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Abstract: This study investigated white matter integrity in young children with autism using diffusion
tensor imaging (DTI). Twenty-two children with autism, mean age 3:2 years, and 32 controls, mean
age 3:4 years, participated in the study. Tract-based spatial statistics (ITBSS) revealed white matter
abnormalities in several distinct clusters within the genu and body of the corpus callosum (CC), left
superior longitudinal fasciculus (SLF) and right and left cingulum (Cg). TBSS-VOIs analysis was per-
formed in the clusters where differences in fractional anisotropy (FA) were detected to investigate the
relationship between changes in FA and diffusivity indices. In all VOIs, increase in FA was caused by
a decrease in radial diffusivity (Dr), while no changes in axial diffusivity (Da) or mean diffusivity
(MD) were observed. Tractography analysis was applied to further study the CC, SLF, and Cg. Witel-
son parcellation scheme was used for the CC. Significant increase in FA was seen in children with au-
tism in the mid-body of the CC as well as in the left Cg. It is suggested that such abnormal white
matter integrity in young children with autism may adversely affect connectivity between different
brain regions and may be linked to some of the behavioral impairments apparent in autism. Hum Brain
Mapp 32:534-543, 2011.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Autism spectrum disorders (ASD) is a heterogeneous
syndrome with complex neuropathology, a range of sever-
ity and a number of comorbidities. ASD is behaviorally
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defined based on social-communication deficits, language
deficits, and a range of stereotypic behaviors [DSM-IV TR,
1994]. Currently, there are no biologically-based diagnostic
criteria for autism.

Postmortem and structural magnetic resonance imaging
(MRI) studies pointed to pathological findings in several
brain regions including the limbic system, the cerebellum,
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and the related inferior olive [Bauman and Kemper, 2005],
the frontal lobes [Courchesne and Pierce, 2005a,b], and the
corpus callosum [CC; Boger-Megiddo et al., 2006; Hardan
et al., 2000; Stanfield et al., 2008]. In about 70% of the chil-
dren with autism, the brain undergoes a period of preco-
cious growth during early postnatal life, mainly in the
frontal lobes, followed by a deceleration of brain growth
in later childhood years [Courchesne, 2004; Courchesne
and Pierce, 2005a,b; Courchesne et al., 2003; Lainhart,
2006]. Morphological and volumetric studies reported dif-
ferences in specific brain regions including both white and
gray matter volumes [Bloss and Courchesne, 2007; Courch-
esne et al., 2001; Girgis et al.,, 2007; Ke et al., 2009; McA-
lonan et al., 2005; Waiter et al., 2005].

Diffusion tensor imaging (DTI), offers various diffusivity
indices that relate to the micro-structural organization of
brain white matter [Basser and Pierpaoli, 1996, Wakana
et al., 2004]. The most common indices are mean diffusiv-
ity (MD), reflecting the amplitude of water diffusion, frac-
tional anisotropy (FA), reflecting the directionality of
water diffusion, axial diffusivity (Da) which is the diffu-
sion along the tensor ellipsoid main axis (A, = A), and
radial diffusivity (Dr) which is the diffusion perpendicular
to that axis (A, = (A, + A3)/2) [Basser and Pierpaoli, 1996].

Barnea-Goraly et al. [2004] reported reduced FA along
with increased MD in cerebral white matter regions in
adolescents with autism, arguing that these abnormalities
were associated with deficits in social cognition and theory
of mind skills. Sundaram et al. [2008] reported reduced FA
and increased diffusivity of the short and long association
fibers in the frontal lobes in children with ASD, age 57.5 +
29.2 months. Lee et al. [2007] reported decreased FA and
increased Dr, as well as increased MD in the temporal
regions in subjects with ASD (age range: 7-33 years). Con-
sistent reductions in FA were reported on and near the
genu of the CC in high functioning subjects with autism
[age range: 7-33 years; Alexander et al., 2007] and by Kel-
ler et al. [2007] in subjects with autism (age range: 10-35
years). Thakkar et al. [2008] showed reduced FA in white
matter underlying the anterior cingulate cortex in subjects
with ASD (age 30 + 11 years). A recent study conducted
with low-functioning subjects with autism (age range: 18—
27 years) showed reduced tract volume and lower mean
FA values in the left orbitofrontal cortex network [Pardini
et al., 2009]. The lower FA was associated with lower 1Q
scores. Another recent study reported decreased FA in the
left hemisphere and increased FA in the right hemisphere
mainly in the frontal and temporal lobes in children with
autism [age: 9 £ 2 years; Ke et al., 2009]. Pugliese et al.
[2009] reported higher number of streamlines in the cingu-
lum (Cg) and in the inferior longitudinal fasciculus, in
subjects with Asperger syndrome (age range: 9-54 years);
however no differences between groups were detected in
FA and MD values in these regions. Using high b value
DWI, Ben Bashat et al. [2007] reported higher FA in tod-
dlers with autism (age range: 1.8-3.3 years) which was
more dominant in the left hemisphere and detectable in

the frontal lobe [for more information on high b value
DWI method see Assaf and Cohen, 2000; Assaf et al., 2002;
Ben Bashat et al., 2005].

The current study further explored white matter differ-
ences between young children with autism and typically
developing children (TD), using a variety of methods of
analysis. Various diffusivity indices were examined to bet-
ter understand the changes in FA and to provide more in-
formation regarding the mechanisms underlying white
matter integrity in autism.

MATERIALS AND METHODS
Subjects

Twenty-two children diagnosed with autism, mean age
3.2 £ 1.1 years, (range 1.5-5.8 years), participated in the
study. Diagnosis of autism was received at the time of the
MRI. Eighteen children underwent a comprehensive diag-
nosis at a regional Autism Center. The diagnosis inter-
view-revised [ADI-R!; Lord et al., 1994] and the autism
diagnosis observation schedule [ADOS? Lord et al., 1989,
1999] were used. Participants met the cut-off points for au-
tism on the ADI and ADOS as well as the clinical criteria
for autism of the DSM-IV TR [1994]. All the professionals
involved in the diagnosis process established reliability as
required. A clinical evaluation by a pediatric neurologist
was performed as well. Additional four children were
diagnosed by a general pediatric neurology clinic. These
children met criteria for autism based on the DSM-IV TR
[1994].

Ten participants had complex medical histories and
underwent a comprehensive genetic work-up, obtained
metabolic tests as well as EEG. The evaluations did not
yield a diagnosis of specific genetic syndromes or specific
metabolic disorder. Epilepsy was ruled out. A neurological
follow-up, 1-2 years after obtaining the MRI did not iden-
tify specific comorbidities in this cohort. The remaining 12
participants had uncomplicated clinical history and normal
physical and neurological examinations on the initial and
on subsequent assessments. In all subjects conventional
MRI was without gross abnormalities. Diagnoses of autism
were reconfirmed for all the participants, 1-2 years after
the initial diagnosis and the MRI.

Thirty-two typically developing (TD) children, mean age
3.4 £ 1.3 years, (range 1.5-5.8 years), served as controls.
Subjects were referred for various indications, including
febrile convulsion, intermittent torticollis, suspected

'ADI-R is a semi-structured parental interview that follows DSM-IV
criteria for autism [Lord et al., 1994].

2ADOS is a semi-structured, interactive schedule designed to assess
social, communication, play, and stereotyped behavior and interests.
The original ADOS diagnostic algorithm classifies children into cate-
gories of autism, ASD, or nonspectrum, based on items scores
derived from the communication and reciprocal social interaction
domains [Lord etal., 1989, 1999].
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endocrine abnormalities, and suspected brain abnormal-
ities on prenatal ultrasound. Requirements for eligibility
were: no brain anomalies on conventional MRI, normal de-
velopmental history, attendance of an age-appropriate
educational facility, no prior history of head injury and no
clinical evidence of neurological dysfunction.

The study was approved by the Institutional Review
Board (IRB) of the Tel-Aviv Sourasky Medical Center and
the Israeli Ministry of Health. Parents or legal guardians
of the participants signed an informed consent form.

Sedation Protocol

All subjects underwent sedation during the MR scans
with a gas mixture of nitrous oxide in 40% or propofol ox-
ygen enriched with halothane 0.6-0.8%. Subjects breathed
spontaneously through a laryngeal mask airway. ECG,
pulse oximetry, and capnography were monitored.

Data Acquisition

MRI was performed on a 1.5T (GE Signa EXCITE, MRI
scanner, Milwaukee, WI). Conventional imaging included
sagittal T; weighted (T1W) FSPGR, axial T, weighted
(T2W), axial FLAIR and coronal T2W. A diffusion tensor
imaging was acquired with bya = 1,000 s/mm?, acquired
with 15 diffusion gradient encoding directions and 1 vol.
without diffusion gradients (b = 0 s/mm?). Two repeti-
tions were performed to increase signal to noise ratio.
Other acquisition parameters included: TR/TE = 11,000/
94 msec, matrix of 96 x 96, FOV = 200 mm and 3 mm sli-
ces with no gap. Axial slices were aligned along the ante-
rior—posterior commissures (AC-PC) axis to cover the
whole brain including the cerebellum.

Image Analysis

Three methods of analysis were used to compare white
matter integrity between children with autism and TD
children: voxel-based whole brain comparison, using tract-
based spatial statistics [TBSS; Smith et al. 2006], volume of
interest (VOI) analysis of the TBSS results, and tractogra-
phy analysis, based on the TBSS results.

Tract Based Spatial Statistics (TBSS)

Twenty one children with autism, mean age 3.3 + 1.1
years (range 1.5-5.8 years), and 26 TD children, mean age
3.3 £+ 1.2 years (range 1.5-5.8 years) were included in this
analysis (one child with autism and six TD children
were excluded because of misalignment of their data to
the mean skeleton). There was no significant age differen-
ces between the participants and the controls (#(45) = 0.19,
P =0.85).

Motion and eddy current corrections were performed
using FSL software. FDT (FMRIB’s Diffusion Toolbox;

www.fmrib.ox.ac.uk/fsl) was used to fit a diffusion tensor
model to the data at each voxel. Voxel-wise values of axial
and radial diffusivities (Da and Dr, respectively), mean
diffusivity (MD) and fractional anisotropy (FA) were cal-
culated. FA maps from all subjects (1 = 47) were aligned
to the “most representative” map. A mean FA map was
created and aligned into a 1 x 1 x 1 mm® MNI152 stand-
ard space [Focke et al., 2007; Smith et al., 2006, 2007]. The
mean FA map was then thinned to create a mean FA skel-
eton, representing the main fiber tracks, and was thresh-
olded at FA > 0.2. Values of MD and FA of the subjects
with autism were compared with those of the TD children.
Two contrasts for each diffusivity index were estimated:
patients greater than controls and controls greater than
patients. The results included maps corrected at cluster
level [threshold-free cluster enhancement—TFCE, Smith
and Nichols, 2009] thresholded at a level of P < 0.05 fully
corrected for multiple comparisons (TFCE-corrected).

TBSS-VOIs analysis

VOIs analysis was performed to further investigate the
relationships between changes in FA and other diffusivity
indices. The VOI masks were based on anatomical atlases
(JHU ICBM DTI 81 White Matter Atlas for VOIs in the CC,
JHU White Matter Tractography Atlas for VOIs in the SLF
and in the Cg) and included only the voxels in which dif-
ferences in FA were seen. These VOIs masks were back-
projected to the original images of each subject and mean
values of the diffusion indices, Da, Dr, and MD, were
calculated.

One-way ANCOVA with group as independent variable
and DTI parameters (Da, Dr, MD, and FA) as the depend-
ent variables were performed, controlling for age of sub-
jects (SPSS version 14.0). Bonferroni correction for multiple
comparisons was used (P < 0.0025).

Tractography analysis

Twenty two children with autism, mean age 3.2 + 1.1
years (range 1.5-5.8 years), and 28 TD children, mean age
3.6 + 1.2 years (range 1.5-5.8 years) were included in this
analysis (four TD children were excluded since the tractog-
raphy and segmentation of the CC in these subjects,
were unsuccessful). There was no significant age differen-
ces between the participants and the controls (#(48) = 1.16,
P =0.25).

Motion and eddy current corrections were performed
using FSL software (FSL; http:/ /www.fmrib.ox.ac.uk/fsl/).
Tractography analysis was performed using MRIStudio
software (Johns Hopkins University, Baltimore, MD). The
diffusion tensor (i.e., a 3 x 3 matrix) was calculated with a
multivariate linear fitting algorithm for each voxel. The ten-
sor in each voxel was spectrally decomposed to obtain its
eigenvalues and eigenvectors, and the fiber direction at each
voxel was assumed to be the eigenvector corresponding to
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Figure 1.
(a) Witelson segmentation-schematic view, (b) Tractography of CC; wl-yellow, w2-orange, w3-
green, w4- purple, and w5-light blue.

the tensor’s largest eigenvalue. This vector was color-coded
(blue for superior—inferior, red for left-right, and green for
anterior—posterior). Da, Dr, MD, and FA maps were gener-
ated from the eigenvalues.

Three major fiber bundles were extracted based on the
TBSS results: the corpus callosum (CC), the superior longi-
tudinal fasciculus (SLF), and the cingulum (Cg). Stream-
line fiber tracking method using fiber assignment by
continuous tracking (FACT) algorithm [Mori et al., 1999],
and a brute-force reconstruction approach were used.
Fiber tracking was terminated when it reached a pixel
with an FA value lower then 0.25, or when the turning
angle was >70°.

The CC was extracted using a single region of interest
(ROI) defined on a color-coded mid-sagittal map [Mori
and van Zijl, 2007; Mori et al., 1999; Wakana et al., 2004].
Further segmentation of the CC followed Witelson [1989]
parcellation scheme (see Fig. 1). This method defines five
vertical callosal segments based on specific arithmetic frac-
tions of the maximum anterior—posterior extent. The CC is
subdivided into regions comprising the anterior third (CC-
w1), the anterior and posterior midbody (CC-w2-w3), the
posterior third (CC-w4), and the posterior one-fifth (CC-
wb). In the current study, the CC-wl-w5 segments
included all fibers projected from the specific seed ROI,
each constituting a specific volume of interest (VOI).

The right and left SLF were extracted separately,
through a single ROI approach [Catani et al., 2005]. The
ROI was defined on a color-coded axial map to encompass
the horizontal fibers lateral to the vertical corona radiata
fibers. All fibers passing through this ROI were
reconstructed.

The right and left Cg were extracted separately, through
a single ROI approach [Pugliese et al., 2009; Wakana et al.,
2004]. The ROI was defined on a color-coded axial map

encompassing the horizontal fibers medial to the longitu-
dinal fibers and superior to the CC. Only the anterior—
superior part of the Cg was reconstructed. Artifactual (cal-
losal) fibers were removed using an exclusion ROI defined
around the corpus callosum.

Mean values of Da, Dr, MD, and FA, were calculated
for each fiber/segment. A between-group comparison of
mean values of the diffusion indices was conducted, using
two tailed group t-test for independent samples (P < 0.05).

RESULTS
Tract-Based Spatial Statistics (TBSS)

Differences were detected between children with autism
and TD children in the CC, in the left SLF and in the right
and left Cg as follows: Significant increase in FA (P < 0.05;
TFCE-corrected) was detected in children with autism in
the genu and in the midbody of the CC. In addition,
increased FA was detected in only two other regions, the
left SLF and the right and left Cg, though it did not reach
significance when corrected for multiple comparisons. No
significant differences in MD were detected between
groups. Figure 2 shows increased FA in the genu and in
the midbody of the CC (Fig. 2a,b), in the left SLF (Fig. 2c),
and in the right Cg (Fig. 2d). No reduction in FA values
was seen in any brain region in children with autism com-
pared to TD controls.

TBSS-VOls

Based on results from TBSS analysis five VOIs were
defined: the genu and body of the CC, the left SLF and the
right and left Cg. Mean values and statistical results for the
diffusivity indices in these VOIs are presented in Table I.
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Figure 2.
Elevated FA in genu and body of the CC (a,b: P < 0.05, TFCE-corrected), in the left SLF (c: P <
0.05, TFCE-uncorrected for multiple comparisons) and in the right Cg (d: 0 < 0.05, TFCE-uncor-
rected for multiple comparison) in children with autism vs. TD controls.

In all VOIs a significant increase in FA and decrease in Dr  detected in Da and in MD in any of the VOIs. Figure 3
values were detected in children with autism compared to shows the distribution of FA and Dr relative to age of the
TD controls (P < 0.0025). No significant differences were children in the body of the CC (Fig. 3a,b), in the left SLF

TABLE I. Statistics for group differences in diffusivity indices from TBSS VOIs (corrected for age)

Da (x10~° mm?/s) Dr (x107° mm?/s) MD (x107% mm?/s) FA (a.u.)
TD AUT F TD AUT F TD AUT F TD AUT F

CC-G 161 £020 1.73 £0.15 4.43 050+ 0.09 0.40 £+ 0.08 29.28* 0.87 £ 0.08 0.84 £ 0.08 3.17 0.63 £ 0.08 0.73 £+ 0.06 21.73*
CC-B 1.60 £0.16 1.71 £0.12 655 0.76 +£0.12 0.65 £ 0.10 15.10* 1.04 £0.11 1.00 £ 0.09 1.90 0.46 £ 0.07 0.56 + 0.06 31.99*
L-SLF 1.18 £0.06 1.21 £0.06 3.74 0.69 £ 0.04 0.65 £+ 0.05 12.39* 0.85 £ 0.05 0.84 £ 0.05 1.20 0.35 £ 0.03 0.40 + 0.04 40.49*
L-Cg 113+011 114 £0.00 403 0.60+0.00 0.54 £0.00 22.04* 0.86 & 0.00 0.84 £0.00 3.04 0.48 £ 0.06 0.55 &+ 0.06 20.74*
R-Cg 1.22+010 128 £0.00 7.78 0.70+0.00 0.66 £ 0.00 11.84* 0.87 +0.00 0.87 +£0.00 0.38 0.35 +0.04 0.40 + 0.05 20.47*

*P < 0.0025; Genu of the CC (CC-G), Body of the CC (CC-B), Left-SLF (L-SLF), Left Cg (L-Cg), Right Cg (R-Cg).
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Figure 3.

Distribution of FA and Dr relative to age of the children in the body of the CC (a,b), in the left

SLF (c,d), and in the left Cg (e,f).

(Fig. 3c,d) and in the left Cg (Fig. 3e,f), demonstrating an

Tractography-Based Analysis

overall increase of FA with age and a decrease of Dr with
age in both groups in all VOlIs.

Between judges inter and intra-reliability of the diffusiv-
ities indices were determined on a randomly-selected
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TABLE Il. Statistics for group differences in diffusivity indices from tractography

Dr (x10° mm?/s) MD (%10 mm?/s) FA (a.u.)

Da (x10~% mm?/s)

AUT

TD

AUT

D

AUT

TD

AUT

D

-1.14
-1.17
—2.21*
—0.99
—0.54
-1.05

0.54 + 0.04
0.52 + 0.04
0.50 £+ 0.04
0.50 £+ 0.04
0.58 + 0.02
0.55 £ 0.03
0.43 + 0.02
0.43 £ 0.03
0.42 + 0.04
0.45 + 0.06

0.53 £ 0.03
0.51 + 0.03
0.47 £+ 0.05
0.49 + 0.04
0.58 + 0.03

—0.50

0.89 + 0.05
0.91 + 0.06
0.97 £ 0.10
0.97 £+ 0.08
0.93 + 0.06
0.91 £+ 0.05
0.85 £+ 0.05
0.84 + 0.05
0.85 £+ 0.05
0.86 £+ 0.05

0.89 £+ 0.07
0.92 £+ 0.09
0.98 £+ 0.16
0.98 + 0.12
0.90 + 0.09

0.42
0.86
0.

0.59 + 0.05
0.62 + 0.06
0.68 + 0.10
0.67 £+ 0.07
0.59 + 0.05

0.60 £ 0.05
0.63 + 0.08
0.71 £ 0.15
0.69 £+ 0.11
0.57 £+ 0.07
0.58 + 0.05
0.62 £ 0.05
0.62 + 0.05
0.66 + 0.05
0.63 £+ 0.05

-1.34
-0.29
—0.36
—0.37
-1.79
—1.63
-1.20
—0.23
-1.20
-1.78

1.52 £ 0.10
1.49 + 0.10
1.55 + 0.14
1.56 + 0.12
1.63 + 0.11

1.47 +0.14
1.48 +0.14
1.53 + 0.20
1.55 £ 0.15
1.56 + 0.15

CC-wl

0.37

CC-w2

44
27
-1.39
-1.29
—1.65
-0.77

0.

95
70

CC-w3

0.

0.

CC-w4

—0.75
—0.56
-1.18
—1.08

1.

CC-wh

0.51 £+ 0.05
0.43 £+ 0.03
0.44 + 0.03
0.40 £+ 0.03
0.43 £+ 0.04

0.88 £+ 0.07
0.82 £+ 0.06
0.82 + 0.06
0.85 + 0.06
0.84 £+ 0.06

0.59 + 0.04
0.65 £+ 0.04
0.64 + 0.05
0.64 £+ 0.04
0.63 £+ 0.05

1.56 + 0.10
1.25 + 0.07
1.24 + 0.07
1.26 + 0.08
1.31 £ 0.10

1.49 + 0.13
1.22 + 0.09
1.24 + 0.09
1.23 + 0.09
1.26 + 0.10

CC-all

0.51

0.83
—2.48*
—1.80

SLE-1

SLF-r

07

0.
—-0.92

18
31

Cg-l
Cgr

0.

*P < 0.05; Witelson segments 1-5 (CC-w1-5), Left/Right-SLF (L-SLF/R-SLF), Left/Right Cg (L-Cg/R-Cg).

sample that constituted one third of the data. The
correlation coefficient for the measurements were 0.93
(P < 0.05) and 0.91 (P < 0.05), respectively.

Mean values and statistical results for all diffusivity
indices in all measured fiber tracts, are presented in Ta-
ble II. Significant increase in FA was seen in children
with autism (AUT) when compared with TD controls in
the mid-body of the CC, i.e.,, Witelson segment III (AUT
= 0.50 + 0.04, TD = 047 + 0.05; P = 0.032) and in the
left Cg (AUT = 042 + 0.04, TD = 0.40 £+ 0.026; P =
0.017). No significant differences were detected in other
diffusion indices, or in any VOlIs.

DISCUSSION

The results of the current study point to white matter
differences between young children with autism and TD
children. TBSS and TBSS-VOIs analyses showed
increased anisotropy as reflected by increased FA, and
decreased radial diffusivity in the genu and the mid-
body of the CC, in the left SLF and in the right and left
Cg. Tractography analysis showed increased FA only in
the midbody of the CC and in the left Cg. Importantly,
reduced FA was not detected in any brain region in any
analysis.

These results are in line with our previous work in
which using high b value DWI, elevated FA values in
toddlers with autism have been reported in selected
brain regions including the genu of the CC (forceps
minor) and the left SLF [Ben Bashat et al., 2007]. How-
ever, these results contrast with studies of older children
and adults with autism, which reported of reduced FA
in several regions including the CC [Alexander et al.,
2007; Barnea-Goraly et al., 2004; Keller et al., 2007]. Simi-
larly, Lee et al. [2007] reported reduced FA in the supe-
rior temporal gyrus in adolescents and young adults
with autism. Yet note that a consideration of the data
points presented in Fig. 2 [Lee et al., 2007] suggests that
in younger ages there could be a reversal of this trend
and FA may be increased relative to normal controls. If
so then these conflicting results may be a function of the
age of the patients. A similar concern relating to the pos-
sibility of age dependency of imaging measurements has
been raised in a recent metaanalysis of studies that
report amigdalea volumes in autism [Stanfield et al.,
2008]. The inconsistent results turned out to be a factor
of age of the patients. Thus, while enlargement of amig-
dalea was found in young children with autism, it was
not present in older subjects.

Changes in FA can have multiple causes. They may
come about through factors such as myelination, axon
size and density, path geometry, and the presence of
crossing fiber pathways [Snook et al., 2005; Suzuki et al.,
2003]. In the current study, VOIs analysis based on the
TBSS results was performed to provide better insight to
the microstructural changes that underlie the increase in
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FA values. In normal development, different patterns of
diffusivity indices represent various normal maturational
stages that reflect microstructural changes, such as changes
in water content and membrane density [Dubois et al.,
2008]. The pattern of changes in diffusivity indices
reported here indicating no change in MD and Da,
increased FA and decreased Dr may represent abnormal
maturation. This may be related to minicolumnar abnor-
malities, reduced cell size, and increased cell density
which have been previously reported in several brain
regions in subjects with autism [Casanova and Trippe,
2009; Casanova et al., 2006].

To the best of our knowledge, ours is the first TBSS
study reported for young children with autism. TBSS has
been applied however, to study white matter pathology
and development in other syndromes [Arnone et al., 2008;
Ciccarelli et al.,, 2008, Hoeft et al., 2007]. Indeed TBSS
seems a worthwhile method because it offers a solution to
the problem of aligning images from multiple subjects and
avoids the arbitrariness of the choice of spatial smoothing
that is characteristic of other methods, such as voxel-based
morphometry [Smith et al., 2006]. The fact that the invari-
ant tract representation is the group mean of the white
matter skeletons, and no external templates are necessary,
is especially important in the study of young children,
since in other methods most templates and alignment are
based on adults [Wilke et al., 2003].

In the current study, TBSS analysis showed significant
differences in several regions, whereas most of these dif-
ferences failed to show up in the tractography analysis.
These seeming inconsistencies may be a reflection of the
fact that TBSS is based on voxel to voxel comparison of
the entire white matter skeleton, while tractography looks
at specific fiber tracts, chosen according to a-priori hypoth-
esis. Since tractography analysis yields an average value of
the diffusion parameter across the entire tract, it might
occlude localized differences in specific regions. Voxel-
based whole brain comparison may thus be a better
method of analysis in cases of localized differences.

In the tractography analysis we chose to parcel the CC
according to Witelson’s segmentation [Witelson, 1989].
While there are other options for CC segmentation, some
taking into consideration the functional aspects of these
fibers [Hofer and Frahm, 2006], Witelson method of seg-
mentation has been previously used in several volumetric
studies of patients with autism. These studies reported dif-
ferences in the posterior region of the CC [Just et al., 2007;
Piven, 1997; Vidal et al., 2006], as well as in other subre-
gions of the CC when adjusting for cerebral volume
[Boger-Megiddo et al., 2006]. Volumetric differences in the
anterior part of the CC [Hardan et al.,, 2000; Just et al.,
2007, Vidal et al., 2006] as well as in the body of the CC
[Piven, 1997], were likewise detected. These locations are
similar to those reported in the current study.

The CC is the principal white matter fiber bundle con-
necting neocortical areas of the two hemispheres and is
topographically organized. The anterior part of the CC

represents fibers from prefrontal cortices and the midbody
regions are composed of fibers from the premotor, motor,
and superior temporal cortices. Abnormal findings in these
areas in subjects with autism have been related to several
hypothesis such as the reduced functional output of the
mirror neurons [Oberman and Ramachandran, 2007] and
the aberrant connectivity theory [Courchesne et al., 2005b].
Our findings provide neuroanatomical evidence of abnor-
mal integrity of white matter in these regions, already
apparent at young ages.

Abnormal white matter integrity was detected in the
TBSS-VOIs analysis in the left SLF at a very young age.
Further confirmation of this finding is important since
structural changes in the left SLF may be implicated in the
language deficits that are common in autism. In a case
study of four toddlers with autism the abnormal structure
in this fiber was correlated with language acquisition later
in life [Levy et al., in press]. Earlier work has shown that
white matter integrity in the SLF is correlated with lan-
guage deficits in patients with schizophrenia [Karlsgodt
et al., 2008] and with reading abilities in typically develop-
ing children [Beaulieu et al., 2005; Deutsch et al., 2005].

The abnormal integrity seen in the Cg may be of partic-
ular relevance to the behavioral outcome of autism. The
Cg is part of the limbic fibers involved in emotions, moti-
vation, and emotional association with memory. It is a
medial associative bundle that runs within the cingulate
gyrus all around the corpus callosum. Previously, Barnea-
Goraly et al. [2004] reported significantly reduced FA val-
ues in the anterior cingulate, in high functioning adoles-
cents with autism. In a recent study by Pugliese et al.
[2009], a higher number of streamlines were detected in
the right and left cingulum in subjects with Asperger syn-
drome (mean age 23 + 12 years) compared to controls,
although no differences were detected in FA and MD val-
ues. Abnormal volumes of several structures within the
limbic system have likewise been reported [Stanfield et al.,
2008; Verhoeven et al.,, 2009]. All of these results may
point to abnormal connectivity between the frontal cortex
and the limbic systems which likely relate to the social,
emotional, and communication abnormalities typically
found in autism.

Importantly, findings in the current study may result
from several other factors that are not directly related to
autism such as IQ and type of intervention. In the current
study both groups did not undergo IQ assessment. In
future studies the possible roles of IQ and other behavioral
parameters should be investigated.

In sum, current theories of neural deficiencies in autism
emphasize the first few years of life as a key period when
abnormalities in the development of neural circuitry occur,
along with the first behavioral signs of autism. Detection
of brain abnormalities at this time of development is,
therefore, of utmost importance as they may be related to
the basic neural defects that are implicated in autism.
Abnormal white matter structure, already apparent in
young ages, may lead to abnormal connectivity which has
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been suggested as the neural basis of altered cognition in
autism [Hughes, 2007; Just et al., 2004; Koshino et al.,
2007; Luna et al., 2002; Muller, 2007].
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