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Abstract One of the most consistent neuropsychological

findings in autism spectrum disorders (ASD) is a reduced

interest in and impaired processing of human faces. We

conducted an activation likelihood estimation meta-ana-

lysis on 14 functional imaging studies on neural correlates

of face processing enrolling a total of 164 ASD patients.

Subsequently, normative whole-brain functional connec-

tivity maps for the identified regions of significant con-

vergence were computed for the task-independent (resting-

state) and task-dependent (co-activations) state in healthy

subjects. Quantitative functional decoding was performed

by reference to the BrainMap database. Finally, we

examined the overlap of the delineated network with the

results of a previous meta-analysis on structural abnor-

malities in ASD as well as with brain regions involved in

human action observation/imitation. We found a single

cluster in the left fusiform gyrus showing significantly

reduced activation during face processing in ASD across

all studies. Both task-dependent and task-independent

analyses indicated significant functional connectivity of

this region with the temporo-occipital and lateral occipital

cortex, the inferior frontal and parietal cortices, the thala-

mus and the amygdala. Quantitative reverse inference then

indicated an association of these regions mainly with face

processing, affective processing, and language-related

tasks. Moreover, we found that the cortex in the region of

right area V5 displaying structural changes in ASD patients

showed consistent connectivity with the region showing

aberrant responses in the context of face processing.

Finally, this network was also implicated in the human

action observation/imitation network. In summary, our

findings thus suggest a functionally and structurally dis-

turbed network of occipital regions related primarily to

face (but potentially also language) processing, which

interact with inferior frontal as well as limbic regions and

may be the core of aberrant face processing and reduced

interest in faces in ASD.

Keywords Autism � Autism spectrum disorders � Face

processing � Fusiform face area � V5 � Meta-analysis

Introduction

The term ‘‘autism spectrum disorders’’ (ASD) summarizes

a group of pervasive developmental disorders characterized

by a triad of core symptoms: (1) severe and sustained
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impairment in social interaction, (2) reduced and impaired

communication, and (3) restricted and/or stereotyped pat-

terns of behavior and interest. Reflecting these core

symptoms, a reduced interest in faces and impaired face

processing are among the most consistent behavioral

findings in ASD. Face processing deficits ranging from

impairments in face recognition, perception of emotional

expressions, and production of facial expression for social

communication to reduced direct gaze and failure to benefit

from gaze cues have been shown in numerous studies (e.g.,

Campbell et al. 2006; Dawson et al. 2005). Inattention to

faces is one of the earliest developmental signs of autism

and may be detected within the first year of life (Osterling

and Dawson 1994; Osterling et al. 2002; cf. Joseph and

Tager-Flusberg 1997). Aberrant face processing may hence

be a cause rather than a consequence of social impairments

in ASD (Dalton et al. 2005). Another aspect of ‘‘social

perception’’ that has repeatedly been hypothesized to be

impaired in ASD (Williams et al. 2001; Iacoboni and

Dapretto 2006) is the so-called mirror neuron system

(MNS, Gallese et al. 1996; Rizzolatti and Craighero 2004).

Mirror neurons were first described as cells in the premotor

and parietal cortex of macaques that fire when the animal

performs a goal-directed action and when it sees others

performing the same action. This led to the idea that the

MNS is linked to imitational learning but also social cog-

nition in general (Iacoboni and Dapretto 2006). By now,

numerous neuroimaging studies have provided information

on brain regions in humans showing activity during action

observation and imitation (Iacoboni 2005; Vogt et al.

2007). These were summarized by a recent meta-analysis,

implicating not only ‘‘classical’’ fronto-parietal circuits but

also occipito-temporal regions including the bilateral cor-

tex in the region of visual motion sensitive area V5 in the

human functional mirror neuron network (Caspers et al.

2010).

It is tempting to speculate about a potential link between

the two aforementioned aspects of socially relevant per-

ception that have both been reported to be aberrant in ASD,

i.e., face processing and the MNS. Any such comparison,

however, would be dependent on a more precise investi-

gation of which, if any, modules of the human face-pro-

cessing network (Sabatinelli et al. 2011) are disturbed in

patients with ASD. While several studies have already

reported aberrant neuronal correlates of face processing in

these patients using functional magnetic resonance imaging

(fMRI) studies, inference on general pathomechanisms

from these findings is difficult given the inherent draw-

backs of clinical neuroimaging studies: (1) The sample size

of most neuroimaging studies is rather small, potentially as

a reflection of the fact that ASD is a comparatively rare

disorder. (2) The current neuroimaging literature on face

processing in ASD shows an inconsistent terminology

relating to diagnoses and a considerable variation in diag-

nostic tools used. (3) Given the notion of potentially dis-

turbed brain trajectories in ASD, the heterogeneous age-

ranges investigated in the different studies may further

hinder generalization of the respective findings. (4) There

is also a marked heterogeneity in the tasks used to assess

face processing in ASD patients, which prompts the

question as to whether the reported changes reflect com-

mon disturbances in neural mechanisms or paradigm-spe-

cific effects. In order to consolidate this diverse literature,

we here report on a quantitative coordinate-based meta-

analysis of fMRI findings on aberrant face processing in

ASD using the activation likelihood estimation (ALE)

approach (Turkeltaub et al. 2002, 2012; Eickhoff et al.

2009, 2012). The purpose of this approach is to identify

brain regions that consistently show aberrant activity dur-

ing face processing in ASD patients relative to healthy

controls in spite of the aforementioned variability between

studies. In a subsequent step, we then delineated the neu-

ronal network interacting with the ensuing regions in

healthy subjects using both task-dependent and task-inde-

pendent connectivity analysis and performed quantitative

functional decoding. This approach allows inference on

brain systems that physiologically interact with the iden-

tified regions and may, therefore, be potentially perturbed

in ASD. Finally, we compared the delineated network to

the human action observation/imitation network (Caspers

et al. 2010) and meta-analytic findings on structural aber-

rations in ASD (Nickl-Jockschat et al. 2012). In summary,

this study thus identifies brain regions showing consistently

aberrant activation during face processing in ASD as well

as networks physiologically connected to these and com-

pares them to regions implicated in the MNS and structural

ASD pathology.

Methods

Literature search and inclusion criteria

The PubMed (http://www.ncbi.nlm.nih.gov/pubmed/)

database was searched by using the following search

strings: ‘‘autism ? face ? processing’’, ‘‘autism ? face ?

processing ? fmri’’, ‘‘asd ? face ? processing’’, ‘‘asd ?

face ? processing ? fmri’’, ‘‘autism ? face ? fmri’’,

‘‘asd ? face ? fmri’’ to identify fMRI studies investigat-

ing face processing in ASD. Additional papers were then

identified through reference tracing from the retrieved

articles as well as from qualitative reviews of the literature.

Inclusion criteria for this meta-analysis were (1) fMRI

studies published between 2001 and 2012, (2) original

peer-reviewed studies, (3) whole brain analysis that did not

restrict analysis or inference to a priori specified regions of
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interest, (4) comparison of ASD patients as confirmed by a

standard clinical protocol to a matched healthy control

group, and (5) reporting of results as coordinates in ste-

reotactic space (Talairach/MNI). In total, 14 studies pub-

lished between 2001 and 2011 fulfilled all of these criteria

and were included in our meta-analysis (see Table 1). In

total, these studies enrolled 164 (158 male) ASD patients

and 165 (158 male) healthy controls. The included papers

reported a total of 14 experiments and a total of 151 acti-

vations (110 indicating decreased, 41 indicating increased

activation in ASD patients). Importantly, for the sub-

sequent analysis, we pooled across hypo- and hyper-acti-

vations as well as, most commonly, different kinds of

group x task interactions. The rationale behind this

approach is that we were interested in regions consistently

show abnormal activity in ASD patients, while the specific

pattern of the task x group interaction may be very heter-

ogeneous depending on the exact nature of the employed

task and stimuli.

Activation likelihood estimation meta-analysis

The meta-analysis was carried out using a revised version

(Eickhoff et al. 2009, 2012) of the ALE approach for

coordinate-based meta-analysis of neuroimaging results

(Laird et al. 2005; Turkeltaub et al. 2002, 2012). This

algorithm aims at identifying areas showing a convergence

of findings across studies, which is higher than expected

under a spatially random spatial association. The key idea

behind ALE is to treat the reported foci as centers of 3D

Gaussian probability distributions reflecting the spatial

uncertainty associated with each reported set of coordinates

(Turkeltaub et al. 2002; Eickhoff et al. 2009). All activa-

tion foci for a given experiment were combined for each

voxel to produce a modeled activation map (MA map;

Turkeltaub et al. 2012). ALE scores describing the con-

vergence of coordinates for each location were then cal-

culated via the union of individual MA maps. To

distinguish areas where the convergence between studies

was greater than it would be expected by chance (i.e., to

separate true convergence from noise), ALE scores were

compared to a nonlinear histogram integration based on the

frequency of distinct MA values (see Eickhoff et al. 2012).

For statistical inference, the ensuing statistical parametric

maps were then thresholded at p \ 0.05 [cluster-level

FWE, corrected for multiple comparisons, cluster-forming

threshold at voxel level p \ 0.001 (Eickhoff et al. 2012)].

Task-dependent functional connectivity: meta-analytic

connectivity modeling (MACM)

To characterize the co-activation profile of the regions

found to show consistently (across experiments) aberrant

activation during face processing tasks in subjects with

ASD, we used MACM. This approach to functional con-

nectivity assesses which brain regions are co-activated

above chance with a particular seed region across a large

number of functional neuroimaging experiments. MACM

thus takes advantage of the fact that functional imaging

studies are normally presented in a highly standardized

format using ubiquitously employed standard coordinate

systems, and the emergence of large-scale databases such

as BrainMap or Neurosynth, which store this information.

The first step in a MACM analysis is to identify all

Table 1 Overview over the

studies included in this meta-

analysis

Study n (Patients) n (Controls) Mean age

(patients)

Mean age

(controls)

Diagnosis by

Ashwin et al. (2007) 13 13 31.2 25.6 DSM-IV/ADOS

Bird et al. (2006) 16 16 33.3 35.3 DSM-IV/ADOS

Bookheimer et al. (2008) 12 12 11.3 11.9 ADOS/ADI-R

Critchley et al. (2000) 9 9 37 27 ADI-R

Dalton et al. (2005) 11 12 15.9 17.1 ADI-R

Dapretto et al. (2006) 10 10 12.05 12.38 ADOS/ADI-R

Deeley et al. (2007) 9 9 34 27 ICD-10/DSM-IV/

ADOS/ADI-R

Dichter and Belger (2007) 17 15 22.9 24.6 ADOS/ADI-R

Hubl et al. (2003) 10 10 27.7 25.3 ADOS/ADI-R

Koshino et al. (2008) 11 11 24.5 28.7 ADOS/ADI-R

Pelphrey et al. (2007) 8 8 24.5 24.1 ADOS/ADI-R

Pierce et al. (2004) 8 10 27.1 ADOS/ADI-R

Schulte-Rüther et al. (2011) 18 18 27.4 25.5 ICD-10/DSM-IV/

ADOS

Wang et al. (2004) 12 12 12.2 11.8 ADOS/ADI-R
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experiments in a database that activate the seed region, i.e.,

that reported at least one focus within the seed volume.

Subsequently, quantitative meta-analysis is employed to

test for convergence across the foci reported in these

experiments. As experiments are selected by activation in

the seed, the highest convergence will be observed in the

seed region. Significant convergence of reported foci in

other brain regions, however, indicates consistent co-acti-

vation, i.e., functional connectivity with the seed (Eickhoff

et al. 2010; Rottschy et al. 2013b).

Thus, we first identified all experiments in the BrainMap

database (Laird et al. 2009, 2011; http://www.brainmap.

org), which featured at least one focus of activation in the

seed region derived from the functional meta-analysis in

ASD subjects. Only studies reporting group analyses of

functional mapping experiments of healthy subjects were

included, while studies dealing with disease or drug effects

were excluded. This resulted in inclusion of 160 experi-

ments with a total of 2,454 subjects and 2,335 foci. Sub-

sequently, coordinate-based meta-analysis was performed

to identify consistent co-activations across experiments by

using the revised ALE algorithm (Eickhoff et al. 2009,

2012) as described above. The statistical threshold was

again p \ 0.05 (cluster-level FWE corrected for multiple

comparisons, cluster-forming threshold p \ 0.001).

Task-independent functional connectivity: resting-state

To further delineate the neuronal network interacting with

the previously found region in the fusiform gyrus, we

additionally analyzed its resting-state connectivity patterns

in a sample of healthy subjects. More precisely, our aim

was to cross-validate task-independent functional connec-

tivity using an independent dataset, following previous

reports that this combination allows the robust definition of

consensus (across task and rest) functional connectivity

patterns (Amft et al. 2014; Reetz et al. 2012; Jakobs et al.

2012; Rottschy et al. 2013a; Müller et al., 2013; Hoffs-

taedter et al. 2013; Bzdok et al. 2013; Cieslik et al. 2013).

In turn, the knowledge on the regions robustly interacting

with the observed region on the fusiform gyrus should

provide a better characterization of the observed region of

consistent hypo-activation in ASD.

Resting state images were obtained from the Nathan

Kline Institute ‘‘Rockland’’ sample, which are available

online as part of the International Neuroimaging Data-

sharing Initiative (http://fcon_1000.projects.nitrc.org/indi/

pro/nki.html). In total, the processed sample consisted of

132 healthy subjects between 18 and 85 years (mean age

42.3 ± 18.08 years; 78 males, 54 females) with 260 echo-

planar imaging (EPI) images per subject. Images were

acquired on a Siemens TrioTim 3T scanner using blood-

oxygen-level-dependent (BOLD) contrast [gradient-echo

EPI pulse sequence, repetition time = 2.5 s, echo

time = 30 ms, flip angle = 80�, in-plane resolu-

tion = 3.0 9 3.0 mm, 38 axial slices (3.0 mm thickness),

covering the entire brain]. Data were processed using

SPM8 (Wellcome Trust Centre for Neuroimaging, London,

http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). Prior to

further analyses, the first four scans were discarded, which

allowed for magnetic field saturation. The EPI images were

then corrected for head movement by affine registration

using a two-pass procedure in which in a first step, images

were aligned to the initial volumes and then subsequently

to the mean of all volumes. Next, for every subject, the

mean EPI image was spatially normalized to the Montreal

Neurological Institute (MNI) single-subject template

(Holmes et al. 1998) using the ‘‘unified segmentation’’

approach (Ashburner and Friston 2005). Ensuing defor-

mation was then applied to the individual EPI volumes and

images smoothed by a 5-mm full-width at half-maximum

Gaussian kernel to improve signal-to-noise ratio and to

compensate for residual anatomical variations. For the

analyses of the time-series of each voxel, spurious corre-

lations were reduced by excluding variance, which can be

explained by the following nuisance variables: (1) the six

motion parameters derived from image realignment; (2)

their first derivatives; (3) mean GM, WM, and CBF

intensity. All nuisance variables entered the model as first

and also as second-order terms (cf. Satterthwaite et al. 2013

for an evaluation of this framework). Finally, data were

band-pass filtered with the cut-off frequencies of 0.01 and

0.08 Hz. Just as for the MACM analysis, the seed region

was provided by significant results of the meta-analysis on

aberrant face processing in patients with ASD.

The Global Signal regression method employed (as one

aspect of the processing pipeline) by Satterthwaite et al.

(2013), which we used here in this study, has been criti-

cized for its potential influence on between-group com-

parisons and the ensuing difficulties in interpreting these

(Saad et al. 2012; Gotts et al. 2013). Since this criticism

focuses on the use of Global Signal regression related to

group comparisons, we regard our approach as unchal-

lenged by these results, given that we analyzed here within-

group main effects of resting-state functional connectivity.

Time-courses of all voxel within that seed were then

extracted and expressed as the first eigenvariate (cf. Zu

Eulenburg et al. 2012; Reetz et al. 2012). To quantify

resting-state functional connectivity linear (Pearson) cor-

relation coefficients were computed between the ensuing

characteristic time series of the seed region and the time-

series of all other gray matter voxels of the brain. These

voxel-wise correlation coefficients were then transformed

into Fisher’s Z-scores and then fed into a second-level

analysis of variance including an appropriate non-spheric-

ity correction as implemented in SPM8. As for the MACM

Brain Struct Funct

123

http://www.brainmap.org
http://www.brainmap.org
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/


analysis, the statistical threshold was p \ 0.05 (cluster-

level FWE corrected for multiple comparisons, cluster-

forming threshold p \ 0.001).

Conjunction analyses

Our aim was to identify regions that show functional

connectivity with the seed across different mental states,

i.e., an endogenously controlled resting- and an exoge-

nously driven task-state (cf. Jakobs et al. 2012). Therefore,

a conjunction analysis between MACM and resting-state

functional connectivity results was performed using the

minimum statistics (Nichols et al. 2005). That is, by

computing the intersection of the thresholded connectivity

maps derived from two different concepts of functional

connectivity, we aimed to delineate consistent functional

connectivity with the meta-analytically defined seed. We

furthermore carried out conjunction analyses for the net-

work obtained by this analysis and the action observation/

imitation network (Caspers et al. 2010), and structural

changes in ASD patients (Nickl-Jockschat et al. 2012)

using the same approach. As reported in the corresponding

publication, we used the Anatomy Toolbox (Eickhoff et al.

2005, 2006, 2007) to anatomically allocate the regions with

convergent evidence for structural changes (for a more

detailed description of the methods used cf. Nickl-Jocks-

chat et al. 2012). For our conjunction analysis, we stick to

these labels.

Functional decoding

Based on the conjunction of MACM and resting-state,

ensuing regions, showing consensus functional connec-

tivity with the seed, were further investigated. That is, all

regions that showed functional connectivity across the

task-dependent and task-independent analysis were fur-

ther assessed in terms of their functional properties

(Rottschy et al. 2013b; Cieslik et al. 2013). More pre-

cisely, functional characterization of the derived network

was performed using the behavioral domain and para-

digm class meta-data categories from the BrainMap

database (Laird et al. 2009, 2011; http://www.brainmap.

org), describing the classes of mental processes isolated

by the archived experiments’ statistical contrasts. In this

context, behavioral domains denote the mental processes

isolated by the respective contrast, whereas paradigm

classes categorize the specific task employed (see http://

brainmap.org/scribe/ for the complete BrainMap taxon-

omy). In the current study, we were mainly interested in

the functional role of the seed (obtained from the meta-

analysis on aberrant face processing in ASD) in co-

activation with the regions showing functional connec-

tivity with it in both the MACM and resting-state

analysis. Therefore, functional decoding was performed

for the pairwise combination of the seed with those

regions obtained through the conjunction of its resting-

state and task-based connectivity as follows: first, we

identified all experiments in the BrainMap database,

which featured at least one focus of activation within the

seed from the meta-analysis on aberrant face-processing

in ASD cortex and each region (individually) that was

consistently connected to it. Forward inference and

reverse inference were calculated for each set of the

retrieved experiments (featuring co-activation of the seed

and one of the consistently connected regions) to char-

acterize the functional profiles of the respective (sub-)

network. In this context, forward inference is based on

the probability of observing activity in a brain region (or

network) given knowledge of a psychological process,

whereas reverse inference tests the probability of a psy-

chological process being present given knowledge of

activation in a particular brain region (or network).

In particular, in the forward inference approach, we

determined a network’s functional profile by identifying

taxonomic labels for which the probability of finding

activation in the respective network is significantly higher

than the overall chance (across the entire database) of

finding activation in that particular network. Significance

was established using a binomial test (p \ 0.001). That is,

we tested whether the conditional probability of activation

given a particular label [P(Activation|Task)] was higher

than the baseline probability of activating the network in

question per se [P(Activation)]. This base rate thus denotes

the probability of finding a (random) activation from

BrainMap in the seed and its connected region(s). In the

reverse inference approach, a network’s functional profile

was determined by identifying the most likely behavioral

domains and paradigm classes given activation in a par-

ticular network. This likelihood P(Task|Activation) can be

derived from P(Activation|Task) as well as P(Task) and

P(Activation) using Bayes’ rule. Significance was then

assessed by means of a Chi-square test (p \ 0.001). In

sum, forward inference assesses the probability of activa-

tion given a term (i.e., domain or paradigm) in studies from

BrainMap, while reverse inference assesses the probability

of a term given activation.

Results

Convergent evidence for altered neural activity

during face processing in ASD patients

Across studies, we found one cluster indicating conver-

gent evidence for aberrant BOLD responses in ASD

patients. The cluster was located in the left lateral
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temporal lobe, in particular the fusiform gyrus (-43,

-61, -10, k = 172) (Fig. 1). This cluster was used as

seed region for our further analyses on task-independent

and task-dependent functional connectivity. Interestingly,

we also performed an additional analysis using only foci

reported as de-activated in ASD by the authors of the

original papers and found the very same cluster of con-

vergence. In turn, we did not find any clusters indicating

convergent evidence for increased BOLD responses in

ASD patients. In summary, our quantitative meta-analy-

ses which were performed initially without an a priori

constraint on the nature (hypo-/hyper-activation) of

aberrant responses thus indicated that patients with ASD

show a spatially specific and across studies consistent

decrease of activity in the left fusiform gyrus during face

processing tasks.

Task-dependent functional connectivity

Task-dependent functional connectivity determined by

MACM revealed significant co-activations of the seed

identified in the meta-analysis, i.e., the region in the left

fusiform gyrus showing consistent hypo-activation in

patients with ASD during face processing in the inferior

frontal gyrus (IFG) bilaterally, the temporooccipital cortex

(TOC) bilaterally (left cluster extending to the left middle

temporal gyrus), the supplementary motor area bilaterally,

the superior parietal lobes (SPL) bilaterally, the thalamus

bilaterally, and the left medial temporal lobe (MTL)

(Fig. 2).

Task-independent functional connectivity

Resting-state functional connectivity analysis revealed a

distributed network of areas showing correlated BOLD

signal changes with the seed identified in the meta-analysis,

i.e., the region in the left fusiform gyrus showing consistent

hypo-activation in patients with ASD during face

processing. The network consisted mainly of the ventral

and lateral TOC bilaterally (left cluster extending to the left

middle temporal gyrus), the IFG bilaterally, the SPL/infe-

rior parietal sulcus (IPS) bilaterally, the MTL bilaterally,

the thalamus bilaterally, and the cerebellum (Fig. 3).

Fig. 1 A single cluster indicating convergent evidence for hypoac-

tivation in ASD patients compared to healthy controls during face

processing was located in the left lateral temporal lobe, in particular

the fusiform gyrus (-43, -61, -10, k = 172) [p \ 0.05 (cluster-

level FWE corrected for multiple comparisons, cluster-forming

threshold p \ 0.001 at voxel level)]. There were no clusters

indicating increased activation in ASD patients compared to healthy

controls

Fig. 2 Task-dependent functional connectivity determined by

MACM revealed significant co-activations of seed identified in the

meta-analysis, i.e., the left fusiform gyrus regions showing consistent

hypo-activation in patients with ASD during face processing

[p \ 0.05 (cluster-level FWE corrected for multiple comparisons,

cluster-forming threshold p \ 0.001 at voxel level)]
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Conjunction of task-dependent and task-independent

functional connectivity

Based on the two analyses described above, we then

delineated regions that showed consensus functional con-

nectivity, i.e., significant resting-state correlations as well

as significant task-based co-activations with the seed

region in the left fusiform gyrus that was hypo-activated

during face processing in ASD. Regions consistently

observed to be coupled with that seed in both approaches

were the bilateral TOC, the IFG, and the SPL/IPS, as well

as the left middle temporal gyrus, the left thalamus, and the

left MTL (Fig. 4).

Functional decoding

Functional decoding was carried out for the seed region

and in a pairwise fashion assessing the behavioral domains

and paradigm classes significantly associated with the seed

and each of the regions obtained in the conjunction of its

resting-state and co-activation functional connectivity

analysis. Behavioral domains and paradigms that were

significantly (p \ 0.05, FDR-corrected for multiple com-

parisons) over-represented among experiments in Brain-

Map activating the seed region were related to language

and face processing.

Experiments activating the left TOC were significantly

associated with shape perception, face monitor/discrimi-

nation, language, and reading. The right TOC was mainly

activated not only by experiments associated with shape

perception, but also cognitive processes and fear-related

processing. Experiments featuring activation in the left IFG

were all significantly associated with language functions

such as semantics, phonology, and word generation, while

the right IFG was shown to be activated during experi-

ments related to attentional and working memory pro-

cesses. Both left and right SPL were shown to be activated

by experiments associated with spatial cognition, working

memory, shape and motion perception. The left middle

temporal gyrus was activated mainly by experiments

associated with language-related functions such as

Fig. 3 Resting-state functional connectivity analysis revealed a

distributed network of areas showing correlated BOLD signal changes

with the seed identified in the meta-analysis, i.e., the left fusiform

gyrus regions showing consistent hypo-activation in patients with

ASD during face processing [p \ 0.05 (cluster-level FWE corrected

for multiple comparisons, cluster-forming threshold p \ 0.001 at

voxel level)]

Fig. 4 Based on the two analyses described above, we then

delineated regions that showed consensus functional connectivity,

i.e., significant resting-state correlations as well as significant task-

based co-activations with the seed region in the left fusiform gyrus

that was hypo-activated during face processing in ASD
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semantics and speech. Functional associations for the left

thalamus were comparatively weak. We found an associ-

ation with experiments inducing action execution. The left

MTL was functionally associated mainly not only with

emotional domains such as fear, disgust, happiness and

sadness, but also olfaction. Remarkably, also paradigms

associated with face discrimination activated that region.

Conjunction of the functional connectivity network

of the hypoactivated fusiform and the action

observation/imitation network

We then investigated whether the network showing both

task-dependent and task-independent functional connec-

tivity with the seed region overlapped with the action

observation/imitation network (MNS; Caspers et al. 2010).

Indeed, we found several regions that were implicated in

the putative MNS and at the same time showed consensus

functional connectivity with the seed identified in the meta-

analysis on face processing in ASD: the IFG bilaterally, the

right lateral temporal lobe, the left SPL, the TOC bilater-

ally, and the medial temporal gyrus (Fig. 5).

Conjunction of the fusiform network and structural

anomalies in ASD patients

Finally, we aimed to investigate whether there was an

overlap between the network showing both task-dependent

and task-independent functional connectivity with the seed

region and regions showing structural anomalies in ASD

patients that have been previously identified by a quanti-

tative meta-analysis on VBM studies (Nickl-Jockschat

et al. 2012). We indeed found one cluster that was located

in the right TOC (47, -65, 2, k = 178, V5) (Fig. 6).

Discussion

Deficits of face processing are a hallmark of ASD patho-

physiology and may substantially contribute to the core

triad of ASD symptoms (Campbell et al. 2006; Dawson

et al. 2005; Osterling and Dawson 1994; Osterling et al.

2002). We here characterized the neural underpinnings of

these face processing deficits by means of quantitative

meta-analysis and revealed a single cluster in the left

fusiform gyrus that was consistently hypo-activated during

face processing across studies in ASD patients. The

Fig. 5 Conjunction analysis between the network showing both task-

dependent and task-independent functional connectivity with the seed

region overlapped with the action observation/imitation network

(Caspers et al. 2010)

Fig. 6 Overlap between the network showing both task-dependent

and task-independent functional connectivity to the seed region and

regions showing structural anomalies in ASD patients that have been

previously identified by a quantitative meta-analysis on VBM studies

(Nickl-Jockschat et al. 2012)
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identified region on the fusiform gyrus has consistently

been shown to be selectively activated during the percep-

tion of human faces (Puce et al. 1995; Kanwisher et al.

1997, 1999) and hence has been commonly referred to as

the ‘‘fusiform face area’’ (FFA). The consistent recruitment

this region in face processing was corroborated in a recent

meta-analysis enrolling 100 fMRI studies on emotional

face processing in healthy subjects (Sabatinelli et al. 2011).

Moreover, this study found a clear distinction between

fusiform regions responsible for emotional face processing

and those processing emotional natural scenes, further

corroborating evidence for their face-specificity.

There is, however, a growing body of evidence that

challenges the notion of the FFA as a functionally and

anatomically homogeneous module dedicated to processing

a single perceptual category. High-resolution fMRI

experiments point to three distinct face-selective regions

located on the midfusiform sulcus, the posterior fusiform

gyrus, and the inferior occipital gyrus (Weiner and Grill-

Spector 2010). Also face-specificity of the FFA has been

questioned by recent experiments, suggesting selective

enhancement or suppression of activity in three spatially

segregated clusters of voxels by a wide variety of catego-

ries in addition to faces (Çukur et al. 2013). In summary,

rather than one single, face-specific FFA, functionally—

and probably also anatomically (Caspers et al. 2013)—

distinct parts of the fusiform gyrus seem to be involved in

face processing. In other words, while there is little doubt

that the fusiform gyrus is a highly relevant hub for face

processing, this specialization may not be reduced to the

term FFA, which denotes a single area within this (larger)

region.

Given the rather coarse level of our meta-analytic

approach, a precise allocation to one of these anatomically

or functionally defined face-selective regions on the fusi-

form gyrus seems unwarranted. Rather, the activation and

the resulting networks are best described as ‘fusiform’.

This difference in resolution is especially crucial, when it

comes to comparing meta-analytical data with results

derived from high-resolution fMR imaging. However,

despite these obvious problems concerning different levels

of resolution, we would like to stress that our meta-analytic

results resonate well with the functional specialization of

the fusiform gyrus for face processing and should thus

represent neural correlate for face processing deficits in

ASD patients.

On a microstructural level, two different cytoarchitec-

tonic areas, termed FG1 and FG2, have been described in

the posterior fusiform gyrus (Caspers et al. 2013).

Remarkably, the mid-fusiform sulcus appears as a fairly

stable macroanatomical landmark that coincides with the

boundary between FG1 and FG2. Whereas the former is

located medial to it, the latter area is situated on the lateral

fusiform gyrus. Moreover, the anterior tip of the mid-

fusiform sulcus shows a consistent spatial relationship to

mFus, one of the face-selective fusiform regions identified

by high-resolution fMRI, while the relation between the

posterior tip and pFus, another face-selective fusiform

region, was less consistent. However, the correspondence

between functional and cytoarchitectonic divisions is not

likely one-to-one (Weiner et al. 2014). Given the lack of

face-specificity for face-selective regions of the fusiform

(Çukur et al. 2013), it seems highly probable that both FG1

and FG2 contain several fine-scale function regions (Wei-

ner et al. 2014). Moreover, it must be noted that FG1 and

FG2 only cover the posterior aspect of the fusiform gyrus,

while face-sensitive regions have been found more anterior

as well, leaving the possibility that additional cytoarchi-

tectonic regions anterior to these are also involved in face

processing.

Despite the fact that the regional functional–anatomical

organization of the fusiform gyrus is still incompletely

understood, it is tempting to speculate about the structural

underpinnings of the fusiform hypoactivation found in this

study. Several studies report findings that hint at subtle

alterations in this brain region in patients with ASD. For

example, the left fusiform gyrus has been reported as a

brain region with pronounced reduction of cortical thick-

ness in young and adolescent ASD patients (Wallace et al.

2010). Moreover, for ASD patients, a negative significant

correlation between age and cortical thickness was found,

which was not present in healthy subjects.

Correspondingly, a study utilizing a design-based ste-

reotactic approach reported that ASD patients featured

reduced neuron densities in layer III, total neuron numbers

in layers III, V, and VI, and mean perikaryal volumes of

neurons in layers V and VI of the fusiform gyrus (van

Kooten et al. 2008). Since cortical layer III is the main

source of corticocortical connections and layer V is the

principal source of efferent fibers to sub-cortical regions

(Jones 1986), these results suggest a disconnection of the

fusiform in face-processing networks (van Kooten et al.

2008). However, the precise spatial relationship between

these findings, the functional–anatomical subdivision of the

fusiform gyrus as noted above, and our own results remains

elusive.

Given these hints at microstructural changes, it needs to

be emphasized at this point that a previous meta-analysis

on VBM findings in ASD patients, i.e., macrostructural

deficits, did not find convergent evidence for changes in the

left fusiform region (Nickl-Jockschat et al. 2012). How-

ever, the use of different methodical approaches might

explain the discrepant results. Gray matter volume—the

mainly used parameter in VBM—represents the product of

cortical thickness and surface area. Contrariwise, Wallace

and colleagues (Wallace et al. 2010) relied on cortical
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thickness measurements. Consequently, the latter approach

might find more subtle structural changes that are too

discrete to be detectable by VBM. This argument is even

more striking with regard to the findings of the stereotactic

study reported by van Kooten et al. (2008). The idea of

subtle neuroanatomic alterations underlying the fusiform

hypoactivation found in our meta-analysis, therefore,

seems plausible. Given the relatively high variability of

structural findings in ASD patients, however, more studies

are needed to corroborate these results. It will be an

important goal of future studies to further elucidate the

relationship between the organization of the fusiform gyrus

and functional or neuroanatomic changes in ASD patients.

Functional connectivity network of the hypoactivated

fusiform

Functional connectivity analysis revealed a distributed

network comprising the bilateral TOC, area 44/45, thala-

mus and SPL as well as the left middle temporal gyrus and

amygdala that was consistently coupled with the hypoac-

tivated fusiform during both task- and during resting-state.

Functionally, the ensuing network was related to visual and

in particular face processing as well as language and

affective processes. Functional profiling, however, also

suggests three partially overlapping sub-networks con-

nected to the fusiform: a visual network consisting of the

bilateral TOC and SPL, an affective network encompassing

the left amygdala and right TOC, and a language-related

network centerd on the bilateral IFG (BA 44/45) and left

middle temporal gyrus. These functionally defined sub-

networks are now discussed in more detail.

One of the prominent findings in the functional con-

nectivity analysis is the extensive coupling of the fusiform

showing aberrant face processing in ASD with large parts

of the visual system, which we summarized as TOC.

Importantly, the functionally connected region comprises

areas of both major branches of the visual cortex, the

dorsal and ventral visual stream (Dakin and Frith 2005;

Goodale and Milner 1992; Mishkin and Ungerleider

1982). This is noteworthy, given that the hypoactivated

fusiform and surrounding regions on the fusiform gyrus/

inferior temporal cortex are considered part of the ventral

‘‘what’’ processing stream (Macko et al. 1982), involved

in the recognition of faces and objects (Goodale and

Milner 1992; Ungerleider and Haxby 1994) as well as the

encoding of spatial relationships between the subparts of

scenes, potentially for manipulation (Rottschy et al.

2013b). The dorsal stream in turn is thought to play a

major role in the localization of visual objects, the plan-

ning of reaching movements towards them as well as the

processing of movement (Mishkin and Ungerleider 1982;

Merigan et al. 1991). The latter function is particularly

attributed to area V5, which then projects to parietal

regions which are involved in spatial cognition, shape and

motion perception (Goebel et al. 1998; Wang et al. 1999;

Kansaku et al. 2001; Dakin and Frith 2005). Anterior to

the dorsal aspects of the occipital visual cortex, the dorsal

stream leads to the posterior superior parietal cortex,

which we found likewise functionally connected to the

seed. Our findings highlight a broad functional connec-

tivity network for the fusiform, which in turn implicates a

relevant interaction of the ventral fusiform gyrus with

dorsal stream areas.

Physiologically, such interaction makes sense when

considering that object recognition (ventral stream) and

motion processing (dorsal stream) need to interact closely

when dealing with face stimuli in a naturalistic, real live

environment. Moreover, the current observations also fit

well into a growing literature reporting deficits in ASD

patients in tasks attributed to dorsal stream functioning. For

example, ASD patients have been shown to display supe-

rior performance on tasks necessitating the detection of a

static visual target embedded in a larger field (Plaisted et al.

1999; Caron et al. 2004; Pellicano et al. 2005) and are more

detail-oriented (Shah and Frith 1983, 1993; Jolliffe and

Baron-Cohen 1997; Mottron et al. 1999; Lahaie et al.

2006). Moreover, they are less sensitive to a variety of

complex motion stimuli (Gepner et al. 1995; Spencer et al.

2000; Milne et al. 2002; Bertone et al. 2003; Blake et al.

2003) and feature increased motion coherence thresholds

(Spencer et al. 2000; Milne et al. 2002), findings that may

be deemed to reflect structural alterations in the region of

V5 (Nickl-Jockschat et al. 2012). These findings together

with our current data on the functional connectivity of a

ventral visual region showing reduced activation during

face processing highlight that both visual streams may play

a crucial role in ASD pathophysiology. In summary, global

dysfunctions of the visual system might be a yet under-

appreciated core deficit in ASD patients (Dakin and Frith

2005).

Outside the visual system, the fusiform also featured

significant task- and resting-state connectivity with the left

amygdala. Classically, the amygdala has been associated

with the processing of unpleasant and fearful stimuli

(Morris et al. 1996), while newer evidence supports an

extended role of this brain region as a hub for the extraction

of biological significance from the environment (Sander

et al. 2003) and the shaping of behavioral responses

(Ousdal et al. 2008). Observer-independent histological

parcellation of post-mortem human brains has led to the

reliable definition of three major sets of nuclei, the lat-

erobasal, superficial, and centromedial group (Amunts

et al. 2005). Remarkably, this histological subdivision is

largely paralleled by a functional subspecialization. A

study on the human amygdala utilizing connectivity-based
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parcellation retrieved three distinct clusters that largely

overlapped with the anatomically defined nuclei of the

amygdala as determined by cytoarchitectonic probabilistic

maps. Functional characterization consistently found an

association of all three nuclei with observing and dis-

criminating faces (Bzdok et al. 2013). Our findings in this

study of an amygdala involvement in the fusiform network

fit these findings well.

Functional decoding linked the cluster that we found in

the left amygdala to emotional domains such as fear, dis-

gust, happiness, and sadness. A multitude of functional

imaging studies have demonstrated a close link between

face and affective processing (Gur et al. 2002). Vice versa,

the display of facial expressions has been used as a method

to induce emotions in subjects in the fields of neurosci-

ences, functional neuroimaging, and psychology (Gur et al.

2002; Schneider et al. 2006). Consequently, the amygdala

has been interpreted as a crucial link between face pro-

cessing mediated by the fusiform region and affective

processing (Breiter et al. 1996; Davis and Whalen 2001;

Vuilleumier et al. 2001; Ishai 2008; Herrington et al. 2011;

Müller et al. 2011). Aberrant amygdala activations during

various tasks involving social cognition such as inferring

mental states from pictures of eyes (Baron-Cohen et al.

1999, 2000) and judging facial expressions (Critchley et al.

2000) have led to the hypothesis that the amygdala may fail

to assign emotional relevance to social stimuli in ASD

patients (Dichter 2012). Thus, our findings of an amygdala

involvement in the fusiform network might point to a more

global pathomechanism of disturbed social cognition in

ASD.

Finally, we found that the hypo-activated fusiform also

shows robust connectivity with the bilateral BA 44/45 and

the left middle temporal gyrus, which were characterized

by the performed functional decoding as a subnetwork

related to language processing. An involvement of the

fusiform in semantic processing has been repeatedly dis-

cussed (Martin and Chao 2001; Turk et al. 2005). A recent

study supports the notion of a close neuroanatomical

relationship between the fusiform and language processing

networks. Functional connectivity analyses suggest the role

of the FG2 area, a cytoarchitectonically defined subdivision

of the posterior fusiform gyrus, as an important hub of

these two distinct subsystems. Remarkably, in healthy

individuals, FG2 functionality appears to be lateralized,

with the left FG2 area more involved in language pro-

cessing, while the right FG2 area is more involved in face

processing (Caspers et al. 2013).

Impaired communication is a core symptom of ASD

that might be caused by underlying changes in language

processing. Functional imaging studies indicate a variety

of evidence for abnormalities in the neural underpinnings

of language processing, such as reduced brain

lateralization in ASD patients (Kleinhans et al. 2008;

Knaus et al. 2008; Müller et al. 1999; Redcay and

Courchesne 2008; Tesink et al. 2009), decreased syn-

chrony of brain regions processing language (Kana et al.

2006; Catarino et al. 2011), decreased automaticity of

language processing (Eigsti et al. 2011), and recruitment

of brain regions that do not typically process language

(Eyler et al. 2012; Gervais et al. 2004; Groen et al. 2010;

Kana et al. 2006; Kana and Wadsworth 2012; Mizuno

et al. 2011). Our findings of hypoactivation of the left,

not the right, fusiform gyrus during face processing and a

potential involvement of language processing networks is

a further hint at changes in brain lateralization in ASD

patients. Moreover, it may be speculated that the delin-

eated functional interactions between the fusiform gyrus

and language-related regions in the frontal and temporal

lobes may underlie deficits in the processing of semantic

knowledge and/or covert vocalization in the context of

social interaction that are implicitly triggered by face

stimuli.

With regard to our findings of frontal and parietal

regions as part of the robust fusiform network, it deserves

to be pointed out that recent studies have also identified

face-sensitive frontal and parietal regions in humans (Ra-

jimehr et al. 2009; Chan and Downing 2011). These find-

ings led to the idea of a core network for face processing

that consists mainly of ‘‘ventral stream’’ (i.e., occipito-

temporal structures) and an extended network that also

includes parietal and frontal structures (Avidan and Behr-

mann 2009). Especially frontal regions in this network

seem to be especially driven primarily by the eyes, not the

face, as a whole (Chan and Downing 2011). On the other

hand, we must note that the quantitative functional

decoding of our frontal and parietal regions did not point

towards an association of these with face processing.

However, given the comparatively few studies on face-

selective regions outside the ventral stream, further studies

might corroborate an involvement of frontal and parietal

regions in the fusiform network in face processing.

Our meta-analysis on VBM findings revealed structural

changes in ASD in the left anterior parietal lobe (Nickl-

Jockschat et al. 2012), but this regions did not show an

overlap with the fusiform network. However, a recent study

reported cortical thinning that was more widespread in

parietal regions (Wallace et al. 2010). While methodical

differences could explain discrepant findings (please find a

more detailed methodical discussion above), it is tempting

to speculate that cortical thinning might be a discrete

neuropathology underlying functional changes in parietal

regions of the fusiform network. However, it needs to be

emphasized that these results should be corroborated by

additional studies, before reliable conclusions can be

drawn.

Brain Struct Funct

123



Action-observation/imitation and the fusiform network

In our analysis, we found that several regions identified as

part of the fusiform network were also found in a meta-

analysis of the action-observation/imitation network, i.e.,

the MNS. This investigation was prompted by a close

connection between face processing, imitative learning,

and social cognition at the developmental and behavioral

level: from the point of developmental psychology it has

been argued that imitative behavior and the ensuing

capacity of understanding other person’s actions represent

a key component in the development of social cognition

(Rizzolatti and Craighero 2004). In this context, it is

noteworthy that typically developing human infants imitate

not only hand gestures, but also facial expressions

(Meltzoff and Moore 1977). In fact, facial mimicry is one

of the earliest social interactions seen in babies. Remark-

ably, while more complex aspects of action understanding

(in particular inference on roles and goals of others) are

found in human infants but not in, even adult, great apes

(Tomasello and Carpenter 2005), the imitation of facial

expressions seems to be an evolutionary conserved mech-

anism, since it is also found in infant chimpanzees (My-

owa-Yamakoshi et al. 2004) and infant macaques (Ferrari

et al. 2006). Only in humans, however, does imitation of

facial expression and the subsequent development of the

capacities to correctly interpret mimic behavior lay the

foundation for ‘‘higher’’, abstract social-cognitive pro-

cesses related to theory of mind (Iacoboni and Dapretto

2006). The relevance of imitation or mimicry for social

behavior is also underlined by the fact that adult humans

tend to imitate each other automatically during social

interaction (Williams et al. 2001), and seem to be more

empathic the more they imitate (Chartrand and Bargh

1999).

In the current study, we found a substantial overlap

between the fusiform network and the putative human

MNS. We would hence argue that the neuronal correlates

of face processing and action imitation are closely inter-

twined and, based on the behavioral evidence presented

above, jointly contribute to social cognitive capacities and

their development. The hypoactivation of the putative core

node for processing visual-facial information in this net-

work, i.e., the fusiform, in ASD patients may thus indicate

a reduced input of face-related information into this sys-

tem. It stands to be reasoned that such reduced or distorted

input, if present during development as it may be assumed

in a developmental disorder such as ASD, would have

substantial effects on the shaping of capacities emerging

from it. Given the behavioral evidence reviewed above, it

may thus be argued that aberrant facial processing may

lead to dysfunctional mechanisms for mimicry and inten-

tion understanding and ultimately deficits in complex

social processes such as theory of mind, all of which have

been shown to be abnormal in patients with ASD (Domes

et al. 2008). Consequently and in synopsis with the earlier

discussion of visual processing aberrations, we would

argue that aberrant sensory (visual) processing may be a

central pathophysiological aspect in ASD, whereas the

clinically more prominent deficits in social processing are

secondary effects of these.

It needs to be emphasized that our interpretation of these

meta-analytic results certainly needs further corroboration

by future targeted studies, since there are important limi-

tations. Meta-analyses with data on a rather coarse scale

and large functional voxels are more likely to show overlap

than studies acquiring data with smaller functional voxels

analyzed in individual subjects. Likewise, averaging across

subjects and even studies will inevitably result in a spatial

blurring. This limits the explanatory power of our con-

junction analysis. Studies utilizing high-resolution fMRI,

ideally at the single subject level, are thus needed to shed

further light on a potential overlap between the fusiform

network and the action observation/imitation network.

The fusiform network and brain structure anomalies

in ASD

Reflecting on the above speculation, it is intriguing to note,

that the only region in which the network related to the

hypo-activated fusiform as delineated in the current study,

the MNS (Caspers et al. 2010) and findings of a meta-

analysis on structural atrophy in ASD (Nickl-Jockschat

et al. 2012) converge is indeed in the visual system: area

V5. Remarkably, a study reported cortical thinning in the

ascending limb of the inferior temporal sulcus in ASD

patients (Wallace et al. 2010), which is the typical location

of V5 (Dumoulin et al. 2000). The fact that evidence for

structural alterations in that region is also found by a study

utilizing a different methodical approach appears to further

corroborate our own findings of structural alterations in this

region and highlights a potential role of this region in ASD

pathophysiology.

The area hOc5 is commonly regarded as cytoarchitec-

tonic correlate of V5 (Malikovic et al. 2007; Wilms et al.

2005). Thus, our allocation of the mentioned cluster to V5

is based on probabilistic histological maps in standard

space, not on the use of functional data. V5 has long been

known as the part of the visual cortex that is probably most

sensitive to motion (Watson et al. 1993; Tootell et al. 1995;

Wilms et al. 2005), including the processing of biological

motion in the context of action observation (Grosbras et al.

2012). In other words, in contrast to other regions more

specialized for processing geometric features or biological

objects, area V5 seems to be sensitive to motion per se,

independently of the conveyed image content (but see
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Kolster et al. 2010 for a discussion on the potential internal

heterogeneity of the V5 region). Intriguingly, this pre-

sumed role of V5 and the convergent findings from the

current study align very well with neuropsychological and

clinical characteristics of ASD. Many previous studies

have provided convergent evidence for a wide range of

deficits in ASD patients with respect to motion processing,

ranging from reduced sensitivity for motion coherence to

deficient processing of complex motion stimuli, such as

random dot kinematograms and biological motion (Gepner

et al. 1995; Spencer et al. 2000; Milne et al. 2002; Dakin

and Frith 2005; Bertone et al. 2003; Blake et al. 2003). In

turn, the correct interpretation of mimics, the subjective

reward gained from facial cues such as smiles, the auto-

matic and later goal-directed imitation of these, and ulti-

mately the development of higher-order concepts about

intentionality strongly rely on the correct processing of the

movements by different parts of the face and the face as a

whole (Schneider et al. 1990). From this perspective,

structural and/or functional alternations of the V5 region

may thus explain or at least contribute to many neuropsy-

chological and psychopathological features of ASD.

As in the previous study on brain structure anomalies in

ASD (Nickl-Jockschat et al. 2012), probabilistic cytoar-

chitectonic maps in standard space allocated the cluster in

the right TOC with highest probability to area hOC5, the

putative correlate of functionally defined V5 (Malikovic

et al. 2007; Wilms et al. 2005). Anatomical relations in the

TOC, however, are intricate, with limb-, but also face-

selective areas bordering immediately on V5 (Weiner and

Grill-Spector 2013). Thus, given the probabilistic approach

utilized and the rather coarse level of resolution at a meta-

analytic level, we cannot fully rule out the possibilities that

proximate regions are also affected. Given these limita-

tions, to elucidate the precise relations between the cluster

obtained in our conjunction analysis and the face-selective

regions surrounding V5/MT will be an important objective

for future studies.

Conclusion and outlook

Combining several meta-analyses (function in ASD,

structure in ASD, action observation/imitation in healthy

subjects) with the normative delineation of functional brain

networks by two independent approaches, the present study

not only revealed dysfunctional face processing in the

fusiform in ASD, but also highlighted a potential role of

the visual cortex and in particular area V5 in the patho-

physiology of ASD. It now remains to be investigated how

structure, function, connectivity, and clinical impairment

within the delineated network model relate to each other at

the level of individual patients.
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