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Abstract

The contrast of the interface between the neocortical grey matter and the white matter is emerging as an
important neuroimaging phenotype for several brain disorders. To date, a single in vivo study has analysed the
cortical grey-to-white matter percent contrast (GWPC) on Magnetic Resonance Imaging (MRI), and has shown a
significant decrease of this contrast in several areas in individuals with Autism Spectrum Disorder (ASD) . Our
goal was to replicate this study across a larger cohort, using the multicenter data from the Autism Brain Imaging
Data Exchange 1 and 2 gathering data from 2,148 subjects. Multiple linear regression was used to study the
effect of the diagnosis of ASD on the GWPC. Contrary to the first study, we found a statistically significant
increase of GWPC among individuals with ASD in left auditory and bilateral visual sensory areas, as well as in
the left primary motor cortex. These results were still statistically significant after inclusion of cortical thickness
as covariate. There are numerous reports of sensory-motor atypicalities in patients with ASD, which may be the
reason for the differences in GWPC that we observed. Further investigation could help us determine the potential
role of a defect or a delay in intra-cortical myelination of sensory-motor regions in ASD. Code:
https://github.com/neuroanatomy/GWPC.

Introduction

Autism Spectrum Disorder (ASD) is characterised by persistent deficits in social communication and social
interaction, and by restricted, repetitive patterns of behaviour, interests, or activities, that can be associated with
hyper or hypo sensoriality. According to data released by the United States Center for Disease Control, the
autism prevalence in the United States of America is 1 in 59 children (Baio 2018). This high prevalence and the
significant disability that results from these symptoms make ASD a top research priority.

Structural magnetic resonance imaging (MRI) is a powerful tool to explore the neuronal correlates of ASD.
Structural MRI data can be acquired with sedation, which allows for the exploration of individuals with diverse
intellectual abilities. A large number of reports exist of structural differences in the neuroanatomy of individuals
with ASD compared with controls. In particular, many studies have reported an increased cortical thickness and
grey matter (GM) volume, and decreased white matter (WM) volume in subjects with ASD. For example, in a
longitudinal study Lange et al. (2015) reported an initial increase in GM volume in childhood, followed by a
decrease of this volume, with a crossing of the control subjects curve between 10 and 15 years. The GM volume
of many structures continued to decline in adults with ASD (Lange et al. 2015). In addition, other results evoke
a notable bilateral regional decrease in GM volume in the amygdalo-hippocampal complexes and in the
precuneus (Via et al. 2011). But the definition of the GM and WM volumes in MRI is necessarily conditioned by
our ability to place the grey-white boundary, itself derived from the contrast between grey and white matter
tissue signal intensities. The cortical thickness abnormalities observed could therefore reflect a difference in
grey-to-white matter percent contrast (GWPC) between patients and controls.

To date, only the study of Andrews et al. (2017) has analysed the contrast of this grey-white matter boundary,
and reported a significant decrease in contrast at different cortical levels in ASD subjects. This study, however,
was based on a relatively small sample of 98 individuals with ASD and 98 controls. We therefore aimed to


https://github.com/neuroanatomy/GWPC
https://www.zotero.org/google-docs/?5mmQLb
https://doi.org/10.1101/750117
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/750117; this version posted September 5, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

replicate this finding in a larger open sample: the Autism Brain Imaging Data Exchange 1 and 2 projects
(ABIDE 1 and ABIDE 2), which includes data from 2,148 subjects (1,019 individuals with ASD and 1,129
controls from the general population). ABIDE 1 and 2 brought together the efforts of 17 international sites,
sharing previously collected T1-weighted anatomical MRI data, plus phenotypic information for each
participant. These data were made available to the international scientific community in March 2017 (Di Martino
et al. 2014, 2017). The ABIDE project data has proven useful in the past to attempt open replications of previous
findings (Traut et al. 2017; Haar et al. 2016; Lefebvre et al. 2015; Heiss et al. 2015). Our main objective was to
study the impact of a diagnosis of ASD on GWPC. Additionally, we aimed at studying the impact of age, sex
and 1Q, and the relationship between GWPC and cortical thickness.

Materials and Methods

Subjects

We analysed all individuals from the ABIDE 1 and 2 projects, N=2,148. There were 1,019 individuals with ASD
(diagnosis confirmed on standardised instruments) and 1,129 controls with a neurotypical development
(http://fcon _1000.projects.nitrc.org/indi/abide). The number of MRIs was larger than the number of subjects
(2,214 MRIs for 2148 subjects) because some subjects had undergone several MRIs.

Cortical surface reconstruction

We preprocessed all available structural MRI data. In most cases, this data was acquired on 3 Tesla scanners,
only data for 6 individuals was acquired in a 1.5 Tesla scanner. We employed the surface reconstruction pipeline
implemented in FreeSurfer v6.0 (Segonne et al. 2004; Dale et al. 1999; Jovicich et al. 2006). In brief, after
intensity normalisation and brain extraction, the tissue was segmented into grey and white matter, and an
atlas-driven approach was used to label different brain regions. Topologically spherical meshes were then built
which reconstruct the boundary between grey and white matter (i.e., the “white matter” surface), and between the
grey matter and the cerebro-spinal fluid (i.e., pial surface). The placement of the grey-white matter boundary is
based on an algorithm that aims at detecting the largest shift in signal intensity. By using intensity gradients
across tissue classes the boundary placement is not reliant solely on absolute signal intensity and allows for
subvoxel resolution in the placement of the grey-white matter surface (Fischl and Dale 2000).

Grey-to-white matter percent contrast (GWPC).

Once a grey-white matter surface was obtained, the GPWC was calculated from a measure of the WM signal
intensity at 1.0 mm into the white matter from the grey-white interface, and at intervals of 10% up to 60% of the
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Figure 1. Selection procedure for white matter intensity (WMI) and grey matter intensities (GMI). a. Hemisphere showing
the different surfaces across the grey matter and the surface inside the white matter where grey-level values were sampled. b.
Enlargement of the region framed in white in Fig. 1a: The 0% surface represents the grey-white boundary surface, the 100%
represents the pial surface. The white matter signal intensity was sampled in a surface located 1mm below the grey-white
boundary.
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distance from the white matter to the pial surface, thus yielding a set of 7 grey matter intensities (i.e., 0%-60%).
The outer 40% (i.e., 70-100%) of the cortical sheet was not sampled to ensure that sampling was performed
within the cortical grey matter alone, and not confounded by voxels including CSF (Fig. 1). The GWPC is the
calculation of a ratio between GM and WM intensities:

— WM-GM
GWPC = 1oom .

Quality control

We visually controlled for the quality of the MRI data, segmentations, and surface reconstructions. First, we
excluded MRIs for which the FreeSurfer automatic segmentation had failed (most often due to poor raw data
quality). We then controlled the automatic segmentation performed by FreeSurfer. We excluded 522 individuals
(287 ASD patients and 235 control subjects) because of poor segmentation quality. Whenever a subject had more
than 1 MRI, we selected the one with the best data quality and segmentation.

We used QCApp to control the quality of the segmentations produced by FreeSurfer (available at
https://github.com/neuroanatomy/QCApp). This application allowed us to quickly browse through the complete
list of individuals, providing sagittal, coronal and axial views. An example of the display is shown in Fig. 2a.
Each image is a full stereotaxic viewer, allowing to investigate further slices in case of doubts about a
segmentation. A panel on the side provides z-scores of the volume of different structures segmented relative to
the averages and standard deviations of the complete population.

We used SurfaceRAMON to visually control the quality of the pial surface reconstruction and the grey-white
matter surface reconstruction (available at https:/github.com/neuroanatomy/SurfaceRAMON). As before, this
application provides a list of all individuals in the sample, and allows us to quickly browse through them. The
images are full 3D objects which can be rotated to inspect specific regions. We controlled the quality of the
segmentation by inspecting the lateral and medial views of the left and right hemispheres, and inspected different
angles in case of doubt (Fig. 2b).

After controlling for data quality, we excluded individuals missing some of the data required for our statistical
analyses: diagnosis, sex, age, or scanning centre. Total IQ was not available for 111 subjects. For 40 subjects
among them we imputed total 1Q from verbal and performance IQ using a linear regression model: totallQ ~
verballQ + performancelQ. The regression of total IQ on verbal and performance IQ had an R* = 0.95. The

Figure 2. a : Appearance of Good Quality Segmentation by FreeSurfer v6.0.0. Lower line: MRI before any treatment.
Intermediate line: MRI after removal of signals corresponding to the scalp. Upper line: MRI after automatic segmentation by
FreeSurfer. Left column: Sagittal view. Central column: coronal view. Right column: axial view. b. Aspect of a grey-white
interface reconstruction. Lateral view (left) and medial view (right) of a left hemisphere from a good quality MRI.
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Figure 3. Flowchart representing the selection of the data to be analysed from the ABIDE 1 and 2 databases.

remaining 71 individuals were excluded from further analyses. Finally, we excluded 53 individuals with ASD
from centres where no controls were available. The final sample included 1,475 individuals gathering 636 with
ASD and 839 with neurotypical development. The inclusion/exclusion flow is described in Fig. 3.

Statistical analyses

We smoothed the MRI data using a filter with a full width at half maximum (FWHM) of 10 mm. We fit a linear
regression model to predict GWPC measurements from diagnostic group (ASD or control), sex, scanning centre,
age and 1Q. We computed p-values using 2-tailed tests, and the statistical significance level was set to alpha =
0.05. We analysed the two hemispheres separately, which was taken into account using a Bonferroni correction.
We accounted for multiple testing across brain vertices using Random Field Theory (RFT) as in the original
article by Andrews et al. (2017), and also using Monte Carlo simulations. RFT analyses were performed using
the Matlab/Octave SurfStat Toolbox (Worsley et al. 1999, http://www.math.mcgill.ca/keith/surfstat). For both
multiple comparison correction methods, clusters were formed for regions with a p-value <102 The significance
of each cluster was evaluated based on the estimated number of independent resolution elements (resels) within
the cluster for RFT, and the area of the cluster for Monte Carlo simulations. We preferently looked at RFT
analyses, and we used the Monte Carlo technique for analyses that were not possible using the SurfStat Toolbox
(for example, when we included cortical thickness as a covariate of the linear model). In the cases where both
RFT and Monte Carlo simulations were carried out the results were very similar.

Our first linear model included an interaction term between diagnosis and sex:
GWPC ~ diagnosis + age + sex + centre + 1Q + diagnosis x sex.
The interaction term was not significant in any of the analyses performed (after multiple testing correction). We

then preferred the analysis on a second linear model that did not include the interaction term, to avoid
unnecessary loss of statistical power. The model we finally used was:
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GWPC ~ diagnosis + age + sex + centre + 1Q.

As a supplementary analysis, we tried to control for subject motion by including an estimate of this from resting
state functional MRI as an additional covariate. We used the tool MCFLIRT (Jenkinson et al. 2002) to compute
the root mean square deviation between consecutive volumes as a proxy measure of motion. The resulting model
was as follows:

GWPC ~ diagnosis + age + sex + centre + [Q + motion

Vertex-based analyses were performed using FreeSurfer, and the results visualised using Freeview.

Results

Characteristics of the sample

There was no significant difference in age between the ASD and control groups (t=1.5918, p=0.11). There were
proportionally less females in the ASD group than in the control group (24% vs 14%, ¥*(df=1)=25.0,
p=5.7-107), as well as a significant difference in total IQ (lower in the ASD group, t=-10.219, p <2.2-10°')
(Table 1). Among the patients, only 7 had intellectual disability (IQ <70). The rest of the analyses include total
IQ as a covariate.

Our final sample included 15 centres from Abide 1, and 6 additional centres for Abide 2 (8 centres participated
both in Abide 1 and 2). We further split the centre covariate when different MRI scanner acquisition protocols
were used by the same centre, which was the case for OLIN, TRINITY, UCLA and KKI. Our quality control
showed a subgroup of one KKI centre with very different MRI intensities: we added a specific centre level to tag
this subgroup to ensure a certain degree of signal homogeneity within each group. In total, we defined 26
different levels of the centre covariate (see Supplementary Table 1).

The final sample included 1,073 right-handed, 71 left-handed and 51 ambidextrous individuals. Handedness
proportion was not significantly different between patients and controls ( x? (df=2)=4.7223, p=0.09431). For 280
subjects, laterality was not available. The main comorbidity was ADHD, reported in 96 individuals with ASD,
and in 2 controls (see Supplementary Table 2). Among the 1,475 subjects in our final population, 179 (including
16 controls) had ongoing medication, 1,013 had no medication, and medication was unknown for 283 subjects.
Among the 179 individuals with pharmacological treatments, 75 were taking antidepressants, 27 were taking
neuroleptics, 78 were taking methylphenidate or another amphetamine derivatives, 28 were under non-stimulant
treatment for ADHD (Guanfacine or Atomoxetine), 14 were taking antiepileptics, 4 were taking benzodiazepines
or related benzodiazepines (Z-Drugs), 4 were taking melatonin, and 53 were taking other treatments
(Levothyroxine, Estradiol, Proton Pump Inhibitors, minerals, vitamins, asthma and allergy, antihypertensives,
antidiabetic drugs, anti-inflammatory drugs, statins, antibiotics or Somatropin growth retardation treatment). 52
patients had a poly-medication including 2 of these treatments, and 29 patients were taking 3 or more drugs.

We excluded 521 subjects during quality control, i.e., 26% of the sample. Statistically significantly more subjects
with ASD were excluded, 31% of the individuals with ASD versus. 22% of the controls (y? (df=1)=21.325,
p-value = 3.877 - 10). The individuals excluded were also significantly younger than those included: a median

Variable Distribution in the ASD group Distribution in the Control group
Sex 550 M, 86 F 637 M, 202 F

Age (years) 17.04 £ 9.23 (5.22 - 62) 16.29 + 8.72 (5.89 — 64)

Full scale 1Q 105.75 + 16.48 (41 — 149) 113.7 £ 12.33 (71 - 149)

ADI-R social 19.37 + 5.59 (4 - 30)

ADI-R communication 15.52 + 4.56 (4 - 26)

ADI-R repetitive behaviour 5.89 £2.55(0-13)

ADOS social + communication 11.5+£3.85(2-23)

Table 1. Characteristics of the study sample. Results expressed as mean + standard deviation (minimum, maximum).


https://doi.org/10.1101/750117
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/750117; this version posted September 5, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

age of 12.25 years among the excluded versus 13.80 years in the included sample (Wilcoxon rank-sum test,
p-value = 3.38-10""). There was no difference in sex distribution between the excluded and included sample
(26.2% of males were excluded versus 25.6% of females, y? (df=1)=0.040, p-value = 0.8409).

Grey-to-white percent contrast is increased in individuals with ASD compared with controls

We observed several brain regions with an increased GWPC in ASD, statistically significant after RFT
correction for multiple testing (Fig. 4, Table 2). The increase was present in the left and right occipital cortices
(bilateral calcarine sulcus, pericalcarine regions, lingual cortex, part of the cuneus, and the left parieto-occipital
fissure). On the left hemisphere we observed an increase of GWPC in the lateral sulcus, the temporoparietal
junction,

Grey-White Percent Contrast
e =

-1 0 1
Figure 4. Increase in GWPC in patients with ASD compared with controls. Statistically significant differences, corrected for
multiple comparisons, were observed in several regions, including visual, auditory and somatosensory cortices. Different rows
represent different depths in the GM. Colour represents contrast, with positive values indicating increased contrast in ASD
compared with controls.
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Cortical regions Hemi Number of Number of Cluster Mean
vertex resolution corrected difference
points elements p-value (%)

Lateral and lingual occipital gyrus, peri-calcarine L 7,093 15,072 <1071% 0.537

region, precuneus, cuneus, inferior parietal gyrus

Upper and transverse temporal gyri, superior L 3,958 7,356 7.79-107° 0.565
temporal sulcus, inferior parietal gyrus,
supramarginal gyrus, insula

Paracentral fissure, pre- and postcentral gyri, L 2,643 3,957 5.52-10° 0.561
precuneus, posterior cingulate cortex

Lateral occipital cortex, cuneus, pericalcarine R 1,999 4,089 3.56-10° 0.525
region, lingual cortex, superior parietal gyrus

precuneus, cuneus, pericalcarine region, lingual R 1,562 3,368 3.8-10* 0.531
cortex, isthmus of the cingulate cortex

Table 2. Clusters with Significant Increase in GWPC in ASD patients at 30% depth of GM. The number of resolution
elements corresponds to the number of independent observations within the cluster. Hemi = Hemisphere, L = Left, R = Right.
For the sake of readability, we only reported GWPC results for a 30% GMI measurement depth (complete table in
Supplementary Table 3).

and the superior temporal gyrus, as well as a small portion of the superior temporal sulcus. We also observed an
increase in the GWPC in a small portion of the precentral gyrus.

These results indicated an increase in GWPC in sensory zones of ASD patients: bilateral primary visual cortex,
left primary auditory cortex, and part of the corresponding associative cortex, as well as a portion of the primary
motor area. The results remained the same when controlling for subject motion by using motion parameters
extracted from functional data as proxy (Supplementary Figure 1).

In the same regions, although with a smaller extent, we also observed an increase in cortical thickness in patients
(Fig. 5). The findings relative to the GWPC appeared to be significant beyond this effect in cortical thickness:
GWPC increases remained clearly statistically significant even after adding cortical thickness as a covariate,
with the sole exception of the region in the left temporal cortex. It is also interesting to note that the primary
motor cortex showed a significant increase in GWPC when the cortical thickness was added as a covariate in the
ASD group. (Fig. 6).

Thickness difference (mm)
E =
-0.06 0 0.06

Figure 5. Increase in cortical thickness in individuals with ASD compared with controls. Differences were observed in the
occipital and temporal lobes. Only statistically significant results after multiple comparison correction are shown. Values are in
millimeters, positive values: ASD>Control.
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Grey-White Percent Contrast
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Figure 6. Increase in GWPC with the inclusion of cortical thickness as covariate, in individuals with ASD compared
with controls . Differences were observed in several regions, including visual, auditory and sensorimotor cortices. Only
statistically significant results at 5% after multiple comparison correction are shown. Different rows represent different depths
in the GM. Colour represents contrast, with positive values indicating ASD>Control. (see Supplementary Table 4 for details of
significative clusters).

Figure 7 shows a non-thresholded map of GWPC differences between the ASD and control groups. This map,
which does not depend on a specific choice of significance threshold, should be more easy to compare across
studies. We observed a great similarity in the regions detected by our study and those in the original study of
Andrews et al. (2017), in particular for those regions where GWPC was smaller in the ASD group compared
with the control group. This non-thresholded map also facilitates the observation of a left/right symmetry in the
GWPC difference map.
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Figure 7. Non-thresholded map of the GWPC difference in ASD patients compared with control subjects. GWPC

Grey-White Percent Contrast
measured at 30% GM depth.

Grey-to-white percent contrast is decreased in females compared with males

We observed several regions with decreased GWPC among females compared with males (Fig. 8, see
Supplementary Table 5 for details of clusters with statistically significant decrease in GWPC among females), an
effect that has already been reported (Salat et al. 2009; Andrews et al. 2017). As for diagnosis, the sex effect was
robust to inclusion of cortical thickness as a covariate in the linear model (see Supplementary Fig. 2 and
Supplementary Fig. 3 for a map of sex-related differences in cortical thickness).

Grey-White Percent Contrast
R _____ B
-15 0 15

Figure 8. Decrease in GWPC in females compared with males (statistically significant results at 5% after correction for
multiple comparisons). Different rows represent different depths in the GM. Colour represents contrast, with negative values
indicating Females<Males.
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Grey-to-white percent contrast decreases with age

We observed an overall decrease of GWPC with age (Fig. 9), consistent with results from the literature
(Vidal-Pifieiro et al. 2016). The decrease in GWPC with age was particularly pronounced in the primary motor
cortex. This could be potentially related to a continuation of intra-cortical myelination with age in our sample
including young individuals. Cortical thickness also decreased with age over the entire cortex, with the exception
of the insula and temporal areas where we observed an increase. Our results for a GWPC decrease remained
significant after inclusion of cortical thickness as a covariate (see Supplementary Fig. 4 for a detailed figure and
Supplementary Table 5 for details of clusters p-values table. See Supplementary Fig. 5 for the map of cortical
thickness differences with increasing age).

Grey-to-white percent contrast varies strongly across scanning sites

We observed a strong effect of acquisition centre on GWPC measured at 30% depth, capturing on average 69.8%
of the variance across the brain (epsilon squared). In comparison, diagnostic group captured on average 0.012%
of the variance, age 0.567%, sex 0.027% and 1Q 0.005%.

Intelligence quotient did not influence significantly grey-to-white percent contrast nor cortical thickness

We did not observe a significant influence of the total IQ score on either GWPC or cortical thickness, or on
GWPC after correction on cortical thickness, after RFT correction for multiple tests.

DISCUSSION

We observed an overall increase in GWPC in individuals with ASD compared with controls. This increase was
statistically significant after multiple comparisons correction, including sex, age, and scanning site as covariates.
The results remained largely unchanged after including cortical thickness as an additional covariate. Our results
relied on the analysis of a very large sample of subjects from the ABIDE 1 and 2 projects. The ABIDE data is
publicly available, and we have also made our analysis scripts open source, which should help the community
replicate, criticise and expand our results.

The majority of brain areas where we found an increased GWPC in the ASD group are involved in motor
(primary motor area in the posterior frontal cortex), auditory (upper temporal area and lateral sulci corresponding

&5 dh

Grey-White Percent Contrast
Per Year

Figure 9. Changes in GWPC with age (GMI measured at 30% cortical thickness). GWPC shows an overall decrease with age,
with the exception of regions within the insula and the temporal poles. Only significant results corrected for multiple
comparisons are shown. Colours represent contrast, with negative values indicating a decrease with age.
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to primary auditory cortex and associative auditory area) and visual functions (occipital regions corresponding to
primary and associative visual cortex).

A previous study of GWPC by Andrews et al. (2017) revealed a similar pattern of differences, however, our
analyses showed regional increases in GWPC in ASD, contrary to the original study which reported decreases.
We considered several possible explanations for this discordance. First, we cannot rule out the possibility of an
artefactual sign-reversal due to a misclassification of the groups in the original study. We have repeatedly
verified that this was not the case in our results (for example, Supplementary Fig. 6 shows the distributions of
GWPC averaged over our most significant cluster, showing this increase). Second, Andrews et al. (2017)
supported the consistency of their results by citing the results of the histological analyses of Avino and Hutsler
(2010). This study suggested the presence of a poorly differentiated boundary between cortical layer VI and the
underlying white matter in individuals with ASD compared with controls (8 subjects per group). The analysis
was performed in samples from three regions: the superior temporal gyrus (Brodmann Area 21, or BA21),
dorsolateral frontal lobe (BA9), and dorsal parietal lobe (BA7). Significant differences were reported for only
two regions, BA9 and BA7, which did not appear as different neither in the analyses of Andrews et al. (2017)
nor in ours. By contrast, Avino and Hutsler (2010) did not report a difference for the temporal gyrus (BA21),
where the two MRI studies found a statistically significant difference. It seems reasonable to assume that the
signal captured by GWPC analyses is not strongly related to the histological neuronal density measurements of
Avino and Hutsler (2010). Third, the regional reductions in GWPC reported by Andrews et al. (2017) did,
however, overlap to some extent the regions where we also found reductions, although they were not significant
in our case. It would be interesting to see whether this overlap is larger in the non-thresholded maps from
Andrews et al. (2017) (only thresholded maps were presented in their article). Finally, another potential source of
difference could be quality control criteria: We excluded 26% of the individuals, whereas Andrews et al. (2017)
excluded less than 10%. Probably, MRI volumes presenting moderate artefacts were more frequently retained by
Andrews et al. (2017) but excluded in our case. In particular, patients with ASD, ADHD and schizophrenia have
been reported to move more than controls. This movement has been shown to induce an apparent decrease in
mean cortical thickness as well as an apparent decrease in GWPC (-0.77% of GWPC per mm of displacement, p
= 2.16-10°) on MRIs that had nevertheless been preserved after quality control (Pardoe et al. 2016). By
including more MRI data with small motion artefacts in the ASD group, the results reported by Andrews et al.
(2017) could be biased to a decrease in the GWPC. In this case, the difference in the direction of CGWC
(increased in our study, decreased in Andrews’s) would not be opposite results but a similar pattern of increase
or decrease CGWC trend.

The presence of GWPC differences in primary visual, auditory and somatosensory cortices could reflect the
sensorimotor abnormalities frequently reported in patients with ASD: (1) The most common motor abnormalities
reported in patients with ASD concern postural control, gait (e.g., walking on tiptoes), upper limb balancing and
fine motor skills, as well as the presence of stereotyped behaviours. These motor abnormalities are suspected to
affect also social communication via a decrease in motor coordination with the interactor, and via a disturbed
perception, prediction and interpretation of others’ movements (Cook 2016); (2) Children with autism presenting
sensory hypersensitivity have been reported to show increased activation in cortical areas related to sensory
perception using functional MRI. In addition, in individuals with ASD, visual or auditory perceptions may be
more focused on details or there may be an increase in perceptions of static stimuli and a decrease in perceptions
of complex movements (Mottron et al. 2006); (3) Compared with controls, individuals with ASD have been
reported to show a lower degree of occipito-temporal lateralisation of brain activity during the analysis of a
direct gaze compared with a diverted gaze (Nation and Penny 2008, Itier and Batty 2009). This difference in
activation may be an important prerequisite for the interpretation of others’ intentions and therefore for social
interactions. Atypical gaze analysis also seems to be related to activation differences observed in functional MRI
at the level of the right temporo-parietal junction (TPJ), as well as the right anterior insula and the dorsolateral
prefrontal cortex (Pitskel et al. 2011). At the same time, when analysing scenes involving animated geometric
shapes whose movements evoke intentions and social interactions, the functional network analyses revealed a
strong coupling between the visual areas of the lateral occipital cortex and the right posterior superior temporal
sulcus (STS) (Moessnang et al. 2017). In addition to primary sensory and motor regions, we also observed an
increase in GWPC in parts of STS and TPJ. These regions have been extensively described as being involved in
social perception and social cognition (Oberwelland et al. 2017, Zilbovicius et al. 2006). Our results could
provide a neuroanatomical correlate for the deficits in social perceptions in patients with ASD.

We speculate that the differences in GWPC may be related to differences in intracortical myelination, and not to
differences in neuronal density. Myelination alterations have been already suggested as a neuronal correlate of
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ASD (Deoni et al. 2015). In particular, alterations in intracortical myelination have been reported in a murine
model of ASD by Van Tilborg et al. (2018), which were associated with a decrease in social gaming behaviour
and increase in repetitive grooming behaviours. If intracortical myelination were decreased in individuals with
ASD compared with controls, this should lead to decreased intensity of the neocortical MRI signal, producing an
increased local GWPC. A relatively increased GWPC should lead to an apparently thicker neocortex.
Neocortical thinning in neurotypical individuals has been reported in several different contexts, and often related
to synaptic pruning. Recent evidence suggests, however, that apparent cortical thickness decreases during
cerebral development in children may be due to increased in intracortical myelination and not by pruning (Natu
et al. 2018). The increase in GWPC that we observed may be due to a lower amount of intracortical myelination
of sensory and motor regions in individuals with ASD.

ASD is not the only condition suspected of presenting an atypical GWPC. Regional decreases in GWPC have
been reported in patients with Alzheimer's disease (Westlye et al. 2009) and in diffuse chronic traumatic brain
injury — where GWPC was reported to correlate with the memory function (Palacios et al. 2013). GWPC has also
allowed researchers to predict the evolution of brain diseases. Taking GWPC into account while studying mild
cognitive impairment allowed to better predict a potential progression to Alzheimer's disease (Jefferson et al.
2015). In multiple sclerosis, GWPC allowed to predict a transition to the progressive form of the disease (Moccia
et al. 2017). In patients with schizophrenia, GWPC has been reported to be larger than in controls in the post-
and pre-central gyri, posterior insula and parieto-occipital regions. In the case of bipolar disorder, the increase in
GWPC was mainly observed in the left precentral gyrus, however, the GWPC pattern was not found to be
statistically significantly different between the schizophrenic group and the bipolar group. The increase in
GWPC has been linked to the positive symptoms of schizophrenia via disinhibition of sensory inputs (Bansal et
al. 2013; Jergensen et al. 2016). Finally, Pueyo et al. (2003) reported an increased parieto-occipital GWPC in
ADHD, however, their study analysed a small sample of 11 patients and 20 controls, and their findings require
replication.

Finally, our results, based on a large open sample, suggest that GWPC may be an important neuroimaging
phenotype for the study of ASD. The study of GWPC offers a new perspective for the interpretation of
MRI-based measurements of cortical thickness. Because of its potential relation with myelination and then brain
connectivity, the study of GWPC could provide a link between the explorations of structural MRI based on T1
data, and the analyses of structural connectivity using diffusion MRI and functional connectivity, leading to a
better understanding of the neuronal correlates of autism.
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