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Recent evidence suggests that disruption of integrative processes in sensation and perception may play a critical
role in cognitive and behavioural atypicalities characteristic of ASD. In line with this, ASD is associated with al-
tered structural and functional brain connectivity and atypical patterns of inter-regional communication which
have been proposed to contribute to cognitive difficulties prevalent in this group. The present MEG study used
atlas-guided source space analysis of inter-regional phase synchronization in ASD participants, as well as
matched typically developing controls, during a dot number estimation task. This task included stimuliwith glob-
ally integrated forms (animal shapes) as well as randomly-shaped stimuli which lacked a coherent global
pattern. Early task-dependent increases in inter-regional phase synchrony in theta, alpha and beta frequency
bands were observed. Reduced long-range beta-band phase synchronization was found in participants with
ASD at 70–145 ms during presentation of globally coherent dot patterns. This early reduction in task-
dependent inter-regional connectivity encompassed numerous areas including occipital, parietal, temporal,
and frontal lobe regions. These results provide the first evidence for inter-regional phase synchronization during
numerosity estimation, as well as its alteration in ASD, and suggest that problems with communication among
brain areas may contribute to difficulties with integrative processes relevant to extraction of meaningful ‘Gestalt’
features in this population.

© 2014 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
with a broad continuum of severity. Increasing prevalence of this
disorder is accompanied by growing evidence that individuals with
ASD can benefit from research-based interventions. For instance simple
adaptations of sensory stimulation can overcome difficulties in sensory
perception in ASD and on larger scales foster independence and partic-
ipation in society (Gepner and Féron, 2009; Lainé et al., 2011). There-
fore, to properly identify target systems for intervention strategies,
research into the neurocognitive mechanisms underlying ASD is be-
coming increasingly urgent.

ASD is diagnosed on the basis of impairments in social interaction and
communication (including social–emotional reciprocity), and restrictive/
repetitive behaviours (including atypical sensory processing; APA, 2013)
and is marked by abnormalities in various cognitive domains. Individuals
with ASD typically show symptoms related to impaired sensory and per-
ceptual processing (Dawson, 2002;Minshewet al., 1997, 2002), including
impaired integration of stimuli during the perception of faces and emo-
tions (Nackaerts et al., 2012). In everyday situations, however, perceiving
and interpreting parts of stimuli in terms of their context is often required
to “see the big picture”. Individuals with ASD tend to take narrow per-
spectives, utilizing local processing styles over global integrative informa-
tion processing styles (Happé, 1999) and focusing on details at the
expense of integrating separate features into one coherent object or con-
cept (Frith, 1989). Several studies provide evidence for a reduced ability
in individuals with ASD to unify visual components into single coherent
representations (for a review see Happé and Frith, 2006).

Human stimulus processing capacities are limited and attention
helps to select and integrate stimulus features in noisy environments.
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Functional disabilities in ASDmay in part be attributable to impaired se-
lective attention. ASD is linked to problems with rapid coordination of
attention between sensory modalities, impaired orienting of attention
to living stimuli (i.e. people of interest), and impaired early selection
of relevant objects or object features (Belmonte and Yurgelon-Todd,
2003; Courchesne et al., 1994; Leekam and Moore, 2001; Rinehart
et al., 2001). These findings suggest problems with higher-order atten-
tional control networks in ASD.

Neuroscience has traditionally focused mainly on characterizing the
function of individual brain regions and neurons. Recent findings, how-
ever, suggest that various cognitive symptoms of ASD may originate
from abnormalities in coordinated functioning involvingwidely distrib-
uted brain regions (Belmonte and Bourgeron, 2006; Uhlhaas and Singer,
2006). The coordination of neural oscillations across the brain has been
described as a basis for communication in brain networks (Fries, 2005;
Uhlhaas et al., 2009a; see Donner and Siegel, 2011 for a review). The un-
derlying mechanism for communication through coherence is under-
stood to be the synchronization of presynaptic potentials in a
neuronal populationwhich enhances their impact on postsynaptic neu-
rons in the target area (Azouz and Gray, 2000; Bruno and Sakmann,
2006; Siegel and Donner, 2012). Encoding of sensory stimuli primarily
involves local cortical interactions. Sensory and perceptual integration,
however, requires coordination among distant brain regions. Several
studies have shown that long-range cortical interactions often involve
correlated neuronal interactions in the beta band (Donner and Siegel,
2011; Engel et al., 2001; Varela et al., 2001). Synchronization of beta
band oscillations have been related to feature integration, as well as
the development of these processes throughout childhood and adoles-
cence (Uhlhaas et al., 2006; Uhlhaas et al., 2009b).Moreover, disruption
of long-range beta band synchronization has been associated with im-
paired integration of facial features in psychiatric populations
(Uhlhaas et al., 2006). Reduced salience of social cues in ASD patients
has been explained by alterations in high-level attentional processes
that modulate the synchronization of neural activity between early vi-
sual and fusiform areas (while watching faces vs. houses; Bird, 2006).
This impaired top-down modulation of fast sensory processing in ASD
may be explained by reduced neural connectivity (Frith, 2003). Findings
of weaker neural connectivity in ASD have supported the notion of
impaired attentional control relying on neuronal feedback connections
from fronto-parietal areas (Belmonte and Bourgeron, 2006; see Uhlhaas
and Singer, 2006 for a review).

In line with such findings, the underconnectivity theory in autism
attributes the symptoms of ASD to functional underconnectivity be-
tween frontal and posterior brain areas (Just et al., 2007, 2012). This
has been found consistently with electrophysiological (Khan et al.,
2013) and haemodynamic measures during execution of various tasks
(Anagnostou and Taylor, 2011; Darmala et al., 2010; Koshino et al.,
2005; see Baribeau and Anagnostou, 2013 for a review) as well as
during resting state measurements (Barttfeld, 2011; see Müller et al.,
2011 and Schipul et al., 2011 for reviews) and with computational
modelling (Lewis and Elman, 2008). Those deficits in functional connec-
tivity typically increase over age and are associated with alterations in
structural connectivity in adults diagnosed with ASD which have been
observed using diffusion tensor imaging (DTI) methods (Lee et al.,
2007; Mak-Fan et al., 2013; see Travers et al., 2012 for review). Individ-
uals with ASD typically show abnormal brain maturation and over-
growth of white matter in childhood (Casanova et al., 2006; Piven
et al., 1996; Mak-Fan et al., 2013), but have reduced white matter and
smaller corpus callosum size in adulthood (Vidal et al., 2006; Duerden
et al., 2012). Recent studies consistently find general reductions in func-
tional neuronal connectivity across various brain regions in ASD
(Barttfeld, 2011; Domínguez et al., 2013; Khan et al., 2013; Wass,
2011). In summary, atypical sensory processes due to impaired
top-down attention regulation and altered integrative mechanisms
in ASD may be the result of atypical synaptic interactions between
cortical regions (Courchesne and Pierce, 2005; Just et al., 2007,

2012) and reduced neural synchronization (Baribeau and Anagnostou,
2013; Belmonte et al., 2004, 2006; Brock et al., 2002; Hill and Frith,
2003; White, 2009).

The synchronization of neuronal activity has been related to the
integration of visual information (Uhlhaas et al., 2006, 2009a,b).
Reduced functional connectivity between early visual and frontal re-
gions has been linked, for instance, to impaired visual task performance
(Villalobos et al., 2005). In autism, impaired integration of visual infor-
mation has been attributed to diminished neuronal synchrony of high
frequency oscillations (Dakin and Frith, 2005; Sun et al., 2012) whereas
typically developing individuals process visual information for overall
Gestalt at the expense of processing the details (Frith, 1989). Visual in-
formation integration becomes relevant if multiple grouped items are
present, for example, when a quick estimate of the number of items is
needed. Numerosity estimation involves distinct neurocognitive mech-
anisms and requires processing of local features, rather than focusing on
the Gestalt. Thus, differences in stimulus processing between ASD and
typically developed individuals might occur when global processing is
required (i.e. if stimulus patterns provide globally meaningful charac-
teristics). In a previous study from our group, performance during a
numerosity estimation taskwas worse in controls if dots were arranged
in animal shapes conveying a globalmeaning, compared to dot patterns
organized in random shapes, whereas in adults with ASD, the accuracy
of estimates was insensitive to the global meaningfulness of dot arrays
(Meaux et al., 2014).Widespread differential activation of brain regions
was found at several stages of neural processing during number estima-
tion, suggesting atypical strategies in ASD. In accordance with the weak
central coherence theory, instead of searching for meaningful patterns,
individuals with ASD may orient towards local features when process-
ing visual input for numerosity estimations.

The current study investigated neural network connectivity (phase
synchrony), underlying visual stimulus perception in a numerosity esti-
mation task in adults with ASD and age and sexmatched controls. First,
we investigatedmagnetoencephalographic (MEG) connectivity dynam-
ics underlying normative numerosity estimation during perception of
animal patterns with global meaningfulness and randomly shaped dot
patterns. Second, we determined whether long-range connectivity dy-
namics were altered in ASD. We hypothesized that participants with
ASD would show a reduced network synchronization relevant for inte-
grative processes during number estimation of globally meaningful an-
imal stimuli, compared to typically developed controls.

2. Methods

2.1. Participants

Data were recorded from fourteen adults with ASD (10 males;
mean = 24.77 years ± 3.96) and fourteen controls (10 males;
mean = 24.92 years ± 3.78). ASD participants had been diagnosed by
a registered medical professional experienced with autistic spectrum
disorders according to DSM-IV (APA, 1994) criteria, using the Autism
Diagnostic Observation Schedule (ADOS, module 4; Rutter et al.,
2002). IQ was assessed using the WASI (Wechsler, 1999; ASD: 108 ±
14.2; controls: 120 ± 8.5). Controls were age- and sex-matched to the
ASD participants. Two Mann–Whitney tests showed that age and IQ
did not significantly differ between the groups. Medication use was
screened prior to inclusion, and none of the participants had a history
of behavioural, psychiatric or neurological disorders (other than autism
in the ASD group), or any metallic implants or ferromagnetic dental
work which would interfere with MEG recordings. This set of exclusion
criteria, together with age and sexmatching, was designed tomaximize
sample size while retaining a degree of homogeneity well suited for a
clinical neuroimaging study. All participants had normal or corrected-
to-normal vision and gave informed written consent. The study was
approved by the Research Ethics Board at the Hospital for Sick Children
in Toronto.
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