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Abstract

Motor challenges are commonly reported in Autism Spectrum Disorder (ASD). Yet, there is
substantial heterogeneity in motor ability within ASD, and it is unknown what behavioral
characteristics best explain individual differences in motor ability in ASD and related conditions.
This observational study examined motor ability as a function of sensory features, attention
deficit/hyperactivity symptoms, ASD symptoms, and 1Q in 110 children with ASD, typical
development, or an intermediate behavioral profile. While motor challenges were more prevalent
in the ASD group compared to other groups, sensory symptom severity and 1Q across all
individuals best predicted motor performance above-and-beyond group status. Therefore, motor
challenges may be best characterized by individual variation in sensory features and cognitive
abilities rather than diagnostic group.
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Motor challenges have historically been associated with autism spectrum disorder (ASD)
(Kanner 1943) and have been demonstrated in a variety of domains, including balance,
postural stability, grip strength, movement planning, gross motor coordination, and fine
motor coordination (Ament et al. 2015; Fournier et al. 2010; Travers et al. 2013, 2017). Yet,
within these domains there is substantial heterogeneity in motor performance among
members of the ASD group (Green et al. 2009; Kopp et al. 2010), and it is unclear what
factors underlie this heterogeneity. If we knew the sources of this heterogeneity, we could
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better understand the nature of motor impairments in ASD in a way that could potentially
optimize intervention.

Further, motor challenges are not unique to ASD and have been reported in individuals with
conditions such as attention deficit/hyperactivity disorder (ADHD) (Biscaldi et al. 2015) and
in first-degree relatives of those with ASD (Mosconi et al. 2010; Wu et al. 2018). While the
nature of these motor challenges may be different in ASD compared to ADHD (Mostofsky
et al. 2003; MacNeil and Mostofsky 2012), the within-group heterogeneity and the
prevalence of motor challenges across ASD and other clinical and subclinical populations
raise the question of whether motor challenges in ASD are more accurately represented at
the diagnostic group level or at the individual level. Indeed, the majority of the research to
date has implemented case-control designs that only have the ability to detect group-level
differences between a population of interest and a control group. However, these group-level
designs are in stark contrast to clinical best practice in occupational and physical therapy, in
which motor challenges are individually assessed and treated in all children with motor
difficulties, regardless of whether they have an ASD diagnosis (Campbell 2013; Schaaf
2015). Therefore, the purpose of the present study was to perform and compare both a
group-difference analysis and an individual-differences analysis of motor challenges in
children with ASD, children with typical development, and children in an intermediate
group, comprised of children with diagnoses or first-degree relatives with diagnoses that
have been shown to be genetically associated with ASD (Carroll and Owen 2009; Lionel et
al. 2011). This intermediate group was selected to represent children who are often excluded
from traditional case-control research in ASD but who might represent an intermediate
behavioral phenotype between ASD and typical development. Specifically, we sought to
determine which combination of behavioral characteristics best predict motor challenges and
whether an individual-differences approach would out perform a group-differences approach

(Fig 1).

A high degree of individual variability in motor ability is present across the autism spectrum
ranging from mild to severe motor deficits (Green et al. 2009; Kopp et al. 2010), such that
some individuals with ASD may experience few motor challenges, while others may
experience severe motor challenges (as can be seen in data from Kopp et al. 2010). Some
motor challenges in ASD may be so severe as to warrant a co-occurring diagnosis of
Developmental Coordination Disorder (DCD; Van Waelvelde et al. 2010), a condition
characterized by delays to reach early motor milestones and difficulties with coordination of
either gross or fine motor skills to the point of interference with activities of daily living
(American Psychiatric Association 2013). Based upon the within-group heterogeneity, it
appears important to examine motor ability at an individual level as well as at a group level.
However, the scientific community has most often employed classic case-control designs
(Fig 1A) to understand motor function in ASD (e.g. Biscaldi et al. 2015; Hilton et al. 2012;
Pan et al. 2009). While case-control designs elucidate group-averaged differences between
ASD and typically developing individuals, they may not effectively convey the heterogeneity
of motor challenges within and beyond ASD. Although case-control designs are most
common, the nature of motor challenges in individuals with ASD may be most clearly
elucidated by using group-difference designs (Fig 1B) (i.e., research designs that include
other populations in addition to a typically-developing comparison group when comparing
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motor ability) and/or individual-difference designs (Fig 1C) (i.e., research designs that cross-
diagnostically assess motor ability along a continuum). Individual-difference approaches, in
particular, may be powerful in that they align with clinical best practices (Campbell 2013;
Schaaf 2015) and with the Research Domain Criteria (RDoC) framework that focuses on
using continuously measured variables to understand key behavioral domains across
diagnostic groups (Insel et al. 2010).

However, one challenge to using an individual-difference approach is determining which
continuously measured characteristics, of many potential candidates, may be the most inter-
related with motor performance. Current literature suggests that a variety of behavioral
characteristics may be related to motor ability including ASD symptomatology, ADHD
symptomatology, cognitive ability, and sensory symptom severity. In terms of ASD
symptomatology, several investigations utilizing between-group analyses have shown that
children with ASD have poorer motor ability than typically developing peers (Fournier et al.
2010; Fulceri et al. 2019). Additionally, several studies using an individual-differences
approach within a group with ASD have demonstrated a relationship between motor ability
and core ASD symptoms, such that more severe ASD symptoms correlated with more severe
motor impairment (Biffi et al. 2018; Hilton et al. 2012; Radonovich et al. 2013; Travers et al.
2013, 2015). In terms of ADHD symptom severity, the prevalence of motor challenges in
ADHD (Blondis 1999; Buderath et al. 2009; Harvey and Reid 2003) suggests that core
ADHD symptoms may be associated with motor challenges, although we are unaware of any
studies that have looked at this on a continuum. In addition, similarities in motor
performance between children with ASD and ADHD have been identified (Biscaldi et al.
2015; Pan et al. 2009).

In terms of cognition, lower IQ has also been associated with more severe motor difficulties
in children with ASD (Green et al. 2009; Hilton et al. 2012; Kopp et al. 2010) and their
siblings (Green et al. 2009). Further, youth with ASD with lower 1Q demonstrated more
postural sway on unsteady surfaces than those with higher 1Q, suggesting that motor
performance may result from an interaction between IQ and task difficulty (Travers et al.
2018). Sensory symptom severity also likely plays a role in motor ability. Not only is there a
wealth of neurobiological evidence that link sensory and motor systems (Donoghue 1995;
Kaas 2008; Lungarella and Sporns 2006), but both impaired sensory processing and
increased variability in sensory input have been linked to poorer motor ability in ASD
(Gowen and Hamilton 2013; Liu 2013). While the literature cumulatively suggests links
between motor ability and a variety of behavioral characteristics, it is important to note that
the majority of studies have employed either a group-difference design to assess average
motor ability between populations (Biscaldi et al. 2015; Buderath et al. 2009; Pan et al.
2009) or have used a modified individual-difference design where continuous measures were
assessed within a specific clinical population (Fulceri et al. 2019; Green et al. 2009; Liu
2013; Travers et al. 2018; Van Waelvelde et al. 2010; Yu et al. 2018). And while these
analyses have indicated relationships between specific behavioral characteristics and motor
ability, none have been able to determine which combination of behavioral characteristics
best predicts motor ability, nor have they done so across both the ASD population and the
population of individuals with conditions or family histories that have been previously found
to be genetically associated with ASD. Including a group with a high genetic overlap with
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ASD (i.e., children with ADHD [Lionel et al. 2011], children with a family history of ASD,
schizophrenia, and bipolar disorder [Carroll and Owen 2009]) would likely provide an
intermediate motor phenotype and would allow for the dimensional exploration of motor
challenges across a spectrum of ability. Therefore, the present study set out to fill these key
gaps, using both a group-difference approach to align with prior research and an individual-
difference approach to examine behavioral characteristics that best predict motor ability.

Objectives

Methods

Participants

The first objective of the present study was to characterize group-level differences in motor
ability among three different groups: the group with ASD, the group with typical
development (TD), and the intermediate group (INT) comprised of individuals with
conditions or a family history previously demonstrated to be associated with ASD (Fig 1B).
We extended this line of research to also examine the percent of children with more severe
motor challenges and the heterogeneity of motor performance within each group. We
hypothesized that the ASD, INT, and TD groups would each show differing levels of motor
ability, with the ASD group having the most severe motor impairment and the typically
developing group having the least severe motor impairment. We also anticipated a great deal
of heterogeneity in motor ability within each group but particularly in the ASD and INT
groups.

The second objective of the study was to investigate motor ability on a continuum by
identifying which combination of behavioral characteristics selected from the literature was
most associated with motor ability across children, regardless of diagnosis. This individual-
differences approach allowed for more specificity by assessing individual differences rather
than group averages (Fig 1C). We hypothesized that this RDoC-aligned (Insel 2010)
approach would provide a combination of behavioral characteristics that predicted motor
ability in children across the population. Based on the previous literature, we hypothesized
that some combination of more severe ASD symptoms, lower 1Q, more severe sensory
symptoms, and more severe inattention and hyperactivity symptoms associated with ADHD
would predict motor impairment.

The third objective of the study was to determine if behavioral characteristics were better
predictors of motor ability then diagnostic group by testing if the individual-difference
approach out-performed the group-difference approach in predicting motor ability. Given the
anticipated heterogeneity within the ASD and INT groups, we hypothesized that the
individual-differences approach would more robustly predict motor ability than the group-
difference approach.

Participants ages 610 years were assigned to one of three potential groups: ASD,
intermediate (INT), or typically developing (TD). Criteria for ASD, INT, and TD group
membership was predefined based upon family history, diagnostic status, and scores on the
ADOS-2, SRS, and SCQ (see Online Resource 1 for a diagnostic decision tree). All
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participants completed the ADOS-2, SRS, and SCQ. Record review by the principal
investigator and a licensed clinical psychologist who specializes in autism diagnosis was
done for each participant in order to determine final group status. None of the participants
had a history of severe head injury or a diagnosis of intellectual disability, tuberous sclerosis,
or fragile X.

Participants in the TD group were required to meet a stringent cutoff of 8 on the Social
Communication Questionnaire (SCQ; Rutter et al. 2003) and did not have an existing
diagnosis of ASD or ADHD. Participants qualified for ASD group membership by either 1)
meeting ASD cutoffs on the Autism Diagnostic Observation Scale, 2" Edition (ADOS-2;
cutoff = 8; Lord et al. 2012) or2) meeting ASD cutoffs on both the Social Responsiveness
Scale, second edition (SRS-2; cutoff = 60; Constantino and Gruber 2012) and'the SCQ
(cutoff = 15; Rutter et al. 2003). Similar to the ASD and TD groups, the INT group was
behaviorally defined. Participants in the INT group met at least one of the following criteria:
1) reported having an existing diagnosis of ADHD or 2) had a first-degree relative with a
diagnosis of ASD, bipolar disorder, major depressive disorder, or schizophrenia. The breadth
of neuropsychiatric disorders included in the INT group was based upon emerging research
that has shown similarities in the genetic makeup of individuals with ASD, schizophrenia,
and bipolar disorder (Carroll and Owen 2009; Guan et al. 2019). Additionally, research has
indicated similarities in the genes that are thought to increase the risk of ADHD and those
thought to increase the risk of ASD (Lionel et al. 2011).

Bruininks-Oseretsky Test of Motor Proficiency, 2" Edition Short Form (BOT-2
SF; Bruininks and Bruininks 2005).—The BOT-2 SF was used to assess motor profiles
of all participants. This standardized observational assessment measures stability, mobility,
strength, coordination and object manipulation. Specifically, analyses included all items
from the BOT-2 SF, which have been previously validated (Bruininks and Bruininks 2005).
The administration of the BOT-2 SF takes approximately 20-25 minutes and consists of 14
tasks, taken from the eight subtests of the full BOT-2 (fine motor precision, fine motor
integration, manual dexterity, bilateral coordination, balance, running speed and agility,
upper-limb coordination, and strength). While this measure assesses both gross and fine
motor skills, it produces one single score of motor proficiency, where higher scores indicate
better motor ability. All scores from the BOT-2 SF are standardized for age and sex. The
BOT-2 SF has strong internal consistency reliability (.82-.87), test-retest reliability
(.80-.87), and interrater reliability (.98). The BOT-2 SF has also been used in initial
evaluations for DCD where potential DCD is marked by a standard score at or below 35.5
(Bruininks and Bruininks 2005). BOT-2 SF standard scores were used in all analyses, with
higher scores indicating better motor ability.

Sensory Experiences Questionnaire Version 3.0 (SEQ-3.0; Baranek 2009).—
The Sensory Experiences Questionnaire 3.0 (SEQ-3.0) is a parent report measure used to
characterize sensory features in children 2—-12 years of age. The assessment has been
validated for use in children with typical development, ASD, and other developmental
disabilities and evaluates sensory experience in both social and non-social contexts (Baranek
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2009). This questionnaire contains items that measure the frequency of atypical sensory
behaviors across four key sensory patterns (hyporesponsiveness, hyperresponsiveness,
repetitions and seeking behaviors, and enhanced perception) and all sensory modalities
(auditory, visual, tactile, gustatory/olfactory, and vestibular/proprioceptive; Ausderau et al.
2016). Sensory features were evaluated using the 97 quantitative items on the SEQ-3.0 that
utilize a 5-point Likert scale which ranges from 1-5 (never/almost never to always/almost
always) with higher scores indicating more severe sensory symptoms. Analyses were done
using a compaosite sensory severity score that was calculated using the summed total score
from each sensory pattern.

National Initiative for Children’s Healthcare Quality Vanderbilt Assessment
Scales (NICHQ VAS; American Academy of Pediatrics & National Institute for
Children’s Health Quality 2002).—The NICHQ VAS was used as a continuous measure
of ADHD symptom severity. The NICHQ VAS has two components: symptom assessment
and impairment in performance (American Academy of Pediatrics & National Institute for
Children’s Health Quality 2002). Analyses were performed using the symptom assessment
items of the NICHQ VAS which measures the inattentive and hyperactive behaviors which
characterize ADHD (sum of items 1-18). This total score (sum of items 1-18) was used in
all analyses, with higher values indicating more prominent ADHD symptoms.

Social Responsiveness Scale, second edition (SRS-2; Constantino and
Gruber 2012).—The SRS-2 is a 65-item parent report measure that examines the presence
of ASD symptoms in the past six months. Observed reciprocal social behaviors are rated on
a scale from “0” (never true) to “4” (almost always true). The SRS-2 has been validated for
clinical populations age 4-18 years. Total raw scores from the SRS-2 were used in all
analyses, with higher values indicating greater severity of ASD symptoms.

Wechsler Abbreviated Scale of Intelligence-2nd Edition, 2 Subtest (WASI-II;
Wechsler and Hsiao-pin 2011).—The WASI-II, 2 Subtest is an abbreviated measure of
intelligence designed for individuals aged 6-90 years old which approximates general
intellectual ability. Performance on the Vocabulary and Matrix Reasoning subtests of the
WASI-I1 were used to calculate a two-subtest Full-Scale 1Q (FSIQ-2) composite score. The
reliability coefficients for the Vocabulary and Matrix Reasoning subtests, were high, ranging
from 0.86-0.94 in children and the average reliability coefficient for FSIQ-2 is 0.93 for
children. The validity of the WASI-II is highly consistent with both the 1Q scores of the
Wechsler Adult Intelligence Scale, 4th edition (WAIS-1V) and the Wechsler Intelligence
Scale for Children, 4th edition (WISC-1V). FSIQ-2 composite scores were used in all
analyses, with higher scores representing higher 1Q.

Data Analysis

All statistical analyses were performed in /R version 3.4.1, and statistical significance was set
at a level of .05. Prior to running all general linear models, model assumptions of normality,
constant variance, and linearity were confirmed using the ‘ImSupport’ package in R (Curtin,
2018) and graphically shown in Online Resource 3. To determine that our sample size was
sufficient to detect the effects of interest, post-hoc power analyses for each set of analyses
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were performed using G*Power 3.1 with an alpha error probability of .05. These analyses
demonstrated an estimated power of .99, suggesting substantial power to detect the effects of
interest with the current sample size (Online Resource 2).

Group-difference analyses.—To determine group differences in motor performance
among the ASD, INT, and TD groups, we performed a linear regression examining BOT-2
SF scores as a function of group status (Fig. 1B). Tukey’s post-hoc analyses analyzed
differences between specific groups. To simulate the traditional case-control analysis,
follow-up analyses were performed using two groups (ASD and non-ASD; presented in
Online Resource 4).

Individual-difference analyses.—Because a variety of behavioral characteristics have
been linked to motor skills, we wanted to narrow the search field and determine which
combination of behavioral characteristics best predicted motor performance in this sample
(Fig. 1C). To achieve this, we first performed model selection by exhaustive search using the
‘leaps’ package from R (Lumley 2017). The leaps package uses linear regression to model
all possible combinations of the independent variables and to rank each statistical model in
terms of its Bayesian Information Criterion (BIC). The best fitting model had the lowest BIC
value. All independent variables were mean-centered to reduce the chance of multi-
collinearity and included ASD symptom severity, 1Q, ADHD symptom severity, and the
sensory symptom severity composite score. While age has been shown to be a predictor of
motor ability, it was not included in the model selection because BOT-2 SF scores are
standardized for age. The independent variables selected from the model selection
procedures were then used in a linear regression model.

Comparing group-difference and individual-difference analyses.—In order to
determine whether the individual-difference analysis out-performed the group-difference
analysis, we compared the BIC values of the individual-difference and group-difference
models. BIC was used to compare the group-difference and individual-difference models as
they did not have any independent variables in common. A lower BIC indicated a more
parsimonious model that had more explanatory power in predicting BOT-2 SF scores. As an
additional, more rigorous test, we created a third combined model that contained the
independent variables from the group-difference and individual-difference models. Then, we
compared all three models (group-difference, individual-difference, and combined models)
using BIC. All assumptions for the models were tested and met.

Results

Participants

In all, 110 children ages 6-10 years-old participated in the study (M= 8.65 years, SD =
1.25, Range 6.02-10.79; 32 female). Thirty-six participants were in the TD group (M= 8.52
years, SD = 1.58, Range 6.02-10.88; 12 female).

Forty-two children met criteria to be in the ASD group (M= 8.66 years, SD = 1.47, Range
6.22-10.97; 8 female). Forty participants entered into the study with an existing diagnosis of
ASD. Two participants entered the study as members of the INT group (both had a prior
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ADHD diagnosis and a first degree relative with ASD) and were moved into the ASD group,
as record review suggested that they met ASD cutoffs on the ADOS-2, SRS-2, and SCQ
(Online Resource 1).

Thirty-two children were in the behaviorally-defined INT group (M= 8.78, SD=1.54,
Range 6.15-10.97; 12 female). Thirty participants entered the study with an existing
diagnosis of ADHD or had a first-degree relative with a diagnosis of ASD, bipolar disorder,
major depressive disorder, or schizophrenia. Two participants who originally entered into the
study in the TD group, were considered to be in the INT group because they did not meet the
SCQ cutoff of 8 and had elevated scores on the ADOS-2 and SRS-2. As can be seen in
Online Resource 1, 37.5% of those in the INT group were a first-degree relative of someone
with ASD and 62.5% of those in the INT group had a parent-reported diagnosis of ADHD.

There were no significant differences in age, A2,107)=0.24, p=.78, nor sex, XZ (2,
N=110)=3.46, p=.18, across all three groups. The groups, however, were not matched on 1Q,
H?2,107)=4.59, p=.01, as the ASD group had a significantly lower 1Q than the TD group,
4(73)=—-2.96, p=.004. Table 1 contains means and standard deviations for variables that
defined the final sample.

Group Differences in Motor Performance

Fig. 2 shows the standardized motor performance of participants in the ASD, INT, and TD
groups.

The BOT-2 SF specifies that a standardized score at or below 35.5 is consistent with a
diagnosis of DCD (Bruininks and Bruininks 2005). In the ASD group, 24% of participants
were below this cutoff, whereas only 6% of participants in the INT group, and no
participants in the TD group were below this cutoff. Fig. 2 also demonstrates the variability
in motor performance within the ASD and INT groups.

A linear regression model showed group differences in standardized motor performance
(Table 2, Model 1).

Tukey’s post-hoc analyses confirmed that the standardized motor scores in the ASD group
(M=39.64, SD=7.09) were significantly lower than both the INT group (A/=46.81,
SD=8.28), b=7.17, £=4.00, p=.00015, and the TD group (M=45.67, SD=6.03), £=6.02,
£=4.00, p=.00014, with no significant difference between the INT and TD groups, 6=-1.15,
£=-0.66, p=.51. Supplemental analyses of this relationship with a two-level diagnostic group
parameter (ASD and non-ASD) revealed similar results and are reported in Supplemental
Materials (Online Resource 5, Model 1).

Individual Predictors of Motor Profiles across All Participants

Among all the variables tested (i.e., ASD symptom severity [SRS-2], 1Q [WASI-II FSIQ-2],
ADHD symptom severity [NICHQ-VAS], and the sensory symptom severity composite
score [SEQ 3.0]), the model selection procedures found that sensory features and full-scale
IQ in combination were the best predictors of motor performance (Online Resource 6).
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As can be seen in Fig. 3 and Table 2 (Model 2), more severe sensory symptoms and lower
IQ were associated with more motor impairment. Follow-up analyses demonstrated that
group status did not significantly moderate the relationship between the predictors and motor
ability, however this group moderation effect may be trending toward statistical significance,
H2,101)=2.59, p=0.08 (Online Resource 7). Similarly, continuous measures of ASD
symptom severity (i.e., SRS-2 and SCQ) did not significantly moderate the relationship
between predictors and motor ability nor did it enhance the statistical model’s predictive
power. Addition of or replacement with other factors such as ASD symptoms and/or ADHD
symptoms did not lead to stronger statistical models (Online Resource 6).

Because the sensory composite measure was significantly related to motor performance,
follow-up correlations were performed with the sensory experience patterns. Motor scores
were associated with severity of all four sensory patterns: hyporesponsivity, 7= -0.47, p
<.001, hyperresponsivity, r=-0.44, p< .001, seeking behaviors, r=-0.49, p<.001, and
enhanced perception, r=-0.31, p< 0.01 (Online Resource 8). This result suggests that the
relation between the sensory composite score and motor performance was driven by all four
patterns.

Comparison of Individual-Differences and Between-Groups Approaches

In order to determine if the individual-difference approach was able to predict motor ability
above-and-beyond the group-difference approach, we compared three different statistical
models to predict motor ability: Model 1 was the group-difference model reported above
(BOT-2 SF scores as a function of ASD, INT, or TD group status); Model 2 was an
individual-difference model reported above (BOT-2 SF scores as a function of sensory
symptom severity, and 1Q); Model 3 was a more rigorous test, combining the group- and
individual-difference approaches (BOT-2 SF scores as a function of sensory symptom
severity, 1Q, and group status). The results of these analyses can be seen in Table 2.
Specifically, the results showed that the individual-difference model (Table 2, Model 2) had
the lowest BIC of all three models, suggesting that the individual-difference model was the
most predictive and parsimonious of the three models. Supplemental analyses of this
relationship with a two-level diagnostic group parameter (ASD and non-ASD) revealed
similar results (Online Resource 4).

Discussion

The present study characterized overall motor ability in a large sample of children with
ASD, children in an intermediate group (INT) (i.e., having a family history of ASD,
schizophrenia, or bipolar disorder, or a current diagnosis of ADHD), and children with
typical development using both group-difference and individual-difference approaches. As a
group, the children with ASD exhibited poorer motor skills compared to the other two
groups without ASD, but there was substantial heterogeneity in motor ability within the
groups, especially in the ASD and INT groups. At the individual level, sensory symptom
severity and 1Q were found to most robustly predict motor performance among all the
variables tested, suggestive of an important inter-relationship among sensory, cognitive, and
motor domains. Comparison of the group-difference and individual-difference approaches
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found that the individual-difference approach out-performed the group-difference approach
when predicting the severity of motor challenges. As discussed in more detail below, these
findings suggest that motor challenges are common in ASD. However, a child’s sensory
symptoms and cognitive functioning will more accurately predict the severity of motor
challenges rather than diagnosis. These findings have important implications regarding the
utility of the classical case-control analyses often used by researchers.

Consistent with previous research (Ament et al. 2015; Fournier et al. 2010; Hilton et al.
2012; Pan et al. 2009), our group-difference analysis showed that the ASD group exhibited
poorer motor skills than the typically developing group and the INT group. Moreover, 24%
of participants with ASD had DCD-consistent motor scores, a finding which aligns with
previous records of 25% co-occurring DCD and ASD in a sample of school-aged females
(Kopp et al. 2010). Therefore, nearly one in four school-aged children with ASD appeared to
have severe motor challenges, which suggests a subgroup within the ASD population that
may particularly benefit from interventions that target motor skills. In comparison, only 6%
of the INT group and 0% of the typically developing group had scores in this severe range.

While the present group-difference findings were consistent with previous research, an
innovation of the present study was that we additionally explored behavioral characteristics
most associated with motor ability using an individual-differences approach. Among a
number of behavioral characteristics previously linked to motor challenges (i.e., ASD
symptoms, ADHD symptoms, cognition, and sensory symptom severity), more severe
sensory symptoms and lower 1Q were found to be the best predictors of motor ability. The
role of sensory symptoms in motor performance was expected, given the well-documented
overlap in sensory and motor systems and given the relationship between sensory and motor
behavior in children with ASD, ADHD, and typical development (Hannant et al. 2016; Liu
2013; Piek and Dyck 2004; Tomchek et al. 2015). Further, this finding is consistent with the
relationship between 1Q and motor ability previously reported in ASD, DCD, and ADHD
(Green et al. 2009; Hilton et al. 2012; Karatekin et al. 2003; Kopp et al. 2010; Sumner et al.
2016; Travers et al. 2018; Yu et al. 2018). Anecdotally, all children were able to attempt the
motor tasks of the BOT-SF, suggesting that they had a baseline understanding of the task
instructions. Therefore, the link between 1Q and motor ability is unlikely to be solely due to
lack of comprehension of the instructions. Because our results support the notion of a strong
relationship among sensory symptom severity, cognitive ability, and motor ability, we
postulate that a multidimensional approach to motor intervention that integrates sensory-
based therapy with adaptive strategies to meet cognitive needs may optimally impact motor
performance, an important possibility that should be tested in future research.

Another key aim was to determine whether a group-difference approach (commonly
implemented in research) or an individual-differences approach (aligned with clinical best
practice and the RDoc framework) better predicted motor challenges in our sample.
Importantly, the results suggest that motor challenges within and beyond the ASD
population are more accurately represented at the individual level rather than at the
diagnostic group level. This means that sensory symptom severity and 1Q likely provide a
more nuanced and complete characterization of motor ability than diagnostic group, which
may help to explain why motor challenges are not unique to ASD but rather span multiple
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populations that often experience sensory and cognitive symptoms (Mulligan and White
2012; Parke et al. 2015; Piek and Dyck 2004). Additionally, results indicate the possibility
of a trending group moderation effect on the relationship between the predictors and the
motor ability. This may suggest that taking into account the specific relationship between the
1Q, sensory symptom severity, and motor ability within a diagnostic group may additionally
provide information about motor ability on an individual level. In the past, the case-control
approach of the research literature and the individual-differences approach of clinical best
practice has led to a bit of a mismatch between research and practice. Our finding of the
power of the individual-difference approach validates clinical best practice, such that
assessment and treatment of motor challenges are optimally based on the needs and
characteristics of the child rather than on an ASD diagnosis. Further, this finding suggests
that if research were able to more frequently implement an individual-differences approach
in the study of motor ability in ASD and other neurodevelopmental disorders, the bridge
between research findings and clinical practice would be strengthened, thereby enhancing
the ability to translate this body of knowledge into optimized, evidence-based interventions.

A goal of the present study was to emphasize the importance of looking beyond diagnostic
category in order to determine common behavioral factors that predict motor ability with
more specificity than diagnostic group status. However, a potential limitation was that it was
not feasible to include all clinical populations that share genetic variance with ASD. Future
research in this domain would benefit from including individuals with fragile X, Rett
syndrome, cerebral palsy, or Down syndrome, as these conditions frequently co-occur with
ASD (Budimirovic and Kaufmann 2011; Capone et al. 2005; Craig et al. 2019; Wulffaert et
al. 2009).

Another limitation was the observational and correlational nature of this study. As such, our
results cannot inform us of the directionality among these relations. We are only able to
suggest that there is a relationship among sensory features, 1Q, and motor ability in this
population. Perhaps sensory and cognitive features causally affected understanding,
planning, or execution of motor tasks. Alternatively, it is possible that all three of these
domains appear to be associated because of an upstream neurobiological variable. Further,
by using the BOT-2 short form, we were able to determine an overall, normed motor score in
a tight timeframe. While we found that both 1Q and sensory features were associated with
overall motor ability, it is possible that these relationships are stronger or weaker in specific
areas of motor functioning (i.e., fine versus gross motor functions), which will be a key
avenue for future research. Use of the full version of the BOT-2, which provides specific
measures for both fine motor ability, gross motor ability, manual coordination and strength
and agility, would be able to elucidate some of these more nuanced relationships in future
research. Further, the present study focused on children 6-10 years-old. Given the unique
developmental trajectory of motor skills that has been reported in ASD (e.g. Travers et al.,
2017), it is possible that the relations among motor difficulties, sensory symptoms, and 1Q
may change with age, which should be investigated longitudinally.
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Conclusions

The present findings reiterate the prevalence of motor impairments in ASD, extending the
previous literature to highlight and explain within-group variability. Specifically, these data
demonstrate that the wide variability in motor performance (both within and beyond the
ASD diagnosis) can be more robustly explained by individual differences in sensory
symptom severity and cognition than by diagnostic group status. Our findings highlight the
importance of taking an individualized approach to identifying and characterizing motor
ability in children rather than basing analysis on diagnostic status alone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

anceptual representation of the data analysis approaches used to analyze the present data.
Blue, green, and red figures represent members of the TD, INT, and ASD groups
respectively, that are included in the different analytical designs. (A) The classical case-
control model of data analysis that seeks to compare average motor ability between TD and
ASD groups and excludes individuals with intermediate behavioral phenotypes or with
conditions that are associated with ASD. (B) The group-difference approach which uses
group averages to examine motor ability. Unlike the case-control approach, the group-
difference approach includes a group of individuals with intermediate behavioral phenotypes
or conditions that are associated with ASD. (C) The individual-difference approach seeks to
analyze motor ability in relation to specific behavioral parameters across the entire sample.
While group status remains, this approach does not group into account but instead assesses
individual differences in behavioral characteristics.
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Fig. 2.

Regsults of the group difference analytical approach where the box-and-whisker plot with
underlying Bruininks-Oseretsky Test of Motor Proficiency, 2" edition (BOT-2) motor
standard scores depicts the differences in motor ability between the ASD, INT, and typically
developing (TD) groups. The dashed line indicates the cut-off score for Developmental
Coordination Disorder (DCD).
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Fig. 3.
Results of the individual difference analytical approach where scatterplots depict the

relationship between motor ability and behavioral characteristics across the ASD,
intermediate (INT), and typically developing (TD) groups. (A) More severe sensory
symptoms significantly predict poorer motor ability. (B) Higher 1Q significantly predicts
better motor ability.
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Demographic characteristics for the groups with autism spectrum disorder (ASD), intermediate phenotypes

(INT), and typical development (TD). Calculated means and standard deviations (in brackets) reported.

ASD [n=42] INT[n=32] TD [n=36]
Sex (% female) 19.0% 37.5% 33.3%
Age (years) 8.66[1.47]  8.78[1.54]  8.52[1.58]
Range 6.2-10.9 6.2-10.9 6.0-10.8
WASI-2, 2 Subtest 102 [17] 109 [14] 112 [12]
Range 62 - 131 88 — 142 91 -136
ADOS-2 11.8 [4.6] 5.5 [5.6] 5.2 [4.6]
Range 3-21 0-18 0-14
SRS-2 96.8 [24.7] 46[30]  21.7[10.2]
Range 40 - 145 5-114 5-47
SCQ 20.3 [6.8] 6 [5.4] 2.1[1.9]
Range 7-33 0-20 0-7
NICHQ VAS 9.93[5.23]  7.38[5.56]  1.03[1.89]
Range 2-18 0-18 0-9

Note. WASI-2, Wechsler Abbreviated Scale of Intelligence-Second Edition; ADOS-2, Autism Diagnostic Observation Schedule, Second Edition;

SRS-2, Social Responsiveness Scale, Second Edition; SCQ, Social Communication Questionnaire
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Table 2.

Regression analysis results from the group difference, individual difference, and combined (individual

difference + group difference) analytical approaches.

Analysis Approach t p B 2 F df p  adj.R? BIC AR?
Mode 1: Group-Difference
Overall Model 11.17 2,107 <.001 .16 7605 0.17
Intercept 35.96 <.001 39.64
Intermediate 428 <001 7.17
Typical Development 371 <001 6.02
Model 2: Individual-Difference
Overall Model 23.20 2,107 <.001 .29 741.8
Intercept 69.86 <.001 43.70 .978
1Q 2.86 <.01 012 .071 0.05
Sensory Symptom Severity -4.79 <.001 0.06 .176 0.15
Model 3: Combined (Individual-Difference + Group-Difference)
Overall Model 13.22 4,105 <.001 31 746.0
Intercept 33.07 <001 4223 912
1Q 291 <.01 0.12  .053 0.05
Sensory Symptom Severity -3.39 <.001 -0.06 .073 0.07
Group .032 0.03
Intermediate 1.38 12 2.58
Typical Development -0.39 .84 -0.85
Model Comparisons
Model 1 vsModel 3 128 2,105 <.001 0.16
Model 2 vsModel 3 255 2,105 .08 0.03

Note. Lower Bayesian Information Criterion (BIC) value is indicative of a preferred model
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