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Study Objectives: This preliminary study investigated the tolerability and efficacy of a novel mattress technology—the Sound-To-Sleep (STS) system—in 
the treatment of sleep problems in children with autism.
Methods: After screening, 45 children, ages 2.5 to 12.9 years, were randomized to order of mattress technology use (On-Off vs. Off-On). Treatment 
conditions (On vs. Off) lasted two weeks with immediate crossover. Tolerability, including study discontinuation and parent-report of mattress tolerance 
and ease of use, was tracked throughout the study. Efficacy assessments were obtained at baseline, prior to crossover, and end of study and included 
measures of autism traits, other psychopathology symptoms, sensory abnormalities, communication difficulties, quality of life, sleep diary parameters, and 
single-blinded actigraphy-derived sleep parameters. Statistical analyses evaluated differences in tolerability and efficacy when the STS system was on 
versus off.
Results: STS system use was well tolerated (n = 2, 4.4% dropout) and resulted in parent-reported sleep quality improvements (STS off mean = 4.3, 
95% CI = 4.05–4.54 vs. on mean = 4.9, 95%CI = 4.67–5.14). The technology was described by parents as very easy to use and child tolerance was rated 
as good. Parent-diary outcomes indicated improvements in falling asleep and reduced daytime challenging behavior. Actigraphy-derived sleep parameters 
indicated improved sleep duration and sleep efficiency. Improvements in child and family quality of life were identified on parent questionnaires.
Conclusions: A future large sample phase 2 trial of the STS system is warranted and would benefit from extended study duration, an objective primary 
efficacy outcome, and careful attention to methodological issues that promote compliance with the intervention and study procedures.
Keywords: autism, sleep, mattress, insomnia
Citation: Frazier TW, Krishna J, Klingemier E, Beukemann M, Nawabit R, Ibrahim S. A randomized, crossover trial of a novel sound-to-sleep mattress 
technology in children with autism and sleep difficulties. J Clin Sleep Med. 2017;13(1):95–104.

INTRODUCTION

Autism spectrum disorder (ASD) represents an etiologically 
complex set of neurodevelopmental disorders sharing a 
common phenotype of qualitatively distinct social commu-
nication and interaction deficits and the presence of inflex-
ible repetitive behaviors.1 A number of comorbid psychiatric 
and medical problems have been documented in ASD, in-
cluding ADHD, anxiety, and mood symptomatology, as well 
as gastrointestinal and sleep difficulties.2 Sleep difficulties, 
including sleep onset delay and decreased sleep duration, 
are a particularly prevalent and impairing comorbid condi-
tion in ASD.3 Parents have reported significant sleep diffi-
culties in up to 80% of children with ASD,4 and actigraphy 
studies have documented increased prevalence of sleep ab-
normalities relative to typically developing children,5 with 
up to 40-minute decreases in sleep duration in ASD.6 Sleep 
difficulties in children with ASD are impairing to both the 
child and the family, including significant associations with 
increased behavior problems, decreased adaptive skill de-
velopment, and increased family stress.7,8 Sleep abnormal-
ities persist across age and are found in both cognitively 
impaired and highly intelligent youth with ASD.3 These 
findings document a substantial need to improve sleep in 
children with ASD.
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Pharmacologic treatment studies,9 including studies of sup-
plements such as melatonin,10 have indicated significant benefit 
in improving sleep in children with ASD. However, pharmaco-
logic treatment is not recommended as first-line care,11 parents 
prefer non-pharmacologic interventions,12 and some pharma-
cologic approaches frequently used to treat sleep difficulties 
in ASD carry the potential for significant side effects, such as 
daytime drowsiness with alpha-adrenergics or weight gain with 
atypical antipsychotics.13,14 Sleep hygiene and other behavioral 
treatments have the advantage of low risk for side effects with 
the ability to directly influence child, parent, or environmen-
tal factors that may be perpetuating sleep difficulties.15 While 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Children with autism have 
significant sleep difficulties that impact the child’s functioning and 
overall caregiver and family life. The present study was conducted 
to examine whether a novel mattress technology improved sleep in 
children with autism who also have significant sleep difficulties.
Study Impact: The sound-to-sleep mattress technology was well 
tolerated and improved some measures of sleep in children with 
autism. If supported in future trials, this technology may be a safe, 
effective adjunct or second-line treatment of sleep difficulties in 
children with autism.
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sleep hygiene education in a pamphlet approach may be inef-
fective,16 more intensive and comprehensive approaches may 
improve insomnia. Recent empirical studies have supported 
the potential for behavioral treatments, including parent ed-
ucation17 and parent training in the application of behavioral 
methods.18 Unfortunately, parents are sometimes difficult to 
train in behavioral methods or become non-adherent to behav-
ioral interventions, resulting in sub-optimal efficacy.19 Thus, it 
is necessary to identify alternative treatment approaches with 
low-risk, high tolerability profiles for improving sleep in chil-
dren with ASD and parent-reported sleep difficulties.

The Present Study
The literature on treatment of sleep difficulties in ASD has 
paid little attention to technological approaches to enhancing 
the child’s sleep experience. The present study examines the 
tolerability and efficacy of a novel mattress-based technology 
called the Sound-to-Sleep (STS) system in improving sleep 
in children with autism and parent-reported sleep difficulties. 
The STS mattress technology embeds vibrations correspond-
ing to a sound source into the mattress, allowing the user to 
both hear and feel sounds that they choose to play. Relative 
to behavioral interventions, this technology has several ad-
vantages. First, children can choose preferred sounds to play, 
potentially decreasing resistance to bedtime. Second, the vi-
brations or combined sound and synced vibrations may tap 
into sensory experiences that are preferred by children with 
ASD. The recent revision of diagnostic criteria has included 
sensory sensitivities and unusual sensory interests as a symp-
tom criterion.1 Differences in sensory experience in ASD have 
been long documented and, in this case, might be leveraged 
to improve sleep in some ASD-affected children. Third, the 
STS system may be easier to faithfully implement relative to 
behavioral methods. Fourth, the vibrations produced by the 
STS mattress technology may activate the parasympathetic 
nervous system, including the vagus nerve which has been 
shown to respond to tactile input and is crucial for relaxation 
and promotion of sleep.20 However, given the nature of sen-
sory sensitivities in ASD, it is also possible that the STS sys-
tem would be intolerable or result in significantly worse sleep. 
Thus, the present research excluded individuals with substan-
tial sensory abnormalities and utilized a short-term (2-week) 
crossover design to provide an initial evaluation of tolerability.

Given the lack of previous studies and uncertainty regard-
ing possible side effects, the primary aim of this preliminary 
study was to evaluate STS mattress tolerability, defined as 
any study dropout due to STS mattress use. The secondary 
aim was to evaluate the efficacy of the STS mattress tech-
nology in improving sleep parameters. Efficacy parameters 
were based on parent-completed sleep diary, blinded actigra-
phy scoring, and parent questionnaire measures. We focused 
predominantly on parent report, with parent-reported sleep 
quality as the primary efficacy outcome, because it was not 
possible to obtain blinded clinician improvement ratings; 
we anticipated that actigraphy would be challenging to col-
lect in cognitively impaired children with ASD but did not 
want to further limit the sample to high functioning children. 
Specific aspects of parent-reported sleep problems were also 

explored to determine whether the STS mattress technology 
may be beneficial for specific facets of sleep problems in chil-
dren with ASD.

METHODS

Sample
ASD-affected individuals were recruited after diagnostic 
clinic visits, from local treatment programs, via study fliers, 
and word of mouth. Institutional IRB approval was obtained 
for the procedures of the present study. Consent was obtained 
from parents/caregivers/legally authorized representatives and, 
where possible, assent was obtained from children where ap-
propriate. The trial procedures were registered with clinicaltri-
als.gov (NCT02739321).

Inclusion/Exclusion Criteria
Inclusion criteria were: (a) a consensus clinical diagnosis of 
autism spectrum disorder based on a multidisciplinary evalu-
ation and Diagnostic and Statistical Manual of Mental Dis-
orders, Fifth Edition (DSM-5) criteria, (b) age 2.5 years (30 
months) to 12.9 years (155 months), (c) stable medication and 
therapy (physical or occupational therapy, ABA therapy, etc.) 
four weeks prior to their study participation and throughout 
the 1-month study period, (d) significant sleep difficulties as 
indicated by a score of ≥ 41 on the Child Sleep Habits Ques-
tionnaire,21 and (e) stable health 4 weeks prior to study par-
ticipation and throughout the 1-month study period. Exclusion 
criteria were: (a) extreme hypersensitivity to sound or tactile 
input as reported by parent using a total raw score resulting in 
a qualitative description of “definite difference” on the Short 
Sensory Profile, (b) seizure disorder or a specific neuroge-
netic disorder (e.g., Fragile X), (c) acute illness or exacerba-
tion of chronic illness during the course of the study, (d) use 
of anti-allergy medication, or (e) sleep difficulties deemed by 
the physician to render participation inappropriate (e.g., sig-
nificant snoring, apnea, parasomnias). Due to the frequency of 
melatonin use in this population, we elected to include those 
who had been using melatonin for 1 month prior to study start 
and continued stable use throughout the study. Any participant 
who at the discretion of the clinical investigator was not able 
to comply with study procedures was also excluded. It is im-
portant to note that individuals were allowed to change therapy 
(intensity, schedule, provider, etc.) or engage in a specific inter-
vention to improve sleep (environmental modifications) as long 
as the therapy change or intervention occurred at least 1 week 
(1 month for melatonin) prior to the study baseline, sleep prob-
lems persisted after the change, and no treatments or environ-
mental changes were made during the 1-month study period.

Measures
Supplement 2 in the supplemental material presents primary 
and secondary tolerability and efficacy outcomes.

Drop out
The proportion of drop out due to STS mattress technol-
ogy use was designated as the primary tolerability outcome. D
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Dropout for any reason was also collected as a secondary tol-
erability outcome.

Sleep diary
Parents completed a sleep diary each day. As part of this 
diary, parents rated the child’s sleep quality using a 7-point 
Likert scale (1 = extremely poor, 4 = average, 7 = excep-
tional), and this was considered the primary efficacy out-
come. Parents also rated the child’s ease of falling asleep 
and level of challenging behavior/task compliance during 
the subsequent day as secondary efficacy outcomes. Ratings 
were made using a 7-point Likert scale with 1 = extremely 
difficult, 4 = average, 7 = exceptional/exceptionally easy. 
The child’s bedtime, time to fall asleep, number of awaken-
ings, clock times awake during the night (e.g., 00:15–00:45), 
final wake up time, and time leaving the bed were also re-
corded. These parameters were scored to generate two ad-
ditional secondary sleep outcomes: sleep duration and wake 
after sleep onset (WASO). Sleep duration was defined as the 
total nocturnal sleep time from sleep onset to final morn-
ing awakening minus nocturnal awakenings. WASO was de-
fined as the aggregate duration of all nocturnal awakenings 
(time out of bed) for that night.

Actigraphy
Actigraphy was collected using a MotionWatch8 actigraphy 
system (CamNtech), a light weight waterproof watch which 
uses tri-axial digital accelerometer technology to detect mo-
tion. In accordance with standard protocol, participants wore 
the watch on their non-dominant wrist. However, participants 
were permitted to try different watch locations during the 
lead-in period. When subjects were unable to wear the watch 
for 24 hours, the watch was used during the major sleep pe-
riod, placed on at bedtime and taken off at wake time. In these 
instances, parents were instructed to have their children wear 
the watch beginning one hour prior to bedtime and remove 
the watch after leaving bed in the morning, each day through-
out the study period. Actigraphy data were downloaded from 
the watch using the CamNTech MotionWare 1.1.15 software 
and scored by a blinded, highly experienced sleep technolo-
gist and reviewed by a blinded, board-certified pediatric sleep 
medicine physician. Sleep diary information was used in the 
interpretation of actigraphy data. Sleep duration (in h), sleep 
efficiency (%), latency to sleep (min), and WASO (in min) 
were scored for each day and averaged across all available 
days within each arm. Sleep duration (sleep onset to morning 
awakening minus night time awakenings) and WASO (wake 
after sleep onset until final awakening) were defined in the 
same fashion as for parent diary information. Actigraphy data 
were considered valid if at least 10 days of complete data were 
available (per arm) and there were no major intrusions dur-
ing the study period (e.g., daylight savings time shifts). One 
participant had significant daytime napping and was excluded 
from analysis. See Supplement 1 in the supplemental mate-
rial for additional detail on actigraphy collection, scoring, 
and analysis. In general, the data collection procedures for 
individuals with neurodevelopmental disorders outlined by 
Fawkes, Malow, and colleagues were followed,22 although the 

specific details were not available to the research team at the 
time of study initiation.

Social Responsiveness Scale – Second Edition (SRS-2) 23

The SRS-2 is a parent-rated 65-item, ordinally scaled (1 = “not 
true” to 4 = “almost always true”) quantitative assessment of 
the severity of autism traits. The SRS-2 and its predecessor, the 
SRS, have been two of the most frequently used quantitative 
measures of autism symptoms, with very strong measurement 
properties in healthy and autism-affected samples.24 The total 
sex-adjusted T-score assessed autism trait levels.

Aberrant Behavior Checklist – Community version (ABC) 25

The ABC is a 58-item measure designed to assess 5 psychopa-
thology dimensions in individuals with developmental disabil-
ities: irritability, lethargy, stereotypic behavior, hyperactivity, 
and inappropriate speech. Items use a 4-point Likert scale 
(0 = not at all a problem to 3 = the problem is severe). The ABC 
was completed by the parent with the assistance of the clini-
cian. The total raw score aggregated across the 5 subscales as-
sessed overall psychopathology symptoms levels.

Short Sensory Profile (SSP) 26

The SSP is a 38-item parent-completed screening questionnaire 
that measures behaviors related to sensory processing abnor-
malities and was based on the Sensory Profile. Items are rated 
on a 5-point Likert scale ranging from “never” to “always.” 
The total raw score evaluated overall sensory abnormalities.

Child and Family Quality of Life (CFQL) 27

The CFQL is a 32-item parent questionnaire that evaluates 
7 different aspects of child and family quality of life: child, 
family, caregiver, financial, partner relationship, external 
support, and coping quality of life. For the present study, an 
adapted version was used that decreased the number of total 
items (26) to reduce rater burden and added one item to each 
scale that specifically evaluated changes over the past month 
in quality of life. Items use a 5-point Likert scale ranging from 
(1 = strongly disagree/decreased substantially to 3 = neutral/
same to 5 = strongly agree/improved substantially). The total 
raw score (range 26–130) evaluated overall quality of life for 
the child and family.

Children’s Communication Checklist – Second Edition 
(CCC-2) 28

The CCC-2 is a 70-item parent questionnaire that assesses chil-
dren’s communication skills across 10 domains using a 4-point 
Likert scale (0 = less than once a week/never to 3 = several 
times a day/always). The composite standard score based on 
age norms assessed overall communication competency.

Family Inventory of Sleep Habits (FISH) 29

The FISH is a 12-item parent-completed questionnaire that as-
sess sleep hygiene-related behaviors in children using a 5-point 
Likert Scale (1 = never, 2 = occasionally, 3 = sometimes, 
4 = usually, 5 = always). Typically, parents rate these behaviors 
with reference to the past month, but for the present study they 
were asked to rate for only the previous 2 weeks to correspond D
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to each STS mattress condition. The total raw score assessed 
sleep hygiene.

Children’s Sleep Habits Questionnaire (CSHQ)21

The CSHQ is a 45-item parent-completed questionnaire that 
measures a variety of sleep-related problems using a 3-point 
Likert Scale (1 = “rarely – 0 to 1 times per week,” 2 = “some-
times – 2 to 4 times per week,” 3 = “usually – 5 to 7 times per 
week”). Ordinarily, parents rate these behaviors for the past 
week, but for the present study they were instructed to rate for 
the past 2 weeks to correspond to each STS mattress condition. 
Total raw score evaluated overall sleep difficulties.

Intervention
Sound-To-Sleep (STS) mattress technology
The STS mattress technology embeds resonators into the mat-
tress box spring that convert an audio file into tactile input. 
A separate control unit connects to the resonators allowing the 
user to independently adjust both the auditory level and tactile 
intensity. For the present study, parents, and where possible 
children, were given the option to play a suggested relaxing 
audio file or whatever audio file they wished and to adjust the 
auditory level and tactile intensity as they saw fit. Children 
were permitted to wear or not wear headphones. If they chose 
not to wear headphones, they could use external speakers to 
listen to the audio file. If neither was chosen, the resonators 
produced low-volume audio that would be heard as ambient 
noise by the child. The suggested audio file included the copy-
righted STS ohm, which is an electronically-generated piece 
designed to produce a relaxing, peaceful experience. At the 

end of the study, parents were asked to report whether they 
used audio with vibration, vibration alone, or alternated be-
tween these two uses.

Design and procedure
Figure 1 presents study design and key assessment time points. 
The study used a randomized crossover design with a lead-in 
mattress technology and actigraphy-watch accommodation pe-
riod. Each arm included 2 weeks of sleep data collection. Par-
ents, children, and the research coordinator could not a priori 
be blinded to use of the technology. However, actigraphy data 
were scored by a sleep technician and reviewed by a pediatric 
sleep medicine physician, both of whom were blinded to STS 
mattress condition (on vs. off). The screening visit was used to 
evaluate inclusion/exclusion criteria and determine study eli-
gibility. If participants were eligible to participate, a baseline 
visit was scheduled. At this visit, participants were explained 
daily data collection procedures, practiced applying the watch 
to their child, and practiced turning on the STS mattress tech-
nology. If needed, the research coordinator explained and 
demonstrated desensitization procedures to promote watch tol-
erance. Following the baseline visit, participants experienced 
a lead-in period of 5–7 days that could be extended to up to 2 
weeks for children that had initial problems tolerating the ad-
dition of STS mattress technology or wearing the actigraphy 
watch. If the child could not tolerate the watch or STS mattress 
technology, they were discontinued from the study. If the child 
achieved success in tolerating the mattress or watch technol-
ogy, randomization to STS mattress order (on/off vs. off/on) 
occurred and parents were informed of the order to use. The 
first treatment arm began the evening of the following day.

Figure 1—Study design and assessment time points.
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Actigraphy and sleep diary data were collected each day of 
the study post-randomization. For days when data were not 
available, the remaining data points for that period of observa-
tion (2 weeks) were averaged. The SSP, FISH, and CSHQ were 
collected at screening, crossover (mid-point), and end-point. 
For these measures, screening values served as the patient’s 
baseline scores. The remaining measures were collected at 
baseline, crossover (mid-point), and end-point. All question-
naires were completed by the same parent at each time point.

Statistical Analysis
Sample characteristics (age, sex, autism traits, psychopathol-
ogy symptoms, communication level, and sleep difficulties) 
were compared using independent samples t-tests or Pearson 
χ2. To evaluate tolerability, the proportions of children drop-
ping out due to use of the STS mattress technology or for any 
reason were compared to the hypothesized upper boundary of 
30% using one-sample proportion tests.30 The difference in 
dropout for any reason between STS mattress on vs. STS mat-
tress off conditions was also computed using McNemar paired 
proportion test.31

To evaluate the remaining tolerability and efficacy outcomes, 
linear mixed effects regression models were computed with 
Randomization Group (Off-On vs. On-Off), Time (Weeks 1–2 
vs. Weeks 3–4), and their interaction as fixed effects factors 
and tolerability and efficacy outcomes as dependent variables. 
The interaction between Randomization Group and Time rep-
resents the treatment effect with the expectation of improved 
outcomes during the weeks when the STS mattress technology 
was turned on. For parent questionnaire outcomes, baseline 
was included in the model and post hoc contrasts were exam-
ined to compare STS mattress on vs. off conditions. Models 
were estimated using restricted estimation maximum likeli-
hood and model fit was evaluated using the Bayesian Infor-
mation Criterion.32 Alternative covariance structures were 
considered iteratively and final models are presented using un-
structured error covariance which yielded better fitting mod-
els than alternative covariance structures (e.g., autoregressive, 
diagonal, compound symmetry). The present application of 
linear mixed models is consistent with the intent-to-treat prin-
ciple for analysis of clinical trials and have significant advan-
tages over traditional methods, including tolerance for missing 
follow-up data and more accurate (less biased) estimation of 
within-individual change.33

For parent questionnaires showing evidence of treatment ef-
ficacy, follow-up exploratory analyses using the same mixed 
effects regression models were computed with subscales as 
the dependent variable. For all outcomes showing significant 
treatment efficacy, exploratory Pearson bivariate correlations 
investigated the relationships between baseline patient char-
acteristics and improvements in outcome measures with STS 
mattress use (change scores – STS mattress on vs. off). Explor-
atory bivariate correlations were also computed among change 
scores for outcome measures showing significant improve-
ments with STS mattress use.

Analyses were computed in IBM SPSS version 24 (IBM 
Corp., Armonk, New York). For the primary tolerability 
and efficacy outcome measures, statistical significance was 

determined using p < 0.05. For secondary outcomes, a Ben-
jamini-Hochberg false discovery rate correction was applied 
to control for type 1 error inflation due to multiple testing.34 
For all exploratory analyses, type 1 error was maintained at 
0.05, as the purpose of these analyses was to identify possible 
relationships that would require confirmation in future studies. 
Power to detect a significant treatment effect was estimated 
using GPower v3.0.35 An analysis of variance model with a 
moderate repeated measures correlation (r = 0.50) was speci-
fied, with the expectation that actual power would be enhanced 
for mixed effects regression models.36 Power was excellent 
(1-β ≥ 0.90) for detecting medium treatment effect sizes (Co-
hen’s d ≥ 0.50) for the primary efficacy outcome, based on a 
total sample size of 45 and a type 1 error rate of α = 0.05. For 
secondary outcomes, power remained very good (1-β ≥ 0.90) 
for detecting medium-to-large treatment effects (Cohen’s 
d ≥ 0.65) when a conservative Bonferroni correction is used to 
control type 1 error (α = 0.05/15 = 0.003).

RESULTS

Sample Description
Figure 2 presents participant flow from recruitment and 
screening to trial completion based on CONSORT recommen-
dations.37 As depicted, 68 patients were screened to participate. 
Of these, 17 were screen failures and 6 were lead-in failures, 
resulting in a final randomized, intent-to-treat sample of 45. 
Of these 45 individuals, 22 were randomized to STS Off-On 
while 23 were randomized to STS On-Off. There were no sig-
nificant differences between these groups for age, sex, autism 
traits, primary baseline sleep problem, questionnaire-mea-
sured sleep difficulties, or the way in which the STS mattress 
system was used (Table 1). Parent-rated communication level 
was significantly lower in the STS Off-On group, suggesting 
imperfect randomization. However, post hoc analyses includ-
ing baseline communication levels as a covariate did not alter 
the pattern of results. Therefore, we continue to report the a 
priori proposed analyses.

Figure 2—CONSORT participant flow diagram.
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Tolerability
Only 1 lead-in failure resulted from intolerance of the 
STS mattress system. Additionally, only 2 children (4.4%) 
dropped out of the study due to STS mattress intolerance, 
significantly better than the hypothesized benchmark of 30% 
(z = 3.75, p < 0.001) and also better than a more liberal bench-
mark of 15% (z = 1.99, p = 0.046). Overall study dropout for 
any reason was also modest (n = 7, 15.5%) and there was no 
significant difference in drop-out between the STS mattress 
on vs. off conditions (on n = 5, 11.1% vs. off n = 2, 4.4%, 
z = 1.16, p = 0.127). Overall, parents rated their child’s tol-
erance as good to very good (mean = 5.61, SE = 0.25) and 

the ease of use of the STS mattress technology as very easy 
(mean = 6.04, SE = 0.15) (Supplement 3 in the supplemen-
tal material). There was no difference in these ratings across 
randomization groups (largest F1,20 = 2.28, p = 0.147). The ac-
tigraphy watch was also well tolerated throughout the study 
(mean = 5.51, SE = 0.13) falling between good and very good 
tolerance and with no significant difference between on/off 
and off/on conditions (F1,62 = 1.61, p = 0.210).

Efficacy – Sleep Diary
Sleep quality, as rated by parents, was significantly improved 
when the STS mattress system was on, moving from average-
to-good (F1,29 = 12.36, p = 0.001) (Figure 3). Similarly, there 
was a significant improvement in parent-reported ease of fall-
ing asleep and challenging behavior/task compliance during 
the day in the STS mattress on condition (Table 2). However, 
there were no significant improvements in sleep duration or 
WASO per parent report on the sleep diary.

Efficacy – Actigraphy
Significant improvements in sleep duration (Figure 4) and 
sleep efficiency were observed in the STS mattress on condi-
tion (Table 2). The improvement in sleep duration in the STS 
mattress on condition was non-trivial (Δ = 22 minutes). Im-
provements in sleep latency were not significant and only a 
weak nonsignificant trend was observed for WASO.

Efficacy – Parent Questionnaires
Child and family quality of life was significantly improved 
in the STS mattress on condition relative to STS mattress 
off and baseline (Table 2). Follow-up analyses indicated that 

Table 1—Baseline sample characteristics.
Mattress Off-On

n = 22
Mattress On-Off

n = 23 χ2 / t / z (p)
Age, mean (SD) 6.2 (2.8) 6.0 (2.5) 0.23 (0.818)
Males, n (%) 17 (77) 19 (83) 0.20 (0.655)
Presenting sleep problem, n (%) 4.49 (0.203)
	 Sleep onset delay 11 (50) 9 (39)
	 Decreased sleep time 2 (9) 3 (13)
	 Parasomnias 3 (14) 0 (0)
	 SOD + DST + Nighttime awakenings 6 (27) 11 (48)
SRS-2 total T-score, mean (SD) 77.7 (8.9) 75.4 (12.3) 0.70 (0.488)
ABC total raw, mean (SD) 55.6 (26.1) 57.5 (31.3) −0.22 (0.827)
CCC-2 composite, mean (SD) 41.0 (16.2) 53.4 (13.3) −2.45 (0.020)
FISH total raw, mean (SD) 46.7 (5.0) 46.9 (4.5) −0.13 (0.896)
CSHQ total raw, mean (SD) 56.3 (7.5) 56.7 (7.6) −0.23 (0.822)
STS mattress use, n (%) 2.75 (0.233)
	 Vibration only 7 (32) 7 (30)
	 Vibration plus sound 4 (18) 10 (43)
	 Alternating use 4 (18) 2 (10)
	 Not available – Did not complete 7 (32) 4 (17)

Children could have multiple presenting sleep problems. Data were coded in each area if it was reported as significant at baseline on the CSHQ or in the 
medical record. As a result, totals for each column exceed the subsample size. Nighttime awakenings were also comorbid with some other presenting 
problem. SRS-2 = Social Responsiveness Scale – Second Edition, ABC = Aberrant Behavior Checklist, CCC-2 = Children’s Communication Checklist – 
Second Edition, FISH = Family Inventory of Sleep Habits, CSHQ = Child Sleep Habits Questionnaire, SD = standard deviation.

Figure 3—Sleep quality ratings (mean ± 95% confidence 
interval), separately by randomization group (on/off vs. off/
on) and STS mattress technology condition (on/off).
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these improvements were most evident in the areas of child, 
family, and caregiver quality of life. There were no signifi-
cant improvements for autism traits, other psychopathology 
symptoms, sensory abnormalities, or communication level. 
A weak nonsignificant trend was noted for improvements in 
sleep hygiene and sleep difficulties during STS mattress on 
relative to STS mattress off and baseline. Although the effect 
for the CSHQ did not reach the multiple comparison correction 
cutoff, exploratory analyses also examined CSHQ subscales. 
Results indicated a strong effect for sleep duration (F1,31 = 11.71, 
p = 0.002), but not for any other subscale (largest F1,32 = 3.03, 
p = 0.091).

Exploratory Efficacy Relationships
Age and sex were uncorrelated with changes in any of the out-
come measures showing significant efficacy with STS mat-
tress use. There was a significant relationship between worse 
sleep hygiene at baseline and greater improvements in child 
and family quality of life with the STS mattress use (r = −0.46, 
p = 0.040). No other significant relationships between baseline 
patient characteristics and changes in efficacy outcomes were 
observed. For example, baseline sleep problems and sensory 
function based on the SSP did not predict improvement with 
the mattress technology. Improvements in sleep efficiency 
were significantly correlated with improvements in child and 
family quality of life (r = 0.58, p = 0.014).

DISCUSSION

In this preliminary, small-sample, randomized crossover 
study, use of the STS mattress technology was well tolerated 
and resulted in parent-reported improvements in sleep qual-
ity. Only a modest proportion of participants dropped out of 
the study for any reason, and only 3 participants (1 during 

Table 2—Secondary efficacy outcomes, separately for baseline and each treatment conditions (STS On/Off).
Baseline

mean (SE)
STS Off

mean (SE)
STS On

mean (SE)
Off vs. On

F (p)
FDR 

Significant
Sleep Diary

Sleep duration (h) – 9.66 (0.20) 9.78 (0.20) 0.62 (0.438)
WASO (min) – 0.13 (0.03) 0.12 (0.03) 0.35 (0.558)
Ease of falling asleep – 4.28 (0.14) 4.79 (0.14) 12.93 (0.001) Yes
Challenging behavior – 4.35 (0.12) 4.73 (0.12) 13.58 (0.001) Yes

Actigraphy
Sleep duration (h) – 7.99 (0.22) 8.35 (0.22) 17.39 (0.001) Yes
Sleep efficiency (%) – 75.45 (1.38) 78.27 (1.48) 13.90 (0.001) Yes
Latency to sleep (min) – 18.20 (6.00) 14.11 (5.75)  1.40 (0.268)
WASO (min) – 18.79 (0.93) 17.85 (0.92)  4.07 (0.058)

Parent-Report Scales
SRS-2 total T-score 76.40 (1.61) 74.77 (1.71) 73.68 (1.72) 1.49 (0.232)
ABC total raw 56.90 (4.25) 55.37 (4.91) 48.61 (4.96) 2.88 (0.100)
SSP total raw 124.58 (3.14) 125.49 (3.98) 129.43 (4.02) 0.53 (0.471)
CFQL total raw 79.95 (1.77) 79.87 (2.14) 84.54 (2.19) 6.65 (0.015) Yes
CCC-2 composite 48.31 (2.59) 50.79 (2.74) 52.31 (2.79) 1.20 (0.285)
FISH total raw 46.82 (.70) 47.15 (0.88) 48.79 (0.89) 3.08 (0.089)
CSHQ total raw 56.53 (1.11) 52.66 (1.35) 49.13 (1.37) 4.55 (0.040)

STS = Sound to Sleep mattress technology system. FDR significant = exceeds false discovery rate corrected p value. Standard error (SE) values estimated 
from mixed effects regression models. Highly similar results obtained with generalized estimating equation models with unstructured or independent 
covariance matrix. Ease of falling asleep and challenging behavior rated on a 1–7 Likert scale with 1 = extremely difficult, 4 = average, 7 = exceptional/
exceptionally easy. Actigraphy included parent sleep diary information and the scorer was blinded to treatment condition. Intent-to-treat analyses were 
based on n = 32 for sleep diary information, n = 25 for actigraphy, and n = 37–45 for parent-report scales. Missing data for sleep diary and parent-report 
scales were due to parents forgetting to complete or completing incorrectly. Missing data for actigraphy were due to equipment error, inadequate information 
to score, or interruption due to daylight savings time leading to data exclusion. Higher scores represent better sleep hygiene on the FISH but more sleep 
problems on the CSHQ.

Figure 4—Actigraphy-derived sleep duration (hours; mean 
± 95% confidence interval), separately by randomization 
group (on/off vs. off/on) and STS mattress technology 
condition (on/off).
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lead-in) reported problems tolerating the STS mattress tech-
nology. Furthermore, the technology was described by parents 
as very easy to use with good to very good tolerance by their 
children. Follow-up studies are needed to investigate a longer 
duration of use and determine whether the high level of toler-
ability seen in the present study is maintained over time or if 
a ceiling effect is reached after a period of use. It will also be 
interesting to observe whether parents continue to consistently 
use the technology over longer periods and what factors may 
predict continued usage.

In addition to parent-reported improvements in sleep qual-
ity, gains in sleep duration and sleep efficiency were also ob-
served for actigraphy-derived measurements. This pattern 
suggests that parent-reported efficacy could not be completely 
explained by unblinded expectations or placebo effects. How-
ever, the pattern was not entirely consistent, as parents did not 
report longer sleep duration in the daily sleep diary, but did 
report improved sleep duration on the CSHQ. The lack of con-
vergence of parent reports for these domains may be due to the 
inherent variability of subjective report information. Parent re-
ports are further impacted by the challenge of raising a child 
with a severe neurodevelopmental disorder and highlight the 
need to use easier methods to collect sleep information. The 
possibility of using smartphone apps to trigger data entry may 
be a particularly easy and reliable solution.38,39 Future larger 
sample studies are needed to explore enhancements to parent 
diary and questionnaire collection, to confirm this preliminary 
efficacy evidence, and to clarify the exact nature of possible 
sleep improvements with STS mattress use. If the efficacy of 
the STS mattress technology in improving both sleep onset 
and maintenance is confirmed in future trials, it may represent 
a low-risk middle step, after basic sleep hygiene and parent 
training in behavioral methods have been attempted and be-
fore pharmacologic intervention.11

Initial efficacy evidence also extended to parent-reported 
improvements in ease of falling asleep, challenging behavior/
task compliance during the day, and overall child and family 
quality of life. Qualitative improvements in parent-reported 
falling asleep may suggest that, in at least a subset of children, 
the STS mattress technology provided a method for parents 
to help their children decrease autonomic activation and calm 
themselves sufficiently to promote sleep onset. Heightened 
nighttime activation has been noted in previous studies doc-
umenting sleep problems in ASD and is consistent with the 
general notion of hyperarousal seen in some children with au-
tism. By providing vestibular stimulation, it is possible that the 
STS mattress technology activates the vagus nerve, promoting 
broad parasympathetic regulation of the arousal system. Di-
rect evaluation of this possibility and further enhancements to 
the STS mattress technology, such as using sound-vibration 
combinations that more efficiently induce relaxation should be 
explored in future studies. Additionally, if future studies using 
larger samples confirm a range of positive efficacy outcomes, it 
may be possible to identify subgroups of responders and base-
line characteristics that predict response.

The observation of improvements in challenging behavior/
task compliance and child and family quality of life highlight 
the importance for improvements in sleep to daily behavior 

and the overall functioning of the child and family system.8 
Intriguingly, exploratory analyses suggested that individuals 
with poorer sleep hygiene showed the largest improvements 
in child and family quality of life, although it is possible that 
this reflects correlated regression to the mean of these mea-
sures. Taken together with the above findings regarding ease of 
falling asleep, these results may suggest that the STS mattress 
technology is useful for helping children with sleep onset prob-
lems get to sleep faster, potentially decreasing parent-child 
conflict over bedtime and improving parent and family qual-
ity of life. While the present results should be considered very 
preliminary, they highlight the need to evaluate a broader set 
of efficacy measures in future trials and to explicitly test mod-
erator and mediator models to better understand what factors 
influence outcome and what factors might be driving broader 
improvements.

This preliminary study had several limitations. First, the in-
tent-to-treat sample is small and was only adequately powered 
for medium-sized effects. While this precludes the ability to 
capture smaller effects, some of which may have clinical sig-
nificance, in many cases the ability to detect medium-sized ef-
fects will capture most clinically relevant sleep improvements. 
Second, the observation period was short—only two weeks per 
arm—and a single crossover was used. Future studies would 
be wise to not only include larger numbers of children but also 
to extend the window of treatment and possibly even to use 
multiple crossovers. Multiple crossovers might be particularly 
attractive for this type of intervention because the intervention 
is not possible to blind to parents or children and using mul-
tiple on/off crossovers may help to decrease initial placebo or 
expectancy effects. Multiple applications of the STS mattress 
technology over time may also help to understand the temporal 
course of the improvements seen in the present study. Do these 
improvements build or diminish over time? Is there a waxing 
and waning of improvement? Is a certain dose necessary af-
ter which the technology can be weaned? These questions will 
be crucial for understanding the best application of this novel 
treatment modality. Multiple crossovers can also increase sta-
tistical power, as the patient becomes their own control, and 
smaller, potentially clinically-relevant effects may be detected. 
Alternatively, the substantial prevalence of sleep problems in 
ASD and the methodological rigor of randomized, parallel 
group designs may favor this approach as a next step in in-
vestigating STS mattress tolerability and efficacy. Relative to 
crossover designs, parallel group trials also have the advantage 
of allowing for extended observation periods and comparison 
of STS mattress on vs. off conditions. Third, we did not col-
lect precise information about exactly how the mattress tech-
nology was used and parents were given significant discretion. 
This was done intentionally to maximize external validity by 
attempting to approximate real-world uses. However, future 
studies should carefully track sound level, sound type, and 
length of use each night to determine if these factor influence 
tolerability or efficacy. Lastly, the a priori focus of this study 
was on tolerability and parent-reported sleep quality. As a re-
sult, the only single-blinded efficacy outcomes, actigraphy-de-
rived measures, were designated as secondary outcomes. This 
was done intentionally because it is often important to establish D
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safety and tolerability before more rigorously evaluating effi-
cacy and because there were no preexisting data regarding the 
potential onset and duration of STS mattress efficacy. Parent 
report, though, is often biased and may not reflect true sleep 
onset or nighttime and morning awakenings. This is further 
exacerbated by the lack of blinding of the intervention. Un-
fortunately, due to the naturalistic nature of this study, video 
and EEG data were not available to verify and more accurately 
detect awakenings. Future studies would be wise to adopt a 
blinded or objective measure as a primary efficacy outcome 
to more stringently test the value of the STS mattress technol-
ogy in improving sleep. The present results suggest that shorter 
duration studies can be adequately powered but that longer du-
ration would be useful for observing the natural course of im-
provements. Even with these limitations in mind, the present 
results suggest that a large sample, phase II clinical trial of the 
STS mattress technology is warranted.

ABBRE VI ATIONS

ABA, Applied Behavior Analysis
ABC, Aberrant Behavior Checklist
ASD, autism spectrum disorder
CCC-2, Children’s Communication Checklist – Second 

Edition
CFQL-2, Child and Family Quality of Life – Second Edition
CONSORT, Consolidated Standards of Reporting Trials
CSHQ, Children’s Sleep Habits Questionnaire
DSM, Diagnostic and Statistical Manual of Mental Disorders 
FISH, Family Inventory of Sleep Habits
IBM SPSS, International Business Machines Statistical 

Package for the Social Sciences
SRS-2, Social Responsiveness Scale – Second Edition
SSP, Short Sensory Profile
STS, Sound-To-Sleep
WASO, wake after sleep onset
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