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Abstract
Imitation has been considered as one of the precursors for sociocommunicative development.
Impairments of imitation in autism spectrum disorder (ASD) could be indicative of dysfunctional
underlying neural processes. Neuroimaging studies have found reduced activation in areas
associated with imitation, but a functional connectivity MRI network perspective of these regions
in autism is unavailable. Functional and effective connectivity was examined in 14 male
participants with ASD and 14 matched typically developing (TD) participants. We analyzed
intrinsic, low-frequency blood oxygen level dependent (BOLD) fluctuations of three regions in
literature found to be associated with imitation (inferior frontal gyrus [IFG], inferior parietal
lobule [IPL], superior temporal sulcus [STS]). Direct group comparisons did not show
significantly reduced functional connectivity within the imitation network in ASD. Conversely, we
observed greater connectivity with frontal regions, particularly superior frontal and anterior
cingulate gyri, in the ASD compared to TD group. Structural equation modeling of effective
connectivity revealed a significantly reduced effect of IPL on IFG together with an increased
influence of a region in dorsal prefrontal cortex (dPFC) on IFG in the ASD group. Our results
suggest atypical connectivity of the imitation network with an enhanced role of dPFC, which may
relate to behavioral impairments.
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1. Introduction
Autism spectrum disorder (ASD) encompasses a broad range of pervasive
neurodevelopmental disorders with sociocommunicative impairments and repetitive
behaviors as core features. One of the many areas affected in children with ASD is the
ability to imitate the actions of others, particularly when requested to do so (Hobson & Lee,
1999; Receveur et al., 2005; Rogers, Bennetto, McEvoy, & Pennington, 1996; Rogers,
Hepburn, Stackhouse, & Wehner, 2003; Smith & Bryson, 1994; Vivanti, Nadig, Ozonoff, &
Rogers, 2008). The degree of this impairment may correlate with the complexity of action
and may have paradoxical manifestations, as individuals with autism may display
echopraxia, involving automatic imitation without an attentional component (Malvy et al.,
1999).

Imitation may be associated with action understanding through simulation and with other
precursors for sociocommunicative development (Rizzolatti & Craighero, 2004). In typically
developing (TD) children, imitation is thought to contribute to the acquisition of social skills
by supporting self-other processing that could help lay the foundation for interpreting the
goals and intentions of others in social interactions (Carr, Iacoboni, Dubeau, Mazziotta, &
Lenzi, 2003; Lepage & Théoret, 2007; Meltzoff & Decety, 2003; Pfeifer, Iacoboni,
Mazziotta, & Dapretto, 2008). Neuroimaging studies have identified areas of activation for
imitation that may overlap with regions of the mirror neuron system (Decety, Chaminade,
Grèzes, & Meltzoff, 2002; Iacoboni et al., 1999; Nishitani & Hari, 2002; Rizzolatti &
Craighero, 2004) and regions activated when interpreting intentions and predicting actions
(Fogassi et al., 2005; Liepelt, Von Cramon, & Brass, 2008; Saxe, Xiao, Kovacs, Perrett, &
Kanwisher, 2004). Therefore, various components necessary for social interactions may rely
on similar, shared neural processes as those employed for imitation (Hurley, 2008). Early
deficits in imitation could in turn affect the development of sociocommunicative and other
cognitive systems known to be impaired in ASD.

Despite some controversy regarding the hypothesis of a general imitation impairment (Bird,
Leighton, Press, & Heyes, 2007; Hamilton, Brindley, & Frith, 2007; Williams, Whiten, &
Singh, 2004), neuroimaging and neurophysiological studies in ASD have found abnormal
activation for imitation of various actions (Bernier, Dawson, Webb, & Murias, 2007;
Dapretto et al., 2006; Nishitani, Avikainen, & Hari, 2004). Nishitani and colleagues (2004)
examined oral-facial imitation in ASD using magnetoencephalography (MEG). The authors
observed neural activity that temporally progressed from the primary visual cortex (V1) to
superior temporal sulcus (STS) to inferior parietal lobule (IPL) to inferior frontal gyrus
(IFG) and finally to primary motor cortex. Comparable sites of activation were seen in TD
participants and those with Asperger's disorder, but activity was weaker and delayed in IFG
for the Asperger's group. Using fMRI, Villalobos and colleagues (2005) investigated
interregional synchronization with visual areas and found decreased functional connectivity
between V1 and IFG bilaterally. Thus, current evidence indicates that neural activity and
connectivity in regions for imitation may be abnormal in ASD. Reduced activity in
comparable locations during performance of other tasks such as multisensory integration
(Oberman & Ramachandran, 2008), visuomotor processing (Martineau, Cochin, Magne, &
Barthelemy, 2008; Müller, Kleinhans, Kemmotsu, Pierce, & Courchesne, 2003), or face
perception (Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2007) suggests a more general
regional dysfunction (Leighton, Bird, Charman, & Heyes, 2007; Mostofsky et al., 2006).

To date, no functional connectivity MRI (fcMRI) study in ASD has investigated the intrinsic
connectivity of brain areas that participate in a neural network for imitation. First observed
in the resting state (Biswal, Yetkin, Haughton, & Hyde, 1995), intrinsic fcMRI detects the
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temporal correlation between spatially discrete low-frequency fluctuations of the blood
oxygen level dependent (BOLD) signal, which is considered to reflect network connectivity
(Fox & Raichle, 2007). In addition to the empirical support from studies examining low-
frequency BOLD fluctuations in putative networks, such as unimodal motor (Biswal et al.,
1995; Jiang, He, Zang, & Weng, 2004; Xiong, Parsons, Gao, & Fox, 1999), auditory
(Cordes et al., 2001), and visual networks (Nir, Hasson, Levy, Yeshurun, & Malach, 2006),
as well as multimodal language (Hampson, Peterson, Skudlarski, Gatenby, & Gore, 2002),
executive (Seeley et al., 2007), and default mode networks (Greicius, Supekar, Menon, &
Dougherty, 2009), the validity of the fcMRI technique is supported by several lines of
evidence. These include the correspondence with anatomical connectivity (Bullmore &
Sporns, 2009; Fernández & Galán, 2008; Horwitz et al., 2005), as shown in direct
comparisons between DTI tractography and fcMRI findings (Greicius et al., 2009; Honey et
al., 2009; Skudlarski et al., 2008; van den Heuvel, Mandl, Kahn, & Hulshoff Pol, 2009) and
in studies of callosal agenesis (Quigley et al., 2003) and callosotomy (Johnston et al., 2008),
which are associated with loss of typical homotopic interhemispheric fcMRI effects.
Electrophysiological studies have further documented corresponding low-frequency (<.1Hz)
fluctuations of local field potentials (Leopold, Murayama, & Logothetis, 2003) and strong
correlations between slow fluctuations (<.5Hz) of intracranially detected local field
potentials and BOLD fcMRI effects in neurosurgery patients (He, Snyder, Zempel, Smyth,
& Raichle, 2008).

A few recent fcMRI studies in ASD have implemented resting-state scans to examine the
intrinsic connectivity of areas such as in the default mode network (Kennedy & Courchesne,
2008b; Monk et al., 2009; Weng et al., 2009). It is assumed that during rest, the mind
automatically goes into a default mode (Greicius, Krasnow, Reiss, & Menon, 2003; Raichle
et al., 2001). However, this state is difficult to monitor and may vary across individuals and
time, possibly creating uncontrollable confounds (Gilbert, Dumontheil, Simons, Frith, &
Burgess, 2007; Hasson, Nusbaum, & Small, 2009; Waites, Stanislavsky, Abbott, & Jackson,
2005). In studies of clinical disorders such as ASD, these confounds may be aggravated by
systematic differences in the response to the scanning environment (lying constrained inside
a noisy magnet bore), which may prompt participants to engage in unknown and
uncontrolled mental activities. As an alternative approach, data acquired during task
performance can also be used for fcMRI, since network-specific spontaneous BOLD
fluctuations are simultaneously present in time series acquired during task performance and
can be separated statistically from task-related responses (Arfanakis et al., 2000; Fair et al.,
2007; Fox, Snyder, Zacks, & Raichle, 2006; Gavrilescu et al., 2008). Therefore, isolating
low-frequency BOLD fluctuations in data sets acquired during performance of a task
unrelated to the network of interest provides a reasonable approach to examining intrinsic
functional connectivity. Any potential residual effects from task performance are less likely
to affect intrinsic fluctuations in functionally unrelated networks (cf. Jones et al., 2010), and
potential systematic differences between groups in mental processes can be partialled out.

In ASD, evidence has recently accumulated suggesting widespread anomalous connectivity,
possibly accounting for behavioral deficits. A number of fcMRI studies in ASD have
examined task-dependent synchronization without isolating low-frequency fluctuations
through the statistical removal of task activity and low-pass filtering. These fcMRI studies
have found reduced coordination between areas engaged in sentence comprehension (Just,
Cherkassky, Keller, & Minshew, 2004; Kana, Keller, Cherkassky, Minshew, & Just, 2006),
face processing (Kleinhans et al., 2008), response inhibition (Kana, Keller, Minshew, &
Just, 2007; Lee et al., 2008), verbal working memory (Koshino et al., 2005), problem
solving (Just, Cherkassky, Keller, Kana, & Minshew, 2007), and theory-of-mind tasks
(Mason, Williams, Kana, Minshew, & Just, 2008). In some studies, partially increased
functional connectivity in ASD compared to TD has also been observed (Braeutigam,
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Swithenby, & Bailey, 2008; Jones et al., 2010; Mizuno, Villalobos, Davies, Dahl, & Müller,
2006; Monk et al., 2009; Murias, Webb, Greenson, & Dawson, 2007; Noonan, Haist, &
Müller, 2009; Turner, Frost, Linsenbardt, McIlroy, & Müller, 2006; Welchew et al., 2005).
To elucidate the intrinsic connectivity patterns contributing to possible impairments in an
imitation network, we examined whole-brain correlations with low-frequency BOLD
fluctuations in three regions commonly reported to participate in imitation: IFG, IPL, and
STS (Iacoboni et al., 2001; Iacoboni et al., 1999; Nishitani et al., 2004; Pfeifer et al., 2008;
Williams et al., 2006). Additionally, we performed structural equation modeling (SEM) of
effective connectivity in order to investigate the interregional influence of each node in the
network (Büchel & Friston, 2000; McIntosh & Gonzalez-Lima, 1994).

2. Materials and methods
2.1. Participants

The study included 14 male participants with ASD and 14 TD participants matched for
gender, age, handedness, and nonverbal IQ (Table 1). Each group included 11 right-handed
and 3 left-handed participants. The Institutional Review Boards of San Diego State
University, San Diego Children's Hospital Research Center, and the University of
California, San Diego, approved the experimental protocol. Informed consent was obtained
from all participants. For participants under the age of 18 years, written parental consent was
also obtained. Diagnoses in the ASD group were established using DSM-IV (APA; 1994),
the Autism Diagnostic Interview-Revised (ADI-R; Lord, Rutter, & Couteur, 1994), and the
Autism Diagnostic Observation Schedule (ADOS; Lord et al., 2000). We included a total of
eight individuals diagnosed with autism, three with Asperger's disorder, and three with
pervasive developmental disorder – not otherwise specified (PDD-NOS). Exclusionary
criteria for all participants were any comorbid medical diagnosis that might affect brain
development or preterm birth. IQ was assessed using the Wechsler Abbreviated Scale of
Intelligence (WASI; Wechsler, 1999). All participants scored above the cutoff for mental
retardation (IQ > 70). Hand preference was assessed through self-report.

2.2. MRI data acquisition
Imaging data were acquired on a 1.5T Siemens Symphony MR scanner (Erlangen,
Germany). High-resolution structural images were acquired with a T1-weighted sequence
(TR: 11.08ms; TE: 4.3ms; flip angle: 45°; field of view [FOV]: 256mm; 256×256 matrix;
180 slices; 1mm3 resolution). Functional T2*-weighted images were obtained using a
single-shot gradient-recalled echo-planar imaging sequence. Two runs of functional MRI
data were collected while participants performed either a semantic decision or letter
detection task that alternated in a block design (see Supplementary Material for additional
information). Each run included 114 volumes of 28 contiguous 5mm axial slices (TR: 2.6s;
TE: 36ms; flip angle: 90°; FOV: 256mm; 64×64 matrix; 4×4 mm2 in-plane resolution).

2.3. Data preprocessing
Imaging data were preprocessed and analyzed using Analysis of Functional NeuroImages
software package (AFNI, Cox & Hyde, 1997). The first five time points of each run were
discarded due to image instability. Correction for head motion was performed by registering
each functional volume to the middle time point of the run closest to the structural scan. To
reduce noise, we spatially smoothed the images (8mm full-width half-maximum), removed
linear trends attributable to scanner drift, and included six rigid-body motion parameter
regressors.

In resting-state fcMRI, Cordes et al. (2001) showed that the BOLD signal of functionally
connected networks has the greatest power in the low-frequency domain (< 0.1Hz),
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excluding some higher-frequency physiological noise from respiratory and cardiac cycles.
Additionally, task-evoked responses may be superpositioned on top of spontaneous BOLD
fluctuations, exerting a linear effect on the measured signal (Fox et al., 2006). Therefore, to
isolate low-frequency fluctuations, we applied a low-pass filter at 0.1Hz and included
orthogonal task regressors in a linear model. Specifically, to separate task-related effects
from intrinsic BOLD fluctuations, we modeled box-car gamma waveform regressors for
blocks of each trial type (Fair et al., 2007; Gavrilescu et al., 2008; Jones et al., 2010; Miezin,
Maccotta, Ollinger, Petersen, & Buckner, 2000).

For each participant, the two functional runs were concatenated and a total of 218 time
points (9:45min.) were included in the connectivity analyses. The structural volume was
transformed into Talairach space (Talairach & Tournoux, 1988) and fully preprocessed
functional images were spatially normalized to the standardized structural volume and
resampled to 2×2×2 mm3 for statistical analysis.

2.4. Regions-of-interest (ROI) selection
Mean time series were extracted from spherical seeds with a radius of 4mm placed in
locations identified from literature. We used seeds in the right hemisphere to further reduce
any residual confounds related to left hemispheric activation associated with the language
task. Talairach coordinates (x, y, z) for ROIs in IPL (58, −24, 32) and STS (57, −50, 16)
were obtained from peak imitation activations reported by Iacoboni et al. (2001; 1999).
Williams et al. (2006) in an fMRI study of imitation in ASD reported peaks at
corresponding coordinates using the same paradigm. The IFG seed was selected using a
cytoarchitectonic probabilistic map and placed in a site with the highest probability for BA
44 (51, 7, 17) (Eickhoff et al., 2005). Although the connectivity maps of these regions may
include non-imitation processes that share similar neural mechanisms, for simplicity, we will
refer to the network produced by our three seeds as the imitation network.

2.5. Whole-brain functional connectivity analysis
We applied multiple regressions at the individual subject level to investigate the whole-brain
covariance of the BOLD signal with the mean time series of each ROI. Group-wise
functional connectivity maps for each seed were combined for identification of conjunction
sites (i.e., regions of significant fcMRI effects for all three seed ROIs) to 1) confirm
connectivity at imitation network nodes, which was specifically expected for the TD group,
2) examine the connectivity of the network in areas outside of the three regions, and 3)
directly compare the connectivity for imitation between ASD and TD group. One-sample t-
tests were performed to obtain group fcMRI effect maps for each seed. Maps were
uniformly corrected for multiple comparisons to a cluster significance level of p < 0.001
using Monte-Carlo simulations (Forman et al., 1995). Three group masks were then created
from the surviving regions and combined for within-group conjunction analysis.
Additionally, direct group comparisons using two-sample independent t-tests were
performed for each ROI, and masks of each difference map were created by thresholding to
a voxel-wise significance level of p < 0.005, with cluster correction at p < 0.05. For both
group contrasts (TD>ASD and ASD>TD), we examined the combined masks for
conjunction sites depicting a convergence of increased connectivity.

2.6. Effective connectivity analysis
2.6.1. Model specification—The superior longitudinal fasciculus connecting the frontal
cortex with temporo-parietal areas includes the arcuate fasciculus, forming the direct
pathway, and two lateral segments, constituting the indirect pathway. The posterior lateral
segment connects the regions IPL and STS, and the anterior portion directly links IFG with
IPL (Catani, Jones, & ffytche, 2005; Duffau, 2008; Makris et al., 2005). Although imitation
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circuitry likely contains bidirectional connections, we modeled only unidirectional paths to
satisfy the need for parsimony in SEM. However, a unidirectional model is consistent with
the MEG study of oral-facial imitation by Nishitani and colleagues (2002), which reported
neural activity progressing from V1 to STS to IPL to IFG to primary motor cortex. Iacoboni
et al. (2001) have proposed a similar processing sequence with the addition of STS receiving
feedback motor commands from IFG. Combined, the two studies suggest that the flow of
information forms a loop starting with the representation of the action in STS, to mirroring
and identifying its goals in IPL, to interpreting the context in IFG, and back to STS to
confirm the meaning of the action.

In a second model, we included a fourth ROI (12, 29, 45) in the right dorsal prefrontal
cortex (dPFC) – a region within the superior frontal gyrus for which significantly greater
functional connectivity was found in the ASD (compared to the TD) group, convergent for
all three network nodes. We entertained the hypothesis that in ASD this region moderates
regions employed for imitation; therefore, we included three unidirectional links from dPFC.

2.6.2. Structural equation modeling—To examine the effective connectivity of the
imitation network, we applied SEM as implemented in AFNI 1dSEM (Chen et al., 2007).
Although SEM is more commonly performed at the group level, we conducted individual
subject level analyses to account for individual variability, which may be pronounced given
the known heterogeneity in ASD (Happé, Ronald, & Plomin, 2006). The preprocessed mean
time series for each ROI were used to create a covariance matrix for each subject. Residual
error estimates for each ROI included .5 of the total variance, which was further adjusted by
visually inspecting the fcMRI effect maps to approximate the extent of its connectivity with
other regions of the network (Bullmore et al., 2000; McIntosh & Gonzalez-Lima, 1994). The
degrees of freedom included for χ2 significance tests accounted for potential autocorrelations
within ROIs (refer to http://afni.nimh.nih.gov/sscc/gangc/PathAna.html for details). Each
subject was examined for optimal model fit by having a nonsignificant χ2 value (p > 0.1).
Mean path coefficients were obtained for both groups and checked for within-group
significance using one-sample t-tests. Comparisons between groups for individual paths
were performed using two-sample independent t-tests. Furthermore, since within-group
variability of our results may be influenced by the total amount of residual error and degrees
of freedom included in model estimation, we performed Levene's tests for homogeneity of
variance to examine whether group variability affected results.

3. Results
3.1. Functional connectivity

In the TD group, conjunction analyses confirmed concordant low-frequency fcMRI effects
for our three seeds in or in close vicinity of our regions selected for their association with
imitation (see black conjunction clusters in Fig. 1A and Supplementary Tables). Moreover,
we observed conjunction clusters in homotopic sites of the left hemisphere, which reflect
bilateral connectivity for imitation processes. In the ASD group, conjunction effects in
imitation regions appeared slightly less robust and no sites of convergent connectivity were
present in left IPL and STS (Fig. 1B). Unexpectedly, conjunction clusters remote from the
typical imitation network were detected in dorsal frontal cortex. In direct group
comparisons, we did not find significant differences around our ROIs. No clusters of
significantly greater fcMRI effects for the TD (compared to ASD) group were seen
anywhere in the brain. However, we found significant inverse effects (ASD>TD),
particularly in frontal regions. Among these were several conjunction clusters in bilateral
superior frontal and left anterior cingulate gyri, reflecting increased connectivity with these
areas by all three network nodes (Fig. 1C).
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3.2. Effective connectivity
Path coefficients and significance levels are presented for both models in Table 2. Structural
equation modeling of an imitation network demonstrated that the two models had acceptable
fits in all participants (p > 0.1). In both groups, path coefficients indicated a positive effect
on afferent regions, suggesting a positive feedback loop (Fig. 2A). In the ASD group, a
reduced effect of IPL on IFG trended toward significance, but no significant differences
were detected for other connections. In the second model we added an ROI in right dPFC
(superior frontal gyrus; Fig. 1C), for which significantly increased conjunction effects had
been observed in ASD compared to TD. We found a significantly reduced effect of IPL on
IFG accompanied by a significantly greater effect of dPFC on IFG in the ASD group (Fig.
2B). Levene's test for homogeneity of variance detected no significant between-group
differences in variability of path coefficients for IPL to IFG (F(1,26) = 0.06, p = 0.81) and
dPFC to IFG (F(1,26) = 0.37, p = 0.55).

4. Discussion
We examined task-independent, low-frequency BOLD fluctuations using three right
hemisphere seeds placed in sites considered prominent nodes of an imitation circuit (IFG,
IPL, and STS, based on fMRI activation findings from previous imitation studies). In the TD
group, we observed conjunction fcMRI effects in or in close vicinity of the three nodes,
reflecting tight functional interconnectivity. Moreover, homotopic sites of convergent
connectivity were also detected in regions of the contralateral left hemisphere, which is
consistent with results indicating the bilaterality of imitation networks (Aziz-Zadeh, Koski,
Zaidel, Mazziotta, & Iacoboni, 2006). In the ASD group, the intrinsic synchronicity between
regions of the imitation network appeared less robust, but group differences did not reach
significance. Moreover, connectivity in homotopic regions of the left hemisphere, as seen in
the TD group, was reduced in our ASD group. Consistent with some previous reports of
anomalous patterns of functional connectivity in ASD (Braeutigam et al., 2008; Jones et al.,
2010; Mizuno et al., 2006; Monk et al., 2009; Murias et al., 2007; Noonan et al., 2009;
Turner et al., 2006; Welchew et al., 2005), we observed diffuse and extensive connectivity
with bilateral frontal regions. Specifically, the dorsal frontal cortex contained sites of
convergent effects, i.e., significantly increased fcMRI effects for all three seeds that were
detected only in the ASD group.

Several fcMRI studies in ASD have reported reduced functional connectivity of frontal
cortex across various tasks (Just et al., 2007; Just et al., 2004; Kana, Keller, Cherkassky,
Minshew, & Just, 2008; Mason et al., 2008). The apparent inconsistency may be explained
by methodological differences. In contrast to ours, the aforementioned studies by Just and
colleagues did not implement task regressors and low-pass filtering to isolate intrinsic low-
frequency BOLD fluctuations. Interestingly, a recent study by the same group (Koshino et
al., 2008) applied a low-pass filter – thus reducing the effect of experimental trials presented
at a high frequency – and found no evidence of underconnectivity within the fronto-parietal
network of their ASD group. Notably, the absence of significant group differences in this
network is generally consistent with our own task-regressed and low-pass filtered fcMRI
results between IFG and IPL.

Slow, synchronized fluctuations of spontaneous neuronal activity at rest have been found to
reflect functional connectivity of putative networks in both animals (Leopold et al., 2003;
Shmuel & Leopold, 2008; Vincent et al., 2007) and humans (Nir et al., 2008; Seeley et al.,
2007; Vincent, Kahn, Snyder, Raichle, & Buckner, 2008; Xiong et al., 1999). These low-
frequency signal fluctuations are also present during task performance and exert a linear
effect on measured BOLD responses (Fox et al., 2006). Using low-pass filtering and task
regression to isolate intrinsically generated low-frequency BOLD fluctuations may not
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guarantee complete removal of all task-related activity (Hasson et al., 2009). However,
recent studies indicate that the removal of task effects can be effective and yields
qualitatively similar results to resting-state fcMRI (Arfanakis et al., 2000; Fair et al., 2007;
Gavrilescu et al., 2008; Jones et al., 2010). Notably, this approach provides better protection
from uncontrolled spontaneous thought processes at rest, which may naturally differ
between ASD and TD participants (Kennedy & Courchesne, 2008a). Thus, the utility of
either approach – using resting or task-regressed data – is best weighed with its respective
strengths and limitations in mind. Additional information and analyses presented in the
Supplementary Material suggest that enhanced connectivity with dPFC detected in the ASD
group (relative to the TD group) was unlikely to be driven by task-related effects. It should
be noted that our participant groups were matched for nonverbal, but not for verbal IQ. It
can therefore not be ruled out that lower VIQ in the ASD group – although expected in a
cohort with a sociocommunicative disorder – may have had some impact on our findings.

In a secondary analysis using SEM, we attempted to better characterize the effect of
atypically enhanced low-frequency synchronization with the frontal cortex by modeling
effective connectivity in the imitation network. Although both models (with and without
dPFC; see Fig. 2) had acceptable fits in all participants, dPFC in the ASD group indicated a
larger positive influence on regions for imitation, as expected based on our fcMRI results.
Notably, once dPFC was included in the model, we observed a significantly reduced
influence of IPL on IFG in the ASD group compared to TD controls. This indicates that
greater coordination between low-frequency BOLD fluctuations of IPL and dPFC was
potentially masking reduced communication between IPL and IFG. Thus, our SEM results
suggest that impaired functioning in regions employed by imitation may be accompanied by
abnormally greater interactions with regions outside of the typical network. This appears
consistent with an earlier study showing atypical prefrontal recruitment during visuomotor
coordination tasks in ASD (Müller et al., 2003). However, it remains open whether greater
synchronization with dPFC can lead to reduced influence of IPL on IFG, or whether
increased coordination between the two regions is a result of already impaired
communication between IPL and IFG.

In another fMRI study using SEM, Wicker and colleagues (Wicker et al., 2008) investigated
facial expression recognition in adults with ASD. Even though they observed predominantly
reduced task-related effective connectivity in the ASD group, an ROI in dorsolateral PFC
(DLPFC) was found to have a significantly greater effect on fusiform gyrus in comparison
to the TD group. Since there were no behavioral differences, the authors concluded that
abnormally increased influence of DLPFC could reflect a compensatory mechanism
recruited for emotion-processing of faces. In an analogous interpretation of our results,
dPFC may play a compensatory role in support of atypical imitation processing in ASD,
which may be reflected in null findings from some behavioral studies (Hamilton et al.,
2007).

Our dPFC seed was located in the dorsal portion of BA 8 in the right hemisphere. Rajah,
Ames, and D'Esposito (2008) proposed that activity in right BA 8 (and adjacent area 6)
involves spatiotemporal working memory manipulation and/or maintenance. Specifically,
BA 8 has been implicated in processes such as spatial attention (Simon et al., 2002),
episodic memory retrieval (Cabeza, Locantore, & Anderson, 2003), temporal recency
judgments (Dudukovic & Wagner, 2007), spatial sensorimotor transformations (Levy,
Schluppeck, Heeger, & Glimcher, 2007), and action selection (Cisek & Kalaska, 2005).
Using fMRI, Beudel and de Jong (2009) employed a button press paradigm in which the
finger or button were either freely selected by the participant or fixed (i.e. determined by a
number stimulus). They found that BA 8 activated strongly only for free-selection tasks,
which the authors related to involvement in the cognitive decision component of action
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selection. In another fMRI study, Koch and colleagues (2006), examining working memory
retrieval, reported an exponential signal decrease in BA 8/9 across time that significantly
correlated with behavioral performance. They concluded that practice-related reductions in
BA 8/9 indicated less reliance on frontal region as processing became more efficient. Taken
together, increased connectivity with dPFC may suggest that people with ASD rely heavily
on cognitive selection and manipulation of actions from memory, further suggesting that
greater impairments may be seen for novel, meaningless actions where memories for these
movements cannot be easily recalled from past experience (Cattaneo et al., 2007; Hamilton
et al., 2007; Rogers et al., 1996). Such reliance on top-down control may result from
impaired implicit sensorimotor mechanisms, employed in elicited, intentional imitation, and
could reflect compensatory plasticity in ASD.

However, enhanced connectivity with dPFC probably cannot be directly equated with
enhanced action control in ASD, given that motor impairments may be a common feature of
the disorder (Fournier, Hass, Naik, Lodha, & Cauraugh, 2010; Gidley Larson & Mostofsky,
2008; Mostofsky et al., 2006; Mostofsky et al., 2009; Rogers et al., 1996). Motor control
involves the coordination of multiple regions, relying on subcortical, cerebellar, parieto-
frontal, and even local circuitry (i.e. between functionally distinct, neighboring regions such
as dPFC and supplementary motor area (SMA), or among neurons of discrete functional
areas within SMA). Dysfunction at any of the nodes in these circuits can produce deficits. It
is still under debate whether imitation impairments in ASD exist independently of motor
deficits (Williams et al., 2004; Zachor, Ilanit, & Itzchak, 2009) or can be attributed to
perceptual-motor deficits (Vanvuchelen, Roeyers, & De Weerdt, 2007). Even if the latter
view is taken, the component processes contributing to imitation impairments in ASD, such
as dissociating implicit and explicit motor control ability, remain to be fully understood
(Mazzoni & Wexler, 2009). With respect to potential motor components in imitation,
Mostofsky and colleagues (2009) found greater reliance on the SMA for simple motor
sequencing in ASD relative to TD controls; however, reduced functional connectivity was
seen across regions involved in the motor execution network. The authors suggest that
greater, but isolated, activation in the SMA with decreased cerebellar activation may
indicate impairment in the transfer of learned actions to habitual ones that are under implicit
control. However, it is not well understood how such abnormalities in the motor execution
network may affect imitation circuits that were examined in the present study.

Alternatively, though not necessarily mutually exclusive with the compensatory
interpretation, greater synchronization with cortical areas outside typical networks could
also reflect more general patterns of aberrant connectivity in ASD. Patterns of over- and
underconnectivity may be the neurodevelopmental ramifications of abnormal brain-growth
trajectories (Hazlett et al., 2005; Lewis & Elman, 2008). Courchesne and colleagues (2001)
found that the autistic brain undergoes a rapid growth spurt during the first two years of life,
with slowed growth thereafter. Among the many regions affected, findings of white matter
volume abnormalities in the frontal lobe have been the most consistent (Carper &
Courchesne, 2005; Carper, Moses, Tigue, & Courchesne, 2002; Courchesne & Pierce, 2005;
Herbert et al., 2004). Given the convergent evidence for premature overgrowth of white
matter in autism and the possible link with behavioral impairments (Mostofsky, Burgess, &
Gidley Larson, 2007; White, O'Reilly, & Frith, 2009), our results could suggest that early
overconnectivity within frontal regions such as dPFC may interfere with normal neural
interactions, potentially limiting the development and diversification of functional networks
(Ben Bashat et al., 2007; Carper & Courchesne, 2005; Kennedy & Courchesne, 2008b;
Sundaram et al., 2008). In an fcMRI study examining response inhibition with a Go/NoGo
task, no group differences between 8-12 year old children with ASD and TD children were
detected, but reduced connectivity was found to be correlated with increasing age (Lee et al.,
2008). Although ROIs were limited to only those involved in the inhibitory network and
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potential regions of enhanced connectivity were not explored, age-dependent findings may
relate to early overgrowth.

Overall, our finding of atypical connectivity with the frontal cortex along with reduced
effective connectivity between IPL and IFG suggests atypical organization of the network
for imitation in ASD, which may be linked with impaired sociocommunicative development.
However, it is unknown how early overconnectivity may affect developing neurofunctional
organization in general and the imitation network in particular. Importantly, it still remains
open whether regions of increased connectivity could functionally contribute to processing
for imitation or add functionally irrelevant noise by interfering with communication between
regions. Furthermore, conclusive associations between functional connectivity and white
matter have yet to be established in ASD. BOLD synchronization as detected by fcMRI can
reflect both monosynaptic and polysynaptic connections, which further complicates the
relationship between anatomical and functional connectivity (Greicius et al., 2009; Honey et
al., 2009; van den Heuvel et al., 2009). Finally, since we analyzed intrinsic low-frequency
BOLD fluctuations (rather than task-driven BOLD changes), observed connectivity may not
be exclusively attributed to an imitation network, but could additionally relate to other
networks subserved by brain regions implemented as seeds (IFG, IPL, STS). Our focus on
the imitation network in the present study is in no way meant to imply a unique or exclusive
role of this network in autistic symptomatology. The pattern of findings indicating subtly
reduced connectivity within networks and diffusely increased connectivity outside networks
(Monk et al., 2009; Noonan et al., 2009; Welchew et al., 2005) possibly reflects general
outcomes of early brain growth anomalies potentially affecting many networks.

Supplementary Material
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Figure 1. The imitation network produced by overlapping functional connectivity maps of its
three right hemisphere nodes
(A) In the TD group, concordant connectivity (i.e. conjunction effects for all seeds; black
clusters) is seen in the vicinity of each node and in left-hemisphere homologous regions. (B)
In the ASD group, large unexpected conjunction clusters are found in dorsal prefrontal
cortex (dPFC) bilaterally. (C) On direct group comparison, atypically enhanced connectivity
in frontal regions is seen in the ASD group, with conjunction effects in dPFC and left
anterior cingulate cortex (ACC). FcMRI effects for each seed are color-coded, as indicated
at the top. Seed ROIs are indicated by solid-white circles and their left-hemisphere
homologues are indicated by dotted-white circles.
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Figure 2. A simple imitation network model
(A) Mean path coefficients for each group are presented as TD/ASD (blue/orange). In a
three-node model, there is a trend toward significantly reduced effect of IPL on IFG in the
ASD group when compared to the TD group (¶p = 0.07). (B) A second model included
dorsal prefrontal cortex (dPFC) as a moderator for the imitation network in the right
hemisphere. In direct comparisons, the ASD group showed significantly increased effect of
dPFC on IFG (*p = 0.05) and reduced effect of IPL on IFG (**p = 0.006). STS, superior
temporal sulcus; IPL, inferior parietal lobule; IFG, inferior frontal gyrus.
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Table 1

Characteristics of participants

TD
(n = 14)

ASD
(n = 14)

p

Age in years 24.2 (8.4) 24.1 (9.5) .94

14 – 42 15 – 44

Verbal IQ (VIQ) 110 (10.8) 93 (15.5) .01

88 – 129 79 – 127

Nonverbal IQ (NVIQ) 114 (11.9) 107 (13.9) .25

95 – 130 68 – 115

Full scale IQ 114 (12.1) 99 (11.7) .01

89 – 130 80 – 117

Values are presented as Mean (Standard Deviation) and Range. Significance value, p, from two-sample independent t-tests for differences between
the TD and ASD groups. Groups were matched on age, gender, handedness, and nonverbal IQ.
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