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Objective: The use of actigraphy as a continuous experimental measure of
clinical change was explored through a comparison of two clinical studies in
autism spectrum disorder (ASD). The data quality, implementation ease, wear
compliance, and clinical outcome correlation of actigraphy as a measure
were assessed.

Methods: Two clinical studies were conducted and used as a basis of
comparison: (1) AUT2001, a Phase 2A interventional study in ASD (N=63), and
(2) AUT0002, a Phase O non-interventional study in typically-developing (TD)
participants (N=53). Participants in both studies wore a wrist-based actigraph
throughout enrollment. Actigraphy features were identified based on potential
clinical relevance and calculated as weekly averages for each participant’s study
timepoints. Expert review was used to confirm validity of automated sleep/wake
period detection. Feature differences were then assessed using t tests/ ANCOVA.
Spearman rank correlations between actigraphy features and caregiver reported
outcome measures were also examined.

Results: Results from both clinical studies were combined during analysis.
Actigraphy was shown to be feasible as a measure of longitudinal change in
ASD, but with notable challenges in adherence: participant exclusions due to
poor wear compliance substantially reduced the size of the final dataset. Despite
this limitation, several findings were noted. Significant differences in sleep
disturbance were observed at baseline between the ASD and TD populations
as measured by physical activity occurring within the defined sleep period. No
significant between-group differences were noted in changes from baseline to
endpoint in key sleep variables. Caregiver reported sleep quality significantly
correlated with actigraphy measures of sleep disturbance. Additional significant
correlations were observed between caregiver reported outcomes of self-
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regulation and actigraphy features measuring daytime physical activity. Finally,
potentially relevant correlations with anxiety, social responsiveness, and
restricted and repetitive behaviors are reported.

Conclusions: The observed correlations suggest there may be alignment
between some generalized features of actigraphy and core and associated
domains of ASD. The clinical utility of actigraphy as a biomarker of clinically
relevant outcomes in ASD requires further study. Actigraphy may provide
supportive evidence of treatment outcome, providing clinical context, or as a
objective behavioral measure (e.g., of sleep or activity level) when combined with
more traditional clinical outcome measures.

actigraphy, autism spectrum disorder, biomarker, clinical trials, feasibility,

outcome measurement

1 Introduction

Digital health technologies (DHTs) have emerged as potential
transformative tools to enhance drug development processes. The
FDA encourages the implementation of DHTs in clinical trials,
highlighting the advantages of remote data collection (1). In
particular, wearable devices are a promising approach to
investigating the real-world impact of pharmacotherapies and
treatment protocols. Low-burden wearable devices are uniquely
positioned to facilitate continuous recording of physiological and
behavioral data, such as blood pressure, physical activity, and
glucose levels with minimal interaction from the user. When
integrated into clinical trials, these devices offer cost-effective
objective insights into disease physiology and outcomes, breaking
through the traditional confines of periodic site visits.

Wearable devices, namely, actigraphy are commonly used for
measuring activity using a non-invasive method of measuring
motion acceleration over an extended time period. Measures of
rest obtained from actigraphy have been more closely associated with
output from polysomnography (PSG) than participant-reported
sleep diaries (2, 3). Actigraphy has been previously suggested by
the American Academy of Sleep Medicine (AASM) as an outcome
measure of treatment efficacy (4). Additionally, it is less expensive,
less invasive, and more convenient than PSG, as it can be performed
at home or in other familiar environments. Moreover, it has the
capability to capture the variability and fluctuations of sleep/wake
activity rhythms continuously over multiple days, presenting a more
representative image of real-life behavior than a single night of PSG
(particularly in a sleep lab) or subjectively reported daily observation
can provide. In addition to sleep variables, modified activity levels,
captured by actigraphy devices are frequently symptoms of
neuropsychiatric and neurodegenerative disorders, such as
depression and bipolar disorder (5), schizophrenia (6), Alzheimer’s
disease (7), and Parkinson’s disease (8).
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The ability of actigraphy to capture select behavioral features in a
low-burden manner is likely why it has consistently been researched
as a relevant source of longitudinal data in autism spectrum disorder
(ASD). Pediatric studies in children with ASD indicate sleep
disturbance as a prominent feature of the condition (9, 10) which
may manifest in several different ways, such as difficulty falling asleep
and maintaining sleep, as well as bedtime resistance and early
awakening (11). Sleep disturbance may often persist into
adulthood - problems with sleep efficiency and sleep onset latency
being reported in adults with high-functioning ASD (12). While PSG
is the recognized standard for diagnosing sleep disorders, its
procedures can be daunting for individuals with ASD due to
tactile sensitivity. Moreover, individuals can be negatively affected
by a change in routine, and a visit to a sleep center or a hospital,
where PSG procedure is commonly performed, can elicit anxiety and
discomfort, ultimately affecting procedure itself. Actigraphy
represents a practical alternative and has been previously reported
to be a valid method to evaluate sleep in the pediatric ASD
population, showing good reliability for most sleep parameters (13).

Similarly, differences in waking activity levels between typically
developing individuals and children and adults with ASD have been
extensively studied (14-18). While reported results have been
occasionally contradictory, most have concluded that an observable
difference exist and further study is warranted. Beyond generalized
activity patterns, individuals with ASD may exhibit stereotypical
motor movements, patterns, or aggression that often manifest in a
way that actigraphy has the ability to objectively quantify and predict
(19, 20). This type of measurement also offers several advantages over
standardly used caregiver report outcomes, allowing continuous daily
monitoring and eliminating the effect of observer-bias.

In this paper, we present an exploratory analysis that assesses
the feasibility and suitability of actigraphy as a measure of clinical
change in response to an experimental interventional treatment in
adolescents and adults with ASD. We hypothesized that the
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combination of a continuously worn wearable device and a
comprehensive site training, monitoring, and support strategy
would enhance wear compliance throughout the study and
generate enough data to establish actigraphy as a reliable
experimental measure for interventional studies. Furthermore, we
predicted that not only would discernible differences emerge
between the ASD and typically-developing (TD) populations in
actigraphy features of interest, but also that distinguishable
variations would be observed between the treatment and placebo
groups in response to intervention. Finally, we hypothesized that
significant correlations (P <.05) would emerge between derived
actigraphy features and commonly used caregiver reported outcome
measures used in ASD research, and that these correlations would
make clinical sense within the context of the feature.

2 Materials and methods
2.1 Study design and participants

This analysis was part of a larger program that consisted of two
clinical trials:

42165279AUT2001: a randomized, multi-center trial
(NCT03664232) with the primary objective of assessing the efficacy,
safety, and tolerability of JNJ42165279, a highly selective and orally
bioavailable fatty acid amide (FAA) hydrolase inhibitor, during 12
weeks of treatment in adolescent and adult subjects with ASD
(“AUT2001”) (21). 63 adolescent and adult individuals (between 13
and 35 years of age) with a definitive diagnosis ASD using the Autism
Observation Schedule, Second Edition (ADOS-2) and an IQ of =60 as
measured by the Kaufman Brief Intelligence Test — Second Edition
(KBIT-2) were enrolled. Participants were randomized in a 1:1 ratio to
receive double-blind treatment of either JNJ42165279 or placebo.

A secondary objective of this trial was to correlate changes in
efficacy instruments completed by caregivers with measures of
actigraphy. For this analysis we explore a subset of the most clinically
relevant instruments used to measure social communication,
restrictive/repetitive behaviors, and self-regulation that were thought
to have the highest probability of meaningful correlation:

* Autism Behavior Inventory (ABI): 65-item multi-dimensional
scale related to the core and associated symptoms of ASD (22,
23). For this analysis, only 3 subscale scores were considered:
Restrictive/Repetitive Behaviors, Social Communication, and
Self-Regulation. Additionally, the single item related to sleep
was considered.

* Social Responsiveness Scale 2 (SRS-2): 5 subscales, 65 items;
distinguishes ASD conditions from other child psychiatric
conditions by identifying the presence and extent of ASD-

TABLE 1 Timepoint day ranges in AUT2001 and AUT0002.

Study Baseline

AUT2001, timepoint range Day 0 to Day 6

AUT0002, timepoint range Day 0 to Day 6
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Day 29 Visit

Day 22 to Day 28
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specific social impairment; has been used previously as an
outcome measure in clinical trials (24).

e Child Adolescent Symptom Inventory — Anxiety (CASI-
Anxiety): 21-point anxiety scale which has been suggested as
a potential outcome measure in ASD (25). In this analysis, only
the CASI-Anxiety Total Score was considered.

* Repetitive Behavior Scale — Revised (RBS-R): a 43-item
scale to indicate the occurrence and severity of repetitive
behaviors (26). The instrument has been considered
previously as a potential outcome measure (27, 28).

* Janssen Autism Knowledge Engine (JAKE) Daily Tracker: a
set of questions caregivers were asked to provide daily
responses using web/mobile application through a 7-point
Likert scale (higher values are considered more positive
than lower) (29). In this analysis, 2 items were considered:
overall type of day and perceived quality of sleep.

42165279AUTO0002: a prospective, non-interventional, multicenter
trial in TD participants, serving as a comparison population cohort for
the interventional trial (“AUT0002”). 53 TD adolescent and adult
individuals (between 13 and 33 years of age) enrolled in the main trial
(which consisted of a single site visit); of these participants, 26 took part
in a longer observational extension (approximately 4 to 8 weeks). In
this case study, we consider only the individuals participating in this
extension where sufficient actigraphy data could be collected.

2.2 Devices

All participants in both trials received a wrist-wearable
ActiGraphTM GT9X Link (510[k]: K080545) accelerometer and
were instructed to wear the device at all times (except when
charging the device weekly and showering/bathing). To encourage
comfort and compliance, participants were permitted to wear the
device on either the dominant or non-dominant hand but were
instructed to remain consistent with wear position throughout the
study. Recorded data was uploaded to the ActiGraphTM CenterPoint
system at each site visit (described in Table 1). To ensure proper
setup and device calibration, study investigators were provided
training and access to a dedicated remote support technician that
was a member of the study team. Reported issues were actively
monitored, reviewed, and resolved by the study team (and in close
collaboration with the vendor where necessary).

2.3 Feature extraction

The triaxial accelerometry data recorded at 30Hz was extracted
using ActiGraph'™ ActiLife v6.11. The raw time series values were

IDEYASYAVINI Endpoint

Day 50 to Day 56 Day 78 to Day 84

Last Day (-7) to Last Day (-1)
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then processed in R using GGIR (v2.7-1) as a convenient, well-
documented method to perform autocalibration and initial
estimates of sleep and physical activity (30-35 A single activity
level classification using cut-points defined by Maria Hildebrand
101,

was applied to each participant (light = 46, moderate
vigorous = 429) (36).
The sleep estimates were obtained using the HDCZA (Heuristic

algorithm looking at Distribution of Change in Z-Angle; 32, 33), a
technique that considers device orientation instead of acceleration
magnitude to identify wake and sleep states. This approach has
several advantages that uniquely position it when attempting to
assess individuals with significantly disturbed sleep or extended
periods of waking inactivity. The first is the visual distinction it has
over the traditionally used ‘counts’ to quantify activity, allowing the
opportunity for more meaningful expert review. The second
advantage is related to the first: the method allows a qualitative,
detailed examination of the movement (estimated Z-axis
orientation of the device) instead of a quantitative measure of
activity magnitude using counts or ENMO (Euclidean Norm
Minus One). This method was particularly useful for identifying
sleep period boundaries in individuals with ‘settling time’ prior to
sleep period onset (showing qualitative differences between periods
of waking inactivity and suspected sleep that would not be apparent
if assessing counts or ENMO alone) (Figure 1).

Each participant’s data was visually inspected day-by-day to 1.)
ensure sleep period detection appeared accurate, and 2.) periods of

10.3389/fpsyt.2025.1570611

suspected non-wear were noted for exclusion consideration. In
situations where a period was believed to be incorrect (e.g., two
sleep periods directly adjacent to each other or periods of suspected
non-wear near a sleep period being misidentified as sleep), the
inspector adjusted the values using a customized graphical
interface (Figure 2).

The final period span values were then exported and used as a
parameter for a second run of GGIR, yielding a comprehensive set
of daily features offered by the package [of which, a subset of 11
were identified/derived as of potential clinical importance (see
Table 2)]. This complete feature extraction process flow is
illustrated in Figure 3.

2.4 Statistical analysis

Initial differences between the daily wear percentage values of
ASD and TD populations were assessed using ¢ test. Analysis of
Covariance (ANCOVA) was employed to evaluate any potential
effects related to gender, age group (13-17; 18-35), weight,
intelligence quotient (“IQ”), wear position (dominant vs non-
dominant hand) (“WP”), and clinical research site on daily wear
percentages:

ASD Wear % ~ TD Wear % +gender + age group +1Q + WP

+ Clinical Site

HDCZA Sleep Period Detection

Detected Sleep Period

Angle Z-Axis Relative to Horizontal Plane:

Arm movement (counts):

m

I LT T T NN )
WUMH | rl“h.,Wﬂ‘J-wr- LMM q lh ! ’T ﬁ 'I’ ! I‘.M YL \l u‘. A | ow A P R “\ Wl \‘-‘”"4‘ J'w-‘H,.‘.l I
lZ:OtIJ PM Z:OOIFM 4:0()I PM 5:00I P B:OOIPM 10:023 PM 12:06 AM 2:00I Al 4:00IAM E:OOIAM a:oolAM 10:0(; AM 12:06 PM
Time
Cole-Kripke (Tudor-Locke) Sleep Period Detection Detected Sleep Period
Angle Z-Axis Relative to Horizontal Plane:
- Arm movement (counts):
LT T MWL I
|;.‘1UM‘ r.“uW«‘J-wn jft“wnk“‘h 4 |‘| ! ’T ﬁ ‘I’ ! I‘M AN e J‘ u' W | 1L 'u' WAl \ Uiy -.M' I
12:00 PM 2:00 PM 4:00 PM §:00 PM 8:00 PM 10:00 PM  12:00 AM 2:00 AM 4:00 AM 6:00 AM 8:00 AM 1000 AM  12:00 PM
Time
FIGURE 1
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Comparison of an HDCZA detected sleep period and one detected using the Cole-Kripke sleep state algorithm (37) with Tudor-Locke period
boundary detection (38), a standard offering available through the ActiGraphTM CentrePoint system.
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HDCZA Detected Sleep Period
Sleep Period Non-Wear Period
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] | N | | MR RY TR A = | — |- [
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Sleep Period Non-Wear Period
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Time
FIGURE 2

Sleep period detection correction example: a visual inspection/correction procedure was implemented to address issues arising from GGIR's HDCZA
method of detecting sleep and sleep period boundaries: suspected non-wear periods that occurred near a detected sleep period were occasionally
combined, resulting in an inaccurate sleep period start time that affected downstream features. The inspector attempted to identify these
occurrences, updated the sleep period start time, and provided these values to GGIR for a second run of feature extraction.

For all subsequent analyses, daily actigraphy features were first
filtered through visual inspection to ensure that derived aggregated
timepoint values were as representative as possible: 1.) days that
contained less than eight (8) hours of suspected wear were excluded,
and 2.) nights where the participant was suspected not to be wearing
the device for the entire duration were excluded.

Feature averages were then calculated for each timepoint where > 3
days and nights of non-excluded data were available for each timepoint
(ie, a “valid” timepoint). As further described in Table 1, the baseline
timepoint range was defined as the participant’s first recording day to
the sixth; the endpoint range was defined as the seven days prior to the
participant’s last recording day. The ranges for the two mid-study visits
that occurred only in AUT2001 (Day 29 and Day 57) were similarly
defined as the seven days prior to the planned study visit.

Differences across groups for all characteristics were evaluated
using t tests. ANCOVA was utilized to examine the potential
influence of gender, age group, weight, and IQ on the outcomes.
To control false discovery rate (FDR), the Benjamini & Hochberg
procedure was implemented using o level of.05 (40).

The following comparisons were examined:

ASD Baseline Average ~ TD Baseline Average + gender + age group

+ weight + IQ + WP

Frontiers in Psychiatry

Treatment Baseline ~ Placebo Baseline + gender + age group
+ weight + IQ
+ WP Treatment Baseline Change ~ Placebo Baseline Change
+ gender + age group + weight + 1Q +WP

To be included in ASD ~ TD baseline comparisons (Comparison
Set 1), participants required only a valid baseline timepoint. Treatment
~ placebo comparisons (Comparison Set 2) required participants to
have both a valid baseline and endpoint.

Additionally, to assess the relatedness of caregiver reported
outcomes and actigraphy features, Spearman correlations were
calculated between features and completed clinical scales for all
ASD population timepoints (baseline, Day 29, Day 57, and
endpoint) in Comparison Set 1.

3 Results
3.1 Demographics

Table 3 provides the final demographic and data quality details
for participants included in the statistical analysis after all filtering

frontiersin.org
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TABLE 2 GGIR actigraphy feature calculations.

Feature

GGIR part5_daysummary
Feature Calculation

10.3389/fpsyt.2025.1570611

Description

Duration of MVPA
Fragments (mins)

FRAG_mean_dur_MVPA_day

The average duration (in minutes) of detected moderate-to-vigorous physical
activity fragments.

Duration of Physical Activity
During Sleep Period (mins)

dur_spt_wake_LIG_min +
dur_spt_wake_MOD_min
+ dur_spt_wake_VIG_min

The measured duration of physical activity (light, moderate, vigorous) (in minutes) during
the sleep period.

Duration of Sleep During Sleep
Period (mins)

dur_spt_sleep_min

The measured duration of sleep (‘sustained inactivity bouts’) (in minutes) during the
sleep period.

Duration of Wakeful Inactivity
During Sleep Period (mins)

dur_spt_wake_IN_min

The measured duration of physical activity not considered to be sleep or light/moderate/
vigorous physical activity during the sleep period.

Number of Blocks of Physical

Activity During Sleep Period (#)

Nblocks_spt_wake_LIG +
Nblocks_spt_wake_ MOD
+ Nblocks_spt_wake_VIG

The number of total blocks of physical activity (light, moderate, vigorous) that occurred
during the sleep period.

Number of Blocks of Sleep
During Sleep Period (#)

Nblocks_spt_sleep

The number of total blocks of sleep that occurred during the sleep period.

Number of Blocks of Wakeful
Inactivity During Sleep
Period (#)

Nblocks_spt_wake IN

The number of total blocks not considered to be sleep or light/moderate/vigorous physical
activity that occurred during the sleep period.

Number of MVPA
Fragments (#)

FRAG_Nfrag MVPA_day

The number of fragments of moderate/vigorous activity that occurred per day (part of the
behavioral fragmentation analysis methodology) (39).

Number of Sustained Inactivity
Bouts During Wake Period (#)

See “Description”

Derived using GGIR ms3.out list “sib.cla.sum” - the total number of SIBs occurring within
the defined waking period and not falling within a period of suspected non-wear.

Duration of Sustained Inactivity
Bouts During Wake
Period (min)

See “Description”

Derived using GGIR ms3.out list “sib.cla.sum” - the average duration of SIBs in minutes
occurring within the defined waking period and not falling within a period of suspected

non-wear.

Sleep Efficiency (%)

sleep_efficiency

The percentage of time spent asleep during the entire sleep period.

steps had been applied. For ASD ~ TD baseline comparisons (ASD
[n = 38] and TD [n = 21]), the mean (SD) age of ASD and TD
participants were 21.6 years (5.3 years) and 21.8 years (5.63 years),
respectively. For all comparisons evaluating change over time
(treatment [n = 10] and placebo [n = 17]), the mean (SD) age of
the treatment and placebo were 22.7 years (7.21 years) and 21.12
years (4.15 years), respectively.

3.2 Data quality

As noted above, Table 3 provides a summary of the final data set
determined to be usable from a quality perspective. For Comparison
Set 1, of the original 63 participants in the ASD group, only 35
(56%) had a baseline timepoint that met the minimum requirement
of > 3 days/nights. The TD had a higher percentage of valid data: of

Visual Inspection

Initial Sleep

Set Accurate?

No

23Days /

Final Daily Nights in

Feature »

Timepoint
Set b

Window?

FIGURE 3

Non-Wear
Daily Period Period(s)

Feature Appears Appear

Accurate?

Update period Update period
l boundaries ’ l boundaries ’

No No
date excluded

1t

date excluded

Night: Rerun
Day: Worn Worn for GGIR with
for28 Entire New

Hours? Night? Definitions
/ Dates

No

Timepoint Feature
Average
Generated

Visual inspection workflow used to determine final feature set used in analyses.
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the original 26 participants, 20 (77%) had a valid baseline timepoint
for comparison. Both ASD and TD groups had similar daily wear
compliance metrics, with a daily wear percentage of approximately
87% (non-wear minutes/1440) and an average of 6 non-excluded
days per timepoint.

For participants in Comparison Set 2 (which required both
valid baseline and endpoint timepoints), the amount of usable data
was significantly less. Treatment performed significantly worse than
placebo: of the original 32 participants, only 10 (31%) participants
in the treatment group had both timepoints versus 17 (61%) of 31 in
the placebo group. Daily wear compliance was roughly similar in
both groups, with an average daily wear percentage and days per
timepoint value across the groups of 93% and 6, respectively.

Using daily wear percentage as a general estimate of wear
adherence, t test and ANCOVA analyses showed no significant
differences between the ASD and TD populations (P = .68).
However, some significant effects related to IQ were observed (higher
1Q correlated with lower daily wear percentage) (described in Table 4).

A summary of issues related to actigraphy data collection is
presented in Table 5. During the study, 67 actigraphy-related
support issues were reported. More than half of the reported
issues were related to clinical personnel system access, software
update assistance, or general question-and-answers (37, 55%) and
were frequently resolved within the same day with no impact on
data collection. Approximately 7 “halt” issues occurred, where

TABLE 3 Final demographic and data quality statistics.

10.3389/fpsyt.2025.1570611

device recording would halt due to a critically low battery level.
In all cases, this was attributable to extended periods (> 1 week) of
participant non-compliance.

3.3 ASD/TD comparison set 1

We compared differences for each of the baseline averages of the
identified features of interest between the ASD and TD participants
in Comparison Set 1. As shown in Table 6, only 2 features were
found to be significant: “Duration of Physical Activity During Sleep
Period” and “Number of Blocks of Physical Activity During Sleep
Period” (P = .007 | Cohen’s d > 0.8) — with ASD experiencing greater
durations and discrete occurrences of physical activity during the
sleep period than TD. Furthermore, Table 7 shows that there does
not appear to be any significant difference regarding gender, age
group, weight, IQ, or wear position for either feature (P >.5).

3.4 Treatment/placebo comparison set 2

Several significant differences were observed between the
treatment and placebo groups at baseline: “Number of Blocks of
Wakeful Inactivity During Sleep Period” (P = .04 | Cohen’s d >
1.06), “Number of Sustained Inactivity Bouts During Wake Period”

HRLEEY Original With Valid Actigraph Data  With 2 3 days per required
timepoint(s)

ASD (baseline), N (%) 63 38 (60%) 35 (56%)
TD (baseline), N (%) 26 21 (81%) 20 (77%)
Tx (baseline/endpoint), N (%) 32 16 (50%) 10 (31%)
PBO (baseline/endpoint), N (%) 31 22 (71%) 17 (55%)

Description Comparison Set 1 Comparison Set 2

ASD (N = 35) TD (N = 20) Tx (N = 10) PBO (N = 17)

Days per timepoint, average (SD) 6.54 (0.82) 6.45 (1.05) 6.9 (0.32) 6.71 (0.59)
Days per timepoint, median (range) 7(4-7) 7(3-7) 7(6-7) 7(5-7)
Daily wear %, average (SD) 87.26 (15.78) 88.22 (8.56) 9522 (2.51) 92.8 (4.99)

Daily wear %, median (range)

93.58 (32 - 99.15)

91.74 (72.23 - 97.33)

94.92 (91.96 - 98.95)

94.3 (83.85 - 99.15)

Age (years), average (SD) 21.6 (5.3) 21.8 (5.63) 22.7 (7.21) 21.12 (4.15)
Age (years), median (range) 21 (14 - 36) 22.5 (13 - 32) 20.5 (16 - 36) 21 (14 - 29)
13 to 17 years, N (%) 8 (22.86%) 5 (25%) 4 (40%) 2 (11.76%)
Male, N (%) 28 (80%) 14 (70%) 7 (70%) 14 (82.35%)

Weight (kg), average (SD)

Weight (kg), median (range)

76.98 (21.13)

75.53 (40.09 - 122.18)

7549 (18.27)

75.28 (41.72 - 108.84)

87.08 (27.18)

93.08 (40.09 - 122.18)

72.22 (15.16)

66.76 (47.62 - 98.82)

1Q; average (SD)

97.44 (16.03)

107.25 (12.1)

103.8 (13.33)

91.41 (13.64)

IQ; median (range)

Dominant Hand WP; N (%)
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5 (14.29%)

106 (86 - 136)

5 (25%)
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108 (86 - 119)

1 (10%)

91 (69 - 118)
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TABLE 4 Daily wear statistics for all participants in AUT2001
and AUT0002.

Daily Wear Percentages by Group

ASD (N = 38), average wear percentage | 87.72%
TD (N = 21), average wear percentage = 86.86%
Tx (N = 16), average wear percentage = 85.8%

PBO (N = 22), average wear percentage = 89.07%

ASD | TD Daily Wear % Comparisons (P = .680)

Gender | P =.740

Age Group = P =.740

Weight | P = .821

1Q | P=.002

Dominant Hand WP | P =.782
Clinical Site | P = .094

TABLE 5 Summary of actigraphy support issues reported during
AUT2001 and AUT0002.

Category Description Total

Issues related to ActiGraph™

Dashboard Access CentrePoint system aCCE?SA forA clinical site 18
personnel (account provisioning,
forgotten passwords)
Requests to assist with updates to the

Software Updates q ™ . P . 15
ActiGraph™ ™ ActiSync application

Training-Related Issues related to clinical site personnel 10

requiring additional training

Issues related to participants letting the
device battery drain to critical levels 7
(often resulting in data loss)

Device Halt Issues

Failures related to the ActiGraph™

GT9X Link device (broken devices/ 7
wristbands, data transfer errors)

Hardware Issue (Device)

Q& Requests for additional information from
clinical site personnel

Issues related to ActiGraph™

Server Error/Outage .
CentrePoint system outages

. Issues related to clinical site network
Network Connectivity . 2
connectivity access

Occurrences of participant losin;
Lost Device K R p P i
their device

(P =.026 | Cohen’s d > 1.26), and “Duration of Sustained Inactivity
Bouts During Wake Period” (P = .04 | Cohen’s d > 0.95). Additional
potentially significant differences were noted as well, with
uncorrected P values <.05 and/or large effect sizes (Cohen’s d > 0.8).

No significant differences between the treatment and placebo
groups in relation to change from the baseline average were
observed in any actigraphy feature, but several were noted as
potentially significant prior to FDR correction.
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We include all relevant uncorrected P values in the
Supplementary Materials of this paper.

3.5 Relationship between actigraphy and
caregiver reported outcomes

As shown in Table 8, there were 3 caregiver reported outcomes
that exhibited significant correlation with actigraphy features (P
<.05): ABI Self-Regulation, ABI Sleep Item, and SRS-2 Total Score.

Discrete occurrences of moderate-or-vigorous activity (MVPA)
were found to be significantly correlated to the ABI Self-Regulation
subdomain: a higher average number of MVPA occurrences was
correlated with worse clinical outcomes (p = 0.349, P = .007) while
the number of discrete occurrences of sedentary activity during
waking hours (“Number of Sustained Inactivity Bouts During Wake
Period”) was negatively correlated (p = -0.311, P =.009), suggesting
a relationship between waking activity patterns and clinical
outcomes of self-regulation (Figure 4).

“Duration of Physical Activity During Sleep Period” was noted
to have a modest correlation with the ABI Sleep Item (p = -0.318, P
=.009), showing higher levels of physical activity were associated
with worse outcomes on this clinical measure of sleep disturbance.

Finally, “Duration of Sleep During Sleep Period” was
significantly correlated with 2 clinical outcomes: ABI Self-
Regulation (p = 0.319, P = .007), and SRS-2 Total Score (p =
0.385, P =.007). Notably, both observed correlations suggested that
longer durations of sleep during the sleep period were associated
with worse outcomes (Figure 5).

Other potentially significant correlations were observed prior to
FDR correction. These uncorrected values are included in the
Supplementary Materials of this paper.

4 Discussion & key findings

Research in ASD to date has consistently focused on pediatric
populations (41, 42); and while the field is beginning to devote
additional attention to research across the lifespan in ASD,
longitudinal biometric data sets of non-pediatric autistic
populations remain scant. We present our observations below to
encourage further exploration in these areas but acknowledge that
no definitive clinical conclusions should be reached without larger,
controlled population samples.

4.1 Wear compliance

Wear compliance greatly reduced the data set used in the final
analyses, with a significant impact on the statistical power of the
results and interpretability of conclusions. To make any valid
statistical inferences of change over time within comparative
populations, a baseline and endpoint of sufficient size for each
participant is necessary. In this study, the largest impact on the final
sample size of Comparison Set 2 was due to missing endpoint visits.

frontiersin.org


https://doi.org/10.3389/fpsyt.2025.1570611
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Boice et al.

TABLE 6 t test results summary: P (Cohen'’s d).

10.3389/fpsyt.2025.1570611

Feature ASD ~ TD Baseline Tx ~ PBO Baseline Tx ~ PBO Change from Baseline
Duration of MVPA Fragments (mins) .796 (0.06) 313 (0.47) 221 (0.62)
Duration of Physical Activity During Sleep .007 (0.83) .053 (0.94) 946 (0.03)
Period (mins)

Duration of Sleep During Sleep Period (mins) .363 (0.32) 484 (0.31) 132 (0.88)
Duration of Wakeful Inactivity During Sleep 379 (0.31) .074 (0.94) .163 (0.88)
Period (mins)

Number of Blocks of Physical Activity During .007 (0.8) .084 (0.73) 516 (0.3)
Sleep Period (#)

Number of Blocks of Sleep During Sleep Period (#) = .52 (0.24) .074 (0.86) 132 (0.98)
Number of Blocks of Wakeful Inactivity During .34 (0.43) .04 (1.06) 132 (1.16)
Sleep Period (#)

Number of MVPA Fragments (#) 131 (0.51) 313 (0.43) 516 (0.26)
Number of Sustained Inactivity Bouts During .758 (0.11) .026 (1.26) .163 (0.89)
Wake Period (#)

Duration of Sustained Inactivity Bouts During .34 (0.44) .04 (0.95) 384 (0.37)
Wake Period (min)

Sleep Efficiency (%) .363 (0.33) .074 (0.84) 324 (0.61)

The dropout rate was similar between the two groups: 6 participants
from treatment were excluded, and 4 from the placebo. In most
cases, the exclusions were attributed to lack of daily wear
compliance (< 8 hours per day) or failure to wear the device to

bed within the 3-day endpoint window.

Exclusions were not confined to missing endpoints: 4

participants were missing a baseline visit (3 in treatment, 1 in the

TABLE 7 ANCOVA results summary: P.

placebo). Of these, 2 were attributed to a site-training issue, 1 was
related to a technical issue (corruption of the recording file), and 1
was related to poor compliance during baseline (having only a
single non-excluded day during the timepoint period).

Another confounding factor was the non-wearing of the device
by a subset of participants during sleep, with 7 participants having
greater than 40% of nights excluded due to non-wear. As 6 of 10

Feature ASD ~ ASD ~ TD ASD ~
TD Gender Age Group TD Weight

Duration of MVPA Fragments (mins) 707 981 707 619 981

Duration of Physical Activity During Sleep 92 .801 707 .65 981

Period (mins)

Duration of Sleep During Sleep Period (mins) 144 .608 652 .526 981

Duration of Wakeful Inactivity During Sleep .38 .088 707 .526 981

Period (mins)

Number of Blocks of Physical Activity During Sleep 961 .981 .866 619 981

Period (#)

Number of Blocks of Sleep During Sleep Period (#) 264 .026 652 .526 .981

Number of Blocks of Wakeful Inactivity During Sleep = .38 077 652 .526 .981

Period (#)

Number of MVPA Fragments (#) 92 624 707 619 981

Number of Sustained Inactivity Bouts During Wake 264 .608 652 619 .981

Period (#)

Duration of Sustained Inactivity Bouts During Wake .078 457 707 762 981

Period (min)

Sleep Efficiency (%) 314 417 .83 526 981
Frontiers in Psychiatry 09 frontiersin.org
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TABLE 8 Spearman rank correlations of caregiver reported outcomes
and actigraphy features (|p| < 0.3).

Caregiver Reported Feature

Outcome

ABI Self-Regulation Number of MVPA 0.349 (.007)
Fragments (#)
Duration of Sleep During 0.319 (.007)
Sleep Period (mins)
Number of Sustained Inactivity 0.311 (.009)
Bouts During Wake Period (#)

ABI Sleep Item Duration of Physical Activity 0.318 (.009)
During Sleep Period (mins)

SRS-2 Total Score Duration of Sleep During 0.385 (.007)
Sleep Period (mins)

actigraphy features relied upon valid wear during sleep, consistent
night-time wear was critical. All 7 participants were excluded from
the treatment/placebo analyses.

However, the remaining sample (treatment [N = 10], placebo
[N = 17]) demonstrated exceptional compliance with daily wear
requirements (both groups exceeding the number of required days
per timepoint and averaging a daily wear percentage of
approximately 93% or 22 hours per day). Furthermore, wear
compliance was largely consistent across demographic
considerations, with IQ being the sole outlier: lower scores
correlated with higher wear compliance percentages. This may
suggest a challenge to our typical assumptions about conducting
studies in lower functioning populations. Research has frequently
shied away from more severely affected populations due to the
complexity it may introduce (43). These results suggest that with
proper participant training, guidance, and desensitization,

10.3389/fpsyt.2025.1570611

actigraphy can be effective, feasible measure within lower
functioning individuals.

4.2 Device considerations

At the time of study design in 2018, the Ac‘[iGraphTM GT9X Link
was selected for its balance of several key features. The design was
simple, unobtrusive, and allowed for raw actigraphy data capture at a
high sampling rate without any significant compromise to battery
life. Additionally, device storage capacity allowed for longer periods
of continuous wear without needing to implement a remote data
uploading strategy. However, while the latter eased implementation
logistics and reduced costs, it also impacted the ability to monitor
wear compliance on a more frequent basis and reduced the
opportunity for site personnel to intervene early.

Limitations of the device were evident when attempting to
accurately measure sleep onset, waking, and sedentary behavior
during waking hours. While the ActiGraphTM GT9X Link includes a
capacitive proximity sensor to assist with wear-time detection, findings
suggest it is frequently unable to reliably distinguish between states
(44). Furthermore, as the device does not include a skin temperature,
EDA (electrodermal activity), or PPG (photoplethysmogram) sensor, it
was necessary to rely solely upon raw accelerometry to determine wear
state. An automated non-wear detection method natively available
through GGIR 2.7-1 (45, 46), was implemented initially, but visual
inspection of the data revealed issues with this approach in a free-living
study population.

It was observed that GGIR’s HDCZA method of sleep detection
would occasionally misestimate the sleep period start time if it
occurred near a detected non-wear period. The reverse was also
observed: final wake-up timing could be delayed if a period of
suspected non-wear was close by. This was confirmed to impact the
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Relationship between ABI Self-Regulation subdomain and number of moderate-or-vigorous activity (MVPA) fragments (A) and number of sustained

inactivity bouts (SIBs) during waking hours (B).
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final sleep features generated by the GGIR. To accommodate this,
we developed a graphical user interface to adjust the detected sleep
periods through expert review. These adjusted sleep period
definitions were then passed to GGIR using its “sleeplog”
parameter and used to create the final feature set.

Similarly, the GGIR’s non-wear detection would also
occasionally fail to detect periods of non-wear if any acceleration
was detected during the period. These periods would often be
visually inconsistent with other periods of low activity in the
same participant at high resolutions (1 second).

Due to this observed lack of specificity, we implemented a
similar visual inspection/adjustment procedure for detected non-
wear periods (and these form the basis of the wear percentage values
we report in this study). Features measuring sedentary behavior
during waking hours (“Number of Sustained Inactivity Bouts
During Wake Period” and “Duration of Sustained Inactivity
Bouts During Wake Period”) accounted for these adjustments.

It is important to note that more recent versions of GGIR have
released adjusted methods for non-wear detection which could
potentially alleviate these issues. However, our observations and
experience would indicate that a robust, scalable wear-detection
strategy should be multi-modal, utilizing a combination of
information from accelerometer, temperature, EDA, and/or PPG
sensors. An accurate wear-detection procedure is necessary to
confidently measure periods of low activity during waking hours,
a measure generally of interest and importance across many
disorders, and critical when considering measures of behavioral
rhythmicity over long periods of time.

4.3 Analysis and interpretation challenges

Given that measures of sleep disturbance have consistently been
found to relate to the core and associated symptoms of ASD (47—
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51), the use of actigraphy to measure sleep in individuals,
particularly children, with ASD is not novel. However, the
techniques of past studies have frequently lacked standardization,
with variations in device manufacturer, data collection duration,
epoch length, scoring algorithms, and rules for handling missing
data. While open-source data analysis tools for actigraphy are
available in programming languages such as R and Python,
studies often adopt divergent methodologies for data analysis and
are frequently not validated within the population of study.

Furthermore, automated sleep period detection in actigraphy
presents real challenges in individuals with severely disturbed sleep
or sedentary lifestyles. Visual review of the data frequently revealed
sleep periods that were often interrupted by several minutes of light,
moderate, or vigorous physical activity multiple times, resulting in
more than one automatically detected period per night. This
presents an analysis problem: to consider such segments of
activity as awakening events and recombine the detected periods,
or to consider each separately and average the values? The latter
approach may potentially result in an inaccurate depiction of a
participant’s sleep (for example, skewing measures of sleep
efficiency). In this analysis, the former approach was adopted, but
that too carried its own problem: how long of an awakening event is
too long before the periods should be considered separately? This is
a question worth further consideration, especially when evaluating
participants with serious sleep problems.

Also noteworthy was the emergence of correlation between
increased sleep duration and worse clinical outcomes on the ABI
Self-Regulation and SRS-2 scores. To a lesser extent, the same
relationship was observed in four other outcomes prior to FDR
corrections (as reported in the Supplementary Materials). No
explanation when examining measures of sleep disturbance or
sleep efficiency was found in this analysis: no features of sleep
disturbance demonstrated any correlation with caregiver outcomes
associated with the core symptoms of ASD (before or after FDR
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correction); paradoxically, higher sleep efficiency was correlated
with worse outcomes in self-regulation (prior to FDR correction).
These observations appear to challenge past findings and
assumptions. This could simply be an artifact resulting from the
insufficiently powered sample, or potentially due to the suspected
imbalance of sleep disturbance incidence between the treatment
and placebo populations (as suggested by the large effect sizes in all
related features observed between the treatment and placebo at
baseline). However, it could also be the result of the HDCZA
method itself, not being specifically validated within ASD -
measures of sleep duration may not actually be measures of
restorative sleep but simply a state of motionlessness. Finally, it
may be that the relationship between sleep disturbance and the core
symptoms of ASD is not perfectly linear or universal. If the opposite
were true, clinical practice would likely place more focus on treating
sleep disorders to elicit improvement in core symptoms.

Finally, worth further consideration are our findings that
showed a relationship between self-regulation and generalized
features of daily waking. This relationship demonstrates some
clinical validity: increased levels of MVPA correlating with worse
clinical outcomes while more frequent and longer sustained periods
of rest correlating with better ones. This suggests that these types of
generalized actigraphy measures may be useful in building a picture
of symptom burden. Still, it is important to remember they are not
measuring the same construct as standard clinical instruments and
should not be considered as analogs. ASD is not a movement
disorder; and while many neurodevelopmental/neuropsychiatric
disorders may manifest physically, the presentation may not
always be consistent (e.g., ‘anxiety’ may result in an increase or
decrease of physical behavior depending on learned coping
strategies). Indeed, our results showed that these features did not
significantly discriminate between ASD and TD populations. As
such, a precision approach may be useful when considering
generalized actigraphy features, considering absolute change from
an individual’s baseline or defining a population subtype, but this
concept is still novel in the world of clinical trials. Alternatively,
actigraphy may be considered in situations where consistent
relationships with physical behavior exist (for example, the
linkage between depressive symptoms and sedentary behavior).
However, measurement of activity does not tell us alone about a
participant’s experience (“Am I feeling better or am I just moving
more?”). It seems unlikely that actigraphy will have the same clinical
relevance as traditional gold-standard outcome measures when
considering purely psychiatric symptoms. However, it may be
useful as an objective, supportive end point [providing additional
validation for a primary, symptom-specific endpoint (“I'm feeling
better and I'm moving more”)].

5 Conclusions

Operationalization of actigraphy on a large scale remains a
challenge, and while many of the problems are complex and often
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involve external factors outside of the study team’s control, they are
not insurmountable. Mitigating strategies might include a screening
period to assess a participant’s likelihood of remaining compliant
throughout the study’s duration or more frequent, active
monitoring by local site personnel. Regular communication with
participants could identify and alleviate individual challenges that
often lead to poor compliance, such as problems with comfort
(especially during sleep). Additionally, considering alternative wear
positions (e.g., waist, shoe) may be optimized for the study
population, though it is important to note that these positions
will also dictate the types of features that can be collected and the
degree of validation. Study designs may also need to factor in a
certain percentage of participants that will be non-compliant with
wear requirements regardless of all attempts at guidance or
intervention when determining the appropriate sample size or
consider a more flexible approach to timepoint analysis (e.g.,
considering an endpoint within a sliding window).

Still more complicated are problems that may arise with clinical
interpretation. Any definitive interpretation requires a sufficiently
powered sample set, which proved to be a challenge in this analysis.
Moreover, noted baseline differences between the treatment and
placebo groups further challenge our ability draw truly meaningful
clinical conclusions. Finally, movement is highly individualized, and
not all devices or analytical strategies may be equal (or appropriate) for
all situations or all neurodevelopmental/neuropsychiatric disorders.
As devices improve (with the introduction of larger batteries and more
varied, higher precision sensor arrays), some of these problems may be
alleviated. Considering the above, current evidence suggests that
actigraphy may provide supportive evidence of treatment efficacy
when used alongside traditional ASD outcome measures; however,
for it to serve as a reliable, clinically relevant measure of change, further
development of devices and enhancements in implementation and
analysis strategies may be necessary.

Data availability statement

The datasets presented in this article are not readily available
because these data are wholly owned by Johnson & Johnson Innovative
Medicine, and are subject to company policies. Requests to access the
datasets should be directed to gpandina@its.jnj.com.

Ethics statement

The studies involving humans were approved by Sterling
Institutional Review Board, GA, USA. The studies were conducted
in accordance with the local legislation and institutional
requirements. This study was conducted in accordance with the
ethical principles that have their origin in the Declaration of Helsinki
and that are consistent with GCP and applicable regulatory
requirements. Written informed consent for participation in this
study was provided by the participants’ legal guardians/next of kin.

frontiersin.org


https://doi.org/10.3389/fpsyt.2025.1570611
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Boice et al.

Author contributions

MB: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Software,
Supervision, Validation, Visualization, Writing - original draft,
Writing - review & editing. SB: Formal analysis, Investigation,
Methodology, Writing — original draft, Writing — review & editing.
MK: Conceptualization, Formal analysis, Investigation, Methodology,
Supervision, Writing — original draft, Writing - review & editing. MM:
Methodology, Project administration, Writing — original draft,
Writing - review & editing, Data curation, Investigation. AB:
Conceptualization, Methodology, Project administration,
Supervision, Writing - original draft, Writing — review & editing.
SV: Investigation, Methodology, Writing - original draft, Writing -
review & editing, Conceptualization, Formal analysis. GP:
Conceptualization, Investigation, Methodology, Writing — original
draft, Writing - review & editing, Funding acquisition, Project
administration, Supervision.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was funded
by Janssen Research & Development, LLC. The funder was not
involved in the study design, collection, analysis, interpretation of
data, the writing of this article or the decision to submit it
for publication.

Acknowledgments

The authors thank the study participants and the following
investigators for their participation in these studies: Nelson Handal
M.D., DFAPA; Harmonex Neuroscience Research, Dothan,
Alabama, United States, 36303 (AUT2001 & AUT0002)Raun
Melmed, M.D.; Southwest Autism Research and Resource Center,
Phoenix, Arizona, United States, 85006 (AUT2001 & AUT0002).
Tony Ortiz, PhD; NRC Research Institute, Orange, California,
United States, 92868 (AUT2001). Jeremy Veenstra-VanderWeele,
M.D.; New York Presbyterian Hospital, New York, New York,

References

1. US Food & Drug Administration. Framework for the use of digital health
technologies in drug and biological product development (2023). Available online at:
https://www.fda.gov/media/166396/download (Accessed April 1, 2025).

2. McCall C, McCall WV. Comparison of actigraphy with polysomnography and
sleep logs in depressed insomniacs. J Sleep Res. (2012) 21:122-7. doi: 10.1111/j.1365-
2869.2011.00917.x

3. Lehrer HM, Yao Z, Krafty RT, Evans MA, Buysse DJ, Kravitz HM, et al.
Comparing polysomnography, actigraphy, and sleep diary in the home environment:
The Study of Women’s Health Across the Nation (SWAN) Sleep Study. SLEEP Adv.
(2022) 3:zpac001. doi: 10.1093/sleepadvances/zpac001

4. Morgenthaler T, Alessi C, Friedman L, Owens ], Kapur V, Boehlecke B, et al.
Standards of Practice Committee; American Academy of Sleep Medicine. Practice

Frontiers in Psychiatry

13

10.3389/fpsyt.2025.1570611

United States, 10032 (AUT2001 & AUT0002). Russell Tobe,
M.D.; Nathan Klein Institute, Orangeburg, New York, United
States, 10962 (AUT2001 & AUTO0002). Craig Erickson, M.D,;
Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio,
United States, 45229 (AUT2001). Willis Holloway, M.D.; Cutting
Edge Research Group, Oklahoma City, Oklahoma, United States,
73116 (AUT2001). Divyansu Patel, M.D.; BioBehavioral Research
of Austin, PC, Austin, Texas, United States 78759 (AUT2001). Soo-
Jeong Kim, M.D.; Seattle Children’s Hospital, Seattle, Washington,
United States, 98105 (AUT2001)

Conflict of interest

MB, MM, AB, SV, and GP are employed by Janssen Research &
Development, LLC and may hold company stock/stock options.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fpsyt.2025.1570611/
full#supplementary-material

parameters for the use of actigraphy in the assessment of sleep and sleep disorders: an
update for 2007. Sleep. (2007) 30(4):519-29. doi: 10.1093/sleep/30.4.519.

5. Peis I, Lopez-Morinigo JD, Pérez-Rodriguez MM, Ruiz-Gomez M, Artés-
Rodriguez A, Baca-Garcia A, et al. Actigraphic recording of motor activity in
depressed inpatients: a novel computational approach to prediction of clinical course
and hospital discharge. Sci Rep. (2020) 10:17286. doi: 10.1038/s41598-020-74425-x

6. Pieters LE, Deenik ], de Vet S, Delespaul P, van Harten PN. Combining actigraphy
and experience sampling to assess physical activity and sleep in patients with psychosis:
A feasibility study. Front Psychiatry. (2023) 14:1107812. doi: 10.3389/fpsyt.2023.
1107812

7. Winer JR. The role of actigraphy in detecting and characterizing the early phases
of Alzheimer’s disease. Sleep. (2024) 47(5):zsae076. doi: 10.1093/sleep/zsae076

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpsyt.2025.1570611/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2025.1570611/full#supplementary-material
https://www.fda.gov/media/166396/download
https://doi.org/10.1111/j.1365-2869.2011.00917.x
https://doi.org/10.1111/j.1365-2869.2011.00917.x
https://doi.org/10.1093/sleepadvances/zpac001
https://doi.org/10.1093/sleep/30.4.519
https://doi.org/10.1038/s41598-020-74425-x
https://doi.org/10.3389/fpsyt.2023.1107812
https://doi.org/10.3389/fpsyt.2023.1107812
https://doi.org/10.1093/sleep/zsae076
https://doi.org/10.3389/fpsyt.2025.1570611
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Boice et al.

8. Pan W, Kwak S, Li F, Wu C, Chen Y, Yamamoto Y, et al. Actigraphy monitoring
of symptoms in patients with Parkinson’s disease. Physiol Behav. (2013) 119:156-60.
doi: 10.1016/j.physbeh.2013.05.044

9. Devnani PA, Hegde AU. Autism and sleep disorders. ] Pediatr Neurosci. (2015)
10:304-7. doi: 10.4103/1817-1745.174438

10. Veatch OJ, Reynolds A, Katz T, Weiss SK, Loh A, Wang L, et al. Sleep in children
with autism spectrum disorders: how are measures of parent report and actigraphy
related and affected by sleep education? Behav Sleep Med. (2016) 14:665-76.
doi: 10.1080/15402002.2015.1065408

11. Alder ML, Johnson CR, Zauszniewski JA, Malow BA, Burant CJ, Scahill L.
Feasibility of actigraphy for evaluating sleep and daytime physical activity in children
with autism spectrum disorder. ] Autism Dev Disord. (2023) 53:3670-82. doi: 10.1007/
510803-022-05661-5

12. Baker EK, Richdale AL. Sleep patterns in adults with a diagnosis of high-
functioning autism spectrum disorder. Sleep. (2015) 38:1765-74. doi: 10.5665/
sleep.5160

13. Yavuz-Kodat E, Reynaud E, Geoﬁray M-M, Limousin N, Franco P, Bourgin P,
et al. Validity of actigraphy compared to polysomnography for sleep assessment in
children with autism spectrum disorder. Front Psychiatry. (2019) 10:551. doi: 10.3389/
fpsyt.2019.00551

14. Bandini LG, Gleason J, Curtin C, Lividini K, Anderson SE, Cermak SA, et al.
Comparison of physical activity between children with autism spectrum disorders and
typically developing children. Autism. (2013) 17:44-54. doi: 10.1177/1362361312437416

15. Mccoy SM, Jakicic JM, Gibbs BB. Comparison of obesity, physical activity, and
sedentary behaviors between adolescents with autism spectrum disorders and without.
J Autism Dev Disord. (2016) 46:2317-726. doi: 10.1007/s10803-016-2762-0

16. Guner UUC, Irem B. The relationship between nutrition-physical activity
behaviors of autistic children with their families and children’s obesity levels during
covid pandemic. J Autism Dev Disord. (2022) 54:785-93. doi: 10.1007/s10803-022-
05838-y

17. Alhowikan AM, Elamin NE, Aldayel SS, AlSiddigi SA, Alrowais FS, Hassan WM,
et al. Children with autism spectrum disorder exhibit elevated physical activity and
reduced sedentary behavior. Brain Sci. (2023) 13:1575. doi: 10.3390/brainscil3111575

18. Thompson C, Brook M, Hick S, Miotti C, Toong R, McVeigh JA, et al. Physical
activity, sedentary behaviour and their correlates in adults with autism spectrum
disorder: a systematic review. Rev J Autism Dev Disord. (2023) 10:546-62. doi: 10.1007/
540489-022-00305-x

19. Groflekathéfer U, Manyakov NV, Mihajlovi¢ V, Pandina G, Skalkin A, Ness S,
et al. Automated detection of stereotypical motor movements in autism spectrum
disorder using recurrence quantification analysis. Front Neuroinform. (2017) 11:9.
doi: 10.3389/fninf.2017.00009

20. Imbiriba T, Demirkaya A, Singh A, Erdogmus D, Goodwin MS. Wearable biosensing
to predict imminent aggressive behavior in psychiatric inpatient youths with autism. JAMA
Netw Open. (2023) 6:¢2348898. doi: 10.1001/jamanetworkopen.2023.48898

21. Klein ME, Bangerter A, Halter R], Cooper K, Aguilar Z, Canuso CM, et al.
Efficacy and safety of JNJ-42165279, a fatty acid amide hydrolase inhibitor, in
adolescents and adults with autism spectrum disorder: a randomized, phase 2,
placebo-controlled study. Neuropsychopharmacol. (2025) 50:480-7. doi: 10.1038/
541386-024-02001-2

22. Bangerter A, Ness S, Aman MG, Esbensen AJ, Goodwin; MS, Dawson G, et al.
Autism behavior inventory: A novel tool for assessing core and associated symptoms of
autism spectrum disorder. J Child Adolesc Psychopharmacology. (2017) 27(9):814-22.
doi: 10.1089/cap.2017.0018

23. Bangerter A, Ness S, Lewin D, Aman M]J, Esbensen AJ, Goodwin MS, et al.
Clinical validation of the autism behavior inventory: caregiver-rated assessment of core
and associated symptoms of autism spectrum disorder. J Autism Dev Disord. (2020)
50:2090-101. doi: 10.1007/s10803-019-03965-7

24. Singh K, Connors SL, Macklin EA, Smith KD, Fahey JW, Talalay P, et al.
Sulforaphane treatment of autism spectrum disorder (ASD). Proc Natl Acad Sci USA.
(2014) 111(43):15550-5. doi: 10.1073/pnas.1416940111

25. Lecavalier L, Wood JJ, Halladay AK, Jones NE, Aman MG, Cook EH, et al.
Measuring anxiety as a treatment endpoint in youth with autism spectrum disorder. J
Autism Dev Disord. (2014) 44:1128-43. doi: 10.1007/s10803-013-1974-9

26. Bodfish JW, Symons FJ, Parker DE, Lewis MH. Varieties of repetitive behavior in
autism: comparisons to mental retardation. J Autism Dev Disord. (2000) 30:237-43.
doi: 10.1023/2:1005596502855

27. Hellings J, Reed G, Cain S, Zhou X, Barth F, Aman M, et al. Loxapine add-on for
adolescents and adults with autism spectrum disorders and irritability. J Child Adolesc
psychopharmacology. (2015) 25:150-9. doi: 10.1089/cap.2014.0003

28. McDermott CR, Farmer C, Gotham KO, Bal VH. Measurement of subcategories
of repetitive behaviors in autistic adolescents and adults. Autism Adulthood. (2020)
2:48-60. doi: 10.1089/aut.2019.0056

29. Bangerter A, Manyakov NV, Lewin D, Boice M, Skalkin A, Jagannatha S, et al.
Caregiver daily reporting of symptoms in autism spectrum disorder: observational

Frontiers in Psychiatry

10.3389/fpsyt.2025.1570611

study using web and mobile apps. JMIR Ment Health. (2019) 6:¢11365. doi: 10.2196/
11365

30. van Hees VT, Gorzelniak L, Dean Leon EC, Eder M, Pias M, Taherian S, et al.
Separating movement and gravity components in an acceleration signal and
implications for the assessment of human daily physical activity. PloS One. (2013) 8:
€61691. doi: 10.1371/journal.pone.0061691

31. van Hees VT, Fang Z, Langford J, Assah F, Mohammad A, Da Silva ICM, et al.
Auto-calibration of accelerometer data for free-living physical activity assessment using
local gravity and temperature: an evaluation on four continents. J Appl Physiol. (2014)
117(7):738-44. doi: 10.1152/japplphysiol.00421.2014

32. van Hees VT, Sabia S, Anderson KN, Denton SJ, Oliver J, Catt M, et al. A novel,
open access method to assess sleep duration using a wrist-worn accelerometer. PloS
One. (2015) 10:€0142533. doi: 10.1371/journal.pone.0142533

33. van Hees VT, Sabia S, Jones SE, Wood AR, Anderson KN, Kivimaki M, et al.
Estimating sleep parameters using an accelerometer without sleep diary. Sci Rep. (2018)
8:12975. doi: 10.1038/541598-018-31266-z

34. Sabia S, van Hees VT, Shipley MJ, Trenell MI, Hagger-Johnson G, Elbaz A, et al.
Association between questionnaire- and accelerometer-assessed physical activity: the
role of sociodemographic factors. Am J Epidemiol. (2014) 179:781-90. doi: 10.1093/aje/
kwt330

35. Migueles JH, Rowlands AV, Huber F, Sabia S, van Hees VT. GGIR: A research
community—driven open source R package for generating physical activity and sleep
outcomes from multi-day raw accelerometer data. ] Measurement Phys Behav. (2019)
2:2019. doi: 10.1123/jmpb.2018-0063

36. Hildebrand M, Hees V, Vincent T, Hansen BH, Ekelund U. Age group
comparability of raw accelerometer output from wrist- and hip-worn monitors. Med
Sci Sports Exercise. (2014) 46:1816-24. doi: 10.1249/MSS.0000000000000289

37. Cole RJ, Kripke DF, Gruen W, Mullaney DJ, Gillin JC. Automatic sleep/wake
identification from wrist activity. Sleep. (1992) 15:461-9. doi: 10.1093/sleep/15.5.461

38. Tudor-Locke C, Barreira TV, Schuna JM Jr, Mire EF, Katzmarzyk PT. Fully
automated waist-worn accelerometer algorithm for detecting children’s sleep-period
time separate from 24-h physical activity or sedentary behaviors. Appl Physiol Nutr
Metab. (2014) 39:53-7. doi: 10.1139/apnm-2013-0173

39. Chastin SFM, Ferriolli E, Stephens NA, Fearon KCH, Greig C. Relationship
between sedentary behaviour, physical activity, muscle quality and body composition in
healthy older adults. Age and Ageing. (2012) 41(1):111-4. doi: 10.1093/ageing/afr075

40. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B. (1995) 57:289-300.
doi: 10.1111/j.2517-6161.1995.tb02031.x

41. Howlin P. Adults with autism: changes in understanding since DSM-111. J
Autism Dev Disord. (2021) 51:4291-308. doi: 10.1007/s10803-020-04847-z

42. Mason D, Stewart GR, Capp SJ, Happé F. Older age autism research: A rapidly
growing field, but still a long way to go. Autism Adulthood. (2022) 4:164-72.
doi: 10.1089/aut.2021.0041

43. Jack A, A. Pelphrey K. Annual Research Review: Understudied populations
within the autism spectrum - current trends and future directions in neuroimaging
research. J Child Psychol Psychiatr. (2017) 58:411-35. doi: 10.1111/jcpp.12687

44. Arguello D, Andersen K, Morton A, Freedson PS, Intille SS, Dinesh J. Validity of
proximity sensor-based wear-time detection using the ActiGraph GT9X. J Sports Sci.
(2018) 36:13:1502-7. doi: 10.1080/02640414.2017.1398891

45. van Hees VT, Renstrom F, Wright A, Gradmark A, Catt M, Chen KY, et al.
Estimation of daily energy expenditure in pregnant and non-pregnant women using a
wrist-worn tri-axial accelerometer. PloS One. (2011) 6:€22922. doi: 10.1371/
journal.pone.0022922

46. van Hees VT, Gorzelniak L, Dean Leon EC, Eder M, Pias M, Taherian S, et al.
Separating movement and gravity components in an acceleration signal and
implications for the assessment of human daily physical activity. PloS One. (2013) 8:
€61691. doi: 10.1371/journal.pone.0061691

47. Schreck KA, Mulick JA, Smith AF. Sleep problems as possible predictors of
intensified symptoms of autism. Res Dev Disabil. (2004) 25:57-66. doi: 10.1016/
j.ridd.2003.04.007

48. Mayes SD, Calhoun SL. Variables related to sleep problems in children with
autism. Res Autism Spectr. Disord. (2009) 3:931-41. doi: 10.1016/j.rasd.2009.04.002

49. Hollway JA, Aman MG, Butter E. Correlates and risk markers for sleep
disturbance in participants of the autism treatment network. J Autism Dev Disord.
(2013) 43:2830-43. doi: 10.1007/s10803-013-1830-y

50. Adams HL, Matson JL, Jang J. The relationship between sleep problems and
challenging behavior among children and adolescents with autism spectrum disorder.
Res Autism Spectr. Disord. (2014) 8:1024-30. doi: 10.1016/j.rasd.2014.05.008

51. Delahaye J, Kovacs E, Sikora D, Hall TA, Orlich F, Clemons TE, et al. The
relationship between health-related quality of life and sleep problems in children with
autism spectrum disorders. Res Autism Spectr. Disord. (2014) 8:292-303. doi: 10.1016/
jrasd.2013.12.015

frontiersin.org


https://doi.org/10.1016/j.physbeh.2013.05.044
https://doi.org/10.4103/1817-1745.174438
https://doi.org/10.1080/15402002.2015.1065408
https://doi.org/10.1007/s10803-022-05661-5
https://doi.org/10.1007/s10803-022-05661-5
https://doi.org/10.5665/sleep.5160
https://doi.org/10.5665/sleep.5160
https://doi.org/10.3389/fpsyt.2019.00551
https://doi.org/10.3389/fpsyt.2019.00551
https://doi.org/10.1177/1362361312437416
https://doi.org/10.1007/s10803-016-2762-0
https://doi.org/10.1007/s10803-022-05838-y
https://doi.org/10.1007/s10803-022-05838-y
https://doi.org/10.3390/brainsci13111575
https://doi.org/10.1007/s40489-022-00305-x
https://doi.org/10.1007/s40489-022-00305-x
https://doi.org/10.3389/fninf.2017.00009
https://doi.org/10.1001/jamanetworkopen.2023.48898
https://doi.org/10.1038/s41386-024-02001-2
https://doi.org/10.1038/s41386-024-02001-2
https://doi.org/10.1089/cap.2017.0018
https://doi.org/10.1007/s10803-019-03965-7
https://doi.org/10.1073/pnas.1416940111
https://doi.org/10.1007/s10803-013-1974-9
https://doi.org/10.1023/a:1005596502855
https://doi.org/10.1089/cap.2014.0003
https://doi.org/10.1089/aut.2019.0056
https://doi.org/10.2196/11365
https://doi.org/10.2196/11365
https://doi.org/10.1371/journal.pone.0061691
https://doi.org/10.1152/japplphysiol.00421.2014
https://doi.org/10.1371/journal.pone.0142533
https://doi.org/10.1038/s41598-018-31266-z
https://doi.org/10.1093/aje/kwt330
https://doi.org/10.1093/aje/kwt330
https://doi.org/10.1123/jmpb.2018-0063
https://doi.org/10.1249/MSS.0000000000000289
https://doi.org/10.1093/sleep/15.5.461
https://doi.org/10.1139/apnm-2013-0173
https://doi.org/10.1093/ageing/afr075
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1007/s10803-020-04847-z
https://doi.org/10.1089/aut.2021.0041
https://doi.org/10.1111/jcpp.12687
https://doi.org/10.1080/02640414.2017.1398891
https://doi.org/10.1371/journal.pone.0022922
https://doi.org/10.1371/journal.pone.0022922
https://doi.org/10.1371/journal.pone.0061691
https://doi.org/10.1016/j.ridd.2003.04.007
https://doi.org/10.1016/j.ridd.2003.04.007
https://doi.org/10.1016/j.rasd.2009.04.002
https://doi.org/10.1007/s10803-013-1830-y
https://doi.org/10.1016/j.rasd.2014.05.008
https://doi.org/10.1016/j.rasd.2013.12.015
https://doi.org/10.1016/j.rasd.2013.12.015
https://doi.org/10.3389/fpsyt.2025.1570611
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Assessment of feasibility of actigraphy as a measure of clinical change in response to an experimental interventional treatment in adolescents and adults with autism spectrum disorder
	1 Introduction
	2 Materials and methods
	2.1 Study design and participants
	2.2 Devices
	2.3 Feature extraction
	2.4 Statistical analysis

	3 Results
	3.1 Demographics
	3.2 Data quality
	3.3 ASD/TD comparison set 1
	3.4 Treatment/placebo comparison set 2
	3.5 Relationship between actigraphy and caregiver reported outcomes

	4 Discussion &amp; key findings
	4.1 Wear compliance
	4.2 Device considerations
	4.3 Analysis and interpretation challenges

	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


