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Diffusion tensor imaging of the corpus callosum in Autism
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The corpus callosum is the largest commissural white matter pathway
that connects the hemispheres of the human brain. In this study,
diffusion tensor imaging (DTI) was performed on subject groups with
high-functioning autism and controls matched for age, handedness, IQ,
and head size. DTI and volumetric measurements of the total corpus
callosum and subregions (genu, body and splenium) were made and
compared between groups. The results showed that there were
significant differences in volume, fractional anisotropy, mean diffusiv-
ity, and radial diffusivity between groups. These group differences
appeared to be driven by a subgroup of the autism group that had
small corpus callosum volumes, high mean diffusivity, low anisotropy,
and increased radial diffusivity. This subgroup had significantly lower
performance IQ measures than either the other individuals with autism
or the control subjects. Measurements of radial diffusivity also
appeared to be correlated with processing speed measured during the
performance IQ tests. The subgroup of autism subjects with high mean
diffusivity and low fractional anisotropy appeared to cluster with the
highest radial diffusivities and slowest processing speeds. These results
suggest that the microstructure of the corpus callosum is affected in
autism, which may be related to nonverbal cognitive performance.
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Introduction

The neuropathology of autism appears to be complex (Lainhart,
2006). Several lines of evidence suggest that abnormalities of the
corpus callosum are involved. Complex information processing,
which requires cortico-cortical interhemispheric as well as
intrahemispheric transfer of information, has been found to be
deficient across multiple domains in autism (Minshew et al., 1997).
Abnormalities of corpus callosum mid-sagittal area and white
matter density have been found (Chung et al., 2004; Egaas et al.,
1995; Filipek, 1996; Hardan et al., 2000; Manes et al., 1999; Piven
et al., 1997; Vidal et al., 2006; Waiter et al., 2005). Interhemi-
spheric functional underconnectivity has been suggested by several
recent fMRI studies of autism in language processing and working
memory (Just et al., 2004; Koshino et al., 2005, respectively).
Postmortem studies have found thinning of the corpus callosum in
some cases (Bailey et al., 1998). A better understanding of corpus
callosum white matter differences between autistic individuals and
controls, in general and throughout development, may help identify
potential neuroanatomical markers of autism and important
neurobiological subtypes of the disorder.

The corpus callosum is responsible for conduction of signals
between homologous and heterotopic cortical regions and is an
essential component for brain lateralization and interhemispheric
communication (Innocenti, 1986; Pandya and Seltzer, 1986; Zaidel
and Iacoboni, 2003). The most rostral region of the corpus
callosum, the genu and the rostrum (hereafter referred to as the
genu), has connections between prefrontal brain regions (Witelson,
1989). The most caudal region, the splenium, contains connections
between occipital, temporal and parietal regions (Witelson, 1989).
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The midsections between the genu and splenium are the body and
isthmus (hereafter referred to as the body). Methods for
subdividing the corpus callosum into subregions have been
developed although there is no clear consensus regarding
approaches for the divisions (de Lacoste et al., 1985; Witelson,
1989; Clarke and Zaidel, 1994). Recently Huang et al. (2005) used
diffusion tensor imaging (DTI) and white matter tractography to
parcellate the corpus callosum into regions that connect to specific
cortical areas.

Neuroimaging techniques have provided insight into general
corpus callosum development and more localized changes that
occur with age (see reviews in Brambilla et al., 2003; Lainhart et
al., 2005). In typically developing individuals, overall area of the
corpus callosum increases during childhood and adolescence. The
greatest increase occurs in the posterior regions of the corpus
callosum and during the childhood years (Giedd et al., 1999, 1996;
Keshavan et al., 2002). Overall callosal area may continue to
increase into the twenties (Pujol et al., 1993), but the anterior
corpus callosum may reach adult size well before then (Giedd et
al., 1996).

Studies investigating the development of the corpus callosum in
autism have provided mixed results. Although a decrease in the
area of the anterior corpus callosum has been noted (Hardan et al.,
2000), a recent study (Rice et al., 2005) found no differences in
area, shape, or contour of the corpus callosum between autistic
participants with macrocephaly and normal participants with
benign macrocephaly. These findings suggest that group differ-
ences in head size may have influenced previous results. In
addition to area, another type of measure may be necessary to
identify abnormalities in the corpus callosum in autism.

Diffusion tensor imaging (DTI) is a non-invasive method for
mapping the diffusion properties of tissue water (Basser and
Pierpaoli, 1996). DTI is extremely sensitive to subtle differences in
the architecture of white matter at the microstructural level. The
white matter tracts of the corpus callosum are highly coherent
which makes them well suited for study with DTI. The diffusion
tensor defines the magnitude, anisotropy (variation of the diffusion
properties with direction) and orientation of anisotropic water
diffusion in biological tissues. The diffusion tensor may be
decomposed into three principal eigenvalues with corresponding
eigenvectors. The major eigenvector (e1), corresponding to the
largest eigenvalue (λ1), also referred to as the axial diffusivity Da,
is the direction of fastest diffusivity and is generally assumed to be
parallel to the direction of axon bundles in white matter. The
medium and smallest eigenvalues (λ2 and λ3, respectively) are
assumed to be perpendicular to the white matter tracts. A measure
of diffusivity in the perpendicular plane is the radial diffusivity,
Dr= (λ2+λ3)/2 (Song et al., 2002). The average of the three
eigenvalues is referred to as the mean diffusivity (MD). A
commonly used measure of diffusion anisotropy is the fractional
anisotropy (FA), which is a normalized (ranges between 0 and 1)
version of the eigenvalue standard deviation (Pierpaoli and Basser,
1996).

To date, the only published study examining DTI in autistic
children showed lower FA values in the genu and rostral body in
seven high-functioning autistic male children and adolescents
compared to controls (Barnea-Goraly et al., 2004). Filippi et al.
(2003) noted significantly lower FA and higher MD values in both
the genu and splenium of developmentally delayed children
compared to controls, although autistic participants were excluded
from their study. Thus, the present study was designed to elucidate
some of the developmental changes that occur in the corpus
callosum in autism.

In this study, diffusion tensor measurements (MD, FA, Da and
Dr) in corpus callosum were investigated in a large group of high-
functioning autistic male children, adolescents, and young adults
compared to matched controls. Relationships between age, volume
of the corpus callosum, FA, and MD measures were explored.
Potential functional correlates of white matter organization, such as
IQ and social functioning, were also examined.

Materials and methods

All subjects were ascertained, assessed, and scanned at the
University of Utah. Image processing and analysis were done at the
University of Wisconsin.

Subjects and assessment

Ascertainment
Autism and typically developing subjects were recruited during

a 3-year period (2002–2005) from community sources, including
parent support groups, youth groups, and schools, and from clinic
social skills groups. After complete description of the study to
subjects and parents, written informed consent was obtained.

Diagnosis
Autism was rigorously diagnosed. Autism spectrum subjects

were classified into 4 categories according to the Collaborative
Programs of Excellence in Autism (CPEA) diagnostic criteria,
permitting standardized diagnostic classification of subjects
(described in Lainhart et al., under review). The CPEA criteria
use the Autism Diagnostic Interview-Revised (ADI-R) (Lord et
al., 1994), the Autism Diagnostic Observation Schedule-Generic
(ADOS-G) (Lord et al., 2000), age, and IQ. The ADI-R is an
investigator-based parent interview about the individual’s early
childhood and current social and communication development and
stereotyped, repetitive behaviors and interests. The ADI-R has
good reliability and validity (Lord et al., 1994). The ADOS-G is a
semi-structured interactive observation session that involves play
and activities for young children and activities and an interview
for older, verbal subjects. Individuals are tested with one of four
different modules depending on their age and verbal ability. The
ADOS-G is designed to elicit signs of autism if they are present.
In order to meet CPEA diagnostic criteria for an ASD, subjects
also had to meet DSM-IV (American Psychiatric Association,
1994) and ICD-10 (World Health Organization Staff, 1993)
criteria for the disorder. History, observation, Fragile-X gene
testing, and karyotype were used to exclude medical causes of
autism.

Autism spectrum disorders were diagnosed in a hierarchical
fashion. First, subjects were considered for a diagnosis of autism.
Subjects who did not meet criteria for autism were considered for
a possible diagnosis of Asperger’s syndrome, and barring that,
PDD-NOS. A final classification of “broad Autism Spectrum
Disorder” (broad ASD) took into consideration the fact that all of
the data necessary for a specific ASD diagnosis might not be
available for all subjects. Subjects classified as having broad ASD
included individuals who may have met criteria for autism,
Asperger’s, or PDD-NOS in the past or if additional data were
available. Based on these criteria, lifetime diagnosis and diagnosis
at the time of DTI scanning were determined. Psychiatric
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comorbidity was assessed in all ASD and normal control
subjects using the Autism Comorbidity Interview (Leyfer et al.,
in press). Forty percent of the ASD sample had no psychiatric
comorbidity or history of psychotropic medication use. The rate
of signs of other psychiatric conditions was comparable to the
rate reported in other community ascertained autism samples
(Leyfer et al., in press). Features of ADHD were present in
18.5%, anxiety disorder in 9.3%, OCD in 14%, and depression
in 30%. Twenty-one percent of the ASD subjects were taking a
stimulant medication, 46% a serotonin reuptake inhibitor, 9%
valproic acid, and 5% an atypical neuroleptic. Signs of other
psychiatric conditions are frequently occurring associated fea-
tures of autism as we know it today. Effects of comorbidity and
psychotropic medication use on corpus callosum findings were
considered in the analyses and are discussed at the end of the
Results section.

Typically developing subjects had no history of learning,
developmental, cognitive, neurological, or neuropsychiatric pro-
blems. All of them had extensive testing, including the ADOS, IQ,
language, and psychiatric testing, to confirm that they were
typically developing. None had a history of psychotropic
medication use.

IQ
IQ was measured in the autism and control subjects with the

Differential Abilities Scale, WISC-III, or for adults, the WAIS-III
(Elliott, 1990; Wechsler, 1991, 1997). For those receiving either
the WISC-III or WAIS-III, the Symbol-Coding and Symbol Search
subtests form the Processing Speed Index, which is a composite
measure of perceptual processing, working memory and psycho-
motor speed (Kennedy et al., 2003) and requires integration of the
two hemispheres to effectively complete the tasks (Mathias et al.,
2004). Shorter and more accurate processing times reflect better
(higher) Processing Index Scores, where the mean is 100 and the
standard deviation is 15.

Handedness
Handedness was measured using the Edinburgh Handedness

Inventory (Oldfield, 1971). A score of 100 signifies complete right
handedness and −100 indicates complete left handedness.

Head circumference
Maximal occipital–frontal head circumference was measured.

Reliability for head circumference was established. The intra-class
correlation coefficient was ≥ .90, including inter-rater and test–
retest reliability. Head circumference is an index of maximal brain
volume in development and is significantly correlated with current
brain volume (r=.67 in adolescents and adults) (Hazlett et al.,
2005; Lainhart et al., 2005; Piven et al., 1996).

Social impairment
The degree of impairment in social reciprocity at the time of

DTI examination was measured in autism subjects with the ADOS-
G (Lord et al., 2000) and in autism and control subjects with the
Social Reciprocity/Responsiveness Scale (SRS) (Constantino and
Todd, 2003). The SRS is a quantitative, dimensional measure of
social functioning across the entire distribution from normal to
severely impaired functioning. The ADOS-G qualitative impair-
ments in reciprocal social interaction and combined communica-
tion+social interaction algorithm scores and the SRS total scores
were used.
Neuroimaging
Magnetic resonance (MR) images were acquired on a Siemens

Trio 3.0 Tesla Scanner. In addition to DTI, a wide range of pulse
sequences (3D MP-RAGE, 2D proton-density- and T2-weighted,
and 2D FLAIR) and image contrasts were collected for clinical
review but were not used in the current study. An 8-channel,
receive-only, RF head coil was used for the imaging experiments.
DTI was performed using a product single-shot, spin-echo, echo
planar imaging (EPI) pulse sequence with diffusion-weighting,
which was performed using bipolar gradients with dual-echo
refocusing to reduce eddy currents (Reese et al., 2003). For each
slice, a single non-diffusion-weighted (b=0) reference image and
twelve diffusion-weighted images with unique non-collinear
diffusion encodings and b=1000 s/mm2 were obtained. Parallel
imaging was employed with a geometric reduction factor of 2 to
reduce the distortion caused by susceptibility differences at tissue
interfaces. Sixty contiguous, 2.5-mm-thick, axial slices were
acquired covering the cerebrum and cerebellum. The acquisition
matrix was 128×128 and the field of view was 256 mm, resulting
in 2-mm isotropic in-plane resolution. Other imaging parameters
were TR/TE=7000/84 ms, pixel bandwidth=1346 Hz, and 4
averages. A pair of 2D gradient echo images with different echo
times (TE1/TE2=7/10 ms) was obtained for field mapping at the
same slice locations as the DTI acquisition (Jezzard and Balaban,
1995). The acquisition times for the DTI study and field map were
6:55, and 3:34 min, respectively.

Five young subjects with autism received sedation for scanning.
Sedation, using a combination of remifentanil and propofol,
followed a strict clinical protocol approved by the institutional
review board by the University of Utah and performed by an onsite
faculty anesthesiologist (J.L.). No complications occurred in the
subjects who underwent sedation. In several cases, rehearsal was
used to ‘practice’ lying in the scanner. In all cases written,
informed consent was obtained prior to any imaging. No
complications or untoward effects were encountered.

Diffusion tensor image analysis
Image misregistration from eddy currents and head movements

were first corrected using an affine registration software program
(AIR–http://bishopw.loni.ucla.edu/AIR5/). Distortions from mag-
netic field (B0) inhomogeneities were corrected using a field map
derived from the phase difference image obtained from the gradient
echo image data at two echo times. Field map correction was
performed using methods described by Jezzard and Balaban (1995)
with custom software. The corrected raw images were interpolated
from 2×2×2.5-mm to 2×2×2-mm isotropic voxels, and the 3×3
diffusion tensor was estimated for each voxel location. The
interpolation to isotropic voxels was performed to minimize the
effects of voxel grid orientation relative to the signal heterogeneity
in the corpus callosum regions. From the diffusion tensor, the
eigenvalues (λ1, λ2, λ3) and eigenvectors (e1, e2, e3) were
estimated. Maps of the mean diffusivity (MD—average of the
eigenvalues), the fractional anisotropy (FA), and the axial and
radial diffusivities (Da=λ1 and Dr= (λ2+λ3)/2, respectively) were
generated from the eigenvalues.

In this study, the corpus callosum was extracted in two steps.
First, the white matter of the brain was segmented using FAST
(Zhang et al., 2001) in the FMRIB software library (http://www.
fmrib.ox.ac.uk/fsl/) with maps of the largest and smallest
eigenvalues (λ1 and λ3, respectively) as the inputs (see Fig. 1 for
representative example). Visual inspection of the white matter
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Fig. 1. Example of the WM segmentation achieved by putting the smallest and largest eigenvalues (λ1 and λ3) into a two-channel segmentation algorithm
(mFAST). The top row shows the images before segmentation and the images on the bottom row depict the images after white matter segmentation. From left to
right, the images are the fractional anisotropy (FA), the mean diffusivity (MD), the major eigenvalue (λ1), the medium eigenvalue (λ2) and the minor eigenvalue
(λ3).
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masks created using this combination of eigenvalues appeared to
provide the most consistent segmentation with white matter regions
that were apparent on the DTI maps (compared with any single
eigenvalue, MD, FA or any other combination). However, the
approach was not rigorously evaluated in comparison with a gold-
standard segmentation. The example in Fig. 1 does illustrate that
the approach is quite good, although not perfect. For example,
regions of the thalamus were incorrectly labeled as white matter,
although this is not an issue with respect to this study, which
focuses only on the corpus callosum. This segmentation approach
did consistently segment the corpus callosum in all subjects from
the surrounding non-white matter tissues and thus was a good
starting point for more specific segmentation.

The mean and standard deviation of the white matter MD over
the entire brain was computed and voxels that were above 2
standard deviations from the mean were excluded. This removed
voxels that were bordering regions between white matter and CSF,
and contained significant partial volume averaging between tissue
Fig. 2. Global and regional corpus callosum regions of interest for one subject with a
and (c) the axial plane depicting regions of the genu and splenium. The total corpu
blue.
groups. The corpus callosum was then extracted by computing
maps of the “X” (right/left) component of the major eigenvector
(e1x=e1 ·x, where x is a unit vector in the x direction) multiplied by
FAwith a minimum FA * e1x threshold of .2. The head positions in
all cases appeared to be straight (e.g., the brain sagittal midline was
very close to the y-axis of the axial images). The entire corpus
callosum was then extracted manually between the intersection
with the left and right centrum semiovale (Fig. 2). The segmented
corpus callosum was then used as a mask to extract mean values of
MD, FA, λ1, λ2, and λ3 in the corpus callosum. More regionally
specific measurements were obtained by increasing the FA * e1x
threshold to .4 and then placing 18×18×18 mm cubic regions
(9×9×9 voxels) centered on the genu, splenium, and mid-body in
the mid-sagittal plane. The genu and splenium points were defined
using the approximate centers of anterior and posterior ‘bulbs’ in
the mid-sagittal plane. The body was defined as the half length
point also in the mid-sagittal plane. The intersection of the
segmented corpus callosum and the cubic region was used to
utism in (a) the mid-sagittal plane, (b) a coronal plane through the mid-body,
s callosum is shown in red, genu in yellow, body in purple and splenium in
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define subregions within the corpus callosum, which were used
also as regions-of-interest for extracting the mean MD, FA, Da, and
Dr measurements in these areas. The slightly more conservative
threshold for the more specific regions was used to further
minimize any partial volume averaging effects in the smaller
volumes. It should be noted that the statistical thresholding
approach used in this paper will likely underestimate the true
volume of the corpus callosum and subregions although the
volume trends should be preserved. The same person defined the
corpus callosum regions in all image sets. The segmentation of the
corpus callosum and subregions was repeated twice (spaced by one
week) in 10 subjects. The voxel reproducibility was very high
(correlation r>0.98 for all regions).

Statistical analysis
A one-way analysis of variance (ANOVA) was used to measure

group differences in age, intelligence, handedness, head circum-
ference, and social and communication scores. Between group
differences in the corpus callosum volumes were also analyzed
with a one-way ANOVAwith volumes of the genu, body, splenium
and total corpus callosum, as dependent variables, and group as the
independent variable. The DTI measurements of FA, MD, Da, and
Dr were compared with a one-way ANOVA using group as the
independent variable and mean FA, MD, Da, and Dr within the
genu, body, and splenium as dependent measures.

The relationships between DTI measures and either age or
volume were examined using bivariate correlation analysis.
Finally, bivariate correlations were used to examine relationships
between DTI measures and both IQ and social impairment scores.

Results

Demographics

The autism spectrum group (hereafter referred to as the autism
group) consisted of 43 participants (lifetime diagnosis: 38 autism, 5
PDD-NOS; diagnosis at the time of DTI: 30 autism, 6 PDD-NOS,
7 Broad ASD). As shown in Table 1, the autism and control
subjects were group-matched on age, IQ, handedness, and head
circumference. The control group performed slightly better than the
autism group on performance IQ. The difference failed to reach
significance but the effect size was 0.42. Performance IQ was
therefore used as a covariate in some of the analyses.

Corpus callosum volume differences

The autism group exhibited significantly smaller total and
regional corpus callosum volumes (see Table 2). In addition,
consistently higher standard deviations were found for the autism
group relative to controls, demonstrating greater variability in the
volumes of the corpus callosum for the autism group. When pIQ
Table 1
Demographic variables and group comparisons

Autism n=43 N

Mean SD Range M

Age (years) 16.23 6.70 7–33
Performance IQ 107.49 13.04 85–135 1
Handedness 80.81 21.69 13–100
Head circumference 56.56 2.30 52.2–60.75
was used as a covariate, the effect of diagnostic group remained
significant (F=9.114, df 1, p=0.003 for mean total CC volume).

Group differences in DTI measures

DTI measurements (FA, MD, Da and Dr) obtained for the genu,
body, splenium, and total corpus callosum are summarized in Table
3. Significantly lower mean FA values were found in the total
corpus callosum, the genu and splenium in the autism group
compared to controls. Mean FA values in the body were also lower
in the autism group, although this comparison did not quite reach
significance (p=0.058). The MD measurements also showed
significant differences between groups in the total corpus callosum,
genu, and body with the autism group exhibiting higher mean MD
relative to controls. Comparisons of the axial diffusivities, Da, did
not reveal significant differences between the groups. However, the
radial diffusivities, Dr, were significantly larger in the autism group
for all regions and the total corpus callosum. Consequently, it
appears that the radial diffusivities are driving the group
differences in FA and MD. Similar to the volumetric findings,
the autism group shows larger standard deviations for all DTI
measures compared to controls. Diagnostic group continued to
have a significant effect on Dr when pIQ was used as a covariate
(F=14.09, df 1, p<0.001 for mean total CC Dr).

Relationship between volume and DTI measures

Correlations between corpus callosum volume and the DTI
measures are presented in Table 4. The autistic group exhibited a
significantly positive correlation between FA and volume in the
total corpus callosum and within each subregion. Positive
correlations between volume and FA were also found in the
control group, but were significant in the total corpus callosum,
genu, and body only. In contrast, a different pattern of correlations
between groups was found for the MD and volume correlations.
The small negative correlations exhibited by the control group
differ from the highly negative correlations found in the autism
group (see Table 4). Radial diffusivities demonstrated strong
negative correlations with volume in all regions in the autism
group and only in the genu and body regions for the control group.
Small positive correlations were observed for the axial diffusivity
in the body and total corpus callosum for controls. Because of the
correlation between total and regional corpus callosum volume and
FA and MD, we repeated the case-control analysis of FA and MD
controlling for volume. After controlling for volume, group
differences in total corpus callosum were still significant for MD
(p=0.018) whereas differences in FA were not quite significant
(p=0.058). After controlling for both volume and pIQ, the results
were similar for the DTI measures (mean total CC DTI measures:
MD: F=6.564, df 1, p=0.012; FA: F=2.914, p=0.092; Dr:
F=6.086, df 1, p=0.016).
ormal Control n=34 Group comparisons

ean SD Range F Significance

16.44 5.97 8–29 0.02 0.89
12.79 12.08 90–134 3.35 0.07
72.79 29.01 0–100 1.93 0.17
56.05 2.03 52.5–59.3 0.29 0.34



Table 2
Comparison of corpus callosum volumes (in voxels)

Autism (n=43) Control (n=34) Group comparison

Mean SD Range Mean SD Range F Significance

Genu 173.3 63.5 50–306 215.8 53.4 98–318 9.80 0.002⁎⁎

Body 116.5 36.2 23–213 136.6 27.5 78–175 7.17 0.009⁎⁎

Splenium 201.8 51.4 99–317 230.1 48.8 136–340 6.03 0.016⁎

Total CC 2681.6 608.7 1435–4369 3116.3 471.1 2160–4239 11.76 0.001⁎⁎

ANOVA=analysis of variance.
Voxel volume was 8 mm3 (=2×2×2 mm).
⁎Significant at the 0.05 level; ⁎⁎Significant at the 0.01 level.
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Relationship between FA and MD

Fig. 3 shows the relationship between FA and MD values in the
total corpus callosum. Although FA and MD were negatively
correlated for both groups, a stronger correlation was found in the
autism group (r=−0.600, p<0.0001) than the control group (r=
−0.339, p=0.05). The higher correlation appeared to be driven by
a subgroup of the autism sample that had low total corpus callosum
FA and high MD.

Autism subgroups

When the scatterplot of FA and MD (Fig. 3) was examined, it
became apparent that the autism subjects clustered into two
subgroups. One autism subgroup had significantly lower FA and
higher MD compared to controls. The other autism group had FA
and MD similar to controls. The DTI, volume, cognitive, behavioral
and physical measures for these autism subgroups are summarized
Table 3
Group comparison of anisotropy and diffusivities in the corpus callosum determin

Autism (n=43) C

Mean SD Range M

Fractional anisotropy
Genu 0.663 0.042 0.56–0.74 0
Body 0.664 0.045 0.56–0.74 0
Splenium 0.693 0.045 0.61–0.77 0
Total corpus callosum 0.552 0.037 0.46–0.62 0

Mean diffusivity (10−3 mm2/s)
Genu 0.842 0.048 0.75–0.96 0
Body 0.869 0.041 0.81–1.01 0
Splenium 0.832 0.050 0.75–0.95 0
Total corpus callosum 0.833 0.037 0.78–0.95 0

Axial diffusivity (10−3 mm2/s)
Genu 1.61 0.074 1.41–1.79 1
Body 1.67 0.077 1.49–1.85 1
Splenium 1.64 0.091 1.44–1.78 1
Total corpus callosum 1.43 0.054 1.32–1.57 1

Radial diffusivity (10−3 mm2/s)
Genu 0.457 0.057 0.36–0.60 0
Body 0.466 0.057 0.37–0.63 0
Splenium 0.426 0.060 0.33–0.57 0
Total corpus callosum 0.533 0.045 0.43–0.63 0

ANOVA=analysis of variance
⁎Significant at the 0.05 level; ⁎⁎Significant at the 0.01 level; ⁎⁎⁎Significant at th
in Table 5. The two subgroups did not differ in mean age, puberty
stage, head circumference, rate of macrocephaly, handedness,
severity of core social features of autism (ADI-R, ADOS-G), or
SRS score. However, mean verbal, performance, and full scale IQ
were significantly lower in the autism subgroup with low FA and
high MD (all p values ≤0.003). Radial diffusivity measurements
were significantly higher in the low FA/high MD group; whereas
the axial diffusivities were relatively constant for all groups. In all
regions, the measured volumes were also significantly lower in the
low FA/high MD subgroup(all p values <0.0001).

Relationship between age and changes in the corpus callosum

Table 6 summarizes the correlations between age and corpus
callosum volumetric and DTI measures. Although age was
significantly positively correlated with increased total corpus
callosum volume in control participants, age was not correlated
with overall volumetric changes in the corpus callosum in the
ed by one-way ANOVA

ontrol (n=34) Group comparison

ean SD Range F Significance

.692 0.037 0.56–0.75 10.01 0.002⁎⁎

.683 0.038 0.62–0.77 3.71 0.058

.720 0.032 0.67–0.81 8.22 0.005⁎⁎

.579 0.024 0.53–0.63 13.45 <0.001⁎⁎⁎

.820 0.034 0.76–0.91 5.13 0.026⁎

.840 0.041 0.80–0.88 13.69 <0.001⁎⁎⁎

.818 0.026 0.76–0.87 2.21 0.141

.807 0.023 0.77–0.85 13.01 0.001⁎⁎

.62 0.067 1.42–1.74 0.33 0.569

.65 0.067 1.54–1.84 1.74 0.191

.67 0.071 1.52–1.80 1.30 0.257

.43 0.043 1.34–1.54 0.11 0.747

.420 0.043 0.34–0.58 10.51 0.002⁎⁎

.434 0.039 0.34–0.50 8.12 0.006⁎⁎

.394 0.036 0.29–0.45 7.57 0.007⁎⁎

.495 0.027 0.44–0.56 18.01 <0.001⁎⁎⁎

e 0.001 level.



Fig. 3. Scatter plot of MD (in 10−3 mm2/s) versus FA measurements in the
total corpus callosum for all subjects. Note that there is considerable overlap
between groups in the region with FA >0.52 and MD <0.86×10−3 mm2/s
However, there is a subset of 12 autism subjects with high mean diffusivity
and low FA that do not overlap. Best fit lines: Controls R2=0.115; Autism
R2=0.36.

Table 4
Summary of correlations between DTI measures as a function of volume (in
voxels)

Autism (n=43) Controls (n=34)

r Significance r Significance

Fractional anisotropy
Genu 0.755 <0.001⁎⁎⁎ 0.573 <0.001⁎⁎⁎

Body 0.664 <0.001⁎⁎⁎ 0.505 0.002⁎⁎

Splenium 0.537 <0.001⁎⁎⁎ 0.305 0.079
Total corpus callosum 0.637 <0.001⁎⁎⁎ 0.408 0.017⁎

Mean diffusivity
Genu −0.570 <0.001⁎⁎⁎ −0.247 0.159
Body −0.544 <0.001⁎⁎⁎ −0.061 0.731
Splenium −0.538 <0.001⁎⁎⁎ −0.219 0.214
Total corpus callosum −0.467 0.002⁎⁎ 0.032 0.858

Axial diffusivity
Genu 0.021 0.894 0.249 0.155
Body 0.142 0.364 0.436 0.010⁎⁎

Splenium −0.080 0.609 0.090 0.611
Total corpus callosum 0.077 0.623 0.341 0.048⁎

Radial diffusivity
Genu −0.742 <0.001⁎⁎⁎ −0.494 0.003⁎⁎

Body −0.693 <0.001⁎⁎⁎ −0.427 0.012⁎

Splenium −0.619 <0.001⁎⁎⁎ −0.325 0.061
Total corpus callosum −0.615 <0.001⁎⁎⁎ −0.232 0.186

⁎Significant at the 0.05 level (two-tailed); ⁎⁎Significant at the 0.01 level;
⁎⁎⁎Significant at the 0.001 level.
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autism group. Additionally, FA was positively correlated (and Dr

was similarly negatively correlated) with age in the control group
in the total corpus callosum and within each subregion but was
only significantly related to age in the splenium of the autism
participants. In both groups, measurements of MD were strongly
negatively correlated with age in the total corpus callosum and
splenium region. The axial diffusivity was negatively correlated
with age in the total corpus callosum for the autistic group, and was
positively correlated in the body region of controls.

Because of the correlations with age in the control group,
analyses of corpus callosum volumes, FA, and MD were also
performed controlling for age using a general linear model.
Multivariate tests of between-subject effects were performed with
volume, FA and MD entered as independent variables, group as the
fixed factor, and age as a covariate. Volume, FA and MD group
differences were analyzed for the total corpus callosum and also
the genu, body and splenium. Controlling for age did not affect the
results (see Table 7).

Correlations between DTI and cognitive and behavioral measures

Significant relationships were found between IQ and DTI
measures in the autism group only. As shown in Table 8, FA was
positively correlated (and Dr was negatively correlated) with PIQ
(performance IQ), whereas MD was negatively correlated with PIQ
in the total corpus callosum and within each subregion for the
autistic participant group. In a subset of subjects (21 autism and 19
controls), measurements of the Weschler Processing Speed Index
was obtained as part of the IQ assessment. The Weschler
Processing Speed Indices were positively correlated with FA in
the genu and negatively correlated with MD in the splenium and
total corpus callosum in the autism group. Within the autism group,
total and regional FAs and MDs were not significantly correlated
with ADOS-G social or SRS scores.

Because it is important to understand relationships not only
with case and control groups but across the entire distribution of
individuals from normal to severe autism, the relationship between
total corpus callosum DTI measures and cognitive (pIQ and
processing speed) and the behavioral measure of social reciprocity/
responsiveness were examined in the combined autism and control
samples. In this distribution, performance IQ and SRS scores were
significantly related with total corpus callosum mean volume, FA,
MD, and Dr (pIQ: r=0.273 to 0.370, p=0.016 to 0.001; SRS: r=
−0.272 to −0.317, p=0.039 to 0.015). Processing speed was
significantly correlated with total corpus callosum FA, MD, and Dr

(FA r=0.494, p=0.001; MD r=−0.494, p=0.001; Dr r=−0.534,
p<0.0001) but not volume. Figs. 4 and 5 show the relationships
between the radial diffusivity and processing speed and SRS score,
respectively. The Wechsler Processing Speed Index was robustly
related to radial diffusivity, where slow processing speed was
associated with the highest radial diffusivity scores. Across the
distribution of social reciprocity/responsiveness scores, as indivi-
duals were more impaired (higher SRS scores), mean total corpus
callosum Dr and variance increased. Strikingly, there are some
autism individuals with severe degrees of difficulties in social
reciprocity (high SRS scores) who have values of Dr similar to
normal controls (low SRS scores). The findings were similar for
FA and MD.

Effects of psychiatric comorbidity and psychotropic medication use

Independent t-tests were used to compare behavioral, cognitive,
volumetric, and diffusion tensor measurements between autism
.



Table 5
Autistic subgroups compared to controls—(Low FA/High MD subgroup
includes the 12 outliers in the autism group from Fig. 3)

Autism (n=12)
Low FA/High MD

Autism (n=31)
High FA/Low MD

Control
(n=34)

Volume (mean voxels)
Total CC 2022.5 ⁎⁎⁎ 2936.7 3116.3
Genu 122.7 ⁎⁎⁎ 192.8 215.8
Body 78.0 ⁎⁎⁎ 131.4 136.6
Splenium 153.1 ⁎⁎⁎ 220.7 230.2

Mean FA
Total CC 0.506 ⁎⁎⁎ 0.570 0.579
Genu 0.621 ⁎⁎⁎ 0.680 0.692
Body 0.613 ⁎⁎⁎ 0.684 0.683
Splenium 0.639 ⁎⁎⁎ 0.714 0.720

Mean MD (10−3 mm2/s)
Total CC 0.875 ⁎⁎⁎ 0.817 0.807
Genu 0.891 ⁎⁎⁎ 0.823 0.820
Body 0.914 ⁎⁎⁎ 0.851 0.840
Splenium 0.883 ⁎⁎⁎ 0.812 0.818

Mean axial diffusivity (10−3 mm2/s)
Total CC 1.44 1.43 1.43
Genu 1.63 1.60 1.62
Body 1.67 1.68 1.65
Splenium 1.65 1.64 1.67

Mean radial diffusivity (10−3 mm2/s)
Total CC 0.593 ⁎⁎⁎ 0.509 ⁎⁎⁎⁎ 0.495
Genu 0.520 ⁎⁎⁎ 0.433 0.420
Body 0.537 ⁎⁎⁎ 0.439 0.434
Splenium 0.502 ⁎⁎⁎ 0.396 0.394

Mean age, cognitive, behavioral, and physical measures
Age (SD) [range] 14.25 (8.6)

[7–33]
17.00 (5.8)
[9–28]

16.44 (6.0)
[8–29]

PIQ 96.67 ⁎⁎⁎ 111.68 112.79
Processing speed 83.40 ⁎ 96.00 107.11
Head circumference 55.0 57.1 56.0
ADOS social 9.11 8.26
ADOS ComSoc 14.22 12.61
SRS score 108.18 ⁎⁎ 94.59 ⁎⁎ 17.44

Prevalence of psychiatric comorbidity/psychotropic medication
Comorbidity a 41.7% 64.5% 0%
Medication b 41.7% 67.7% 0%

a Features of psychiatric comorbidity in Low FA/High MD group:
ADHD 16.6%, depression 25%, OCD 8.3%; in High FA/Low MD group:
ADHD 25.8%, depression 38.7%, OCD 16.1%, anxiety disorder 9.6%, other
mood disorder 6.4%.

b Types of psychotropic medication use in Low FA/High MD group:
SSRI 25%, stimulants 16.6%, valproic acid 16.6%, atypical neuroleptic
8.3%, taking 2 or more types of medication 16.6%; in High FA/Low MD
group: SSRI 51.6%, stimulants 22.6%, valproic acid 3.2%, atypical
neuroleptic 3.2%, taking 2 or more types of medication 19.3%.

⁎ Significantly different from Controls at p<0.01.
⁎⁎ Significantly different from Controls at p<0.001.

⁎⁎⁎ Significantly different from Autism High FA/Low MD and Controls
at p<0.001.
⁎⁎⁎⁎ Significantly different from Controls at p<0.05.

Table 6
Summary of correlations between age and corpus callosum volume and DTI
measures

Autism (n=43) Controls (n=34)

r Significance r Significance

Volume
Genu −0.002 0.990 0.171 0.332
Body 0.017 0.913 0.199 0.258
Splenium 0.006 0.970 0.334 0.054
Total corpus callosum 0.067 0.668 0.346 0.045⁎

Fractional anisotropy
Genu 0.252 0.104 0.456 0.007⁎⁎

Body 0.103 0.511 0.500 0.003⁎⁎

Splenium 0.345 0.023⁎ 0.365 0.034⁎

Total corpus callosum 0.042 0.791 0.467 0.005⁎⁎

Mean diffusivity
Genu −0.293 0.057 −0.276 0.114
Body −0.248 0.108 −0.172 0.332
Splenium −0.421 0.005⁎⁎ −0.464 0.006⁎⁎

Total corpus callosum −0.402 0.008⁎⁎ −0.457 0.007⁎⁎

Axial diffusivity
Genu −0.113 0.472 0.160 0.367
Body −0.128 0.414 0.381 0.026⁎

Splenium −0.134 0.391 −0.052 0.770
Total corpus callosum −0.417 0.005⁎⁎ −0.038 0.829

Radial diffusivity
Genu −0.301 0.050 −0.458 0.007⁎⁎

Body −0.185 0.234 −0.470 0.005⁎⁎

Splenium −0.431 0.004⁎⁎ −0.453 0.007⁎⁎

Total corpus callosum −0.244 0.115 −0.557 0.001⁎⁎

⁎Significant at the 0.05 level (two-tailed); ⁎⁎Significant at the 0.01 level.

Table 7
Between group comparison of corpus callosum volume and DTI measures
with and without controlling for age

Not controlling for age Age entered as covariate

F p F p

Volume (voxels)
Genu 9.80 0.002⁎⁎ 9.65 0.003⁎⁎

Body 7.17 0.009⁎⁎ 7.06 0.010⁎

Splenium 6.03 0.016⁎ 5.96 0.017⁎

Total CC 11.76 0.001⁎⁎ 11.76 0.001⁎⁎

Fractional anisotropy
Genu 10.01 0.002⁎⁎ 10.74 0.002⁎⁎

Body 3.71 0.058 3.76 0.056
Splenium 8.22 0.005⁎⁎ 8.92 0.004⁎⁎

Total CC 13.45 <0.001⁎⁎⁎ 13.49 <0.001⁎⁎⁎

Mean diffusivity
Genu 5.13 0.026⁎ 5.32 0.024⁎

Body 13.69 <0.001⁎⁎⁎ 13.96 <0.001⁎⁎⁎

Splenium 2.21 0.141 2.44 0.122
Total CC 13.01 0.001⁎⁎ 14.97 <0.001⁎⁎⁎

⁎Significant at the p<0.05 level; ⁎⁎Significant at the p<0.01 level;
⁎⁎⁎Significant at the p<0.001 level.
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Table 8
Correlation between Wechsler performance IQ, processing speed, and DTI
measures

Performance IQ Autism (n=43) Controls (n=34)

r Significance r Significance

Fractional anisotropy
Genu 0.285 0.064 0.197 0.263
Body 0.307 0.045⁎ −0.098 0.580
Splenium 0.399 0.008⁎⁎ −0.079 0.658
Total corpus callosum 0.396 0.009⁎⁎ 0.146 0.412

Mean diffusivity
Genu −0.263 0.089 −0.125 0.483
Body −0.330 0.031⁎ −0.032 0.855
Splenium −0.320 0.037⁎ 0.048 0.786
Total corpus callosum −0.327 0.032⁎ −0.068 0.701

Axial diffusivity
Genu −0.064 0.684 0.057 0.748
Body −0.007 0.966 −0.127 0.475
Splenium 0.035 0.824 −0.045 0.801
Total corpus callosum 0.016 0.921 0.051 0.773

Radial diffusivity
Genu −0.294 0.055 −0.194 0.271
Body −0.358 0.018⁎ 0.083 0.640
Splenium −0.431 0.004⁎⁎ 0.096 0.589
Total corpus callosum −0.408 0.007⁎⁎ −0.129 0.467

Processing speed Autism (n=21) Controls (n=19)

Fractional anisotropy
Genu 0.526 0.014⁎ 0.273 0.257
Body 0.360 0.109 −0.202 0.409
Splenium 0.324 0.152 0.317 0.186
Total corpus callosum 0.379 0.090 0.432 0.065

Mean diffusivity
Genu −0.400 0.072 −0.421 0.073
Body −0.423 0.056 −0.170 0.485
Splenium −0.470 0.032⁎ −0.170 0.487
Total corpus callosum −0.481 0.027⁎ −0.301 0.211

⁎Significant at the p<0.05 level (two-tailed); ⁎⁎Significant at the p<0.01
level.

Fig. 4. Scatter plot of the relationship between radial diffusivity of the total
corpus callosum and the Wechsler Processing Speed Index score in the
combined autism and control samples.

Fig. 5. Scatter plot of the relationship between the mean radial diffusivity of
the total corpus callosum and the Social Reciprocity/Responsiveness Score
(SRS) in the combined sample of autism and normal control subjects.
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participants with and without psychiatric comorbidity and a history
of psychotropic medication use. The subgroups were compared on
mean performance IQ, processing speed index, ADOS-G commu-
nication, social and total algorithm scores, and SRS scores. Only
performance IQ significantly differed between the subgroups; the
subgroup with psychiatric comorbidity had a higher mean pIQ than
the subgroup without comorbidity (mean pIQ=111.2 and 102.3,
respectively; t=2.31, p=0.026). No significant differences were
found between the autistic subgroups on volumetric or diffusion
tensor measurements of the corpus callosum. A possible
confounding effect of psychiatric comorbidity and psychotropic
medication use on the relationship between DTI measures and pIQ
and processing speed was also examined. Partial correlations
between DTI measures and either pIQ or processing speed were
calculated while controlling for comorbidity and psychotropic
medication use. The pattern of partial correlations was very similar
to the correlations shown in Table 8. While controlling for
psychiatric comorbidity, strong positive correlations were found
between pIQ and FA in all regions in the autism group and the
correlations remained significant for the splenium and total corpus
callosum. A similar pattern of correlations between pIQ and FA
was found when medication use was controlled. Performance IQ
and MD correlations remained negative and significant in the
body and total corpus callosum while controlling for comorbidity,
and significant in the body, splenium, and total corpus callosum
when controlling for medication use. Radial diffusivity measures
continued to show strong and significant negative correlations
with pIQ while controlling for both comorbidity and medications.
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Axial diffusivity correlations with pIQ and correlations between
processing speed and FA and MD measures were unaffected
when comorbidity and medication use were controlled. Linear
regression was also conducted, with corpus callosum DTI
parameters entered as the dependent variable and the cognitive
measure (pIQ or processing speed), comorbidity, and psycho-
tropic medication use entered as independent variables. Neither
comorbidity or medication use had an independent effect on the
DTI measures.

The low FA/high MD and high FA/low MD subgroups were
also compared in regard to comorbidity and psychotropic
medication use. The rates, shown at the bottom of Table 5, were
not statistically different in the subgroups (z=0.20, p=0.42).

Discussion

This study demonstrates that both the morphology and
microstructure of the corpus callosum appear to be affected in
autism. Volumetric measurements demonstrated that the corpus
callosum volume both globally and regionally is reduced relative to
typically developing controls, which is consistent with observa-
tions by several other research groups (Chung et al., 2004; Egaas et
al., 1995; Filipek, 1996; Hardan et al., 2000; Manes et al., 1999;
Piven et al., 1997; Vidal et al., 2006; Waiter et al., 2005). The
fractional anisotropy of the genu, splenium and total corpus
callosum was significantly reduced in autism. The mean diffusivity
of the genu, body and total corpus callosum was significantly
increased; however, the splenium was not for this measure. Further
investigation of the diffusion properties revealed that the
differences in both FA and MD were caused by significantly
higher radial diffusion as represented by the medium and minor
eigenvalues (λ2 and λ3, respectively), whereas the axial diffusivity
defined by the major eigenvalue (λ1) is relatively unaffected in the
corpus callosum in individuals with autism. Psychiatric comorbid-
ity and psychotropic medication use did not have independent
effects on any of the DTI measures.

The specific mechanisms for the differences in the diffusion
tensor measures are unclear. Increased radial diffusivity may reflect
differences in myelination, axonal diameter or packing density,
and/or glial densities. In a mouse model of dysmyelination (Song
et al., 2002), observed that the radial diffusivity was increased in
the absence of myelin, whereas the axial diffusivity was
unaffected. As the diffusion signal is averaged over both the intra-
and extra-axonal spaces, changes in either compartment may also
cause the radial diffusivity to change. To date, differences in
myelination or axonal structure have not been reported in autism.
In the future, complimentary quantitative imaging methods may
provide additional and complimentary information about the
properties of the corpus callosum. For example quantitative T2
myelin water fraction (MacKay et al., 1994) and magnetization
transfer (e.g., Henkelman et al., 1993; Sled and Pike, 2000)
measurements may provide more specific information about the
myelination of the corpus callosum. Recently, Hermoye et al.
(2006) used the b=0 signal in white matter (normalized by the
signal in CSF) from the DTI study as an indirect measure of T2 to
study myelination changes with typical brain development. This
technique was not applied in the current study because the
sensitivity of the 8-channel receiver head coil was not uniform.

One interesting observation is that the diffusion differences
appear to be driven largely by a subgroup of autistic subjects with
low FA and high MD (Fig. 3) relative to the other subjects with
autism, who did not have significantly different diffusion tensor
or volume properties in the corpus callosum relative to controls.
These low FA/high MD subjects were generally characterized by
smaller corpus callosum volumes, and lower (but normal)
performance IQ measures. However, the groups did not differ
in ADOS social, social + communication scores, or WAIS
performance.

Using DTI, researchers have identified changes in corpus
callosum microstructural organization during normal development.
Several DTI studies of white matter (Barnea-Goraly et al., 2005;
Mori et al., 2006; Mukherjee et al., 2001; Partridge et al., 2005;
Snook et al., 2005) have found significant reductions in mean
diffusivity and increases in diffusion anisotropy with age.
However, after 4 or 5 years up until the mid-twenties, the age-
related changes appear more gradual (Mukherjee et al., 2001;
Snook et al., 2005). Conversely, in older subjects (>20 years)
corpus callosum regions (genu and splenium) appear to show a
gradual decrease in FA with age and gradual increase in mean
diffusivity with number of years (Abe et al., 2002; Madden et al.,
2004; Pfefferbaum et al., 2000).

In this study, the age-related changes to DTI measures appeared
to be generally different between the two main groups (Table 5).
One exception was the splenium region, which demonstrated
similar relative changes with age in both autism and controls.
However, the differences in the age dependencies of these
measures between regions and groups could cause the results to
differ if the age distribution of the sample was different as was
recently demonstrated in a DTI study of schizophrenia (Jones et al.,
2006). Using age as a covariate in the analysis of volume, MD and
FA data did not seem to affect the group differences (Table 6). This
means that it is likely that age related factors are not driving the
group differences in this study.

A few studies have explored the relationship between DTI
measures of the corpus callosum and interhemispheric processing
performance (Madden et al., 2004; Schulte et al., 2005). Reaction
time measured during a visual target detection task appeared
related to FA values in the splenium in young adults (Madden et al.,
2004), an area thought to underlie attentional circuits. In another
study of interhemispheric transfer measures (visuomotor interhemi-
spheric transfer, and parallel processing of visual information
presented to each cerebral hemisphere), mean diffusivity and
fractional anisotropy of the genu were found to predict interhemi-
spheric performance in both healthy controls and alcoholics
(Schulte et al., 2005). Conversely, another study utilizing a self-
paced choice reaction time task did not find any correlation
between FA values in the corpus callosum and performance (Tuch
et al., 2005). Despite this apparent contradiction, Tuch et al. did
find that FA values in the visual and parietal white matter were
related to performance and used these results to support the idea
that interhemispheric communication through the corpus callosum
was not involved in the visuospatial attention network necessary
for their task. The importance of callosal trajectories is even more
evident when reviewing deficits found in patient populations with
isolated damage to the corpus callosum (i.e., agenesis, schizo-
phrenia, seizures, etc.) (Paul et al., 2003; Bigler et al., 1988; Suzuki
et al., 1998).

Abnormal neocortical circuitry in the autistic brain has been
suggested in research using functional magnetic resonance imaging
(fMRI) and voxel-based morphometry. Studies show that autistic
individuals exhibit abnormalities in the neural areas thought to
underlie the ‘social’ brain, language comprehension, and also
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higher executive functions. Compared to controls, autistic children
show reduced correlations between morphometry in interconnected
frontal and parieto-temporal cortices (McAlonan et al., 2005), a
finding that is complemented by abnormalities in the ‘mirror
neuron system’ of autistic individuals recorded during fMRI
(Dapretto et al., 2005). An elegant fMRI study of functional
connectivity by Just et al. (2004) found apparent underconnectivity
between interhemispheric as well as intrahemispheric cortical areas
important for sentence comprehension. high-functioning autistic
individuals displayed a lower degree of synchronization in
activation between left and right frontal areas and between left
parietal and right frontal areas compared to controls. This finding
in combination with our finding of reduced callosal volume and
abnormalities of the physical properties of callosal white matter
supports a possible role for the corpus callosum in previous fMRI
studies that have found differences in cortical activation in autistic
individuals compared to controls during tasks of language
processing and working memory (Just et al., 2004; Koshino et
al., 2005; Luna et al., 2002). Thus, cognitive, behavioral, and
social impairments displayed by autistic individuals may be related
to callosal white matter organization and ultimately disordered
interhemispheric communication. The recently reported abnormal-
ities of cingulate cortex deactivation may be relevant to our
findings because if the cingulate cortex was damaged early in
development, it could affect corpus callosum development
(Kennedy et al., 2006; Rash and Richards, 2001).

The neuropsychological tasks that make up the Processing
Speed Index on the Wechsler scales require bi-hemispheric
integration to perform them fast and efficiently, with the
implication being that such functions are dependent on an intact
corpus callosum (Bigler and Clement, 1997; Zaidel and Iacoboni,
2003). As shown in Fig. 4, increased radial diffusivity was
associated with slower processing speed and worse overall
cognitive performance on these tasks. The very fastest Processing
Speed performers were those with the lowest radial diffusivity.
Numerous studies have implicated slow processing speed in
autism, involving diverse cognitive functions (Behrmann et al.,
2006; Dawson et al., 2005; Scheuffgen et al., 2000). In the current
study, the highest radial diffusivity scores were consistently related
to slowest processing speed, certainly implicating delayed inter-
hemispheric transmission via the CC.

The IQ-DTI correlations in the autism group are more difficult
to explain. Spencer et al. (2005) found that reduced CC size was
related to intellectual impairments, but because the CC contains
interconnecting pathways, and not the terminus of the pathway, the
overall correlation of CC size to IQ is weak. It is thought that any
correlation of IQ with CC size, is actually a reflection of the CC
relationships to projecting regions of the cerebral cortex and not
the CC itself (Nosarti et al., 2004). Schmithorst et al. (2005)
showed that FA correlated positively with IQ in various brain
regions, however, MD did not, but the CC was not specially
investigated. Others using voxel-based morphometry methods have
shown diverse cortical areas that relate to IQ as well (Haier et al.,
2005).

There are several potential limitations associated with this
study. The first is the coarse spatial resolution of the DTI data,
which increases the partial volume signal averaging between
corpus callosum and CSF signals. In this study, we used a
statistical approach to exclude these voxels although this also
excludes potentially relevant regions from the analysis. Conse-
quently, it may be advisable to use CSF suppression techniques
like FLAIR in future DTI studies of the corpus callosum (Bhagat
and Beaulieu, 2004; Papadakis et al., 2002). Another limitation is
that the Wechsler Processing Speed measurements were not
obtained from all subjects. Further, this measure is a relatively
indirect measure of interhemispheric signal processing. It may be
desirable in future studies to obtain more direct measures of
interhemispheric transfer rates (Madden et al., 2004; Schulte et al.,
2005; Tuch et al., 2005). Finally, the relationship between DTI
measures and specific changes to the white matter structure are
still unclear. Group-based differences in the radial diffusivity may
be caused by any combination of factors related to myelination,
axonal dimensions, and axonal density. Histopathological studies
from autopsy specimens may be necessary to clarify the specific
changes in the corpus callosum in autism. Finally, although we
ruled out an independent effect of psychiatric comorbidity and
psychotropic medication in general on the findings of our study,
we were not able to examine effects of specific comorbid
psychiatric disorders or psychotropic medications.

In summary, this study demonstrates that the average DTI
properties of the corpus callosum in high-functioning autism are
significantly different from typically developing control sub-
jects. These differences in the DTI measures appear driven
mainly by a subgroup of autism subjects with significantly ele-
vated radial diffusivity. This group was also characterized by
smaller corpus callosum volumes and decreased performance IQ
measurements. The radial diffusivity also appears to be correlated
with task processing speed over all subjects. Future studies are
necessary to determine the specificity of the microstructural
changes in the tissue and the relationship to interhemispheric
processing.
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