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Abstract

Local gyrification index (LGI), a metric quantifying cortical folding, was evaluated in 105 boys with autism spectrum disorder
(ASD) and 49 typically developing (TD) boys at 3 and 5 years-of-age. At 3 years-of-age, boys with ASD had reduced
gyrification in the fusiform gyrus compared with TD boys. A longitudinal evaluation from 3 to 5 years revealed that while TD
boys had stable/decreasing LGI, boys with ASD had increasing LGI in right inferior temporal gyrus, right inferior frontal
gyrus, right inferior parietal lobule, and stable LGI in left lingual gyrus. LGI was also examined in a previously defined
neurophenotype of boys with ASD and disproportionate megalencephaly. At 3 years-of-age, this subgroup exhibited
increased LGI in right dorsomedial prefrontal cortex, cingulate cortex, and paracentral cortex, and left cingulate cortex and
superior frontal gyrus relative to TD boys and increased LGI in right paracentral lobule and parahippocampal gyrus, and left
precentral gyrus compared with boys with ASD and normal brain size. In summary, this study identified alterations in the
pattern and development of LGI during early childhood in ASD. Distinct patterns of alterations in subgroups of boys with
ASD suggests that multiple neurophenotypes exist and boys with ASD and disproportionate megalencephaly should be

evaluated separately.

Key words: autism, autism spectrum disorder, autistic, brain development, cortical folding, gyrification, longitudinal, MRI

Gyrification is the process of forming sulci and gyri in the mam-
malian cerebral cortex, with peaks becoming gyri and troughs
becoming sulci. One strategy developed to quantify the degree of
gyrification is the calculation of the local gyrification index (LGI), a
metric that quantifies the ratio of inner sulcal folds compared
with the outer smooth surface of the cortex (Schaer et al. 2008,
2012). A large LGI indicates extensive or deep folding, while small
LGI indicates limited folding. This measure can be used to quan-
tify differences in the pattern of cortical folding in neurodevelop-
mental disorders such as autism spectrum disorder (ASD), which
manifests clinically during early childhood and is characterized by
impairments in social communication and repetitive behaviors.

Gyrification mainly occurs during prenatal and early postnatal
life, thus investigating LGI during early childhood in ASD may be
valuable as a marker for alterations in the development of the
cerebral cortex. Early prenatal neuronal proliferation provides the
framework for the cortex and sets the stage for gyrification. In the
first 6 weeks of fetal life, neuronal progenitor cells are rapidly gen-
erated in the subventricular zone (Rajkowska and Goldman-Rakic
1995), which then divide and migrate during weeks 6-12 to form
the cortical plate (Sidman and Rakic 1973). These 2 phases of
cell division mark the beginning of gray matter formation and
ultimately determine both cortical thickness and surface area
(White et al. 2010), and in turn affect gyrification. At 25 weeks
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gestation, the cortical plate appears mostly smooth with no
major sulci (Clouchoux et al. 2012). As development proceeds,
cortical folding becomes more complex, with secondary sulci
forming around 30 weeks and the degree of cortical folding
increasing with gestational age (Clouchoux et al. 2012). In post-
natal life, the brain continues to grow in size, and myelin pro-
duction and synaptic pruning proceed throughout childhood
and into adolescence. Previous studies of typical developmen-
tal have shown that there is a progressive increase in gyrifica-
tion during the first 2 years of life, followed by a reduction in
cortical folding complexity across the lifespan (White et al.
2010; Aleman-Gémez et al. 2013; Hogstrom et al. 2013; Mutlu
et al. 2013; Klein et al. 2014; Li et al. 2014; Cao et al. 2017; Forde
et al. 2017).

While alterations in cortical folding patterns have previ-
ously been reported in older individuals with ASD (Levitt et al.
2003; Hardan et al. 2004; Nordahl et al. 2007; Kates et al. 2009;
Jou et al. 2010; Shokouhi et al. 2012; Schaer et al. 2013, 2015;
Wallace et al. 2013; Libero et al. 2014; Bos et al. 2015; Dierker
et al. 2015; Brun et al. 2016; Ecker et al. 2016; Yang et al. 2016),
LGI has yet to be investigated in young children with ASD, close
in time to the age of diagnosis. This is a critical period to inves-
tigate neural alterations related to ASD because it precedes the
intensive behavioral and pharmacological interventions under-
gone by many individuals with ASD that likely alter brain struc-
ture and function. At older ages, it is difficult to determine
whether neural alterations observed in individuals with ASD
are related specifically to the neural alterations associated with
the etiologies of the disorder or to compensatory changes that
have occurred following interventions. The current study inves-
tigates differences in LGI and LGI development in a large cohort
of boys enrolled in the ongoing Autism Phenome Project (APP),
a longitudinal, multidisciplinary study aimed at identifying and
characterizing different biological phenotypes of ASD, who received
a first MRI between 2 and 3% years of age and subsequent MRIs
1 and 2 years later. This cohort represents the entire range of
symptom severity and cognitive abilities in ASD, and is com-
pared with an age-matched typically developing (TD) group.
We examined LGI at 3 years of age, as well as the change in LGI
from 3 to 5 years of age.

One of the main goals of the APP is to identify clinically
meaningful neurophenotypes of ASD. Previous work in this
cohort has described a subgroup of boys with ASD (about 15%
of the cohort) who have brain enlargement that is dispropor-
tionate to height. We call this group ASD with disproportionate
megalencephaly (ASD-DM) (Ohta et al. 2015; Libero et al. 2016;
Amaral et al. 2017). Clinically, boys with this neurophenotype
have lower language ability at 3 years of age and have made
fewer intellectual quotient (IQ) gains by age 5 compared with
their counterparts with ASD and brain size in the normal range.
Specifically, by age 5, the ASD-DM subgroup had a lower mean
1Q score than other children with ASD (68 vs. 84) and a higher
proportion of children with ASD-DM had IQ scores in the range
of intellectual disability (IQ < 70) than other children with ASD
(64% vs. 31%) (Amaral et al. 2017). Investigations into the neural
basis of this phenotype reveal that brain enlargement that is
disproportionate to height persists across early childhood
(Libero et al. 2016) and that brain enlargement is regionally spe-
cific (Ohta et al. 2015). Based on this evidence, a secondary aim
of the current study was to evaluate whether boys with ASD-
DM also exhibit distinct patterns of gyrification. We hypothe-
size that ASD-DM will demonstrate a different pattern of LGI
which would provide evidence that this subgroup represents a
distinct neurophenotype of ASD.

Materials and Methods
Participants and Subgroups of ASD

Participants were enrolled in the ongoing University of California,
Davis Medical Investigation of Neurodevelopmental Disorders
(MIND) Institute APP. Participants with ASD were recruited
through the MIND Institute clinic, California Regional Centers,
and local clinics and community events. TD participants were
recruited through community events and health fairs. At entry
to the study (Time 1), participants are 2-3.5 years-of-age, and
MRI and behavioral data are collected. Longitudinal MRIs are
collected 1 year later (Time 2). A third MRI and additional
behavioral data are collected 1 year later at Time 3 when chil-
dren are around 5 years of age. In the current study, we are
including data from Times 1 and 3, when MRI and concurrent
behavioral data were collected.

Participants included 105 male children with ASD and 49 TD
boys at Time 1. A subset of 52 ASD and 28 TD boys returned at
Time 3. At Time 1, boys with disproportionate megalencephaly
were classified based on criteria previously established (Ohta
et al. 2015; Libero et al. 2016; Amaral et al. 2017): having a ratio
of total cerebral volume (TCV) to height that is 1.5 standard
deviations above the mean of sex-matched TD controls. The
ratio of brain size to height is used because previous studies
report body size enlargement in ASD (Davidovitch et al. 1996;
Lainhart et al. 1997; Miles et al. 2000; Dissanayake et al. 2006;
Chawarska et al. 2011), which could bias groupings based on
brain size alone as taller individuals tend to have larger brains
(Weinberg et al. 1974; Gould 1981; Jones and Lewis 1991,
Lainhart et al. 2006). Based on this classification, 17 of the ASD
participants were classified as ASD-DM and the remaining 88
ASD participants were classified as having brain size within the
normal range (ASD-N). Two TD participants were classified as
DM and were included in analyses as TD. At Time 3, the sample
included 41 boys with ASD-N and 11 boys with ASD-DM. None
of the participants with ASD changed classifications from Time
1 to Time 3. Targeted sequencing for ASD risk genes (see (Coe
et al. 2014) for list of specific candidate genes) was carried out
in the ASD-DM participants. One ASD-DM participant was iden-
tified to have a loss of function CHD8 mutation (and is included
in a previous paper (Bernier et al. 2014)). None of the other
ASD-DM participants had any known genetic risk for macroce-
phaly/megalencephaly. Data from these participants have been
reported previously (Nordahl et al. 2011, 2012, 2013, 2015; Ohta
et al. 2015; Libero et al. 2016).

When this study began, the sample size of females with
ASD was insufficient to evaluate sex differences in LGI. Since
there is growing evidence for sex differences in brain organiza-
tion in girls with ASD (Lai et al. 2013; Nordahl et al. 2015; Schaer
et al. 2015; Ecker et al. 2017), MRI scans from the girls partici-
pating in the APP were not included in the current study. All
aspects of the study protocol were approved by the University
of California, Davis Institutional Review Board, and informed
consent was obtained from the parent or guardian of each
participant.

Diagnostic measures included the Autism Diagnostic
Observation Scale-Generic (ADOS-G) (DiLavore et al. 1995; Lord
et al. 2000) and the Autism Diagnostic Interview-Revised (ADI-R)
(Lord et al. 1994), conducted by trained, licensed clinical psychol-
ogists who specialize in autism and were research reliable for
these tools. Inclusion criteria for ASD were based on the diag-
nostic definition of ASD in young children established by the
Collaborative Programs of Excellence in Autism network using
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DSM-IV (American Psychiatric Association 1994) criteria.
Participants met ADOS-G cutoff scores for either autism or ASD.
In addition, they exceeded the ADI-R cutoff score for autism on
either the Social or Communication subscale and were within 2
points of this criterion on the other subscale. ADOS severity
scores were calculated to allow comparison of autism severity
across participants tested with different ADOS-G modules
(Gotham et al. 2009). At Time 1, developmental quotient (DQ) for
all participants was measured using the Mullen Scales of Early
Learning (MSEL) (Mullen 1995). At Time 3, DQ was estimated
using the General Conceptual Ability composite from the
Differential Ability Scales-II (DAS-II) (Elliott 2007). Children who
were unable to achieve a basal score on the DAS-II were admin-
istered the MSEL, and a ratio DQ was calculated by averaging age
equivalents from the Fine Motor, Visual Reception, Expressive
Language, and Receptive Language subscales, dividing by the
child’s chronological age and multiplying by 100. At both baseline
and longitudinal follow-up, other measures collected include the
Social Responsiveness Scale (SRS) (Constantino and Gruber 2002),
Repetitive Behavior Scale-Revised (RBS-R) (Lam and Aman 2007),
and the Vineland Adaptive Behavior Scales-II (VABS-II) (Sparrow
et al. 1989). At Time 1, TD boys were screened for autism traits
using the Social Communication Questionnaire (SCQ) (scores
below 11) (Rutter et al. 2003). Only TD boys who had developmen-
tal scores within 2 standard deviations on all scales of the MSEL
were included in this study. Three of the TD boys had elevated
SCQ scores at Time 1 (2 boys scored 11, and one boy scored 12).
ASD was ruled out in all 3 of these cases through additional
administration of the ADOS-G. All participants were native
English speakers, ambulatory, had no vision or hearing problems,
no other neurological conditions and were able to complete an
MRI study during sleep.

Neuroimaging

MRI was carried out at the UC Davis Imaging Research Center
using a 3T Siemens TIM Trio MRI scanner (Siemens Medical
Solutions, Erlangen, Germany) with an 8-channel head coil. MRI
scans were conducted during natural nocturnal sleep (Nordahl
et al. 2008). T1-weighted 3D sagittal MPRAGE scans (TR = 2170 ms,
TE = 4.86 ms, matrix size = 256 x 256, slice thickness = 1.0 mm,
isotropic voxel size = 1mm) were acquired for each child.
T2-weighted images were also collected and reviewed by a pedi-
atric neuroradiologist to rule out clinically significant findings.

A calibration phantom (ADNI MAGPHAN, Phantom Laboratory,
Inc., Salem, New York) was scanned at the end of each MRI session
using an MPRAGE pulse sequence matched to the study sequence
and using the same landmark and shim as the corresponding par-
ticipant to ensure accurate measurement of spatial characteristics
of the MRI volume. A 3D image distortion map was derived to cor-
rect for hardware-induced geometric distortion (Image Owl, Inc.,
Salem, NY, routine previously described in (Nordahl et al. 2012)).

Image Processing

After distortion correction, images were preprocessed by
removing nonbrain tissue and correcting image intensity non-
uniformity (inhomogeneity). An automated template-based
method was used to measure TCV (total gray and white matter
tissue, excluding cerebellum and brain stem) to identify which
cases have disproportionate megalencephaly according to pro-
cedures described previously (Nordahl et al. 2011, 2012) and
consistent with our previous groupings of ASD-DM (Ohta et al.
2015; Libero et al. 2016; Amaral et al. 2017).

Participants’ distortion corrected structural MRI images
were visually inspected slice-wise for motion, grainy images,
ringing or Gibbs artifact that blurred the boundaries (contrast)
between gray matter and white matter tissues. If any of these
artifacts were present on at least one 2D image slice, the entire
3D structural MRI did not pass inspection. At Time 1, no images
were excluded and at Time 3, 2 of the 11 ASD-DM cases were
excluded for motion (these cases are not included in the final
number of subjects [reported in Table 3]). Approved quality
checked MRIs were then segmented using FreeSurfer 5.1 (http://
surfer.nmr.mgh.harvard.edu) (Fischl and Dale 2000; Fischl
2012). Previous publications detail the technical aspects of this
procedure (Dale and Sereno 1993; Dale et al. 1999; Fischl,
Sereno and Dale 1999; Fischl, Sereno, Tootell, et al. 1999; Fischl
and Dale 2000, 2001; Fischl et al. 2004; Ségonne et al. 2004; Han
et al. 2006; Jovicich et al. 2006). In short, FreeSurfer computes,
for each subject, a cortical surface meshes that represent the
inner cortical surface (gray-white boundary, “white surface”)
and the outer cortical surface (gray-CSF boundary, “pial sur-
face”). The segmented images were visually inspected for accu-
racy of surface reconstruction. If the automated segmentation
steps resulted in errors (improper skull stripping, incorrect
placement of gray matter-white matter or gray matter-CSF
boundaries, or inclusion of nonbrain matter as cortex), manual
corrections were performed. These manual edits were per-
formed on every case, resulting in no remaining segmentation
errors, and all data were included for statistical analyses. LGI
was computed as a ratio between the pial surface of cortex and
the constructed smooth outer surface covering the cerebrum
(in a simplified form: pial surface [sulcal folds]/outer surface
[smooth surface “hull”]) using a sampling sphere with the
default 25 mm radius (Schaer et al. 2008) (Fig. 1). All scans were
registered to a common space using spherical registration of
the surfaces to the fsaverage template space that minimizes
metric distortion and allows for a highly reliable point-to-point
(at each vertex across the entire surface of the brain) compari-
son of cortical measures between groups (Fischl, Sereno and
Dale 1999; Fischl, Sereno, Tootell, et al. 1999). As the LGI mea-
sure is already intrinsically smooth, the data were only mini-
mally smoothed, using a Full Width at Half Maximum (FWHM)
2D Gaussian kernel of 1mm to achieve an overall smoothness
degree of 15 mm.

The standard FreeSurfer longitudinal pipeline was created
for studies in adults and is based on within-subject template
estimation (Reuter et al. 2012), which assumes there may be
minimal changes in the cortical surface with age but no large
changes in overall head or brain size. Given the substantial vol-
umetric changes occurring from age 3 to 5 years, using this
pipeline to assess our cohort introduces significant distortion
and inconsistencies. For the longitudinal analyses, we instead
registered each subject directly to the fsaverage subject and
computed change in LGI (ALGI) as LGI at Time 3—LGI at Time 1
for each individual participant. A ALGI of 0 would represent no
change in LGI over time.

Statistical Analyses

Groups were compared on age, DQ, SRS total t-score, RBS-R
total score, VABS-II adaptive behavior composite score, and
TCV using ANCOVA (age as a covariate). Cross-sectional group
comparisons were made using a general linear model design
correcting for age and total brain volume as calculated by
FreeSurfer (supratentorial volume) at each vertex. These com-
parisons included all ASD versus TD, ASD-N versus TD, ASD-N
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Figure 1. 2D schematic illustration of LGI calculation. Within a circular region where a sphere intersects the surface of the brain (dotted line), LGI is computed as a
ratio between the actual curved pial surface (light gray line) and a constructed smooth outermost surface (dark gray line). LGI is calculated as pial surface divided by
outer surface. The resulting LGI value represents the degree to which the cortical surface is curved and folded rather than smooth. The illustration represents 3 levels
of LGI: (A) The pial surface is mostly smooth with little folding (LGI: 3/3 = 1.0). (B) The pial surface has distinct cortical folds, resulting in an average level of LGI (LGL:
9/3 = 3.0). (C) The pial surface is highly convoluted, with a high degree of cortical folding and high LGI (LGI: 15/3 = 5.0).

versus ASD-DM, and ASD-DM versus TD. To examine develop-
mental effects, we compared ALGI across the whole brain for
the subgroup of boys who have MRI data collected at both base-
line and longitudinal visits. We examined ALGI in the ASD sub-
groups separately because, based on the Time 1 results, boys
with ASD-DM were found to have a markedly different pattern
of LGI. Although their alterations do not seem to influence the
whole group, we nevertheless keep them separate because of
their differences at Time 1. For all vertex-wise analyses, we
used a cluster-forming statistical threshold of P < 0.05 corrected
for multiple comparisons using Monte Carlo simulations
(Hagler et al. 2006).

Because surface area is highly correlated with cortical fold-
ing and brain size (Pakkenberg and Gundersen 1997; Im et al.
2008; Hogstrom et al. 2013) and could provide additional evi-
dence for cortical alterations related to brain size in ASD, we
conducted post hoc analyses of surface area within the regions
found to have significant alterations in LGI between groups.
The boundaries of each region on the fsaverage space were
saved as region label files. Each region label was then trans-
formed from the fsaverage space to each subject’s individual
FreeSurfer anatomical space. Subject-specific surface area mea-
surements were then calculated within the bounds of each
region and compared between groups.

For each brain region with a significant difference in LGI
between groups, subjects’ individual LGI values were extracted
at the vertex showing the highest significant group difference.
These LGI values were correlated with the following clinical
measures: ADOS-G severity score and subscale scores, SRS total
t-score, DQ, nonverbal DQ (NVDQ), verbal DQ (VDQ), RBS-R total
score, VABS-II composite score, and VABS-II subscale scores.
False Discovery Rate (FDR) was used for multiple comparison
correction.

Results
Participant Characteristics

At Time 1, there were no significant differences between groups
for age, but the groups did significantly differ on DQ, SRS total
t-score, RBS total score, and VABS-II adaptive behavior compos-
ite scores. The TD group had higher DQ, fewer repetitive beha-
viors, and better social and adaptive functioning at Time 1
(Table 1). The boys with ASD (ASD-N and ASD-DM combined)
had significantly greater brain volume than the TD boys. When
comparing the boys with ASD-DM to the ASD-N group, the
ASD-DM group had significantly greater brain volume, but no
significant differences on any of the other measures (Table 2).

Similar behavioral differences as described above (at Time 1)
were found at Time 3—the ASD-N and ASD-DM groups had sig-
nificantly lower DQ, greater SRS total t-score, greater RBS total
score, and lower VABS-II adaptive behavior composite scores,
compared with the TD group, such that the ASD-N and ASD-
DM groups had lower cognitive abilities, greater repetitive
behaviors, and poorer social and adaptive functioning at Time
3. The ASD-DM group had significantly greater brain volume
compared with both the ASD-N and TD groups (Table 3). No sig-
nificant differences in the behavioral measures emerged
between the ASD-N and ASD-DM groups, however the final
sample of 9 boys with ASD-DM greatly reduced power to detect
substantial differences. In a previous behavioral study that
included a larger sample of boys, we did detect differences in
cognitive development between ASD-DM and ASD-N (Amaral
et al. 2017).

LGI at 3 Years-of-Age (Time 1)

A direct comparison of all boys with ASD to TD boys at Time 1
revealed reduced LGI in boys with ASD in regions involving por-
tions of the left and right caudal fusiform gyrus and extending
into the inferior temporal cortex (Fig. 2 and Table 4).

Next, we evaluated each subgroup of ASD boys (ASD-N and
ASD-DM) separately relative to TD controls. Similar to the
results of all boys with ASD relative to TD controls, the boys in
the ASD-N group, when compared with TD boys, had signifi-
cantly reduced LGI in the left and right fusiform gyrus extend-
ing into inferior temporal cortex, which is similar to the finding
when all boys with ASD are compared with the TD group. The
ASD-N boys did not show any areas of increased LGI.

In contrast, when the ASD-DM group was compared sepa-
rately with TD boys, a different pattern of LGI alterations
emerged. The boys with ASD-DM had significantly increased
LGI in 2 large right medial hemisphere regions encompassing a
large portion of the dmPFC and expanding into the anterior cin-
gulate cortex and paracentral gyrus. In the left hemisphere,
regions of increased LGI involved the entire cingulate gyrus and
extended into dmPFC and superior frontal gyrus (Fig. 3 and
Table 4). The ASD-DM boys did not show LGI alterations within
the fusiform gyrus area, suggesting that this group represents a
distinct neurophenotype from the boys with ASD-N.

Indeed, when the ASD-N group was compared directly to
the ASD-DM group, the ASD-DM group had significantly greater
LGI in 3 regions: one comprising the right paracentral lobule,
one encompassing the right inferior temporal gyrus, parahippo-
campal gyrus and the caudal part of the entorhinal cortex, and
one covering part of the left precentral and postcentral gyri.
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Table 1 Participant characteristics at Time 1 for boys with ASD and TD boys

ASD TD F-value P-value

N 105 49 - -

Age (months) 36.01 (5.28) 35.78 (4.77) 0.066 0.797
Age range 25.6-44.0 27.2-44.0 - -

DQ 63.62 (21.3) 105.20 (11.7) 158.6 <0.001
ADOS-G severity score 7.84 (1.77) - - -

SRS total 78.20 (10.1) 46.93 (6.71) 358.6 <0.001
RBS-R total 26.87 (14.7) 5.56 (6.5) 76.0 <0.001
VABS-II composite total 75.73 (13.8) 111.1 (13.2) 212.6 <0.001
Total cerebral volume (cm?) 1028.6 (86.0) 985.5 (77.0) 9.86 0.002
Table 2. Participant characteristics at Time 1 for the subgroups of boys with ASD: ASD-DM and ASD-N

ASD-N ASD-DM F-value P-value

N 88 17 - -

Age (months) 36.01 (5.34) 36.05 (5.10) 0.001 0.974
Age range 25.6-44.0 26.0-44.0 - -

DQ 64.26 (21.27) 58.64 (22.72) 0.963 0.329
ADOS-G severity score 7.88 (1.72) 7.65 (2.06) 0.230 0.633
SRS total 76.55 (13.58) 81.06 (9.01) 1.68 0.197
RBS-R total 27.16 (15.59) 25.62 (10.39) 0.103 0.749
VABS-II composite total 76.84 (11.32) 70.35 (22.16) 3.14 0.080
Total cerebral volume (cm?) 1007.11 (72.60) 1140.13 (60.50) 62.21 <0.001

Table 3. Participant characteristics for the subset of boys with ASD-N, ASD-DM, and TD boys who were followed longitudinally from Time 1

(3 years of age) to Time 3 (5 years of age)

Time 1 Time 3

D ASD-N ASD-DM D ASD-N ASD-DM
N 28 41 9 28 41 9
Age (months) 35.34 (4.50) 35.38 (5.50) 35.73 (5.65) 61.71 (5.16) 62.70 (5.20) 61.13 (6.41)
Age range 27.2-42.9 26.9-44.0 26.0-44.0 53.1-69.6 54.6-71.9 52.0-69.7
Scan interval (months) - - - 26.36 (1.55) 27.10 (2.20) 25.39 (5.31)
Scan interval range - - - 22.7-32.5 24.0-30.5 16.27-34.2
DQ 104.59 (11.46)  64.73 (22.53) 65.68 (24.70)° 111.41 (9.02) 82.13 (32.7)% 74.50 (35.14)°
ADOS-G Severity Score - 7.83 (1.82) 7.11 (2.36) - 7.16 (2.15) 6.67 (3.00)
SRS total 47.15 (6.35) 77.83 (10.39)* 81.11 (10.57)° 45.92 (5.86) 74.45 (11.27) 80.13 (16.20)°
RBS-R total 5.04 (6.67) 27.90 (16.81)? 29.17 (13.36)° 3.54 (6.00) 26.19 (12.74) 34.00 (21.12)°

VABS-II composite total
Total cerebral volume (cm?)

110.37 (11.88)
991.25 (76.64)

76.20 (10.68)
1017.08 (62.37)

71.56 (29.35)°
1152.14 (54.40)>4

108.85 (11.20)
1070.28 (81.39)

76.91 (17.30)
1085.18 (59.79)

73.63 (18.66)°
1181.62 (42.83)>°

Note. Significant contrast between TD and ASD-N 2P < 0.001; significant contrast between TD and ASD-DM P < 0.001; significant contrast between ASD-N and ASD-

DM °P < 0.005, 9P < 0.001.

LGI Changes During Development

To examine developmental trajectories, the change in LGI
(ALGI) between Time 1 and Time 3 was examined. Since the
cross-sectional analyses at Time 1 suggested that ASD-N and
ASD-DM groups exhibit different patterns of gyrification rela-
tive to TD controls, the groups were evaluated separately for
longitudinal change. Comparison of the ASD-N and TD groups
revealed significantly different patterns of LGI development
with age in 4 regions. These regions include the right inferior
frontal gyrus, the right inferior temporal gyrus, the right infe-
rior parietal lobule, and the left lingual gyrus (Fig. 4 and
Table 4) Individual and group-averaged trajectories for each
of these regions are depicted in Supplementary Figure S1. In

TD boys, within these 4 regions, ALGI was either negative or
close to zero (signifying decreasing or stable LGI from 3 to 5
years-of-age). In contrast, LGI increased in right inferior fron-
tal gyrus, right inferior temporal gyrus, and right inferior pari-
etal lobule, and was stable in left lingual gyrus in boys with
ASD-N.

No significant differences were found in the longitudinal
changes in LGI between boys with ASD-DM and boys with ASD-
N or TD boys when accounting for multiple comparisons.
However, these analyses were underpowered with only 9 boys
with ASD-DM included at Time 3.

In order to facilitate comparison of the current results with
other literature on 5-year-olds, we also conducted a cross-
sectional analysis of the subset of 84 boys with available Time
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Figure 2. Regions (blue profiles) of reduced LGI in boys with ASD at Time 1 (approximately 3 years-of-age). Boys with ASD had significantly reduced LGI in portions of
the left and right caudal fusiform gyrus (FG), extending into inferior temporal cortex, compared with TD boys. The boundaries of the whole FG are indicated with
white dotted line. On the right side, boxplots show LGI data for each group at the vertex of highest significant difference between groups located in left and right FG.

Table 4. Brain regions with significant group differences in LGI for TD boys, all boys with ASD, and the 2 subgroups of boys with ASD (ASD-DM

and ASD=N)
Comparison Anatomical region Left/  Area Talairach Cluster-wise  Direction
right  (mm? coordinates (x,y,z) P-value

ASD versus TD Fusiform gyrus Right 1352.16 45, -33,-15.4 0.00120 ASD < TD
Fusiform gyrus Left 1412.97 -25.6,-78.8,-2.8 0.0007 ASD < TD

ASD-DM versus ASD-N Paracentral gyrus Right 1766.45 15.3,-32.2,66.9 0.0001 ASD-DM > ASD-N
Parahippocampal gyrus Right 2431.14 15.8,-39.4, -1.5 0.0001 ASD-DM > ASD-N
Precentral gyrus Left 2922.32  -34.8,-13.2,61.3 0.0001 ASD-DM > ASD-N

ASD-DM versus TD Dorsomedial prefrontal cortex Right  4934.29 17.6, 4.6, 58.4 0.0001 ASD-DM > TD
Cingulate cortex Left 4173.96 -5.1,-7.4,37.0 0.0001 ASD-DM > TD

ASD-N versus TD Fusiform gyrus Right 1603.10 45.9, -32.6,-15.8  0.0004 ASD-N < TD
Fusiform gyrus Left 179230 -26.1,-78.7,-3.1 0.0001 ASD-N < TD

Longitudinal ASD-N versus TD Inferior parietal lobule Right  3244.79 44.6, —56.6, 44.5 0.0001 ASD increasing
Inferior frontal cortex Right  2354.02 449, 10.9, 16.6 0.0001 ASD increasing
Inferior temporal cortex Right 1713.47 47.8,-57.6,5.6 0.0001 ASD increasing
Lingual gyrus Left 1801.86 -9.4, -61.9,2.4 0.0001 ASD stable

3 MRI data. Results from this analysis of LGI at 5 years-of-age is
included in Supplementary material and Supplementary
Figure 2.

Post Hoc Comparison of Surface Area

Post hoc comparisons of surface area in the regions of signifi-
cant LGI difference between groups revealed significantly
greater surface area in the combined ASD group (ASD-N and
ASD-DM), compared with TD, in both left (F = 13.001, P < 0.001)
and right (F = 4.203, P = 0.042) fusiform gyrus. For ASD-N versus
TD, there was significantly increased surface area in the ASD-N
group in the left fusiform gyrus (F = 10.757, P = 0.001), but not
right fusiform gyrus (F = 0.003, P = 0.955). For the ASD-DM ver-
sus ASD-N comparison, the ASD-DM group had significantly
greater surface area in all regions with significant group differ-
ences in LGI: left precentral gyrus (F = 18.792, P < 0.001), right
inferior temporal cortex (F = 15.843, P < 0.001), and right para-
central cortex (F = 22.712, P < 0.001). For the ASD-DM versus TD
comparison, the ASD-DM group had significantly greater sur-
face area in the regions with significant group differences in
LGI: right dorsomedial prefrontal cortex (dmPFC) (F = 56.939, P <
0.001), and left cingulate gyrus (F = 43.866, P < 0.001) (see
Supplementary Table S1).

Behavioral Correlations

No significant correlations between scores on any of the behav-
ioral measures (ADOS-G severity score and subscale scores, SRS
total t-score, DQ, VDQ, NVDQ, RBS-R total score, VABS-II com-
posite score, and VABS-II subscale scores) and LGI emerged for
either group for the regions identified in the ASD versus TD
comparison or ASD-N versus TD comparison. Correlations for
the remaining regions do not survive correction for multiple
comparisons but are reported in the Supplementary material.
At Time 1, these include a relationship between the right para-
central lobule LGI and repetitive behaviors in boys with ASD-N,
and several correlations relating the left cingulate gyrus LGI
with cognitive and adaptive abilities in boys with ASD-DM.
From the longitudinal analyses, ASD boys who had greater
increases in LGI in the inferior temporal cortex had better
socialization, and for TD boys declining LGI in the right inferior
frontal and temporal cortices was related to better cognitive
and adaptive abilities.

Discussion

The goal of this study was to investigate LGI development in
young boys with ASD and a subgroup of boys with ASD with
enlarged brains, that is, disproportionate megalencephaly. We
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Figure 3. Regions with differing LGI between ASD-N, ASD-DM, and TD groups at Time 1. (A) Regions with increased LGI in boys with ASD-DM versus ASD-N. These
regions include right paracentral gyrus (PG), right parahippocampal gyrus (PHG), and left precentral gyrus (PCG) and part of postcentral gyrus than boys with ASD-N.
(B) Regions with increased LGI in boys with ASD-DM versus TD boys. These regions include right dmPFC, right cingulate gyrus (CG), right PG, left CG, and left superior
frontal gyrus (SFG) compared with TD boys. (C) Regions of reduced LGI in boys with ASD-N versus TD boys. These regions include right and left fusiform gyrus (FG)
and parts of inferior temporal cortices. On the right side, boxplots show LGI data for each group at the vertex of highest significant difference for each region with sig-

nificant group differences.

have found that both the pattern and trajectory of cortical fold-
ing development is altered in preschool-aged boys with ASD.
Consistent with the notion that there are various neuropheno-
types of ASD (Amaral et al. 2017), we observed distinct patterns
of cortical folding within 2 different subgroups of ASD that are
defined based on brain size. In the majority of boys with ASD
and brain size within the normal range (ASD-N), LGI is signifi-
cantly reduced over the left and right caudal fusiform gyrus rel-
ative to TD boys. This pattern of reduced LGI in bilateral
fusiform gyrus was not seen in the boys with ASD and dispro-
portionate megalencephaly (ASD-DM). Rather, the subgroup of
boys with ASD-DM have increased LGI in the right dmPFC and
the left cingulate cortex relative to TD boys and increased LGI
in the right paracentral lobule, right parahippocampal gyrus,
and left precentral gyrus compared to boys with ASD-N.
Longitudinal findings show that boys with ASD-N show a gen-
eral increase in gyrification whereas TD boys have an

unchanging or decreasing LGI in right inferior frontal cortex,
right inferior parietal lobule, right inferior temporal cortex, and
left lingual gyrus. In ASD-DM boys, we did not observe differ-
ences in the trajectory of LGI from TD or from ASD-N boys, but
the analyses were underpowered with only 9 boys in the ASD-
DM subgroup with longitudinal MRI data.

The findings of previous cross-sectional studies of LGI in
ASD have provided varying results, including both reduced and
increased LGI. Regions reported to have reductions in LGI in
adolescent and adult participants with ASD include the inferior
frontal gyrus, precentral gyrus, supramarginal gyrus, inferior
parietal cortex, and cuneus/precuneus (Schaer et al. 2013;
Libero et al. 2014). There is also one report of children and
adults that found reduced LGI in ventromedial prefrontal cortex
in males with ASD, but increased LGI in this area in females
with ASD (Schaer et al. 2015). Regions reported to have
increased LGI in children and adults include the central sulcus,
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Figure 4. Differences in trajectory of LGI development in boys with ASD-N versus TD. Whereas change in LGI was negligible or negative for TD boys, the ASD-N group
showed an increase in LGI in the same period. This pattern is most obvious in these 4 cortical regions: right inferior frontal gyrus (IFG), right inferior parietal cortex
(IPC), right inferior temporal cortex (ITC), and left lingual gyrus (LG). The graphs depict boxplots of delta LGI data for each group at the vertex of highest significance

difference within each region with significant group differences.

cingulate cortex, inferior parietal and temporal cortices, precu-
neus, lingual gyrus, and lateral occipital cortex (Wallace et al.
2013; Ecker et al. 2016; Yang et al. 2016). Finally, one study
found no differences in LGI in adults with ASD (Koolschijn and
Geurts 2016), and another found no direct group differences,
but reported an age-dependent decrease in prefrontal and pari-
etal cortices in adolescents with ASD (Bos et al. 2015).

Our current findings of alterations in gyrification in the ven-
tral and medial temporal cortex do not overlap with regions
identified in previous studies. However, the current study dif-
fers from previous studies of LGI in that it examines much
younger boys with ASD during a relatively narrow age range of
3-5 years of age. Previous studies focused on older children,
adolescents and adults with ASD. Our findings in very young
children, close in time to the age of diagnosis, may represent
the earliest manifestations of altered gyrification in ASD.
Whether these alterations “normalize” over time, perhaps
through compensatory processes related to intervention, and
are thus not observed in older individuals with ASD remains
unknown.

One of the main findings in the current study is that the
majority of boys with ASD, those with normal brain size had
bilateral reductions of LGI in portions of the fusiform gyrus.
What are the implications of a reduction in LGI in the fusiform
cortex? Structurally, this means that boys with ASD have less
cortical folding in this region or a smoother gray matter sur-
face. The fusiform gyrus is anatomically located medial to the
occipitotemporal sulcus and lateral to the collateral sulcus.
Alterations in the curvature of these sulci and the crown of the
fusiform gyrus and/or the size and organization of the underly-
ing white matter could impact the LGI pattern of this region.
Functionally, the fusiform gyrus is critical to processing visual
information related to complex objects including faces, and
communicates with brain regions responsible for emotion and
higher order social cognition (Kanwisher et al. 1997; McCarthy
et al. 1997; Haxby et al. 2000, 2002; Kanwisher and Yovel 2006).
Many previous functional MRI studies in ASD have found
alterations in the activation of the fusiform gyrus as well as its
functional connectivity (Critchley et al. 2000; Schultz et al. 2000;
Pierce et al. 2001; Piggot et al. 2004; Wang et al. 2004; Kleinhans
et al. 2008, 2016; Koshino et al. 2008; Lynn et al. 2016; Whyte
et al. 2016). Behaviorally, the consequences of altered structure

or connectivity of the fusiform gyrus in ASD may manifest in
difficulties with facial recognition and memory (Weigelt et al.
2012). Although we did not observe clear associations between
LGI and the standardized behavioral assessments administered
through this study, it is possible that our measures were not
sensitive enough to detect more specific associations between
gyrification and functions known to be related to the fusiform
gyrus.

The process of gyrification is not clearly understood
although there are several theories of the formative processes.
These theories can be grouped into 2 major camps. Differential
tangential expansion theories of gyrification suggest that differ-
ential growth between regions or cortical layers leads to a buck-
ling of the cortical sheet (His 1874; Retzius 1891; Clark WELG
1945; Richman et al. 1975; Toro and Burnod 2005; Todd 2013;
Ronan et al. 2014) and formation of the characteristic patterns
of sulci and gyri. The competing tension-based theory posits
that neural connections forming in the second trimester pro-
duce local tension that pulls interconnected regions closer
together (Van Essen 1997; Mota and Herculano-Houzel 2012).
Based on this theory, the development of underlying white
matter may contribute to the development of cortical folding.
For boys with ASD-N, surface area was greater in the left fusi-
form gyrus but not different than TD boys in the right fusiform
gyrus. In this case, more cortical surface is not generating more
folds. Rather, boys with ASD-N had smoother fusiform cortex
compared with controls. It is possible that reduced white mat-
ter tension underneath is flattening the gyrus, but this cannot
be assessed in the current study. Although in vivo MRI lacks
the resolution to investigate the cellular processes that underlie
alterations in LGI, MRI studies can be used to direct the focus of
microscopic cellular investigations of the cortical underpin-
nings of ASD (and determine whether differences may be due
to greater cell proliferation or organization of cells or white
matter). To date, only a few studies in ASD have examined the
fusiform gyrus at a microanatomical level and none of these
studies related cellular alterations to cortical folding. One post-
mortem study of the fusiform gyrus in ASD found reduced neu-
ron densities in cortical layer III, reduced total neuron numbers
in layers III, V, VI, and mean perikaryal volumes of neurons in
layers V and VI (van Kooten et al. 2008). Cortical layer III is the
principal source of association connections, and cortical layer V
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is the main source of efferent connections to subcortical
regions, suggesting there may be microstructural disconnection
across the white matter network underlying the fusiform gyrus.
However, another postmortem study in ASD reported no differ-
ences in neuronal density or cytoarchitecture of the fusiform
gyrus in ASD (Oblak et al. 2011). In vivo, 2 diffusion MRI studies
have reported alterations in the diffusion properties of the fusi-
form white matter pathways in ASD (Conturo et al. 2008;
Sahyoun et al. 2010), supporting the possibility of disrupted
structural connectivity of the fusiform gyrus, which could
potentially reduce gyrification in the region. At this time,
though, there is not enough evidence to conclude with cer-
tainty whether cellular and/or connectivity alterations at a
microscopic level are driving alterations in gyrification in ASD.

Another novel finding from this study is that patterns of LGI
alterations in boys with ASD are different in different sub-
groups based on brain size. The heterogeneity of ASD is widely
recognized (Constantino and Charman 2016; Constantino 2018),
and recent studies have focused on the importance of identify-
ing subgroups or subtypes of ASD based on either behavioral or
biological characteristics. In this study, we examined a sub-
group of boys with disproportionately enlarged brains relative
to their height. Increased head or brain size has long been
observed in ASD (Piven et al. 1995; Lainhart et al. 1997,
Courchesne et al. 2001; Redcay and Courchesne 2005), and our
previous work has sought to determine whether individuals
with ASD and disproportionately large brains represent a dis-
tinct and clinically meaningful neurophenotype of ASD
(Nordahl et al. 2011; Ohta et al. 2015; Libero et al. 2016; Amaral
et al. 2017). In the current study, we observed an altered pattern
of cortical folding when compared not only to TD boys, but also
to the boys with ASD with normal brain size. The patterns dif-
fered not only in regional specification, but also in the direction
of the LGI. In contrast to decreases in gyrification observed in
the majority of ASD boys with normal brain size, boys in the
ASD-DM group exhibited increased gyrification. In addition,
boys with ASD-DM had significantly greater surface area in all
of the regions identified as having increased LGI. These findings
are not particularly surprising, given that those with larger
brains tend to have more gyrification and greater surface area
(Armstrong et al. 1995; Pakkenberg and Gundersen 1997; Im
et al. 2008). However, it should be noted that in the case of boys
with ASD-DM, the degree of cortical folding was not increased
across the entire cortex uniformly. Instead, LGI was increased
specifically in the right dmPFC and left cingulate cortex relative
to TD controls and more extensively in right paracentral lobule,
right entorhinal cortex, parahippocampal gyrus, and inferior
temporal gyrus, and left precentral gyrus compared to boys
with ASD-N. The finding that boys with ASD-DM have a distinct
pattern of cortical folding alterations provides further evidence
that they represent a distinct subgroup of ASD.

In typical development, larger brains tend to have greater
folding. And, increased cortical folding complexity is related to
increased intelligence (Gregory et al. 2016). In the current study,
we did not find a significant relationship between gyrification
and cognitive abilities. For TD boys, declining LGI in right infe-
rior frontal and temporal cortices was related to better cogni-
tive and adaptive abilities. At an uncorrected level we found
that in boys with ASD-DM, greater LGI in left cingulate gyrus
was associated with greater DQ and adaptive living skills. For
boys with ASD-N, greater LGI in right paracentral lobule LGI
was associated with increased repetitive behaviors. Our uncor-
rected findings (see Supplementary material) also found ASD
boys with greater increase in LGI across early childhood in

inferior temporal cortex had better socialization abilities.
Although regional alterations may translate to some behavioral
differences, within the context of ASD, overall brain enlarge-
ment and increased cortical folding complexity does not seem
to confer any major cognitive advantage.

A third interesting finding from this study is that boys with
ASD-N showed increasing gyrification between 3 and 5 years of
age compared to TD boys, who exhibited relatively stable or
slightly decreasing LGI over this time period. In typical develop-
ment, LGI is an age-dependent measure that changes over the
lifespan—increasing within the first 2 years of life (Li et al.
2014), then decreasing from 4 years-of-age through adulthood
(White et al. 2010; Alemdan-Gémez et al. 2013; Hogstrom et al.
2013; Mutlu et al. 2013; Klein et al. 2014; Li et al. 2014; Cao et al.
2017; Forde et al. 2017). The reduction in LGI across the lifespan
is driven by changes in curvature with age: across childhood
and adulthood sulci become wider, shallower, and more flat,
while gyri become steeper and more peaked (Magnotta et al.
1999; Rettmann et al. 2005; Kochunov et al. 2008, 2009; Pienaar
et al. 2008; Aleman-Gémez et al. 2013). It is unclear exactly why
cortical folding patterns change over time, but changes may
reflect dynamic developmental processes. For example, ongo-
ing synaptogenesis, synaptic pruning and progressive myelina-
tion alter cellular structure and the organization of gray and
white matter (Huttenlocher 1979, 1982, 1999; Paus et al. 2001;
Webb et al. 2001; Tau and Peterson 2010; Petanjek et al. 2011;
Grydeland et al. 2013). In the current study, we found the
expected pattern of decreasing or stable gyrification in TD boys,
but in participants with ASD, the LGI increased over time.
Further longitudinal examination of gyrification in ASD into
middle childhood may explain whether the developmental
curve is shifted (LGI development is delayed), or if the trajec-
tory is altogether different in the context of ASD.

In summary, this study identified distinct patterns of altered
gyrification in subgroups of boys with ASD based on brain size.
Findings include reduced LGI in the caudal fusiform gyrus in
young boys with ASD and normal brain size, and a pattern of
increased LGI in boys with ASD and disproportionate megalen-
cephaly. The current study also uncovered regional alterations
in the trajectory of LGI across early childhood in boys with ASD.
These findings emphasize the need for additional investiga-
tions following the same subjects across childhood and adoles-
cence, to better understand cortical development in the context
of ASD and its relationship to behavior. This study also highlights
the importance of investigating subgroups of ASD. In this case,
relative brain size has a significant impact on patterns of gyrifica-
tion in ASD—indicating the need for studies separate analyses
on individuals with ASD based on their neurophenotype.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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