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Abstract

Background: Atypical lateralization of language-related functions has been repeatedly found in individuals with
autism spectrum conditions (ASC). Few studies have, however, investigated deviations from typically occurring
asymmetry of other lateralized cognitive and behavioural domains. Motor deficits are among the earliest and most
prominent symptoms in individuals with ASC and precede core social and communicative symptoms.

Methods: Here, we investigate whether motor circuit connectivity is (1) atypically lateralized in children with ASC
and (2) whether this relates to core autistic symptoms and motor performance. Participants comprised 44 right-handed
high-functioning children with autism (36 males, 8 females) and 80 typically developing control children (58 males,

22 females) matched on age, sex and performance Q. We examined lateralization of functional motor circuit connectivity

based on homotopic seeds derived from peak activations during a finger tapping paradigm. Motor performance was
assessed using the Physical and Neurological Examination for Subtle Signs (PANESS).

Results: Children with ASC showed rightward lateralization in mean motor circuit connectivity compared to typically
developing children, and this was associated with poorer performance on all three PANESS measures.

Conclusions: Our findings reveal that atypical lateralization in ASC is not restricted to language functions but is

also present in circuits subserving motor functions and may underlie motor deficits in children with ASC. Future
studies should investigate whether this is an age-invariant finding extending to adolescents and adults and whether

these asymmetries relate to atypical lateralization in the language domain.
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Background

The macroscopic functional organization of the human
brain is characterized by lateralized specialization of the
two cerebral hemispheres for cognitive and behavioural
abilities. The left hemisphere exhibits dominance for
language and motor control, whereas the right hemi-
sphere is specialized for visuospatial attention [1, 2].
This division of function has been explained as an evolu-
tionary advantage to avoid the duplication of cognitive
processing and cortical representations [3]. In line with
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this, we previously showed that leftward lateralization of
functional motor circuit connectivity is associated with
better motor performance in typically developing children
[4] and others have shown that the degree of language and
visuospatial lateralization relates to enhanced cognitive
functioning [5, 6].

Studies converge to show that this typical pattern of
hemispheric specialization is not seen in individuals with
autism spectrum conditions (ASC). A consistent finding
is that language-related structures such as the planum
temporale [7] and inferior frontal gyrus [8] are atypically
rightward asymmetric in both children and adults with
ASC. These findings are corroborated by functional studies
reporting atypical lateralization on linguistic tasks in indi-
viduals with ASC [9-15]. Early development of atypical
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language lateralization might potentially serve as a bio-
marker and be clinically relevant if it precedes atypical
language development in children with ASC [16]. Language
is not the only lateralized functional domain in which indi-
viduals with ASC exhibit deficits. Clumsiness and impaired
fine motor control are among the most prevalent and earli-
est identifiable symptoms in individuals with ASC [17-19].
Imaging studies report atypical activation of the premotor
cortex [20] and the cerebellum [21-23] during motor exe-
cution and decreased connectivity of the motor execution
network [22]. However, functional studies of atypical
lateralization in ASC have mainly been confined to the
language domain. Only a few studies have explored latera-
lized activation during motor tasks in ASC during imita-
tion [24], sequence [25] or procedural learning [26].

Motor symptoms are of considerable functional and
clinical relevance in ASC, given that they are among the
earliest detectable behavioural problems, preceding social
and language deficits and have been found to be corre-
lated with core social and communicative impairments in
ASC [27, 28]. Indeed, the neural contributions to motor
skill impairments in ASC may parallel those underlying
the broader range of autistic features, leading to impaired
development of skills necessary for motor, social and com-
municative behaviours [29]. Thus, identifying the neuro-
biological underpinnings of motor signs in ASC is of
upmost importance in view of their potential role as bio-
logical markers of the condition.

Lateralized functions are subserved by functional co-
ordination among regions in a network rather than by
individual brain loci separately. Recent advances in neu-
roimaging have provided tools to measure the syn-
chronization of cortical regions that share functional
properties and thus form complex neural networks.
Coherent temporal correlations in slow, spontaneous
low-frequency fluctuations in the blood-oxygen-level-
dependent (BOLD) signal are the basis for functional
resting-state connectivity, which may reflect the intrinsic
organization of the human brain [30-32]. Recent resting-
state studies have confirmed the presence of lateralized
brain functions and have helped to elucidate differential
patterns of connectivity. Left hemisphere functions such as
language and fine motor control have been suggested to be
more focal preventing conduction delays and enabling
rapid processing [33, 34], whereas visuospatial functions
require more interhemispheric integration to represent the
bilateral visual space [35]. Consistent with this, Gotts et al.
[5] showed that functional lateralization differs between
the two hemispheres, with left-lateralized hubs including
language and motor control networks showing a bias
towards intrahemispheric interactions, whereas right-
lateralized hubs including those subserving attention
tending to operate in a more integrative manner between
the two hemispheres.
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Mounting evidence suggests that the neural substrates of
ASC involve atypical neural connectivity and deficient
neural synchronization of multiple functional networks
[36—38]. Many recent studies in ASC have moved away
from task-based fMRI, instead focusing on aberrant func-
tional connectivity of networks subserving cognitive and
social functions, such as the default mode network [39-42].
To date, only a few studies have explored atypical motor
circuit connectivity in ASC in association with motor per-
formance [22, 43, 44] or atypical lateralization of resting-
state (motor) networks in ASC [45, 46]. This is despite the
accumulated evidence of autism-associated impairments in
motor control and learning [18, 28, 47-49]. Cardinale et al.
[45] reported atypical rightward lateralization of multiple
functional brain networks in individuals with ASC, includ-
ing language, motor and visuospatial circuits, concluding
that rightward lateralization constitutes a fundamental cha-
racteristic of cerebral organization in ASC.

Here, we extend the current literature on atypical cere-
bral lateralization in ASC to examine the lateralization of
functional motor circuit connectivity. We focus on atypical
intrahemispheric functional connectivity, based on studies
showing greater within-hemisphere interactions for left-
lateralized functions [5] and previous studies applying a
similar rationale [4, 46, 50]. We hypothesized that children
with ASC would show reduced leftward or increased right-
ward lateralization of motor connectivity, associated with
poorer performance on motor tasks.

Methods

Participant characteristics

Participants comprised 44 right-handed children with ASC
(36 males, 8 females) and 80 right-handed typically devel-
oping children (58 males, 22 females) between 8 and
12 years of age (ASC mean =10.23, standard deviation
(SD) =1.51, range=28.01-12.99; controls mean = 10.15,
SD =1.08, range = 8.07-12.76) (see Additional file 1; for
participant characteristics of the final sample, see Table 1).
Individuals with ASC were recruited through advertise-
ments placed within community-wide service groups,
schools and hospitals, as well as from outpatient clinics at
the Kennedy Krieger Institute in Baltimore. Participants
with ASC received a clinical diagnosis according to the
criteria of the Diagnostic and Statistical Manual of Mental
Disorders—IV [51], and diagnoses were confirmed using
the Autism Diagnostic Interview—Revised (ADI-R; [52])
and Module 3 of the Autism Diagnostic Observation
Schedule (ADOS-G; [53]). Participants were excluded if
they met any of the following criteria: (1) a history of
seizures and/or traumatic brain injury; (2) a full-scale IQ
(FIQ) less than 80 (in cases where the FIQ was less than
80, participants were still included if their verbal com-
prehension index (VCI) or perceptual reasoning index
(PRI) was higher than 80), as assessed by the Wechsler
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Table 1 Participant characteristics of final sample
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Characteristics ASC (n=42) Controls (n=76) Statistics
Mean SD Range Mean SD Range

Sex 34 males; 8 females - - 54 males; 22 females - - ¥(1)=0925, p=0336
Age® 10.18 (1.51) 8.01-12.99 10.16 (1.03) 8.07-12.58 t=-0.092, p=0927
Full-scale 1Q° 104.67 (15.10) 73-141 112.89 (10.78) 85-140 t=3.136, p=0.003
vCP 107.95 (15.53) 79-134 117.29 (12.37) 85-140 t=3.353, p=0.001
PRI 107.45 (14.31) 79-135 109.30 (11.44) 79-133 t=0.768, p = 0444
Handedness® 86.5 (Median) ~ 50-100 88.00 (Median) ~ 41-100 U=15905,p=0974
ADI-R

Social 20.62 (5.82) 10-30 - -

Communication 15.95 (4.68) 4-25 - -

RSB 6.64 (2.15) 3-12 - -
ADOS-G*

Communication 340 (1.06) 1-7 - -

Social 748 (1.98) 4-12 - -

RSB 3.05 (1.70) 0-6 - -

Abbreviations: PRI perceptual reasoning index, VCI verbal comprehension index

*There were no significant differences between the ASC and control groups in age, sex, PRI or handedness (p > 0.05)

PThe two groups significantly differed in FIQ and VCI (p < 0.001)
“Information was available for all 42 individuals with ASC

Intelligence Scale for Children- fourth edition (WISC-III/
IV; [54, 55]); (3) a developmental language disorder; (4)
reading disability; (5) visual impairment and (6) neuro-
logic disorder such as epilepsy. The Diagnostic Inter-
view for Children and Adolescents, fourth edition
(DICA-1V; [56]) was used to determine the presence of
additional psychiatric diagnoses. Children with ASC met
the following additional DICA-IV diagnoses: ADHD (16),
OCD (4), specific phobia (9), generalized anxiety disorder
(GAD) (4) and oppositional defiant disorder (ODD) (8).
Twenty-four children with ASC were actively taking psy-
choactive medications, including stimulants (13), selective
serotonin reuptake inhibitors (SSRI) (6), clonidine (2), ris-
peridone (2) and lithium (2). Stimulant medications were
discontinued the day prior to testing; all other medications
were taken as prescribed. There was no diagnosis or
family history of ASC in the typically developing con-
trol group. We included only individuals in the current
sample with less than 3 mm translational and 3° rotational
movement over the course of the resting scan.

Cognitive and behavioural measures

Physical and Neurological Examination of Subtle Signs
Motor skills were assessed outside the scanner using the
Physical and Neurological Examination of Subtle Signs
(PANESS; [57]), a battery of motor control tasks de-
signed for children and standardized for age, sex and
handedness. It is sensitive to children’s developmental
changes in motor skills such as balance, coordination

and speed and has adequate test-retest reliability, inter-rater
reliability and internal consistency. Motor signs are quanti-
fied as dysrhythmia (inappropriate timing or sequencing of
movements) and overflow (unintended and unnecessary
movements) examined while performing gait, station and
timed limb movements. Gaits and station measures are
based on gait and balance assessment (gaits on heels, toes
and sides of feet and tandem, standing and hopping on one
foot, etc.). Timed limb movements are assessed during per-
formance of repetitive and sequential movements of the
hands and feet such as finger tapping, hand patting and toe
tapping. Speed, overflow and dysrhythmia are incorporated
into the total timed score. In addition to examining the
total gait score and total timed score, the total PANESS
score was also examined. For all three measures, better per-
formance is associated with lower scores.

Handedness

Handedness was assessed using the Edinburgh Handed-
ness Inventory (EHL [58]), a self-completed questionnaire
for determining hand preference. The sample comprised
only right-handed individuals with EHI scores >40.

Structural and functional magnetic resonance imaging
acquisition

All participants performed a mock scan the day before
the actual scan. All individuals underwent scanning on
one of two 3-T Philips scanners (2D-SENSE EPI, 8-
channel head coil, SENSE acceleration = 2.0), and axially
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oriented volumes were acquired using T2*-weighted echo-
planar imaging (field of view: 256 x 256 mm, matrix size
64 x 64, repetition time = 2500 ms, echo time = 30 ms, flip
angle = 75°). Resting-state scans were acquired for 5 min
and 20 s. Children were asked to stay as still as possible
and fixate on a centre cross. T1-weighted high-resolution
anatomical images were acquired coronally (field of view
256 x 200 mm?, matrix size 256 x 256, repetition time =
7.99 ms, echo time = 3.76 ms, flip angle = 8°, 1 mm iso-
tropic voxels, slice thickness =1 mm). These were used
to generate age- and gender-matched symmetrical tis-
sue priors.

Image preprocessing

Functional T2*-weighted images were preprocessed
using statistical parametric mapping (SPM12; Wellcome
Department of Imaging Neuroscience Group, London,
UK; http://www.fil.ion.ucl.ac.uk/spm). Images were slice-
time corrected using the middle slice as reference slice
and realigned relative to their mean. The high-resolution
anatomical images were then co-registered to the func-
tional images, segmented and normalized using a symmet-
rical, age- and gender-matched tissue prior generated with
the Template-O-Matic toolbox [59]. The use of a symmet-
rical template prevents an additional introduction of ana-
tomical asymmetries that might potentially interfere with
functional asymmetries [60]. The normalization trans-
formation was then applied to the functional images.
Further steps included linear detrending at each voxel
in the brain to correct for scanner drift, removal of
nuisance variables such as the white matter (WM) and
cerebrospinal fluid (CSF) using CompCor [61] (note
that we did not use global signal regression (GSR) to
avoid introduction of spurious anticorrelations in the
data [62]) and six absolute and six differential motion
parameters, spatial smoothing (6-mm full width at half
maximum (FWHM)), and temporal band-pass filtering
constraining the frequency window to 0.01-0.1 Hz. To
minimise the confounding influence of micromovement,
we computed the average framewise displacement (FD)
(based on the median due to a non-normal distribution of
movement) according to Power et al. [63] and excluded
any participant with a z score of >2.58 [64].

Creation of seed regions

Mostofsky et al. [22] identified the right hemisphere (RH)
and left hemisphere (LH) circuits involved in motor exe-
cution during a finger-sequencing paradigm in both chil-
dren with ASC and neurotypical controls between 8 and
12 years. They identified regions of interest by single-
group, whole-brain random effects analyses across both
groups by executing one-sample ¢ tests on the individual
subject’s right- and left-rest contrast images. Individual
within-group whole-brain activation analyses were then

Page 4 of 14

run for the two groups separately identifying peak activa-
tions by group. Here, peak coordinates were derived from
typical children and served as centres of seeds.

Based on the ‘left hemisphere dysfunction’ theory of aut-
ism, which states that neural impairments are lateralized
to the LH in individuals with ASC, we selected peak coor-
dinates from this LH motor circuit (see Table 2). The LH
motor circuit (right-sided movement) included the left
sensorimotor cortex (SMC), left thalamus (TH), left puta-
men (PUT), bilateral supplementary motor area (SMA)-
rostral (SMA-r), bilateral SMA-dorsal (SMA-d) and right
anterior cerebellum (AC) seeds [4].

Six-millimetre-radius 3D seeds were then created using
the SPM toolbox PickAtlas (http://fmri.wfubmc.edu/soft-
ware/PickAtlas) with the peak coordinates as the centre of
spheres. All seeds were flipped across the midline (x = 0)
in order to obtain a set of homotopic RH and LH seeds
(see Fig. 1). Time series were then extracted from the seed
regions of interest, and pairwise Pearson’s correlations
were performed for the LH and RH circuits separately.
Correlation coefficients were transformed to a normal dis-
tribution via Fisher’s z transform. Standardized correla-
tions between all seed pairs were then averaged to obtain
mean connectivity in the motor circuit in each hemi-
sphere (RH connectivity (R.,,); LH connectivity (Lcon))
using MATLAB. For the assessment of functional
lateralization, we calculated a laterality index (LI) for each
pairwise connection and for the overall mean network
connectivity by subtracting the connections in the LH
from homotopic connections in the right hemisphere:
Reon — Leon- Contrary to the usually applied formula for
the calculation of structural asymmetry indices ((R - L)/
(R+ L)), here we did not include a denominator as func-
tional connectivity measures comprise both positive and
negative values, adversely influencing the index values [50].

Control networks

To test whether atypical lateralization is specific to the
motor network and its underlying lateralized functions, we
selected two control networks: the default mode network

Table 2 Motor coordinates (mm) based on Mostofsky et al. [22]

X y z
Sensorimotor -38 -30 51
Putamen =30 -3 -6
Thalamus -18 =27 9
B_SMA-d -9 9 46
9 9 46
B_SMA-r -12 =1 66
12 -1 66
Anterior cerebellum 16 =51 -25

Coordinates in MNI space
Abbreviations: SMA-d dorsal SMA, SMA-r rostral SMA
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Cerb cerebellum. Red: left hemisphere seeds; Blue right hemisphere seeds

Fig. 1 Homotopic motor seeds derived from Mostofsky et al. [22]. Abbreviations: SMA-d dorsal SMA, SMA-r rostral SMA, Put putamen, Thal thalamus,

Putamen Sensorimotor Thalamus

Cerebellum

B_SMA-d B_SMA-r

z=80 z=91 2=35

(DMN) and a visual network (VN). DMN seeds were based
on peak seed regions of the task-negative network identi-
fied by Fox et al. [65] using resting-state connectivity.
Seeds were located in the cerebellum, posterior cingulate
cortex (PCC), medial prefrontal cortex (MPFC), retro-
splenial cortex (RSC), lateral parietal cortex (LP), superior
frontal gyrus (SFQG), inferior frontal gyrus (IFG) and para-
hippocampal gyrus (PHG). The VN seeds were based on
visual seeds applied by Yeo et al. [66] and were comprised
of the central and peripheral primary visual cortex (V1.
and V1,,), the central and peripheral regions near the visual
area V3, (V3,, and V3,,) and the extrastriate regions of the
central and peripheral visual subnetworks (ExP and ExC).

Statistical analyses

Group differences in mean connectivity and individual
connection pairs

Participants were excluded as outliers if the average FD
or laterality values had a z score of >2.58 [64, 67, 68].
For the analysis of the between-group differences in
mean network connectivity, a univariate analysis of co-
variance (ANCOVA) was conducted. To compare the
LIs of all the individual connectivity pairs between the
two groups (ASC vs. controls), separate ANCOVAs were
conducted with each individual connectivity pair as
dependent variables (DV) and the global mean of the LIs
of the remaining individual connectivity pairs of the net-
work (Global-Mean,etwork) a$ nuisance covariates in
order to discount their global effect. ANCOVAs were
corrected for multiple comparisons by controlling the
false discovery rate (FDR) at ¢ = 0.05. Age and scanning
machine were included as nuisance variables in all
models. To control for micromovements, average FD

was included as an additional covariate [67]. Further-
more, results were re-evaluated controlling for FIQ to
observe if they remained significant. To determine whether
significant group differences were driven by rightward
over-connectivity or leftward under-connectivity, we also
compared the Fisher transformed correlation coefficients
of the LH and RH circuits (R, and L.,,) between the
groups with the same model as that exploring the LI differ-
ences. To determine the direction of within-group circuit
laterality, one-sample ¢ tests were carried out. In an
additional step, analyses were repeated in sex-stratified
samples. Effect sizes were calculated based on Cohen’s d.

Association with cognitive measures within ASC
To test whether atypical lateralization was related to
function, we conducted one-tailed (based on our hy-
pothesis that stronger rightward lateralization would be
related to more symptoms and poorer performance)
Pearson’s correlations controlling for scanner, age and
average FD within individuals with ASC. For individual
connectivity pairs, the Global-Mean,,¢,o;x Was addition-
ally included as a covariate. Motor LIs showing group
differences were correlated with (a) the repetitive behaviour
subscores of the ADI-R (ADI-C) and ADOS (ADOS-D)
and (b) the total PANESS score, total gait score (composite
measure of speed, overflow and dysrhythmia during gaits
and stations) and total timed score (composite measure of
speed, overflow and dysrhythmia during all timed move-
ments). Level of significance was set at p = 0.05, as all cor-
relation analyses were targeted. All statistical analyses were
carried out in SPSS (version 21, SPSS Inc.).

Based on previous reports showing a linkage between
motor and social development [69, 70] and the hypothesis
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that motor deficits might underpin some of the core
social-communicative symptoms in ASC [71], an addi-
tional, exploratory analysis was conducted posing the
question whether lateralization of motor circuit con-
nectivity was related to core social and communicative
symptoms, with stronger rightward lateralization being
related to more deficits as measured by the ADOS-A,
ADOS-B, ADI-A and ADI-B.

Results

Participant characteristics and task performance

Four control individuals and one individual with ASC
were excluded due to z values of >2.58 on average FD.
One additional individual with ASC was excluded due to z
values of >2.58 on more than three laterality measures.
The final sample consisted of 42 individuals with ASC (34
males, 8 females) and 76 controls (54 males, 22 females).
After exclusion, the two groups were matched on age
((62.51) = -0.092, p =0.927), handedness (U =1590.5,
z=-0.032, p=0974), sex (y’(1)=0.925, p=0.336),
average FD (U =1481, z=-0.646, p =0.518) and PRI
(1(116) = 0.768, p = 0.444). There were, however, signifi-
cant differences in FIQ (£(64.87) = 3.136, p = 0.003) and
VCI (£(70.10) = 3.353, p =0.001). Individuals with ASC
had significantly poorer performance on the total score
of the PANESS (F(1,115) =45.081, p <0.001), and on the
two sub-measures: total gait (F(1,115) = 36.804, p < 0.001)
and total timed (F(1,115) = 32.339, p < 0.001).

Group differences in lateralization of motor circuit
connectivity

There was a significant difference for the LI of mean
motor circuit connectivity between the ASC and control
group (F(1,113) =6.814, p=0.010; Cohen’s d =0.506),
with children with ASC being more strongly rightward
lateralized (see Fig. 2a). The result remained significant
when controlling for FIQ (F(1,112) =6.094, p=0.015;
Cohen’s d =0.479). This difference was driven by both
rightward over- and leftward under-connectivity in mean
motor connectivity in children with ASC (group differ-
ence R.,, F(1,113)=1.110, p =0.294; group difference
Leon F(1,113) = 0.536, p = 0.466). A one-sample ¢ test re-
vealed that children with ASC were rightward lateralized
(£(41) = 2.390, p = 0.022), whereas control children showed
a symmetrical organization (¢(75) = -1.255, p = 0.213). In-
dividual LIs of ‘motor’ connections were not significantly
different or did not survive correction for multiple com-
parisons (see Table 3). After stratifying analyses by sex, the
result was trending in males only (F(1,83) =3.920, p =
0.051; Cohen’s d =0.438; FIQ F(1,82) =2.512, p=0.117;
Cohen’s d = 0.351) and not significant in females (F(1,25) =
1.311, p = 0.263; Cohen’s d = 0.489; FIQ F(1,24) =3.701, p =
0.066; Cohen’s d = 0.822) (for a distribution of values across
sex, see Fig. 2b).
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Fig. 2 a Group differences in LIs of mean motor network connectivity.
Abbreviations: NT neurotypicals (controls). Positive values indicate
rightward lateralization, negative values indicate leftward lateralization.
Children with ASC show reversed rightward lateralization of mean
motor connectivity. b Lls of motor network connectivity across sexes

Association with cognitive measures in children with ASC

The LI of total mean motor connectivity was positively
associated with the total PANESS scores (r=0.455, p =

0.002), total gait subscores (r = 0.434, p = 0.003) and total
timed subscores (r=0.357, p=0.013) (see Table 4). In
each case, stronger rightward lateralization was associated
with worse performance on the motor task (see Fig. 3a—c).
There were no associations with either the ADOS-D (r=

0.117, p =0.238) or ADI-C (r=-0.026, p = 0.438). There
were no significant associations between the LI of mean
motor connectivity and the ADOS-A (r=0.127, p=

0.220), ADOS-B (r=0.217, p = 0.093), ADI-A (r = 0.065,
p=0.348) and ADI-B (r=-0.075, p=0.325). Correla-
tions with the PANESS were not significant in typical
children (total PANESS score r=-0.059, p = 0.310; total
gait subscores r = 0.094, p = 0.215; total timed subscores
r=-0.132, p = 0.133).
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Table 3 Group differences in Lis of individual motor connections

Connection  ASC Controls F p q
Mean (SD) Mean (SD) 2

SMA-d-AC 0.006 (0.17) —0409 (0.14)  1.555 0215 050
SMA-d-M1 0.072 (0.20) 0.001 (0.19) 3.756 0055 035
SMA-d-Put 0.025 (0.18) 0.033 (0.17) 0.902 0344 063
SMA-d-Thal ~ 0.029 (0.19) —0.044 (0.19)  0.583 0447 063
SMA-r-AC 0.009 (0.15) —0.026 (0.16)  0.667 0416 063
SMA-r-M1 0.074 (0.22) —-0.004 (0.16)  3.126 0.08 035
SMA-r-Put —0.005 (0.15)  0.049 (0.17) 7.634 0007  0.098
SMA-r-Thal 0.003 (0.19) —0.034 (0.18)  0.006 0939 094
AC-M1 0.032 (0.22) —-0.005 (0.21)  0.161 0689  0.80
AC-Put 0.013 (0.18) —0.002 (0.17)  0.099 0754 081
AC-Thal 0.042 (0.22) —0.048 (0.18) 2388 0125 035
M1-Put 0.037 (0.22) —-0.009 (0.24)  0.221 0639 080
M1-Thal 0.077 (0.18) -0.019 (0.20) 2627 0.108 035
Put-Thal —0.008 (0.18)  —0.017 (0.24)  0.577 0449 063

Abbreviations: SMA-d dorsal SMA, SMA-r rostral SMA, SMC sensorimotor cortex,
Put putamen, Thal thalamus, AC anterior cerebellum

Control networks

Default mode network

There was no significant difference in LI of mean DMN
connectivity (F(1,113) = 2.12, p = 0.143) between individuals
with ASC and controls. Individual LIs of DMN connections
were not significantly different or did not survive correction
for multiple comparisons (for details, see Additional file 1).

Visual network

There was no significant difference in the LI of mean
VN connectivity (F(1,113) = 0.467; p = 0.496) between in-
dividuals with ASC and controls. Individual LIs of VN
connections were not significantly different (for details,
see Additional file 1).

Discussion

In the current study, we investigated whether the functional
motor execution network shows an atypical pattern of
hemispheric specialization in ASC. Consistent with our hy-
pothesis, we found stronger rightward lateralization in chil-
dren with ASC compared to typically developing children.

Table 4 Correlations between the LI of mean motor circuit
connectivity and motor-related symptoms

Motor measure
PANESS total

LI mean motor circuit connectivity
r=0455 p=0002% q=0.008

PANESS gait r=0434, p=0.003% g=0.008
PANESS timed r=0357,p=0013% g=0021
ADI-C r=-0.026, p=0438, g=0438
ADOS-D r=0.117,p=0238,q=0.298

= significant at q<0.05
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Disturbance in motor functioning in children with ASC has
been linked to dysfunction in multiple motor regions/sys-
tems, including the fronto-striatal and cerebellar systems
[22, 43, 72-74]. However, few studies have explored the
resting-state functional connectivity within the motor exe-
cution system in children with ASC [22, 43, 44]. Mostofsky
et al. [22] report the overall under-connectivity, which is
more pronounced during motor execution than during rest.
Nebel et al. [44] focused specifically on M1 connectivity,
examining autism-associated differences in regional M1
functional parcellation; they found organizational differenti-
ation in the motor homunculus pointing to an early failure
in functional specialization in the motor cortex in children
with ASC. Here, we further show that the neurobiological
underpinnings of motor impairments in ASC are related to
atypical hemispheric lateralization in motor circuits.

Our finding is particularly interesting in the light of rising
theories suggesting that autism is a condition of atypical
connectivity involving multiple cerebral networks deficient
in synchronization and information integration [36, 37].
However, so far, most functional connectivity studies in
ASC have focused on under- or over-connectivity of net-
works critically involved in cognitive and social functions
such as the default mode network [39-42] but have not ad-
dressed atypical lateralization of these circuits. Our findings
are in line with Cardinale et al’s [45] report of rightward
lateralization of the motor networks. They reported on a
wider range of networks, raising the question whether atyp-
ical rightward asymmetry is a more fundamental feature of
network organization in ASC and not restricted to specific
functions such as language and motor behaviour. However,
we did not find atypical lateralization patterns across all
networks; that is, we observed no group differences in the
visual and default mode networks. These discrepancies
might be due to differences in methodology between the
two studies; Cardinale et al. [45] applied a model-free
whole-brain approach aggregating information across many
regions, whereas we took a hypothesis-driven approach, fo-
cusing on specific regions and their interconnections using
seed-based analysis. While seed-based and ICA-based ana-
lyses yield similar results [75], using a model-free explora-
tory approach may identify additional unexpected patterns
at the network level without making prior assumptions
about functional localization.

Rightward asymmetry of motor circuit functional
connectivity is associated with motor performance in
children with ASC

This study is the first to report a relationship between
autistic symptoms and hemispheric lateralization outside
the language domain in individuals with ASC; namely,
the more rightward asymmetry of the functional corres-
pondence within the motor circuit, the poorer motor
performance on three different measures of the PANESS.
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Both Nielsen et al. [46], who reported atypical lateralization
in a language-related network, and Cardinale et al. [45],
who reported rightward lateralization of the motor net-
work, did not find such brain-behavioural association.
Here, we highlight the importance of their findings by
showing functional relevance in children with ASC.
Lateralization has been linked to fine motor skills, pri-
marily in relation to handedness. Interestingly, here, we
showed that, in addition to fine motor skills, gross
motor performances such as gait, balance, timing and
sequencing of movements were also associated with
atypical hemispheric specialization in children with
ASC. Therefore, rightward lateralization may underlie
gross motor deficits and atypical gait commonly found
in individuals with ASC.

Leftward lateralization of the same circuit has previ-
ously been shown to be associated with better motor
performance in typically developing children [4]; how-
ever, we did not replicate this result here. It remains to
be established whether this is due to differing sample
characteristics and methods (note that Barber et al. used
a different registration approach and laterality index)
and whether lateralization of this network constitutes
the biological underpinnings for typical motor develop-
ment or for motor deficits in ASC specifically.

Lateralization in the motor system is present in both
structure and function, although it is generally less pro-
nounced compared to the language system lateralization,
which would explain why typical children show a subtle
shift only towards left here. Structurally, this is charac-
terized by a deeper left central sulcus, increased leftward
neuropil in BA4 [76] and expansion of the left hand
motor cortex in right-handers [77]. Guye et al. [78] show
that whole-brain functional connectivity is more extensive
with the left than with the right primary motor cortex.
Left premotor and parietal regions are more strongly im-
plicated in higher order actions [79]. Also, the planning of
complex, sequential movements [79-81], bimanual coord-
ination [82, 83] and response selection [84] have been at-
tributed to the left hemisphere, which is interesting
considering the problems individuals with ASC experience
with fine motor skills [85] and planned sequencing of
actions [86]. In contrast, sensory processing and spatial as-
pects of sensorimotor actions have been reported to show
right hemisphere dominance [87-89]. It has been sug-
gested that posture and limb position [90], as well as the
use of proprioceptive feedback [91, 92], are preferentially
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lateralized to the right hemisphere in right-handed indi-
viduals. Interestingly, we have previously reported that in-
dividuals with ASC rely to a much greater extent on
proprioceptive feedback during motor learning, which is
related to more severe motor impairments and other so-
cial symptoms [93]. Atypical rightward lateralization of
motor circuits might constitute a neural mechanism con-
tributing to this finding.

Reports of disturbance in establishing typical patterns
of hemispheric specialization in ASC date back to the
consistently replicated observation of increased rates of
left-handedness among individuals with ASC [94-101].
Left-handers activate the right premotor cortex during
contra- and ipsilateral finger movements [102] and have
increased intrasulcal surface in the right precentral gyrus
[76]. Interestingly, our results are not driven by differences
in handedness, as participants were matched on a measure
of handedness and were right-handed. Still, it will be inter-
esting to explore whether the observed pattern is even
more pronounced in left-handed individuals with ASC.

Implications of motor deficits in ASC
Motor deficits are present in at least 80 % of children
with ASC [28, 103, 104] comprising some of the earliest
signs, such as delays in motor milestones [105, 106].
Later on in development, motor-related deficits persist
and become more apparent, with deficits in gross and
fine motor coordination [19, 47, 107, 108], atypical gait
and posture [109, 110] and particularly difficulty with
performance of skilled gestures (i.e. praxis) [18, 27, 28].
In line with this, it has been argued that core social and
communicative symptoms in autism might be subserved
by the same neural systems underpinning motor-related
dysfunction [111, 112]. In fact, there is a close relationship
between motor and social-communicative behaviours:
motor development is the prerequisite for speech, ar-
ticulation and engagement in the social world through
directing attention, grasping and sharing things, and
approaching, imitating and responding to others. In line
with this, Iverson and Braddock [113] have shown that
children with language deficits have poorer fine and
gross motor skills. At the same time, production and
understanding of actions, such as performance of se-
quences of actions and following verbal commands, are
dependent on the development of language skills. Thus,
atypical lateralization in related cognitive domains such
as language might be influenced by the same developmen-
tal mechanisms [114, 115]. Notably, here, we did not find
a significant association between atypical motor circuit
lateralization and social-communicative sub-measures of
either the ADOS or ADI. Given that other studies find
such relationship [116], future research needs to examine
a potential association with more specific measures of
atypical social development in ASC and explore the link
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between motor and social networks directly at the neur-
onal level.

Limitations and future directions

Here, we report atypical laterality of the motor network
in children with ASC. Given that ASC is a neurodevelop-
mental condition, it remains to be established whether the
observed pattern is stable across the lifespan. Many stud-
ies show temporal test-retest reliability and reproducibility
of functional resting-state networks [117-119]. It has been
argued that neural coupling configurations are dynamic
and transient over time with fluctuations in connection
strengths [120, 121]. As arousal, sleep [122], conscious
[123], cognitive [124] and emotional [125] states consti-
tute influencing factors, only replication in independent,
longitudinal samples can confirm the stability of the re-
ported findings. Age-related changes have been described
in a range of different networks, with decreasing connecti-
vity representing increasing hemispheric specialization
and increasing connectivity representing increasing func-
tional cooperation [126]. The same authors also reported
not only linear but also quadratic and cubic age effects on
changes of functional connectivity, emphasizing the need
for longitudinal samples to fully explore the stability and
plausible developmental trend of the reported findings.

One limitation concerns the heterogeneity within ASC.
Children with ASC frequently have other comorbid condi-
tions, such as ADHD, which is another condition associ-
ated with atypical lateralization [127]. Also, Mahajan et al.
[128] showed that individuals with ASC with and without
ADHD show differences in motor cortex laterality with
children with ASC without ADHD exhibiting rightward in-
creases in M1, whereas children with ASC and comorbid
ADHD showing left-lateralized increases. Medication ex-
posure is another possible confound which might influence
connectivity strength [129-131]. Overall, a large portion of
individuals with ASC have psychiatric comorbidities during
their lifespan (ADHD 28-44 %; anxiety 42—56 %; depres-
sion 12-70 %; oppositional defiant disorder 16-28 %;
[132]) and around 70 % of children with ASC use some
form of psychoactive medication [133, 134], making any
sample that excludes these individuals less representative
of the autistic population.

It remains to be established whether these results are
restricted to lateralized left hemisphere functions or
whether right hemisphere functions such as visuospatial
abilities are also affected. Cardinale et al. [45] report right-
ward asymmetries of more widespread networks including
those underlying visuospatial attention, but no other stud-
ies have looked at hemispheric specialization of visuo-
spatial information processing in ASC. Future research
should explore whether stronger rightward lateralization
might underpin superior visual attention and weak cen-
tral coherence in ASC and whether this potentially
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differentiates between individuals with ASC with and
without enhanced visuospatial processing abilities.

Heterogeneity within the autism spectrum is the biggest
challenge in the current research. It will be of interest to
explore whether atypical motor network lateralization is
characteristic of an as-yet undefined subgroup within
ASC, such as language delay, for example, [60]. Other fac-
tors constituting heterogeneity include handedness, sex or
IQ. We previously showed that handedness can be a
marker of rightward lateralization of structural con-
nectivity of regions connecting sensorimotor cortical
areas [135]. Whether this also applies to functional
lateralization remains to be established. As for sex, our
findings here were most pronounced when including
both males and females. Sex-stratified analyses show an
overlapping functional organization in males and females
with ASC regarding lateralization of the motor network.
In general, few studies have looked at sex differences in
the laterality of resting-state connectivity. Tian et al. [136]
reported that males show more locally efficient right
hemisphere networks, whereas females have more locally
efficient left hemisphere networks. Zuo et al. [126] re-
ported that homotopic resting-state connectivity in the
dorsolateral prefrontal cortex and the amygdala show op-
posite developmental trajectories in males and females.
How functional connectivity and its lateralization further
differ across genders in ASC awaits investigation. Re-
garding IQ, our sample was only matched on percep-
tual reasoning 1Q; however, additional analyses showed
that results remained largely unaffected by full-scale IQ
(i.e. when controlling for FIQ). As motor delay is mostly
evident in low-functioning individuals [137, 138], it will be
important to explore whether this result is more pro-
nounced in this sub-population with ASC.

The present findings were based on patterns observed
in the so-called resting state, and it will be interesting to
explore whether atypical rightward lateralization remains
robust under conditions when the motor execution net-
work is active, as well as whether they are more pro-
nounced in particular parcels underlying the motor
homunculus. Lastly, here, we focused on atypical intra-
hemispheric connectivity. However, many studies have
shown that atypical interhemispheric connectivity (such
as reduced corpus callosum size) contributes to atypical
connectivity in ASC [139-141]. Efficient information
processing across the whole brain substantially depends
on interhemispheric integration, which may be impaired
in ASC [142]. Herbert et al. [143] show that only intra-
hemispheric connectivity is impaired in ASC, whereas
others demonstrate that intra- and interhemispheric
connectivities are both affected [141, 144]. Particularly,
the right hemisphere regions involved in visuospatial pro-
cessing have been suggested to rely on more integrative,
interhemispheric processing [5]. Thus, future studies need
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to explore whether atypical lateralization in ASC extends
to cross-hemispheric networks, particularly for functions
such as visuospatial skills.

Conclusions

Our novel findings show that atypical functional late-
ralization in ASC extends beyond the language domain
to functional circuits underlying motor execution. The
deficit in children with ASC in establishing a typical pat-
tern of hemispheric specialization for motor control may
contribute to difficulties with motor skill development
and might even form the early basis for the development
of social and communicative impairments. It remains to
be established whether atypical lateralization in function-
ally related domains (motor and language functions) share
common neurodevelopmental origins and trajectories.

Additional file

Additional file 1: Group differences in LIs of individual DMN connections
and group differences in Lis of individual visual network connections.
(DOCX 83 kb)

Abbreviations

AC, anterior cerebellum; ADI-R, Autism Diagnostic Interview—Revised; ADOS,
Autism Diagnostic Observation Schedule; BOLD, blood-oxygen-level-dependent;
ASC, autism spectrum conditions; CSF, cerebrospinal fluid; DMN, default mode
network; EHI, Edinburgh Handedness Inventory; FD, framewise displacement;
FIQ, full-scale IQ; GSR, global signal regression; LH, left hemisphere; LI, laterality
index; PANESS, Physical and Neurological Examination of Subtle Signs; PRI,
perceptual reasoning index; PUT, putamen; RH, right hemisphere; SMA-d, bilateral
supplementary motor area-dorsal segment; SMA-, bilateral supplementary motor
area-rostral segment; SMC, sensorimotor cortex; TH, thalamus; VCI, verbal
comprehension index; WM, white matter

Acknowledgements

We would like to thank all the families who participated in the study. This
research was supported by grants from the Autism Speaks Foundation
(#2506, #2384, #1739); the National Institutes of Health (R01 NS048527-08, R21
MHO098228, RO1T MHO078160-06A1, P41 EB015909); the Clinical and Translational
Research (ICTR) (UL1 TR 000424-06, ULT TR 001079-03); and the Johns Hopkins
Institute for Clinical and Translational Research, which is funded in part by grant
numbers ULT TR 000424-06 and UL1 TR 001079-03 from the National Center for
Advancing Translational Sciences (NCATS). DLF was funded by Sidney Sussex
College, Cambridge; the European Molecular Biology Organization (EMBO); the
British Psychological Society; and the Ingelheim Boehringer Foundation. We
would like to thank Tibor Auer and Jared Nielsen for the helpful discussion.

Authors’ contributions

DLF conducted the analyses and wrote the manuscript. ADB and MBN assisted
in carrying out the analyses and revised the manuscript. MM conducted the
psychological and behavioural assessments, acquired the data and revised the
manuscript. DC acquired and provided the data and revised the manuscript.
MCL, JS, SBC and JJP made conceptual suggestions and critically revised the
manuscript. SHM designed and obtained funding for the study and edited the
manuscript. All authors read and approved the manuscript.

Competing interests

JJP serves as manager of the F.M. Kirby Research Center for Functional Brain
Imaging, which receives research support from Philips HealthCare, which
manufactured the MRI scanners used in this study. All other authors declare
that they have no competing interests.


dx.doi.org/10.1186/s13229-016-0096-6

Floris et al. Molecular Autism (2016) 7:35

Ethics approval and consent to participate

The study received ethical approval by the Johns Hopkins Medicine
Institutional Review Board. Written consent was obtained from parents or a
legal guardian, and assent was obtained from the participants.

Author details

'Autism Research Centre, Department of Psychiatry, University of Cambridge,
Cambridge, UK. 2Department of Child and Adolescent Psychiatry, the Child
Study Center, New York University Langone Medical Center, New York, NY,
USA. *Center for Neurodevelopmental and Imaging Research, Kennedy
Krieger Institute, Baltimore, MD, USA. “Department of Neurology, Johns
Hopkins School of Medicine, Baltimore, MD, USA. “Department of Psychiatry
and Behavioral Sciences, Johns Hopkins School of Medicine, Baltimore, MD,
USA. °Child, Youth and Family Services, Centre for Addiction and Mental

Health and Department of Psychiatry, University of Toronto, Toronto, Canada.

’Department of Psychiatry, College of Medicine, National Taiwan University
Hospital, Taipei City, Taiwan. ®Cambridgeshire and Peterborough NHS
Foundation Trust, Cambridge, UK. “National Institute of Health Research,
Cambridge Biomedical Research Centre, Cambridge, UK. '°Behavioural and
Clinical Neuroscience Institute, University of Cambridge, Cambridge, UK.
""Brain Mapping Unit, Department of Psychiatry, University of Cambridge,
Cambridge, UK. "?FM. Kirby Research Center for Functional Brain Imaging,
Kennedy Krieger Institute, Baltimore, USA. *Department of Radiology, Johns
Hopkins School of Medicine, Baltimore, USA.

Received: 30 October 2015 Accepted: 28 June 2016
Published online: 14 July 2016

References

1. Gazzaniga MS. Principles of human brain organization derived from split-
brain studies. Neuron. 1995;14(2):217-28.

2. Mesulam MM. Large-scale neurocognitive networks and distributed
processing for attention, language, and memory. Ann Neurol. 1990,28(5):
597-613. doi:10.1002/ana.410280502.

3. Hugdahl K Fifty years of dichotic listening research—still going and going
and.... Brain Cogn. 2011;76(2):211-3. doi:10.1016/j.bandc.2011.03.006.

4. Barber AD, Srinivasan P, Joel SE, Caffo BS, Pekar JJ, Mostofsky SH. Motor
"dexterity"?: evidence that left hemisphere lateralization of motor circuit
connectivity is associated with better motor performance in children. Cereb
Cortex. 2012;22(1):51-9. doi:10.1093/cercor/bhr062.

5. Gotts SJ, Jo HJ, Wallace GL, Saad ZS, Cox RW, Martin A. Two distinct forms
of functional lateralization in the human brain. Proc Natl Acad Sci U S A.
2013;110(36):E3435-44. doi:10.1073/pnas.1302581110.

6. Mellet E, Zago L, Jobard G, Crivello F, Petit L, Joliot M, et al. Weak language
lateralization affects both verbal and spatial skills: an fMRI study in 297
subjects. Neuropsychologia. 2014;65:56-62. doi:10.1016/j.neuropsychologia.
2014.10.010.

7. Rojas DC, Bawn SD, Benkers TL, Reite ML, Rogers SJ. Smaller left hemisphere
planum temporale in adults with autistic disorder. Neurosci Lett. 2002;
328(3):237-40.

8. Herbert MR, Ziegler DA, Deutsch CK, O'Brien LM, Kennedy DN, Filipek PA, et al.
Brain asymmetries in autism and developmental language disorder: a nested
whole-brain analysis. Brain. 2005;128(Pt 1):213-26. doi:10.1093/brain/awh330.

9. Dawson G, Finley C, Phillips S, Lewy A. A comparison of hemispheric
asymmetries in speech-related brain potentials of autistic and dysphasic
children. Brain Lang. 1989;37(1):26-41.

10.  Seery AM, Vogel-Farley V, Tager-Flusberg H, Nelson CA. Atypical
lateralization of ERP response to native and non-native speech in infants at
risk for autism spectrum disorder. Dev Cogn Neurosci. 2013;5:10-24. doi:10.
1016/j.dcn.2012.11.007.

11. Boddaert N, Belin P, Chabane N, Poline JB, Barthélémy C, Mouren-Simeoni MC,
et al. Perception of complex sounds: abnormal pattern of cortical activation in
autism. Am J Psychiatry. 2003;160(11):2057-60.

12. Mller RA, Behen ME, Rothermel RD, Chugani DC, Muzik O, Mangner T, et al.
Brain mapping of language and auditory perception in high-functioning
autistic adults: a PET study. J Autism Dev Disord. 1999,29(1):19-31.

13. Knaus TA, Silver AM, Kennedy M, Lindgren KA, Dominick KC, Siegel J, et al.
Language laterality in autism spectrum disorder and typical controls: a
functional, volumetric, and diffusion tensor MRI study. Brain Lang. 2010;
112(2):113-20. doi:10.1016/j.bandl.2009.11.005.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Page 11 of 14

Eyler LT, Pierce K, Courchesne E. A failure of left temporal cortex to
specialize for language is an early emerging and fundamental property of
autism. Brain. 2012;135(Pt 3):949-60. doi:10.1093/brain/awr364.

Kleinhans NM, Mdller RA, Cohen DN, Courchesne E. Atypical functional
lateralization of language in autism spectrum disorders. Brain Res. 2008;
1221:115-25. doi:10.1016/j.brainres.2008.04.080.

Lombardo MV, Pierce K, Eyler LT, Carter Barnes C, Ahrens-Barbeau C, Solso S,
et al. Different functional neural substrates for good and poor language
outcome in autism. Neuron. 2015;86(2):567-77. doi:10.1016/j.neuron.2015.03.023.
Teitelbaum P, Teitelbaum O, Nye J, Fryman J, Maurer RG. Movement analysis in
infancy may be useful for early diagnosis of autism. Proc Natl Acad Sci U S A.
1998,95(23):13982-7.

Mostofsky SH, Dubey P, Jerath VK, Jansiewicz EM, Goldberg MC, Denckla MB.
Developmental dyspraxia is not limited to imitation in children with autism
spectrum disorders. J Int Neuropsychol Soc. 2006;12(3):314-26.

Green D, Charman T, Pickles A, Chandler S, Loucas T, Simonoff E, et al.
Impairment in movement skills of children with autistic spectrum
disorders. Dev Med Child Neurol. 2009;51(4):311-6. doi:10.1111/].1469-
8749.2008.03242.x.

Mdiller RA, Kleinhans N, Kemmotsu N, Pierce K, Courchesne E. Abnormal
variability and distribution of functional maps in autism: an FMRI study of
visuomotor learning. Am J Psychiatry. 2003;160(10):1847-62.

Allen G, Courchesne E. Differential effects of developmental cerebellar
abnormality on cognitive and motor functions in the cerebellum: an fMRI
study of autism. Am J Psychiatry. 2003;160(2):262-73.

Mostofsky SH, Powell SK, Simmonds DJ, Goldberg MC, Caffo B, Pekar JJ.
Decreased connectivity and cerebellar activity in autism during motor task
performance. Brain. 2009;132(Pt 9):2413-25. doi:10.1093/brain/awp088.
Allen G, Mller RA, Courchesne E. Cerebellar function in autism: functional
magnetic resonance image activation during a simple motor task. Biol
Psychiatry. 2004;56(4):269-78. doi:10.1016/j.biopsych.2004.06.005.

Dawson G, Warrenburg S, Fuller P. Hemisphere functioning and motor
imitation in autistic persons. Brain Cogn. 1983;2(4):346-54.

Maller RA, Cauich C, Rubio MA, Mizuno A, Courchesne E. Abnormal activity
patterns in premotor cortex during sequence learning in autistic patients.
Biol Psychiatry. 2004;56(5):323-32. doi:10.1016/j.biopsych.2004.06.007.
D'Cruz AM, Mosconi MW, Steele S, Rubin LH, Luna B, Minshew N, et al.
Lateralized response timing deficits in autism. Biol Psychiatry. 2009,66(4):
393-7. doi:10.1016/j.biopsych.2009.01.008.

Dowell LR, Mahone EM, Mostofsky SH. Associations of postural knowledge
and basic motor skill with dyspraxia in autism: implication for abnormalities
in distributed connectivity and motor learning. Neuropsychology. 2009;
23(5):563-70. doi:10.1037/a0015640.

Dziuk MA, Gidley Larson JC, Apostu A, Mahone EM, Denckla MB,
Mostofsky SH. Dyspraxia in autism: association with motor, social, and
communicative deficits. Dev Med Child Neurol. 2007:49(10):734-9.
doi:10.1111/}.1469-8749.2007.00734 X.

Mostofsky SH, Ewen JB. Altered connectivity and action model formation
in autism is autism. Neuroscientist. 2011;17(4):437-48.
doi:10.1177/1073858410392381.

Biswal B, Yetkin FZ, Haughton VM, Hyde JS. Functional connectivity in the
motor cortex of resting human brain using echo-planar MRI. Magn Reson
Med. 1995;34(4):537-41.

Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default network:
anatomy, function, and relevance to disease. Ann N Y Acad Sci. 2008;1124:
1-38. doi:10.1196/annals.1440.011.

Fox MD, Raichle ME. Spontaneous fluctuations in brain activity observed
with functional magnetic resonance imaging. Nat Rev Neurosci. 2007;8(9):
700-11. doi:10.1038/nr2201.

Lackner JR, Teuber HL. Alterations in auditory fusion thresholds after
cerebral injury in man. Neuropsychologia. 1973;11(4):409-15.

Semmes J. Hemispheric specialization: a possible clue to mechanism.
Neuropsychologia. 1968,6(1):11-26.

Corbetta M, Shulman GL. Spatial neglect and attention networks. Annu Rev
Neurosci. 2011;34:569-99. doi:10.1146/annurev-neuro-061010-113731.
Belmonte MK, Allen G, Beckel-Mitchener A, Boulanger LM, Carper RA, Webb
SJ. Autism and abnormal development of brain connectivity. J Neurosci.
2004;24(42):9228-31. doi:10.1523/jneurosci.3340-04.2004.

Courchesne E, Pierce K. Why the frontal cortex in autism might be talking
only to itself: local over-connectivity but long-distance disconnection. Curr
Opin Neurobiol. 2005;15(2):225-30. doi:10.1016/j.conb.2005.03.001.


http://dx.doi.org/10.1002/ana.410280502
http://dx.doi.org/10.1016/j.bandc.2011.03.006
http://dx.doi.org/10.1093/cercor/bhr062
http://dx.doi.org/10.1073/pnas.1302581110
http://dx.doi.org/10.1016/j.neuropsychologia.2014.10.010
http://dx.doi.org/10.1016/j.neuropsychologia.2014.10.010
http://dx.doi.org/10.1093/brain/awh330
http://dx.doi.org/10.1016/j.dcn.2012.11.007
http://dx.doi.org/10.1016/j.dcn.2012.11.007
http://dx.doi.org/10.1016/j.bandl.2009.11.005
http://dx.doi.org/10.1093/brain/awr364
http://dx.doi.org/10.1016/j.brainres.2008.04.080
http://dx.doi.org/10.1016/j.neuron.2015.03.023
http://dx.doi.org/10.1111/j.1469-8749.2008.03242.x
http://dx.doi.org/10.1111/j.1469-8749.2008.03242.x
http://dx.doi.org/10.1093/brain/awp088
http://dx.doi.org/10.1016/j.biopsych.2004.06.005
http://dx.doi.org/10.1016/j.biopsych.2004.06.007
http://dx.doi.org/10.1016/j.biopsych.2009.01.008
http://dx.doi.org/10.1037/a0015640
http://dx.doi.org/10.1111/j.1469-8749.2007.00734.x
http://dx.doi.org/10.1177/1073858410392381
http://dx.doi.org/10.1196/annals.1440.011
http://dx.doi.org/10.1038/nrn2201
http://dx.doi.org/10.1146/annurev-neuro-061010-113731
http://dx.doi.org/10.1523/jneurosci.3340-04.2004
http://dx.doi.org/10.1016/j.conb.2005.03.001

Floris et al. Molecular Autism (2016) 7:35

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Just MA, Cherkassky VL, Keller TA, Minshew NJ. Cortical activation and
synchronization during sentence comprehension in high-functioning
autism: evidence of underconnectivity. Brain. 2004;127(Pt 8):1811-21. doi:10.
1093/brain/awh199.

Weng SJ, Wiggins JL, Peltier SJ, Carrasco M, Risi S, Lord C, et al. Alterations
of resting state functional connectivity in the default network in
adolescents with autism spectrum disorders. Brain Res. 2010;1313:202-14.
doi:10.1016/j.brainres.2009.11.057.

Lynch CJ, Uddin LQ, Supekar K, Khouzam A, Phillips J, Menon V. Default
mode network in childhood autism: posteromedial cortex heterogeneity
and relationship with social deficits. Biol Psychiatry. 2013;74(3):212-9. doi:10.
1016/j.biopsych.2012.12.013.

Assaf M, Jagannathan K, Calhoun VD, Miller L, Stevens MC, Sahl R, et al.
Abnormal functional connectivity of default mode sub-networks in autism
spectrum disorder patients. Neuroimage. 2010;53(1):247-56. doi:10.1016/].
neuroimage.2010.05.067.

Spencer MD, Chura LR, Holt RJ, Suckling J, Calder AJ, Bullmore ET, et al. Failure
to deactivate the default mode network indicates a possible endophenotype
of autism. Mol Autism. 2012;3(1):15. doi:10.1186/2040-2392-3-15.

Nebel MB, Eloyan A, Barber AD, Mostofsky SH. Precentral gyrus functional
connectivity signatures of autism. Front Syst Neurosci. 2014;8:80. doi:10.
3389/fnsys.2014.00080.

Nebel MB, Joel SE, Muschelli J, Barber AD, Caffo BS, Pekar JJ, et al. Disruption of
functional organization within the primary motor cortex in children with
autism. Hum Brain Mapp. 2014;35(2):567-80. doi:10.1002/hbm.22188.
Cardinale RC, Shih P, Fishman |, Ford LM, Mller RA. Pervasive rightward
asymmetry shifts of functional networks in autism spectrum disorder. JAMA
Psychiatry. 2013;70(9):975-82. doi:10.1001/jamapsychiatry.2013.382.

Nielsen JA, Zielinski BA, Fletcher PT, Alexander AL, Lange N, Bigler ED, et al.
Abnormal lateralization of functional connectivity between language and default
mode regions in autism. Mol Autism. 2014;5(1):8. doi:10.1186/2040-2392-5-8.
Jansiewicz EM, Goldberg MC, Newschaffer CJ, Denckla MB, Landa R,
Mostofsky SH. Motor signs distinguish children with high functioning
autism and Asperger’s syndrome from controls. J Autism Dev Disord. 2006;
36(5):613-21. doi:10.1007/510803-006-0109-y.

Fournier KA, Hass CJ, Naik SK, Lodha N, Cauraugh JH. Motor coordination in
autism spectrum disorders: a synthesis and meta-analysis. J Autism Dev
Disord. 2010;40(10):1227-40. doi:10.1007/510803-010-0981-3.

Izawa J, Pekny SE, Marko MK, Haswell CC, Shadmehr R, Mostofsky SH. Motor
learning relies on integrated sensory inputs in ADHD, but over-selectively
on proprioception in autism spectrum conditions. Autism Res. 2012,5(2):
124-36. doi:10.1002/aur.1222.

Nielsen JA, Zielinski BA, Ferguson MA, Lainhart JE, Anderson JS. An
evaluation of the left-brain vs. right-brain hypothesis with resting state
functional connectivity magnetic resonance imaging. PLoS One. 2013;3(8):
€71275. doi:10.1371/journal.pone.0071275.

American Psychiatric Association. Diagnostic and statistical manual of
mental disorders: DSM-IV-TR. 4th ed.,, Text revision. ed. Washington, DC:
American Psychiatric Association; 2000.

Lord C, Rutter M, Le Couteur A. Autism Diagnostic Interview-Revised: a
revised version of a diagnostic interview for caregivers of individuals with
possible pervasive developmental disorders. J Autism Dev Disord. 1994;
24(5):659-85.

Lord C, Risi S, Lambrecht L, Cook Jr EH, Leventhal BL, DiLavore PC, et al. The
autism diagnostic observation schedule-generic: a standard measure of
social and communication deficits associated with the spectrum of autism.
J Autism Dev Disord. 2000;30(3):205-23.

Wechsler D. Wechsler intelligence scale for children—IIl. 3rd ed. San Antonio:
The Psychological Corporation; 1991.

Wechsler D. Wechsler intelligence scale for children—IV. 4th ed. San Antonio:
The Psychological Corporation; 2003.

Reich W. Diagnostic interview for children and adolescents (DICA). J Am
Acad Child Adolesc Psychiatry. 2000;39(1):59-66. doi:10.1097/00004583-
200001000-00017.

Denckla MB. Revised neurological examination for subtle signs (1985).
Psychopharmacol Bull. 1985;21(4):773-800.

Oldfield RC. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia. 1971;9(1):97-113.

Wilke M, Holland SK, Altaye M, Gaser C. Template-O-Matic: a toolbox for
creating customized pediatric templates. Neuroimage. 2008:41(3):903-13.
doi:10.1016/j.neuroimage.2008.02.056.

[o))

62.

63.

64.

65.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

0.

Page 12 of 14

Floris DL, Lai MC, Auer T, Lombardo MV, Ecker C, Chakrabarti B, et al.
Atypically rightward cerebral asymmetry in male adults with autism stratifies
individuals with and without language delay. Hum Brain Mapp. 2016;37(1):
230-53. doi:10.1002/hbm.23023.

Behzadi Y, Restom K, Liau J, Liu TT. A component based noise correction
method (CompCor) for BOLD and perfusion based fMRI. Neuroimage. 2007;
37(1):90-101. doi:10.1016/j.neuroimage.2007.04.042.

Gotts SJ, Saad ZS, Jo HJ, Wallace GL, Cox RW, Martin A. The perils of
global signal regression for group comparisons: a case study of autism
spectrum disorders. Front Hum Neurosci. 2013;7:356. doi:10.3389/fnhum.
2013.00356.

Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Steps toward
optimizing motion artifact removal in functional connectivity MRI; a reply to
Carp. Neuroimage. 2013;76:439-41. doi:10.1016/j.neuroimage.2012.03.017.
Di Martino A, Zuo XN, Kelly C, Grzadzinski R, Mennes M, Schvarcz A, et al.
Shared and distinct intrinsic functional network centrality in autism and
attention-deficit/hyperactivity disorder. Biol Psychiatry. 2013;74(8):623-32.
doi:10.1016/j biopsych.2013.02.011.

Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. The
human brain is intrinsically organized into dynamic, anticorrelated
functional networks. Proc Natl Acad Sci U S A. 2005;102(27):9673-8. doi:10.
1073/pnas.0504136102.

Yeo BT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollinshead M,

et al. The organization of the human cerebral cortex estimated by intrinsic
functional connectivity. J Neurophysiol. 2011;106(3):1125-65. doi:10.1152/jn.
00338.2011.

Di Martino A, Yan CG, Li Q, Denio E, Castellanos FX, Alaerts K, et al. The
autism brain imaging data exchange: towards a large-scale evaluation of
the intrinsic brain architecture in autism. Mol Psychiatry. 2014;19(6):659-67.
doi:10.1038/mp.2013.78.

Gonzalez-Gadea ML, Baez S, Torralva T, Castellanos FX, Rattazzi A, Bein V,

et al. Cognitive variability in adults with ADHD and AS: disentangling the
roles of executive functions and social cognition. Res Dev Disabil. 2013;
34(2):817-30. doi:10.1016/}.ridd.2012.11.009.

Brian J, Bryson SE, Garon N, Roberts W, Smith IM, Szatmari P, et al. Clinical
assessment of autism in high-risk 18-month-olds. Autism. 2008;12(5):433-56.
doi:10.1177/1362361308094500.

Sutera S, Pandey J, Esser EL, Rosenthal MA, Wilson LB, Barton M, et al. Predictors
of optimal outcome in toddlers diagnosed with autism spectrum disorders. J
Autism Dev Disord. 2007;37(1):98-107. doi:10.1007/510803-006-0340-6.

Bhat AN, Landa RJ, Galloway JC. Current perspectives on motor functioning
in infants, children, and adults with autism spectrum disorders. Phys Ther.
2011;91(7):1116-29. doi:10.2522/pt}.20100294.

Sears LL, Vest C, Mohamed S, Bailey J, Ranson BJ, Piven J. An MRI study of
the basal ganglia in autism. Prog Neuropsychopharmacol Biol Psychiatry.
1999,23(4):613-24.

Siegel BV, Asarnow R, Tanguay P, Call JD, Abel L, Ho A, et al. Regional
cerebral glucose metabolism and attention in adults with a history of
childhood autism. J Neuropsychiatry Clin Neurosci. 1992;4(4):406-14.
McAlonan GM, Daly E, Kumari V, Critchley HD, van Amelsvoort T, Suckling J,
et al. Brain anatomy and sensorimotor gating in Asperger’s syndrome. Brain.
2002;125(Pt 7):1594-606.

Joel SE, Caffo BS, van Zijl PC, Pekar JJ. On the relationship between seed-
based and ICA-based measures of functional connectivity. Magn Reson
Med. 2011,66(3):644-57. doi:10.1002/mrm.22818.

Amunts K, Schlaug G, Schleicher A, Steinmetz H, Dabringhaus A, Roland PE,
et al. Asymmetry in the human motor cortex and handedness. Neuroimage.
1996;4(3 Pt 1):216-22. doi:10.1006/nimg.1996.0073.

Volkmann J, Schnitzler A, Witte OW, Freund H. Handedness and asymmetry of
hand representation in human motor cortex. J Neurophysiol. 1998;79(4):2149-54.
Guye M, Parker GJ, Symms M, Boulby P, Wheeler-Kingshott CA, Salek-Haddadi A,
et al. Combined functional MRl and tractography to demonstrate the
connectivity of the human primary motor cortex in vivo. Neuroimage. 2003;
19(4):1349-60.

Haaland KY, Elsinger CL, Mayer AR, Durgerian S, Rao SM. Motor sequence
complexity and performing hand produce differential patterns of
hemispheric lateralization. J Cogn Neurosci. 2004;16(4):621-36. doi:10.1162/
089892904323057344.

Verstynen T, Diedrichsen J, Albert N, Aparicio P, Ivry RB. Ipsilateral motor
cortex activity during unimanual hand movements relates to task
complexity. J Neurophysiol. 2005;,93(3):1209-22. doi:10.1152/jn.00720.2004.


http://dx.doi.org/10.1093/brain/awh199
http://dx.doi.org/10.1093/brain/awh199
http://dx.doi.org/10.1016/j.brainres.2009.11.057
http://dx.doi.org/10.1016/j.biopsych.2012.12.013
http://dx.doi.org/10.1016/j.biopsych.2012.12.013
http://dx.doi.org/10.1016/j.neuroimage.2010.05.067
http://dx.doi.org/10.1016/j.neuroimage.2010.05.067
http://dx.doi.org/10.1186/2040-2392-3-15
http://dx.doi.org/10.3389/fnsys.2014.00080
http://dx.doi.org/10.3389/fnsys.2014.00080
http://dx.doi.org/10.1002/hbm.22188
http://dx.doi.org/10.1001/jamapsychiatry.2013.382
http://dx.doi.org/10.1186/2040-2392-5-8
http://dx.doi.org/10.1007/s10803-006-0109-y
http://dx.doi.org/10.1007/s10803-010-0981-3
http://dx.doi.org/10.1002/aur.1222
http://dx.doi.org/10.1371/journal.pone.0071275
http://dx.doi.org/10.1097/00004583-200001000-00017
http://dx.doi.org/10.1097/00004583-200001000-00017
http://dx.doi.org/10.1016/j.neuroimage.2008.02.056
http://dx.doi.org/10.1002/hbm.23023
http://dx.doi.org/10.1016/j.neuroimage.2007.04.042
http://dx.doi.org/10.3389/fnhum.2013.00356
http://dx.doi.org/10.3389/fnhum.2013.00356
http://dx.doi.org/10.1016/j.neuroimage.2012.03.017
http://dx.doi.org/10.1016/j.biopsych.2013.02.011
http://dx.doi.org/10.1073/pnas.0504136102
http://dx.doi.org/10.1073/pnas.0504136102
http://dx.doi.org/10.1152/jn.00338.2011
http://dx.doi.org/10.1152/jn.00338.2011
http://dx.doi.org/10.1038/mp.2013.78
http://dx.doi.org/10.1016/j.ridd.2012.11.009
http://dx.doi.org/10.1177/1362361308094500
http://dx.doi.org/10.1007/s10803-006-0340-6
http://dx.doi.org/10.2522/ptj.20100294
http://dx.doi.org/10.1002/mrm.22818
http://dx.doi.org/10.1006/nimg.1996.0073
http://dx.doi.org/10.1162/089892904323057344
http://dx.doi.org/10.1162/089892904323057344
http://dx.doi.org/10.1152/jn.00720.2004

Floris et al. Molecular Autism (2016) 7:35

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

104.

105.

106.

107.

Schluter ND, Rushworth MF, Passingham RE, Mills KR. Temporary
interference in human lateral premotor cortex suggests dominance for the
selection of movements. A study using transcranial magnetic stimulation.
Brain. 1998;121(Pt 5):785-99.

Jancke L, Specht K, Shah JN, Hugdahl K. Focused attention in a simple dichotic
listening task: an fMRI experiment. Brain Res Cogn Brain Res. 2003;16(2):257-66.
Serrien DJ, Cassidy MJ, Brown P. The importance of the dominant
hemisphere in the organization of bimanual movements. Hum Brain Mapp.
2003;18(4):296-305. doi:10.1002/hbm.10086.

Weissman DH, Banich MT. The cerebral hemispheres cooperate to perform
complex but not simple tasks. Neuropsychology. 2000;14(1):41-59.

Dawson G, Watling R. Interventions to facilitate auditory, visual, and motor
integration in autism: a review of the evidence. J Autism Dev Disord. 2000;
30(5)415-21.

Greenspan SI, Wieder S. Developmental patterns and outcomes in infants
and children with disorders in relating and communicating: a chart review
of 200 cases of children with autistic spectrum diagnoses. J Dev Learn
Disord. 1997;1(1):87-141.

Ghilardi M, Ghez C, Dhawan V, Moeller J, Mentis M, Nakamura T, et al.
Patterns of regional brain activation associated with different forms of
motor learning. Brain Res. 2000;,871(1):127-45.

Wenderoth N, Debaere F, Sunaert S, van Hecke P, Swinnen SP. Parieto-
premotor areas mediate directional interference during bimanual
movements. Cereb Cortex. 2004;14(10):1153-63. doi:10.1093/cercor/bhh075.
Haaland KY, Harrington DL. Hemispheric control of the initial and corrective
components of aiming movements. Neuropsychologia. 1989,27(7):961-9.
Sainburg RL. Evidence for a dynamic-dominance hypothesis of handedness.
Exp Brain Res. 2002;142(2):241-58. doi:10.1007/500221-001-0913-8.

Goble DJ, Brown SH. The biological and behavioral basis of upper limb
asymmetries in sensorimotor performance. Neurosci Biobehav Rev. 2008;
32(3):598-610. doi:10.1016/j.neubiorev.2007.10.006.

Goble DJ, Noble BC, Brown SH. Proprioceptive target matching asymmetries
in left-handed individuals. Exp Brain Res. 2009;197(4):403-8. doi:10.1007/
500221-009-1922-2.

Haswell CC, Izawa J, Dowell LR, Mostofsky SH, Shadmehr R. Representation
of internal models of action in the autistic brain. Nat Neurosci. 2009;12(8):
970-2. doi:10.1038/nn.2356.

Colby KM, Parkison C. Handedness in autistic children. J Autism Child
Schizophr. 1977;7(1):3-9.

Barry RJ, James AL. Handedness in autistics, retardates, and normals of a
wide age range. J Autism Child Schizophr. 1978;8(3):315-23.

Gillberg C. Autistic children’s hand preferences: results from an
epidemiological study of infantile autism. Psychiatry Res. 1983;10(1):21-30.
Ricks DM, Wing L. Handedness subtypes in autism. Psychiatric Annals. 1985;
15(7):447-50.

Soper HV, Satz P, Orsini DL, Henry RR, Zvi JC, Schulman M. Handedness
patterns in autism suggest subtypes. J Autism Dev Disord. 1986;16(2):155-67.
McManus IC, Murray B, Doyle K, Baron-Cohen S. Handedness in childhood
autism shows a dissociation of skill and preference. Cortex. 1992,28(3):373-81.
Cornish KM, McManus IC. Hand preference and hand skill in children with
autism. J Autism Dev Disord. 1996,26(6):597-609.

. Preslar J, Kushner HI, Marino L, Pearce B. Autism, lateralisation, and

handedness: a review of the literature and meta-analysis. Laterality. 2014;
19(1):64-95. doi:10.1080/1357650X.2013.772621.

Kawashima R, Inoue K, Sato K, Fukuda H. Functional asymmetry of cortical
motor control in left-handed subjects. Neuroreport. 1997,8(7):1729-32.
Ghaziuddin M, Butler E. Clumsiness in autism and Asperger syndrome: a
further report. J Intellect Disabil Res. 1998:42(Pt 1):43-8.

David FJ, Baranek GT, Giuliani CA, Mercer VS, Poe MD, Thorpe DE. A pilot
study: coordination of precision grip in children and adolescents with high
functioning autism. Pediatr Phys Ther. 2009,21(2):205-11. doi:10.1097/PEP.
0b013e3181a3afc2.

Iverson JM, Wozniak RH. Variation in vocal-motor development in infant
siblings of children with autism. J Autism Dev Disord. 2007;37(1):158-70.
doi:10.1007/510803-006-0339-z.

Ming X, Brimacombe M, Wagner GC. Prevalence of motor impairment in
autism spectrum disorders. Brain Dev. 2007;29(9):565-70. doi:10.1016/j.
braindev.2007.03.002.

Ament K, Mejia A, Buhlman R, Erklin S, Caffo B, Mostofsky S, et al. Evidence for
specificity of motor impairments in catching and balance in children with
autism. J Autism Dev Disord. 2015:45(3):742-51. doi:10.1007/510803-014-2229-0.

108.

112.

113.

116.

117.

119.

120.

123.

126.

127.

128.

Page 13 of 14

Noterdaeme M, Mildenberger K, Minow F, Amorosa H. Evaluation of
neuromotor deficits in children with autism and children with a specific
speech and language disorder. Eur Child Adolesc Psychiatry. 2002;11(5):219-25.
doi:10.1007/500787-002-0285-z.

. Minshew NJ, Sung K, Jones BL, Furman JM. Underdevelopment of the

postural control system in autism. Neurology. 2004,63(11):2056-61.

. Rinehart NJ, Tonge BJ, Bradshaw JL, lansek R, Enticott PG, McGinley J. Gait

function in high-functioning autism and Asperger's disorder : evidence for
basal-ganglia and cerebellar involvement? Eur Child Adolesc Psychiatry.
2006;15(5):256-64. doi:10.1007/500787-006-0530-y.

. Nayate A, Bradshaw JL, Rinehart NJ. Autism and Asperger’s disorder:

are they movement disorders involving the cerebellum and/or basal
ganglia? Brain Res Bull. 2005;67(4):327-34. doi:10.1016/j.brainresbull.
2005.07.011.

Leary MR, Hill DA. Moving on: autism and movement disturbance. Ment
Retard. 1996;34(1):39-53.

Iverson JM, Braddock BA. Gesture and motor skill in relation to language in
children with language impairment. J Speech Lang Hear Res. 2011;54(1):72—
86. doi:10.1044/1092-4388(2010/08-0197).

. Knecht S, Drdger B, Deppe M, Bobe L, Lohmann H, Fldel A, et al.

Handedness and hemispheric language dominance in healthy humans.
Brain. 2000;123(Pt 12):2512-8.

. Pujol J, Deus J, Losilla JM, Capdevila A. Cerebral lateralization of language in

normal left-handed people studied by functional MRI. Neurology. 1999;
52(5):1038-43.

Nebel MB, Eloyan A, Nettles CA, Sweeney KL, Ament K, Ward RE, et al.
Intrinsic visual-motor synchrony correlates with social deficits in autism. Biol
Psychiatry. 2016;79(8):633-41. doi:10.1016/j.biopsych.2015.08.029.

Shehzad Z, Kelly AM, Reiss PT, Gee DG, Gotimer K, Uddin LQ, et al. The
resting brain: unconstrained yet reliable. Cereb Cortex. 2009;19(10):2209-29.
doi:10.1093/cercor/bhn256.

. Dosenbach NU, Nardos B, Cohen AL, Fair DA, Power JD, Church JA, et al.

Prediction of individual brain maturity using fMRI. Science. 2010;329(5997):
1358-61. doi:10.1126/science.1194144.

Chou YH, Panych LP, Dickey CC, Petrella JR, Chen NK. Investigation of long-
term reproducibility of intrinsic connectivity network mapping: a resting-state
fMRI study. AJINR Am J Neuroradiol. 2012;33(5):833-8. doi:10.3174/ajnr.A2894.
Chang C, Glover GH. Time-frequency dynamics of resting-state brain
connectivity measured with fMRI. Neuroimage. 2010;50(1):81-98. doi:10.
1016/j.neuroimage.2009.12.011.

. Hutchison RM, Womelsdorf T, Gati JS, Everling S, Menon RS. Resting-state

networks show dynamic functional connectivity in awake humans and
anesthetized macaques. Hum Brain Mapp. 2013;34(9):2154-77.
doi:10.1002/hbm.22058.

. Fukunaga M, Horovitz SG, van Gelderen P, de Zwart JA, Jansma JM,

lkonomidou VN, et al. Large-amplitude, spatially correlated fluctuations in
BOLD fMRI signals during extended rest and early sleep stages. Magn Reson
Imaging. 2006;24(8):979-92. doi:10.1016/j.mri.2006.04.018.

Greicius MD, Kiviniemi V, Tervonen O, Vainionpda V, Alahuhta S, Reiss AL,

et al. Persistent default-mode network connectivity during light sedation.
Hum Brain Mapp. 2008,29(7):839-47. doi:10.1002/hbm.20537.

. Waites AB, Stanislavsky A, Abbott DF, Jackson GD. Effect of prior cognitive

state on resting state networks measured with functional connectivity. Hum
Brain Mapp. 2005;24(1):59-68. doi:10.1002/hbm.20069.

. Harrison BJ, Pujol J, Ortiz H, Fornito A, Pantelis C, Yicel M. Modulation of

brain resting-state networks by sad mood induction. PLoS One. 2008;3(3):
€1794. doi:10.1371/journal.pone.0001794.

Zuo XN, Kelly C, Di Martino A, Mennes M, Margulies DS, Bangaru S, et al.
Growing together and growing apart: regional and sex differences in the
lifespan developmental trajectories of functional homotopy. J Neurosci.
2010;30(45):15034-43. doi:10.1523/JINEUROSCI.2612-10.2010.

Reid HM, Norvilitis JM. Evidence for anomalous lateralization across domain
in ADHD children as well as adults identified with the Wender Utah rating
scale. J Psychiatr Res. 2000;34(4-5):311-6.

Mahajan R, Dirlikov B, Crocetti D, Mostofsky SH. Motor circuit anatomy in
children with autism spectrum disorder with or without attention deficit
hyperactivity disorder. Autism Res. 2015. doi:10.1002/aur.1497.

. Bolding MS, White DM, Hadley JA, Weiler M, Holcomb HH, Lahti AC.

Antipsychotic drugs alter functional connectivity between the medial
frontal cortex, hippocampus, and nucleus accumbens as measured by
H2150 PET. Front Psychiatry. 2012;3:105. doi:10.3389/fpsyt.2012.00105.


http://dx.doi.org/10.1002/hbm.10086
http://dx.doi.org/10.1093/cercor/bhh075
http://dx.doi.org/10.1007/s00221-001-0913-8
http://dx.doi.org/10.1016/j.neubiorev.2007.10.006
http://dx.doi.org/10.1007/s00221-009-1922-2
http://dx.doi.org/10.1007/s00221-009-1922-2
http://dx.doi.org/10.1038/nn.2356
http://dx.doi.org/10.1080/1357650X.2013.772621
http://dx.doi.org/10.1097/PEP.0b013e3181a3afc2
http://dx.doi.org/10.1097/PEP.0b013e3181a3afc2
http://dx.doi.org/10.1007/s10803-006-0339-z
http://dx.doi.org/10.1016/j.braindev.2007.03.002
http://dx.doi.org/10.1016/j.braindev.2007.03.002
http://dx.doi.org/10.1007/s10803-014-2229-0
http://dx.doi.org/10.1007/s00787-002-0285-z
http://dx.doi.org/10.1007/s00787-006-0530-y
http://dx.doi.org/10.1016/j.brainresbull.2005.07.011
http://dx.doi.org/10.1016/j.brainresbull.2005.07.011
http://dx.doi.org/10.1044/1092-4388(2010/08-0197)
http://dx.doi.org/10.1016/j.biopsych.2015.08.029
http://dx.doi.org/10.1093/cercor/bhn256
http://dx.doi.org/10.1126/science.1194144
http://dx.doi.org/10.3174/ajnr.A2894
http://dx.doi.org/10.1016/j.neuroimage.2009.12.011
http://dx.doi.org/10.1016/j.neuroimage.2009.12.011
http://dx.doi.org/10.1002/hbm.22058
http://dx.doi.org/10.1016/j.mri.2006.04.018
http://dx.doi.org/10.1002/hbm.20537
http://dx.doi.org/10.1002/hbm.20069
http://dx.doi.org/10.1371/journal.pone.0001794
http://dx.doi.org/10.1523/JNEUROSCI.2612-10.2010
http://dx.doi.org/10.1002/aur.1497
http://dx.doi.org/10.3389/fpsyt.2012.00105

Floris et al. Molecular Autism (2016) 7:35

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

142.

143.

Sambataro F, Blasi G, Fazio L, Caforio G, Taurisano P, Romano R, et al.
Treatment with olanzapine is associated with modulation of the default
mode network in patients with Schizophrenia. Neuropsychopharmacology.
2010;35(4):904-12. doi:10.1038/npp.2009.192.

Lui S, Li T, Deng W, Jiang L, Wu Q, Tang H, et al. Short-term effects of
antipsychotic treatment on cerebral function in drug-naive first-episode
schizophrenia revealed by “resting state” functional magnetic resonance imaging.
Arch Gen Psychiatry. 2010,67(8).783-92. doi:10.1001/archgenpsychiatry.2010.84.

Lai MC, Lombardo MV, Baron-Cohen S. Autism. Lancet. 2014;383(9920):896-910.

doi:10.1016/50140-6736(13)61539-1.

Esbensen AJ, Greenberg JS, Seltzer MM, Aman MG. A longitudinal
investigation of psychotropic and non-psychotropic medication use among
adolescents and adults with autism spectrum disorders. J Autism Dev
Disord. 2009;39(9):1339-49. doi:10.1007/510803-009-0750-3.

Oswald DP, Sonenklar NA. Medication use among children with autism
spectrum disorders. J Child Adolesc Psychopharmacol. 2007;17(3):348-55.
doi:10.1089/cap.2006.17303.

Floris DL, Chura LR, Holt RJ, Suckling J, Bullmore ET, Baron-Cohen S, et al.
Psychological correlates of handedness and corpus callosum asymmetry in
autism: the left hemisphere dysfunction theory revisited. J Autism Dev
Disord. 2013;43(8):1758-72. doi:10.1007/510803-012-1720-8.

Tian L, Wang J, Yan C, He Y. Hemisphere- and gender-related differences in
small-world brain networks: a resting-state functional MRI studly.
Neuroimage. 2011;54(1):191-202. doi:10.1016/j.neuroimage.2010.07.066.
Jeste SS. The neurology of autism spectrum disorders. Curr Opin Neurol.
2011,24(2):132-9. doi:10.1097/WCO.0b013e3283446450.

Hilton CL, Zhang Y, Whilte MR, Klohr CL, Constantino J. Motor impairment
in sibling pairs concordant and discordant for autism spectrum disorders.
Autism. 2012;16(4):430-41. doi:10.1177/1362361311423018.

Hardan AY, Minshew NJ, Keshavan MS. Corpus callosum size in autism.
Neurology. 2000;55(7):1033-6.

Frazier TW, Hardan AY. A meta-analysis of the corpus callosum in autism.
Biol Psychiatry. 2009;66(10):935-41. doi:10.1016/j.biopsych.2009.07.022.

. Just MA, Cherkassky VL, Keller TA, Kana RK, Minshew NJ. Functional and

anatomical cortical underconnectivity in autism: evidence from an FMRI
study of an executive function task and corpus callosum morphometry.
Cereb Cortex. 2007;17(4):951-61. doi:10.1093/cercor/bhl006.

Nydén A, Carlsson M, Carlsson A, Gillberg C. Interhemispheric transfer in
high-functioning children and adolescents with autism spectrum disorders:
a controlled pilot study. Dev Med Child Neurol. 2004;46(7):448-54.

Herbert MR, Ziegler DA, Makris N, Filipek PA, Kemper TL, Normandin JJ, et al.

Localization of white matter volume increase in autism and developmental
language disorder. Ann Neurol. 2004;55(4):530-40. doi:10.1002/ana.20032.

. Hahamy A, Behrmann M, Malach R. The idiosyncratic brain: distortion of

spontaneous connectivity patterns in autism spectrum disorder. Nat Neurosci.
2015;18(2):302-9. doi:10.1038/nn.3919.

Page 14 of 14

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central



http://dx.doi.org/10.1038/npp.2009.192
http://dx.doi.org/10.1001/archgenpsychiatry.2010.84
http://dx.doi.org/10.1016/S0140-6736(13)61539-1
http://dx.doi.org/10.1007/s10803-009-0750-3
http://dx.doi.org/10.1089/cap.2006.17303
http://dx.doi.org/10.1007/s10803-012-1720-8
http://dx.doi.org/10.1016/j.neuroimage.2010.07.066
http://dx.doi.org/10.1097/WCO.0b013e3283446450
http://dx.doi.org/10.1177/1362361311423018
http://dx.doi.org/10.1016/j.biopsych.2009.07.022
http://dx.doi.org/10.1093/cercor/bhl006
http://dx.doi.org/10.1002/ana.20032
http://dx.doi.org/10.1038/nn.3919

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Participant characteristics
	Cognitive and behavioural measures
	Physical and Neurological Examination of Subtle Signs

	Handedness
	Structural and functional magnetic resonance imaging acquisition
	Image preprocessing
	Creation of seed regions
	Control networks
	Statistical analyses
	Group differences in mean connectivity and individual connection pairs

	Association with cognitive measures within ASC

	Results
	Participant characteristics and task performance
	Group differences in lateralization of motor circuit connectivity
	Association with cognitive measures in children with ASC
	Control networks
	Default mode network

	Visual network

	Discussion
	Rightward asymmetry of motor circuit functional connectivity is associated with motor performance in children with ASC
	Implications of motor deficits in ASC
	Limitations and future directions

	Conclusions
	Additional file
	show [Abbrev]
	Acknowledgements
	Authors’ contributions
	Competing interests
	Ethics approval and consent to participate
	Author details
	References

