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Abstract

This study examined sleep—wake patterns in 3 matched comparison groups of preschool-aged
children: children with autism (AUT), children with developmental delay (DD) without AUT, and
children who are developing typically (TYP). Sleep was assessed via actigraphy and parent-report
diaries for 7 consecutive 24-hr periods across 3 time points: at enrollment (n = 194), 3 months
later (n = 179), and 6 months after enrollment (n = 173). At each recording period, children in the
AUT group slept less per 24-hr period, on average, and were less likely to awaken at night than
children in the other two groups. In contrast, children in the DD group had more frequent and
longer duration nighttime awakenings than children in the AUT group. Overall, children in the 2
neurodevelopmentally disordered groups demonstrated more night-to-night variability in their
sleep—wake measures than children in the TYP group.

Although the functions of sleep are not clearly understood, there is general agreement that
sufficient, quality sleep is essential for healthy development in childhood (Dahl, 1996;
Meltzer & Mindell, 2007). However, what characterizes adequate and sufficient sleep in
preschool-age children, especially in those with neurodevelopmental disorders such as
autism (AUT), has been insufficiently studied. In general, studies document higher rates of
sleep problems in young children with neurodevelopmental disorders compared with
typically developing (TYP) children (Goodnight, Bates, Staples, Pettit, & Dodge, 2007;
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Gruber, Sadeh, & Raviv, 2000; Patzold, Richdale, & Tonge, 1998; Polimeni, Richdale, &
Francis, 2005; Quine, 2001; Richdale, 1999; Richdale & Prior, 1995; Sadeh, Gruber, &
Raviv, 2002; Wiggs, 2001). In AUT specifically, previous studies reported that children
with AUT awakened more frequently at night (Krakowiak, Goodlin-Jones, Hertz-Picciotto,
Croen, & Hansen, 2008), had earlier morning rise times (Polimeni et al., 2005), and shorter
24-hr sleep durations (Goodlin-Jones, Tang, Liu, & Anders, 2008). A majority of these
studies relied on parent report to describe sleep duration, disruptions of sleep, and behavioral
concomitants associated with sleep disturbances. In addition, most studies of preschoolers
with AUT did not utilize developmentally matched control groups of children without AUT,
making it difficult to interpret whether reported differences were related to a diagnosis of
autistic disorder or other aspects of developmental delay (DD). This study moves the field
forward by using a more objective sleep measure (actigraphy) and by incorporating two
carefully matched comparison groups.

The two comparison groups for children with autistic disorder (AUT group) were children
with DD without AUT (DD group) and TYP children (TYP group). Both the AUT and DD
groups were matched on levels of cognitive and adaptive functioning so that differences
could be attributed to diagnostic group. The average chronologic age in the TYP group was
approximately 6 months younger than the average ages in the two neurodevelopmentally
disordered groups, although age ranges were comparable for all three groups. Because
sleep—wake organization changes with age (Iglowstein, Jenni, Molinari, & Largo, 2003;
Iglowstein, Latal Hajnal, Molinari, Largo, & Jenni, 2006), children in the TYP group were
recruited at chronologically younger ages in an attempt to better match any possible
immaturity in sleep—wake organization with the two DD groups. Since there are insufficient
data in the literature to determine exactly how immaturity in sleep—wake organization may
manifest itself in the neurodevelopmentally disordered groups, the 6-month mean age
difference was chosen as a best estimate.

This study assessed sleep via actigraphy and focused on sleep patterns, rather than parent-
perceived sleep problems. In addition, sleep studies of TYP children also have documented
that variability in sleep patterns affect child daytime functioning and parental stress (Bates,
Viken, Alexander, Beyers, & Stockton, 2002; Doo & Wing, 2006). Similarly, studies of
children with AUT have reported that difficult behavioral profiles, including sleep
variability, are significant stressors for families (Davis & Carter, 2008). Therefore, this
study expands on previous reports by examining patterns of between- and within-child
sleep—wake variation across the three diagnostic groups.

This is the third report in a series using this sample of children. The first report focused on
both the organization of sleep—wake patterns and on carefully predefined sleep problems
from the cross-sectional perspective, reporting results from Time 1 data only (Goodlin-Jones
et al., 2008). The second report was longitudinal in design and focused on the classification
of sleep problems as previously defined in the cross-sectional report, assessing sleep
problem stability and variability over three recording periods spanning a 6-month time
period (Goodlin-Jones et al., 2009). This report also uses the longitudinal design but
examines the patterns and variability of the actigraphically derived sleep—wake behaviors
(not the sleep problems) over the 6-month period. All three reports are based on the same
three matched comparison groups of preschool-aged children: children with AUT disorder,
DD without AUT, and a chronologically younger group of TYP children.

We expected more disruptive sleep behaviors (i.e., more nighttime awakening and longer
sleep latency times) in children in the AUT and DD groups compared with children in the
TYP group, and that the three diagnostic groups would maintain their sleep pattern
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differences over time. We also predicted that children in the AUT group would show greater
variability in their sleep measures than children in either the DD or TYP groups.

Using the research recruitment database of the UC Davis M.I.N.D. Institute, advertisements
in local pediatric offices, and word of mouth, children were recruited for a study “to learn
more about sleep and waking patterns,” not for a study about sleep problems. The M.I.N.D.
Institute research database contains a list of carefully diagnosed and documented potential
research participants whose parents are willing to be contacted by M.I.N.D. investigators.
The database includes children with AUT, other neurodevelopmental disorders, and TYP
children. We enrolled children from the list if their parents expressed interest in learning
more about their child’s sleep patterns. Only one preschool-aged child per family was
enrolled. Children with a chronic medical illness or a current or prior clinical sleep disorder
were excluded. Two children in the DD group with well-controlled seizure disorders, on
maintenance anticonvulsant medication, were included. None of the children in the AUT
and TYP groups were known to have seizures nor were on any psychotropic medications.
The UC Davis institutional review board approved the protocol, and all parents signed
informed consents.

Of the 194 children recorded at Time 1, 179 children were studied at Time 2, and 173
children completed all three recording sessions, accounting for a 10.8% non-completion
rate. The composition of the sample at the time of enrollment in terms of demographic,
family characteristics, and dropout rate (stratified by diagnostic group) is presented in Table
1. Sample demographics and socioeconomic status (SES) suggest that participating families
were representative of the greater Sacramento, California community. There were no
significant differences in gender, ethnicity, or diagnosis between those who completed the
study and those who did not.

The ages of children at initial enrollment ranged from 2.0 to 5.5 years (M = 3:70 years, SD =
0:93). As described earlier, children in the AUT group were matched with children in the
DD group on developmental level and adaptive capacity so that differences in sleep—wake
patterns could be attributed to diagnostic group differences rather than to developmental
differences. In an attempt to control for possible maturational effects on sleep—wake
organization during the preschool period, children in the TYP group were specifically
recruited at the younger end of the chronological age spectrum so as to better match their
sleep—wake patterns with the neurodevelopmentally delayed groups. The mean age of
children in the TYP group on entry to the study was 41 months compared with mean ages of
47 and 46 months for children in the AUT and DD groups, respectively (p <.05)

The comprehensive, initial research diagnostic evaluation has been described previously
(Goodlin-Jones et al., 2008). Only children who met diagnostic cutoff criteria for AUT on
the Autism Diagnostic Observation Schedule (ADOS) and on all domains of the Autism
Diagnostic Interview—Revised (ADI-R) were included in the AUT group. Children within
the DD group carried diagnoses of Down’s syndrome, Global Developmental Delay, Di
George syndrome, and idiopathic DDs. To rule out the presence of undiagnosed AUT, all
DD group members received ADOS and ADI-R evaluations. None met the cutoff for an
autism spectrum disorder (ASD). Children in all three groups completed the Mullen Scales
of Early Learning, and TYP children had Early Learning Composite (ELC) scores above 75.

The AUT and DD groups did not differ significantly from each other on mean baseline 1Q
(ELC) and Vineland Adaptive Behavior Composite (ABC) scores (see Table 1). As
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expected, both neurodevelopmentally disordered groups scored significantly lower, on
average, than the TYP group on the developmental and adaptive measures, although the
TYP group was significantly chronologically younger. However, both neurodevelopmental
groups and the TYP group encompassed a range of developmental scores so that, for
example, children in the AUT group comprised a range of Mullen ELC scores from 49 to
140, and children in the TYP group ranged from 72 to 148 (see Table 1). Family
composition and SES variables such as parent age, employment status, and household size
did not differ among the three diagnostic groups. The only exception was that there were
significantly fewer college graduates and married mothers in the DD group; mothers of
children in the AUT and TYP groups were not significantly different on any of the
comparisons.

Procedures

Sleep measures—Actigraphy and a parent sleep—wake diary assessed sleep. The
actigraph, a Mini Mitter Actiwatch (AW64; Mini Mitter, Bend, OR) was worn for seven
consecutive days and nights on the non-dominant ankle for each of the 3 recording weeks.
Because children with AUT are likely to be hypersensitive to wearing actigraphs or changes
in their usual routine, our occupational therapist designed a foam rubber ankle bracelet in
which the actigraph was embedded. During a practice session in the laboratory, ankle
bracelets were applied repeatedly to both ankles until the child was comfortable. Parents
participated in this practice session and received instruction about proper placement at
home. Only two children were excluded from the study for failure to wear the ankle bracelet.
There was no evidence that actigraphy was more cumbersome for children in the AUT
group than for children in the other two groups.

During each 7-day week, parents completed a daily sleep diary first thing each morning for
the previous 24 hr as a check for the actigraph sleep start and sleep end times. Sleep diaries
were also examined to determine concordance between actigraph records and diary
observations. Actigraph recordings and diaries were obtained following the initial intake
evaluation (Time 1), 3 months later (Time 2), and again after 3 months (Time 3). Thus, each
child was studied over a 6-month period. During each of the 3 recording weeks, a research
assistant maintained daily phone contact with parents to maximize compliance. Over 90% of
actigraph recordings and sleep diary records were scored.

Sleep variables—Actigraph data were scored using the manufacturer’s algorithm set at
medium sensitivity. A secondary “smoothing” filter was applied to the output so that single,
isolated, 1-min waking epochs were re-coded to sleep—that is, all nighttime awakenings had
to meet actigraph criteria of wakefulness for at least 2 min before being scored as an
awakening. The validity of this secondary smoothing algorithm has been reported previously
(Sitnick, Goodlin-Jones, & Anders, 2008).

Actigraph sleep variables included bedtime (recorded clock time from the diary) and 24-hr
sleep (sum of nighttime sleep duration plus nap duration in minutes). The quality of the
sleep derived from the actigraph was indicated by sleep efficiency (time in bed asleep
divided by the total time in bed), sleep onset latency time (number of minutes from bedtime
to sleep start time), wake after sleep onset (WASQO) duration (total minutes awake after sleep
onset), and WASO number (the number of nighttime awakenings after sleep onset).

Data Analysis

Statistical analyses used SAS Version 9.1 (SAS Institute, 2002-2003, Cary, NC) and
included descriptive statistics for all categorical and continuous variables. Random-effects
regression models (Laird & Ware, 1982) were used (a) to estimate patterns of change in
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actigraph variables measuring sleep and awakening amounts and timing over the course of
the study, (b) to test whether diagnosis and other covariates were related to the initial level
or rate of change in sleep variables, and (c) to examine the between- and within-child
variability and their heterogeneity across diagnostic groups. This approach allowed the use
of all available data for each child. The models assumed that each child’s individual
trajectory followed the mean path, except for random effects that caused the initial level to
be higher or lower and the rate of change to be faster or slower. Preliminary analyses
showed that there was very little variability in the rates of change. Therefore, only random
intercepts were fit, and the observed measurements were assumed to differ from a child’s
true path only by independent, identically distributed errors at each time of observation. The
initial set of models included fixed effects for diagnosis, age at baseline, and recording
period (time in months) since baseline. A second set of models added the interaction of
diagnosis with time and age. The interaction terms tested whether the rate of change in sleep
variables varied by diagnosis and baseline age, respectively. We also examined a series of
nested models in which additional parameters for ethnicity, mother’s age, marital status, and
education were included. Parameters that did not add significantly to the model were
removed; therefore, the reported models include only significant predictors. Natural log
transformation was employed for the sleep onset latency variable in an attempt to normalize
the distribution. The random-effects model partitioned variability into two components: (a)
the deviation of each child’s individual mean from the population’s mean (between-child
variation) and (b) the deviation of a measurement taken on a particular night for a child from
the child’s overall mean (within-child variation). Separate variances for the random effects
(assessing the between-child variance structure) and for the residual error (assessing the
within-child variance) were estimated for each group, and tests to assess whether the
between- and within-child variances differed across diagnoses were performed. Residual
analyses and graphical diagnostics were used to check the validity of the model
assumptions. We concluded from these analyses that model assumptions were adequately
met.

Because the frequency distribution of responses for both WASO duration and WASO
number exhibited a large spike at zero, with 21% of nights without any awakenings, the
traditional mixed-effect models described earlier could not be used for these two variables.
Instead, a two-part mixed-effects model with correlated random effects accounting for
clumping at zero was used (Tooze, Grunwald, & Jones, 2002). This two-part model
predicted both the probability of an awakening and, given that a child awakened, the
distribution of awakenings (the number and duration of awakenings). In addition, the two-
part model accounted for the positive correlation between the probability of awakening and
the distribution of those awakenings. The same covariates used in the random-effects models
were used in the two-part model, and a similar model-building strategy was adopted. The
continuous part of the models was fitted to the log-transformed WASO variables to
normalize their distribution.

RESULTS

Sleep—Wake Patterns Over Time

Means, standard deviations, and lower and upper quartiles for each of the variables by
diagnostic group were computed for all participants at each recording period (see Table 2).
In general, all children went to bed, on average, around 9:00 p.m. and slept for 10.5 to 11 hr
in a 24-hr day. Sleep efficiency was greater than 90% for all groups. Figure 1 graphically
portrays the estimated average paths and the between- and within-child variability for each
diagnostic group for bedtime and 24-hr sleep. Table 3 summarizes the random-effects
models assessing the relation of diagnosis, recording period, and age on the sleep—wake
variables from which the trajectories in Figure 1 are derived.
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At baseline (see Table 3), children in the DD group tended to go to bed 17 min later (on
average) than children in the TYP group (p < .10). This trend did not hold up over
subsequent recording because of a significant interaction between time and diagnostic group
(Figure 1a and 1b, slope difference)—that is, bedtimes for children in the TYP group
became later over time, whereas bedtimes for children in the AUT and DD groups remained
stable over the 6-month period. In addition, Caucasian children, regardless of diagnostic
group, had 19-min earlier bedtimes than non-Caucasian children (p <.01).

As reported initially for Time 1 (Goodlin-Jones et al., 2008), children in the AUT group
slept less in 24 hr, on average, than children in the TYP group by 21 min and less than the
children in DD group by 27 min (see Table 3). There were no differences across groups in
the rate of change in 24-hr sleep over the recording period, with all children maintaining
their differences and sleeping progressively less in 24 hr (p < .05; Figure 1c and 1d). In
addition, older children slept less (p < .001).

ency and Sleep Onset Latency

The nighttime sleep pattern differences by diagnostic group reported initially (Goodlin-
Jones et al., 2008) also were maintained over the two subsequent recording periods (see
Table 3). On all three occasions, children in the DD group slept less efficiently than children
in the TYP group (p < .01); there was a trend for children in the AUT group to sleep less
efficiently than children in the TYP group as well (p < .10). Sleep efficiency improved with
age and time since baseline (both ps < .01), for all participants, regardless of their diagnostic
group. Sleep onset latency times were comparable across groups at Time 1, and this pattern
did not change over time.

Nighttime Awakenings

Table 4 summarizes the results of the two-part random-effects models with correlated
random effects for the WASO variables. The first part of the model estimates the probability
of WASO occurrence; this probability was significantly lower for the AUT group than for
the TYP (p <.05) and DD groups (p < .01), and decreased over the course of the study for
all groups (p < .01).

The second part of the two-part model estimates the intensity of WASO variables (WASO
number and duration) for the children who awakened at least once during the night. Both the
number and the duration of the nighttime awakenings significantly decreased over time for
all groups (p < .05). Among the children who were awake, AUT children awakened
significantly less often than children in the TYP and DD groups (p < .01 and p < .001,
respectively). Children in the DD group spent significantly more time awake than children
in the other two groups on all three occasions. The estimated correlations between the
occurrence and random effects were 0.91 for WASO number and 0.78 for WASO duration,
indicating that, after accounting for covariate differences, children with a greater tendency to
awaken were more likely to stay awake longer.

Between-Child and Within-Child Variability in Nighttime Variables

Variability in actigraph measures was predominantly due to within-child variation, with
estimated within-child standard deviations at least two times greater than between-child
standard deviations (see Table 5 and Figure 1). However, after adjusting for covariates, a
consistent pattern of between-child variability was detected. In general, the two
neurodevelopmentally disordered groups were more variable than the TYP group. For
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bedtime, children in the DD group resembled children in the TYP group in that both groups
had less variability than children in the AUT group. For all the other sleep variables,
variability from the estimated average path predicted for their diagnostic group was greater
for children in the AUT and DD groups than children in the TYP group. In addition,
children in the AUT and DD groups demonstrated greater within-child variability: Single
measurements for a child in these groups deviated more from the child’s average pattern
than those for a child in the TYP group, except for sleep onset latency times where no
significant difference in variability across groups was detected.

Figure 1 graphically portrays the within- and between-child variability for bedtime and 24-
hr sleep. The within-child variability, determined by the size of the error bars in Figure 1b
and 1d, is greater than the between-child variability, as depicted in Figure 1a and 1c, for all
three diagnostic groups. In addition, the variability for individuals in the two
neurodevelopmentally disordered groups is greater than that exhibited by individuals in the
TYP group.

DISCUSSION

Previous studies have reported that children with AUT have significantly more disrupted
sleep than TYP children, emphasizing the importance of assessing sleep in children with
ASDs (Krakowiak et al., 2008; Polimeni et al., 2005). However, studies often relied only on
parental reports and not on more objective observations of sleep. Moreover, some reports
have not included comparison groups of DD children without AUT or TYP children, making
it difficult to determine whether the problematic sleep behaviors were related to AUT, to the
DDs that often accompany AUT, or to other factors such as chronologic age.

This study attempted to measure sleep—wake patterns using multiple methods over time. By
recording sleep actigraphically and via parental report over 6 months, our data provide
information about sleep—wake organization and its stability over a relatively short period of
time. In this sample of preschool-age children recruited from a community pool of children
to a study of typical sleep patterns rather than a study of sleep disorders, children in all three
diagnostic groups had bedtimes and morning rise times that were fairly comparable.
Moreover, children with autistic disorder did not differ significantly from TYP children in
the organization of their nighttime sleep. However, their 24-hr sleep was significantly
shorter than children in the other two groups at all three recording periods. It was the
children in the DD group whose nighttime sleep was most disrupted at each recording
period, characterized by significantly more frequent and longer nighttime awakenings. Both
within- and between-child variability for all sleep—wake variables were greater, for the most
part, in children with neurodevelopmental disorders than in TYP children; however, within-
child variability was greater than between-child variability in all three groups.

Since both the shorter sleep periods of children in the AUT group and the more frequent and
longer nighttime awakenings that characterized the sleep of children in the DD group were
persistent over the 6-month period, it is possible that these patterns are characteristic of, and
reflect, real group differences. On the other hand, the shorter sleep periods of children in the
AUT group might also reflect their older chronologic ages when compared with the younger
ages of the children in the TYP group. Age, however, does not explain the fragmented sleep
of children in the DD group since they were older than children in the TYP group and the
same age as children in the AUT group. The question of whether these results are intrinsic to
the diagnostic groups, or whether other factors such as age are involved, cannot be answered
by our design. Whatever the cause, we speculate that less 24-hr sleep, characteristic of
children in the AUT group, might become problematic for parents. Future studies of sleep
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problems in children with AUT should match comparison groups on chronologic age and
include measures of 24-hr sleep.

Our finding that children with autistic disorder did not demonstrate the predicted disruption
of nighttime sleep or difficulty in falling asleep at bedtime are discrepant from previous
studies that report longer sleep onset times and more sleep fragmentation in children with
ASD (Cotton & Richdale, 2006; Honomichl, Goodlin-Jones, Burnham, Gaylor, & Anders,
2002; Krakowiak et al., 2008). It is possible that these studies may have included children at
older ages or with the broader AUT phenotype. The similar bedtimes and sleep onset latency
times of children in all three groups likely precludes group differences in circadian
organization at these ages. However, our study is not the first study to report relatively
comparable sleep in children with ASD when compared to controls (Elia et al., 2000; Miano
et al., 2007). Parents of children with AUT tend to report elevated rates of sleep problems,
but assessment of concurrent sleep behaviors do not consistently complement parental
concerns (Goodlin-Jones et al., 2009; Hering, Epstein, Elroy, lancu, & Zelnik, 1999; Miano
etal., 2007).

Nevertheless, our results have demonstrated diagnostic group differences. The shorter 24-hr
sleep durations in children with autistic disorder and the more fragmented nighttime sleep in
the children with DD without AUT were robust, persisting for 6 months. The focus on 24-hr
sleep and on the 6-month continuity of sleep—wake variables has not been reported
previously. We also have replicated previous reports of maturational changes in sleep—wake
state organization in our TYP group children (improved sleep efficiency and shorter and
fewer nighttime awakenings) and documented similar trends in our neurodevelopmentally
disordered children.

There are two clinical implications for the findings of this study. First, clinicians need to be
more sensitive to 24-hr sleep patterns. Although the mean difference in 24-hr sleep between
the AUT, DD, and TYP groups appeared relatively minor (approximately 30 min), previous
studies have documented that such a difference is clinically and behaviorally significant,
especially if it persists (Sadeh, Gruber, & Raviv, 2003; Waterhouse, Atkinson, Edwards, &
Reilly, 2007). The persistently shorter 24-hr sleep periods noted in the AUT group might
reflect irregularities of the melatonin-serotonin system not measured in this study, or in
other arousal mechanisms (Wirojanan et al., 2009). It is also possible that the AUT group’s
shorter 24-hr sleep reflects the expected reduction in sleep for an older age group—that is,
their 24-hr sleep times were on track for their chronologic age in comparison to the TYP
group who were younger in chronologic age. If this explains the differences in 24-hr sleep
durations between children in the AUT and TYP groups, it is important to consider that
children in the DD group who, like children in the AUT group, were chronologically older
than children in the TYP group nevertheless demonstrated 24-hr sleep durations comparable
to the children in the TYP group, suggesting that the maturation of their sleep—wake
mechanisms might be delayed. More research on developmental trajectories of 24-hr sleep—
wake organization is needed.

The second clinical implication from this study is that, although the diagnostic groups
maintained similar sleep behaviors over the 6-month period, these patterns do not
necessarily imply that children in the groups had a sleep disorder. Moreover, close
inspection of the between- and within-child variability revealed far more variable sleep in
children in the AUT and DD groups. Therefore, it is evident that merely assessing average
sleep behaviors does not capture the complexities of sleep—wake state organization that may
be most stressful for families. The presence of more night-to-night variability has been
observed in other children with clinical diagnoses, such as attention deficit hyperactivity
disorder (ADHD) (Gruber et al., 2000; Paavonen et al., 2009). Unstable sleep behavior is
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hypothesized to impact daytime functioning in a manner similar to insomnia or chronic short
sleep. Further research is required to elucidate the pathway from sleep patterns to sleep
disorders, including measures of day-today variability, daytime sleepiness, and impaired
daytime behavior and performance.

There are limitations to this study. Although children with specific sleep disorders were
excluded, it is possible that families with children who had more sleep irregularities or
parents who were concerned about their child’s sleep were more likely to enroll. Thus, the
findings may not reflect a random community sample. Similarly, our results are not
applicable for families referred for clinical sleep problems. In addition, our reported
nighttime awakening durations and numbers should be interpreted with caution. Previous
actigraphy validity studies have reported adequate validity for estimates of sleep but have
highlighted poorer actigraph validity estimates of waking frequencies and durations (Ancoli-
Israel et al., 2003; Sitnick et al., 2008; Tryon, 2004). This limitation is especially salient in
this study, as estimates in night waking may have a large margin of error. Finally, because
the sleep of children with AUT was characterized by less sleep per 24 hr, future studies of
sleep in children with AUT should attend more closely to daytime sleep behaviors.
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(b) Bed time {within-child variability)

Time 1 Time 2 Time 3

(d) 24-hour sleep (within-child variability)

.|

Estimated trajectories of sleep behaviors and between-child and within-child variability by
diagnosis for bedtime and 24-hr sleep at enrollment (Time 1), 3 months later (Time 2), and 6
months after enrollment (Time 3). Note. Figure portrays the estimated average paths for
bedtime and 24-hr sleep over 6 months. The horizontal lines depict the estimated mean
trajectories over time for each group. The error bars in Figure 1a and 1c represent the
variability around the mean of each diagnostic group (between-child standard deviations).
The error bars in Figure 1b and 1d represent the night-to-night variability for each diagnostic
group (within-child standard deviations). Children in the typically developing (TYP) group
had a trend to gradually go to bed later over time (p < .10), and this change was significantly
different from both of the neurodevelopmentally disordered groups (both ps <.05). All
children had a slight decline in their average 24-hr sleep over time (p <.05). As expected,
within-child variability, determined by the size of the error bars in Figure 1b and 1d, was
greater than between-child variability, as depicted in Figure 1a and 1c, for all three
diagnostic groups. AUT = autism; DD = developmental delay without AUT.
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TABLE 1

Overall Sample Characteristics by Diagnostic Group at Intake

Variable AUT2  DDP TYPC
Gender (% male) 81 74 70
Age at intake (in months)

M 47 46 41"

SD 10 12 11

Range 28-68 24-70 24-62
Ethnicity (% Caucasian) 59 47 70
Mullen ELC

M 60 55 101

SD 18 7 17

Range 49-140 49-74  72-148
Vineland ABC

M 62 62 98

SD 11 12 17

Range 41-87  31-104 65-151
M college graduate (%) 64 39 72
Married (%) 86 79* 94
Dropout (%) 9 12 12

Page 13

Note. AUT = autism; DD = developmental delay without AUT; M = mother; TYP = typically developing; ELC = Early Learning Composite; ABC
= Adaptive Behavior Composite.

4h=68.
bn =57.
% = 69.

p <.05.
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TABLE 2

Summary of Actigraph Sleep—Wake Variables Over 6 Months

Actigraph Variable

Time 18 M + SD (Q1-Q3)

Time 2P M £ SD (Q1-Q3)

Time 3¢ M + SD (Q1-Q3)

Bedtime (hours:minutes)
AUT
DD
TYP
Sleep onset latency (minutes)
AUT
DD
TYP
WASO duration (minutes)
AUT
DD
TYP
WASO number
AUT
DD
TYP
Sleep efficiency (%)
AUT
DD
TYP

Total sleep in 24 hr (hours:minutes)

AUT
DD
TYP

21:01 +1:08 (20:18-21:31)
21:08 £ 1:01 (20:36-21:41)
20:46 + 0:51 (20:10-21:05)

39 + 28 (23-46)
42 + 31 (24-50)
35+ 19 (25-41)

19 + 17 (8-25)
29 + 22 (14-36)
18 + 12 (9-24)

25+1.7 (1.4-3.0)
3.7+2.4(2.3-5.0)
31+18(1.7-43)

91 + 5 (90-94)
90 + 5 (86-93)
92 + 3 (90-95)

10:36 + 0:51 (10:06-11:09)
11:06 + 0:55 (10:21-11:46)
11:14 £ 0:44 (10:42-11:39)

21:00 + 1:14 (20:11-21:40)
21:07 £ 1:02 (20:37-21:42)
20:55 + 0:54 (20:21-21:17)

33 + 23 (16-44)
41 + 28 (23-54)
36 + 19 (20-45)

17 + 16 (6-26)
25+ 21 (9-34)
18 + 14 (7-24)

21+15(1.0-2.7)
3.3+25(1.5-4.3)
32+25 (1.4-4.0)

92 + 4 (91-96)
91 + 5 (87-95)
92 + 4 (89-95)

10:30  0:44 (9:50-11:05)
10:56 + 0:51 (10:08-11:37)
10:58 + 0:46 (10:23-11:32)

20:47 + 1:37 (20:06-21:44)
20:59 £ 1:19 (20:24-21:33)
20:50 = 0:59 (20:21-21:15)

36 + 31 (17-47)
42 + 26 (26-51)
38 + 21 (21-46)

16 + 16 (5-23)
23 + 24 (6-38)
15 + 12 (7-19)

2.1+1.7(0.9-3.0)
3.1+25 (0.9-4.6)
2922 (1.3-4.0)

92 + 5 (90-96)
91 + 6 (88-95)
92 + 4 (90-95)

10:39 £ 1:41 (9:54-10:56)
11:06 + 1:16 (10:15-11:26)
10:59 + 0:45 (10:30-11:34)

wduosnue Joyiny vd-HIN

Note. Time = each recording time separated by 3 months; Q1 = lower quartile (cuts off lowest 25% of data); Q3 = upper quartile (cuts off highest
25% of data); AUT = autism; DD = developmental delay without AUT; TYP = typically developing; WASO = wake after sleep onset.

8n=104.
bn =170,

Ch=173.
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TABLE 3

Summary of the Random-Effects Models? (Parameter Estimates and Standard Errors) Assessing the Relation
of Diagnostic Group, Recording Period, and Chronologic Age With Baseline Level and Rates of Change of
Actigraph Variables

Sleep Variable

Group BedtimeP (hours:minutes)  Sleep Onset Latency®  Sleep Efficiencyd (%) 24-Hr Sleepd (hours:minutes)

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Estimated trajectory for TYP children

Baseline  8:42 (0:06) 3.22 (0.06) 91.96 (0.38) 11:02 (0:04)

3months  8:46 (0:06) 3.20 (0.06) 92.29 (0.36) 10:58 (0:04)

6 months ~ 8:50 (0:06) 3.19 (0.06) 92.62 (0.38) 10:55 (0:04)
Estimated difference between children with AUT and TYP children

Baseline  0:01 (0:10) -0.15 (0.10) ~1.07 (0.62)* -0:21 (0:06)***

3months  —0:06 (0:09) —0.15 (0.10) -1.07 0.62)* —0:21 (0:06)***

6 months  —0:13 (0:10) -0.15 (0.10) ~1.07 (0.62)* —0:21 (0:06)***
Estimated difference between children with DD without AUT and TYP children

Baseline (.17 (0:10)" 0.05 (0.10) 1.98 (0.65)™™ 0:06 (0:07)

3 months  0:09 (0:09) 0.05 (0.10) -1.98 (0.65)** 0:06 (0:07)

6 months  0:00 (0:10) 0.05 (0.10) -1.98 (0.65)** 0:06 (0:07)
Estimated difference between AUT and DD children

Baseline ~ —0:16 (0:11) -0.20 (0.12) 0.91(0.73) —0:27 (0:07)***

3months  —0:15 (0:10) —0.20 (0.12) 0.91(0.73) —0:27 (0:07)***

emonths  —0:13 (0:11) -0.20 (0.12) 0.91(0.73) —0:27 (0:07)***

Note. TYP = typically developing; AUT = autism; DD = developmental delay without AUT.

a . . - - . .
Models were adjusted for demographic characteristics (ethnicity, mother’s age, marital status, and education).

Race was a significant predictor; the trajectories were estimated for a Caucasian child; non-Caucasian children went to bed 19 min later.

c .
Sleep onset latency time was log-transformed for analyses.

Chronological age at baseline was a significant predictor; the trajectories were estimated for a child who was 44 months old at baseline.

*
p<.10.

F%k

p<.01.

Fok

*
p <.001.
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TABLE 4

Page 16

Summary of Two-Part Random-Effects Models (Parameter Estimates and Standard Errors) Assessing the
Probability of Awakening at Night (WASO Occurrence) and the Intensity of Awakening (WASO Number and
Duration)

Model Term@

WASO Number

WASO Duration

WASO occurrence (logistic)
AUT-TYP difference

WASO intensity (lognormal scale)

DD-TYP difference
AUT-DD difference

Time

Variance of random effects

AUT-TYP difference

DD-TYP difference
AUT-DD difference

Time

Variance of random effects

Residual variance

Covariance

-0.50 (0.21)
0.20 (0.23)
-0.70 (0.23)**

-0.09 (0.02) ¥**

)**

1.16 (0.20

-0.21 (0.0 **
0.06 (0.07)

FHRHK

-0.27 (0.07)

-0.01 (0.00)**

Fkk
)

0.14 (0.02
)***

0.42 (0.01

0.36 (0.05)*

-0.49 (0.21)*

017 (0.22)
-0.64 (0.22)**
HHH

-0.09 (0.02)

1.03 (0.18)""

-0.16 (0.09)

0.24 (0.10)"

~0.39 (0.10)***
-0.02 (0.01)*
0.23 (0.03)"™*
0.92 (0.03)*

0.38 (0.06)"

Note. Analyses used a two-part logistic-log normal-normal mixed-effect model with correlated random effects. WASO = wake after sleep onset;

AUT = autism; TYP = typically developing; DD = developmental delay without AUT.

a . . - . . .
Models were adjusted for demographic characteristics (ethnicity, mother’s age, marital status, and education).

p <:05.

F%k

Fok

p<:01.

*
p <:001.
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TABLE 5

Measures of Variability in Sleep Behaviors Across Diagnostic Groups

Estimated Standard Deviations

Source of Variability Bedtime Sleep Onset Latency  Sleep Efficiency  24-Hr Sleep

Between-child®

AUT 1:01 0.35¢ 13.26 0:33

DD 0:49 0.35€ 13.77 0:33

TYP 0:41 0.17¢ 7.32 0:25
Within-child?

AUT 1:23 1.01¢ 51.04 1:26

DD 1:24 0.95¢ 44.89 1:36

TYP 111 0.91¢ 25.07 1:07

Note. Sleep Onset Latency time was log-transformed to normalize distribution of scores; AUT = autism; DD = developmental delay without AUT;
TYP = typically developing.

a - . S . - .
Standard deviations capture the degree to which each child’s individual mean deviates from their diagnostic group mean.
Standard deviations capture the degree to which the child’s actigraph measures, taken on a particular night, vary from the child’s overall mean.

Standard deviations not significantly different across diagnosis groups.
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