
Reduced Hemispheric Asymmetry of White Matter 
Microstructure in Autism Spectrum Disorder

Dr. Ruth A. Carper, PhD,
Brain Development Imaging Laboratory at San Diego State University, San Diego, CA

Mr. Jeffrey M. Treiber, BA,
School of Medicine, University of California, San Diego

Ms. Shannon Yandall DeJesus [student], and
Brain Development Imaging Laboratory at San Diego State University, San Diego, CA

Dr. Ralph-Axel Müller, PhD
Brain Development Imaging Laboratory at San Diego State University, San Diego, CA

Abstract

Objective—Many past studies have suggested atypical functional and anatomical hemispheric 

asymmetries in autism spectrum disorder (ASD). However, almost all of these have examined only 

language-related asymmetries. Here, we conduct a comprehensive investigation of microstructural 

asymmetries across a large number of fiber tracts in ASD.

Method—We used diffusion tensor imaging for a comprehensive investigation of anatomical 

white matter asymmetries across the entire white matter skeleton, using tract-based spatial 

statistics in 41 children and adolescents with ASD and a matched group of 44 typically developing 

(TD) participants.

Results—We found significant asymmetries in the TD group, being rightward for fractional 

anisotropy and leftward for mean diffusivity (with concordant asymmetries for radial and axial 

diffusivity). These asymmetries were significantly reduced in the group with ASD: in whole brain 

analysis for fractional anisotropy (FA), and in a region where several major association and 

projection tracts travel in close proximity within occipital white matter for mean diffusivity (MD), 

axial diffusivity (AD), and radial diffusivity (RD). No correlations between global white matter 

asymmetry and age or sociocommunicative abilities were detected.
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Conclusion—Our findings in TD children and adolescents can be interpreted as reflecting 

different processing modes (more integrative in right, more specialized in left hemisphere). These 

asymmetries and the “division of labor” between hemispheres implied by them appear to be 

diminished in autism spectrum disorder.
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INTRODUCTION

Brain development is characterized by emerging functional lateralization and specialization 

of the cerebral hemispheres, accompanied by changes in asymmetries at the genomic,1,2 

cellular,3,4 and macrostructural levels.5 The latter include volumetric distributions of grey 

and white matter,6,7 especially in areas associated with language.8 Language has long been 

known to be predominantly controlled by the left hemisphere in most individuals.9 

Moreover, the Sylvian fissure and perisylvian regions surrounding it have been found to be 

morphologically asymmetric, with clinical implications for deviations from typical 

asymmetry.10–12 However, asymmetries in white matter are not as well characterized.13,14

In the past decade, diffusion tensor imaging (DTI) has become a method of choice in the 

study of white matter organization in vivo. DTI detects the rate of water diffusion along 

multiple orientations and generates indices of white matter structure based on the diffusion 

tensor at each voxel. Commonly examined indices of diffusion include axial diffusivity 

(AD), the diffusion along the principle diffusion direction within a voxel, radial diffusivity 

(RD), the diffusion orthogonal to the principle diffusion direction, fractional anisotropy 

(FA), an index of the directional preference for diffusion in the axial relative to the radial 

direction, and mean diffusivity (MD), the mean diffusion regardless of direction. The tensor-

based model has known limitations, particularly in its ability to resolve complex fiber 

crossings, and results are often non-specific with regard to the underlying cellular 

differences.15–17 Nonetheless, DTI is able to reliably localize group differences in white 

matter structure so long as results are interpreted with caution.15–18 DTI studies in healthy 

adults have found hemispheric differences of white matter microstructure, with rightward 

asymmetry of AD and FA in frontal and parietal lobes, but leftward asymmetry in temporal 

and occipital lobes.19,20 In both left- and right-handed adults, white matter FA in the 

precentral gyrus was found to be greater contralateral than ipsilateral to the dominant 

hand.21

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by 

sociocommunicative deficits. Behavioral and observational findings suggest atypical 

asymmetries in ASD in many respects. For example, using retrospective video analysis, 

Esposito and Venuti22 found that infants with ASD showed greater body asymmetry when 

sitting, compared to typically developing (TD) infants and those with developmental delays. 

Ozgen et al.23 reported that atypical facial asymmetries were highly predictive of diagnostic 

status (ASD vs. TD). Such observations are supported by findings from neurophysiological 

and imaging studies. Infants at high risk for ASD show atypical leftward processing 
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asymmetry during face perception, compared to low-risk infants.24 Atypical hemispheric 

asymmetries in ASD have also been reported in a number of language-related studies, using 

anatomical25–28 and functional magnetic resonance imaging (MRI).29–31

In a review, Lindell and Hudry32 conclude that atypical asymmetries in ASD are tied to 

language impairment and primarily detected in fronto-temporal language regions. However, 

a recent functional connectivity MRI study using independent component analysis found 

that numerous functional networks were affected by atypical right-hemisphere shifts in 

children and adolescents with ASD,33 including many non-linguistic networks (executive, 

attentional, and sensorimotor). Comprehensive examinations of hemispheric asymmetries in 

ASD beyond the language system are therefore needed.

Few studies to date have examined asymmetry of DTI indices in ASD. Fletcher et al.34 

observed that rightward asymmetry of RD in arcuate fasciculus (AF), seen in male TD 

adolescents, was absent in a small ASD group. While this may be consistent with one 

subsequent study35 reporting absence of typical leftward asymmetry of FA in arcuate 

fasciculus (as well as in cingulum and uncinate fasciculus) in a small sample of adolescents 

with ASD, it is at odds with findings from younger children (ages 4–7 years) of leftward 

asymmetry of RD within AF in TD children that was absent in children with ASD.28 

Leftward asymmetry of AF volume, as detected in TD children, was also significantly 

reduced in children with ASD in this study. Finally, Lange et al.36 reported marginally 

reversed asymmetry of tensor skewness (a potential index of crossing fibers) in superior 

temporal gyrus, which was rightward in children and adults with ASD, but leftward in a 

matched TD group. However, all of these studies largely focused on language-related tracts. 

No DTI study to date has provided a comprehensive investigation of microstructural 

asymmetries across a large number of fiber tracts in ASD. We performed such an 

investigation in a cohort of children and adolescents with ASD and matched TD participants. 

Based on previous studies (as described above), we hypothesized an overall decrease in 

asymmetry in children with ASD.

METHOD

Participants

Participants were recruited through clinic referrals and advertisements. Diagnosis of ASD 

was performed by an expert clinical psychologist according to DSM-V criteria, using the 

Autism Diagnostic Interview-Revised37 and the Autism Diagnostic Observation Schedule.38 

Participants with a history of medical or genetic conditions (e.g., epilepsy, tuberous 

sclerosis, Fragile-X, Rett syndrome) were excluded. Comorbid attention-deficit/

hyperactivity disorder, obsessive-compulsive disorder, or anxiety disorder (as reported by 

parents on the medical history questionnaire) were not treated as exclusionary in view of the 

high prevalence of these diagnoses within ASD.39 In the TD group, no children with a 

personal or family history of autism or personal history of any other neurological or 

psychiatric conditions were included. Verbal and nonverbal IQ was assessed using the 

Wechsler Abbreviated Scale of Intelligence40 and all participants had nonverbal IQ above 

50. Groups were matched for sex, handedness, verbal IQ, nonverbal IQ, and age (Table 1). 

Total scores on the Social Responsiveness Scale (SRS)41 were available for all ASD and all 
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but 2 TD participants and were used in correlational analyses. The study protocol was 

approved by the University of California, San Diego and San Diego State University 

institutional review boards, and informed assent and consent were obtained from all 

participants and their parents prior to scanning.

We scanned 134 (72 ASD) children and adolescents for this project. Three sibling pairs (all 

TD) were recruited but only one from each pair was included in analyses. Additional 

participants were removed because of exclusionary finding on MRI (1 ASD, 2 TD), 

technical errors during imaging (3 ASD, 2 TD), or excessive motion (25 ASD, 11 TD) as 

described below. Two ASD participants recruited under DSM-IV criteria did not fully meet 

diagnostic criteria applied in this study (as described above) and were also excluded. The 

final sample consisted of 41 ASD and 44 TD participants.

Data Acquisition

DTI data were acquired using a GE Discovery 3.0T MR750 scanner using a single-shot 

diffusion-weighted echo-planar imaging pulse sequence with two degrees of diffusion 

weighting (b=0 and 1000 s/mm2, 61 non-collinear directions, 1.875 × 1.875 mm2 in-plane 

resolution with a 2-mm slice thickness) and an 8-channel head coil. Images were collected 

with a flip angle of 90°, repetition time of 8,500 ms, an echo time of 84.9 ms, field of view 

of 240 mm, 128 × 128 matrix and 68 axial slices. Field maps were collected and used to 

correct for geometric distortions caused by local magnetic field inhomogeneities.42

Data Analysis

Diffusion-weighted images were eddy corrected and preprocessed using the diffusion 

toolbox within the FMRIB Software Library, FSL version 5.0; fsl.fmrib.ox.ac.uk;43 scans 

were assessed for motion through both visual inspection of eddy-corrected data (for signal 

dropout, image noise, shifts of head placement) and quantification of artifacts. Quantitative 

measures included mean image translation and rotation applied during eddy correction, and 

severity and frequency of motion-related signal drop-outs across slices as determined by the 

Benner score.48–50 These quantities were combined into a total motion index (TMI) that was 

used as a covariate in all analyses.50 Initial visual screening excluded twenty participants (14 

ASD, 8 TD); fourteen more (11ASD, 3 TD) were excluded with a TMI>6 or with more 

than .1% of slices affected by drop-out. The final sample included in analyses consisted of 

41 participants with ASD and 44 TD participants.

Four DTI indices were calculated: FA, MD, AD, and RD. To account for anatomical 

differences across individuals, all DTI images were registered to the FMRIB58 FA 1mm 

template using FSL’s non-linear image registration tool (FNIRT). Analyses were performed 

using voxel-wise tract-based spatial statistics (TBSS).44 To exclude grey matter from the 

analysis, an FA threshold of 0.2 was set. TBSS creates an alignment-invariant “skeleton” 

that represents the center of each tract for an entire sample. To correct for remaining image 

misalignments, a vector is created between the TBSS skeleton and each participant’s local 

FA maxima (representative of the center of the actual tract for that individual). This vector is 

applied to the participant’s FA, MD, RD, and AD maps, and the DTI index value at the 

location of the local FA maximum is assigned to the corresponding voxel along the skeleton.
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In order to test for hemispheric differences in DTI indices, a symmetrical skeleton was 

derived from the TBSS output using the tbss_sym tool provided in FSL. Briefly, the mean 

FA image was flipped, averaged with the original, skeletonized, and masked by a dilated 

(one voxel) original skeleton. To ensure that the skeleton was exactly symmetrical, it was 

masked by its flipped mirror image, creating the symmetric skeleton used by subsequent 

analysis. The DTI data were then projected onto this new symmetric skeleton and an 

asymmetry index (AI) was calculated for each voxel and for each DTI index, using the 

formula (2*[R−L]/[R+L])*100. A positive AI indicates that the voxel on the right 

hemisphere has a greater value than the corresponding voxel on the left, while a negative 

value indicates the opposite. To focus on cerebral hemispheric asymmetry, the thalamus, 

cerebellum, and brainstem were masked out prior to analyses. We localized areas of 

significant asymmetry and significant group differences in asymmetry by using FSL’s 

randomise permutation utility optimized for TBSS results. Results were controlled for 

multiple comparisons using threshold-free cluster enhancement.45 This correction sets a 

threshold based on the weighted sum of the entire cluster’s local intensity rather than setting 

an arbitrary hard threshold. Clusters of significant within-group effects were classified as 

having a right/leftward asymmetry based on the mean of that cluster. Clusters with 

significant group differences were described as having an increased, decreased, or reversed 

asymmetry in ASD when compared to TD by comparing the mean of the entire cluster.

RESULTS

Whole Brain White Matter Asymmetry

Both groups showed an overall rightward asymmetry for FA and leftward asymmetry for 

MD, AD, and RD when the entire TBSS skeleton was considered. The group with ASD 

displayed significantly reduced asymmetry for FA (p=.03; partial eta2 =.055) when 

compared to the TD group, but groups did not differ on whole-brain asymmetry of any other 

measures (Figure 1). After removal of one left-handed male participant with ASD (resulting 

in perfect handedness matching), this difference remained significant (p=.03; partial eta2 =.

055). Asymmetry was similar in both left- and right-handed participants (see Figure S1, 

available online). Within-group partial correlations tested for relationships between age and 

average AI measures, and between Total SRS score and average AI measures. None of these 

survived correction for multiple comparisons in either group (all r<.35). TMI was included 

as a covariate in all tests.

Voxelwise Tests of Asymmetry

Regional asymmetry patterns were examined using voxelwise tests while controlling for 

TMI. One-sample t-tests of FA asymmetry showed a preponderance of rightward asymmetry 

in large portions of the skeleton in each group, accompanied by smaller clusters of leftward 

asymmetry (Figure 2, and see Table S1, available online). Groups did not differ significantly.

For MD, one-sample t-tests revealed leftward asymmetry in both groups throughout most of 

the skeleton (except for forceps minor and frontal white matter). The between-group t-tests 

revealed a large continuous cluster (3167 mm3) of reduced or reversed asymmetry in ASD 

(TD AI: M = −6.0; ASD AI: M = 0.1) extending through much of occipital and parietal 
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lobes, including the posterior thalamic radiation, and corona radiata (Figure 2, and see Table 

S2, available online). Several major association tracts lie in close proximity in this 

region,46,47 and posterior portions of the inferior longitudinal and inferior fronto-occipital 

fasciculi may have also contributed to this cluster.

Asymmetry patterns of AD and RD were largely consistent (leftward) with those for MD for 

both groups, although rightward asymmetry was present in anterior regions (frontal radiate 

white matter, anterior corona radiata and internal capsule). Between-group differences were 

less extensive for AD compared to MD but spatially overlapping, falling mostly in occipital 

white matter (total volume of significant clusters: 668 mm3). Group differences were 

centered in occipital lobe for RD as well, additionally affecting the posterior portion of the 

superior longitudinal fasciculus (SLF) and the tapetum (cluster volume: 513 mm3).

Voxelwise between-group t-tests were also performed on the DTI measures themselves (FA, 

MD, AD, RD), rather than AI, to determine whether one hemisphere was a primary driver of 

AI effects. However, no significant clusters were identified in either hemisphere for any of 

the dependent measures.

DISCUSSION

The current study examined the hemispheric asymmetry of cerebral white matter 

microstructure in children and adolescents with ASD. Across much of the TBSS skeleton, 

we detected an overall rightward asymmetry for FA in TD and children and adolescents with 

ASD. This asymmetry was significantly reduced in ASD when averaged across the entire 

brain. In addition, voxel-wise analyses revealed robust leftward asymmetry for MD in both 

groups, driven by concordant asymmetry for RD and (more moderately) AD. These 

asymmetries were significantly reduced in the ASD group in a region of occipital white 

matter where several major association and projection tracts travel in close proximity. 

Parietal white matter showed a similar reduction in asymmetry for the MD measure (Figure 

1). ASD and TD groups were well matched for head motion, which can otherwise bias 

diffusion results.48,49

The overall finding for FA in the TD group reflected a preponderance of rightward 

asymmetry across many segments of the white matter skeleton, likely affecting multiple 

major tracts (Figure 2). This was, however, accompanied by inverse effects (leftward 

asymmetry) in superior frontal white matter and posterior portions of the occipital lobe. 

These findings are partially consistent with previous studies in healthy adults. Takao et al.20 

observed rightward asymmetry of FA in corona radiata, internal capsule, posterior thalamic 

radiation, and parts of the SLF. Thiebaut de Schotten et al.50 further reported rightward 

asymmetry of FA in the anterior segment of the AF, while Iwabuchi19 found rightward FA 

asymmetry in parietal and leftward asymmetry in occipital tracts. However, inverse effects of 

leftward asymmetry for FA have also been seen, as for example in anterior thalamic 

radiation,20 uncinate,51 cingulum,52 and inferior longitudinal fasciculus (ILF).50 Apart from 

inconsistencies among these adult DTI studies themselves, the overall more robust rightward 

FA asymmetry in our study and differences in local findings could be in part attributed to 

maturational changes from childhood to adulthood. Studies in TD children have, however, 
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also reported mixed DTI asymmetry findings, with leftward asymmetry for FA in the 

superior corona radiata, centrum semiovale, and cingulum, but rightward asymmetry in 

frontal white matter when examined with single-slice ROIs53 and tractography studies 

finding rightward asymmetry in the AF,54 and the fronto-parietal segment of the AF, but 

leftward asymmetry in corticospinal tract (CST), uncinate, and temporal part of the AF.55 It 

is therefore likely that additional demographic or methodological differences (e.g., inclusion 

of small group-matched subsamples of left-handed participants) may have resulted in the 

more extensive rightward asymmetries detected in our TD group. One possibility relates to 

the creation of a white matter skeleton in TBSS, which puts focus on a limited number of 

voxels with peak FA most likely to fall onto white matter tracts, contrary to more inclusive 

region of interest and tractography procedures practiced in the previous studies cited above.

In our ASD group, many skeletal segments also showed rightward FA asymmetry, but these 

effects were less robust resulting in a significant decrease in asymmetry when the entire 

skeleton was considered as a whole. Voxel-wise analyses did not reveal significant clusters, 

however, suggesting that reduced asymmetry in ASD may be diffuse but locally variable.

A further finding was significant leftward asymmetry of MD in both groups. Although 

widespread across the white matter skeleton, this effect was especially pervasive in posterior 

regions. This MD asymmetry was significantly reduced in the ASD group compared to TD 

in white matter of the occipital and, to some extent, parietal lobes. Comparison to electronic 

atlases shows the significant cluster falling in a region where multiple association, 

projection, and commissural tracts lie in close proximity, with fibers running largely in 

parallel to form a sheet of anterior to posterior running axons.56 The ILF, inferior fronto-

occipital fasciculus (IFOF), sagittal stratum, posterior thalamic radiation, and forceps major 

all pass through this white matter band and cannot be fully disentangled with in vivo 

imaging. This proximity has led to substantial confusion in the anatomical literature with 

argument as to the mere existence of some tracts or their distinction from adjacent fibers.

The leftward asymmetry of MD seen in the TD group reflected concordant asymmetry for 

both radial and axial diffusion, although these latter measures also showed a contrasting 

rightward asymmetry in anterior white matter. Our findings in children and adolescents are 

consistent with the general pattern of leftward asymmetry observed in 5–19-year-old TD 

participants by Bonekamp et al.,53 but their effects were found primarily in anterior regions. 

On the other hand, Joseph et al.,54 in an examination limited to the AF, found no significant 

MD asymmetry in TD or ASD groups, possibly related to smaller sample size or younger 

age of participants. Furthermore, our findings did not coincide with those in Peterson et 

al.,57 who reported rightward asymmetry of MD in TD participants (not tested statistically) 

and increased MD in the left hemisphere in 8–12-year-old children with ASD compared to 

TD children. However, a direct test of the asymmetry index produced no significant group 

difference. This study did not perform voxelwise tests of asymmetry and used broad regions 

of interest, again differing from the TBSS skeleton tested in our study, which puts selective 

focus on white matter regions most likely to fall within major tracts.

The asymmetry index reflects a ratio between the two hemispheres. Group differences in AI 

could arise from marked alteration in a single hemisphere or subtler, but opposing, 
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differences in both hemispheres. Within-hemisphere comparisons did not reveal any group 

differences in our sample, suggesting that white matter is affected bilaterally, but 

differentially, in ASD. This could arise for differences during early neurodevelopment or as 

an outcome of altered functional specialization of the hemispheres.

Our findings for TD children and adolescents could be misinterpreted as indicating greater 

white matter integrity (higher FA, reduced MD and RD) in the right compared to the left 

hemisphere. More accurately, the pattern of findings may reflect a greater degree of inter-

regional integration in the right hemisphere, compared to greater functional specialization in 

the left. This interpretation is consistent with findings by Iturria-Medina et al.58 who used 

diffusion-weighted MRI and graph theory and detected greater efficiency and 

interconnectivity within the right (compared to the left) hemisphere in healthy right-handed 

adults. Although FA is often considered an index of tract integrity, it cannot be uniquely 

attributed to any single neural parameter. Lower FA in one hemisphere (which would affect 

the AI) may reflect reduced axonal density or reduced myelination, but it can also result 

from greater tract complexity because multiple fiber orientations within a voxel will reduce 

FA.59 The findings by Iturria-Medina et al.,58 as well as our findings in TD children and 

adolescents, may reflect a dichotomy between more specialized and segregated network 

organization in the left, but more integrative organization in the right hemisphere. This is 

also consistent with more local functional specialization of the left and more integrative and 

global function of the right hemisphere.60,61 Our findings in children and adolescents with 

ASD, as well as those from an earlier functional MRI study,33 suggest that this typical 

hemispheric specialization is impaired in autism. Since hemispheric asymmetries are the 

outcome of prolonged maturational changes, it is however unlikely that immediate 

translational conclusions can be drawn from our findings (e.g., intervention with transcranial 

magnetic or direct current stimulation).

We did not find any significant correlations between DTI asymmetry indices and age or 

sociocommunicative abilities (SRS) for the entire white matter skeleton. Such links with 

white matter asymmetry may exist, but occur only at a tract-specific or regional level. 

Effects may go in different directions (e.g., asymmetry becoming more leftward with age in 

one region, but more rightward in another). Longitudinal data not available here may be 

necessary to investigate such regionally specific and relatively subtle effects.

A particular strength of the current study was the careful matching of groups for in-scanner 

head motion. Recent studies have made it clear that systematic group differences in motion 

can have confounding effects on diffusion findings, even when motion is subtle. Clinical 

groups, such as those with ASD, often move more than TD populations during the extended 

acquisition times required for diffusion imaging, and this can lead to false findings.48,49 Our 

study quantified motion in each participant, ensured that groups were matched on these 

measures, and included a summary measure of motion, TMI, as a covariate throughout 

analyses. This ensures that the group differences identified here were not artifacts of motion, 

and may help to explain differences between our findings and some findings from studies 

that did not implement such motion matching (reviewed in Travers et al., 201262). In 

particular, no such steps were taken in previous studies of diffusion asymmetry in ASD, 

suggesting greater validity of our findings due to reduced motion bias.
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A few limitations of the current study design should be mentioned. First, two demographic 

variables that were not considered in our study were pubertal status and socioeconomic 

status, both of which can influence rates and patterns of neurodevelopment.63,64 Future 

studies with larger samples should include and control for these additional variables to 

identify independent or modulatory contributions. The increasing availability of large 

imaging databases on autism (e.g. National Database for Autism Research, https://

ndar.nih.gov; Autism Brain Imaging Data Exchange65) will no doubt improve sensitivity to 

subtle demographic factors and relatively small subpopulations, which may show distinct 

developmental trajectories (e.g. females66). Second, the segment of participants with ASD 

included in our study was limited by the need for minimal head motion during scanning, and 

our findings may therefore not apply to the lower-functioning end of the autism spectrum. 

We use pre-scan training in a mock scanner to reduce the frequency of motion-related image 

artifacts. Implementation of a similar or more extensive behavioral training regimen as well 

as imaging sequences designed to recover from subject motion67 may help to extend the 

functional range of participants who can be included in future studies.68,69 Third, for inter-

subject alignment of scans, our TBSS analyses utilized the FMRIB58_FA template that was 

based on a sample of 20–50-year-olds. A better approach given our sampled age range (7–

17-year-olds) would be a study-specific registration template. However, since subsequent 

processing steps derived the white matter skeleton directly from our sample, and diffusion 

data were mapped onto this skeleton rather than the FMRIB58_FA template, any 

misalignment issues due to use of the FMRIB58_FA template would be expected to be 

relatively minor. Finally, using TBSS, our analyses focused only on white matter voxels with 

relatively high FA, from which the tract skeleton was created. With this approach, issues 

related to complex fiber orientations (which affect FA in ambiguous ways) could be 

somewhat mitigated, as regions with multiple fiber orientation will tend to have low FA and 

will thus be excluded from the skeleton.

In conclusion, our findings indicate reductions in anatomical white matter asymmetries in 

ASD, particularly in posterior white matter, suggesting that a neurotypical “division of 

labor” – between more integrative processing in the right, and more specialized processing 

in the left hemisphere – may be reduced or lacking in ASD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Asymmetry indices averaged across the entire white matter skeleton. Note: AD = axial 

diffusivity; ASD = autism spectrum disorder; FA = fractional anisotropy; MD = mean 

diffusivity; RD = radial diffusivity; TD = typically developing. * p < .05.
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Figure 2. 
Within- and between-group significance maps of white matter asymmetry. Note: Effects are 

presented on a single hemisphere of the symmetric tract-based spatial statistics (TBSS) 

skeleton (depicted in green). Within-group maps show significant rightward asymmetry 

(right [R]>left [L]) in red and leftward (L>R) in blue. Between-group maps indicate higher 

asymmetry indices (autism spectrum disorder [ASD]>typically developing [TD]) in red and 

lower indices (ASD<TD) in blue. Slice levels are indicated on the left. All effects p < .05 
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(corr.). AD = axial diffusivity; FA = fractional anisotropy; MD = mean diffusivity; RD = 

radial diffusivity.
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