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Abstract

Objective—Growing evidence indicates that autism spectrum disorder (ASD) stems from 

abnormal structural and functional connectivity of neural networks. While diagnostic symptoms 

are sociocommunicative, motor-related functions (beyond repetitive mannerisms) are also 

impaired. However, evidence on connectivity at the level of basic motor execution is limited, 

which we address here.

Method—We compared right-handed children and adolescents (aged 7-18 years) with ASD 

(n=44) to matched typically developing participants (TD, n=36) using magnetic resonance 

imaging (MRI). Diffusion-weighted imaging and probabilistic tractography measured 

microstructure of the corticospinal tract (CST). Intrinsic functional connectivity MRI examined 

whole-brain voxel-wise correlations, both with identical precentral gyrus (PCG) seeds.

Results—In the group with ASD, radial and mean diffusivity were increased bilaterally in the 

CST, particularly in superior segments, and a leftward asymmetry of CST volume detected in the 

TD group was reversed. Functionally, overconnectivity was found for both left and right PCG 

with prefrontal, parietal, medial occipital, and cingulate cortices. The group with ASD also 

showed significantly reduced asymmetry of functional connectivity for both left and right PCG 
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seeds. Finally, in the group with ASD, significant correlations were found for functional 

overconnectivity of the right PCG seed with anisotropy and mean diffusivity in the right CST.

Conclusion—The findings, implicating both functional and anatomical connectivity of primary 

motor cortex, suggest that network anomalies in ASD go well beyond sociocommunicative 

domains, affecting basic motor execution. They also suggest that even in right-handed adolescents 

with ASD, typical left hemisphere dominance is reduced, both anatomically and functionally, with 

an unusual degree of right hemisphere motor participation.
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connectivity MRI; primary motor cortex

INTRODUCTION

While autism spectrum disorders (ASD) are diagnosed based on sociocommunicative 

impairments and restricted or repetitive behaviors,1 there is increasing evidence that ASD is 

associated with abnormal motor-related functions beyond repetitive motor mannerisms, 

including hypotonia,2 abnormalities of gait,3,4 and dyspraxia or apraxia.2 Delays in motor 

development5 and impairments of gross and fine motor function6 have also been reported, 

and may be present as early as infancy5,7 and persist into adulthood.8

In a typically developing (TD) brain, voluntary movements are controlled by primary motor 

cortex (M1) and its outputs through the corticospinal tract (CST), with indirect modulation 

through basal ganglia and cerebellar circuits. Motor abnormalities in ASD are often 

interpreted as implicating basal ganglia and/or cerebellum,3,4 whereas evidence related to 

the motor control system itself remains limited. In 8- to 12-year-olds with ASD, increased 

white matter volume in the motor/premotor area (precentral gyrus) was found to be 

predictive of poorer motor function, a reversal of the correlation seen in typical children.9 

The authors suggested that this effect primarily reflected local (rather than long distance) 

connections. In the present study, we examine connectivity of the motor control system in 

ASD, including anatomical organization of its output pathway along the CST and functional 

connectivity of primary motor cortex, using diffusion tensor imaging (DTI) and intrinsic 

functional connectivity (iFC) magnetic resonance imaging (MRI).

Studies utilizing DTI indicate atypical trajectories for white matter maturation.10 Toddlers 

with ASD show increased fractional anisotropy (FA)11,12 while school-age children and 

adolescents show reduced FA, increased mean diffusivity (MD), and radial diffusivity (RD). 

This suggests an early acceleration of maturation followed by a plateau, further supported by 

longitudinal findings13 and similar to what is seen in volumetric studies of gray matter.14-16 

Abnormalities have been reported in frontal,17,18 temporal,17,18 and parietal white matter,19 

cerebellar peduncles,20 and large association tracts.17,21-23 Although none of these studies 

has systematically examined CST, a few reported limited findings within the tract. Shukla et 

al.24 and Jou et al.21 reported reduced FA and increased MD in segments of the white matter 

“skeleton” corresponding to CST. One region-of-interest study found decreased FA in 
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posterior limb of the internal capsule bilaterally and in right inferior CST (cerebral 

peduncle),20 while another found increased MD but no effects on FA.25

Complementing the investigation of anatomical connectivity through DTI, functional 

connectivity MRI (fcMRI) assesses functional coordination between spatially distributed 

brain regions.26,27 Intrinsic functional connectivity (iFC) – inferred from interregional cross-

correlations of the blood oxygen level-dependent (BOLD) signal – can be detected at rest, in 

the absence of an overt task.28 Importantly, iFC patterns correspond to brain networks 

recruited during specific cognitive processes29,30 and likely reflect functional networks 

associated with functional specialization.31,32 The iFC patterns are largely consistent with 

anatomical connectivity33,34 and are highly reliable across individuals.27,33,35

A growing number of fcMRI studies point to widespread abnormalities in interregional 

connections in ASD,26,36,37 including decreased connectivity within a motor system (M1, 

thalamus, and cerebellum38), partially replicated by a study showing reduced iFC between 

(pre)motor cortex and thalamus.39 Another study suggested reduced differentiation within 

M1 between upper and lower limb regions in ASD.40

The present study provides a comprehensive and multimodal investigation of anatomical and 

functional connectivity of the motor control system in children and adolescents with ASD 

compared to TD children. We used DTI and probabilistic tractography to examine the major 

output pathway of M1, the CST, and iFC to examine the functional connectivity of M1.

METHOD

Participants

All participants with ASD met DSM-V criteria for autism spectrum disorder.1 Prospective 

participants with ASD were administered the Autism Diagnostic Observation Schedule 

(ADOS41), and parents were administered the Autism Diagnostic Interview—Revised (ADI-

R42) with final diagnosis confirmed by an experienced clinical psychologist. Children with 

known neurological disorders other than ASD (e.g. Fragile X syndrome, epilepsy) were 

excluded. Prospective TD participants with personal or family history of autism, or personal 

history of other neurological or psychiatric conditions, were excluded. Additional 

assessments included the Wechsler Abbreviated Scale of Intelligence (WASI43), the 

Developmental Test of Visual–Motor Integration, 6th Edition (VMI44), and the Edinburgh 

Handedness Inventory.45 The study was approved by the University of California, San 

Diego, and San Diego State University institutional review boards, with written informed 

consent and assent provided by all participants and caregivers.

We scanned 108 children and adolescents, excluding 28 because of: non-right hand 

preference (4 ASD, 6 TD), exclusionary finding on MRI or other measures (6 ASD, 1 TD), 

or incomplete or poor-quality data in multiple imaging modalities (8 ASD, 3 TD; additional 

exclusions for single modalities [DTI or iFC] described in Results; for quality criteria, see 

“Analysis” sections). The final sample included 44 participants with ASD (8 female) and 36 

TD individuals (9 female) aged 7-18 years, all right-handed (Table 1) and matched for age 

and IQ.
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MRI data acquisition

MRI data (GE Discovery MR750 3.0T, 8-channel head coil) included: T1-weighted 

anatomical scan (fast spoiled gradient echo; TR=8.108; TE=3.172ms; flip angle=8°; 

resolution=1mm3); diffusion weighted images (2D echo planar imaging [EPI]; 61 non-

collinear diffusion directions at b=1000s/mm2, one at b=0s/mm2; TR=8500ms; TE=84.9ms; 

flip angle=90°; resolution=1.875×1.875×2mm3); matching field map to correct 

inhomogeneities (2D GRASS; TR=1097ms; TE=9.5ms; flip angle=45°); functional T2*-

weighted EPI (6:10 minute resting-state scan; 185 time points; TR=2000ms; TE=30ms; flip 

angle=90°; resolution=3.4mm isotropic); matching field map (2D GRASS; TR=614ms; 

TE=6.5ms; flip angle=45°). Participants viewed a white fixation cross displayed on a black 

background throughout the resting state scan.

DTI Analysis

Preprocessing used the FMRIB Software Library (FSL, v.5.046) and AFNI (v.

2011_12_21_101447), including correction of field inhomogeneities, resampling to 

1×1×1mm3, removal of non-brain tissue, and eddy current correction. Diffusion tensors, FA, 

MD, RD, and axial diffusivity (AD) were calculated, and the FA map non-linearly registered 

to the FMRIB58 FA template. Resulting transformation matrices were inverted and saved to 

facilitate fiber tracking in native space using standard-space atlases. We assessed all scans 

for motion through both visual inspection of eddy-corrected data (for signal dropout, image 

noise, shifts of head placement) and quantification of artifacts.48-50 Scans with visible 

evidence of moderate or severe motion were excluded. As our study included children as 

young as 7 years, we did not exclude scans with mild motion. Motion and related artifacts 

were then quantified following Yendiki et al.50 and this motion measure was used as a 

covariate in all analyses. Mean image translation and rotation applied during eddy correction 

were recorded, as were severity and frequency of signal dropouts across slices. These 

quantities were combined into a total motion index (TMI), which has been demonstrated to 

reduce spurious findings related to motion when used as a nuisance regressor.50

Fiber tracking was performed using probabilistic tractography (BEDPOSTX, 

ProbTrackX51,52) in native space. A binary seed mask of precentral gyrus (PCG) was 

derived from the Harvard-Oxford atlas in standard Montreal Neurological Institute (MNI) 

space, and a cerebral peduncle target mask was generated manually on the standard brain at 

z=−18 (see Figure S1, available online) with a stop mask one slice inferior. One thousand 

streamlines were initiated from each of the ~37,865 seed voxels, giving a probability map of 

connectivity (0.5-mm step length, curvature threshold=0.2). A minimum threshold for 

number of streamlines was applied at the 75th percentile (see Figure S2, available online), 

and the output binarized (see Figure S3, available online). These masks were applied to the 

DTI maps to obtain mean MD, AD, RD, and FA values for each CST, while mask volumes 

provided a measure of overall CST size in native space. The CST mask was also separated 

into three segments along its length based on the ICBM-DTI-81 white-matter labels atlas. 

These corresponded to (i) inferior CST (−18≤z<−4) lying inferior to the thalamus, (ii) 

middle CST (−4≤z<19) lying within the internal capsule, adjacent to the thalamus, and (iii) 

superior CST (z≥19) located within the corona radiata. Total brain volume (TBV), including 
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all brain parenchyma but excluding CSF, was derived from the eddy-corrected b=0 image 

using FSL's FAST.

Functional Connectivity Analysis

Functional connectivity processing used AFNI and FSL. The first five frames were 

discarded resulting in 180 total whole brain volumes. Data were slice-time and motion 

corrected by realigning to the middle time point, corrected for field inhomogeneity, co-

registered to the anatomical image, resampled to 3.0mm isotropic voxels, standardized to the 

MNI template, and spatially smoothed with an isotropic Gaussian filter to an effective full-

width at half-maximum of 6mm, to allow for statistical parametric analysis. Band-pass 

filtering at .008<f<.08 Hz isolated frequencies at which intrinsic network-specific BOLD 

correlations predominate.28 Time points with head displacement >1 mm (computed as the 

root sum of square of displacement between any two time points) and their immediately 

adjacent time points were censored, as were blocks of time points with <10 usable 

consecutive images. Mean percentage of data censored from all participants was <1.5%, 

with no difference between groups (MASD=1.6%; MTD=1.2%; p=0.81). Nuisance variables 

for linear trend, 6 rigid-body motion parameters (3 rotational, 3 translational), mean white 

matter (WM) and ventricular (CSF) signals, and their temporal derivatives (band-pass 

filtered at .008<f<.08 Hz) were modeled and removed with regression. WM and CSF masks 

were derived by combining FSL's automated tissue segmentation (fsl_anat/FAST) with 

structural templates of ventricular and subcortical zones and further eroding by one voxel. 

Finally, the root mean square of displacement (RMSD) across the time series was calculated 

for each participant and used for group matching.

The average BOLD time course was extracted from left and right PCG using identical seeds, 

as for probabilistic tractography, but excluding non-gray voxels, and Pearson's correlations 

were performed with the time courses of all other brain voxels in each participant. Resulting 

correlation coefficients were Fisher-transformed to z-values and entered into one- and two-

independent-sample(s) t-tests to examine within- and between-group iFC effects. Statistical 

maps were corrected for multiple comparisons to a cluster-size-corrected threshold of p<.05 

using Monte Carlo simulation.53

RESULTS

Diffusion Tensor Imaging

Eleven participants were excluded from diffusion analyses for excessive motion or other 

DTI artifacts (6 ASD, 5 TD); another 11 (7 ASD, 4 TD) received an fMRI but not a DTI 

scan, leaving 31 participants with ASD and 27 TD participants for the following analyses. 

Groups did not significantly differ in age, IQ, or TMI (see Table S1, available online).

Repeated-measures analyses of covariance (ANCOVAs) were conducted separately on FA, 

MD, AD, and RD. Cerebral hemisphere was the within-subjects variable, diagnosis the 

between-subjects variable, and age and TMI were covariates. For analyses of CST volume, 

TBV was also a covariate to control for individual differences in brain size. CST volume 

showed a significant interaction between diagnosis and hemisphere but no main effects for 
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either variable (Table 2). The interaction was due to a shift in asymmetry of CST volume, 

with TD participants having larger CST volumes in the left hemisphere, but ASD 

participants showing the reverse. CST volume was significantly related to TMI (p=.046) but 

not TBV or age. To further examine hemispheric differences, we calculated a volume 

asymmetry index (AI; [Left−Right/Left+Right]×100), which also differed significantly 

between groups (F(1,53)=4.04, p=.05; Figure 1A). ANCOVA performed on FA values 

showed no main effects or interactions, although there was a significant relationship to the 

age covariate (F(1,54)=14.57, p<.001), with FA increasing with age when collapsing across 

diagnostic group and hemisphere. There was no significant relationship with TMI. Both RD 

and MD were significantly higher in ASD than TD. Age was a significant covariate for both 

tests, with RD (F(1,54)=9.83, p=.003) and MD (F(1,54)=6.54 p=.02) values decreasing with 

age when collapsing across diagnostic group and hemisphere. There were no significant 

findings for AD. Effects of age within each diagnostic group are further investigated below.

Given possible confounding effects of motion and the significant relationship found between 

TMI and CST volume, the above analyses were repeated with tightly motion-matched (p=.

9) subgroups of 23 ASD and 25 TD participants. Significant findings were similar (see 

Table S2, available online).

To better localize group differences along the CST, we separately analyzed superior, middle, 

and inferior segments (see Table S3, available online). Volume of superior CST (sCST) 

showed a significant diagnosis-by-hemisphere interaction similar to that for the whole CST 

(F(1,53)=6.62, p=.01) but no main effects. Significant main effects of group were found for 

MD (F(1,54)=5.48, p=.02), RD (F(1,54)=6.45, p=.01), and FA (F(1,54)=4.32, p=.04), with 

MD and RD higher in the group with ASD and FA lower. No significant group differences 

were found for middle or inferior segments, suggesting that group differences in the main 

analyses were primarily driven by sCST within the corona radiata.

Reduced FA localized to corona radiata could be a secondary outcome of an increased 

number of crossing association or thalamo-cortical fibers. To test this, we examined volume 

fractions of primary (f1) and secondary (f2) fiber components estimated by bedpostX, 

controlling for age and TMI. Within sCST, f1 was significantly reduced in ASD compared 

to TD (F(1,54)=5.40, p=.02), but groups did not significantly differ on f2 (F(1,54)=1.91, p=.

17), and marginal f2 means were lower in ASD (.106±.003) than TD (.112±.004). Such 

findings do not support the likelihood of an increased volume of crossing fibers. No main or 

interaction effects were found for hemisphere.

Functional Connectivity

Eleven participants (8 ASD, 3 TD) were excluded from iFC analyses for missing data or 

insufficient image quality and 3 participants with ASD were excluded to improve motion 

matching. Therefore, iFC analyses included 33 ASD and 33 TD participants. Groups did not 

significantly differ in age, IQ, RMSD, or individual motion parameters (see Table S1, 

available online).

In both groups, both left and right PCG showed functional connectivity bilaterally with the 

postcentral, middle cingulate, and inferior and middle temporal gyri, supplementary motor 
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area, inferior parietal cortex, and portions of dorsolateral prefrontal cortex, as well as 

putamen, pallidum, thalamus, and cerebellum (Figure 2; details in Table S4, available 

online). Direct group comparisons revealed several significant clusters of increased 

connectivity (ASD>TD) for both left and right PCG with the left inferior prefrontal cortex 

(middle orbital and inferior frontal gyri), bilateral superior and middle frontal gyri, and the 

left inferior parietal lobule and supramarginal gyrus (see Table S5, available online). Right 

PCG had additional clusters of overconnectivity with bilateral lingual and pericalcarine gyri, 

cuneus, precuneus, and bilateral middle cingulate gyrus. A single underconnectivity effect 

(ASD<TD) was detected for left PCG in the left lateral occipital lobe.

Given hemispheric differences for both iFC and CST volume findings, two asymmetry 

indices (AIs) were calculated, one for each PCG seed. For each hemisphere, we summed the 

z’ scores across all voxels within significant connectivity clusters (excluding the seed) from 

the within-group connectivity maps (threshold: p<1×10−6). We applied the formula (L−R/L

+R)×100 to those values, with L and R being z’ scores from left and right hemispheres, 

providing separate AIs for left and right PCG seeds. One-way ANCOVA covarying for age 

showed significantly reduced asymmetry in the group with ASD for both left 

(F(1,63)=19.66, p<.001) and right (F(1,63)=14.96, p<.001) PCG seeds, reflecting greater 

ipsilateral iFC in the TD group (Figure 1B).

Age effects and Brain-behavior relationships

To examine whether connectivity was related to age, clinical symptoms, or cognitive/

behavioral measures, eight connectivity composite measures were computed to minimize 

multiple comparisons. For DTI, FA and MD were each averaged across hemispheres since 

no differences had been found, and AI of CST volume was included given the significant 

group-by-hemisphere interaction. For iFC, two AIs (for left and right PCG) were included, 

as well as mean z scores for areas of significant group differences, separate for 

overconnectivity clusters (observed for left and right PCG) and underconnectivity clusters 

(left PCG seed only; see Figure 2).

Relationships between age and connectivity were examined for each group. For diffusion 

measures, partial correlation controlling for TMI showed a significant positive correlation 

for FA in the group with ASD (r=.550, p=.002), but not the TD group (r=.318, p=.11). Age 

correlations for other diffusion and for functional measures did not survive correction for 

multiple comparisons.

The relationship with clinical symptoms was examined for ADOS Communication+Social 

(CS) total score, ADOS Repetitive Behaviors score, ADI-Social, and ADI-Communication 

scores (diagnostic algorithm) using Spearman correlations (due to skewed distributions of 

these clinical measures). We also examined relationships between connectivity composite 

measures and performance on the VMI, available for 23 ASD and 20 TD participants. The 

ADI Communication subscore in the group with ASD showed correlations with both 

bilateral FA (rho=-.388, p=.04) and iFC asymmetry of the left PCG (rho=.434, p=.02), but 

neither survived correction for multiple comparisons. No other significant correlations were 

detected for either group.
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Cross-modality correlations

Forty-six participants (22 ASD, 24 TD) had high-quality data for both diffusion and iFC 

analyses (see Table S6, available online). Average z-scores for areas of significant iFC 

group differences were calculated, again separating overconnectivity and underconnectivity 

effects for each seed (left, right PCG). Relationships between structural (FA and MD in left 

and right CST) and functional (average z scores) connectivity were examined with Pearson 

correlations separately for each group and for PCG seeds in each hemisphere. In the group 

with ASD, significant correlations were found between iFC overconnectivity of the right 

PCG seed and FA (r=0.594, p=.004) and MD (r=−.621, p=0.002) of the right CST (Figure 

3). No other correlations for either group survived correction for multiple comparisons. iFC 

asymmetry scores were calculated as described above with no significant correlations 

between these and DTI asymmetry indices (CST volume, FA, MD) for either group.

DISCUSSION

While sociocommunicative deficits garner most attention in autism research, motor 

abnormalities are also prominent, including repetitive behaviors, atypical gait,3,4 and 

dyspraxia.2 These deficits are often thought to arise from abnormalities in brain areas that 

modulate motor behavior, such as cerebellum and basal ganglia,3,4 whereas imaging 

evidence implicating the motor execution system itself remains limited.38,40 Here, we 

examined both whole brain functional connectivity of the PCG and the anatomical 

microstructure of the outputs of the motor execution system, namely the CST, using 

identical seeds.

Anatomical Compromise of CST

The group with ASD showed significantly greater MD and RD in the CST, both in our 

complete sample and in a tightly motion-matched subsample, suggesting similar structural 

abnormalities as reported for large association tracts17,21-23 and other white matter 

sectors.17,18,54 Our findings are consistent with previous studies that included part of the 

CST, using other methods.21,24 Additionally, we detected reduced FA in superior CST at the 

level of the corona radiata.

While the cellular basis of group differences cannot be conclusively determined from tensor 

measures, possibilities include differences of myelination, axon caliber, intra-axonal 

structure, or presence of crossing fibers.55 However, the volume fraction of the secondary 

fiber compartment (f2) was not increased, arguing against an increase in crossing fibers, 

while differences in radial – but not axial – diffusivity suggest reduced myelination,56-58 or 

reduced axon number or packing density.59 Reduced number or packing density (and 

reduced FA) would be most evident in superior CST, where tightly packed axons begin to 

fan to reach the expanse of M1, as indeed observed here. Both reduced myelination and 

reduced axonal number could result from reduced CST activity, given known effects of 

neural activity on myelination and cell survival.60,61

In the TD brain, FA increases as tracts mature, with connections to unimodal areas peaking 

earlier than those to multimodal areas.62-64 FA changes in CST are not always detected in 
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adolescence, possibly due to an asymptote earlier in childhood.62,63 As seen in our partial-

correlation analyses, age-related FA increase was non-significant in our TD group but robust 

and significant in our group with ASD, possibly reflecting delayed but ongoing motor 

maturation.

A further finding in ASD was atypical asymmetry. Our TD group showed larger CST 

volumes in the dominant left hemisphere than the right, similar to typical right-handed 

adults,65 but asymmetry was absent or reversed in ASD, although all participants were right-

handed. Although absolute measures of tract volume can be affected by image quality, 

relative volumes and asymmetry ratios, such as those used here, should be more stable and 

reliable. Additionally, rightward shifts of structural66-68 and functional69-71 asymmetry are 

common findings in language areas in ASD, including rightward shifts for receptive 

language as early as 12 months of age.72 A recent iFC study73 showed rightward asymmetry 

shifts in numerous sensorimotor, visuospatial, frontal-executive, and frontoparietal 

networks, suggesting that atypical functional asymmetry may be pervasive in ASD.

Cortical Functional Overconnectivity of M1

Functional connectivity analyses identified overconnectivity clusters in ASD for both left 

and right PCG seeds including in frontal and parietal association areas. Right PCG was also 

overconnected with bilateral calcarine cortex, cuneus, and bilateral middle cingulate gyrus. 

This atypical connectivity between primary motor and primary visual cortices may relate to 

a general increase in visual activity in ASD, as identified in a meta-analysis,74 and to fcMRI 

findings of increased occipito-frontal connectivity.75,76

M1 was predominantly overconnected with brain regions outside the motor network proper, 

as seen in the TD group, suggesting reduced functional segregation of the motor execution 

system in children with ASD. By contrast, typical development is characterized by 

increasing network integration (strengthening connections within neurotypical networks) 

and segregation.32,77-79 This typical trajectory of network maturation appears disrupted in 

ASD. Increased M1 iFC observed here is thus in line with recent evidence of reduced or 

delayed network segregation (or differentiation) in ASD,40,80-82 possibly due to impaired 

synaptic pruning.83 Findings add to growing evidence80,82,84,85 incompatible with the theory 

of generally reduced long-distance connectivity in ASD86,87 or the more specific hypothesis 

of frontoparietal underconnectivity.37

Functional overconnectivity in the ASD group was more pronounced for right than left PCG 

and was correlated with white matter microstructure of right CST. This suggests that right 

PCG overconnectivity is an aspect of pervasive shifts in structural and functional 

asymmetry, discussed above. Functional asymmetry of unilateral PCG seeds also differed, 

being predominantly ipsilateral in the TD group, whereas in the group with ASD, functional 

connectivity with contralateral regions was atypically strengthened. Thus, both functional 

and structural connectivity were atypical in ASD with the most prominent differences 

related to asymmetry.

Our multimodal analyses benefited from complementary strengths of DTI and iFC to 

examine different components of the motor execution system. DTI analyses examined the 
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output tract of PCG, but although cortical seeds were identical for iFC, no directly 

corresponding analysis was possible. Instead, iFC was well suited to examine cortical 

connections. Despite unavoidable differences, both analyses tapped into the motor execution 

system, as reflected in correlations detected between our iFC and DTI findings.

Although the core symptoms of ASD lie in the sociocommunicative domain, our findings 

show that systems supporting motor execution are affected with respect to both functional 

and anatomical connectivity. Remarkably, children with ASD showed both white matter 

compromise, particularly in superior CST, and predominant functional overconnectivity of 

primary motor cortex, suggesting reduced differentiation of motor execution networks. 

Finally, our findings add to growing evidence of atypical asymmetries in ASD. These appear 

to reflect general and potentially pervasive anomalies of cerebral lateralization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. Leftward asymmetry of corticospinal tract (CST) volume observed in the typically 

developing (TD) group is significantly reduced in the group with autism spectrum disorders 

(ASD). Note: Bar graphs show marginal means ±1 standard error of the mean after 

covarying for age, total motion index, and total brain volume. B. Both the left and right 

precentral gyrus seeds show significant reductions in asymmetry of functional connectivity 

in the ASD compared to the TD group. In both panels, leftward asymmetry is up (positive 

values on y axis); rightward asymmetry is down (negative values). *p<.05; **p<.001.
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Figure 2. 
Within- (p<1×10-6, corr.) and between-group (p<.05, corr.) statistical maps of functional 

connectivity of the left and right precentral gyri (PCG; warm colors represent greater 

connectivity). Note: ASD = autism spectrum disorder; TD = typically developing.
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Figure 3. 
Functional overconnectivity of right precentral gyrus (PCG) in autism spectrum disorders 

(average z-scores derived from all significant clusters showing overconnectivity effects) is 

(A) correlated with fractional anisotropy (FA; r=0.594, p=.004) and (B) inversely correlated 

with mean diffusion (MD; r= −.621, p=.002) of the corticospinal tract (CST; n=22).
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Table 1

Participant Demographics

ASD
a
 (n=44, 8 female) mean ± SD; range TD

b
 (n=36, 9 female) mean ± SD; range p-value

Age (years) 13.2±2.9; 7-18 12.8±2.4; 8-17 .50

Nonverbal IQ 104.5±17.9; 69-140 105.4±11.8; 83-129 .79

Verbal IQ 100.7±20.4; 56-147 106.1±12.4; 73-133 .17

Full-Scale IQ 102.4±18.7; 66-141 106.5±11.9; 79-132 .26

SRS Total 79.7±10.4; 57-100 41.9±5.0; 35-52 <.001

ADOS Social 9.0±3.5; 4-21

ADOS Communication 4.3±2.5; 0-13

ADOS S+C 12.6±4.9; 1-22

ADOS Repetitive Behavior 2.2±1.6; 0-6

ADI Social 19.1±5.9; 6-28

ADI Communication 15.2±5.9; 2-25

ADI Repetitive Behavior 6.5±2.3; 3-12

DTI Total Motion Index (TMI) 2.61±4.71; −1.50-18.70 0.87±2.53; −1.97-10.88 0.07

iFC-MRI RMSD 0.10±0.07; 0.02-0.30 0.09±0.07; 0.02-0.30 0.46

Note: ADI-R = Autism Diagnostic Interview-Revised; ADOS = Autism Diagnostic Observation Schedule; DTI = diffusion tensor imaging; iFC-
MRI = intrinsic functional connectivity magnetic resonance imaging; RMSD = root mean square of displacement; S+C = Social+Communication 
subscale; SRS = Social Responsiveness Scale; TD = typically developing.

a
IQ scores unavailable for 2 participants; SRS unavailable for 1 participant; ADOS scores unavailable for 4 participants; ADI-R scores unavailable 

for 2 participants.

b
SRS scores unavailable for 2 participants.
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Table 2

Diffusion Measures in Corticospinal Tract

ASD (n=31) TD (n=27) ANCOVA group comparison ANCOVA group × hemisphere

Mean SD Mean SD F p F p

TBV (cm3) 1271.95 105.82 1225.18 88.35 3.37 .07 --- ---

CST Volume (cm3)

    Left 28.60 7.32 30.41 8.43 0.02 .90 4.52 .04

    Right 29.05 8.49 28.24 8.68

FA

    Left 0.4249 0.0246 0.4322 0.0187 3.47 .07 0.97 .33

    Right 0.4259 0.0335 0.4396 0.0234

MD (10−3 mm2/s)

    Left 0.8183 0.0356 0.8012 0.0228 5.33 .03 0.00 1.00

    Right 0.8161 0.0326 0.8015 0.0282

AD (10−3 mm2/s)

    Left 1.2103 0.0347 1.1962 0.0339 1.04 .31 1.00 .32

    Right 1.2065 0.0319 1.2027 0.0378

RD (10−3 mm2/s)

    Left 0.6223 0.0403 0.6037 0.0237 6.34 .02 0.11 .74

    Right 0.6210 0.0417 0.6009 0.0307

Note: AD = axial diffusivity; ANCOVA = analysis of covariance; ASD = autism spectrum disorders; CST = corticospinal tract; FA = fractional 
anisotropy; MD = mean diffusivity; RD = radial diffusivity; TBV = total brain volume; TD = typically developing.
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