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C h a p t e r  8  

White matter integrity in Asperger syndrome: a preliminary diffusion tensor magnetic resonance 
imaging study in adults. 
 

 

 

O.J.N. Bloemen, Q. Deeley, F. Sundram, E.M. Daly, G.J. Barker, D.K. Jones, T.A.M.J. 
van Amelsvoort, N. Schmitz, D. Robertson, K.C. Murphy, D.G.M. Murphy: Autism 
Research (2010), Oct;3(5):203-13. 



A b s t r a c t  
BACKG ROUN D.  Autistic Spectrum Disorder (ASD), including Asperger syndrome and 
autism, is a highly genetic neurodevelopmental disorder. There is a consensus that ASD 
has a biological basis, and it has been proposed that it is a ‘connectivity’ disorder. 
Diffusion Tensor Magnetic Resonance Imaging (DT-MRI) allows measurement of the 
microstructural integrity of white matter (a proxy measure of ‘connectivity’). However 
nobody has investigated the microstructural integrity of whole brain white matter in 
people with Asperger syndrome. 

METHOD S.  We measured the fractional anisotropy (FA), mean diffusivity (MD) and 
radial diffusivity (RD) of white matter, using DT-MRI, in 13 adults with Asperger 
syndrome and 13 controls. The groups did not differ significantly in overall intelligence 
and age. FA, MD and RD were assessed using whole brain voxel based techniques. 

RES UL TS.  Adults with Asperger syndrome had a significantly lower FA than controls in 
thirteen clusters. These were largely bilateral and included white matter in the internal 
capsule, frontal, temporal, parietal and occipital lobes, cingulum and corpus callosum. 

CON CL US ION S.  Adults with Asperger syndrome have widespread significant differences 
from controls in white matter microstructural integrity. 
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I n t r o d u c t i o n  
Autism Spectrum disorder (ASD) which includes autism, Asperger syndrome and atypical 
autism, is an increasingly diagnosed (Baird et al 2006) and highly genetic (Bailey et al 
1995;Frith 2001) neurodevelopmental disorder affecting approximately 1:100 children in 
South London (Baird et al 2006). ASD is characterized by significant difficulties in social 
interaction, communication, and unusual or stereotyped routines and behavior 
(International Statistical Classification of Diseases and Health Related Problems—10th 
revision). People with Asperger syndrome typically do not have delay in the acquisition of 
language but they still show the other characteristic ‘autistic’ impairments. There is 
consensus that ASD has a biological basis, and there is increasing evidence from in-vivo 
neuroimaging studies that specific brain regions are implicated (for a review see (Toal et al 
2005)). For example, it has been reported that people with Asperger syndrome have 
significant differences in grey matter volume of fronto-striatal and cerebellar regions 
compared to controls, and widespread differences in white matter (Bradshaw and 
Sheppard 2000;McAlonan et al 2002) extending fronto-temporally and fronto-occipitally. 

It has been proposed that ASD is a ‘connectivity disorder’ (Catani and ffytche 
2005;Courchesne and Pierce 2005;Frith 2004;Geschwind and Levitt 2007;Just et al 
2007;Just et al 2004) with involvement of frontotemporal, frontolimbic, frontoparietal 
and interhemispheric connections (Courchesne et al 2005;Just et al 2007;Minshew et al 
1997;Mundy 2003) and accompanied by widespread abnormalities in white matter 
development (Herbert et al 2004). It has also been hypothesised that people with ASD 
have local overconnectivity but reduced long range (global) connectivity (Belmonte 
2000;Belmonte and Yurgelun-Todd 2003;Just et al 2004;Williams et al 2006). Further, it 
has been proposed that ASD may be “exponentially distributed”; meaning that early brain 
abnormalities in ASD increasingly affect additional regions and functional systems 
throughout development (Hammock and Levitt 2006;Knudsen 2004;Muller 2007). If 
correct, this suggests that differences in brain anatomy would become more severe as the 
brain matures into adulthood, underlining the importance of studying brain anatomy of 
ASD adults as well as children and adolescents. 

Diffusion tensor magnetic resonance imaging (DT-MRI) can be used to examine the 
orientation and integrity of white matter tracts. This is achieved by measuring the 
magnitude and direction of water diffusion, which can be isotropic (the same amount in 
every direction) or anisotropic. Diffusion of water molecules in white matter tends to be 
greater along the direction of white matter tracts and thus predominantly anisotropic, with 
the degree of anisotropy in a particular tissues often being quantified through its Fractional 
Anisotropy (FA) value (Basser et al 1994). The degree of anisotropy depends on a number 
of factors; for instance, myelination, fibre diameter and density. It is thought that a lower 
FA may be indicative of altered microstructural integrity or organisation of the fibres 
(Basser 1995;Beaulieu 2002;Pierpaoli and Basser 1996). When lower FA is accompanied 
by higher radial diffusivity this may be indicative of abnormalities in myelination, 
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although evidence for this comes largely from studies of normal and abnormal 
development, and animal investigation (Song et al 2002;Song et al 2005) .  

A prior whole brain DT-MRI study included 7 children with autism and 9 controls 
(Barnea-Goraly et al 2004). They reported that the children with autism had a significant 
reduction in FA of white matter adjacent to the ventromedial prefrontal cortices, anterior 
cingulate gyri, temporoparietal junctions, and in the corpus callosum. Subsequently, others 
investigated mixed samples of children and adults with autism (Alexander et al 2007;Keller 
et al 2007;Lee et al 2007). They reported that people with autism have a significant 
reduction in FA of areas within (or near) the corpus callosum (Alexander et al 2007;Keller 
et al 2007), right external capsule (Keller et al 2007) and the superior temporal gyrus and 
temporal stem (Lee et al 2007). These studies were valuable first steps. However, they 
included heterogeneous clinical populations (in terms of mixed ages) or only studied 
children; and some did not correct for multiple comparisons. 

 In summary, it has been proposed that ASD is underpinned by cortical 
‘underconnectivity’, and with abnormal brain development continuing into adulthood. 
Further, ASD is a developmental disorder, possibly characterised by grey and white matter 
overgrowth in very young children and reduced volumes in later childhood (Ben et al 
2007;Courchesne et al 2001). Hence differences in white matter most likely continue to 
develop as the brain matures into adulthood due to abnormal neuronal loss and synaptic 
pruning (Muller 2007). Also ASD is a heterogenous clinical disorder. However nobody has 
yet reported on white matter integrity across the whole brain in adults with ASD, and in a 
relatively homogeneous population. 

Thus we compared white matter micro integrity (using DT-MRI) in adults with Asperger 
syndrome and healthy adult controls, using a voxel based analysis (VBM) to measure FA 
throughout the whole brain.  We hypothesised that people with Asperger syndrome have 
widespread differences from controls, but that this would mainly affect white matter in 
brain regions and systems most implicated in the disorder (i.e. frontal, temporal, limbic, 
basal ganglia and cerebellar regions). 
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M e t h o d s  

SUBJEC T RE CR UITM EN T 
We recruited 13 male adults fulfilling ICD-10 clinical research criteria for autism – but 
who did not have a history of language delay.  Hence we defined them as having Asperger 
syndrome (age≥18, mean age 39 (SD+/-9.8), mean Full Scale IQ (FSIQ) 110 (SD+/-
15.7)). The age of the subjects with Asperger syndrome ranged from 23 to 54 years and 
FSIQ ranged from 88 to 133. People with Asperger syndrome were recruited through local 
support groups, and our clinical research program in autism (supported by the MRC UK 
A.I.M.S. network). Subjects were diagnosed based on clinical interview, collateral 
information from family members and review of other information available such as school 
reports. All assessments were blind to MRI scan data using ICD-10 (International 
Statistical Classification of Diseases and Health Related Problems—10th revision) clinical 
research criteria (World Health Organization, 1992). Diagnosis was made through 
consensus between three clinicians trained in the Autism Diagnostic Interview (ADI-R, 
(Lord et al 1994)). We were able to confirm our clinical research diagnosis using the ADI-
R in 6 individuals with Asperger syndrome, when their parental informants were 
willing/available.  Another 4 subjects were assessed on the Autism Diagnostic Observation 
Schedule (ADOS, (Lord et al 1989)). Three subjects did not receive additional 
confirmation of their diagnosis using these methods. Exclusion criteria were a history of 
major psychiatric disorder (e.g. psychosis), head injury, toxic exposure, diabetes, 
abnormalities in routine blood tests, drug or alcohol abuse or clinical abnormality on 
routine MRI. 

In addition, 13 male adult controls were recruited locally by advertisement. They did not 
differ in FSIQ or age (age≥18, mean age 37 (SD+/-9.6), mean FSIQ 115 (SD+/-14.4). 
The age of the subjects ranged from 25 to 52 years and FSIQ ranged from 89 to 133. All 
subjects had a structured clinical exam and routine clinical blood tests to exclude 
biochemical, haematological or chromosomal abnormalities. Exclusion criteria were a 
history of major psychiatric disorder (e.g. psychosis), head injury, toxic exposure, diabetes, 
abnormalities in routine blood tests, drug or alcohol abuse, clinical abnormality on routine 
MRI, or a medical or genetic disorder associated with autistic symptoms (e.g. fragile X or 
tuberous sclerosis). Ethics approval was provided by the Joint Institute of Psychiatry and 
South London and Maudsley NHS Trust Research Ethics Committee. All participants 
gave informed consent and all experiments were conducted in accordance with the 
Declaration of Helsinki. 

NEU ROPS YCHOL OGI CAL  T ES TIN G 
We measured overall intelligence using the vocabulary, comprehension, similarities, block 
design and object assembly subtests of the Wechsler Adult Intelligence Scale-Revised 
(WAIS-R (Weschler 1987)). 
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MR ACQUIS I TION 
Data were acquired using a GE Signa LX system (General Electric, Milwaukee, WI, USA), 
with actively shielded magnetic field gradients (maximum amplitude 40 mT m-1). A 
standard quadrature birdcage head coil was used for both RF transmission and signal 
reception. Each volume was acquired using a multi-slice peripherally-gated EPI sequence, 
optimised for precise measurement of the diffusion tensor in parenchyma, from 60 
contiguous near-axial slice locations. Images were acquired with isotropic 
(2.5x2.5x2.5mm) voxels, reconstructed to 1.875x1.875x2.5mm. Image acquisition was 
synchronised to the cardiac cycle using a peripheral gating device placed on the subject’s 
forefinger. Echo time was 107 ms while the effective repetition time was 15 RR intervals. 
The duration of the diffusion encoding gradients was 17.3 ms giving a maximum diffusion 
weighting of 1300 s mm-2. At each slice location, 7 images were acquired with no diffusion 
gradients applied, together with 64 diffusion-weighted images in which gradient directions 
were uniformly distributed in space. Full details are given elsewhere (Jones et al 2002). 

DTI P ROCES S IN G 
Visual inspection was used to ensure al data was of suitable quality for further processing, 
and three scans were excluded because of data quality issues. The diffusion-weighted 
images were initially corrected for the effects of eddy-current induced distortion using in-
house software. Group mapping techniques (derived from the VBM analysis methods 
developed for structural (T1 and/or T2 weighted) images), compare parametric maps of 
MR parameters (in this case the fractional anisotropy, mean diffusivity (MD) and radial 
diffusivity (RD)) between subjects, following registration into a standard space. In the 
current study, calculation of the initial FA, MD and RD images was performed using 
locally written software. (Full details are given in (Catani et al 2002), but briefly: 
correction for eddy current induced distortions was performed using a mutual information 
based registration of all images to the mean non-diffusion weighted images, using an affine 
transformation.  The diffusion tensor was then calculated for each voxel, using multivariate 
linear regression after logarithmic transformation of the signal intensities, and maps of FA, 
MD and RD were generated from the resulting tensor images). 

Normalisation of the FA, MD and RD images was performed using Statistical Parametric 
Mapping software (SPM2, Wellcome Department of Imaging Neurosciences, University 
College London, UK). A two stage registration process was performed, using both the T2 
weighted (b=0) images and the FA images themselves.  The mean T2-weighted (b=0) 
image for each subject was first registered to the EPI template provided in SPM (although 
the former is T2 weighted, and the latter T2* weighted, the image contrast is similar, as are 
the geometrical distortions inherent in any EPI based acquisition). In both cases, SPM2’s 
default normalisation parameters were used (medium regularisation; 16 non-linear 
iterations; trilinear interpolation). The derived warping parameters were then applied to 
corresponding FA images in order to map the latter into standard space. The normalised 
FA images of all subjects were then averaged and smoothed (8 mm FWHM Gaussian 
filter) to create a new, study specific, template to which each subject's FA images were then 
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re-registered. The registered FA images were also segmented (using SPMs default a priori 
tissue probability information) to give maps of the probability of a tissue being either 
white or grey matter, and these segmented images were thresholded at a low (10%) 
probability to provide a binary mask of white matter. Visual inspection of example datasets 
confirmed that masking at this threshold produced maps, which included all major white 
matter areas, and did not suffer from any unexpected ‘holes’ (eg in low FA regions caused 
by crossing fibres). An accurate segmentation was not essential, and a relatively liberal 
threshold was deliberately used, in order to create a slightly 'over inclusive' mask.  

Scans need to be smoothed in order to reduce confounds due to individual variation in 
WM anatomy. Smoothing the data in order to constrain it into specific statistical 
distributions is also a prerequisite for some analysis approaches, but is not necessary for our 
non-parametric approach (see below). The degree of smoothing to apply is still a subject of 
much discussion as different smoothing levels result in varying results (Jones et al 2005); in 
the absence of a specific hypothesis about the spatial extent of any abnormalities, we 
applied a smoothing filter with an extent similar to the width of many white matter tracts 
(Gaussian, 5mm full-width at half maximum) to aid between-subject anatomical matching 
and improve the signal-to-noise ratio. 

STA TIS TI CS  
SPSS (SPSS 12·02 for windows, SPSS Inc) was used for statistical analysis of non imaging 
data. Group differences in age and IQ were examined using independent samples t-tests 
(two tailed). Level of statistical significance was defined as p<0·05 (two tailed).  

Differences in white matter FA, MD and RD between the Asperger group and the controls 
were estimated by fitting an analysis of covariance (ANCOVA) model at each intracerebral 
voxel in standard space. Age, performance IQ and verbal IQ were added as covariates. 
Given that brain changes are likely to extend over a number of contiguous voxels, test 
statistics incorporating spatial information such as 3D cluster mass (the sum of 
suprathreshold voxel statistics), are generally more powerful than other possible test 
statistics, which are informed only by data at a single voxel (Bullmore et al 1999). As no 
parametric distribution is known for cluster mass, permutation testing was used to assess 
statistical significance in the analyses described below. A non-parametric approach also 
overcomes the difficulty that parametric methods assume that the residuals of the model 
tested will follow a Gaussian distribution (which has been shown not to be true for DTI 
data, even after large amounts of smoothing (Jones et al 2005)) and reduces the need for 
smoothing to constrain the data into meeting this condition.  

We first set a relatively lenient p-value (p≤0.05) to detect voxels putatively demonstrating 
differences between groups. At this stage, we considered only those voxels to which all 
subjects contributed data; this - along with the masking procedure above - restricts the 
analysis to core white matter regions, reducing the search volume (and thus the number of 
comparisons made). This requirement of good “overlap” between the subjects also 
minimises testing at the grey/white interfaces, where the high grey/white contrast of FA 
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images exacerbates any edge effects. We then searched for spatial clusters among the voxels 
highlighted, and tested the “mass” of each cluster (the sum of suprathreshold voxel 
statistics it comprises) for significance. 

Permutation based testing, implemented in the XBAM package (developed at The 
Institute of Psychiatry, London, UK http://www.brainmap.co.uk), was used to assess 
statistical significance at both the voxel and cluster levels (Bullmore et al 1999). We 
performed 1000 permutations at both voxel and cluster stage of the analysis. For the initial 
voxel level testing, the distribution is calculated separately at each voxel; this helps 
minimize potential complications due to the very high dynamic range of FA data, and also 
makes the 

analysis less sensitive to differences in (physiological) noise between brain regions. At the 
cluster level, rather than set a single a priori p-value below which we regard findings as 
significant, we calculated, for a range of p-values, the number of clusters which would be 
expected by chance alone. We then set the statistical threshold for cluster significance for 
each analysis such that the expected number of false positive clusters by chance alone 
would be less than one, which was p=0.0025, and the threshold for cluster size at larger 
than 10 voxels. It is known, however (Carew et al 2007), that the variance of FA values in 
the brain depends upon the FA values themselves and, while we restricted our analysis to 
core white matter regions where this is relatively uniform, the effects of noise may still vary 
slightly from region to region. We therefore also inspected the voxel level maps (which 
treat each voxel independently and therefore inherently allow for such local differences in 
statistics), to ensure that these highlight the same areas as the cluster level results. In this 
way we retained the additional power of the cluster statistics while controlling for the 
potential disadvantage of its non-local nature. 

Voxels and clusters were localized in Montreal-Neurological-Institute (MNI) space and 
transformed into Talairach and Tournoux co-ordinates (Brett et al 2002;Talairach and 
Tournoux 1988). Resulting voxels and cluster maps were overlaid on the FA template for 
anatomical assessment. To further localize significant voxel clusters, atlases were consulted 
(Mori et al 2005;Talairach and Tournoux 1988). 
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R e s u l t s  

FRA CTION AL  AN IS OT ROPY  
Adults with Asperger syndrome had a significantly lower FA than controls over large areas 
of the brain. These changes covered 13, largely bilateral, clusters (Table 1 and Figure 1).  

Frontal 

Two clusters located in the frontal lobe correspond to parts of the inferior fronto-occipital 
fasciculus (IFO), the forceps minor and anterior corona radiata. On the right the cluster 
extended into the anterior thalamic radiation (ATR) and the uncinate fasciculus (UNC). 
On the left a more posterior third cluster extended into this same region, also including 
parts of the ATR and UNC.  

Medial 

Two of the frontal clusters described above extend dorsally just into the genu of the corpus 
callosum (CC) in both hemispheres. Four more posterior clusters (partly) located in the 
posterior corona radiata and posterior limb of the internal capsule extend into the CC 
corresponding to large parts of the splenium and small parts of the dorsal body of the CC, 
and possibly the corticospinal tracts. 

Temporal/occipital 

On the left 3 clusters together extended from the retrolenticular part of the internal 
capsule via the sagittal stratum and forceps major corresponding to the inferior 
longitudinal fasciculus (ILF) and/or inferior fronto-occipital fasciculus (IFO). These tracts 
are also implicated contralaterally in a smaller, more dorsally located, cluster. 

Superior frontal/parietal 

We found bilateral FA decreases in the superior frontal and parietal regions corresponding 
to the corona radiata, superior longitudinal fascicule (SLF) and cingulum. 

There were 4 very small clusters of higher FA in the Asperger group, but all were smaller 
that 10 voxels.  
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 Table 1 - DTI group mapping analysis of fractional anisotropy of Asperger syndrome vs. 
controls.  

Legend: (ATR) anterior thalamic radiation, (CC) corpus callosum, (CG) cingulum, (CST) corticospinal tract, (IFO) 
fronto-occipital fasciculus, (ILF) inferior longitudinal fasciculus, (SLF) superior longitudinal fasciculus, (T&T) 
Talairach & Tournoux coordinates,(UNC) uncinate fasciculus. 

Lower FA in Asperger   T&T Mean FA (s.d.)   
Possibly involved tracts Location1 Side x y z Asperger Controls p Size 

CC/IFO Frontal 
lobe 

Left -14 35 -12 0.387 (0.032) 0.414 (0.024) 0.000374 79 

CC/IFO/ATR/UNC 
Medial 
frontal 
gyrus 

Right 14 32 -7 0.387 (0.039) 0.417 (0.023) 0.000019 296 

IFO Temporal 
lobe Left -39 -38 0 0.459 (0.063) 0.496 (0.030) 0.000248 83 

IFO/ILF 
Temporal 
lobe Left -32 -32 2 0.459 (0.057) 0.497 (0.023) 0.000177 82 

IFO/ILF Cuneus Right 25 -70 7 0.375 (0.046) 0.406 (0.028) 0.000231 93 

IFO/ILF 
Middle 
occipital 
gyrus 

Left -25 -73 7 0.393 (0.046) 0.437 (0.026) 0.000039 178 

CC Corpus 
callosum 

 0 -32 7 0.529 (0.072) 0.594 (0.027) 0.000485 38 

SLF Frontal 
lobe Right 30 24 14 0.393 (0.034) 0.423 (0.023) 0.000139 124 

CST/CC Parietal 
lobe 

Right 32 -44 22 0.392 (0.049) 0.432 (0.026) 0.000329 61 

CC 
Corpus 
callosum Right 7 -26 22 0.422 (0.061) 0.468 (0.024) 0.000019 214 

CC/SLF/CST/ATR/UNC Corpus 
callosum 

Left -9 -26 23 0.382 (0.037) 0.416 (0.024) 0.000001 1149 

SLF/CG 
Cingulate 
gyrus Right 16 -13 34 0.405 (0.034) 0.444 (0.021) 0.000009 310 

SLFCG Cingulate 
gyrus 

Left -14 0 42 0.454 (0.045) 0.505 (0.031) 0.000289 54 

1) Location of most activated voxel. 
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Figure 1 Clusters of decreased FA in people with Asperger syndrome compared to healthy 
controls. (Radiological convention; image left = subject’s right). Slices are 2mm and Z-
coordinates rage from -24 through +54. 

 

MEAN  D IFFUS IVITY 
Subjects with Asperger syndrome had significantly lower mean diffusivity in a cluster 
located in the brain stem (T&T=[7, -21, -23], p=0.0004, size=41 voxels).   

RAD IAL  D IFFUS IVITY 
Subjects with Asperger syndrome had higher radial diffusivity than controls in 16 clusters. 
They had lower radial diffusivity than controls in two clusters (See Table 2 and Figure 2 
and 3). 
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Table 2 - DTI group mapping analysis of radial diffusivity of Asperger syndrome vs. 
controls.  

Legend: (CC) corpus callosum, (CG) cingulum, (CPT) corticopontine tract, (CST) corticospinal tract, (ICP) inferior 
cerebellar peduncle, (IFO) fronto-occipital fasciculus, (ILF) inferior longitudinal fasciculus, (MCP) middle cerebellar 
peduncle, (PTR) posterior thalamic radiation, (SCP) superior cerebellar peducle, (SLF) superior longitudinal fasciculus, 
(STR) superior thalamic radiation,(T&T) Talairach & Tournoux coordinates,(UNC) uncinate fasciculus. 

1) Location of most activated voxel. 

 

 

 

   T&T   
Possibly involved tracts  Location1 Side x y z p Size 
Higher radial diffusivity in Asperger subjects (Figure 2) 
UNC Inferior Frontal Gyrus Right 14  32  -15  0.000940 25 
IFO/ILF Temporal Lobe Left -36  -40  -6  0.000204 40 
IFO/ILF Temporal Lobe Right 38  -43  2  0.000163 54 
CG/IFO/ILF Cuneus Left -16  -75  7  0.000163 28 
CC Corpus callosum Right 4  -30  7  0.000061 23 
CPT/CST/STR/PTR Capsula interna Right 25  -16  12  0.000797 26 
SLF Insula Left -29  -6  19  0.000797 30 
SLF Parietal Lobe Left -29  -51  26  0.000797 23 
CG Cingulate Gyrus Left -13  -35  28  0.000307 22 
SLF Inferior Parietal Lobule Right 43  -33  26  0.000960 17 
SLF/CPT/CST/STR Frontal Lobe Left -30  -22  27  0.000163 53 
CG Cingulate Gyrus Right 18  -9  26  0.000797 23 
SLF/CPT/CST/STR 

Frontal Lobe Right 25  -14  28  0.000061 122 
CC/CPT/PTR Precuneus Left -16  -45  35  0.000327 26 
CC/CPT/CST/STR Cingulate Gyrus Left -13  -14  41  0.000368 30 
CC/CPT/CST/STR Frontal Lobe Right 20  -30  48  0.000184 21 

 

Lower radial diffusivity in Asperger subjects (Figure 3) 
MCP/ICP/SCP Cerebellum Left -4  -43  -23  0.000471 38 
CC Corpus callosum Left -13  -33  18  0.000264 45 
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Figure 2 Clusters of higher radial diffusivity in people with Asperger syndrome compared to healthy controls. 
(Radiological convention; image left = subject’s right). Slices are 2mm and Z-coordinates rage from -24 through 
+54. 

 

Figure 3 Clusters of lower radial diffusivity in people with Asperger syndrome compared to healthy controls. 
(Radiological convention; image left = subject’s right). Slices are 2mm and Z-coordinates rage from -40 through 
+22. 
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D i s c u s s i o n  
We compared white matter microstructural integrity in 13 adult males with Asperger’s 
syndrome to a control group which did not differ significantly in IQ, age or gender. 
People with Asperger syndrome had a significant decrease in FA of a number of white 
matter brain regions, and had higher FA in 4 very small regions. 

This is a preliminary study which has a number of limitations, including the relatively 
small sample size and a lack of ADI-R/ADOS measures in two subjects. Nevertheless we 
had sufficient power to detect significant group differences in FA. Moreover, the results we 
report are likely to represent true differences in FA because of the use of a conservative 
analysis and thresholding method to reduce the risk of type 1 errors (see Methods). Voxel 
based analyses have a risk of false positive edge effects, and some of our results are indeed 
located near the ventricles. However, we do not think that edge effects can fully explain 
our results since most differences we found are not close to the ventricles. Also, even 
though we specifically excluded children in this study to obtain a more homogeneous adult 
sample, the age range in our sample is rather large. We therefore covaried in our analyses 
for age, performance IQ and verbal IQ to limit their influence on our results. We also 
analysed the results after excluding the two subjects without ADI-R or ADOS, and this 
did not substantially change the results. 

Despite these limitations, this study is the first comparison of whole brain white matter 
integrity in adult males with Asperger syndrome and controls. Moreover, our results are in 
line with prior whole brain studies in children, and in larger populations of (age-mixed) 
people with autism (Barnea-Goraly et al 2004;Keller et al 2007) - although, in our sample 
of adults, we found more extensive (and bilateral) differences. For instance, one study in 
children with autism (Barnea-Goraly et al 2004) reported reduced FA values in the medial 
prefrontal areas, anterior cingulate, corpus callosum, right (pre)motor area, temporal and 
occipital regions. Others reported reduced FA in or near the corpus callosum and in the 
retrolenticular portion of the internal capsule in a mixed sample of children and adults 
with autism  (Keller et al 2007), Our results also implicate these areas, but also some 
additional ones. Others also reported lower FA in frontal and temporal regions in autistic 
children (Cheung et al 2009;Ke et al 2009), accompanied by greater FA in the SLF and 
left occipital pole (Cheung et al 2009) and greater FA in temporal and frontal lobe (Ke et 
al 2009). We were not able to confirm the FA increases in our sample, and were also not 
able to confirm altered FA in the cerebellum previously reported in Asperger syndrome 
(Catani et al 2008) using tractography based approaches. Using a different (whole brain) 
approach to reduce smoothing effects Lee and colleagues reported lower FA in corpus 
callosum, superior temporal and anterior cingulated gyrus, also in line with our results. 

Voxel based analytic DTI methods do not give tract specific information. Therefore 
although we are able to we name regions which include possibly affected tracts the actual 
involvement of specific  tracts  requires use of alternative methods such as tractography 
(e.g. see (Catani et al 2008)).  Nevertheless, our findings suggest altered organization of the 
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corpus callosum. This adds to evidence from other structural (Barnea-Goraly et al 
2004;Chung et al 2004;Egaas et al 1995;Hardan et al 2000;Keller et al 2007;Lee et al 
2007;Manes et al 1999;Piven et al 1997;Vidal et al 2006;Waiter et al 2005) and functional 
studies (Just et al 2007;Mason et al 2008) that the CC is abnormal in ASD, and may 
partially explain some clinical features of the disorder. For example, recent fMRI studies 
reported that people with ASD have significantly lower interhemispheric connectivity 
during various language, working memory and visuospatial imagery tasks (Just et al 
2004;Kana et al 2006;Koshino et al 2005). 

We found that the Asperger group had significantly reduced FA in a number of frontal 
regions, that contain the uncinate fasciculi, inferior fronto-occipital fasciculi and the 
anterior thalamic radiation. Differences in frontal lobe development, anatomy and 
function are frequently reported in ASD (Carper and Courchesne 2000;Carper et al 
2002;Herbert et al 2004;Levitt et al 2003;Luna et al 2002;Sundaram et al 2008) and 
frontal lobe deficits have been linked to abnormalities in Theory of Mind (ToM) (Baron-
Cohen et al 1999;Castelli et al 2002;Frith and Frith 1999;Happe et al 1996), executive 
functioning (Luna et al 2002) joint attention (Mundy 2003) and language (Just et al 
2004;Muller et al 1998) in ASD. Further, others have reported that people with ASD have 
significant differences in the activation of cortical motor areas (Muller et al 2001) and 
motor abnormalities are one of the earliest observable behavioural features in ASD. Hence 
our results add support to the work of others (Just et al 2004) suggesting that people with 
ASD have significant differences in frontal connectivity. 

In addition we found that people with Asperger syndrome have significant differences in 
FA of various parietal lobe regions. These results are in line with previous studies in ASD 
that reported abnormalities in parietal lobe anatomy (Carper et al 2002;Courchesne et al 
1993;Haznedar et al 2000;Piven et al 1996;Thakkar et al 2008) and add to evidence of 
underconnectivity in the temporo-parietal area (Barnea-Goraly et al 2004;Cherkassky et al 
2006;Just et al 2007). The areas with reduced FA have been linked to, for instance, 
emotion processing (Heilman and Gilmore 1998), ToM (Castelli et al 2002), and 
determining the relevance of stimuli to the self (Northoff and Bermpohl 2004); and 
deficits in these domains are core clinical features of ASD. Further, Thakkar and colleagues 
reported lower FA and abnormal BOLD activation during executive function tasks 
bilaterally in the anterior cingulate gyrus (Thakkar et al 2008).  

In our investigation people with Asperger syndrome had a significant reduction of FA 
bilaterally in the temporal lobe and perisylvian area. Areas with significantly reduced FA 
bilaterally contained the ILF, SLF and the IFO. This supports suggestions from prior DTI 
(Barnea-Goraly et al 2004;Conturo et al 2008;Keller et al 2007;Lee et al 2007) and 
structural and functional studies (Boddaert et al 2004;Gendry Meresse et al 2005) that 
these regions are abnormal in people with ASD. The temporal and perisylvian areas are 
vital for language and social cognition, and abnormalities in these areas may explain some 
of the difficulties ASD patients have in these domains. For example, the superior temporal 
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area is important in auditory processing (Just et al 2004;Meyer et al 2005), social 
perception of movement (Allison et al 2000), imitation (Iacoboni 2005) and ToM 
(Castelli et al 2002). Additionally, damage to the temporal region is thought to be related 
to visually specific semantic, emotional, memory and language deficits (Catani et al 
2003;Mandonnet et al 2007;Vigneau et al 2006). Thus the significant reduction in FA we 
found in the temporal and perisylvian areas in people with ASD may be associated with 
abnormal connectivity between brain regions important in the understanding of salient 
social information and language.  

We also found reduced FA values in the occipital lobes in people with Asperger syndrome. 
White matter areas which differed from controls included those adjacent to the lingual gyri 
and the cuneus, containing the IFO and the ILF. Previous studies also implicated these 
regions (Barnea-Goraly et al 2004;Deeley et al 2007;Just et al 2004;Keller et al 2007). The 
occipital region is important in facial emotion processing, and in a prior fMRI study of 
adults with Asperger syndrome we demonstrated reduced visual cortical activity (including 
occipital regions of BA 18/19) to a range of primary facial emotions and intensities 
(Deeley et al 2007). In healthy individuals, visual cortical responses to emotionally salient 
expressions (such as fearful expressions) are ‘boosted’ by modulatory feedback by limbic 
regions (Vuilleumier et al 2004). Hence, impaired connectivity between occipital lobe, 
limbic and other brain regions may contribute to neural hyporesponsiveness to facial 
expressions, and associated social impairments, in people with Asperger syndrome (Deeley 
et al 2007).   

In addition to FA changes, we also found areas with increased radial diffusivity. Although 
interpretation of what these differences in radial diffusivity actually mean is somewhat 
difficult it has been proposed that it is a proxy measure of brain myelination  (Wheeler-
Kingshott and Cercignani 2009), Hence those areas where we found lower FA overlapping 
with increased RD (e.g. in the frontal and temporal lobes) may have differences in 
myelination, rather than axonal degeneration. Furthermore subjects with  Asperger 
syndrome had lower mean diffusivity than controls in the brain stem. 

In conclusion our results suggest that people with Asperger syndrome have widespread 
abnormalities in the microstructral integrity of white matter. Further, these findings add to 
increasing evidence that people with ASD have differences in long-range (inter-regional) 
brain connectivity.  
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