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Abstract

Recent MRI studies have indicated that regions of the temporal lobe including the superior temporal gyrus (STG) and the temporal stem (TS)
appear to be abnormal in autism. In this study, diffusion tensor imaging (DTI) measurements of white matter in the STG and the TS were compared
in 43 autism and 34 control subjects. DTI measures of mean diffusivity, fractional anisotropy, axial diffusivity, and radial diffusivity were compared
between groups. In all regions, fractional anisotropy was significantly decreased and both mean diffusivity and radial diffusivity were significantly
increased in the autism group. These results suggest that white matter microstructure in autism is abnormal in these temporal lobe regions, which

is consistent with theories of aberrant brain connectivity in autism.
© 2007 Published by Elsevier Ireland Ltd.
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A prevalent hypothesis is that brain connectivity in autism is
aberrant (e.g. [6,11]). Regional abnormalities in cerebral white
matter (WM) can result in impaired brain connectivity. Conse-
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quently, evidence of abnormal white matter would significantly
strengthen the case for the disconnectivity hypothesis in autism.

Traditionally, the superior temporal gyrus (STG) has been
defined primarily by its role in auditory processing [19,22].
Contemporary cognitive neuroscience views the STG as equally
important in social cognition, regulation of behavior, and neu-
ral mechanisms of imitation [1,16]. As such, the role of the
STG in autism has become the focus of several structural and
functional neuroimaging studies [9,13,21]. Despite the func-
tional abnormalities associated with the autistic temporal lobe,
studies of overall STG volumetric differences between autism
and controls have yielded inconsistent findings. One volumet-
ric study reported smaller left STG volumes in autism [24],
whereas other studies have reported no volumetric differences
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[7,8]. Since autism has features of both impaired communica-
tion and social processing [4], investigation of the white matter
projections to the STG may help to understand abnormal STG
function in autism [21].

Major afferent and efferent connections of the temporal lobe
(including STG) enter and exit via the temporal stem (TS) [18].
This deep WM area bridges the temporal cortex with important
limbic, thalamic, striatal, and frontal regions [18]. The tempo-
ral stem includes portions of the uncinate fasciculus and inferior
occipitofrontal fasciculus. Several analyses have shown that sub-
tle reduction in white matter volume of the TS area may occur
in autism [8,20]. Volumetric reduction of the TS area may be a
sign of impaired connectivity between the temporal lobe and the
rest of the brain.

Diffusion tensor imaging (DTI) is a promising method for
characterization of tissue microstructure in the CNS [5]. In WM,
the membranes of the axons and myelin cause the apparent
(radial) diffusivities of water perpendicular to the white mat-
ter tracts to be decreased relative to the (axial) diffusivities in
the directions parallel to the white matter fibers. Changes in
the WM microstructure (e.g., myelination, axonal density, etc.)
will consequently affect the diffusion anisotropy. Thus, DTI
measurements of WM in the STG and TS may be used to char-
acterize microstructural abnormalities in the autistic temporal
lobe that may be undetectable at the volumetric level. Two DTI
studies of the autistic temporal lobe reported reduced fractional
anisotropy (FA) bilaterally adjacent to the superior temporal
sulcus [3] and in deeper WM in the right posterior limb of
the internal capsule [17]. These studies suggest abnormalities
in the superior and deeper temporal white matter microstruc-
ture and warrant further investigation. Recent DTI studies have
also demonstrated microstructural abnormalities in the corpus
callosum in autism [2]. In the current study, the microstruc-
tural properties of temporal lobe WM in regions of the STG
and TS in autism were examined using the DTI measures of
mean diffusivity (MD), fractional anisotropy (FA), radial dif-
fusivity (Dr), and axial diffusivity (Da). Measurements were
compared between subjects with high functioning autism and
controls.

Forty-three subjects with a lifetime-diagnosis of autism-
spectrum disorder (38 autism, 5 PDD-NOS) were compared
to 34 control subjects. Informed consent and assent were
obtained for all subjects prior to participation. All aspects of
the study had received IRB approval. All subjects were males,
non-mentally retarded (IQ>85), from the greater Salt Lake
City, Utah region, and the two groups were matched in terms
of age (autism: 16.2+ 6.7 with range=7-33 years; control:
16.4 £+ 6.0 with range =8-29 years; p=0.89), performance 1Q
(autism: 107.5 £ 13.0; control: 112.8 £12.0; p=0.07), hand-
edness (autism: 80.81 +=21.7; control: 72.79 £29.0; p=0.17),
and head circumference (autism: 56.6 4= 2.3; control: 56.1 = 2.0;
p=0.34). Head circumference was used as a matching variable
to control for the increased rate of macrocephaly in autism. A
volumetric study showed that white matter volume differences
between autism and control subjects were non-significant when
the effect of the increased rate of macrocephaly was controlled
[8]. All subject testing and imaging experiments were performed

at the University of Utah. Image analysis was performed at the
University of Wisconsin.

Autism and control (typically developing) subjects were
recruited during a 3-year period (2002-2005) from commu-
nity sources, including parent support groups, youth groups, and
schools, and from clinic social skills groups as part of an ongoing
longitudinal study of autism.

Autism was rigorously diagnosed, as has been described else-
where [8], based on the Autism Diagnostic Interview-Revised
(ADI-R), Autism Diagnostic Observation Schedule-Generic
(ADOS-G), and DSM-IV and ICD-10 criteria. History, observa-
tion, Fragile-X gene testing, and karyotype were used to exclude
medical causes of autism. None of the autism subjects had a
history of seizures.

Control subjects had no history of learning, developmen-
tal, cognitive, neurological, or neuropsychiatric problems. All
controls had extensive testing, including the ADOS-G, IQ, lan-
guage, and psychiatric testing, to confirm that they were typically
developing.

Diffusion tensor (DT) images were acquired on a Siemens
Trio 3.0 Tesla MRI Scanner. Four of the children with autism
were sedated by an anesthesiologist (JL) for scanning, and
were continuously monitored according to American Society of
Anesthesiology standards. There were no complications associ-
ated with the sedation. A wide range of other pulse sequences
(T1-weighted Magnetization-Prepared Rapid Gradient-Echo
(MP-RAGE), and T2-weighted Turbo Spin Echo) were collected
for both clinical review and quantitative analyses although these
data were not used in the current analysis. An eight-channel RF
receiver coil was used to acquire the imaging data. DTI was per-
formed using a product single-shot, echo planar imaging pulse
sequence with dual-refocusing and bipolar diffusion-weighting
gradients to reduce eddy currents. Parallel imaging with SENSE
(Sensitivity Encoding) was performed using a reduction factor of
2 to reduce image distortion. The in-plane resolution was 2 mm
isotropic (field of view =256 mm; matrix = 128 x 128). A sin-
gle (b=0) reference image volume and 12 diffusion-weighted
image volumes with non-collinear diffusion encoding directions
and diffusion weighting b= 1000s/mm? were obtained. Each
image volume covered the cerebrum and cerebellum with fifty
2.5 mm thick contiguous axial slices. Other imaging parameters
were TR (repetition time)=7000 ms, TE (echo time) =84 ms,
acquisition sampling bandwidth per pixel=1345Hz, and 3
averages. A field map was generated from a pair of 2D
gradient echo images with different echo times (TE1=7ms,
TE2 =10 ms).

All of the image processing was performed using cus-
tom software and command-line scripts developed in-house.
Misregistration effects from eddy currents and head move-
ments were first corrected using affine registration software
(AIR—http://bishopw.loni.ucla.edu/AIRS/). Spatial distortions
in the EPI data from magnetic field (BO) inhomogeneities
were corrected using field map correction software scripts
with ‘prelude’ and ‘fugue’ from the FMRIB software library
(http://www.fmrib.ox.ac.uk/fsl/). Corrected images were inter-
polated to 2 mm isotropic voxels and diffusion tensor maps were
subsequently estimated. Maps of the diffusion tensor eigenval-
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Fig. 1. Example ROI overlays on the segmented WM regions on affine normalized image data for both control (left) and autistic (right) subjects. The coronal
cross-sections are the segmented white matter maps. The STG—-WM regions are labeled in blue (right) and green (left), and the TS regions are labeled in red (right)
and yellow (left). Only voxels that intersect both the ROI template and WM mask were used in the analyses.

ues (Aq, A2, A3), MD, FA, Da (=1;), and Dr (=(A; + A3)/2) were
generated.

In this study, WM regions of interest identifying the
STG-WM and TS were extracted in two steps. First, cerebral
WM was segmented using the mFAST algorithm in the FMRIB
software library with maps of the major and minor eigenval-
ues (A1 and A3, respectively) as the inputs. This combination
of eigenvalues appeared to yield the most robust white matter
segmentation (compared with any single eigenvalue, MD, FA
or any other combination). In each subject, voxels with MD
values two standard deviations from the average MD in the
total WM were excluded from the WM segmentation as these
were likely contaminated with CSF. The segmented WM vol-
ume masks were then co-registered to a custom WM template.
Regions in the STG and TS were then identified on the mask
average and regions were labeled on the WM template. The
right and left STG-WM and TS region templates were then
transformed back to the native space of each subject’s DTI data
and the regions were overlaid on the segmented DTI maps for
that subject. Example overlays are illustrated in Fig. 1. This
provided a semi-automated method for labeling these regions
on each subject in the native space. Mean values of MD, FA, Da
and Dr were extracted in each region. Manual inspection of the
automated STG-WM and TS labeling demonstrated consistent
extraction of these regions.

DTI measurements of FA, MD, Da and Dr were compared
using a one-way ANCOVA (using custom Matlab software and
verified using SPSS version 14.0) with group as the independent
variable, DTI measurements as the dependent variables, and age
as the covariate. Age was covaried because DT measures have
age-dependence. The four regions—right and left STG-WM and
TS were analyzed independently. Since four regions were eval-
uated, the effects of multiple comparisons were compensated
using a Bonferroni correction, such that results were thresh-
olded at an uncorrected p<0.013. All reported p-values are
uncorrected.

Statistical analyses for the study are summarized in Table 1,
including the summary statistics (means and standard deviations
of the DTI measures in both autism and controls), group com-
parisons using ANCOVA, and the correlation coefficients (R) of
the regional measures with age over all subjects. In all regions,

Dr was significantly elevated in autism relative to controls. MD
was significantly higher in autism for the right TS and right
STG-WM, and in the left STG-WM. FA measurements were
significantly lower in autism for all regions. Significant group
differences in Da were observed in right STG—-WM. The regional
volumes were not significantly different between groups.

In general, both MD and Dr decreased with age for both
groups (see Fig. 2a and Table 1). FA appeared to increase
with age for controls whereas very little age-related changes
were detected for the autism group (see Fig. 2b). However,
only the right STG-WM appeared to demonstrate significant
age x group interactions for FA (F=15.02; p=0.0002). Con-
versely, Da appeared to decrease with age for the autism group,
whereas Da showed minimal age-related changes in controls
except in the left STG-WM. However, the age x group interac-
tions for Da were again only significant for the right STG-WM
(F=9.52; p=0.0029). None of the other regions demonstrated
significant age x group interactions (F < 3.85). The age x group
interactions for FA and Da in the right STG-WM mean that the
results will depend upon the age composition of the subjects
being studied for these measures. Plots of all DTT measures ver-
sus age for all regions are available as on-line supplementary
material.

The potential effects of medication on the DTI measure-
ments were also investigated. Twenty-six (60%) of the autism
subjects were taking at least one psychotropic medication and
38% were taking multiple medications. Seventy-three percent
of the autism subjects were taking SSRI’s, 35% stimulants, 11%
valproic acid, and 7% atypical neuroleptics. There were no sig-
nificant differences in either the mean age or any of the DTI
measures in autism subjects taking psychotropic medications
versus those not on medications. The significant regions were
the same when autism subjects were split into the medication
and non-medication groups except the MD in the left TS dropped
below significance for the autism medication subgroup.

Four of the younger subjects with autism (ages 7-10) were
scanned with sedation. We compared the DTI measurements of
the autism subjects with sedation (n =4) against those from the
autism subjects without sedation in the same age range (n=6).
Although the MD and Dr measures were generally larger in
the sedated group, the differences were nearly significant only



130

Table 1
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Group comparisons of anisotropy and diffusivities

Autism (n=43)

Control (n=34)

Age correlation ANCOVA (w/age) group comparison

Mean S.D. Mean S.D. R P F p (uncorrected)
Mean diffusivity (10~3 mm?/s)
Left temporal stem 0.875 0.024 0.866 0.023 —0.30 0.007" 3.6 0.063
Right temporal stem 0.886 0.025 0.867 0.021 —0.37 0.001" 14.6 0.000"
Left STG-WM 0.836 0.033 0.818 0.033 —0.54 0.000" 7.9 0.006"
Right STG-WM 0.830 0.033 0.807 0.028 —0.59 0.000" 16.4 0.000"
Fractional anisotropy
Left temporal stem 0.400 0.021 0.415 0.023 0.24 0.039 9.1 0.004"
Right temporal stem 0.392 0.027 0.410 0.029 0.22 0.054 8.2 0.005"
Left STG-WM 0.314 0.022 0.331 0.021 0.30 0.009" 13.9 0.000"
Right STG-WM 0.311 0.018 0.322 0.026 0.40 0.000" 6.8 0.011"
Axial diffusivity (1073 mm?/s)
Left temporal stem 1.277 0.032 1.279 0.035 —0.14 0.228 0.1 0.776
Right temporal stem 1.283 0.027 1.277 0.031 —0.19 0.096 1.0 0.327
Left STG-WM 1.116 0.042 1.108 0.041 —0.49 0.000" 0.7 0.402
Right STG-WM 1.107 0.042 1.086 0.032 —0.45 0.000" 7.8 0.007"
Radial diffusivity (103 mm?/s)
Left temporal stem 0.675 0.028 0.659 0.027 —0.30 0.008" 6.9 0.011"
Right temporal stem 0.688 0.034 0.662 0.031 —0.32 0.004" 12.7 0.001"
Left STG-WM 0.697 0.034 0.673 0.033 —0.50 0.000" 12.6 0.001"
Right STG-WM 0.691 0.032 0.668 0.032 —0.58 0.000" 16.2 0.000"
Volume (voxels)
Left temporal stem 245.8 31.8 242.6 343 0.32 0.005" 0.2 0.639
Right temporal stem 235.6 31.5 239.2 35.7 0.17 0.151 0.2 0.649
Left STG-WM 321.3 115.2 371.2 110.3 0.42 0.000" 43 0.042
Right STG-WM 343.1 96.2 394.1 127.8 0.56 0.000" 5.6 0.020

* Statistically significant at the thresholded uncorrected p <0.013, determined by Bonferroni correction for multiple comparisons.

in right STG-WM for MD (p=0.018), Da (»p=0.03), and Dr
(p=0.057). When the four sedated subjects were removed from
the overall ANCOVA, the regions with significant differences
were similar to those in Table 1 except for Dr in the left TS was
not quite significant (F=4.42; p=0.039).

In the current study, we implemented a semi-automated ROI
approach for obtaining DTI measures in specific temporal lobe
regions. Since the ROIs were applied to segmented WM data,
the contamination from gray matter and CSF was minimal. Also,
the regions were large enough to accommodate errors in mis-
registration.

The current findings demonstrated DTI differences in
the WM of the STG and TS, implicating dissimilarities in
microstructural organization of these temporal lobe regions in
autism compared to controls. Since these are critical pathways
involved in language and social cognition, WM abnormali-
ties within these regions may contribute to the neurobehavioral
features observed in autism. The radial diffusivity, Dr, was con-
sistently elevated in autism. The differences in Dr appear to be
the primary cause for changes in MD and FA measures. This
observation of increased Dr was consistent with DTI measure-
ments of the corpus callosum in autism [2]. Recent studies in a
mouse model of dysmyelination have suggested that increases
in the radial diffusivity are related to myelination [23]. How-
ever, it was not clear if differences in myelination were the
primary mechanism for the DTI changes reported here. Changes
in axonal density, organization or gliosis might also affect the

radial diffusivity. Psychotropic medication use did not appear to
have a major effect on the findings.

It is interesting that the MD and Dr measurements appear
to be quite elevated in autism for the youngest subjects (ages
7-13, for example, see Fig. 2a for Dr in right TS). Whether
these increased diffusivities in mid-childhood are indicative of
an aberrant developmental trajectory is not clear. Currently, we
are performing a longitudinal DT study on these subjects, which
will be better for assessing differences in the developmental
trajectories between groups. Sedation for scanning of 4 young
subjects did not appear to have a major effect on the overall
results.

In this study, it was hypothesized that the microstructural fea-
tures of specific WM regions in the temporal lobe are affected in
autism, and the data were consistent with the prediction. How-
ever, it is likely that other brain regions in autism will also show
WM abnormalities. Indeed, the corpus callosa in these same
subjects were abnormal [2] and a small voxel-based analysis
study by Barnea-Goraly et al. [3] suggested diffuse WM differ-
ences though not specifically in the TS and STG. Future studies
will investigate whether other WM regions are likewise affected.
Finally, it is also possible that gray matter regions are also
affected in autism; however, characterization of cortical gray
matter with DTI is extremely challenging because it is relatively
narrow and adjacent to CSF.

The results from this study demonstrate that WM regions of
the temporal lobe — the STG and TS — appear to be abnormal in
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Fig. 2. (a) Measurements of Dr vs. age in right TS. The plot shows a similar
decline with age for both groups and an increased Dr in the autism group. The
results for the other regions were similar. (b) Measurements of FA vs. age in
right STG-WM. FA appears to increase with age for the controls; however, the
autistic subjects demonstrated minimal changes with age. The age-dependence
was significantly different between groups. Similar trends were observed for the
other regions; however, the group difference was not significant.

subjects with autism. These regions are critical to language and
social function, which are affected in autism. These findings
add to functional neuroimaging studies demonstrating abnor-
malities of the STG in autism [10,12], and support the hypothesis
that autism involves abnormal brain connectivity [14,15]. Future
studies are necessary to determine how specifically related these
WM abnormalities are to language and social impairments.
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