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Abstract

Up to 80% of children with autism spectrum disorder (ASD) experience sleep disturbance. Poor sleep impairs executive functioning (EF), a lifelong difficulty in ASD.
Evidence suggests EF difficulties in ASD are exacerbated by poor sleep. We examine whether early childhood sleep disturbances are associated with worsening

EF trajectories in school-aged children with ASD. A subsample (n = 217) from the Pathways in ASD longitudinal study was analyzed. The Children’s Sleep Habits
Questionnaire captured sleep duration, onset, and night awakenings before age 5 (mean = 3.5 years). Metacognition (MI) and Behavioral Regulation (BRI) indices,

on the Teacher Behavior Rating Inventory of Executive Functioning, were used to measure cognitive and affective components of EF respectively at four time-points
(7.8-11.8 years). We applied latent growth curve models to examine associations between sleep and EF, accounting for relevant covariates, including school-age sleep
(mean = 6.7 years). Sleep traits had different age-related impacts on behavioral regulation, but not metacognition. Longer sleep onset at 3.5 years was associated
with a worsening BRI difficulties slope (b = 2.07, p < 0.04), but conversely associated with lower BRI difficulties at 7.7 years (b = —4.14, p = 0.04). A longer sleep onset
at 6.7 years was related to higher BRI difficulties at 7.7 years (b = 7.78, p < 0.01). Longer sleep duration at 6.7 years was associated with higher BRI difficulties at age
7.7 (b = 3.15, p = 0.01), but subscale analyses revealed shorter sleep duration at age 6.7 was linked to a worsening inhibition slope (b = —0.60, p = 0.01). Sleep onset is a
robust early correlate of behavior regulation in children with ASD, whereas sleep duration is a later childhood correlate.

Statement of Significance

Executive functioning (EF) is a lifelong difficulty in autism, negatively impacting quality of life. Poor sleep in typically developing youth and youth
with other neurodevelopmental disorders impairs EF. Despite up to 80% of children with autism experiencing sleep problems, the impact of sleep dis-
turbances on EF development in autism is unknown. This is the first longitudinal study to examine if early childhood sleep disturbances commonly
found in autism are related to worsening executive functioning later in school-age. Delayed sleep onset in toddlerhood and shorter school-age sleep
duration reported by parents was linked to worsening EF development underlying behavior regulation, but not pure cognitive processes. We discuss
methodological limitations and future directions needed to inform sleep-based interventions for atypical EF in autism.
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Introduction

Sleep is disturbed in up to 80% of children with Autism Spectrum
Disorder (ASD) [1]. Shorter sleep duration and traits related to
insomnia, including difficulty falling asleep and frequent night
awakenings, are most commonly reported [2]. Problematic
sleep in ASD is found early in infancy and persists into adult-
hood [3, 4]. In typical development, sleep problems, particularly
night awakenings, are commonly reported in infancy, but then
decline throughout childhood [5-8]. Although longitudinal in-
vestigations of sleep patterns in ASD are sparse, evidence sug-
gests that compared to typically developing (TD) infants, infants
diagnosed with ASD or with increased ASD symptomology are
more likely to experience sleep problems (e.g. night awakenings,
sleep onset, “general sleep problems”) [3, 9, 10], and contrary to
observations in typical development, these sleep problems are
documented to increase during childhood in ASD [3]. This ob-
servation extends to individuals with increased ASD symptom-
atology, who are documented to develop more sleep problems
from school-age to adolescence [11]. Further, one prospective
cohort study found from 30 months to 11 years of age, children
with ASD have consistently shorter sleep durations compared
to TD children [12].

Poor sleep in children impairs executive functioning (EF) [13],
a well-documented lifelong difficulty in individuals with ASD
[14]. EF is an umbrella term that describes higher order cogni-
tive processes that enable individuals to engage in deliberate,
goal-directed thoughts and actions and is known to play a piv-
otal role in early social-cognitive development [15]. These pro-
cesses are commonly condensed into three core components:
working memory, inhibitory control and cognitive flexibility [15].
Behavioral regulation and metacognition are evaluated on fre-
quently used EF questionnaires [16], to capture “hot” and “cold”
EF respectively. Cold EF is suggested to encompass purely cog-
nitive processes (e.g. planning and organizing), whereas hot EF
refers to cognitive processes underlying the management of af-
fective behavior (e.g. emotional control) [17].

In TD children, the first 5 years are marked by rapid attain-
ment of EF skills, while more complex EF develops during middle
childhood and adolescence [18]. There is evidence to support
the distinct development of core EF components (for compre-
hensive review, see Best and Miller, 2010). Rudimentary inhib-
ition, like self-control and delaying gratification, emerges early
in development. By age 4, children successfully master simple
response inhibition tasks and begin completing more complex
tasks that require inhibition and a subsequent response (e.g.
Luria’s Hand Game, Go/No-Go, The Dimension Change Card
Sort). Dramatic gains of inhibitory control occurring in toddler
and preschool years, are then proceeded by slower improve-
ments during school-age and adolescence. Advancements of
complex inhibitory control also depends on integrating working
memory abilities (e.g. remembering and executing rules). Unlike
inhibitory control, temporarily maintaining and deploying
memory develops linearly and gradually from preschool to ado-
lescence. It is suggested that with age individuals improve on
complex tasks that require processing more information, rather
than the type of information processed (e.g. visual or verbal).
Similar to working memory, improvements in shifting between
tasks (cognitive flexibility), follows a protracted developmental
course from preschool to adolescence. By 3 to 4 years of age, pre-
schoolers can shift between two simple rules. Later in childhood,

children are able to complete tasks requiring them to act and
refine their responses based on multiple different rules. Like in-
hibitory control, complex cognitive flexibility tasks place greater
demands on working memory, while performance accuracy and
speed improve with age.

Our understanding of EF trajectories outlined above, have
mainly derived from experimental and cold EF tasks. Hot and
cold EF are dissociable early in childhood [19, 20] and are inde-
pendently associated with academic and behavioral outcomes
[21]. After preschool, hot and cold EF are found to mature inde-
pendently into adolescence, with hot EF developing more slowly
[22, 23]. In a normative sample from 5 to 18 years of age, general
EF in everyday settings reported by parents on the commonly
used Behavior Rating Inventory of Executive Function (BRIEF)
[16], was shown to improve with age. However, when hot and cool
abilities were looked at separately by Huizinga and Smidts, 2010
[24], behavioral regulation components of EF (hot) were the main
contributors of overall EF improvement, as problems decreased
in each age group. Contrastingly, metacognitive EF components
(cool) remained stable across childhood, with the exception of
working memory improvements from ages 5-8 to 9-11 years. As
Rosenthal et al. [25] discuss, although these results indicating
stable metacognitive ability may appear to contradict experi-
mental studies finding age-dependent improvements of cold
EF, the BRIEF captures problems in utilizing EF in everyday con-
texts. Hence, these BRIEF findings more likely reflect TD children
adapting to increasing metacognitive demands, like planning,
organizing and working memory, which occur during schooling
(e.g. testing, multiple classrooms and teachers, etc).

Despite consistent documentation of everyday EF impair-
ments in ASD across a wide age range [14], to our knowledge,
only one longitudinal study on everyday EF abilities has been
conducted. Parent-reported behavioral regulation and meta-
cognition abilities in children with ASD aged 7-14 years did not
significantly change when reported 2 years later, but at both
time-points, children with ASD had poorer behavioral regulation
and metacognition abilities compared to TD controls [26]. This
study provides evidence that executive dysfunction appears to
be stable in middle childhood and adolescence in ASD, periods
when complex EF skills are refining. However, due to the wide
age range of the sample, the study does not allow for any con-
clusions to be made about the developmental trajectory of EF
in childhood and adolescence. Limited longitudinal investiga-
tions using experimental tasks provide mixed results, finding
no cold EF gains from childhood to adolescence in ASD [27],
while one study reported improvements of cold EF from early
to middle childhood [28]. Reviews of cross-sectional studies of
EF in ASD generally suggest that, whilst EF is consistently im-
paired compared to normative samples, there is linear devel-
opment in EF throughout childhood and adolescence, with EF
performance differences becoming less evident in adulthood
[14, 29]. Currently, there are no investigations of EF trajectories
and factors that may contribute to successful EF development
across childhood in ASD. This is problematic because executive
dysfunction in ASD is known to contribute to a poorer quality
of life, increased psychiatric comorbidities, and adaptive func-
tioning difficulties [30-32]. Hence, greater research effort should
focus on characterizing EF trajectories in ASD and factors that
contribute to EF difficulties early in development.

One possible factor underlying executive dysfunction in
ASD is poor sleep. Numerous observational and experimental



studies with TD children as well as children with attention-
deficit/hyperactivity disorder (ADHD), a highly co-morbid
neurodevelopmental disorder in ASD, have associated poor
sleep with deficits in hot and cold EF performance [13, 33, 34].
Developmental changes in typical EF occur in parallel to sig-
nificant structural and functional changes in the prefrontal
cortex, a core region subserving EF [17] and characterized
by abnormalities in ASD [35]. Sleep deprivation negatively
disrupts prefrontal cortex connectivity and it has long been
hypothesized that the prefrontal cortex benefits from the re-
generative role of sleep [36, 37]. It is well established that poor
sleep and EF performance are both related to atypical pre-
frontal cortex activity [38, 39].

Arguably, developmental accounts of the interplay be-
tween sleep and EF from youth with traumatic brain injury
(TBI) provide the most insightful evidence to draw from in the
context of the frontal cortex. Incurring a TBI commonly af-
fects frontal brain regions impairing prefrontal cortical func-
tioning [40]. Both EF impairments and sleep disturbance are
commonly reported in youth following mild or moderate/se-
vere forms of TBI and seen to persist during long-term follow-
ups [41]. Recent accounts suggest early brain damage to such
frontal regions, compounded by sleep disturbances, results in
poorer EF [42]. EF deficits in ASD may be caused by disruptions
to the prefrontal cortex, which are in turn exacerbated by ele-
vated sleep disturbance affecting the same neural pathways.
If sleep disturbances occur at time-points associated with
rapid age-related changes in neural circuitry responsible for
the development of EF, this can be even more problematic, as
it may inhibit the acquisition of basic EF skills. This is con-
cerning because early attainment of basic EF skills is founda-
tional to and predictive of successful EF performance later in
life [15, 43].

Preliminary longitudinal evidence indicates shorter noc-
turnal sleep in infancy leads to poorer impulse control later
in infancy and is associated with poorer complex EF perform-
ance later in preschool aged children [44, 45]. Further, it has
been shown that insufficient sleep duration early in childhood
predicts worse EF in later TD childhood, including behavioral
regulation and metacognition impairments [46]. To date, there
has been no longitudinal investigations into the relationship
between sleep and EF in children with ASD, while only a few
cross-sectional studies examining the impact of sleep on EF per-
formance have been conducted. Reynolds et al [47]., found that
elevated total sleep problems were correlated with worse behav-
ioral regulation and metacognition reported by parents in 6- to
11-year-old children with comorbid ASD and ADHD. However,
a subsequent multivariate analysis including IQ, ADHD and
ASD severity, and other confounders, found no association be-
tween sleep and EF. A later study using similar measures with
101 children showed that general sleep problems reported by
parents was not correlated with teacher and parent reported
metacognition, however, in this ASD cohort having both a sleep
problem and metacognition difficulties increased children’s risk
of developing ADHD symptoms [48]. Another study examining
477 children with ASD aged 1-15 years, found parent-reported
total sleep problems were not associated with working memory
on an experimental task [49]. More recently, an analyses of 6832
primary and secondary students reported sleep deficits, the dif-
ference between parents perceived sleep duration need for their
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child and children’s nocturnal sleep duration, mediated the
relationship between higher autistic traits and greater meta-
cognition and behavioral regulation problems [50]. However,
cross-sectional studies that cannot capture inter-individual
variations across time, do not allow us to ascertain whether
certain developmental periods when sleep problems manifest
have a greater impact on various aspects of EF development.
Further, many of these investigations have been limited to “total
sleep problem” scores from parent-reported questionnaires, col-
lapsing multiple sleep phenotypes. Investigations into specific
sleep phenotypes (i.e. sleep onset, sleep duration, chronotype)
are needed, as they have been shown to have variations in gen-
etic underpinnings [51-54], as well as differential impacts on
cognitive outcomes [44].

The aim of the current study was to examine whether early-
reported sleep problems in toddlers/preschoolers with ASD are
associated with later EF trajectories. Specifically, we hypothe-
sized that shorter sleep duration, frequent night awakenings,
and longer sleep onset at 3.5 years of age would be associated
with worsening behavioral regulation and metacognition trajec-
tories in 7.7- to 11.8-year-olds with ASD, as reported by teachers
at four time-points.

Methods
Design and participants

Participants were enrolled in Pathways in ASD, a Canadian
multisite longitudinal study examining the developmental tra-
jectories in an inception cohort of children with ASD recruited
across five provinces. The study was approved by the Research
Ethics Boards at participating sites. Children in the study met
the following inclusion criteria: (1) were 2—4 years of age at the
time of diagnosis; (2) met diagnostic criteria for ASD on the
Autism Diagnostic Observation Schedule (ADOS) [55] and in the so-
cial and one other domain of the Autism Diagnostic Interview-
Revised [56]; and (3) met criteria for ASD at each phase of
assessment on the DSM-IV-TR [57] according to clinicians with
diagnostic expertise. Exclusion criteria included known genetic
or chromosomal abnormalities, neuromotor disorders, and/or
severe hearing and/or vision impairment.

From a total of 421 Pathways participants, 348 had com-
plete sleep data at their time one (T1) visit. Three participants
were excluded due to data input errors. EF data from at least
one out of four time-points were available for 217 children,
and thus comprise the sample reported in this study (mean
age at T1 = 3.5 years; SD = 0.77) at T1. We compared the 217
participants included in the analysis to the 204 who did not
have follow-up teacher data, presented in the Table S1. The
217 participants were significantly more likely to belong to
the high income category (50.1% versus 37.3%, p = 0.009), had
significantly higher cognitive standard scores (mean = 56.06,
SD = 17.95 versus mean = 50.56, SD = 17.58; p = 0.031), and were
more likely to be from the Montreal site (p = 0.003) and less
likely to be from Edmonton (p = 0.009) or Vancouver (p = 0.026)
(Hamilton site used as reference category). However, there
were no significant differences on any of the T1 sleep vari-
ables, age of T1 assessment, or ADOS symptom severity be-
tween included and excluded participants. Descriptive data
for the included sample can be found in Table 1.
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Measures

Sleep.

Parent-reported sleep concerns were obtained using the
Children Sleep Habits Questionnaire (CSHQ) [58], comprising 33
items and eight subscales. The frequency of each sleep be-
havior corresponds to responses of: 1= never/rarely (0-1 nights
per week), 2= sometimes (2-4 nights per week), 3= usually (5-7
nights per week). The CSHQ was used to assess sleep at T1 and
at T4 when children were on average 6.7 years old (SD = 0.31).
We selected items corresponding to commonly identified
sleep problems in ASD from both parent and objective re-
ports in the literature, such as insomnia traits (i.e. night
awakenings, sleep onset) and sleep duration [2]. Sleep onset
was assessed based on the one-item subscale of the CSHQ;
“child falls asleep within 20 minutes,” and was scored from 1 to 3
(reverse-coded). Night awakenings was assessed based on two
items, “awake once” and “awakes more than once.” Both items
were scored from 1-3; hence, our overall night awakenings
score ranged from 2 to 6. The third item of the original CSHQ
night awakenings subscale, “moving to other’s beds during the
night,” was not included. Items were selected to investigate
the frequency of awakenings, rather than reasons for their
occurrence. Insomnia traits are generally required to be pre-
sent for three or more nights a week [59], which spans the
“sometimes” and “always” response categories. In this sample,
the “always” response was endorsed infrequently, which
could lead to problems with empty cells in the growth curve
models. We therefore transformed night awakenings and re-
verse coded sleep onset into binary variables for the growth
curve analysis, responses of “never/rarely” were coded as 0 and
“sometimes” to “always” were coded as 1. Sleep duration was re-
ported within an hour range, then averaged.

Executive functions.

The Behavior Rating Inventory of Executive Function (BRIEF)
[16], was used to measure EF reported by teachers at four time-
points (T5-T8) with an approximate one-year interval from 7.7
to 11.8 years. The BRIEF consists of 86 items assessing EF in
real world settings over the past 6 months. It is composed of
eight subscales collapsed into two indices. Metacognition dif-
ficulties capturing cold EF, are measured on the Metacognition
Index (MI), which comprises five subscales (Initiate, Organize/
Plan, Organization of Materials, Working Memory, and
Monitor). Behavioral regulation difficulties capturing hot EF,
are measured with the Behavioral Regulation Index (BRI),
which comprises three subscales (Inhibit, Emotional Control
and Shifting).

Cognition.

The Merrill-Palmer-Revised Developmental Index Standard
Score [60] is a standardized measure of intellectual ability for
children 2 to 78 months of age. Higher cognitive raw scores cor-
respond to stronger early cognitive skills. The Cognitive Index
raw score was used to measure early cognitive ability as a proxy
for IQ at 3.5 years.

ASD severity.
The ADOS calibrated severity score [61] (CSS), a 10-point scale
derived from raw ADOS scores, was used to measure ASD

symptom severity at 3.5 years. The ADOS CSS captures core
ASD symptom severity independent of age and language level.
Higher scores indicate greater symptom severity.

Income.

Family income was reported by parents on the Family
Background Information Questionnaire developed for the
Pathways study. Caregivers reported their yearly family in-
come (Canadian currency; CAD) on a scale ranging from 1 (<
CAD$5,000) to 11 (> CAD$80,000). Similar to Bennett et al. [62],
a binary variable for income was created based on the median
of $70,000.

Data analysis

To analyze the association between sleep at 3.5 years (T1) and
the BRI and MI assessed four times between 7.7 and 11.8 years,
two separate growth curve models were estimated in Mplus v8.4.
The use of latent growth curves allows for testing of the contri-
bution of poor sleep to the initial starting point of the trajectory
(intercept) and to change in EF over time (slope). EF time-points
for the slope growth factor were fixed at 0, 1, 2, and 3 to define a
linear growth model with equidistant time-points, and fixed at
0,1, 4, 9 to define a quadratic growth model. The zero-time score
for the slope growth factor at T1 defined the intercept factor. To
handle missing data, Full Information Maximum Likelihood es-
timation was used.

We first ran unconditional growth curve models (without
predictors) for both the MI and BRI, followed by conditional
models which included predictors. To determine the best model
fit, unconditional growth curve models were run with both a
linear and quadratic growth factor. In the first conditional
model, covariates from T1 (age, family income, and testing site)
and T1 sleep variables were entered as predictors of the inter-
cept and slope. In the second model, early cognition and ASD
severity were added to Model 1 as confounding variables to test
the specificity of results to EF. In the third model, sleep at ages
3.5 and 6.7 years were added to test whether sleep at 3.5 years
of age was still associated with later EF after accounting for
more proximal sleep problems. Covariates from Model 1 were
also included. Finally, in Model 4, early cognition and ASD se-
verity were added to Model 3, to test the specificity of results to
EF. Usage of medications known to disrupt or augment sleep at
each time-point is documented in Table 1. Parents reported 1.8%
of toddlers at 3.5 years and 5.5% of school children at 6.7 years
took melatonin. The melatonin usage in our Pathway’s sample
is lower than the prevalence of melatonin use previously re-
ported in ASD, from 3.4% and up to 36% in children with sleep
problems [63-66]. Other psychotic and epileptic medication
that could interfere with sleep were taken by 3.2% and 7.8% of
participants at 3.5 and 6.7 years respectively. Stimulants, anti-
psychotics (e.g. Risperdone), and anti-depressants, were among
the most common medications used. For a breakdown of medi-
cations used see supplementary materials (Table S1). Previous
reports of psychotic medication use in toddlers and pre-
schoolers have been similar to (2.9%) or higher than (11%-32%)
the use reported in this cohort [67-70]. Childhood usage of
psychotic drugs in other ASD cohorts are higher than the usage
in the Pathways cohort [64, 66, 67, 71]. Estimates of psychoactive
drug usage in school-age children with ASD are reported to be
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Table 1. Pathways participant characteristics

Time-points N (%) Mean SD
Age (years) T1 3.46 0.77

T4 6.66 0.31

T5 7.74 0.22

T6 8.73 0.21

T7 9.71 0.22

T8 10.77 0.25
Sex T1
Male 183 (84.3) - -
Female 34 (15.7) - -
Site T1
Halifax 28 (12.9) - -
Montreal 83 (38.2) - -
Hamilton 23 (10.6) - -
Vancouver 57 (26.3) - -
Edmonton 26 (12.0) - -
Income T1
Less than $5000 2(0.9) - -
Less than $10,000 4(1.8) - -
Less than $15,000 4(1.8) - -
Less than $20,000 7(3.2) - -
Less than $30,000 13(6.0) - -
Less than $40,000 10(4.6) - -
Less than $50,000 12(5.5) - -
Less than $60,000 34(15.7) - -
Less than $70,000 21(9.7) - -
Less than $80,000 19(8.8) - -
More than $80,000 91(41.8) - -
Medication usage
Melatonin T1 4(1.8)

T4 12 (5.5)

T5 13 (6.0)

T6 15 (6.9%)

T7 11 (5.1%)

T8 16 (7.4%)
Other psychotropic/anti-epileptic drugs* T1 7 (3.2%)

T4 17 (7.8%)

T5 26 (12%)

T6 38 (17.5%)

T7 29 (13.4%)

T8 44 (20.3%)
Merrill-Palmer-Revised: T1
Cognitive raw scoret 210 56.06 17.95
Cognitive standard score 201 61.40 24.15
CSS T1 216 7.70 1.67
BRI raw scores TS5 89 59.47 13.45

T6 98 58.44 14.74

T7 81 57.12 13.71

T8 81 52.84 14.42
MI raw scores T5 87 91.15 17.03

T6 93 89.15 20.79

T7 77 91.71 18.89

T8 79 83.39 19.55

*Age at T1 was used to account for cognitive raw scores not standardized by age.
1 Other psychotropic/epileptic drugs are medication that can have an impact on regular sleep patterns. Further breakdown of these drugs can be found in the sup-

plementary materials.

as high as 70% [66], while in our cohort the most reported usage
of medication was at T8 with 20.3% of participants. We re-ran
Model 4 removing participants that were reported to be taking
melatonin or anti-psychotic/epileptic medication to check that
this did not change the pattern of results. Post hoc analyses
applying Bonferroni corrections for multiple comparisons were

conducted to further investigate subscales of significant BRI or

MI models.

All continuous predictors were mean centered to aid inter-
pretation. A Root Mean Square Error (RMSEA) below 0.60 and
Comparative Fit Index (CFI) > 0.90 was considered an adequate
model fit [72]. Descriptive analyses were conducted using SPSS
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25. Linear and logistic regressions were used to test for differ-
ences in characteristics between participants who provided T1
data and BRIEF data from at least one time-point (T5-T8) and
participants who had missing data. Bivariate, point-biserial and
tetrachoric correlations were estimated for associations be-
tween binary and continuous variables. A log transformation of
MI raw scores at T8 was applied to generate an approximately
normal distribution for bivariate analysis.

Results

See Table 1 for participant characteristics. Participants had a
mean sleep duration of 11.0 h (SD = 1.35) at 3.5 years (ranging
2-4 years of age), consistent with National Sleep Foundation
(NSF) recommendations [73] for toddlers (11-14 h)/pre-
schoolers (10-13 h). However, 32.4% of toddlers and 21.4% of
preschoolers in the Pathways cohort, slept for a shorter dur-
ation than recommended for their age group. Less than 3%
of toddlers and 4.7% of preschoolers slept longer than their
recommended duration. The average sleep duration reported
at 6.7 years when participants were school-aged was 10.2 h
(SD = 0.92), also within NSF recommendations (9-11 h). Twelve
percent of participants at 6.7 years slept more than the re-
commended sleep duration, while 6% slept less than recom-
mended. See Table 2.

At 3.5 years, 57% of participants were found to “sometimes
or usually” have a problem with night awakenings and 50%
had delayed sleep onset issues documented more than twice
per week. At 6.7 years, 50.7% and 46.5% of participants were re-
ported as “sometimes or usually” having night awakenings and
sleep onset delay per week, respectively. See Table 3. Correlations
among sleep, EF, and covariates can be found in the supplemen-
tary materials (Tables S2-S10).

Latent growth curve models

BRI difficulties.

The unconditional growth model with a linear growth factor
fit the data best (fit indices are presented in Table 4). The inter-
cept mean was 59.5 (SE = 0.96) and the slope mean was -1.42
(SE = 0.42), indicating that BRI difficulties decreased over time.
The mean and variance of both the intercept and slope were
significant, the latter indicating significant decrease in the BRI
from TS5 to T8 (reflecting improvement). Models 1-4 are found

Table 2. CSHQ Sleep duration frequencies

in Table S9. Results from Model 1 (see Table 5) showed that a
delayed sleep onset significantly predicted lower BRI difficul-
ties at the intercept (b = -4.14, p = 0.04). A delayed sleep onset
remained a significant predictor of lower difficulties after the
inclusion of early cognitive ability and ASD severity in Model 2
and after the addition of sleep variables at 6.7 years in Model 3
(b =-7.18, p = 0.001) and early cognitive ability and ASD severity
in Model 4 (b = -8.51, p = 0.001). The Montreal site was signifi-
cantly associated with lower BRI difficulties at the intercept in
Model 1 (b = -6.84, p = 0.022) but this became non-significant
after the inclusion of early cognitive ability and ASD severity in
Model 2.

When sleep variables at 6.7 years were entered in Model
3, a delayed sleep onset at 3.5 years significantly predicted a
worsening slope of BRI difficulties (b = 2.07, p < 0.041), and this
remained significant in Model 4 (b = 2.37, p = 0.025). Delayed
sleep onset at 6.7 years also significantly predicted higher BRI
difficulties at the intercept in Model 3 (b = 7.78, p = 0.002) and
in Model 4 (b = 7.85, p = 0.001). In Model 4, shorter sleep dur-
ation at 3.5 years was found to predict higher BRI difficulties at
the intercept (b = -2.05, p = 0.046). Conversely, a shorter sleep
duration at 6.7 years predicted lower BRI difficulties at the inter-
cept in Model 3 (b = 3.15, p = 0.010), and this remained signifi-
cant in Model 4 (b = 3.64, p = 0.004). Night awakenings at 3.5 or
6.7 years showed no significant associations with the intercept
or slope. For full parameter estimates see Table 5. Model 4 was
re-run removing 30 children who were taking sleep or psycho-
active medication when sleep information was captured at 3.5
or 6.7 years of age. The pattern and significance of the BRI model
results were unchanged when accounting for medication usage
(Table 5).

MI difficulties.

The unconditional latent growth curve model with a linear
growth factor only fit the data best (see Table 4). The inter-
cept mean was 91.2 (SE = 1.29) and the slope mean was = -1.3
(SE = 0.06), indicating MI difficulties decreased over time. The
mean and variance of both the intercept and slope were signifi-
cant, the latter indicating significant growth in the MI from 7.7
to 11.8 years of age. Models 14 also had an adequate fit (Table
S11). No sleep variables were significantly associated with MI
difficulties at the intercept or slope. See Table S12 for full par-
ameter estimates. Model 4 was re-run removing 30 children
who were taking sleep or psychoactive medication when sleep
information was captured at 3.5 or 6.7 years of age (Table S13).

*2 years (T1) 3-4 years (T1) 6-7 years (T4)

Duration (h) N % N % N %
6.50 - n/a n/a n/a 3 14
7.50 1 1.5 n/a n/a n/a n/a
8.50 6 8.8 9 6.0 10 4.6
9.50 5 7.4 23 15.4 60 27.6

10.50 10 14.7 55 36.9 91 41.9

11.50 23 33.8 41 27.5 23 10.6

12.50 17 25.0 14 9.4 3 14

13.50 4 5.9 3 2.0 n/a n/a

14.50 3 29 4 2.7 n/a n/a

*Ages based on National Sleep Foundation developmental categories of infants, toddlers and school-age.


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab122#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab122#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab122#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab122#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab122#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab122#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab122#supplementary-data

Table 3. CSHQ night awakenings and sleep onset item scores
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T1 T4
N % N %

Night awakenings
0* 94 433 107 49.3
1* 123 56.7 110 50.7
“awakes once”

Never/rarely 101 46.5 113 58.2

Sometimes 78 35.9 55 28.3

Usually 38 17.5 26 13.4
“awakes more than once”

Never/rarely 162 74.6 165 85.4

Sometimes 43 19.8 22 11.4

Usually 12 5.5 6 3.10
Sleep onset
0* 109 50.2 116 53.5
1* 108 49.8 101 46.5
“child falls asleep after 20 min”

Never/rarely 109 50.2 116 53.5

Sometimes 71 31.7 51 23.5

Usually 37 17.1 27 12.4

*Transformed binary variables

Table 4. Unconditional BRI and MI models

BRI

MI

Linear model

Quadratic model

Linear model Quadratic Model

2 (df) 8.572(5), p = 0.12
RMSEA (95%ClI) 0.053 (0.00- 0.11)
CFI 0.98 0.98

5.084(1), p = 0.02
0.126 (0.037-0.243)

9.40 (5), p = 0.09 8.744(1), p = 0.003
0.059 (0.00-0.12) 0.174 (0.082-0.287)
0.96 0.922

The pattern and significance of the MI model results were un-
changed, with the exception of shorter sleep duration at time 1,
which became significantly associated with increased MI diffi-
culties at the intercept (b = -3.19, p = 0.038).

Subscale analysis.

Post hoc analyses were conducted to further investigate the
three subscales of the BRI: inhibition, shifting, and emotional
control. Fit indices and parameter estimates of unconditional
growth curves and Models 1-4 for each subscale are reported in
supplementary materials (Table S13-S18). Multiple comparisons
for our three exploratory models were corrected for, with signifi-
cance set at p = 0.017.

A delayed sleep onset in Model 1 was associated with
lower emotional control difficulties at the intercept (b = -2.08,
p = 0.004). This was not found for inhibition or shifting. Upon
entering sleep at 6.7 years in Model 3, delayed sleep onset
at 3.5 years became significantly associated with lower in-
hibition difficulties at the intercept (b = -2.28, p = 0.008). The
addition of ASD severity and early cognitive ability in Model
4 did not significantly alter these associations. In Model 3, a
delayed sleep onset at 3.5 years was significantly associated
with a worsening emotional control slope (b = 0.95, p = 0.008),
which was not found for shifting or inhibition. Subsequently,
with the addition of ASD severity and early cognitive ability
in Model 4, delayed sleep onset at 3.5 years significantly pre-
dicted a worsening inhibition slope (b = 1.01, p = 0.009), but this
was not found for shifting. The Montreal site was significantly

associated with lower shifting difficulties at the intercept in
Model 1 (b = -2.60, p = 0.012) which became non-significant
after the inclusion of early cognitive ability and ASD severity
in Model 2.

Associations were found between a delayed sleep onset at
6.7 years and higher difficulties at the intercept for all three
BRI subscales in Model 3: inhibition (b = 2.82, p = 0.004), cogni-
tive shifting (b = 2.20, p = 0.01) and emotional control (b = 2.77,
p = 0.001). These results remained significant in Model 4.

No significant associations were found between sleep dur-
ation at 3.5 years and BRI subscales. In model 3, similarly to the
overall BRI, longer sleep duration at 6.7 years was associated
with lower inhibition (b = 0.228, p = 0.007) and emotional control
difficulties (b = 1.07, p = 0.015) at the intercept, but not cogni-
tive shifting. These results remained in Model 4, but with the
addition of early cognitive ability and ASD severity, shorter sleep
duration at 6.7 years predicted a worsening inhibition slope
(b =-0.60,p =0.011).

Finally, neither night awakenings at 3.5 or 6.7 years were
significantly associated with BRI subscales. Model 4 was re-run
removing 30 children who were taking sleep or psychoactive
medication when sleep information was captured at 3.5 or
6.7 years of age. The pattern and significance of BRI subscale
model results were unchanged when accounting for medication
use, with the exception of the association between delayed sleep
onset at 3.5 years and shifting difficulties at the intercept, which
whilst not substantially reduced in size became non-significant
(b=-1.59,p =0.123).


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab122#supplementary-data
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Table 5. Parameter estimates for behavioral regulation difficulties models 1-4

Intercept Slope

Predictors Estimate (standardized) 95% CI SE p Estimate (standardized) 95% CI SE p
Model 1

Age 0.03 (0.02) -0.17-0.22 0.12 0.834 -0.05 (-0.14) -0.14-0.05 0.06 0410
Halifax site -5.49 (-0.47) -11.45-0.47 3.62 0.130 1.13 (0.36) -1.27-3.54 146 0438
Montreal site -6.84 (-0.58) -11.78 to -1.92 3.00 0.022 0.17 (0.05) -1.98-2.33 1.31 0.895
Edmonton site 2.29 (0.19) -3.27-7.85 3.38  0.498 -0.72 (-0.23) -3.85to0 -2.42 1.90 0.707
Vancouver site -2.39 (-0.20) -7.27 to -2.39 2.97 .0420 1.29 (0.41) -1.05-3.64 143  0.364
Income -4.01 (-0.34) -7.39to -0.63 2.05 0.051 0.97 (0.31) -0.61-2.55 0.96 0.313
T1 sleep onset -4.14 (-0.35) -7.54 to -0.75 2.07 0.045 1.01 (0.32) -0.55-2.57 0.95 0.287
T1 night awakening ~ 1.53 (0.13) -1.92-4.99 210  0.466 0.01 (0.01) -1.46-1.46 0.89 0.999
T1 sleep duration -0.80 (0.09) -2.11-0.52 0.80 0.317 0.31 (0.14) -0.35-0.97 040 0.437
Model 2

Age 0.12 (0.09) -0.12-0.35 0.14 0.410 -0.09 (-0.25) -0.20-0.02 0.07 0.177
Halifax site -3.46 (-0.29) -9.53-2.60 3.68 0.347 1.15 (0.34) -1.29-3.59 148 0.438
Montreal site -4.21 (-0.35) -9.13-0.70 299 0.159 -0.65 (-0.19) -2.89-1.59 136 0.633
Edmonton site 5.66 (0.47) 0.03-11.29 342 0.098 -0.99 (-0.29) -4.30-2.33 2.02 0.624
Vancouver site -0.95 (-0.08) -5.93-4.02 3.02 0.753 1.19 (0.36) -1.22-3.61 1.47  0.415
Income -3.16 (-0.26) -6.80-0.48 221 0.153 0.82 (0.25) -0.92-2.56 1.06 0.436
ASD severity 1.45 (0.20) 0.43-2.47 0.62 0.020 -0.53(-0.26) -1.03t0-0.03  0.31 0.084
Early cognition -0.08 (-0.17) -0.16 - 0.01 0.05 0.082 0.03 (0.21) -0.01-0.07 0.02  0.207
T1 sleep onset -5.44 (-0.45) -8.99 to-1.89 2.16 0.012 1.26 (0.37) -0.42-2.93 1.02 0.217
T1 night awakening  1.553(0.13) -2.04-5.15 219 0477 0.32 (-0.10) -1.89-1.25 0.95 0.736
T1 sleep duration -1.48 (-0.17) -2.96 to-0.01 0.90  0.099 0.41 (0.16) -0.33-1.14 0.45 0.362
Model 3

Age -0.01 (1.03) -0.23-0.21 0.13  0.926 -0.01 (-0.02) -0.12-0.10 -0.11  0.913
Halifax site -5.36 (0.46) 12.73-2.01 448 0.231 0.93 (0.29) -2.16-4.09 1.88  0.622
Montreal site -5.10 (-0.44) -10.13 to -0.08 3.05 0.094 -0.03 (-0.01) -2.32-2.25 1.39 0.980
Edmonton site 0.30 (0.02) -5.62-6.23 3.60 0.933 0.21 (0.07) -3.54-3.97 2.27 925
Vancouver site -0.69 (-0.06) -5.36-3.98 2.84 0.808 1.01 (0.32) -1.52-3.52 1.53 0.513
Income -3.57 (-0.31) -7.27-0.13 225 0.113 1.16 (0.37) -0.53-2.86 1.03  0.259
T1 Sleep onset -7.19(-0.62) -10.85t0 -3.53  2.22 0.001 2.07 (0.66) 0.40-3.73 1.01 0.041
T1 Night awakening 2.37 (0.20) -1.69-6.44 247 0.337 -0.38 (-0.12) -2.07-1.30 1.02 0.707
T1 Sleep duration -1.39 (-0.16) -2.96-0.18 0.96 0.146 0.22 (0.09) -0.50-0.93 0.44 0.620
T4 Sleep onset 7.78 (0.67) 3.69-11.87 2.49 0.002 -1.47 (-0.47) -3.22-0.28 1.06 0.166
T4 Night awakening 3.74 (0.32) -0.14-7.61 236  0.113 -0.76 (-0.24) -2.52-1.01 1.07 0479
T4 Sleep duration 3.15 (0.26) 1.14-5.17 1.23 0.010 -0.92 (-0.28) -1.93-0.09 0.61 0.133
Model 4

Age 0.02 (0.02) -0.23-0.28 0.16 0.883  -0.025 (-0.06) -0.16-0.11 0.08 0.753
Halifax site -5.54 (-0.47) 13.29-2.20 4.71 0.239 1.654 (0.46) -1.56-4.87 1.95 0.398
Montreal site -3.53 (-0.30) -8.13-1.06 279 0.206 -0.636 (-0.18) -3.01-1.74 144 0.660
Edmonton site 2.95 (0.25) -2.92-8.82 3.57 0.409 0.297 (0.08) -3.78-4.37 248  0.905
Vancouver site 0.70 (0.06) -3.67-5.09 267 0792 0.85 (0.24) -1.68-3.38 154 0.581
Income -1.97 (-0.17) -5.88-1.93 2.374 0.406 0.76 (0.21) -1.14-2.66 1.155 0.508
ASD severity 1.43 (0.20) 0.44-2.43 0.61 0.018 -0.52 (-0.24) -1.02 to -0.01 0.31  0.092
Early cognition -0.10 (-0.20) -0.17 to -0.02 0.05 0.045 0.04 (0.25) -0.01-0.08 0.03 0.165
T1 sleep onset -8.51 (-0.72) -12.15 to -4.86 2.22  0.000 2.37 (0.66) 0.63-4.10 1.05 0.025
T1 night awakening 3.05 (0.26) -1.01-7.11 247 0.216 -1.02 (-0.28) -2.78-0.73 1.07 0.337
T1 sleep duration -2.05 (-0.24) -3.74- -0.36 1.03 0.046 0.27 (0.10) -0.51-1.05 0.47  0.565
T4 sleep onset 7.85 (0.66) 3.86-11.84 2.43 0.001 -1.58 (-0.44) -3.41-0.24 111  0.154
T4 night awakening 4.47 (0.38) 0.35-8.60 251 0.075 -0.816 (-0. 23) -2.76-1.13 1.18 0.490
T4 Sleep duration 3.64 (0.30) 1.54-5.74 1.28 0.004 -1.16 (-0.31) -2.24 to -0.07 0.66  0.079
Model 4

(without medication)

Age -0.07(-0.05) -0.40-0.25 -0.44 0.659 -0.02(-0.05) -0.18-0.14 -0.23  0.815
Halifax site -7.78(-0.19) -17.05-1.48 -1.65 0.099 3.34(0.28) -0.74-7.43 1.60 0.109
Montreal site -5.36(-0.21) -11.08-0.35 -1.84 0.066 0.68(0.09) -2.30-3.66 045 0.654
Edmonton site 3.05(0.08) -5.37-11.47 0.71 0478 0.07(0.01) -5.91-6.06 0.02 0.981
Vancouver site 0.328(0.01) -5.15-5.81 0.12  0.907 1.47(0.18) -1.64-4.59 0.92 0.354
Income -1.58(-0.06) -6.48-3.31 -0.63 0.526 0.45(0.06) -1.89-2.79 0.37 0.707
ASD severity 1.55(0.21) 0.30-2.81 2.42 0.015 -0.68(-0.31) -1.31--0.06  -2.15 0.032
Early cognition -0.10(-0.20) -0.20-0.01 -1.85 0.065 0.04(0.25) -0.02-0.09 1.285 0.199
T1 sleep onset -7.30(-0.29) -12.20--2.41 -2.93 0.003 1.88(0.26) -0.39-4.16 1.62 0.104
T1 night awakening 0.13(0.01) -5.33-5.60 0.05 0.961 0.03(0.004) -2.31-2.37 0.02  0.980
T1 sleep duration -2.50(-0.26) -4.71--0.29 -2.22 0.026 0.38(0.14) -0.60-1.37 0.76  0.449
T4 sleep onset 8.44(0.33) 3.28-13.59 321 0.001  -1.64(-0.22) -3.91-0.64 -141 0.158
T4 night awakening 4.96(0.20) -0.45-10.37 1.80 0.072 -0.14(-0.02) -2.60-2.32 -0.11  0.909
T4 sleep duration 4.14(0.33) 1.44-6.84 3.01 0.003 -0.98(-0.26) -2.33-0.37 -1.42  0.155




Discussion

In the current study, the association between early childhood
sleep and later EF at school-age was examined in children with
ASD. Our results partially confirm our hypothesis, indicating
that sleep quantity and quality are exclusively related to “hot”
(behavioral regulation) rather than “cold” (metacognition) EF in
school-aged children with ASD. Contrary to our prediction, par-
ticipants with delayed sleep onset at 3.5 years had better be-
havioral regulation, as first reported by teachers on the BRIEF at
7.7 years. Examination of the three BRI subscales showed that
this association was only significant for emotional and inhibi-
tory control. However, as hypothesized, delayed sleep onset at
3.5 years exclusively predicted a worsening behavioral regula-
tion trajectory after the more proximal school-age sleep was ac-
counted for, and this same pattern was seen for two behavioral
regulation subscales, emotional and inhibitory control. Of the
school-age sleep variables (assessed at age 6.7), a delayed sleep
onset was associated with greater behavioral regulation difficul-
ties at 7.7 years. Longer sleep duration at age 6.7 was associated
with greater behavioral regulation difficulties at 7.7 years, and
this was also seen for the three behavioral regulation subscales.
In contrast, a shorter sleep duration at 6.7 years predicted a
worsening inhibition trajectory, but this was not seen for overall
behavioral regulation difficulties or the other two subscales.
Neither night awakenings nor shorter sleep duration at 3.5 years
of age was related to EF as expected.

Given previous documentation of sleep problems in 40%-80%
of children with ASD and evidence suggesting early poor sleep
impairs EF development, we hypothesized that poor sleep may
serve as a mechanism to exacerbate EF difficulties found in chil-
dren with ASD. It is difficult to ascertain whether early sleep
problems are more prevalent in our ASD cohort compared to
normative samples due to measurement differences [7, 74, 75].
The CSHQ was not developed for children under age 6; hence,
questions and scoring differed from what we have documented.
For example, previous studies captured the number of awaken-
ings per night rather than per week as in the CSHQ, whereas
sleep onset difficulty was usually set at 30 min rather than the
20 min on the CSHQ [7, 75]. Difficulties initiating sleep for more
than 20 to 30 min is generally accepted as clinically problem-
atic in pediatric populations [76], however, neither time cutoff
is recommended over the other in the current ICD-10 or DSM-5
criteria. Up to 28% of TD preschoolers at 3.5 years of age have at
least one awakening per night [7], whereas 56.7% of our same-
aged Pathways cohort had one or more night awakenings be-
tween two to seven nights per week. At first glance it may seem
as though there are more awakenings in our cohort, but upon
examination of the item “awakes once during the night” only 17%
of Pathways parents responded their child woke up once five
to seven nights per week (closer to one night per week). Hence,
night awakenings may actually be lower in our cohort, but this
cannot be conclusive given the variability of parents’ reports.
Similarly, 16% of TD 3.5-year-olds have had sleep onset difficul-
ties documented per night [7], whereas 49.8% of our same-aged
preschool cohort had sleep onset difficulties two to seven nights
per week. More comparably, in our cohort, 17% of preschoolers
took more than 20 min to get to sleep, five to seven nights
per week. Again, this is compared to the 30-min cutoff of the
TD sample. When school-aged, greater sleep problems on the
CSHQ were found in our ASD cohort compared to a normative

Tesfayeetal. | 9

North American sample with a similar mean age of 7 years [77].
In the TD cohort 21% “sometimes” or “usually” had sleep onset
difficulties, compared to 46.5% in our cohort. 25.1% of typically
developing children had one-night awakening “sometimes” or
“usually” per week, compared to 41.7% of Pathways children.
Although the age range of the normative sample is larger, we
can say with more certainty that Pathways youth had more dis-
turbed sleep reported by their parents at school-age, in line with
estimates from the literature. Interestingly, during both age as-
sessments, our Pathways cohort slept comparably to normative
samples and within the recommended sleep duration for their
age [73]. Hence, links between EF difficulties and low sleep quan-
tity may be more pronounced in a clinical cohort with greater
sleep duration disturbances.

This was the first study to examine growth in EF across mul-
tiple time-points in middle childhood in ASD. We found sig-
nificant but small improvement over time in both behavioral
regulation and metacognition. We did not replicate previous lon-
gitudinal associations between sleep and metacognition docu-
mented in TD children [78]. However, our findings do parallel
preliminary evidence from two cross-sectional studies reporting
no significant relationship between sleep and metacognition in
children with ASD [47, 49]. In TD literature, a greater proportion
of nighttime sleep early in infancy has been related to better hot
and cold EF, but not to general cognitive ability, later in infancy
and in preschool [44, 45]. The authors suggest that sleep impacts
components of EF that are distinct from general cognitive abil-
ities. Indeed, when we examine Model 4 (Table S11) controlling
for early cognition along with other covariates like ASD severity
and school-age sleep, we find shorter sleep duration and greater
night awakenings become marginally associated with metacog-
nitive abilities with a moderate to large effect size. In the model
run without any children taking sleep or psychoactive medica-
tion this association between shorter sleep duration and meta-
cognitive abilities became significant. Similar to Bernier et al.
(2010, 2013) we find that sleep traits and early general cognition
are not correlated in this cohort. Hence, this may indicate that
isolating metacognitive ability from general cognition may allow
for a sleep link to emerge. However, unlike the previous studies
in TD children, we did not use experimental measures to tap
into “pure” metacognition, which compared to behavioral regu-
lation is more related to cognitive abilities as it corresponds to
cool EF. Since we examine the use of metacognition observed
in behaviors it may be less distinguished from general cogni-
tive ability than when assessed using lab procedures. Another
consideration is that cold EF is found to develop more quickly
than hot EF, and it is reported that older children and adoles-
cents with ASD experience greater lab and real-world impair-
ments of cold EF compared to earlier ages or to hot components
like inhibitory control [25, 79]. It may be that sleep problems are
more impactful during the earlier development of cold EF ra-
ther than later in childhood, however, more research with con-
current sleep and EF measures are needed to understand this
association.

We also substantiated previous links found between poor
sleep and behavioral problems in ASD children [80, 81], as the
BRI subscale shows some overlap with behavioral problems.
Overall, our novel findings highlight a non-uniform relationship,
whereby age, type of behavioral regulation, and sleep traits need
to be taken into account.


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab122#supplementary-data
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Links between sleep onset and behavioral regulation

The finding that delayed sleep onset predicted lower behav-
ioral regulation difficulties at the first EF time-point when par-
ticipants were 7.7 years was unexpected. It is important to take
into account that bedtime is more externally determined earlier
in childhood; therefore, delayed sleep onset may reflect both
internal sleep processes and external parental regulation. One
possible explanation for the association may be that toddlers
and preschoolers who tolerate being put to bed earlier than their
natural circadian rhythm bedtime show improved behavioral
regulation around the start of school-age. It has been previously
documented that preschoolers whose parentally determined
bedtime does not match their internal circadian rhythm have
greater bedtime resistance [82]. Sleep problems like delayed
onset are thought to arise from a de-synchrony between one’s en-
dogenous circadian rhythm and preferred sleep-wake schedule
[83]. The proposed interpretation is in line with previous docu-
mentation of circadian rhythm alterations in ASD. This includes
atypical levels and synthesis of melatonin, involved in resetting
circadian rhythms, and disturbances of circadian genes [84].
Moreover, delayed sleep phase syndrome, a circadian rhythm
disorder characterized by sleep that is delayed by at least 2 h
[59], is found in adults with ASD [85, 86]. Suggesting that a mis-
match of external bedtimes and internal sleep preferences is an
issue in ASD. Hence, young children with delayed sleep onset
may be regulating their behaviors based on parental instruc-
tions, despite not being ready to sleep. These children may be
required to control their emotions (e.g. crying) and inhibit re-
sistant behavior (e.g. getting out of bed) during bedtime; indeed,
improved inhibitory and emotional control were the only two
subscales at 7.7 years linked to early delayed onset. However,
delayed sleep onset measured more proximally to the EF as-
sessments (age 6.7 years) showed the expected association of
delayed onset with increased behavioral regulation difficulties.
The present findings do suggest a specific role for delayed sleep
onset in later behavioral regulation difficulties, but the pattern
of findings is complex and warrants replication and further in-
vestigation to understand the mechanisms involved. Parental
report of sleep is likely confounded with both parent and child
characteristics, so future studies using objective measures of
sleep will be important. Delayed sleep onset is a particularly
salient sleep problem in individuals with ASD throughout their
lifespan [10, 85] and may be a significant source of stress for
parents, underscoring the need for a better understanding of the
role of sleep onset delay in the development of later difficulties
in individuals with ASD.

In contrast to emotional and inhibitory control, cognitive
shifting was not significantly linked to sleep onset. Previous
findings have found total sleep problems (including sleep onset)
from preschool and school-age were not longitudinally asso-
ciated with experimental or neuropsychological measures of
shifting [87, 88], while decreasing sleep problems across child-
hood have been correlated with better inhibitory control but not
shifting [87]. The latter provides evidence that sleep may better
predict inhibitory control outcomes over shifting. As shifting dif-
ficulties are consistently documented to be the most impaired
EF component in ASD [25, 89], it consequently may be less mal-
leable to significant developmental changes.

This is the first finding linking delayed sleep onset in early
childhood to later emotional control in children with ASD.

The finding is unsurprising given extensive documentation
that sleep quantity and quality (including insomnia traits) af-
fects mood, affective information processing and the capacity
to regulate emotions [90, 91]. It is posited that poor sleep im-
pairs the connectivity between the prefrontal cortex and amyg-
dala, a central neural pathway for affective processing [91].
A lack of prefrontal-amygdala connectivity during emotional
responses is found in children with ASD [92]: hence, this may
be one possible mechanism by which sleep disturbance further
exacerbates emotional regulation impairments in ASD. Finally,
inhibitory control was most consistently impacted negatively by
all sleep disturbances in the current cohort, not only by sleep
onset, mirroring previous findings with restricted sleep duration
and night awakenings in TD and children with ADHD [93, 94].

Links between sleep duration and behavioral
regulation

Interestingly, longer sleep duration at school-age was associ-
ated with worse behavioral regulation difficulties during early
school-age. Twelve percent of these participants slept more
than 11 h, which according to the NSF falls into the may be ap-
propriate or not recommended range. Oversleeping is known to
have negative consequences for cognitive processes such as EF
[6, 95]. Negative outcomes for both extremes of under- or over-
sleeping reflect an inverted-U shaped relationship [6]. Weekday
oversleeping can also be compounded by school-aged children
who tend to sleep more during the weekends [96]. Further in-
vestigations of subscales revealed that shorter sleep duration at
6.7 years predicted a worsening inhibition but not overall behav-
ioral regulation trajectory during school-age. As both preschool
and school-aged sleep durations are positively correlated in our
sample, children might have accumulated a sleep debt, known
to have negative consequences for behavioral modulation.

Links between night awakenings and behavioral
regulation

Frequent night awakenings did not predict EF difficulties. It is
possible that earlier night awakenings at age 3.5 years were
not significant predictors as awakenings are commonly found
during toddlerhood and may have more impact on EF when they
are less developmentally appropriate. This is also supported by
previous findings showing night awakenings in infants was not
associated with later impulse control at 6-months and 1-year
follow-ups [44].

Strengths and limitations

A major strength of the current study is the large sample of
systematically diagnosed and phenotyped children with ASD.
Pathways is a unique and advantageous cohort as the parti-
cipants had a narrow age range at study entry and have been
regularly assessed by multiple respondents. This includes sleep
repeatedly reported by parents and EF assessments by various
teachers at four time-points, limiting responder bias. Multiple
assessment points allowed for longitudinal modeling tech-
niques, another major strength, providing the first growth curve
analysis of EF in ASD. Controlling for factors including early cog-
nitive ability and ASD severity also provides some confidence



that our significant findings are unique to the relationship be-
tween sleep and EF.

We did not use psychometric or experimental tasks that
may evaluate “pure” EF components; however, performance
on these tasks varies based on presentation modality and re-
sponse type and do not reflect natural everyday demands [14].
Questionnaires like the BRIEF capture EF in multiple everyday
scenarios, adding to the generalizability of our results.

Parent reports of sleep have been flagged as a limitation due
to their susceptibility to biases and discrepancies with physio-
logical sleep reports [97]. For instance, night awakenings might
only be documented if they are significant enough to impair
parental sleep, whereas sleep onset concerns may be missed if
children do not present with disruptive behavior. This reporting
obstacle may be more pronounced in school-age children, when
parents might be less involved in monitoring sleep. In fact, pre-
vious evidence indicates that electroencephalographic markers
of sleep are atypical in ASD even when parents do not report
sleep problems [98]. Reporting biases may also underlie the lack
of sleep problems documented in our cohort. Further, the CSHQ
was not developed for documenting sleep during early child-
hood periods, yet still remains used [99, 100]. Evidence for the
validity of the items in a toddler and preschool aged sample
using actigraphy and sleep diaries has been provided, with the
best correspondence between measures reported for sleep onset
[101]. In the present study the individual items were used rather
than the proposed subscales, as a revised and a recent review of
its psychometric properties suggests that factor structure modi-
fications are needed for children with ASD [102]. Although for
our study purposes we used specific sleep traits of interest that
correspond to DSM-5 criteria of insomnia, bypassing psycho-
metric issues of the current 8 factor subscales, using the CSHQ
for a young age group limited our ability to assess sleep differ-
ences between our cohort and normative samples. The lack of
suitability for capturing early sleep problems also raises meth-
odological concerns about how well these questionnaire items
are isolating actual sleep problems, as opposed to varying parent
preconceptions of appropriate sleep. Moreover, we did not have
access to information indicating if our participants received a
clinical diagnosis of sleep problems. The use of objective sleep
monitoring is crucial to remove these report biases and may
help delineate current sleep onset findings that are difficult to
disentangle.

A further limitation of our study is that we did not have
access to a control group. Finally, there was attrition from the
first assessment point, from which our key sleep measures
were taken, to the final four assessment points conducted at
school-age, at which the EF outcome was measured. Attrition is
common with longitudinal studies. In this sample non-response
at school-age was associated with lower income and lower child
cognitive scores, but not with sleep problems or ASD severity at
3.5 years. Family income and child cognitive scores were both
included as covariates in the analysis, which helps to account
for any effects of attrition on the analysis. There was some vari-
ability in response during the four EF assessment points from
7.7 to 11.8 years; thus, the main analysis used maximum likeli-
hood estimation to include participants with teacher-reported
data at any school-age time-point in the analysis.

Another study limitation is that concurrent sleep and EF were
not documented. We only tested a unidirectional relationship
(i.e. sleep predicting EF); nevertheless, this does not rule out a
bidirectional association. Previous studies have reported that EF
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problems during preschool and school-age are longitudinally as-
sociated with later sleep disturbances in TD children [103, 104].
Finally, as previously flagged [13], the presence of co-morbid
psychiatric conditions (e.g. ADHD or anxiety) or environmental
stressors (e.g. parental stress), may also modify the interplay be-
tween sleep and EF. This was documented in a recent study by
Holingue et al [105], which showed the link between poor sleep
and behavioral regulation difficulties was no longer significant
after correcting for anxiety, while increased sleep disturbance
was no longer associated with greater metacognition problems
when controlling for hyperactivity/impulsivity.

Conclusion

Current findings suggest that poorer sleep in childhood may
serve as a risk factor for developing atypical EF outcomes in ASD.
The novelty of our findings suggest greater nuance is needed to
decipher the relationship between sleep and EF, as independent
sleep phenotypes have different age related impacts on se-
lective components of EF. We are the first to report poor sleep
specifically impacts behavioral regulation and more specifically,
inhibitory control development, above cold EF in ASD. This in-
formation is beneficial for informing possible EF interventions
in ASD, by targeting sleep in children. In fact, a randomized con-
trolled trial found that TD adolescents who received treatment
for their insomnia had improved EF after six sessions, compared
to waiting list controls [106]. Parents and clinicians should care-
fully monitor and consider treatment if children with ASD are
having early sleep problems. Current interpretations of our re-
sults suggest the need to promote better matching bedtimes,
which may require later bedtimes and wake-times for some
children. More widespread awareness and dialogue is needed to
help parents navigate enforcing bedtimes that are appropriate
for their child’s internal clock. Further investigations on the
interplay between sleep and EF in ASD are needed with both ob-
jective and parent report measures to validate current findings.
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