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Abstract

Lay Abstract—White matter tracts are like the “highways” of the brain, allowing for fast and

efficient communication among diverse brain regions. The purpose of this paper is to review the

results of autism studies that have used Diffusion Tensor Imaging (DTI), which is a neuroimaging

method that allows us to examine the structure and integrity of these white matter tracts. From the

48 studies we reviewed, persons with ASD tended to have decreased white matter integrity

spanning across many regions of the brain but most consistently in regions such as the corpus

callosum (connecting the left and right hemispheres and associated with motor skill and complex

information processing), the cingulum bundles (connecting regions along the middle-line of the

brain with important frontal projections and associated with executive function), and white matter

tracts that pass through the temporal lobe (connecting temporal lobe regions with other brain

regions and associated with social functioning). The pattern of results in these studies suggests that

the white matter tracts may be atypical in persons with ASD. Additionally, the review suggests

that people with ASD may not exhibit the typical left-greater-than-right-brain asymmetry in white

matter integrity compared to people with typical development. White matter alterations in persons

with ASD are a target of emerging interventions and may help identify the brain basis of

individual differences in this population.

Scientific Abstract—White matter tracts of the brain allow neurons and neuronal networks to

communicate and function with high efficiency. The aim of this review is to briefly introduce

Diffusion Tensor Imaging (DTI) methods that examine white matter tracts and then to give an

overview of the studies that have investigated white matter integrity in the brains of individuals

with Autism Spectrum Disorder (ASD). From the 48 studies we reviewed, persons with ASD

tended to have decreased fractional anisotropy and increased mean diffusivity in white matter

tracts spanning many regions of the brain but most consistently in regions such as the corpus

callosum, cingulum, and aspects of the temporal lobe. This decrease in fractional anisotropy was

often accompanied by increased radial diffusivity. Additionally, the review suggests possible
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atypical lateralization in some white matter tracts of the brain and a possible atypical

developmental trajectory of white matter microstructure in persons with ASD. Clinical

implications and future research directions are discussed.
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Diffusion Tensor Imaging; Neuroimaging; Autism; White Matter

In the first description of autism, Leo Kanner (1943) highlights a paradoxical cognitive

profile that he termed “autistic,” in which many of the individuals in his study exhibited

excellent rote memory and reading skills but did not perform as highly as anticipated on

formal tests of intelligence. More recent research and clinical descriptions continue to

reiterate a possibly uneven cognitive profile in persons with Autism Spectrum Disorder

(ASD). For example, individuals with ASD have been shown to perform simple information

processing tasks at a level that is similar or superior to age-related peers, but they often

demonstrate substantial difficulty when performing higher-order or complex information

processing tasks (Minshew, Goldstein, & Siegel, 1997; Minshew, Sweeney, & Luna, 2002;

Williams, Goldstein, & Minshew, 2006). In developing neural models of ASD, this

particular cognitive profile suggests that it is of the utmost importance to not only examine

localized atypicalities of the brain but to also examine distributed neural networks and how

efficiently different areas of the brain are able to communicate with each other. Therefore,

multiple avenues of research have recently shifted from a localized approach to a more

network-based approach in examining possible neural biomarkers of ASD.

Many of these approaches have suggested decreased communication among brain regions in

people with ASD. At the molecular level, studies examining the early migration of

pyramidal cells and minicolumn structures have found more numerous, smaller, and less

compact minicolumns in the postmortem brains of children with ASD (Casanova et al.,

2002a, 2002b; Casanova et al., 2006). These results possibly indicate disrupted flow

throughout the distributed minicolumnar network, which over the course of development

may affect both local and long-distance communication across the brain (for a more detailed

explanation of how minicolumnar pathology may relate to connectivity in ASD, see

Casanova & Trippe, 2009). Functional connectivity studies also have examined

communication among brain regions. These studies use functional magnetic resonance

imaging (fMRI) to examine how different brain regions orchestrate their activities. If two or

more brain regions consistently activate and deactivate with temporal synchrony, then this

may indicate that they are linked through a structurally connected white matter (WM)

network. The results of many of these studies suggest decreased connectivity between

frontal and posterior areas of the brain across a number of different cognitive tasks and also

during a non-task resting state in ASD (for a review see Schipul, Keller, and Just, 2011).

Therefore, both molecular and functional connectivity findings suggest that brain

connectivity and the underlying WM tracts may be impacted in individuals with ASD.

However, these particular methods cannot inform us of the physical characteristics of these

WM tracts and their development in living human beings. In parallel, volumetric MRI of

white matter can tell us about the macrostructure of these WM tracts but not the

microstructure. Fortunately, the development of diffusion tensor imaging (DTI) has enabled

researchers to examine both the macro- and microstructure of WM tracts noninvasively in

the brain, and the application of DTI to the study of ASD in the past decade has been

prolific.

The purpose of the present paper is to provide a brief background on DTI measures and

what these measures have indicated about WM integrity in ASD. Because ASD is a

developmental disorder, in our review of the literature we strive to take into account
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developmental trajectories to better characterize WM differences in individuals with ASD

compared to individuals with typical development at different points in the life span.

Additionally, our review highlights promising areas of future research using DTI

methodologies and offers clinical implications.

Diffusion Tensor Imaging (DTI)

DTI (Basser, Mattiello, & LeBihan, 1994) is a noninvasive, exquisitely sensitive method to

map and characterize the microstructural properties and macroscopic organization of WM

tissues in the brain (Catani & Thiebaut de Schotten, 2008; Jones, Simmons, Williams, &

Horsfield, 1999; Mori et al., 2002). DTI measures the random motion or diffusion of water

molecules as a function of direction over time. Water diffusion properties are highly

sensitive to and modulated by the spacing, orientation, and density of microstructural

barriers of brain tissue including cellular membranes, cytoskeleton, and myelin. The fibrous

tissue structure of WM bundles (fasciculi) restricts the direction of diffusion perpendicular

to the WM tracts more so than in the parallel direction. Therefore, the water diffusion will

be more hindered and restricted in the perpendicular directions. This directional dependence

of water diffusion is called diffusion anisotropy. WM tracts consist of bundles of axons that

allow for efficient communication between brain regions. Changes to the microstructural

properties of WM such as myelination, axonal density, and axonal caliber influence

diffusion anisotropy and likewise may reflect differences in brain connectivity properties.

Conversely, in regions of gray matter and cerebrospinal fluid (CSF), the diffusion properties

are more isotropic, e.g., they do not have a strong directional preference.

The diffusion tensor models water diffusion as a three-dimensional (3D) Gaussian

distribution, which may be represented by a 3D ellipsoid (see Fig 1). The orientations of the

ellipsoid directions correspond to the eigenvectors (ε1, ε2, ε3) and the length of each

eigenvector is described by the eigenvalues (λ1, λ2, λ3) of the diffusion tensor. In

directionally coherent WM, the largest axis of the ellipsoid, defined by the major

eigenvector (ε1) and eigenvalue (λ1), is parallel to the direction of the WM fibers (Fig 1).

The intermediate and smallest axes of the diffusion tensor ellipsoid, defined by the medium

and minor eigenvectors (ε2, ε3) and eigenvalues (λ2, λ3) respectively, are perpendicular to

the WM fiber tracts (Fig 1). At each voxel (a 3D pixel) of the brain image, an ellipsoid can

indicate the direction and strength of the diffusion.

The most commonly investigated DTI measure is the fractional anisotropy (FA), which is a

normalized standard deviation of the diffusion tensor eigenvalues and characterizes the

directional variation in the apparent diffusion (Basser & Pierpaoli, 1996).

(Eq 1)

where MD is the mean diffusivity defined by the average of the three eigenvalues.

(Eq 2)

FA ranges from 0 to 1 with small FA in more isotropic tissues like gray matter and CSF and

higher FA (typically > 0.2) in regions of WM (see Fig 1). In other words, a higher value of

FA suggests a more elongated and skinnier ellipsoid, with the greatest diffusion parallel to

the tract. Conversely, a lower value of FA indicates a more spherical ellipsoid, suggesting

more even diffusion among the three directions. FA is highly sensitive to microstructural
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changes or differences in WM including myelination and axonal density and therefore is

often called a measure of WM integrity. However, FA does not provide a complete

description of the WM microstructure (Alexander, Hasan, Kindlmann, Parker, & Tsuruda,

2000). Thus, it is strongly encouraged that additional DTI measures be investigated in order

to better interpret the underlying changes in tissue microstructure (Alexander, Lee, Lazar, &

Field, 2007). For example, MD (Eq. 2) is the average radius of the diffusion tensor ellipsoid

and is sensitive to the density of tissue barriers in all directions. The axial diffusivity (AD) is

the water diffusivity in the direction parallel to the WM tracts, and is the first eigenvalue of

the tensor (AD = λ1). The radial diffusivity (RD), also known as the perpendicular

diffusivity, is the mean of the second and third eigenvalues (RD = (λ2+λ3)/2) and has been

shown to be modulated by myelin in animal models of dys- and de-myelination (Harsan et

al., 2006; Song et al., 2002, 2005; Tyszka, Readhead, Bearer, Pautler, & Jacobs, 2006).

However, changes in axonal density, axonal diameter, cytoskeletal properties, swelling from

neuroinflammation and white matter complexity (e.g., crossing, curving and branching

fibers) are also plausible explanations for changes to RD and other DTI measures (including

FA), thus caution must be used to not over-interpret DTI changes (Wheeler-Kingshott &

Cercignani, 2009). Through the investigation of multiple measures of the diffusion tensor,

one is better equipped to more accurately characterize the WM microstructural differences.

The high sensitivity of DTI measures to differences in WM properties has been applied to a

broad spectrum of disease processes, injury, disorders, brain development and aging, and

response to therapy (Alexander et al., 2007b). More detailed descriptions of diffusion tensor

imaging, acquisition methods, measures, and applications are provided in recent review

papers (Alexander et al., 2007b; Tournier, Mori, & Leemans, 2011, Basser & Jones, 2002).

The heterogeneity of DTI measures across the brain necessitates the application of brain

region specific measurements methods. Techniques for investigating individual and group

differences in FA, MD, AD, and RD include voxel-based analysis (VBA), region-of-

interest-based analysis (ROI), and tractography-based analysis (TBA) methods. In VBA

methods, the brain images are spatially co-registered (normalized) across subjects and

statistical testing is performed at each voxel location within the brain (see Lee et al., 2009).

The resultant VBA statistical maps often exhibit spatial ‘blobs’ of significance on a

normalized brain map. The potential limitations of VBA include poor registration of

anatomy between subjects, increased image blurring from the spatial normalization, and

decreased statistical power from multiple comparisons (e.g., testing statistical significance at

every voxel). Recent improvements to VBA include better spatial normalization methods

(e.g., DTI-TK: Zhang et al., 2007) and methods for decreasing the effects of image blurring

and multiple comparisons (e.g., T-SPOON: Lee et al., 2009; TBSS: Smith et al., 2006). In

ROI analyses, a priori defined regions of interest are defined either manually or by aligning

a template to the image, a process called regional segmentation. Manual methods tend to be

tedious and are prone to user variability. The main issue with automated regional

segmentation template methods is misregistration from inadequate spatial normalization (as

in VBA). The main strength of ROI methods is that the voxels-of-interest are combined in a

manner that is a priori defined, and thus the number of multiple comparisons is much

smaller. Therefore, the statistical testing has more power. Tractography-based methods use

the tract reconstructions to define ROIs and can also provide additional measures such as

tract density and length (Conturo et al., 1999; Mori, Crain, Chacko, & van Zijl, 1999). To

reconstruct the WM tract, tractography uses the principal direction of the tensor using

individual streamlines that propagate from voxel-to-voxel following the tensor direction.

Knowledge of existing fiber tracts and analyses allow us to combine these streamlines to

identify and define WM ROIs (e.g., cingulum, corpus callosum) (Conturo et al., 1999; Mori

et al., 1999; Hofer, Merboldt, Tammer, & Frahm, 2008). However, a drawback of

tractography is that it is prone to branching and false positive tracts that can lead to
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variabilities and errors in the ROI definitions, specifically at the ends of the reconstructed

tracts (Alexander et al., in press).

DTI is inadequate for describing WM microstructure in regions with crossing WM fibers

(Alexander, Hasan, Lazar, Tsuruda, & Parker, 2001; Wedeen et al., 2008). For example, FA

is significantly reduced in regions with complex WM fiber crossings. However, methods are

being developed for resolving and characterizing crossing tracts (i.e., Weeden et al., 2008;

Tournier et al., 2011). Despite this limitation, DTI is still highly sensitive to microstructural

differences although it makes the interpretation more challenging.

An Overview of the Reviewed Research

In order to review the body of work that has studied WM in ASD, we searched library

databases for all English-language articles that included the term “autism” or “autistic

disorder” or “Asperger’s” and “diffusion tensor” or “tractography” or “diffusion spectrum”

(for non-tensor based methods) or “FA” or “DTI.” This search method resulted in 48 peer-

reviewed research studies of ASD samples. Table 1 of the Supplementary Materials presents

an overview of the methods and results of the 48 research studies of ASD. Additionally,

Figure 2 illustrates the average sample size and typical diagnostic criteria, matching criteria,

DTI measures, and DTI analysis methods for this body of literature. As can be seen in

Figure 2, sample sizes for both diagnostic groups tended to be small (ASD: mean = 21.46;

Typically Developing: mean = 20.36), with 40% of the studies scanning 15 or fewer

participants with ASD. The fact that the majority of these studies had such small ASD

sample sizes suggests that caution should be taken when interpreting some of the results.

Also, Figure 2 demonstrates that the most common DTI measure was FA, and the most

common data analysis method was ROI-based (although many studies used overlapping

measures and methods). Figure 2 includes the frequency of the “b-values” used in the

studies. The b-value is the strength of the global magnetic diffusion gradient for the scan

that is determined by the researchers and sets its diffusion-weighting. Although most studies

used a b-value of 1000 s/mm2, there was considerable inter-study variability. The DTI

results derived using b-values that are above 2000 are often more difficult to interpret, as

they are no longer well modeled by Gaussian distributions (symmetrical bell-shaped curves),

which is a primary assumption for diffusion tensor imaging. Only 8% of the reviewed

studies used a b-value of 2000 or above. We note these higher b-values when reviewing

study results. For an ASD diagnosis, most studies used a combination of diagnostic

measures, with the DSM-IV criteria (APA, 2000), Autism Diagnostic Interview-Revised

(ADI-R) (Lord, Rutter, & Le Couteur, 1994), and Autism Diagnostic Observation Scale-

General (ADOS-G) (Lord et al., 2000) being the most frequent (58% of studies used both

the ADI-R and ADOS-G). Nearly all studies matched the diagnostic groups on age in

addition to factors such as IQ and handedness. From Table 1, it can be seen that the majority

of the reviewed studies examined participants with ASD during mid-childhood to

adolescence, with the average age of the ASD samples being between eight and 16 years in

53% of the studies.

Table 1 (supplementary material) is an overview of the results of each study reviewed. This

table, provided in Microsoft Excel format, may be downloaded for personal use. It

summarizes the study design, imaging protocol details, measures, and main findings. The

following sections summarize the results of all of these studies concisely, describing

common themes, trends, and future directions for this body of research. Specifically, we

examine indices of general WM integrity in ASD, and then we further review diagnostic

group differences in WM integrity in brain regions that have often been implicated in

autism, such as the corpus callosum, cingulum, superior temporal gyrus (STG), arcuate

fasciculus, and uncinate fasciculus.
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Group Differences in Overall White Matter

Although the majority of studies used ROI approaches in examining WM integrity, a

handful of studies examined overall WM across the brain (often in addition to an ROI-based

approach). These whole-brain analyses have consistently demonstrated reduced FA and

increased MD in ASD. For example, in children and adolescents, decreased FA was found in

the ASD group, accompanied by significantly increased MD and RD (Shukla, Keehn,

Lincoln, & Müller, 2010) (b-value = 2000). Similarly, Groen and colleagues (2011) found

increased overall MD in ASD. Other studies using ROI or voxel-based approaches have

found extremely widespread areas of WM in which individuals with ASD have decreased

FA. For example, Jou et al. (2011a) examined the WM tracts that connect brain areas

associated with social functioning (i.e., the fusiform gyrus, amygdala, and STG) in children

and adolescents, and found decreased FA in ASD in all of these WM tracts even after

controlling for age and IQ. Lee et al. (2009) used a novel voxel-based method that reduced

partial volume blurring effects to show that MD was significantly increased for almost all

the WM, though FA differences were more localized. Similarly, adults (25–52 years old)

with Asperger syndrome were found to have significantly decreased FA in 13 mostly

bilateral clusters of the brain with increased RD in 16 clusters, accompanied by four very

small clusters (<10 voxels) of higher FA (Bloemen et al., 2010). These studies generally

demonstrate that children and adults with ASD are likely to have reduced FA and increased

MD and RD compared to individuals with typical development. However, it is important to

note that even though the majority of studies have found decreased FA in ASD, a handful of

studies have found increased FA (Ben Bashat et al., 2007; Weinstein et al., 2011; Wolff et

al., 2012) or a mixture of increased and decreased FA across different WM areas in persons

with ASD compared to persons with typical development (Cheng et al., 2010; Cheung et al.,

2009; Sivaswamy et al., 2010; Thakkar et al., 2008). The majority of these studies have

included very young participants (under the age of four) (i.e., Ben Bashat et al., 2007;

Sivaswamy et al., 2010; Weinstein et al., 2011; Wolff et al., 2012).

Group Differences in Corpus Callosum White Matter

The corpus callosum (CC) is a major bundle of WM tracts that connects the left and right

hemispheres, and it is possibly the most-studied region in ASD. Characterization of the CC

may be a particularly important endeavor in autism and other brain-based research. The CC

has been linked to motor skill (Berlucchi, Aglioti, Marzi, & Tassinari, 1995; Eliassen,

Baynes, & Gazzaniga, 2000; Schlaug, Jancke, Huang, Staiger, & Steinmetz, 1995; Zahr,

Rohlfing, Pfefferbaum, & Sullivan, 2009), complex information processing (Zahr et al.,

2009), processing speed (Moseley, Bammer, & Illes, 2002), and working memory (Takeuchi

et al., 2010; Zahr et al., 2009). In addition, Anderson and colleagues (2011) found decreased

interhemispheric functional connectivity in ASD.

Corpus callosum macrostructure

There are several structural imaging studies that suggest decreased CC volume in ASD (e.g.,

Alexander et al., 2007a; Hardan, Minshew, & Keshavan, 2000; Keary et al., 2009; Vidal et

al., 2006), though Kilian and colleagues (2008) found that this decreased volume may be

specific to a subgroup of individuals with ASD who do not have macrocephaly. Decreases in

CC volume in ASD have been found in multiple areas such as the forceps major (splenium),

forceps minor (genu), and body of the CC (Thomas, Humphreys, Jung, Minshew, &

Behrmann, 2011). This decrease in CC volume in ASD has spurred comparisons to another

disorder, callosal agenesis, in which a person is born lacking all or most of this structure.

Individuals with callosal agenesis have been found to be diagnosed with ASD more often

than their peers (Doherty, Tu, Schilmoeller, & Schilmoeller, 2006). Further, individuals with

callosal agenesis have similar symptoms to ASD such as impaired social skills (Badaruddin
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et al., 2007), developmental delays and seizures (Lacey, 1985), and difficulties with

complex problem solving and abstract reasoning (Brown & Sainsbury, 2000; David,

Wacharasindhu, & Lishman, 1993). The overlap in the clinical profile of agenesis of the CC

and ASD also suggests that connectivity of the CC may be one important brain area (of

likely many) to study in ASD.

Corpus callosum microstructure

As can be seen in Table 1, 10 ROI studies and 26 VBA studies have made group

comparisons of WM microstructure of the CC. As can be seen in Figure 3, a number of these

studies have found significantly lower FA in ASD across the entire CC (i.e., genu, body, and

splenium). Many of these studies have also measured MD, RD, and AD to better understand

the underlying contributions of FA group differences in ASD. Some of these studies found

significantly increased RD in ASD in the absence of a group difference in AD (i.e.,

Alexander et al., 2007a; Jeong, Kumar, Sundaram, Chugani, & Chugani, 2011; Shukla et al.,

2010; Shukla, Keehn, Smylie, & Müller, 2011). Similarly, Ameis and colleagues (2011)

found increased MD and RD in the forceps minor and forceps major of the corpus callosum

in ASD but did not find FA group differences. These findings suggest that persons with

ASD may have increased water diffusivity perpendicular to the axon. Recent studies in

animal models of myelin abnormalities have found increased RD in animals with less

myelination (Harsan et al., 2006; Song et al., 2002, 2005; Tyszka, Readhead, Bearer,

Pautler, & Jacobs, 2006), which suggests that the axons of the CC may be less myelinated in

ASD. Alternatively, increased RD may be due to less dense and/or thicker axons. Jeong et

al. (2011) found that increased curvature of the WM tract appeared correlated with

decreased RD.

Although a good number of studies have found decreased FA in the CC of persons with

ASD, there are some notable exceptions. For example, Cheng et al. (2010), Cheung et al.

(2009), Hong et al. (2011), and Thomas et al. (2011) did not find a diagnostic group

difference in CC FA (although Hong et al. found a significant group difference in MD).

Additionally, the two studies with the youngest samples (Ben Bashat et al., 2007; Weinstein

et al., 2011) actually demonstrated increased FA of the CC in ASD. One possible

explanation is that sample heterogeneity may have contributed to the variation in their

findings, as certain characteristics (e.g., intellectual/cognitive ability, language ability, head

circumference) may be more indicative of atypical WM microstructure in ASD. Indeed,

Alexander and colleagues (2007a) found that approximately 72% of the ASD sample had

CC FA at typical levels, but the ASD-Control group difference was driven by a subgroup of

28% of participants with ASD who had low FA of the CC. This subgroup also exhibited

decreased performance IQ, increased MD, increased RD, and decreased CC volume

compared to their ASD peers, suggesting that within-group differences in WM integrity of

the CC may be related to within-group differences in performance IQ. Indeed, DTI measures

of the corpus callosum have been associated with performance IQ in non-ASD populations,

including adults who were born preterm (Kontis et al., 2009). It is very possible that

decreased hemispheric connectivity may be related to the cognitive profile of this subgroup,

and further investigations into the behavioral and clinical characteristics of this subgroup are

ongoing. However, most studies we reviewed report only ASD-Control group differences,

and this subgroup finding underscores the importance of examining and reporting individual

variability within the ASD group when examining group differences in white matter

integrity, as this may help clarify inconsistent results in the literature and help us better

understand the biological basis of within-group heterogeneity in the clinical profiles of ASD.

To this end, statistical techniques such as cluster analyses or sophisticated mixed effects

models can be used to examine distributions of individuals in these subgroups.
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Group Differences in the Cingulum Bundle

The cingulum bundles are the primary intrahemispheric association pathways for the medial

cingulate cortex and temporal lobe structures. These tracts run above the CC from the

anterior cingulate cortex to the posterior cingulate area and curve around the splenium of the

CC and project to the hippocampus (see Fig 4). One limitation with DTI measurements in

the cingulum is that the structure is very narrow and surrounded by tissues with much

different diffusion properties (CC and cingulate gray matter) that can make the interpretation

challenging (Lee et al., 2009). Nevertheless, group differences in the microstructure of the

cingulum have been investigated in four ROI studies and 26 VBA studies, and significant

differences have been reported consistently. In terms of macrostructure, in an investigation

of the limbic tracts, persons with Asperger syndrome were found to have an increased

number of streamlines in the bilateral cingulum (Pugliese et al., 2009), suggesting that

structural atypicalities may be present in this region. In terms of microstructure, multiple

studies have found decreased FA and/or increased MD in the WM in regions of the anterior

cingulum in ASD (Barnea-Goraly et al., 2004; Lee et al., 2009; Jou et al., 2011a, b; Kumar

et al., 2010; Noriuchi et al., 2010; Pardini et al., 2009; Thakkar et al., 2008) (for an

exception, see Cheng et al., 2010). Taken together, these studies offer preliminary findings

that suggest decreased FA of the cingulum may be common in persons with ASD.

Group Differences in the Arcuate Fasciculus/Superior Longitudinal

Fasciculus

The arcuate fasciculus is a long WM tract known to extend from the inferior frontal gyrus to

the temporo-parietal junction (TPJ), and it is thought to be a subsection of the larger superior

longitudinal fasciculus, which originates in the superior temporal gray matter and extends to

the frontal lobe (See Fig 4). The arcuate fasciculus has been long thought to connect brain

areas that are essential for language understanding and production, connecting Broca’s area

to Wernicke’s area in the TPJ. Recent research has also demonstrated that the arcuate

fasciculus may provide communication between Broca’s area and Wernicke’s area via the

inferior parietal lobule (Catani, Jones, & Ffytche 2005). Ten ROI studies and 26VBA

studies have investigated the WM microstructure of the arcuate fasciculus/superior

longitudinal fasciculus in persons with ASD. However, the results of these studies have been

inconsistent, with some results suggesting bilateral decreases in FA (Jeong, Kumar,

Sundaram, Chugani, & Chugani, 2011; Noriuchi et al., 2010; Shukla, Keehn, & Müller,

2011), right-only decreases in FA (Barnea-Goraly, Lotspeich, & Reiss, 2010; Poustka et al.,

2011; Sahyoun, Belliveau, Soulieres, Schwartz, & Mody, 2010), left-only decreases in FA

(Jou et al., 2011a), or right-only increases in FA in persons with ASD (Cheng et al., 2010;

Cheung et al., 2009; Sahyoun, Belliveau, & Mody, 2010). Furthermore, a voxel-based study

by Lee et al. (2009) did not find any significant group FA differences in the superior

longitudinal fasciculus, although MD was significantly increased. The heterogeneity of these

results may be caused in part by the length and complexity of fiber geometry and crossing in

this region or by participant characteristics such as verbal ability (verbal IQ or ASD

communication symptom severity) or age. Using Table 1, we examined if average reported

IQ measures or age of the ASD group in these studies accounted for the differences in

findings, but these studies used similar ages and IQ groups (with the exception of Jeong et

al.’s study who used a younger age group), suggesting that at the group level these studies

were similar in these characteristics. However, within one of the studies, Poustka and

colleagues (2011) found that the FA of the superior longitudinal fasciculus was related to

ADI-R and ADOS-G communication subscales in their sample (discussed in more detail

below). Therefore, examining heterogeneity in these regions as a function of characteristics

of the individual participants may be a critical avenue for future research.
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The arcuate and superior longitudinal fasciculi, however, originate in the TPJ and STG and

there is relatively consistent evidence of decreased FA in ASD in this particular aspect of the

tract (e.g., Barnea-Goraly et al., 2004; Barnea-Goraly et al., 2010; Lee et al., 2007; Noriuchi

et al., 2010); for an exception to this finding see Cheng et al. (2010). The posterior STG is

near the TPJ and is implicated in many different aspects of social perception (Allison, Puce,

& McCarthy, 2000). Diagnostic group differences in gray matter structure (e.g., Boddaert et

al., 2004; Levitt et al., 2003; Scheel et al., 2011), function (e.g., Castelli, Frith, Happe, &

Frith, 2002; Koldewyn, Whitney, & Rivera, 2011), and functional connectivity (Kana,

Keller, Cherkassky, Minshew, & Just, 2009; Shih et al., 2011) of the posterior STG have

been found. The DTI results suggest that although group differences along the entire length

of the arcuate and superior longitudinal fasciculi have been inconsistent, there is

nevertheless consistent evidence for decreased WM integrity of these tracts near the STG

and TPJ, which may be related to aspects of the cognitive and symptom profile of persons

with ASD.

Group Differences in the Uncinate Fasciculus

The uncinate fasciculus is a hook-shaped tract that is known to directly connect medial

temporal areas, including the amygdala and hippocampus, with frontal cortices, and it is

thought to be a part of the limbic system (See Figure 4). Although the exact function of the

uncinate fasciculus is still debated, recent research suggests that it may be involved in proper

name retrieval (Papagno, 2011; Papagno et al., 2011), emotion recognition (Barbas, 2000),

and self-awareness (Levine et al., 1998). Overall, five ROI studies and up to 26 VBA studies

examined the microstructure of the uncinate fasciculus in ASD. However, these studies have

found inconsistent evidence for group differences. For example, in the bilateral uncinate

fasciculus, research has found increased FA (Sahyoun, Belliveau, & Mody, 2010), decreased

FA (Cheon et al., 2011; Jeong et al., 201Poustka et al., 2011), increased MD and RD (but no

difference in FA) (Ameis et al., 2011; Shukla, Keehn, & Müller, 2011), or no FA or MD

group difference (Pugliese et al., 2009).

Atypical Lateralization in Persons with ASD

In persons with typical development, most research has found a leftward asymmetry in DTI

measures in the arcuate and uncinate fasciculi (e.g., greater FA and less MD in the left

hemisphere) (Catani et al., 2007; Hasan et al., 2009; Kubicki et al. 2002). In persons with

ASD, however, multiple studies have found decreased leftward lateralization in the ASD

group in the arcuate fasciculus (Fletcher et al., 2010; Lo et al., 2011[b-value between 4000

and 6000]), the uncinate fasciculus (Lo et al., 2011), and in the WM of the STG (Lange et

al., 2010), which is a terminal for the arcuate fasciculus. This lack of lateralization appears

to be associated with decreased language functioning (CELF-3) (Fletcher et al., 2010).

Additionally, Conturo et al. (2008) found decreased lateralization in ASD in WM tracts

connecting the hippocampus and amygdala to the fusiform gyrus. Taken together, these

results suggest that multiple WM tracts may be atypically lateralized in persons with ASD,

which may be associated with the functional hemispheric asymmetry in language tasks that

has been observed in individuals with ASD (Bigler et al., 2007; Boddaert et al., 2003;

Chiron et al., 1995; Flagg et al., 2005). This atypical lateralization, however, may not be

specific to ASD, but ASD may make it more likely for individuals to be less typically

lateralized (Knaus et al., 2010). Atypical lateralization in persons with ASD and person with

typical development may lead to decreased hemispheric specialization, which may affect

highly lateralized tasks such as language ability. Additionally, it is interesting to note that

atypical asymmetry of language (as measured by functional activation during language

tasks) has been reported in typically developing left-handed individuals (Jorgens et al.,

2007; Tzourio et al., 1998) as well as in individuals with reading disorders (Wehner,

Travers et al. Page 9

Autism Res. Author manuscript; available in PMC 2013 October 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Ahlfors, & Mody, 2007), developmental stuttering (Blomgren et al., 2003), specific

language impairment (Pecini et al., 2005), attention deficit hyperactivity disorder (Hale et

al., 2010; Keune et al., 2011), and schizophrenia (Sommer et al., 2001). These disorders may

have behavioral symptoms that overlap with ASD, which makes this an intriguing area of

study. Examination of the nature of lateralization atypicalities in the WM integrity of

persons with ASD and how it may be similar or different to atypical lateralization in other

groups is a promising area of future research.

Relation between DTI and behavioral measures

In order to better understand the effect of DTI measures on cognition and symptom severity

in ASD, many of the reviewed studies investigated correlations between DTI and ASD

symptom measures. We examined relations between DTI measures and ASD symptoms in

the literature in order to see which WM tracts may be related to certain aspects of ASD

symptoms and to examine if these relations would be able to disambiguate inconsistent

results that have been found in the DTI literature. Nevertheless, specific DTI-symptom

relations in ASD have not been clear, possibly due to the small sample size of many of the

studies or the different methods used to measure these behavioral constructs. For example,

two of these studies found significant negative correlations within the frontal lobe, with

decreased FA being associated with more severe ASD symptoms, including the ADI-R

(Thakkar et al., 2008; ASD n = 12, FA of left subgyral rostral cingulum) and the Social

Responsiveness Scale (SRS) (Noriuchi et al., 2010; ASD n=7, FA of DLPFC). However,

these findings have implicated quite different regions within the frontal lobe, and another

study found decreased FA associated with decreased symptom severity (Ke et al., 2009)

(ASD n = 12). Similarly, in the cerebellum, two studies found decreased FA to be related to

increased autism symptom severity as measured by the ADI-R (Catani et al., 2008, ASD n =

15; Cheung et al., 2009, ASD n = 13). However, one of these studies found this relation only

with the social symptom domain (Cheung et al., 2009), and the other study found it only in

the repetitive behavior symptom domain (Catani et al., 2008). The inconsistent findings

across the frontal lobe and cerebellum exemplify the inconsistent pattern of DTI-symptom

relations across studies.

To further complicate the matter, quite a few studies looked for but did not find significant

relations between DTI measures and ASD symptom severity measures. Specifically, Shukla

et al. (2010) (ASD sample n = 26), Barnea-Goraly et al. (2010) (ASD sample n = 13), and

Langen et al. (2011) (ASD sample n = 21) did not find evidence for significant correlations

between their DTI measures and ADOS-G (Autism Diagnostic Observation Scale) or ADI-R

scores. Likewise, Hong and colleagues (2011) (ASD sample n = 18) did not find significant

correlations between their DTI measures and the Childhood Autism Rating Scale (CARS).

Similarly, after correcting for multiple comparisons, Jou and colleagues (2011a) (ASD

sample n = 15) did not find significant correlations between FA and SRS scores, and

Sundaram and colleagues (2008) did not find significant correlations between FA and

Gilliam Autism Rating Scales (GARS). Alexander et al. (2007a) found a significant relation

between RD of the CC and the SRS across both groups, but this effect was not found within

the groups independently, and may reflect group differences in both RD and SRS scores,

rather than a true relation between the two.

Although the correlations between DTI measures and ASD symptoms have not

demonstrated a consistent pattern, there is preliminary evidence that performance IQ may be

related to FA and RD measures of the CC (Alexander et al., 2007; Lee et al., 2009) and RD

of the temporal stem (Lange et al., 2010). This finding may hold promise for improved

understanding of the relation between DTI measures and the symptomatic expression of

ASD. However, these studies had overlapping samples, and replication with other samples is
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needed to confirm or deny this effect. Taken together, further work with larger samples is

needed to examine if there are indeed true relations between DTI measures and ASD

symptoms. In addition, more work is needed to understand exactly where in the brain (and

with which measures) these relations occur consistently. This type of investigation will be

critical in order to probe the biological basis of individual differences that occur across the

Autism Spectrum and to better understand how WM integrity relates to the behavioral

expression of ASD at both an individual and group level.

Developmental Trajectory of White Matter Microstructure in Persons with

ASD

Because ASD is a developmental disorder, it is important to account for the developmental

trajectories of these WM tracts and the age of the participants when interpreting DTI

findings. Perhaps taking these developmental trajectories into account may help us better

understand why conflicting DTI results arise.

In typically developing individuals, WM develops dynamically and changes across the

lifespan, with myelination continuing from childhood into adolescence and generally

occurring in a posterior-to-anterior gradient (Yakovlev & LeCours, 1967). Most of the

research that has examined WM growth in these individuals has been cross-sectional, but a

few recent studies have examined WM growth longitudinally (e.g., Bava et al., 2010;

Giorgio et al., 2010; Lebel & Beaulieu, 2011). A consistent theme from this body of

research is that individuals with typical development demonstrate increased volume,

increased FA, and decreased MD in most WM tracts from childhood into adulthood (Ashtari

et al., 2007; Barnea-Goraly et al., 2005; Giorgio et al., 2008; Giorgio et al., 2010; Lebel et

al., 2008; Lebel & Beaulieu, 2011; Muetzel et al., 2008). For many of these WM tracts,

development was characterized by a relatively steep increase in FA and decrease in MD

during childhood, which eventually plateaued (or even dipped) in early adolescence (Lebel

& Beaulieu, 2011). However, even within a single fiber bundle, like the CC, there may be

slightly different developmental trajectories. Specifically, the genu of the CC appears to

reach full development earlier than the splenium (Barnea-Goraly et al., 2005; Giorgio et al.,

2008; Giorgio et al., 2010; Lebel et al., 2008; Lebel & Beaulieu, 2011; Paus et al., 1999;

Reiss, Abrams, Singer, Ross, & Denckla, 1996).

In persons with ASD, head circumference and structural neuroimaging have suggested

differing developmental trajectories of the brains of children with ASD that may affect WM

structure. For example, in the first two-to-four years of life, studies have found that children

with ASD have atypically rapid brain growth compared to children with typical

development (Bloss & Courchesne, 2007; Carper, Moses, Tigue, & Courchesne, 2002;

Courchesne et al., 2001; Schumann et al., 2010; Sparks et al., 2002; Nordahl et al., 2011)

and more neurons in the prefrontal cortex (Courchesne, et al., 2011; Lainhart & Lange,

2011). Such rapid and early brain growth may be the cause of a larger head circumference of

young children with ASD that has been reported previously (Courchesne, Carper, &

Akshoomoff, 2003; Dawson et al., 2007; Dementieva et al., 2005; Elder, Dawson, Toth,

Fein, & Munson, 2008; Fukumoto et al., 2008; Hazlett et al., 2005; Lainhart et al., 1997,

2006; Nordahl et al., 2011).

It is possible that this rapid early brain development may cause increased FA (and decreased

MD) in young children with ASD compared to children with typical development, as FA is

known to increase with age and MD is known to decrease with age. Indeed, two studies

from the same research group (Ben Bashat et al., 2007; Weinstein et al., 2011) found that

young children with ASD (1.5–5.8 years old) demonstrated increased FA compared to a

group of individuals with typical development. The authors suggest that this finding may be
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indicative of an early and rapid increase in FA in ASD that parallels the brain volume

findings. Very recent evidence for different rates of FA development in persons with ASD

early in life comes from a longitudinal examination of WM in high-risk infant siblings of

individuals with ASD (Wolff et al., 2012). These high-risk infants were scanned at six

months, 12 months, and 24 months of age, and the results indicated different rates of FA

development in those who ended up meeting diagnostic criteria for ASD (Wolff et al.,

2012). Specifically, those who met diagnostic criteria at 24 months of age had increased FA

at six months of age in regions such as the corpus callosum, fornix, inferior longitudinal

fasciculus, uncinate, and posterior limb of the internal capsule (compared to those who did

not meet diagnostic criteria). However, by 24 months of age, those who met criteria actually

had decreased FA in these regions, suggesting a plateau in FA development compared to the

group who did not meet ASD diagnostic criteria. This finding is in partial support of the

findings of Ben Bashat et al. and Weinstein et al. who found increased FA in ASD in

children younger than four years of age. However, the Wolff et al. results suggest that the

increased FA in this group may occur even earlier (around six months of age). Further

studies in very young participants will be needed to clarify the developmental trajectory of

WM microstructure in ASD.

Age-and-DTI-measure correlations from cross-sectional studies also suggest atypical

development of WM integrity in ASD in older subjects. For example, significant age-by-

diagnosis interactions have been found across multiple cross-sectional studies, such that age

is associated with increased FA and decreased MD or RD in older participants with typical

development but not in participants with ASD. This significant age-by-diagnosis interaction

has been observed in the FA of the STG WM (Lee et al., 2007) and in the FA of frontal lobe

areas such as the bilateral SLF, CC, and right inferior occipito-frontal fasciculus (Cheng et

al., 2010). Other studies have found FA (or MD and RD) of only certain regions to be

associated with age. For example, positive correlations between age and FA and negative

correlations between age and MD and RD were found for tracts in each lobe for the group

with typical development but only in the frontal lobe for the ASD group (Shukla Keehn, &

Müller, 2011; Shukla, Keehn, Smylie, & Müller, 2011). Similarly, FA in the typically

developing group was correlated with age in all subregions of the CC but only in the

splenium in the ASD group (with MD negatively correlated with age in both groups). To

further complicate the picture, other studies have demonstrated similar age-related changes

in FA or MD of both groups (i.e., Bode et al., 2011; Pugliese et al., 2009), or even increased

FA with age in the ASD group but not in the typically developing group (Keller, Kana, &

Just, 2007). Clearly, future research is needed, and only extended longitudinal designs can

directly examine if there is a different developmental trajectory of WM integrity in ASD.

Summary of Findings

From many of the studies under review, it appears that children (>4 years of age) and young

adults with ASD tend to have decreased FA in WM tracts spanning across many regions of

the brain. This decrease in FA is often accompanied by an increase in both MD and RD.

Additionally, this pattern of decreased FA in ASD may be more applicable to some WM

tracts than others, with studies finding the most consistent decrease in FA in ASD in regions

such as the CC, cingulum, and WM tracts connecting aspects of the temporal lobe. These

WM tracts have been associated with diverse functions, including motor skill and complex

information processing (the CC), executive functioning (the cingulum), and social

functioning (STG and TPJ of the temporal lobe). The results of the present review also

suggest possible atypical hemispheric lateralization in persons with ASD occurring in WM

tracts such as the uncinate fasciculus and superior longitudinal/arcuate fasciculus. This

atypical hemispheric lateralization may relate to decreased hemispheric specialization and

language ability in persons with ASD. Nevertheless, we do encourage caution when
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interpreting what these WM group differences may mean. Although we can speculate as to

how these WM group differences may relate to the expression of ASD, the current literature

was unclear as to whether or not WM integrity was related to the behavioral or clinical

profile of individuals with ASD. The relatively small sample sizes of the studies in this

literature review may have made it difficult to detect these DTI-behavioral relations. Future

research will benefit from directly exploring how individual differences in WM integrity

may relate to behavior, cognition, and symptom severity in larger samples of persons with

ASD.

Limitations of the Studies

In contrast to the general pattern of findings to date, there were a number of studies that

found no significant group difference or increased FA in ASD (e.g., Ben Bashat et al., 2007;

Bode et al., 2011; Cheng et al., 2010; Cheung et al., 2009; Ke et al., 2009; Sivaswamy et al.,

2010; Verhoeven et al., 2011; Weinstein et al., 2011). An important issue with comparing

studies is that DTI measurements are highly sensitive to a number of non-biological factors

(scanner, coils, pulse sequences, parameters, signal-to-noise, spatial resolution, b-value

diffusion-weighting) that make it particularly challenging to compare measurement values

across sites. This limitation of DTI needs to be addressed before it becomes a clinically

useful quantitative modality. In reviewing the protocols for the DTI studies to date, a couple

of important considerations for the design of future DTI studies include spatial resolution,

diffusion encoding and averaging (see Alexander et al., 2007; Tournier et al., 2011; Basser

and Jones, 2002; Alexander et al., in press). Most of the studies had in-plane spatial

resolution on the order of 2.5 mm or less, but seven studies used thick slices (5 mm). All

imaging methods, including DTI, can only characterize structural features that are on the

order of twice the sampling interval or resolution. For example, in studies with slices every 5

mm, we can only reliably characterize structures that are 10 mm or wider. In general,

imaging studies with isotropic spatial resolution (i.e., equal dimensions in all 3 directions of

the voxel) are preferable to minimize any directional bias effects in the analyses. DTI

measures are also highly sensitive to measurement noise, which can lead to increased

variance and bias in the measures (Pierpaoli & Basser, 1996). Thus it is important to acquire

as many diffusion-weighted and non-diffusion-weighted (b=0; a ratio of ~6:1 is more ideal)

images in as many directions a possible. The use of more encoding directions (e.g., ~40 or

more) will help to enable the characterization of complex white matter organization

including multiple fiber groups within a single voxel.

Furthermore, despite the growing number of DTI studies in ASD populations, most of the

studies had samples of 30 subjects or fewer in each group. The considerable heterogeneity of

ASD coupled with the relatively small group effect sizes in these studies is likely to lead to

instable results. Consequently, there is a strong need for larger samples in future DTI studies

to better characterize white matter abnormalities in ASD. These larger sample sizes could be

achieved either through increased recruitment from a single site or methodologies that allow

for meaningfully combining participant data across sites.

It is still clear that there is much to be learned regarding WM integrity in ASD. Therefore,

keeping in mind some of these limitations, we highlight promising future directions,

including directly examining WM development longitudinally, examining the role of

genetics in WM development, and combining functional connectivity and DTI in the study

of network connectivity.
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Avenues of Future Research

Longitudinal study of white matter in ASD

Some of the reviewed studies suggest that there may be atypical development of WM

microstructure in ASD. With longitudinal studies across a large number of individuals and

across a wide age range, we would be able to test this possibility directly. Although any

longitudinal study requires substantial time and resources above cross-sectional approaches,

such a design would be instrumental in characterizing the ever-changing biomarkers of

persons with a developmental disorder such as ASD. Differences in findings between cross-

sectional versus longitudinal studies of brain development can be enormous (Brain

Development Cooperative Group, 2012). Longitudinal analysis of individual change over

time is able to quantify within-person and between-person variation simultaneously, is able

to investigate how well subjects “track” along their population growth curves (McMahan,

1981), and is able to greatly reduce previously unexplained residual variation. Such analytic

advances enable us to better characterize similarities and differences in developmental

trajectories of ASD compared to typical development.

Genetics and white matter in persons with ASD

It will be equally important to investigate genetic contributions to WM development. To

date, some research suggests that WM integrity may be closely related to individual genetic

composition (e.g., Tan, Doke, Ashburner, Wood, & Frackowiak, 2010). Specific to ASD,

Barnea-Goraly et al. (2010) examined WM integrity in children with ASD, their unaffected

siblings, and children with typical development with no first-degree relatives with ASD.

Their results suggested that both individuals with ASD and their unaffected siblings had

decreased FA compared to the children with no family history of ASD in multiple brain

areas. These children with ASD and their unaffected siblings did not, however, significantly

differ in FA, AD, or hemispheric lateralization. These results offer preliminary evidence that

there may be strong genetic contributions to atypicalities in WM microstructure in ASD.

Furthermore, these atypicalities may be shared by family members as part of the broader

biological autism phenotype (Lainhart & Lange, in press).

DTI and functional connectivity in ASD

Many studies have found decreased functional connectivity between frontal and posterior

areas in individuals with ASD (for a review see Schipul, Keller, and Just, 2011).

Nevertheless, although structural and functional connectivity relations are plausible,

relatively few studies have linked functional connectivity and DTI measures in persons with

typical development, let alone in persons with ASD. In persons with typical development,

four studies suggest a robust overlap in resting state functional connectivity and DTI

measures (Gordon et al., 2011; Greicius, Supeka, Menon, & Dougherty, 2009; Supekar et

al., 2010; van den Heuvel, Mandl, Kahn, & Hulshoff Pol, 2009). In ASD, a handful of

studies have found relations between functional connectivity and the WM volume of

particular tracts (Cherkassky, Kana, Keller, & Just, 2006; Kana, Keller, Cherkassky,

Minshew, & Just, 2006; Just, Cherkassky, Keller, Kana, & Minshew, 2007). However, to

our knowledge, relations between functional connectivity and DTI measures in ASD have

not yet been reported, making this an extremely important avenue for future research.

Clinical Implications

The fact that no consistent correlations between DTI measures and ASD symptom severity

have been found to date impedes our understanding of the clinical significance of the

reported significant group differences in WM microstructure. As noted previously, however,

many studies investigating these correlations had smaller sample sizes and thus were
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underpowered. There is a pressing need to more fully understand if and how neural markers

relate to specific patterns of behavior, cognition, and symptoms in persons with ASD. Future

research holds great promise to bridge these current gaps.

Regarding treatment interventions, there is very preliminary evidence suggesting that

interventions may be able to affect WM integrity changes in ASD. In the one treatment

study we found (Pardini et al., 2011), an intensive communication intervention for 22

individuals with ASD over the course of many years suggested that WM integrity of the

uncinate fasciculus was related to the age when treatment began, treatment duration, and

decreases in ASD symptom severity over treatment course. Specifically, increased uncinate

fasciculus FA was associated with longer treatment duration and decreased symptom

severity. Although not a pre- versus post-intervention design, this study provides some hope

that particular interventions may affect WM integrity in ASD. There are also promising

intervention results outside of ASD research, showing WM integrity changes as a function

of motor learning and practice (Bosnell et al., 2011; Taubert et al., 2010), memory training

(Engvig et al., 2011), or working memory, episodic memory, and perceptual speed training

(Lovden et al., 2010). Another compelling example comes from a study in reading disability,

in which poor readers had decreased FA of the left anterior centrum semiovale prior to a

reading intervention, but these values increased after a reading intervention (Keller & Just,

2009). These results offer preliminary evidence that WM integrity can be changed through

behavioral interventions. However, WM integrity changes as a function of ASD-specific

interventions will have to be confirmed or denied by future longitudinal randomized

controlled clinical trials.

Finally, there are some initial efforts to use DTI measures to classify and diagnose ASD.

These studies have used the shape of splenium fibers (Adluru et al., 2009), tensor

coefficients of the bilateral STG and right temporal stem (Lange et al., 2010), and tensor

coefficients from many areas across the brain (Ingalhalikar, Parker, Bloy, Roberts, &

Verma, 2011) to distinguish between those with ASD and those with typical development.

Although there is much research to be done in this domain, these preliminary classification

efforts offer hope that DTI methods may some day aid in the diagnosis of ASD.

Conclusions

Since the first DTI study in persons with ASD in 2004, a number of studies have suggested

that individuals with ASD may have decreased FA (a measure of fiber coherence) and

increased MD (a measure inversely related to tissue density) in a number of WM tracts.

These findings have been the most consistent in the corpus callosum, cingulum bundle, and

temporal lobe. There is additional evidence of atypical hemispheric lateralization of fiber

coherence in ASD.

The specific mechanisms and possible autism neuropathology underlying these reported

differences remain unclear. Unfortunately, DTI measures are unspecific indicators of the

types of microstructural changes in ASD. Increased RD has been found to be associated with

diminished myelination in animal models (Song et al., 2002); however, RD may also be

modulated by changes in axonal density and/or width. There are more specific imaging

measures of myelination, including magnetization transfer and the myelin water fraction

from T2 relaxometry (see review in Alexander et al., in press) that might help disambiguate

the specific mechanism.

Overall, there is mounting evidence by these DTI and other studies that is consistent with

the general hypothesis that brain connectivity is affected in many people with ASD. The

technologies for diffusion imaging of the brain and image analyses are rapidly advancing
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which will greatly improve the quality of white matter characterization into the future. As

the number of DTI and other neuroimaging studies in ASD grow, the understanding of how

brain connectivity and white matter are affected in people with ASD will be improved.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Illustration of the diffusion tensor ellipsoid representing anisotropic diffusion in an area of

white matter (cartoon region at top). Maps at the bottom are examples of FA, MD, AD and

RD.
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Figure 2.

Key features of the 48 empirical studies reviewed in the present paper, including sample

size, how participants were diagnosed with ASD, how participant groups were matched, the

types of DTI measures reported in the studies, the DTI methods, and the b-values used for

data acquisition.
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Figure 3.

Studies that have shown decreased fractional anisotropy (FA) in persons with ASD

(compared to persons with typical development) in the splenium, body, or genu of the

corpus callosum.
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Figure 4.

Tractography of a typically developing cingulum (green), superior longitudinal fasciculus

(blue), arcuate fasciculus (red), and uncinate fasciculus (purple).
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