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Autism spectrum disorders (ASDs) are associated with a marked disturbance of neural functional connectivity, which may
arise from disrupted organization of white matter. The aim of this study was to use constrained spherical deconvolution
(CSD)-based tractography to isolate and characterize major intrahemispheric white matter tracts that are important in
visuospatial processing. CSD-based tractography avoids a number of critical confounds that are associated with diffusion
tensor tractography, and to our knowledge, this is the first time that this advanced diffusion tractography method has
been used in autism research. Twenty-five participants with ASD and aged 235, intelligence quotient-matched controls
completed a high angular resolution diffusion imaging scan. The inferior fronto-occipital fasciculus (IFOF) and arcuate
fasciculus were isolated using CSD-based tractography. Quantitative diffusion measures of white matter microstructural
organization were compared between groups and associated with visuospatial processing performance. Significant
alteration of white matter organization was present in the right IFOF in individuals with ASD. In addition, poorer
visuospatial processing was associated in individuals with ASD with disrupted white matter in the right IFOF. Using a
novel, advanced tractography method to isolate major intrahemispheric white matter tracts in autism, this research has
demonstrated that there are significant alterations in the microstructural organization of white matter in the right IFOF
in ASD. This alteration was associated with poorer visuospatial processing performance in the ASD group. This study
provides an insight into structural brain abnormalities that may influence atypical visuospatial processing in autism.
Autism Res 2013, 6: 307-319. © 2013 International Society for Autism Research, Wiley Periodicals, Inc.
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Introduction nectivity in both healthy and disordered populations.
The diffusion tensor model is currently the most com-

Autism and autism spectrum disorders (ASDs) are associ- ~ monly used framework to relate the diffusion signal to

ated with a marked disturbance of neural functional con-
nectivity. A growing literature suggests that functional
connectivity abnormalities in ASD are widespread, affect
multiple cognitive functions and can be characterized by
both reduced [e.g. Just, Cherkassky, Keller, & Minshew,
2004] and increased [e.g. Monk et al., 2009] patterns
of connectivity. The pathophysiology of this abnormal
functional connectivity is poorly understood, but it may
arise from disrupted organization of white matter in
interhemispheric and intrahemispheric tracts.
Diffusion-weighted (DW) magnetic resonance imaging
(MRI) allows for noninvasive, in vivo examination of
white matter tissue microstructure in the human brain.
There has been a recent explosion of interest in using
fiber tracking on DW-MRI data to investigate brain con-

the direction of the fibers [Basser, Mattiello, & LeBihan,
1994; Jones & Leemans, 2011; Mori & van Zijl, 2002], and
over the past years, a number of studies have used
this approach to isolate specific white matter tracts in
autism. Quantitative analysis of the diffusion parameters
extracted from these tracts have indicated disruption of
white matter organization in major tracts including the
corpus callosum (CC) [Hong et al., 2011; Jeong, Kumar,
Sundaram, Chugani, & Chugani, 2011; Kumar et al.,
2010; Lo etal., 2011; Thomas, Humphreys, Jung,
Minshew, & Behrmann, 2011; Weinstein et al., 2011;
Wolff et al., 2012], uncinate fasciculus (UF) [Jeong et al.,
2011; Kumar et al., 2010; Lo et al., 2011; Poustka et al.,
2011; Pugliese et al., 2009; Thomas et al.,, 2011; Wolff
etal.,, 2012], cingulum [Kumar etal.,, 2010; Lo etal.,
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2011; Pugliese et al., 2009; Weinstein et al., 2011], arcuate
fasciculus (AF) [Fletcher et al., 2010; Jeong et al., 2011;
Kumar etal.,, 2010; Lo etal.,, 2011; Wan, Marchina,
Norton, & Schlaug, 2012], superior longitudinal fascicu-
lus (SLF) [Verhoeven et al., 2011] and inferior longitudi-
nal fasciculus (ILF) [Pugliese et al., 2009; Thomas et al.,
2011; Wolff etal.,, 2012], but the results from these
studies are mixed, and no clear picture of the underlying
microstructural pathology has emerged. For example,
abnormal microstructural organization of white matter
in the CC has been reported in a number of studies; an
increase in fractional anisotropy (FA) has been reported
in very young children with ASD [Weinstein et al., 2011;
Wolff etal.,, 2012] and a reduction in FA has been
reported in older children [Kumar et al., 2010; Lo et al.,
2011], yet other studies of both children and adults did
not find any differences in FA [Poustka etal., 2011;
Thomas et al., 2011]. In studies that have examined
microstructural organization of the UF, reduced FA has
been reported in two studies [Kumar et al., 2010; Poustka
et al., 2011], whereas two other studies have found no
difference in the FA of this tract (in infants aged 12-24
months) [Wolff etal.,, 2012] or in adults with ASD
[Thomas et al., 2011]. Studies investigating the cingulum
[Kumar et al., 2010; Lo et al., 2011; Pugliese et al., 2009;
Weinstein et al., 2011], ILF [Pugliese et al., 2009; Thomas
et al.,, 2011; Wolff et al., 2012], inferior fronto-occipital
fasciculus (IFOF) [Kumar et al., 2010; Pugliese et al., 2009;
Thomas et al., 2011] and AF [Fletcher et al., 2010; Jeong
et al., 2011; Kumar et al., 2010; Lo et al., 2011] have also
reported conflicting results.

In voxels containing more than one coherently ori-
ented fiber population (e.g. in “crossing fibers” configu-
rations), it is well recognized that the diffusion tensor
model is inadequate [Alexander, Barker, & Arridge, 2002;
Frank, 2002; Tournier, Mori, & Leemans, 2011; Wedeen
et al., 2000, 2008]. Such voxels containing multiple fiber
populations occur frequently throughout the white
matter because of partial volume effects between adjacent
tracts or the interwoven nature of certain fiber pathways
[Tournier et al., 2008; Vos, Jones, Viergever, & Leemans,
2011; Wedeen et al., 2012]. A recent paper revealed the
scale of this problem to be much more significant than
previously thought; in a study that was specifically
designed to investigate the extent of crossing fibers in
white matter, the proportion of white matter voxels con-
taining crossing fibers was estimated to be at least 90%
[Jeurissen, Leemans, Tournier, Jones, & Sijbers, 2012].
This value is far higher than the 33% that had previously
been reported [Behrens, Berg, Jbabdi, Rushworth, &
Woolrich, 2007], and has major implications for diffusion
tensor tractography and tensor-derived scalar measures
[Jeurissen et al., 2012; Vos, Jones, Jeurissen, Viergever, &
Leemans, 2012; Wheeler-Kingshott & Cercignani, 2009].
In regions of complex fiber architecture, tensor-derived

measures such as FA and mean diffusivity (MD) are unre-
liable [Jones & Cercignani, 2010; Vos et al., 2012], and
the interpretation of these measures can be ambiguous
[Jeurissen et al., 2012]. For instance, in a region where
two fibers are crossing at 90°, FA will be lower relative to
FA in a single-fiber population. If one of these two cross-
ing fibers disintegrates as a result of some pathological
process, the FA will increase in this region. A similar
observation has been noted in Douaud et al. [2011].
Although Diffusion Tensor Imaging (DTI) metrics are not
very specific about the type of white matter change occur-
ring, they can still be very sensitive to genuine changes in
microstructural organization of white matter. Recent
work has also shown that—compared with convention-
ally applied DTI-based tractography—combining CSD-
based tractography with DTI metrics can increase the
sensitivity to detect functionally significant white matter
abnormalities in tracts with complex white matter archi-
tecture [Reijmer et al., 2012].

In order to reduce the ambiguity about the biological
interpretation of FA changes, alternative measures of dif-
fusion anisotropy are often measured in conjunction
with FA. One example of such alternative tensor-based
metrics are the Westin measures of linear diffusion
coefficient (CL) and planar diffusion coefficient (CP).
Although these measures of CL and CP are indeed still
based on the eigenvalues, they can describe the geometri-
cal shape of the diffusion tensor and, therefore, can
provide a more meaningful interpretation of microstruc-
tural changes that are occurring in the ASD group com-
pared with the FA [Westin et al., 2002]. A high value of CL
implies that there is only one dominant fiber orientation
within a voxel [Vos et al., 2012], and a high value of CP
indicates the presence of crossing fiber configurations
[Vos et al., 2012].

Perhaps a more important limitation of the diffusion
tensor model that has been highlighted by the work of
Jeurissen etal. [2012] is that in voxels with crossing
fibers, the diffusion tensor model cannot adequately
describe fiber orientation, thus the underlying orienta-
tion of the white matter tracts cannot be reliably esti-
mated. Therefore, fiber-tracking algorithms that rely on
the diffusion tensor will produce unreliable results in
regions containing multiple fiber orientations. This may
result in a failure to identify white matter connections in
an accurate way—for example, where the tracking algo-
rithm terminates prematurely [Behrens etal.,, 2007;
Jeurissen, Leemans, Jones, Tournier, & Sijbers, 2011].
Alternatively, it may lead to the isolation of white matter
connections that do not really exist—where tracking
switches to an unrelated adjacent tract [Jeurissen et al.,
2011; Pierpaoli et al., 2001].

The unexpectedly high prevalence of crossing fibers in
white matter is likely to have significant implications for
diffusion tensor imaging in clinical research. Specifically
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in ASD, 15 of the 16 previous fiber tractography studies
have used diffusion tensor-based tractography methods
[Catani et al., 2008; Conturo et al., 2008; Fletcher et al.,
2010; Hong etal., 2011; Jeong etal., 2011; Jou et al.,
2011; Kumar et al., 2010; Langen et al., 2012; Poustka
et al.,, 2011; Pugliese etal., 2009; Sahyoun, Belliveau,
Soulieres, Schwartz, & Mody, 2010; Thomas et al., 2011;
Wan et al.,, 2012; Weinstein et al., 2011; Wolff et al.,
2012], while one study used diffusion spectrum imaging
[Lo et al., 2011]. Given the inadequacies of the diffusion
tensor model in regions of crossing fibers, it may well be
possible that the tensor-derived scalar measures and trac-
tography results that have been reported in these studies
are unreliable. Such a lack of reliability could account for
the inconsistent results from diffusion tensor tractogra-
phy studies in ASD.

A number of more complex diffusion reconstruction
schemes have been proposed to overcome the limitations
associated with the DTI model [see Tournier et al., 2011
for an overview]. One such approach is that of con-
strained spherical deconvolution (CSD), a method that
allows reliable estimation of one or more fiber orien-
tations in the presence of intravoxel orientational
heterogeneity [Tournier, Calamante, & Connelly, 2007;
Tournier, Calamante, Gadian, & Connelly, 2004; Tournier
etal., 2008]. The CSD technique is computationally
simple and very fast, the diffusion data for CSD can be
acquired with clinically feasible settings, no a priori infor-
mation is needed regarding the number of distinct fiber
orientations, fiber orientations are estimated directly, and
it is not dependant on any assumed model of diffusion
[Tournier et al., 2004]. Importantly, this approach over-
comes partial volume effects associated with diffusion
tensor imaging, allows reliable estimation of diffusion
measures, permits fiber tracking through regions of
crossing fibers [Tournier et al.,, 2008], and has recently
shown promising results in other clinical applications
[Metzler-Baddeley et al., 2012; Reijmer et al., 2012].

To look for evidence of altered structural organization
of key white matter tracts in autism, two major intra-
hemispheric association tracts (IFOF and AF) were exam-
ined using a CSD-based tractography approach in this
study. These white matter tracts were selected for a
number of reasons. (a) The IFOF and the AF link frontal
and posterior brain regions that have repeatedly shown
abnormal functional connectivity in autism [e.g. Just,
Cherkassky, Keller, Kana, & Minshew, 2007; Just et al.,
2004]. Knowledge of white matter microstructure in these
fronto-posterior tracts is crucial to understanding the
anatomical correlates of abnormal fronto-posterior func-
tional connectivity in autism, but to date, white matter
organization in these tracts is not well understood.
Results from the few studies that have examined these
tracts do not provide a clear picture of underlying pathol-
ogy. Reduced left lateralization [Fletcher et al., 2010; Lo

et al., 2011], increased curvature [Jeong et al., 2011] and
reduced FA [Kumar et al.,, 2010] of the AF have been
reported in individuals with autism. Relative to controls,
increased left lateralization of volume was reported in the
IFOF in adults with ASD [Thomas et al., 2011]; however,
two other studies did not observe any abnormalities of
this tract [Kumar et al., 2010; Pugliese et al., 2009]. There
is emerging interest in hemispheric asymmetry in ASD,
and with tractography this can be investigated in great
detail. (b) The AF in the right hemisphere is known to be
involved in visuospatial processing [Doricchi, Thiebaut
de Schotten, Tomaiuolo, & Bartolomeo, 2008; Thiebaut
de Schotten et al., 2008], and the IFOF is also thought to
play a role in visual processing [Catani & Thiebaut de
Schotten, 2008; Fox, Iaria, & Barton, 2008; Rudrauf,
Mehta, & Grabowski, 2008]. The functional role of these
tracts in visuospatial processing is of particular relevance
to this study as behavioral data from a visuospatial pro-
cessing task were available on 42 of the 50 study partici-
pants who completed the diffusion MRI scan for this
study, thus allowing for an investigation of relationships
between brain structure (diffusion measures) and visu-
ospatial processing performance. (c) The IFOF and AF
were also implicated by a functional connectivity analysis
of functional MRI data that was previously collected from
participants in this study during a visuospatial processing
task. Brain regions that showed abnormal functional con-
nectivity in autism during visuospatial processing were in
close proximity to the IFOF and AF [McGrath et al.,
2012].

Atypical visuospatial processing is commonly described
in autism spectrum disorders. In brief, enhanced visu-
ospatial processing in ASD has been described in beha-
vioral studies during a variety of cognitive tasks [see
McGrath et al., 2012 for a review|. A number of recent
neuroimaging studies have not found evidence of supe-
rior visuospatial performance in ASD; however, they have
revealed that brain activity and connectivity differs mark-
edly between ASD and control groups [Damarla et al.,
2010; Lee et al., 2007; Manjaly et al., 2007]. Recent work
from our group used functional connectivity MRI to
investigate the neural correlates of visuospatial process-
ing during a mental rotation task, whereby two rotated
stimuli were judged to be the same (“same” trials) or
mirror imaged (“mirror” trials). Results of this study
indicated that there was a relative advantage of mental
rotation in the ASD group that was associated with aber-
rant functional connectivity. Long-range fronto-posterior
underconnectivity and short-range intraoccipital over-
connectivity were reported in this study. These findings
are in keeping with two neuropsychological theories
of autism that offer an explanation for superior visuos-
patial processing in the condition. The enhanced percep-
tual functioning theory [Mottron, Dawson, Souliéres,
Hubert, & Burack, 2006] suggests that there is enhanced
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functioning of low-level visual cortical regions and supe-
rior locally oriented processing in ASD that result in
enhanced visuospatial performance [e.g. Caron et al.,
2006; Soulieres, Zeffiro, Girard, & Mottron, 2011], while
the weak central coherence theory holds that there is
superior local processing in ASD possibly combined with
a deficit in the global integration of information [Happe
& Frith, 2006].

The main aim of this study was to isolate and charac-
terize major intrahemispheric white matter tracts in
autism using CSD-based fiber tractography in order to
investigate white matter organization in specific tracts
that are important in visuospatial processing. CSD-based
tractography avoids a number of critical confounds that
are associated with diffusion tensor tractography, and to
our knowledge, this is the first time that this advanced
diffusion tractography method has been used in autism
research. Based on the limited literature, we hypothesized
that (a) there would be significant differences in white
matter microstructure between individuals with ASD and
healthy controls; specifically, that there would be reduced
FA and reduced left lateralization of the AF, and increased
left lateralization of microstructural organization of the
IFOE. We hypothesized (b) that the microstructural prop-
erties of the specific tracts involved in visuospatial pro-
cessing would be associated with visuospatial processing
performance in ASD.

Methods and Materials
Participants

Participants with ASD were recruited from an existing
autism genetics sample at the Department of Psychiatry,
Trinity College Dublin, and through additional recruit-
ment from local schools and child and adolescent mental
health services. The diagnosis of ASD was established
using two structured research diagnostic tools, the
Autism Diagnostic Interview-Revised [Lord, Rutter, & Le
Couteur, 1994] and the Autism Diagnostic Observation
Schedule-Generic [Lord et al., 2000], by trained research
reliable administrators. All participants met criteria for
a diagnosis of ASD. Control participants were recruited
from the community and were selected to match the ASD
participants on age, handedness, gender, race and intel-
ligence quotient (IQ; full-scale IQ was estimated based on
four subscales of the Wechsler Intelligence Scale for Chil-
dren (WISC)/Wechsler Adult Intelligence Scale (WAIS)
(WISC-IV UK [Wechsler, 2004] and WAIS-III [Wechsler,
1997])).

Exclusion criteria included known causes for autism,
e.g. tuberous sclerosis/fragile X syndrome, current/past
neurological or psychiatric conditions, serious head inju-
ries, MR contraindications, below-average intelligence
(full-scale IQ < 80) and current use of psychoactive medi-
cation. Additional exclusion criteria for controls included

Table 1. Demographics of participants

Control ASD P-value
Number 25 25
Gender 25 male, 0 female 25 male, 0 female
Age mean (SD) 17.37 (2.67) 17.28 (2.87) 0.94
1Q Mean (SD) 110.72 (16.02) 106.84 (14.54) 0.37
Handedness Allright handed Allright handed
Medication None None

ASD, autism spectrum disorder; SD, standard deviation; IQ, intelligence
quotient.

history of developmental delay or first-degree relatives
with ASD. The study was approved by the Irish Health
Services Executive Linn Dara/Beechpark Research Ethics
committee and by the Ethics Committee of the School of
Psychology in Trinity College Dublin. Participants were
provided with written information about the study and a
recording of the noise of the scanner for familiarization.
Prescanning visits to the MRI simulator were also offered.
Written informed consent was obtained from parents and
assent or consent from participants prior to scanning as
appropriate. Demographics of participants are detailed in
Table 1.

Data Acquisition/Preprocessing

Whole-brain high angular resolution diffusion imaging
(HARDI) data were acquired on a Philips Intera Achieva
3.0 Tesla MR system (Philips, Best, Netherlands) equipped
with an eight-channel head coil. A parallel sensiti-
vity encoding (SENSE) approach [Pruessmann, Weiger,
Scheidegger, & Boesiger, 1999] with a reduction factor of
2 was utilized for all DW image acquisitions. Single-shot
spin echo-planar imaging was used to acquire DW
data using the following parameters [Jones & Leemans,
2011]: echo time (TE) 79 msec, repetition time (TR)
20,122 msec, field of view 248 mm, matrix 128 x 128,
isotropic voxel resolution 2 x 2 x 2 mm and 65 slices with
2 mm thickness with no gap between slices. Diffusion
gradients were applied in 61 isotropically distributed ori-
entations with b= 1500 s/mm?, and also four images
with b=0s/mm? were acquired. Total scan time was
24.3 min.

Preprocessing and tractography analyses were per-
formed with the diffusion MR toolbox ExploreDTI (http://
www.ExploreDTI.com) [Leemans, Jeurissen, Sijbers, &
Jones, 2009]. Each DW-MRI dataset was corrected for
eddy current-induced geometric distortions and subject
motion by realigning all DW images (to the b = 0 images
using Elastix [Klein, Staring, Murphy, Viergever, & Pluim,
2010], with an affine coregistration technique (with 12
degrees of freedom) and mutual information as the
cost function [Pluim, Maintz, & Viergever, 2003]. In this
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Figure 1.

procedure, the required reorientation of the B-matrix was
performed [Leemans & Jones, 2009], and the tensor
model was fitted to the data using the RESTORE (robust
estimation of tensors by outlier rejection) approach
[Chang, Jones, & Pierpaoli, 2005], which uses a process of
iteratively reweighted least-square regression for outlier
identification and subsequent removal, thus minimizing
estimation errors originating from gross signal artifacts
(e.g. cardiac pulsation and subject motion).

CSD Tractography

White matter tracts of the IFOF and AF were recon-
structed using CSD-based tractography [Jeurissen et al.,
2011]. In summary, this tractography algorithm consists
of the following steps: (a) CSD was used to extract the
fiber orientation distribution (FOD) from the DW signal
in each voxel [Tournier et al., 2007]; (b) seed points were
defined on a uniform 2 x 2 x 2 mm? grid to cover the
entire brain; (c) for each step during tract propagation,
the FOD peak direction that was closest to the previous
stepping direction is extracted; (d) the trajectory is
advanced with a fixed step size (1 mm) along the peak
direction obtained with (c). Tracking ends when the FOD
peak magnitude is beneath a fixed threshold (i.e. 0.1), or
when a maximum angle (30°) is exceeded. Subsequently,

Illustration of the protocol used for extraction of the inferior fronto-occipital fasciculus (IFOF). (A) Green lines demarcate “AND”
region of interest (ROI)_1 (the term “AND” indicates that fibers must pass through this ROI) for the left and right IFOF; (B) “AND” ROI_2 forthe
leftand right IFOF; (C) sagittal view of left IFOFand ROI_1and ROI_2; green verticallines show the positions of ROI_1and ROI_2in thesagittal
plane.

from this whole-brain tractography result, the IFOF and
AF pathways are selected by defining regions of interest
(ROIs; see next section).

Tract Extraction Protocols

A multiple ROI approach was employed to isolate the
fibers in the tracts of interest. This approach has been
shown to ensure robust recovery of the major fiber tracts
in the human brain [Mori et al., 2002; Wakana et al.,
2007]. To ensure consistency in extracting the tracts
across subjects, all tracts of interest were extracted and
quantified in native space by the first author (J. M. G.)
using specific protocols.

IFOF. The IFOF is a long white matter association tract
that links the occipital lobe and the orbitofrontal cortex.
Two “AND” ROIs—the term “AND” indicates that fibers
must pass through this ROI—were defined to dissect the
fibers of the left IFOF and the right IFOF (see Fig. 1).
ROI_1 was drawn around the occipital lobe on a coronal
slice at the midpoint between the posterior edge of the
cingulum and the posterior edge of the parieto-occipital
sulcus. The second ROI was drawn around the IFOF (iden-
tified as an intense green circular tract in Fig. 1) on a
coronal slice in the frontal lobe at the location where
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Figure 2.
(ROI)_1 for the left and right AF on a coronal slice; (B) “AND” ROI_2 for the left and right AF on an axial slice; (C) sagittal view of left AF and
ROI_1andROI_2; green vertical and horizonal line show positions of ROI_1 and ROI_2 in the sagittal plane.

frontal and temporal lobes are separated. The tractogra-
phy algorithm isolated all tracts that passed through both
ROI_1 and ROI_2.

AF. The AF is a white matter association tract that is
composed of long and short fibers linking the perisylvian
cortex of frontal, parietal and temporal lobes. It com-
prises the temporal part of the SLE. Two “AND” ROIs were
defined to isolate the left and the right AF (59) (see Fig. 2).
ROI_1 was drawn on a coronal slice at the level of the
middle of the posterior limb of the internal capsule. This
ROI was drawn around the core of the SLF (identified as
an intense green tract with a triangular shape in Fig. 2)
and all branches coming out from this core. ROI_2 was
drawn on an axial slice at the level of the inferior part of
the splenium around projections lateral to the sagittal
stratum. The tractography algorithm isolated all tracts
that passed through both these ROIs. All isolated tracts
were examined visually and “NOT” ROIs were used to
exclude any spurious tracts, for example, removing tracts
that crossed into the other hemisphere, or tracts that
deviated completely from the main body of the tract.

Dependant Measures

For each tract in each participant, FA and the Westin
measures of CL and CP [Westin et al., 2002] were com-
puted from the tracts. FA was the predominant measure
of interest as it is the most widely used measure in the

Illustration of the protocol used for extraction of the arcuate fasciculus (AF). (A) Green lines demarcate “AND” region of interest

literature and shows high sensitivity. The Westin mea-
sures of CL and CP are alternative measures of diffusion
anisotropy that were used to provide a more specific
interpretation of the FA changes.

Statistical Analysis

Statistical comparisons of the data were performed using
PASW (SPSS) software version 18 (SPSS Inc., Chicago, IL,
USA). For all analyses, the level of statistical significance
was defined as P < 0.05 (two-tailed), and Bonferroni cor-
rections were used throughout the analyses. For the IFOF
and the AF, univariate analysis of variance (ANOVA) with
group (ASD/control) as the between-subjects factor was
performed for the dependant measures FA, CP and CL. In
addition, a “lateralization index” was calculated using the
formula [(Left-Right)/(Left + Right)] for each dependant
measure for the IFOF and AF tracts. The purpose of this
lateralization index was to derive a summary statistic that
quantified the degree of hemispheric asymmetry for each
participant. The index values range from +1 to —1 with a
positive value indicating greater left hemisphere asym-
metry [Thomas etal., 2011]. A univariate ANOVA was
subsequently performed to investigate group differences
in this lateralization index.

To explore an association between white matter orga-
nization and behavioral performance during visuospatial
processing, bivariate Pearson correlations are used. More
specifically, relationships between diffusion properties
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Table 2.

The mean, standard deviation (SD) and P-values for the microstructural dependant measures (fractional anisotropy (FA),

planar diffusion coefficient (CP) and linear diffusion coefficient (CL)) for the arcuate fasciculus (AF) and inferior fronto-occipital

fasciculus (IFOF)) in the ASD and control groups

Right hemisphere Left hemisphere
AF IFOF AF IFOF
Measure Group Mean (SD) P Mean (SD) P Mean (SD) P Mean (SD) P
FA ASD 0.40 (0.02) 0.76 0.47% (0.02) 0.02* 0.42 (0.02) 0.85 0.47 (0.02) 0.26
Control 0.39(0.01) 0.48%(0.02) 0.43(0.02) 0.48 (0.02)
cP ASD 0.186 (0.017) 0.32 0.170* (0.013) 0.01* 0.210 (0.015) 0.46 0.162 (0.013) 0.49
Control 0.190 (0.015) 0.161%* (0.014) 0.213(0.015) 0.165 (0.016)
cL ASD 0.361(0.025) 0.47 0.444% (0.023) 0.03* 0.371(0.020) 0.75 0.455 (0.025) 0.49
Control 0.357 (0.016) 0.463% (0.027) 0.369 (0.022) 0.460 (0.030)

*Indicates significant between-group differences with P < 0.05. Bold text was used to highlight significant findings.

ASD, autism spectrum disorder; SD, standard deviation.

and lateralization measures that showed significant
abnormality in the ASD group, on the one hand, and
average mean response times during a visuospatial pro-
cessing task of mental rotation, on the other hand, were
examined. The mental rotation task is detailed in
McGrath et al. [2012]. The primary correlation analysis is
the investigation of the relationship between FA (in tracts
showing abnormal FA only) and visuospatial processing
speed. Subsequent post hoc exploratory correlation
analyses using the CL and the CP are performed as these
measures provide more specific information about the
type of white matter structural change. Pearson correla-
tion analysis is used as mean response times in this study
are normally distributed, as indicated by P-values of
> 0.05 following Kolmgorov-Smirnov and Shapiro-Wilk
tests of normality.

Results
Between-Group Differences in Dependant Measures

In the right IFOF, mean FA was significantly lower in the
ASD group; (F(1,48)=5.143, P<0.028, np2=0.097),
mean CL was significantly lower in the ASD group
(F(1,48) =6.724, P<0.013, np2=0.123) and mean CP
was significantly higher in the ASD group (F(1,48) = 5.25,
P <0.026, np2 =0.099). These results indicate that the
complexity of the microstructural organization of the
right IFOF was increased in the ASD group relative to
controls. In the left IFOF and in bilateral AFs, there were
no between-group differences in microstructural diffu-
sion measures (see Table 2).

Lateralization Index Analysis

In the IFOF, relative to controls, the ASD group showed
significantly greater left lateralization of CL (F(1,
48)=4.35, P<0.042, np2=0.083) and significantly

Table 3. Lateralization indices for the microstructural
dependant measures (fractional anisotropy (FA), planar
diffusion coefficient (CP) and linear diffusion coefficient (CL))
for the AF and IFOF

AF IFOF

Measure  Group Mean (SD) P-value Mean (SD) P-value

FA ASD 0.0328 (0.021) 0.70 0.0058 (0.020) 0.19
Control  0.0353 (0.025) -0.0012 (0.017)

cp ASD 0.0612(0.051) 0.71  —0.0250(0.048) 0.02*
Control  0.0560 (0.040) 0.0100 (0.054)

CL ASD 0.0140(0.031) 0.74 0.0120(0.026) 0.04*
Control  0.0170 (0.028) —0.0031 (0.024)

*Indicates significant between-group differences with P < 0.05. Bold text
was used to highlight significant findings.

ASD, autism spectrum disorder; SD, standard deviation; AF, arcuate fas-
ciculus; IFOF, inferior fronto-occipital fasciculus.

reduced left lateralization of CP (F(1,
P <0.021, np2 =0.107; see Table 3).

In the AF, there were no between-group differences in
lateralization of FA, CP or CL (see Table 3).

48) =5.74,

Correlation Analysis

To investigate the behavioral ramifications of the altered
white matter organization in the ASD group, correlation
analysis was used to examine the relationships between
visuospatial processing performance and diffusion and
lateralization measures that showed significant abnor-
mality in the ASD group. Therefore, the diffusion mea-
sures used in correlation analyses included the mean FA,
mean CP and mean CL of the right IFOF. The lateraliza-
tion measures used in correlation analyses included the
lateralization indices for ASD and control groups for CL
and CP for the IFOF.

Correlation analysis revealed a significant negative cor-
relation between mean response time during the mental
rotation task and mean FA in the right IFOF (Pearson
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Table 4. Results of bivariate Pearson correlation analyses
between mean response time (MRT) during visuospatial
processing and all diffusion and lateralization measures
showing abnormality in the ASD group

Behavioral measure

MRT
Diffusion measure Group r P
FA right IFOF ASD —0.457% 0.037*
Control 0.238 0.298
CPright IFOF ASD 0.150 0.517
Control -0.074 0.749
CLright IFOF ASD —0.417 0.060
Control 0.198 0.389
LICL ASD 0.436* 0.048%*
Control —-0.290 0.202
LICP ASD —0.181 0.434
Control 0.130 0.574

*Indicates statistical significance (P < 0.05). Bold text was used to high-
light significant findings.

LI, lateralization index; r, Pearson correlation coefficient; ASD, autism
spectrum disorder; FA, fractional anisotropy; IFOF, inferior fronto-occipital
fasciculus; CP, planar diffusion coefficient; CL, linear diffusion coefficient.

correlation (r) = —0.46, P < 0.037) in the ASD group. There
was no correlation between these variables in the control
group. The correlation analyses for mean response time
and CL in right IFOF showed a trend toward statistical
significance in the ASD group (r=-0.457, P < 0.060),
whereas the control group showed no such trend
(r=0.198, P <0.389; see Table 4).

Again in the ASD group but not in controls, there was
a significant positive correlation between the lateraliza-
tion index of CL and mean response time (r=0.44,
P <0.048). More specifically, increasing left lateralization
of CL is associated with slower mean response times
(equating to poorer visuospatial processing) in the ASD

group.

Discussion

For the first time in autism research, CSD-based tractog-
raphy has been used to reconstruct and investigate fiber
pathways overcoming a number of significant limitations
associated with conventional diffusion tensor-based trac-
tography. The major finding from this work is that there
are significant differences in microstructural organization
of the IFOF in ASD, which is associated with poorer
visuospatial processing performance. This discovery is
important as it offers a novel insight into specific neu-
roanatomical abnormalities that may underpin atypical
visuospatial processing in ASD.

The IFOF is a major long-range white matter associa-
tion tract connecting ipsilateral frontal and occipital
lobes and ipsilateral frontal and posterior parietal and

temporal lobes [Martino, Brogna, Robles, Vergani, &
Duffau, 2010]. The function of the IFOF is poorly under-
stood, but it is thought to play an important role in visual
processing, reading, attention, the semantic system and,
of particular relevance to autism, in correctly recognizing
emotion in faces [Catani & Mesulam, 2008; Doricchi
et al.,, 2008; Epelbaum etal., 2008; Fox etal., 2008;
Martino etal.,, 2010; Philippi, Mehta, Grabowski,
Adolphs, & Rudrauf, 2009; Rudrauf etal., 2008]. A
finding of reduced structural connectivity in this exten-
sive fronto-posterior tract would be in keeping with the
theory of long-range fronto-posterior underconnectivity
in autism [Just et al., 2004]. It is perhaps surprising, there-
fore, that only three tractography studies have examined
white matter organization of the IFOF in autism. These
three studies used diffusion tensor tractography, an
approach with significant limitations that have been out-
lined in the introduction to this paper. One of these
studies reported increased left lateralization of volume in
the IFOF in adults with ASD [Thomas et al., 2011], but the
two other studies found no abnormalities in this tract in
individuals with autism [Kumar etal.,, 2010; Pugliese
et al.,, 2009]. Results from the current study help to
resolve this inconsistency in the literature by finding
strong evidence of performance-related deficits using the
advanced CSD-based tractography approach.

Significant microstructural abnormalities of the right
IFOF were present in the ASD group in this study. Inter-
estingly, it has been reported in a large study of patients
with focal brain lesions that damage associated with the
right IFOF was associated with significant deficits in facial
emotion recognition, with specific deficits recognizing
sadness, anger and fear [Philippi et al., 2009]. Impairment
of emotion recognition is extensively documented in
autism [Harms, Martin, & Wallace, 2010], and the finding
of microstructural abnormalities in the right IFOF in ASD
is exciting as it offers an insight into white matter abnor-
malities that may underpin a core deficit in the condi-
tion. In this study, relative to controls, participants with
ASD had reduced FA, reduced CL and increased CP in this
tract. The reduced CL and increased CP indicate that
relative to controls, the ASD group had a greater level of
complexity (crossing fibers) of white matter in the right
IFOF. This information about the complexity of white
matter is important, as it has been shown that observed
changes in FA may be explained by fiber crossings. For
example, in regions of crossing fibers, an increase in FA in
one fiber population can result in a decrease in the overall
FA [Douaud et al., 2011]. In the current study, knowledge
of CL and CP reduces ambiguity about the biological
interpretation of the reduced FA.

Correlation analysis revealed an intriguing relationship
between white matter organization in the right IFOF and
behavioral performance during a visuospatial processing
task. In the ASD group (but not controls), there was a
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negative correlation between FA in the right IFOF and
mean response times during mental rotation, indicating
an association between the observed white matter micro-
structural properties and poorer visuospatial processing.
There was also a strong trend (P < 0.060) toward a similar
negative correlation between mean CL in the right IFOF
and mean response times during mental rotation in the
ASD group, but not in controls. Taken together, these
findings suggest that as the level of white matter coher-
ence in the right IFOF diminishes, there is a detrimental
effect on visuospatial processing speed in ASD. These
correlations are particularly interesting as they reveal an
association between atypical visuospatial function in
autism and specific structural brain abnormalities. During
the most challenging mental rotation trials, individuals
with ASD showed stronger negative connectivity than
controls between a number of fronto-posterior regions,
indicating an increased level of functional suppression
between these regions. This increased suppression may
reflect an attempt to reduce “interference” from frontal
higher-level regions that are normally required for suc-
cessful mental rotation [Liu, Cherkassky, Minshew, &
Just, 2011]. Such a reduced need for higher-level process-
ing may arise from superior low-level perceptual process-
ing at the level of the early visual cortex [Mottron et al.,
2006], and evidence has emerged to suggest that there is
increased functional connectivity within the early visual
cortex during mental rotation [McGrath et al., 2012]. The
reduced microstructural organization of the right IFOF in
the ASD group that is reported in the current study may
lead to a weakening in the strength of negative functional
connectivity (reduction of suppression) between frontal
and posterior brain regions in the ASD group. In keeping
with the theory of Liu etal. 2011, results from the
correlation analysis suggest that strong fronto-posterior
suppression is important for successful visuospatial pro-
cessing in ASD; in the ASD group, reduced microstruc-
tural organization of the right IFOF was associated with
slower mental rotation. The relationship between visu-
ospatial processing performance and white matter micro-
structural organization that has been revealed in the
current study offers an exciting insight into possible etio-
logical structural abnormalities in ASD. Future work
investigating white matter within the early visual cortex
is needed to determine whether there are white matter
structural changes in ASD that could contribute to
enhanced low-level perceptual processing.

A test of the lateralization of DTI measurements in the
IFOF showed that there was significantly greater right
lateralization of CP and greater left lateralization of CL in
the ASD group relative to controls. The right lateraliza-
tion of CP emerged from a right-sided increase in CP in
the ASD group. By contrast, the left lateralization of CL
appeared to be driven by the right-sided reduction in
these measures in the ASD group relative to controls. No

previous study has examined lateralization patterns spe-
cifically in the IFOF in autism, but one previous study
investigating intrahemispheric lateralization differences
in autism reported greater left lateralization of number of
streamlines and voxels in three intrahemispheric tracts
combined together (IFOF, ILF and UF) in ASD [Thomas
et al., 2011]. In relation to visual perception, it is known
that the right hemisphere is more sensitive to global
information, whereas the left hemisphere is more sensi-
tive to information about local features [Robertson &
Ivry, 2000; Yovel, Levy, & Yovel, 2001]. Thomas et al.
[2011] speculated that the increased left lateralization of
volume in ASD might be the source of the local visual bias
that has been reported in individuals with autism [Happe
& Frith, 2006], but they did not investigate the relation-
ship between volume lateralization and visuospatial pro-
cessing in ASD. In this study, increased left lateralization
of CL was correlated positively with visuospatial process-
ing speed. At first, this correlation appears to suggest that
left lateralization of CL is detrimental to visuospatial pro-
cessing. The increased left lateralization of CL in this
study, however, is driven by the relative reduction in CL
in the right IFOF, not by increased structural connectivity
(increased CL) in the left hemisphere IFOF. It is possible,
therefore, that the local visual bias in autism does not
arise from increased structural connectivity within the
left hemisphere, but instead results from a compensatory
increased use of the unimpaired left hemisphere in the
face of right hemisphere white matter dysfunction.

The AF connects the perisylvian cortex of the frontal,
parietal and temporal lobes. In the right hemisphere, this
tract has a function in visuospatial processing [Doricchi
et al., 2008; Thiebaut de Schotten et al., 2008], and the
left hemisphere AF has a well-established role in language
and praxis. White matter microstructure of the right and
left AF did not differ between groups in this study, nor
were there between-group differences in lateralization.
Previous tractography studies investigating the AF in
individuals with ASD have shown reduced FA, increased
MD and reduced left lateralization of FA, MD, volume
and average fiber length [Fletcher et al., 2010; Kumar
et al., 2010; Lo et al., 2011; Wan et al., 2012]. One pos-
sible reason for the lack of between-group differences in
white matter organization in the AF is the methodology
that was used in this study. CSD-based tractography
allows full isolation of the frontal projections of the AF. In
previous studies, it is possible that where the AF passes
through regions of crossing fibers in the frontal lobe, fiber
tracking terminated prematurely. This would lead to
extraction of diffusion measurements from only a
segment of the AF rather than the whole tract. It is also
important to note that our study population was verbal,
with average or above-average IQ. It is possible that indi-
viduals with ASD but normal language function do not
have significant disruption of white matter in this tract.
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There were a number of limitations of this study. Par-
ticipants with ASD were limited to male, right-handed
individuals with average or above-average 1Q. Results are
therefore very specific to this group and are not represen-
tative for all individuals on the spectrum. Bonferroni
corrections were not used in the correlation analyses, but
it is important to note that FA was used as the primary
diffusion measure in the primary analysis, and subse-
quent post hoc exploratory correlation analyses were per-
formed in an attempt to increase the specificity of the
type of white matter change that was associated with
visuospatial processing speed. In addition, this study has
only considered tensor-based metrics of FA, CL and CP.
Such measures are sensitive to microstructural changes in
white matter but lack specificity about the type of change
that is occurring. Recent methodological studies have
described HARDI-based metrics, such as the apparent
fiber density [Dell’Acqua, Simmons, Williams, & Catani,
2012; Raffelt et al., 2012], which are likely to become
more widely used in future research and which may
provide new insights into white matter pathology in ASD.
Finally, this study selected only two intrahemispheric
tracts for analysis. These tracts are important in visuospa-
tial processing, and the analysis enabled specific investi-
gation of the relationship between brain white matter
structure and visuospatial processing performance in
autism. It is however possible that there are white matter
abnormalities in other tracts that were not investigated
here, and future work using CSD-based tractography
should focus on isolation of these tracts to better charac-
terize the white matter deficits in autism.

Conclusion

Using a novel and advanced tractography method to
isolate major intrahemispheric white matter tracts in
autism, this study has revealed that there are significant
alterations in the microstructural organization of white
matter in the IFOF in ASD. This altered organization of
IFOF white matter is associated with poorer visuospatial
processing performance, a finding that provides an
insight into specific structural brain abnormalities that
may influence atypical visuospatial processing in autism.
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