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Motor impairments in autism spectrum disorders (ASD) have received far less research attention than core social-      
communication and cognitive features. Yet, behavioral, neurophysiological, neuroimaging and histopathological studies have 
documented abnormal motor system development in the majority of individuals with ASD suggesting that these deficits may 
be primary to the disorder. There are several unique advantages to studying motor development in ASD. First, the neurophysi-
ological substrates of motor skills have been well-characterized via animal and human lesion studies. Second, many of the sin-
gle-gene disorders associated with ASD also are characterized by motor dysfunctions. Third, recent evidence suggests that the 
onset of motor dysfunctions may precede the emergence of social and communication deficits during the first year of life in 
ASD. Motor deficits documented in ASD indicate disruptions throughout the neuroaxis affecting cortex, striatum, the cerebel-
lum and brainstem. Questions remain regarding the timing and development of motor system alterations in ASD, their associa-
tion with defining clinical features, and their potential for parsing heterogeneity in ASD. Pursuing these questions through 
neurobiologically informed translational research holds great promise for identifying gene-brain pathways associated with 
ASD. 

autism, motor, cerebellum, dyspraxia, oculomotor 

 

Citation:  Mosconi MW, Sweeney JA. Sensorimotor dysfunctions as primary features of autism spectrum disorders. Sci China Life Sci, 2015, 58: 1016–1023, 
doi: 10.1007/s11427-015-4894-4  

 

 
 
Motor disturbances represent a vastly understudied aspect 
of autism spectrum disorders (ASD). Yet, abnormal motor 
functions have been recognized in ASD patients since the 
original descriptions of these disorders by Leo Kanner [1] 
and Hans Asperger [2]. Recent systematic investigations 
indicate impairments in vestibular control, gross and fine 
motor movements, oculomotor functions and praxis in the 
majority of affected individuals (for a review, see [3]).  

Despite these findings, motor dysfunctions are largely 
absent from current diagnostic criteria. DSM-IV TR in-
cludes motor stereotypies as one possible form of restricted 
and repetitive behavioral patterns that are core to ASD [4]. 
In the DSM, deficits of motor skills are described as fea-

tures that may be associated with Autistic Disorder and As-
perger’s Disorder. However, the descriptions do not specify 
the quality of motor impairments or integrate them into the 
diagnostic criteria. Rather it is indicated that “nonspecific 
neurological symptoms may be noted (e.g., primitive re-
flexes, delayed development of hand dominance) in Autistic 
Disorder” and “(in Asperger’s Disorder)…motor clumsiness 
and awkwardness may be present but usually are relatively 
mild”. In the context of data reported since the release of 
DSM-IV TR that has consistently identified motor disturb-
ances in Autistic Disorder and Asperger’s Disorder, 
re-evaluation of the importance of motor skill deficits to 
ASD and their place in clinical diagnostic practice appears 
warranted.  

In addition to their relevance to clinical diagnosis, motor 
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functions offer several unique advantages for research stud-
ies examining the pathophysiology of ASD. First, motor 
systems lend themselves to translational research because 
their neurophysiological substrates are well-defined via 
animal and human lesion studies. Second, their spatial and 
temporal dimensions can be quantified precisely using read-
ily available laboratory techniques, increasing the sensitivi-
ty of motor tasks to subtle deficits. Third, the limited lan-
guage and cognitive demands of motor paradigms enable 
studies of individuals with a wide range of symptom sever-
ity and cognitive ability to be evaluated. Fourth, several 
studies now suggest that motor disturbances may be the 
earliest identifiable clinical abnormalities in ASD, and thus 
they could serve as markers of disease detectable in the first 
year of life [57]. Fifth, approximately 80% of genetic syn-
dromes currently known to be associated with ASD are 
characterized by motor impairments [8]. Finally, a recent 
study indicated a unique pattern of oculomotor dysfunction 
in unaffected parents and siblings of individuals with ASD 
that were similar to abnormalities identified previously in 
affected individuals [9]. This suggests that certain oculo-
motor deficits and disruption of their underlying neural sys-
tems may be familial and specific to ASD. 

1  Brain systems supporting sensorimotor func-
tions 

The human central nervous system consists of multiple in-
teracting sensorimotor systems that involve cortico-cortical, 
cortical-subcortical, and cortico-cerebellar pathways that 
innervate lower motor neurons indirectly through the brain-
stem [10,11]. Relevant frontal lobe regions include primary 
motor cortex (Brodmann Area (BA) 4), lateral premotor 
cortex (BA 6) and the midline supplementary motor area 
(SMA; BA 6). These regions are directly connected with the 
intraparietal sulcus and inferior parietal lobule (BA 5 and 7), 
and this fronto-parietal system is involved in the planning 
and execution of accurate skeletomotor movements [1214]. 
Frontal cortex-basal ganglia loops subserve the initiation 
and inhibition of voluntary motor acts [15,16], and disturb-
ances to this system can cause failures to voluntarily and 
rapidly initiate movements, or to inhibit repetitive motor  
activity [17]. Cortico-ponto-cerebellar-thalamocortical loops 
involved in skeletomotor control primarily involve anterior 
cerebellar hemispheres (Lobules I–V and VIII) [18,19]  
that dynamically modulate motor performance to reduce 
deviations between intended and actual movements [20]. 
Lesions to anterior cerebellar lobules can result in uncoor-
dinated and unsteady motor movements (for a review,   
see [21]).  

Like skeletomotor functions, eye movements rely on cor-
tical and subcortical pathways. Visual information is pro-

cessed in striate and extrastriate cortex (BA 17–19) and 
transformed into oculomotor commands via frontal and pa-
rietal cortices, the basal ganglia, brainstem and cerebellum 
(Figure 1). Oculomotor regions within the frontal lobe in-
clude the frontal eye fields (FEF) situated in premotor cor-
tex (BA 6), supplementary eye fields (SEF) and preSMA 
positioned on the medial surface of the superior frontal gy-
rus (BA 6 and 8), and the middle frontal gyrus (BA 9 and 46) 
in dorsolateral prefrontal cortex (DLPFC). The FEF are 
involved in initiating rapid ballistic shifts in eye gaze (i.e., 
saccades) and slower velocity tracking movements (i.e., 
smooth pursuit eye movements) [22,23]. The SEF, in con-
cert with DLPFC and parietal cortices, are involved in the 
preparatory phase of eye movements, sequencing multiple 
saccades, and coordinating eye and body movements [24]. 
The FEF and DLPFC are integrated in a frontostriatal sys-
tem that includes anterior cingulate cortex (ACC) and the 
striatum. This system is involved in cognitive control of eye 
movements, including inhibiting context-inappropriate eye 
movements, error monitoring, short-term spatial memory 
and decision processes [13,25,26]. The parietal eye fields 
(PEF) are located in the intraparietal sulcus and parie-
tal-occipital junction (BA 7 and 39) and are involved in 
generating conjugate eye movements and shifting visual 
attention [27,28]. Lobules VI–VII of the cerebellar vermis 
and output pathways via the fastigial nuclei act in concert 
with pontine nuclei and the superior colliculus to generate  
reflexive eye movements and calibrate eye movement ac- 

 

 

Figure 1  Lateral view of human cerebral cortex and projections to supe-
rior colliculus (SC) involved in saccade generation. Cortical and subcorti-
cal areas involved in oculomotor control, with excitatory and inhibitory 
pathways depicted in solid and broken lines, respectively. Direct excitatory 
pathways to the SC shown are from the dorsolateral prefrontal cortex 
(DLPFC), frontal eye fields (FEF), parietal eye fields (PEF), and supple-
mentary eye fields (SEF). Indirect cortical input from the DLPFC and FEF 
is through the caudate nucleus (CN), which inhibits the substantia nigra 
pars reticulate (SNpr) and which, in turn, inhibits the SC. Cerebellar con-
nections (vermis and fastigial nuclei (FN)) and pontine connections to the 
SC are also shown.  
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curacy [29].  
Histopathological and neuroimaging studies of ASD each 

have documented abnormalities in motor structures. One of 
the first neuropathologic studies of an autistic brain de-
scribed thickening of the arterioles and increased cell size in 
the right frontal lobe [30]. Neocortical pathology has since 
only been inconsistently documented (for positive findings, 
see [31], and for negative results, see [32]), but pathology 
within cerebellar circuits, first identified by Bauman and 
Kemper [32] has been consistently replicated [31,33,34]. 
MRI studies have identified cerebellar hypoplasia and, alt-
hough this literature has been more equivocal than the 
post-mortem results [35–39], a meta-analysis of morphome-
try studies in ASD yielded significant overall reductions in 
cerebellar volume (Effect Size (ES)=0.72) [40]. This me-
ta-analysis also documented cerebral (ES=0.62) and caudate 
nucleus (ES=0.4) enlargement in ASD. The most consistent 
MRI finding in ASD has been increased total brain volumes 
with diffuse increases in white and gray matter volumes 
across lobes and hemispheres (for a review, see [41]). Tak-
en together, histopathological and morphometric studies 
suggest alterations that affect widely distributed brain sys-
tems in ASD involving cortical and subcortical structures 
integral to motor control.  

2  Motor dysfunction in ASD and evidence of 
alterations in underlying brain systems  

Fournier et al. [42] conducted a meta-analysis and reported 
large deficits in skeletomotor functioning in individuals 
with ASD (ES=1.2). The authors identified reduced postural 
stability, upper extremity dysfunction (e.g., poorly coordi-
nated arm movements) and compromised movement prepa-
ration and planning. These findings suggest alterations to 
cortico-cerebellar, fronto-striatal, and fronto-parietal path-
ways. Additional studies of skeletomotor integrity in ASD 
have documented abnormal gait consistent with basal gan-
glia dysfunction [43,44] or cerebellar ataxia [45,46], impre-
cise and slowed fine motor movements [47–50], and dys-
praxia [51,52]. Increased rates of mixed handedness also 
have been reported in ASD, suggesting reduced left hemi-
sphere motor dominance [53–55].  

Oculomotor studies of ASD indicate dysfunction 
throughout the neuroaxis. Reduced accuracy (dysmetria) of 
reflexive saccades [56] and increased trial-to-trial variability 
of saccade accuracy [57] suggest that the oculomotor vermis 
(lobules VI–VII), fastigial nuclei, and parapontine reticular 
formation are compromised. Reduced sustained smooth 
pursuit velocity [58] also is consistent with cerebellar dys-
function. Takarae and colleagues [58] reported lateralized 
alterations in the open-loop (first 100 ms) phase of smooth 
pursuit in which sensory feedback is not yet available to the 
visual system. While healthy controls showed greater 
rightward than leftward open-loop pursuit velocity, this 

asymmetry was not evident in patients. D’Cruz et al. [59] 
reported asymmetric procedural learning performance on a 
predictive saccade paradigm in which targets alternated at a 
fixed sequence between two predictable locations. While 
the one previous study using a similar procedural learning 
paradigm found bilateral impairments in ASD [60], the 
D’Cruz et al. findings, combined with findings of reduced 
rightward open-loop smooth pursuit gain [58] and reduced 
motor dominance in tests of handedness [53–55] indicate 
developmental dysmaturation affecting left hemisphere 
motor dominance.  

Individuals with ASD also show impairments during 
tasks of cognitive control of sensorimotor responses. Cogni-
tive control of eye movements has been assessed primarily 
with antisaccade and memory-guided saccade paradigms. 
Antisaccade paradigms require subjects to voluntarily in-
hibit a saccade towards a target and instead make a saccade 
away from the new target. Increased rates of antisaccade 
errors (eye movements towards rather than away from the 
target) have been consistently documented in ASD 
[56,60–63]. Mosconi et al. [64] found that antisaccade error 
rates were associated with higher-order repetitive behaviors 
in ASD, suggesting frontostriatal dysfunction may underlie 
behavioral rigidity. These brain systems develop throughout 
adolescence into early adulthood, and this protracted course 
of neural plasticity may provide a broad window for inter-
ventions aimed at increasing behavioral flexibility [56]. 

During memory-guided saccade tasks, subjects are re-
quired to make saccades to remembered target locations. 
Minshew et al. [62] demonstrated that adolescents and 
young adults with ASD had difficulty shifting their eyes 
accurately to remembered locations. Goldberg et al. [60] 
reported no abnormalities in the accuracy of memory- 
guided saccades in subjects with ASD, although they did 
report a prolonged latency of saccades to remembered tar-
gets. Luna et al. [56] also reported that latencies of memory 
guided saccades were longer in subjects with ASD than 
typically developing controls. Further, the ASD group’s 
age-related improvements were limited to childhood and 
early adolescence while no improvement was observed 
from adolescence to adulthood. In contrast, the control 
group showed progressive reductions in response latency 
through adulthood. This suggests an alteration in matura-
tional processes that leads to a persistent impairment in the 
ability to quickly plan and initiate behavioral actions.  

Functional neuroimaging studies of motor systems in 
ASD have identified several atypical patterns of brain func-
tion during motor control. Reduced activation within motor 
and lateral premotor cortex, SMA, and cerebellum has been 
reported during paced and sequential finger tapping tasks 
[65–67]. Studying both saccades and smooth pursuit eye 
movements, Takarae et al. [58,68] observed reduced activa-
tion within FEF, PEF and cerebellum. Interestingly, studies 
of manual and oculomotor functions each have documented 
increased activation in patients relative to controls within 
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regions typically allocated to higher-level executive pro-
cessing, including DLPFC, ACC, and the striatum 
[58,66,67]. While sensorimotor functions often involve au-
tomatic responses, they may occur at a more cognitive level 
in ASD and rely on higher order frontostriatal systems that 
are themselves impaired during cognitive tasks [56,6063]. 
This compensatory use of frontostriatal systems to support 
sensorimotor functions may mitigate basic sensorimotor 
impairments, but consequently have adverse effects on later 
developing complex cognitive processes that rely on the 
‘borrowed’ systems. Elucidating the developmental neuro-
biology of motor system deficits in ASD will require a 
mechanistic approach in which the neural system character-
istics of component motor processes are investigated with 
longitudinal functional and anatomical neuroimaging and 
behavioral studies. 

3  Is motor dysfunction a central feature of 
ASD? 

The severity and pervasiveness of motor disturbances in 
ASD indicate that they may constitute a central feature. Yet, 
there remain significant gaps in our knowledge of motor 
dysfunction in ASD, including limited understanding of 
motor system development, the specificity of motor dys-
functions to ASD, and their interaction with other affected 
cognitive and behavioral systems. Developmental studies 
and studies comparing patients with non-ASD developmen-
tally delayed and motor impaired subjects are needed.  

Motor abnormalities in ASD appear to emerge within the 
first year of life [5–7,69,70]. Bryson et al. [5] reported that 
hallmark social-communication characteristics of ASD were 
largely absent at age 6 months despite motor impairment in 
seven out of nine infants studied. Motor impairments in-
cluded poor visual tracking, limited motor control when 
grasping or reaching for objects and difficulty sitting inde-
pendently. Additional motor disturbances were observed 
during follow-up at 12 and 18 months, including abnormal, 
repetitive motor behaviors and odd posturing. Interestingly, 
the two infants who did not show motor abnormalities by 
age 6 months did, in fact, demonstrate motor impairments 
by age 12 months. These infants were the only two infants 
studied who were later identified as ASD without meeting 
criteria on both the Autism Diagnostic InventoryRevised 
[71] and Autism Diagnostic Observation Schedule [72]. 
Consistent with these data, retrospective analyses of home 
videotapes of infants later diagnosed with ASD have identi-
fied delays in motor milestones evident as early as 3–6 
months [7,73,74]. Taken together, data from infants and 
toddlers later diagnosed with ASD have indicated that mo- 
tor symptoms emerge early in ontogeny and may precede 
the development of core features.  

There is little data on the maturation of motor systems in 

ASD. Fournier et al.’s meta-analysis [42] did not identify 
significant age effects on motor system deficits in ASD, 
although others have suggested that gross and fine motor 
abnormalities may diminish over the lifetime [47]. A 
cross-sectional study of oculomotor control by Luna and 
colleagues [56] has shown that sensorimotor impairments 
mediated by cerebellar-brainstem pathways may be stable 
during development or more profound during childhood 
(i.e., ages 8–12 years), whereas deficits in cognitive control 
of motor skills indicating frontostriatal dysfunction become 
more pronounced during adolescence or adulthood as 
healthy individuals develop skills that ASD patients do not. 
Both frontostriatal systems and the cerebellum develop 
throughout childhood and into adolescence, indicating that 
sensorimotor systems and their cognitive control may still 
be susceptible to interventions during childhood years 
[56,75–77]. Longitudinal behavioral and neuroimaging 
studies are needed to delineate patterns of motor and brain 
system dysmaturation in ASD, understand how these pat-
terns differ from normative trajectories, determine if these 
impairments can be impacted by treatment, and identify 
patterns of developmental dysfunction across distinct motor 
processes and systems (e.g., eye movements versus limb 
movements).  

Alterations of motor systems, like other clinical features 
of ASD, are of course not specific to ASD and therefore are 
not specific diagnostic indicators. Several studies have 
found that motor function in ASD cannot be distinguished 
from developmentally delayed non-ASD individuals. Prov-
ost, Lopez, and Heimerl [78] reported gross and fine motor 
delays in children with ASD ages 21–41 months but also 
indicated that these deficits were not disproportionate in 
children with ASD relative to children with specific motor 
delays. Baranek [74] observed abnormal postural behaviors 
in 912 month old children later diagnosed with ASD rela-
tive to typically developing children, but the children later 
diagnosed with ASD did not differ in their rate of abnormal 
posturing relative to IQ-matched infants. Thus, many of the 
motor problems in ASD may be sensitive but not specific 
markers for ASD-similar to other domains of deficit associ-
ated with the disorder when considered in isolation (e.g., 
repetitive motor mannerisms that also are present in 
non-ASD developmentally delayed individuals). Studies of 
dyspraxia and oculomotor dysfunction in ASD have studied 
only individuals without significant intellectual impairment; 
comparisons between cognitively impaired individuals with 
ASD and IQ-matched controls are needed to determine 
whether the magnitude or pattern of deficit distinguishes 
ASD.  

Motor impairments that are specific to the disorder are of 
special interest, especially those that have not been reported 
for other developmental or neuropsychiatric disorders. In 
this regard, the observations of left-lateralized abnormalities 
on eye movement testing, for example reduced rightward 
open-loop pursuit gain [58] and alterations in rightward 
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predictive saccades during a procedural learning paradigm 
[59], are particularly intriguing. Overreliance on proprio-
ceptive relative to visual feedback during motor adaptation 
also may be specific to ASD [79]. Still, most studies of mo-
tor functions performed to date have not included cogni-
tively impaired individuals with ASD, making it difficult to 
generalize findings regarding the integrity of motor systems 
to a broader population of affected individuals. While the 
requirements of functional imaging studies often preclude 
the inclusion of severely cognitively impaired individuals, 
novel strategies for acquiring anatomical data, including 
morphometric and diffusion weighted imaging, may provide 
a basis for useful studies of brain-behavior linkages across 
the autism spectrum and spectrum of cognitive ability.  

Studies examining the relationships between motor im-
pairments and other core features of ASD have indicated 
associations that may reflect common neuropathological 
substrates. Dziuk et al. [51] found that the level of dyspraxia 
in children with ASD was associated with their overall level 
of impairment in social, communication, and repetitive be-
havior domains. Similarly, Rogers et al. [80] reported that 
children with ASD who were “weak imitators” (defined as 
those performing below the mean level for age- and 
IQ-matched developmentally delayed children on tasks of 
imitation of sequential motor actions) had greater overall 
symptomatology, poorer social responsiveness, and weak-
nesses in fine motor skill relative to “strong imitators” with 
ASD. These studies suggest that either the core features of 
ASD result from a shared neurological basis with dyspraxia, 
or that impaired coordination of motor actions may contrib-
ute to the social and communicative deficits observed in 
ASD as well as patterns of repetitive behavior. Clearly dys-
praxia is not a stand-alone cause of core features of ASD, as 
the majority of children with dyspraxia do not develop ASD. 
However, evidence that dyspraxia contributes to delayed 
development in oromotor and imitation skills integral to 
language and social development [81–83] and that the 
emergence of motor impairments often precedes that of so-
cial and communication impairments in ASD [5,6,74,84] 
together suggest that dyspraxia may be not only a central 
alteration in ASD but also a contributing factor to other im-
pairments associated with the disorder [85]. Considerable 
development of the neurobiological systems associated with 
motor coordination and complex motor behavior precede 
the development of social and communication systems 
[86,87], consistent with the hypothesis that early motor sys-
tem dysfunction may have downstream effects for develop-
ing social and communication systems in ASD. Non-motor 
brain systems have been shown to take on motor functions 
during childhood and adolescence in individuals with ASD 
[66,67,88] indicating that these regions may be develop-
mentally compromised in part because they are called upon 
to provide ongoing compensation for deficits in motor skill. 
This is a novel and exciting hypothesis that may be im-
portant for understanding the sequential pattern of brain 

dysmaturation in individuals with ASD.  

4  Do patterns of motor deficits distinguish ASD 
subtypes? 

Asperger’s [2] original descriptions of his patients suggest-
ed that, in addition to exhibiting social impairments and a 
strong need for sameness, they showed a consistent motor 
“clumsiness”. Several studies have attempted to quantify 
this clumsiness and assess whether individuals with Asper-
ger’s Disorder demonstrate reduced motor skill relative to 
both healthy individuals and individuals with Autistic Dis-
order. Findings from these studies have been inconsistent, 
demonstrating both more severe [8991] and less severe 
motor deficits in Asperger’s Disorder [92,93]. Comparisons 
between these groups are difficult owing to the incon-
sistency of Asperger’s Disorder diagnostic criteria applied 
across studies [94]. Still, more recent electroencepholog-
raphy (EEG) studies comparing individuals with Asperger’s 
Disorder to those with Autistic Disorder have indicated dif-
ferential patterns of movement-related potentials (MRP). 
Rinehart and colleagues identified MRP abnormalities con-
sistent with SMA-basal ganglia dysfunction during both 
externally [95] and internally cued [96] manual responses in 
individuals with Autistic Disorder, but not individuals with 
Asperger’s Disorder. Although these studies are based on 
relatively small samples (1216 subjects per patient group) 
and the absence of an effect relative to controls in the As-
perger’s groups could be a result of reduced power (as sug-
gested by the authors), these findings do indicate that dis-
tinct pathophysiological profiles related to motor perfor-
mance may distinguish ASD subpopulations. Such dissocia-
tions have been more equivocal in studies of social and 
complex neurocognitive functions suggesting that motor 
system studies hold promise for parsing heterogeneity in 
ASD.  

Takarae et al. [57,68] compared individuals with ASD 
with and without a history of language delay (defined as no 
single words prior to age 2 years, or no phrase speech prior 
to age 3 years) on saccade and smooth pursuit eye move-
ment paradigms and found that only individuals without 
language delays demonstrated saccade dysmetria [57], 
slower smooth pursuit latencies and failures to demonstrate 
the typical rightward directional advantage during smooth 
pursuit [68]. These results indicate distinct sensorimotor 
phenotypes that may be associated with different patho-
physiologies manifest in early maturation of language skills. 
Research into possible mechanisms relating language de-
velopment and sensorimotor skill is needed, but these stud-
ies are important in identifying potential sensorimotor sig-
natures that could inform more reliable and biologically 
supported diagnostic subtypes.  
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5  Sensorimotor dysfunctions as intermediate 
phenotypes in ASD 

An additional approach to parsing heterogeneity in neuro-
psychiatric disorders is to identify intermediate phenotypes 
that run in specific families and that can be linked to bio-
logical pathways of risk for illness. Such biological inter-
mediate phenotypes should be found in affected and no-
naffected family members at a higher rate than in the gen-
eral population [97]. Studying 57 unaffected first-degree 
relatives of individuals with ASD, we recently identified a 
unique set of oculomotor impairments that are strikingly 
similar to those previously identified in individuals with 
ASD [9]. Deficits included saccade hypometria, increased 
trial-wise saccade variability, reduced closed-loop pursuit 
gain, reduced rightward open-loop pursuit gain, impaired 
response timing mechanisms for rightward predictive sac-
cades, and increased rates of response suppression errors on 
an antisaccade task. These findings indicate that ponto- 
cerebellar circuitry alterations implicated by saccade inac-
curacy, increased saccade amplitude variability and reduced 
pursuit gain may be familial. Similarly, rightward lateral-
ized deficits in open-loop smooth pursuit and predictive 
saccade timing suggest left-hemisphere dysfunction affect-
ing temporo-parietal and basal ganglia systems, respectively. 
Last, impaired antisaccade performance is consistent with 
frontostriatal abnormalities that also were implicated in the 
one previous study of eye movements in unaffected family 
members that identified inhibitory control deficits on a 
memory guided saccade task [98]. This profile of impair-
ments, similar to those reported previously in independent 
samples, has direct implications for shared neurocircuitry 
dysfunction in individuals with ASD and their first-degree 
relatives. Future studies are needed to examine relationships 
between eye movement performance in probands and fami-
ly members (these studies did not examine family trios), 
identify whether these impairments are heritable, and inves-
tigate gene variants in ASD that are associated with neuro-
physiological developments underlying saccade and smooth 
pursuit abnormalities. Still, this recent data indicating par-
allel eye movement alterations in independent sets of pro-
bands and family members suggest multiple distinct pat-
terns of familial pathophysiology associated with sen-
sorimotor disturbances.  

6  Future directions 

Research on motor systems in ASD is in its infancy and 
many questions remain unanswered. Are motor dysfunc-
tions detectable during infancy and do they precede the 
emergence of core characteristics?  How do these dysfunc-
tions change over the course of development, and what can 
studies of this change tell us about altered brain maturation 
associated with ASD?  Do studies of motor systems in 

ASD offer an advantage relative to studies of other core 
features for parsing heterogeneity via comparisons between 
diagnostic subtypes and assessment of unaffected family 
members?  Studies investigating these questions hold great 
promise for earlier diagnosis, development of more indi-
vidualized treatments, and generating pathophysiological 
and etiological models. 

Integrating converging findings on the motor deficits in 
ASD into clinical diagnostic practice may be important for 
adequately characterizing the clinical phenotype(s), parsing 
heterogeneity and individualizing therapies. Recent evi-
dence suggests that this area of deficit is central to ASD, 
although additional research into the specificity of motor 
and neurophysiological signatures in ASD is needed. In 
addition, parsing deficits in distinct motor systems may as-
sist in localizing pathways of genetic risk. Few studies have 
systematically examined performance across distinct motor 
systems in the same subjects. Studying sensorimotor func-
tions in unaffected family members has provided exciting 
results suggesting familial deficits affecting oculomotor 
systems. Neurophysiological studies of skeletomotor control 
in family members have not yet been performed but will be 
critical for localizing familial brain system disruptions. 
These studies could offer clues to pathophysiological 
mechanisms, indicate disrupted neural systems that co-  
segregate within families, and provide more homogeneous 
biological phenotypes for family genetic research.  

This work was supported by the National Institute of Child Health and 
Human Development Collaborative Program of Excellence in Autism 
(Grant No. HD35469), the National Institute of Mental Health Autism 
Center of Excellence (Grant No. P50HD055751), the National Alliance for 
Autism Research, and Autism Speaks Grant 4853.  

1 Kanner L. Autistic disturbances of affective contact. Nervous Child, 
1943, 2: 217–250 

2 Asperger H. ‘Autistic psychopathy’ in childhood. In: Frith U, ed. Au-
tism and Asperger Syndrome. New York, NY: Cambridge University 
Press, 1991. 37–92 

3 Mosconi MW, Takarae Y, Sweeney JA. Motor impairments and dys-
praxia in autism. In: Amaral D G, Dawson G, Geschwind D H, eds. 
Autism Spectrum Disorders. New York: Oxford University Press, 
2011. 355–380 

4 American Psychiatric Association. Diagnostic and Statistical Manu-
al—Fourth Edition Text Revision, 2000 

5 Bryson SE, Zwaigenbaum L, Brian J, Roberts W, Szatmari P, Rom-
bough V, McDermott C. A prospective case series of high-risk in-
fants who developed autism. J Autism Dev Disord, 2007, 37: 12–24 

6 Phagava H, Muratori F, Einspieler C, Maestro S, Apicella F, 
Guzzetta A, Prechtl HF, Cioni G. General movements in infants with 
autism spectrum disorders. Georgian Med News, 2008, 156: 100–105 

7 Teitelbaum P, Teitelbaum O, Nye J, Fryman J, Maurer RG. Move-
ment analysis in infancy may be useful for early diagnosis of autism. 
Proc Natl Acad Sci USA, 1998, 95: 13982–13987 

8 Abrahams BS, Geschwind DH. Connecting genes to brain in the au-
tism spectrum disorders. Arch Neurol, 2010, 67: 395–399 

9 Mosconi MW, Kay M, D’Cruz AM, Guter S, Kapur K, Macmillan C, 
Stanford LD, Sweeney JA. Neurobehavioral abnormalities in 
first-degree relatives of individuals with autism. Arch Gen Psychiat, 
2010, 67: 315–322 



1022 Mosconi MW, et al.  Sci China Life Sci   October (2015) Vol.58 No.10 

10 Dum RP, Strick PL. Medial wall motor areas and skeletomotor con-
trol. Curr Opin Neurobiol, 1992, 2: 836–839 

11 He SQ, Dum RP, Strick PL. Topographic organization of corticospi-
nal projections from the frontal lobe: motor areas on the medial sur-
face of the hemisphere. J Neurosci, 1995, 15: 3284–3306 

12 Cavada C, Goldman-Rakic PS. Posterior parietal cortex in rhesus 
monkey: II. Evidence for segregated corticocortical networks linking 
sensory and limbic areas with the frontal lobe. J Comp Neurol, 1989, 
287: 422–445 

13 Grafton ST, Hazeltine E, Ivry RB. Motor sequence learning with the 
nondominant left hand. A PET functional imaging study. Exp Brain 
Res, 2002, 146: 369–378 

14 Leichnetz GR. Connections of the medial posterior parietal cortex 
(area 7m) in the monkey. Anat Rec, 2001, 263: 215–236 

15 DeLong MR. Primate models of movement disorders of basal ganglia 
origin. Trends Neurosci, 1990, 13: 281–285 

16 Kaji R. Sensory-motor disintegration in the basal ganglia disorders. 
Rinsho Shinkeigaku, 2001, 41: 1076–1078 

17 Canales JJ, Graybiel AM. A measure of striatal function predicts 
motor stereotypy. Nat Neurosci, 2000, 3: 377–383 

18 Kelly RM, Strick PL. Cerebellar loops with motor cortex and pre-
frontal cortex of a nonhuman primate. J Neurosci, 2003, 23: 
8432–8444 

19 Lu X, Miyachi S, Ito Y, Nambu A, Takada M. Topographic distribu-
tion of output neurons in cerebellar nuclei and cortex to somatotopic 
map of primary motor cortex. Eur J Neurosci, 2007, 25: 2374–2382 

20 Ohyama T, Nores WL, Murphy M, Mauk MD. What the cerebellum 
computes. Trends Neurosci, 2003, 26: 222–227 

21 Manni E, Petrosini L. A century of cerebellar somatotopy: a debated 
representation. Nat Rev Neurosci, 2004, 5: 241–249 

22 Johnston K, Everling S. Neurophysiology and neuroanatomy of re-
flexive and voluntary saccades in non-human primates. Brain Cogn, 
2008, 68: 271–283 

23 Rosano C, Krisky CM, Welling JS, Eddy WF, Luna B, Thulborn KR, 
Sweeney JA. Pursuit and saccadic eye movement subregions in hu-
man frontal eye field: a high-resolution fMRI investigation. Cereb 
Cortex, 2002, 12: 107–115 

24 Pierrot-Deseilligny C, Milea D, Muri RM. Eye movement control by 
the cerebral cortex. Curr Opin Neurol, 2004, 17: 17–25 

25 Catalan MJ, Honda M, Weeks RA, Cohen LG, Hallett M. The func-
tional neuroanatomy of simple and complex sequential finger move-
ments: a PET study. Brain, 1998, 121: 253–264 

26 Honda M, Deiber M P, Ibanez V, Pascual-Leone A, Zhuang P, Hal-
lett M. Dynamic cortical involvement in implicit and explicit motor 
sequence learning. A PET study. Brain, 1998, 121: 2159–2173 

27 Bisley JW, Goldberg ME. The role of the parietal cortex in the neural 
processing of saccadic eye movements. Adv Neurol, 2003, 93: 
141–157 

28 Wardak C, Olivier E, Duhamel JR. Saccadic target selection deficits 
after lateral intraparietal area inactivation in monkeys. J Neurosci, 
2002, 22: 9877–9884 

29 Leigh RJ, Zee DS. The Neurology of Eye Movements. New York: 
Oxford University Press, 2008 

30 Aarkrog T. Organic factors in infantile psychoses and borderline 
psychoses. A retrospective study of 46 cases subjected to pneumoen-
cephalography. Dan Med Bull, 1968, 15: 283–288 

31 Bailey A, Luthert P, Dean A, Harding B, Janota I, Montgomery M, 
Rutter M, Lantos P. A clinicopathological study of autism. Brain, 
1998, 121: 889–905 

32 Bauman M, Kemper TL. Histoanatomic observations of the brain in 
early infantile autism. Neurology, 1985, 35: 866–874 

33 Kemper TL, Bauman ML. Neuropathology of infantile autism. Mol 
Psychiat, 2002, 7: S12–S13 

34 Whitney ER, Kemper TL, Bauman ML, Rosene DL, Blatt GJ. Cere-
bellar Purkinje cells are reduced in a subpopulation of autistic brains: 
a stereological experiment using calbindin-D28k. Cerebellum, 2008, 
7: 406–416 

35 Courchesne E, Yeung-Courchesne R, Press GA, Hesselink JR, Jerni-
gan TL. Hypoplasia of cerebellar vermal lobules VI and VII in autism. 

N Engl J Med, 1988, 18: 1349–1354 
36 Courchesne E, Saitoh O, Yeung-Courchesne R, Press GA, Lincoln 

AJ, Haas RH, Schreibman L. Abnormality of cerebellar vermian lob-
ules VI and VII in patients with infantile autism: identification of 
hypoplastic and hyperplastic subgroups with MR imaging. AJR Am J 
Roentgenol, 1994, 162: 123–130 

37 Hashimoto T, Tayama M, Murakawa K, Yoshimoto T, Miyazaki M, 
Harada M, Kuroda Y. Development of the brainstem and cerebellum 
in autistic patients. J Autism Dev Disord, 1995, 25: 1–18 

38 Kaufmann WE, Cooper KL, Mostofsky SH, Capone GT, Kates WR, 
Newschaffer CJ, Bukelis I, Stump MH, Jann AE, Lanham DC. Spec-
ificity of cerebellar vermian abnormalities in autism: a quantitative 
magnetic resonance imaging study. J Child Neurol, 2003, 18: 
463–470 

39 Schaefer GB, Thompson JN, Bodensteiner JB, McConnell JM, 
Kimberling WJ, Gay CT, Dutton WD, Hutchings DC, Gray SB. Hy-
poplasia of the cerebellar vermis in neurogenetic syndromes. Ann 
Neurol, 1996, 39: 382–385 

40 Stanfield AC, McIntosh AM, Spencer MD, Philip R, Gaur S, Lawrie 
SM. Towards a neuroanatomy of autism: a systematic review and 
meta-analysis of structural magnetic resonance imaging studies. Eur 
Psychiat, 2008, 23: 289–299 

41 Amaral DG, Schumann CM, Nordahl CW. Neuroanatomy of autism. 
Trends Neurosci, 2008, 31: 137–145 

42 Fournier KA, Hass CJ, Naik SK, Lodha N, Cauraugh JH. Motor co-
ordination in autism spectrum disorders: a synthesis and me-
ta-analysis. J Autism Dev Disord, 2010, 40: 1227–1240 

43 Damasio AR, Maurer RG. A neurological model for childhood au-
tism. Arch Neurol, 1978, 35: 777–786 

44 Vernazza-Martin S, Martin N, Vernazza A, Lepellec-Muller A, Rufo 
M, Massion J, Assaiante C. Goal directed locomotion and balance 
control in autistic children. J Autism Dev Disord, 2005, 35: 91–102 

45 Esposito G, Venuti P. Analysis of toddlers’ gait after six months of 
independent walking to identify autism: a preliminary study. Percept 
Mot Skills, 2008, 106: 259–269 

46 Rinehart NJ, Tonge BJ, Iansek R, McGinley J, Brereton AV, Enticott 
PG, Bradshaw JL. Gait function in newly diagnosed children with 
autism: cerebellar and basal ganglia related motor disorder. Dev Med 
Child Neurol, 2006, 48: 819–824 

47 Freitag CM, Kleser C, Schneider M, von Gontard A. Quantitative as-
sessment of neuromotor function in adolescents with high functioning 
autism and Asperger Syndrome. J Autism Dev Disord, 2007, 37: 
948–959 

48 Mayes SD, Calhoun SL. Analysis of WISC-III, Stanford-Binet:IV, 
and academic achievement test scores in children with autism. J Au-
tism Dev Disord, 2003, 33: 329–341 

49 Mostofsky SH, Burgess MP, Gidley Larson JC. Increased motor cor-
tex white matter volume predicts motor impairment in autism. Brain, 
2007, 130: 2117–2122 

50 Williams DL, Goldstein G, Minshew NJ. Neuropsychologic func-
tioning in children with autism: further evidence for disordered com-
plex information-processing. Child Neuropsychol, 2006, 12: 279–298 

51 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: 
734–739 

52 Hughes C. Brief report: planning problems in autism at the level of 
motor control. J Autism Dev Disord, 1996, 26: 99–107 

53 Cornish KM, McManus IC. Hand preference and hand skill in chil-
dren with autism. J Autism Dev Disord, 1996, 26: 597–609 

54 Escalante-Mead PR, Minshew NJ, Sweeney JA. Abnormal brain lat-
eralization in high-functioning autism. J Autism Dev Disord, 2003, 
33: 539–543 

55 Soper HV, Satz P, Orsini DL, Henry RR, Zvi JC, Schulman M. 
Handedness patterns in autism suggest subtypes. J Autism Dev Dis-
ord, 1986, 16: 155–167 

56 Luna B, Doll SK, Hegedus SJ, Minshew NJ, Sweeney JA. Maturation 
of executive function in autism. Biol Psychiat, 2007, 61: 474–481 

57 Takarae Y, Minshew NJ, Luna B, Sweeney JA. Oculomotor abnor-



 Mosconi MW, et al.  Sci China Life Sci   October (2015) Vol.58 No.10 1023 

malities parallel cerebellar histopathology in autism. J Neurol Neu-
rosurg Psychiatry, 2004, 75: 1359–1361 

58 Takarae Y, Minshew NJ, Luna B, Krisky CM, Sweeney JA. Pursuit 
eye movement deficits in autism. Brain, 2004, 127: 2584–2594 

59 D’Cruz AM, Mosconi MW, Steele S, Rubin LH, Luna B, Minshew N, 
Sweeney JA. Lateralized response timing deficits in autism. Biol 
Psychiat, 2009, 66: 393–397 

60 Goldberg MC, Lasker AG, Zee DS, Garth E, Tien A, Landa RJ. Def-
icits in the initiation of eye movements in the absence of a visual tar-
get in adolescents with high functioning autism. Neuropsychologia, 
2002, 40: 2039–2049 

61 Agam Y, Joseph RM, Barton JJ, Manoach DS. Reduced cognitive 
control of response inhibition by the anterior cingulate cortex in au-
tism spectrum disorders. Neuroimage, 2010, 52: 336–347 

62 Minshew NJ, Luna B, Sweeney JA. Oculomotor evidence for neocor-
tical systems but not cerebellar dysfunction in autism. Neurology, 
1999, 52: 917–922 

63 Thakkar KN, Polli FE, Joseph RM, Tuch DS, Hadjikhani N, Barton 
JJ, Manoach DS. Response monitoring, repetitive behaviour and an-
terior cingulate abnormalities in autism spectrum disorders (ASD). 
Brain, 2008, 131: 2464–2478 

64 Mosconi MW, Kay M, D’Cruz AM, Seidenfeld A, Guter S, Stanford 
LD, Sweeney JA. Impaired inhibitory control is associated with 
higher-order repetitive behaviors in autism spectrum disorders. Psy-
chol Med, 2009, 39: 1559–1566 

65 Allen G, Courchesne E. Differential effects of developmental cere-
bellar abnormality on cognitive and motor functions in the cerebel-
lum: an fMRI study of autism. Am J Psychiatry, 2003, 160: 262–273 

66 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: 2413–2425 

67 Muller RA, Pierce K, Ambrose JB, Allen G, Courchesne E. Atypical 
patterns of cerebral motor activation in autism: a functional magnetic 
resonance study. Biol Psychiat, 2001, 49: 665–676 

68 Takarae Y, Luna B, Minshew NJ, Sweeney JA. Patterns of visual 
sensory and sensorimotor abnormalities in autism vary in relation to 
history of early language delay. J Int Neuropsychol Soc, 2008, 14: 
980–989 

69 Landa RJ, Holman KC, Garrett-Mayer E. Social and communication 
development in toddlers with early and later diagnosis of autism 
spectrum disorders. Arch Gen Psychiatry, 2007, 64: 853–864 

70 Zwaigenbaum L, Bryson S, Rogers T, Roberts W, Brian J, Szatmari P. 
Behavioral manifestations of autism in the first year of life. Int J Dev 
Neurosci, 2005, 23: 143–152 

71 Lord C, Rutter M, Le Couteur A. Autism diagnostic inter-
view-revised: a revised version of a diagnostic interview for caregiv-
ers of individuals with possible pervasive developmental disorders. J 
Autism Dev Disord, 1994, 24: 659–685 

72 Lord C, Risi S, Lambrecht L, Cook EH Jr, Leventhal BL, DiLavore 
PC, Pickles A, Rutter M. The autism diagnostic observation sched-
ule-generic: a standard measure of social and communication deficits 
associated with the spectrum of autism. J Autism Dev Disord, 2000, 
30: 205–223 

73 Adrien JL, Perrot A, Sauvage D, Leddet I, Larmande C, Hameury L, 
Barthelemy C. Early symptoms in autism from family home movies. 
Evaluation and comparison between 1st and 2nd year of life using 
I.B.S.E. scale. Acta Paedopsychiatr, 1992, 55: 71–75 

74 Baranek GT. Autism during infancy: a retrospective video analysis of 
sensory-motor and social behaviors at 9-12 months of age. J Autism 
Dev Disord, 1999, 29: 213–224 

75 Deutsch KM, Newell KM. Age differences in noise and variability of 
isometric force production. J Exp Child Psychol, 2001, 80: 392–408 

76 Ostby Y, Tamnes CK, Fjell AM, Westlye LT, Due-Tønnessen P, 
Walhovd KB. Heterogeneity in subcortical brain development: A 
structural magnetic resonance imaging study of brain maturation 
from 8 to 30 years. J Neurosci, 2009, 29: 11772–11782 

77 Ross RG, Radant AD, Hommer DW. A developmental study of 
smooth pursuit eye movements in normal children from 7 to 15 years 
of age. J Am Acad Child Adolesc Psychiatry, 1993, 32: 783–791 

78 Provost B, Lopez BR, Heimerl S. A comparison of motor delays in 
young children: autism spectrum disorder, developmental delay, and 
developmental concerns. J Autism Dev Disord, 2007, 37: 321–328 

79 Haswell CC, Izawa J, Dowell LR, Mostofsky SH, Shadmehr R. Rep-
resentation of internal models of action in the autistic brain. Nat 
Neurosci, 2009, 12: 970–972 

80 Rogers SJ, Hepburn SL, Stackhouse T, Wehner E. Imitation perfor-
mance in toddlers with autism and those with other developmental 
disorders. J Child Psychol Psychiatry, 2003, 44: 763–781 

81 Crary MA, Landess S, Towne R. Phonological error patterns in de-
velopmental verbal dyspraxia. J Clin Neuropsychol, 1984, 6: 
157–170 

82 Dewey D, Roy EA, Square-Storer PA, Hayden D. Limb and oral 
praxic abilities of children with verbal sequencing deficits. Dev Med 
Child Neurol, 1988, 30: 743–751 

83 Stone WL, Ousley OY, Littleford CD. Motor imitation in young 
children with autism: what’s the object? J Abnorm Child Psychol, 
1997, 25: 475–485 

84 Teitelbaum O, Benton T, Shah PK, Prince A, Kelly JL, Teitelbaum P. 
Eshkol-Wachman movement notation in diagnosis: the early detec-
tion of Asperger’s syndrome. Proc Natl Acad Sci USA, 2004, 101: 
11909–11914 

85 DeMyer MK, Hingtgen JN, Jackson RK. Infantile autism reviewed: a 
decade of research. Schizophr Bull, 1981, 7: 388–451 

86 Lawrence DG, Hopkins DA. The development of motor control in the 
rhesus monkey: evidence concerning the role of corticomotoneuronal 
connections. Brain, 1976, 99: 235–254 

87 Simonds RJ, Scheibel AB. The postnatal development of the motor 
speech area: a preliminary study. Brain Lang, 1989, 37: 42–58 

88 Takarae Y, Minshew NJ, Luna B, Sweeney JA. Atypical involvement 
of frontostriatal systems during sensorimotor control in autism. Psy-
chiat Res, 2007, 156: 117–127 

89 Ghaziuddin M, Butler E, Tsai L, Ghaziuddin N. Is clumsiness a 
marker for Asperger syndrome? J Intellect Disabil Res, 1994, 38: 
519–527 

90 Manjiviona J, Prior M. Comparison of Asperger syndrome and 
high-functioning autistic children on a test of motor impairment. J 
Autism Dev Disord, 1995, 25: 23–39 

91 Miller JN, Ozonoff S. The external validity of Asperger disorder: 
lack of evidence from the domain of neuropsychology. J Abnorm 
Psychol, 2000, 109: 227–238 

92 Gepner B, Mestre DR. Brief report: postural reactivity to fast visual 
motion differentiates autistic from children with Asperger syndrome. 
J Autism Dev Disord, 2002, 32: 231–238 

93 Ghaziuddin M, Butler E. Clumsiness in autism and Asperger syn-
drome: a further report. J Intellect Disabil Res, 1998, 42: 43–48 

94 Volkmar F. Can you explain the difference between autism and As-
perger syndrome. J Autism Dev Disord, 1999, 29: 185–186 

95 Rinehart NJ, Tonge BJ, Bradshaw JL, Iansek R, Enticott PG, Johnson 
KA. Movement-related potentials in high-functioning autism and 
Asperger’s disorder. Dev Med Child Neurol, 2006, 48: 272–277 

96 Enticott PG, Bradshaw JL, Iansek R, Tonge BJ, Rinehart NJ. Elec-
trophysiological signs of supplementary-motor-area deficits in 
high-functioning autism but not Asperger syndrome: an examination 
of internally cued movement-related potentials. Dev Med Child 
Neurol, 2009, 51: 787–791 

97 Gottesman II, Gould TD. The endophenotype concept in psychiatry: 
etymology and strategic intentions. Am J Psychiatry, 2003, 160: 
636–645 

98 Koczat DL, Rogers SJ, Pennington BF, Ross RG. Eye movement 
abnormality suggestive of a spatial working memory deficit is present 
in parents of autistic probands. J Autism Dev Disord, 2002, 32: 
513–518 

 

Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 
in any medium, provided the original author(s) and source are credited. 


