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The goal of this work was to study white matter maturation in young
children with autism following previous reports of increased cerebral
volume during early development, as well as arguments for abnormal
neural growth patterns and regulation at this critical developmental
period. We applied diffusion tensor imaging (DTI) and high b value
diffusion-weighted imaging (DWI) to young children diagnosed with
autism and to a typically developing (TD) control group. Fractional
anisotropy (FA), probability and displacement were measured in
overall analysis as well as in regions of interest (ROI). Individual data
points of children with autism were compared to the developmental
curves obtained from typically developing children. Increased restric-
tion, reflected in significantly increased FA and probability along with
reduced displacement values, was detected in overall analysis as well as
in several brain regions. Increased restriction, suggesting an early and
accelerated abnormal maturation of white matter, was more dominant
in the left hemisphere and was mainly detected in the frontal lobe. No
changes were detected in the occipital lobes. These results support
previous claims of abnormal brain overgrowth in young children with
autism and are in contrast to the decreased restricted diffusion
reported in previous studies in adolescent with autism.
© 2007 Elsevier Inc. All rights reserved.

Introduction

The goal of this work was to study white matter maturation in
young children with autism using DTI (diffusion tensor imaging)
and high b value DWI (diffusion-weighted imaging). Autism is a
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common neurodevelopmental disorder affecting about 1:1000
children. Up to 6:1000 children have some form of the disorder
that is within the autistic spectrum disorder (ASD) (Fombonne,
2003). Within ASD, there is variability in the level of functioning
and 40–75% of the children are mentally retarded (Ben-Itzchak
and Zachor, 2007; Bertrand et al., 2001; Fombonne, 2003).

In the absence of specific laboratory tests, autism is diagnosed
on the basis of behavioral criteria in three key domains: reciprocal
social interaction, language and communication and restricted/
repetitive behaviors. Diagnosis of autism is usually made around
the age of 18–24 months, although parents typically report
concerns in the first year of life. This gap between parents' early
concerns and the relatively late diagnosis, along with the
importance of early intervention, highlight the necessity to find a
reliable tool for early diagnosis, possibly through identification of
brain abnormalities.

One of the common assumptions regarding brain abnormalities
in autism relates to the rate of brain growth. Studies dealing with
this issue used head circumference measurements, imaging and
postmortem methods. These studies suggest that autism is a
disorder that involves a transient period of postnatal brain
overgrowth. At birth, brain size in autism is equivalent or slightly
smaller than the normal average and the rate of macrocephaly is
low relative to control groups. However, abnormally accelerated
brain growth is observed in 70% of children with autism during the
first 2 years of life (Courchesne and Pierce, 2005; Lainhart, 2006;
Penn, 2006; Redcay and Courchesne, 2005). It was suggested that
this acceleration results in dramatic increase in brain size and a four
time increase in macrocephaly during those years. In later
childhood years, brain growth is slowed or arrested and later
plateaus, so that in adolescence and in adulthood brain size in
autism is not significantly different from the healthy average.
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Imaging studies suggest excessive cerebral growth of both
white and gray matter in autism, especially in the frontal lobes.
Studies reported smaller volumes of the cerebellar vermis
(Akshoomoff et al., 2004; Carper and Courchesne, 2005; Carper
et al., 2002; Courchesne et al., 2001), as well as abnormalities in
the amygdalae and hippocampi in children with autism, ages 3–
4 years (Sparks et al., 2002). Additionally, histological analyses of
brains of children and adults with autism showed more numerous,
smaller and less compact cell columns in Brodmann frontal area 9
and temporal areas 21 and 22 (Casanova et al., 2002a,b).

Abnormal structure of the gray matter, such as reported above,
may be related to malformations of the white matter. The study of
the latter is especially intriguing in autism considering the fact that
the cognitive deficit in autism is most likely to arise when the task
requires integrative processing. Such processes involve intrahemi-
spheric as well as interhemispheric transfer of information which
has been found to be abnormal in autism (Just et al., 2004;
Minshew et al., 1997).

Estimation of white matter using imaging techniques is more
accurately performed through diffusion tensor imaging (DTI)
((Engelbrecht et al., 2002; Mukherjee and McKinstry, 2006; Neil et
al., 2002). DTI provides three valuable parameters: (1) the average
extent of water diffusion (apparent diffusion constant—ADC)
which provides information on restriction and boundaries (high
packing density of cells); (2) the fractional anisotropy (FA) that is
higher in dense and ordered structure; and (3) the orientation of the
ordered structure (color coded DTI).

To date, few studies have used DTI in autism and in ASD.
Barnea-Goraly et al. (2004) reported reductions in FA in high
functioning adolescents with autism, ages 11–18 years, in brain
regions related to social cognition such as the ventromedial
prefrontal cortices, the anterior cingulate gyri and the temporopar-
ietal junction. Other studies which have studied adolescence with
autism reported reduced FA along with reduced volume and
increased diffusion in the corpus callosum (Alexander et al., 2007),
reduced FA values in the thalamus (Lazar et al., 2006) and reduced
FA in the following: left corona radiate near the genu of the corpus
callosum, bilateral areas near the splenium of the corpus callosum,
areas of the left frontal white matter near Broca's area, posterior
bilateral areas of the inferior fronto-occipital fasciculus and
bilateral areas of superior longitudinal fasciculus (Keller et al.,
2006). Overall the above results suggest less structural integrity of
white matter in subjects during late childhood or during the second
decade of life. In contrast, a recent study found significantly higher
ADC values in the arcuate fasciculus in children with autism less
than 3.5 years of age (Williams et al., 2006). However, no changes
in FA were reported in that work.

The current study applied conventional DTI along with the
related, recently introduced high b value diffusion-weighted
imaging (DWI) to study white matter maturation and pathophy-
siology in young children with autism. Whereas conventional DTI
uses images acquired at low b values of about 1000 s/mm2 that are
believed to measure diffusion in the less restricted compartments,
high b value DWI uses images acquired at b values above
3000 s/mm2 in which the diffusion component originates mainly
frommore restricted compartments, i.e. the axonal milieu (Assaf and
Cohen, 2000). Assuming that myelination and pathology of white
matter are more likely to be detected in restricted compartments,
high b value DWI is likely to be a sensitive method of such
processes. Indeed, while conventional MRI show developmental
changes mainly up to 2 years of age, FA showed changes in white
matter in healthy children up to 6–8 years of age or less (Hermoye
et al., 2006; McGraw et al., 2002; Mukherjee et al., 2002), and high
b value method demonstrated changes throughout adulthood (Ben
Bashat et al., 2005). Moreover, previous studies showed that in
multiple sclerosis, vascular dementia, adrenoleukodystrophy and
schizophrenia, probability (Prob) and displacement (Disp), calcu-
lated through high b value DWI, were better indicators of white
matter pathology than the conventional FA (Assaf et al., 2002a,b;
Ben-Bashat et al., 2003, 2004; Mendelsohn et al., 2006). In view of
the above, the focus in the current study will be on Prob and Disp,
with FA serving as a complimentary data source.

In the current study, DTI and high b value DWI were applied to
young children with autism and to typically developing children.
We hypothesized that at an early age there will be an increase in
restriction of white matter in children with autism, reflecting
abnormal maturation of white matter. Such increase may explain
the converging evidence of brain enlargement in early childhood
and support the claim of abnormal pruning in children with
autism.

Methods

Participants

Study group
The protocol was applied to seventeen children with autism.

The current report is confined to the seven youngest children, ages
1.8–3.3, which is the age range for which accelerated brain growth
and dramatic brain enlargement have been observed (Courchesne
and Pierce, 2005; Lainhart, 2006; Penn, 2006; Redcay and
Courchesne, 2005). All the children met the cut-off points for
autism on the Autism Diagnosis Interview-Revised, ADI-R (Lord
et al., 1994, 2000) as well as on the Diagnostic Observational
Schedule Generic, ADOS (Lord et al., 1999) and fulfilled DSM-IV
criteria for autism. All children were re-evaluated on the ADOS
2 years after the MRI examination and diagnosis of autism was
confirmed. In addition, participants underwent a complete
neuropediatric and cognitive assessment. Children with neurologi-
cal co-morbidities were excluded from the study.

Control group
Forty-one MR scans were acquired from TD subjects (18

boys), ages 4 months to 23 years, mean age 9.6. Subjects up to
age 10 years were referred for suspected neurological abnorm-
alities. Subjects 10 years and older were recruited specifically for
this study. Requirements for eligibility were the following:
normal developmental history, attendance of a regular school, no
history of seizures or head injury, no clinical evidence of
neurological dysfunction and normal imaging as judged by a
clinical neuroradiologist. Participants or their legal guardians
signed an informed consent form. The Institutional Review
Board (IRB) of the Tel-Aviv Medical Center and the Israeli
Ministry of Health approved the MRI and sedation protocols
detailed below.

Sedation protocol

When necessary, participants under the age of 10, underwent
sedation with a gas mixture of nitrous oxide in 40% oxygen
enriched with halothane 0.6–0.8%. Subjects breathed sponta-
neously through a laryngeal mask airway. EKG, pulse oximetry
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and capnography were monitored. Cooperative participants were
scanned without sedation.

Image acquisition

MRI was performed on a 1.5-T GE Signa Horizon, Echo speed,
LX MRI scanner (Milwaukee, WI, USA). The protocol included
anatomical sequences—Sagittal T1 and Axial T2, weighted images
as well as Axial FLAIR and Coronal T2. The diffusion images (used
for both DTI and q-space) were obtained from a series of 8 diffusion
gradients with a maximum b value of 6000 s/mm2, performed at 6
non-collinear gradient directions. Other experimental parameters
were TR/TE=1800/128 ms, Δ/δ=52.5/47 ms, effective maximal
gradient strength of 3.11 gauss/cm and averages of 4 measurements.
Each volume consisted of four slices, 4.5-mm thickness with in-
plane resolution of 1.87×1.87 mm, FOV=240 mm and were
acquired parallel to the AC-PC line, from the corpus callosum up to
the subcortical white matter. Total acquisition time for both diffusion
scans was 5:34 min.

Data analysis

Three sets of images were extracted from the same DWI scan—
FA, Prob and Disp. FA maps were calculated from thirty-one
volumes acquired at different low b values (up to 1104 s/mm2). For
each voxel, the diffusion tensor (i.e., a 3×3 matrix) was calculated
with a multivariate linear fitting algorithm (Basser et al., 1994).
The tensor in each voxel was spectral decomposed to obtain its
eigenvalues and eigenvectors, and the fiber direction at each voxel
was assumed to be the eigenvector corresponding to the tensor's
largest eigenvalue. This vector was color-coded (blue for superior–
inferior, red for left–right and green for anterior–posterior), with a
brightness proportional to the voxel's FA (Pajevic and Pierpaoli,
1999). Prob and Disp maps were obtained, using q-space analysis
for the entire diffusion data set, as described in our previous papers
(Assaf et al., 2002a; Ben-Bashat et al., 2003, 2005). Briefly, in
each pixel, the signal decay which is a function of the q values
(defined as γδg/2π) was first zero filled to 128 data points. Fourier
transform was then applied to produce the displacement distribu-
tion profile. The maximum intensity of the peak and the full width
at half height functions were extracted to produce Prob (measured
in arbitrary units: a.u.) and Disp (measured in micrometers: μm)
images.

Fig. 1 shows axial images of a 22-year-old healthy participant:
T1-weighted image (1A), FA map (1B), Prob map (1C) and Disp
Fig. 1. T1-weighted images (T1-WI-A), fractional anisotropy (B), probability (C) an
and probability values are measured in arbitrary units (a.u.), displacement is meas
map (1D). As can be seen in Fig. 1B, the brightness is proportional
to the voxel's FA, and ordered structures such as the white matter
have high FA values. In Figs. 1C and D, the white matter shows
high probability and low displacement values.

FA and q-space values were analyzed with in-house software
written in Matlab©. Overall white matter pixels count (WMPC)
and region of interest analyses (ROI) were performed on the
three calculated indices (FA, Prob and Disp). In the first analysis,
the number of pixels representing mature white matter was
calculated for each subject from a histogram averaged on all
acquired slices. The chosen values of mature white matter were
between 0.256 and 0.9 for the FA histograms, between 3.75 and
8.0 a.u. for the Prob and between 2.2 and 7.2 μm for the Disp
histograms. Values were chosen based on images of adult parti-
cipants since they provided clearer segmentation of the white
matter.

In the second analysis, quantitative region of interest (ROI)
measurements were performed in 18 anatomical regions in the
brain, shown on Figs. 2A–D. Regions of white matter were
manually prescribed on color-coded DTI, segmenting the fibers
according to directions. ROIs were selected according to the MRI
Atlas of Human White Matter and were labeled in the conventional
way (Mori et al., 2005). It is important to note, however, that in our
study the total brain volume was not acquired and so the ROIs
represent only parts of the fibers after which they are named. In
order to evaluate the precision of the manual selection, ROIs were
prescribed by a second experimenter on a random selection of
scans. Between-judge reliability, as measured by Pearson correla-
tions, was 0.9.

ROIs were prescribed separately for each hemisphere and when
possible, defined on more than one slice. The ROIs were genu of
the corpus callosum (gcc), splenium of the corpus callosum (scc),
anterior limb of the internal capsule (alic), posterior limb of the
internal capsule (plic), external capsule (ec), forceps minor
(fminor) and forceps major (fmajor), cortico-spinal tract (cst) and
the superior longitudinal fasciculus (slf). Averaged values of FA,
Prob and Disp were computed for each ROI for each subject. ROI
selection of the slf area, however, was not possible in two children,
and therefore average values for the slf are based on five children.

A mono-exponential function with least squares curve fitting
(y=a1+a2*exp(age /a3, where y stands for FA/Prob/Disp values)
was used to produce developmental curves from the data points of
the control group (Ben Bashat et al., 2005). The data points for the
children with autism were plotted against these curves. Mean
values of the study group were compared to the mean values
d displacement (D) in a 22-year-old healthy participant. Fractional anisotropy
ured in micrometers (μm).



Fig. 2. Sagittal image of the brain, with lines representing the location of the acquired slices (A). Selected ROIs prescribed on color coded DTI (B–D). Different
slices are shown in the images. Colors represent directions: blue for superior–inferior, red for left–right, and green for anterior-posterior. gcc: genu of the corpus
callosum; scc: splenium of the corpus callosum; alic: anterior limb of the internal capsule; plic: posterior limb of the internal capsule; ec: external capsule; slf:
superior longitudinal fasciculus; fminor: forceps minor; fmajor: forceps major.
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predicted by the developmental curves for age-matched healthy
controls. One sample, one-tail t-tests were performed (pb0.05) to
evaluate the differences between the values obtained for children
with autism and the predicted normal values for the overall
analysis. For the ROIs analyses, Keppel multiple comparisons
correction for 18 regions was applied (pb0.033).
Fig. 3. White matter pixel count (WMPC) fractional anisotropy (FA—A),
probability (Prob—B) and displacement (Disp—C). Individual values of
typically developing (TD) controls and children with autism are plotted
against the predicted developmental curve.
Results

Conventional MR imaging

Children with autism demonstrated normal gray white matter
differentiation, normal midline structures including the corpus
callosum, cavum septum pellucidum, pituitary gland and chiasm,
normal cerebellum, vermis and cranio-cervical junction. In five out
of seven children with autism, mild increased periventricular signal
at the level of the atrium was noted on the FLAIR images,
representing terminal myelinization which is likely a normal
variant. None of the patients demonstrated cortical dysgenesis.

White matter pixel count (WMPC)

Fig. 3 shows average age-related WMPC values across the four
slices of the three indices (FA, Prob and Disp) for TD participants
and the study group. As can be gleaned from Fig. 3, in normal
individuals, changes continue throughout adulthood, approaching
asymptotic values well into the third decade of life. Comparing the
data of children with autism to the normal curve, there was a
significant increase in the percent of pixels with mature white
matter values in all three indices relative to age matched TD
controls (FA: t(6)=2.59, p=0.02; Prob: t(6)=2.47, p=0.024; Disp:
t(6)=4.55, p=0.001).

ROI analysis

Fig. 4 presents mean values of FA, Prob and Disp for each ROI.
Recall that increase in FA/Prob values and decrease in Disp values
indicate increased restriction. Significant increase in FA and Prob
and decrease in Disp values were detected in the study group in the
following regions: plic-left, ec-left and fminor-left. Prob was
increased and Disp was decreased in the following regions: alic-left
and -right, fminor-right and cst-left in slice 3. FA values were
increased in the gcc, scc and cst-left in slice 2. Increase in Prob



Fig. 4. Mean values of fractional anisotropy (FA—A), probability (Prob—B) and displacement (Disp—C) from all ROIs. *pb0.033. TD: typically developing
controls; gcc: genu of the corpus callosum; scc: splenium of the corpus callosum; alic: anterior limb of the internal capsule; plic: posterior limb of the internal
capsule; ec: external capsule; fminor: forceps minor; fmajor: forceps major; slf: superior longitudinal fasciculus; cst: cortico-spinal tracts; l: left; r: right; a.u.:
arbitrary units; μm: micrometer.

44 D. Ben Bashat et al. / NeuroImage 37 (2007) 40–47
value was detected in the cst-right in slice 3. Increase in FA and
Prob and decrease in Disp values approached significance
(p≤0.05) in the left-slf region, but not in the right-slf. Thus,
statistically significant differences between ROIs indicated higher
restriction except for the lower FA values observed on the left cst
on slice 2.



Fig. 5. Data obtained from the left fminor region. Developmental curves were obtained using minimal regression analysis. Values of fractional anisotropy
(FA), probability (Prob) and displacement (Disp) in typically developing (TD) controls and in children with autism are plotted against the developmental
curves (A–C).
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Fig. 5 shows developmental curves for the fminor. Fig. 6 shows
developmental curves for the fmajor. Importantly, the frontal
fminor area but not the posterior fmajor area shows increased
restriction.

Discussion

Based on DTI and high b value DWI, our findings demonstrate
increased restricted diffusion in white matter in overall analysis
(WMPC) as well as in selected ROIs in young children with
confirmed diagnosis of autism, ages 1.8–3.3. This work presents
the first evidence of accelerated maturation of white matter and
provides quantitative information regarding white matter integrity
in young children with autism. Although small, the study group
was homogenous in age as well as in clinical status. Children had
no neurological co-morbidities and were under the age of 4,
which is the critical age for which brain overgrowth has been
reported.

These findings add to the converging evidence of accelerated
brain growth in autism in the first 2–4 years of life (Aylward et al.,
2002; Courchesne et al., 2001; Courchesne and Pierce, 2005;
Lainhart, 2006; Redcay and Courchesne, 2005). Note that previous
DTI studies which reported reduced FA in frontal white matter and
Fig. 6. Data obtained from the left posterior fmajor region. Developmental curv
anisotropy (FA), probability (Prob) and displacement (Disp) in typically devel
developmental curves (A–C).
in the corpus callosum in autism (Alexander et al., 2006; Barnea-
Goraly et al., 2004; Keller et al., 2006; Lazar et al., 2006) were
conducted with adolescents and adults, in whom brain growth is
supposedly arrested (Penn, 2006; Redcay and Courchesne, 2005).

The current results are in line with Williams et al. (2006)
report of an increase in ADC values in the arcuate fasciculus in
young children with autism. However, in this abstract Williams
did not report differences in FA, whereas such differences were
detected in the current study. Our ability to detect differences in
FA values may be due to the fact that FA values in our study were
extracted from high b value data sets, so that long TE of 128 ms
was used, as compared to most studies of low b value where TE
of about 95–97 ms was used. FA values under these conditions
were sensitive to white matter changes in healthy controls over a
longer developmental period and allowed a comparison of this
trend with the autistic group.

As can be gleaned from Figs. 4–6, significantly higher
restriction was found in the study group in both hemispheres in
the anterior fminor area, but not in the posterior fmajor area. Such
findings of abnormal frontal vs. normal posterior white matter
values are compatible with reports of increased white matter
volume detected in the frontal but not in the occipital lobes in
autism (Courchesne and Pierce, 2005). Furthermore, these results
es were obtained using minimal regression analysis. Values of fractional
oping (TD) controls and in children with autism are plotted against the
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tie in with claims that pre- and postnatal development proceed
from posterior to anterior brain regions (Barkovitch, 1996; Kinney
et al., 1988). Posterior–anterior developmental progression is
reflected in the current results as well, in the starting point and
asymptotic values of the estimated normal curves that indicate a
higher degree of maturation in the posterior vs. anterior area. If
indeed the frontal areas are slow maturing, they are likely to be
more vulnerable to postnatal abnormalities that may relate to
deficits in high cognitive functioning and social behavior in autism.

Our results bear upon the controversy surrounding hemispheric
differences in autism. Hazlett et al. (2006) reported significant
increase in gray matter volume in the left frontal and temporal
lobes of subjects with autism (age 13–29), while Herbert et al.
(2004) reported widespread rightward cerebral cortical asymmetry
in high functioning autism (ages 5.7–11.3; Herbert et al., 2005). In
the current study, increased restriction was detected in the left
posterior/external limb of the internal capsule and in the left
cortico-spinal tract in the third slice. Similar differences were not
detected in ROIs in the right hemisphere. Our results indicate
maturational disturbances that are more dominant in the left
hemisphere. Those might be expressed later in life in abnormal
lateral preference in various motor and language tasks.

In addition to the left asymmetry found in the abovementioned
regions, in the left slf, differences indicating increase in restriction
were close to significant (p≤ 0.05, where significance level was at
p=0.033). Such differences were not detected in the right slf. The
slf is a major white matter bundle associated with language that
connects the frontal temporal and parietal lobes. Earlier work
suggested that in healthy controls, there was an increase in white
matter volumes and in FA in the left slf as compared to the right-slf
(Nucifora et al., 2005; Powell et al., 2006). Such differences are
thought to reflect the left lateralization of the language function.
The differences observed in our study may therefore relate to the
language faculty in children with autism.

The current results leave open the question whether increased
restriction in autism at this young age is due to increase in number,
size of axons or myelination processes, or whether it is the result of
reduced synaptic pruning early in development (Eigsti and Shapiro,
2003; McCaffery and Deutsch, 2005). Furthermore, it is not clear
whether this is a primary or a secondary process of neuronal or
columnar alteration.

Finally, whereas the results suggest accelerated maturation of
white matter in autism, pilot studies of children with CP and PDD-
NOS showed decreased diffusion and hence under-maturation.
Similarly, a study of FA in children with developmental delays
showed reduced FA in white matter when compared to neuro-
developmentally healthy children (Filippi et al., 2003). Thus, it is
possible that over-restriction distinguishes children with autism
from other developmental disorders. Given that over-restriction is
detectable at a young age, it might contribute to the early diagnosis
of autism. To answer these questions, further studies using
advanced imaging methods that will compare children with autism
to children with other disabilities are needed.
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