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Abstract
Objective—Autism spectrum disorder (ASD) is increasingly viewed as a disorder of functional
networks, highlighting the importance of investigating white matter and interregional connectivity.
We used diffusion tensor imaging (DTI) to examine white matter integrity for the whole brain and
for corpus callosum, internal capsule, and middle cerebellar peduncle in children with ASD and
typically developing (TD) children.

Method—DTI data were obtained from 26 children with ASD and 24 matched TD children.
Fractional anisotropy (FA), mean diffusivity (MD), and axial and radial diffusion were calculated
for the whole brain, genu, body and splenium of the corpus callosum, genu, anterior and posterior
limbs of the internal capsule, and middle cerebellar peduncle.

Results—Children with ASD had reduced FA and increased radial diffusion for whole brain
white matter and all three segments of the corpus callosum and internal capsule, compared to TD
children. Increased MD was found for the whole brain and anterior and posterior limbs of the
internal capsule. Reduced axial diffusion was found for the body of corpus callosum. Reduced FA
was also found for middle cerebellar peduncle.

Conclusions—Our findings suggest widespread white matter compromise in children with
ASD. Abnormalities in the corpus callosum indicate impaired interhemispheric transfer. Results
for internal capsule and middle cerebellar peduncle add to the currently limited DTI evidence on
subcortico-cortical tracts in ASD. The robust impairment found in all three segments of the
internal capsule is consistent with studies documenting impairment of elementary sensorimotor
function in ASD.
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Introduction
Autism spectrum disorder (ASD) is a pervasive neurodevelopmental disorder characterized
by atypical behavioral profiles, with salient sociocommunicative impairments. Brain
volumetric studies have shown abnormal white matter growth trajectories in children with
ASD.1 Consistent and growing evidence from neuroimaging studies suggests that ASD is
associated with abnormalities of distributed functional networks, rather than localized
impairment 2–4. Brain connectivity and white matter have therefore become a focus of
investigation. However, it remains open whether impairment in ASD is selective and limited
to networks specifically important for socio-communicative functions, or non-selective and
affecting many different networks and a wide range of cognitive and sensorimotor domains.

Diffusion tensor imaging (DTI) is a measure used to characterize the microintegrity of white
matter. Various DTI indices such as fractional anisotropy (FA), mean diffusivity (MD), and
axial and radial diffusion can be used. FA and axial diffusion provide quantitative
information about the orientational coherence of white matter fiber tracts and are considered
positive indices of axonal integrity. MD and radial diffusion estimate intravoxel water
motility and are considered negative indices of myelination. Recent DTI studies in ASD
have reported reduced fractional anisotropy in frontal,5–7 temporal8 and occipital lobes.9

Increases in mean diffusivity have also been reported in bilateral temporal8 and frontal
lobes.5,6 A whole brain DTI study by Barnea-Goraly et al.9 observed reduced FA in bilateral
anterior cingulate, prefrontal, and temporo-parietal white matter, but did not examine
specific fiber tracts.

Several DTI studies6,10–12 have shown white matter compromise in parts of the corpus
callosum, potentially related to earlier reports of reduced callosal size in ASD.13,14 Focus on
the corpus callosum is motivated by evidence of atypical functional asymmetries and
impaired interhemispheric information transfer in ASD.15–20 Evidence for subcortico-
cortical tracts is more limited. Keller et al.11 found reduced FA in the retrolenticular portion
of the right internal capsule in children and adults with ASD aged 10–35 years. Reduced FA
in the posterior limb of the internal capsule was also reported in a small-sample ROI study
of children ages 6–12 years.12 This contrasts with findings in toddlers (ages 1.8–3.3 years)
by Ben-Bashat and colleagues21 who found increased FA in the internal capsule, which
reached significance in the posterior limb, possibly indicating precocious maturation. A
recent study by Cheng et al.7 reported reduced FA in the left posterior limb, but increased
FA in the right posterior limb of the internal capsule for adolescents with ASD.

Findings for the cerebellar peduncles have also been limited and inconsistent. Decreased FA
in the right superior cerebellar peduncle was reported by Catani et al.,22 but this study
included only adults with Asperger’s disorder. In the study by Cheng et al., 7 results were
more mixed with reduced FA in right inferior cerebellar peduncle, but increased FA in the
middle cerebellar peduncles bilaterally, detected in adolescents with ASD.

While findings of white matter compromise thus predominate in the extant literature, there
are some inconsistencies. In particular, it remains unclear whether patterns of white matter
abnormality in ASD may differ between relatively late maturing cortico-cortical tracts and
earlier developing subcortical tracts. In the current study, we therefore examined white
matter integrity in children with ASD and typically developing (TD) children for the whole
brain, for one of the major cortico-cortical tracts (the corpus callosum) and for two major
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subcortical tracts (internal capsule and middle cerebellar peduncle). While whole brain
analysis provides a global measure of white matter, region of interest (ROI) analyses yield
evidence related to specific functional circuitry. The corpus callosum is the major pathway
for interhemispheric communication, which is suspected to be atypical in ASD.10,12–14,23–27

Subcortical tracts are relevant given the potential role of sensorimotor impairments in
ASD 28 that may impact sociocommunicative development.29–31 The internal capsule is
associated with sensorimotor functions32 and compromise to this structure may cause
thalamocortical disconnection.33 The middle cerebellar peduncle is the largest of the fiber
bundles connecting cerebellum and brainstem, conveying afferent signals to the cerebellum.
Functional and anatomical abnormalities of the cerebellum have been reported in ASD.34,35

In the current study, DTI indices (FA, MD, axial and radial diffusion) were investigated to
examine whether expected white matter compromise in ASD (reduced FA and axial
diffusion; increased MD and radial diffusion) would be limited to cortico-cortical
interhemispheric connectivity (corpus callosum) or would generalize to subcortico-cortical
fiber tracts with predominantly sensorimotor functions.

Method
Participants

Twenty-six children with ASD (24 males, 2 female) and twenty-four TD children (23 males,
1 female), matched for age and nonverbal IQ were included (see Table 1 and Table S1,
available online, for details). The ASD group consisted of 15 children with autistic disorder
and 11 children with Asperger’s disorder. Clinical diagnoses were made by an expert
clinical psychologist (author AJL) using the Autism Diagnostic Interview–Revised (ADI-
R)36 and the Autism Diagnostic Observation Schedule (ADOS).37 Children with associated
medical conditions were excluded.

Seven of the 26 ASD participants were taking prescribed psychoactive medications at the
time of study (see Table S1, available online). Five were on monotherapies, including a
stimulant, an anticonvulsant, an atypical antipsychotic, and Selective Serotonin Reuptake
Inhibitors (SSRI) (n=2). One participant was taking an SSRI and a stimulant, one a stimulant
and a Serotonin and Norepinephrine Reuptake Inhibitor. Medication information was
unavailable for five ASD participants.

TD children had no reported personal or family history of autism or any other neurological
or psychiatric conditions. Independent-sample t-test confirmed that ASD and TD groups
were matched on age, t(48)=0.3; p=.76; verbal IQ, t(48)=0.8; p=.38; and nonverbal IQ,
t(48)=0.4; p=.71, as determined using the Wechsler Abbreviated Scale of Intelligence38

(WASI; Table 1).

The research protocol was approved by the Institutional Review Boards of the University of
California, San Diego and San Diego State University. Written informed assent and consent
was obtained from all participants at the time of their visit.

DTI Scanning Procedure
MRI scans were performed on a 3.0T scanner (GE Signa Excite HD), using a standard 8-
channel head coil to acquire single-shot echoplanar diffusion weighted images (repetition
time 10000ms, echo time 99.4ms, field-of-view 240mm2, slice thickness 5mm [no gap], 27
axial slices, 128×128 matrix). Two degrees of diffusion weighting (b = 0 and 2000 s/mm2)
were used. Data were acquired in 15 non-linear directions with four repetitions. Head
movement was minimized with foam pillows around participants’ heads.
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DTI Data Analysis
DTI data were preprocessed using the diffusion toolbox in FSL.39 Eddy current correction
was performed using default GE scanner settings and distortions due to magnetic field
inhomogeneities were corrected using field maps derived from the phase difference images
obtained from two images with different echo times.40 No significant group differences
were detected for translational motion or rotational motion as determined by the root mean
square of the translational and rotational motion in three cardinal directions. Two tensor-
derived rotational invariants (FA, MD) and all three diagonal tensor elements (eigenvalues:
λ1, λ2 and λ3) were saved for subsequent analysis. MD was calculated as the average of the
three eigenvalues. To measure anisotropy, we calculated FA, as previously defined.41 FA is
defined to a scale from 0 (“isotropic” diffusion, equal in all directions) to 1 (“anisotropic”
diffusion in only one direction). Water diffusion parallel to white matter axons is referred to
as axial diffusion (λ1) and the average of water diffusivities perpendicular to axonal fibers
as radial diffusion ([λ2+λ3]/2).42

For whole brain white matter analysis, B0-images (zero diffusion weighted images) were
first segmented into gray matter, white matter, and cerebrospinal fluid (CSF) using SPM5
(www.fil.ion.ucl.ac.uk/spm) (Figure S1, available online). Segmentation of white matter was
based on >0.8 probability for white matter classification and exclusion of voxels from gray
matter, CSF, and extracranial space.43,44 The white matter tissue map was then applied to
the FA, MD, axial and radial diffusion maps.

Corpus callosum, internal capsule and middle cerebellar peduncle were identified as ROIs in
order to study abnormalities in diffusion parameters in these highly organized tracts. ROIs
were drawn in native space on B0 images by an operator blinded to the study group, using
Analyze software (Mayo Clinic, Rochester, MN) (Figure 1). Individual ROIs were applied
to the DTI maps and mean values were obtained after grouping them as three ROIs for
corpus callosum (genu, body and splenium), three ROIs for internal capsule (genu, anterior
and posterior limbs: combined for both hemispheres) and one ROI for middle cerebellar
peduncle (combined for both hemispheres).

Statistical analyses were performed using SPSS for Windows 16.0 (SPSS Inc., Chicago, IL).
Between group differences in the DTI measurements of the whole brain, corpus callosum,
internal capsule and middle cerebellar peduncle were analyzed with a one-way analysis of
variance (ANOVA). Bonferroni corrections were performed for the number of ROIs (corpus
callosum [genu, body and splenium], internal capsule [genu, anterior and posterior limbs]
and middle cerebellar peduncle) to correct for multiple comparisons.

Results
For whole brain white matter, FA was significantly decreased (p=.004) whereas MD and
radial diffusion were significantly increased (p=.01 and .007 respectively) in the ASD group
compared to the TD group. The group difference in axial diffusion did not reach significance
(p=.22; Figure 2).

Pearson correlation analysis was performed to detect possible effects of age and IQ on the
DTI indices. Age was negatively correlated with MD of the posterior limb of the internal
capsule in both ASD and TD groups (p=.02), and with MD of the splenium of corpus
callosum in the ASD group (p=.03) and marginally in TD group (p=.07). No other
correlations were detected for age or for verbal or nonverbal IQ with any of the DTI indices
(Table S2, available online). Therefore, age was used as covariate in the group comparison
for MD only. The correlations between DTI indices and ADOS and ADI scores were also
not significant.
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For all three callosal ROIs (genu, body, and splenium), we found significantly decreased FA
(genu: p=.02, body: p=.007, splenium: p=.001; corrected for multiple comparisons) and
increased radial diffusion (genu: p=.04, body: p=.03, splenium: p=.001) in the ASD group
compared to the TD group. Axial diffusion for the body was significantly reduced in the
ASD group (p=.03). Marginally increased MD and decreased axial diffusion were also
detected for the splenium of the corpus callosum (p=.07). Mean increases in MD observed
for genu and body of the corpus callosum were not significant (p>.05; Figure 3).

In the internal capsule, radial diffusion for all three ROIs (genu, anterior and posterior
limbs) were significantly higher (genu: p=.007, anterior limb: p=.001, posterior limb: p=.
001) in the ASD than the TD group, whereas FA was significantly lower (genu: p=.007,
anterior limb: p=.001, posterior limb: p=.007). MD of anterior and posterior limbs of the
internal capsule was significantly higher in the ASD group (anterior limb: p=.02, posterior
limb: p=.04). No significant difference was found for axial diffusion (p>.21).

FA for the middle cerebellar peduncle was significantly reduced in the ASD group (p=.02).
Differences for the other diffusivities were not significant (p>.21). A summary of ASD and
TD group comparisons for whole-brain white matter, corpus callosum (genu, body and
splenium), internal capsule (genu and anterior and posterior limbs), and middle cerebellar
peduncle is presented in Table 2. Secondary analyses showed that exclusion of 3 girls or 5
left-handers had only minimal effect on our findings.

Discussion and Conclusions
Our findings add to the evidence of widespread white matter compromise in ASD, as first
suggested by preliminary observations in a small-sample study by Barnea-Goraly et al.9 We
found reduced FA and increased MD and radial diffusion for whole brain white matter in
our cohort of children and adolescents with ASD, indicating loss of directional coherence of
fiber bundles, reduced fiber density, and impaired myelination or axonal integrity.45,46 In
each of our ROIs, mean differences in the expected direction (indicating white matter
compromise) were observed, although not all of them were statistically significant after
multiple comparison correction.

Atypical hemispheric organization and interhemispheric transfer have been reported
previously in ASD.47,48 The corpus callosum is the largest axonal pathway in the
mammalian brain and the main fiber tract responsible for interhemispheric information
transfer.49 Previous DTI and volumetric studies have reported reduced size and integrity of
the callosum in children with ASD,13,14 which may relate to impaired cortical connectivity
as suggested by functional imaging25,50 and neuropsychological studies.51 Abnormally
reduced callosal size in non-autistic conditions has also been related to difficulties in
bimanual coordination, stereoscopic vision, and transfer of procedural learning between the
hemispheres.52 In the present study, we found reduced FA and increased radial diffusion in
all three segments (body, genu and splenium) of the corpus callosum, which may suggest
disruption of myelin sheaths responsible for maintaining axonal integrity. Our findings may
relate to other types of studies suggesting atypical hemispheric asymmetries and impaired
interhemispheric connectivity in ASD.15,17–20,53 These findings are largely in agreement
with earlier reports of callosal compromise.6,7,10,12

Our study produced a slightly different pattern of callosal findings compared to previous
studies that detected only partial compromise of the callosum.9,10,12 We observed reduced
FA and increased radial diffusion for all three segments and reduced axial diffusion for the
body of the corpus callosum. In contrast, in the most thorough previous DTI study of the
corpus callosum, Alexander et al.10 failed to detect significantly reduced FA and axial
diffusion in the callosal body, which contains frontal and parietal interhemispheric
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connections. Partially differing findings may relate to the wider inclusionary age range in
the study by Alexander et al. (7–33 years), compared to the present study (9–18 years), and
differences in volume and placement procedures for ROIs. However, the findings of global
callosal compromise appear to be consistent with a recent meta-analysis of anatomical MRI
studies suggesting significant volume reduction in all subdivisions of the corpus callosum.26

Our findings for internal capsule and middle cerebellar peduncle add to a limited body of
DTI evidence on subcortico-cortical tracts in ASD. Impairment of the internal capsule was
robust, with significantly reduced FA as well as increased radial diffusion for all three ROIs
(anterior, genu, posterior). Neuropsychological abnormalities including memory impairment
due to damage in genu and anterior limb of the internal capsule have been reported.54,55

Correlation between capsular injury and motor impairment after stroke has also been
reported.56 The anterior limb of the internal capsule connects thalamus and prefrontal
cortex,57 and together with the genu also transfer descending prefrontal input to the
cerebrocerebellar circuit.58 Our finding of white matter compromise in the anterior limb and
genu of the internal capsule may therefore be related to evidence implicating prefrontal
cortex in ASD, such as altered serotonin synthesis59 and reduced activation for spatial
working memory.60 Furthermore, loss of white matter integrity at the genu of the internal
capsule may cause disconnection of reciprocal thalamocortical fibers in the anterior limb of
the internal capsule that link the dorsomedial and anterior thalamic nuclei with prefrontal
and anterior cingulate cortex.

Thalamocortical fibers provide crucial connectivity for auditory, visual, and somatosensory
and attentional systems.61 It has been suggested that abnormal organization of cortical
minicolumns, which represent the fundamental subunit of vertical cortical organization, may
underlie the pathology of autism and be associated with altered thalamocortical connections,
cortical disinhibition, and dysfunction of the arousal-modulating system of the brain.62 The
posterior limb of the internal capsule is the region of the brain where most of the motor
fibers come together, passing down to the spinal cord. Abnormalities in the posterior limb of
the internal capsule in conditions other than autism is associated with motor and sensory
deficits.32

In voxel-wise whole brain DTI studies, Barnea-Goraly et al.9 and Cheung et al.27 failed to
detect significant FA reduction in the internal capsule, probably due to small sample size.
Three other studies have reported localized effects in the internal capsule. Keller et al.11

detected reduced FA in the retrolenticular part of the right internal capsule, while Cheng et
al.7 observed inconsistent effects in the posterior limb of the internal capsule, with reduced
FA in the left, but increased FA in the right hemisphere in adolescents with ASD. Contrary
to these previous studies, our findings suggest global and bilateral compromise of the
internal capsule in children and adolescents with ASD, including genu as well as anterior
and posterior limbs. This was confirmed by post hoc analyses for unilateral ROIs, showing
significantly reduced FA in the ASD group for all three segments of the internal capsule in
each hemisphere.

Our finding of reduced FA in the middle cerebellar peduncle was also consistent with
impaired connectivity, but the standard error for all diffusion measures except FA was high
for this ROI in the ASD group, suggesting heavy individual variability.22 The middle
cerebellar peduncle is the largest of the peduncles and via this connection the cerebellum
receives a copy of motor execution commands transmitted to lower motor neurons in the
pyramidal tract. Structural and functional cerebellar abnormalities have been reported in
ASD, possibly associated with motor and attentional impairments.63,64 Autopsy and
neuroimaging studies have also reported the involvement of cerebellar abnormalities in a
variety of conditions including attentional-deficit hyperactivity disorder,65 unipolar
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depression and bipolar disorder,66 obsessive-compulsive disorder,67 and schizophrenia.68

Our finding of reduced FA is consistent with a recent study showing reductions in cerebellar
activation and cerebrocerebellar functional connectivity during finger movement,69 and with
earlier reports of motor abnormalities implicating the cerebellum in ASD.70,71 Cerebellar
involvement in ASD is more specifically suggested by postmortem studies showing reduced
number of Purkinje neurons.72 Our finding of reduced anisotropy indicates involvement of
the middle cerebellar peduncle in ASD, but the general profile of white matter compromise
appears less consistent than for the other ROIs reported here.

Some of the limitations of the present study include the wide age range of our sample, which
may have affected the specificity of our findings with regard to neurodevelopmental
changes. Sample size, although comparable with most DTI studies of ASD to date, was
relatively small. Although immediate drug effects on measures of anatomical connectivity
are unlikely, it is possible that medication may have some beneficial long-term effects on
anatomical connectivity, similar to the many types of behavioral intervention applied in
children with autism. Such neuroanatomical effects are largely unknown and could not be
the focus of the current investigation. Finally, links between DTI findings and ASD
symptomatology remain unclear and may be affected by numerous diagnostic, clinical,
demographic, and other factors of individual variability.

Our measurements at the regional and global level showed increased radial diffusion and
reduced anisotropy in children with ASD, which could reflect histopathological events
related to axonal loss and demyelination. Overall, our findings document that white matter
abnormalities, in particular those indicated by reduced FA and increased radial diffusion,
can be found broadly in the cerebrum, with consistent findings in all segments of the corpus
callosum and the internal capsule. Our observations differ from those reported for younger
children in two studies. Ben-Bashat and colleagues21 detected consistently greater FA in a
large number of ROIs in children ages 1.8–3.3 years. Sundaram et al.5 studied slightly older
children (with a mean age 4.8 years) and had mixed findings for tracts originating from
frontal lobes, with reduced FA only in short-range fibers and greater length of long-range
fibers in their ASD group compared to TD controls. The discrepancies in DTI findings
between preschool children and older age groups suggest that patterns of white matter
abnormalities in ASD are age-dependent. This appears analogous to volumetric MRI
findings showing atypical developmental schedules of white matter growth in all forebrain
lobes, possibly with the exception of the occipital lobe.73

Our results may indicate that impaired connectivity in ASD shows limited regional or
network specificity and instead reflects global or widespread neurodevelopmental
pathology. This is consistent with the view that ASD is not primarily a socio-communicative
disorder (as suggested by the diagnostic criteria of the DSM-IV)74, but one affecting a wide
variety of sensorimotor and cognitive domains.75,76 Especially the robust impairments we
found in all three segments of the internal capsule are consistent with studies documenting
impairment of elementary sensorimotor functions in ASD,30,31,77 whose potential role in
sociocommunicative deficits further downstream in development remains to be fully
understood.78

Future studies using DTI tractography will be needed for further examinaton of potential
tract-specific impairments in ASD. In addition, combined studies of anatomical and
functional connectivity will provide a broader basis for understanding atypical network
organization in ASD.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative slices showing the region of interest (ROI) placement (rectangle box) in the
genu, body and splenium of the corpus callosum (A–C), genu and anterior and posterior
limbs of the internal capsule (D) and middle cerebellar peduncle (E). Note: ROIs were
drawn in native space on B0 images on three representative slices that were selected to allow
positioning of ROIs in the body, genu, and splenium of the callosum and genu, anterior and
posterior limbs of the internal capsule in both hemispheres. Axial slices showing maximal
thickness of corpus callosum (for body, genu and splenium separately) and internal capsule
were identified and then ROIs were placed on three contiguous slices. For the corpus
callosum, two ROIs (70μl each) were placed on each slice (reference slice and slices inferior
and superior to the reference slice) for body and splenium and one for the genu. For the
internal capsule, on each of the three contiguous slices (reference slice and slices inferior
and superior to the reference slice), one ROI (70μl) was placed on the genu and anterior and
posterior limbs of the internal capsule in each hemisphere. Left and right middle cerebellar
peduncles were selected from one slice showing maximal thickness, with a volume of 158μl
each. All ROI placements were confirmed by viewing them on sagittal images for any
partial volume effect.
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Figure 2.
Fractional anisotropy (FA), mean diffusion (MD), axial and radial diffusion (mean±sem) for
whole brain white matter. Note: ASD = Autism Spectrum Disorder.
*p<0.05 (corr.); **p<0.005 (corr.).
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Figure 3.
Fractional anisotropy (FA), mean diffusion (MD), axial and radial diffusion (mean±sem) for
the genu, body and splenium of the corpus callosum; anterior limb (AL), genu and posterior
limb (PL) of the internal capsule bilaterally; and middle cerebellar peduncle (MCP)
bilaterally. Note: ASD = Autism Spectrum Disorder.
*, p<0.05 (corr.); **, p<0.005 (corr.).
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Table 1

Demographic data for autism spectrum disorders (ASD) and typically developing (TD) groups.

ASD (n = 26) TD (n = 24) Group comparison

Mean (sem)
Range

Mean (sem)
Range p

Age (years) 12.7 (0.6)
9–18

13.0 (0.6)
9–19

0.76

Verbal IQ 105.6 (3.6)
71–147

108.2 (2.6)
74–130

0.38

Nonverbal IQ 109.5 (3.3)
69–140

110.3 (2.5)
85–129

0.71

Handedness 23 right, 3 left 22 right, 2 left 0.71

Note: Group comparisons were performed with t-test for continuous dependent variables (i.e., age, verbal IQ, nonverbal IQ) and chi-square test for
handedness.
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