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Abstract

Background: Heightened motor activity is a hallmark of attention-deficit/hyperactivity disorder
(ADHD), yet high activity levels are also often reported in young children with autism spectrum
disorder (ASD). It is currently unclear whether increased motor activity represents a distinct
versus shared early predictor of ASD and ADHD; no prior studies have directly examined this
prospectively. We investigated differences in longitudinal patterns of objectively-measured motor
activity during early development.

Methods: Participants included 113 infants at high and low risk for ASD or ADHD. Continuous
motion-based activity was recorded using tri-axial accelerometers at 12, 18, 24, and 36 months of
age. At 36-months, participants were categorized into one of three outcome groups: ASD (/7=19),
ADHD Concerns (nm=17), and Typically Developing (TD; n=77). Group differences in trajectories
of motor activity were examined in structured and semi-structured contexts. Associations with
behaviors relevant to ASD, ADHD, and general development were also examined.

Results: In both structured and semi-structured contexts, both the ASD and ADHD Concerns
groups exhibited heightened activity relative to the TD group by 18 months; the ASD group
exhibited higher activity than the ADHD Concerns group at 24—-36 months in the structured
context only. Attention/behavior regulation, nonverbal and verbal development—but not social
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engagement—were differentially associated with objectively-measured activity by outcome group
across contexts.

Conclusions: Overactivity may be a shared, rather than distinct, precursor of atypical
development in infants/toddlers developing ASD and concerns for ADHD, emerging as early as

18 months. Group differences in overactivity may be context-specific and associated with different
underlying mechanisms.
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Activity level; Attention-deficit/hyperactivity disorder; Autism spectrum disorder; Infancy

Introduction

Attention-deficit/hyperactivity disorder (ADHD) and autism spectrum disorder (ASD) are
two prevalent neurodevelopmental conditions (Baio et al., 2018; Sayal et al., 2018). Both
have an early-onset, are highly heritable, and are associated with significant long-term
impairment (Dalsgaard et al., 2015; Rommelse et al., 2010). Although ADHD and ASD
are distinct conditions (DSM-5, American Psychiatric Association, 2013), children with
ASD often present with elevated ADHD symptoms (Simonoff et al., 2008) and vice versa
(Grzadzinski et al., 2016), which can lead to challenges in differential diagnosis, especially
at early ages (Kentrou et al., 2019).

Increased motor activity is a core feature of ADHD, associated with the combined and
predominantly hyperactivity-impulsivity presentations. Longitudinal investigations have
found associations between high levels of parent-reported activity in infancy/toddlerhood
and later ADHD symptoms (Einziger et al., 2018; Shephard et al., 2019). Emerging evidence
utilizing accelerometers—which objectively measure motion-based activity (Hurd et al.,
2013)—nhas further demonstrated that increased activity distinguishes children and adults
diagnosed with ADHD from controls (Murillo et al., 2015), highlighting the potential
diagnostic utility of accelerometry (Hall et al., 2016). However, the age at which objectively-
measured overactivity first becomes evident in ADHD is underexplored.

Although not a core symptom of ASD, several studies have examined parent-reported
measures of temperament-based motor activity during early development in infant siblings
of children with ASD. Findings indicate that infants developing ASD exhibit reduced
activity levels at 12 months of age (Del Rosario et al., 2014), followed by heightened
activity into the second and third years of life compared to controls (Bolton et al., 2012; Del
Rosario et al., 2014; Garon et al., 2009). However, it is unclear whether heightened motor
activity represents a distinct versus shared early predictor of ASD and ADHD (Johnson

et al., 2015), as no prior studies have directly examined this in a prospectively-evaluated
sample enriched for outcomes of both elevated ADHD symptoms (i.e., ADHD Concerns)
and ASD.

Studies examining activity level as a potential early indicator of ASD and/or ADHD in
infants at-risk for ASD have revealed mixed findings. Utilizing a prospective longitudinal
sibling risk design, one study found that increased parent-reported levels of locomotor
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activity in infants and toddlers aged 7, 14, and 24 months were correlated with ADHD

(but not ASD) symptoms at 7 years (Shephard et al., 2019). In contrast, a population-based
sample found that hyperactivity, as observed and recorded by community health nurses from
birth to 10 months, predicted symptoms of both ASD and ADHD in early-to-mid childhood
(Elberling et al., 2014). Consistent with these findings, a different population-based, case-
control investigation found higher Aberrant Behavior Checklist Hyperactivity scores in 2-
to 5-year-old children with ASD compared to those with developmental delay and typical
development (Lyall et al., 2017). The different methods of measurement implemented to
assay activity level across studies, paired with the subjective nature of measurement, may
account for some of the observed differences across studies. In general, however, these
studies suggest that heightened levels of activity early in life may be a hallmark of not only
ADHD, but also evident in ASD. Based on a recently-described inherited polygenic risk
framework (Constantino et al., 2021), overactivity early in development may be a possible
overlapping inherited phenotype present in children with ASD and ADHD. Studying
possible shared developmental phenotypes in at-risk infants might aid in elucidating the
effects of inherited influences on children with ASD and ADHD, and potentially point to
targets for transdiagnostic preventive and early intervention efforts (Talbott & Miller, 2020).

Determining whether activity levels deviate from typical development in early life is a
challenge since it is not atypical for young children to exhibit high levels of motor activity
(Fewell & Deutscher, 2002). This highlights the need to implement objective-measurement
to aid in the quantification and detection of concerning activity levels exhibited during early
development. No study to our knowledge has objectively-quantified activity level during
the prodromal period of development for both disorders. The sensitivity of accelerometer-
measured activity—which has been shown to distinguish preschool-aged children with
ADHD from those with typical development (De Crescenzo et al., 2016; Murillo et al.,
2015)-has the potential to determine the extent to which overactivity during the prodromal
period is a specific early marker of ADHD versus a more general indicator of atypical
development.

The current study examined differences in longitudinal patterns of objectively-measured
activity from 12-36 months of age in a sample enriched for outcomes of ASD and ADHD
Concerns. Since environmental task demands may influence the presentation of both ADHD
(Kofler et al., 2016) and ASD (Kanne et al., 2009) symptoms, we examined activity level
group differences across two assessment contexts (structured and semi-structured). We
hypothesized that: (1) in line with findings based on parent-report measures of activity,
infants developing ASD or ADHD Concerns would exhibit higher activity levels compared
to typically developing infants across assessment contexts beginning in the second year

of life; and (2) differences between participants with ADHD Concerns versus Typically
Developing (TD) outcomes would be more pronounced during structured assessments,
since higher activity levels in children with ADHD are often associated with increased
task demands (Kofler et al., 2016). Exploratory analyses examined whether ADHD- and
ASD-relevant behaviors and verbal/nonverbal development were differentially associated
with objectively-measured activity by outcome group.
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Methods

Ethical Considerations

The study protocol was approved by the University of California, Davis Institutional Review
Board; written informed consent was obtained from parents before participation.

Participants

One-hundred and eighty-five infants with an older sibling diagnosed with ASD (ASD-risk
group; 7=100), an older sibling or parent diagnosed with ADHD (ADHD-risk group; /7=46),
or no family history of either diagnosis (low-risk group; 7=39) participated in developmental
assessments at 12, 18, 24, and 36 months of age as part of an ongoing longitudinal

study. Additional inclusion/exclusion criteria details are provided in Appendix S1 of the
Supporting Information.

At 36-months, participants were classified into one of three outcome groups by a

licensed psychologist. Consistent with previous work (Hatch et al., 2020; Hill et al.,

2020), participants were classified into the “ADHD Concerns” outcome group if they (a)
received an examiner-rated clinical best estimate outcome of “ADHD Concerns,” and (b)
exhibited >4 DSM-5 ADHD symptoms within any one symptom domain (i.e., inattentive

or hyperactive-impulsive) or =5 DSM-5 symptoms across both symptom domains (i.e.,
inattentive and hyperactive-impulsive combined) across reporters (i.e., parent and teacher
report on the ADHD Rating Scale Preschool version, examiner observation); at least one

of the endorsed symptoms must have been reported on the ADHD Rating Scale by the
parent or teacher as evidence of some degree of cross-situational presence of symptoms.
That is, no child was classified into the ADHD Concerns outcome group based on examiner
report alone. Participants with ASD met DSM-5 criteria for ASD and received an ADOS-2
calibrated severity score =4 (Lord et al., 2012). Participants who met criteria for ASD were
also considered for inclusion in the ADHD Concerns group; /=2 participants met criteria
for both outcomes but were excluded from analyses due to having too few accelerometer
datapoints (see below). The TD group included all participants who did not meet criteria for
ASD or ADHD Concerns, had an ADOS-2 comparison score <3 and had no more than one
Mullen Scales of Early Learning (MSEL) subscale T-scores <35 with no subscales <30.

Participants included in the current study completed the 36-month assessment and

received an outcome classification of ASD, ADHD Concerns, or TD and had =20-min

of accelerometer data during =2 visits (Cliff et al., 2009). A total of 160 participants

(86%) completed a 36-month assessment and received an outcome classification, 15 of
whom (9%) were excluded due to outcome classification of non-TD that was inconsistent
with either ASD or ADHD Concerns (of whom 12 had usable accelerometer data). An
additional 32 participants (20%) were excluded due to having only one visit with useable
accelerometer data (ADHD Concerns=3; ASD=5; ASD+ADHD Concerns=2; TD=22). The
final analyzed sample consisted of 113 participants: ADHD Concerns (/7=17), ASD (7=19),
and TD (n#=77). Table 1 displays sample characteristics by outcome group. Thirty-five
percent had accelerometer data for all 4 visits, 32% for 3 visits, and 34% for 2 visits. Table
S1 shows available and missing accelerometer data by group and visit age.
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During assessments at 12, 18, 24, and 36 months of age, continuous motion-based activity
was recorded (range +2g) from participants’ ankles using Empatica E4 multi-sensor
devices (McCarthy et al., 2016) at a sampling rate of 32-Hz across the duration of each
visit (Myuration=74.3 min, SDyration=46.9 min). Accelerometer-derived dependent variables
were examined within two assessment contexts: structured and semi-structured testing.
Participants first completed structured table testing (MSEL, several brief experimental
tasks), followed by semi-structured, play-based testing (Autism Diagnostic Observation
Schedule, 2" Ed. [ADOS-2]). Testing order was consistent across participants and visits,
except for the 12-month visit which consisted only of structured testing. Due to potential
variation in our sample related to ADOS-2 guidelines (i.e., nonverbal mental age 212
months, ability to walk at least a few steps independently; Lord et al., 2012), the ADOS-2
was not administered at the 12-month visit.

Sample Characterization

ADOS-2 (Lord et al., 2012).: This semi-structured standardized observation of social
communication and repetitive behaviors was used to verify inclusion criteria in probands
with ASD and determine 36-month outcomes. The ADOS-2 was administered at the 18-,
24-, and 36-month visits, representing the “semi-structured” context.

Child & Adolescent Symptom Inventory, 5 Edition (CASI-5; Gadow & Sprafkin,
2013).: Caregivers completed the ADHD section of this checklist for DSM-5-defined
symptoms of common childhood disorders on sibling probands to confirm familial risk
classification.

Attention-Deficit/Hyperactivity Disorder Rating Scale, Preschool Version (ADHD-RS;
McGoey et al., 2007).: Caregivers completed the preschool version of this ADHD symptom
measure at the 36-month visit to inform outcome classification. An additional observer
familiar with the child (e.g., preschool teacher, daycare provider) also completed this rating
scale whenever possible.

Mullen Scales of Early Learning (MSEL ; Mullen, 1995).: Four subscales from this
standardized developmental test were administered during structured tabletop testing at each
study visit: Fine Motor, Visual Reception, Expressive Language, and Receptive Language.
MSEL subscales have excellent internal consistency (median 0.91) and test-retest reliability
(median 0.84). Subscale 7-scores (M=50; SD=10) and age equivalents can be obtained. The
MSEL was utilized to inform participant 36-month outcome classification.

Accelerometer-derived Measures of Activity Level—Accelerometer preprocessing
details are included in Appendix S2 of the Supporting Information. Filtered accelerometer
activity was segmented into units of acceleration (mm/s2) over 15-s time intervals (epochs)
within each assessment context for each visit and participant. Two dependent variables
of activity level were derived (Hurd et al., 2013; Wood et al., 2009): Mean activity, by
calculating the average of the epoch activity, and Mean intensity of activity, by calculating
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the mean of the maximum magnitude of epoch activity within each assessment context
for each visit and participant. Duration of accelerometer recording at each visit, across
assessment contexts, was not correlated with either mean activity or mean intensity of

activity (range of Spearman’s rank correlation coefficients, —0.11 to —0.02, £=0.38).

ASD, ADHD, and Verbal/Nonverbal Behaviors

Saocial engagement.: Frequencies of three social engagement behaviors were rated by
examiners at each visit on a five-point scale ranging from 1=None to 5=Very Frequent:
eye-contact, shared affect, and overall social responsiveness. A social engagement composite
(range=3-15) was derived by summing these items, with higher scores reflecting a higher
frequency of social engagement behaviors. This measure has been used in prior studies and
was correlated with behaviorally-coded social behaviors (Ozonoff et al., 2010).

Behavior Rating Inventory for Children (BRIC).: Three ADHD-relevant behaviors
(attention, activity, impulsivity; Gopin et al., 2010) were rated by examiners at each visit
using a five-point Likert scale, with lower scores reflecting fewer problematic behaviors.
An attention/behavior regulation composite was derived by summing and rescaling the three
items so that higher scores reflect better attention/behavior regulation (range=3-15). The
BRIC was modified for use with infants and toddlers and has been shown to correlate with
behaviorally-coded attention/behavior regulation (Miller et al., 2020).

Verbal and Nonverbal Developmental Quotients (DQs).: DQs were calculated by
dividing each MSEL subscale age-equivalent score by the child’s chronological age and
multiplying by 100 (Messinger et al., 2013). Verbal (i.e., the average of the Receptive and
Expressive Language DQs) and nonverbal (i.e., the average of the Fine Motor and Visual
Reception DQs) DQs were derived.

Statistical Analyses

Linear mixed-effects models were implemented using the n/me package in R version 3.6.2
(R Core Team, 2020) to examine longitudinal trajectories of activity level and associations
with outcome group, stratified by assessment context (structured, semi-structured). The
models that were used to represent the observed accelerometer variable Yj;for individual 7at
the measurement visit jfor each context had the form:

Yij= ag+ a]ADHD; + apASD; + (fp + f1 ADHD; + prASD;) age;  + (83 + p4ADHD; + f5ASD;) ageiz
+ (B + P7ADHD; + fgASD;) age; + 7 + ¢

Cubic age effects were fitted only for the structured context models. Age (in months) was
centered at 12 months in the structured context, and 18 months in the semi-structured
context. Therefore, the coefficients ag, By, B3, and S describe the mean trajectory for
participants with TD outcomes. The coefficients aq and ap provide tests of the differences
at baseline between participants with ASD and TD outcomes and between ADHD Concerns
and TD outcomes. The coefficients B1-5s, Ba-Fs, and G;-Bs (for structured context only)
provide tests of whether the linear, quadratic, or cubic slopes differ between participants
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with ASD and TD outcomes and between ADHD Concerns and TD outcomes. Normally
distributed random effects for participants intercepts (t,) were included to allow for
deviations from the mean scores predicted by the model and to account for within-child
correlation. Finally, the errors e;;were assumed independent and normally distributed and
independent of <;.

After fitting these initial models, we tested and sequentially removed higher-level terms
that did not add significantly to the model. Heterogeneous variances (by group) were
considered for the error terms. Final fixed effect structures were identified through
comparisons between models with the same random effects structure using maximum
likelihood estimation. All final models predicting mean activity included a heterogeneous
residual variance structure within outcome groups since this improved model fit for mean
activity models, but not mean intensity.

To evaluate whether time-varying characteristics relevant to ADHD (attention/behavior
regulation), ASD (social engagement), or verbal/nonverbal development—measured at each
assessment time point (12, 18, 24, and 36 months of age)—were differentially associated
with accelerometer metrics by group, we tested each behavior individually by adding

terms for the behavior (grand mean centered) and its interactions with group to the final
models. Table S2 shows descriptive statistics by group and visit for all behaviors considered
as covariates. We additionally conducted Spearman’s rank correlations to examine the
relationship between accelerometer variables at each age and 36-month examiner-rated
social engagement and 36-month attention/behavior regulation total scores (Table S3).

Following significant interaction effects, linear contrasts were used to evaluate pairwise
group differences at each visit age. All tests were 2-sided with p-values of <0.05 considered
statistically significant.

Longitudinal Trajectories of Activity Level

Tables S4-S7 report tested models and model fit indices.

Structured Context.—Linear mixed-effects models indicated that the three groups did
not differ in either accelerometer metric at 12 months of age. However, the interactions
between outcome group and age effects were significant for both dependent variables in
the structured assessment context, indicating different group developmental trajectories of
mean activity (MA) and mean intensity of activity (MI) from baseline (12 months). These
were driven by the ASD group having significantly different trajectories than the TD group
(difference in both linear and quadratic slopes p<0.05). See Table 2 and Figure 1.

Pairwise comparisons derived from the final models (Table S8) indicated that, over time,
both the ASD and ADHD Concerns groups had significantly higher MA and M| compared
to the TD group, with differences first observed at 18 months (ASD vs TD: MA: estimated
difference [est.]=26.1, p<0.001; MI: est.=210.1, p=0.001; ADHD Concerns vs TD: MA:
est.=10.3, p=.047; MI: est.=139.8, p=0.03), and becoming more pronounced through 36
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months of age (ASD vs. TD: all p5<0.001; ADHD Concerns vs TD: all ps<0.03). At 24
and 36 months, the ASD group had significantly higher MA and Ml relative to the ADHD
Concerns group (24-month MA: est.= =30.2, p=0.002; MI: est.= -194.1, p=0.04; 36-month
MA: est.=—23.4, p=0.01; MI: est.= -=194.7, p=0.04).

Semi-structured Context.—Table S9 shows descriptive statistics of accelerometer
measures by group across visit ages. The quadratic age effect and interaction terms for
ADHD Concerns and ASD outcome groups with age effects were not significant and
therefore removed from the final models (Table 2), suggesting that the groups exhibited
parallel patterns of MA and MI over time. The fixed effects for ASD and ADHD Concerns
were significant, indicating greater MA and M1 than the TD group across the age span
examined (18-36 months). No significant differences in either accelerometer metric were
observed between the ADHD Concerns and ASD groups.

Finally, the results of a secondary analysis conducted in the TD group only and reported

in Table S10 suggest that risk group may not be differentially associated with activity level
across the ages examined, as risk group effects and interactions between risk group and age
effects were not significant.

Analysis of Time-varying Covariates

Structured Context.—Interaction terms with age were non-significant (Table S11),
indicating significant effects described below did not differ by age. In terms of behaviors
relevant to ADHD and ASD, for both accelerometer dependent variables, there was

a significant effect of attention/behavior regulation for TD participants (MA: g=-1.91,
p<0.001; MI: p=—27.27, p<0.001), indicating that activity level was lower in children who
had better attention/behavior regulation. Both models yielded a significant ASD outcome
group by attention/behavior regulation interactions (MA: g=-7.89, p<0.001; MI: f=—-58.79,
p=0.002), suggesting reduced attention/behavior regulation was more strongly associated
with increased MA in the ASD group compared to the TD group. The strength of this
relationship did not differ between the ADHD Concerns and TD groups, nor did it differ
between the ADHD Concerns and ASD groups. Effects of social engagement were non-
significant.

Regarding general developmental functioning, for TD participants, there was a significant
association between nonverbal DQ and MA (8=-0.26, p=0.02), but not MI, suggesting that
MA was higher in children with lower nonverbal functioning. Significant ASD outcome
group by nonverbal DQ interactions indicated that lower nonverbal DQ was more strongly
associated with increased activity levels in the ASD group compared to the TD group
(MA: pg=-1.02, p<0.001; MI: p=—9.03, p<0.001). This relationship did not differ between
the ADHD Concerns and TD groups, nor between the ADHD Concerns and ASD groups.
In terms of verbal DQ, there was a significant fixed effect, but not interaction, on both
dependent variables, suggesting that increased activity was associated with lower verbal
DQs (MA: p=-0.28, p<0.001; MI: 5=-2.80, p=0.004).

Semi-structured Context.—There was a significant fixed effect of attention/behavior
regulation, but no interaction with group, indicating that both accelerometer metrics
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were higher in children who had lower examiner-rated attention/behavior regulation skills
(MA: p=-2.16, p=0.001; MI: p=-18.99, p=0.005). Effects of social engagement were non-
significant.

Effects of nonverbal DQ were non-significant. However, for both accelerometer metrics,
the effect of verbal DQ was significant (MA: =0.39, p=0.01; MI: £=2.99, p=0.009) in the
TD group, indicating that higher verbal functioning was associated with increased activity
levels. The interaction between ADHD Concerns outcome and verbal DQ on MA (but not
MI) was significant (8=—0.74, p=0.02), indicating a stronger negative association between
verbal functioning and MA in the ADHD Concerns group compared to the TD group. The
strength of this association did not differ between the ASD and TD groups, nor between the
ASD and ADHD Concerns groups.

Discussion

To our knowledge, this is the first study to examine differences in longitudinal patterns of
objectively-measured activity in a sample of infants at familial risk for ADHD or ASD.
Although no differences in activity levels were observed among groups at baseline (12-
months) in the structured assessment context, both the ASD and ADHD Concerns groups
exhibited heightened activity levels compared to the TD group by 18 months, persisting
through 36 months of age. In the semi-structured assessment context both the ASD and
ADHD Concerns groups exhibited heightened activity levels compared to the TD group
across all ages examined (18-36 months).

Although lower parent-reported activity levels have been documented in infants with later
ASD at 12 months (Del Rosario et al., 2014), we did not find significant differences in
objectively-measured motor activity among groups at this age. Instead, our findings suggest
heightened activity levels emerge in the second year of life among infants developing ASD,
consistent with our hypothesis and previous studies utilizing parent-report measures of
activity level (Bolton et al., 2012; Del Rosario et al., 2014; Garon et al., 2009). Our study
extends these previous findings by being the first to characterize activity level trajectories in
infants with later ASD using objective accelerometer measures.

Contrary to our hypothesis, we did not find context-dependent effects on activity level in
the ADHD Concerns group. The ADHD Concerns group exhibited increased MA and Ml
in both the structured and the semi-structured assessment contexts compared to the TD
group, emerging at 18 months in the structured context, and evident at all ages examined
(18-36 months) in the semi-structured context. Findings related to contextual influences on
activity level in ADHD are mixed. Although several studies suggest that higher activity
levels in participants with ADHD are associated with increased task demands (Kofler

et al., 2016), others have found minimal differences in activity levels between ADHD
participants and controls (Kam et al., 2011). Our results suggest that toddlers who develop
ADHD Concerns by age 3 exhibit heightened activity levels across both structured and less
structured contexts. These results may differ among children who later meet full diagnostic
criteria for ADHD, which we hope to address as these children are followed over time.
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By 18 months of age, the ASD and ADHD Concerns groups both exhibited higher activity
levels relative to the TD group, but mean activity levels were significantly higher in the
ASD group relative to the ADHD Concerns group in the structured (but not semi-structured)
assessment context at 24-36 months of age. Given the limited sample size in the ASD and
ADHD group, and in consideration of the medium effect sizes observed (Tables S8 and S9),
it is possible that group differences would have emerged (e.g., been statistically significant)
at an earlier time point in the structured context, with the ASD group showing greater MA
than the ADHD Concerns group at 18 months of age. In the semi-structured context, it is
possible that with a larger sample the ADHD Concerns group may have shown greater Ml at
36 months of age relative to the ASD group.

Although ADHD symptoms like elevated activity level are often observed in young children
with ASD (Antshel & Russo, 2019; Johnson et al., 2015), it is currently unclear whether
heightened motor activity in ASD reflects the same underlying mechanisms that are
associated with overactivity in ADHD. To begin to address this question, we examined
whether ADHD- and ASD-relevant behaviors (i.e., attention/behavior regulation, social
engagement) were differentially associated with the group effects described above. For all
groups, lower attention/behavior regulation was associated with higher mean activity and
intensity across both assessment contexts. This makes sense, as activity level was one of the
three behaviors rated by examiners comprising the attention/behavior regulation composite
(along with ratings of attention and impulsivity). In the structured context, the associations
between attention/behavior regulation and both accelerometer metrics were stronger in the
ASD group compared to the TD group, with no difference in the strength of the associations
between the ASD and ADHD Concerns groups. In contrast, associations between social
engagement and accelerometer metrics were non-significant. These findings are consistent
with research describing associations between increased parent-rated activity level in infancy
and later ADHD symptoms, but not ASD (Shephard et al., 2019). Although attention/
behavior regulatory problems are implicated in ADHD, such problems also frequently
co-occur in children with ASD (for a review see, Johnson et al., 2015), suggesting the
importance of transdiagnostic approaches to understanding mechanisms underlying these
behaviors that may cut across diagnostic boundaries. Given the strong association between
the examiner rated measure of attention/behavior regulation and objective-measures of
motor activity, our findings suggest that accelerometry may be a useful metric for not

only objectively measuring heightened levels of activity early in development, but also for
potentially indexing early manifestations of more generalized attentional and/or behavioral
dysregulation. Future work should aim to build upon these initial analyses by applying
causal modeling to describe the direction of the associations between objectively-measured
activity level and specific behavioral symptoms of ADHD, as well as ASD.

We also examined the effect of general developmental functioning on group effects on
activity level, finding some context-specific group differences. Specifically, the relationship
between nonverbal development and activity level was especially strong in the ASD group in
the structured context, consistent with evidence suggesting that children with ASD plus high
ADHD symptoms tend to present with lower developmental functioning (Antshel & Russo,
2019; Karalunas et al., 2018). In contrast, the association between verbal development

and mean activity level was particularly strong in the ADHD Concerns group in the

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reetzke et al.

Limitations

Page 11

semi-structured context. Among children with ADHD Concerns outcomes, those with

lower language skills appeared to be more active in an environment in which there were
fewer physical constraints and fewer “instructions” to follow. Indeed, inattentive-hyperactive
behaviors have previously been associated with lower language abilities (Petersen et al.,
2013), and language skills are suggested to serve as a self-regulatory mechanism in children
with or at-risk for developing ADHD (Petersen et al., 2015). It is possible that heightened
levels of activity in young children with ADHD concerns may partially arise from deficits in
using language for planning and monitoring behavior in environments with limited structure/
constraints.

Strengths of this study include incorporating infants at familial risk for ADHD, a rarely-
studied population (but see Gui et al., 2020); the use of an objective-measure of motor
activity; and rigorous, longitudinal behavioral phenotyping of the sample. Several limitations
are also apparent, including our relatively small sample size. In addition, our sample had

a lower rate of co-occurrence between ASD and ADHD Concerns than has been found

in other studies (Antshel & Russo, 2019). There are several potential explanations for this
finding. First, our ADHD Concerns algorithm integrated ratings from examiners, parents,
and (whenever possible) teachers. Some of the DSM ADHD symptoms cannot be observed
by examiners in a structured test setting, which may have led to lower reporting rates for
certain behaviors. In addition, we cannot rule out the possibility that parents and teachers
may report on ADHD-related behaviors differently in children with ASD than those without
ASD especially at such young ages. Finally, given the average age of ADHD diagnosis

of age 7 (Visser et al., 2014), many children who develop ADHD may not show overt
symptoms as early as 36 months of age. Therefore, it is likely that some of the children with
ASD in the current study will go on to develop ADHD after 36 months of age. We hope

to further explore potential co-occurrence between children with ASD and later ADHD in
follow-up investigations.

We also obtained accelerometer measures from a single location (ankle). While this is a
common location (De Crescenzo et al., 2016), additional recordings from other locations
(e.g., waist) could provide more robust information about the nature of overactivity during
early development. We also did not collect data on the proportion of time participants

were seated in their caregiver’s laps during structured testing. To account for potential
movement artifacts from caregivers, future work could aim to record accelerometer metrics
from caregivers to allow for subtraction of caregiver movement from child movement.
Finally, due to the testing guidelines of the ADOS-2, the semi-structured context excluded
12-month-old participants and, as a result, accelerometer data were only available for the
structured assessment context at 12 months. Since group differences in the semi-structured
context were not associated with age-related changes, it is possible that we did not capture
the developmental transition point at which activity levels in children with ADHD Concerns
and ASD begin to diverge from typically developing children.

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reetzke et al.

Conclusion

Page 12

Overall, our findings suggest that overactivity observed as early as 18 months of age may be
a shared, rather than distinct, characteristic of infants/toddlers developing ADHD concerns
and ASD. However, subtle group differences in overactivity may be context-specific and
associated with different underlying mechanisms. From a clinical perspective, it is critical
to be aware of such overlap in symptom presentation between infants/toddlers developing
ADHD Concerns and ASD, as previous evidence suggests that ADHD symptoms in young
children with ASD may delay formal diagnosis (Kentrou et al., 2019) and impact treatment
outcomes (Antshel & Russo, 2019).

Our findings suggest that accelerometry may be a useful supplementary metric to
complement behavioral observation for objectively detecting heightened activity levels early
in development among young children with ASD and concerns for ADHD. However, future
work is needed to identify whether overactivity is a transitory versus stable early marker

in infants/toddlers who later meet full diagnostic criteria for ADHD and ASD before
prognostic validity and transdiagnostic guidelines can be established. It is further necessary
to understand what combination of metrics is most predictive of outcome and the extent

to which child age may impact the predictability of certain metric combinations. Finally,

to establish the clinical utility of accelerometry, future work is needed to examine the
feasibility and acceptability of clinician use of this metric for monitoring heightened activity
levels early in development.
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Key points

. Although it is currently unclear whether increased activity level represents a
distinct versus shared early predictor of ASD and ADHD, no study to date has
directly examined this prospectively.

. The current study examined differences in longitudinal patterns of
objectively-measured activity from 12—36 months of age in a sample enriched
for outcomes of ASD and ADHD Concerns across two assessment contexts.

. Heightened motor activity emerged by 18 months in infants with later ADHD
Concerns and ASD; group differences were observed across assessment
contexts.

. From a clinical standpoint, it is important to be aware of potential symptom
overlap, as ADHD symptoms present in young children with ASD have been
found to delay formal diagnosis and impact treatment outcomes.

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Reetzke et al.

Page 17

— Structured Semi-Structured
B 200
E
&
N
> 150 1
>
2
= 100 A
@®
()
=
o 501
Q
@®
=
% 0
LIJ T ] B T T 1 ]
12 18 24 36 18 24 36
& Structured Semi-Structured
0
E -
£ 2000 A
N
2
2 15004
Q
£
| -
= 1000
()
=
E 500 - 2
m
£ .
“a 0- T T T T T T T
w 12 18 24 36 18 24 36
Age (months)
=== ADHD Concerns == | ASD ==  TD

Figure 1. Longitudinal trajectories of motor activity by outcome group.
Mean activity (top panel) and mean intensity of activity (bottom panel) by structured

(left panel) and semi-structured (right panel) assessment context. Error bands denote 95%

Confidence Intervals.
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Table 1.
Participant characteristics.
ADHD Concerns ASD TD
p-value
(n=17) (n=19) (n=77)
Mean Age, Mean (SD) 36.7 (0.8) 36.2(0.7) 36.5(1.0) 0.29
Male Sex, 17(%) 11 (64.7) 11(57.9) 36(53.2) 0.68
Risk Group, 77 (%) <0.001
ADHD Concerns 11 (64.7) 0 (0) 22 (28.6)
ASD 6 (35.3) 19 (100) 29 (37.7)
Low Risk 0(0.0) 0(0.0) 26 (33.8)
Race?, n(%) 0.79
Non-White 7(41.2) 10 (52.6) 35(45.5)
White 10 (58.8) 9(47.4)  40(51.9)
Hispanic Ethnicityb, n (%) 2(11.8) 6(31.6) 14(182) 0.67
Maternal Education, 77 (%) 0.09
No college degree 7(41.2) 4(21.1) 13 (16.9)
College degree or higher 10 (58.8) 15(78.9) 64 (83.1)
Household Incomec, n (%) 0.14
Under $20,000 2(11.8) 0(0) 1(1.3)
$20,001-$60,000 6 (35.3) 5(26.3) 14 (18.2)
$60,001-$100,000 3(17.6) 7(36.8) 17 (22.1)
$100,001 or higher 5(29.4) 7(36.8)  36(46.8)
Autism Diagnostic Observation Schedule, 36 months d <0.001
Comparison Score, Mean (SD) 1.6 (1.0) 6.8 (2.3) 1.2(0.4)
Attention-Deficit/Hyperactivity Disorder Rating Scale, 36 months ¢ <0.001

Total, Mean (SD) 18.6 (8.8) 20.2 (9.9)

9.3(5.7)

Note: ADHD=attention-deficit/hyperactivity disorder; ASD=autism spectrum disorder; TD=typical development, SD=standard deviation. Overall
group differences examined using chi-square tests for sex, risk group, race/ethnicity, maternal education, and Fisher’s Exact test for household
income, and one-way analysis of variance for continuous measures. Missing or parent preferred not to answer:

=2 TD;
b
=3 ADHD Concerns, /=2 TD;
cnzl ADHD Concerns, /=9 TD;
d
=1 ADHD Concerns;
En:S ADHD Concerns, /=2 ASD, =2 TD;

79/ 1 ASD, =3 TD.
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