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Abstract

Sleep disturbance, particularly insomnia, is common in children with autism spectrum disorders
(ASD). Furthermore, disturbed sleep affects core symptoms and other related comorbidities.
Understanding the causes and consequences of sleep disturbances in children with ASD is an
important step toward mitigating these symptoms. To better understand the connection between
sleep duration and ASD severity, we analyzed ASD-related symptoms using the Autism
Diagnostic Interview-Revised (ADI-R), Autism Diagnostic Observation Schedule (ADOS), 1Q
scores, and parent reports of the average amount of time slept per night that were available in the
medical histories of 2,714 children with ASD in the Simons Simplex Collection (SSC). The mean
(SD) sleep duration was 555 minutes. Sleep duration and severity of core ASD symptoms were
negatively correlated, and sleep duration and 1Q scores were positively correlated. Regression
results indicated that more severe social impairment, primarily a failure to develop peer
relationships, is the core symptom most strongly associated with short sleep duration.
Furthermore, increased severity for numerous maladaptive behaviors assessed on the Child
Behavior Checklist, as well as reports of attention deficit disorder, depressive disorder, and
obsessive compulsive disorder were associated with short sleep duration. Severity scores for
social/communication impairment and restricted and repetitive behaviors (RRB) were increased,
and 1Q scores were decreased, for children reported to sleep <420 minutes per night (lower 5th
percentile) compared to children sleeping =660 minutes (upper 95th percentile). Our results
indicate that reduced amounts of sleep are related to more severe symptoms in children with ASD.
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Introduction

Autism spectrum disorders (ASD) are heterogeneous neurodevelopmental disorders
characterized by social and communication impairments and the presence of restricted and
repetitive behavioral patterns (APA, 2013). Sleep disturbances, are commonly observed in
children with ASD. The most prevalent sleep problem identified in children with ASD is
insomnia, with estimates ranging from 50 to 80% (Couturier et al., 2005; Goldman et al.,
2009;Krakowiak, Goodlin-Jones, Hertz-Picciotto, Croen, & Hansen, 2008; Sivertsen,
Posserud, Gillberg, Lundervold, & Hysing, 2012; Souders et al., 2009). This high prevalence
is in contrast to 20-30% in children of typical development (Maski & Owens, 2016; Owens,
2016). Insomnia is defined as difficulty falling asleep or staying asleep. Children with ASD
often sleep for shorter total periods of time during the night compared to typically
developing children and have long periods of awakenings throughout the night (Reynolds &
Malow, 2011; Wiggs & Stores, 2004). A growing body of evidence indicates that sleep
disturbances exacerbate impaired social interactions, communication problems, and presence
of repetitive behaviors in children with ASD (Cohen, Conduit, Lockley, Rajaratnam, &
Cornish, 2014;Gabriels, Cuccaro, Hill, Ivers, & Goldson, 2005; Malow et al., 2006). In
particular, increased severity of sleep onset delay and short sleep duration were observed to
predict of increased severity of core ASD symptoms, including social skill deficits and
stereotypic behavior (Tudor, Hoffman, & Sweeney, 2012). Additionally, fewer hours of sleep
per night were observed to predict difficulties with social interactions, stereotypic behavior,
and overall diagnostic characteristics of autism that were measured via the Gilliam Autism
Rating Scale (Schreck, Mulick, & Smith, 2004). Furthermore, children with ASD who sleep
fewer hours at night, with waking during the night, have been observed to have more
socialization and communication problems (Taylor, Schreck, & Mulick, 2012). Shorter sleep
durations were also observed to relate to maladaptive behaviors and other serious
comorbidities in ASD, including reduced overall adaptive functioning, daily living skills,
motor development, and lower overall intelligence (Taylor et al., 2012). Increased severity of
short sleep duration has also been found to correlate with increased physical aggression,
hostility, inattention, and hyperactivity (Mazurek & Sohl, 2016).

In typically developing children, sleeping too little is associated with attention, behavior, and
learning problems. Insufficient sleep is also associated with increased risk for depression,
and in teenagers, increased risk of self-harm, suicidal thoughts, and suicide attempts (Paruthi
et al., 2016). Notably, recent evidence suggests that sleep promotes normal brain
development (Kayser, Yue, & Sehgal, 2014) and sleep disruption during development may
affect adult brain connectivity (Billeh et al., 2016). This indicates that sufficient sleep is
essential for normal neuronal development. Sleep deprivation has been observed to affect the
neural circuitry underlying emotional regulation, including abnormal connectivity of the
amygdala and prefrontal cortex (Maski & Kothare, 2013); this abnormal amygdala-
prefrontal cortex connectivity has also been observed in ASD (Wiggins & Monk, 2013). In
ASD, children may be even more vulnerable to the detrimental effects of sleep disruption on
daytime behavior. There is potentially a critical window during neurodevelopment where the
quality of sleep has a lasting impact on neurological function. As such, the need for effective
treatments for sleep disturbances in children with ASD is profound.
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It is possible that ASD symptoms drive disturbed sleep or that expression of ASD symptoms
with comorbid sleep disturbances are modified by convergent genetic risk factors (Hu et al.,
2009; Pagan et al., 2014; Veatch, Goldman, Adkins, & Malow, 2015a; Veatch, Maxwell-
Horn, & Malow, 2015b; Yang et al., 2016). Defining the relationship of disturbed sleep to
ASD symptom severity in large databases with extensive phenotypic and genetic data
available is a necessary step toward generating hypotheses about how short sleep duration
may affect ASD, and moving toward more effective approaches to mitigate these symptoms.
The majority of sleep-related information available in large ASD databases is limited to data
derived from parent report, primarily questions in medical history forms and questionnaires.
To determine the accuracy of parent reports of sleep problems, our group previously
compared parent report (i.e., the Children’s Sleep Habits Questionnaire (CSHQ)(Owens,
Spirito, & McGuinn, 2000)) to actigraphy-measured data from 78 children with ASD
(\eatch et al., 2016). We observed only one parent reported insomnia-related trait was
significantly correlated with the comparable actigraphy-measure. This trait was the amount
of time the child slept and actigraphy-measured nighttime sleep duration (o = 0.30, 7= 8.0 x
1073). Notably, parent reports of the severity of sleep onset delay were not correlated with
actigraphy-measured sleep latency, nor were parent-reported severity of night wakings
correlated with actigraphy-measured wake after sleep onset. Furthermore, there was no
difference between actigraphy measurements for children whose parents did report a
problem in a sleep-related behavior compared to those whose parent did not report a
problem. Thus, sleep duration appears to be the most accurate parent-reported sleep trait.

The aim of the present study was to use data available in one of the largest collections of
ASD samples, the Simons Simplex Collection (SSC), to examine the relationship between
shorter sleep duration and ASD symptomatology (Fischbach & Lord, 2010). Furthermore,
our goal was to pinpoint specific core symptoms and/or important comorbidities associated
with short sleep duration in children with ASD. Our hypothesis was that shorter sleep
duration would be associated with increased impairment of core symptoms, expression of
comorbidities with evidence for a connection with sleep restriction, and more challenging
daytime behaviors in ASD.

Dataset Demographics

The analysis dataset consisted of 2,714 children in the Simons Simplex Collection (SSC),
which represents the largest cohort of autism simplex families currently collected (Fischbach
& Lord, 2010). All children included in our analyses met DSM-5 criteria for ASD (APA,
2013) with confirmatory Autism Diagnostic Interview-Revised (ADI-R) (Lord, Rutter, & Le
Couteur, 1994) and Autism Diagnostic Observation Schedule (ADOS) (Lord et al., 1989).
Verbal and nonverbal 1Q scores were derived from a developmental hierarchy of cognitive
measures, mainly the Differential Ability Scales, 2nd Edition (Elliott, 2006) and Mullen
Scales of Early Learning (Mullen, 1995), and were available for all but one individual in the
analysis dataset (7= 2,713). Deviation 1Qs (i.e., 1Qs derived from standard scores) were
used to estimate verbal 1Qs for 85% of the dataset, while Ratio 1Qs (i.e., 1Qs derived by
dividing verbal mental age by chronological age for children who were not able to obtain a
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Verbal Deviation 1Q) were used for 15% of the dataset. The mean of the verbal 1Q scores
was 78.09+/-31.24, and scores ranged from 5 to 167. Deviation 1Q scores were used to
estimate nonverbal 1Qs for 81% of the dataset. The mean of the nonverbal 1Q scores was
84.60+/-26.11, and ranged from 9 to 161.

The dataset was 86% male and children were between 4 and 18 years old, with a mean age
of 9.04+/-3.58 years old, at the time of the ADOS and medical history collection. As sleep
duration typically varies based on the individual’s age and environmental influences, it is
notable that the proportion of children who were age 4-5 years old (preschool age) was
~17.7%, 6-12 years old (primary school-age) was —63.7%, and =13 years old (secondary-
school age) was ~18.5%.

Phenotype Data Comparisons

All variables included in analyses were obtained from the SSC’s standard research battery
and detailed medical histories. From the Autism Diagnostic Interview-Revised (ADI-R), we
analyzed subscale scores evaluating specific symptoms related to social impairment,
communication impairment, and restricted and repetitive behaviors (RRB), as well as overall
severity scores in each domain. The ADI-R is an interview given by trained experts to
caregivers of children suspected of having ASD (Lord et al., 1994). Communication severity
scores are divided into verbal and nonverbal scores, and each individual receives a nonverbal
score but not necessarily a verbal score. Of the 2,714 children in the total analysis dataset,
2,388 children (88%) had verbal communication impairment scores.

We evaluated calibrated severity scores (CSS) for core ASD symptoms obtained from the
Autism Diagnostic Observation Schedule (ADOS). The ADOS is a semistructured
observational assessment of children suspected of having ASD (Lord et al., 1989). Similar to
the ADI-R, the ADOS provides overall severity scores related to social impairment,
communication impairment and RRB. The ADOS has four modules used for assessment,
based on the individual’s age and current developmental level. There were 508 children with
ADOS scores from Module 1 (18.7%), 595 from Module 2 (21.9%), 1,540 from Module 3
(56.7%), and 71 from Module 4 (2.6%). ADOS CSS are generated in order to standardize
ADOS scores allowing for comparisons of scores across Modules 1, 2, and 3. ADOS CSS
are not calculated for individuals who are assessed using Module 4 (Gotham, Pickles, &
Lord, 2009), therefore we analyzed CSS in 97% of the dataset (/7= 2,643). Procedures for
separately deriving the Social Affect (impairment in social and communication skills) and
RRB CSS from the ADOS are detailed in Hus, Gotham, and Lord (2014).

Based on results from our previous study comparing parent-reported sleep traits to objective
measures that were determined via actigraphy (Veatch et al., 2016), we expected that the
most reliable sleep trait that could be derived from parent-report would be sleep duration. To
approximate sleep duration, current answers to the question “On average, how many hours/
night [does your child sleep]?” in the “Sleep Problems: Regularity and Duration” portion of
the SSC medical history form was used. Subjective responses of “normal,” “less than
normal,” “more than normal,” and “not sure” were coded as missing data. Of the 2,714
children with a numeric response to this question who also had available ADI-R, ADOS,
there were 65 (2.4%) children for whom parents reported a range of hours. For these
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children, the median value in the range was used. For example, if a parent reported that the
child sleeps 10-12 hours per night, a value of 11 hours was used in analyses. Prior to
analyses, the reported number of hours per night were multiplied by 60 to determine the
number of minutes, allowing for more interpretable effect estimates. Of the 2,714 children
with a “current” average sleep duration reported, only 320 children (~12%) had an “ever”
sleep duration reported. Therefore, we focused on current reports of sleep duration. All
analyses were conducted using STATA, Version 13, College Station, TX (Statacorp, 2013).

Traits included in these analyses represent different types of statistical variables including
ordinal, finite variables (i.e., ADI-R, ADOS), and continuous, infinite variables (i.e., sleep
duration, age at exam, verbal 1Q, and nonverbal 1Q). Therefore, nonparametric Spearman
rank correlation coefficients (o) were calculated to determine the relationship between sleep
duration and social, communication, and RRB scores from the ADI-R and the ADOS,
nonverbal and verbal 1Q scores, and age at the time of the ADOS.

Association tests evaluating the relationship of sleep duration with core ASD
symptoms, 1Q, and comorbidities.—To determine if sleep duration was associated
with severity scores from the ADI-R and ADOS, I1Q scores, or age at ADOS, linear
regression was conducted with sleep duration included as a quantitative outcome variable.
Each ASD-related trait was analyzed independently, as well as in a “full” model that
included all of the traits associated with sleep duration in independent tests. The full
regression model included: ADI-R Social Impairment, ADI-R Nonverbal Communication
Impairment, ADI-R Verbal Communication Impairment, ADI-R RRB, ADOS Social Affect
CSS, Verbal 1Q Score, Nonverbal 1Q Score, and Age at ADOS. To determine if impairment
in any specific behaviors contributed more strongly to the association signal, subscale-level
scores that are included in the calculation of total severity scores from the ADI-R that
remained significantly associated with sleep duration in the full model regression analysis
were further analyzed in a linear regression model that incorporated all subscale-level
scores, 1Qs, and age. To ensure that collinearity was not a concern in multiple regression
analyses, the variance inflation factor (VIF) was calculated. VIF estimates indicated that the
severity of multicollinearity was low (Total Scores_Mean VIF = 2.57, Subscale
Scores_Mean VIF = 1.56), suggesting there were no appreciable effects on the variance of
the estimated coefficients (Kutner, Nachtsheim, & Neter, 2004).

To determine if sleep duration was associated with any comorbidities of interest in children
with ASD, linear regression was conducted with sleep duration included as a quantitative
outcome variable and parent reports of a comorbid diagnosis in the child with ASD as
predictors. Comorbidities were analyzed if they were reported in the SSC medical histories
to be present in at least 10 children and observed in previous studies to have a connection
with sleep disturbances. These comorbidities included anxiety disorder (Neckelmann,
Mykletun, & Dahl, 2007; Ohayon & Roth, 2003), attention deficit disorder (ADD) (Hysing,
Lundervold, Posserud, & Sivertsen, 2016), bipolar disorder (Wulff, Gatti, Wettstein, &
Foster, 2010), depressive disorder (Nechita, Pirlog, & ChiriTa, 2015; Nutt, Wilson, &
Paterson, 2008; Stewart, Barnard, Pearson, Hasan, & O’brien, 2006), obsessive compulsive
disorder (Raines et al., 2015; Timpano, Carbonella, Bernert, & Schmidt, 2014), epileptic
seizures (Accardo & Malow, 2015), migraines (Luc, Gupta, Birnberg, Reddick, & Kohrman,
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2006; Peres, 2005; Vogler, Rapoport, Tepper, Sheftell, & Bigal, 2006), and constipation and
irritable bowel disorder (Aldinger, Lane, Veenstra-VanderWeele, & Levitt, 2015;Ferguson et
al., 2016). For associated comorbidities, studen’s #tests were conducted comparing the
mean sleep duration for children with the reported comorbidity to those without. Reports of
comorbidities in the SSC medical histories indicate presence of a comorbid diagnosis at any
point in the child’s developmental history. To better understand the relationship of current
sleep duration with current severity of comorbidity-related symptoms as well as maladaptive
behaviors, we evaluated the relationship of sleep duration with age-standardized Child
Behavior Checklist (CBCL) 7 scores (Achenbach, 1991) using linear regression. Of the
2,714 children included in the above analyses, there were 2,709 children with caregiver
reported behavior problems available from the CBCL.

Evaluating the effects of age on the associations of sleep duration and ASD-
related traits.—To evaluate the effects of age on the relationship of ASD-related symptom
severity and sleep duration, variables from the ADI-R that remained significantly associated
in full models, as well as comorbidities and CBCL scores that were independently
associated with sleep duration were further assessed using interaction analyses as follows:
Sleep Duration = Sy+BASD-related Trait+BAge at ADOS+ (BASD-related Trait* SAge at
ADOS). ASD-related traits and comorbidities where the effect of age on the association with
sleep duration was significant (£ < 0.05) were further analyzed in distinct age-based
subgroups defined as: 4-5 years old (preschool age), 6-12 years old (primary school-age),
and =13 years old (secondary-school age).

Evaluating the effects of neurological impairment and medication use on the
associations of sleep duration and ASD-related traits.—To evaluate the potential
influence of neurological conditions and medication use on the relationship between sleep
duration and ASD severity, we conducted regression testing the association of sleep duration
with reports of neurological issues and current medication usage. Children that were
reported to be currently taking the medications that were associated with sleep duration in
this dataset were excluded and the remaining 2,042 children were evaluated for relationships
between sleep duration and ASD-related symptoms that were associated in the full dataset.

Comparison of ASD-related symptoms in subgroups representing extreme
tails of the overall sleep duration distribution.—Correlations indicated that many of
the evaluated ASD-related symptoms had a nonlinear relationship with sleep duration. To
better understand these relationships, the distribution of sleep duration across the analysis
dataset was determined to identify children with extremely short, extremely long, and
nonextreme sleep duration. There are currently no accepted criteria regarding the amount of
sleep that is considered ideal for children with ASD. In typically developing children,
several studies have used a definition of short sleep that was based on sleep duration of less
than the 10th percentile for reported norms by age (Nixon et al., 2008; Owens, Mehlenbeck,
Lee, & King, 2008; Paavonen et al., 2009; Pesonen et al., 2010). As children included in
these analyses were not typically developing it seemed appropriate to use a more stringent
cutoff for defining extremes. Furthermore, given the large dataset and the broad age range of
4-18 years, we defined phenotypic extremes of sleep duration as the lower 5th and upper
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95th percentiles of the observed distribution. Based on this cutoff, short sleep was defined as
<7 hours, which is not sufficient sleep to promote optimal health in children, according to
the American Academy of Sleep Medicine (Paruthi et al., 2016). Kruskal-Wallis tests were
then conducted to determine if ADI-R, ADOS, 1Q scores, or CBCL 7 scores were different
across sleep duration subgroups representing children with sleep duration: (1) in the lower
5th percentile (i.e., extremely short), (2) between the 5th and 95th percentile (i.e.,
nonextreme), and (3) in the upper 95th percentile (i.e., extremely long) of the distribution.
We were particularly interested in determining if ASD symptoms were more severe in
children having extremely short sleep duration compared to those with longer sleep duration.
ANCOVAs were conducted, while adjusting for age, to compare ADI-R, ADOS, 1Q, and
CBCL scores between children with short versus long sleep duration. Post-hoc comparisons
of mean scores for ASD-related symptom severity between sleep duration subgroups were
conducted via Tukey Kramer tests. Logistic regression was used to determine if any
comorbidities of interest were associated with the short sleep duration subgroup.

Associations of Core ASD Symptoms, 1Q, and Relevant Comorbidities with Sleep Duration

Social/communication impairment and RRB severity scores from the ADI-R were negatively
correlated with parent-reported sleep duration (Fig. 1A-D). Increased Social Affect scores
from the ADQOS were moderately correlated with shorter sleep duration; however, RRB
scores from the ADOS were not correlated with sleep duration (Fig 1E, F). Verbal and
nonverbal 1Q scores were positively correlated with sleep duration (Fig. 1G, H).

Increases in severity for social/communication impairment and RRB scores from the ADI-R,
and Social Affect scores from the ADOS were independently associated with shorter sleep
duration. In addition, lower 1Q scores were also associated with shorter sleep duration (Table
1). Following evaluation of these traits in a full regression model, which also corrected for
age, more severe social impairment and RRB from the ADI-R remained associated with
shorter sleep duration. Nonverbal communication scores from the ADI-R were also
associated with shorter sleep duration in the full regression model; however, the direction of
effect was different when correcting for all other independently associated variables (Table
1).

Evaluation of subscales for social impairment and RRB total severity scores from the ADI-R
revealed that it was primarily a “failure to develop peer relationships” and presence of
“apparently compulsive adherence to nonfunctional routines or rituals” that were associated
with shorter sleep duration (Table 2). No subscales included in the total communication
severity scores were associated with sleep duration (Table 2).

In addition to more severe core ASD-related symptoms and lower 1Qs, shorter sleep duration
was associated with increased reports of ADD, depressive disorder, and obsessive
compulsive disorder (Table 3). Shorter sleep duration was also associated with increased
severity for numerous maladaptive behaviors that were measured via the CBCL (Table 4).
These included having more severe pervasive developmental symptoms, social problems,
sleep problems, attention deficit/attention deficit hyperactivity disorder (ADD/ADHD)
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behaviors, affective problems, anxiety, anxious/depressed symptoms, attention problems,
emotional reactivity, internalizing problems, and thought problems.

Interaction analyses indicated that age had a significant effect on the associations of social
and nonverbal communication impairment scores from the ADI-R with sleep duration, but
not RRB severity scores from the ADI-R (Supporting Information Table S1). Age also had
an impact on the relationship of sleep duration with failure to develop peer relationships, but
not compulsive rituals (Supporting Information Table S1). When analyses were restricted to
children in age-defined subgroups, it was observed that children who were ages 4-12 years
old were primarily driving the associations between shorter sleep duration and increased
severity of core symptoms (Table 5).

Age did not have significant effects on the associations between sleep duration and reports in
the medical histories of comorbid ADD, depressive disorder, nor obsessive compulsive
disorder (Supporting Information Table S1). However, age did influence the relationship of
sleep duration with some 7 scores from the CBCL. In particular, age had a significant effect
on the association of short sleep duration with more severe scores for affective problems,
anxiety problems, anxious/depressed symptoms, internalizing problems, and total problems
(Supporting Information Table S1). Similar to results in age-defined subgroups for core
symptom severity, children who were ages 4-12 years old were primarily driving the
associations between shorter sleep duration and increased CBCL 7 scores (Table 5).

Of the 2,714 children included in the analysis dataset, 948 children (~35%) were reported to
have at least one comorbid neurological condition (Supporting Information Table S2). Sleep
duration was not associated with having a neurological condition (P= 8.5 x 1071), or with
any specific neurological condition (P> 1.6 x 1071). Sleep duration was associated with
current use of ADD medications, mood stabilizers, sedatives, and thalidomide (Supporting
Information Table S3). In the subset of children who were reported to not be currently taking
these medications, sleep duration remained associated with ADI-R Social Impairment
scores, failure to develop peer relationships, and compulsive nonfunctional rituals, but not
ADI-R RRB total severity scores, or ADI-R Nonverbal Communication Impairment scores
(Supporting Information Table S4). Increased severity for all of the previously associated
CBCL T scores remained associated with shorter sleep duration in these children
(Supporting Information Table S5). Similar results were also observed for reports of
depressive disorder; however, sleep duration was no longer associated with reports of ADD,
or obsessive compulsive disorder (Supporting Information Table S5).

Differences in ASD-Related Symptoms in Subgroups Representing Extreme Tails of the
Overall Sleep Duration Distribution

The mean sleep duration reported for 2,714 children with ASD in the SSC was 555 + 76
minutes (9.25 £ 1.30 hours). There were 179 children with extremely short sleep duration
(=420 minutes or <7 hours) and 302 children with extremely long sleep duration (=660
minutes or =11 hours) (Fig. 2). Social/communication impairment and RRB severity scores
from the ADI-R, 1Q scores and ages were different when comparing children with extremely
short, nonextreme, and extremely long sleep duration (Table 6A). In addition, severity of
social/communication impairment measured with both the ADI-R and ADOS were
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increased in children with extremely short sleep duration compared to children with
extremely long sleep duration. Furthermore, children with extremely short sleep duration
had more severe RRB, measured with the ADI-R, and lower 1Q scores (Table 6B) compared
to extremely long sleep duration.

The majority of maladaptive behaviors reported on the CBCL were also different when
comparing sleep duration subgroups (Table 7A). Children with sleep duration reported in the
lower 5th percentile had more severe CBCL 7 scores for social problems, pervasive
developmental symptoms, ADD/ADHD symptoms, affective problems, anxious/depressed
symptoms, and numerous other maladaptive behaviors (Table 7B). Increased reports of ADD
(OR =2.90, 95% CI = 1.66, 5.06, P< 1.0 x 107%), depressive disorder (OR = 10.87, 95% ClI
=1.30, 91.07, A= 2.8 x 1072), and obsessive compulsive disorder (OR = 6.02, 95% CI =
1.63,22.19, P=7.0 x 1073) were associated with the short sleep duration subgroup.

Discussion

This study represents one of the largest analyses conducted evaluating the effects of sleep
duration on ASD severity. Across the entire SSC dataset, we observed that increased severity
of core ASD symptoms were correlated with decreased sleep duration. Furthermore, more
severe social impairment and RRB from the ADI-R were associated with shorter sleep
duration, when correcting for age and 1Q. The specific symptoms associated with shorter
sleep were a failure to develop peer relationships within the social impairment domain, and
an adherence to nonfunctional routines or rituals in the RRB domain. In addition, shorter
sleep duration was associated with more maladaptive behaviors measured via the CBCL and
increased reports of ADD, depressive disorder, and obsessive compulsive disorder.

When comparing subgroups representing children with extremely short and extremely long
sleep duration, we found that children with ASD and extremely short sleep duration had
increased severity of core ASD symptoms (i.e., social/communication impairment, and
RRB), lower 1Q scores, more severe behavior problems (e.g., ADD/ADHD symptoms,
affective problems, anxiety problems, anxious/depressed symptoms, attention problems,
internalizing problems, thought problems, problems at school, and sleep problems), and
increased reports of ADD, depressive disorder and obsessive compulsive disorder. While we
have yet to establish whether short sleep duration is a cause or consequence of more severe
symptoms in children with ASD (or that both sleep duration and ASD symptoms are the
consequence of a third unknown factor), our results demonstrate the importance of
identifying and treating sleep problems in this patient population.

Increased Severity of ASD-Related Symptoms are Associated with Shorter Sleep Duration

It is notable that estimates of sleep duration based on parent responses to questionnaires are
subject to some level of bias leading to potential inaccuracies. For example, if the child is
not alerting the parents, many may be unaware of the exact amount of time it takes for the
child to fall asleep or the number awakenings occurring throughout the night. As such, sleep
duration measured via parent-report is an imperfect phenotype. However, we were able to
corroborate findings from previous studies in smaller ASD datasets, where sleep data was
obtained using well-defined clinical diagnostic criteria and/or objective measures (Goldman
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et al., 2009; Malow et al., 2012; Schreck et al., 2004), observing that the severity of social/
communication impairment and RRB is increased in children with comorbid short sleep
duration. This indicates that using subjective reports of sleep duration in large ASD datasets
is useful for understanding the relationship of sleep disturbances to symptom severity in
children with ASD.

Furthermore, we observed that a failure to develop peer relationships was the strongest
symptom associated with shorter sleep duration in children with ASD. Specifically, for every
4-minute decrease in sleep duration, there was a one unit increase in this ADI-R subscale.
This is particularly important as early problems with establishing peer relationships
negatively impact the eventual social and emotional development of the child, including
increased psychological adjustment problems (Ladd & Troop-Gordon, 2003), and increased
risk of educational under-achievement and unemployment (Woodward & Fergusson, 2000).
It has been shown in typically developing individuals that a significant impact of daytime
sleepiness relates to issues with establishing interpersonal relationships (Mulgrew et al.,
2007). While we did not directly assess daytime sleepiness, increased reports of problems
with the child being unusually sleepy during the day were associated with shorter sleep
duration (8= -19.92, P< 1.0 x 107%), and daytime sleepiness has been observed to be
associated with short sleep duration in other studies (Perez-Lloret et al., 2013). Therefore, it
can be inferred that in a child with ASD, who is already prone to social impairment, shorter
sleep duration that results in daytime sleepiness could further impede the establishment of
personal relationships. The net result may impact the effectiveness of therapies and
negatively alter the developmental trajectory of the individual.

Notably, while communication scores were independently associated with sleep duration,
verbal communication scores from the ADI-R were not associated in the full regression
model. This suggests that sleep duration is not associated with verbal ability. These findings
are similar to observations in typically developing children (Paavonen et al., 2010). In
addition, while nonverbal communication scores from the ADI-R remained associated, the
direction of effect changed when correcting for all other independently associated variables.
This would indicate that decreased severity of nonverbal communication impairment is
associated with shorter sleep duration. The connection between sleep duration and the
individual’s ability to communicate nonverbally is unclear; however, one study previously
observed that children with less severe impairment in nonverbal communication had
significantly greater impairment in social functioning (Joseph, Tager-Flusberg, & Lord,
2002). It is possible that our results reflect a discrepancy between the relationships of sleep
duration and social impairment, compared to nonverbal communication impairment.

It is interesting that the effects of sleep duration on severity of core symptoms were
primarily observed when symptoms were evaluated with the ADI-R compared to the ADOS.
One explanation is that the specific symptoms that had the strongest associations with sleep
duration included issues with peer relationships and adherence to routines or rituals which
may not be as extensively evaluated with the ADOS. For example, direct evaluation of
developing peer relationships is not assessed with the ADOS and RRBs observed on the
ADOS are more likely to be simple repetitive behaviors, easily observed in a brief
interaction (Hus et al., 2014). In contrast, the ADI-R captures a broader array of RRBs and
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provides information for more complex repetitive behaviors. While comparable scores
between the ADI-R and ADOS were significantly correlated with each other, the correlation
coefficients indicated some level of discrepancy across the two diagnostic methods in this
dataset (psocial = 0.35, prre = 0.12, P< 1.0 x 107°). It should be noted that scores from the
ADI-R diagnostic version are based on summing the most abnormal manifestation of the
evaluated behavior between the ages of 4 and 5 years old (Lord et al., 1994). Therefore, it is
possible that given the age range of the analysis dataset, reports of core symptom severity
from the diagnostic version of the ADI-R are less likely than ADOS scores to accurately
reflect a relationship with current reports for sleep duration. However, when separate
analyses were conducted in age-based subgroups, we observed that sleep duration remained
associated with social impairment, failure to develop peer relationships, nonverbal
communication, and RRB scores in children who were age 4-5 years old. This suggests that
shorter sleep duration is related to increased severity of ASD in the subgroup of children
where scores on the ADI-R are more likely to reflect the current state of this relationship.

Decreases in Sleep Duration are Associated with Lower IQs, Maladaptive Behaviors, and
Reports of ADD, Depressive Disorder, and Obsessive Compulsive Disorder in ASD

Intellectual capability is an important distinguishing factor, affecting the functional level of
children with ASD (Matson & Shoemaker, 2009; Rommelse et al., 2015). We observed that
decreases in 1Q scores were independently associated with decreases in sleep duration.
While 1Q scores were no longer associated in the full regression model, 1Q scores for
children with ASD were lower in the short sleep duration subgroup compared to children in
the long sleep duration subgroup. These findings are similar to those reported for typically
developing school-age children, indicating that sleep duration is differentially related to
cognitive functioning (Gruber et al., 2010). Specifically, longer sleep duration has been
associated with increased overall 1Q scores in typically developing children. It is possible
that short sleep duration in children with ASD negatively impacts the level of intellectual
functioning.

Furthermore, the observations that more severe CBCL 7 scores for ADD/ADHD symptoms,
affective problems, anxious/depressed symptoms, and increased reports of ADD, depressive
disorder, and obsessive compulsive disorder in the medical histories were associated with
decreases in sleep duration, and were more common in the extremely short sleep duration
subgroup, are especially intriguing as numerous genetic mechanisms implicated in these
comorbidities overlap with risk factors for ASD and those involved in sleep regulation
(Gehrman, Keenan, Byrne, & Pack, 2015;Herken et al., 2007;Mattheisen et al., 2015; Neale
et al., 2010; Parsons et al., 2013; Wu, Xiao, Sun, Zou, & Zhu, 2012). While it is possible
that presence of these comorbidities contribute to sleep disturbances in children with ASD, it
is also likely that overlapping genetic risk factors have pleiotropic effects that influence risk
for multiple clinically distinct conditions in the same individual. In addition, a potential
relationship may exist where underlying biology modifies the negative consequences of
sleep problems in children with ASD. Specifically, genetic risk factors for ASD that function
in regulating sleep may increase the severity of symptoms observed in children with ASD
and shorter sleep duration. Identifying pleiotropic effects related to underlying genetic
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architecture may be particularly useful to informing more effective treatment options for
important comorbidities in individuals with ASD.

It is notable that we did not observe a significant relationship between sleep duration and
irritable bowel syndrome or constipation. A previous study evaluating comorbidities
reported in the SSC medical histories observed that there was increased risk for reports of
sleep problems to co-occur with gastrointestinal disturbances (Aldinger et al., 2015). The
differences we observed when compared to this previous study are likely due to the specific
variables that were evaluated. For example, the previous study combined all reports of sleep
problems into a single variable (Aldinger et al., 2015). We did not focus on evaluating parent
reports of sleep problems, as we expect based on our previous work (Veatch et al., 2016),
that these are less accurate when compared to the average amount of sleep reported for the
child. Furthermore, sleep problems that were queried in the SSC medical history encompass
a breadth of distinct sleep disorders, including questions related to insomnia, parasomnias,
and sleep disordered breathing. We observed that, in addition to the child being unusually
sleepy during the day as noted above, specific parent-reported sleep problems that were
associated with decreases in sleep duration included the child having difficulty going to bed
(8=-39.82, P< 1.0 x 107%), difficulty falling asleep (8= —42.70, P< 1.0 x 1074, difficulty
waking in the morning (8= -28.61, P< 1.0 x 10™%), taking long or frequent naps (8 =
-35.32, P< 1.0 x 1074), parents having to lay down with the child to get him/her to fall
asleep (8= -15.44, P< 1.0 x 1074, having frequent awakenings during the night (8=
-32.77, P< 1.0 x 10™4), not having a regular bedtime (8= -62.18, P< 1.0 x 1074), and the
parent feeling the child did not get enough sleep (8= —61.79, P< 1.0 x 1074). Sleep
duration was not associated with reports of sleepwalking or frequent nightmares, wetting the
bed, snoring, or difficulty breathing at night. In addition, the previous study combined all
reports of gastrointestinal problems into one variable (Aldinger et al., 2015), while we
separated out reports of constipation and irritable bowel syndrome due to the connection of
these particular symptoms with sleep problems.

Study Limitations

Defining sleep status, particularly insomnia, can be challenging in large datasets where
sleep-related data is largely derived from potentially biased self- or parent-report.
Unfortunately, the majority of sleep-related information available in the large ASD databases
is limited to these types of data. The use of parent-reported sleep duration in this study is a
potentially biased source of information. However, by focusing these analyses on evaluating
the parent-reported sleep trait that was previously observed to be the most accurate
insomnia-related trait that could be obtained from parent reports of sleep in children with
ASD (Veatch et al., 2016), we expect that this minimized potential biases. Furthermore, the
large size of the evaluated dataset should also help account for inaccuracies in parent reports
of sleep duration that could otherwise reduce the power of statistical analyses.

It is possible that age had an impact on our comparisons of ASD symptoms and sleep
duration, as it is well-established that sleep duration decreases with age; however, as age was
included in the full model regression analyses, we expect that there was minimal effect of
age on the associations of shorter sleep duration with increased severity of social
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impairment, and RRB. Furthermore, shorter sleep duration remained associated with more
severe social impairment, RRB, affective problems, anxiety problems, anxious/depressed
symptoms, and internalizing problems when evaluated exclusively in children who were
both preschool and primary school age (Table 5). Additionally, including interaction terms in
regression analyses indicated that age did not have a significant effect on the association of
sleep duration with reports of comorbidities, or the majority of CBCL 7 scores (Supporting
Information Table S1).

Onset of puberty is also a potential confounder in sleep duration studies, and it should be
noted that 51% of the SSC dataset were indicated to have “not yet started” puberty at the
time of the medical history intake. For 33% of the dataset, puberty was indicated to be
“underway” and 1% of the dataset were indicated to have completed puberty. Information
regarding developmental stage related to puberty was missing for 15% of the dataset. As
onset of puberty was missing for a portion of the dataset, is a more subjective variable than
age, and was strongly correlated with age (o = 0.74, P< 1.0 x 107°), we chose to report
results correcting for age as opposed to both age and puberty. However, to ensure this did
not overly influence results, we also conducted regression analyses including puberty status
and observed similar results to those reported. The notable exception was that RRB scores
were no longer significantly associated with sleep duration when correcting for both age and
puberty status although the result was still trending toward significance (P= 7.5 x 1072).

Another limitation is the potential impact of current medication use, presence of medical,
neurological and psychiatric comorbidities, and the environment on sleep behavior. As such,
we cannot ensure that the reported short sleep duration was not due to a medication,
medical, neurological or psychiatric condition, or poor sleep habits. However, the lack of
association between the neurological conditions that were reported in 948 of the children
that were included in these analyses suggests that presence of these neurological conditions
did not influence the effect of sleep duration on ASD symptom severity. Sleep duration was
also not associated with the majority of medications that children were reported to be
currently taking; indicating medication use had minimal influence on our results.
Furthermore, the majority of our results did not change following removal of the children
reported to be on medications that were associated with sleep duration from analyses.
Notably, reports of obsessive compulsive disorder and ADD were no longer associated with
sleep duration in children not taking these medications, although increased CBCL 7 scores
for ADD/ADHD and attention problems remained associated. This suggests a potential
influence of medications on the relationship between short sleep duration and more reports
of ADD, but not more severe ADD symptoms. Regardless, the main goal of this study was
to determine if the severity of ASD was increased in children with shorter sleep duration,
and to identify specific symptoms associated with shorter sleep, despite the underlying
reason for the sleep disturbance.

These results reflect cross-sectional analyses of the relationship of sleep duration to the
severity of ASD-related symptoms and are therefore incapable of establishing causality.
Additionally, it is unclear whether the current sleep duration has persisted, or fluctuated,
throughout the individual’s development. Unfortunately, “ever” responses to the sleep
duration question in the medical history were only available for 12% of the analysis dataset
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(n=320/2,714 total). As such, we were unable to adequately evaluate the relationship
between current reports to ever reports; however, in these 320 children, we observed that
“current” sleep duration was strongly correlated with “ever” sleep duration (r=0.64, P< 1.0
x 107°). Additionally, children with responses for both “current” and “ever” sleep duration
were older than children who only had reports for “current” sleep duration (tcurrent + Ever =
9.73+/-3.44, licyrrentonly = 8.95+/-3.59, P=1.0 x 1074). It is possible that this indicates
current reports of sleep duration may reflect sleep duration over time although to ultimately
understand how the quality of sleep throughout development may fluctuate and impact
symptom severity in children with ASD, future studies focused on evaluating longitudinal
data will be necessary.

Our results support a relationship between increased severity of core symptoms, expression
of comorbidities, more severe expression of maladaptive behaviors and short sleep duration
in children with ASD. These findings not only indicate the importance of sleep to daytime
behaviors, but support the hypothesis that sleep quality may impact neurological function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Correlation between ASD-related symptom severity and sleep duration. Plotted are the linear

predictions for the relationships between sleep duration in minutes with: (A) ADI-R Social
Impairment Scores, (B) ADI-R Verbal Communication Impairment Scores, (C) ADI-R
Nonverbal Communication Impairment Scores, (D) ADI-R Restricted and Repetitive
Behavior Scores, (E) ADOS Social Affect Calibrated Severity Scores, (F) ADOS Restricted
and Repetitive Behavior Calibrated Severity Scores, (G) Verbal 1Q scores, and (H)
Nonverbal 1Q scores. 95% confidence intervals around fitted lines are indicated in gray;
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Spearman’s rank correlation coefficients (o) and the corresponding A-values are provided.
ADI-R, Autism Diagnostic Interview-Revised; ADOS, Autism Diagnostic Observation
Schedule.
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Figure 2.

Distribution of parent-reported sleep duration.

Reported g?eep %uratnog&(mm)

580 620 660 700 740 780

Plotted is the distribution of sleep durations

that were reported in the Simons Simplex Collection medical histories for children with
ASD (n=2,714). The mean reported sleep duration was 555 +/-76 minutes. The frequency
of sleep duration in the lower 5th (<420 minutes) and upper 95th (=660 minutes) percentile
of the distribution are indicated with brackets.
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