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Background—Common findings from diffusion tensor imaging (DTI) in autism spectrum 

disorder (ASD) include reduced fractional anisotropy (FA), and increased mean and radial 

diffusivity (MD, RD) of white matter tracts. However, findings may be confounded by head 

motion. We examined how group-level motion matching affects DTI comparisons between ASD 

and typically developing (TD) groups.

Methods—We included 57 ASD and 50 TD participants, comparing 3 subsets at increasing levels 

of motion-matching stringency: full sample (FS); quality-controlled (QC); and quantitatively-

matched (QM). Groups were compared on diffusivity measures using Tract-Based Spatial 

Statistics (TBSS) and probabilistic tractography. Two methods for estimating diffusivity were 

compared: dti-fit and restore.

Results—TBSS: In set FS, FA was reduced in the ASD compared to the TD group throughout 

the right hemisphere. This effect was less extensive in set QC and absent in set QM. However, 

effect sizes remained stable or increased with better quality-control in some regions. Tractography: 

In set QM, MD was significantly higher in ASD overall and RD was higher in bilateral ILF. 

Effects were more robust in QM than in FS or QC sets. Effect sizes in several tracts increased with 

stringent quality matching. Restore improved tensor estimates, with some increases in effect sizes, 

but did not fully compensate for reduced quality.

Conclusions—Findings suggest that some previously reported DTI findings for ASD may have 

been confounded by motion. However, effects in tightly matched subset indicate that tract-specific 

anomalies probably do exist in ASD. Our results highlight the need for careful quality-control and 

motion-matching.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder defined by impaired 

social communication and interaction as well as restricted and repetitive behaviors and 

interests (American Psychological Association, 2010). There is ample neuroimaging 

evidence of atypical brain network connectivity in ASD from functional magnetic resonance 

imaging (fMRI) and diffusion tensor imaging (DTI). Volumetric MRI and head 

circumference studies of ASD have consistently indicated a period of accelerated brain 

growth during infancy and early childhood, followed by abnormally slow growth in later 

years (Carper et al., 2002; Sparks et al., 2002; Courchesne et al., 2003; Schumann et al., 

2010; Hazlett et al., 2011; Hazlett et al., 2012; Shen et al., 2013). Similar patterns have been 

suggested in structural connectivity studies using DTI to characterize the axonal 

organization and microstructural properties of white matter. DTI studies of ASD have 

reported increased fractional anisotropy (FA), potentially an index of premature white matter 

development, in infants and toddlers (Weinstein et al., 2011; Wolff et al., 2012; Solso et al., 

2014), but reduced FA in several white matter pathways later in life (Sundaram et al., 2008; 

Noriuchi et al., 2010; Shukla et al., 2011; Kleinhans et al., 2012). Common white matter 

findings in children and adolescents with ASD also include increased mean diffusivity (MD) 

and radial diffusivity (RD) (Lee et al., 2009; Shukla et al., 2010; Groen et al., 2011; Jou et 

al., 2011). This pattern of findings has been reported using a variety of analysis approaches.

However, as DTI measures the random motion (diffusion) of protons, with scan times 

usually around 7-12 minutes, the technique is particularly sensitive to head motion. 

Depending on the angular resolution chosen, a sequence includes anywhere from 15 to over 

100 whole head acquisitions, each sensitive to a different direction of water diffusion. Head 

motion during the DTI sequence can result in misalignment between these acquisitions and 

loss of signal intensity in individual slices or portions of slices (slice ‘dropout’), resulting in 

false estimation of diffusion measures (Tournier et al., 2011; Ling et al., 2012; Yendiki et al., 

2013; Koldewyn et al., 2014). This is especially problematic in the study of clinical 

populations like ASD, who may tend to move more than healthy control participants, and in 

the study of children in general. In these cases, the quality of DTI data may differ 

systematically between groups, and detected group differences may reflect differences in 

data quality rather than underlying neurobiology.

While awareness of motion confounds has increased recently in the fMRI connectivity 

literature, following a series of methodological studies (Power et al., 2015), few DTI studies 

to date have considered the effects of motion and even fewer have implemented motion 

measures statistically. Of the 48 DTI studies of ASD included in the exhaustive review by 

Travers et al. (2012), only a handful explicitly evaluated head motion measures or compared 

motion between groups. Despite growing awareness of motion confounds, only 28 of the 82 

additional diffusion papers on ASD published between January 2012 and October 2016 

quantitatively compared head motion between groups (Supplementary Table 1).

Ling et al. (2012) found that increased head motion was associated with a positive bias for 

FA and MD. Conversely, Yendiki et al. (2013) reported a negative bias for FA and little 

effect on MD. They further demonstrated that between-group differences in average motion 
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can result in spurious group differences in diffusion measures even between otherwise well-

matched typically developing (TD) samples, and that registering diffusion-weighted images 

to a baseline image does not eliminate this problem. Additionally, Koldewyn et al. (2014) 

found that, after quantitative motion matching between ASD and TD groups, the common 

finding of reduced FA in ASD could no longer be replicated in any white matter tracts other 

than right inferior longitudinal fasciculus. While that finding might be taken as an indicator 

of near absence of white matter differences in ASD, it is important to note that quality 

control and motion matching in Koldewyn et al. (2014) resulted in heavy loss in sample size, 

leaving it open whether null findings may have been related to weakened statistical power.

The present study used data from 107 ASD and typically developing (TD) children and 

adolescents, analyzed along two pipelines: Tract-based spatial statistics (TBSS) and 

probabilistic tractography. Specifically, we tested whether group differences in anisotropy 

and diffusivity measures would be affected by a series of strict quality control measures and 

group-matching for motion. We assessed both statistical significance (affected by sample 

sizes) and effect-sizes of group differences (independent of sample size) in our approach.

Methods and Materials

Participants

Scanning was attempted on 77 ASD and 60 TD participants. Twenty-four (18 ASD, 6 TD) 

did not complete the full diffusion sequence, and technical error eliminated one additional 

TD scan. Diffusion weighted MRI data were successfully collected from the other 59 ASD 

and 53 TD participants, ages 7-17 years. Five of these participants were excluded due to: 

atypical findings on MRI (2 ASD, 2 TD), or having an adopted sibling with ASD (1 TD). 

The final sample consisted of 57 ASD and 50 TD participants.

All ASD participants met the DSM-5 (American Psychological Association, 2010) criteria 

for autism spectrum disorder, based on the Autism Diagnostic Observation Schedule 

(ADOS; Lord et al., 2002) and Autism Diagnostic Interview-Revised (ADI-R; Rutter et al., 

1995). A clinical psychologist experienced in the diagnosis of ASD confirmed the final 

diagnosis. Participants with ASD had no other known neurological or psychiatric disorders, 

and no TD participants had a personal or family history of neuropsychiatric conditions. The 

Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) was used to obtain IQ 

scores. This study was approved by the University of California, San Diego, and San Diego 

State University Institutional Review Boards, with written informed consent and assent from 

all participants and caregivers.

MRI data acquisition

MRI was performed on a GE Discovery MR750 3.0T scanner with an 8-channel head coil. 

Diffusion weighted images were collected using an echo planar imaging (EPI) pulse 

sequence with full head coverage, encoded for 61 non-collinear diffusion directions at 

b=1000 s/mm2, and one at b=0 s/mm2 (2D EPI; TR=8500ms; TE=84.9ms; flip angle=90°; 

NEX=1; FOV=24cm; resolution=1.875 × 1.875 × 2mm3). A field map was collected with 
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the same spatial parameters to correct for field inhomogeneities (2D GRASS; TR=1097ms; 

TE=7.5ms, 9.5ms; flip angle=45°; 2 averages).

Image Analysis

DTI processing was performed using the FMRIB Software Library (FSL, v.5.0; Smith et al., 

2004) and AFNI (v.2011_12_21_1014; Cox, 1996). Preprocessing included field-map 

correction, resampling to a 1×1×1mm3 resolution, removing skull and other non-brain tissue 

(FSL BET), and eddy current correction (FSL eddy_correct). FSL's dti-fit calculated the 

diffusion tensor at each voxel and generated maps of axial and radial diffusivity (AD and 

RD), mean diffusivity (MD), and fractional anisotropy (FA). The FA map was non-linearly 

registered (FSL FNIRT) to the standard MNI template (FMRIB58-FA), and the resulting 

transformation matrices were inverted and saved to facilitate fiber tracking in native space 

using standard-space atlases.

We also assessed the relative effectiveness of a tensor calculation algorithm frequently used 

for quality improvement. Robust Estimation of Tensors by Outlier Rejection (restore) is 

performed on a voxel-wise basis to identify and exclude outliers from the multiple diffusion 

directions collected, and calculates the diffusion tensor from the remaining data (Chang et 

al., 2005). We calculated diffusivity maps using restore after the eddy correction step, 

offering an alternative to dti-fit.

Quality Control and Motion Matching

To examine the effects of motion differences between groups, we examined different subsets 

of the sample matched at increasing levels of stringency based on two forms of quality 

control. First, quality control was implemented consisting of visual inspection for slice-wise 

signal dropout, image noise, and shifts of head placement between diffusion volumes. Scans 

were excluded if they had single slices of signal dropout affecting ≥10 diffusion directions, 

multiple slices of signal dropout on ≥5 diffusion directions, color banding evident in the 

RGB display of the primary eigenvector image, visible nods or head shakes between 

diffusion directions, or visible image noise. Second, for greater stringency, quantitative 

assessment was used in order to match groups on four motion measures (average inter-

volume translation, average rotation, proportion of slices affected by signal dropout, severity 

of signal dropout) as described by Yendiki et al. (2013), with reference to Benner et al. 

(2011). Group means were matched to less than five percent difference on each motion 

measure. We examined group differences in the full sample (FS), the quality-controlled 

(QC) subset of the FS, and the quantitatively-matched (QM) subset of the QC set (Table). At 

each stage, groups were compared on FA, MD, RD, and AD (from both dti-fit and restore) 

using two approaches provided in FSL (Smith et al., 2004): Tract-Based Spatial Statistics 

(TBSS) and probabilistic tractography (ProbtrackX).

TBSS Analysis

Voxelwise statistical analysis was performed using TBSS (Smith et al., 2006). FA data from 

each participant were aligned into a common space (FMRIB58-FA) using nonlinear 

registration. A mean FA image was created and thinned to create a mean FA skeleton 

representing the centers of tracts common to the sample. Each participant's aligned FA data 

Solders et al. Page 4

Autism Res. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were then projected onto this skeleton and resulting data fed into FSL's randomise tool 

(http://www.fmrib.ox.ac.uk/fsl/randomise/index.html; 500 permutations) to perform 

voxelwise cross-subject statistics. Following the FA analyses, the nonlinear warps and 

skeleton projections were applied to MD, RD, and AD, and voxelwise statistics were run for 

each measure with Threshold-Free Cluster Enhancement correction, which fully corrects for 

multiple comparisons across space. The locations of significant clusters were determined 

using the Johns Hopkins University White-Matter Tractography Atlas (Hua et al., 2008; 

Mori et al., 2008).

While increasing stringency of motion matching reduced artifactual variance and a likely 

source of group bias, it also reduced sample sizes and statistical power. We therefore 

calculated voxel-wise effect size maps (voxel-wise Cohen's  at each stage of 

motion matching for sample-size independent comparisons. Significant clusters from the QC 

subset were then used as selection masks to determine the average effect sizes of these 

regions across the FS, QC, and QM subsets.

Probabilistic Tractography Analysis

Tractography was performed using probabilistic algorithms in FSL (BEDPOSTX, 

ProbtrackX; Smith et al., 2004). Tracts of interest included the forceps major (Fmaj) and 

minor (Fmin), the superior longitudinal fasciculus (SLF), the inferior longitudinal fasciculus 

(ILF), and the uncinate fasciculus (UNC), separately by hemisphere (Figure 1) in order to 

assess the major association pathways. Fasciculi were identified using seed and target masks 

defined in standard MNI space in accordance with Wakana et al. (2007). Masks were 

transformed to individual subject space to conduct tractography.

For each tract and participant, 3000 streamlines were initiated per seed voxel, (step-

length=0.5, curvature threshold=0.2), connectivity distribution was corrected for the length 

of the pathway, and tracking was constrained by anisotropy values. For all tracts except the 

Fmaj and Fmin, a midsagittal mask was used to exclude any samples that crossed cerebral 

hemispheres. Resulting probability maps were transformed back into standard MNI space 

for all subsequent steps.

To remove extraneous fibers, a threshold of 0.01% of initiated streamlines was applied to 

each participant's connectivity maps of all tracts except the SLF, which required a higher 

threshold (0.1%) for anatomical accuracy. The resulting connectivity maps were binarized 

and applied to the corresponding DTI maps to obtain mean FA, MD, AD, and RD values 

within each tract on a per-subject basis. Finally, these values were used to calculate Cohen's 

d for each tract at each matching stage for sample-size-independent comparisons.

Results

Quality Control and Motion Matching

The FS, without exclusion based on quality control, showed substantial group differences 

(ASD>TD; 7-39%) on the four motion measures (Table, panel A), with significant 

differences for the two measures of signal dropout. Careful quality control (QC subset) 
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greatly reduced the inclusion of outliers, as seen in reduced ranges of motion measures, but 

groups still differed significantly and substantially (10-38%) on two motion measures 

(Table, panel B). Stringent quantitative matching (QM subset) reduced group differences to 

less than 5% on all four motion measures (all p>.2; Table, panel C).

We compared retained and excluded participants to determine if they differed. Comparing 

the QC subset to those excluded during visual quality control, groups did not differ 

significantly on age, IQ, or ASD symptomatology (on ADOS Communication and Social 

Interaction, ADOS Restricted and Repetitive Behaviors, and SRS Total scores; 

Supplementary Table 2). Further, the final subset (QM) was compared to all participants 

excluded during either matching step. Again, there were no significant differences in the 

ASD or the TD group (Supplementary Table 3).

TBSS Analysis

Tensor estimation with dti-fit—In the FS sample, FA was significantly reduced in the 

ASD compared to the TD group in several clusters (total volume 7089 mm3), almost 

exclusively in the right hemisphere (Figure 2). In the QC sample, FA was still significantly 

lower in ASD in multiple clusters, but areas of difference were less extensive (total volume 

4077 mm3). Finally, in the QM subset, no significant differences were found for FA. 

Regardless of the stringency of quality control (FS, QC, or QM), none of the comparisons 

resulted in significant group differences for MD, AD, or RD.

Progressively smaller sample-sizes from FS to QC and QM sets negatively affected 

statistical power. For sample-size-independent comparisons, we therefore calculated 

voxelwise effect sizes of group differences for each set. While statistical significance 

generally decreased across sets, effect sizes increased in many regions. For illustration, 

clusters that showed significant FA differences in the QC set were used as selection masks, 

applied to the effect size maps for each set, and averaged within clusters (Figure 3a). 

Notably, moderate to large effect sizes (Cohen's d 0.4-0.8) were seen for FA in the QM set in 

five out of six clusters even though differences did not reach significance. Effect sizes were 

also comparable or greater for the QM than for the FS set in five out of six clusters, 

suggesting that group differences were not motion artifacts. The same selection masks were 

used to summarize effect sizes for the other dependent measures (MD, AD, RD) even 

though these did not reach statistical significance. Strikingly, effect sizes for RD increased 
with improved motion control, reaching medium (>.4) effect sizes in the QM sample in 5 out 

of 6 clusters.

Tensor estimation with restore—TBSS was run independently using diffusivity 

estimates from restore. No significant group effects were found in any of the three datasets 

for any dependent measure. When thresholds were lowered to p=.1, the spatial distribution 

of group differences on FA was seen to be similar to that for dti-fit estimates in both the FS 

and QC sets, though not reaching significance.

Effect sizes were calculated and the same selection masks were used for comparison 

purposes. Effect sizes were quite similar to those calculated from dti-fit estimates, and 

showed similar patterns across datasets (Figure 3b).
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Probabilistic Tractography Analysis

Tensor estimation with dti-fit—ANOVAs were performed on results from probabilistic 

tractography, with separate tests for each dependent variable (FA, MD, AD, RD). In 4 

analyses, cerebral hemisphere (left, right) and tract (SLF, ILF, UNC) were the within-

subjects variables, and group (ASD, TD) was the between-subjects variable. The inter-

hemispheric tracts (Fmaj, Fmin) were tested with tract (Fmaj, Fmin) as the only within-

subjects variable. All analyses were performed at each stage of quality control (FS, QC, 

QM). The results of all ANOVAs are summarized in Supplementary Table 4.

In the most stringently matched QM set, analysis of FA in the intra-hemispheric tracts 

showed no significant effects related to group. In contrast, MD was significantly higher in 

the ASD than the TD group (F(1, 60)=4.55, p=.037). A significant group-by-tract interaction 

was found for RD in the QM set (F(2, 59)=3.35, p=.042), where post-hoc ANOVAs 

performed separately for each tract revealed increased RD bilaterally in the ASD group 

compared to the TD group in the ILF only (p=.008). No significant effects related to group 

were found for AD.

Notably, group and group-by-tract effects from the corresponding ANOVAs for FS and QC 

sets were less robust than for QM on MD, RD, and AD, despite the larger sample sizes. This 

pattern was further supported by effect sizes, plotted for individual tracts in Figure 4a. In 

most tracts, MD, AD and RD effect sizes were greatest for the QM set, with left and right 

ILF showing a particularly striking increase in effect size linked to improvements in motion 

matching. In contrast, effect sizes for FA measures tended to diminish with improved motion 

matching.

Finally, group effects for inter-hemispheric tracts approached significance in the QM set for 

both MD (F(1, 62)=3.94, p=.052, ASD>TD) and RD (F(1, 62)=3.86, p=.054, ASD>TD). 

Group-related effects did not approach significance for either FA or AD. Once again, effects 

from the corresponding ANOVAs for the less stringently matched FS and QC sets were less 

robust. Examination of effect sizes in the different samples showed the largest effect sizes 

were most often in the stringently matched QM set (Figure 4a).

Tensor estimation with restore—The group effects seen in the QM set with dti-fit were 

not detected with restore (Supplementary Table 5). For intra-hemispheric tracts, the main 

effect of group reached p=.059, for MD and p=.082 for RD. No other group effects or 

interactions approached significance. However, in the larger QC set, a significant group by 

tract interaction was found for FA (p=.037), revealing a significant group effect for the ILF 

(ASD<TD) in post-hoc ANOVAs. A similar interaction for RD (p=.03, ASD>TD) also 

reflected an effect in ILF. Group and group-by-tract effects for the FS set were less robust 

for MD, AD, and RD. For inter-hemispheric tracts, group effects approached significance in 

the QM set for both MD (p=.063) and RD (p=.09). In the QC set, RD reached significance 

(F(1, 73)=4.31, p=.041), with a marginal effect for MD (F(1, 73)=2.71, p=.10). Differences 

in the FS set were again less robust, and group-related effects did not approach significance 

for either FA or AD in any set. For both inter- and intra-hemispheric tracts, effect sizes 

(Figure 4b) again tended to be greatest in the QM set for MD, AD, and RD although the 
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pattern was not as consistent as with dti-fit estimates. FA effect sizes again tended to 

diminish with improved motion matching.

Discussion

We examined the effects of quality control and stringent motion matching in comparisons 

between ASD and TD groups. The main findings can be summarized as follows: First, we 

found evidence of false-positive effects when groups were not stringently matched for 

motion, thus replicating aspects of a previous report by Koldewyn et al. (2014). Significant 

between-group differences were found for FA without motion matching, but significance 

was absent when stringent matching was applied. Strikingly, this suggests that many 

previously reported DTI findings, from ASD studies that did not apply stringent motion 

matching, may be artifactual. Second, however, our findings showed that effect sizes in 

several clusters (from TBSS) and tracts (from tractography) were remarkably stable or even 

increased with stringency of quality control for several DTI indices (Figures 1 and 2). This 

suggests that white matter compromise in ASD exists, but requires careful quality control for 

reliable detection (i.e. risk of false-negative effects).

Many group effects disappear with motion matching

Although exact findings from TBSS and Probtrack varied, both methods yielded group 

effects that reached statistical significance in the FS set, but ‘disappeared’ below 

significance thresholds with tighter motion matching. In both methods, the common finding 

of reduced FA in ASD was replicated in the FS – quite extensively with TBSS 

(Supplementary Figure 2), more restricted with tractography, detected only in right ILF— 

but these significant effects were not seen in the QM set for either method.

Notably, no significant effects for FA in the QM set were seen in some regions for which 

reduced FA had been reported in many previous studies, before recent motion matching 

procedures became available. These regions include corpus callosum, cingulum bundle, and 

SLF (see review by Travers et al., 2012). Although our null findings in the QM set do not 

demonstrate complete absence of white matter compromise in these tracts (as discussed 

below), they indicate that highly significant effects reported in some studies with smaller 

samples (Cheon et al., 2011; Poustka et al., 2012; Cascio et al., 2013; Jou et al., 2016) may 

have been inflated by group differences in head motion.

Effect sizes increase with motion matching in some regions

While motion control eliminated some significant effects, it is important to note that it also 

revealed effects not seen in less tightly matched data. With tractography, no significant 

group effects were detected in the FS set for either MD or RD; however, in the QM set MD 

was significantly increased in ASD. Increased RD was nearly significant (p=.052) for 

forceps major and minor, and a significant group-by-tract interaction on RD was revealed for 

intrahemispheric tracts in QC and QM (but not FS) sets. Effect sizes showed a 

corresponding pattern, increasing with improved motion matching for multiple measures and 

in multiple tracts and clusters in both tractography and TBSS analyses (Figures 1-2).
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Thus, while some of the effects commonly reported in the literature may have been 

confounded by head motion, our findings do not support absence of abnormal structural 

connectivity in ASD. Rather, they suggest true differences in ILF and other tracts, and 

broadly higher MD in ASD (discussed below). The lack of additional statistically significant 

group findings in the presence of increasing effect sizes, particularly for RD and AD, can be 

attributed to reduced sample size (c. 40% lower in QM than FS set) and may reflect type 2 

error (false negatives). The lack of additional significant findings in the study by Koldewyn 

et al. (2014) may be similarly attributed to reduced statistical power. Their sample decreased 

by c. 80% with motion matching, the best-matched set including only 38 participants.

Algorithms for diffusion tensor estimation

With in-scanner motion leading to changes in diffusivity measures, techniques for improving 

data quality post-hoc can be beneficial. The commonly used technique restore reduces the 

impact of motion artifacts on a volume-wise (diffusion direction) and voxel-wise basis. If 

restore fully compensated for group differences in motion, we would expect constant effect 

sizes across our 3 quality-based datasets. The QC and QM sets appeared more similar with 

restore than dti-fit, especially on RD, but still differed on several tracts. This suggests that 

restore improves reliability of tensor measures, but does not fully compensate for reduced 

data quality. The use of restore is therefore commendable, but only when applied to motion-

matched and quality-screened groups.

Participants with greater motion did not differ on demographics or symptom severity

Remarkably, subsamples with higher vs. lower motion (those excluded vs. those included in 

the QM set) did not differ significantly on age, IQ, or symptom severity. This indicates that 

careful motion matching may not introduce a sampling bias, at least among high-functioning 

children as examined here. This may be attributed, in part, to our use of mock-scanner 

training whereby all participants underwent at least one practice session in a simulated 

scanner environment, with feedback –continued viewing of a video– for maintaining 

constant head position.

Sources of motion and reducing motion

While we assumed subject-initiated motion to be the primary source of in-scanner motion, 

mechanical causes should also be considered. The rapid gradient switching of diffusion 

sequences is notorious for inducing scanner vibration. When the gradient is applied 

maximally to a single gradient coil, or high b-values are used, localized areas of signal 

dropout can occur from vibrationally-induced shear-waves in brain tissue (Gallichan et al., 

2010; Berl et al., 2015). This is not problematic under normal circumstances and typical b-

values, but may be an issue with mechanical deficiencies (e.g. a bed-locking problem on 

some Siemens systems; Gallichan et al., 2010), or pediatric populations (Berl et al., 2015). 

Although rare, these issues further underscore the need for careful group matching –

including quantification of signal dropouts– to balance outlier signals regardless of source.

When planning diffusion studies, sequences should be selected to minimize and recover 

from all sources of motion artifacts. Gallichan et al. (2010) recommend acquiring full k-

space data and Berl et al. (2015) found that higher spatial resolution sequences may be less 
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susceptible. Longer echo times can reduce vibrational artifacts, but with a trade off in signal-

to-noise. Sampling from a higher number of directions can help with intermittent subject-

induced artifacts as this essentially increases the number of images available for averaging, 

or multiple acquisitions of a single sequence may be collected and averaged. Such 

improvements should be considered, if compatible with limited duration of MRI sessions in 

pediatric and other challenging populations.

Subject-initiated motion can be minimized mechanically with padding, bite-bars and other 

methods. We used mock-scanner training to help reduce motion artifacts in our pediatric and 

ASD populations (as well as padding during imaging). Some research groups use anesthesia 

in patient populations, but anesthesia in healthy control groups is prohibited. While this may 

reduce subject-induced motion in the one group, it may nonetheless result in mismatched 

groups.

Implications for ASD

The results from the most stringent QM set, expected to represent anatomical differences in 

ASD with lowest probability of type 1 error, indicate atypically increased MD across 

multiple tracts and increased RD in bilateral ILF in the ASD group. This is partially 

consistent with the finding by Koldewyn et al. (2014) which showed reduced FA in the right 

ILF after quantitative group matching on motion. The ILF is a major pathway of the ventral 

visual stream, with feedforward and feedback connections between occipital and temporal 

cortices, and between visual cortices and amygdala (Schmahmann and Pandya, 2006). The 

tract plays a key role in object and face recognition (Haxby et al., 2000; Haxby et al., 2001; 

Hodgetts et al., 2015; Unger et al., 2016), found to be impaired in ASD, especially in regard 

to facial identities and expressions (Dawson et al., 2002; Dawson et al., 2004; Lerner et al., 

2013).

In addition to significant findings in bilateral ILF, effect sizes were medium to large in the 

QM set in tractography or TBSS analyses (or both) for right UNC (MD, RD), forceps major 

(FA, MD, RD), right IFOF (RD), and right SLF (FA, RD). The UNC connects orbital and 

medial frontal lobe, involved in emotional valuation, reward circuits, and self-regulation, 

with rostral temporal areas, involved in sound recognition and object identification, and 

amygdala (Quirk and Beer, 2006; Schmahmann and Pandya, 2006; Thiebaut de Schotten et 

al., 2012). The UNC thus plays a key role in attaching emotional relevance to visual and 

auditory stimuli (Barbas and De Olmos, 1990; Ghashghaei and Barbas, 2002; Schmahmann 

and Pandya, 2006; Von Der Heide et al., 2013; Oishi et al., 2015), which may be impaired in 

ASD (Green et al., 2013; Blasi et al., 2015; Kana et al., 2016). Diffusion and dissection 

studies indicate that the IFOF connects some of these same inferior frontal regions with 

ventral occipital areas (Forkel et al., 2014), implicating relevance in interpretation of facial 

affect and emotional valuation of visual stimuli (Philippi et al., 2009; Unger et al., 2016). 

While the left SLF has a prominent role in language function (Catani et al., 2005; Breier et 

al., 2008; Caverzasi et al., 2016), the larger group differences (d>.4) occurred in the right 

hemisphere where SLF may primarily support spatial attention (Gitelman et al., 1999; 

Mapstone et al., 2003; Lunven and Bartolomeo, 2016) and aspects of communication such 

as prosody, gesture, and facial expression (Ahern et al., 1991; Dara et al., 2014; Sammler et 
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al., 2015), which may be impaired in ASD (Mann and Walker, 2003; Grossman et al., 2013; 

Robertson et al., 2013; Oerlemans et al., 2014). Finally, the forceps major provides 

interhemispheric integration between left and right visual fields (Aboitiz et al., 1992; 

Gazzaniga, 1995; Arguin et al., 2000; Schmahmann and Pandya, 2006; Yamada et al., 2015), 

and any compromise may relate to atypical visual spatial attention and extensive differences 

in functional asymmetries in ASD (Haist et al., 2005; Cardinale et al., 2013).

Limitations

Our ASD sample was mostly limited to high-functioning individuals who could hold 

(mostly) still during scanning. Therefore, our findings may not generalize to lower-

functioning children with ASD, who may exhibit different or more pronounced white matter 

abnormalities. Strict quality control and motion matching for the QM set came at the 

expense of reduced sample size and power. While this reduced the risk of false positive 

findings, it was also likely to increase the risk of false negatives. As suggested by effect 

sizes, some true group differences may have therefore failed to reach significance.

Diffusion imaging in ASD: Challenges and Perspectives

Our findings show that group differences in head motion may result in artifactual or inflated 

DTI findings. This is consistent with earlier reports (Yendiki et al., 2013; Koldewyn et al., 

2014) and may suggest that many oft-cited findings from DTI studies that failed to 

implement tight group matching may be incorrect. Notably however, our findings go well 

beyond those in earlier reports (Yendiki et al., 2013; Koldewyn et al., 2014) and show that 

effects in a number of tracts (beyond right ILF) are stable or become more pronounced with 

motion matching. The fact that some of these nevertheless failed to reach significance 

indicates, not only purely statistical limitations (which are of little interest from the 

neurobiological perspective), but likely also the true and expected heterogeneity of the 

disorder. If ASD is considered a clinical umbrella term encompassing potentially hundreds 

of different and rare etiologies (Geschwind and State, 2015), it is expected that any tract-

specific white matter anomaly may be detected only in a subset of these. Differential effects 

from other etiologies comprised under the ASD umbrella will reduce the probability of 

detecting ‘significant’ differences at the group level. The field thus faces paradoxical 

challenges: On the one hand, variability and heterogeneity indicate the need for very large 

samples; on the other, the expectation of many rare variants highlights the need to study 

children with ASD as individuals. While a focus on the individual was beyond the scope of 

the present investigation on the impact of motion on group comparisons, such added focus in 

future studies may contribute to a better appreciation of the complexity of the disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Tracts of interest for probabilistic tractography analyses. Panels A-C: Tracts (from an 

exemplary individual TD participant) shown for left hemisphere only. A: Superior 

Longitudinal Fasciculus. B: Inferior Longitudinal Fasciculus. C: Uncinate Fasciculus. D: 

Forceps Major (bottom) and Minor (top). Start and stop masks indicated for all tracts.
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Figure 2. 
Significance maps of FA effects from TBSS analyses. A: Before qualitative assessment (FS 

set; nASD=57, nTD=50); B: after quality control (QC set; nASD=36, nTD=39). There were no 

significant effects in the qualitatively matched set. Significant clusters in red-yellow after 

‘thickening’ for better visibility; TBSS skeleton in green; right hemisphere displayed to the 

right.
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Figure 3. 
Effect sizes of group differences in TBSS clusters. Significant clusters from set QC were 

used as masks to determine average effect sizes (Cohen's d) for FA, MD, AD, and RD in 

each cluster in each matching stage. A: Effect size results for tensors estimated using dti-fit. 
B: Effect size results for tensors estimated using restore. FS = full set; QC = quality 

controlled; QM = quantitatively matched; rFmin=Right Forceps minor; rIFOF=Right 

Inferior Fronto-occipital Fasciculus; rSLF=Right Superior Longitudinal Fasciculus; 

rILF=Right Inferior Longitudinal Fasciculus; b=bilateral; rFmaj=Right Forceps major; 

UNC=Uncinate Fasciculus; rThal. Rad.=Right thalamic radiation.
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Figure 4. 
Effect sizes of group differences in tractography. Average effect sizes (Cohen's d) for FA, 

MD, AD, and RD were calculated within each tract, for each matching stage. A: Effect size 

results for tensors estimated using dti-fit. B.:Effect size results for tensors estimated using 

restore. FS = full set; QC = quality controlled; QM = quantitatively matched; SLF = superior 

longitudinal fasciculus; ILF = inferior longitudinal fasciculus; UNC = uncinate fasciculus.
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