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Abstract

Individuals with autism spectrum disorder (ASD) show motor impairment into adulthood and risk decline during aging, but
little is known about brain changes in aging adults with ASD. Few studies of ASD have directly examined the corticospinal
tract (CST)—the major descending pathway in the brain responsible for voluntary motor behavior—outside its primary
motor (M1) connections. In 26 middle-aged adults with ASD and 26 age-matched typical comparison participants, we used
diffusion imaging to examine the microstructure and volume of CST projections from M1, dorsal premotor (PMd),
supplementary motor area (SMA), and primary somatosensory (S1) cortices with respect to age. We also examined
relationships between each CST sub-tract (-cst), motor skills, and autism symptoms. We detected no significant group or
age-related differences in tracts extending from M1 or other areas. However, sub-tracts of the CST extending from
secondary (but not primary) motor areas were associated with core autism traits. Increased microstructural integrity of left
PMd-cst and SMA-cst were associated with less-severe restricted and repetitive behaviors (RRB) in the ASD group. These
findings suggest that secondary motor cortical areas, known to be involved in selecting motor programs, may be implicated
in cognitive motor processes underlying RRB in ASD.
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Introduction
Autism spectrum disorders (ASD) are defined by socio-
communicative deficits and repetitive and restricted patterns
of behavior (American Psychiatric Association 2013). Individuals
with ASDs also frequently display a variety of motor abnormal-
ities, including impaired fine and gross motor skills, reduced
balance, coordination and postural control, and abnormal gait
(Jansiewicz et al. 2006; Dewey et al. 2007; Dziuk et al. 2007; Green
et al. 2009; Fournier et al. 2010; Bhat et al. 2011; Nobile et al. 2011;

Downey and Rapport 2012; Cassidy et al. 2016; Kaur et al. 2018).
These motor difficulties (or delays) may be detected even prior
to an ASD diagnosis (Iverson et al. 2019) and persist across the
life span (Minshew et al. 2004; Ming et al. 2007; Dawson et al.
2010; Abu-Dahab et al. 2013; Lloyd et al. 2013; Travers et al. 2017;
Linke et al. 2019).

During toddlerhood, longitudinal studies show that motor
abilities further diverge from typical development from the age
of 1–3 years with fine and gross motor skills falling even further
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behind in ASD (Dawson et al. 2010; Lloyd et al. 2013). In childhood
and adolescence, increasing impairment in grip strength and
motor speed was reported with age but decreasing incoordina-
tion in a sample aged 5–21 years (Abu-Dahab et al. 2013). Another
study found that the incidence of hypotonia, apraxia, and gross
motor deficits in ASD was lower in older children/adolescents
(aged 7–18 years) than younger children (aged 2–6 years) (Ming
et al. 2007), suggesting improvement in some motor skills in
adolescence.

Motor function declines in healthy aging (Potvin et al.
1980) and, in ASD, this may exacerbate preexisting motor
deficits, described above. A longitudinal study in a sample aged
5–40 years found that participants with ASD did not keep up
with gains seen in typical comparison (TC) peers such that the
ASD group fell further behind from adolescence to middle age
(Travers et al. 2017). A study in a similar age range (5–52 years)
found delayed development of postural stability in ASD, which
remained well below typical adult levels (Minshew et al. 2004).
Among the few studies in middle-aged to older adults with ASD,
our group found impaired basic motor skills (manual dexterity,
strength and flexibility, and coordination) in the same middle-
aged adults with ASD as in the present study when compared
with typical controls, suggesting persistent motor difficulties
(Linke et al. 2019). Additionally, there may be an increased risk
of neurodegenerative disease in this population as a few studies
have found that adults with ASD may be at heightened risk
of parkinsonism and other adult-onset neurological disorders
(Croen et al. 2015; Starkstein et al. 2015). Reduced mobility,
especially in older persons, can significantly impact the quality
of life (Ferrucci et al. 2016). Therefore, an understanding of the
age-related trajectories of motor systems in middle-aged and
older individuals with ASD is needed (Piven and Rabins 2011;
Torres et al. 2020; Wise 2020).

Despite the strong behavioral evidence of impaired motor
function in ASD, relatively little is known regarding the underly-
ing neural mechanisms, particularly in adults. Among the few
adult studies, interhemispheric functional underconnectivity
of primary motor (M1), primary somatosensory and premo-
tor areas in middle-aged adults with ASD (Linke et al. 2019),
increased activation in right pericentral and premotor cortex
during visuomotor learning (Müller et al. 2004), and reduced
functional and structural connectivity between the pre- and
postcentral gyri in young to middle-aged adults with ASD have
been found (Thompson et al. 2017; Linke et al. 2019). Compro-
mised microstructure of right-hemisphere u-fibers underlying
the hand knob area of the primary motor cortex has also been
associated with poorer motor performance in young to middle-
aged adults with ASD (Thompson et al. 2017).

The cortical motor system, modulated by subcortical
and cerebellar circuits, is involved in planning, selecting,
and controlling voluntary movements which are crucial for
interacting with the external environment (Rizzolatti and
Luppino 2001). The corticospinal tract (CST) is the major output
pathway from the motor cortices to the peripheral nervous
system. While best known for carrying axons from bilateral
primary motor cortex to the spinal cord, the CST descends
from functionally more diverse cortical motor and even sensory
areas, including bilateral primary somatosensory, premotor, and
supplementary motor areas (SMAs) (Dum and Strick 1991; He
et al. 1993; Galea and Darian-Smith 1994; Ueno et al. 2018). How
this diverse corticospinal activity is transformed into motor
output within the ventral horn is still not fully understood and
appears to integrate excitatory and inhibitory inputs including

“mirror-like” processes. For example, corticospinal neurons are
active during action observation and could play an important
role in suppressing movements during mental rehearsal/action
observation (Kraskov et al. 2009; Vigneswaran et al. 2013) or
predicting/anticipating movements (Amoruso et al. 2018).
Therefore, the CST appears to play a complex role in modulating
neural sensorimotor activity between the brain and body, which
could be implicated in ASD where abnormalities in sensorimotor
processing are frequent.

Several ASD studies have examined the CST or its passage
through the posterior limb of the internal capsule (PLIC), with
mostly consistent findings. Elevated fractional anisotropy (FA)
in the PLIC has been found in infants later diagnosed with
ASD and in toddlers with ASD (Wolff et al. 2012; Andrews et al.
2019). A longitudinal study found that infants later diagnosed
with ASD showed a slower increase in FA from 6–24 months
when compared with an ASD-negative at-risk group (Wolff et al.
2012). In children and adolescents with ASD, studies have found
reduced FA and increased mean diffusivity (MD) and radial dif-
fusivity (RD) in bilateral CST (Carper et al. 2015), within the white
matter skeleton corresponding to the CST (Jou et al. 2011; Shukla
et al. 2011) and within the regions of interest corresponding to
right CST and bilateral PLIC (Brito et al. 2009). However, at least
one study of children with ASD did not detect a difference in
FA or diffusivity measures of the CST (Koldewyn et al. 2014).
Additionally, one study found a loss of typical leftward later-
alization of CST volume in children and adolescents with ASD
(Carper et al. 2015). A longitudinal study found that reduced FA
of bilateral PLIC in children with ASD normalized in adolescence
and adulthood, while (somewhat paradoxically) the gap in motor
skills increased between ASD and typically developing individ-
uals (McLaughlin et al. 2018). As with cortical motor findings, in
adults, CST findings remain rather sparse. One study in a sample
with a wide age range (30–74 years) found increased MD and
RD in ASD in right CST but found no age-related group effects
(Koolschijn et al. 2016).

Intriguingly, there is now growing evidence of a link between
motor skills and autism symptom severity (Fulceri et al. 2019;
Ohara et al. 2019), but few studies have investigated the neural
correlates linking these domains using brain imaging. One study
found a correlation between grip strength performance and
social skills deficits and that the relationship between them
was mediated by FA of CST white matter at the level of the
brainstem in children and adults aged 5–33 years with ASD
(Travers et al. 2015). Functional connectivity of motor cortex has
been linked with severity of both social communication deficits
(Nebel et al. 2016; Oldehinkel et al. 2019) and restricted and
repetitive behaviors (Abbott et al. 2018) in children with ASD.
Indeed, understanding how and which motor systems relate
to different aspects of autism symptoms will be crucial for
understanding the mechanisms underlying this relationship.

The CST comprises connections between primary motor, pri-
mary somatosensory, premotor, and supplementary areas with
the spinal cord. Advances in diffusion magnetic resonance imag-
ing (MRI) methods modeling more than a single fiber population
per voxel permit the in vivo study of the CST in humans more
comprehensively than before (Farquharson et al. 2013; Archer
et al. 2017; Chenot et al. 2019). However, none of the previously
mentioned studies that examined the CST (via tractography) in
ASD discriminated between connections from primary motor
cortex and those from other cortical areas (Koldewyn et al.
2014; Carper et al. 2015; Koolschijn et al. 2016). But retrograde
tracer studies in the macaque estimate that less than 50% of
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CST projections originate from the primary motor cortex (Dum
and Strick 1991; Galea and Darian-Smith 1994). Thus far, no
diffusion study has examined the CST with respect to specific
cortical areas that may each have different effects on the motor
behavior in ASD and the different rates of change during devel-
opment and aging. The present study examines for the first
time the diverse projections of the CST and their relation to
age in middle-aged adults with ASD compared with a control
group matched for age, gender, handedness, and in-scanner
head motion as well as their relationship with autism symptoms
and motor performance. Given the previous reports of com-
promised CST microstructure in adolescents and adults with
ASD and the increased risk of neurodegenerative disease (e.g.,
parkinsonism) in middle-aged and older adults with ASD, we
hypothesize CST from the primary motor cortex (M1-cst) to show
compromised microstructure (reduced FA and increased MD)
and a steeper age-related decline in the ASD group. Although
previous studies have not specifically looked at the nonprimary
motor CST, that is, primary somatosensory and secondary motor
portions, in ASD, we hypothesize them to show similar effects as
for M1-cst.

Materials and Methods
Participants

Seventy-three participants (35 ASD, 37 TC), aged 40–70 years,
were recruited from San Diego County communities through
referrals from autism clinics, service providers (e.g., day pro-
grams, group homes, and meetups), and local advertisement as
part of an ongoing longitudinal study. Individuals with comor-
bid autism-related medical conditions (e.g., Fragile-X syndrome,
tuberous sclerosis, and epilepsy) or other neurological condi-
tions (e.g., Tourette syndrome) were not eligible for participation.
TC participants had no family history of autism or personal
history of other neurological conditions or serious mental ill-
ness. There was no formal minimum intelligence quotient (IQ)
requirement, although all participants needed sufficient func-
tional communication to cooperate with magnetic resonance
imaging (MRI) and complete neuropsychological assessments.
Seventeen datasets were excluded after quality assessment of
the imaging data (12 were affected by a hardware issue, 2 scans
were incomplete, and 3 had low quality anatomical images) and
three participants were excluded for incidental brain findings.
The final sample consisted of 26 ASD and 26 TC participants.

A preexisting diagnosis was not required for recruitment.
All ASD diagnoses were made or confirmed by a clinical psy-
chologist according to the DSM-5 criteria (American Psychiatric
Association 2013) and were supported by module 4 of the Autism
Diagnostic Observation Schedule, second edition (Lord et al.
2002) which was administered as part of the research study
(current Autism Diagnostic Observation Scale [ADOS] scores
were not available for one participant due to administrator error,
however, this individual met the ASD criteria on a research-
related ADOS within the preceding 5 years). IQ was assessed
with the Wechsler Abbreviated Scale of Intelligence, second
edition (WASI-II) (Wechsler 2011). The Edinburgh Handedness
Inventory was used to determine manual preference (Oldfield
1971). Motor function was assessed using the Bruininks Motor
Ability Test (BMAT) Short Form (Bruininks and Bruininks 2012).

The study was approved by the San Diego State University
and University of California, San Diego institutional review
boards. All participants (or their conservators) gave written
informed consent before participation.

Image Acquisition

MRI data were collected at the Center for Functional Magnetic
Resonance Imaging (CFMRI, University of California, San Diego)
on a 3T GE Discovery MR750 scanner. Diffusion-weighted
images were acquired with 46 noncolinear directions at one
of two b-values, b = 1500 (14 ASD and 9 TC participants) or
1000 s/mm2 (12 ASD and 17 TC participants) and 6 interspersed
volumes at b = 0 s/mm2 (time repetition [TR] = 4000 ms, time
echo [TE] = 89 ms, multiband factor = 3, 27 slices/band, field
of view = 24 cm, 1.7 mm3 spatial resolution) with reversed
(anterior–posterior) phase encoding to correct for suscepti-
bility distortions and to improve the signal-to-noise ratio.
A high-resolution anatomical T1-weighted MPRAGE image
(TR = 8.776 ms, TE = 3.656 ms, flip angle = 8◦, matrix 320 × 320,
0.8 mm3 spatial resolution) was also acquired.

Data Preprocessing

The diffusion-weighted images were preprocessed using the
FMRIB Software Library (FSL) (Jenkinson et al. 2012). The
susceptibility-induced off-resonance field was estimated and
corrected from the reversed phase encoding image pairs using
“topup” (Andersson et al. 2003). Inter- and intra-volume head
motion, signal dropout, and eddy current distortions were
corrected with “eddy,” including outlier slice replacement, using
information from both individual slices and multiband slice
groupings (Andersson et al. 2016; Andersson and Sotiropoulos
2016; Andersson et al. 2017). Rotation corresponding to the
motion parameters was applied to the diffusion direction matrix
(b-vectors). Due to the difference in b-values between the two
protocols, the data were harmonized (see Statistical Analysis),
and a protocol variable was included in all statistical analyses.
The diagnostic groups were matched on protocol.

Root mean square displacement of the diffusion-weighted
volumes relative to the first nondiffusion-weighted volume and
the percentage of slices (out of the total number of slices in
diffusion-weighted volumes) affected by the signal dropout from
motion were used to quantify and match the groups on the head
motion. Diffusion tensor imaging measures, including FA and
MD, were estimated using a weighted least-squares fit.

Fiber Tractography

Probability distribution functions of the local fiber orientations
at each voxel were built using a ball-and-stick model, allowing
up to three fiber orientations per voxel (Behrens et al. 2007).
Probabilistic tractography was performed in diffusion space with
FSL’s “Probtrackx2” by sampling from the orientation distri-
butions starting from seed regions, as described below, using
the following parameters: 5000 seeds per voxel, modified Euler
integration, step length = 0.5 mm, curvature = 0.2 (Behrens et al.
2003, 2007), and was run on GPUs for faster computing times
(Hernandez-Fernandez et al. 2019).

To reconstruct the CST sub-tracts, we seeded from function-
ally defined sensorimotor areas: left and right primary motor
(M1), dorsal premotor (PMd), ventral premotor (PMv), SMA, and
primary somatosensory (S1) regions from the Human Motor
Area Template (HMAT, Fig. 1A) (Mayka et al. 2006). (The pre-SMA
was not included, given the lack of anatomical data support-
ing corticospinal projections from this region (Luppino et al.
1994).) The template regions were nonlinearly warped from the
Montreal Neurological Institute (MNI) space to subject diffusion
space via the anatomical image using ANTs registration (Avants
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Figure 1. (A) The seed regions from the HMAT (Mayka et al. 2006), labeled by color, and waypoint/stop regions (PLIC and CP, labeled) used for tractography, shown in
MNI space (far left), and the cst connections, in corresponding colors, in anterior, lateral, and superior views (left to right) shown for a right-handed ASD male, 49 years

old. (B–D) Associations between cst measures and behavior (BMAT and ADOS-2 subscores). (B) Left SMA-cst volume was differentially associated with manual dexterity
across diagnostic groups, being negative in ASD and positive in TC. Greater RRB severity was associated with increased MD of the (C) left PMd-cst and (D) left SMA-cst
in the ASD group. Shaded areas represent the 95% confidence interval. S, superior; I, inferior; A, anterior; P, posterior; L, left; R, right.

et al. 2008) followed by boundary-based registration within sub-
jects (Greve and Fischl 2009). Regions of interest covering the
left and right PLIC and left and right cerebral peduncles (CP)
were drawn in the MNI space on three consecutive axial slices:
z = 7–9 mm and − 29 to −31 mm in the MNI coordinates, respec-
tively (Fig. 1A), and were warped to the diffusion space using
the same MNI–diffusion space transformation. Tracking was
constrained to pass through ipsilateral PLIC and to pass through
and stop in ipsilateral CP.

The tract probability maps were threshold at 1% of their max-
imum values and were binarized to create a tract mask. Tract
volume was calculated as the total volume of the binarized tract
mask. Tract-specific diffusivity measures were calculated by
averaging the values across voxels within the binary tract mask.

Statistical Analysis

Statistical analyses were conducted in R (R Core Team 2016),
and plots were created using the package “ggplot2” (Wickham
2016). t-tests and chi-square tests (for categorical variables) were
used to assess the differences between the ASD and TC groups
on age, sex, handedness, IQ, and head motion measures. The
diffusion scalar maps (FA and MD) were harmonized across the
acquisition protocol (b-value) using an empirical Bayes’-based
method (Johnson et al. 2007) that was implemented for imaging
data and demonstrated to be robust for small sample sizes and
biased samples (ComBat; Fortin et al. 2017). Harmonization was
performed at a voxel-wise level on the scalar maps warped

to MNI space, which were warped back to the diffusion space
to extract the tract measures. The individual values for tract
volume were also harmonized across protocol using ComBat.
Subjects’ tracts that exceeded +/− 3 standard deviations (SDs)
from the mean on any of the measures were removed as outliers.
Tracts affected included: both right PMd-cst and right SMA-cst
(two TC participants), both left PMd-cst and left SMA-cst (one
ASD participant), right PMd-cst only (one ASD participant), right
S1-cst only (one TC participant), and right M1-cst only (one ASD
participant).

Permutation testing with 5000 iterations was used for all tests
to control for type I error. Analyses of covariance (ANCOVAs)
were performed for each tract and measure (FA, MD, and volume)
to assess the effects of group, age, and group-by-age interac-
tions. Post hoc partial correlations were run to explore age and
group-by-age effects. Motion-related slice dropout and a dummy
variable coded for the different b-value protocols were included
as covariates in all analyses involving tract measures to control
for imaging protocol and head motion, respectively. To examine
brain–behavior relationships, partial Pearson correlations were
performed on each tract measure with the coordination, manual
dexterity, and strength and flexibility subscores of the BMAT, in
the ASD and TC groups separately. To account for the ordinal,
noncontinuous nature of Autism Diagnostic Observation Scale,
second edition (ADOS-2) measures, partial Spearman’s correla-
tions were performed on each tract measure with social affect
(SA) and restricted and repetitive behaviors (RRB) subscores in
the ASD group. Partial correlations adjusted for age, motion, and
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Table 1 Participant characteristics and group matching

ASD (n = 26)a TC (n = 26) Pb

Mean ± SD [range] Mean ± SD [range]

Gender (M/F) 21/5 23/3 0.44
Handedness (R/L) 24/2 23/3 0.64
Age (years) 51.1 ± 6.0 [41–64] 51.6 ± 6.1 [40–61] 0.77
WASI-II verbal IQ 103 ± 24 [52–160] 115 ± 14 [85–144] 0.04

Nonverbal IQ 115 ± 14 [85–144] 114 ± 12 [93–138] 0.15
Full-scale IQ 106 ± 22 [51–143] 116 ± 12 [92–138] 0.04

BMAT summary score 435 ± 57 [310–510] 489 ± 20 [424–516] <0.01
ADOS-2 social affect 10.4 ± 4.0 [5–19] — —

Repetitive behavior 3.6 ± 1.8 [1–8] — —
Symptom severity 7.4 ± 2.0 [3–10] — —

Motion dropout (% slices) 0.04 ± 0.13 [0–0.64] 0.01 ± 0.02 [0–0.08] 0.14
RMSD (head motion) 1.31 ± 1.16 [0.34–5.34] 1.10 ± 0.56 [0.43–2.78] 0.40

Notes: M, male; F, female; R, right; L, left.
aADOS-2 subscores were unavailable for one ASD participant due to administrator error (see text), and three ASD participants did not complete the BMAT.
bt-tests; chi-square test for sex and handedness.

Table 2 Means and SDs of CST sub-tract volumes (in mm3) by diagnostic group

Left hemisphere Right hemisphere

M1-cst PMd-cst SMA-cst S1-cst M1-cst PMd-cst SMA-cst S1-cst

ASD mean 7650 7090 5347 5461 7719 6674 5690 5974
ASD SD 1412 1570 1385 1786 1474 1561 1346 2371
TC mean 8044 6853 5805 5823 7852 7011 6227 6441
TC SD 1082 1500 1247 1045 1218 1522 1337 1721

Note: SD, standard deviation of the mean.

protocol. The fine motor and balance and mobility subscores
of the BMAT were not tested due to their very limited ranges
(ceiling effect). False discovery rate (FDR) correction (Benjamini
and Hochberg 1995) was applied to the ANCOVA and partial
correlation analyses for each variable of interest (e.g., diagnosis
by age, age, and ADOS subscore) separately, controlling for the
number of left and right cst tracts and measures (24 tests). All
analyses were additionally performed excluding the left-handed
individuals to investigate effects that may depend on handed-
ness, as brain activation and morphology have been linked to
handedness (Dassonville et al. 1997; Amunts et al. 2000).

Results
The groups were matched on age, sex, handedness, nonverbal
IQ, protocol, and head motion (Table 1). All tracts were recon-
structed successfully (Fig. 1A), with the exception of the ventral
premotor cst. That tract was highly variable across subjects
regardless of group, appearing very extensive in some subjects
and very thin and narrow in others. This was reflected in large
coefficients of variation (CV) in both volume (CV = 0.42, aver-
age CV for other tracts = 0.27) and streamline count (CV = 2.45,
average CV for other tracts = 0.87) averaged across hemispheres.
The ventral premotor cst was therefore excluded from further
analyses. Table 2 shows the means and SDs of cst sub-tract
volumes by diagnostic group.

No significant group, age, or group-by-age effects were found
in the ANCOVA results. However, since the literature on middle
age and aging in ASD is extremely limited, we report effect sizes

(Supplementary Table S1) as an important contribution to the
knowledge base. Effect sizes were small bilaterally for M1-cst,
the canonical motor tract, and largest portion of the CST by
volume, with no apparent group, age, or group-by-age effects.
By contrast, right PMd-cst, the next largest tract, showed several
results with medium effect sizes (partial η2 ≥ 0.06), including: for
the right PMd-cst FA, the group-by-age interaction (reflecting a
positive relationship with age in the ASD but not in the TC group;
Supplementary Fig. S1A) as well as the group effect (TC < ASD).
A medium age effect was also found for right PMd-cst MD (posi-
tively related to age). In the smaller tracts, medium effects were
found for left S1 FA (group: ASD > TC; group × age: negatively
related to age in TC but not in the ASD group; Supplementary Fig.
S1B). When excluding left-handed participants, all of the above
medium effects remained. We also observed additional medium
effects in left M1-cst volume (group: ASD < TC) and right M1-cst
MD (group: ASD > TC; group × age: positively related to age in
the ASD but not in the TC group; see Supplementary Table S2)
and group-by-age interaction in left S1-cst FA (positively related
to age in ASD but not in the TC group; see Supplementary Table
S2).

For the brain–behavior associations, no significant corre-
lations between the M1-cst and BMAT measures were found
after FDR correction. However, at a subthreshold level (P < 0.05,
uncorrected), nominally significant correlations between left
SMA-cst volume and the manual dexterity BMAT subscore were
observed in the ASD (partial r = −0.499, P = 0.030) and TC (partial
r = 0.444, P = 0.033) groups. Interestingly, the direction of the rela-
tionship between tract volume and behavior differed between

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab062#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab062#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab062#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab062#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab062#supplementary-data
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Table 3 Partial Spearman’s correlation results between CST sub-tract and ADOS-2 measures in the ASD group. Significant partial correlations
(pFDR < 0.05) are shown in bold

Left hemisphere Right hemisphere

Social affect RRB Social affect RRB

df Partial r pFDR Partial r pFDR df Partial r pFDR Partial r pFDR

M1-
cst

FA 19 0.15 0.99 −0.28 0.53 18 0.26 0.99 0.12 0.77
MD 19 −0.01 0.99 0.45 0.29 18 −0.08 0.99 0.20 0.66
Volume 19 0.17 0.99 −0.05 0.83 18 −0.07 0.99 0.14 0.75

PMd-
cst

FA 18 0.02 0.99 −0.33 0.51 18 −0.13 0.99 −0.06 0.83
MD 18 0.13 0.99 0.68 0.01 18 0.23 0.99 0.33 0.51
Volume 18 −0.10 0.99 −0.26 0.57 18 0.02 0.99 0.05 0.83

SMA-
cst

FA 18 −0.14 0.99 −0.42 0.31 19 0.12 0.99 −0.08 0.83
MD 18 0.23 0.99 0.63 0.04 19 0.06 0.99 0.30 0.53
Volume 18 −0.07 0.99 0.06 0.83 19 0.10 0.99 −0.13 0.77

S1-
cst

FA 19 0.03 0.99 −0.20 0.66 19 0.00 0.99 0.17 0.66
MD 19 0.16 0.99 0.43 0.31 19 0.05 0.99 0.18 0.66
Volume 19 0.18 0.99 −0.18 0.66 19 −0.06 0.99 −0.28 0.53

the two groups with the lower volume of left SMA-cst linked
to better performance in the ASD group but to slightly poorer
performance in the TC group (Fig. 1B). Supplementary Tables
S3 and S4 show the partial correlation results of the BMAT
measures for the ASD and TC groups, respectively. These cor-
relations remained in the same direction when excluding left-
handed individuals and when they were run separately for each
diffusion protocol.

For associations between sub-tracts and ADOS-2 measures,
after FDR correction, several significant correlations were found
(Table 3). The RRB subscore of the ADOS-2 was positively
associated with the diffusivity measures of left PMd-cst
(MD: partial r = 0.684, pFDR = 0.009; Fig. 1C) and left SMA-cst
(MD: partial r = 0.628, pFDR = 0.038; Fig. 1D). These correlation
effects remained significant or marginally significant when
excluding left-handed participants from the analyses. When
the correlation analyses were run separately for each protocol,
the same trends emerged within protocol, with all of the above
correlations showing partial r > 0.35.

Discussion
The present study examined sub-tracts of the CST including the
canonical M1-cst and broader, nonprimary motor portions of the
tract (PMd-cst, SMA-cst, and S1-cst) as well as links between
these tracts and autism symptomology and motor abilities in
middle-aged adults with ASD. We segmented the CST based on
functionally specific primary motor, secondary motor, and S1
areas to gain anatomical specificity. Although we expected sig-
nificant group differences, no significant group-by-age, group, or
age effects were detected for the canonical M1-cst. Neither were
there significant effects found for nonprimary corticospinal con-
nections, although medium group-by-age, group, and age effects
were observed for PMd-cst (but not M1-cst). However, we identi-
fied, for the first time, significant links between the secondary
motor (PMd and SMA) corticospinal connections and autism
traits (specifically RRB) in ASD. Nominally significant correla-
tions between left SMA-cst volume and manual dexterity skills
were also found, where the direction of the relationship differed
between diagnostic groups (negative and positive relationships
in the ASD and TC groups, respectively), but did not survive the

FDR correction. This highlights the need for greater anatomical
specificity in the study of such a large pathway as the CST, which
has contributions from functionally distinct areas serving both
primary and modulatory motor functions (Dum and Strick 1991;
Galea and Darian-Smith 1994).

Aging Trajectories of the CST

Longitudinal and cross-sectional diffusion MRI studies in the
typical population have shown that the CST as a whole under-
goes protracted development, with FA estimated to peak in early
to midadulthood, and follows a slow decline in aging (Lebel
and Beaulieu 2011; Lebel et al. 2012; Yeatman et al. 2014; Cox
et al. 2016). In the published literature, reported age effects in
diffusivity measures of the CST from middle to older age are
relatively subtle (Cox et al. 2016). In our sample of middle-aged
adults, we did not detect group, age, or group-by-age interaction
effects in the canonical M1-cst. This is not consistent with the
overall literature on typical aging and is most likely due to our
study being underpowered to detect age effects in M1-cst. It is
also largely consistent with another cross-sectional study on
the CST in adults with ASD that included an overlapping, but
wider age range (30–74 years). That study also found neither age
nor group-by-age effects but did identify increased diffusivity in
the ASD group when compared with controls (Koolschijn et al.
2016). While we did not detect comparable group differences in
microstructural indices, this could be due to the smaller sample
size (n = 52 vs. n = 100) as well as the more focused age range (24
vs. 44 year range) in our study. Based on the calculated effect size
from Koolschijn and colleagues, power analysis conducted using
G∗Power 3.1 (Faul et al. 2009) revealed a limited statistical power
of 0.46 in our sample. However, when excluding left-handed
participants, we observed medium (but nonsignificant) effects
of group and group-by-age in right M1-cst MD that showed
elevated MD in the ASD relative to the TC group, consistent
with Koolschijn and colleagues, and a positive relationship with
age in the ASD but not the TC group. This is consistent with
a trajectory of accelerated decline of right M1-cst with age in
the ASD group. We also found a medium effect size of group in
left M1-cst volume that was reduced in ASD, but did not reach
the level of significance, which is also compatible with reduced
leftward lateralization in CST volume previously reported in ASD

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab062#supplementary-data
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adolescents (Carper et al. 2015). CST volume was not available in
the Koolschijn et al. study for comparison.

Examination of nonprimary motor CST sub-tracts showed
age and group-by-age effects of medium size that did not reach
the level of significance. A medium age effect was observed
in right PMd-cst microstructure (positively associated for MD).
There was a medium group-by-age interaction effect with a
negative association in microstructural integrity (decreased FA)
with age of the right PMd-cst in the TC group, which was not
the case in the ASD group where the opposite pattern was
found (increased FA associated with age). A similar medium size
interaction effect was observed for the left S1-cst FA, showing an
associated increase with age in the ASD but not the TC group.
At a neurobiological level, it is unlikely that microstructural
integrity of the CST increases in middle age. A more plausible
explanation is that these effects derive from relative sparing of
the CST combined with selective degeneration of other tracts
(e.g., thalamo-cortical) traveling within the internal capsule that
intersect the CST. Indeed, paradoxical findings of increased FA
driven by loss of crossing fibers have been reported in neu-
rodegenerative disorders (Douaud et al. 2009, 2011) and in a
longitudinal aging study (De Groot et al. 2016). As suggested
in Pierpaoli et al. (2001), MD can be informative in differen-
tiating the relative contribution of the tract of interest from
crossing tracts on FA. Specifically, a simultaneous increase in
MD and FA points to degeneration of crossing tracts, whereas
a decrease in MD concomitant with increasing FA indicates
improving microstructural integrity of the tract of interest. The
concomitant increase in right PMd-cst MD we observed with age
(across groups) supports the likelihood that the finding of age-
associated increase in FA is driven by crossing tracts combined
with sparing of PMd-cst. Decreased FA as found with age in the
TC group, likely indicates demyelination, axonal degeneration,
and/or axonal loss (Beaulieu 2002).

Studies on the PLIC, which encompasses all corticospinal
connections (primary and nonprimary), are most readily com-
pared with the collective corticospinal connections examined
in the present study rather than the individual sub-tracts. The
medium-to-large size interaction effects of atypical age-related
correlations of CST connections in ASD we observed, intrigu-
ingly, are consistent with a longitudinal study in a younger age
range than ours (3–41 years) that projected FA of the PLIC in
ASD to surpass their typical peers in adulthood (McLaughlin
et al. 2018). However, the fact that we do see continued deficits
in motor skills relative to TC individuals in our middle-aged
adult sample combined with the additional caveat regarding the
interpretation of diffusion indices with respect to crossing tracts
suggests that a positive age-related association in FA reflects
rather the degeneration of tracts crossing a relatively preserved
CST or a cohort effect within the ASD group.

Links Between CST and Motor Performance in ASD

We found nominally significant correlations that did not survive
the FDR correction between left SMA-cst volume and manual
dexterity skills in both ASD and TC groups which differed in the
direction of the relationship (negative in the ASD and positive
in the TC group). It is interesting to note that a somewhat
similar pattern of findings in primary versus secondary motor
systems was found in a study of cortical white matter volume
and motor performance in ASD. In a study of children, increased
volume of the radiate white matter (white matter just beneath
the cortex) of bilateral primary motor cortex was associated

with improved motor skills in typically developing participants,
whereas increased radiate white matter volumes of left primary
and premotor cortices were associated with poorer motor skills
in the ASD group (Mostofsky et al. 2007). While our findings were
in SMA-cst rather than PMd-cst and M1-cst, the reversed direc-
tion of associations between volume and motor performance
in the ASD group in both studies is striking and could reflect
more widespread differences in organization within the motor
network and particularly nonprimary motor inputs.

Link Between Secondary Motor CST and RRB Severity

Lower MD of left PMd and SMA corticospinal connections
were significantly linked to a lower severity of restricted and
repetitive patterns of behavior and interests in ASD. RRB
can vary from repetitive sensory and motor behaviors (e.g.,
hand-flapping, rocking) to “higher-order” behaviors, such as
an insistence on sameness or restricted interests (Leekam
et al. 2011). The PMd cortex and SMA have distinct roles
that are relevant to RRB. The PMd cortex is involved in the
selection of motor programs based on learned associations
with external stimuli (Halsband and Passingham 1985), while
the SMA is involved in internally remembered motor sequences
(Roland et al. 1980) and is prompted by proprioceptive cues
(Passingham 1987). There are direct monosynaptic projections
from the SMA and primary motor cortex that innervate and
exert influence on common motoneurons (Maier 2002), and the
SMA has been shown to play a role in the reactive inhibition of
unwanted movements (Chen et al. 2010). Thus, these secondary
motor inputs may play an important role in modifying the
characteristics or the frequency of repetitive behaviors. The
correlation found between RRB and the left PMd and SMA tracts
in adults with ASD may reflect a greater ability to appropriately
select actions based on associated stimuli and to inhibit
inappropriate (e.g., stereotyped) behaviors at the periphery in
individuals with more effective secondary motor relays.

Limitations

There were several limitations in the present study. One is the
small sample size, limiting the statistical power to detect subtle
effects such as age in the CST. However, this is an important pop-
ulation that is understudied but difficult to recruit, given chang-
ing nosology (American Psychiatric Association 1968, 1987, 1994,
2013) and underdiagnosis in this age range (Brugha et al. 2011).
Another limitation is the cross-sectional design, which does not
allow for us to track changes in the CST longitudinally. The age-
related differences in CST measures of medium effect size we
observed are therefore susceptible to potential cohort effects
between younger and older participants and are not necessarily
attributed to the differences in rates of change. The ASD sample
in this study also consisted largely of participants without a co-
occurring intellectual disability, therefore the results may not be
generalizable to ASD populations with an intellectual disability.

While multifiber probabilistic tractography was used, the
diffusion data were limited to a single q-shell (b-value). This
could be one reason why the ventral premotor corticospinal
connections could not be reliably reconstructed in many of
the participants, given that the ventral premotor descending
connections contribute only a small percent of corticospinal
output from the frontal lobe ∼4% (Dum and Strick 1991). The
reconstruction of the CST and its sub-tracts would benefit from
running tractography on the multishell diffusion data.
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Conclusion
Although we did not find significant alterations in any of the
CST sub-tracts examined in a sample of middle-aged adults with
ASD, effects of medium size were detected. We also found an
association between secondary motor connections and autism
symptoms in ASD. Reduced microstructural integrity of left PMd
and SMA-cst was linked to higher severity of RRB in ASD and
could be related to a diminished ability to select actions via these
tracts. The differential relationship found between left SMA-cst
volume and manual dexterity in ASD and TC groups could sug-
gest altered inputs to secondary motor areas in ASD. Widespread
motor deficits and alterations in brain motor networks in ASD
are consistently reported in the literature, but their relevance
to autism symptoms is not well understood. These findings
suggest that the projection pathways of the motor network, and
in particular connections with secondary motor cortices, are
implicated in ASD and show unexpected associations with the
core ASD symptoms. Understanding how these secondary motor
areas are involved in or affected by ASD may help guide research
on interventions related to RRB and motor skills and may have
particular relevance for middle-aged (and older) adults with
ASD as they begin to experience typical aging-related effects on
motor function.
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Supplementary material can be found at Cerebral Cortex online.
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