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Abstract

This study investigated motor preparation and action-consequence prediction using the lateralized
readiness potential (LRP). Motor impairments are common in autism spectrum disorder (ASD)
and attention-deficit/hyperactivity disorder (ADHD), which commonly co-occur. Alterations

in predictive processes may impact motor planning. Whether motor planning deficits are
characteristic of ASD broadly or magnified in the context of co-morbid ADHD is unclear. ASD
children with (ASD + ADHD; n = 12) and without (ASD — ADHD; n = 9) comorbid ADHD

and typical controls (n = 29) performed voluntary motor actions that either did or did not result

in auditory consequences. ASD — ADHD children demonstrated LRP enhancement when their
action produced an effect while ASD + ADHD children had attenuated responses regardless of
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action-effect pairings. Findings suggest influence of ADHD comorbidity on motor preparation and
prediction in ASD.
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Autism spectrum disorder (ASD) is a neurodevelopmental disorder, characterized by
differences in social interaction and communication, as well as restricted interests and
repetitive behaviors. ASD is also associated with impairments in movement and motor skills
(Reiersen & Todd, 2008). Common motor deficits include coordination issues (Fournier

et al., 2010), impairments in fine and gross motor skills (MacDonald et al., 2013, 2014),
and delays in achieving developmental motor milestones (Jasmin et al., 2009; Ornitz et

al., 1977). Importantly, motor differences often emerge earlier than social communicative
symptoms (LeBarton & Landa, 2019; Sacrey et al., 2018). In later childhood, both motor
symptoms (Hirata et al., 2016; Kaur et al., 2018), and function and connectivity within
motor systems in the brain (Lidstone et al. 2021; Wymbs et al., 2020) associate with
symptom severity in core ASD domains. Indeed, it has recently been argued that deficits

in motor behavior and cognition can lead to subsequent errors in the performance of
external social behaviors, linking motor alterations to the core ASD phenotype (Moseley

& Pulvermuller, 2018). While many studies have examined broad motor output in ASD,
few have examined preparatory motor activity to understand aberrant neural mechanisms of
motor processing.

The premotor cortices are instrumental in preparing sequences of motor actions (Dowell

et al., 2009). Event-related potentials (ERPS), electroencephalogram (EEG) changes locked
to the motor response, can serve as an index of this preparatory activity. In particular,

the lateralized readiness potential (LRP) (Luck et al., 2009) reflects an increase in neural
activity prior to the execution of a motor action. The deflection is typically negative in
polarity, and its amplitude has been associated with motor preparation (Luck, 2014). The
LRP is measured bilaterally over the motor cortices and the waveform is isolated by
subtracting the baseline activity of the ipsilateral hemisphere of the brain, which corresponds
to the side not executing the motor movement, from the neural activity of the contralateral
hemisphere, which corresponds to the side executing the motor movement (Luck et al.,
2009). Children with ASD produce larger LRP amplitudes compared to a control group
(Sokhadze et al., 2016) when required to execute a motor action in response to a stimulus.

The LRP can be modulated by the causes and consequences of a movement, and this
modulation may be relevant to ASD. Preparatory neural activity locked to stimulus-driven
responses is inherently mixed with activity associated with stimulus processing, suggesting
that motor preparation for self-generated events, i.e. when motor activity precedes an event
outcome, may involve different cognitive processes, namely prediction-associated processes.
In a study of healthy controls, a larger LRP amplitude was observed from self-generated
responses with consequences (i.e. the presentation of a black and white checkerboard
pattern) versus those that resulted in no event outcome (Hughes & Waszak, 2011). This
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difference in neural activity was thought to reflect the outcome of prediction processes
related to action outcomes.

It has been hypothesized that individuals with ASD generate atypical predictions (for

a review, see (Sinha et al., 2014)). In particular, individuals with ASD may place too

much emphasis on minor deviations from their prior expectations, thereby relying heavily
on bottom-up sensory input (and little on prior beliefs) in making perceptual inferences.
Such a neural system would not be optimally configured for processing regularities in

the environment: instead, what may typically be filtered out as “noise” is considered
consequential, sensory input is poorly filtered, and learning and generalization of patterns
are impacted. Indeed, the superior pitch discrimination abilities in ASD has been attributed
to developing overly specific categories of sounds (Bonnel et al., 2010). These prediction
atypicalities may impact motor planning and movement execution via disturbances in

the expected consequences of self-initiated actions. Examining the neural correlates of
self-initiated motor preparation in ASD may both contribute to comprehensive, canonical
theories of ASD symptomatology as well as shed light on the mechanisms underlying motor
abnormalities.

Deficits in motor abilities are not, however, unique to ASD. The degree of impairment

in motor preparation in ASD could be confounded by the high rates of Attention Deficit/
Hyperactivity Disorder (ADHD) symptoms and comorbid diagnosis (Joshi et al., 2010;
Mannion & Leader, 2013); indeed, over 50 percent of individuals with ASD also have

an ADHD diagnosis (Antshel et al., 2016; Stevens et al., 2016). ADHD manifests early

in development, presenting core symptoms of inattention, impulsivity, hyperactivity, and
behavioral dysregulation (Winstanley et al., 2006). Individuals with ADHD share common
motor anomalies with individuals with ASD, such as difficulties with fine and gross motor
skill (Kaiser et al., 2015; Meyer & Sagvolden, 2006), as well as with motor skill preparation
and execution (Klimkeit et al., 2005). Similar to individuals with ASD, individuals with
ADHD display abnormal LRP amplitude when compared to controls. More specifically,
children with ADHD present with both a smaller LRP amplitude than healthy controls, and
a positive polarity LRP amplitude during a self-paced voluntary movement task (Jarczok et
al., 2019; Szucs et al., 2009). Together, findings suggest that both individuals with ASD and
ADHD exhibit atypical motor preparation as indexed by the LRP. However, the extent to
which motor preparation issues identified in ASD may be driven by subsets of participants
with comorbid ADHD remains unclear.

The present study aimed to investigate motor preparation associated with self-generated
actions that did or did not result in an immediate consequence in participants with ASD in
comparison with typically developing (TD) controls to explore how predictive processing
influences motor preparation. We hypothesized (1) impaired prediction in ASD, manifesting
as a lack of difference between LRP amplitude for actions resulting in an immediate
consequence and actions not producing an outcome and (2) an attenuated LRP amplitude in
children with ASD that is exacerbated in children with a comorbid ADHD diagnosis. Our
hope was that, by examining neural markers of motor preparation and prediction in children
with ASD with and without ASD, we would gain insight into shared or divergent motor
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disruptions in these subgroups that could eventually inform diagnosis and have implications
for treatment.

Participants were recruited through flyers and advertisements posted both online and in the
local community. In addition, some children were recruited through a database of previous
research participants at the Seaver Autism Center for Research and Treatment at the Icahn
School of Medicine at Mount Sinai. This study enrolled 25 participants with ASD and 32
TD controls between 8 and 17 years of age. All participants had intact cognitive skills (1Q
> 70, measured by the Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-
I1) (Wechsler, 2011), Wechsler Intelligence Scale for Children, Fifth Edition (WISC-5)
(Weiss et al., 2010), or Wechsler Adult Intelligence Scale, Fourth Edition (WAIS-1V)
(Wechsler, 2008)) with no history of neurological disorders and no history of hearing and
vision impairments. In ASD participants, ASD was assessed using the Autism Diagnostic
Observation Schedule-Second Edition (ADOS-2) (Lord et al., 2012) and Autism Diagnostic
Interview-Revised (ADI-R) (Lord et al., 1994). For ADHD, the Child Behavior Checklist
(CBCL) (Achenbach & Edelbrock, 1979) was completed by participants’ caregivers to
quantify symptoms and additional information was obtained via medical and educational
record review and psychiatric interview with children and their caregivers. ASD and ADHD
diagnoses were confirmed through a clinical assessment and consensus among a team of
licensed psychologists and psychiatrists based on all available data and Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) criteria (Association, 2013).
Additional inclusion criteria for TD controls included an absence of an ASD or ADHD
diagnosis or other diagnosed psychiatric disorders, and no first-degree relatives with ASD.
Participants with an ASD diagnosis were enrolled regardless of their ADHD severity. Legal
guardians of participants provided signed informed consent and children gave assent prior
to data collection. Procedures were approved by the Program for the Protection of Human
Subjects at the Icahn School of Medicine at Mount Sinai.

Participants were seated in front of a 21.5-inch Dell computer monitor that displayed the
visual cues. Stimulus timing was controlled using Presentation® software (Version 19.0,
Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com). The auditory stimulus, a
50 ms, 1000 Hz pure tone at 77 dB, was presented using Etymotic Research ER-3A insert
earphones bi-aurally. During the task, visual cues with the instructions “Press” and “Rest”
were shown in white text on a gray background at the horizontal and vertical meridians of
the screen. Participants used a Cedrus response box during the task, with the response key
clearly marked in a blue color. Participants sat approximately 60 cm away from the monitor
and a researcher was present in the room to cue participants on behavior, e.g. to slow down
rate of button presses. All subjects were run in the same room and were given the same
instructions.
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Experimental Task

The task consisted of two runs, each consisting of three conditions: Action to Effect, Action
to No Effect, and a Control condition. Each of the three conditions were presented in
separate blocks. Figure 1 depicts the two run sequences; run order was counterbalanced
across participants. The task was self-paced; however, prior to the task, participants were
instructed to press a button every 2-3 s, with their right hand, and participants practiced
with feedback from a research team member until they pressed reliably at the desired rate.
During the experiment, a researcher sat near the participant in order to provide visually-cued
feedback about button press rate, if needed.

During the Action to Effect condition, participants were cued, via a continuous display of
the word “Press” on the computer screen, to press the button on the response box. Almost
concurrently upon pressing the button (6 ms delay) the tone was delivered bi-aurally to the
earphones. Participants were told that their action of pressing the button caused the tone
to be played. The condition ended after 75 button-presses (trials), after which the screen
changed to read “Rest” for 5 s before the following condition began.

During the Action to No Effect condition, participants performed the same simple motor
activity as described above, but no tone played after each button press. The word “Press”
was still displayed in the monitor. This condition also ended after the participants completed
75 button-presses and was followed by a 5 s “Rest” screen.

The Control condition always followed the Action to Effect condition. During this condition,
participants performed no motor activity. Participants were instructed to simply listen, while
the monitor displayed the word “Listen”. The temporal sequence of tone presentation
preserved from the recently completed Action to Effect condition was reproduced during
this condition, resulting in 75 trials with identical inter-trial intervals to those in the Action
to Effect condition. This condition was not of interest in the current study examining motor
activity.

ERP Acquisition and Processing

EEG recordings were acquired at 1000 Hz from 128 electrode sites using the EGI Geodesic
system. Analyses focused on the Action to Effect and Action to No Effect conditions. Trials
or button-presses that were less than 500 ms apart were discarded to avoid including any
residual neural activity from the previous trial. EEG data processing was conducted using
Net Station version 5.4.2 (r29917) software (EGI, Inc., Eugene, OR, USA). Continuous
EEG data were band pass filtered at 0.1-30 Hz and then data were segmented into 1600

ms epochs time-locked to the button-press response from 800 ms before the button-press to
600 ms after (Luck, 2014; Luck et al., 2009). Next, artifacts (i.e., eye blinks, eye saccades,
and any change in voltage larger than 100 uV) were detected using automated NetStation
algorithms, and replaced via interpolation and remaining data were averaged and baseline
corrected from — 800 to — 600 ms before the button-press response. The LRP was measured
as the voltage difference between contralateral and ipsilateral sites each encompassing eight
lateral channels surrounding electrodes C4 and C3 Fig. 2. Amplitude measurements, taken
from each participant’s LRP waveform, reflected the largest peak value within the time
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interval prior to the button press (- 600 ms to 0 ms). In computing the peak amplitude,
voltage maximum and absolute value of the minimum were compared to determine the
polarity of the LRP. Finally, group averages of LRP amplitudes were calculated.

Data Analysis

Results

We tested whether individuals with ASD had abnormal motor preparation, indexed by

LRP amplitude, and whether this putative abnormality in children with ASD was different
in those children with and without a comorbid ADHD diagnosis. Participants’ data were
excluded if the averaged LRP amplitude exceeded + 2 SDs of the averaged means for each
group. Based on this criterion, five participants (ASD, n= 3; TD, n= 2) were excluded.
Additionally, before calculating means, data were visually inspected for noise after filtering
and artifact rejection. Those participants with more than 30% of unusable trials due to
excessive noise were eliminated, resulting in the exclusion of three participants (ASD: n=
1, TD: n=2). The final sample consisted of 50 participants (ASD - ADHD: n=9; ASD +
ADHD: n=12; TD: n=29).

The main variables of interest were diagnostic group (TD, ASD - ADHD, ASD + ADHD)
and the consequence of a motor action (Action to Effect; Action to No Effect). To test

the hypothesis concerning the effects of consequences on motor preparation, we submitted
LRP peak amplitudes to a 2 x 3 mixed model analysis of variance (ANOVA), including
condition (Action to Effect, Action to No Effect) as a within-subjects factor, and group as a
between-subjects factor. One-way ANOVA was used to follow up on between-group effects,
and paired-sample t-tests were used for within-group follow ups. In all tests, a criterion of
alpha = 0.05was applied with Bonferroni correction for post-hoc tests.

Final groups did not differ in age (A2,47) = 0.72, p=0.49, n,? = 0.03), sex (y2(2) = 0.11,
p=0.95), or IQ (A2,44) = 1.87, p=0.17, np? = 0.08) (See Table 1). In addition, hand
preference did not differ between ASD + ADHD (right hand preference: 7= 10 (91%);
missing response: 7= 1), ASD — ADHD (right hand preference: n= 6 (75%); missing
response: n = 1) and TD (right hand preference: n = 23 (85%); missing response: n = 2)
groups ()(2(2) =0.92, p=0.63). Of the 84% of participants who provided race information,
there were 23.81% that identified as African American, 2.4% as Asian, 35.71% Caucasian,
and 38.10% as more than one race. Within the 94% of participants that provided ethnicity
data, 23% identified as Hispanic or Latino.

CBCL attention deficits/hyperactivity problems T-scores differed among the groups F(2,45)
=35.37, p<0.001, np2 =0.61. The ASD + ADHD group (68.40 + 6.48; mean +/- SD)
scored higher than both ASD - ADHD (57.89 + 8.04, p< 0.001) and TD (51.86 + 3.84,
p<0.001) groups. The TD group also scored significantly lower than the ASD — ADHD
participants (p= 0.016).

An analysis of behavioral performance using the rate at which participants made their button
response revealed that performance did not differ between groups, F(2,46) = 1.60, p=0.21,
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1p? = 0.065 (ASD + ADHD: 2.88 + 11.87 5, ASD - ADHD: 2.15 + 10.30's, TD: 3.26 +
19.07 s).

Average LRP peak amplitude, however, significantly differed among groups (F(2,47) =
10.41, p<0.001, np2 =0.31) (See Fig. 2). The ASD + ADHD group (- 0.74 £ 0.72 pV,
mean + SE) had a smaller amplitude regardless of condition compared to the ASD — ADHD
(4.11 £0.84 pV, p<0.001) and TD (2.21 £ 0.47 pV, p= 0.004) groups. However, there was
no main effect of condition (F(1,47) = 0.19, p= 0.66, npz =0.004), indicating that, collapsed
across groups, LRP peak amplitude was similar between Action to No Effect (1.67 £ 0.61
uV) (See Fig. 2) and Action to Effect (2.06 + 0.58 pV) (See Fig. 2) conditions. A significant
group by condition interaction (F(2,47) = 3.31, p=0.045, npz =0.12) was parsed further
with separate one-way ANOVAs for each condition and paired sample t-tests for each group,
as follows.

There were significant LRP amplitude differences among groups for both the Action to

No Effect (F(2,47) = 4.32, p=0.019, np2 = 0.16) and Action to Effect (F(2,47) = 9.00,
p<0.001, npz = 0.28) conditions. In the Action to No Effect condition, ASD + ADHD
participants had a smaller LRP amplitude compared with the TD group (p = 0.016) but
showed no difference in amplitude compared to the ASD — ADHD group (p=0.23). The
ASD - ADHD group did not differ in LRP amplitude from the TD group during this
condition (p> 0.99). In the Action to Effect condition, the ASD — ADHD group had a
significantly larger LRP amplitude than both ASD + ADHD (p< 0.001) and TD (p = 0.005)
groups, whereas the TD and ASD + ADHD groups did not differ in amplitude (o= 0.32).

Within the TD group, LRP amplitude was significantly larger in the Action to No Effect
(3.22 £ 0.41 V) than the Action to Effect condition (1.20 £ 0.58 pV, £28) = 3.45, p=0.002,
Cohen’s d=0.64). In the ASD — ADHD group, the pattern trended in the opposite direction,
with larger amplitude in the Action to Effect (5.80 £ 1.18 uV) than the Action to No Effect
(2.43 £ 1.69 uV) condition; however, this result was not statistically significant, despite a
medium effect size ({8) = — 1.64, p=0.14, d= 0.55). Finally, in the ASD + ADHD group,
amplitude did not differ between conditions (Action to No Effect: — 0.65 + 1.63 uV; Action
to Effect: — 0.83 £ 1.34 pV; {11) = 0.074, p=0.94, d=0.02).

Discussion

In this study, we investigated motor preparation in children with ASD with and without
comorbid ADHD by using a simple motor task in which participants made a self-initiated
keypress at regular intervals, that either resulted in a consequence (i.e., onset of tone) or not.
Our aim was to quantify the LRP as a measure of motor preparation and prediction in ASD,
as well as to determine the impact of comorbid ADHD on this signal. As hypothesized,
atypical LRP amplitude was observed in both ASD with and without ADHD, as compared to
the TD control sample.

In the control group, we observed a smaller LRP amplitude when the action predicted
a consequence as compared to when it did not. This finding suggests that, in controls,
the neural signal associated with motor preparation was affected by learned associations
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between the action and the tone. The Prediction of Response Outcome (PRO) theory (Luck
& Kappenman, 2011) suggests that some ERPs contain predictive information, based on past
experiences, regarding the outcomes of an action. In essence, these ERPs may reflect the
comparison of predicted response outcomes relative to the outcomes that actually occur. In
light of this theory, our results suggest that more motor preparation is necessary in controls
for those motor actions without subsequent consequence, perhaps reflecting that TD children
expect that their motor actions usually elicit an event. This result observed in our control
group contrasts with previous research reporting a larger (in previous cases, more negative)
LRP amplitude in adults when the action led to an effect compared to when the action did
not result in an immediate consequence (Ford et al., 2014; Hughes & Waszak, 2011). The
difference in LRP—from negative to positive in polarity, and from a larger response in the
effect-inducing condition to larger response in the no-effect condition—between previous
adult samples and our current TD child sample may reflect a developmental shift both in
LRP polarity and in prediction regarding the consequences of motor actions.

In individuals with ASD without comorbid ADHD, we found that, when actions did not
result in a consequence, LRP amplitude was comparable to that of the control group.
However, when the action resulted in an external event, the ASD without ADHD group did
not follow the pattern observed in the control group (i.e., decreased amplitude). Instead,
there was actually a significantly larger (i.e., more positive) LRP amplitude relative to both
their own response in the action without effect condition and to the TD response in the
action with effect condition. Previous findings have reported larger LRP amplitudes in ASD
children as compared to TD children in stimulus-driven motor tasks (Sokhadze et al., 2016).
Our results extend those findings by suggesting that ASD may also affect motor preparation
during self-initiated action, specifically by inducing larger LRPs preceding self-initiated
actions resulting in an external stimulus.

It has been hypothesized that individuals with ASD place disproportionate weight on
sensory input (Sinha et al., 2014; Van de Cruys et al., 2017), relatively over-emphasizing
minor sensory differences. Sensory input (bottom-up processes) and prior knowledge (top-
down processes) influence perceptual experiences. Discrepancies between top-down and
bottom-up signals yield a prediction error, which reflects a difference between what is
expected based on the priors and what is experienced from the sensory evidence. A high-
precision system, as has been predicted in ASD, would therefore bias perception towards
bottom-up signals. In the paradigm used in this study, the action-stimulus relationship
captures the motor process associated with an expected, upcoming auditory event. As
such, the larger LRP we observe in ASD for the action-to-effect condition may reflect an
over-anticipation of the outcome, preparing for any minor alteration that deviates from the
expected. This interpretation aligns with an aberrant predictive coding mechanism in ASD.
Moreover, it could explain some of the motor impairments commonly observed in ASD.
For example, a common trait found in ASD is clumsiness (Ghaziuddin & Butler, 1998).
Clumsiness could be the result of incorrectly predicting, for instance, where a foot might
land, or over-anticipating any deviations in how forceful a kick will be when meeting a
soccer ball before moving one’s leg, creating awkward movements.

J Autism Dev Disord. Author manuscript; available in PMC 2023 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Migo et al.

Page 9

In children with both an ASD and ADHD diagnosis, we found no discrimination of LRP
amplitude as a function of whether an action produced an effect or not, suggesting broad
impairments in motor preparation and prediction. Indeed, children with comorbid ASD and
ADHD diagnoses produced a smaller LRP in comparison to children with only an ASD
diagnosis and to TD controls, regardless of condition. This finding suggests that comorbid
ASD and ADHD may be associated with atypical, reduced motor preparation, regardless of
the anticipated outcome. Previous research has shown motor circuit differences in ASD with
and without ADHD (Mahajan et al., 2016), and our findings are in line with this notion.
Behaviorally, greater difficulties in motor response inhibition are observed in those with
both ASD and ADHD compared to those with ASD alone (Mahone et al., 2006; Reiersen
& Todd, 2008). Poor response inhibition could result from an inability to accurately prepare
for a motor action, which could lead to poorly timed, impulsive, or absent responses, as has
been observed in this population using a Go/No Go task (Sinzig et al., 2008). As a second
example, poor preparation for applying vocal pressure when speaking could result in poorly
modulated volume or odd intonation, as is also observed in ASD (Fusaroli et al., 2017;
Sharda et al., 2010).

Visual inspection revealed a virtually flat LRP waveform across conditions for children with
comorbid ASD and ADHD, which could either indicate that the execution of the motor
movement, typically restricted to the ipsilateral hemisphere, was activated bilaterally, or that
activation was lower overall. Review of the contra- and ipsi-lateral waveforms corroborated
the latter. This observation suggests that, when executing a motor response, for children
with ASD and ADHD in particular, neural response in premotor cortex may be less robust
and/or less synchronized, resulting in a smaller LRP amplitude. In support of this notion,
previous studies have shown that premotor cortex is differentially impacted in both ASD
and ADHD (Dirlikov et al., 2015; Perkins et al., 2015; Puzzo et al., 2010; Suskauer et

al., 2008). Moreover, previous studies exploring motor preparation in adult ADHD also
have observed attenuated LRP signals, demonstrating altered response preparation (Gorman
Bozorgpour et al., 2013). Our findings suggest that similar patterns also apply to childhood
ADHD in the context of ASD. Furthermore, attention problems in the context of ASD may
result in a unique profile that presents as a relative absence of the motor preparation signal.
Our findings suggest that while ASD without ADHD may alter predictive motor outcome
processes more than motor preparation alone, ASD with ADHD may confer broad impact
to motor preparation itself, regardless of motor outcome or its prediction. If LRP findings
were replicated in a bigger sample and observed in younger children with ASD prior to

the age where ADHD diagnosis becomes more apparent, our results suggest attenuated
LRP amplitude could be useful for predicting comorbid ADHD and for considering related
interventions to address these symptoms early.

While past literature has reported that self-generated stimuli in both auditory and visual
domains were associated with negative-going LRP amplitudes in healthy adults (Ford et
al., 2014; Hughes & Waszak, 2011), our analysis yielded positive LRP amplitude values
across groups. Our positive-going waveforms were unexpected, as LRPs tend to have a
negative going deflection (Luck, 2014; Smulders et al., 2012). However, some studies in
children have yielded a positive LRP in both stimulus-driven response (Szucs et al., 2009)
and self-generated event (Jarczok et al., 2019) tasks. Thus, it may be that the morphology
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of the LRP changes with development and brain maturation, shifting from positive-going

in childhood to negative-going by adulthood. Across childhood and adolescence, inter-

and intra-hemispheric connections are still undergoing synaptic pruning impacting surface-
potentials (Szucs et al., 2009), where axodendritic synapses, which produce positive surface
potentials, are replaced by axosomatic synapses, which produce negative surface potentials,
as the brain develops (Otto & Reiter, 1984). Therefore, the polarity inversion we and

others have observed may be related to an immaturity of the sensory-motor system in
children. Longitudinal studies exploring the LRP in typical development may be helpful in
understanding the change in LRP polarity during maturation.

Our results should be considered in light of several study limitations. Replication with
substantially larger sample sizes of individuals with ASD with versus without comorbid
ADHD will be essential to confirm the value of our observations. Additionally, a cross-
sectional study exploring polarity shifts in LRP across typical development and into
adulthood would confirm developmental effects in the maturation of these processes,

giving more clarity to our findings of positive LRP for self-generated events in children.
Notably, three of the children with ASD and comorbid ADHD (n= 3) were receiving
pharmacological treatment for ADHD symptoms, raising the possibility that our effects may
have been confounded by presence of medication during testing and/or medication history.
However, post-hoc analyses revealed that all significant findings remained significant or
trending towards significance when removing those three participants from the sample.
While our main interest was to explore ADHD as a comorbidity in ASD, to further
understand motor problems that are specific to ASD, an additional ADHD-only comparison
group would add clarification. Finally, future research should explore whether alterations

in LRP amplitude extend to a sample of younger children with ASD. This direction may

be useful for predicting an individual’s risk of developing comorbid ADHD, which is often
diagnosed after school entry (Jang et al., 2013), years after the ASD diagnosis is first made.

In summary, whereas previous studies have utilized LRP measures to analyze motor
preparation in both ASD and ADHD separately, neural correlates of motor preparation

and prediction have never been examined in the context of comorbid ADHD and ASD.

This study identified dissociable alterations in motor preparation and outcome prediction

in ASD with and without ADHD. We found intriguing evidence that motor preparation
appears abnormal in ASD without ADHD for voluntary, self-generated actions causing an
effect. These findings suggest that prediction-related processes may be atypical in ASD,
wherein there is an over-anticipation of a highly specific sensory outcome. Further, we
observed that participants with ASD and comorbid ADHD displayed significantly attenuated
motor preparation signals, regardless of action outcome, relative to both controls and to
participants with ASD without comorbid ADHD. Together, these finding suggests that ASD
and ADHD may affect distinct components of motor preparation.
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Fig. 1.

Ta%k schematic: Visual representation of the task conditions across two runs. In the Action
to Effect condition a tone was initiated by the motor action of pressing a button. In the
Action to No Effect condition, participants pressed the button, but no tone was presented. In
the Control condition, tones were presented without participants having to press a button
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Fig. 2.

(Tgp) Response-locked group average LRP waveforms of the Action to No Effect (solid)
and Action to Effect (dashed) conditions from TD (grey), ASD — ADHD (blue), and ASD
+ ADHD (red) groups. The button press occurred at time zero and the area highlighted in
grey denotes the time window over which the LRP was calculated, — 600 to 0 ms. (Bottom)
Group average peak amplitude of the LRP with individual data points represented as open
circles. Error bars represent + 1 SE. * p< 0.05
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