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Abstract

Research has observed evidence for both Aypo-(supposedly due to a broken mirror neuron system)
and hyper-(thought to be the result of deficits in adaptive control) imitation in autism spectrum
disorder (ASD). This work sought to adjudicate between these findings using an automatic
imitation (Al) paradigm with the novel manipulation of the need to engage adaptive control of
imitation. Results demonstrated that ASD participants do not display a specific deficit in Al
capability, are able to engage in proactive control of Al, and that relative to a well-matched
effector condition, Al is not selectively associated with ASD symptom severity. These data cast
doubt upon the naotion of impairments in imitation or its control in ASD.
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One of the most defining symptoms of autism spectrum disorder (ASD) is a deficit in
social functioning (American Psychiatric Association 2013), the set of abilities integral for
interacting and behaving in accordance with other members of the social world (Merhoum
et al. 2015; Smeekens et al. 2015). Problems in this area are demonstrably present across
the entire lifespan, and are therefore considered to be one of the most significant challenges
for individuals with ASD (Gantman et al. 2012). Although attributing the social deficits
present in ASD to a single aetiological factor is difficult due to the considerable degree of
heterogeneity in both the ASD phenotype and social functioning, one avenue of work has
specifically focused on the role of imitative capability. Imitation, the process by which an
individual observes and replicates the behavior of another, is considered to be key to the
development of a multitude of abilities inherent to social functioning including language,
theory of mind, and empathy (Ingersoll 2008; Rogers and Pennington 1991; Sowden et al.
2016). Given that research has highlighted that those with ASD display specific deficits in
these areas, a burgeoning literature has suggested that difficulties in imitation may in fact
underlie the social deficits observed in ASD.

Although debate exists (cf., Ferrari and Rizzolatti 2014), the mirror neuron system (MNS),
a set of brain regions that respond to both the execution and observation of action (di
Pellegrino et al. 1992), has been posited to comprise the neural mechanism underlying a
number of social-cognitive processes, including imitative capability (Catmur et al. 2007;
Cook and Bird 2012; lacoboni et al. 1999). Given that a number of the purported functions
of the MINS (e.g., language acquisition and empathy) display considerable overlap with
areas of impairment in ASD (see Fishman et al. 2014), one theory posits that the disorder
may be, at least partially, characterized by a “broken” MNS (Oberman and Ramachandran
2007; Williams et al. 2001). However, despite the seemingly intuitive nature of this
hypothesis, neurological investigations of MNS structure and function in those with ASD
have provided mixed results (for an extensive review see Hamilton 2013). Behavioral
investigations of voluntary imitation have, on the whole, provided evidence for an imitative
deficit (i.e., hypo-imitation) in ASD (Williams et al. 2004). However, voluntary imitation
paradigms require participants to consciously imitate an observed action, a process that is
likely to rely on multiple cognitive mechanisms including, but not limited to, executive
function, attention, and an understanding of communication (Press et al. 2010; Sowden et
al. 2016). Given that such higher-level cognitive processes have been shown to be impaired
in ASD (Bird et al. 2006), attributing the results of these paradigms to a specific imitation
deficit is specious at best.

To minimize these confounding factors and isolate a measure of imitation that does not rely
on multiple cognitive mechanisms, researchers have instead employed stimulus—response
compatibility (SRC) paradigms (Kornblum et al. 1990) in order to achieve a measure of
so-called ‘automatic imitation’ (Al)—the degree to which observed actions modulate action
execution. In such paradigms, participants are typically required to execute a response
based on the identity of a presented stimulus, while simultaneously being exposed to a
task-irrelevant stimulus that either depicts the same (congruent) or a different (incongruent)
movement (for example participants may be required to perform a manual movement in
response to a numeric cue, while a task-irrelevant manual movement is also presented to
them). These paradigms therefore require a degree of ‘self-other’ control, i.e., an inhibition
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of an ‘other’ activated movement representation in favor of a ‘self” activated movement
representation. It is important to note that, in line with previous research on the topic (see
Cook and Bird 2012; Hamilton et al. 2007; Schunke et al. 2016; Sowden et al. 2016),

the remainder of this manuscript periodically uses the term imitation to refer to automatic
imitation, however use of this term should not be taken to imply anything about voluntary or
controlled imitative response tendencies.

Representative findings from the use of Al paradigms in typically developing (TD)
participants show that people are faster and more accurate to execute a response when

that response is paired with the presentation of a similar movement (i.e., when the task-
irrelevant stimulus performs the same manual movement as required by the numeric cue;
congruent trials), suggesting that people display a propensity to imitate others even when it
is detrimental to overall task performance (e.g., reducing accuracy and increasing response
latency—ABrass et al. 2001; Brass et al. 2000). Although relatively few studies have used
SRC paradigms to probe Al in ASD, the results from those that have almost exclusively
support the notion that Al is not impaired in ASD (Hamilton et al. 2007; Press et al. 2010;
Schunke et al. 2016; Sowden et al. 2016).

In contrast, some research using SRC paradigms has demonstrated evidence for increased
Al in ASD (Bird et al. 2007; Deschrijver et al. 2017; Spengler et al. 2010). Although these
data speak against the view that imitative capacity is equivalent between those with ASD
and TD, they are somewhat consistent with clinical observations of echolalia (the repetition
of spoken words) and echopraxia (the repetition of movements). These findings suggest that
rather than the generalized imitation deficit predicted by the broken MNS hypothesis, it is
the ability to exert top-down control of social-imitative behaviors that may be impaired in
ASD, leading to deficits in social functioning (Spengler et al. 2010). Although it is clear
that the general tendency to imitate others results in a higher quality of social interaction
(Lakin and Chartrand 2003), evidence also suggests that effective social imitation is reliant
upon context-dependent modulation (Chartrand and Lakin 2013). This suggests that the
ability to engage adaptive control of imitation is critical to normative social functioning.
Consequently, the deficits in social functioning observed in ASD may be driven by an
inability to modulate imitative processes to levels that are appropriate to the specific context.
In support of this notion, Cook and Bird (2012) found that TD participants showed increased
imitation following pro-social priming, whereas ASD participants did not, suggesting
atypical social modulation of imitation. Proponents of this ‘aberrant-control’ theory argue
that the observed hyper-imitation in ASD is driven by impairments in dissociating self

from other representations. This results in a maladaptive upregulation of representation of
another’s action at the expense of one’s own action representation and a reduced capacity
to inhibit Al when the observed action is incongruent. In favor of this notion, Spengler et
al. (2010) demonstrated that imitative behavior negatively correlated with theory of mind
measures in ASD, suggesting that a reduced ability to represent the distinct mental states

of self and others led to an increase in Al. Likewise, despite demonstrating intact Al in
individuals with ASD in their first experiment, Sowden et al. (2016) demonstrated that
imitative behavior positively correlated with autism general symptom severity measured by
the Autism Diagnostic Observation Schedule (ADOS) in their second.

J Autism Dev Disord. Author manuscript; available in PMC 2022 November 04.
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However, evidence for the aberrant-control theory is also mixed, with a number of studies
(although not all using Al) failing to find evidence for hyper-imitation in ASD (Forbes et
al. 2017; Gowen et al. 2008; Grecucci et al. 2013; Press et al. 2010), as well as a recent
meta-analysis finding no evidence for deficits in imitative control using a large sample (N
= 220) of ASD participants (Cracco et al. 2018). One possible reason for these discrepant
results is that previous research is considerably heterogeneous with respect to sample sizes
and the methodologies used to assess the control of imitation, often relying on correlational
analyses with ostensibly control-relevant variables. One clear omission is that no previous
research has directly manipulated the requirement for top-down control of imitation within
an Al paradigm with ASD participants.

One robust method for inducing the need for top-down control is a manipulation of the ratio
of congruent-to-incongruent trials (for a comprehensive review see Bugg and Crump 2012).
Al research has routinely demonstrated that incongruent trials (trials in which the relevant
and irrelevant stimulus dimensions do not prompt the same response) result in slower and
less accurate responding than do congruent trials, often termed an ‘interference’ effect.
However, research primarily using the Stroop and Flanker tasks has demonstrated that the
magnitude of this interference is attenuated when the ratio of incongruent to congruent trials
is increased (e.g., Kane and Engle 2003; Lowe and Mitterer 1982; Lindsay and Jacoby 1994;
West and Baylis 1998). Attenuated interference effects observed may represent a switch to
a more proactive form of control in which participants’ expectations of incongruence bias
attention and response preparation fowards the task-relevant dimension (or away from the
task-irrelevant dimension) facilitating faster and more accurate responding (Braver et al.
2007; Braver et al. 2009). This proportion congruency effect is therefore thought to be a
clear index of a person’s ability to implement top-down control over their responses (Bugg
and Crump 2012). Such a manipulation in the context of an Al paradigm therefore provides
a principled and novel approach to investigating the contro/ of Al in ASD as it directly
influences the requirement for top-down control of imitation, thus permitting a stronger test
of the aberrant-control theory than previous work.

In order to investigate the possibility of specific deficits in imitative capability, and more
importantly top-down control of imitation in ASD, the present study investigated Al effects
in a large, well-defined cohort of ASD and TD participants. In a first step we sought to
provide robust evidence for or against the notion that ASD is characterized by a specific
impairment in imitative tendencies by examining whether ASD participants exhibited hypo-
imitation. On the basis of prior research we expected to find no difference between ASD
and TD. Second, and most importantly, we sought to investigate possible differences in the
ability to exert top-down control of Al between ASD and TD by using a well-validated
proportion congruency manipulation. To examine this we used an experimental manipulation
of proportion congruence across two blocks of an Al paradigm. According to the aberrant-
control theory, ASD participants should demonstrate reduced modulation of interference
(relative to TD) when faced with a higher ratio of incongruent-to-congruent trials, which
would suggest that they have a reduced ability to exert control over their level of imitation
dependent upon context.

J Autism Dev Disord. Author manuscript; available in PMC 2022 November 04.
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Participants in this study consisted of 42 individuals with confirmed autism spectrum
disorder (ASD; mean age: 18.05, range 13-24, 5 female) and 50 individuals with typical
development (TD; mean age: 18.04, range 14-24, 8 female) who were enrolled in the
Cognitive Control in Autism (CoCoA) study examining the development of cognitive
functioning in ASD from adolescence into early adulthood, at the University of California,
Davis MIND Institute (see Table 1). To address the fact that this sample demonstrated
significant differences in 1Q between ASD and TD diagnosis groups, ensure that our results
were not due to general deficits in cognitive function routinely observed in ASD samples,
and to be more consistent with prior literature, we reanalyzed our data on an 1Q-matched
subsample of participants (N = 66). For pragmatic reasons we report the comprehensive
details of these analyses in the supplementary materials. Importantly, matching in this
manner did not meaningfully change the pattern of results reported in the main body of this
manuscript. Participants were recruited from the greater Sacramento area into the CoCoA
study through advertisements, advocacy groups, and the MIND Institute’s subject tracking
system and research volunteer registry. All procedures were approved by the UC Davis
Institutional Review Board, and all participants received financial remuneration for their
participation.

Inclusion Criteria

Measures

In order to be eligible for the study, all ASD participants were required to have a previous
community diagnosis of ASD and needed to meet the diagnostic criteria for ASD on a
Diagnostic and Statistical Manual (DSM)—5 Criteria Checklist and the Autism Diagnostic
Observation Schedule 2 (ADOS-2; Lord et al. 2000). ASD participants were also required
to have a total score greater than or equal to 15 on the Social Communication Questionnaire
(SCQ), which measures social and communication problems (Rutter et al. 2003). Two ASD
participants did not meet criteria on the SCQ ( SCQqqtq = 7 and 11, respectively). However,
in both cases the decision was made to retain these participants by a licensed clinical
psychologist with extensive ASD expertise using the balance of available evidence (i.e.,
community diagnosis, ADOS-2, and DSM-5 checklist). TD participants needed a score of
less than or equal to 11 on the SCQ, no social communication disorders as assessed by

a DSM-5 symptoms checklist, and no first degree relative with a history of ASD nor any
AXIS 1 psychopathology or neurodevelopmental disorders. Finally, all participants were
required to have a Wechsler Abbreviated Scale of Intelligence (WASI)-I1 FSIQ of at least 70
(Wechsler 2011).

ADOS-2: Autism Diagnostic Observation Schedule 2 (Lord et al. 2000)—The
ADOS-2 is a semi-structured interview administered by a licensed clinical psychologist
(trained to reliability) to participants with ASD to assess symptoms of ASD. Participants
are assessed on social affect, including communication and reciprocal social interaction, and
restricted and repetitive behaviors. In order to be eligible for the study, participants with
ASD had to have a total score = 7. The ADOS-2 also provides a measure of relative severity

J Autism Dev Disord. Author manuscript; available in PMC 2022 November 04.
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to compare across modules (calibrated severity score, CSS) as well as specific severity
scores for social affect (ADOS-SA) and restricted and repetitive behaviors (ADOS-RRB).

WASI-II: Wechsler Abbreviated Scale of Intelligence Second Edition (Wechsler
2011)—The WASI-II provides a brief, reliable measure of cognitive ability. Verbal
Comprehension and Perceptual Reasoning indices were calculated based on performances
of various tasks in the battery, including block design, vocabulary, matrix reasoning, and
similarities. These scales are combined to form a measure of general intelligence, or FSIQ.
In order to be eligible for the study, participants were required to have an FSIQ = 70.

SCQ: Social Communication Questionnaire (Rutter et al. 2003)—The SCQ is a
parent-report autism screening questionnaire that assesses the core behavioral domains of
ASD. A total score = 15 is indicative of ASD. The SCQ was primarily used to screen TD
participants for the presence of ASD symptoms, and all TD participants were required to
have a total SCQ < 11, indicating that they do not have ASD (Berument et al. 1999; Rutter et
al. 2003).

Social Responsiveness Scale, Second Edition (Constantino and Gruber 2012)
—The Social Responsiveness Scale, Second Edition (SRS-2) is a parent-report questionnaire
that identifies the presence and severity of social communication impairments and restrictive
and repetitive behaviors in ASD. The SRS-2 generates a total score that serves as

an objective index of symptoms associated with autism, as well as two subscales: the

Social Communication and Interaction (SRS-SCI) subscale and the Restricted Interests and
Repetitive Behavior (SRS-RRB) subscale.

The experiment was programmed in Experiment (Python 3.5.2; Krause and Lindemann
2014) and administered using an HP laptop with a 14-inch LCD monitor. Stimuli were
adapted from prior research on automatic imitation (e.g., Hogeveen and Obhi 2013; Sowden
et al. 2016) and consisted of a set of 3 images that displayed a hand either executing a finger
lift (imitation condition) or having a finger masked (effector condition). Effector trials are
an ideal non-imitative reference condition as they draw attention to the effector (i.e., the
highlighted finger) and create a resultant impact on response times without the ‘imitative’
action expressed in the counterpart condition. The first image consisting of a hand in a
neutral position was displayed for 500-1000 ms.1 Subsequently, a numeric cue (either a *1’
or a ‘2”) was presented which cued a response from participants (see procedures below)
while at the same time the hand was manipulated in one of two ways: (i) the hand performed
either a congruent or incongruent index or middle finger lift action (imitative condition;
congruent: the displayed finger lift matched that which the participant was required to
perform; incongruent: the displayed finger lift was opposite that which the participant was
required to perform), or (ii) a congruent or incongruent finger was highlighted in yellow
(effector condition). Regardless of condition the hand manipulation lasted for 568 ms;

IThe length of presentation was determined by randomly selecting a time within this range (in 50 ms increments). During the first trial
of each block this image was displayed for 2000-3000 ms to give participants extra time to prepare for the task.

J Autism Dev Disord. Author manuscript; available in PMC 2022 November 04.
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this was done in order to be consistent with prior research using the same stimuli (e.g.,
Hogeveen and Obhi 2013; Obhi et al. 2014). Following the manipulation, the hand image
disappeared from the screen and was replaced by a blank image for a fixed inter-trial interval
(ITI) of 2000 ms. In order to ensure that any behavioral differences between congruent

and incongruent trials were the result of motoric, as opposed to spatial, stimulus—response
compatibility (cf., Cho and Proctor 2004), each image was rotated orthogonally (90°)
relative to the participant (see Fig. 1).

Participants completed two blocks of the experiment on two separate days as part of their
participation in the CoCoA Study. Block order was counterbalanced across participants.
Before beginning each block of the experiment, participants were asked to sit centrally
aligned with the laptop and place their index and middle fingers of their right hand on

the ‘v’ and ‘b’ keys respectively on the laptop keyboard. Participants were instructed that
during the experiment they would be required to make index and middle finger lifts “as
quickly and accurately as possible” in response to the presentation of a numeric cue (‘1’
and ‘2’, respectively), and to ignore all other stimuli on the screen. The experimenter sat
directly behind the participant during an initial practice block to ensure that the participant
was performing the task properly and remained present in the room, but unable to directly
observe participants’ responses, throughout the remainder of the task. Task instruction was
the same for both blocks of the experiment.

Each experimental block consisted of 144 trials. One block consisted of 75% congruent and
25% incongruent trials (mostly congruent; MC) and one consisted of 75% incongruent and
25% congruent trials (mostly incongruent; MI). Trials were split equally between imitative
and effector trials (72 trials each) in both blocks. Each block was preceded by a practice
block consisting of 16 trials and was followed by a main block split into 3 sections, between
which participants were allowed to take short breaks. Each section of the block consisted of
48 pseudorandomized trials.

Data Analysis

Behavioral analyses focused on participants responses to the cue and analyzed them

in terms of accuracy rates (%) and median reaction times (RT)2 on correct trials

(in ms). Additionally, in order to account for a potential speed-accuracy trade-off in
participants’ responses (see Schouten and Bekker 1967; Wickelgren 1977), a single measure
combining accuracy and RT was computed. Specifically, we used the ‘EZ’ diffusion
model (Wagenmakers et al. 2007). This model assumes that, when presented with a
binary choice, participants accumulate evidence in favor of one or the other response
until they reach a certain threshold, allowing them to settle on a single response. The
rate at which this threshold is reached from a given starting point measures the mean
rate of evidence accumulation in the decision-making process (hereafter referred to as
drift rate); as such, lower values of this parameter indicate a lower signal-to-noise ratio

2Median RTs were used instead of mean RTs in order to provide an unbiased measure in the presence of skewed RT distributions (see
Brenner and Smeets 2019; Rousselet and Wilcox 2019; Whelan 2008). In order to ascertain that this choice did not unduly affect the
pattern of data observed we re-ran the analyses using mean RTs and observed results equivalent to those using median RTs.

J Autism Dev Disord. Author manuscript; available in PMC 2022 November 04.
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in the evidence accumulation process. Behavioral scores for all three variables (accuracy,
median reaction time, drift rate) were transformed and submitted to independent ANOVAS
to examine both imitative tendencies in general as well as top-down control over imitation.3
We were also interested in examining previous findings that increases in autism severity
were related to increases in Al effects (Sowden et al. 2016, experiment 2), and extending
them by investigating whether the same relationship could be observed for control of

Al effects. To do so we correlated behavioral scores for our three variables of interest
with scores on two ASD symptom-severity measures. Specifically, we used subscale
scores from both the clinician-administered ADOS-2 [social affect severity (ADOS-SA)
and restricted and repetitive behaviors severity (ADOS-RRB)] and the /informant-reported
Social Responsiveness Scale [social communication severity (SRS-SCI) and restricted and
repetitive behaviors severity (SRS-RRB)].

All statistical analyses were conducted using both frequentist and Bayesian techniques,
using RStudio (version 1.1.456) and JASP (version 0.9.2.0) respectively and are therefore
reported with an associated p value and Bayes Factor (BF). As a brief guide to interpretation
of BF’s, a BF g value represents the likelihood of the observed data under the alternative
hypothesis (i.e., the hypothesis of effect) relative to the likelihood of the data under the null
hypothesis (i.e., the assumption of no effect). Therefore, the value represents the strength

of evidence in favor of one model over another and, unlike p values, is represented on an
unbounded continuous scale. Held and Ott (2018) provide guidelines for interpretation of
BF10; a BFyp of 1 demonstrates equivocal evidence for either model, values between 1 and 3
are considered as weak evidence for the alternative, 3-10 as intermediate, 10-100 as strong,
and values greater than 100 are considered as conclusive evidence in favor of one model
over another (in the case of a B Fy this would be conclusive support for the alternative
hypothesis, see also Kass and Raftery 1995; Lakens et al. 2018). Any B Fqq less than 1 is
considered to be evidence in favor of the null hypothesis. Importantly, a BF1g < 1 constitutes
evidence with strength equal to its reciprocal. In the current work we report any BF1g <1

as its reciprocal BFqy, thereby quantifying the support for the null hypothesis with respect to
the same benchmark values provided above.

Trials where participants responded more quickly than 150 ms: (ASD: 1.14% of trials, TD:
0.11% of trials) or more slowly than 2000 ms (ASD: 0.03% of trials, TD: 0.01% of trials)
were excluded from further analyses. Additionally, any incorrect responses (ASD: 6.17%

of congruent trials, 14.45% of incongruent trials; 9.23% of MC trials, 11.39% of Ml trials;
9.18% of effector trials, 11.44% of imitation trials; TD: 2.86% of congruent trials, 6.71% of
incongruent trials; 4.42% of MC trials, 5.15% of MI trials; 4.06% of effector trials, 5.51% of
imitation trials) or trials that received no response (ASD: 0.71% of congruent trials, 1.31%
of incongruent trials; 0.39% of MC trials, 1.62% of Ml trials; 1.16% of effector trials, 0.86%

3In addition, and in order to provide data consistent with prior work (e.g., 47) we re ran our analyses on inverse efficiency scores (IES:
calculated as the reaction time divided by the accuracy) that are also designed to address the speed-accuracy trade-of. The results of
these analyses did not differ from those using drift rate and we therefore only report the drift rate analysis in this manuscript.

J Autism Dev Disord. Author manuscript; available in PMC 2022 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gordon et al.

Page 9

of imitation trials; TD: 0.59% of congruent trials, 1.13% of incongruent trials; 0.56% of MC
trials, 1.17% of Ml trials; 0.93% of effector trials, 0.79% of imitation trials) were removed
for calculation of the reaction time metric. Finally, for each participant, any trial that showed
an RT more than three standard deviations above or below the mean for each condition
(0.83% of remaining trials) was removed from further analyses. In total, 8.84% of trials
were removed across all conditions and diagnosis groups. Within diagnosis groups, 5.77% of
trials were removed for TD, 12.49% of trials were removed for ASD.

Automatic Imitation in ASD

To examine whether there exists a selective imitation deficit in participants with ASD,
participants’ scores were averaged across block to create a single composite measure for
each variable. Interference scores (calculated as scores on congruent—incongruent trials)
were then computed for each dependent variable (accuracy, RT, drift rate; see Table

2). It is important to note that in order to provide equivalent (positive) data between
measures, interference scores for RT were calculated as incongruent-congruent. For all

three dependent variables there was a significant (Holm—-Bonferroni corrected—Holm 1979)
effect of stimulus congruence for both imitation and effector trials for both diagnosis groups.
These interference scores were submitted to three independent 2 (stimulus type: imitation vs.
effector) x 2 (diagnosis: ASD vs. TD) ANOVAS (see Fig. 2).

There was a significant effect of stimulus type on participants’ accuracy interference scores
[A1,90) =10.379, p< .01, BF;p=11.35] demonstrating that participants experienced
greater interference on imitation (M = 8.610, SD = 9.04) relative to effector trials (M
=5.978, SD = 8.36). There was also a significant effect of stimulus type on drift rate
interference scores [H1,90) = 8.671, p< .01, BF;p= 6.07] demonstrating that interference
on participants’ rate of information processing was reduced in the face of effector (M =
0.003, SD = 0.003), relative to imitation (M = 0.004, SD = 0.004), trials. There was no
significant effect of stimulus type on corresponding RT [A1,90) = 0.788, p=.377, BFy; =
4.35] interference scores.

As with stimulus type, there was a significant effect of diagnosis on participants’ accuracy
interference scores [H1,90) = 9.511, p< .01, BF;,= 11.59] indicating that ASD participants
(M =9.79, SD = 7.75) demonstrated larger interference scores than TD (M =4.79, SD =
7.75). The effect of diagnosis on participants’ RT interference scores was also significant
[A(1,90) =5.569, p=.023, BF;p=2.143] demonstrating that ASD participants (M = 43.71,
SD = 23.66) exhibited greater interference to response latencies than did those with TD (M
= 32.03, SD = 23.66). However, there was no significant effect of diagnosis on drift rate
[A1,90) = 1.480, p=.227, BFp; = 2.85] indicating that ASD and TD participants performed
equivalently with regard to this measure.

Finally, and of most theoretical importance, there was no significant interaction between
diagnosis and stimulus type on accuracy [A1,90) = 0.670, p=.415, BFy; = 1.04], RT
[A1,90) = 1.339, p=.250, BFp; = 3.88], or drift rate [A1,90) < 0.01, p=.954, BFy;=4.12]
interference scores. These data therefore clearly demonstrate that ASD participants did not
display a specific imitative deficit relative to those with TD.
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Top—Down Control of Automatic Imitation in ASD

In order to examine whether top—down control of imitative tendencies is uniquely impaired
in ASD, interference scores were calculated for each diagnosis group, stimulus type, and
block. We then calculated a composite proactive control benefit score (cf., Braver 2012) by
subtracting interference scores in the mostly incongruent block from those in the mostly
congruent block (MC-MI), larger scores therefore representing a greater adjustment of
proactive control (see Table 3, for means broken down by congruence see supplementary
Tables S4 and S5). For imitation trials there was a significant effect of block for all
variables for ASD and TD participants, with the exception of drift rate for TD that was
only marginally significant. For effector trials there was a significant effect of block for

all variables for both ASD and TD participants. The proactive control benefit scores were
submitted to three independent 2 (stimulus type: imitation vs. effector) x 2 (diagnosis: ASD
vs. TD) ANOVAs (see Fig. 3).

There was no significant effect of stimulus type on proactive control scores for accuracy
[A1,90) = 0.214, p= .645, BFy; = 7.41], RT [A1,90) = 0.011, p= 917, BFy; = 9.25],

or drift rate [ A{1,90) = 0.119, p=.731, BFy; = 8.13], indicating that the level of proactive
control did not differ between imitation and effector trials.

There was a marginally significant effect of diagnosis on proactive control scores for
accuracy [A1,90) = 3.832, p=.053, BFp; = 1.28], indicating that ASD participants (M

= 8.53, SD = 10.82) demonstrated marginally greater proactive control benefit than TD (M =
4.09, SD = 10.82), although the evidence for this effect was weak. There was no significant
effect of diagnosis on proactive control scores for RT [A1,90) = 0.249, p=.619, BFy; =
6.94], or drift rate [H1,90) = 0.693, p=.407, BFp; = 5.29], indicating that ASD and TD
participants both engaged in modification of imitative tendencies in response to changes in
the ratio of incongruent-to-congruent trials.

Finally, we also observed no significant interactions between stimulus type and diagnosis for
accuracy [AH1,90) = 0.987, p=.323, BFy;=9.52], RT [A1,90) = 0.006, p=.938, BfFy; =
50.00], or drift rate [A1,90) = 0.590, p = .444, BFj; = 29.41], clearly demonstrating that
ASD participants did not display a specific deficit in the control of imitation relative to those
with TD on these measures.

Autism Symptom Severity and Imitation

To examine the relationship between ASD symptom severity and imitation we correlated
both interference scores (i.e., Al effects) and proactive control benefit scores (i.e., control
of Al effects) for each of our behavioral measures for imitation trials with scores on

the subscales of two ASD symptom-severity measures: ADOS [subscales: social affect
severity (ADOS-SA) and restricted and repetitive behaviors severity (ADOS-RRB)] and
SRS [subscales: social communication severity (SRS-SCI) and restricted and repetitive
behaviors severity (SRS-RRB)]. Although SRS measures were collected for both ASD and
TD, the distribution of scores on the SRS measure was extremely narrow and clustered at
the low end of the scale for TD participants. The scores in this group were unsuitable for a
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correlational analysis, meaning that the following analyses were only conducted for the ASD
sample.

Relationship to Imitation

ADOS-SA severity scores showed a marginally significant correlation with RT interference
scores (rs=—.305, p=.049), with higher ADOS-SA relating to lower levels of interference.
In order to examine whether the relationship was unique to imitative trials, we also
examined the relationship between ADOS-SA severity and RT interference on effector trials
(rs=-.237, p=.132) and found it to be equivalent to that for imitation trials (z=0.32, p=
.749). ADOS-SA severity was not significantly related to accuracy or drift rate interference
scores. ADOS-RRB severity was not significantly associated with interference scores on any
dependent variable.

SRS-SCI severity scores showed a significant correlation with accuracy interference scores
on imitation trials (rs= - .342, p=.041), with higher SRS-SCI relating to lower levels

of interference. However, when comparing this relationship to that observed for effector
trials (rs= - .146, p=.396) we found the two to be equivalent (z= 0.9, p=.368).

SRS-SCI severity scores also showed a significant correlation with drift rate interference
scores on imitation trials (r;= — .365, p=.029), once again with higher SRSSCI relating
to lower levels of interference. However, this relationship was also not unique to imitation
trials (effector trials: rg= - .133, p=.440; z= 1.01, p=.313). SRS-SCI severity was

not significantly related to RT interference scores. SRS-RRB severity was not significantly
associated with interference scores on any dependent variable.

Relationship to Control of Imitation

No significant relationship emerged between ADOS-SA or ADOS-RRB severity scores
and any of our dependent variables. Similarly, no significant relationships were observed
between SRS-SCI or SRS-RRB severity scores and any of the dependent variables,
suggesting that ASD symptom severity did not relate to participants’ ability to exert
proactive control of imitation.

Discussion

Previous research has proved equivocal with regards to the possibility of a specific imitation
deficit in autism spectrum disorders (ASD). While studies of voluntary imitation have
tended to provide evidence in favor of a deficit (Williams et al. 2001, 2004), research

using stimulus—response compatibility paradigms to investigate automatic imitation (Al)
have, by and large, shown Al to be unimpaired in ASD (Hamilton et al. 2007; Press et

al. 2010; Schunke et al. 2016, Sowden et al. 2016). The results of the current work lend
further support to the notion that Al is unimpaired in ASD. Specifically, our results suggest
that while ASD participants were less accurate and exhibited longer response latencies
(although drift rate and response conservativeness were unaffected), they experienced

the same degree of interference due to incongruent action stimuli as those with typical
development (TD) across our three behavioral measures. These data align strongly with the
results of experiment 1 of Sowden et al. (2016), where, using an identical task (although
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without the proportion congruency manipulation used in the current work), no differences in
Al were observed between ASD and TD. Importantly, other than Sowden and colleagues’
study, these data represent one of the largest ASD samples investigated to date, adding
significant weight to a growing corpus of research that suggests that automatic imitation
remains unimpaired in ASD. However, although previous research has promoted the lack

of impairment on Al tasks in ASD as proof against the notion of a ‘broken’ mirror neuron
system (MNS, cf., Southgate and Hamilton 2008; Sowden et al. 2016), we acknowledge
that no strong claim can be made about the normative functioning of the MNS from a
neural standpoint on the basis of behavioral data alone, as no one-to-one mapping between
brain systems and behavior exists (lacoboni 2017). Rather, these data demonstrate that the
observation of motor actions incongruent with one’s own required motor action impairs task
performance regardless of diagnosis.

Despite this equivalence in Al between the diagnosis groups we did observe tentative
evidence that Al in ASD was related to individual variations in disorder severity as
measured by the social-affect (SA) subscale of the ADOS-2, suggesting that those with
more severe autistic traits experienced less interference from incongruent imitative stimuli.
This finding stands in contrast to previous research using Al paradigms (Sowden et al. 2016,
experiment 2), and suggests that more severe autistic-impairments lead to a concomitant
reduction in levels of Al (cf., Zachor et al. 2010). Although at first glance these data
appear to support the notion of impaired imitation in ASD, it is critical to note that

we also observed a similar correlation with ADOS-2 severity scores for effector trials

(a relationship which does not appear to have been examined in Sowden and colleagues
paper), which, given their ostensibly non-imitative nature, suggests that these relationships
were not unique to imitation. Instead, our results may suggest that participants with more
severe autistic-traits engaged with the task in a different manner to those with a less severe
presentation. Specifically, prior research has demonstrated a clear relationship between
ASD and circumscribed attentional processes (e.g., Liss et al. 2006), as well as showing
that perseveration of attention increases with ASD symptom severity (Sasson et al. 2008).
Thus, our findings may indicate that participants with more severe ASD in the current
study perseverated more on the numeric cue (consistent with task demands), and therefore
devoted less attention to the task-irrelevant stimulus (i.e., the hand), leading to a reduction
in interference. Although this notion remains entirely speculative, it is supported by the
equivalent analysis for the 1Q case-matched sample in which we did not observe any
relationships between imitation and ADOS-2 severity measures. Given that TD-ASD 1Q
case-matching necessarily involves the removal of the most impaired ASD participants,

it makes logical sense that any correlations between severity and task performance may
disappear. These data may therefore provide a fertile ground for future work in this area
examining the role of attentional processes in Al paradigms specifically involving ASD
participants.

Turning to our primary research question, the lack of evidence for an Al deficit as well as
evidence of Ayper-imitation in Al paradigms has led some researchers to suggest that, rather
than a general imitative deficit, ASD participants exhibit a specific deficit in the top-down
control of imitative behavior (Sowden et al. 2016; Spengler et al. 2010). Previous work has
provided evidence for this theory by demonstrating that Al effects are negatively correlated
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with self-other processing in ASD (as measured by theory of mind tasks, Spengler et al.
2010). Researchers have thus inferred that difficulties in dissociating the representations

of one’s own actions from those of another are hallmarks of a faulty top-down control of
imitative tendencies (Bird et al. 2006; Cook and Bird 2012). As such, it has been suggested
that deficits in social functioning in ASD are driven by an inability to exert top-down control
of imitative tendencies. Constituting a distinct advantage over previous research, the current
study included an experimental manipulation of the ratio of incongruent-to-congruent trials,
allowing us to directly influence the requirement for control of imitation. Consistent with
the notion of preserved imitation control in ASD we observed that both ASD and TD
participants were able to reduce the level of interference from incongruent imitative stimuli
to a similar degree when presented with a higher ratio of incongruent-to-congruent trials
(although we acknowledge that in a few cases this effect was only at the trend level). As
such these data stand in contrast to the notion of impairments in self-other processing in
ASD (e.g., Spengler et al. 2010); instead demonstrating that ASD participants are able

to exert appropriate control of imitative tendencies. These results are broadly consistent
with the findings of a recent meta-analysis indicating no clear evidence of hyper-imitation
in ASD and concluding that the disorder is not associated with deficits in imitation or
imitative control (Cracco et al. 2018). However, although imitative control may be spared

in ASD, another view suggests that it is the ability to adapt control of imitative tendencies
to the particular contextthat is impaired in ASD (Cracco et al. 2018; Forbes et al. 2017;
Hamilton 2013). Our results contradict this view by providing compelling evidence that
imitative tendencies are modulated by contextual factors in ASD. Specifically, heightening
participants’ expectations of incongruence by presenting a higher ratio of incongruent-to-
congruent trials comprised a contextual cue for a shift in strategy to a more proactive form of
control (Braver et al. 2007) that was accomplished by ASD and TD participants alike.

At the more general level, the finding that a block-wise manipulation of proportion
congruency resulted in modulation of control of Al for TD participants is deserving of
further inquiry. Specifically, this finding raises the question of whether Al can truly be
described as an automatic process. Processes are generally described as automatic when they
occur without endogenous processing (i.e., cognitive processes not under explicit control). In
the context of Al, the traditional notion of it being an automatic process largely rests upon
the finding that participants struggle to overcome the influence of a task irrelevant stimulus
even when it impairs response selection; as such, it can be surmised that Al does not require
an intention to imitate, cannot be controlled and is therefore involuntarily (Cracco and Brass
2019; Heyes 2011; Moors and De Houwer 2006). Although the aim of our current work

was not to analyze Al effects in TD, our paradigm and sample size allowed us to test the
‘automaticity’ assumption in this sample. Only a single previous study has sought to address
automaticity of Al using such a manipulation in TD; Hogeveen and Obhi (2013) found

that TD participants did not show any proportion congruency based manipulation of Al,
concluding that this was evidence in favor of the assumption of automaticity. However, the
current data provide persuasive evidence against this view by demonstrating that Al effects
can indeed be attenuated in the context of a heightened expectation of incongruent stimuli.
Given that this effect was clear for both ASD and TD groups separately, and considering

the significant increase in sample size and therefore power over that prior work, our data
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therefore suggest that Al may be no more automatic than other SRC paradigms that are
sensitive to proportion congruence manipulations (e.g., Stroop; Tzelgov et al. 1992). One
possible reason for this disparity between these two experiments is that Hogeveen and Obhi
(2013) provided explicit task instruction to the participants that the background hand would
either be likely to match the number cue (MC block), or would be unlikely to match the
number cue (M1 block), whereas the current work provided no such instruction. In doing
this, the authors may have biased participants processing towards the relevant stimulus
dimension (i.e., the numeric cue), resulting in a reduced interference effect (as the irrelevant
stimulus dimension would exert less influence on participants’ responses). Indeed, explicit
task instruction may thus have engaged a form of proactive control that operated across

the entire experiment rendering responses insensitive to the manipulation of proportion
congruence across experimental blocks.

It is critical to note a number of limitations to the current work so that these data

can be interpreted with the appropriate caution. First, our results highlighted the rather
counterintuitive finding that Al effects appeared to be equivalent in both imitative and
non-imitative effector conditions for reaction time. However, there was a significant effect
on participants’ accuracy drift rate meaning that we must refrain from an over-interpretation
of this null-effect. Nevertheless, we cite two possible reasons for this finding. On the one
hand, while imitation is generally thought to rely upon observed action (Leighton and
Heyes 2010), it is possible that the provision of a non-imitative cue alone was sufficient

to engage an action priming effect and thus affect task performance. This is consistent

with research showing that action priming effects can be observed even when participants
are only presented with single images that only /mp/y action (Craighero et al. 2002; Mele

et al. 2014; Vogt et al. 2003). This notion is also consistent with neuroimaging research
demonstrating that brain networks active during imitation control are also activated when
required to inhibit imitation of an abstract spatial cue, suggesting that both explicitly
imitative and non-imitative cues engaged similar cognitive mechanisms (Cross and lacoboni
2013). On the other hand, while the difference between imitation and effector trials did not
reach significance, it is clear that there was at least a numeric difference in the expected
direction (i.e., lower interference on non-imitative effector trials), suggesting that the null
difference may simply reflect a lack of statistical power to detect a difference.

On a related point, to minimize the effect of spatial compatibility, we and other authors
present the hand stimulus rotated 90 degrees with respect to the participant’s hand (Cook
and Bird 2012; Hogeveen et al. 2014; Sowden et al. 2016). This approach introduces

the potential confound of ‘orthogonal spatial compatibility’: stimulus features occurring
in the upper portion of space can facilitate right button responses, and vice versa (Cho
and Proctor 2004). Therefore, a limitation of the current study is that complex orthogonal
spatial compatibility might have influenced task performance. However, it is improbable
that orthogonal spatial compatibility drove the null group differences observed in the
current study. This pattern of results would necessitate ASD participants presenting with
a combination of reduced spatial interference and /ncreased Al interference, and this is
unlikely given an elegant recent study showing matched spatial compatibility effects across
ASD and TD (Sowden et al. 2016). A further question is whether our failure to identify
a specific relationship between imitative capability and ASD symptom severity may have
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been partly driven by the orthogonal spatial compatibility effect. Sowden et al. (2016)
observation of a positive association between the two in experiment 2 was apparent after
explicitly controlling for orthogonal spatial compatibility effects, an approach that was not
possible in the current work. Further research should seek to directly test to what degree
such associations may be affected by orthogonal spatial compatibility.

Second, our experimental paradigm did not include a block in which there were an equal
number of congruent and incongruent trials, as has been included in previous research on
Al (Hogeveen and Obhi 2013) and other SRC paradigms (see Bugg and Crump 2012). Our
reasoning for this omission was that any adjustment in control due to proportion congruence
should be identifiable with only the blocks we used in the current work (i.e., MC vs. Ml),
the inclusion of a *50/50” block was therefore unnecessary to examine the effect of interest.
Nevertheless, this omission leaves us unable to specifically analyze whether Al effects in
either of the included blocks were significantly different to such a *50/50° block.

Finally, as with any research involving ASD individuals, we must note certain specific
sample-focused limitations to the generalizability of these findings. In particular, our sample
of ASD participants consisted of individuals without intellectual disability (ID, i.e., had an
FSIQ > 70). While this is not uncommon in this sphere of work (indeed most previous
research on Al in ASD has used a similar, if not more capable sample of ASD participants
—see Sowden et al. 2016; Spengler et al. 2010) it is conceivable (and indeed likely given
the results of our correlational analyses) that the observed pattern of data may change when
ASD participants who also exhibit intellectual disability (ID) are examined. Nevertheless,
considering that ASD is the disorder most likely to overlap with ID (Bartak and Rutter 1976;
Wilkins and Matson 2009), and that much of the literature examines ASD participants with
average or better intellectual abilities (Hurley and Levitas 2007), future research should seek
to delineate more clearly whether imitative capability as measured by Al is fundamentally
linked to disorder severity. We also note a specific limitation to the generalizability of our
findings, regarding the age of the participants in the current work, who were for the most
part adolescents. With the notable exception of Hamilton et al. (2007), all prior research

on Al in ASD using similar methods (i.e., manual stimuli) to those used here has used

older adult samples, typically between 30 and 40 years of age. To our knowledge, the only
research to examine the effect of age on Al in ASD found a negative correlation between

the two, suggesting that older ASD individuals experience less Al (Schulte-Rither et al.
2017). However, that research used emotive facial stimuli and was therefore likely to engage
different cognitive processes to those involved in manual Al. Schulte-Rither et al. (2017)
results’ also contrast to data gathered in TD individuals showing evidence for an increase

in Al with experience (Heyes et al. 2005) and therefore, presumably, with age. One major
drawback of extant work is that it has been almaost entirely cross-sectional, limiting the
generalizability of the findings. Future work should seek to adopt longitudinal approaches to
address the question of whether Al effects are modulated by age, and whether potential age
effects differ between ASD and TD individuals.

In summary, in contrast to the notion of impairments in imitation in ASD, the current work
found no evidence for a specific deficit in imitative capability in ASD as measured by
Al. Instead, we found that the presentation of an action incongruent to that required by a
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cue resulted in an equivalent degree of interference for both ASD and TD participants. In
addition, the current work provided strong evidence that those with ASD are able to exert
top-down proactive control over Al and that the level of this control is no different from
that observed in TD, calling into question the notion of diminished imitative control being a
hallmark of ASD.

Supplementary Material

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

4 of 8 possible trials in the experiment, representing all possible index finger trials (for the
sake of brevity we do not present middle finger trials, cued by a ‘2’). Trials can either be
imitative or effector trials, congruent or incongruent, and require the participant to lift either
their index or middle finger (cued by “1’ or ‘2’ respectively). *Except the first trial of each

block - see footnote above
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Fig. 2.
Mean interference effects for each of the three variables analyzed split by diagnosis ASD

vs. TD) and stimulus type (Imitation vs. Effector). Error bars represent standard error of the
mean
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Drift Rate

ASD

Mean proactive control benefit effects for each of the three variables analyzed split by
diagnosis (ASD vs. TD) and stimulus type (Imitation vs. Effector). Error bars represent

standard error of the mean
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