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A continuum of phenotypes makes up the autism spectrum (AS). In particular, individuals show large
differences in language acquisition, ranging from precocious speech to severe speech onset delay.
However, the neurological origin of this heterogeneity remains unknown. Here, we sought to determine
whether AS individuals differing in speech acquisition show different cortical responses to auditory
stimulation and morphometric brain differences. Whole-brain activity following exposure to non-social
sounds was investigated. Individuals in the AS were classiﬁed according to the presence or absence
of Speech Onset Delay (AS-SOD and AS-NoSOD, respectively) and were compared with IQ-matched
typically developing individuals (TYP). AS-NoSOD participants displayed greater task-related activity
than TYP in the inferior frontal gyrus and peri-auditory middle and superior temporal gyri, which are
associated with language processing. Conversely, the AS-SOD group only showed enhanced activity in
the vicinity of the auditory cortex. We detected no differences in brain structure between groups. This is
the ﬁrst study to demonstrate the existence of differences in functional brain activity between AS
individuals divided according to their pattern of speech development. These ﬁndings support the
Trigger-threshold-target model and indicate that the occurrence of speech onset delay in AS individuals
depends on the location of cortical functional reallocation, which favors perception in AS-SOD and
language in AS-NoSOD.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Individuals with early socio-communicative abnormalities,
repetitive behavior and restricted interests were ﬁrst described by
Kanner (Autism, 1943) and Asperger (Asperger's syndrome; 1944)
in the mid-20th century. Between 1994 and 2013, autism and
Asperger's syndrome were distinguished mostly by early speech
delay or major language alterations (Wing, 1981). Language level,
however, is currently considered to be a continuous, rather than
categorical variable (APA, 2013). The two conditions were merged
into one disorder, the autism spectrum (AS), in DSM-5 for several
reasons: disagreement among experts about the differences
between Autism and Asperger (Lord et al., 2012); the inapplicability
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of DSM-IV Criteria because a diagnosis of autism was favored over
Asperger's syndrome in most cases (Mayes et al., 2001); similarities
in adaptive outcome between the two conditions (Howlin, 2003);
and the lack of reliable biomarkers (Macintosh and Dissanayake,
2004). Language level is now one of the four most heterogeneous
components within the AS, together with associated medical conditions, intelligence, and adaptive level in DSM-5.
Studies that group individuals according to clinically-deﬁned
DSM-IV AS subgroups report no differences in cognition (Miller
and Ozonoff, 2000; Wilson et al., 2014) or brain structure
(McAlonan et al., 2008; Via et al., 2011) between Autism and
Asperger syndrome. However, if individuals are divided according
to clear categorical distinctions such as speech delay, then large
differences can be observed between the two groups, for example,
in processing speed (Barbeau et al., 2013) and in visual motion
perception and performance in pursuit tasks (Takarae et al., 2008).
Differences in perceptual processing are probably the most
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replicated ﬁnding: AS groups with or without early speech delay
perform differently in visual saccade and motion discrimination
tasks (Takarae et al., 2008; Takarae et al., 2004) and only AS individuals with speech delay display auditory (Bonnel et al., 2010;
Jones et al., 2009) or visual (Barbeau et al., 2013) exceptional abilities. Furthermore, differences in gray matter volume between AS
individuals with or without speech delay have also been reported
within regions associated with auditory and language processing,
such as the middle temporal gyrus (Lai et al., 2014). The aim of this
study was to search for group differences in brain activity during an
auditory perception task and brain volume differences that may
explain phenotypic heterogeneity in speech development among
AS individuals.
2. Methods
2.1. Participants
Participants were recruited from the database of the specialized
reclinic for Pervasive Developmental Disorders at the Rivie
al, Canada). All individuals had been
des-Prairies Hospital (Montre
diagnosed with AS and satisﬁed autism DSM-IV criteria according
to the Autism Diagnostic Interview Revised (ADI-R) (Lord et al.,
1994), the Autistic Diagnostic Observation Schedule (ADOS-G
module 3 or 4) (Lord et al., 1989) and multidisciplinary testing
conducted by an experienced clinician (LM). Autistic participants
differed only in terms of speech onset delay, to avoid the following
confounding factors: 1) group differences in severity, which favor
Type 1 between-group errors (Macintosh and Dissanayake, 2004);
2) uncertainty associated with the clinical assessment of Asperger
syndrome; and 3) the treatment of differences between autism and
Asperger syndrome as a continuous variable, which favors Type 2
errors (McAlonan et al., 2009). AS participants were divided
into two groups based on the presence (AS-SOD) or absence
(AS-NoSOD) of ADI-R criteria for Speech Onset Delay. Speech
acquisition was considered typical if the ﬁrst single words were
reported by parents before 24 months of age and ﬁrst two-word
phrases before 33 months of age. Thirteen participants had
speech onset delay and 14 did not. Exclusion criterion for the AS
group included current use of psychoactive medication and
neurological abnormalities. Thirteen typically developing individuals (TYP) were also included as controls in this study. The
exclusion criterion for the control group was an individual or family
history of psychiatric or neurological conditions, as indicated by a
custom-made questionnaire. The three groups were similar in
terms of age, Full Scale, Verbal and Performance Wechsler IQ scored
according to Canadian norms (Wechsler, 1991, 1997), sex ratio and
handedness (Table 1). In addition, ADI scores were matched
between AS-SOD and AS-NoSOD groups to ensure that the autistic
phenotype was similar between the groups. All participants had
normal hearing and no formal musical training. Informed written
consent was obtained from all participants, or from the parents of
participants under the age of 18, in accordance with the
bec ERB approved protocol
Regroupement Neuroimagerie Que
#2006-0204. All participants were compensated for their
participation.

Table 1
Socio-demographic characteristics of participants. TYP: Typically developing controls. SOD: Autistic individuals with speech onset delay. AS-NoSOD: Autistic individuals with no speech onset ADI-R: Autism Diagnostic Interview e Revised.
TYP
Sample size (sex)
13 (2 F, 11 M)
Age (y:m)
Mean (SD)
23:6 (7:5)
Range
16e39
Full-scale IQ
Mean (SD)
109.6 (10.3)
Range
92e131
Performance IQ
Mean (SD)
106.3 (12.5)
Range
87e133
Verbal IQ
Mean (SD)
111.1 (10.2)
Range
93e127
Handedness
Mean (SD)
þ61.2 (39.3)
Range
45 to 100
ADI-R Score Mean (cut-off)
Social
Communication
Behavior

SOD

NoSOD

p

13 (2 F, 11 M)

14 (1 F, 13 M)

22:3 (6:8)
14e35

22:11 (6:7)
14e32

0.897

101.4 (15.2)
78e130

106.8 (16.5)
82e129

0.353

105.8 (12.4)
91e131

100.8 (14.2)
77e126

0.422

97.5 (16.7)
72e124

111.1 (16.4)
81e132

0.052

þ65 (53.1)
100 to 100

þ62.7 (64.0)
80 to 100

0.975

23.9 (10)
18.2 (8)
6.9 (3)

22.2 (10)
16.1 (8)
6.7 (3)

0.186
0.921
0.261

response (Hall et al., 2003) and because low modulation rates are
thought to be essential for speech recognition (Hall et al., 2002;
Houtgast and Steeneken, 1985). These stimuli were also chosen
for two reasons: ﬁrst, because they highlight differences in
patterns of brain activity associated with processing different
levels of auditory complexity between autistic and non-autistic
individuals, as reported previously by Samson et al. (2011); and
second, to examine differences in the cortical auditory response
between AS individuals with or without delayed speech onset
(not dependent on auditory complexity), which was the objective
of this study.
While lying in the scanner, the participants performed a
controlled listening task in which they were required to detect the
presence or absence of FM to ensure that they were actively
listening to the stimuli, which generally results in greater and more
reliable auditory cortical activity than that resulting from passive
listening protocols (Hall et al., 2000). Stimuli were presented
binaurally through MRI-compatible earphones at a mean sound
pressure level (SPL) of 85e90 dB. A sparse sampling protocol with
an effective TR of 9 s was used to present auditory stimuli in a silent
background, thus minimizing perceptual interference from magnetic gradient noise and improving the detection of auditory cortex
activity (Hall et al., 1999). Echoplanar images were acquired during
three 10.8 min runs of 72 volumes each (TR ¼ 2.76s, voxel
size ¼ 3.4 mm3). In each trial, a 6.24s auditory stimulus was presented before 2.76s of silence, during which image acquisition
occurred. An anatomical T1-weighted high-resolution image was
acquired with an MPRAGE sequence. Participants remained in the
scanner for 50 min. Further details regarding the stimuli and task as
well as the complete details of the imaging sequences used are
provided in supplementary material.
2.3. Data analysis

2.2. Materials and procedure
Eight sound conditions were deﬁned by crossing two carrier
signals, pure tone (300 Hz), and harmonic tone (300 Hz, 600 Hz,
900 Hz, 1200 Hz), with four levels of frequency modulation, FM
0%, FM25% (±12.5 Hz), FM50% (±25 Hz), and FM100% (±50 Hz), at
a modulation rate of 5 Hz. This modulation increment was
selected because it results in a sustained auditory cortical

Behavioral reaction time and accuracy data for the detection
task were analyzed by two repeated-measures ANOVAs with Group
(three levels) as a between-subject factor and Conditions (eight
levels) as a within-subject factor.
SPM8 was used for image preprocessing and statistical
modeling. Images from the individual runs were realigned,
unwarped, spatially normalized to the ICBM152 MNI space (Collins
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et al., 1994), and spatially smoothed with a 3D Gaussian ﬁltering
kernel of 9 mm FWHM. First level analyses were conducted for each
participant with a design matrix containing the eight stimulus
conditions, along with six head motion estimates that were
included as covariates of no interest. Each stimulus condition was
compared with the silence baseline condition to generate ﬁrst-level
contrast images (eight per participant). These ﬁrst-level contrasts
were then included in a mixed effect model with three factors:
Participant (40 levels), Group (three levels; assumed to have
unequal variance) and Task (eight levels).
First, for each group, weighted contrasts combining the contrasts of each sound condition minus the silence baseline were
computed. Second, between-group contrasts were deﬁned to
investigate the differential effects of combining the contrasts of
each sound condition minus silence. T-contrasts were deﬁned to
compare group effects between (1) TYP and AS-SOD, (2) TYP
and AS-NoSOD and (3) AS-SOD and AS-NoSOD groups within the
regions showing task-related activity. A corrected Family Wise
Error critical threshold (pFWE < 0.05) with 50 contiguous voxels
(170 mm3) was used.
A voxel-based morphometry (VBM) analysis (SPM8 VBMDARTEL; Ashburner, 2010) was also performed to conﬁrm that
regional group differences observed in the patterns of functional
activity were not related to gray matter volume. A one-way ANOVA
was performed to examine group differences in gray matter volume
for the whole-brain and in regions where differences in activity
between groups were observed (pFWE < 0.05). Further details
regarding data analysis are given in supplementary material.
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indicating that all participants listened carefully to the presented
stimuli and could detect the frequency modulation.
3.2. Imaging e fMRI results
3.2.1. Main effect analysis
Task and Group showed signiﬁcant main effects in fMRI, but no
Task-by-Group interaction was observed. Brain activity in the
bilateral auditory cortex during the task was measured with
1581 voxels on the right and 1288 voxels on the left centered on
primary auditory cortex (BA 41) and extending to the non-primary
superior temporal auditory ﬁelds (BA 22).
The three groups showed similar strong task-related activity for
all auditory stimuli and there was no signiﬁcant interaction between task and group. Large portions of the cortical surface showed
activity in fMRI, including the auditory cortex, (transverse temporal
(BA 41, 42) and superior temporal (BA 22) gyri), peri-auditory
regions (middle temporal (BA 21) and posterior superior temporal
(BA 22) gyri), as well as regions associated with language processing
like the inferior frontal (BA 44, 45) and supramarginal (BA 40) gyri.
For the detection task, activity was also observed in cortical regions
associated with the motor response, including the somatosensory
cortex (postcentral gyrus; BA 2, 3), premotor region (superior and
medial frontal gyri; BA 6) and the primary motor cortex (precentral
gyrus; BA 4). All three groups also showed task-related activity
in the prefrontal cortex (BA 46), the superior parietal lobule (BA 7)
and the cerebellum (Fig. 1, Supplementary Table 1).
3.3. Between-group differences

3. Results
3.1. Behavior
As expected, Group had no effect on accuracy (p ¼ 0.932) or
response times (p ¼ 0.165), and there was no interaction between
Group and Task for accuracy (p ¼ 0.882) or response time
(p ¼ 0.621). Accuracy was high (mean of 87%, 88% and 89% accurate
responses for the TYP, AS-SOD and AS-NoSOD groups, respectively)

3.3.1. TYP vs. AS-SOD
Cortical regions associated with the motor response were more
active in the TYP group than in the AS-SOD group. These regions
included the primary somatosensory region (postcentral; BA 2,3),
the primary motor cortex (precentral gyri; BA 4, more active on the
left than on the right) and the bilateral premotor and supplementary motor area (superior frontal gyrus, BA 6). Activity was also
higher in the TYP group than in the AS-SOD group in several other
regions: the prefrontal cortex (bilateral middle frontal gyrus; BA 9,

Fig. 1. Within group task-related activity. Contrast of all sound conditions minus the silence baseline in the TYP (TOP; BLUE), AS-NoSOD (MIDDLE; GREEN) and AS-SOD (BOTTOM;
RED) group. T-statistic maps (p FWE corrected <0.05, extend threshold: 50 voxels) are overlaid on axial slices of the MNI anatomical template. Images are shown in the neurological
convention with MNI z-coordinates labels.
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10, 46), the left cingulate gyrus (BA 31, 32), both of which are
involved in language processing, as well as the right inferior frontal
gyrus (BA 44) and bilateral supramarginal gyrus (BA 40), and
subcortical structures, namely the thalamus and the cerebellum.
Conversely, the AS-SOD group displayed stronger activity than the
TYP group in auditory regions. In particular, AS-SOD individuals
showed peaks of activity in the right superior temporal gyrus (BA
22) which extended into the left insular cortex (BA 13) and the
transverse temporal gyrus (a signiﬁcant peak of activity [52, 26, 6;
t ¼ 4.45] was observed when using a small volume correction
analysis (BA 41)). These differences in activity are shown in Fig. 2A
(Supplementary Table 2).
3.3.2. TYP vs. AS-NoSOD
Task-related activity was higher in the TYP group than in the
AS-NoSOD group in the left auditory cortex (transverse temporal
gyrus; BA 41) and in bilateral motor regions, speciﬁcally in the
primary motor cortex (BA 4) and the supplementary motor area
(superior frontal gyrus; BA 6). In addition, the TYP group showed
more activity than the AS-NoSOD group in the somatosensory
cortex (postcentral gyrus; BA 2), the right prefrontal cortex (middle

frontal gyrus; BA 46), the right inferior parietal lobule (BA 40), left
insula (BA 13), the left transverse temporal gyrus (BA 41) and both
hemispheres of the cerebellum. By contrast, the AS-NoSOD group
showed greater activity than the TYP group in language-related
regions, including bilateral Broca's area (inferior frontal gyrus; BA
44) and the bilateral supramarginal gyrus (BA 40), and in periauditory regions, including the middle temporal (BA 21) and
superior temporal (BA 22) gyri. The AS-NoSOD group also showed
more activity in the premotor (BA 6) and somatosensory cortex
(BA2), which are located in front of the regions showing more
activity in the TYP group. The AS-NoSOD group also displayed
greater activity in the superior parietal lobule (BA 7), the left prefrontal cortex (middle frontal gyrus; BA 46), the right superior
cerebellum and bilateral putamen. Differences in activity between
the TYP and the AS-NoSOD groups are presented in Fig. 2B
(Supplementary Table 2).
3.3.3. AS-SOD vs. AS-NoSOD
The AS-SOD group showed greater activity than the AS-NoSOD
group only in one cluster encompassing the right auditory cortex,
speciﬁcally in the transverse temporal gyrus (a signiﬁcant peak of
activity [58, 20, 6; t ¼ 6.61] was observed when using a small
volume correction analysis (BA 41)) and the superior temporal
gyrus (BA 22). Conversely, the AS-NoSOD group displayed stronger
task-related activity than the AS-SOD group in many brain regions.
This included bilateral activity in regions associated with language
processing, speciﬁcally Broca's area (inferior frontal gyrus BA 44,
45) and the supramarginal gyrus (BA 40), as well as the periauditory cortex, mainly the middle temporal (BA 21) and the
anterior portion of the superior temporal gyri (BA 22). The
AS-NoSOD group also displayed greater activity in the primary
somatosensory cortex (postcentral gyrus; BA 2, 3) and the premotor
(medial frontal gyrus; BA 6) and primary motor cortex (precentral
gyri; BA 4), all of which are involved in the motor response. Finally,
the AS-NoSOD group had greater task-related activity than the
AS-SOD group in the prefrontal cortex (middle frontal gyrus; BA
46), the bilateral superior parietal cortex (BA 7), the left cingulate
gyrus (BA 31), the right cuneus (BA 17) as well as the hippocampus,
putamen, and cerebellum. The regions showing differential taskrelated activity in the AS-SOD and the AS-NoSOD groups are
shown in Fig. 2C (Supplementary Table 2).
3.4. Imaging e VBM results
Whole-brain and regional gray matter volume were similar
between groups. Thus, either the power of the analysis was too
limited to observe differences or gray matter volume does not
explain group differences in the patterns of functional activity.
4. Discussion
4.1. Typical function of the regions showing between-group
differences

Fig. 2. Between group differences in task-related activity. Regions showing differential
activity between groups related to all sound conditions minus the silence baseline
condition. (A) TYP > AS-SOD (BLUE) and AS-SOD > TYP (RED). (B) TYP > AS-NoSOD
(BLUE) and AS-NoSOD > TYP (GREEN). (C) AS-SOD > AS-NoSOD (RED) and ASNoSOD > AS-SOD (GREEN). Renderings of the t-statistic maps (p FWE corrected <0.05,
extend threshold: 50 voxels) in the LEFT and RIGHT views of the anatomical template
are shown

Brain regions that showed higher activity in the AS-SOD than in
the AS-NoSOD group are related to low-level auditory cortical
processing, as shown by the overlap between these regions and the
areas that are consistently reported in fMRI studies examining
responses to auditory stimuli (Fig. 3, Automated meta-analysis of
84 studies, Neurosynth.org). These regions (Heschl's gyrus, the
lateral superior temporal gyrus) are involved in the extraction of
basic acoustic features such as frequency and changes to temporal
or amplitude modulation (Hart et al., 2003; Samson et al., 2010;
Wessinger et al., 2001), and are also thought to be important for
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Fig. 4. Overlay with automated meta-analysis results for motor regions. Overlap between regions showing greater activity in the AS-NoSOD than in the TYP group and the
results of an automated meta-analysis (303 studies for the feature ‘motor cortex’)
available on the Neurosynth.org website. Renderings of the t-statistic maps (p FWE
corrected <0.05, extend threshold: 50 voxels) and of the z-scores maps (False Discovery Rate [FDR] criterion of 0.01) in the LEFT and RIGHT views of the anatomical
template are shown.

Fig. 3. Overlay with automated meta-analysis results for auditory and language related
regions. Overlap between regions showing differential activity between AS groups and
the results of an automated meta-analysis available on the Neurosynth.org website. (A)
AS-SOD > AS-NoSOD (RED) and a meta-analysis of 84 studies for the ‘auditory stimuli’
feature (BLUE). (B) AS-NoSOD > AS-SOD (GREEN) and a meta-analysis of 725 studies
for the ‘language’ feature (BLUE). (C) AS-NoSOD > AS-SOD (GREEN) and a metaanalysis of 81 studies for the ‘voice’ feature (BLUE). Renderings of the t-statistic
maps (p FWE corrected <0.05, extend threshold: 50 voxels) and of the z-scores maps
(False Discovery Rate [FDR] criterion of 0.01) in the LEFT and RIGHT views of the
anatomical template are shown.

the ﬁrst stages of speech processing (Hall et al., 2003; Scott and
Johnsrude, 2003).
By contrast, regions that showed higher activity in the
AS-NoSOD than in the AS-SOD group were related to higher-level
processes. Most of these regions are associated with language and
voice processing, as shown by the overlap between these regions
and those identiﬁed by the meta-analysis shown in Fig. 3 (Automated meta-analysis of 725 studies for ‘language’ and 81 studies for
‘voice’, Neurosynth.org). The AS-NoSOD group showed greater
activity in regions further down the hierarchical auditory and
language cortical path, mainly the inferior frontal gyrus (Broca's
area), which processes intelligible and complex speech (Davis and
Johnsrude, 2003; Peelle et al., 2010; Samson et al., 2010), and the
middle temporal gyrus, which is involved in phonemic and lexical
processing, notably the processing of isolated syllables (Liebenthal
et al., 2005) and words (Binder et al., 2000; Price et al., 1992). This
region speciﬁcally responds to vocal (speech or non-speech)
sounds (Belin et al., 2000; Samson et al., 2010).

Interestingly, VBM analysis revealed no differences in cortical
volume between groups, despite differences in activity. Previous
studies have reported signiﬁcant anatomical differences between
AS individuals with or without speech delay within some of the
regions showing differences in activity in our study (i.e. the middle
temporal gyrus); however, these ﬁndings are only relevant for
groups with signiﬁcantly different social abilities, which was not
the case in our study (Lai et al., 2014). Therefore, we argue that
neural networks are functionally reorganized in AS to favor sensory
or perceptual processing in individuals with AS-SOD and language
processing in those with AS-NoSOD.
In addition, AS-NoSOD individuals showed greater activity than
TYP individuals in regions associated with motor functions, as
shown by the overlap between these regions and those identiﬁed in
an automated meta-analysis of 303 fMRI studies examining activity
in the motor cortex (Fig. 4). Thus, in AS-NoSOD individuals, motor
areas may be ‘recycled’ and used for auditory cognition (i.e.
evolutionarily old brain circuits are allocated another function
(Dehaene and Cohen, 2007)), which may explain why these
individuals show clumsiness (Mottron et al., 2014).
4.2. Interpretation of between-group differences in activity
In AS-SOD individuals, overall activity in language-related
regions was low, whereas activity was high in perceptual auditory
brain regions. Enhancement in perceptual auditory regions is
consistent with the exceptional ability of AS-SOD individuals to
discriminate pitch, which is one of the most replicated ﬁndings in
research on autism (O'Connor, 2012). The data from our study do
not show whether AS-SOD individuals have exceptional pitch
processing; however, superior pitch is typically speciﬁc of this
subgroup, as we reported previously (Bonnel et al., 2010) in a
cohort containing 54e62% of the individuals included in the current study (seven out of 13 TYP, eight out of 13 SOD and eight out of
14 No-SOD participants in our study were also included in (17)).
Similarly, AS-SOD individuals showed superior pitch processing in
another cohort containing ﬁve out of the 13 AS-SOD individuals
from the current study (Meilleur et al., 2014). Conversely, regions
associated with language processing were less active in AS-SOD
than in TYP individuals. Perceptual strengths in the AS, either
visual (block design peak score, superior visual inspection time,
visually presented non-verbal reasoning) or auditory (pitch
discrimination) are frequently associated with a delay, deﬁcits or
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abnormalities in speech (Caron et al., 2006; Heaton et al., 2008;
Jarvinen-Pasley and Heaton, 2007). In addition, visual perceptual
areas also play an important role in AS-SOD individuals. Indeed,
AS-SOD individuals showed higher activity than controls in the
extrastriate cortex (BA 18) during a visual reasoning task (Raven's
Standard Progressive Matrices; Soulieres et al., 2009). Furthermore,
performance in various perceptual tasks co-varies between autistic
individuals, indicating that it depends on a single domain-general
factor (Meilleur et al., 2014). Language capacities that are preserved in AS-SOD individuals, as well as special language abilities,
mostly involve the perceptual processing of language: for example,
reading or reproducing a phonological sequence (Grigorenko et al.,
2003) or the use of language labels to map the environment
(Walenski et al., 2008).
By contrast, cortical areas associated with language processing
are highly active in AS-NoSOD individuals during both the
perception of non-social auditory material and frequencymodulated sounds (non-modulated conditions were not included
in the analysis), which possess speech-like, acoustic properties
(Hall et al., 2002; Houtgast and Steeneken, 1985). Thus, AS-NoSOD
individuals process the acoustic components relevant to speech
recognition better than non-autistic individuals. These ﬁndings are
consistent with the IQ proﬁle of AS-NoSOD individuals. Indeed, a
meta-analysis of differences in IQ profiles between AS-SOD and
AS-NoSOD individuals revealed that VIQ is generally higher than
PIQ in AS-NoSOD (Chiang et al., 2014). Similarly, the average VIQ of
our AS-NoSOD individuals was 111 and their average PIQ was 101.
The AS-NoSOD group also performed, on average, two scaled score
points above average on the vocabulary and similitude subtests of
the WAIS, consistent with other reports (Nader et al., in press). They
developed language skills quickly, and spoke their ﬁrst word at an
average of 14 months of age. However, AS-NoSOD individuals do
not display the visuospatial strengths characteristic of AS-SOD
(Nader et al., in press). They also favor the use of language strategies when solving problems (Sahyoun et al., 2009). Clinically, the
overuse of language by AS-NoSOD individuals sometimes manifests
as extreme verbosity (Adams et al., 2002), and their “categorical”,
verbally-deﬁned restricted interests (Mottron et al., 2013).
In summary, the differences between AS-SOD, AS-NoSOD and
TYP individuals arise from the use of a perceptual or language
approach to processing auditory information. According to the
enhanced perceptual functioning model (Mottron et al., 2006), loci
of atypical activity can classify autistic individuals into subgroups.
The division of language into perceptual and linguistic components
explains why some language components in the AS-SOD group are
defective whereas others are over-functioning. The perceptual
processing of speech in AS-SOD individuals may account for
echolalia, their outstanding ability to discriminate pitch in speech,
early decoding strengths, and the occurrence of speech delay with
perceptual strengths. By contrast, in AS-NoSOD individuals, a more
recent model (Mottron et al., 2014) suggests that incoming information is primarily processed by the over-functioning of typical
language-related processes, resulting in language strengths, but not
perceptual ones. Thus, AS-NoSOD involves the overdevelopment of
language functions, both in terms of performance and brain
activity.
4.3. Reinterpreting the DSM-IV and the distinction between Autism
and Asperger syndrome
Our ﬁndings suggest that AS-NoSOD cannot simply be considered to be “AS with language preserved”, and/or a milder phenotype somewhere between autism and normal development.
Instead, AS-NoSOD, which is the best description of what was
identiﬁed as Asperger syndrome in the DSM-IV, is characterized by

enhanced language development, processing and production, as
shown by the early achievement of speech milestones, and strong
performance in verbal subtests (Nader et al., in press). By contrast,
auditory perception in AS-SOD is not only preserved, it is enhanced
(O'Connor, 2012), and is associated with major speech alterations,
as reported in a study on pitch discrimination (Bonnel et al., 2010)
including more than half the participants from the current study.
Although we did not investigate pitch processing performance
here, previous studies show that auditory perceptual processing is
stronger in AS-SOD than in TYP individuals and may be associated
with high levels of activity in auditory cortical regions in AS-SOD
individuals. Delayed speech onset appears to be associated with
the “perceptual learning” of language in AS-SOD individuals,
because they favor written over oral material and may develop
echolalia (Mottron et al., 2013 for a review). Thus, our ﬁndings
show that major differences in neurocognitive organization can be
identiﬁed when individuals are distinguished according to speech
onset rather than their current language level.
The location of activity in regions that are typically more plastic
in non-autistic individuals is highly variable in autistic individuals,
which is called ‘ectopic brain activity’ in autism (Poulin-Lord et al.,
2014). Our results extend this ﬁnding, which has been convincingly
demonstrated in the visual domain, to the auditory and language
domain. Ectopic brain activity has also been reported during a
visuomotor sequence learning task (Muller et al., 2004, 2003) and
in the fusiform gyrus during facial processing (Pierce et al., 2001;
Scherf et al., 2010). Our ﬁndings also suggest that fMRI differences between autistic groups may result from the alternative use
of distinct brain regions during tasks.
According to the ‘Target’ component of the ‘Trigger-ThresholdTarget’ model (Mottron et al., 2014), autism develops as a result of a
plastic reaction targeting the most variable cortical regions. This
reaction may target either one of the two domain-general regions
because they are evolutionarily and developmentally similar. In
AS-SOD, the associative perceptual cortex is affected, whereas in
AS-NoSOD, language regions are affected. The DSM-IV subgroups
“Autism” and “Asperger syndrome” were recently merged into the
same DSM-5 category, the “AS”. Our results show that this new
classiﬁcation system is consistent with the presence of cortical
plasticity in both cases, which is related to superior domain-speciﬁc
activity and performance. However, our ﬁndings suggest that
particular DSM-V clinical speciﬁers of the AS, such as ‘language
level’, may classify individuals with substantially different neurocognitive organization.
4.4. Perspectives
The differences that we report in patterns of brain activity
between ASeSOD and AS-NoSOD may limit the interpretation of
differences between autistic and non-autistic individuals in studies
in which autistic individuals are included in a single group. The
average direction of group differences in activity during auditory
tasks involving autistic individuals may accordingly depend on the
ratio of individuals with or without SOD in the group under study.
Our inclusion criteria for autistic participants were designed to
make a clear-cut distinction between AS-SOD and AS-NoSOD.
Therefore, our ﬁndings may not be relevant for autistic individuals
who have not been distinguished according to this subgrouping,
such as those presenting with comorbid dysphasia, subthreshold
individuals, and clinically-deﬁned Asperger syndrome.
Role of funding
This work was supported by Canadian Institutes for Health
Research [grant MOP-84243] to L.M., as well as a doctoral award

F. Samson et al. / Journal of Psychiatric Research 68 (2015) 285e292

from Natural Sciences and Engineering Research Council of Canada
and postdoctoral fellowship from the Canadian Institutes of Health
Research to F.S. The funding agencies had no involvement in in
study design; in the collection, analysis and interpretation of data;
in the writing of the report; and in the decision to submit the article
for publication.
Contributors
All the coauthors have contributed signiﬁcantly to this study.
F.S., L.M. and T.A.Z. conceived and designed the study, F.S. acquired
the data, F.S., H.B., J.D. and T.A.Z. contributed to data analysis and
L.M. and F.S. interpreted the data. All authors made substantial
contribution to drafting the article or reviewing it critically. All
authors gave ﬁnal approval of the version of the article to be
published and can certify that no other individuals not listed in the
authors have made substantial contributions to the paper.
Conﬂict of interest
We wish to conﬁrm that there are no known conﬂicts of interest
associated with this publication and there has been no signiﬁcant
ﬁnancial support for this work.
Acknowledgments
We thank all the participants who participated in this study,
Elise B. Barbeau for helping with the testing and the staff of the
Functional Neuroimaging Unit at the Centre de Recherche, Institut
riatrie de Montre
al for their assistance. This
Universitaire de Ge
work was supported by a grant from the Canadian Institutes for
Health Research [grant MOP-84243] awarded to L.M., as well as a
doctoral award from the Natural Sciences and Engineering Research
Council of Canada and a postdoctoral fellowship from the Canadian
Institutes of Health Research awarded to F.S.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jpsychires.2015.05.011.
References
Adams C, Green J, Gilchrist A, Cox A. Conversational behaviour of children with
Asperger syndrome and conduct disorder. J Child Psychol Psychiatry 2002;43:
679e90.
APA. Diagnostic and statistical manual of mental disorders DSM-5. American
Psychiatric Association; 2013.
Ashburner J. VBM Tutorial. 2010.
Asperger H. Die “autistichen Psychopathen” im Kindersalter. Arch fur Psychiatr
Nervenkrankh 1944;117:76e136.
Barbeau EB, Soulieres I, Dawson M, Zefﬁro TA, Mottron L. The level and nature of
autistic intelligence III: inspection time. J Abnorm Psychol 2013;122:295e301.
Belin P, Zatorre RJ, Lafaille P, Ahad P, Pike B. Voice-selective areas in human auditory
cortex. Nature 2000;403:309e12.
Binder JR, Frost JA, Hammeke TA, Bellgowan PS, Springer JA, Kaufman JN, et al.
Human temporal lobe activation by speech and nonspeech sounds. Cereb
Cortex 2000;10:512e28.
Bonnel A, McAdams S, Smith B, Berthiaume C, Bertone A, Burack J, et al. Enhanced
pure-tone pitch discrimination among persons with autism but not Asperger
syndrome. Neuropsychologia 2010;48:2465e75.
Caron MJ, Mottron L, Berthiaume C, Dawson M. Cognitive mechanisms, speciﬁcity
and neural underpinnings of visuospatial peaks in autism. Brain 2006;129:
1789e802.
Chiang HM, Tsai LY, Cheung YK, Brown A, Li H. A meta-analysis of differences in IQ
proﬁles between individuals with Asperger's disorder and high-functioning
autism. J Autism Dev Disord 2014;44:1577e96.
Collins DL, Neelin P, Peters TM, Evans AC. Automatic 3D intersubject registration of
MR volumetric data in standardized Talairach space. J Comput Assist Tomogr
1994;18:192e205.

291

Davis MH, Johnsrude IS. Hierarchical processing in spoken language comprehension. J Neurosci 2003;23:3423e31.
Dehaene S, Cohen L. Cultural recycling of cortical maps. Neuron 2007;56:384e98.
Grigorenko EL, Klin A, Volkmar F. Annotation: hyperlexia: disability or superability?
J Child Psychol Psychiatry 2003;44:1079e91.
Hall DA, Haggard MP, Akeroyd MA, Palmer AR, Summerﬁeld AQ, Elliott MR, et al.
“Sparse” temporal sampling in auditory fMRI. Hum Brain Mapp 1999;7:213e23.
Hall DA, Haggard MP, Akeroyd MA, Summerﬁeld AQ, Palmer AR, Elliott MR, et al.
Modulation and task effects in auditory processing measured using fMRI. Hum
Brain Mapp 2000;10:107e19.
Hall DA, Hart HC, Johnsrude IS. Relationships between human auditory cortical
structure and function. Audiol Neurootol 2003;8:1e18.
Hall DA, Johnsrude IS, Haggard MP, Palmer AR, Akeroyd MA, Summerﬁeld AQ.
Spectral and temporal processing in human auditory cortex. Cereb Cortex
2002;12:140e9.
Hart HC, Palmer AR, Hall DA. Amplitude and frequency-modulated stimuli activate
common regions of human auditory cortex. Cereb Cortex 2003;13:773e81.
Heaton P, Hudry K, Ludlow A, Hill E. Superior discrimination of speech pitch and its
relationship to verbal ability in autism spectrum disorders. Cogn Neuropsychol
2008;25:771e82.
Houtgast T, Steeneken HJM. A review of the MTF concept in room acoustics and its use
for estimating speech intelligibility in auditoria. J Acoust Soc Am 1985;77:1069e77.
Howlin P. Outcome in high-functioning adults with autism with and without early
language delays: implications for the differentiation between autism and
Asperger syndrome. J Autism Dev Disord 2003;33:3e13.
Jarvinen-Pasley A, Heaton P. Evidence for reduced domain-speciﬁcity in auditory
processing in autism. Dev Sci 2007;10:786e93.
Jones CR, Happe F, Baird G, Simonoff E, Marsden AJ, Tregay J, et al. Auditory
discrimination and auditory sensory behaviours in autism spectrum disorders.
Neuropsychologia 2009.
Kanner L. Autistic disturbances of affective contact. Nerv Child 1943;2:217e50.
Lai MC, Lombardo MV, Ecker C, Chakrabarti B, Suckling J, Bullmore ET, et al.
Neuroanatomy of individual differences in language in adult Males with autism.
Cereb Cortex 2014.
Liebenthal E, Binder JR, Spitzer SM, Possing ET, Medler DA. Neural substrates of
phonemic perception. Cereb Cortex 2005;15:1621e31.
Lord C, Petkova E, Hus V, Gan W, Lu F, Martin DM, et al. A multisite study of the
clinical diagnosis of different autism spectrum disorders. Arch Gen Psychiatry
2012;69:306e13.
Lord C, Rutter M, Goode S, Heemsbergen J, Jordan H, Mawhood L, et al. Autism
diagnostic observation schedule: a standardized observation of communicative
and social behavior. J Autism Dev Disord 1989;19:185e212.
Lord C, Rutter M, Le Couteur A. Autism Diagnostic Interview-Revised: a revised
version of a diagnostic interview for caregivers of individuals with possible
pervasive developmental disorders. J Autism Dev Disord 1994;24:659e85.
Macintosh KE, Dissanayake C. Annotation: the similarities and differences between
autistic disorder and Asperger's disorder: a review of the empirical evidence.
J Child Psychol Psychiatry 2004;45:421e34.
Mayes SD, Calhoun SL, Crites DL. Does DSM-IV Asperger's disorder exist? J Abnorm
Child Psychol 2001;29:263e71.
McAlonan GM, Cheung C, Cheung V, Wong N, Suckling J, Chua SE. Differential
effects on white-matter systems in high-functioning autism and Asperger's
syndrome. Psychol Med 2009:1e9.
McAlonan GM, Suckling J, Wong N, Cheung V, Lienenkaemper N, Cheung C, et al.
Distinct patterns of grey matter abnormality in high-functioning autism and
Asperger's syndrome. J Child Psychol Psychiatry 2008;49:1287e95.
Meilleur AA, Berthiaume C, Bertone A, Mottron L. Autism-speciﬁc covariation in
perceptual performances: “g” or “p” factor? PLoS ONE 2014;9:e103781.
Miller JN, Ozonoff S. The external validity of Asperger disorder: lack of evidence
from the domain of neuropsychology. J Abnorm Psychol 2000;109:227e38.
Mottron L, Belleville S, Rouleau GA, Collignon O. Linking neocortical, cognitive, and
genetic variability in autism with alterations of brain plasticity: the TriggerThreshold-Target model. Neurosci Biobehav Rev 2014.
Mottron L, Bouvet L, Bonnel A, Samson F, Burack JA, Dawson M, et al. Veridical
mapping in the development of exceptional autistic abilities. Neurosci Biobehav
Rev 2013;37:209e28.
Mottron L, Dawson M, Soulieres I, Hubert B, Burack J. Enhanced perceptual functioning in autism: an update, and eight principles of autistic perception.
J Autism Dev Disord 2006;36:27e43.
Muller RA, Cauich C, Rubio MA, Mizuno A, Courchesne E. Abnormal activity patterns
in premotor cortex during sequence learning in autistic patients. Biol Psychiatry
2004;56:323e32.
Muller RA, Kleinhans N, Kemmotsu N, Pierce K, Courchesne E. Abnormal variability
and distribution of functional maps in autism: an FMRI study of visuomotor
learning. Am J Psychiatry 2003;160:1847e62.
Nader AM, Courchesne V, Dawson M, Soulieres I. Does WISC-IV underestimate the
intelligence of autistic children? J Autism Dev Disord 2015 2014 Oct 12. http://
dx.doi.org/10.1007/s10803-014-2270-z [Epub ahead of print].
O'Connor K. Auditory processing in autism spectrum disorder: a review. Neurosci
Biobehav Rev 2012;36:836e54.
Peelle JE, Johnsrude IS, Davis MH. Hierarchical processing for speech in human
auditory cortex and beyond. Front Hum Neurosci 2010;4:51.
Pierce K, Muller RA, Ambrose J, Allen G, Courchesne E. Face processing occurs
outside the fusiform ‘face area’ in autism: evidence from functional MRI. Brain
2001;124:2059e73.

292

F. Samson et al. / Journal of Psychiatric Research 68 (2015) 285e292

Poulin-Lord MP, Barbeau EB, Soulieres I, Monchi O, Doyon J, Benali H, et al.
Increased topographical variability of task-related activation in perceptive and
motor associative regions in adult autistics. NeuroImage Clin 2014;4:444e53.
Price C, Wise R, Ramsay S, Friston K, Howard D, Patterson K, et al. Regional response
differences within the human auditory cortex when listening to words.
Neurosci Lett 1992;146:179e82.
Sahyoun CP, Soulieres I, Belliveau JW, Mottron L, Mody M. Cognitive differences in
pictorial reasoning between high-functioning autism and Asperger's syndrome.
J Autism Dev Disord 2009;39:1014e23.
Samson F, Hyde KL, Bertone A, Soulieres I, Mendrek A, Ahad P, et al. Atypical processing of auditory temporal complexity in autistics. Neuropsychologia
2011;49:546e55.
Samson F, Zefﬁro TA, Toussaint A, Belin P. Stimulus complexity and categorical
effects in human auditory cortex: an activation likelihood estimation metaanalysis. Front Psychol 2010;1:241.
Scherf KS, Luna B, Minshew N, Behrmann M. Location, location, location: alterations
in the functional topography of face- but not object- or place-related cortex in
adolescents with autism. Front Hum Neurosci 2010;4:26.
Scott SK, Johnsrude IS. The neuroanatomical and functional organization of speech
perception. Trends Neurosci 2003;26:100e7.
Soulieres I, Dawson M, Samson F, Barbeau EB, Sahyoun CP, Strangman GE, et al.
Enhanced visual processing contributes to matrix reasoning in autism. Hum
Brain Mapp 2009.

Takarae Y, Luna B, Minshew NJ, Sweeney JA. Patterns of visual sensory and sensorimotor abnormalities in autism vary in relation to history of early language
delay. J Int Neuropsychol Soc 2008;14:980e9.
Takarae Y, Minshew NJ, Luna B, Krisky CM, Sweeney JA. Pursuit eye movement
deﬁcits in autism. Brain 2004;127:2584e94.
Via E, Radua J, Cardoner N, Happe F, Mataix-Cols D. Meta-analysis of gray matter
abnormalities in autism spectrum disorder: should Asperger disorder be
subsumed under a broader umbrella of autistic spectrum disorder? Arch Gen
Psychiatry 2011;68:409e18.
Walenski M, Mostofsky SH, Gidley-Larson JC, Ullman MT. Brief report: enhanced
picture naming in autism. J Autism Dev Disord 2008;38:1395e9.
Wechsler D. Wechsler Intelligence Scale for Children e Third Edition: Canadian
(WISC-III). Toronto, Canada: Psychological Corporation. ed; 1991.
Wechsler D. Wechsler Adult Intelligence Scale-Third Edition: Canadian. Toronto,
Canada: Psychological Corporation ed; 1997.
Wessinger CM, VanMeter J, Tian B, Van Lare J, Pekar J, Rauschecker JP. Hierarchical
organization of the human auditory cortex revealed by functional magnetic
resonance imaging. J Cogn Neurosci 2001;13:1e7.
Wilson CE, Happe F, Wheelwright SJ, Ecker C, Lombardo MV, Johnston P, et al. The
neuropsychology of Male adults with high-functioning autism or asperger
syndrome. Autism Res : ofﬁcial J Int Soc Autism Res 2014.
Wing L. Asperger's syndrome: a clinical account. Psychol Med 1981;11:115e29.

