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A B S T R A C T

Background: Behavioral, cognitive and functional particularities in autism differ according to autism subgroups
and might be associated with domain-specific cognitive strengths. It is unknown whether structural changes
support this specialization. We investigated the link between cortical folding, its maturation and cognitive
strengths in autism subgroups presenting verbal or visuo-spatial peaks of abilities.
Methods: We measured gyrification, a structural index related to function, in 55 autistic participants with (AS-
SOD, N=27) or without (AS-NoSOD, N=28) a speech onset delay (SOD) with similar symptom severity but
respectively perceptual and verbal cognitive strengths, and 37 typical adolescents and young adults matched for
intelligence and age. We calculated the local Gyrification Index (lGI) throughout an occipito-temporal region of
interest and independently modeled age and peak of ability effects for each group.
Results: Unique gyrification features in both autistic groups were detected in localized clusters. When comparing
the three groups, gyrification was found lower in AS-SOD in a fusiform visual area, whereas it was higher in AS-
NoSOD in a temporal language-related region. These particular areas presented age-related gyrification differ-
ences reflecting contrasting local maturation pathways in AS. As expected, peaks of ability were found in a
verbal subtest for the AS-NoSOD group and in the Block Design IQ subtest for the AS-SOD group.
Conclusions: Irrespective of their direction, regional gyrification differences in visual and language processing
areas respectively reflect AS-SOD perceptual and AS-NoSOD language-oriented peaks. Unique regional ma-
turation trajectories in the autistic brain may underline specific cognitive strengths, which are key variables for
understanding heterogeneity in autism.

1. Introduction

Autism is a heterogeneous neurodevelopmental condition pre-
senting various cognitive profiles and implicating multiple brain net-
works. In addition to their challenges, most autistic individuals possess
specialized cognitive strengths, from simple peaks of ability to excep-
tional domain-specific skills (Meilleur et al., 2015). These special
abilities mainly encompass two domains of cognition: perception or
language. For example, autistic people with a speech onset delay (SOD)
perform better in the visual and perceptual subtests (Dawson et al.,
2007; Nader et al., 2015; Nader et al., 2016) of typically used in-
telligence tests (Wechsler, 1991; Wechsler, 1997; Wechsler, 2003;
Wechsler, 2008). They also display an enhanced capacity for auditory

pure tone discrimination (Bonnel et al., 2010; Jones et al., 2009) and
faster processing speed in a visuo-motor inspection time task (Barbeau
et al., 2013). Autistic individuals without speech development ab-
normalities do not show these perceptual abilities, but rather excel in
some verbal subtests (Nader et al., 2016; Soulières et al., 2011).

Among the large literature of unique cerebral features in the Autism
Spectrum (AS), several studies have revealed enhanced task-related
activity in regions not typically underlying the cognitive functions
studied (Iuculano et al., 2014; Kana et al., 2006; Samson et al., 2012).
For example, functional re-organization of auditory processing in AS
depends on speech development history: in response to simple and
complex non-social sounds, autistic individuals with a SOD (AS-SOD)
show greater primary auditory cortex activity, whereas the AS group
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without a SOD (AS-NoSOD) preferentially recruits the temporal regions
associated with speech and language processing (Samson et al., 2015).
These changes in the functional allocation of cerebral resources may aid
in cognitive tasks (Iuculano et al., 2014; Soulières et al., 2009). Studies
have also reported structural differences associated with the timing of
speech onset in AS, mostly concerning regional gray matter volume. AS-
SOD individuals show reduced volume in temporal regions associated
with language (Lai et al., 2015) and greater gray matter volume in
auditory and visual perceptual regions (Hyde et al., 2010; Toal et al.,
2010). The same group also shows reduced leftward asymmetry in
posterior auditory and language regions paired with elevated rightward
asymmetry in the inferior parietal lobule, a region involved in visuos-
patial processes (Culham et al., 2006). It is therefore plausible that the
observed functional and structural differences between AS individuals
underlie their perceptual or language-related strengths.

Such findings of structural differences between AS subgroups en-
courage the search for clues from other structural variables more likely
to be related to cognitive function and which may reflect expertise-
induced differences. Gyrification refers to the folding of the cortical
surface, creating gyri (external structures) and sulci (invaginated sur-
faces), resulting from the differential growth mechanisms of gray
matter layers and the tension constraints imposed on the cortex by
axons (Zilles et al., 2013). The link between gyrification and cognitive
functioning is exemplified by the positive relationship between high
frontal gyrification and good performance in working memory and
executive control tasks (Gautam et al., 2015). Regional gyrification in
multimodal association regions, such as the prefrontal cortex, positively
correlates with global intelligence in two large, distinct samples of ty-
pical adults and children (Gregory et al., 2016). High convolution of the
cortex has also been related to higher IQ in the frontal lobe, although
only in females (Luders et al., 2008). Gyrification may therefore reflect
either structurally (genetically) constrained cognitive features or ac-
quired experience-dependent plasticity, which may be specific to the
cortical region and the population studied.

Like other structural measures, gyrification changes reflect brain
maturation. After a rapid increase of cortical folding around birth and a
peak in early childhood (Li et al., 2014; Raznahan et al., 2011), major
changes occur throughout adolescence. Raznahan et al. showed a re-
duction of gyrification at the whole-brain level during this time-period
(Raznahan et al., 2011) with more recent studies adding regional pre-
cision to this observation. A longitudinal study of typical participants
between six and 30 years-old confirmed that most of the cortex un-
dergoes a linear decrease of gyrification (Mutlu et al., 2013), which
continues in late adulthood (Hogstrom et al., 2013).

The Gyrification Index (GI), defined as the ratio of the inner to the
outer cortical surface, was originally used on single coronal slices (Zilles
et al., 1988). This measure initially showed frontal GI differences be-
tween AS-SOD and AS-NoSOD (Jou et al., 2010). High-resolution 3D
surface-based methods now allow the calculation of a local GI (lGI) over
the entire cortical surface (Schaer et al., 2008). lGI has already been
used to assess folding differences between AS and typical children,
adolescents (Bos et al., 2015; Libero et al., 2014; Schaer et al., 2013;
Schaer et al., 2015; Wallace et al., 2013; Yang et al., 2016), and adults
(Ecker et al., 2016; Koolschijn and Geurts, 2016; Libero et al., 2014;
Schaer et al., 2015). These studies report mixed results of either lower
(Libero et al., 2014; Schaer et al., 2013; Schaer et al., 2015) or higher
(Ecker et al., 2016; Wallace et al., 2013) lGI in AS across various re-
gions. Inconsistencies may be partly due to the diverse age ranges
studied. More recent studies integrate age as a variable of interest and
tend to find differences in gyrification maturation between autistic and
typical populations (Bos et al., 2015; Libero et al., 2014; Yang et al.,
2016).

The goal of the current study was to explore the structural gyr-
ification and maturation features of perception- and language-oriented
regions of the brain in two AS subgroups of equivalent intelligence and
speech level as adults but presenting a history of speech onset delay

(AS-SOD) or a typical speech development (AS-NoSOD). We hypothe-
sized that AS-SOD would have particular structural features associated
with their perceptual strengths, whereas AS-NoSOD would have specific
features associated with superior language abilities.

2. Materials and methods

2.1. Participants

Participants from 14 to 30 years of age were recruited from the
database of the Center of Excellence for Pervasive Developmental
Disorders at the Rivière-des-Prairies Hospital (University of Montreal,
Canada), within the framework of three different functional MRI ex-
periments (Barbeau et al., 2015; Samson et al., 2011; Soulières et al.,
2009). AS individuals (N=55) met the DSM-IV (American Psychiatric
Association, 2000) criteria for autism or Asperger syndrome according
to a multidisciplinary evaluation by experienced clinicians (all 55
participants), confirmed by the Autism Diagnostic Interview-Revised
(ADI-R, (Lord et al., 1994), eight participants), the Autistic Diagnostic
Observation Schedule (ADOS, (Lord et al., 1989), one participant), or
both instruments (44 participants). AS individuals were stratified ac-
cording to the presence or absence of a SOD, irrespective of their di-
agnosis (i.e. autism or Asperger syndrome). The AS-NoSOD group
(N=27) presented normal speech onset, whereas the AS-SOD group
(N=28) was characterized by a SOD. Speech acquisition was con-
sidered to be delayed when the first spoken words, reported by the main
childhood caregiver, occurred after 24months or the first phrases after
33months, based on the cutoffs used in autistic clinical assessment
(ADI-R) and research (Lai et al., 2014; Samson et al., 2015). Absence of
SOD was characterized by first words at or before 24months and first
phrases at or before 33months.

Thirty-seven typically developing, non-autistic individuals (TYP)
were included in our study. The TYP, AS-SOD, and AS-NoSOD groups
were matched for age, Full-Scale IQ, Performance IQ, Verbal IQ, and
biological sex (Table 1). The two AS groups did not significantly differ
on ADOS or ADI-R subdomain scores (see Table 1 for effect sizes). Since
age was a variable of interest in our study, we verified that the age
distribution was equivalent between the groups using the Mann-
Whitney test, (TYP vs. AS-SOD: p=0.68; TYP vs. AS-NoSOD: p=0.17;
AS-SOD vs. AS-NoSOD: p=0.60). Participants using psychoactive
medication, presenting neurological or other hereditary psychiatric
conditions such as epilepsy, traumatic brain injury and schizophrenia
were not included in the study. Additional exclusion criteria for the TYP
group included a family history of psychiatric disorders. All participants
or parents of minor participants gave written consent and received a
compensation for participating in the studies in accordance with Re-
groupement Neuroimagerie Quebec IRB and the research ethics com-
mittee of the Rivière-des-Prairies Hospital approved protocols #2006-
0204, #06-07 018, #08-09-003.

2.2. Cognitive assessment

Participants' IQ was assessed at the time of their enrolment in the
database with the Wechsler scales (either Wechsler Adult Intelligence
Scale – WAIS-III (Wechsler, 1997) in 43 participants, WAIS-IV
(Wechsler, 2008) in 1 participant, or Wechsler Intelligence Scale for
Children – WISC-III (Wechsler, 1991) in 42 participants, WISC-IV
(Wechsler, 2003) in 6 participants). The difference scores of Verbal IQ
subtests (Information, Similarities, Vocabulary, Arithmetic and Com-
prehension) and Performance IQ subtests (Block Design, Picture Com-
pletion, Picture Arrangement, and Digit Symbol-Coding) were included
in subsequent analyses. For each subtest, a difference score was com-
puted as the difference score of the subtest minus the mean difference
score of other subtests. Each difference score was compared to zero to
assess cognitive strengths and weaknesses within the TYP, AS-SOD, and
AS-NoSOD groups. Specifically, within-group cognitive strengths were
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defined here as subtests for which the difference score was significantly
higher than zero. The Bonferroni correction for multiple comparisons
was used, setting the significance threshold to 0.0056 (0.05 divided by
the number of subtests). Finally, between-group differences in cognitive
strengths were assessed through Analysis of Variance methods (AN-
OVAs) and post hoc Tukey test (significance threshold: 0.05).

2.3. Imaging parameters

Participants rested comfortably in the scanner (Siemens Trio 3
Tesla, Unité de Neuroimagerie Fonctionnelle, Montréal, Canada) while
a high-resolution T1-weighted structural scan was acquired with a
MPRAGE sequence (176 slices, 1 mm3 voxels). Other sequence para-
meters slightly differed according to the fMRI experiment that followed
the anatomical acquisition: Repetition Time= 2530ms, Echo
Time= 3.5ms, flip angle= 7° for the experiment from (Barbeau et al.,
2015) (N=16 TYP, 14 AS-SOD, 3 AS-NoSOD); Repetition
Time= 970ms, Echo Time= 4ms, flip angle= 12° for the experiment
from (Samson et al., 2011) (N=16 TYP, 15 AS-SOD, 24 AS-NoSOD);
Repetition Time=2530ms, Echo Time= 3.48ms, flip angle= 7° for
the experiment in (Soulières et al., 2009) (N=9 TYP, 2 AS-SOD, 3 AS-
NoSOD).

2.4. Surface reconstruction

All data analyses were performed using version 5.3 of FreeSurfer
image analysis software (http://surfer.nmr.mgh.harvard.edu/).
Anatomical images underwent the first steps of the FreeSurfer surface-
based procedure, including removal of non-brain tissue, transformation
to standard space, segmentation of gray and white matter structures
based on intensity information, and cortical surface reconstruction.

Registration to a template enabled anatomical alignment of cortical
folds for between-subject comparisons. The pipeline generated two 3-D
surfaces per hemisphere in the form of meshes of small triangles: a pial
surface, i.e. the entire brain surface, and an outer surface obtained
through pial surface warping that excludes sulcal folds. FreeSurfer re-
gistration is very conservative compared to other methods (Dierker
et al., 2015), but its accuracy was validated through visual inspection of
surfaces to ensure that no artifacts, due to motion over-inclusion of non-
brain tissue, or topological defects remained. No participant was ex-
cluded at this step.

2.5. Local Gyrification Index assessment

Local measurement of gyrification was assessed following the
method described by Schaer et al. (2008) and based on the calculation
of the GI defined as the ratio of the pial surface to the outer surface.
This procedure extends the 2-D definition of the Gyrification Index
(Zilles et al., 1988) to a 3-D surface-based index (lGI). A spherical re-
gion of interest was centered at each vertex (angle point of the triangles
forming the mesh) of the outer surface, and the ratio of the pial to the
outer surface area enclosed in the sphere was calculated. The sphere
radius was set to 25mm because this length produces particularly
contrasted lGI distributions and thus allows accurate detection of gyr-
ification anomalies (Schaer et al., 2008). Gyrification normalized brain
maps were smoothed using a 10mm full-width half-maximum Gaussian
kernel.

2.6. Statistical analysis

First, we verified that the groups exhibited no differences in terms of
total intra-cranial volume (ICV, measured with FreeSurfer), which
could have been a confounding factor in the following analysis: mean
ICV was respectively 1637, 1671 and 1641 cm3 for the TYP, AS-SOD
and AS-NoSOD groups (F(101,2)= 0.45, p=0.64). Structural brain
differences between AS-SOD, AS-NoSOD and TYP groups were expected
in regions supporting perceptual and/or language processing.
Therefore, subsequent analyses were restricted to a large bilateral
Region of Interest (ROI) encompassing the entire temporal (for audi-
tory, secondary visual and language processing) and occipital (for pri-
mary visual processing) lobes (Fig. 1A) defined using the PALS-B12
brain atlas (Van Essen, 2005). Group differences in lGI were assessed
using a General Linear Model (GLM) with the “Different Offset Different
Slope” design matrix available in FreeSurfer. This design allowed the
independent modeling of the effects of age or any other variable of
interest on local gyrification for each group. The F-test computed in the
GLM allowed detecting age-by-group interactions, main effect of group
and main effect of age on the lGI. Clusters showing significant group
differences underwent post hoc pairwise t-tests to determine the di-
rection of the differences (TYP vs. AS-SOD, TYP vs. AS-NoSOD, AS-SOD
vs. AS-NoSOD). These clusters were also used to assess possible loca-
lized group differences in the way gyrification evolves with age and a
possible relationship between lGI and cognitive strengths. Difference-
scores of within-group cognitive strengths were used as variables of
interest in a similar design as with age. A Monte-Carlo simulation
(10,000 iterations, vertex-wise significance level p=0.01, cluster-wise
significance level p=0.05, cluster-forming threshold=15 vertices)
was used to correct all results for multiple comparisons. The mean lGI of
clusters showing differences in the age-by-group interaction was ex-
tracted for each subject and plotted against age to allow better visua-
lization of gyrification changes with age for each group. Linear re-
gression was calculated using the least squares method and its
significance was assessed with an F-test at a 0.05 significance level. A
preliminary analysis was performed to ensure that parameters that
differed between the three fMRI experiments did not have a significant
effect on lGI measures. The factor ‘dataset of origin’ (stating which of
the three fMRI experiments each subject participated in) was entered

Table 1
Participants' demographic and socio-communicative characteristics. AS (autism
spectrum): autistic individuals with (AS-SOD) and without (AS-noSOD) speech
onset delay. TYP: typically developing controls. ADI-R: Autism Diagnostic
Interview-Revised. ADOS: autism diagnostic observation schedule. p*: p-values
of the three-groups ANOVA between TYP, AS-SOD and AS-NoSOD. Effect's sizes
of the mean differences between AS-SOD and AS-noSOD are calculated through
Cohen's d.

Group TYP AS-SOD AS-NoSOD p* Cohen's d

Sample size (N
females)

37 (5) 28 (3) 27 (3)

Age (year)
Mean (SE) 20.4 (0.68) 20.4 (0.78) 19.8 (0.79) 0.80 0.14
Range 14–28 14–30 14–29

Full-Scale IQ
Mean (SE) 105 (2.2) 101 (2.5) 104 (2.6) 0.36 0.23
Range 80–131 66–130 82–129

Performance IQ
Mean (SE) 103 (2.1) 106 (2.5) 102 (2.5) 0.10 0.31
Range 79–133 80–131 77–128

Verbal IQ
Mean (SE) 107 (2.4) 98 (2.7) 105 (2.8) 0.052 0.43
Range 78–127 72–124 74–134

ADI-R scoresa

Social 22.2 19.9 0.083 0.49
Communication 17.0 15.0 0.086 0.48
Repetitive behavior 6.3 5.7 0.38 0.25

ADOS scoresb

Social 10.0 10.3 0.65 0.14
Communication 5.4 5.5 0.83 0.07
Imagination/play 1.1 1.3 0.46 0.23
Repetitive behavior 3.7 3.5 0.63 0.06

a Data missing for four subjects.
b Data missing for 11 subjects.
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into the GLM of FreeSurfer and the analysis revealed no main effect of
experiment on gyrification even at an uncorrected level of p=0.01.

3. Results

3.1. Gyrification differences in AS-SOD and AS-NoSOD in occipital and
temporal lobes

The following results were obtained using an occipito-temporal ROI
(Fig. 1A). First, the main effect of age on gyrification was investigated.
We observed predicted age-dependent lGI reductions, which here en-
compassed various areas of the superior and inferior temporal and
middle and inferior lobes on the left. On the right, one large cluster
which extended from the posterior cingulate gyrus and the cuneus to
the lingual and fusiform gyri was found (Fig. 1B and Supplementary
Table A).

A main effect of group on lGI was found only in two localized
clusters, the first in the left fusiform area (L-fus cluster) and the second
in the right anterior part of the middle temporal gyrus (R-temp cluster,
Fig. 1C and Table 1). Post hoc analyses revealed that the lGI was sig-
nificantly reduced in the AS-SOD group in the whole L-fus cluster sur-
face when compared to the TYP group, and in small patches of the same
cluster when compared to the AS-NoSOD group (Fig. 2A and Table 2).
Most of the R-temp cluster surface showed higher gyrification in the AS-
NoSOD group compared to both TYP and AS-SOD groups (Fig. 2B and
Table 2).

No region showed a significant age-by-group interaction at the level
of this large occipito-temporal ROI (Table 1).

3.2. Developmental trajectories of gyrification

In order to explore what underlies group differences in lGI in the
middle temporal (R-temp) and fusiform (L-fus) gyri clusters, we took a
closer look at local gyrification maturation patterns during adolescence
and young adulthood in AS and TYP groups. A GLM analysis using age

as a variable of interest was run on the L-fus and R-temp clusters. This
revealed a significant age-by-group interaction in a major part of the R-
temp cluster, driven by a difference between the AS-NoSOD group and
the two other groups (p < 0.001) and in a smaller surface of the L-fus
cluster, driven by a difference between the AS-SOD and TYP groups
(p < 0.001, Fig. 3A). To visualize the maturation patterns of these
surfaces, we plotted their mean lGI against age for each group (Fig. 3B).
Sub-clusters in the L-fus surface showed a noticeable decrease in gyr-
ification in the control (R2= 0.18, p < 0.01) and in the AS-NoSOD
(R2= 0.12, p=0.05) groups, whereas no change with age was de-
tected in the AS-SOD group. For the R-temp cluster, the lGI significantly
increased with age in the TYP group (R2=0.17, p=0.01), and in
contrast decreased in the AS-NoSOD group (R2=0.26, p < 0.01). The
AS-SOD group showed an intermediate pattern with no significant age-
related changes, and did not significantly differed from the TYP group.

3.3. Relationship between AS group-specific cognitive strengths and
gyrification

To assess whether gyrification features could be linked to the spe-
cific cognitive strengths exhibited by AS-SOD and AS-NoSOD subgroups
according to the literature (respectively in the Block Design subtest and
language-related subtests of the Wechsler IQ scale), we first in-
vestigated whether the cognitive profiles of our experimental groups
differed (Table 3).

The AS-SOD group had a significantly higher score on the Block
Design subtest than on other subtests (Block difference-score= 3.88, t
(27,1)= 6.6, p < 0.001). The AS-NoSOD group demonstrated one
verbal cognitive strength (Information difference-score= 3.0, t
(24,1)= 4.42, p < 0.001). Finally, the TYP group did not show any
particular cognitive strength. Analysis of Variance showed that cogni-
tive strengths in autism were group-specific, because they differed be-
tween the three groups (Fig. 4). Specifically, the Block Design differ-
ence-score (F(2,91)= 10.2; p < 0.001) was significantly higher in AS-
SOD compared to the AS-NoSOD (p=0.01) and TYP (p < 0.001)

Fig. 1. Location of significant age and group
effects on gyrification in the occipital and tem-
poral lobes. (A) Occipito-temporal ROI ex-
tracted from the PALS-12 brain atlas used to
obtain the following results. (B) Main effect of
age on gyrification for all participants. Blue
clusters indicate a significant inverse correlation
between lGI and age. (C) Main effect of group on
lGI. Inflated cortical surface maps (dark
gray= sulci; light gray= gyri) represent (from
left to right) the left and right lateral and left
and right medial views of an average brain map,
except in (C) were left and right inferior views
are showed. Results are depicted at a sig-
nificance level of p=0.01 Monte-Carlo cor-
rected for multiple comparisons (cluster-wise
p=0.05). (For interpretation of the references
to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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groups (Fig. 4A). For the Information subtest (F(2,84)= 6.1;
p=0.003), significantly higher performance in AS-NoSOD compared to
AS-SOD (p=0.008) and TYP (p= 0.008) groups was observed
(Fig. 4B).

Finally, we explored group-by-difference-score interaction on lGI
values for the AS-SOD (Block Design) and AS-NoSOD (Information)

cognitive strengths, by re-running the FreeSurfer analysis pipeline
across L-fus and R-temp clusters using difference-scores as variables of
interest. No group-by-difference score interaction was foundrst in-
vestigated whether the cognitive profiles oftests (Table 3).

Fig. 2. Differences in gyrification between AS-
SOD, AS-NoSOD, and TYP groups. Only sig-
nificant differences in lGI between groups are
shown. Left fusiform (L-fus) cluster: AS-SOD vs.
TYP (A1) and AS-SOD vs. AS-NoSOD (A2). Blue
colors indicate lower gyrification in the AS-SOD
group. Right middle-temporal (R-temp) cluster:
AS-NoSOD vs. TYP (B1) and AS-NoSOD vs. AS-
SOD (B2). Red colors indicate higher gyrifica-
tion in AS-NoSOD. Magnifications of left and
right inflated cortical surface maps (dark
gray= sulci; light gray= gyri). The black solid
lines indicate the limits of L-fus and R-temp
clusters as defined in Fig. 1. Results are depicted
at a significance level of p=0.01 Monte-Carlo
corrected for multiple comparisons (cluster-wise
p=0.05). AS: autism spectrum. SOD: speech
onset delay. TYP: typical individuals. (For in-
terpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)

Table 2
Clusters of significant group differences in gyrification in the occipito-parietal lobes. Reported are (from left to right) the cluster abbreviation as used in the main text
if applicable, cluster area size in mm2 and in vertices, the maximum vertex and its MNI (Montreal Neurological Institute) coordinates, the Cluster-Wise P-value (CWP)
and the cluster location (hemisphere and FreeSurfer given anatomical region).

Abbreviation Size (mm2) Number of vertices Vertex Max Peak MNI coordinates CWP Hemisphere Anatomical region

X Y Z

F-test on lGI
Main effect of age 4169 8097 44,644 60 −38 23 0.0004 R Supramarginal

1716 3129 141,942 −41 −68 12 0.0002 L Inferior-parietal
972 2476 141,743 −42 −35 18 0.0002 L Supramarginal
560 865 114,273 −56 −41 −17 0.0002 L Inferior-temporal
266 469 118,300 −42 −60 −5 0.012 L Inferior-temporal

Main effect of group
R-temp 225 366 17,622 61 −21 −20 0.03 R Middle-temporal
L-fus 219 363 90,732 −43 −59 −17 0.04 L Fusiform
Age-by-group interaction
No significant cluster

Post hoc t-tests on lGI
TYP > AS-SOD

219 363 40,391 −42 −16 −16 0.0001 L Fusiform
AS-SOD > TYP
No significant cluster

TYP > AS-NoSOD
No significant cluster

AS-NoSOD > TYP
213 345 17,622 61 −21 −20 0.0001 R Middle-temporal

AS-SOD > AS-NoSOD
No significant cluster

AS-NoSOD > AS-SOD
146 234 1799 60 −22 −20 0.0001 R Middle-temporal
18 28 128,008 −40 −42 −21 0.0001 L Fusiform
8 15 90,788 −39 −51 −20 0.001 L Fusiform
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4. Discussion

We explored the unique structural features of the autistic brain fo-
cusing on gyrification, its maturation and its link with the specific
cognitive strengths of AS subgroups throughout adolescence and early

adulthood. We argue that atypical maturation trajectories in the autistic
brain could be related to the cognitive strengths specific to AS sub-
groups, which may in part account for the high heterogeneity of the
spectrum.

Fig. 3. Differences in the maturation of gyrification in left-fusiform and right-temporal clusters. (A) Significant age-by-group interactions inside the left fusiform (L-
fus, A1) and right middle-temporal (R-temp) clusters. Magnifications of left and right inflated cortical surface maps (dark gray= sulci; light gray= gyri). The black
solid lines indicate the limits of L-fus and R-temp clusters as defined in Fig. 1. (B) Corresponding scatter plots of the correlations between age and lGI for L-fus (left)
and R-temp (right) sub-areas showing an interaction. Individual mean lGI are plotted against age. Linear regressions are depicted by solid lines. The correlation
coefficient R2 shown next to each linear regression curve is depicted in red when the associated p-value was lower than 0.05. AS: autism spectrum. SOD: speech onset
delay. TYP: typical individuals.

Table 3
Cognitive profiles of the TYP, AS-SOD and AS-NoSOD groups. Peak value is the group mean of the difference between the individual subtests scores and the mean of
all other IQ subtests available for each participant. Values in bold represent significant group cognitive strengths. SD: standard deviation. p*: when significant, p-
values of the t-test between peak value and a normal distribution around zero. Effect's sizes are calculated through Cohen's d. Pic.: picture.

Group TYP AS-SOD AS-NoSOD

Peak value SD p* d Peak value SD p* d Peak value SD p* d

Verbal subtests
Similarities 0.40 1.92 – 0.49 2.14 – 1.36 2.37 –
Vocabulary 1.05 2.17 – −0.39 2.71 – 0.45 3.14 –
Arithmetic 0.26 2.23 – 0.68 3.21 – 0.83 3.33 –
Information 0.44 2.18 – 0.21 3.33 – 2.68 3.03 1.9E−4 0.88
Comprehension −0.15 2.05 – −3.47 3.12 4E−6 1.11 −0.98 2.44 –

Performance subtests
Coding −1.82 3.21 0.002 0.57 −2.33 4.23 – −3.47 3.13 4E−6 1.11
Block design 0.55 2.43 – 3.88 3.11 4.4E−7 1.25 1.36 3.38 –
Pic. completion −0.47 2.54 – 0.44 2.99 – −0.99 2.08 –
Pic. arrangement 0.26 2.16 – 0.58 4.04 – 1.22 4.01 –
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4.1. Gyrification changes as an index of brain maturation

In the general population, the timing and speed of cortical unfolding
during adolescence differs according to brain region (Alemán-Gómez
et al., 2013; Klein et al., 2014; Su et al., 2013). The most substantial
decreases have been described in the frontal lobe (Alemán-Gómez et al.,
2013; Klein et al., 2014), the occipital cortex (Alemán-Gómez et al.,
2013), and in precentral and temporal regions (Klein et al., 2014). The
current study was no exception, as decreases in gyrification with age
were detected, even if frontal and precentral areas were not included in
the analysis. The locations of the decreases found in the occipital and
temporal lobes confirmed previous findings in the typical and AS po-
pulations (Wallace et al., 2013). In addition, within focal brain regions
where a main effect of group on gyrification was found, post hoc ana-
lyses revealed significant age-by-group interactions, uncovering unique
gyrification maturation patterns in each AS group. This is in agreement
with previous studies that examined the effect of age on gyrification in
autism (Bos et al., 2015; Libero et al., 2014; Yang et al., 2016) and
suggest that the main focus of structural studies in AS should be dif-
ferential brain maturation pathways rather than mere regional differ-
ences. In the frontal cortex of AS individuals, an atypical increase in
gyrification between four and 12 years of age (Yang et al., 2016) pre-
cedes an abnormal decrease related to atypical connectivity in adoles-
cents from eight to 18 years old (Bos et al., 2015). In the current study,
clusters situated in more infero-posterior regions demonstrated atypical
maturation patterns in older AS-SOD and AS-NoSOD participants. This
constitutes an additional argument in favor of the consideration of
developmental trajectories in AS structural studies, which might differ
from typical pathways from pre-natal to late adolescence development,
and even in aging (Koolschijn and Geurts, 2016).

4.2. Regional lGI differences in AS are associated with respective cognitive
strengths

We observed small areas of gyrification differences between the TYP

and each AS group, in agreement with recent studies suggesting overall
similarity between AS and TYP structural cortices (Koolschijn and
Geurts, 2016), despite subtle differences (Dierker et al., 2015; Ecker
et al., 2016; Libero et al., 2014; Via et al., 2011). Using brain volume, a
meta-analysis (Yu et al., 2011) and various experimental studies (Floris
et al., 2016; Hyde et al., 2010; Lai et al., 2014; Toal et al., 2010) also
identified distinct patterns of structural differences when comparing
AS-SOD and AS-NoSOD to controls. Thus, even if building subgroups
based on SOD obviously reduces statistical power, it also increases the
specificity of results. This power pitfall was addressed here by re-
stricting the analysis to a large occipito-temporal ROI as structural
differences were expected in visual and/or auditory areas for AS-SOD
and in language regions for AS-NoSOD. Our results indeed suggest an
association between anatomical changes and cognitive strengths in
autism.

AS-SOD showed a peak of ability in the visual Block Design task,
confirming previous reports (Caron et al., 2006; Dawson et al., 2007;
Ehlers et al., 1997; Meilleur et al., 2014; Nader et al., 2015). This peak
reflects the general perceptual abilities of the AS-SOD group, like su-
perior visual search capacity (Joseph et al., 2009; Kemner et al., 2008),
as well as better performance on visual discrimination tasks, than non-
autistics (Bertone et al., 2005). They also show enhanced activity and
functional connectivity in visual expertise regions according to studies
using the Raven Progressive Matrices test (Simard et al., 2015; Soulières
et al., 2009) and to a meta-analysis of 26 neuroimaging studies of visual
processing (Samson et al., 2012). The area showing specific gyrification
aspects in AS-SOD compared to TYP, and to a lower extent to AS-
NoSOD, is implicated in the integration and manipulation of visual
features (Wandell et al., 2007), and in the recognition of visually pre-
sented objects (Op de Beeck et al., 2008). Within the infero-temporal
cortex, the fusiform is particularly important for the development of
perceptual expertise (Gauthier et al., 1999).

Alternatively, the right middle temporal region, displaying lGI dif-
ferences between AS-NoSOD and TYP in the current study, belongs to
the speech processing network and specifically responds to auditory

Fig. 4. Cognitive strengths of AS subgroups.
Individual difference-scores for the Block design (A)
and Information (B) subtests of the Wechsler IQ
scales. The difference score is defined as the differ-
ence between the score of a particular subtest and
the mean score of all the other subtests. Each square
represents a single subject from the TYP (orange),
AS-SOD (blue) and AS-NoSOD (green) groups. Each
group mean is represented by a black line.
Significant differences between the difference-scores
and zero (t-test) and between groups (post-ANOVA
Tukey test) are highlighted with stars. **: p≤ 0.01;
***: p≤ 0.001. AS: autism spectrum. SOD: speech
onset delay. TYP: typical individuals. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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words and syllables (Binder et al., 1991; Liebenthal et al., 2000). These
region is part of the so-called ‘temporal voice area’ (Belin et al., 2000;
Pernet et al., 2015) showing preferential responses to vocal sounds
(Belin et al., 2002; Samson et al., 2010). Behaviorally, AS-NoSOD in-
dividuals demonstrated heightened abilities in a language-related
subtest of the IQ scale, confirming previous findings of verbal strengths
(Chiang et al., 2014; Ehlers et al., 1997; Nader et al., 2016). In a study
using a reasoning task, AS-NoSOD preferentially used a semantic rather
than visuo-spatial strategy (Sahyoun et al., 2009). They also showed
more activity than AS-SOD or controls in regions associated with lan-
guage processing when listening to non-social speech-like stimuli
(Samson et al., 2015). The differences in lGI within the temporal cluster
are therefore consistent with the interest and abilities in language-re-
lated tasks demonstrated by AS-NoSOD individuals.

4.3. Domain-specific strengths in AS are linked to cortical development

Among non-autistic individuals, some studies may indicate a link
between lGI variations with time and experience-dependent plasticity.
Specific gyrification patterns have been found in experienced divers
(Zhang et al., 2016) and meditation experts (Luders et al., 2012), to-
gether with a correlation between lGI and years of intensive practice in
regions specific to expertise. However, the direction of lGI changes and
their correlation with experience were not consistent between studies.
Even if no direct relationship was found between within-group cogni-
tive peaks and areas of specific gyrification features, their locations
suggest that gyrification and domain-general strengths may be
somehow related in autism. It is possible that regions of lGI particula-
rities underlie perceptual and language functions different from those
assessed by the Wechsler IQ tests. The specific age-related differences
described here between AS subgroups and controls in regions associated
with their respective cognitive, behavioral, and functional superiorities
suggest that the evolution of gyrification may reflect the development
of specific expertise in AS too. Documented age-related changes in the
functional connections originating from the fusiform face area parallel
our structural results: connectivity strength between this seed and other
visual regions decrease from adolescence to early adulthood in TYP,
whereas it increases in AS (Lynn et al., 2018). This is not surprising as
gyrification had been associated with structural connectivity strength
(Zilles et al., 2013). Altogether, these results reinforce the claim that
gyrification maturation is linked to abilities development in AS,
through connectivity plasticity.

However, neither previous nor current results allow unequivocal
conclusions concerning the meaning of the direction of lGI changes with
age. More accurate modeling, on larger age ranges, may partly address
this issue. For example, although it is convenient to compare clinical
groups, linear regression may not provide the best fit for maturation
curves (Klein et al., 2014). Finally, longitudinal studies of autistic
children and adolescents, with and without a SOD, and in light of
various structural metrics, may provide further insight into the unique
features of brain maturation across regions in autism.

5. Conclusion

We found unique gyrification features in cerebral regions associated
with the specific domains of cognitive strengths of AS-SOD and AS-
NoSOD groups. Differentiating AS individuals according to their speech
acquisition history, which was the former basis of the DSM-IV diag-
nostic categories of prototypical autism and Asperger's syndrome
(American Psychiatric Association, 2000), remains relevant. Indeed,
symptomatic and structural heterogeneity in autism may partially arise
from increased experience-dependent neural plasticity targeting either
perceptual or speech cortical regions (Mottron et al., 2014). Structural
brain metrics, such as gyrification and their evolution throughout life
may support this hypothesis.

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.nicl.2018.04.036.

Acknowledgements

The authors wish to thank all the participants and families who
were involved in the study, Julien Doyon and Habib Benali for their
methodological support, together with the staff of the Functional
Neuroimaging Unit at the Centre de Recherche, Institut Universitaire de
Gériatrie de Montréal. This work was supported by a grant from the
Canadian Institutes for Health Research awarded to LM [grant MOP-
84243].

Financial disclosure

All the authors of this paper declare no financial interest or potential
conflict of interest.

References

Alemán-Gómez, Y., Janssen, J., Schnack, H., Balaban, E., Pina-Camacho, L., Alfaro-
Almagro, F., Castro-Fornieles, J., Otero, S., Baeza, I., Moreno, D., Bargalló, N.,
Parellada, M., Arango, C., Desco, M., 2013. The human cerebral cortex flattens during
adolescence. J. Neurosci. 33, 15004–15010.

American Psychiatric Association, 2000. Diagnostic and Statistical Manual of Mental
Disorders: DSM-IV-TR®, Fourth edition. American Psychiatric Association.

Barbeau, E.B., Soulières, I., Dawson, M., Zeffiro, T.A., Mottron, L., 2013. The level and
nature of autistic intelligence III: inspection time. J. Abnorm. Psychol. 122, 295–301.

Barbeau, E.B., Lewis, J.D., Doyon, J., Benali, H., Zeffiro, T.A., Mottron, L., 2015. A greater
involvement of posterior brain areas in interhemispheric transfer in autism: fMRI,
DWI and behavioral evidences. NeuroImage Clin. 8, 267–280.

Belin, P., Zatorre, R.J., Lafaille, P., Ahad, P., Pike, B., 2000. Voice-selective areas in
human auditory cortex. Nature 403, 309–312.

Belin, P., Zatorre, R.J., Ahad, P., 2002. Human temporal-lobe response to vocal sounds.
Brain Res. Cogn. Brain Res. 13, 17–26.

Bertone, A., Mottron, L., Jelenic, P., Faubert, J., 2005. Enhanced and diminished visuo-
spatial information processing in autism depends on stimulus complexity. Brain J.
Neurol. 128, 2430–2441.

Binder, J.R., Frost, J.A., Hammeke, T.A., Bellgowan, P.S., Springer, J.A., Kaufman, J.N.,
1991. Possing ET (2000): human temporal lobe activation by speech and nonspeech
sounds. Cereb. Cortex N. Y. N. 10, 512–528.

Bonnel, A., McAdams, S., Smith, B., Berthiaume, C., Bertone, A., Ciocca, V., Burack, J.A.,
Mottron, L., 2010. Enhanced pure-tone pitch discrimination among persons with
autism but not Asperger syndrome. Neuropsychologia 48, 2465–2475.

Bos, D.J., Merchán-Naranjo, J., Martínez, K., Pina-Camacho, L., Balsa, I., Boada, L.,
Schnack, H., Oranje, B., Desco, M., Arango, C., Parellada, M., Durston, S., Janssen, J.,
2015. Reduced gyrification is related to reduced interhemispheric connectivity in
autism spectrum disorders. J. Am. Acad. Child Adolesc. Psychiatry 54, 668–676.

Caron, M.-J., Mottron, L., Berthiaume, C., Dawson, M., 2006. Cognitive mechanisms,
specificity and neural underpinnings of visuospatial peaks in autism. Brain J. Neurol.
129, 1789–1802.

Chiang, H.-M., Tsai, L.Y., Cheung, Y.K., Brown, A., Li, H., 2014. A meta-analysis of dif-
ferences in IQ profiles between individuals with Asperger's disorder and high-func-
tioning autism. J. Autism Dev. Disord. 44, 1577–1596.

Culham, J.C., Cavina-Pratesi, C., Singhal, A., 2006. The role of parietal cortex in visuo-
motor control: what have we learned from neuroimaging? Neuropsychologia 44,
2668–2684 Visuomotor Functions of the Posterior Parietal Cortex.

Dawson, M., Soulières, I., Gernsbacher, M.A., Mottron, L., 2007. The level and nature of
autistic intelligence. Psychol. Sci. 18, 657–662.

Dierker, D.L., Feczko, E., Pruett, J.R., Petersen, S.E., Schlaggar, B.L., Constantino, J.N.,
Harwell, J.W., Coalson, T.S., Van Essen, D.C., 2015. Analysis of cortical shape in
children with simplex autism. Cereb. Cortex N. Y. N. 1991 25, 1042–1051.

Ecker, C., Andrews, D., Dell'Acqua, F., Daly, E., Murphy, C., Catani, M., Thiebaut de
Schotten, M., Baron-Cohen, S., Lai, M.C., Lombardo, M.V., Bullmore, E.T., Suckling,
J., Williams, S., Jones, D.K., Chiocchetti, A., MRC AIMS Consortium, Murphy, D.G.M.,
2016. Relationship between cortical gyrification, white matter connectivity, and
autism spectrum disorder. Cereb. Cortex N. Y. N. 1991 26, 3297–3309.

Ehlers, S., Nydén, A., Gillberg, C., Sandberg, A.D., Dahlgren, S.O., Hjelmquist, E., Odén,
A., 1997. Asperger syndrome, autism and attention disorders: a comparative study of
the cognitive profiles of 120 children. J. Child Psychol. Psychiatry 38, 207–217.

Floris, D.L., Lai, M.-C., Auer, T., Lombardo, M.V., Ecker, C., Chakrabarti, B., Wheelwright,
S.J., Bullmore, E.T., Murphy, D.G.M., Baron-Cohen, S., Suckling, J., 2016. Atypically
rightward cerebral asymmetry in male adults with autism stratifies individuals with
and without language delay. Hum. Brain Mapp. 37, 230–253.

Gautam, P., Anstey, K.J., Wen, W., Sachdev, P.S., Cherbuin, N., 2015. Cortical gyrification
and its relationships with cortical volume, cortical thickness, and cognitive perfor-
mance in healthy midlife adults. Behav. Brain Res. 287, 331–339.

Gauthier, I., Tarr, M.J., Anderson, A.W., Skudlarski, P., Gore, J.C., 1999. Activation of the
middle fusiform “face area” increases with expertise in recognizing novel objects.
Nat. Neurosci. 2, 568–573.

Gregory, M.D., Kippenhan, J.S., Dickinson, D., Carrasco, J., Mattay, V.S., Weinberger,

P. Duret et al. NeuroImage: Clinical 20 (2018) 415–423

422

https://doi.org/10.1016/j.nicl.2018.04.036
https://doi.org/10.1016/j.nicl.2018.04.036
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0005
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0005
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0005
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0005
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0010
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0010
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0015
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0015
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0020
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0020
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0020
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0025
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0025
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0030
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0030
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0035
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0035
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0035
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0040
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0040
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0040
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0045
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0045
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0045
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0050
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0050
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0050
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0050
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0055
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0055
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0055
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0065
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0065
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0065
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0070
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0070
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0070
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0075
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0075
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0080
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0080
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0080
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0085
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0085
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0085
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0085
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0085
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0090
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0090
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0090
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0095
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0095
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0095
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0095
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0100
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0100
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0100
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0105
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0105
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0105
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0110


D.R., Berman, K.F., 2016. Regional variations in brain gyrification are associated with
general cognitive ability in humans. Curr. Biol. CB 26, 1301–1305.

Hogstrom, L.J., Westlye, L.T., Walhovd, K.B., Fjell, A.M., 2013. The structure of the
cerebral cortex across adult life: age-related patterns of surface area, thickness, and
gyrification. Cereb. Cortex N. Y. N. 1991 23, 2521–2530.

Hyde, K.L., Samson, F., Evans, A.C., Mottron, L., 2010. Neuroanatomical differences in
brain areas implicated in perceptual and other core features of autism revealed by
cortical thickness analysis and voxel-based morphometry. Hum. Brain Mapp. 31,
556–566.

Iuculano, T., Rosenberg-Lee, M., Supekar, K., Lynch, C.J., Khouzam, A., Phillips, J.,
Uddin, L.Q., Menon, V., 2014. Brain organization underlying superior mathematical
abilities in children with autism. Biol. Psychiatry 75, 223–230.

Jones, C.R.G., Happé, F., Baird, G., Simonoff, E., Marsden, A.J.S., Tregay, J., Phillips, R.J.,
Goswami, U., Thomson, J.M., Charman, T., 2009. Auditory discrimination and au-
ditory sensory behaviours in autism spectrum disorders. Neuropsychologia 47,
2850–2858.

Joseph, R.M., Keehn, B., Connolly, C., Wolfe, J.M., Horowitz, T.S., 2009. Why is visual
search superior in autism spectrum disorder? Dev. Sci. 12, 1083–1096.

Jou, R.J., Minshew, N.J., Keshavan, M.S., Hardan, A.Y., 2010. Cortical gyrification in
autistic and Asperger disorders: a preliminary magnetic resonance imaging study. J.
Child Neurol. 25, 1462–1467.

Kana, R.K., Keller, T.A., Cherkassky, V.L., Minshew, N.J., Just, M.A., 2006. Sentence
comprehension in autism: thinking in pictures with decreased functional con-
nectivity. Brain J. Neurol. 129, 2484–2493.

Kemner, C., van Ewijk, L., van Engeland, H., Hooge, I., 2008. Brief report: eye movements
during visual search tasks indicate enhanced stimulus discriminability in subjects
with PDD. J. Autism Dev. Disord. 38, 553–557.

Klein, D., Rotarska-Jagiela, A., Genc, E., Sritharan, S., Mohr, H., Roux, F., Han, C.E.,
Kaiser, M., Singer, W., Uhlhaas, P.J., 2014. Adolescent brain maturation and cortical
folding: evidence for reductions in gyrification. PLoS One 9, e84914.

Koolschijn, P.C.M.P., Geurts, H.M., 2016. Gray matter vharacteristics in mid and old aged
adults with ASD. J. Autism Dev. Disord. 46, 2666–2678.

Lai, M.-C., Lombardo, M.V., Ecker, C., Chakrabarti, B., Suckling, J., Bullmore, E.T.,
Happé, F., MRC AIMS Consortium, Murphy, D.G.M., Baron-Cohen, S., 2015.
Neuroanatomy of individual differences in language in adult males with autism.
Cereb. Cortex 25 (10), 3613–3628 Oct.

Li, G., Wang, L., Shi, F., Lyall, A.E., Lin, W., Gilmore, J.H., Shen, D., 2014. Mapping
longitudinal development of local cortical gyrification in infants from birth to 2 years
of age. J. Neurosci. 34, 4228–4238.

Libero, L.E., DeRamus, T.P., Deshpande, H.D., Kana, R.K., 2014. Surface-based morpho-
metry of the cortical architecture of autism spectrum disorders: volume, thickness,
area, and gyrification. Neuropsychologia 62C, 1–10.

Liebenthal, E., Binder, J.R., Spitzer, S.M., Possing, E.T., Medler, D.A., 2000. Neural
substrates of phonemic perception. Cereb. Cortex N. Y. N. 1991 15, 1621–1631.

Lord, C., Rutter, M., Goode, S., Heemsbergen, J., Jordan, H., Mawhood, L., Schopler, E.,
1989. Autism diagnostic observation schedule: a standardized observation of com-
municative and social behavior. J. Autism Dev. Disord. 19, 185–212.

Lord, C., Rutter, M., Le Couteur, A., 1994. Autism Diagnostic Interview-Revised: a revised
version of a diagnostic interview for caregivers of individuals with possible pervasive
developmental disorders. J. Autism Dev. Disord. 24, 659–685.

Luders, E., Narr, K.L., Bilder, R.M., Szeszko, P.R., Gurbani, M.N., Hamilton, L., Toga,
A.W., Gaser, C., 2008. Mapping the relationship between cortical convolution and
intelligence: effects of gender. Cereb. Cortex N. Y. N. 1991 18, 2019–2026.

Luders, E., Kurth, F., Mayer, E.A., Toga, A.W., Narr, K.L., Gaser, C., 2012. The unique
brain anatomy of meditation practitioners: alterations in cortical gyrification. Front.
Hum. Neurosci. 6, 34.

Lynn, A.C., Padmanabhan, A., Simmonds, D., Foran, W., Hallquist, M.N., Luna, B.,
O'Hearn, K., 2018. Functional connectivity differences in autism during face and car
recognition: underconnectivity and atypical age-related changes. Dev. Sci. 21 (1) Jan.

Meilleur, A.-A.S., Berthiaume, C., Bertone, A., Mottron, L., 2014. Autism-specific covar-
iation in perceptual performances: “g” or “p” factor? PLoS One 9, e103781.

Meilleur, A.-A.S., Jelenic, P., Mottron, L., 2015. Prevalence of clinically and empirically
defined talents and strengths in autism. J. Autism Dev. Disord. 45, 1354–1367.

Mottron, L., Belleville, S., Rouleau, G.A., Collignon, O., 2014. Linking neocortical, cog-
nitive, and genetic variability in autism with alterations of brain plasticity: the
Trigger-Threshold-Target model. Neurosci. Biobehav. Rev. 47, 735–752.

Mutlu, A.K., Schneider, M., Debbané, M., Badoud, D., Eliez, S., Schaer, M., 2013. Sex
differences in thickness, and folding developments throughout the cortex.
NeuroImage 82, 200–207.

Nader, A.-M., Jelenic, P., Soulières, I., 2015. Discrepancy between WISC-III and WISC-IV
cognitive profile in autism spectrum: what does it reveal about autistic cognition?
PLoS One 10, e0144645.

Nader, A.-M., Courchesne, V., Dawson, M., Soulières, I., 2016. Does WISC-IV under-
estimate the intelligence of autistic children? J. Autism Dev. Disord. 46, 1582–1589.

Op de Beeck, H.P., Torfs, K., Wagemans, J., 2008. Perceived shape similarity among
unfamiliar objects and the organization of the human object vision pathway. J.
Neurosci. 28, 10111–10123.

Pernet, C.R., McAleer, P., Latinus, M., Gorgolewski, K.J., Charest, I., Bestelmeyer, P.E.G.,
Watson, R.H., Fleming, D., Crabbe, F., Valdes-Sosa, M., Belin, P., 2015. The human
voice areas: spatial organization and inter-individual variability in temporal and
extra-temporal cortices. NeuroImage 119, 164–174.

Raznahan, A., Shaw, P., Lalonde, F., Stockman, M., Wallace, G.L., Greenstein, D., Clasen,
L., Gogtay, N., Giedd, J.N., 2011. How does your cortex grow? J. Neurosci. 31,
7174–7177.

Sahyoun, C.P., Soulières, I., Belliveau, J.W., Mottron, L., Mody, M., 2009. Cognitive
differences in pictorial reasoning between high-functioning autism and Asperger's
syndrome. J. Autism Dev. Disord. 39, 1014–1023.

Samson, F., Zeffiro, T.A., Toussaint, A., Belin, P., 2010. Stimulus complexity and cate-
gorical effects in human auditory cortex: an activation likelihood estimation meta-
analysis. Front. Psychol. 1, 241.

Samson, F., Hyde, K.L., Bertone, A., Soulières, I., Mendrek, A., Ahad, P., Mottron, L.,
Zeffiro, T.A., 2011. Atypical processing of auditory temporal complexity in autistics.
Neuropsychologia 49, 546–555.

Samson, F., Mottron, L., Soulières, I., Zeffiro, T.A., 2012. Enhanced visual functioning in
autism: an ALE meta-analysis. Hum. Brain Mapp. 33, 1553–1581.

Samson, F., Zeffiro, T.A., Doyon, J., Benali, H., Mottron, L., 2015. Speech acquisition
predicts regions of enhanced cortical response to auditory stimulation in autism
spectrum individuals. J. Psychiatr. Res. 68, 285–292. http://www.sciencedirect.com/
science/article/pii/S0022395615001521.

Schaer, M., Cuadra, M.B., Tamarit, L., Lazeyras, F., Eliez, S., Thiran, J.-P., 2008. A sur-
face-based approach to quantify local cortical gyrification. IEEE Trans. Med. Imaging
27, 161–170.

Schaer, M., Ottet, M.-C., Scariati, E., Dukes, D., Franchini, M., Eliez, S., Glaser, B., 2013.
Decreased frontal gyrification correlates with altered connectivity in children with
autism. Front. Hum. Neurosci. 7, 750.

Schaer, M., Kochalka, J., Padmanabhan, A., Supekar, K., Menon, V., 2015. Sex differences
in cortical volume and gyrification in autism. Mol. Autism 6, 42.

Simard, I., Luck, D., Mottron, L., Zeffiro, T.A., Soulières, I., 2015. Autistic fluid in-
telligence: increased reliance on visual functional connectivity with diminished
modulation of coupling by task difficulty. NeuroImage Clin. 9, 467–478.

Soulières, I., Dawson, M., Samson, F., Barbeau, E.B., Sahyoun, C.P., Strangman, G.E.,
Zeffiro, T.A., Mottron, L., 2009. Enhanced visual processing contributes to matrix
reasoning in autism. Hum. Brain Mapp. 30, 4082–4107.

Soulières, I., Dawson, M., Gernsbacher, M.A., Mottron, L., 2011. The level and nature of
autistic intelligence II: what about Asperger syndrome? PLoS One 6, e25372.

Su, S., White, T., Schmidt, M., Kao, C.-Y., Sapiro, G., 2013. Geometric computation of
human gyrification indexes from magnetic resonance images. Hum. Brain Mapp. 34,
1230–1244.

Toal, F., Daly, E.M., Page, L., Deeley, Q., Hallahan, B., Bloemen, O., Cutter, W.J.,
Brammer, M.J., Curran, S., Robertson, D., Murphy, C., Murphy, K.C., Murphy,
D.G.M., 2010. Clinical and anatomical heterogeneity in autistic spectrum disorder: a
structural MRI study. Psychol. Med. 40, 1171–1181.

Van Essen, D.C., 2005. A population-average, landmark- and surface-based (PALS) atlas of
human cerebral cortex. NeuroImage 28, 635–662.

Via, E., Radua, J., Cardoner, N., Happé, F., Mataix-Cols, D., 2011. 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 68, 409–418.

Wallace, G.L., Robustelli, B., Dankner, N., Kenworthy, L., Giedd, J.N., Martin, A., 2013.
Increased gyrification, but comparable surface area in adolescents with autism
spectrum disorders. Brain J. Neurol. 136, 1956–1967.

Wandell, B.A., Dumoulin, S.O., Brewer, A.A., 2007. Visual field maps in human cortex.
Neuron 56, 366–383.

Wechsler, D., 1991. WISC-III: Wechsler Intelligence Scale for Children: Manual.
Psychological Corporation.

Wechsler, D., 1997. WAIS-III: Administration and Scoring Manual: Wechsler Adult
Intelligence Scale. Psychological Corporation.

Wechsler, D., 2003. Wechsler Intelligence Scale for Children-WISC-IV. Psychological
Corporation.

Wechsler, D., 2008. Wechsler Adult Intelligence Scale—Fourth Edition (WAIS–IV), 4th ed.
Pearson, TX, San Antonio.

Yang, D.Y.-J., Beam, D., Pelphrey, K.A., Abdullahi, S., Jou, R.J., 2016. Cortical mor-
phological markers in children with autism: a structural magnetic resonance imaging
study of thickness, area, volume, and gyrification. Mol. Autism 7, 11.

Yu, K.K., Cheung, C., Chua, S.E., McAlonan, G.M., 2011. Can Asperger syndrome be
distinguished from autism? An anatomic likelihood meta-analysis of MRI studies. J.
Psychiatry Neurosci. Jpn 36, 412–421.

Zhang, Y., Zhao, L., Bi, W., Wang, Y., Wei, G., Evans, A., Jiang, T., 2016. Effects of long-
term diving training on cortical gyrification. Sci. Rep. 6, 28243.

Zilles, K., Armstrong, E., Schleicher, A., Kretschmann, H.J., 1988. The human pattern of
gyrification in the cerebral cortex. Anat. Embryol. (Berl.) 179, 173–179.

Zilles, K., Palomero-Gallagher, N., Amunts, K., 2013. Development of cortical folding
during evolution and ontogeny. Trends Neurosci. 36, 275–284.

P. Duret et al. NeuroImage: Clinical 20 (2018) 415–423

423

http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0110
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0110
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0115
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0115
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0115
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0125
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0125
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0125
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0125
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0130
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0130
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0130
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0135
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0135
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0135
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0135
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0140
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0140
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0145
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0145
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0145
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0150
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0150
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0150
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0155
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0155
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0155
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0160
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0160
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0160
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0165
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0165
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0170
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0170
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0170
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0170
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0175
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0175
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0175
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0180
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0180
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0180
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0185
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0185
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0190
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0190
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0190
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0195
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0195
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0195
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0200
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0200
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0200
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0205
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0205
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0205
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0210
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0210
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0210
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0215
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0215
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0220
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0220
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0225
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0225
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0225
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0230
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0230
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0230
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0235
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0235
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0235
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0240
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0240
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0245
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0245
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0245
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0250
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0250
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0250
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0250
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0255
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0255
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0255
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0260
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0260
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0260
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0265
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0265
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0265
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0270
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0270
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0270
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0275
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0275
http://www.sciencedirect.com/science/article/pii/S0022395615001521
http://www.sciencedirect.com/science/article/pii/S0022395615001521
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0285
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0285
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0285
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0290
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0290
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0290
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0295
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0295
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0300
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0300
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0300
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0305
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0305
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0305
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0310
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0310
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0315
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0315
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0315
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0320
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0320
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0320
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0320
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0325
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0325
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0330
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0330
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0330
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0330
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0335
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0335
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0335
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0340
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0340
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0345
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0345
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0350
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0350
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0355
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0355
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0360
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0360
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0365
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0365
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0365
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0370
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0370
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0370
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0375
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0375
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0380
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0380
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0385
http://refhub.elsevier.com/S2213-1582(18)30145-1/rf0385

	Gyrification changes are related to cognitive strengths in autism
	Introduction
	Materials and methods
	Participants
	Cognitive assessment
	Imaging parameters
	Surface reconstruction
	Local Gyrification Index assessment
	Statistical analysis

	Results
	Gyrification differences in AS-SOD and AS-NoSOD in occipital and temporal lobes
	Developmental trajectories of gyrification
	Relationship between AS group-specific cognitive strengths and gyrification

	Discussion
	Gyrification changes as an index of brain maturation
	Regional lGI differences in AS are associated with respective cognitive strengths
	Domain-specific strengths in AS are linked to cortical development

	Conclusion
	Acknowledgements
	Financial disclosure
	References




