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ARTICLE INFO ABSTRACT

Autism spectrum disorder (ASD) is a prevalent neurodevelopmental disorder characterized by atypical social
communication and repetitive behaviors. In this study, we applied a multimodal approach to investigate brain
structural connectivity, resting state activity, and surface area, as well as their associations with the core symp-
DTI toms of ASD. Data from forty boys with ASD (mean age, 11.5 years; age range, 5.5-19.5) and forty boys with
Resting-state fMRI typical development (TD) (mean age, 12.3; age range, 5.8-19.7) were extracted from the Autism Brain Imaging
f:;?;ce area Data Exchange II (ABIDE II) for data analysis. We found significantly decreased structural connectivity, resting

state brain activity, and surface area at the occipital cortex in boys with ASD compared to boys with TD. In
addition, we found that resting state brain activity and surface area in the lateral occipital cortex was negatively
correlated with communication scores in boys with ASD. Our results suggest that decreased structural connec-
tivity and resting-state brain activity in the occipital cortex may impair the integration of verbal and non-verbal
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communication cues in boys with ASD, thereby impacting their social development.

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
characterized by verbal and non-verbal communication deficits and re-
petitive behaviors (Lai et al., 2014). Despite the high prevalence of ASD,
our understanding of the neurobiological mechanisms underlying the
core symptoms of ASD is limited. Recently, multiple brain imaging tools
have been used to explore the mechanisms of autism and have found that
ASD is associated with atypical brain anatomical connectivity, gray
matter volume, and resting-state functional activity / connectivity (Aoki
et al., 2013; Bos et al., 2015; Di Martino et al., 2014; Schaer et al., 2013;
Travers et al., 2012). Literature also suggests that these different brain
imaging tools may investigate distinct aspects of brain structure
and function.

Diffusion tensor imaging (DTI) is a widely applied brain imaging
method used to investigate brain structural connectivity based on the
strength of water diffusion and degree of anisotropy. DTI studies have
shown that ASD is associated with disrupted white matter pathways,

including the superior longitudinal fasciculus, cingulum-cingulate gyrus
supracallosal bundle (CCG), forceps major of the corpus callosum
(FMAJ), forceps minor of the corpus callosum (FMIN), and uncinate
fasciculus (UNC) (Alexander et al., 2007; Aoki et al., 2013; Barnea-Goraly
et al., 2004; Brito et al., 2009; Kumar et al., 2010; Travers et al., 2012). In
addition, altered structural connectivity has been found to be correlated
with core symptoms of ASD (Aoki et al., 2013; Travers et al., 2012).
These findings suggest there may be significant microstructural abnor-
malities and alterations in the organization of white matter (WM) fibers
in ASD, which may impair normal brain functions.

Resting state fMRI is another widely used imaging method that in-
vestigates the brain mechanisms of ASD. There are many resting state
fMRI data analysis methods, some of which focus on long-range con-
nectivity among different brain regions, such as seed-based resting state
functional connectivity (Di Martino et al., 2013; Jung et al., 2014) and
independent component analysis (Uddin et al., 2013; von dem Hagen
et al., 2013), and others which, focus on local connectivity and examine
the properties of spontaneous local brain activity, such as fractional
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Abbreviations FMAJ Forceps major of the corpus callosum
FMIN Forceps minor of the corpus callosum

ABIDE II Autism brain imaging data exchange II ILF Inferior longitudinal fasciculus

ADI-R  Autism diagnostic interview-revised MD Mean diffusivity

ASD Autism spectrum disorder SCQ Social communication questionnaire

ATR Anterior thalamic radiation SRS Social responsiveness scale

BET Brain extraction tool TBSS Tract-based spatial statistics

CCG Cingulum-cingulate gyrus supracallosal bundle TD Typical development

CSF Cerebrospinal fluid TOI Tracts of interest

DTI Diffusion tensor imaging TRACULATracts constrained by underlying anatomy

fALFF  Low-frequency fluctuations UNC Uncinate fasciculus

FA Fractional anisotropy VBM Voxel-based morphometry

amplitude of low-frequency fluctuations (fALFF) (Di Martino et al., 2014;
Itahashi et al., 2015). One characteristic of local connectivity methods
such as fALFF is that unlike distant connectivity methods that explore the
association between different brain regions / networks, local connec-
tivity methods can help target key regions involved in ASD. For instance,
a previous study has shown that individuals with ASD have abnormal
fALFF at the dorsal lateral prefrontal cortex, insula, posterior medial
prefrontal cortex and occipital cortex compared to typical development
(TD) individuals (Di Martino et al., 2014), highlighting the involvement
of these regions in the pathology of ASD.

Recently, surface area analysis has also drawn the attention of autism
researchers. This method has the potential to provide information about
the intrinsic topology of the cerebral cortex and allow us to better un-
derstand the neurobiological mechanisms associated with brain alter-
ations in ASD (Ecker et al., 2015). For example, abnormal surface area
has been observed in the orbitofrontal and lateral occipital regions in
individuals with ASD (Ecker et al., 2015; Wallace et al., 2013), suggesting
the involvement of these regions in ASD.

Thus, neuroimaging evidence coming from DTI, fALFF, and structural
MRI will provide information about different aspects of brain structure
and function (i.e., white matter, local connectivity, and intrinsic topology
of the cerebral cortex). The combination of these methods in the same
cohort of participants will provide a more complete picture of the
neuropathology of autism, which will significantly enhance our under-
standing of the mechanism underlying autism.

Nevertheless, only a few studies have combined multiple imaging
modalities to explore brain anatomy, function, and connectivity simul-
taneously (Ecker et al., 2015; Libero et al., 2015). In a previous study,
Libero and colleagues (Libero et al., 2015) found that combining multiple
imaging modalities (structural MRI, DTI, 1H-MRS) may produce a high
classification rate (91.9%) when distinguishing between adults with ASD
and adults with TD. These findings have demonstrated the potential of
multiple imaging modalities in autism research.

In this study, we applied DTI, resting state fMRI, and structural MRI to
explore brain structural and functional changes in ASD, as well as the
association between these changes and clinical outcomes using data from
Autism Brain Imaging Data Exchange II (ABIDE II; http://fcon_1000.
projects.nitrc.org/indi/abide/), a recently launched DTI and resting-
state fMRI database. We hypothesized that individuals with ASD would
show reduced anatomical connectivity and resting state brain activity
compared to TD individuals. In addition, we predicted that these altered
brain functional and structural changes in ASD individuals would be
associated with ASD symptoms.

2. Materials and methods
2.1. Datasets

Data were extracted from Autism Brain Imaging Data Exchange II.
Among the four institutions which collected DTI data, we used

206

datasets from the two (New York University = NYU and Trinity Center
for Health Sciences = TCD) that collected the DTI data in a 3 T MRI
scanner (Friedman et al., 2008), and focused on subjects between 6
and 19 years old to minimize potential developmental effects (Dick-
stein et al., 2013). All subjects from the two institutions were included
in the data analysis if they met the following criteria: i) male (Bar-
on-Cohen et al., 2005, 2003), ii) full scale IQ (F-IQ) scores >80
(Dichter and Belger, 2007), iii) diagnosis of ASD based on DSM-IV-TR,
and assessed with the Autism Diagnostic Observation Schedule (Lord
et al,, 2000) or the Autism Diagnostic Interview-Revised (ADI-R)
(Lord et al., 1994), or both. Individuals completed both the Social
Responsiveness Scale (SRS), a 65-item rating measure that quantifies
severity of ASD (Constantino et al., 2003) and the Social Communi-
cation Questionnaire (SCQ), a validated, parent-report screening
measure that assesses the life-time severity of autism spectrum
symptoms (Chandler et al., 2007).

2.2. Image data acquisition

DTIL, resting-state fMRI scans, and anatomical scans were acquired on
Siemens Allegra (Siemens Healthcare GmbH, Erlangen, Germany; NYU)
and Philips 3 T Achieva (Philips Healthcare, Best, The Netherlands;
TCD) MRI scanners. All subjects were asked to relax with their eyes
open in the scanner. Site-specific protocols are detailed in Supple-
mental Table S1.

2.3. DTI data analysis

To detect and correct any artifacts introduced during the collection
of the DTI scan, we first computed the translation, rotation, portion of
slices, signal drop-out score over all slice base on the diffusion
weighted images (Yendiki et al., 2014), and any DTI volumes con-
taining one or more artifacts were excluded. Finally, DTI images were
corrected for head motion and eddy current artifacts using FSL (www.
fmrib.ox.ac.uk/fsl/) tools. To define the tracts of interest (TOI), we
performed voxel-wise analysis with tract-based spatial statistics (TBSS)
(Smith et al., 2006). The voxels of the white matter skeleton (FA > 0.2)
were registered to the FMRIB58_FA standard space template, the brain
was extracted from beta images using the Brain Extraction Tool (BET),
and the diffusion tensor model was fit using dtifit in FSL (Smith et al.,
2004). To specify structural connectivity in the human brain, we
investigated fractional anisotropy (FA) and track length of
white-matter pathways for each subject's native DTI using FreeSurfer's
TRActs Constrained by UnderLying Anatomy (TRACULA) package, an
automated probabilistic reconstruction package (Yendiki et al., 2011).
FA and track length for each subject were standardized into z-scores by
site, in order to reduce site-specific DTI parameter differences (White
et al., 2011).

A two-sample t-test was applied to compare FA and track length dif-
ferences between the two groups. The MRI site, FIQ, and age were also
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included in the model as covariates. For the whole-brain analyses using
TBSS, FSL's Randomize tool with threshold free cluster-enhancement
(Smith and Nichols, 2009) was used to perform 10000 permutation
tests with a significance threshold of p < 0.05 FWE corrected for multiple
comparisons across voxels (Walker et al., 2012).

2.4. Resting-state fMRI data preprocessing

Resting-state fMRI datasets were preprocessed with SPM12 software
(Wellcome Department of Cognitive Neurology, London, UK) and the
CONN functional connectivity toolbox (http://www.nitrc.org/
projects/conn) (Whitfield-Gabrieli and Nieto-Castanon, 2012).
Resting-state data were realigned to the mean image and then volumes
with a mean intensity >1.5% of the mean global signal or 0.5 mm/TR
framewise displacement were detected and removed using the ArtRe-
pair toolbox to reduce the effect of head movement after deleting the
first 10 vol (Bernard et al., 2016; Mazaika et al., 2009; Myers et al.,
2016; Redcay et al., 2013; Wang et al., 2016). We performed CompCor
correction and regressed out 6 motion parameters to reduce physio-
logical and other noise artifacts (Muschelli et al., 2014). In addition, to
investigate the effect of head motion and motion artifacts in resting
state, mean frame-to-frame motion and frame-wise displacement were
calculated for each participant. There were no significant differences in
mean frame-to-frame motion (p > 0.1). We also included frame-wise
displacement as a confounding factor in the group analysis, because
there was a difference between the TD and ASD groups (p value
is 0.042).

The fALFF calculation was performed using the REST toolbox (http://
resting-fmri.sourceforge.net). Temporal band-pass filtering of the func-
tional images (0.01-0.08 Hz) was used to remove low-frequency drift and
high-frequency noise. The time series for each voxel was transformed to a
frequency domain. The square root was calculated at each frequency of
the power spectrum, and the sum of the amplitude across 0.01-0.08 Hz
was divided by the square root across the entire frequency range.

To explore the between-group differences of fALFF patterns, two-
sample t tests were performed on the z-transformed fALFF maps be-
tween ASD and TD groups using Gaussian random field theory. Four
nuisance regressors (site, FIQ, frame displacement and age) were also
included in the model. Finally, we conducted regression analyses be-
tween different measures (fALFF, surface area, tensor-based measures of
track of interests using FA and track length) and core ASD symptom
severity (ADI-R, SCQ and total SRS scores), adjusting for data collection
site, FIQ, and age using SPSS. A threshold of Z > 2.3 and p < 0.05 cor-
rected was applied in data analysis.

2.5. Surface area analysis

Anatomical image preprocessing was performed using FreeSurfer,
version 5.3.0 (http://surfer.nmr.mgh.harvard.edu/) (Fischl, 2012). To
increase anatomical validation across individuals with ASD and TD,
FreeSurfer was used for segmentation of subcortical structures and
automatic tessellation of the cortical surface. Automated segmentation
and parcellation results were reviewed for quality and corrected by staff
individually, as described in previous studies (Fischl et al., 2004, 1999a,
1999b; Han et al., 2006). Gray matter surface parcellation of each indi-
vidual was based on the Desikan—Killiany parcellation atlas (Desikan
et al., 2006)

Between-group differences for whole-brain analysis were corrected
for multiple comparisons with a Monte Carlo z-field simulation at
p < 0.05 (two-tailed). Group level analysis was carried out with four
nuisance regressors (site, FIQ and age). In addition, we also defined re-
gions of interest (ROI) based on the results from DTI analysis. Specif-
ically, we defined 15 surface area ROIs connected to the DTI tracks that
showed significant differences between the TD and ASD groups (Sup-
plementary Table 2). A threshold of FDR p < 0.05 was applied for direct
comparisons of 15 ROIs.
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3. Results
3.1. Demographic and clinical characteristics

Forty boys with ASD (mean age, 11.5 years; age range, 5.5-19.5) and
forty boys with TD (mean age, 12.3; age range, 5.8-19.7) were selected
based on our inclusion criteria. There were significant differences in SRS
total scores (p < 0.001) and SCQ scores (p < 0.001) between the two
groups. There were no significant differences in site variation (p = 0.82),
IQ (p = 0.13), or age (p = 0.42) between the two groups. However, FIQ,
and age were included in the all group analysis as covariates for mini-
malizing developmental factors. Demographic and clinical characteristics
for all individuals are presented in Table 1.

3.2. DTI track

Tract-based spatial statistics revealed that the ASD group showed
decreased FA in the right inferior longitudinal fasciculus (ILF), bilateral
anterior thalamic radiation (ATR), bilateral CCG, right UNC, FMAJ, and
FMIN (Fig. 1A). There were no significant FA increases in the ASD group
compared to the TD group.

Probabilistic reconstruction analysis in TRACULA revealed that the
ASD group showed significantly decreased FA (p = 0.004) and track
length (p = 0.04) in the left CCG and right UNC (FA, p = 0.01; track
length, p = 0.04) (Fig. 1B). In addition, ASD individuals also showed a
negative correlation between the CCG track length and SCQ total scores
(p = 0.021; r = —0.396) (Fig. 3).

3.3. Resting state activation

The ASD group showed decreased fALFF in the right cuneus and
lateral occipital cortex compared to the TD group (Fig. 2). There were no
fALFF increases in the ASD group compared to the TD group.

Regression analysis showed that there was a negative correlation
between fALFF in the right lateral occipital cortex and ADI-R verbal
scores (p = 0.027; r = —0.369) (Fig. 3B).

3.4. Surface area and cortical thickness

Using whole-brain analysis, there were no significant differences in
surface area above the threshold we set between the ASD and TD groups.

Using ROI analysis, we found significantly reduced surface area at the
right pericalcarine cortex (FDR p < 0.05) and right cuneus cortex (FDR
p < 0.05) in the ASD group compared to the TD group. There was no
difference between the ASD group and TD group. Please see Supple-
mentary Table 3 and Table 4 for more details.

Regression analysis revealed significant negative correlations be-
tween surface area in the right lateral occipital cortex and ADI-R non-
verbal scores (p = 0.007; r = —0.439), ADI-R verbal scores (p = 0.001;
r = —0.522), and SRS total scores (p = 0.027; r = —0.362) (Fig. 4) in ASD
individuals. There was no significant relationship between age and group
differences (p values were below 0.1).

4. Discussion

In this study, we found that individuals with ASD had significantly 1)
decreased structural connectivity in the right UNC and left CCG and 2)
decreased fALFF and surface area in the right lateral occipital cortex and
cuneus cortex. Finally, we found that these decreases in structural con-
nectivity, fALFF, and surface area were associated with core symptoms of
ASD. Our results suggest that the right occipital cortex may play an
important role in the neuropathology of autism. We speculate the func-
tional and structural alternations in this region may impair the integra-
tion of visual information, resulting in atypical social communication in
individuals with ASD.

Our finding of decreased structural connectivity in the right UNC in
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Table 1
Demographic and clinical characteristics of the autism brain imaging data exchange (ABIDE).
Measure ASD TD ASD-TD
group difference
n mean range n mean range t value p value
Age (years) 40 11.5 (4.1) 6-19 40 12.3 (4.3) 6-19 —-0.81 0.42
FIQ 40 110.1 (14.1) 86-139 40 115.6 (13.1) 81-132 —-1.52 0.13
Iinstitution ratio 40 NYU =21, TCD = 19 40 NYU = 21, TCD = 19
ADI-R
Social 39 17.8 (5.4) 5-28 0
Verbal 39 14.7 (4.4) 8-23 0
Non-verbal 39 7.3(3.2) 2-14 0
ADOS total score 40 9.85 (3.6) 3-16 0
SRS total scores 40 76.8 (13.6) 42-107 39 43.7 (6.6) 34-59 13.6 < .0001
SCQ total score 39 17.4 (8.4) 0-31 39 2.6 (2.3) 0-8 10.6 <.0001

ADI-R = Autism Diagnostic Interview Revised; ADOS = Autism Diagnostic Observation Schedule; ASD = autism spectrum disorders; NYU = New York University; SCQ = Social
Communication Questionnaire; SRS = Social Responsiveness Scale; SD = standard deviation; TCD = Trinity Center for Health Sciences; TD = typically developing.

individuals with ASD is consistent with results from previous studies in
adults (Thomas et al., 2011), adolescents (Pugliese et al., 2009), and
children (Samson et al., 2016) with ASD. The UNC, which connects the
orbitofrontal cortex to the anterior temporal cortex, plays a putative role
in verbal communication and social emotional processing (Von Der
Heide et al., 2013). Previous studies have reported that reduced FA in the
right UNC is related to antisocial behavior (Craig et al., 2009), altered
verbal communication (Mabbott et al., 2009) and emotional cognition
(Schmahmann et al., 2008).

We also found decreased FA and tract length in the left CCG in ASD
individuals compared to TD individuals. Our findings support previous

studies demonstrating decreased FA in the left CCG in individuals with
ASD (Barnea-Goraly et al., 2004; Ikuta et al., 2014; Noriuchi et al., 2010).
The CCG connects the cingulate with other brain regions, and is the most
prominent white matter pathway in the limbic system (Basser et al.,
1994). This structure has also been associated with social interaction as
measured by emotional cognition tasks (Fujiwara et al., 2007).

Tract length in the CCG refers to the distance between the medial
frontal cortex and the occipital cortex (Catani and Thiebaut de Schotten,
2008). We found that decreased tract length of the left CCG to be asso-
ciated with increased SCQ total scores. The SCQ was designed to focus
not only on communication, but also on social interaction and restricted,

TD >ASD

Left CCG; FA (p =0.004)
length (p =0.04)

Right UNC; FA (p =0.01)
length (p =0.04)

Fig. 1. A: Results of tract-based spatial statistics analysis of fractional anisotropy (FA). Differences were observed in the right inferior longitudinal fasciculus (ILF), bilateral anterior
thalamic radiation (ATR), bilateral cingulum - cingulate gyrus supracallosal bundle (CCG), right uncinate fasciculus (UNC), corpus callosum - forceps major (FMAJ), and corpus callosum —
forceps minor (FMIN) between individuals with autism spectrum disorder (ASD) and individuals with typical development (TD). Results were obtained with threshold-free cluster
enhancement with number of permutations set at 10000 (p < 0.05 FWE corrected). B: Results of probabilistic reconstruction analysis. Reconstructed brain map of left CCG (green) and right
UNC (red) in a study individual, using the global probabilistic algorithm proposed in TRACULA software. ASD group showed decreased FA (p = 0.004) and track length (p = 0.04) in the
left CCG. ASD group also showed decreased FA (p = 0.01) and track length (p = 0.04) in the right UNC. One way analysis of covariance was performed with three regressors (site, IQ, and

age) using SPSS (p < 0.05).
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Fig. 2. Relationship between CCG and core symptom severity. Reconstructed brain map of left CCG (green) in a study individual, using the global probabilistic algorithm proposed in
TRACULA software. Difference in lateral occipital cortex is correlated with ADI-R non-verbal score (p = 0.007; r = —0.439).

repetitive, and stereotyped behaviors (Chandler et al., 2007). A recent
study showed a significant positive correlation between the functional
activation of the CCG and the functional activation of the default mode
network (DMN), a network involved in social cognition (van den Heuvel
et al., 2008). Taken together, these results suggest that the hallmark of
ASD, atypical social interaction and verbal-communication, may stem
from decreased structural connectivity in the UNC and CCG.
Individuals with ASD had significantly decreased fALFF in the right
lateral occipital cortex and cuneus cortex compared to TD individuals.
This results are consistent with several recent studies which reported
decreased fALFF in the right occipital cortex of ASD individuals (Di
Martino et al., 2014; Itahashi et al., 2015). The occipital cortex is
involved in nonverbal and verbal communication, including face
perception (Aleman and Swart, 2008; Gauthier et al., 2000; Gschwind

A

cuneus

lateral occipital

FMAJ

lateral occipital

et al., 2012; Pierce et al., 2004), mentalizing (Libero et al., 2014) and
language development (Lombardo et al., 2015). A previous study indi-
cated that ASD individuals have difficulty integrating verbal and
nonverbal cues during social interactions, which we speculate may be
due to the decreased activation of the lateral occipital cortex (Hubbard
et al., 2012). Further, altered resting-state functional activation of the
lateral occipital area is associated with abnormal local and global visual
processing in ASD (Abrams et al., 2013; Keown et al., 2013). Our results
may provide an explanation for the atypical communication processing
in the lateral occipital cortex in individuals with ASD.

Our results demonstrate that individuals with ASD have significantly
reduced gray matter surface area in the occipital cortex, including the
lateral occipital cortex, cuneus cortex, and pericalcarine cortex. This
result is in line with our DTI and fALFF results, further highlighting the
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Fig. 3. A: Group differences in fractional amplitude of low-frequency fluctuations (fALFF). Yellow represents higher fALFF in the typical development (TD) group compared to the autism
spectrum disorder (ASD) group in the right lateral occipital cortex and right cuneus cortex (voxel-level Z = 2.3; cluster significance: P = 0.05, gaussian random field theory corrected).
Inflated brain map shows average surface area using Freesurfer. Color in brain map was calculated using parcellation in Freesurfer. Bar graph depicting fALFF contrast values at x = 4,
y =100, z = 6 in the lateral occipital cortex (right). B: Relationship between fALFF and core symptom severity. Brain map shows average surface area on inflated brain using parcellation by
Freesurfer. Cyan shows significant group difference between ASD and TD. Cyan track shows forceps major white matter pathway. fALFF group difference in the lateral occipital cortex is
correlated with ADI-R verbal score (p = 0.027, r = —0.369). Coefficient was calculated with adjustment for site, FIQ, and age using SPSS.
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Fig. 4. Relationship between surface area and core symptom severity. Brain map shows average surface area on inflated brain using parcellation in Freesurfer. Navy indicates right lateral
occipital area. Left: Surface area difference in lateral occipital cortex is correlated with ADI-R non-verbal score (p = 0.007; r = —0.439). Middle: Surface area difference in lateral occipital
cortex is correlated with ADI-R verbal score (p = 0.001; r = —0.522). Right: Surface area difference in lateral occipital cortex is correlated with Total SRS score (p = 0.027; r = —0.362).

Coefficients were calculated with adjustments for site, IQ, and age using SPSS.

role of the occipital cortex in ASD (Duerden et al., 2012; Nagels et al.,
2015). Recent studies have demonstrated that multimodal neuroimaging
may help reveal specific neurodevelopmental differences in brain struc-
ture, function, and connectivity simultaneously (Ecker et al., 2015), of-
fering us a more comprehensive understanding of the pathology of ASD.
(Ecker et al., 2015; Libero et al., 2015). In our study, fALFF and surface
area measurements provided us with valuable, but different information
about the role of the occipital cortex in the pathology of ASD.

We only found structural and functional changes in the right occipital
cortex, which seems inconsistent with previous studies showing bilateral
occipital cortex abnormalities in individuals with ASD (Di Martino et al.,
2014; Wallace et al., 2013). However, at a less conservative threshold, we
also found reduced fALFF (p < 0.005 uncorrected, cluster size 72) and
surface area at the left occipital cortex (Supplementary Table 3). Our
results suggest the right occipital abnormality is more predominant in
ASD. Further studies are needed to validate our findings.

In this study, we included autism patients from 6 to 19 years old.
Previous studies suggest that imaging abnormalities may not be static in
autism through childhood and adolescence (Bos et al., 2015; Dickstein
et al., 2013). In this study, there was no association between age and
group differences among DTI, fALFF, and surface analysis results. A
recent study (Bos et al., 2015) also did not find any interaction between
group and age in surface area results in a similar age range (8-18 years).
We speculate that although some imaging abnormalities are not static in
autism through childhood and adolescence, others may be present in
both childhood and adolescence.

There are several limitations in this study. First, we only included
boys between 6 and 19 years old in our study to increase the homoge-
neity, therefore whether our findings can be generalized to different age
and genders remains unclear. In addition, we only reported a sample size
of 40 ASD individuals due to our stringent selection criteria. Future
studies are needed to replicate our findings with a larger sample size.

5. Conclusions

Using a multimodal approach, we found that ASD is associated with
decreased structural connectivity and resting-state brain connectivity in
the occipital cortex. This disruption may impair the integration of visual
communication cues in individuals with ASD, thereby impacting social
communication in adolescent boys.
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