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Abstract
Objectives Sensorimotor difficulties are often reported in autism spectrum disorders (ASD). Visual and motor skills are linked in
that the processing of visual information can help in guiding motor movements. The present study investigated oculomotor skill
and its relation to general motor skill in ASD by providing a comprehensive assessment of oculomotor control.
Methods Fifty children (25 ASD; 25 typically developing [TD]), aged 7–10 years, completed a motor assessment (comprising
fine and gross motor tasks) and oculomotor battery (comprising fixation, smooth pursuit, prosaccade and antisaccade tasks).
Results No group differences were found for antisaccade errors, nor saccade latencies in prosaccade and antisaccade tasks, but
increased saccade amplitude variability was observed in children with ASD, suggesting a reduced consistency in saccade
accuracy. Children with ASD also demonstrated poorer fixation stability than their peers and spent less time in pursuit of a
moving target. Motor skill was not correlated with saccade amplitude variability. However, regression analyses revealed that
motor skill (and not diagnosis) accounted for variance in fixation performance and fast smooth pursuit.
Conclusions The findings highlight the importance of considering oculomotor paradigms to inform the functional impact of
neuropathologies in ASD and also assessing the presentation of co-occurring difficulties to further our understanding of ASD.
Avenues for future research are suggested.
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Autism spectrum disorders (ASD) are characterized by diffi-
culties with social interaction, together with restricted interests
and repetitive behaviours (American Psychiatric Association
[APA] 2013). Although not included in the diagnostic criteria,
sensorimotor problems are also reported in a high proportion
of individuals with ASD (e.g., Coll et al. 2020; Fournier et al.
2010; Mosconi and Sweeney 2015; Whyatt and Craig 2013),
with some reporting motor impairments to be one of the ear-
liest manifestations of this disorder (Landa et al. 2013; Sutera
et al. 2007). Importantly, sensorimotor problems in this pop-
ulation have been shown to predict daily living skills (Travers
et al. 2016), social function (Nebel et al. 2016) and language

development (Bedford et al. 2015) and may even present an
opportunity for therapeutic intervention (Chukoskie et al.
2013). As such, it is clear that a detailed understanding of
sensorimotor deficits in ASD may provide important insights
into its aetiology and treatment (Mosconi et al. 2015).

Given the nature of ASD, tasks requiring language or com-
plex motor actions may hinder performance. One approach to
overcome this, and at the same time to better understand sen-
sorimotor function, is to use well-established oculomotor par-
adigms to examine the execution of oculomotor behaviour
(fixations, saccades, and smooth pursuit). The oculomotor
system has been described as a microcosm of the brain
(Carpenter 2004), and research into oculomotor control has
provided a window into sensorimotor and cognitive function-
ing in a range of neurological and neuropsychiatric disorders
(Hutton and Ettinger 2006), as well as neurodevelopmental
disorders (Karatekin 2007; Rommelse et al. 2008). Notably,
some inconsistent reports of oculomotor performance can be
found in the ASD literature (for a comprehensive review see
Johnson et al. 2016). It is possible that ASD symptomology
(i.e. the level of difficulty experienced or IQ level) may
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account for inconsistencies in the literature. For instance, in a
prosaccade task, which requires participants tomake a saccade
(i.e. an eye movement) as quickly as possible to the location of
a new peripheral target, Johnson et al. (2012) found that chil-
dren identified as having high-functioning autism (n = 10)
made more variable saccades to the target (which were
hypometric at larger target amplitudes) in comparison to their
peers. However, no group differences were observed on mea-
sures of saccade latency or peak velocity, leading the authors
to suggest there are subtle oculomotor impairments in children
with ASD. The finding of hypometric saccades and more var-
iable primary saccade accuracies has also been reported in
children with ASD aged 2–11 years (Kovarski et al. 2019),
adolescents with autism (Rosenhall et al. 1988), and adults
with ASD (Takarae et al. 2004a). Furthermore, the finding
of no differences between adolescents and adults with and
without ASD on measures of saccade latency or peak velocity
is supported by earlier research (e.g., D’Cruz et al. 2009; Luna
et al. 2007; Minshew et al. 1999; Takarae et al. 2004a). In
contrast, however, reduced peak velocity in comparison to
their peers has been reported in children and adults with
ASD completing a prosaccade task (Schmitt et al. 2014),
and greater latency for initiating saccades in a prosaccade task
has been demonstrated by school-aged children with ASD
when compared to their peers (Wilkes et al. 2015). High error
rates are also consistently reported in adolescent and adult
ASD samples when completing an antisaccade task
(DiCriscio et al. 2016; Goldberg et al. 2002; Kelly et al.
2013; Kenet et al. 2012; Minshew et al. 1999; Mosconi et al.
2009) which taps into cognitive control processes (i.e. inhib-
itory control), as the individual must suppress a prosaccade
towards a stimulus and instead execute a saccade in the oppo-
site direction. This finding would suggest that adolescents and
adults with ASD have difficulty with suppressing eye move-
ment when a distraction is present and again hints towards
oculomotor control difficulties.

Fewer studies have examined how adults with ASD per-
form on fixation tasks assessing gaze stability, but those that
have report no differences to a control group on the frequency
of saccades when fixating a central target and peripheral target
(Frey et al. 2013; Nowinski et al. 2005; Takarae et al. 2007).
Greater amplitudes of intrusive saccades, however, are noted
in adults with ASD (Frey et al. 2013; Nowinski et al. 2005),
which suggests subtle disturbances in the ability to maintain
stable gaze (Shirama et al. 2016), a behaviour that is important
for positioning visual information on the fovea and thus may
affect howwe process information in—and interact with—our
environment. Exploration of gaze stability (fixation) in chil-
dren with ASD would add to our understanding of top-down
control and the integrity of brainstem-cerebellar networks in
this population (Minshew et al. 1999).

The analysis of smooth pursuit eye movements has also
revealed mixed results, although still few studies exist in this

area. Using electrooculography (EOG), school-aged children
with pervasive developmental disorder (PDD) have been re-
ported as being comparable to a control group in velocity gain
when tracking a horizontally moving target (Kemner et al.
2004). In contrast, on the same task but using infrared sensors
mounted onto spectacles to record eye movements, young
adults with ASD demonstrated lower pursuit velocity gain
(i.e. poorer accuracy of open and closed loop gain) than their
typically developing peers (Takarae et al. 2004b, 2007, 2008).
Further, with the use of video-oculography goggles (VOG),
Wilkes et al. (2015) found that school-aged children with
ASD demonstrated significantly greater phase lag in vertical
smooth pursuit trials than their peers, but the two groups were
comparable on horizontal smooth pursuit trials. With very
little known about how children with ASD perform in this
respect (see Johnson et al. 2016), opportunities for early iden-
tification and support are missed.

Inconsistencies in previous research may partly be due to
differences in the accuracy of methodologies used (EOG vs.
video-based), differing and widespread age ranges, or the
presence of co-occurring symptoms that have not been specif-
ically tested and ruled out. Of particular interest here is the
presence of co-occurring motor difficulties in ASD. Problems
with motor timing and integration in ASD have gained con-
siderable research and clinical interest over the past decade
(Trevarthen and Delafield-Butt 2013). It is conceivable that
oculomotor and motor skills are intertwined, as difficulties
with tracking a moving object and control of eye movements
would negatively impact on completion of motor tasks, such
as catching/throwing a ball or navigating obstacles. Johnson
et al. (2012) measured both general motor skill and oculomo-
tor performance on saccade tasks in adolescent with ASD but
did not explore the relationship between motor and oculomo-
tor abilities. Research to date is yet to explicitly explore the
relationship between oculomotor performance and wider mo-
tor skill in children with ASD.

The purpose of the present study, therefore, was twofold:
(1) to provide a more comprehensive account of oculomotor
function in children with ASD than currently exists in the
literature, in comparison to typically developing (TD) chil-
dren, investigating fixation stability, smooth pursuit, and
pro-/antisaccades in a single study; and (2) to determine
whether motor skill can predict oculomotor parameters found
to be significantly different between children with and without
ASD. Specifically, the oculomotor tasks (fixation stability,
pursuit, pro-/antisaccades) were chosen given their wide-
spread use in the adult literature (Johnson et al. 2016) and
the lack of studies employing such tasks in child populations.
For example, existing studies on antisaccade performance
have largely focused on adults with only one considering ad-
olescent behaviour (Kelly et al. 2013) and none with primary-
aged children. Moreover, analysis of fixation stability has not
been conducted on children with ASD. Further, by using a

145Adv Neurodev Disord  (2021) 5:144–155



high-accuracy eye tracker, more sophisticated analyses quan-
tifying the number of corrective (catch-up) and anticipatory
(intrusive) saccades that are often made during pursuit can be
computed. Together all four tasks provide a comprehensive
overview of oculomotor control and knowledge of child per-
formance may help to identify early characteristics of oculo-
motor difficulties which in turn will lead to earlier support.

Methods

Participants

Children (aged 7–10 years) formed two groups: 25 children with
ASD (21 male) and 25 TD children (20 male). Background
characteristics are presented in Table 1. All children had a Full
Scale IQ (FSIQ) above 80 on the Wechsler Intelligence Scales
for Children (WISC-IV; Wechsler 2003).

Children with ASDwere recruited through a UK charitable
foundation, the National Autistic Society, and primary schools
in South London and had an existing and single diagnosis
from relevant clinicians external to the study. In a background
questionnaire, parents did not identify their child as having
any additional diagnoses (developmental, visual impairment,

medical). The ASD diagnosis was corroborated by a member
of the research team who was trained to research reliability
level to be able to administer the Autism Diagnostic
Observation Schedule (ADOS-2; Lord et al. 2012). Children
scored ≥ 7 on Module 3 of the ADOS-2 (Lord et al. 2012).
Three children in the ASD group did not complete the ADOS
as part of the research because they had completed it recently
as part of their diagnostic assessment. However, parents pro-
vided confirmation of the diagnostic statement and completed
the Social Communication Questionnaire (SCQ; Rutter et al.
2003) whereby all children scored 15 or above to further con-
firm ASD symptomology. Although parents did not report co-
occurring language impairment for any of the children with
ASD, it was recognized that previous research has found
greater oculomotor difficulties in adolescents/adults recog-
nized with ASD plus language delay than those with a single
diagnosis of ASD (Kelly et al. 2013; Takarae et al. 2008). In
the present sample, group differences (ASD vs TD) were not-
ed for FSIQ (Table 1, p = .03); however, no group differences
were found on the verbal comprehension index (p = .34) of the
WISC-IV, suggesting that the likelihood of significant lan-
guage problems was reduced.

TD children were recruited through primary schools in
South London and were matched in age to the ASD group.
Parents of TD children identified no diagnoses of any kind and
completed the SCQ to rule out ASD-related symptomatology
(all scoring < 15 cutoff).

To further characterize the groups, a measure of hyperac-
tivity was taken using the scale from the Strengths and
Difficulties Questionnaire, Teacher version (SDQ; Goodman
1997). Children with ASD scored significantly higher
(p < .001) on this scale than their peers despite not having an
ADHD diagnosis. Motor competency was assessed using the
Movement Assessment Battery for Children, second edition
(MABC-2; Henderson et al. 2007), a standardized assessment
of fine and gross motor skill with UK norms. The MABC-2
comprises age-appropriate tasks that assess manual dexterity,
aiming and catching, and balance. Raw scores were converted
to standard scores and percentiles. According to the test man-
ual, a score ≤ 16th percentile is indicative of motor difficulties.
TD children demonstrated age-appropriate motor skill (≥ 25th
percentile). However, 12 children in the ASD group were
performed ≤ 16th percentile, with the remaining 13 children
scoring ≥ 25th percentile. Of note, splitting the ASD group by
the motor skill cutoff demonstrated that the two subgroups
remained matched for age, FSIQ (including the verbal com-
prehension index), ADOS, SCQ, and SDQ performance (all
p > .05), differing only in motor skill.

Procedure

This study was approved by Goldsmiths, University of
London, ethics committee. Informed written parental consent

Table 1 Descriptive statistics for the background measures

TD(n = 25) ASD(n = 25) F (df), p

Age (years)

Mean (SD) 9.00 (0.96) 8.85 (1.19) 0.44 (1.48) 0.51

Range 7.74–10.69 7.01–10.81

ADOS score

Mean (SD) – 8.57 (1.51) –

Range 7–10

SCQ score

Mean (SD) 2.88 (2.59) 22.48 (6.14) ** 216.05 (1.48) < 0.001

Range 0–9 15–38

FSIQ standard score

Mean (SD) 109.04 (10.69) 100.92 (15.04)* 4.84 (1.48) 0.03

Range 89–124 80–134

SDQ hyperactivity

Mean (SD) 1.88 (1.86) 6.76 (2.82)a** 52.30 (1.48) < 0.001

Range 0–6 0–10

MABC-2 percentile

Mean (SD) 65.40 (21.55) 34.72 (33.08)** 15.09 (1.48) < .001

Range 25–98 0.01–95

ADOS Autism Diagnostic Observation Schedule. SCQ Social
Communication Questionnaire. FSIQ Full Scale IQ, M 100, SD 15;
SDQ Strengths and Difficulties Questionnaire, MABC-2 Movement
Assessment Battery for Children, a 3 substituted data points (parent re-
sponses used rather than teachers’ because the latter did not return the
questionnaire)
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was obtained, and children gave verbal assent once the project
had been explained. Children were tested individually in a
quiet room either at their school or at the research lab.
Assessments were completed either on the same day (with
sufficient breaks) or across two separate days. The session
which focused on the oculomotor battery took between 20
and 30 min. Teachers completed the SDQ, although 3 ques-
tionnaires related to children in the ASD group were not
returned and in these cases parents’ answers are used (see
Table 1).

Measures

Oculomotor Battery Eye movements were recorded using the
Eyelink 1000 eye tracker (SR-research; 1000 Hz sampling
rate) operating in head-fixed mode (see Fig. 1). Children were
seated at a viewing distance of approximately 80 cm and a
combined forehead/chin rest was used to keep the head stable.
Children completed a 5-point calibration at the beginning of
the session, which was repeated as required. A drift correct
procedure preceded each task and trial. The target was always
a red circle (measuring 0.65° × 0.65° visual angle, which
equates to approximately 9 × 9 mm on a 40 × 30 cm screen
at 80 cm distance) presented against a black background
(1024 × 786 screen resolution). Written and verbal instruc-
tions were provided for all children. Four tasks were presented
in the following order, with breaks provided between tasks.

(i) In the visual fixation task, children were required to
maintain their gaze on the target shown for 30 s in the centre
of the screen, until it disappeared. (ii) Children completed two
smooth pursuit tasks that lasted 20 s each. The target was
presented at two speeds. They were instructed to follow the
target (i.e. keep their eyes on the target) which had a horizontal
sinusoidal motion starting in the centre and moving both left
and right at 0.2 Hz (slow trial; target travelling 8.5°/s) and then
at 0.5 Hz (fast trial; target travelling 21.5°/s). Finally, in the
(iii) prosaccade (24 trials) and (iv) antisaccade (24 trials) tasks,
the cue disappeared at the same time as the peripheral target

appeared (see Fig. 2). The central target was displayed for
1000 ms before moving on the horizontal meridian 6.25° to
the left or right (direction was randomized). The target was
displayed in the new location for 1000ms. For the prosaccade
task, children were instructed to look at the central fixation
point and then move their eyes as quickly as possible to where
the target moved to. The presentation and timing of the target
remained the same in the antisaccade task (no pseudo target
was used), but this time children were instructed to ignore the
target when it moved from the centre of the screen and instead
to “quickly look in the opposite direction”. The antisaccade
instructions were fully explained to the child.

Data Analyses

The eye tracking experiment was implemented using
Experiment Builder and analysed using Data Viewer (both
SR Research software). Pursuit data were analysed using cus-
tomized software written in LabView (software available on
request). The details about the eye tracking analysis follow
along with the statistical approach used.

Fixation Three measures were used to assess fixation stability:
number of saccades made, average fixation duration, time on
target (within 1° visual angle). The EyeLink software makes
online parsing decisions whereby saccades are classed as
when the sample velocity exceeds 30° per second.

Smooth Pursuit For both trials, four key metrics of smooth
pursuit performance were used: number of pursuit segments,
the sum of durations of these pursuit segments (i.e. time spent
in pursuit), pursuit gain, and root-mean-square error (RMSE).
Pursuit gain represents the average eye velocity divided by
target velocity for all pursuit segments. RMSE was calculated
as the square root of the average of the eye position subtracted
from target position (in degrees of visual angle). Weighted
averages, by the duration of pursuit segments, were used for
the velocity gain and RMSE measures so that values from
longer pursuit segments contribute more than values from
shorter pursuit segments. The duration of each segment
was determined using the online parsing decisions made
by EyeLink (samples are identified as being a saccade if
the sample velocity exceeds 30° per second or accelera-
tion exceeds 8000° per second). All samples that were not
classed as being part of a saccade or a blink (i.e. tracking
loss) were considered a pursuit segment and based on
these segments, gain, duration, and RMSE were calculat-
ed. In addition, tracking loss during smooth pursuit was
calculated in case this contributed to performance and
detailed analyses of the frequency of anticipatory sac-
cades (classed as saccades that took the eye > 4° ahead
of the target) and corrective saccades (those that were < 4°
from the target—reducing position error) were considered.

Fig. 1 An example of the eye tracking setup (recording device in a
desktop mounted below the computer screen)
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Prosaccade and Antisaccade The first step of analysis for these
two tasks was to identify valid trials, which were only those that
the participant was found to (1) fixate the central fixation point
at target onset and (2) make a saccade > 80ms to/away from the
new target location (i.e. that could not be considered to be an-
ticipatory). Only valid trials were then considered in the second
step of analysis, which was tomeasure saccade latency (ms) and
percentage of direction errors. Accuracy was also measured in
the prosaccade task by considering saccade amplitude (i.e. how
close the eye lands to the target) as well as variable error of
saccades (the standard deviation of saccade amplitude across
trials). Variable error provides a measure of consistency of sac-
cade endpoints (high values represent reduced movement con-
sistency). Saccade amplitude is reported in degrees of visual
angle (determined by the EyeLink) based on parameters for
screen height, width, distance, and pixel resolution.

Statistical Approach Data were analysed using SPSS. Tests of
normality were performed, and parametric tests were conducted
unless otherwise indicated. The analysis process began with
group comparisons (TD vs ASD) on each oculomotor measure.
Given that the two groups differed in terms of the SDQ hyper-
activity rating, as well as on the motor measure, the role of
hyperactivity was also considered in later analysis. It was not
appropriate to include the SDQ hyperactivity or MABC-2 mo-
tor measures as covariates in this first stage as the two groups
differ statistically in this respect, thus violating assumptions for
ANCOVA. Instead, correlational analyses were run on the

oculomotor measures that yielded significant group differences
to determine their relationship with hyperactivity and motor
skill. Subsequently, multiple regression analysis was computed
to determine the predictive value of age, motor skill, hyperac-
tivity, and diagnosis on significant oculomotor measures.

Results

Fixation

ANOVAs were carried out on the first two fixation measures
in Table 2. Children with ASD made significantly more sac-
cades during the fixation task than their TD counterparts,
F(1,48) = 6.18, p = .02, n2p = .11, although the two groups
performed similarly on average fixation duration, F(1,48) =
3.59, p = .06, n2p = .07. A Mann-Whitney test revealed that

Table 2 Group comparisons of visual fixation stability

TD (n = 25)
Means (SD)

ASD (n = 25)
Means (SD)

Number of saccades 22.52 (12.02) 33.60 (18.76)*

Average fixation duration (s) 1.77 (1.93) 1.07 (0.77)

Time on target (%) 86% 70%*

s = seconds. *p < .05

Fig. 2 Example of the pro- and
antisaccade tasks
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children with ASD spent significantly less time on target than
their peers, U = 208.00, z = −2.03, p = .02.

Smooth Pursuit

A 4 (pursuit measures: number of segments, duration, gain,
RMSE) × 2 (speed: slow vs fast) mixed ANOVA was per-
formed with group as the between-subjects factor (mean
scores in Table 3). There was a main effect of the pursuit
measures, F(2,45) = 317.37, p < .001, n2p = .93, and a main
effect of the speed of the pursuit trial, F(1,46) = 48.60,
p < .001, n2p = .51, revealing better performance on the slower
trial (p < .001). There was a main effect of group, F(1,46) =
17.67, p < .001, n2p = .28, and a significant interaction be-
tween the pursuit measures and group, F(2,45) = 11.13,
p < .001, n2p = .33, but not for speed and group (p = .96).
Bonferroni-corrected ANOVAs (p = .006) revealed that chil-
dren with ASD spent significantly less time in pursuit (i.e.
pursuit duration) than TD children in the slow (p < .001) and
fast (p = .003) trials, and the ASD group demonstrated signif-
icantly lower pursuit gain on the fast trial (p < .001). For all
other measures, the groups were comparable (ps > .03).

Tracking loss during smooth pursuit was similar for both
groups, TD slow trial M = 1.94 s, fast trial M = .84 s; ASD
slow trial M = 1.50s, fast trial M = .95 s, and thus poorer per-
formance in the ASD group could not be attributed to spend-
ing less time looking at the computer screen. Moreover, Fig. 3
highlights that children with ASD made more anticipatory
saccades (i.e. saccades > 4° ahead of the target) than TD chil-
dren, in both tasks. The percentage of type of saccades was
calculated in relation to the overall number of saccades made
across both trials in Fig. 3.

Prosaccade and Antisaccade

Out of 24 trials in both tasks, the mean (SD) number of valid
trials in the prosaccade condition were: TD, 21.00 (1.91) and
ASD, 19.45 (3.37); and for the antisaccade condition: TD,
19.08 (3.91) and ASD, 17.36 (5.79). Analysis of prosaccade
amplitude revealed no group differences, F(1,46) = .96,
p = .33, n2p = .02 (TD: M = 6.81°, SD = .53; ASD, M = 6.89°,
SD = .77). However, variable error was significantly higher in
children with ASD, indicating reduced consistency in sac-
cades made to the target, F(1,46) = 9.03, p = .004, n2p = .17
(TD: M = .78, SD = .19; ASD: M = 1.49, SD = 1.18).

Latency and error rate results for the prosaccade and
antisaccade tasks are shown in Fig. 4. A 2 (group: TD vs
ASD) × 2 (task: prosaccade vs antisaccade) ANOVA revealed
a significant effect of task on latency scores, F(1,44) = 22.64,
p < .001, n2p = .34, with faster latencies in the prosaccade task
(p < .001). There was a non-significant effect of group,
F(1,44) = .04, p = .84, n2p = .01, and no interaction was found,
F(1,44) = .01, p = .94, n2p = .01. Direction errors were not
common in the prosaccade task (1 TD child made 1 error; 1
ASD child made 5 errors); therefore statistical analyses of
group differences focused on the antisaccade task. No group
differences were found for antisaccade direction errors,
F(1,47) = 1.95, p = .17, n2p = .04. Overall, ASD and TD chil-
dren performed similarly on both tasks.

Associations Between Motor Skill and Hyperactivity
with Oculomotor Performance

The oculomotor measures that revealed significant group dif-
ferences above were entered into a correlation analysis along-
side motor ability and the measure of hyperactivity (SDQ)
(Table 4: Bonferroni critical alpha: p < .005). The two groups
were combined for this analysis, given the smaller sample size
if split. Saccade count and the time on target in the fixation
task were highly correlated; therefore, the decision was taken
to use the latter measure as it gives a better indication of
adhering to the nature of the task.

Motor ability positively correlated with the time on target
in the fixation task, as well as with the duration of pursuit and
gain in the fast trial of the smooth pursuit task (moderate
correlations were observed, r = .41–.43). No other correlations
were significant for motor skill. In contrast, hyperactivity was
only found to negatively correlate with time on target in the
fixation task and the duration of pursuit in the slow trial of the
smooth pursuit task.

Regressions

Based on the significant correlations, three oculomotor param-
eters (fixation time on task, duration of pursuit in slow and fast
speeded trials) were considered as outcome measures in

Table 3 Group comparisons of smooth pursuit performance

TD (n = 25)
Means (SD)

ASD (n = 25)
Means (SD)

Slow trial

Number of segments 20.17 (5.61) 19.64 (6.08)

Pursuit duration (s) 15.29 (2.13) 11.40 (3.74)*

Average gain† 1.02 (0.07) 0.99 (0.08)

Average RMSE† 0.71 (0.17) 0.74 (0.28)

Fast trial

Number of segments 27.96 (6.75) 20.92 (13.70)

Pursuit duration (s) 11.45 (3.13) 7.63 (4.98)*

Average gain† 0.98 (0.08) 0.86 (0.09)*

Average RMSE† 1.20 (0.12) 1.11 (0.19)

†Averages are weighted so that larger values contributemore than smaller
values. s = seconds. Larger gain values = better pursuit; lower RMSE =
better pursuit. *p < .05
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regression analyses. Pursuit gain was not considered to reduce
the number of statistical tests conducted and it was felt that
this measure was being covered by the duration.

Using stepwise regression age, motor ability (MABC-2
overall composite score) and hyperactivity (SDQ subscale)
measures were always entered at the first step, with group
entered at the final step to examine whether diagnosis predict-
ed additional variance after accounting for the previous mea-
sures. Given that three regressions were conducted, the signif-
icance of each final model was assessed against a Bonferroni-
corrected critical value of p = 0.016 (0.05/3). A summary of
the final step in each model is presented in Table 5. Of note,

age was removed from the output of the stepwise analysis in
each case and therefore is not reported as a predictor variable.

The results demonstrated a significant model for fixation
time on task, F(3,46) = 5.20, p = .004, with the measures
predicting 25% of the variance overall, as well as for the
measure of duration in pursuit in the fast pursuit trial,
F(3,46) = 4.97, p = .005, predicting 25% of the variance over-
all. In both models, only motor ability was a significant pre-
dictor. Adding group to the model did not represent a better
model fit overall (change in R2 at step 2, p > .05) indicating
group differences had been accounted for in the previous step
of the model (i.e. by motor skill). In contrast, a significant
model emerged for the smooth pursuit slow duration,
F(3,46) = 6.96, p = .001, predicting 32% of the variance, but
hyperactivity was the significant predictor at the first step (not
motor skill) and adding the group variable at step 2 did repre-
sent a better fit of the model overall (R2 change, p < .05).

Discussion

The present study aimed to provide a detailed account of oc-
ulomotor control in children with ASD in comparison to TD
children, employing a considerably tighter age range than
existing studies. A second aim was to examine the influence
of motor skill in predicting oculomotor parameters which
were found to be significantly different between children with
and without ASD. Following the initial group analysis, where
hyperactivity was found to be higher in children with ASD in
the present sample, the decision was also taken to consider the
role of hyperactivity in predicting oculomotor parameters al-
though, of note, children with ASD did not have an additional
diagnosis of attention difficulties (i.e. ADHD).

The findings suggest that children with ASD present with
subtle oculomotor difficulties. Children with ASD were com-
parable to their peers on horizontal pursuit gain, RMSE, and
the number of pursuit segments in the slower of the two pur-
suit trials, as well as RMSE and the number of pursuit
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segments in the faster trial. These findings support existing
studies of school-aged children that measured gain using dif-
ferent methodologies (EOG: Kemner et al. 2004; VOG:
Wilkes et al. 2015). However, in our study, group differences
were observed for the duration of time spent in pursuit in both
speeded trials, as well as in pursuit gain on the faster trial.
Comparisons across different target speeds have not been
made in previous studies. Proficiency in pursuit gain when
tracking a slow target suggests that the kinematics of this
eye movement are mature at least to some extent, but that this
system is easily compromised when demands are higher. Less
time spent in pursuit across both speeds and more anticipatory
saccades (overshooting the target) observed in children with
ASD further suggest a difficulty with maintaining attentional
focus on the target, a finding that has been found previously in
children with motor difficulties (i.e. developmental coordina-
tion disorder: Sumner et al. 2018). Children with ASD were
also shown to have poorer fixation stability than their peers in
the fixation task, making more saccades and thus spending
less time on the target. This finding contrasts with findings
from ASD adult populations (Frey et al. 2013; Nowinski et al.
2005; Takarae et al. 2007) but adds to the profile of children
with ASD potentially struggling with attending to one target
for a period of time.

That said, children with ASD performed similarly to their
peers on the measures of saccade accuracy, latency, and error
rates from the prosaccade and antisaccade tasks. These

findings suggest that children with ASD did not have difficul-
ty with initiating (latency) and planning saccades towards a
target, supporting existing adolescent and adult data (D’Cruz
et al. 2009; Goldberg et al. 2002; Johnson et al. 2016; Takarae
et al. 2004a, b). However, increased saccade amplitude vari-
ability in the ASD group supports existing findings (Johnson
et al. 2012) and highlights reduced eye movement consisten-
cy. Johnson et al. (2016) argued that greater variability of
saccades demonstrates difficulties with recalibrating saccade
inaccuracies across trials and is suggestive of disruption be-
tween the cerebellar vermis-fastigial nuclei pathway and the
brainstem premotor nuclei. This could be considered in future
research. In addition, the conflicting antisaccade error rate
results in relation to existing studies that found more direc-
tional errors made in adolescents (Goldberg et al. 2002)
and adults (DiCriscio et al. 2016) with ASD may be
due to the present study systematically excluding chil-
dren with co-occurring diagnoses (although teacher rat-
ings of hyperactivity scored higher as a group), which
others did not, and as a result we find no differences
between TD and ASD groups on suppressing reflexive
saccades to a distracting target. This is interesting given
that in the fixation and smooth pursuit trials, our results
suggest difficulty with attention in the ASD group (not-
ing more saccades in the absence of a distractor) but
here no problems with inhibition (in the presence of a
distractor) are found.

Table 5 Summary of regression analyses predicting performance on three oculomotor measures

Step 1 Step 2

Oculomotor measure Final model Adjusted R2 Motor ability Hyperactivity Group

Fixation: time on target 0.25* Β= 0.301, t = 2.13 Β= − 0.291, t = − 1.58 Β= 0.007, t = .03

p = 0.004 p = 0.04* p = 0.12 p = 0.97

Smooth pursuit slow duration 0.32** Β= 0.13, t = .90 Β= − 0.386, t = − 2.69 Β= − 0.36, t = − 1.95
p < 0.001 p = 0.37 p = 0.01 p = 0.05*

Smooth pursuit fast duration 0.25* Β= 0.389, t = .261 Β= − 0.110, t = − 0.738 Β= − 0.336, t = − 1.72
p = 0.005 p = 0.01* p = 0.60 p = 0.09

Age was excluded in the stepwise approach and therefore is not reported above. Standardized coefficients and t values are provided for each predictor in
step 2, above significance values. *p < .05, **p < .001

Table 4 Correlations between
motor ability, hyperactivity, and
selected oculomotor measures

MABC-2%ile SDQ hyperactivity

Fixation: time on target r = 0.431, p = 0.002* r = − 0.425, p = 0.002*
Smooth pursuit: slow duration r = 0.380, p = 0.008 r = − 0.479, p = 0.001*
Smooth pursuit: fast duration r = 0.439, p = 0.002* r = − 0.286, p = 0.048
Smooth pursuit: fast gain r = 0.415, p = 0.003* r = − 0.393, p = 0.006
Prosaccade: variable error r = − 0.129, p = 0.393 r = 0.301, p = 0.042

*p < 0.005
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Of note, approximately half of the ASD sample (48%)
scored below cutoff for a motor difficulty. This value is slight-
ly lower than other studies using the same assessment (79% in
Green et al. 2009; 65% in Hilton et al. 2007). Moreover, using
the SDQ, teachers were found to rate more hyperactive char-
acteristics in the ASD sample (32% scoring in the high range)
than the comparison group. ASD has been shown to frequent-
ly co-occur with ADHD (Grzadzinski et al. 2011) but parents
of the children in the present study did not report any addi-
tional diagnosis of ADHD. Interestingly, motor skill and hy-
peractivity did not relate to more variable saccades in the
prosaccade task, suggesting that this may be characteristic of
ASD symptomology. Significant correlations between motor
skill, hyperactivity, and the oculomotor measures revealed
that, as a whole, children with better motor skills spent more
time on target (fixation) and in pursuit of the faster moving
stimuli (smooth pursuit), while children with more hyperac-
tive characteristics spent less time focusing on the target
(fixation) and in pursuit of the slow-moving target (smooth
pursuit). Regression analyses further revealed that, where
there were group differences in the oculomotor parameters,
motor skill was a significant predictor of fixation time on
target and duration of pursuit in the fast trial. Adding group
to the model did not result in a better overall fit, suggesting
that group differences had been accounted for by motor skill
and not further by diagnosis. In contrast, motor skill did not
predict performance in the measure of duration of pursuit in
the slower trial and, instead, hyperactivity related to perfor-
mance here with group difference still existing after taking this
into account. The findings stress the importance of exploring
the presentation of co-occurring difficulties to better our un-
derstanding of autism spectrum disorders and to inform inter-
vention appropriately. Similarly, oculomotor paradigms may
be used to inform the functional impact of neuropathologies in
ASD and considering both oculomotor and motor skill takes a
more holistic approach to understanding ASD.

The findings demonstrated the role of wider motor skills
and hyperactivity in oculomotor function in children with au-
tism. They may suggest that the same networks that govern
general motor movements overlap with oculomotor networks.
Mechanisms behind motor control and eye movement control
are widely distributed neuroanatomically, but both implicate
the cerebellum—indicating a degree of shared neural net-
works (Diamond 2000; Mosconi et al. 2013; Takarae et al.
2004a, b). Thus, saccade and pursuit parameters can inform
our understanding of the integrity of cerebellar networks in
ASD. The role of the cerebellum with respect to oculomotor
impairments in autism is questioned to some extent by the
present findings, as proficient saccade dynamics in the
prosaccade task and relative pursuit gain performance in the
slow speed trial for children are not consistent with sugges-
tions of cerebellar dysfunction. However, problems with
higher pursuit velocity and intrusive saccades during fixation

suggest atypicalities in cerebellar-brainstem circuitry and pos-
terior lobules VI and VII of the vermis (as identified by others:
Mosconi et al. 2013; Schmitt et al. 2014; Shirama et al. 2016).
Indeed, the brainstem structure has been found to be larger in
sample of early primary-aged children with ASD than their
same age peers, which leads the authors to suggest that sen-
sory and motor integration in children with ASD may be
disrupted at the level of the brainstem (Bosco et al. 2019).
Our present findings add to our understanding of the neuro-
anatomical basis in childhood ASD but could be further ex-
tended by using the oculomotor tasks in conjunction with
MRI analyses that describe functional brain organization in
samples with and without motor difficulties. This in turn
would shed light on the neuropathology that might subserve
oculomotor and broader motor control networks.

Limitations and Future Research Directions

A limitation of the present work is that it cannot provide a
causal account of the link between oculomotor control and
motor skill. Future research would benefit from considering
whether early deficits in oculomotor control not only influ-
ence joint attention and social interaction (Brenner et al. 2007)
but also motor control in some way for children with ASD.
Gowen and Hamilton (2013) argue that the motor difficulties
experienced by children with ASD result from inefficient per-
ceptual input and poor sensorimotor integration. Accurate eye
movements aid integration of vision and sensorimotor skills
that are critical when planning limb movements. If children
have difficulty maintaining sustained engagement on a stim-
ulus, this would surely impact on acquisition of motor skill
and precision. Alternatively, it could be argued that poor mo-
tor development neurologically impacts other aspects of de-
velopment and the findings reported here may be suggestive
of neural disturbance that links to motor problems, rather than
oculomotor problems being a contributory factor per se.
Future research should examine these skills longitudinally
and seek to identify functional correlates of eye movement
measures.

It is also recognized that the tasks in the present study were
controlled and did not capture children’s oculomotor skills in
a naturalistic, free-viewing situation. Interestingly, a recent
study which examined oculomotor function while individuals
with ASD (aged 6–30) viewed short dynamic video clips re-
vealed that those with ASD had increased variation in saccade
accuracy and decreased saccade amplitude in comparison to
their peers (Bast et al. 2020). Similar to the present study, the
authors suggest that individuals with ASD lack precise coor-
dination of the saccadic system and extend this by showing
how this results in reduced visual exploration of a scene. It
would be of interest to extend these results to testing the
smooth pursuit system in a more naturalistic context and to
test and how this relates directly to motor performance (e.g.,
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the tracking of a moving ball before catching). Finally we
must acknowledge that the present ASD sample had average
IQ skills and no co-occurring language difficulties which may
limit the generalizability of the findings to a broader ASD
population. It would be useful to understand whether further
subgroups exist within this population in relation to oculomo-
tor control. However, this study does emphasize the impor-
tance of considering the presentation of co-occurring motor
difficulties to further our understanding of ASD.
Understanding oculomotor and motor control in ASD will
direct intervention in a clinically meaningful way.
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