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Abstract

Background: Impaired imitation has been found to be an important factor contributing to social communication
deficits in individuals with autism spectrum disorder (ASD). It has been hypothesized that the neural correlate of
imitation, the mirror neuron system (MNS), is dysfunctional in ASD, resulting in imitation impairment as one of the
key behavioral manifestations in ASD. Previous MNS studies produced inconsistent results, leaving the debate of
whether “broken” mirror neurons in ASD are unresolved.

Methods: This meta-analysis aimed to explore the differences in MNS activation patterns between typically developing
(TD) and ASD individuals when they observe biological motions with or without social-emotional components. Effect
size signed differential mapping (ES-SDM) was adopted to synthesize the available fMRI data.

Results: ES-SDM analysis revealed hyperactivation in the right inferior frontal gyrus and left supplementary motor area
in ASD during observation of biological motions. Subgroup analysis of experiments involving the observation of stimuli
with or without emotional component revealed hyperactivation in the left inferior parietal lobule and left
supplementary motor during action observation without emotional components, whereas hyperactivation of the right
inferior frontal gyrus was found during action observation with emotional components in ASD. Subgroup analyses of
age showed hyperactivation of the bilateral inferior frontal gyrus in ASD adolescents, while hyperactivation in the right
inferior frontal gyrus was noted in ASD adults. Meta-regression within ASD individuals indicated that the right
cerebellum crus | activation increased with age, while the left inferior temporal gyrus activation decreased with age.

Limitations: This meta-analysis is limited in its generalization of the findings to individuals with ASD by the restricted
age range, heterogeneous study sample, and the large within-group variation in MNS activation patterns during object
observation. Furthermore, we only included action observation studies which might limit the generalization of our
results to the imitation deficits in ASD. In addition, the relatively small sample size for individual studies might also
potentially overestimate the effect sizes.
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Conclusion: The MNS is impaired in ASD. The abnormal activation patterns were found to be modulated by the
nature of stimuli and age, which might explain the contradictory results from earlier studies on the “broken mirror

neuron” debate.
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Autism spectrum disorder (ASD) is a pervasive neurode-
velopmental disorder that affects 1 in 59 people world-
wide [1]. Individuals with ASD are characterized by
social communication deficits, e.g., difficulties in the
production and comprehension of nonverbal gestures, as
well as restricted and repetitive interests, that manifest
very early in their lives. Such deficits significantly impair
their social and occupational functioning [2], with previ-
ous studies showing that greater dysfunction in social
communication skills predicted reduced participation in
social and recreational activities in adolescence and
adulthood [3]. In the past decade, researchers have
attempted to identify critical components underlying
lifelong social communication difficulties in ASD, one of
which is the deficit in imitation.

Imitation, defined as the ability to simultaneously ob-
serve and replicate an action displayed by another person
[4, 5], has been considered an important skill for early so-
cial and intellectual development [6]. Research with typic-
ally developing (TD) individuals has revealed that
imitative skills progressively develop from the imitation of
simple actions to the imitation of complicated gestures in
the first 2 years of life as a child continuously interacts
with the environment [7]. This developmental trajectory
of imitation, however, has been found to be delayed in in-
dividuals with autism [8]. Moreover, imitation is a form of
social learning, and deficits in imitation was found to be a
significant predictor of communication development and
intellectual outcomes in children with ASD [9, 10]. These
studies collectively suggest that impaired imitation early in
life contributes to the behavioral manifestations in ASD.

It has been proposed that the mirror neuron system
(MNS) supports the ability to imitate in humans [4, 11].
The MNS is a neural circuit involving interconnected
brain regions that process information related to the
perception and execution of biological motions [12, 13].
Although the definition of MNS brain regions is some-
times debatable [14], some regions are well-established
to be considered as the components of MNS, including
the premotor cortex, inferior frontal gyrus, and inferior
parietal lobule [11]. Some of these brain regions, ie.,
supplementary motor area (part of the premotor cortex),
have been shown to contain mirror neurons with single-
cell recording [15], in which neurons in these brain re-
gions were found to discharge both “when individuals
perform a given motor act and when individuals observe

another person performing a motor act with a similar
goal” [16]. With the use of functional magnetic reson-
ance imaging (fMRI) adaptation method (i.e., the ability
of a brain region to adapt to repetitively displayed stim-
uli [17]), researchers have preliminarily shown that infer-
ior frontal gyrus [18] and inferior parietal lobule [19]
might also contain mirror neurons. The MNS is con-
nected to other brain regions that support imitation by
providing sensory/perceptual/affective inputs to frontal
and parietal mirror neuron regions [14]. Previous re-
search has shown that the organization of the MNS is
task-specific. For example, imitation of actions without
emotional components involves the MNS, as well as su-
perior temporal sulcus and visual cortex for visual pro-
cessing [14, 20]. Imitation of actions with emotional
components, in contrast, might recruit different brain
regions when compared with imitating actions without
emotions [11]. For instance, cortical regions for face pro-
cessing (i.e., fusiform face area [21]) and visual atten-
tion/attentional control to face stimuli (i.e., inferior
occipital gyrus [22] /mid-cingulate cortex [23]), as well
as subcortical regions for emotional processing (e.g.,
amygdala [24]) were found to be coactivated with MNS
during the imitation of facial emotional expressions.
Given that the MNS is a plausible neural correlate for
imitation, individuals with ASD, who have been found to
have impairments in imitation, has been hypothesized to
show a dysfunctional MNS. A number of fMRI studies
have been conducted to compare the activation patterns
of the MNS in ASD individuals with age- and/or 1Q-
matched TD controls during the observation of bio-
logical motions. The visual stimuli used in these fMRI
studies can largely be classified into two categories: 1)
biological motions without social-emotional component,
such as object manipulation with hands [25] or feet [26]
and 2) biological motions with social-emotional compo-
nents, such as human faces or bodily gestures expressing
different emotions [27-29]. These fMRI studies, how-
ever, have presented inconsistent results. For example,
in a study in which images without social-emotional
components were presented to participants, greater acti-
vation in the right dorsal premotor cortex (a brain re-
gion with mirror neurons) was recorded in ASD
participants than in TD participants [30]. A similar ac-
tion observation paradigm was adopted by Pokorny et al.
[25], although they did not find significant differences in
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brain activation within the MNS between ASD and TD
participants. With respect to the observation of stimuli
with social-emotional components, there have also been
inconsistencies. For example, Kim et al. [27] and Sato et
al. [28] displayed both happy and fearful faces to partici-
pants with and without ASD. Kim et al. [27] reported
that ASD individuals exhibited a reduction in activation
in some MNS regions (ie., inferior frontal gyrus and
amygdala) in the right brain only, while Sato et al. [28]
reported reductions in bilateral activation in these re-
gions. These contradictory results have led us to two im-
portant questions regarding MNS function in individuals
with ASD: Is the MNS truly dysfunctional in individuals
with ASD? If their MNS is dysfunctional, how can the
previous contradictory findings be explained?

Summarizing the available data with meta-analytic
methods would be helpful for us to answer these ques-
tions. To our knowledge, one relevant meta-analysis has
been conducted. Rather than including all MNS studies
regardless of the nature of stimuli (with/without social-
emotional components), this meta-analysis included only
the data from action observation and imitation studies
without social-emotional components among adoles-
cents and adults (mean age = 12-33) with and without
ASD using the activation likelihood estimation (ALE)
method [31]. From the 13 (including four imitation and
nine action observation studies) studies, the meta-ana-
lytic data revealed greater activation in the ASD than
TD individuals at the right anterior inferior parietal lob-
ule, a brain region with mirror neurons. This study ap-
peared to provide some evidence that part of the MNS
might be dysfunctional in individuals with ASD during
action processing without social-emotional components.
However, whether there is a deficit in MNS regardless of
the nature of stimuli remains unclear. Additionally, hav-
ing found that the neural network required for different
visual stimuli might account for the discrepancies in
fluctuating behavioral performance in individuals with
ASD [32, 33], it is reasonable to postulate that the na-
ture of stimuli presented to trigger MNS activities may
play a role in explaining the inconsistent results. Fur-
thermore, provided that the gray matter volumes in
frontal, parietal, and occipital regions, where mirror neu-
rons are situated, atypically decline in ASD compared
with TD individuals starting from early adolescence (age
10-15) through adulthood [34], the age of participants
across different studies may be another factor modulat-
ing the inconsistent results. An updated meta-analysis
including all fMRI studies that investigated the MNS in
ASD would thus be essential to draw conclusions re-
garding these unanswered questions, as well as to sug-
gest hypotheses to guide future studies.

This meta-analysis aimed to explore the differences in
MNS activation patterns between TD and ASD
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individuals when they observe/imitate biological motions
with/without emotional components. Effect size signed
differential mapping (ES-SDM), a mixed voxel-based
meta-analytic method, was adopted [35] to synthesize
the available fMRI data.

It was hypothesized that the MNS activation patterns
were different between TD and ASD individuals; such
differences in activation patterns would be modulated by
the nature of the stimuli (i.e., biological motions with/
without social-emotional components) and age (i.e., ado-
lescent/adult). Meta-regressions, enabled by the ES-
SDM, were also performed to explore clusters that ex-
hibited statistically significant changes in activation
across ages in ASD and TD individuals.

Methods

Literature search

This study was conducted in accordance with the Pre-
ferred Reported Items for Systematic Reviews and Meta-
Analyses (PRISMA) guideline [36]. A literature search was
conducted from August to October 2019 by two research
assistants (I.C. and T.C.); a second search was then con-
ducted around 1 month before this review was submitted
for publication (i.e, 7 January 2020) to ensure that the
data included in this study were as up-to-date as possible.
To identify relevant studies, the electronic databases Psy-
cINFO, Scopus, PubMed, Embase, Web of Science, and
ScienceDirect were used with the primary keywords “mir-
ror neuron”, “mirroring”, “action observation”, and “imita-

” o« » o«

tion” and secondary keywords “autism”, “autistic”, “autism
spectrum disorder”, “autism spectrum condition”, “ASD”,
and “ASC” together with tertiary keywords “functional
magnetic resonance imaging” and “fMRI”. No limit was
set to the publication dates. A manual search of the refer-
ence lists in previously published review papers [14, 16,
31, 37, 38] was also conducted to identify possible studies

for the current review.

Study inclusion

The article screening process was divided into three
phases. Duplicated records were first removed, followed
by the screening of title and abstracts of the remaining
records to identify relevant studies. The following exclu-
sion criteria were applied during title and abstract
screening: 1) nonhuman studies, 2) treatment-related
studies, 3) studies without an English version of the full
text, 4) studies without empirical findings (e.g., book
chapters, study protocols, and review papers), 5) studies
that did not contain an experimental group with partici-
pants diagnosed with ASD and a healthy control group,
6) non-fMRI studies, and 7) resting fMRI studies. Finally,
full texts of the included studies were further assessed
for the eligibility of being included in the meta-analysis.
Studies were excluded if 1) peak coordinates/raw



Chan and Han Molecular Autism (2020) 11:72

statistical parametric maps could not be obtained from
the published papers/contacted authors or 2) analyses
were limited to specific regions of interest (ROIs). For
included studies that reported results from more than
one action observation experiments, we extracted and
pooled the results from all eligible experiments into our
analysis [39]. Additionally, although the meta-analysis of
the human brain networks has provided evidence for
common neural correlates of action observation and ac-
tion imitation, the activation patterns related to action
observation and imitation differed within the MNS re-
gions [37]. Within this context, we believed that action
observation and imitation studies should be analyzed
separately. Based on our preliminary search, we observed
that the number of imitation studies would not be suffi-
cient to conduct separate analysis with adequate power,
which is an important factor to be considered in con-
ducting coordinate-based meta-analysis [40], we have ex-
cluded 6 studies [41-46] that only presented results on
action imitation. The above screening processes were in-
dependently conducted by the first author and an expe-
rienced research assistant (I.C.), and their decisions were
recorded on separate Excel spreadsheets. When there
were discrepancies, the second author made the final
decision.

Data extraction and recoding

The demographic data, experimental details, and fMRI
data of the included papers were extracted and entered
into a database by the first author and checked by the
second author to minimize errors. Demographic data in-
cluded the sample size of each experimental and control
group, mean IQ, mean age, ratio of sex (female:male),
and group-matching criteria. The mean age was then
recoded into two age groups, namely the adolescent
group (mean age of participants 17:11 or below) and the
adult group (studies recruited participants aged 18 or
above). Experimental details included the descriptions
about the action observation stimuli presented in the in-
dividual experiments, the body parts presented in the
stimuli, and the baseline comparison. To compare the
brain activation between ASD and TD individuals separ-
ately for observation of stimuli with and without social-
emotional component, we classified the studies into
these categories based on the following criteria: a study
was classified under the subgroup “without social-emo-
tional component” if it 1) did not present any body parts
that convey emotional expressions in the visual stimuli
(i.e., non-emotional condition) and 2a) did not involve
more than one actor in the visual stimuli or 2b) did not
present communicative (e.g., waving and hand-shaking)
gestures (i.e., non-social condition) [47]. If a study failed
to meet any one or both of the criteria, it was grouped
under the subgroup “with social-emotional component”.
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Notably, if a study presented neutral facial expression
as the stimuli, we classified it under the subgroup
“with social-emotional component”, as suggested by
previous studies which indicated that neutral faces
might in fact be associated with positive or negative
emotions [48, 49].

Data analysis

All meta-analytic procedures were performed using the
ES-SDM software [35].To compare the overall differ-
ences in MNS activation patterns between the ASD and
TD individuals during the observation of stimuli with
and without emotional components, all data from indi-
vidual studies were pooled and meta-analyzed using the
maximum likelihood random effects model. To evaluate
the effects of the nature of tasks in the differences in
MNS activation patterns between patient and control
groups, random effects analyses were performed between
the two groups for the subgroups of studies presented
visual stimuli “with social-emotional component” and
“without social-emotional component”. To evaluate the
effects of age on the between-group differences in MNS
activation patterns, data from studies were meta-ana-
lyzed separately for the “adolescent” and “adult” sub-
groups. Considering the known effects of age [34],
intelligence quotient (IQ [50]), and gender [51] that con-
tributed to the heterogeneity of the ASD population, as
well as the different body parts involved in various stud-
ies that might possibly confound the brain activation
[37], we conducted supplementary analyses that included
age, IQ, gender, and the body part involved in the visual
stimuli as covariates to control for the effects of these
factors on brain activations in ASD and TD. All of the
aforementioned analyses were performed by subtracting
the activation map of the ASD group by the activation
map of the TD group (i.e., ASD-TD contrast). To sup-
plement the evaluation of age effects on MNS activation,
brain regions that exhibited significant changes in activa-
tion within the ASD group at both adolescent and adult
subgroups were explored by performing meta-regression
with the mean age of participants of each study. This
was a simple linear regression weighted by the squared
root of sample size and restricted to predict only pos-
sible SDM values (i.e., from - 1 to 1) in the observed
range of values of the chosen variable (i.e., participants’
mean age [52];). As in previous studies, the significance
level of the main analyses was kept at p < 0.005, which
requires a peak Z > 1 with a cluster size of 10 voxels, as
suggested by Radua et al. [35] to optimize the sensitivity
of results while controlling for type I error. The signifi-
cance level of the meta-regression analyses was kept at p
< 0.0005 to avoid false-positive results [53]. To evaluate
the risk of reporting bias across studies, test for funnel
plot asymmetry was conducted. This test examined
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whether the relationship between an estimated effect
size and study size was greater than chance [54]. Funnel
plots were generated for visual inspection of potential
publication bias. In the presence of publication bias, the
plot would be symmetrical at the top and data points
would increasingly be missing from the middle to the
bottom parts of the plot [55]. Egger’s tests [56] were
then performed for the peak coordinates of brain regions
showing differences between ASD and TD during action
observation. Significant Egger’s tests indicate “small
study effects”. Sometimes, smaller studies would in fact
yield larger effects than studies with a larger sample size
[57], this might be due to publication bias [58].

Results

Study selection

A total of 543 studies were retrieved. After 157 duplicate
records were removed, titles and abstracts of 386 records
were screened. With exclusion criteria applied, 326 re-
cords were excluded, with 60 records remaining for the
full-text screening. During full-text screening, 40 records
were further excluded. The complete process of article
selection is outlined in Fig. 1.

Characteristics of the included studies

A total of 20 action observation studies (including 24 ex-
periments) were included in the meta-analysis, which
represented 284 individuals with ASD (111 adolescents
and 173 adults) compared with 290 matched, typically
developing controls (114 adolescents and 176 adults).
Nine studies (with nine experiments) presented bio-
logical motions without social-emotional components
[59-67], and the remaining 13 studies (with 15 experi-
ments) presented biological motions with social-emo-
tional components [62, 65, 68-78]. The demographic
data of the participants and the experimental details of
each study are summarized in Table 1.

Global differences in MNS activation patterns between ASD
and TD individuals during action observation (Table 2)

During the observation of actions with and without
social-emotional components, it was found that people
with autism exhibited hyperactivation in the right infer-
ior frontal gyrus (orbital part; BA45, BA47), left supple-
mentary motor area (BA6) and left inferior parietal
lobule (BA40; brain clusters highlighted in red in Fig. 2).
In contrast, hypoactivation was observed in the cluster
of the left precentral gyrus (BA6), right amygdala and
right cerebellum hemispheric lobule VI (brain clusters
highlighted in blue in Fig. 2). All clusters remained sta-
tistically significant (ps <0.005) with ratio of sex, mean
age, or body parts as covariates. Moreover, with the ex-
ception of left inferior parietal lobule, our results
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remained significant when mean IQ or both mean age
and mean IQ were included as covariates.

Effects of nature of stimuli on the differences in MNS
activation patterns in ASD and TD individuals (Tables 3
and 4)

During the observation of stimuli without social-
emotional components, the left inferior parietal lobule
(significant cluster that extended to the supramarginal
gyrus) and left supplementary motor area were hyperac-
tivated in the ASD compared with TD individuals.
Meanwhile, the individuals with ASD also showed
hypoactivation in the middle occipital gyrus, bilateral
postcentral gyrus, and left cerebellum crus I (Fig. 3a). All
clusters remained statistically significant (ps < 0.005)
with ratio of sex, mean age, mean IQ, or body parts as
covariates. Additionally, with the exception of right post-
central gyrus and left cerebellum crus I, our findings
remained significant when mean age and mean IQ were
included as covariates.

During the observation of stimuli containing social-
emotional components, highly significant hyperactiva-
tion of the MNS in the ASD individuals was found in
the right inferior frontal gyrus (orbital part). In contrast,
hypoactivation of the left cerebellum (hemispheric lobule
VI) was observed in ASD individuals compared with the
TD individuals (Fig. 3b). The hyperactivation of the right
inferior frontal gyrus (orbital part) remained highly sig-
nificant with ratio of sex, mean age, mean IQ, or body
parts as covariates, as well as with mean age and mean
IQ as covariates (all ps<0.005). Furthermore, the
hypoactivation of cerebellum remained statistically sig-
nificant when IQ was included as a covariate.

Effects of age on the differences in MNS activation
patterns between ASD and TD individuals

(Tables 5 and 6)

In the adolescent subgroup (ASD mean age = 11.3-17.6;
TD mean age = 11.5-17.1; Fig. 3c), the ASD individuals
showed hyperactivation in the bilateral inferior frontal
gyrus pars orbitalis and pars triangularis, right postcen-
tral gyrus extending to the precentral gyrus, and the left
supramarginal gyrus extending to the inferior parietal
gyrus (BA40, BA2). Hypoactivation in the ASD com-
pared to TD individuals was found in the left fusiform
gyrus (BA18, BA19), left cerebellum (hemispheric lobule
VI), and right median cingulate around the hippocampal
region (BA20). With mean age or body part as covari-
ates, all brain clusters remained statistically significant.
With ratio of sex as a covariate, all clusters except left
supramarginal gyrus remained significant. With mean
IQ as a covariate, all clusters except left supramarginal
gyrus and left cerebellum hemispheric lobule VI
remained significant. With both mean age and mean IQ
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526 of records identified
through database searching
PsyINFO (53)
Scopus (93)
PubMed (37)
Embase (60)

Web of Science (128)
Science Direct (155)

17 of records identified
through searching
references of review
papers, word-of-mouth
studies

386 of records after duplicates removed

333 of records excluded
Exclusion criteria: Duplicates, not

386 of records screened

53 of records assessed for

related to human MNS, without
English full text, Books/book
sections, Thesis, Review, Not ASD,
no control group, not fMRI, resting-
state fMRI, treatment-related studies

33 of records excluded, with reasons

eligibility for meta-analysis

A 4

20 of records included in
meta-analysis

Fig. 1 Flowchart of the article screening process

Exclusion criteria:
Peak coordinates of both groups not
available (12)
Whole brain analysis data not
available (12)

Does not provide coordinates for
observation condition when
compared to baseline (7)
Baseline involving observation of
emotional expressions (2)

as covariates, all clusters except left cerebellum hemi-
spheric lobule VI remained significant.

In the adult subgroup (ASD mean age=23-37; TD
mean age =21-37; Fig. 3d), the right inferior frontal
gyrus (orbital part extending to the triangular part) and
left supplementary motor area (BA6, BA24) were hyper-
activated, whereas the left precentral gyrus extending to
the postcentral gyrus (BA6, BA4), and the right cerebel-
lum (hemispheric lobule VI extending to crus I) were
hypoactivated in the ASD compared with TD individ-
uals. All clusters remained statistically significant (ps <

0.005) with ratio of sex, mean age, and body parts as co-
variates. In addition, except for the left supplementary
motor area, the findings remained significant when
mean age, mean IQ, or age and IQ were included as
covariates.

Meta-regression

Among the brain regions with significant differences in
hyper-/hypoactivation in ASD shown in the adolescent and
adult subgroups, statistically significant correlations (ps <
0.0005) were found between age and activation in the right
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Table 2 Global differences in MNS activation during action observation

Page 9 of 18

Brain regions with peak activation

Cluster breakdown

Anatomical region L/ Total number of MNI SDM- p Anatomical regions
R  voxels coordinates 4 (uncorrected) (Broadmann area)
ASD > TD
Inferior frontal gyrus, orbital R 1077 48,28, — 4 2827 ~0 Inferior frontal gyrus, orbital part (BA47)
part Inferior frontal gyrus, orbital part (BA45)
Inferior frontal gyrus, triangular part
(BA45)
Supplementary motor area L 525 — 4,854 2044 <0.0005 Supplementary motor area (BA6)
Inferior parietal lobule L 46 —52, —4040 1710  <0.005 Inferior parietal lobule (BA40)
ASD < TD
Precentral gyrus L 692 —42,-648 < 0.0001 Precentral gyrus (BA6)
2.169 Postcentral gyrus (BA6)
Amygdala R 68 28, -8, —24 - <0.005 Amygdala (BA34)
1451 Hippocampus (BA20)
Median cingulate
Cerebellum, hemispheric R 17 38, —74,—-20 - <0.005 Cerebellum, hemispheric lobule VI
lobule VI 1.392 (BA19)

Cerebellum, crus | (BA19)

cerebellum crus I and the left inferior temporal gyrus within
ASD individuals (Fig. 4). Specifically, meta-regression of eight
studies reflected that the activation of the right cerebellum
crus I increased with increasing age. In contrast, meta-
regression of nine studies showed that the activation of the
left inferior temporal gyrus decreased with increasing age.

Risk of publication bias
For each individual study, the estimated effect sizes of the
peak coordinates showing statistically significant differ-
ences between the ASD and TD groups (listed in Table 2)
were extracted to generate the funnel plots (Fig. 5). Visual
inspection of the funnel plots of some MNS regions (Fig.

left, R = right, SMA = supplementary motor area, IFG =

L SMA
(-4,8,54)

LPCG
(-42,-6,48)

L IPL
(-52,-40,40)

¢
T

i

R Amygdala
(28,-8,-24)

R Cerebellum

hemispheric
' lobule VI

(38,-74,-20)

Fig. 2 Difference in MNS activation between ASD and TD during action observation. Clusters highlighted in red indicates hyperactivation in ASD
when compared with TD; clusters highlighted in blue indicates hypoactivation in ASD when compared with TD (p <.005, uncorrected). (Note: L =
inferior frontal gyrus, PCG=precentral gyrus, IPL=inferior parietal lobule)
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Table 3 Difference in MNS activation between ASD and TD during observation of stimuli without social-emotional components

Brain regions with peak activation

Cluster breakdown

Anatomical region L/ Total number of MNI SDM- p Anatomical regions (Broadmann area)
R voxels coordinates V4 (uncorrected)
ASD>TD
Inferior parietal lobule L 1036 —42,-50, 48 2382 < 0.0001 Inferior parietal lobule (BA40)
Supplementary motor L 185 —4, 4,54 1997 <0.001 Supplementary motor area (BA6)
area
ASD<TD
Middle occipital gyrus R 368 32, 84,2 - < 0.0005 Middle occipital gyrus (BA18)
2172 Middle occipital gyrus (BA19)
Inferior network, inferior longitudinal
fasciculus
Postcentral gyrus L 306 —42,—14, 48 — < 0.0005 Precentral gyrus (BA6)
1.950 Postcentral gyrus (BA6)
Postcentral gyrus R 30 22, —46, 60 — < 0.005 Postcentral gyrus (BA2)
1451
Cerebellum, crus | L 20 —-26,-82,-24 — < 0.005 Cerebellum, crus | (BA19)
1428

5a, ¢, d) did not show obvious publication bias. Con-
versely, publication bias might be present in the left infer-
ior parietal lobule and right amygdala (Fig. 5b, e),
evidenced by the presence of relatively symmetrical ap-
pearance at the top, with more study data missing from
the middle to the bottom of these graphs. Egger’s tests
remained non-significant for the right inferior frontal
gyrus pars orbitalis (p = 0.428), left supplementary motor
area (p=0.182), and left precentral gyrus (p=0.551),
approached significance for the left inferior parietal lobule
(p=0.080), and reached statistical significance for the
right amygdala (p = 0.024). Collectively speaking, these re-
sults indicated that small study effects, which might be
due to publication bias, were observed in the left amygdala
cluster in the main analysis.

Discussion
This meta-analysis sought to identify the activation pat-
tern of MNS during observation of stimuli with/without

social-emotional components among individuals with
ASD compared with age-matched typically developing
controls. After a comprehensive literature search and
the application of inclusion and exclusion criteria, 20 ac-
tion observation studies (with 24 experiments) were in-
cluded in the meta-analysis. In summary, this
coordinate-based fMRI meta-analysis indicated three
main points. First, the MNS is impaired in ASD during
action observation; second, MNS dysfunction in ASD in-
dividuals is modulated by social-emotional components
of the visual stimuli during action observation. Third,
age seems to be an important factor in MNS function in
ASD. The following discussion is divided into three
parts, with each part discussing the possible implications
of the points listed above.

Abnormal activation within and beyond MNS in ASD
There has been a hot debate in the past decade on
whether mirror neurons are “broken” in ASD, leading to

Table 4 Difference in MNS activation between ASD and TD during observation of stimuli with social-emotional components

Brain regions with peak activation

Cluster breakdown

Anatomical region L/ Total number of MNI SDM- Anatomical regions (Broadmann
R voxels coordinates Z (uncorrected) area)
ASD>TD
Inferior frontal gyrus, orbital R 1229 50,28, —4 3276 ~0 Inferior frontal gyrus, orbital part (BA47)
part Inferior frontal gyrus, triangular part
(BA45)
ASD<TD
Cerebellum, hemispheric R 15 20,-70,-22 - < 0.005 Cerebellum, Hemispheric lobule VI
lobule VI 1567 (BA18)

Cerebellum, Hemispheric lobule VI
(BA19)
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Fig. 3 Effects of nature of stimuli and age in MNS activation between ASD and TD. Each figure corresponds to the following condition: a action
observation without social-emotional components, b action observation with social-emotional components, ¢ action observation in the adolescent
subgroup, d action observation in the adult subgroup. Clusters highlighted in red indicates hyperactivation in ASD when compared with TD; clusters
highlighted in blue indicates hypoactivation in ASD when compared with TD (p <.005, uncorrected). (Note: L = left, R =right)

the impairment in imitation in this group of individuals.
The “broken mirror neuron theory” for autism asserts
that the frontal and parietal brain regions with mirror
neurons were found to be abnormally activated in indi-
viduals with ASD and given the property of mirror neu-
rons (i.e., discharges during both activation observation
and execution) that appears to support imitation,

impaired imitation might be associated with the
“broken” frontoparietal mirror neurons [38, 72]. This
meta-analysis indeed demonstrated abnormal MNS acti-
vations in individuals with ASD, evident by the hyperac-
tivation of the right inferior frontal gyrus and left
supplementary motor area, which supports the “broken
mirror neuron theory”. However, at the same time,
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Table 5 Difference in MNS activation between ASD and TD in adolescent subgroup

Brain regions with peak activation

Cluster breakdown

Anatomical region L/ Total number of MNI SDM- p Anatomical regions (Broadmann
R  voxels coordinates 4 (uncorrected) area)
ASD>TD
Inferior frontal gyrus (orbital R 927 4830, -8 2441 <0.0001 Inferior frontal gyrus, orbital part (BA47)
part) Inferior frontal gyrus, triangular part
(BA45)
Inferior frontal gyrus (orbital L 484 — 44,24, -8 1882 <0.001 Inferior frontal gyrus, orbital part (BA47)
part) Inferior frontal gyrus, triangular part
(BA47)
Postcentral gyrus R 410 62, — 14, 34 1659  ~0.001 Postcentral gyrus (BA3, BA43)
Precentral gyrus (BA4,BA6)
Supramarginal gyrus L 20 —56, —40, 36 1531 <0.005 Supramarginal gyrus (BA40, BA2)
Inferior parietal gyrus (BA40)
ASD<TD
Fusiform gyrus L 300 —24,-82,-18 - <0.001 Fusiform gyrus (BA18, BA19)
1.780 Lingual gyrus (BA18)
Median cingulate R 121 32,—-12,-26 - ~0.001 Hippocampus (BA20)
1409 Median cingulate
Cerebellum, hemispheric L 56 —38,-62,-26 — <0.005 Cerebellum, hemispheric lobule VI
lobule VI 1.350 (BA37)

Cerebellum, crus | (BA37)

abnormal activations were also shown in brain regions
beyond MNS, that is the hypoactivation of left precentral
gyrus, amygdala, and cerebellum. With the abnormalities
shown in both MNS and other brain regions, one of the
possible explanations is that the imitation deficits in
ASD might not be solely attributable to the “broken mir-
ror neurons’, but the interaction between MNS and
other brain regions. One of the frameworks that studies
the interplay between brain regions is neural connectiv-
ity [79]. With regards to ASD, the disrupted connectivity
theory posits that abnormal structural/functional con-
nectivity in the brain might underlie the manifestation
of behavioral phenotypes in ASD [80]. Numerous empir-
ical studies, including those using electrophysiological
[81, 82] and neuroimaging [83] techniques, have pointed

to disrupted neural connectivity in individuals with
ASD. In particular, abnormal connectivity was found
within the MNS. Regarding the neural connectivity be-
tween brain regions with mirror neurons, Rudie et al.
[84] recorded hypoconnectivity between the left inferior
frontal gyrus pars opercularis and left parietal cortex in
individuals with ASD relative to healthy controls. Re-
garding the connectivity between mirror neuron regions
and the supporting MNS regions, it was revealed that
the amygdala was hypoconnected with the frontal re-
gions where the MNS is situated [85]. This evidence col-
lectively implies that atypical connectivity within the
MNS contributes to dysfunction, which might be associ-
ated with the abnormal MNS activation patterns found
in this meta-analysis.

Table 6 Difference in MNS activation between ASD and TD in adult subgroup

Brain regions with peak activation

Cluster breakdown

Anatomical region L/ Total number of MNI SDM- p Anatomical regions (Broadmann
R voxels coordinates Z (uncorrected) area)
ASD>TD
Supplementary motor area L 249 -4,2,50 2017 < 0.0005 Supplementary motor area (BA6, BA24)
Inferior frontal gyrus (orbital R 71 54,26, -4 1826 ~0.001 Inferior frontal gyrus, orbital part (BA45)
part) Inferior frontal gyrus, triangular part
(BA45)
ASD<TD
Precentral gyrus L 708 —42, 6,48 - ~0.00001 Precentral gyrus (BA6)
2.565 Postcentral gyrus (BA4, BA6)
Cerebellum, hemispheric R 742 18, —72,—28 - <0.001 Cerebellum, hemispheric lobule VI
lobule VI 1.987 (BA18)

Cerebellum, crus | (BA19)
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-0.2

-0.4

sample sizes)

a) Right cerebellum crus I (30,-82,-22)

02 |

Left inferior temporal gyrus (-50,-58,-14)

Fig. 4 Meta-regression shows that the activation of two brain regions in ASD individuals were significantly associated with chronological age; as
age increases: a the right cerebellar crus | was more activated and b the left inferior temporal gyrus was less activated. Of note, the significant
correlation between increasing age and increasing activation in the right cerebellum crus | was driven by two studies (data represented by the
two orange dots lying on the left end of the x-axis). The interpretation of this significant correlation should be treated with caution. (Note: Studies
that reported a peak in these two regions were included in the calculation; each of these studies is represented as a dot; larger dots represent larger

Mean age (years)

26 31 36

Mean age (years)

MNS impairment during the observation of stimuli with/
without social-emotional components

Two findings in the comparison between ASD and TD
individuals, regarding the differences in activation pat-
terns when they observe stimuli with and without social-
emotional components, confirm our hypothesis that na-
ture of the stimuli (with/without social-emotional com-
ponents) might be one of the modulators of neural
activation of the MNS. First, regarding the observation
of stimuli without emotions, the MNS in the left hemi-
sphere (i.e., left inferior parietal lobule and left

supplementary motor area) were found hyperactivated,
while the right middle occipital gyrus and the left post-
central gyrus were found hypoactivated in ASD when
compared with TD individuals. Notably, the left-latera-
lized hyperactivation of MNS shown in our study might
be an important finding that enhances our understand-
ing of the MNS deficits in ASD. Given an increase in
neural activation measured by fMRI has been found to
indicate an increase in mental effort during tasks to
maintain behavioral performance [86], and the left-later-
alized abnormalities in structural connectivity found in



Chan and Han Molecular Autism (2020) 11:72

Page 14 of 18

0.00 1 . o
Right IFG pars orbitalis
(48,28,-4)
0.19 °
|- :
8 o o @o o °
3 oo
° °® o
0.38 |
-0.8 -0.4 0.0 0.4 0.8 1.2
0.0
Left IPL
(-52,-40,40)
o
®
§2s . e
0.325 8o
° ]
0.65 °o—
1.4 0.7 0.0 0.7 14 2.1
0.0
Left SMA
(-4.,8,54)
0.19 oo
e ° o
8 °
° oo °
o
9 e,
0.38 .
-0.8 -0.4 0.0 0.4 0.8 1.2

PCG = precentral gyrus)

Fig. 5 Funnel plots of the activation effect sizes in various brain regions showing differences between ASD and TD during action observation. The
horizontal axis represents the effect size patients and controls. The vertical axis represents the standard error. Publication bias might be present in the
left inferior parietal lobule and right amygdala clusters. (Note: /FG = inferior frontal gyrus; IPL = inferior parietal lobule; SMA= supplementary motor area;
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ASD in a previous study [87], it might be possible that
individuals with ASD require extra mental effort for ob-
servation of stimuli without emotions, which could be
attributable to the possible MNS deficits specifically in
the left hemisphere. In terms of the MNS regions show-
ing significant differences between ASD and TD, our re-
sults were largely consistent with that reported by Yang
and Hofmann [31]. However, we also noted some diver-
ging results when compared with their study. Specific-
ally, the hypoactivation in the left cerebellum crus I and
right postcentral gyrus were not found in their study,
while our results reported highly significant hyperactiva-
tion in the left, but not the right, inferior parietal lobule.
Given action observation and imitation was shown to
engage the MNS as other brain regions in a differential
manner [37], the diverging results could be due to the
exclusion of the imitation studies in our meta-ana-
lysis. Furthermore, different methods of analysis and

threshold levels might as well contribute to the in-
consistency of results [88].

Second, regarding the observation of stimuli with emo-
tions, our meta-analytic results indicated that the hyper-
activation of the right inferior frontal gyrus in ASD
individuals was statistically significant when compared
with the TD individuals. Importantly, the hyperactiva-
tion of this brain region remained highly significant
when mean age, mean IQ, gender, and body parts are in-
cluded as covariates. Given that the right inferior frontal
gyrus was considered one of the core MNS regions [11,
14], our results might imply that the impaired right
frontal MNS could possibly be associated with the dys-
functional social-emotional processing, one of the key
characteristics of ASD [89]. Indeed, among healthy indi-
viduals, it has been shown that the right inferior frontal
gyrus is one of the possible neural correlates of social-
emotional perception [90-93], in which its connectivity
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with the limbic system predicts the individual differences
in successful emotional regulation [94]. The brain—be-
havior relationship between the right inferior frontal
gyrus and social-emotional processing in ASD could be
further investigated to confirm our speculation.

MNS activation in different age groups

Another set of analyses we performed was to investigate
the activation patterns of MNS and other brain regions
in the adolescent and adult subgroups. In addition, we
conducted meta-regression with mean age as the regres-
sor within the ASD group to preliminarily observe the
MNS developmental trajectory in this group of individ-
uals. In the adolescent subgroup, bilateral frontoparietal
MNS were shown to be hyperactivated in the individuals
with ASD; the extent of this hyperactivation was shown
to remain only in the frontal MNS regions (ie., left sup-
plementary motor area and right inferior frontal gyrus
pars orbitalis) in the adult subgroup. One explanation
for the difference in the activation patterns of MNS be-
tween the adolescent and adult subgroups could be due
to the greater variation in the adult subgroup, which in
turn may reduce the statistical significance of the ob-
served effects. Notwithstanding this limitation, our re-
sults provided preliminary evidence in favor of the age
effect on MNS functioning in ASD. Further research is
necessary to substantiate the present findings and exam-
ine the role that age plays on the MNS functioning in
ASD.

In addition, using the linear meta-regression method,
we identified a significant linear decrease in the activa-
tion of the left inferior temporal gyrus as age increased
in the ASD group. The meta-analytic results also
reflected that hyperactivation in the left temporal gyrus
was only shown in the adolescent subgroup but not in
the adult subgroup. This echoed the results in a previous
study, in which the inferior temporal gyrus gray matter
volume changed from leftward asymmetry (ie., thicker
gray matter on the left side) toward symmetry in individ-
uals with autism from childhood through adulthood
[95]. Conversely, the right cerebellum appeared to ex-
hibit a linear age-related increase in activation. In the
adolescent subgroup, the right cerebellum exhibited hy-
peractivation, and the degree of hyperactivation was fur-
ther increased in the adult subgroup. The increase in the
intensity of hyperactivation may be a consequence of in-
creased lateralization with age [96]. Although the two
brain areas are not considered to be core MNS regions,
our findings seem to suggest that the age-related
changes in other brain regions beyond MNS could also
influence the activation of MNS. More studies are
needed to delineate the reciprocal influences and inter-
play between the inferior temporal gyrus, cerebellum,
and the MNS over time.
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Limitations

Regarding literature search, we have attempted to obtain
a comprehensive set of relevant fMRI data for meta-ana-
lysis by extending our scope of search. Using multiple
search engines and manual searches from the reference
lists of multiple previous review papers, we found 20
suitable action observation studies that provided us with
whole brain analytic data for meta-analysis. Although we
found 12 additional studies that could potentially be in-
cluded in the meta-analysis, these studies either included
only the region of interest analyses, or the whole brain
analysis data were not available. Hereby, the power of
this meta-analysis would have been increased, and a
more comprehensive picture regarding MNS functioning
in ASD could have been presented if the whole-brain re-
sults were available in the additional neuroimaging stud-
ies. Additionally, since our meta-analysis only included
action observation but not imitation studies, the
generalizability of the results to the imitation deficits in
ASD might be limited. Nevertheless, findings from previ-
ous studies have suggested that action observation is in
fact one of the key neural processes supporting imitation
[11, 37]. In support of it, evidence yielded from single-
neuron recording in humans has reported a three-way
differentiation with MNS. For instance, the MNS con-
tained different subtypes of mirror neurons, including
neurons typically discharging both during action obser-
vation and execution, neurons that discharge only during
action observation, and neurons that discharge only dur-
ing action execution [15]. These results are in line with
previous meta-analysis showing differential activation
patterns related to action observation and imitation
within the MNS regions [37]. Future fMRI meta-analysis
that include more imitation studies in ASD with more
homogeneous study design would help extend current
knowledge of brain networks underlying impaired imita-
tion in ASD.

In addition, the age of the participants in the in-
cluded studies ranged from 11.3-37 for ASD individ-
uals and 11.5-37 for TD individuals. Thus, the age
effect on MNS can be examined within this age range
only; the difference between the ASD and TD individ-
uals in MNS activation remains unknown for popula-
tions beyond this age range. Future fMRI studies
related to the MNS that target these age ranges are
recommended so that the age effect on the MNS can
be examined more holistically. Moreover, the meta-re-
gression we performed using the ES-SDM software
was a linear regression, which assumed the variable of
interest (i.e., mean age) has a linear relationship with
brain activation. However, a previous study has shown
that the developmental trajectory of the ASD brain
appeared to be u-shaped [34], suggesting that linear
meta-regression method may not be ideal for



Chan and Han Molecular Autism (2020) 11:72

articulating the association between age and MNS ac-
tivation; together with the fact that the statistical sig-
nificances found in the reported brain regions were
driven by a limited number of studies, results have to
be treated with caution.

Heterogeneity of IQ and gender in our study samples
is another limitation as some of the MNS abnormal acti-
vations disappeared when IQ and age were included as
covariates. Future studies with a more homogeneous
sample should be warranted to confirm the observation
in our meta-analysis. In addition, the heterogeneity of
ASD symptomatology and the overrepresentation of
adult age group may limit the generalization of the find-
ings to the entire patient population with ASD. Future
studies with a broader age range, and including different
levels of functioning, would help to delineate the intri-
cate relationship between IQ, age, and levels of symptom
severity in wider patient population with the disorder.
Furthermore, it should be noted that our included stud-
ies generally had a small sample with a range of 5 to 21
participants per group. Given that studies with small
sample sizes tend to overestimate the study effect [57], it
might be possible that the MNS abnormality in ASD
might have been overestimated. Thus, the generalization
of the findings to individuals with ASD in general may
be limited by the relatively small sample size in our
meta-analysis.

Conclusion

This meta-analysis aimed to explore the differences in
MNS activation patterns between TD and ASD individ-
uals when they observe biological motions with/without
social-emotional components. ES-SDM meta-analytic
method was adopted to synthesize the available fMRI
data. After a comprehensive literature search, whole-
brain analysis data from 20 journal articles with 24 ex-
periments were included in the meta-analysis. In sum-
mary, this study indicated that the MNS was
hyperactivated in ASD, which might underlie the imita-
tion impairments in these individuals. The abnormal ac-
tivation patterns were modulated by the nature of
stimuli and age, which might explain the previous pecu-
liar results contributing to the unresolved “broken mir-
ror neuron” debate.
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