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Abstract

Extensive MRI evidence indicates early brain overgrowth in autism spectrum disorders (ASDs). Local gyrification may reflect
the distribution and timing of aberrant cortical expansion in ASDs. We examined MRI data from (Study 1) 64 individuals with
ASD and 64 typically developing (TD) controls (7-19 years), and from (Study 2) an independent sample from the Autism Brain
Imaging Data Exchange (n = 31/group). Local Gyrification Index (1GI), cortical thickness (CT), and surface area (SA) were
measured. In Study 1, differences in 1GI (ASD > TD) were found in left parietal and temporal and right frontal and temporal
regions. 1GI decreased bilaterally with age, but more steeply in ASD in left precentral, right lateral occipital, and middle frontal
clusters. CT differed between groups in right perisylvian cortex (TD > ASD), but no differences were found for SA. Partial
correlations between IGI and CT were generally negative, but associations were weaker in ASD in several clusters. Study 2
results were consistent, though less extensive. Altered gyrification may reflect unique information about the trajectory of
cortical development in ASDs. While early overgrowth tends to be undetectable in later childhood in ASDs, findings may
indicate that a trace of this developmental abnormality could remain in a disorder-specific pattern of gyrification.
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Autism spectrum disorders (ASDs) are neurodevelopmental condi-
tions characterized by sociocommunicative deficits and restricted
and repetitive behaviors (American Psychiatric Association 2013).
Prevalence has recently been estimated at 1 in 45 for children aged
3-17 years (Zablotsky et al. 2015). Despite numerous functional and
anatomical brain findings on ASDs, no consensus on crucial brain
substrates has been reached.

A large body of neuroimaging evidence supports a trajectory
of early cerebral overgrowth in the first 2 years of life in ASDs
followed by abnormally slow growth across later childhood

and adolescence (Courchesne et al. 2001, 2003; Redcay and
Courchesne 2005; Shen et al. 2013; Hazlett et al. 2017). Others
have suggested this atypical growth trajectory may be specific
to a subgroup of individuals with megalencephaly (Libero et al.
2016) or related to elevated extra-axial fluid (Shen et al. 2013,
2017), and a few studies found no significant difference
(Williams et al. 1980; Haznedar et al. 2000). Cortical differences
have been reported in volume, surface area (SA), and cortical
thickness (CT) measures. This overgrowth may be more evident
in frontal, temporal, and possibly parietal regions (Carper et al.
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2002; Hazlett et al. 2011; Schumann et al. 2010), but its distribu-
tion across different parameters of cortical morphometry has
yet to be fully established.

Atypical growth trajectories in ASDs reported for SA and CT
mostly correspond to volumetric findings. Both cross-sectional
and longitudinal studies have shown differences in CT in ASDs,
with regional findings of increased thickness in childhood to
young adulthood (Chung et al. 2005; Hardan et al. 2006; Hyde
et al. 2010) and reduced thickness in later adulthood (Hadjikhani
et al. 2005), along with differences in the rate of cortical thinning
during adolescence and adulthood (Hardan et al. 2009; Scheel
et al. 2011; Zielinski et al. 2014). SA is often greater in toddlers
with ASDs compared with controls (Hazlett et al. 2011), but differ-
ences are less pronounced or absent in later childhood and ado-
lescence (Wallace et al. 2013; Yang et al. 2016), paralleling the
atypical trajectory of early volumetric growth in ASDs described
above. For both SA and CT, the largest group differences have
been reported in frontal and temporal lobes (Carper et al. 2002;
Schumann et al. 2010).

Postmortem studies also indicate aberrant cortical develop-
ment, with localized areas of altered neuronal packing density,
patches of abnormal laminar organization, and cortical dysgenesis
reported in both adult and child cases (Bailey et al. 1998; Hutsler
et al. 2007). Similarly, abnormal minicolumnar organization has
been reported in ASDs (Casanova et al. 2002; Buxhoeveden et al.
2006; McKavanagh et al. 2015). Disruptions in CT, SA, laminar orga-
nization, and minicolumn structure are likely related to neuronal
proliferation and migration in prenatal development (Caviness
et al. 1995; Orosco et al. 2014; Packer 2016), and may thus have
implications for emerging cortical gyrification. Several models posit
that gyrification is influenced by axonal tension (Van Essen 1997,
Raj and Chen 2011), differential rates of expansion of cortical layers
(Armstrong et al. 1995; Reillo et al. 2010; Ronan et al. 2014), or a
combination of such intrinsic forces (Striedter et al. 2015). In ASDs,
these forces may be impacted by abnormal neuronal proliferation
and migration, leading to altered gyrification patterns. Hence, an
additional goal for our study was to examine potential correlations
between measures of gyrification and measures of SA and CT for
possible insight into underlying mechanisms of observed anoma-
lies. For instance, an area of altered local Gyrification Index (IGI) in
ASD might also show a strong correlation with SA or CT in the
same area, suggesting a potential driver of observed 1GI effects.

In typical development, cerebral gyrification may increase by
about 16% and 7% in the first and second years of life, respectively

18

Local Gyrification in ASD Kohlietal. | 2413

(Li et al. 2014), followed by a gradual decline from late childhood
into adulthood (Su et al. 2013; Klein et al. 2014). Previous studies
have examined cortical morphology in ASDs, primarily in chil-
dren and adolescents. Investigations of gyrification index at the
whole brain (Williams et al. 2012) or lobar level (Hardan et al.
2004) have reported increased gyrification, particularly in frontal
and parietal lobes. This is consistent with more localized mea-
sures of sulcal morphology which found increased sulcal depth,
length, or area in regions including the insula, parietal opercu-
lum, and intraparietal sulcus (Nordahl et al. 2007; Shokouhi et al.
2012). In contrast, a study restricted to a sample of simplex cases
of ASD found only small areas of decreased sulcal depth in
(Dierker et al. 2013). A few studies have investigated gyrification
in ASDs using the IGI measure, which has been suggested to be
the most sensitive measure of cortical folding for detecting
group differences when compared with local curvature and sul-
cal depth (Shimony et al. 2016). These studies have varied sub-
stantially in sample sizes, age ranges, and examination of age
effects, as summarized in Figure 1. Overall, they indicate greater
and atypically increasing gyrification in children with ASDs
(Wallace et al. 2013; Yang et al. 2016), followed by increased
decline across adolescence and adulthood, with findings mostly
localized to frontal and parietal regions (Libero et al. 2014; Bos
et al. 2015). Contradictory findings by Schaer et al. (2013) may be
attributed to small sample size (only 11 participants with ASD)
and failure to examine age-related changes. Additionally, some
of these previous studies have been methodologically limited.
Some had reduced spatial sensitivity either by using a lobar level
average of 1GI (Bos et al. 2015), or by using smoothed 1GI data
(Ecker et al. 2016), which may not be necessary in light of the
inherent smoothness of the 1GI measure, calculated for a 25 mm
radius sphere surrounding each vertex (Schaer et al. 2008).

Given the small number and methodological limitations in
the gyrification literature on ASDs, further investigation into
age trajectories of gyrification is warranted. The goals of the
present study were therefore to 1) examine age effects and
group differences between children and adolescents with
ASD and typically developing (TD) controls, using the IGI; and
2) examine the relationships between 1GI, CT, and SA to better
understand the mechanisms underlying gyrification differences
in ASDs. These goals were addressed by examining 2 indepen-
dent samples, a large in-house sample and a sample avail-
able from the Autism Brain Imaging Data Exchange (ABIDE;
Di Martino et al. 2014) to test for replicability of findings.
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Figure 1. Gyrification effects by age, as reported in previous ASD studies using the local Gyrification Index (IGI). Solid blue indicates lower reported 1GI in ASD (frontal,
parietal, and occipital regions). Solid red indicates reported greater gyrification in ASD (frontal, parietal, and temporal regions). Red gradient indicates reported greater
age related increase in gyrification in ASD (frontal and parietal regions). Blue gradient indicates reported greater age related decline in gyrification (frontal and parietal

regions). Bar width corresponds to relative sample size.
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Materials and Methods
Study 1: In-House Sample (SDSU)

Participants

A total of 206 individuals (108 ASD; 98 TD) were scanned for
the present study. Participants with a history of neurological
(e.g., epilepsy, tuberous sclerosis) or genetic (e.g., fragile X,
Rett syndrome) conditions other than ASD were excluded.
Inclusion in the TD group required the absence of personal or
family history of autism, and of personal history of other
neurological or psychiatric conditions. ASD diagnoses were
confirmed by a clinical psychologist based on Diagnostic and
Statistical Manual of Mental Disorders fifth edition criteria
(American Psychiatric Association 2013), supported by the
Autism Diagnostic Interview, Revised (ADI-R) (Lord et al.
1994) and the Autism Diagnostic Observation Schedule, Second
Edition (ADOS-2) (Lord et al. 2012). IQ was assessed using the
Wechsler Abbreviated Scale of Intelligence, second edition (WASI-
1) (Weschler 1999). Social skills and executive function were fur-
ther assessed with 2 parent reports, the Social Responsiveness
Scale (SRS) (Constantino et al. 2003), which evaluates a child’s
ability to engage in emotionally appropriate reciprocal social
interactions, along with communicative deficits and restricted/

Table 1. Participant demographics.

stereotypic behaviors or interests, and the Behavior Rating
Inventory of Executive Function (BRIEF) (Gioia et al. 2015),
which assesses the everyday behavioral manifestations of
executive control functions in children.

Imaging Data

High-resolution anatomical images were obtained using a 3 Tesla
GE Discovery MR750 scanner with an 8-channel head coil and a
T1-weighted inversion recovery fast spoiled gradient echo sequence
(repetition time = 8.108 ms, echo time = 3.172ms, flip angle = &,
172 slices, 1 mm? resolution). Participants with abnormal neuroan-
atomical findings were excluded (3 ASD; 2 TD). Abnormal neuroan-
atomical findings included cysts (2 ASD), abnormally enlarged
ventricles (1 ASD), and cerebellar hypoplasia (2 TD), as evaluated
by a senior neuroanatomist (R.A.C.). Following visual assessment
of MRI data and FreeSurfer output, 41 ASD and 32 TD participants
were excluded due to insufficient quality of raw scans or surface
reconstruction (e.g., due to ringing or ghosting artifacts). There
were no statistically significant differences between the indivi-
duals excluded versus those included on measures on age, IQ, or
autism severity. Data from 64 ASD and 64 TD participants between
the ages of 7 and 19 years were analyzed, with groups matched on
age, nonverbal IQ, gender, and handedness (Table 1).

ASD TD
(SDSU n = 64, NYU n = 31) (SDSU n = 64, NYU n = 31)
Mean + SD Range Mean + SD Range P-value
SDSU
Age (years) 13.32 + 2.65 7.85-18.31 13.53 +2.95 6.90-18.92 0.67
TBV (cm3) 1312.48 + 120.86 1032.73-1654.40 1278.28 + 118.11 1050.16-1683.22 0.11
SRS total 83.07 + 10.53 56-112 42.69 +5.82 35-65 <0.001
WASI
Verbal 103.59 + 17.60 56-147 105.94 + 10.47 74-133 0.36
Nonverbal 108.20 + 17.60 53-140 106.10 + 14.10 62-137 0.46
Full scale 106.67 + 16.88 66-141 106.45 + 14.07 77-130 0.93
BRIEF
BRI 70.93 + 12.79 39-90 44.78 + 8.79 37-81 <0.001
MET 66.80 + 9.02 44-82 46.81 +9.47 36-74 <0.001
ADOS-2
SA 10.33 +3.53 5-18
RRB 3.13+1.70 1-8
Total 1338 +4.14 6-23
Severity 7.43 +1.87 3-10
ADI
Soc 17.98 + 5.40 6-28
Com 13.14 + 5.40 2-24
Rep 5.97 +1.96 2-11
Female n=12 n=9
Left handed n=7 n=7
NYU
Age (years) 1144+ 284 7.15-18.58 11.78 £ 2.57 7.26-18.31 0.62
TBV (cm?) 1243.65 + 113.07 1020.60-1622.70 1273.46 + 98.54 1044.91-1487.62 0.27
SRS total 90.03 + 25.76 36-150 22.16 + 13.56 5-56 <0.001
WASI
Verbal 99.39 + 8.77 84-118 110.84 + 12.90 80-128 <0.001
Nonverbal 106.90 + 14.10 72-129 107.97 + 11.97 83-128 0.75
Full Scale 103.23 + 10.05 76-124 110.45 + 11.85 81-128 0.01

ASD, autism spectrum disorder; TD, typically developing; SRS, social responsiveness scale; WASI, Wechsler abbreviated scales of intelligence; BRIEF, behavior rating
inventory of executive function; BRI, behavioral regulation index; MET, metacognition index; ADOS, autism diagnostic observation schedule-second edition; SA, social
affect; RRB, restricted and repetitive behavior; ADI, autism diagnostic interview-revised; Soc, social interaction subscale; Com, communication subscale;
Rep, restricted and repetitive behaviors subscale.



Study 2: ABIDE Sample (NYU)

Participants

Data were available from the ABIDE (Di Martino et al. 2014;
Di Martino et al. 2017) for 137 male participants aged 7-18 years (60
ASD, 77 TD) from the New York University contributing site. Further
details about the sample are available on the ABIDE website (http://
fcon_1000.projects.nitrc.org/indi/abide/). NYU was selected for its
large data set and similar age range to the SDSU sample.

Imaging Data

High resolution T1-weighted MRI sequences were obtained on a
Siemens Allegra MR 2004a scanner (repetition time = 2530 ms,
echo time = 3.25ms, flip angle = 7°, 171 slices, 1.3 x 1.0 x
1.3mm? resolution). Following visual assessment of MRI data
and FreeSurfer output, 24 ASD and 37 TD participants were
excluded due to insufficient quality of raw scans or surface
reconstruction errors. There were no statistically significant dif-
ferences between the individuals excluded versus those
included on measures on age, IQ, or autism severity.
Additionally, 5 ASD and 9 TD participants at the extremes on
measures of age and nonverbal IQ were excluded to match
groups and for comparability to the SDSU sample. Data from 31
ASD and 31 TD participants were included in analyses (Table 1).

Image Processing: Cortical Reconstruction and Quality
Assessment

FreeSurfer version 5.3.0 was employed to perform semiautomated
cortical reconstruction on data from both study samples (Dale
et al. 1999; Fischl et al. 1999). All FreeSurfer output was examined
on a slice-by-slice basis to identify any inaccuracies in surface
placement. Inaccuracies were corrected with white matter control
points as needed, and then reassessed for accuracy. Scans that
still showed inaccuracies were excluded. Scans with major arti-
facts, such as ghosting or ringing, or inaccuracies deemed
unlikely to be ameliorated by manual edits (based on past experi-
ence) were excluded. SA and CT were automatically measured at
each FreeSurfer surface vertex and 1GI was measured using an
added flag to the FreeSurfer reconstruction processing stream
(Schaer et al. 2008). IGI is a 3D surface-based method for calculat-
ing the ratio of cortical surface area within the sulcal folds (pial
surface) relative to the amount of cortex on the outer visible cor-
tex (cortical hull). This calculation was made within a sphere of
25mm radius around the pial surface vertex. This automated
reconstruction feature has been validated as a reliable measure of
gyrification against manual measurement (Schaer et al. 2012).

Statistical Analyses

Statistical analyses were performed for each vertex using a
2-step general linear model (GLM) approach (Yang et al. 2016),
with separate models for CT, SA, and IGI as outcomes.
All analyses were conducted both with and without total brain
volume (TBV) as covariate to control for individual differences
in brain size. TBV was calculated as the sum of supratentorial
volume and cerebellar volume in FreeSurfer. A smoothing ker-
nel of 15-mm full width half maximum was applied for CT and
SA analyses, while no smoothing was implemented for IGI.
Corrections for vertex-wise multiple comparisons were con-
ducted using FreeSurfer’'s Monte Carlo null-z simulations based
on precomputed simulation data available in the software,
with a cluster forming threshold of P < 0.01 and a cluster-wise
significance threshold of P < 0.05 (Hagler et al. 2006).
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Main Effects of Group and Age

We tested for the main effects of group and age, utilizing the
DOSS (different offset, same slope) matrix design: Outcome; =
Po + P1Agei + p,Group; + S TBV, + ¢

Group by Age Interactions

We tested for group by age interactions utilizing the DODS (dif-
ferent offset, different slope) matrix design as implemented in
FreeSurfer: Outcome; = g, + p,Age; + p,Group; + p3Age;Group; +
B TBYV: + &

Secondary GLM analyses, testing the same outcome models,
were conducted for 1GI using Permutation Analysis of Linear
Models (PALM) software to allow for permutation testing of the
results (Winkler et al. 2014). Overall, 1000 permutations were
run using tail approximation and threshold free cluster
enhancement (TFCE). The significance threshold was set at P <
0.05, with family wise error (FWE) correction for multiple
comparisons.

Correlations Between Morphometric Features

Clusters identified in the Monte Carlo simulations were used as
regions of interest, for which partial correlations were calcu-
lated between IGI and CT and between 1GI and SA, separately
for each group while controlling for age. Correlation coefficients
were Fisher-z transformed and entered into a z-test (Fisher
1938) in order to elucidate between-group differences in the
relationships between morphometric features.

Correlations With Behavioral Measures

Partial correlations controlling for age were run to examine the
relationships between mean IGI in each cluster (above) and
t-scores from the SRS and BRIEF.

Results
Study 1: In-House Sample (SDSU)

local Gyrification Index
The 1GI model revealed several clusters of greater IGI in the
ASD group, controlling for age, with medium to large effect
sizes (Fig. 2A, Fig. 3A, Supplementary Table S1). Peaks were
localized in the precentral gyrus (G-1), superior temporal gyrus
(G-2), and superior parietal lobule (G-3) on the left hemisphere,
and frontal pole (G-5), perisylvian/precentral gyrus (G-6), lateral
orbitofrontal cortex (G-7), and superior frontal gyrus (G-8) on
the right. In contrast, 1GI was lower in the ASD group in a single
cluster with peak in left lingual gyrus (G-4). 1GI also showed a
negative main effect of age across groups in large clusters
encompassing much of the dorsal and medial surfaces of the
left and right frontal, parietal, and occipital lobes (G-9, G-10,
and G-11; Fig. 2B). Group by age interaction effects for 1GI were
detected in 3 clusters (Figs 2C and 3B). The negative slope of the
relationship between 1GI and age was greater in the ASD than
in the TD group in the central sulcus (G-12), right lateral occipi-
tal cortex (G-13), and right caudal middle frontal gyrus (G-14).
Since little data on 1GI in this age range is available in the
published literature, a secondary analysis was performed using
permutation testing. With this alternative approach, only the
main effects of age were identified (clusters G-10, G-11). The
group effect in cluster G-1 (precentral gyrus/planum temporale)
approached the P = 0.05 threshold, with a minimum vertex
value of P = 0.06.
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0.0001

Cluster-Wise P-Value

Figure 2. Effects of group and age on local Gyrification Index (IGI). Top row of each panel shows SDSU sample; bottom row shows NYU sample. (A) Main effects of
group, warm colors indicate ASD > TD. (B) Main effects of age in combined groups, cool colors indicate negative slope with age. (C) Interactions between group and
age, cool colors indicate more negative slope in ASD than TD. Color reflects average significance across each cluster. Cluster forming threshold of P < 0.01, cluster-

wise significance threshold of P < 0.05.

Cortical Thickness

CT was found to be lower in the ASD group in a single cluster
with a peak value in the insula (T-1; Supplementary Fig. S1A,
Supplementary Table S2). Additionally, a main effect of age was
found, with the cortex becoming thinner with age in large clus-
ters across almost the entire left and right hemispheres across
groups (T2 and T3, Supplementary Fig. S1C). No group by age
interaction effects were found for CT.

Surface Area
There were no main effects of group, nor any group by age inter-
action effects. However, a positive main effect of age was found

in several clusters (Supplementary Fig. S1D, Supplementary
Table S2). In the left hemisphere, these clusters had peak values
in precentral gyrus (A-1), lateral orbitofrontal cortex (A-2), and
lateral occipital cortex (A-3). In the right hemisphere, peaks
occurred in superior frontal gyrus (A-4), superior parietal lobule
(A-5), fusiform gyrus (A-6), and lateral orbitofrontal cortex (A-7).

Correlations Between Morphometric Features

There was a strong positive relationship between IGI and SA
across both groups in most clusters examined (Table 2). In con-
trast, the correlations between 1GI and CT tended to be negative
in the TD group. Notably, a reduction in strength or even a
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Figure 3. (A) Main effects of group on 1GI. Plots illustrate greater average gyrification index in the ASD group in 3 representative clusters (linear fits show age effects

on 1GI by group; Cluster G-1: ASD R? = 0.018, TD R? =

0.041; G-2: ASD R? = 0.001, TD R? =

0.001; G-5: ASD R? = 0.011, TD R? = 0.038). (B) Group by age interaction effects

on local Gyrification Index (IGI). The negative effect of age is greater in the ASD group in each of 3 clusters exhibiting group by age interaction effects (SDSU Sample;
Cluster G-12: ASD R? = 0.278, TD R? = 0.033; G-13: ASD R? = 0.288, TD R? = 0.032; G-14: ASD R? = 0.201, TD R? = 0.005). Cluster labels correspond to those in Figure 2.

reversal of this relationship was shown in the ASD group in
some clusters. Z-tests revealed between-group differences in
the strength of the relationship between 1GI and CT in 3 clus-
ters. In cluster G-6, located in the Perisylvian region, the nega-
tive correlation observed in the TD group was reversed in the
ASD group, which exhibited a modest positive correlation
between IGI and CT (z=-3.06, P = 0.001). The negative correla-
tion between 1GI and CT observed in the TD group was reduced
in magnitude in the ASD group in cluster G-13 in the lateral
occipital cortex (z = —1.97, P = 0.04) and cluster G-3 spanning
from the superior parietal lobule to anterior occipital lobe
(z=-1.86,P =0.03).

Behavioral Correlations

Correlations between IGI and behavioral measures are summa-
rized in Supplementary Table S3. For the BRIEF, negative correla-
tions in 4 of the 11 clusters examined were found within frontal
and parietal lobes (G-3, G-5, G-7, G-8), reflecting an association
between lower 1GI and greater impairment on the Metacognition
Index (MET) in the ASD group. In contrast, positive correlations
were observed in the TD group between 1GI and MET scores
in occipital cluster G-13, and between 1GI and the Behavioral
Regulation Index (BRI) in parieto-occipital cluster G-3. BRIEF MET
scores serve as a measure of ability to initiate, plan, organize, and
sustain working memory, while BRI scores reflect the ability to
shift cognitive set and modulate emotions and behavior using
appropriate inhibitory control (Gioia et al. 2015). No correlations

were found with SRS scores in either group. Behavioral correlation
analyses did not survive FDR correction for multiple comparisons.

Study 2: ABIDE Sample (NYU)

local Gyrification Index

We found 2 clusters of greater gyrification in the ASD group in
the left hemisphere, with peak values in the insula (G-15) and
superior temporal gyrus (G-16) and medium effect sizes in both
(Fig. 2A, Supplementary Table S1). Negative effects of age on 1GI
across groups were observed in the left hemisphere extending
from the superior frontal and parietal lobes to the lateral occip-
ital lobe (G-17) and in the right hemisphere encompassing
much of the frontal, parietal, and occipital cortices (G-18;
Fig. 2B). Interaction effects were observed in several clusters,
with a greater negative effect of age on IGI in the ASD group in
left and right rostral middle frontal gyri (G-19 and G-21), left
precuneus (G-20), and right cuneus (G-22; Fig. 2C). When per-
mutation testing was used as an alternative approach, only the
main effects of age were identified (clusters G17 and G-18).

Cortical Thickness

No group by age interactions nor group differences were found
for CT. A negative effect of age was observed across both
groups in large clusters encompassing the majority of the cor-
tex across both hemispheres (T-4, T-5, T-6; Supplementary
Fig. S1E, Supplementary Table S1).
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Table 2 Partial correlations with local Gyrification index (controlling for age)

Surface area Cortical thickness

Cluster Location TD ASD P-value’ TD ASD P-value'
Main effect of group G-1 Precentral gyrus/planum temporale 0.256* 0.326™ 0.337 -0.403" -0.297* 0.251
G-2 Superior-middle temporal gyrus 0.146 0.024 0.248 -0.021 0.122 0.215
G-3 Superior parietal lobule/anterior occipital lobe  0.505™ 0.58™  0.278 -0.364™ —-0.044 0.031
G-4 Lingual gyrus-calcarine sulcus 0.324™  0.412" 0.287 —-0.292*  -0.316"  0.440
G-5 Frontal pole 0.133 0.355*  0.095 -0.128 0.084 0.119
G-6 Perisylvian, insular, precentral cortex 0.517* 0.485™  0.405 -0.414™ 0.113 0.001
G-7 Lateral orbitofrontal cortex 0.185 -0.031 0.115 —-0.363" -0.260* 0.264
G-8 Superior frontal gyrus 0.107 0.119 0.472 -0.424* -0.340"* 0.295
G-15 Circular insular sulcus/postcentral sulcus 0.577**  0.350 0.274 -0.057 -0.057 1.000
G-16 Insular cortex/transverse temporal sulcus 0.157 0.253  0.707 -0.446" -0.099  0.155
Interaction G-12 Precentral gyrus/central sulcus 0.337*  0.256* 0.312 -0.164  -0.135 0.436
G-13 Lateral occipital cortex 0.209 0.357* 0.187 -0.375" -0.037 0.024
G-14 Caudal middle frontal gyrus/precentral sulcus  0.054 -0.163  0.348 -0.138  -0.205 0.352
G-19 Frontal pole/anterior cingulate gyrus 0.462" 0.399" 0.776 -0.375*  -0.239 0.573
G-20 Precuneus cortex 0.553"™  0.259 0.181 -0.371*  -0.001 0.145
G-21 Superior frontal gyrus-sulcus 0.383" 0.287  0.685 -0.234 0.105 0.198
G-22 Cuneus cortex 0.440* 0.439 0.996 0.124 -0.137 0.961

Correlation analyses were restricted to clusters exhibiting interaction effects or between group differences.

Bold indicates significant difference between groups, uncorrected.
Italics indicate results from NYU sample.

*P < 0.05, *P < 0.01. 'P-value corresponds to z-test of between group difference in correlation.

Surface Area

No group by age interactions nor group differences were found
for SA, but in a single cluster in left superior frontal and para-
central gyri, a positive effect of age on SA was observed (A-8;
Supplementary Fig. S1B, Supplementary Table S2).

Correlations Between Morphometric Features

There was a strong positive relationship between 1GI and SA in
many clusters (Table 2), similar to findings for the in-house
sample. Also in line with these findings, the correlations
between 1GI and CT tended to be negative, but a reduction in
strength or even reversal of this relationship was shown in the
ASD group in some clusters. However, z-tests failed to reveal
any between-group differences in the relationship between 1GI
and CT, nor between 1GI and SA in the NYU sample.

Behavioral Correlations
No relationships between gyrification and SRS were found.
BRIEF scores were not available from the ABIDE database.

Results Without TBV Covariate, Female, and Left-Handed
Participants

The models for 1GI, CT, and SA were also run without the TBV
covariate. Results from these analyses were generally consis-
tent with those from the models that included TBV, although
several clusters did not survive correction for multiple compari-
sons, including clusters in the SDSU sample (G-4, G-5, G-7, G-8,
G-10, G-13, G-14, T1, and A7) and the NYU sample (G16;
Supplementary Tables S4 and S5). Additionally, the large clus-
ter G-9 split into 2 smaller clusters, and a new cluster (A-9) met
threshold for a positive effect of age in the model for SA in the
NYU sample, extending from the right superior frontal to para-
central gyrus. Notably, however, main effects on IGI in the
Perisylvian area (e.g., G-1, G-6, G-15), which had shown the
greatest consistency between samples and between hemi-
spheres, were still present.

The samples of female and left-handed participants were
each too small to examine independently in the SDSU analysis.
However, because results remained unchanged when excluding
them from the sample, they were retained in the main analysis
to conserve statistical power. The ABIDE sample did not include
females or left-handed participants.

Discussion

The present study is among the first to compare multiple fea-
tures of cortical morphology between individuals with ASDs
and TD peers, and has to our knowledge the largest sample
size on record for an analysis of gyrification in ASD. Results
indicate that whereas 1GI tends to be greater in children with
ASD in some cortical regions, it also decreases more steeply
with age than in typical development in spatially discrete
regions. Further, we find that the group differences in 1GI may
be more closely tied to differences in CT than SA.

Gyrification

Across both groups, 1GI showed negative effects of age, concor-
dant with several previous studies using the same measure
(Hogstrom et al. 2012; Mutlu et al. 2013; Klein et al. 2014) or
related sulcal-depth based, 2D slice-based, and postmortem
approaches (Armstrong et al. 1995; Zilles et al. 1988).

Our results also revealed several differences of medium to
large effect size between ASD and TD groups independent of
age. The ASD group showed greater gyrification in 7 out of 8
clusters, which were located mainly in Perisylvian regions in
both the NYU and SDSU samples, with some additional effects
in parietal and frontal areas in the SDSU sample only. This
effect is likely driven by differences in the shape of the Sylvian
fissure and, given the way IGI is calculated and the chronology
of early cortical expansion, it may reflect broadly atypical
growth trajectories of neighboring frontal, parietal, and tempo-
ral regions or interior aspects of the operculae. Consistent with



our findings in the SDSU and NYU samples, increased sulcal
depth, length, or surface area for the insula and parietal oper-
culum were primary findings in 2 other studies of children and
adolescents with ASD (Nordahl et al. 2007; Shokouhi et al.
2012), though a study limited to simplex ASD cases did not find
the same effect (Dierker et al. 2013). Increased depth of the
intraparietal sulcus was also found in the right hemisphere
(Shokouhi et al. 2012) and bilaterally for a group with Asperger
syndrome but not a group with ASD (Nordahl et al. 2007). The
direction of this group difference is largely concordant with
several previous studies of 1GI in ASD with overlapping age
ranges (Ecker et al. 2016; Wallace et al. 2013; Yang et al. 2016),
although effects have varied spatially between studies, possibly
due to small sample sizes and cohort effects. While the exact
regions exhibiting such effects did not completely overlap
between the 2 samples in the present study, there was some
convergence onto 1GI increases in earlier developing sulci.

The trajectory of 1GI maturation also differed between groups
in our analyses, with a greater negative effect of age for indivi-
duals with ASDs in several clusters in both the NYU and SDSU
samples, albeit in different regions. The interaction effect is also
consistent with the results of a previous study of the same age
range limited to lobar gyrification measures, which showed a
greater negative effect of age in ASD for frontal and parietal cor-
tices (Bos et al. 2015). In contrast, Yang et al. (2016) found atypi-
cal positive effects of age in frontal and parietal regions in
children with ASDs, which were, however, younger (4-12 years
of age) than our sample. Taken together, these findings might
indicate nonlinear age trajectories in certain regions in ASDs.

The lateral (or Sylvian) fissure is the first primary sulcus to
develop, beginning to emerge as early as gestational week (GW)
16 and clearly separating the frontal and temporal lobes by GW
26 (Chi et al. 1977; Garel et al. 2001). It is followed closely by
other primary sulci, including the cingulate, calcarine, and
parieto-occipital sulci. The circular, superior frontal, intraparie-
tal, precentral, and orbital sulci appear between gestational
weeks 25 and 28 (Armstrong et al. 1995). Many of the clusters
exhibiting differences between ASD and TD participants in our
analyses fall in these earlier developing regions of gyrification,
suggesting that 1GI findings may reflect very early growth anom-
alies in ASDs. Although most older children and adults display
TBV in the normal range, it is possible that some anomalous
patterns of regional gyrification might still manifest remnants
of early overgrowth. Moreover, 1GI variability within the ASD
cohort may provide some insight and potentially allow us to dif-
ferentiate children with and without a history of overgrowth.

Cortical Thickness and Surface Area

Atypically reduced CT observed in the insula in the SDSU sam-
ple compares to previous findings of concordant effects in sam-
ples of similar age ranges, albeit in varying loci (Wallace et al.
2010; Ecker et al. 2014; Richter et al. 2015). There have also been
reports of increased CT in ASD in early childhood with differ-
ences diminishing by adulthood (Libero et al. 2014
Khundrakpam et al. 2017), indicating that the direction of group
effects may largely depend on age. Although our study was
unable to detect a specific group by age interaction in this age
range, we observed widespread thinning across both groups.
This is expected from the literature (Gogtay et al. 2004; Sowell
et al. 2004; O’donnell et al. 2005), although the precise shape of
this decline, whether linear or curvilinear, has been debated.
Some studies have also indicated regional differences
(Ducharme et al. 2016; Wierenga et al. 2014).
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We found positive age effects on SA across both groups.
While the direction of this effect was consistent between the
NYU and SDSU samples, the localization differed, adding to
mixed findings from previous studies. A general trend in the lit-
erature shows increasing SA through later childhood, reaching
a maximum in adolescence (Amlien et al. 2014; Schnack et al.
2015), followed by relative stability in young adulthood, or in
some cases a decline (Vijayakumar et al. 2016; Tamnes et al.
2017). The timing and trajectory of SA growth also differs
regionally in the cortex (Wierenga et al. 2014; Ducharme et al.
2016). Although we observed main effects of age, we detected
no group difference or group by age interaction for SA. Previous
studies have been mixed with reduced (Ecker et al. 2014; Libero
et al. 2014; Mensen et al. 2017), increased (Hazlett et al. 2011,
Ohta et al. 2015), or comparable SA (Raznahan et al. 2011,
Wallace et al. 2010, 2013; Yang et al. 2016). These inconsisten-
cies are not easily accounted for by sample age and may reflect
high levels of interindividual variability. Only studies with
much larger samples than currently available may have suffi-
cient power to detect consistent group differences or group by
age interactions. Our study provides no evidence for a differ-
ence in age related changes in these features of cortical mor-
phology in this age range. This may suggest similar trajectories
of CT and SA in children and adolescents with ASDs and their
TD peers. Lack of findings for CT and SA accompanied by
effects for 1GI in the same samples suggest that spatial and
maturational patterns of gyrification may provide unique infor-
mation about the altered developmental trajectory of cortical
morphology in ASD.

Relationships Between Features of Cortical Morphology

Correlations between 1GI and CT and 1GI and SA were examined
to probe potential explanations for observed differences
between groups, since the developmental processes underlying
CT and SA are known to be mechanistically discreet (White
et al. 2010). In many regions exhibiting main effects of group, 1GI
was positively correlated with SA, but negatively with CT, simi-
lar to previous reports (Hogstrom et al. 2012; Klein et al. 2014).
Similar relationships are found in cross-species studies showing
that gyrification increases with SA in a nonlinear fashion across
different mammalian species (Hofman 1985), but is negatively
associated with CT when SA is relatively constant across species
(Pillay and Manger 2007). While previous research has estab-
lished that CT and SA are driven by different growth processes
under separate genetic influences and follow independent
growth trajectories (Panizzon et al. 2009), these relationships
with 1GI could reflect mechanical processes contributing to spe-
cific gyrification patterns observed in the TD cortex (Armstrong
et al. 1995; Ronan et al. 2014; Van Essen 1997).

Cortical thickness and thinning are thought to be affected
by a number of factors at different points in development,
including neuroproliferation (Rakic and Swaab 1988; Caviness
et al. 1995), dendritogenesis (Huttenlocher and Dabholkar 1997,
Shaw et al. 2008), and myelination (Gogtay and Thompson
2010; Deoni et al. 2015). Postmortem studies have provided evi-
dence of differences in CT in ASDs that would be consistent
with a possible role in the 1GI differences we observed here
(Bailey et al. 1998; Hutsler et al. 2007). Differences in the 1GI-CT
relationship observed between the ASD and TD groups might
indicate that disrupted gyrification in ASD is more closely
related to biological factors that drive the development of CT
than to those that determine SA.
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Correlations with Behavior

While our correlational analyses did not indicate links between
gyrification and symptomatology as measured by the SRS, the few
correlations of medium effect size were detected between 1GI and
BRIEF scores, with lower gyrification being associated with reduced
executive function. While the mostly frontal localization of these
effects is in line with the role of prefrontal cortex in executive func-
tion (Alvarez and Emory 2006), this direction of this relationship
was unexpected given our findings of regionally greater gyrification
in the ASD group, along with previous findings of executive dys-
function in ASDs (Craig et al. 2016). However, these modest behav-
ioral correlations need to be viewed with great caution, as they did
not survive correction for multiple comparisons.

Limitations and Future Directions

Given that the statistical distribution of the 1GI measure across
the cortex remains largely unexplored, permutation testing
was conducted in addition to Monte Carlo simulations in order
to correct for multiple comparisons. While the main effects of
group and group by age interaction effects did not remain sig-
nificant after permutation testing, the survival of the main
effects of age lends some support to the overall results.
Relatively subtle differences at the group level may be in part
attributed to expected etiological heterogeneity in ASDs
(Geschwind and State 2015). Medium to large effect sizes in the
clusters showing main effects of group nonetheless suggest
meaningful differences in IGI between groups. Our further
analyses of the relationships between features of cortical mor-
phology also demonstrate that there are noteworthy group dif-
ferences within those clusters, regardless of the significance
level of the main effect of group.

The cross-sectional nature of the data prevented us from
directly testing age trajectories of different cortical morphology
features, and therefore the age-related findings should be inter-
preted with caution. Additionally, the inclusion of mostly high-
functioning individuals, while necessary to obtain high quality
neuroimaging data, limits the generalizability of findings to
only a portion of the full spectrum of ASDs. Although explor-
atory in nature, it is also important to acknowledge some of the
statistical shortcomings of the correlation analyses. Correlations
between different morphological features were conducted on a
cluster-wise basis, which may have more limited sensitivity
than vertex-wise analyses due to the averaging of values across
clusters. Finally, both the behavioral and morphometric correla-
tions are prone to potential false positive results due to the high
number of comparisons. These types of analyses might benefit
from a multivariate approach in the future.

Conclusions

Previous studies of CT and SA in ASDs have shown mixed find-
ings, often lacking evidence for a reliable group difference in
these morphological measures beyond early childhood. In con-
trast, the present study suggests a greater degree of cortical
folding in ASDs in later childhood and adolescence. This
increased gyrification may reflect a history of early cortical
overgrowth in ASDs, displaying a morphological trace of early
developmental abnormalities. Gyrification anomalies in ASDs
may be related to factors influencing CT, in addition to SA.
These findings have implications for understanding the poten-
tial cytoarchitectural abnormalities that may underlie differ-
ences observed in cortical macrostructure in ASDs.
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Supplementary material is available at Cerebral Cortex online.
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