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bstract

The motor mirror neuron system supports imitation and goal understanding in typical adults. Recently, it has been proposed that a deficit in this
irror neuron system might contribute to poor imitation performance in children with autistic spectrum disorders (ASD) and might be a cause

f poor social abilities in these children. We aimed to test this hypothesis by examining the performance of 25 children with ASD and 31 typical
hildren of the same verbal mental age on four action representation tasks and a theory of mind battery. Both typical and autistic children had the
ame tendency to imitate an adult’s goals, to imitate in a mirror fashion and to imitate grasps in a motor planning task. Children with ASD showed
uperior performance on a gesture recognition task. These imitation and gesture recognition tasks all rely on the mirror neuron system in typical
dults, but performance was not impaired in children with ASD. In contrast, the ASD group were impaired on the theory of mind tasks. These

esults provide clear evidence against a general imitation impairment and a global mirror neuron system deficit in children with autism. We suggest
his data can best be understood in terms of multiple brain systems for different types of imitation and action understanding, and that the ability to
nderstand and imitate the goals of hand actions is intact in children with ASD.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The ability to understand another person’s action and, if
eeded, imitate that action, is a core component of human
ocial behaviour which can be observed even in young chil-
ren. Imitation skills have attracted particular attention in the
earch for the underlying causes of the social difficulties that
haracterize autism. In recent years, a number of investigators
ave reported abnormal performance by children with ASD on
variety of imitation tasks (Williams, Whiten, & Singh, 2004).

nterest has grown further since the discovery of a mirror neu-
on system (MNS) underlying imitation performance in typical
dults (Buccino et al., 2004; Iacoboni et al., 1999; Rizzolatti &

raighero, 2004), and it has been proposed that this MNS may
lay a critical role in autism (Williams, Whiten, Suddendorf, &
errett, 2001).

∗ Corresponding author. Tel.: +1 603 646 0175.
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Based on work in both humans and monkeys, the MNS
as been defined as the regions in the inferior parietal and
nferior frontal cortex which respond both when an individ-
al performs an action and when he observes another person’s
ction (Rizzolatti & Craighero, 2004). In this way, the MNS
llows matching between the actions of the self and of oth-
rs, and supports inference of the goals and intentions of other
eople (Hamilton & Grafton, 2006). Thus, at least two distinct
ehaviours, imitation and action understanding, are supported
y the mirror neuron system. The ability to understand actions
nd goals using the mirror neuron system might in turn provide a
asis for variety of social skills including theory of mind (Gallese

Goldman, 1998; Gallese, Keysers, & Rizzolatti, 2004). Chil-
ren with autism are known to have poor social skills, problems
ith imitation (Williams et al., 2004) and problems with the-
ry of mind (Baron-Cohen, Leslie, & Frith, 1985). It has been

uggested that these children might have an abnormal mirror
euron system, and that this deficit is the cause of observed
eaknesses in imitation performance, poor theory of mind skills

nd impaired social cognition in autism (Williams et al., 2001).

mailto:antonia.hamilton@dartmouth.edu
dx.doi.org/10.1016/j.neuropsychologia.2006.11.022
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This is an ambitious hypothesis, which can be better under-
tood as three linked proposals: (1) The MNS supports imitation
nd inferences of goals and intentions; (2) This MNS is deficient
n children with ASD, leading to impaired performance on imi-
ation tasks and impaired inferences of goals and intentions; (3)
hese low level imitation/goal inference impairments in ASD
re a causal factor in poor theory of mind and social abilities in
hese children. There is evidence for part (1) from neuroimag-
ng of typical adults (reviewed in Rizzolatti & Craighero, 2004),
hile part (3) remains speculative. The aim of the current paper

s to examine part (2), the link between autism and the ability to
nfer and imitate goals using the mirror neuron system; we will
efer to this as the autistic mirror neuron dysfunction (AMND)
ypothesis.

We will begin by restricting our account to the ‘classi-
al’ motor MNS which matches performed and observed hand
ctions (Rizzolatti & Craighero, 2004) and is localised in the
nferior frontal gyrus and inferior parietal lobule in the human
rain. There is evidence for mirroring as a more general principle
hich applies to tactile sensation (Keysers et al., 2004) and to

motions such as disgust (Wicker et al., 2003) and pain (Singer
t al., 2004). Though these empathic mirroring systems might
ave a role in autism, we will not discuss them here. Instead,
e focus solely on the motor MNS which was first discovered

n macaque monkeys (Gallese, Fadiga, Fogassi, & Rizzolatti,
996) and has now been extensively studied in humans, and will
iscuss our behavioural tasks with reference to neuroimaging
tudies of this system.

The motor MNS in the human brain supports both the
mitation of human actions (Iacoboni et al., 1999) and infer-
nces about the goals or intentions underlying observed actions
Fogassi et al., 2005; Hamilton & Grafton, 2006). Imitation of
ther’s movements is particularly important in the process of
earning a new motor skill, where the MNS has a prominent role
Buccino et al., 2004). Furthermore, inferring action goals is a
asic component of non-verbal social interaction. For example,
n seeing your companion at dinner reach towards the salt cellar,
ou would infer that he wants some salt and might reach out and
ass it to him. Recent work demonstrates that the goals of other
eople’s actions are represented in the human anterior intrapari-
tal sulcus and inferior parietal cortex (Hamilton & Grafton,
006), which is part of the MNS.

Thus, two simple social-motor behaviours – imitation and

oal inference – seem to rely on the human MNS. The autis-
ic mirror neuron dysfunction (AMND) hypothesis predicts that
hese behaviours should be abnormal in children with autism. We
eport here the results of four experiments testing imitation of
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able 1
haracteristics of each group

roup Number of children Chronological age

SD 25 (19/22) 8; 1 ± 1; 12 (4; 5–12;
ontrol 31 (21/25) 4; 1 ± 0; 7 (3; 1–5; 4)

he number of children is given as total (male/right handed). CA and VMA are give
cores are out of 13 points and are given as mean ± standard deviation (range). The A
ut differed in CA and theory of mind score.
hologia 45 (2007) 1859–1868

oals, mirror imitation, grasp planning and gesture recognition
n children with and without autism. The same group of children
articipated in all experiments and we assess the overall impact
f our results on the AMND theory in the general discussion.

. General methods

.1. Participants

Twenty-five children with an independent clinical diagno-
is of autism or autism spectrum disorder were recruited from
chools in London and the south east of England specialising in
he education of children with autism. This group had a mean
hronological age of 8 years 1 month, and a mean verbal mental
ge (VMA) of 4 years 3 months (Table 1). VMA was estab-
ished using the British Picture Vocabulary Scale (Dunn, Dunn,

hetton, & Burley, 1997). The autistic group were severely
mpaired in their ability to attribute mental states to others, as

easured by a theory of mind battery described below. Hand
reference for each child was assessed by three tests: writing
heir name on a piece of paper, picking up a hollow tube to look
hrough it, and pretending to brush their teeth, and the hand used
n the majority of tests was deemed to be the preferred hand.

We compared these children to 31 control children with no
iagnosed special needs who were recruited from nurseries and
rimary schools in and around London. Control children were
lso assessed for VMA using the British Picture Vocabulary
cale and for handedness. Characteristics of the groups are sum-
arised in Table 1. The control group were matched for VMA
ith the ASD group and completed all the same tasks as the ASD
roup. All the children, their parents and their schools gave con-
ent to take part in this study, which was approved by the local
thics committee.

.2. Theory of mind testing

Every child was tested on a battery of theory of mind tests
rom four sources. We used tests of diverse desires, diverse
eliefs, knowledge access, contents false belief (smarties) and
xplicit false beliefs (Wellman & Liu, 2004), as well as the clas-
ic Sally-Ann task (Baron-Cohen et al., 1985), an interpretive
iversity task (cow task, Luckett, Powell, Messer, Thornton, &
chulz, 2002) and a penny hiding task (Devries, 1970). These

re all simple tasks requiring awareness of another individual’s
ental state, which are appropriate for children with a VMA

ear 4 years. On all tests, the child was given a score of one for
emonstrating evidence of theory of mind and zero otherwise,

Verbal mental age Theory of mind

9) 4; 3 ± 1; 2 (2; 4–7; 5) 3.5 ± 3.0 (0–10)
4; 7 ± 1; 1 (2; 10–6; 0) 7.7 ± 3.2 (0–13)

n in years and months as mean ± standard deviation (range). Theory of mind
SD group and control group were matched on VMA, gender and handedness
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Fig. 1. Goal-directed imitation. (A) The three possible trial types are illustrated.
In each case, the experimenter is represented by the larger person at the bottom,
the child by the smaller person at the top and circles indicate the target locations
which were (present) or were not (absent) marked by paper dots. On ipsilateral
and both trials, children normally imitate correctly. On the contralateral trial,
the typical hand error is illustrated; the child moves to the correct goal location
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eading to a maximum score of 13. Table 1 lists the results of
ackground testing for each group. The ASD group and the con-
rol group did not differ significantly in verbal mental age, but did
iffer in their theory of mind score, as tested in an ANCOVA
ith VMA as a covariate (p < .001, F = 23.9, df = 1, 49). The

hildren with ASD failed almost all the theory of mind tasks,
onfirming that they have a poor understanding of other people’s
nowledge and beliefs relative to their verbal abilities. The con-
rol children scored at the level expected for their VMA, passing
pproximately half the questions. VMA had a significant impact
n theory of mind performance across groups (p = .001, F = 11.5,
f = 1, 49), as expected.

.3. General methods

Children were tested individually in a quiet room in their own
chool. Each child took part in two or three testing sessions and
erformed a range of tasks, including the ones reported here.
ask order was randomised and praise was given to the child
n all tasks after every trial regardless of correctness. Each task
egan with two training trials which were repeated until it was
stablished that the child understood the instructions. Individual
asks are described in more detail below. A few of the children
efused to participate in some tasks, so subject numbers are given
or each task in the results.

All data were analysed using a repeated measures ANCOVA
n SPSS, with verbal mental age as a covariate and a thresh-
ld of p < .05 for statistical significance. Some tests had only
small number of possible scores (e.g., 0–4) which might not
e normally distributed and not conform to the assumptions of
parametric analysis. To deal with this, we used a resampling
rocedure (Howell, 2001) to generate pseudo-F distributions for
ach of these data sets to assess the likelihood that the observed
cores could arise by chance without making any assumptions
bout the distribution of scores. In every case, we found that the
seudo-F distribution closely matched the standard F distribu-
ion, such that the same conclusion would be drawn from either
he parametric ANCOVA or the non-parametric resampling pro-
edure. For simplicity, we therefore report only the results of the
tandard parametric analyses in SPSS.

. Experiment 1: goal-directed imitation

Interpreting other people’s goals from their actions is crucial
or social interaction and there is clear evidence that the MNS is
entral to this process (Fogassi et al., 2005; Hamilton & Grafton,
006). Goal-directed imitation tasks in fMRI activate the human
irror system (Koski et al., 2002), and a similar task can be used

o tap goal understanding in children. In particular, typically
eveloping 4–6-year olds show evidence for goal understanding
n a simple imitation task (Bekkering, Wohlschlager, & Gattis,
000; Gattis, Bekkering, & Wohlschlaeger, 2002). The children
ere asked to copy an adult who moved her hand to cover a left or
ight target on the table top, and it was found that children made
high proportion of hand errors when the experimenter moved
er hand across her body to cover a contralateral target (Fig. 1A,
iddle). This error does not reflect simply a reluctance to cross

t
o
t
c

ut using the wrong hand. (B) Mean number of hand errors made by each group
ut of a maximum of six. Error bars are standard errors. (C) Mean number of
oal errors made by each group, as before.

he midline because children were able to imitate crossed-hands
rials. Instead, Bekkering and colleagues argue that the child
epresents the goal of the action, ‘touch the right dot’, and gives
hat a higher priority than the means of the action, ‘use left hand’.
hildren imitate the goal but use the more convenient right hand,

esulting in a hand error. Importantly, this contralateral error is
ound more frequently when goals (dots) are visible on the table
op than when the table is unmarked and the action does not
ave a prominent goal. Thus, the presence of hand errors on
ontralateral movement trials provides evidence that children
re able to represent and imitate the goal of an adult’s action.

If children with ASD have a dysfunctional mirror system,
hey should not show this characteristic error pattern. Instead

hey might prefer to imitate the hand used to perform the action,
r might make additional errors on the other trials. We replicated
he tasks used by Bekkering and colleagues in our groups of
hildren to test if the children with ASD are sensitive to observed
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oals. The AMND predicts a lack of goal-directed imitation in
hildren with autism.

.1. Methods

For this task, children sat opposite the experimenter at a plain table and
ere required to copy the experimenter’s hand movement to a target location
n a table top, using mirror imitation. Following previous work (Bekkering et
l., 2000; Gattis et al., 2002), we used a 3 × 2 factorial design manipulating
hree possible types of movement made by the experimenter and the presence
r absence of goal dots on the table. Movements could be directed towards the
psilateral target (Fig. 1A, left), to the contralateral target (Fig. 1A, middle) or
o both targets at once (Fig. 1A, right). One-handed actions could be performed
ith either the right or left hand and two-handed actions with arms crossed or
ncrossed, giving a total of six possible trials. In one block, target locations
ere indicated by paper dots stuck to the table 30 cm apart and 20 cm from

he edge in front of the child and experimenter, and in the other block target
ocations were unmarked. Block and trial order were counterbalanced across
hildren.

Each block began with the experimenter’s hands at the edge of the table close
o her and the child’s hands in an equivalent location. As previously (Bekkering
t al., 2000; Gattis et al., 2002), children were explicitly instructed to imitate
he actions of the experimenter. The experimenter told the child “All you have
o do is copy me” and then performed one of the six possible movements and
emained at the target location until the child responded. Then the experimenter
eturned to the starting posture and waited for the child to return to the same
osture before beginning the next trial. Each child completed 18 trials with dots
n the table and 18 trials without dots.

All trials were video-taped with a digital video camera positioned slightly
ehind and to the side of the experimenter, so that the table with the hands of
oth the experimenter and the child were fully visible on the screen. Each trial
as scored for hand errors, defined as a failure to use the mirror equivalent of

he experimenter’s hand, and goal errors, defined as failed to touch the mirror
quivalent of the experimenter’s target location. Twenty-five percent of the video
apes were also scored by a second observer who was blind to the hypotheses and
he children’s diagnosis, and a 93 percent agreement between the two observers
as obtained.

.2. Results and discussion

Twenty-five children with ASD and 29 controls completed
he task. The analysis of hand errors (Fig. 1B) revealed a main
ffect of movement type (p < .001, F = 65.5, df = 2, 102) and
main effect of the presence of dots on the table (p = .007,
= 8.322, df = 1, 51). Importantly, there was an interaction

etween dots and movement type (p = .01, F = 4.75, df = 2, 102),
ith significantly more hand errors on contralateral trials when
ots where present than when they were absent. This result
eplicates Bekkering et al. (2000) and provides evidence for
oal-directed imitation in the children tested. We did not find
ny differences in performance between the control and ASD
roups (main effect of group, p = .6, F = 2.70, df = 1, 51, and
ll interactions with group p > .2), and inspection of Fig. 1B
onfirms the similar performance of the two groups.

As a more specific test of goal-directed imitation, we repeated
he analysis of hand errors in each group separately, with chrono-
ogical age as an additional covariate. The control group again
howed the expected pattern of results (dots: p = .008, F = 8.35,

f = 1, 26; movement type: p < .001, F = 37.2, df = 2, 52; interac-
ion: p < .01, F = 4.90, df = 2, 52), and also an interaction between
hronological age and performance (p < .019, F = 6.3, df = 1, 26).
he ASD group showed a significant main effect of movement
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ype (p < .001, F = 28.44, df = 2, 44) and a marginal interaction
n the expected direction (p < .094, F = 2.49, df = 2, 44) but no
nteractions with VMA or CA. These results confirm that both
he control and ASD groups independently show goal-directed
mitation of simple hand movements.

Data were also analysed for goal errors, where the child failed
o touch the appropriate target location. As illustrated in Fig. 1C,
oal errors were low in both groups and all conditions. There
as a main effect of movement type (p < .001, F = 9.38, df = 2,
02) on goal errors and an interaction between the presence of
ots and VMA (p < .01, F = 7.21, df = 1, 51). As before there
ere no main effects of group (p = .16, F = 2.0, df = 1, 51) and
o interactions with group (all p > .2).

In our assessment of goal-directed imitation, we found no evi-
ence for differences in performance between the ASD group
nd the VMA matched control group. Both groups showed the
ypical pattern of hand errors on contralateral trials reported by
ekkering et al. (2000), and both groups showed an interaction
etween movement type and the presence of dots. Thus, we can
onclude that typical and autistic children have the same ten-
ency to imitate the goal of another person’s action. This result
s concordant with two studies (Aldridge, Stone, Sweeney, &
ower, 2000; Carpenter, Pennington, & Rogers, 2001) which
ave tested children with ASD on a task requiring imitation of
ailed actions (Meltzoff, 1995). Both studies found children with
SD were able to comprehend and imitate the intention of the

ctor even though the actor never achieved the intended goal. All
hese data provide clear evidence against the AMND hypothe-
is, which predicted that children with ASD should show poor
erformance in tasks requiring the understanding or imitation of
oals.

. Experiment 2: mirror imitation

Typically developing children tend to imitate movements as
f they were looking in a mirror (Wapner & Cirillo, 1968). How-
ver, it has been suggested that adults with Asperger’s syndrome
ail to take advantage of mirroring (Avikainen, Wohlschlager,
iuhanen, Hanninen, & Hari, 2003). We aimed to test if our par-

icipants with ASD have a preference for mirror imitation over
natomical imitation, using a variation of Experiment 1.

.1. Methods

This task used a very similar procedure to Experiment 1. The only difference
as that the target locations were arranged in a single line between the child

nd the experimenter (Fig. 2A), which means that each dot can be reached
qually well with either hand. On each trial, the experimenter moved her hand
o one target location and asked the child to copy. If a child has a preference
or mirror imitation, we would expect the child to use his or her right hand
hen the experimenter models the action with her left hand, and vice versa.
rials where the child failed to use the mirror hand were scored as hand errors.
he two possible target locations were classified as ‘near’ or ‘far’ relative to

he actor’s body, and trials where the child failed to move to the same target

s the experimenter were classified as goal errors. Children completed twelve
rials (2 hands × 2 targets × 3 repetitions) with dots on the table marking the
arget locations, and twelve trials without dots. This task was always carried out
fter Experiment 1, but the order of the two blocks was counterbalanced across
hildren. Trials were scored from video as in Experiment 1. On approximately
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Fig. 2. The mirror imitation task. (A) This task was similar to the goal-directed
imitation task, but all four target locations were arranged in a single row between
the child (upper person) and the experimenter (lower person). (B) Mean number
of hand errors (±SE) made by each group. Zero errors would indicate mirror imi-
t
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red end of the bar on the black circle’. This leaves the participant to plan the
ation and 12 errors out of 12 would indicate anatomical imitation. On average,
oth groups showed a preference for mirror imitation.

our percent of trials where dots were absent, the near/far goal of the child’s
ction was ambiguous and such trials were scored as a half error. Again, 25
ercent of the tapes were scored by an independent observer and 88 percent
greement was obtained.

.2. Results and discussion

Twenty-three ASD children and 29 controls completed the
ask, and both groups showed a preference for mirror imita-
ion (Fig. 2B). There was a marginal effect of dots on hand
rrors (p = .053, F = 3.93, df = 1, 49), with more hand errors
hen dots were present. This result provides further evidence for
oal-directed imitation in both groups of children, because the
resence of a dot as a goal reduces the importance of the hand
election goal and increases hand errors. An analysis of goal
rrors revealed a significant effect of dots (p = .006, F = 8.22,
f = 1, 49) with more goal errors when dots were absent. There
ere no effects of group on either hand errors (p > .9) or goal
rrors (p > .5). These data show that both control children and
hildren with ASD have a preference for mirror imitation of
and actions.
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. Experiment 3: grasp imitation and motor planning

The human MNS is not only concerned with action under-
tanding and imitation, it is also a motor system, concerned
ith planning and executing goal-directed actions. The mir-

or network is reliably activated by planning (Johnson-Frey,
ewman-Norlund, & Grafton, 2005) and executing (Rizzolatti et

l., 1996) hand actions and damage to the mirror network results
n apraxia or loss of action representations (Heilman, Rothi, &
alenstein, 1982). Thus, if children with ASD have a dysfunc-

ional MNS, they might also be expected to have difficulties with
lanning and performing actions.

This experiment was designed to address two related ques-
ions. First, do children with autism have difficulties with motor
lanning? Motor planning is a non-trivial skill which devel-
ps slowly in typical children, and some planning difficulties
ave been reported in children with ASD (Hughes, 1996). If
otor planning impairments are common in autism, this factor
ight contribute to the poor imitation performance which has

een reported (Williams et al., 2004). Second, can children use
mitation to improve their motor planning and thus their motor
erformance? If an experimenter demonstrates the best way to
erform a motor task, a child who has the ability to understand
nd imitate human actions should take advantage of the demon-
tration and show improved performance. We tested if control
r autistic children show better motor planning when the task
equirements are demonstrated manually than when the task is
pecified verbally. The AMND hypothesis predicts that chil-
ren with ASD may show poor motor planning abilities, because
he MNS is essential for motor performance. More directly, the
MND hypothesis predicts that the ASD group should not be

ble to take advantage of the experimenter’s demonstration in
he imitation condition.

.1. Methods

To assess motor planning, we used a grip selection task which has been pre-
iously used with both normal adults (Cohen & Rosenbaum, 2004; Rosenbaum
t al., 1990, chap. 10) and children with ASD (Hughes, 1996). In a series of
xperiments, Rosenbaum and colleagues demonstrated that typical adults plan
eaching movements so as to end the movement with a comfortable grip, even
f that means using a less comfortable grip at the start of the movement. For
xample, Fig. 3A illustrates a trial where the participant must place the red
pale) end of the bar vertically on the black target. The participant selects an
wkward underhand grip at the start of the trial to achieve a comfortable ver-
ical grip at the end of the trial. This choice of an awkward grip at the start
s evidence that the participant can consider the whole movement he or she
ill have to make and plan accordingly. Fig. 3B illustrates the easier over-
and trials, where the participant is able to place the blue (dark) end of the
ar on the target using a natural overhand grip at the start and a comfortable
ertical grip at the end. If children have poor motor planning abilities, we
ould expect them to make grip selection errors on the underhand trials which

equire full planning, but not on the overhand trials where a natural grip is
ufficient.

Previous studies of motor planning have used verbal or graphical instructions
pecifying the desired end state (Rosenbaum et al., 1990), for example, ‘put the
est way to achieve that end state. To assess the role of action understanding in
his task, we compared performance on a block of trials with verbal instruction
o performance on an imitation block where the experimenter demonstrated the
orrect action and the end result. In these imitation blocks, the correct grip is
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Fig. 3. The grasp imitation task. (A) The start (left) and end (right) of a correct
underhand trial are illustrated. The participant’s task is to put the pale end of the
horizontal bar on the black target circle. This can best be accomplished using an
awkward underhand grip at the start of the movement. (B) In the overhand trial
the participant must put the dark end of the horizontal bar on the black target
circle, which can be performed using a natural overhand grip. Note the similar
end postures in both underhand and overhand trials. (C) Mean grip errors in each
condition and each group of children. A grip error was scored when the child
failed to use the appropriate grip at the start of a trial. Error bars are standard
error and the maximum is four errors. (D) Mean goal errors in each condition
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or each group. A goal error was scored when the child failed to put the bar in
he correct location at the end of the trial.

hown to the child, so children who have the ability to understand and imitate
and grasps should show improved performance.

For all trials, the child sat opposite the experimenter at a small desk and
video camera was positioned behind and to the side of the experimenter to

ecord both the child’s and the experimenter’s hand movements. A hollow metal
ar with one half painted blue and the other half painted red rested on a stand
n front of the child and two paper discs, one black, one white, were fixed to the
able 10 cm beyond the ends of the bar as targets. Two bar orientations and two
argets give four possible trials, each presented twice in the verbal block, and
wice in the imitation block. Trial order and block order was counterbalanced.

All trials began with the child sitting with his or her preferred hand on the
esk in front of the bar and the other hand under the desk. For verbal trials, the
xperimenter asked the child “Please pick up the red end of the bar and put it
n the black circle, so it looks like this,” and showed a picture of the desired
onfiguration of the bar and targets. Pictures were used to complement the ver-
al instructions because the children tested had low verbal abilities. The picture
emained visible until the child completed the task. For imitation trials, an iden-
ical apparatus was arranged in a mirror fashion in front of the experimenter. The
xperimenter then asked the child to watch carefully and copy, and proceeded to
emonstrate the correct starting grip and move the bar to the desired end state.
he experimenter used his left hand for right handed children and vice versa, to
llow the child to use mirror imitation.
After testing, performance was scored from the video tapes. For each trial,
grip error was recorded if the child used an inappropriate grip at the start of

he action, and a goal error was recorded if the final position and orientation
f the bar did not match the trial requirements. Some children used their non-
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ominant hand on some trials, in spite of the instructions not to, and these trials
ere recorded as hand errors.

.2. Results and discussion

Twenty-three children with ASD and 31 controls completed
his task. Fig. 3D illustrates the low level of goal errors found in
ll conditions. Goal errors did not differ with group (p > .13),
ndicating that all children were able to perform the task.
here was a significant effect of VMA on goal errors (p < .001,
= 14.25, df = 1, 51) but no other significant effects.
An analysis of grip errors is presented in Fig. 3C. Children

ade grip errors on the majority of trials when an underhand
rip was required and instructions were verbal, but made fewer
rip errors when there was an opportunity to imitate. These
ffects where confirmed statistically, with a main effect of grip
p < .0001, F = 141, df = 1, 51), a main effect of instructions
p < .001, F = 21.7, df = 1, 51) and an interaction between these
actors (p < .001, F = 23.0, df = 1, 51). There were no effects of
roup on grip errors (p > .85) nor interactions with group (all
> .5) but there was a significant effect of VMA on grip errors

p = .045, F = 4.22, df = 1, 51). These results show that all the
hildren found motor planning difficult, but that they were able to
ake advantage of the experimenter’s demonstration to improve
heir performance. Thus, both control and ASD children are able
o understand and imitate the experimenter’s grip configuration.

The results of this experiment provide further evidence
gainst the AMND theory. Motor planning is known to rely on
he fronto-parietal circuit which makes up the MNS (Johnson-
rey et al., 2005) so the AMND predicts poor performance in
SD which was not found. The children with ASD showed the

ame level of motor planning as the control group, and were able
o understand and imitate the experimenter’s grasp in the imita-
ion trials. An unexpected result in this task was the clear effects
f VMA on both goal errors and grip errors, which implies links
etween verbal abilities and motor planning abilities. Further
esearch would be needed to investigate the relationship between
hese skills in detail.

. Experiment 4: gesture recognition

The MNS is not only a motor system, but is also believed
o support action understanding. Patients with apraxia tend
o perform poorly on action understanding tasks (Buxbaum,
yle, & Menon, 2005; Tranel, Kemmerer, Adolphs, Damasio,
Damasio, 2003) and transcranial magnetic stimulation of the

nferior frontal gyrus impairs action understanding in typical
dults (Pobric & Hamilton, 2006). Thus, the AMND hypoth-
sis predicts that children with ASD should have difficulties
nderstanding the actions of other people. We used a gesture
ecognition task to assess this in our group of ASD children. The
ask was originally developed for use with patients with apraxia
r aphasia (Mozaz, Rothi, Anderson, Crucian, & Heilman, 2002)

nd has very low motor and verbal demands. The participant is
imply required to match a pictured hand posture to a cartoon
rawing of an action with the hands of the actor missing. The
MND theory predicts that children with ASD should find this
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ask particularly hard, because they should lack the ability to
nterpret the meaning of a gesture.

.1. Methods

Cartoon stimuli of people performing actions with the hands missing from
he cartoons were kindly provided by Professor Heilman (Mozaz et al., 2002).

e created a new set of high resolution photographs of hands as targets and
oils for the cartoons, matching the postures used in the original stimuli. This
esulted in a set of cards depicting nine object-use gestures and nine symbolic
estures (Fig. 4A and B). All the photographs for the object-use gestures showed
ands posed as if to hold a tool but with no tool present, following the stimuli
eveloped by the Heilman group.

The task was presented to the children as a picture matching game. One card
rom each set was used for training trials. The child was given the card and asked
o look carefully at the cartoon to see what was missing. When the child saw that
he hands were missing, his attention was drawn to the photographs and he was

sked “which hands fill the gap?” Errors with the training cards were corrected
nd explained so that the child understood the task. Then each of the 16 test
ards was presented in turn, in a randomised order, and the child was required
o choose the photograph which filled the gap. Responses were recorded and
raise was given for all responses regardless of correctness.

ig. 4. The gesture recognition task. (A) An example stimulus card for an object
se action. (B) An example stimulus card from a symbolic action. (C) Perfor-
ance on the gesture recognition task, with chance performance indicated by

he dashed line. Means and standard errors are shown for each group.
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.2. Results and discussion

Twenty-two children with ASD and 30 control children took
art in this task, and results are illustrated in Fig. 4C. The
SD group performed significantly better than the control group

p < .001, F = 16.8, df = 1, 49), and children with a higher VMA
lso showed better performance (p = .003, F = 9.61, df = 1, 49),
ut there were no effects of stimulus type on performance
p > .5).

These data indicate that the group with ASD have no gesture
ecognition impairment, and in fact performed better than the
MA matched controls. This replicates the work of Smith and
yrson (1998), who found no difference in gesture recognition
erformance between autistic children, children with language
elay and controls. These data are not compatible with the
ypothesis of an action representation deficit or mirror neuron
eficit in the children with ASD.

. General discussion

We tested 25 children with an independent clinical diagno-
is of autistic spectrum disorder on a variety of experiments
esigned to test the hypothesis of an autistic mirror neuron
ysfunction (AMND), and compared their performance to 31
ypically developing children matched for VMA. The autistic
roup of children were all significantly impaired in their abil-
ty to attribute mental states to others as assessed with standard
heory of mind tests. Nevertheless, in the three action tasks,
hich assessed goal-directed imitation, mirror imitation and
rasp planning, there were no differences between the ASD
roup and the control group, with both groups showing evi-
ence of goal and grasp imitation. These results challenge the
MND hypothesis, which predicts poor imitation and poor goal
nderstanding in children with autism who have poor theory of
ind abilities. In the visual task, children with ASD performed

etter than controls at gesture recognition, which again was not
redicted by the AMND theory. We consider now the evidence
inking each of our experiments to the MNS and the relationship
etween our results and other studies of imitation in autism, to
btain a full assessment of the AMND hypothesis.

The tasks we used were specifically chosen because previous
MRI studies in adults have shown that these tasks involve the
rain regions known as the mirror neuron system, specifically
he inferior frontal gyrus and inferior parietal cortex. Goal-
irected imitation involves both of these regions (Iacoboni et
l., 1999; Koski et al., 2002), as does motor planning (Johnson-
rey et al., 2005) and observation of hand gestures (Lotze et al.,
006). Furthermore, lesions to the MNS in the adult brain lead
o poor performance on imitation tasks (Heilman et al., 1982)
nd action understanding tasks (Buxbaum et al., 2005; Tranel
t al., 2003). Thus, it is clear that in the typical adult brain, the
NS supports imitation and goal understanding (Rizzolatti &
raighero, 2004). If the MNS is dysfunctional in children with

SD (Williams et al., 2001), we would expect these two func-

ions to be impaired. However, as the results indicate, we found
o evidence of autism related impairments in MNS skills. The
utistic children we tested showed goal-directed imitation and
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rasp planning skills at the level expected for their verbal mental
ge, and showed superior gesture recognition skills.

These results are not simply a lack of an effect due to weak
tatistical power. In the goal-directed imitation and grasp plan-
ing tasks, we observed a systematic pattern of errors in the
ontrol children and the same systematic pattern in children
ith autism. Both groups made more hand errors on contralat-

ral goal-directed imitation trials, indicating that the children
nferred the goal of the adult’s action and emulated that goal
ithout imitating the hand used by the adult (Bekkering et al.,
000). In the grasp planning task, both groups performed poorly
hen given verbal instructions, but both groups showed substan-

ially better grasp planning when the experimenter demonstrated
he correct action. This provides evidence that the children can
nterpret and imitate the adult’s grasping action. Finally, in the
esture recognition task the children with autism performed even
etter than the controls. This task provides the purest test of
NS function because responses cannot be contaminated by
otor abilities, and this task also provides the strongest evi-

ence against the AMND hypothesis. These results provide clear
vidence of a dissociation between imitation skills, where the
utistic group performed normally, and the theory of mind tasks
here these children were severely impaired.
Two caveats apply to these data. First, in all the imitation tasks

e examined, children were explicitly instructed to copy the
xperimenter. Thus, our conclusions may not generalise to situ-
tions of automatic mimicry. Second, this is not a neuroimaging
tudy and our conclusions about the neural systems underlying
he behaviour we observed in children with autism is based on
eferences to published studies, rather than direct measurement
f neural activation. Nevertheless, all the tasks we used were
elected because neuroimaging studies of adults have clearly
emonstrated the involvement of the mirror neuron system in
hese behaviours. While it is possible that the children with
utism show normal performance on behavioural testing but use
ifferent neural systems to pass these tasks, this is an unlikely
nd complex explanation of the data. We suggest instead that,
hen confronted with an explicit imitation or action recognition

ask, children with autism are able to use their mirror neuron
ystem to achieve the same behavioural performance as typical
hildren.

Our data are not anomalous in the context of other studies
f imitation and action understanding in children with autism.
wo independent groups have shown that children with autism
re able to understand and imitate an adult’s goal-directed action
ven if the action is never completed (Aldridge et al., 2000;
arpenter et al., 2001). Intact gesture recognition (Smith &
yrson, 1998) and object-directed imitation (Rogers, Hepburn,
tackhouse, & Wehner, 2003; Stone, Ousley, & Littleford, 1997)
ave also been reported. Children with autism recognise when
hey are being imitated by an adult and respond positively (Field,
ield, Sanders, & Nadel, 2001). Finally, enhanced performance
n meaningful imitation compared to meaningless imitation

Rogers, Bennetto, McEvoy, & Pennington, 1996; Stone et al.,
997) provides evidence against specific problems with action
eaning in ASD. All these studies point to intact understanding

nd imitation of the goal of an object-directed action in children
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ith autism. Our own data complement these results using tasks
hich are directly relevant to the MNS.
These results have important implications for the AMND

ypothesis, and for our understanding of the relationship
etween imitation skills, the MNS and theory of mind impair-
ent in autism. As described in Section 1, the AMND hypothesis

roposed that the motor MNS, which supports imitation and
oal understanding, is dysfunctional in children with autism. We
uggest that the weight of evidence from our own data and the
tudies described above makes the AMND proposal untenable.
hildren with autism are able to imitate goals, plan grasps and
nderstand gestures, despite the fact that all of these tasks are
ependent on the MNS. Furthermore, this intact imitation ability
as observed in children who have clear deficits on theory of
ind tasks, demonstrating a dissociation between goal-directed

mitation and mental state inference. This means that MNS prob-
ems cannot be a simple, single factor explanation for the theory
f mind failure and other social impairments found in children
ith ASD.
Nevertheless, there remains a large body of evidence support-

ng the idea of some type of imitation deficit in ASD (Williams
t al., 2004), and some neuroimaging evidence is starting to
merge indicating differences in the autistic brain during imita-
ion (Dapretto et al., 2006) and action observation (Oberman et
l., 2005) tasks. How might these results be reconciled with our
ejection of the AMND?

.1. Understanding imitation

We suggest that an understanding of imitation behaviour in
utism must begin with the recognition that imitation is not a uni-
ary cognitive component and is not dependent upon a unitary
mirror neuron system’ in the human brain. A minimal descrip-
ion of imitation performance must recognise the role of visual
nformation processing, visual to motor mapping, and motor
ontrol as distinct processes which must all function correctly for
mitation to occur, and much more detailed schemes have been
roposed (Tessari & Rumiati, 2004). Even when low level visual
nd motor parameters are equated, differential brain activations
ave been found for meaningful compared to meaningless ges-
ure imitation (Rumiati et al., 2005), for expressive compared to
nstrumental gestures (Gallagher & Frith, 2004), and for imita-
ion of hand actions compared to emotional facial expressions
Leslie, Johnson-Frey, & Grafton, 2004). These data demon-
trate that imitation behaviour cannot be localised to a single
rain system, but rather different types of imitation involve dif-
erent cognitive and neural systems. For example, imitation of
eaningful hand actions would involve the brain regions for

epresenting, understanding and planning goal-directed hand
ctions, while imitation of facial expressions would involve
egions for representing, understanding and performing face
ovements. Thus, it would be implausible to expect a single

eurocognitive mechanism to underlie imitation in either the

ypical or autistic brain. Rather we should examine the different
oles of hand processing, face processing, emotion processing
nd other social-motor domains in both the perceptual and motor
ehaviour of children with autism.
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Following this classification, we can consider the classic
otor mirror system as a system for the representation of

and–object interactions and the goals of these actions. This
and-goal system is found in the inferior frontal and inferior
arietal cortex (Rizzolatti & Craighero, 2004), with a left later-
lisation in most object use tasks (Johnson & Grafton, 2003).
amage to this system results in impaired performance, under-

tanding and imitation of hand actions (Buxbaum et al., 2005).
owever, all these skills were unimpaired in our sample of chil-
ren with autism, and thus we propose that this hand-goal MNS
s intact in these children.

In contrast, the tasks where autistic children do show impaired
mitation are often those tasks where the children cannot rely
n a hand-goal strategy. Thus, poor performance is seen on
mitation of meaningless actions (Rogers et al., 1996; Stone
t al., 1997) including those that involve an element of per-
pective taking (Ohta, 1987; Smith & Byrson, 1998). Neural
esponses to the observation of meaningless actions are reduced
n children with autism (Oberman et al., 2005), but responses to
bservation of object-directed actions are normal in adults with
sperger’s syndrome (Avikainen, Kulomaki, & Hari, 1999).
oth of these studies used methods with low spatial resolution

EEG/MEG) and do not directly address the role of the MNS,
ut the data do imply a distinction between abnormal repre-
entations of meaningless actions and normal representations
f meaningful actions in autism which is in line with our own
esults. Children with autism also show poor imitation perfor-
ance in facial imitation tasks (Rogers et al., 2003). The ability

o represent, understand and produce facial emotional expres-
ions is associated with the right insula and right inferior frontal
yrus (Carr, Iacoboni, Dubeau, Mazziotta, & Lenzi, 2003).
utomatic emotional mimicry seems to be impaired in peo-
le with autism (McIntosh, Reichmann-Decker, Winkielman,

Wilbarger, 2006), and differences between an autistic group
nd a control group in right frontal regions have been reported in
n emotional imitation task (Dapretto et al., 2006). In the current
aper, we do not test automatic mimicry or emotional imitation
bilities, and these abilities could be impaired independent of
oal-directed imitation abilities. For example, individuals with
utism might fail emotional imitation tasks because of abnormal
esponses in the amygdala rather than the mirror neuron system
de Gelder, 2006). Overall, the imitation tasks which children
ith autism fail are precisely the tasks which do not rely heavily
n the classic hand-goal mirror system, and which do not involve
nderstanding the goal of the action.

Based on the present results, we suggest that it is not help-
ul to study imitation as a single cognitive or neural system.
urther research will be needed to define whether the difficul-

ies children with autism have on some imitation tasks are due
o problems in automatic mimicry, in representing emotions or
acial expressions, in parsing and planning meaningless actions
r to some other factor. Our work indicates that children with
utism have an intact ability to represent, understand and imi-

ate goal-directed hand–object interactions, and thus are likely
o have an intact hand-goal MNS. Defining the limits of this
ystem and what it can do both for typical and autistic children
ill be an important area of research in the future.

d
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.2. Overall conclusion

The results of our experiments provide clear evidence against
simple mirror neuron hypothesis of autism (Williams et al.,

001), in which dysfunction of the motor mirror neuron sys-
em results in an impaired ability to understand and imitate
ction goals in children with ASD, leading to poor theory of
ind ability. Instead we suggest that goal understanding is in

act an island of intact functioning in ASD, in contrast to these
hildren’s poor performance on theory of mind tasks. Further
ork will be needed to distinguish different types of imitation

nd the different neural systems which support them, in order
o make sense of the social disabilities found in children with
utism.
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