal index; log OAHI, log-transformed obstructive apnea hypopnea
index; log ODI, log-transformed oxygen desaturation index; PSQ, Pedi-
atric Sleep Questionnaire; PSQI, Pittsburgh Sleep Quality Index; SRBD,
sleep related breathing disorder

quality group was reported to have less daily sleep
duration, and a higher SRBD-PSQ sleepiness subscale
score when compared to the good sleep quality group
(Table 2).
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Table 1 Characteristics of different OSA severity groups
OAHI< 1.5 OAHI 1.5-<5 OAHI>5
N=36 N=16 N=33 P
Demographics and anthropometrics
Age, y 14.0+2.6 12.8+2.6 144+34 0.20
Male sex, n (%) 16 (44%) 9 (56%) 28 (85%) 0.002*
Weight, kg 91.9+28.1 91.7+27.6 118.4+27.6 <0.001%*
Height, cm 162+11 159+12 167+12 0.066
Body mass index, kgm™ 35.6+7.5 35.6+8.4 42.2+8.6 0.002%*
Body mass index z score 2.32+0.36 2.44+0.33 2.69+0.29 <0.001*F
Waist circumference, cm 105+ 16 107+ 18 120+ 16 0.001%*
Hip circumference, cm 117+16 112+22 127+17 0.012*
Waist-to-hip ratio 0.65+0.09 0.67+0.10 0.72+0.10 0.011*
Neck circumference, cm 37.8+3.5 38.7+4.5 424439 <0.001%*
Neck-to-height ratio 0.23+0.02 0.24+0.02 0.25+0.02 <0.001*
Polysomnographic data
AHI, events/h 1.1 (0.5t0 1.7) 43 (3.3105.5) 11.7 (8.4 to 21.5) <0.001%#
OAH], events/h 0.5 (0.3 t0 0.7) 3.1 (2.4104.0) 10.2 (7.9 t0 20.9) <0.001%#
CAHI, events/h 0.50to1.1) 0.9(0.3t01.3) 02(0to1.2) 0.25
ODI, events/h 1.4 (091t02.3) 3.6 (2.3t04.5) 11.3 (6.6 to 17.4) <0.001*#
SpO, nadir, % 91+3 89+3 86+8 <0.001*
Arousal index, events/h 9.7 (7.7 to 14.3) 9.3(8.1t0 13.3) 13.6 (9.8 t0 23.8) 0.003%%
Sleep questionnaire data
PSQI composite score 6.6+3.4 6.4+3.2 5.6+3.0 0.41
Poor sleep quality (PSQI > 8) 15 (42%) 6 (38%) 6 (18%) 0.096
Daily time in bed, min 537+98 545+59 503 +97 0.21
Daily sleep duration, min 482+104 464 +73 456 +82 0.52
SRBD-PSQ 0.37 (0.23 to 0.50) 0.43 (0.28 to 0.54) 0.41 (0.27 to 0.66) 0.37
SRBD-PSQ - snoring subscale 0.25 (0 to 0.50) 0.50 (0.25to0 1) 0.67 (0.50to 1) <0.001*
SRBD-PSQ - sleepiness subscale 0.50 (0.25 to 0.75) 0.25 (0 to0 0.69) 0.33 (0to0 0.75) 0.50
SRBD-PSQ - behavior subscale 0.33 (0 t0 0.67) 0.25 (0.04 to 0.50) 0.17 (0 to 0.67) 0.77

AHI apnea hypopnea index; CAHI central apnea hypopnea index; OAHI obstructive apnea hypopnea index; ODI oxygen desaturation index;
PSQI Pittsburgh Sleep Quality Index; SpO, oxygen saturation; SRBD-PSQ Sleep-Related Breathing Disorder scale of the Pediatric Sleep Ques-
tionnaire

Normally distributed and skewed continuous data are shown as mean+ SD and median (IQR), respectively. Categorical data are shown as num-
ber (percentage)

P values were obtained from one-way ANOVA, Kruskal-Wallis tests, and chi-square tests for normally distributed, skewed, and categorical data

respectively

* Significant difference between OAHI < 1/h and OAHI > 5/h, p <0.017 in post-hoc pairwise test
1 Significant difference between OAHI < 1/h and OAHI 1-< 5/h, p <0.017 in post-hoc pairwise test
+ Significant difference between OAHI 1-<5/h and OAHI > 5/h, p <0.017 in post-hoc pairwise test

Neurocognitive outcomes

There were no significant differences in any scales or sub-
scales in BRIEF and Conners-3 between the three OSA
severity groups. (Table 3) The poor sleep quality group
had significantly higher BRIEF metacognition T score and
global executive composite T score than the good sleep qual-
ity group. They also had significantly higher T scores of
several Conners-3 subscales: inattention, learning problems,
and executive functioning (Table 3).

The associations were further supported by the correla-
tions between higher PSQI composite score and worse rel-
evant neurocognitive outcomes. (Fig. 1) Similarly, higher
SRBD-PSQ sleepiness subscale correlated with higher
BRIEF subscale T scores and Conners-3 executive function-
ing T score. However, higher SRBD-PSQ snoring subscale
was associated with a higher T score of only one subscale
(learning problem) of Conners-3. Log-transformed OAHI
and ODI were not correlated with any cognitive outcomes,
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Table 2 Characteristics

- . PSQI<8 PSQI>8
of participants with good
(PSQI < 8) and poor sleep N=58 N=27
quality (PSQI>8) Demographics and anthropometrics
Age, y 14.0+2.8 13.6+3.4 0.56
Male sex, n (%) 44 (76%) 9 (33%) <0.001
Weight, kg 100.8+32.4 105.1+26.1 0.55
Height, cm 165+13 162+9 0.32
Body mass index, kgm™> 37.5+9.1 39.8+7.6 0.26
Body mass index z score 2.49+0.36 2.48+0.40 0.95
Waist circumference, cm 111+19 113+ 16 0.60
Hip circumference, cm 118+19 124 +17 0.14
Waist-to-hip ratio 0.67+0.10 0.70+0.08 0.28
Neck circumference, cm 40.1+4.7 39.1+3.6 0.36
Neck-to-height ratio 0.24+0.02 0.24+0.02 0.73
Polysomnographic data
AHI, events/h 5.7(1.5t011.7) 3.5(0.7 to 7.0) 0.044
OAHI, events/h 4.8 (0.6 to 11.0) 0.8 (0.4t03.7) 0.011
CAHI, events/h 0.4 (0t00.9) 0.9 (0.2 to 1.6) 0.052
ODI, events/h 3.6(1.4t011.3) 3.7(1.5t07.0) 0.63
SpO, nadir, % 88+7 90+3 0.19
Arousal index, events/h 11.8 (8.7t0 16.3) 10.9 (8.0 to 14.4) 0.26
OSA severity 0.096
Non-OSA, n (%) 21 (36%) 15 (56%)
Mild OSA, n (%) 10 (17%) 6 (22%)
Moderate-severe OSA, n (%) 27 (47%) 6 (22%)
Sleep questionnaire data
PSQI composite score 44+19 10.0+1.6 <0.001
Daily time in bed, min 527+92 520+95 0.76
Daily sleep duration, min 495+71 412499 <0.001
SRBD-PSQ 0.37 (0.23 to 0.56) 0.41 (0.32t0 0.52) 0.19
SRBD-PSQ - snoring subscale 0.50 (0.25to 1) 0.50 (0.25 t0 0.67) 0.66
SRBD-PSQ - sleepiness subscale 0.29 (0 to 0.67) 0.50 (0.25 t0 0.75) 0.024
SRBD-PSQ - behavior subscale 0.17 (0 to 0.67) 0.50 (0 to 0.67) 0.22

AHI apnea hypopnea index; CAHI central apnea hypopnea index; OAHI obstructive apnea hypopnea index;
ODI oxygen desaturation index; OSA obstructive sleep apnea; PSQI Pittsburgh Sleep Quality Index; SpO,
oxygen saturation; SRBD-PSQ Sleep-Related Breathing Disorder scale of the Pediatric Sleep Questionnaire

Normally distributed and skewed continuous data are shown as mean+ SD and median (IQR), respectively.
Categorical data are shown as number (percentage)

P values were obtained from independent t tests, Mann—Whitney U tests, and chi-square tests for normally
distributed, skewed, and categorical data respectively

while higher log-transformed arousal index was correlated
with lower Conners-3 Defiance/Aggression T score (Fig. 1).

Multiple linear regression analyses revealed that
poor sleep quality and elevated concerns of sleepiness
were both independently associated with higher BRIEF
behavioral regulation T score, metacognition T score, and
global executive composite T score in the fully adjusted
model which included age, sex, BMI z score, the presence
of OSA, and snoring. (Table 4) In addition, poor sleep
quality was also independently associated with higher
Conners-3 inattention T score and executive functioning
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T score, while elevated concerns of sleepiness was also
associated with a higher learning problem T score in the
fully adjusted model (Table 4). The presence of OSA
and elevated concern of snoring were not associated
with any cognitive outcomes (Table 4). Female sex was
independently associated with a lower BRIEF behavio-
ral regulation T score (f=-10.3 (SE 3.6), p=0.005) and
global executive composite T score (f=-8.8 (SE 3.4),
p=0.011). However, sex did not significantly moderate
the association of OSA, sleep quality and sleepiness with
cognitive outcomes.
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Table 3 Neurocognitive OAHI OAHI  OAHI PSQI<8 PSQI>8
outcomes according to OSA <15/h 15-<5h >5/h
severity groups and sleep -
quality categories N=36 N=16 N=33 p* N=58 N=27 pt
BRIEF
Behavioral Regulation 53+14 56+11 56+16 0.60 53+14 58+15 0.17
Metacognition 57+13 60+13 58+14 0.74 56+13 63+12 0.020
Global Executive Composite  56+13  59+12 58+15 0.64 55+14 61+12 0.057
Conners-3 parent short form
Inattention 60+13 59+15 59+13 095 57=+12 64+14 0.024
Hyperactivity/Impulsivity 58+15 59+12 53+11 021 54+12 60+15 0.091
Learning Problems 56+12 57+12 56+12 099 54+12 60+12 0.046
Executive Functioning 58+14 61+17 56+14 051 55+13 63+15 0.016
Defiance/Aggression 54412 57+17 51+£10 031 52+11 57+16 0.19
Peer Relations 66+18 66+16 63+19 0.80 63+18 69+17 0.18

OAHI obstructive apnea hypopnea index; PSQI Pittsburgh Sleep Quality Index

Data are shown as mean + SD

* P values were obtained from one-way ANOVA comparing the three OSA severity groups

T P values were obtained from independent t tests comparing the good and poor sleep quality groups

Discussion

In this prospective cohort of overweight/obese children and
adolescents with or without OSA, after adjusting for age,
sex, and BMI z score, poor sleep quality and increased day-
time sleepiness were both independently associated with
lower behavioral regulation, metacognition, and executive
function. Furthermore, poor sleep quality was also indepen-
dently associated with inattention, while sleepiness was also
associated with learning problems. Interestingly, the pres-
ence of OSA or snoring was not significantly associated with
any cognitive outcomes measured in the study.

Obesity is a well-known confounder between OSA and
adverse physical and mental health outcomes. Adjusting
for the confounding effect of obesity is the major challenge
in the investigation of OSA-related complications. One of
the strengths of the current study was that we exclusively
recruited overweight/obese children only, such that the body
sizes of the participants in different OSA severity groups
were more comparable although the moderate-severe OSA
group still had a higher BMI than the mild and no OSA
groups. BMI z score correlated with log-transformed OAHI,
log-transformed ODI, and SRBD-PSQ snoring subscale,
suggesting that its associations with OSA symptoms and
severity were still significant even in this overweight/obese
cohort. Moreover, BMI z score also correlated with the
BRIEF scores as well as Conners-3 inattention and execu-
tive functioning T scores, supporting that adjustment for
BMI z score had to be made when examining the association
between OSA and these neurocognitive outcomes.

The association between OSA and neurocognitive
impairment has been well documented in the literature

[27]. However, current evidence of the association spe-
cifically in children with obesity is conflicting. A large-
scale cross-sectional study investigating the association of
SDB severity in 1010 children aged 5-7 years found that
cognitive performance was significantly lower in children
with more severe SDB. The association remained similar
when analyzing the normal weight and obese subgroups
separately, suggesting that obesity did not moderate the
association [28]. Another study showed that normal weight
children with OSA had lower total intelligent quotient
(IQ) when compared to normal weight controls. How-
ever, another group with both OSA and obesity had an
even lower total IQ, suggesting that obesity exerted an
additive worsening effect on top of SDB [29]. However,
the study did not include a group of obese children with-
out SDB such that the independent effect of SDB within
the obese subgroup could not be evaluated. Xanthopoulos
et al. compared 3 different groups: i) obese children with
OSA, ii) obese controls, and iii) lean controls and they
revealed a significantly worse BRIEF scores in obese chil-
dren with OSA when compared to obese controls, while no
significant differences could be observed between obese
controls and lean controls, suggesting that OSA plays a
more important role in the impairment of executive func-
tion when compared to body mass. Furthermore, their
mediation analysis demonstrated that the direct effect of
BMI z score on BRIEF scores was not significant after
controlling for AHI, but its indirect effect through AHI
was significant, implying that OSA severity significantly
mediated the effect of obesity on executive functioning and
behaviors [30]. In contrast to these findings, Biggs et al.
compared the neurocognitive function between normal
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Table 4 Regression coefficients of sleep-related parameters on neurocognitive outcomes

OSA (OAHI>1.5)

Elevated concerns of snoring
(PSQ snoring subscale >0.33)

Age, sex, and BMI z score Fully adjusted Age, sex, and BMI z score Fully adjusted
adjusted adjusted
Beta (SE) p Beta (SE) P Beta (SE) p Beta (SE) P
BRIEF
Behavioral Regulation —1.35 (3.44) 0.70  0.28(3.65) 094 2.56 (3.25) 0.43 1.05(3.43) 0.76
Metacognition -1.31 (3.28) 0.69 -0.24(3.42) 094 3.59 (3.07) 025 245@3.22) 045
Global Executive -1.47 (3.35) 0.66 -0.23(3.47) 095 3.65(3.14) 025 231(3.27) 048
Composite
Conners-3
Hyperactivity/Impul-  —4.52 (3.39) 0.19 -525@3.74) 0.16 1.54 3.21) 0.63  3.28(3.5) 0.35
sivity
Learning Problems -1.76 (3.05) 0.57 -1.17@3.24) 0.72 3.32 (2.81) 024  2.63(3.02) 0.39
Executive Functioning —4.38 (3.2) 0.18 -3.4(3.43) 0.32 3.05(3.33) 036 339355 034
Defiance/Aggression  —3.3 (3.45) 034 -4.18(3.87) 0.28 1.59 (2.94) 0.59 3.46(3.24) 0.29
Peer Relations -7.02 (4.47) 0.12 -4.04(494) 042 -3424) 048 -2.64(4.69) 057
Inattention -5.17 (3.32) 0.12 -4.11(3.55) 0.25 1.31 (3.11) 0.67 1.89 (3.28) 0.57
Poor subjective sleep quality Elevated concerns of sleepiness
(PSQI>8) (PSQ sleepiness subscale >0.33)
Age, sex, and BMI z score Fully adjusted Age, sex, and BMI z score Fully adjusted
adjusted adjusted
Beta (SE) p Beta (SE) p Beta (SE) p Beta (SE) p
BRIEF
Behavioral Regulation  9.39 (3.4) 0.007 7.73 (3.48) 0.029 8.05 (2.91) 0.007 6.87(3.09) 0.029
Metacognition 10.07 (3.2) 0.002 8.45 (3.26) 0.011 7.45 (2.78) 0.009 5.89(2.9) 0.046
Global Executive 10.3 (3.26) 0.002 8.54 (3.31) 0.012 8.41 (2.82) 0.004 6.84(2.94) 0.023
Composite
Conners-3
Hyperactivity/Impul- 7.15 (3.47) 0.043 6.51(3.61) 0.075 3.52 (2.98) 0.24 1.25 (3.15)  0.69
sivity
Learning Problems 6.52 (3.08) 0.037 4.8 (3.11) 0.13 6.82 (2.55) 0.009 5.78(2.71) 0.036
Executive Functioning 9.3 (3.56) 0.011 8.46 (3.66) 0.024 6.66 (3.03) 0.031 4.343.19) 0.18
Defiance/Aggression 6.28 (3.2) 0.053 6.25 (3.35) 0.066 -0.88 (2.76) 075 -272292) 035
Peer Relations 8.37 (4.64) 0.075 6.58 (4.83) 0.18 5.18 (3.95) 0.19 4544.21) 0.28
Inattention 9.75 (3.29) 0.004 8.35(3.38) 0.016 6.25 (2.83) 0.03 434295 0.15

Multiple linear regression analyses were used to test the associations between sleep parameters and neurocognitive outcomes, with neurocogni-
tive outcomes as the dependent variables. The presence of obstructive sleep apnea (OSA, OAHI> 1.5 events/h), poor subjective sleep quality
[Pittsburgh Sleep Quality Index (PSQI) > 8], elevated concerns of snoring [Pediatric Sleep Questionnaire (PSQ) snoring subscale >0.33, i.e. at
least 2 relevant symptoms positive], and elevated concerns of sleepiness [Pediatric Sleep Questionnaire (PSQ) sleepiness subscale >0.33, i.e.
at least 2 relevant symptoms positive] were tested in (1) the age-, sex- and BMI z score-adjusted model and (2) the fully adjusted model that
included all the variables in model 1 and all the other sleep parameters listed in the table

weight children without OSA, normal weight children
with OSA, and overweight children with OSA and they
demonstrated that the overweight-OSA group had signifi-
cantly worse BRIEF subscale and global composite scores
while no significant differences could be observed between
the normal weight-control and the normal weight-OSA
groups, suggesting that a higher BMI but not OSA contrib-
utes to the cognitive impairment [31]. A recent study spe-
cifically in obese children showed that SDB severity was
not associated with academic performance measured by

@ Springer

standardized tests. They were also unable to observe any
significant associations between SDB severity and brain
volumes measured by MRI [32]. Moreover, data from the
Penn State Child Cohort suggested that SDB itself was not
associated with neurocognitive impairments or behavio-
ral problems [33]. Apart from these cross-sectional data,
a prospective follow-up study conducted 4 years after
adenotonsillectomy in children aged 3-12 years at base-
line found only little improvement in neurocognitive per-
formance as measured by NEPSY in both non-obese and
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obese children despite substantial improvement in SDB.
Instead, obesity appeared to be the major contributor to
the cognitive impairment [34]. All these findings suggest
that SDB may not be a strong contributor to the cognitive
impairment in children with obesity.

Our findings concur with some of the previous studies by
showing that OSA or snoring was not associated with exec-
utive functioning and behavioral problems in obese chil-
dren. However, poor sleep quality and daytime sleepiness
were associated with worse cognitive function, independent
of OSA and snoring severity. The association of poor sleep
quality and daytime sleepiness with cognition has been
well documented in pediatric population. A meta-analysis
involving more than 13,000 children confirmed that poor
sleep quality (measured by PSG, actigraphy, or question-
naires) and daytime sleepiness (measured by questionnaires)
were modestly associated with worse school performance
[6]. However, relevant evidence specifically within the
obese subgroup is scarce. Hannon et al. conducted a small-
scaled cross-sectional study to compare severely obese ado-
lescents with or without OSA and found that OSA was not
associated with most of the neurocognitive outcomes except
for a lower math score. Instead, sleep fragmentation and
poor sleep quality were associated with reduced psychomo-
tor efficiency, poorer memory recall, and lower scores on
standardized academic tests [35]. Some recent studies sup-
ported these findings by showing that parent-reported sleep
disturbance mediated the association of obesity with various
aspects of cognitive function including behavioral regula-
tion, metacognition, episodic memory, executive function,
attention, working memory, and processing speed [36, 37].

Interestingly, the poor sleep quality group had a lower
OAHI than the good sleep quality group in this study. It
might be partly because the former group had a higher per-
centage of females, as females are associated with a lower
prevalence of OSA [38], but at the same time more vul-
nerable to poor sleep quality [39]. However, other factors
which were not measured in the study may also contribute
to the observed findings. Children and adolescents with
lower OAHI had lower BMI, which may be an advantage
for social and peer relationship development [40]. Estab-
lishment and maintenance of peer relations may increase
the risk of social media addiction [41], which in turn lead
to poorer sleep quality, especially when the social media
use is close to bedtime [42], as it would postpone bedtime
and shorten sleep duration by interfering with melatonin
production via screen exposure at bed [43]. The anxiety of
not being connected to the social media may also make it
difficult to relax at bedtime as highlighted by the finding
that social media incoming alerts significantly contributed
to sleep disruptions in teens [42].

Cautions should be taken when interpreting the results
of this study as the study had several limitations. Given the

cross-sectional study design, whether cognitive impairment
was the cause or the consequence of sleep disturbance could
not be discerned. As both cognitive function and sleep distur-
bance can be affected by multiple factors, there are potential
confounding factors that were not measured in the study, such
as genetic background, family environment, and the educa-
tional levels of the parents. The small sample size also made
it impossible to investigate the inter-relationship between var-
ious sleep parameters and the cognitive outcomes using more
sophisticated methods such as structural equation modeling.
Furthermore, this study did not have objective neurocognitive
data—all cognitive outcomes were subjectively reported by
parents, which may be subject to reporting bias.

Conclusions

This study provided evidence that subjective sleep qual-
ity and daytime sleepiness, but not objectively measured
OSA severity, were independently associated with execu-
tive functioning and behavioral problems in children and
adolescents with obesity. Children with obesity require a
broader evaluation of their sleep, not only SDB severity
determination, but also sleep quality and daytime sleepi-
ness assessments. Future studies are needed to evaluate
if improving the sleep quality and sleepiness in children
with obesity provides any beneficial effect to their cogni-
tive functioning longitudinally.
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