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Growing evidence suggests that a broad range of behavioral anomalies in people with autism spectrum disorder
(ASD) can be linked with morphological and functional alterations in the brain. However, the neuroanatomical
underpinnings of ASD have been investigated using either structural magnetic resonance imaging (MRI) or
diffusion tensor imaging (DTI), and the relationships between abnormalities revealed by these twomodalities re-
main unclear. This study applied a multimodal data-fusion method, known as linked independent component
analysis (ICA), to a set of structuralMRI andDTI data acquired from46 adultmaleswith ASDand46matched con-
trols in order to elucidate associations between different aspects of atypical neuroanatomy of ASD. Linked ICA
identified two composite components that showed significant between-group differences, one of whichwas sig-
nificantly correlated with age. In the other component, participants with ASD showed decreased gray matter
(GM) volumes inmultiple regions, including the bilateral fusiform gyri, bilateral orbitofrontal cortices, and bilat-
eral pre- and post-central gyri. These GM changes were linked with a pattern of decreased fractional anisotropy
(FA) in several white matter tracts, such as the bilateral inferior longitudinal fasciculi, bilateral inferior fronto-
occipital fasciculi, and bilateral corticospinal tracts. Furthermore, unimodal analysis for DTI data revealed signif-
icant reductions of FA alongwith increasedmean diffusivity in those tracts for ASD, providing further evidence of
disrupted anatomical connectivity. Taken together, our findings suggest that, in ASD, alterations in different
aspects of brainmorphologymay co-occur in specific brain networks, providing a comprehensive view for under-
standing the neuroanatomy of this disorder.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Recent magnetic resonance imaging (MRI) studies have examined
multiple aspects of structural abnormalities in the brain of autism spec-
trumdisorder (ASD), including graymatter (GM) density, cortical thick-
ness, and white matter (WM) microstructures (e.g., Barnea-Goraly
et al., 2010; Ecker et al., 2013; Hadjikhani et al., 2006; Kosaka et al.,
2010). Among several others, voxel-based morphometry (VBM) is
pmental Disabilities Research,
a-ku, Tokyo 157-8577, Japan.

).

. This is an open access article under
perhaps one of the most widely used methods for evaluating GM alter-
ations and, using thismethodology, volumetric abnormalities have been
revealed in various regions in the ASD brain (Boddaert et al., 2004;
Bonilha et al., 2008; Ecker et al., 2012; Greimel et al., 2013; Hyde et al.,
2010; Kosaka et al., 2010; McAlonan et al., 2008; Rojas et al., 2006;
Waiter et al., 2004). These regions include the bilateral fusiform gyri,
bilateral hippocampus, right amygdala, right insula, right inferior frontal
gyrus, and cerebellum (see Cauda et al., 2011; Duerden et al., 2012; for
review); many of these regions are thought to play crucial roles for
social, cognitive, and affective functions that are profoundly impaired
in ASD.

On the other hand, atypical WMmicrostructure in people with ASD
has been examined using diffusion tensor imaging (DTI), a technique
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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used to quantify different aspects of water diffusion within a tissue
(i.e., anisotropy, magnitude, and type of anisotropy). Previous DTI
studies have demonstrated that individuals with ASD show atypical
fractional anisotropy (FA) values in several major WM tracts, includ-
ing the bilateral inferior longitudinal fasciculi, bilateral inferior
fronto-occipital fasciculi, bilateral uncinate fasciculi, and bilateral
corticospinal tracts (Bakhtiari et al., 2012; Barnea-Goraly et al.,
2010; Billeci et al., 2012; Gibbard et al., 2013; Jou et al., 2011;
Kleinhans et al., 2012; Weinstein et al., 2011), many of which are ac-
companied with alterations in mean diffusivity (MD) (e.g., Kleinhans
et al., 2012). FA is a commonly used metric that represents the de-
gree of anisotropy of water diffusion, while MD quantifies themagni-
tude of water diffusion. In addition, Ennis and Kindlmann (2006)
have recently introduced a new metric named mode of tensor (MO),
which specifies the type of anisotropy, ranging from planar to linear.
Although no studies to date have examined possible alterations in MO
of ASD, its applicability has been demonstrated in a recent study of
mild cognitive impairment in which abnormalities had been detected
only in MO but not in FA (Douaud et al., 2011). Therefore, analysis of
MO may further reveal previously undetected WM abnormalities in
the ASD brain.

While single modality analyses of VBM and DTI have already gener-
ated many findings on structural alterations in the ASD brain, the inter-
related associations between these alterations are poorly understood.
Visual inspection of patterns of GM andWM alterationsmay be sugges-
tive of some common pathological changes affecting brain regions and
their connecting pathways such as the network involved in cognitive
and affective functions, including the ventrolateral amygdala, lateral
orbitofrontal cortex, and fusiform gyrus. In an effort to investigate
such possibilities, several recent studies have adopted a new approach
in which multimodal brain imaging data are collected from the same
subject. Indeed, multimodal brain imaging is increasingly playing
important roles in revealing structural–structural (i.e., gray and white
matters) or structural–functional associations in normal (Ethofer et al.,
2011; Li et al., 2013) and clinical populations, including Alzheimer3s dis-
ease (Jacobs et al., 2012), schizophrenia (Schlosser et al., 2007), autism
(Beacher et al., 2012; Mengotti et al., 2011), and other diseases
(Ambrosi et al., 2013; Haller et al., 2013; Quinque et al., 2012; Ruef
et al., 2012). For instance, Kana et al. (2014) acquired functional MRI
(fMRI) data during a social cognition task and DTI data from each indi-
vidual with ASD and normal control; the multimodal data were ana-
lyzed separately, and then combined together only when interpreting
resultant statisticalmaps. Although such approaches can surely advance
our understanding of relationships between different aspects of abnor-
malities in the ASD brain, it has limitations in its detectability and inter-
pretability since different modalities are integrated after separate
statistical analyses. Therefore, new mathematically grounded methods
of fusing different imaging modalities will be needed to obtain a more
comprehensive view for the neuroanatomical underpinnings in the
ASD brain.

Several new methods have been proposed in order to fuse multi-
modal data in a data-driven way (Sui et al., 2012, 2013c). Moreover,
these new methods have been applied to several combinations of
modalities such as DTI and fMRI (e.g., Franco et al., 2008; Groves et al.,
2012; Mangalathu-Arumana et al., 2012; Sui et al., 2011, 2013b; Teipel
et al., 2010). For instance, linked independent component analysis
(ICA) is a recently developed,multimodal data-fusionmethod proposed
by Groves et al. (2011), which decomposes multimodal dataset into a
set of statistically independent components linked in terms of a shared
loading matrix, each column of which represents subject-course (or
component loading) shared across modalities. Furthermore, previous
studies have suggested that experience-driven plasticity or neurotroph-
ic effects might induce co-variation between cortical regions and their
relevant WM pathways (Lerch et al., 2006; Pascual-Leone et al., 2005;
Pezawas et al., 2004). Considering these findings, the present study ex-
amined thepossibility that linked ICA can be used to detect co-occurring
alterations in GM andWM that underlie various clinical manifestations
in ASD.

The present study aimed to uncover co-occurring alterations in GM
morphology and WM microstructure of the ASD brain using linked
ICA. Given numerous VBM and DTI studies indicating abnormalities in
GM regions and WM tracts, we expected that our linked ICA analysis
would identify patterns of atypical shared loadings in some composite
components. Furthermore, we expected that such GM and WM abnor-
malities would be largely found in areas responsible for impaired cogni-
tive and affective functions in ASD, possibly regions related to core
clinical problems such as social cognition and interaction.

2. Materials and methods

2.1. Participants

Forty-six adult males with ASDwere recruited from outpatient units
of the Karasuyama Hospital, Tokyo, Japan. All patients were assessed by
a team of three experienced psychiatrists and a clinical psychologist,
and thenwere diagnosedwithASD, based on the criteria of theDiagnos-
tic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV)
and a medical chart review. The assessment consisted of participant
interviews about developmental history, present illness, life history,
and family history assessed independently by a psychiatrist and a clini-
cal psychologist in the team. Patients were also asked to bring suitable
informants who had known them in early childhood. At the end of the
interviews, the patients were formally diagnosed with a pervasive
developmental disorder by the psychiatrist if there was a consensus
between the psychiatrists and the clinical psychologist; this process
required approximately 3 h. A pair of psychiatrists and the clinical psy-
chologist also confirmed that none of the patients met the DSM-IV
criteria for any other psychiatric disorder. A total of 46 age-matched
normal male controls (NCs) were recruited by advertisements and
acquaintances. None of the NCs reported any severe medical problem,
or any neurological or psychiatric history. None of them satisfied the di-
agnostic criteria for any psychiatric disorder. The intelligence quotient
(IQ) scores of all participants with ASD were evaluated using either
the Wechsler Adult Intelligence Scale—Third Edition (WAIS-III) or the
WAIS—Revised (WAIS-R), while those of NCs were estimated using a
Japanese version of the National Adult Reading Test (JART) (Matsuoka
et al., 2006). Every participantwith ASDwas considered to be high func-
tioning since their full-scale IQ scores were higher than 80. Handedness
was assessed using the Edinburgh Handedness Inventory (Oldfield,
1971). Participants completed the Japanese version of the Autism-
Spectrum Quotient (AQ) test (Wakabayashi et al., 2006).

Table 1 showed the demographic and clinical data of participants in
both the ASD and NC groups. Age and IQ were matched between
the two groups (all p N 0.15). The Edinburgh handedness score of
the NC group was significantly higher than that of the ASD group
(p = 0.01). At the time of the MRI scans, 14 of the 46 participants
with ASD were using one or more of the following medications:
anti-depressants (9 patients), hypnotic drugs (9 patients), anti-
anxiety drugs (7 patients), anti-epileptic drugs (4 patients), and
anti-psychotic drugs (4 patients). Thirteen of the 46 participants
with ASD received cognitive behavioral therapy (CBT) and/or social
skills training (SST) at the day-care center of Karasuyama Hospital.
None of the participants attended the therapy or training sessions
longer than 12 h per week (on average 3 h per week). In this study,
one or both of the Autism Diagnostic Observation Schedule (ADOS)
Module 4 (Lord et al., 2000) and/or the Diagnostic Interview for So-
cial and Communicative Disorders (DISCO), a structured and validat-
ed interview procedure for the diagnosis of autism (Maljaars et al.,
2012; Wing et al., 2002), were administered to 28 of the 46 partici-
pants with ASD by trained and experienced psychiatrists. Nine sub-
jects were confirmed to satisfy the diagnostic criteria for ASD by
the DISCO, while 9 subjects were confirmed to satisfy the diagnostic



Table 1
The demographic data for the participants.

NC (n = 46) ASD (n = 46) Statistics

Mean SD Range Mean SD Range df p-Value

Age (years) 30.54 6.39 19–47 30.21 7.48 19–50 90 0.82
Full-scale IQ 109.22 7.47 95.5–119.8 106 14.22 82–134 90 0.18
Handedness 90.88 23.17 5.3–100 61.88 68.02 −100–100 86 0.01
AQ score 15.42 6.04 3–30 35.90 4.90 24–47 80 b0.001
ADOS
Total 13.26 3.75 5–20
Communication 4.7 2.02 2–9
Social reciprocity 8.53 2.22 3–11

Note: WAIS-III or -R was administrated to all participants with ASD, and the IQ score was estimated for all NCs based on JART.
The AQ score was collected from 36 NCs and all participants with ASD.
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criteria for ASD by the ADOS; the remaining 10 subjects were con-
firmed by both the DISCO and ADOS. In two subject, the total ADOS
scores were lower than the cut-off score (b7); however, one of
these subjects satisfied the cut-off scores for the “communication”
and “social reciprocity” subscales of ADOS, while the other subject
satisfied the cut-off score for the “communication” subscale of
ADOS with the DISCO further confirming the diagnosis of ASD in
this subject; therefore, we regarded these two participants as being
part of the ASD group in this study.

2.2. MRI data acquisition

All MRI data were acquired using a 1.5 Tesla GE, Signa system
(General Electric, Milwaukee, WI, USA) with a phased-array whole-
head coil. Diffusion-weighted images were acquired using an echo-
planar imaging (EPI) acquisition sequencewith one b0 image and 30 di-
rections of diffusion gradients (in-plane resolution: 1.875 × 1.875 mm,
3 mm slice thickness with no gap, repetition time (TR): 12 s, echo
time (TE): 78.9 ms, flip angle: 90°, b-value = 1000 s/mm, matrix size:
128 × 128, 50 axial slices, number of excitation = 2). In addition, a
high-resolution T1-weighted spoiled gradient recalled (SPGR) 3D MRI
image was collected (in-plane resolution: 0.9375 × 0.9375 mm,
1.4 mm slice thickness, TR: 25 ms, TE: 9.2 ms, matrix size: 256 × 256,
128 sagittal slices).

2.3. Data preprocessing

2.3.1. DTI data preprocessing and statistics using TBSS
All diffusion-weighted images were preprocessed using the FMRIB3s

Diffusion Toolbox (FDT) software, which is a part of the FMRIB3s Soft-
ware Library (FSL) version 5. 0. 0 (Smith et al., 2004). First, raw data
were visually inspected and were discarded when any artifacts, includ-
ing large intensity differences in any of the slices and checkers, were ob-
served in any volume; eddy current correction was then performed for
each participant. Then, the motion-corrected data were further visually
inspected to detect any artifacts or registration errors; no participant in
this study was excluded due to excessive artifact-contaminated vol-
umes (N10 removed volumes) (Jones, 2004; Papadakis et al., 2000). To
confirm whether or not our visual inspection was able to detect vol-
umes with artifacts, the quality of the data was further assessed using
the DTIPrep software (Oguz et al., 2014). We found that no additional
disrupted volumes were detected. After removing the corrupted vol-
umes, the gradient files (i.e., bval and bvec files) were modified to
reflect these changes. Then, the tensor model was used to obtain
semi-quantitative scalar measures, such as FA, MD, and MO. Finally,
we visually inspected the FAmap obtained by the aforementioned pro-
cedure for additional distortions (e.g., red-colored or blurred FA maps).
None of the participant in this study showed such abnormal FA patterns.

A total of 92 FA maps obtained by the aforementioned procedures
were further preprocessed with a standard protocol of tract-based
spatial statistics (TBSS; Smith et al., 2006). First, all FA images were
aligned to a common space using the nonlinear registration tool
FNIRT, which uses a b-spline representation of the registration
warp field (Andersson et al., 2007). A mean FA image and mean FA
skeleton, representing the centers of all tracts common to all partici-
pants, were then created. FA values of individual voxels were projected
onto the mean FA skeleton for each participant. For subsequent analy-
ses, MD and MO maps were also projected onto the mean FA skeleton
using the affine and non-linear transformations applied to FA maps.

For between-group comparison, a permutation-based nonparamet-
ric testing with 5000 permutations was independently performed on
skeletonized FA, MD, andMOmaps. Results were corrected for multiple
comparisons using threshold-free cluster enhancement (TFCE) imple-
mented in FSL (Smith and Nichols, 2009). Of note, age was included as
a nuisance covariate. Significance level was set to p b 0.05. If any signif-
icant between-group differences were detected, associations between
DTI measures and autism scales (AQ and ADOS scores) were investigat-
ed for voxels showing significant alterations, while including age as a
controlling variable.

2.3.2. T1-weighted image preprocessing and statistics using VBM
All T1-weighted images were preprocessed using FSL-VBM (Douaud

et al., 2007; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM/), an optimized
VBM protocol (Good et al., 2001) carried out with FSL tools. First, each
T1-weighted image was brain-extracted using the Brain Extraction Tool
(BET), and then tissue-type segmentation was performed using FAST
(Zhang et al., 2001). Next, the resulting images were aligned to the Mon-
treal Neurological Institute (MNI) 152 standard space. The aligned images
were averaged to create a study-specific template, to which native GM
imageswere thennon-linearly registeredusing FNIRT. The registeredpar-
tial volume imageswere thenmodulated to correct for local expansion or
contraction by dividing the Jacobian of the warp field. Finally, the modu-
lated segmented images were spatially smoothed using an isotropic
Gaussian kernel with a sigma of 4 mm (FWHM= 9.4 mm).

As was the case with TBSS analysis, a permutation-based non-
parametric testing with 5000 permutations was performed on the
smoothed, modulated, and segmented GM volumes for between-
group comparison. The result was corrected for multiple comparisons
using TFCE (Smith and Nichols, 2009). Of note, age and total brain vol-
ume (TBV) (described below) were included as nuisance covariates. If
any significant between-group differences were detected, associations
between GM volume and autism scales (AQ and ADOS scores) were in-
vestigated for voxels showing significant alterations, while including
age as a controlling variable.

In addition, for each participant, brain tissue volumes normalized for
head size were estimated with SIENAX (Smith et al., 2002). Briefly,
brain and skull images were first extracted from the original T1-
weighted images; then, brain images were affine-registered to the
MNI 152 standard space (Jenkinson et al., 2002; Jenkinson and Smith,
2001). Finally, tissue-type segmentationwith partial volume estimation
was carried out in order to calculate the total volume of brain tissue
(Zhang et al., 2001).

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fslvbm/


Table 2
The MNI coordinates and cluster sizes of seed and target masks used for probabilistic
tractography.

Brain region MNI coordinate
(center of gravity)

Size

x y z

Right fusiform gyrus 34.3 −59 −17.4 873
Right anterior temporal pole 54.3 5.4 −19.3 535
Right orbitofrontal cortex 22.7 35.1 −17.4 645
Left putamen −25.3 9.8 −0.2 244
Left pre- and post-central gyri −44.6 −21.7 50 2703
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2.4. Linked ICA

Linked ICA was performed to investigate the associations between
GM morphology and WM structure in terms of shared component
loadings. In this study, a VBM measure (GM volume) and three DTI
measures (FA, MD, and MO) were fed into the linked ICA algorithm
as a set of inputs based on a previous study (Groves et al., 2011).
Since MO is mathematically orthogonal to FA and MD, inclusion of
this metric might have facilitated evaluation of associations be-
tween the two different aspects in the ASD brain. The linked ICA
method has been described in details elsewhere (Groves et al.,
2011, 2012). Briefly, this method is a data-driven approach for fus-
ing multimodal data. This approach decomposes the given data
into a set of statistically independent components and a loading ma-
trix shared across modalities, each column of which indicates the
degree of contribution of the corresponding component for each
participant. Although linked ICA originally proposed with a tensor
(multidimensional array) model configuration, the present study
used a flat model configuration that required no assumption about
the spatial alignment among DTI measures of FA, MD, and MO. Of
note, all input data were down-sampled for computational efficiency
(DTI data: 2 × 2 × 2 mm3, GM: 4 × 4 × 4 mm3), using the procedure
employed by a previous study (Groves et al., 2012). In this study, the
spatial smoothness (i.e., the degree of freedom per voxel) of each
modality was estimated based on the eigenspectrum of the data
(Beckmann and Smith, 2004). The degrees of freedom per voxel were
estimated as 0.019 for FA, 0.015 for MD, 0.026 for MO, and 0.007 for
GM. The number of independent components was set to 90, because a
high-dimensional model can segregate meaningful components from
artifactual components, as has been demonstrated by previous studies
(Groves et al., 2011, 2012).

Statistical analysis for the group comparison was performed using a
general linear model implemented in the Statistics toolbox for MATLAB
(R2012a; MathWorks). Themain effect of group (Gi) for each column of
the shared loading matrix,H, obtained by the linked ICA was estimated
by fitting a general linear model with age and total brain volume as
covariates as follows:

hi j ¼ β0 þ β1Gi þ β2Agei þ β3TBVi þ εi j;

where εij is the residual error of the (i,j)-th element of the shared load-
ing matrix. For each column of the shared loading matrix, between-
group difference was estimated from β1 normalized by the correspond-
ing standard error, and a false discovery rate (FDR) correction was used
for multiple comparisons (Storey, 2002). If any significant between-
group differences were found, associations between the altered compo-
nent loadings and other variables (age, TBV, AQ, and ADOS scores)were
further investigated using correlation analyses.

It should be noted that the signs (positive or negative) of the
component loadings and the corresponding components were es-
sentially ambiguous due to the sign indeterminacy of ICA (Comon
and Jutten, 2010). Therefore, one needs to take into account the com-
bination of the signs of the z-stats of the component maps and those
of the component loadings to correctly interpret the results of the
linked ICA regarding the direction of alteration (i.e., reductions or in-
creases) in one group with reference to the other. For example,
voxels with positive z-stats will be regarded as being increases in
VBM and DTI metrics for the NC group (i.e., NC N ASD) if the mean
component loading of the ASD group is smaller than that of the NC
group (Supplementary Fig. 1A). On the other hand, voxels with neg-
ative z-stats will also be regarded as being increases in the metrics
for the NC group (i.e., NC N ASD) if the mean component loading of
the ASD group is greater than that of the NC group (Supplementary
Fig. 1B). For simple illustrative examples exhausting all possible
cases, see Supplementary Fig. 1.
2.5. Probabilistic tractography

It turned out that two of the 90 composite components showed sig-
nificant between-group differences (see Results). In one of the compo-
nents (component #13), we observed widespread GM alterations
involving multiple brain regions critically implicated in the pathophys-
iology of ASD, such as the bilateral fusiform gyri, bilateral orbitofrontal
cortices, and bilateral motor cortices. To elaborate the relationship be-
tween the spatial patterns in the GM andWMmaps of that component,
we delineated anatomical connections between some of themajor clus-
ters in the GM map using probabilistic tractography (Behrens et al.,
2007). Among the many pairs of brain regions identified in the GM
map of component #13, we reasoned that clear relationships with
WM maps could be shown at least for the following three connections
by tractography: (1) connection between the right fusiform gyrus and
right anterior temporal pole, because these regions have been implicat-
ed in face perception (Cohen Kadosh and Johnson, 2007) and are ana-
tomically connected via the right inferior longitudinal fasciculus;
(2) connection between the right anterior temporal pole and right
orbitofrontal cortex, because these regions have been implicated in
the integration of emotion with cognitive behavior (Catani et al.,
2013) and are connected via the right uncinate fasciculus; and (3) con-
nection between the left putamen and left pre- and post-central gyri,
because these regions are involved in motor control (Stoodley et al.,
2012) and are connected via the left corticospinal tract. Note that
these three functions are significantly impaired in ASD and that these
tracts have been reliably reconstructed in previous DTI tractography
studies (e.g., Catani and Thiebaut de Schotten, 2008). Because the orig-
inal GM map obtained by the linked ICA included large voxel clusters
extending into multiple brain regions, the map was thresholded to
yield distinct clusters for seed and target regions with moderate sizes
(z b −6.0 for the right anterior temporal pole; z b −2.3 for the left
putamen; z N 2.3 for the right orbitofrontal cortex; z N 6.0 for the right
fusiform gyrus and left pre- and post-central gyri). TheMNI coordinates
and the number of voxels of seed and target regions are listed in Table 2.

For each participant, probabilistic tractography was performed from
all voxels in each seed mask using probtrackx2 implemented in FSL
(Behrens et al., 2007). In order to discard streamlines that crossed to
the contralateral hemisphere, an exclusion mask was generated on the
standard space (MNI coordinate: x = 0). For each participant, a seed,
target, and exclusion masks defined on the standard space were then
transformed into a native DTI space. For each voxel within the seed
mask, 5000 streamlines were sampled with a step length of 0.5 mm
and a curvature threshold of 0.2. The streamlines were terminated
when they reached to the target mask. Streamlines that did not pass
or reach to the targetmaskwithin 2000 stepswere discarded. By adding
the exclusion mask, streamlines that crossed to the contralateral hemi-
sphere were also discarded.

To visualize the spatial distribution of the connection between each
pair of seed and target regions, we created a tract representing the spa-
tial overlap of the streamlines across all participants. For each partici-
pant, a tract obtained by probabilistic tractography was divided by the
total number of successful streamlines and binarized by setting voxels
having greater than 0.01 to 1 and the remaining voxels to 0. The
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binarized tract was transformed from a native DTI space into the stan-
dard space. The binarized tracts in the standard space were then
summed across all participants and divided by the total number of
participants (n = 92). We further binarized the normalized tract
by setting voxels having greater than 0.1 to 1 and the remaining
voxels to 0, to reconstruct a representative tract. Finally, we examined
the spatial overlap between each reconstructed WM tract and the
voxels in the FA map of component #13 by overlaying the two in a sin-
gle figure.

3. Results

3.1. Results of VBM and TBSS analyses

VBM analysis on GM revealed no clusters of voxels that showed
between-group difference beyond the significance level. In contrast,
TBSS analysis revealed that widely distributed patterns of alterations
in FA and MD values, but not in MO values, in participants with ASD
when compared to NCs (Fig. 1). More specifically, participants with
ASD showed significant FA reductions in projection fibers (the bilateral
corticospinal tracts and bilateral anterior thalamic radiations), commis-
sural fibers (the body and splenium of the corpus callosum), and associ-
ation fibers (the left uncinate fasciculus, bilateral inferior and superior
Fig. 1.Decreased fractional anisotropy and increasedmean diffusivity in participantswith autism
with autism spectrum disorder (ASD) showed widespread fractional anisotropy (FA) reduction
similarwhitematter tracts (B). For each statistical analysis, significance levelwas set at p b 0.05,
R: Right, L: left, ART: anterior thalamic radiation, CG: cingulum, CST: corticospinal tract, FMJ: for
superior longitudinal fasciculus, and UF: uncinate fasciculus.
longitudinal fasciculi, and bilateral inferior fronto-occipital fasciculi)
(see Table 3 and Fig. 1A). On the other hand, a significantly increased
MD for ASD was found in projection fibers (the bilateral corticospinal
tracts and bilateral anterior thalamic radiations), commissural fibers
(the body and splenium of the corpus callosum), and association fibers
(the bilateral uncinate fasciculi, bilateral inferior and superior longi-
tudinal fasciculi, bilateral inferior fronto-occipital fasciculi, and left
cingulum) (see Table 4 and Fig. 1B). Notably, alterations in FA and
MD were substantially overlapped in several tracts (e.g., the right infe-
rior longitudinal fasciculus: 597 voxels; right inferior fronto-occipital
fasciculus: 675 voxels) (see Supplementary Table 1, for other tracts).
None of the autism scales (AQ and ADOS scores) were significantly as-
sociated with either FA or MD.

3.2. Results of linked ICA

Linked ICA decomposed the multimodal data into 90 independent
components and a shared loading matrix. Statistical analysis on the
loading matrix detected significant between-group differences in
two components (#1: t = 2.256, p = 0.027; #13: t = 3.566, p b 0.001,
uncorrected), one of which passed the FDR corrections for multiple
comparisons (#13: p = 0.047, FDR-corrected) (Fig. 2A and C). For
both components, DTI metrics, especially FA and MO, dominantly
spectrumdisorder compared to normal controls. TBSS analysis revealed that participants
s in major white matter tracts (A), while they showed increasedmean diffusivity (MD) in
TFCE-corrected. For visualization purpose, significant regionswere thickenedusing tbss_fill.
cepsmajor, IFO: inferior fronto-occipital fasciculus, IFL: inferior longitudinal fasciculus, SLF:



Table 3
Decreased fractional anisotropy in participants with autism spectrum disorder compared to normal controls.

Cluster Size MNI coordinate
(Center of gravity)

Tract label Hemisphere

x y z p-Value

#1 9305 −28.4 −32.5 14.6 0.019 Inferior fronto-occipital fasciculus L
Anterior thalamic radiation L, R
Corticospinal tract L
Cingulum (cingulate gyrus) L
Cingulum (hippocampus) L
Inferior longitudinal fasciculus L
Superior longitudinal fasciculus L, R
Uncinate fasciculus L
Superior longitudinal fasciculus (temporal part) L, R

#2 7530 29.7 −41.3 12.5 0.026 Inferior fronto-occipital fasciculus R
Anterior thalamic radiation L, R
Corticospinal tract L, R
Cingulum (cingulate gyrus) R
Cingulum (hippocampus) L, R
Forceps major I
Inferior longitudinal fasciculus R
Superior longitudinal fasciculus R
Superior longitudinal fasciculus (temporal part) R

#3 628 18.1 −12.3 46.7 0.043 Corticospinal tract R
Anterior thalamic radiation R
Cingulum (cingulate gyrus) R
Superior longitudinal fasciculus R
Superior longitudinal fasciculus (temporal part) R

#4 11 25.5 −15.1 −8.09 0.05 Inferior fronto-occipital fasciculus R
Inferior longitudinal fasciculus R

Note: R: right, L: left, I: inter-hemispheric. Whitematter tracts altered in participantswith autism spectrum disorder were labeled in accordance with the John3s Hopkins University (JHU)
atlas.
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contributed to the construction of the altered component loadings (FA:
62%, MD: 18%, MO: 18%, and GM: 2% for #1; FA: 34%, MD: 6%, MO: 52%,
and GM: 8% for #13) (Fig. 2B and D).

Loading of component #1 (Fig. 3) showed a between-group
difference and partial correlation analyses revealed significant
Table 4
Increased mean diffusivity in participants with autism spectrum disorder compared to normal

Cluster Size MNI coordinate
(center of gravity)

x y z p-Val

#1 7439 33.4 −35.8 17.8 0.034

#2 2155 −29.8 −40 19.2 0.038

#3 1174 29.7 19.7 18.6 0.043

Note: R: right, L: left, I: inter-hemispheric. Whitematter tracts altered in participantswith autis
atlas.
associations with age (combined: r = −0.300, p = 0.004, NC: r = −
0.320, p = −0.032; ASD: r = −0.279, p = 0.063, uncorrected) while
adding TBV as a controlling variable. This component showed global
FA reductions along with globally increased MD in participants with
ASD (Fig. 3A and B). On the other hand, MO showed changes, including
controls.

Tract label Hemisphere

ue

Inferior longitudinal fasciculus R
Anterior thalamic radiation L, R
Corticospinal tract R
Cingulum (cingulate gyrus) R
Cingulum (hippocampus) R
Forceps major I
Inferior fronto-occipital fasciculus R
Superior longitudinal fasciculus R
Uncinate fasciculus R
Superior longitudinal fasciculus (temporal part) R
Anterior thalamic radiation L, R
Corticospinal tract L
Cingulum (cingulate gyrus) L
Cingulum (hippocampus) L
Forceps major I
Inferior fronto-occipital fasciculus L
Superior longitudinal fasciculus L, R
Uncinate fasciculus L
Superior longitudinal fasciculus (temporal part) L, R
Superior longitudinal fasciculus R
Anterior thalamic radiation R
Corticospinal tract L, R
Cingulum (cingulate gyrus) R
Forceps minor I
Inferior fronto-occipital fasciculus R
Uncinate fasciculus R
Superior longitudinal fasciculus (temporal part) R

m spectrum disorder were labeled in accordance with the John3s Hopkins University (JHU)



Fig. 2. Altered component loadings of two components and contributions of each modality to these altered variation profiles. (A) Altered fitted loading of component #1. In this compo-
nent, the group of autism spectrum disorder (ASD) exhibited significant decreases in component loading compared to the group of normal controls (NCs) (NC: 0.223 ± 0.123 (mean ±
standard error of the mean); ASD:−0.225 ± 0.153; p= 0.027, uncorrected). (B) The contributions of four modalities to loading of the first component. Fractional anisotropy (FA) dom-
inantly contributed to the construction of this component loading (62%), while the contributions ofmeandiffusivity (MD),mode of tensor (MO), and graymatter (GM)were 18%, 18%, and
2%, respectively. (C) Altered fitted loading of component #13. In this component, the ASD group exhibited significant decreases in component loading compared to the NC group (NC:
0.354± 0.156; ASD:−0.354± 0.119; p b 0.001, uncorrected). Of note, loading of this component passed a correction for multiple comparisons (p=0.047, FDR-corrected). (D) The con-
tributions of four modalities to loading of the component #13. FA and MO dominantly contributed to the construction of this component loading (34% and 52%, respectively), while the
contributions of MD and GM were 6% and 8%, respectively. *: p b 0.05, uncorrected; **:p b 0.001, uncorrected.

Fig. 3. Visualization of component #1 for fractional anisotropy, mean diffusivity, the mode of tensor, and gray matter, respectively. This component shows global increases in fractional
anisotropy (FA; A) and global decreases inmean diffusivity (MD; B). Themode of tensor (MO; C) can be generally visualized as increasing, while graymatter (GM; D) can be seen as com-
prising of several cortical and sub-cortical regions, such as the left superior temporal gyrus (STG) and bilateral putamen (PUT). The red-yellow color stands for positive z-stats, while the
light-blue color indicates negative z-stats. R: Right, L: left, ACC: anterior cingulate cortex, AG: angular gyrus, FG: fusiform gyrus, HC: hippocampus, IFG: inferior frontal gyrus, MFG:middle
frontal gyrus, MTG: middle temporal gyrus, NAcc: nucleus accumbens, PCUN: precuneus, and PreCG: precentral gyrus.
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Fig. 4.Visualization of component#13 for fractional anisotropy,mean diffusivity, themode of tensor, and graymatter. Component#13 showed increases in fractional anisotropy (FA; A) in
several major white matter tracts, such as the bilateral inferior fronto-occipital fasciculi (IFOs) and corticospinal tracts (CSTs). The mean diffusivity (MD; B) showed small local changes.
Themode of tensor (MO; C) co-variedwith the pattern of FA. The graymatter (GM;D) comprised several cortical and sub-cortical regions, such as the bilateral fusiform gyri (FGs) and pre-
and post-central gyri (PreCGs and PoCGs). The red-yellow color stands for positive z-stats, while the light-blue color indicates negative z-stats. R: Right, L: left, ATR: anterior thalamic ra-
diation, CG: cingulum, Fmin.: forcepsminor, IFL: inferior longitudinal fasciculus, SLF: superior longitudinal fasciculus, UF: uncinate fasciculus, ACC: anterior cingulate cortex, Amy: amygdala,
ATP: anterior temporal pole, HC: hippocampus, IFG: inferior frontal gyrus, INS: insula, mPFC: medial prefrontal cortex, MTG: middle temporal gyrus, OFC: orbitofrontal cortex, PCC:
posterior cingulate cortex, PCUN: precuneus, PHG: parahippocampal gyrus, SFG: superior frontal gyrus, SMA: supplementary motor area, and STS: superior temporal sulcus.
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bilateral increases in the superior longitudinal fasciculi, and bilateral de-
creases in the thalamus in ASD (Fig. 3C). GM was generally seen to be
decreasing in the left superior temporal gyrus, bilateral putamen, left
nucleus accumbens, and right inferior frontal gyrus in participants
with ASD compared to NCs (Fig. 3D).

Loading of component #13 showed a significant between-group dif-
ference, while showing no significant correlations with other variables
(all p N 0.25). Compared to NCs, participants with ASD exhibited FA re-
ductions mainly in the bilateral corticospinal tracts, bilateral inferior
longitudinal fasciculi, bilateral inferior fronto-occipital fasciculi, and bi-
lateral uncinate fasciculi (Fig. 4A); notably, the pattern of FA reduction
in this component substantially overlapped with that of the decreased
FA revealed by TBSS analysis (e.g., the right inferior longitudinal fas-
ciculus: 631 voxels) (see Supplementary Table 2, for other tracts). On
the other hand, MD showed small local changes (Fig. 4B), which par-
tially overlapped with the locally increased MD in ASD (e.g., the for-
ceps major) shown by TBSS analysis. The spatial pattern of MO was
highly similar to that of FA (Fig. 4C). In this component, participants
with ASD showed decreased GM volumes mainly in the bilateral fu-
siform gyri, bilateral orbitofrontal cortices, medial prefrontal cortex,
posterior cingulate cortex, right hippocampus, and bilateral pre- and
post-central gyri and increased volumes mainly in the bilateral anterior
temporal poles, bilateral lingual gyri, bilateral putamen, and right
amygdala (Fig. 4D).

Linked ICAmodeled the shared subject-course (component loading)
from a multimodal data; however, it is possible to regenerate the
subject-courses of all components in each modality. Following the pro-
cedures described by Groves et al. (2012), we regenerated each
modality3s subject-course of component #13, in order to confirm that
all of the modalities, rather than just a few modalities, showed atypical
subject-courses in this component. Although the modality weights of
GM and MD were relatively smaller than those of FA and MO, partial
correlation analyses revealed that subject-courses of all the modalities
were significantly correlated with diagnosis (FA: r = 0.359, p b 0.001;
MD: r = 0.350, p b 0.001; MO: r = 0.350, p b 0.001; GM: r = 0.351,
p b 0.001; all: r = 0.357, p b 0.001). Although each modality3s subject-
course of component #13 exhibited a significant between-group differ-
ence, this does not indicate directly that participants with ASD showed
significant alterations in all modalities. In particular, we need to be
cautious in interpreting the results of some modalities that had weak
contribution to the construction of the shared subject-course, because
the linked ICA tends tomatch the subject-courses ofweakly contributed



163T. Itahashi et al. / NeuroImage: Clinical 7 (2015) 155–169
modalities (e.g., GM) to those of strongly contributed modalities
(e.g., FA and MO). Although the contribution of GM to the shared
subject-course was substantially weaker than that of other modalities,
such as FA andMO, the GMmap comprised several brain regions linked
with the neuropathology of ASD (e.g., the bilateral fusiform gyri). In ad-
dition, the probabilistic tractography demonstrated that the connec-
tions between brain regions observed in the GM map were altered
(see next section). These results suggest that even weakly contributed
modalities, at least GM, might be altered in the ASD brain.

3.3. Visualization of reconstructedWMtracts using probabilistic tractography

In order to confirm whether alterations in the GM andWMmaps of
this component were indeed linked, we performed probabilistic
tractography to reconstruct three connections between major loci of
GM alterations (Fig. 4D): (1) connection between the right fusiform
gyrus and right anterior temporal pole; (2) connection between the
right anterior temporal pole and right orbitofrontal cortex; and (3) con-
nection between the left putamen and left pre- and post-central gyri
(see Methods). We observed spatial overlaps between reconstructed
tracts and voxels in the FA map of the linked ICA (Fig. 5), indicating
the possibility of co-occurred morphological alterations in the ASD
brain.

4. Discussion

This study examined alterations in the neuroanatomyof participants
with ASD using two differentmodalities: structuralMRI and DTI. Specif-
ically, in addition to conventional separate unimodal analyses (VBMand
TBSS), we aimed to investigate co-occurring alterations in both GM and
WMmorphology. In order to do this, we employed linked ICA (Groves
Fig. 5. Visualization of reconstructedWM tracts connecting the brain regions identified in
the GMmap of component #13. Using probabilistic tractography, the following three con-
nectionswere delineated: (A) connection between the right fusiform gyrus (FG) and right
anterior temporal pole (ATP); (B) connection between the right ATP and right
orbitofrontal cortex (OFC); and (C) connection between the left putamen (PUT) and left
pre- and post-central gyri (Pre/PostCG) identified in the GM map of component #13
(Fig. 4D). The fractional anisotropy (FA) map of component #13 was overlaid to examine
whether voxels of the FA map were overlapped with the reconstructed tracts. For
visualization purpose, we adopted the extent threshold (N40 voxels) and z-stats threshold
(|z| N 2.3) to the FA map. Voxels with positive z-stats (N2.3) were represented as the red-
yellow color, while voxels with negative z-stats (b−2.3) were represented as the light-
blue color.
et al., 2011), which is a data-driven multimodal analysis. Unimodal
analyses revealed that, although between-group differences in GM
volume did not reach significance, participants with ASD showedwide-
spread FA reductions, accompanied by increased MD, in major WM
tracts, including the bilateral inferior longitudinal fasciculi, bilateral in-
ferior fronto-occipital fasciculi, and left uncinate fasciculus. Moreover,
the patterns of FA and MD alterations were highly consistent with pre-
vious findings (Aoki et al., 2013; Vissers et al., 2012). On the other hand,
linked ICA found two atypical components (#1 and #13) in participants
with ASD. The spatial pattern of component #1 was similar to that re-
ported in a previous study that used the same approach to examine
the effect of age in a normal population (Groves et al., 2012); thus,
this component maymainly reflect age-related changes in both groups.
On the other hand, component #13 comprised decreased GM volumes
in participants with ASD in distributed brain regions mainly in the
bilateral fusiform gyri, bilateral superior temporal sulci, bilateral pre-
and post-central gyri, and bilateral orbitofrontal cortices, as well as
increased GM volumes in the bilateral lingual gyri, bilateral anterior
temporal poles, bilateral putamen, and left superior frontal gyrus. This
component also comprised decreased FA in participants with ASD
mainly in the bilateral inferior longitudinal fasciculi, bilateral inferior
fronto-occipital fasciculi, bilateral uncinate, fasciculi, and bilateral
corticospinal tracts. Notably, this pattern of decreased FA in ASD sub-
stantially overlapped with that of reduced FA in ASD, as revealed by a
unimodal analysis using TBSS. Importantly, these findings demonstrate
the existence of co-occurringmorphological alterations in specific brain
networks of individualswith ASD, such as the one consisting of the right
fusiform gyrus, right anterior temporal pole, and right orbitofrontal cor-
tex; those could never be detected by conventional analysis. Therefore,
the current study provides a comprehensive view for understanding the
neuroanatomical anomalies of the ASD brain.

4.1. Abnormalities in GM morphology associated with ASD

Growing evidence from previous unimodal structural MRI studies
suggests that people with ASD show altered GM morphology in both
cortical and sub-cortical regions (see Cauda et al., 2011; Duerden
et al., 2012; Nickl-Jockschat et al., 2012, for reviews). These alterations
include decreased volumes in the right fusiform gyrus (Kwon et al.,
2004), right insula, inferior frontal gyrus (Bonilha et al., 2008; Kosaka
et al., 2010), and bilateral posterior superior temporal sulci (Greimel
et al., 2013); increased volumes were found bilaterally in the pre- and
post-central gyri (Ecker et al., 2012) and in the middle frontal gyri
(Hyde et al., 2010). In the current study, however, volumetric
between-groupdifferences did not reach a significant level after the cor-
rection of multiple comparisons.

One possible reason for this discrepancy may be that the heteroge-
neity of ASD may obscure between-group differences. Indeed, morpho-
logical heterogeneity within the autism spectrum has been described in
terms of systematic differences between Asperger3s disorder and high-
functioning autism (Kwon et al., 2004; McAlonan et al., 2008, 2009).
In addition, the use of a relatively conservative statistical threshold
(e.g., p b 0.05, family-wise error corrected for multiple comparisons)
in this studymight have failed to detect small but significant GM abnor-
malities in the ASD brain.

Recent neuroimaging studies have suggested that, instead of focus-
ing on individual voxels, the use of multi-voxel pattern information
may improve sensitivity to small changes (Norman et al., 2006) and re-
laxes correction for multiple comparisons. In order to confirm whether
or not a multi-voxel pattern analysis can capture volumetric alterations
that could not be detected by a unimodal VBM analysis, we applied
probabilistic ICA (Beckmann and Smith, 2004) to GM data, which is
also known as source-basedmorphometry (SBM; Xu et al., 2009). Nota-
bly, the ICA algorithm extracted a feature of ASD-related volume in-
creases mainly in the posterior cingulate gyrus, right inferior frontal
gyrus, and bilaterally in the superior temporal gyri (for details, see
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Section 1 in the Supplementary Material). Together with our findings
for linked ICA, this observation suggests that, indeed, small morpholog-
ical alterations in GM persist in adults with ASD and that, compared to
univariate analyses, multivariate approaches may be more sensitive to
small morphological abnormalities due to their exploitation of multi-
voxel pattern information.

4.2. Abnormalities in WM structure associated with ASD

Previous DTI studies have reported that people with ASD show
complex patterns of WM abnormalities along with development
(see Travers et al., 2012, for an overview). Although, in general,
adults with ASD tend to show FA reductions, there is still a lack of
consistency among the reported findings. For example, some studies
using tractography (Thomas et al., 2011) and TBSS (Bakhtiari et al.,
2012) have reported no significant FA changes in adults with ASD,
while other studies have reported FA reductions using the same proce-
dures of tractography (Catani et al., 2008; Langen et al., 2012; Pugliese
et al., 2009), voxel-based analysis (Bloemen et al., 2010; Keller et al.,
2007), and TBSS (Gibbard et al., 2013; Kleinhans et al., 2012; Mueller
et al., 2013). Our observation of widespread reductions in FA, along
with increases in MD, especially in the bilateral inferior longitudinal
fasciculi, left uncinate fasciculus, and bilateral corticospinal tracts
(Fig. 1), provides further evidence in support of disruptedWM integrity
in adults with ASD.

4.3. Co-occurrence of morphological alterations in ASD

Linked ICA revealed two components (#1 and #13) showing signif-
icant between-group differences in their shared component loadings.
Notably, loading of component #1was also associatedwith age, indicat-
ing that this component may represent age-related changes. In support
of this view, Groves et al. (2012) reported a similar spatial pattern of
global FA increases, accompanied by global MD decreases, and associa-
tion between loading and age in that component. On the other hand,
growing evidence suggests that the effect of aging in individuals with
ASD differs from that in neurotypical individuals (e.g., Kleinhans et al.,
2012). For component #1, the GMmap encompassedmultiple brain re-
gions, such as the left superior temporal gyrus, bilateral putamen, left
nucleus accumbens, and right hippocampus, some of which have been
shown to follow different aging trajectories between NC and ASD
(e.g., Greimel et al., 2013). Therefore, in conjunction with previous
findings, our results indicate that component #1 may reflect atypical
age-related changes in ASD, thereby leading to between-group differ-
ence in its loading.

Component #13 showed significant association in its loading only
with diagnosis. This component encompassed several cortical regions
(e.g., the bilateral fusiform gyri, bilateral anterior temporal poles, bilat-
eral orbitofrontal cortices, and bilateral pre- and post-central gyri) in
the GM map and WM tracts (e.g., the bilateral inferior longitudinal
fasciculi, bilateral inferior fronto-occipital fasciculi, bilateral uncinate
fasciculi, and bilateral corticospinal tracts) in the FA map. These cortical
regions and WM tracts are implicated in brain functions including face
perception (Cohen Kadosh and Johnson, 2007), integration of emotion
with cognition and behavior (Catani et al., 2013), and motor controls
(Stoodley et al., 2012), all of which are impaired in ASD.

Behaviorally, individuals with ASD are known to exhibit impair-
ments related to face recognition, including abnormal emotional
perception (Doyle-Thomas et al., 2013) and reduced attention to eyes
(Sterling et al., 2008). Previous studies have hypothesized that impair-
ments in face recognition may arise from a failure to transfer informa-
tion from the fusiform face area to the anterior temporal pole through
the inferior longitudinal fasciculus (Catani et al., 2003; Tavor et al.,
2014). Consistentwith this hypothesis, peoplewith ASD showFA reduc-
tions in this tract (Bakhtiari et al., 2012; Jou et al., 2011; Kleinhans et al.,
2012). Our analyses using TBSS and linked ICA are consistent with
previous findings in that significant FA reductions in the bilateral inferi-
or longitudinal fasciculi were clearly identified in participants with ASD.
In component #13, the GMmap displayed significantly altered volumes
in the right fusiform gyrus and the right anterior temporal pole
(Fig. 4D). Furthermore, a cluster of voxels showing reduced FA values
was observed on the reconstructed tract that might represent the
right inferior longitudinal fasciculus (Fig. 5A). This finding provides fur-
ther support from an independent imaging modality that disrupted
connection between the right fusiform gyrus and right anterior tempo-
ral pole is present in individuals with ASD.

In addition to disrupted connection between the fusiform gyrus and
anterior temporal pole, component #13 seems to include disruption on
connection between the anterior temporal pole and orbitofrontal cor-
tex, which is mediated by the uncinate fasciculus (Catani et al., 2002;
Catani and Thiebaut de Schotten, 2008; Thiebaut de Schotten et al.,
2012). This connection is known to play a critical role in integrating
emotion with cognition and behavior (see Catani et al., 2013; for a re-
view). Consistent with the results of our TBSS analysis and with previ-
ous DTI studies showing disruptions in this tract (Bakhtiari et al.,
2012; Barnea-Goraly et al., 2010; Cheon et al., 2011; Jou et al., 2011;
Kleinhans et al., 2012; Kumar et al., 2010; Pardini et al., 2009; Pugliese
et al., 2009), our linked ICA revealed decreased FA in the left uncinate
fasciculus in component #13 (Fig. 4A). In addition to disruption on the
left uncinate fasciculus, our linked ICA and post-hoc tractography
confirmed FA reductions on the connection between the right anterior
temporal pole and right orbitofrontal cortex, which might represent a
portion of the right uncinate fasciculus (Fig. 5B). In concurrencewith re-
cent meta-analytic studies of VBM (e.g., Cauda et al., 2011; Duerden
et al., 2012), the GM map of this component also showed decreased
volumes bilaterally in the orbitofrontal cortices (Fig. 4D). Taken togeth-
er, component #13 may partially capture a disturbance of a large-scale
network consisting of the bilateral orbitofrontal cortices, fusiform gyri,
anterior temporal poles, and limbic regions, those of which are anatom-
ically connected by the bilateral inferior longitudinal fasciculi, inferior
fronto-occipital fasciculi, and uncinate fasciculi. In this study, we did
not have behavioral data supporting the association of these abnormal-
itieswith specific behavioral characteristics in ASD.However, its disrup-
tions may be responsible for atypical face perception (Kleinhans et al.,
2008, 2011; Pierce et al., 2001) and impairments in integration of emo-
tional states with cognition and behavior (Kamio et al., 2007; Schneider
et al., 2013) in ASD.

It is noteworthy that component #13 also seems to include the
motor network consisting of the bilateral primary sensorimotor corti-
ces, and bilateral putamen (Fig. 4D). Post-hoc probabilistic tractography
confirmed FA reductions on the connection between the left putamen
and left pre- and post-central gyri, which might represent a portion of
the left corticospinal tract (Fig. 5C). Although motor dysfunctions may
not always be included in the core clinical symptoms of ASD, dyspraxia
is frequently reported in people with this disorder (Dowell et al., 2009;
Dziuk et al., 2007). As documented in previous functional imaging stud-
ies, individuals with ASD show atypical brain activation patterns during
motor tasks (Mostofsky et al., 2009; Muller et al., 2004; Noonan et al.,
2009; Takarae et al., 2007), and disrupted functional differentiation in
the motor cortex, as indicated by resting-state fMRI data (Nebel et al.,
2014). For instance, Mostofsky et al. (2009) reported decreased brain
activation in the cerebellum and decreased functional connectivity be-
tween the bilateral thalamus and supplementary motor area during a
motor task. Although we do not have fMRI evidence in the present
study, our linked ICA findings suggest that morphological alterations
in the motor network may underlie the impaired motor control and
learning in individuals with ASD.

4.4. Methodological limitations and considerations

Several limitations should be considered for the appropriate inter-
pretation of the present study. First, this study used a set of structural
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measures (GM volume, FA, MD, andMO) as inputs. Although a previous
studyperformed linked ICA using this combination (Groves et al., 2011),
some readers may be concerned with the possibility of variable outputs
depending on combinations of inputs (modalities). In order to validate
the robustness of our findings, we fed a set of measures (FA, MD, and
GM volume) into the linked ICA algorithm as inputs, thus excluding
MO from the set (see Section 3 in the Supplementary Material). The
linked ICA in this condition demonstrated that, although removal of
MO broke component #13 into three components showing between-
group differences in their loadings, the spatial pattern of component
#13 basically was the same as that of the combination of those three
components. In addition, some readers may be interested in whether
the results are retained when the dimension of the linked ICA is re-
duced. In order to confirm the robustness of the results observed in
the high-dimensional linked ICA (the number of components = 90),
we set the number of independent components to 45 and ran a
low-dimensional linked ICA on the same dataset. This analysis iden-
tified two composite components that showed significant between-
group differences on their component loadings (see Section 4 in
the Supplementary Material). One of the composite components
exhibited a similar spatial pattern to component #13 involving GM
alterations in the bilateral fusiformgyri and FA alterations in the bilater-
al inferior fronto-occipital fasciculi. This result confirms the robustness
of the spatial patterns observed in the high-dimensional decomposition
model.

Second, there are several other data-fusion analyses, including joint
ICA (jICA; Calhoun et al., 2006), partial least square (PLS; Martinez-
Montes et al., 2004), multi-set canonical correlation analysis (mCCA;
Correa et al., 2010), parallel ICA (pICA; Liu et al., 2008, 2009), and the
combination of mCCA and jICA (Sui et al., 2013a,b). Nonetheless, we
chose the flat linked ICA among others in this study, because it has an
advantage over other methods in that it requires a small number of
assumptions on the spatial maps. On the other hand, other data-fusion
approaches, such as jICA and tensor linked ICA (Groves et al., 2011), im-
pose additional constraints (e.g., spatial alignment) on the spatial maps
(Sui et al., 2012). Given the paucity of simulation studies that validate
which assumptions are critical in data-fusion analyses, we determined
to adopt a conservative approach that requires minimal explicit as-
sumptions. Because the flat linked ICA involves fewer assumptions
than other ICA-based data-fusion approaches (e.g., tensor linked ICA),
we have decided that this approach would be suitable for our purpose.
Future simulation studieswill be needed to validatewhich assumptions
are critical in data-fusion analyses.

Third, GMvolumewasused as one of the inputs in the linked ICA as a
representativemetric of GM tissue. The GM volume has an advantage in
that it can be evaluated throughout the whole brain including subcorti-
cal structures such as the hippocampus and striatum in which signifi-
cant structural alterations have been repeatedly demonstrated in
individuals with ASD (e.g., Ecker et al., 2012). However, we acknowl-
edge that, because the volume is a composite measure, the link with
specific neurobiological factors (e.g., synaptic pruning) may be less
clear compared with other possible measures such as cortical thickness
or surface area (Jiang et al., 2009). Therefore, future studies using corti-
cal thickness or surface measures may reveal more specific associations
betweenGMandWM features at the cost of excluding subcortical struc-
tures from targets of investigation. Although it would be ideal to feed all
the measures (i.e., GM volume, thickness, and surface area) into data-
fusion analysis and exhaust every possible neuroanatomical linkage,
the linked ICA, or multivariate data-driven approaches, requires a larger
number of participants to capture patterns of latent inter-modal associ-
ations when increasing the number of modalities (or metrics). A previ-
ous linked ICA study used a large number of normal subjects (n=484)
to feed six structural and diffusion measures (GM density, thickness,
surface area, FA, MD, and MO) (Groves et al., 2012). Whereas our
study differs from that study in terms of sample size and the number
of input features, the fact that component #1 in our study showed a
similar spatial pattern to the one reported by Groves et al. (Groves
et al., 2012) supports the validity of our analysis. The inclusion of
other measures awaits future investigation using a larger sample size.

Fourth, whereas we selected a linked ICA as the multimodal data-
fusion analysis, it is also possible to explore the relationships among
modalities after applying a standard ICA to each modality (i.e., a set of
unimodal analyses). However, such an approach may present difficul-
ties in the interpretability of results since it requires post-hoc correla-
tional analyses in order to find associations between components
obtained by separate ICA analyses. Some readers may be interested in
whether the two different approaches (i.e., multimodal analysis and a
set of unimodal analyses) capture similar inter-modal relationships or
not. To explore the degree of similarity in component loadings captured
by the two approaches, we used correlation analysis and evaluated
associations between altered unimodal component loadings in each
modality and altered shared loading of component #13. The correlation
analysis revealed no significant associations, indicating that the two dif-
ferent approaches might capture different information in the given
dataset (for details, see Section 2 in the Supplementary Material).
Thus, at least for the dataset used in this study, linked ICA may be suit-
able for investigating associations between GM andWMmorphology in
terms of component loadings shared acrossmodalities. However, future
investigations will be needed to understand the exact relationships
between the two approaches.

Fifth, the Edinburgh handedness score of the NC group was signifi-
cantly higher than that of the ASD group (p = 0.01), consistent with
several studies reporting an increased prevalence of left handedness
in children with autism (Dane and Balci, 2007; Hauck and Dewey,
2001). To confirm whether our major findings would be retained after
excluding the possible effects of handedness on brain structures, we re-
peated the second-level analyses of the loading matrix on all of the
available participants while including age, TBV, and handedness as nui-
sance covariates. The results of these analyses demonstrated that the
statistical conclusion was unchanged (#13: t = 2.9, p = 0.005, uncor-
rected). At the time of the MRI scans, 14 of the 46 participants with
ASD were using one or more of medications (e.g., anti-depressant),
and thus themedicationmight have affected the GMandWMmorphol-
ogy in the ASD group. To examine this possibility directly, we divided
the ASD population into two groups (i.e., medicated ASD and non-
medicated ASD), and we performed a one-way analysis of variance
(ANOVA) on the component loading values in the three subject
groups, including the NC group. We found a significant group effect
(F = 8.821, p b 0.001). Furthermore, Tukey3s post-hoc test demon-
strated that, although the component loading of the NC group was
significantly higher than that of the other two ASD groups
(p b 0.001 for the medicated ASD group and p = 0.048 for the non-
medicated ASD group), there was no significant difference between
the medicated and non-medicated ASD groups (p = 0.095). There-
fore, our statistical conclusions remain essentially unchanged re-
garding the linked ICA.

Sixth, we only included male participants in this study, because the
prevalence of ASD is highly skewed towards themale population partic-
ularly among high-functioning individuals (Newschaffer et al., 2007).
However, we do not intend to allege that our results are representative
of the entire high-functioning ASD population, given the evidence for
significant sexual dimorphism at many levels including cognition
(Bolte et al., 2011), genetics (Gilman et al., 2011), and neuroanatomy
(Beacher et al., 2012; Lai et al., 2013). Therefore, our results will need
to be compared with future data-fusion studies that focus on female
subjects in order to elucidate the patterns of linked anatomical alter-
ations throughout the entire high-functioning ASD population.

Lastly, the ASDgroup in this study showed greater variability in their
full-scale IQ scores compared to the NC group, while there was no
significant difference between the two groups in terms of the mean IQ
value (p = 0.18). Although it is a conventional practice in the field of
ASD research that individuals with ASD whose IQs are higher than a
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given threshold (usually 80) are all equally treated as “high-function-
ing,” variations in general intelligence in this range among typically de-
veloped individuals are associated with morphometric changes in both
GMandWM(Goh et al., 2011; Haasz et al., 2013; He et al., 2013). There-
fore, in future studies, it will be necessary to control not only for the
mean IQ, but also for the range and distribution of the IQs between
groups. Furthermore, the IQ profile in high-functioning ASD shows a
characteristic pattern containing both developed and underdeveloped
domains (Kanai et al., 2012). It would be interesting to examine how
such IQ profiles in ASD are associated with altered patterns of GM and
WM.

5. Conclusion

In conclusion, this multimodal study highlighted that people with
ASD showed co-occurred alterations in different aspects of brain mor-
phology, suggesting the possibility that such morphological alterations
might occur in specific brain networks associated with cognitive and
affective functions. Our results not only provide a comprehensive view
for understanding the neuroanatomy of ASD, but also indicate future
research directions for revealing even deeper pathological mechanisms
that cause such linkages of morphological abnormalities in people with
ASD. Thus, methodological development of data-fusion approaches
could pave the way towards finding new linkages between neuroana-
tomical abnormalities and cognitive behavioral impairments in people
with ASD.

Supplementary data related to this article can be found online at
http://doi.dx.org/10.1016/j.nicl.2014.11.019.
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