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Abstract Children with autism spectrum disorder (ASD)
are highly variable in their language abilities, but the neural
bases of these individual differences are poorly understood.
Structural magnetic resonance imaging (MRI) and magnetic
resonance diffusion tensor imaging (DTI) tractography were
used to examine asymmetries in language-related gray- and
white-matter and their relationships to language ability
in a sample of 20 children with ASD, aged 4-7 years,
and a reference sample of 20 typically developing (TD)
children, aged 6-11 years. Children with ASD did not
differ significantly from TD children in gray matter
asymmetries, but were significantly less left-lateralized
than TD children in the volume and radial diffusivity
(RD) of the arcuate fasciculus (AF). They did not differ
in the fractional anisotropy (FA) or the mean or axial
diffusivity of the AF. Within the ASD group, explorato-
ry analyses revealed that decreased leftward/increased
rightward asymmetry of pars opercularis was associated
with higher language ability and bilaterally increased FA
and decreased RD of the AF. In conclusion, children
with ASD exhibited atypical asymmetry in language-
related white-matter structure as well as an atypical
pattern of brain-language relationships that suggest that
they may meet language milestones and acquire normal
language via a different neurodevelopmental trajectory
from TD children.
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Introduction

Atypical language development is a common feature of
autism spectrum disorder (ASD). Of the approximately
70 % of children with ASD who acquire functional language,
most show developmental delays (CDCP 2007) and many
exhibit structural language impairment (Kjelgaard and
Tager-Flusberg 2001). However, whereas impairment in
communication and appropriate language use is a defining
feature of ASD, not all individuals with ASD exhibit lan-
guage delay or impairment, which are more variable features
of the disorder.

Behavioral and molecular genetics research have demon-
strated that some of the genetic variants that lead to impair-
ment of structural language may also confer increased sus-
ceptibility to ASD (e.g., Vernes et al. 2008; see Abrahams
and Geschwind 2008, for a review). Accordingly, a clearer
understanding of the neural bases of structural language
function and dysfunction in ASD can help to shed light on
its complex neurodevelopmental etiology. Yet, despite sig-
nificant research efforts and progress toward this end, the
neurodevelopmental correlates of language ability in ASD
are not well understood.

In the present study, we investigated asymmetries of
language-related gray and white matter in children with
ASD aged 4 to 7 years using structural magnetic resonance
imaging (MRI) and magnetic resonance diffusion tensor
imaging (DTI). In addition, we explored how differences in
language-related gray and white matter asymmetries might
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relate to differences in language competence in young chil-
dren with ASD.

Functional lateralization of language cortex in ASD

Language is functionally lateralized to the left cerebral hemi-
sphere in the large majority of typically developing (TD)
individuals (Toga and Thompson 2003), and left-hemisphere
language dominance is already well-established in children
as young as 5 years (Szaflarski et al. 2006). In comparison to
TD individuals, children and adults with ASD have been
found to exhibit reduced or reversed (i.e., rightward) func-
tional lateralization of language (Boddaert et al. 2003;
Dawson et al. 1989; Eyler et al. 2012; Kleinhans et al.
2008; Knaus et al. 2010; Miiller et al. 1999; Redcay and
Courchesne 2008; Takeuchi et al. 2004; Wang et al. 2006).
However, findings on the relationship between functional
language lateralization and language ability in individuals
with ASD have been inconsistent. Whereas Redcay and
Courchesne (2008) reported a positive association between
increased rightward functional activation of language cortex
and language skills in 2-3-year olds, Dawson et al. (1989)
reported a negative association between these variables in
school-aged children, and Knaus et al. (2010) found no
association in adolescents with ASD. Although these dispa-
rate findings might be attributed to sample differences, they
also suggest the possibility of an altered developmental
course in children with ASD who acquire language relatively
carly (Eyler et al. 2012; Redcay and Courchesne 2008).

Structural asymmetries of language-related cortex in ASD

Structural imaging studies of school-age children and ado-
lescents with ASD have demonstrated atypical volumetric
asymmetries of the inferior language cortices comprising
Brocas$ area, including increased rightward asymmetry of
pars opercularis (POP; Herbert et al. 2002), decreased left-
ward asymmetry of pars triangularis (PTR; Herbert et al.
2005), and rightward asymmetry of PTR and POP combined,
but only in language-impaired children with ASD and not in
language-normal children with ASD (de Fossé et al. 2004).
However, Knaus et al. (2009) found no evidence of atypical
asymmetry in anterior language cortex in children and ado-
lescents with ASD. Structural imaging studies of the poste-
rior language cortices comprising Wernickes area have also
produced evidence of abnormal volumetric asymmetries in
ASD, most notably of the planum temporale (PT), for which
increased leftward asymmetry was reported by Herbert et al.
(2002) and by de Fossé et al. (2004), but which was again
limited to language-impaired children. In contrast, neither
Knaus et al. (2009) or Rojas and colleagues (Rojas et al.
2005) found evidence of increased leftward asymmetry of
the PT in children and adolescents with ASD.

Consistent with their subgroup findings, de Fossé et al.
(2004) reported a positive correlation between verbal 1Q (but
not nonverbal 1Q) and the degree of leftward asymmetry of
inferior frontal cortex in their total sample of children with
ASD. Thus, in contrast to fMRI evidence linking rightward
functional asymmetry of frontal language cortex to more
advanced language abilities in toddler-age children with
ASD (Redcay and Courchesne 2008), de Fossé et al.’s volu-
metric findings from school-age children suggest that right-
ward structural asymmetry of language-related frontal cortex is
associated with poorer language skills.

Abnormalities of language-related white matter in ASD

DTI is a magnetic resonance imaging technique that mea-
sures the orientation of white matter fibers based on the
direction and degree of microscopic water diffusion by esti-
mating a diffusion tensor at each voxel of the MR image
(Basser and Pierpaoli 1996). The diffusion tensor is repre-
sented by three eigenvectors and three corresponding eigen-
values that define an ellipsoid. These three vectors cross at
the center point of the ellipsoid and are perpendicular to each
other. The long principal vector is measured as \;, the
primary direction of diffusion, presumably parallel to white
matter fibers and referred to as axial diffusivity. The two
smaller vectors are measured as A, and A3, and represent
the diffusion of water perpendicular to the primary vector,
which is normally restricted by cellular membranes and other
tissue. The diffusivities of these two vectors are averaged,
(A2t X3)/2, to produce a measure of radial diffusivity. The
average of all three eigenvalues, (A\;+ >+ A3)/3, is known as
mean diffusivity, which measures the degree of restriction of
diffusion of water irrespective of direction, with higher
values indicating decreased restriction. In contrast, fractional
anisotropy (FA) quantifies the degree of directedness of
water diffusion within the corresponding brain tissue by
measuring the degree to which the second and third vectors
are small relative to the principal vector of water diffusion.
FA ranges from a value of 0, meaning isotropic, or complete-
ly unrestricted in direction, to 1, meaning anisotropic, or
singularly directional. Although FA and MD are the most
commonly reported DTI measures of restriction and struc-
tural coherence within white matter pathways, we quantified
AD and RD in order to provide a more complete character-
ization of AF white matter microstructure in our ASD and
TD samples (cf. Fletcher et al. 2010; Gao et al. 2009).
Diffusion tensor tractography uses the directionality in-
formation yielded by DTI to virtually reconstruct the brain’s
white matter tracts (Conturo et al. 1999; Jones et al. 1999).
Numerous studies of TD adults have used DTI tractography
to track the arcuate fasciculus (AF), the fiber bundle that
curves dorsally around the Sylvian fissure to connect inferior
frontal and posterior temporal language cortex. The majority
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of these studies have reported leftward asymmetry in the
volume and structural coherence (e.g., mean FA) of this tract
(Barrick et al. 2007; Glaser and Rilling 2008; Parker et al.
2005; Powell et al. 2006; Vernooij et al. 2007).

Tractography studies of language-related white matter
tracts in TD children have reported significant leftward
asymmetry of the volume (Lebel and Beaulieu 2009; Qiu
et al. 2011) and FA (Eluvathingal et al. 2007; Lebel and
Beaulieu 2009) of the AF in children as young as age 5 or
6 years. Qiu et al. (2011) reported leftward lateralization of
AF volume in 75 % of children 6-7 years olds and 73 % of
children 9-11 years old. Similarly, Lebel and Beaulieu
(2009) found leftward asymmetry of AF volume in 78 % of
children aged 5 to 13 years, and that leftward lateralization of
AF volume was positively associated with children’s lan-
guage ability. These studies were consistent in finding no
effect of age on the degree of leftward lateralization of the
AF, whether measured in terms of volume or FA, suggesting
that these asymmetries are already well-established by early
childhood.

A number of studies have investigated the volume and
microstructural properties of the AF in school-age and ado-
lescent children with autism. Knaus et al. (2010) reported
that the FA of the AF was similarly left-lateralized in 15
adolescents with ASD and a comparison group of TD chil-
dren. In a sample of 10 adolescents with autism and age-
matched TD controls, Fletcher et al. (2010) found no differ-
ence in the degree of leftward lateralization of AF volume
between groups and, similar to Knaus et al. (2010), found no
group differences in leftward lateralization of FA. However,
whereas TD children exhibited significantly lower left than
right MD and RD of the AF, ASD children exhibited no
asymmetry in either of these AF measures. Neither study
found associations between measures of AF microstructure
and language skills, perhaps owing to the relatively high
level and restricted range of language ability in both study
samples. Nagae et al. (2012) investigated differences in
the FA and MD of the AF in 17 language-impaired
children with autism, 18 language-normal children with
autism, and 25 TD children who were 6 to 18 years of
age. They also found no group differences in the leftward
lateralization of FA. However, consistent with Fletcher
et al. (2010), MD was significantly increased in the left
AF of language-impaired children with autism relative to
TD children, and left AF MD values for the language-
normal children with autism fell in between the other two
groups. Although the right SLF showed the same pattern
of MD values across groups, the group differences did not
reach statistical significance. In analyses of all participants
combined, Nagae et al. found that language ability was
inversely associated with left AF MD and, to a lesser but
still significant degree, right AF MD. These authors did
not measure AD or RD.
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Aims and rationale for the present study

We used volumetric MRI and DTI to assess both language-
related gray- and white-matter asymmetries and their rela-
tionship to concurrent language ability in 20 4- to 7-year-old
children with ASD. Children this age were old enough to be
trained to complete a brief neuroimaging protocol, but were
still young enough that we could expect significant variabil-
ity in their language skills to be able to identify possible brain
correlates of these differences in children with ASD who
develop some fluent language. This age range also represents
a gap in neuroimaging studies of language ability in ASD,
which have either focused on toddlers (cf. Redcay and
Courchesne 2008, using a sleep protocol) or school-aged
children who are better able to comply with MRI procedures.
To conduct this study, we implemented an intensive training
protocol, requiring 3—4 sessions prior to brain imaging,
designed to acclimate children to the imaging environment
and to train them to a level of movement control sufficient to
yield useable MRI data.

Because of the significant time commitment required for
MRI training, we were unable to recruit an age-matched
comparison sample of TD children. Therefore, we compared
our ASD sample with a group of TD children aged 6 to
11 years, taking into account any possible age-related effects
on our findings. The TD comparison group were the youn-
gest participants from a larger sample of TD children for
whom we had collected comparable brain and behavioral
data in a separate study (e.g., Knaus et al. 2009) that used
the same MRI/DTI acquisition parameters as in the present
study and that we analyzed following the same procedures
used for the ASD sample.

Based on the evidence reviewed above, we hypothesized
that children with ASD, relative to prior findings from TD
children of the same age and in direct comparisons with our
TD reference group, would exhibit atypical lateralization of
language-related cortical volumes, specifically PTR, POP,
and PT, and decreased or reversed lateralization of the vol-
umes and microstructural features, specifically MD and RD,
of language-related white matter tracts. In addition, we
conducted exploratory analyses to determine if asymmetry
differences might account for variability in children’s func-
tional language abilities.

Methods

Participants

Table 1 displays participant characteristics. Children were se-
lected for having at least phrase speech to increase sample

homogeneity. All participants met research classification
criteria for autism or ASD based on the ADI-R (Rutter et al.
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Table 1 Characteristics of ASD participants and TD reference group

ASD (n=20) TD (n=20)
Mean (SD) Mean (SD)
Range Range
Age 5;11 (1;3) 9;4 (1;3)
4;0-7;11 6;11-11;5
Sex (M/F) 18/2 15/5
Handedness * 15 (17) 18 (5)
—24-24 9-24
L=4, M=1,R=15 L=0, M=0, R=20
Language score 90 (20) 117 (11)
54-119 95-138
Verbal 1Q 96 (23) 117 (15)
62-145 87-152
Composite language score® 93 (21) 117 (12)
58-132 95-140
Nonverbal 1Q 99 (21) 113 (11)
54-133 90-135

# _24=complete left-handedness; 24=complete right-handedness; L=left;
M=mixed; R=right
® Average of language score and verbal IQ

2003) and ADOS (Lord et al. 1999), administered by trained
examiners who had established inter-rater reliability. Diagnoses
were confirmed by an expert clinician (R.M.J.). Children were
excluded if they had an autism-related medical condition (e.g.,
neurofibromatosis), frank neurological damage, history of head
trauma or seizures, a major physical anomaly, or gestational age
less than 35 weeks.

Measures

The DAS (Elliott 1990) was used to assess verbal and non-
verbal 1Q. Language level was measured with the OWLS
(Carrow-Woolfolk 1995) oral expression and listening com-
prehension subscales, which together yielded a standardized
composite score for oral language ability. The OWLS com-
posite oral language and DAS verbal standard scores were
highly correlated (r=.86, p<.001). To increase the reliability
of language level estimates, and to reduce the number of
study-wise statistical tests, a composite standard language
score was calculated by averaging these two measures for
each participant. Standardized, age-corrected IQ and language
scores were used in all statistical analyses. Handedness was
evaluated with a modified version of the Dean Laterality
Preference Schedule (Dean 1988; Piro 1998) that consisted
of 12 unimanual tasks.

Of 31 participants initially enrolled, 11 were excluded
because of inability to attain sufficient movement control.
These 11 children (8 males) did not differ from the final

sample in age (M=5;10; SD=1:2), but had lower verbal
(M=177, SD=32) and nonverbal (M=84, SD=32) 1Q scores.
Of the 20 children for whom gray matter data were
obtained, 4 were unable to complete the 3 DTI sequences,
which were conducted after the anatomical scan. The
remaining 16 children were compared with the youngest
16 children from the TD reference sample on white matter
measures.

MRI reference data were from 20 right-handed TD chil-
dren (15 males) aged 6 to 11 years. TD children were
assessed with the KBIT-2 (Kaufman and Kaufman 2004)
for verbal and nonverbal 1Q, and with the CELF-3 (Semel
et al. 1995) for language ability. A composite language score
was constructed by averaging the CELF-3 total language
standard score and KBIT-2 verbal IQ score, which were
significantly correlated (#=.66, p<.001).

MRI and DTTI acquisition

Imaging data were collected using a 6-channel SENSE receiver
coil on a 3 Tesla Philips Intera scanner. A high-resolution
anatomical scan was acquired with the following parameters:
3D magnetization-prepared rapid-acquisition gradient-
echo (MP-RAGE) imaging; TR/TE/TI=7.2/3.4/885 ms; flip
angle=8°% FOV=230%230 mm; 100-120 contiguous 1.5 mm
axial slices; matrix=256%256; image resolution=0.9x
0.9x1.4 mm. Three DTI sequences were acquired as
follows: single-shot SE-EPI; TR/TE=10,646/91 ms;
FOV=230x 230 mm; 73 contiguous 2.0 mm axial slices, b-
value=1,000 sec/mm?; 15 gradient directions+1 reference
image (b=0); matrix=128x128; image resolution=1.8%
1.8x2.0 mm. Total scanning time was approximately 20 min.

MRI volumetric analyses of language-related cortices

Cortical reconstruction and volumetric parcellations were
conducted with Freesurfer 4.0.4 (Fischl et al. 2002). Data were
checked throughout the processing stream to ensure that reg-
istration, removal of non-brain tissue, and segmentation were
accurate. Gray matter labels for pars opercularis (POP), pars
triangularis (PTR), and superior temporal gyrus (STG), in-
cluding the planum temporale (PT), were extracted bilaterally
from Freesurfer. Manual edits of the Freesurfer STG label,
using 3D Slicer 3.4 (Pieper et al. 2006), were necessary to
define the PT and posterior STG (pSTG). The anterior bound-
aries of the pSTG and PT were defined in the coronal plane as
the most anterior image in which the Freesurfer parcellation of
Heschl’s gyrus (HG) was present. PT was defined in the
coronal plane as the gray matter on the superior surface of
pSTG lateral to HG. The posterior boundary of the PT was the
most posterior point at which the Sylvian fissure was visible in
the coronal plane. The remaining label was defined as pSTG.
These boundaries were similar to those used in previous

@ Springer



64

Brain Imaging and Behavior (2014) 8:60-72

studies (Knaus et al. 2004, 2007, 2009). Inter-rater reliability
for the manually-edited labels was assessed for 5 brains bilat-
erally, yielding intra-class correlations of .91 for PT and .98
for pSTG. Labels are illustrated in Fig. 1.

To account for individual differences in total brain size,
cortical volumes were calculated as a proportion of estimated
total intracranial volume (Buckner et al. 2004). Asymmetry
quotients for each region were calculated using the formula
(Left volume—Right volume)/[(Left volume+ Right volume)*.50]
(Galaburda et al. 1987), yielding positive values for leftward
asymmetry and negative values for rightward asymmetry.

DTT analyses

Each participant’s three DTI acquisitions were corrected for
motion, co-registered and averaged to enhance signal to noise.
The resulting averaged DTI dataset was pre-processed (non-
brain tissue removal, eddy current and motion correction) and
then analyzed using FMRIB Diffusion Toolbox (FDT 2.0)
from FSL 4.1.2 (Smith et al. 2004; Woolrich et al. 2009). To
track long-range association fibers connecting anterior and
posterior language cortices, a probabilistic diffusion model
was applied (Behrens et al. 2007). First, Bayesian estimates
of the fiber orientation distributions at each voxel in the DTI
dataset were calculated using BEDPOSTX. For the tracto-
graphy analyses, POP and PTR labels were combined to form
one anterior ROI for each hemisphere, and pSTG and PT
labels were combined to form one posterior ROI for each
hemisphere. FDT’s probabilistic tractography algorithm was
then used to model pathways connecting ipsilateral anterior
and posterior language regions in native diffusion space. This
algorithm selects a sample from the fiber orientation distribu-
tion at the current voxel and then selects the sample closest to

Fig. 1 Gray matter volumes in a 6-year-old boy with ASD. Top row:
PTR; middle row: POP; bottom row: PT (yellow) and pSTG (blue)
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that orientation in the next voxel, allowing for potential cross-
ing of multiple fibers within a voxel. Five thousand stream-
lines were sent from each voxel in each of the anterior and
posterior seeding ROIs, generating a connectivity distribution
image that included only those streamlines that passed
through both labels. The resulting connectivity distributions
were further constrained by a waypoint ROIL This ROI was
defined on the diffusion tensor color map in each hemisphere
by identifying the most inferior axial slice in which the fornix
was visible, and then moving in an anterior-to-posterior direc-
tion to identify the coronal slice in which the large, triangular
anterior-posterior bundle of fibers (including the AF) was
most intense. The ROI was then designated as an inclusion
mask through which all streamlines had to pass. The FDT
output was a connectivity distribution image in which the
value for each voxel equaled the sum of the connectivity
distributions from each seeding point. All tracts were visually
inspected to ensure that they were anatomically plausible.

To calculate pathway volume, the connectivity distribu-
tion was first corrected to account for individual differences
in seeding label size by dividing the value of each voxel in
the connectivity distribution by the total number of voxels in
the anterior and posterior labels multiplied by 5,000 (number
of streamlines sent per voxel). The corrected tracts were then
thresholded to include only voxels that received at least
1x107 % of the total streamlines sent out, creating a prob-
abilistic connectivity distribution (see Rilling et al. 2008).
See Fig. 2.

Prior to quantifying the microstructural properties of the
pathways, we corrected the connectivity distributions for label
size, and then divided the value of each voxel by the number of
successful streamlines for the corresponding tract. This correc-
tion was made to adjust for possible individual differences in
the trackability of diffusion data related to, for example, scan
quality. Once corrected for trackability, the tracts were
thresholded to include only voxels that received at least 0.1 %

Fig. 2 Volume and FA of arcuate fasciculus in a 6-year-old boy with
ASD. Left (top) and right (bottom) AF. Normalized and thresholded for
volume in blue and for FA in red-yellow overlay. ¥ellow indicates higher
voxel-wise FA value
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of the total streamlines sent out. To ensure that only white
matter voxels were included in our calculations, a white matter
mask was extracted from Freesurfer for each participant, and
calculations of the mean FA, MD, AD, and RD of the left and
right AF were limited to voxels within the confines of the mask.
As control measures, mean FA, MD, AD, and RD of each
participant’s total left- and right-hemisphere cerebral white
matter was also calculated in FSL using Freesurfer masks.

The TD reference data (a high-resolution structural scan
and 3 DTI scans) were acquired with the same scanner and
head coil used for the ASD participants. Anatomical scan-
ning parameters were similar (see Knaus et al. 2009), and
DTI scanning parameters were the same. The same software
packages were used to conduct automated gray matter volu-
metric analyses and editing and tractography, following the
same technical procedures described above.

Because we did not have an age-matched control group,
group comparisons were limited to patterns of asymmetries
between left and right brain structures, and the association
between these asymmetries and language abilities within each
group. In addition, we conducted within-group correlations to
examine the effects of age cross-sectionally on the develop-
ment of language-related brain asymmetries. If reduced or
reversed asymmetries in our ASD group (relative to our TD
reference group and to findings for TD children reported in the
literature) were simply the effect of their age, we would expect
these to be reflected in our correlational analyses. We did not
assess age effects on gray and white matter results in both
groups combined because age and group were highly inter-
correlated. Thus, any measure revealing a between-groups
difference in brain metrics would be expected to correlate
artifactually with age in a combined analysis.

In the analyses that follow, within-group paired-samples #-
tests of left versus right gray and white matter values are reported
for descriptive purposes only, in order to provide a basic charac-
terization of the direction and magnitude of asymmetries within
each group before comparing them between groups. In the
between-group tests, we adopted a relatively conservative alpha
of .01 in order to reduce the likelihood of a Type 1 error given
that 4 gray matter and 5 white matter tests were conducted. To
assess the within-group associations between gray and white
matter asymmetries and language function, we used an alpha
of .05, as these analyses were mainly exploratory, and as a
consequence we have interpreted the findings from these analy-
ses with the caution that they are preliminary.

Results
Asymmetries of language-related gray matter

Mean asymmetry quotients (AQs) are presented in Table 2,
and left and right volume data for individual participants are

65
Table 2 Gray matter asymmetry quotients
ASD (n=20) TD (n=20)
M (SD) M (SD)
Range Range
Anterior
POP 17 (.25) A3 ((15)
-.17-75 —.18-.54
PTR —.06 (.24) —.14 (.15)
—.53-.61 —.44-23
Posterior
pSTG —.07 (.32) —.04 (.17)
—.89-39 -34-31
PT .33 (.28) A7 (18)
—.09-1.0 —.10-.58

plotted in Fig. 3. Paired-samples #-tests showed significantly
larger left than right volume for POP, 7 (19)=3.0, p<.01, and
for PT, ¢ (19)=4.4, p<.001, but no difference between left and
right for PTR and pSTG, in children with ASD. Similarly, the
TD reference group evidenced larger left than right volumes
for POP, ¢ (19)=3.3, p<.01, and for PT, ¢ (19)=4.6, p<.001,
but not for PTR or pSTG.

Group comparisons of mean AQ values for each of the 4
cortical ROIs revealed no group differences. Although the
ASD group exhibited increased leftward asymmetry of the
PT relative to the TD reference group, F (1, 38)=4.8, p<.05,
this difference was not significant at our critical value of .01.
POP asymmetry was negatively correlated with age in the
ASD group, r=—>54, p<.02, reflecting greater rightward
asymmetry at older ages. There were no other associations
between age and cortical AQs in either group.

Asymmetries of language-related white matter

Mean AQs for all white matter measures are presented in
Table 3, and individual participant data are plotted in Fig. 4.
Paired-samples #-tests showed larger left than right AF vol-
ume, ¢ (15)=6.2, p<.001, in the TD group, but no difference
between left and right AF volumes in the ASD group.
Between-group comparisons showed that ASD children were
significantly less leftward than TD children in AF volume
asymmetry, F (1, 30)=9.4, p<.01. There was no association
between age and AF volumetric asymmetry in the ASD group,
r (14)=.08, n.s., or the TD group, ASD, r (14)=.07, n.s.
Within-group comparisons revealed higher left than right
FA of the AF in both children with ASD, ¢ (15)=2.1, p<.05,
and TD children, 7 (15)=3.3, p<.01. Neither group showed
significant left-right differences in the MD or the AD of the
AF. However, whereas TD children exhibited significantly
higher right than left RD, ¢ (15)=4.0, p<.001, children with
autism showed virtually no difference in RD between the left
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Fig. 3 Individual volumes® and
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and right AF, 7 (15)=0.1, n.s. As can be seen in Table 3, in
between-group comparisons, there was significantly in-
creased rightward asymmetry of AF RD in the TD relative
to the ASD group, F (1, 30)=7.6, p<.01. In contrast, there
was no group difference in total cerebral hemispheric asym-
metry of RD, F (1, 30)=.04, n.s., which tended rightward in
both groups. To confirm the specificity of this finding to the
AF, we conducted a second ANOVA that included the total
left-versus-right-hemisphere AQ for RD as a covariate. With
the inclusion of this covariate, F (1, 29)=3.0, p<.09, the
group effect on AF RD asymmetry remained virtually the
same, F' (1, 29)=8.5, p<.01. There were no associations
between age and FA, MD, AD, or RD asymmetry in the
ASD or TD group.

Gray matter asymmetries and language ability

Exploratory correlational analyses were conducted to assess
associations between cortical asymmetries and language
ability. Pearson product-moment correlations () were used
for variables that were normally distributed. Spearman rank-
order correlations (r,) were used when variables showed
significant (p<.01) skewness or kurtosis, and in cases in
which significant Pearson correlations appeared to be due
to the effects of outliers.
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There was a significant negative correlation between POP
AQ and language ability, » (18)=—47, p<.05, such that in-
creased rightward asymmetry of POP was associated with more
advanced language abilities. This correlation is plotted in Fig. 5.
To determine if the association between POP AQ and language
level was mediated by other factors, such as handedness or age,
we compared the 14 children with positive (leftward) AQs to
the 6 children with negative (rightward) AQs for POP. As can

Table 3 Arcuate fasciculus asymmetry quotients

ASD (n=16) TD (n=16) F (1, 30),
M (SD) M (SD)
Range Range p=

Volume 21 (.78) .89 (.43) .005
-81-1.8 -.18-1.3

FA .02 (.04) .05 (.06) 15
—.06—-.08 -.07-.16

MD .0051 (.024) —.0066 (.017) 13
—.027-.086 —.034-.023

AD .0103 (.030) .0120 (.031) .88
—.040-.094 —.060-.061

RD .0007 (.025) —.0237 (.024) .01
—.031-.079 —.074-.010
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be seen in Table 4, there was no evidence that rightward POP
asymmetry was associated with left-handedness; however, chil-
dren with rightward asymmetry were older.

In the TD reference sample, leftward PT asymmetry was
associated with more advanced language ability, » (18)=.60
p<.01. None of the cortical AQs were associated with non-
verbal IQ in either the ASD or TD group.

White matter relationships to language ability

AQs for AF volume and FA, MD, AD, and RD were not
correlated with concurrent language ability.
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Relationships between gray- and white-matter asymmetries

Correlational analyses revealed no relationships between
gray matter asymmetries and asymmetries of the volume or
microstructural features of the AF in ASD or TD children,
suggesting that structural asymmetries of gray and white
matter were not developing in tandem. We also considered
the possibility that inter-relationships between gray and
white matter development might explain our findings linking
rightward asymmetry of POP to more advanced language. It
seemed plausible that increased myelin proliferation into the
cortical neuropil of the left POP could reduce the MRI gray
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Table 4 Leftward versus right-

ward asymmetry of pars Leftward (n=14) Rightward (n=6) F(1,18),
opercularis in children with ASD M (SD) M (SD) p=
Range Range
POP AQ .29 (.20) —.11 (.06) .001
.02-75 -17—02
Age 5:6 (1;1) 6;11 (0;11) .02
4;,0-7;2 5;8-7;11
Sex (M/F) 12/2 6/0 .36
Handedness® 12 (19) 20 (8) .35
—24-24 4-24
L=4, M=0, R=10 L=0, M=1, R=5
Composite language score 87 (19) 108 (17) .03
58-111 89-132
* _24=complete left-handedness; DAS nonverbal score 99 (23) 99 (15) .99
24=complete right-handedness; 54-133 76-121

L left, M mixed, R right

matter signal for left relative to right volumes (Sowell et al.
2004). Accordingly, seemingly aberrant gray matter devel-
opment could be explained, at least in part, by developmen-
tally normal changes in white matter. However, correlational
analyses revealed no inverse relationships between POP
asymmetry and AF asymmetry measures. Rather, in the
ASD group, POP asymmetry was inversely correlated with
mean FA of both the left AF, » (14)=-.83, p<.001, and right
AF, r (14)=-.80, p<.001, and positively correlated with
mean RD of the left AF, » (14)=.59, p<.02, and right AF, »
(14)=.63, p<.01, indicating that rightward POP asymmetry
was accompanied by bilaterally increased FA and decreased
RD of the AF. These associations were equally significant
when the effect of age was partialled from the correlations.

Discussion

This is the first study to investigate gray- and white-matter
correlates of language ability in preschool and young school-
age children with ASD. Children in this age range have
rarely been studied in MRI research because they are too
old for a sleep protocol, but have not yet gained the
movement-control abilities of older children. This study
yielded four main findings. First, children with ASD did
not differ from the TD reference group in the pattern and
degree of gray matter asymmetries. Second, children with
ASD were significantly less left-lateralized than TD children
in the volume of arcuate fasciculus. Third, children with
ASD were significantly less right-lateralized than TD chil-
dren in the radial diffusivity of arcuate fasciculus, consistent
with the findings of Fletcher et al. (2010) in a sample of
adolescent children with ASD. Fourth, although both groups
showed a tendency toward leftward pars opercularis asym-
metry, within the ASD group, decreased leftward/increased
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rightward asymmetry of pars opercularis was associated with
earlier language onset and higher language ability. We dis-
cuss each of these findings below.

Gray matter asymmetries

In contrast to studies of older school-age children (de Fossé
et al. 2004; Herbert et al. 2002, 2005), we found no difference
between our ASD sample and a reference sample of TD chil-
dren aged 6 to 10 years in gray matter asymmetries of language-
related cortices (see also Knaus et al. 2009). Our null between-
groups findings were not explained by the age difference

0.80

0.601

0401

T1 POP AQ

0.201

0.004

-0.209

T U T T I
60 80 100 120 140

T1 Composite Language Score

Fig. 5 Relationship of pars opercularis asymmetry to language ability
in children with ASD (n=20)*. *Cases marked in order of ascending
chronological age
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between the ASD and TD samples. Gray matter asymmetry
quotients were not associated with age in either group, with the
one exception that rightward POP asymmetry was positively
correlated with age in children with ASD. Based on evidence
from TD children, we would have expected any age-related
effects to have manifested in decreased leftward asymmetries
among younger children (Amunts et al. 2003; Knaus et al.
2009), which we did not find.

White matter asymmetries

Children with ASD exhibited leftward volumetric asymmetry
of the AF significantly less often (44 %) than children in the
TD reference sample (88 %). AF volumetric asymmetry was
not associated with age in either the ASD or TD group,
consistent with prior studies of TD children in the same age
range (Lebel and Beaulieu 2009; Qiu et al. 2011). In addition,
the low rate of leftward lateralization of the AF among ASD
participants in the current study was in striking contrast to the
predominance of leftward AF lateralization among 5-to-7-
year-old TD children reported by Lebel and Beaulieu
(2009), who also used DTI tractography to estimate AF vol-
ume. The markedly lower frequency of leftward AF asymme-
try that we found in similarly young children with ASD
therefore seems unlikely to be a simple effect of their age.
Unlike Lebel and Beaulieu (2009), we did not find that re-
duced volumetric asymmetry of the AF was associated with
poorer language skills in either or ASD or TD children,
perhaps owing to the much smaller sample sizes in the present
study.

In the only prior study that examined volumetric asymmetries
of the AF in ASD, Fletcher et al. (2010) found that ASD and TD
adolescents were equally left lateralized in AF volume. This
difference may reflect the more advanced language abilities of
their older, high-functioning sample, and suggests the possibility
that young children with ASD, who are usually language de-
layed, may show increased lateralization of the AF as they
develop more fluent language. However, the inconsistencies in
volumetric findings may also have resulted from use of anatomic
segmentation methods to identify the AF in Fletcher et al., in
contrast to the use of tractography in the present study.

As for the microstructural properties of the AF, children
with ASD showed significant leftward asymmetry of the FA
of'the AF that was on par with that found in the TD reference
group, consistent with prior findings (Fletcher et al. 2010;
Knaus et al. 2010; Nagae et al. 2012). In contrast, children
with ASD evidenced a complete absence of RD asymmetry
ofthe AF, whereas TD children showed significant rightward
lateralization. RD asymmetry was significantly different be-
tween groups and was independent of overall hemispheric
asymmetry in RD, which was roughly equal between groups.
Fletcher et al. (2010) similarly reported a complete absence
of AF RD asymmetry in 11- to 16-year-old adolescents with

ASD, which they described as one of the most striking
differences between their ASD and TD groups (and of sub-
stantially greater magnitude than group differences in the RD
of the left AF alone).

Our microstructural white matter asymmetry findings are
compelling in that they closely parallel those of Fletcher
et al. (2010), which is the only prior study to our knowledge
that examined not only the FA and MD of the AF in ASD,
but also the axial and radial components of these measures.
In discussing their findings, Fletcher et al. posed the critical
question of whether such differences in white matter micro-
structure of the AF reflect a primary neurobiological abnor-
mality in ASD, or if they are more the result than the cause of
abnormal language acquisition and function in ASD. Our
finding of a similar pattern of microstructural white matter
differences in a much younger sample of children with ASD
who were selected for not yet having attained fluent lan-
guage tends to support the former conclusion.

DTI studies that have examined AD and RD in an attempt
to characterize the underlying cytoarchitecture of white matter
development and degeneration have used these measures as
markers of axonal integrity and myelination, respectively
(Gao etal. 2009; Song et al. 2002). According to this division,
our findings of a lack of RD asymmetry, and of bilateral
associations between increased RD and poorer language func-
tion, point to abnormalities in the axonal myelination of the
AF in young children with ASD. Future DTI research affor-
ding direct comparisons of both the volumetric and micro-
structural features of the left and right AF, and their asym-
metries, with age-matched TD controls will allow stronger
inferences about the white matter components of language
delay and atypical language acquisition in young children
with ASD.

Gray matter asymmetries and language ability

Whereas children with ASD and TD children exhibited similar
patterns of gray matter asymmetries, the relationships between
these asymmetries and language differed between groups. Most
notably, rightward asymmetry of POP was positively associated
with language level in children with ASD, independently of
handedness and nonverbal IQ. This association was inconsis-
tent with prior findings (de Fossé et al. 2004; Herbert et al.
2002) linking rightward volumetric asymmetries of the
language-related frontal cortices to poorer language functioning
in school-age children with autism. The factor most obviously
differentiating the children in the present study, aged 4-7, from
those in the prior studies, aged 7—11, was their younger age.
However, this difference provides no plausible explanation for
the completely opposite pattern of structure-function relations
between groups that seem irreconcilable simply as a function of
chronological age. We propose, rather, that the difference
in structure-function relationships reflects a cohort effect.
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Children in the prior studies were born approximately two to
three decades ago, when ASD was diagnosed at significantly
later ages than in recent years, and were far less likely to have
had access to intensive early intervention. In contrast, the
current sample was drawn from a cohort diagnosed early and
enrolled in intensive early interventions targeting language and
related communicative skills, which may have fostered a func-
tionally productive right-lateralization of frontal language cor-
tex. This would be consistent with the earlier age of language
onset in children with rightward POP asymmetry as well as
recent findings linking rightward functional lateralization in 3-
year-olds with ASD with more advanced language skills
(Redcay and Courchesne 2008).

Finally, we also found that rightward asymmetry of POP
was associated with increased mean FA of both the left and
right AF in children with ASD. The link between structural
characteristics of the AF specifically to POP in children with
ASD was interesting in light of recent findings from TD
adults demonstrating that the arcuate fasciculus, at least in
the typically language-dominant left hemisphere, connects
posterior language cortex primarily to POP, whereas PTR
and the frontal operculum appear to track principally via
ventral pathways to posterior language cortex (Anwander
et al. 2007; Frey et al. 2008). The association of bilaterally
increased FA of the AF with rightward POP asymmetry
provides further anatomical support to our proposal that
children with ASD who acquire language early, despite
atypical asymmetry of language cortex, can progress in their
language development by other means.

The association we found between rightward asymmetry of
POP and higher language ability in children with ASD was
based on exploratory analyses and requires replication in both
structural and functional imaging studies of young children
with ASD. Several questions remain, all of which may inform
future research. First, is language functionally lateralized to
the right frontal cortex in the children we examined, or is
rightward volumetric asymmetry a vestige of earlier develop-
ments, with language function now lateralized in a more
typical pattern? Second, what are the causes of atypical lan-
guage lateralization? Some researchers (Kleinhans et al. 2008;
Redcay and Courchesne 2008) have suggested that atypical
language lateralization may result from differences in the
timing and nature of right and left cerebral hemisphere matu-
ration, which make them differentially susceptible to the ef-
fects of abnormally accelerated brain development beginning
sometime in middle-to-later infancy in children with ASD
(Redcay and Courchesne 2005; Schumann et al. 2010; Wolff
et al. 2012). More specifically, these authors have suggested
that because the right-hemisphere homologues of Broca’s area
mature earlier, faster, and with greater innate genetic specifi-
cation (e.g., Chiron et al. 1997; Geschwind et al. 2002), their
development may be less disrupted by an abnormal brain
growth trajectory than their left hemisphere counterparts, in
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which development is more protracted and experience-
dependent and, consequently, more vulnerable. Finally, do
children with right-lateralization and advanced language skills
continue to progress normally or do they plateau in their
language development? Alternatively, might children with
right-lateralized language function fare better than other chil-
dren, particularly those with bilaterally-organized language
(Kleinhans et al. 2008; Knaus et al. 2009), as a result of
increased processing efficiency, which has been theorized to
drive, from an evolutionary perspective, the lateralization of
complex, distributed brain functions, such as language
(Corballis 2009).

Finally, PT asymmetry was strongly leftward and did not
differ significantly between the ASD and TD groups.
Leftward asymmetry of the PT is the most consistently ob-
served volumetric asymmetry of language-related cortex
(Shapleske et al. 1999), and the PT is widely recognized as
playing a key role in auditory perception, an integral compo-
nent of both language comprehension and production (Hickok
and Poeppel 2007). Our findings from younger children than
those previously studied are perhaps most interesting in that
PT asymmetry, although strongly leftward, was not associated
with language level in children with ASD, but was in the
somewhat older TD reference sample, consistent with findings
from prior studies of non-ASD children with and without
language impairment (e.g., Eckert et al. 2001). It is possible
that the lack of a structure-function correlation reflects a more
diffuse organization of language in the posterior perisylvian
cortices, akin to that which has been observed in functional
neuroimaging studies of language organization in ASD (e.g.,
Eyler et al. 2012; Harris et al. 2006; Just et al. 2004; Miiller
et al. 1999). Direct examination of the relationship between
the degree of structural asymmetry, for example of PT, and the
focalization or diffusivity of cortical activation during on-line
language processing with functional neuroimaging would be
necessary to evaluate this possibility.

Limitations of current study

There are several limitations to the present study. First, the
study lacked an age-matched control group. Although we
have carefully considered and ruled out the possibility that
group differences were attributable to age by demonstrating an
absence of age-related effects within our participant groups
and in similar studies reported in the literature, the inclusion of
an age-matched TD control group would have strengthened
our findings and conclusions. Second, the requirement of
attaining sufficient motion control for participation had the
effect of excluding children with poorer language skills.
Investigation of young children with the broadest possible
range of language skills, from phrase to fluent speech, is likely
to be most informative. Third, our correlational findings of
structural asymmetries and language function, mostly notably
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the link between rightward POP asymmetry and higher lan-
guage ability in children with ASD, were not corrected for
multiple comparisons. Although these findings were consis-
tent with the results of a recent study (Redcay and Courchesne
2008) suggesting altered development of language in ASD,
they must be considered preliminary. Finally, we have specu-
lated broadly on both the possible antecedents and sequelae of
the brain-language relationships in children with ASD we
have begun to identify here. A clearer, more definitive account
of these relationships will require longitudinal study from
infancy through the early-to-middle school-age years.
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