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Abstract
Autism spectrum disorder (ASD) is a common neurodevelopmental disorder, whose core symptom domains include impaired 
social communication and narrowed interests and/or repetitive behaviors; in addition, deficits of general cognition, neuro-
motor function, and movement ability can be observed. This study was designed to examine differences in neuromotor and 
cognitive functions for a group of young adults with ASD and age-matched controls. It was also of interest to assess whether 
changes in the intra-individual variability (IIV) of these selected neuromotor and cognitive tasks also occurred. Increased IIV 
in persons with ASD may reveal important organizational features of their neuromotor system that differ from neurotypical 
controls. Twenty neurotypical adult individuals (24.3 ± 2.8 years) and twenty adults with a clinician-assigned diagnosis of 
ASD (21.2 ± 4.4 years) participated in this study. Specific cognitive and motor assessments included Trails Making Tests 
A&B, Symbol Digit Modalities Test, Purdue Pegboard Test, simple reaction time, finger tapping, hand grip strength, balance, 
and gait. Results revealed that the ASD adults exhibited decreased upper limb strength and slower responses for finger tap-
ping, hand dexterity, reaction times, and gait compared to the non-ASD controls. The general slowing of motor responses for 
the persons with ASD was also associated with increased within-subject variability during the reaction time, finger tapping, 
hand grip, and gait assessments compared to neurotypical adults, illustrating that IIV measures may be a useful marker of 
widespread neuromotor dysfunction for adults with ASD. Overall, these findings are consistent with clinical observations 
that abnormalities of movement performance and cognitive performance are an associated feature of ASD in young adults.
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Introduction

Autism spectrum disorder (ASD) is a common neurode-
velopmental disorder which affects 1 in 68 children in the 
US (Baio 2012). While ASD is characterized by deficits in 
social communication, narrowed interests, and repetitive pat-
terns of behavior, ASD can also have profound impact on 
neuromotor function and movement ability. Histopathologi-
cal and neuroimaging evidences of cerebellar abnormalities 

and/or atrophy have been described in ASD, which may 
underlie this linkage between social and motor impairment 
(Rinehart et al. 2006; Mosconi et al. 2015a, b). In particular, 
Mosconi et al. (2015a) reported that persons with ASD have 
35–95% fewer cerebellar Purkinje cells and that differences 
in the relative size of the deep cerebellar nuclei can also be 
found. Given that the prominent role the cerebellum plays in 
motor control and learning (Koziol et al. 2014), any deficits 
arising from this neurodevelopmental disorder would have 
a significant impact on the performance of many everyday 
movements.

Indeed, persons with ASD exhibit a range of changes in 
neuromotor function, including altered walking patterns, 
impairments in postural reactions, slower reaction times, 
and deficits in fine motor control and strength (Fournier 
et al. 2010a; Calhoun et al. 2011; Kern et al. 2013; Hock-
ing et al. 2014; Alaniz et al. 2015; Kindregan et al. 2015; 
Hasan et al. 2017). However, other studies have not found 
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differences in gait (Hallett et al. 1993), balance (Travers 
et al. 2013), or reaction time (Kofler et al. 2013; Ferraro 
2016) for individuals with ASD of varying ages. Disparity 
in reported findings across studies may arise for a number 
of reasons. An obvious one is the differences in age range 
of the persons being assessed (Travers et al. 2013). Given 
the rapid rate and variability of development of the CNS in 
children through to adulthood, it is hardly surprising that 
comparing the responses of persons across a spectrum of 
ages (and studies) would reveal conflicting results. Indeed, 
it has been reported that both delays in development and 
under-development of balance control can be observed in 
this population across the lifespan (Minshew et al. 2004). 
Another issue is that the majority of studies exploring motor 
and cognitive changes in persons with ASD focused on only 
one or two measures of motor function (e.g., gait or reac-
tion time or strength). Arguably, a greater understanding of 
the impact of any neural differences would be gained from 
assessment across a range of neuromotor and cognitive tasks 
in the same individual.

While the link between the cerebellum and motor func-
tion is well established, this structure has also been associ-
ated with a diverse array of cognitive, visuospatial, intellec-
tual, language, affective, and social functions (Schmahmann 
and Sherman 1998). For example, it has been reported that 
projections from the anterior regions of the cerebellum con-
nect to sensorimotor areas of the cerebrum, while those from 
the posterior cerebellum project to cognitive regions of the 
cortex (D’Mello and Stoodley 2015). Furthermore, disrup-
tion of cerebro-cerebellar feedback loops may be evident 
in populations with neurodevelopmental and/or psychiatric 
conditions underlying problems with motor function, lan-
guage, cognition, skill acquisition, and/or social abilities in 
persons with ASD (D’Mello and Stoodley 2015; Mosconi 
et al. 2015b). Overall, it is apparent that changes in cerebel-
lar function have been linked to both motor and cognitive 
declines for persons with ASD. Therefore, it is of interest 
to investigate the motor and cognitive behaviors that may 
be associated with cerebellar changes in an adult ASD 
population.

One other feature of behavior and movement responses 
for persons with ASD has been that they often exhibit 
greater variability when compared to non-ASD counterparts 
(Klein et al. 2006; Geurts et al. 2008; Adamo et al. 2014). 
In particular, increases in movement variability over suc-
cessive trials within a single person (i.e., intra-individual 
variability, IIV) have been commonly reported, especially 
under reaction time conditions (Klein et al. 2006; Adamo 
et al. 2014). The significance of this pattern of findings is 
centered on the view that such increases in variability reveal 
important organizational features of the neuromotor system 
(Klein et al. 2006; Geurts et al. 2008; Kofler et al. 2013; 
Adamo et al. 2014). Furthermore, changes in the neuromotor 

system arising either from the typical process of aging and/
or neurological diseases (e.g., Parkinson’s) are commonly 
reflected by increases in IIV of selected movement indices 
(Hultsch et al. 2002; Dykiert et al. 2012b; Batterham et al. 
2014; Bielak et al. 2014; Bunce et al. 2017; Bauermeister 
et al. 2017). For persons with ASD, there is speculation that 
differences in the pattern of IIV for various cognitive and/
or motor skills could potentially be used as a (bio)marker 
of the neural changes with this disorder and may provide a 
more stable feature of the neuromotor differences underlying 
ASD (Kofler et al. 2013).

The current study was designed to investigate differences 
in neuromotor and cognitive function between young adults 
with ASD and age-matched neurotypical controls and to 
examine relations between walking, balance, reaction time, 
and specific quantitative measures of cognitive ability. In 
addition, it was of interest to assess differences in IIV for 
selected neuromotor tasks, including upper limb strength, 
reaction time, finger tapping speed, and walking ability 
between the two groups. It was predicted that the move-
ment responses of the ASD persons would be slower over-
all, with declines in gait speed, finger tapping speed, slower 
reaction times, and decreased responses for the pegboard 
test compared to the age-matched neurotypical controls. It 
was also anticipated that, in addition to the slower move-
ment responses, ASD adults would also exhibit lower hand 
grip strength values compared to controls. Finally, ASD 
individuals would demonstrate increased within-subject 
variability for the reaction time, gait, hand grip, and finger 
tapping tasks, and that measures of motor behavior would 
be positively correlated with measures of cognitive ability.

Methods

Participants

Twenty neurotypical adult individuals of both sexes (con-
trols, age range 24.3 ± 2.8 years; 8 males) and twenty adults 
with a clinically assigned and documented diagnosis of 
ASD (age range 21.2 ± 4.4 years; 14 males) were recruited 
to participate in this study. The control group consisted of 
individuals without personal or family histories of major 
psychiatric or substance abuse disorders. In addition to their 
clinically documented diagnosis, inclusionary criteria for the 
ASD group included full-scale IQ > 70 and good expressive 
language skills. This criterion ensured that all participants 
were capable of understanding the directions of each task 
and had the ability to end their participation if they were not 
motivated to continue with the study. Differences between 
groups were confirmed by statistically significant scores on 
the Social Responsiveness Scale-2 [SRS-2; (Constantino 
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et al. 2003)]. The summarized results of this analysis are 
presented in Table 1.

Experimental design

Participants were assessed for their cognitive and motor 
functions on 2 non-consecutive days. Assessments on day 1 
typically lasted 1.5 h and included the SRS-2, Trails Mak-
ing Tests A&B (TMT), Symbol Digit Modalities Test, fin-
ger tapping speed, and Purdue Pegboard Test. Testing on 
the second day lasted 1 h, and included hand grip strength, 
standing balance, simple reaction time, and walking ability. 
All participants were under direct observation by a member 
of the research team during both sessions to ensure that they 
fully understood directions and completed tasks. Details of 
these tests are as follows.

Social Responsiveness Scale‑2 (SRS‑2)

The SRS-2 is a commonly used 65-item scale that rates the 
level of reciprocal social behavior and ASD symptoms for 
the ASD individual. It generates a total and subscale t scores 
that denote the degree of social impairment (higher scores 
indicate more severe impairment). Total t scores below 59 
are typically not associated with ASD, scores between 60 
and 65 indicate mild ASD, between 66 and 75 can be asso-
ciated with moderate ASD, and scores above 76 indicate 
severe ASD. The scale has demonstrated high construct and 
discriminate validity and high test–retest reliability (Con-
stantino et al. 2003).

Trails Making Tests A&B (TMT)

These tests provide an assessment of each person’s attention, 
visual search and scanning, sequencing, and cognitive flex-
ibility (Salthouse 2011). In Trails A, participants are asked 

to rapidly connect 25 numbers in ascending order with paper 
and pencil, and in Trails B, they must connect alternating 
numbers and letters in numerical and alphabetical order, 
dividing their attention between these two cognitive tasks 
and demonstrating rapid cognitive flexibility.

Symbol Digit Modalities Test (SDMT)

This assessment captures key neurocognitive functions 
including attention, visual scanning, and motor speed (Sheri-
dan et al. 2006). Participants use a key showing number (1 
through 9) and symbol pairs to write numbers that match 
their corresponding symbols. The score is based upon the 
number of correct matches obtained in 90 s.

Reaction time

Participants completed a simple reaction time (RT) task 
where upper limb (index finger) and lower limb (foot) 
responses were collected. All responses were performed 
with the individuals preferred limb. After completing five 
practice trials, each person completed 20 trials with each 
segment. A visual stimuli was provided for the RT response 
and participants responded by depressing a timing switch 
with either their foot or finger. Prior to analysis, RT data 
were trimmed by eliminating those trials which were 150 ms 
or less (Bauermeister et al. 2017). A total of seven trials 
were eliminated by this process and were replaced with the 
individual’s mean RT for that task. The average (mean) and 
intra-individual variability (IIV) for the RT measures were 
calculated. IIV measures were based upon the between-trial 
standard deviation (SD) RT measures for each individual.

Finger tapping speed

All participants completed a tapping task using their index 
finger of each limb. Each person performed the task in a 
seated position with their forearms resting on a table. They 
were asked to tap on a force sensor as fast as possible. Five 
trials were performed for each limb. The average (mean) 
and intra-individual variability (IIV) for the ‘finger tapping 
speed’ measures were calculated. As with the RT data, IIV 
measures were based upon the between-trial standard devia-
tion (SD) measures for each individual.

Purdue Pegboard Test

This evaluation was performed using the Purdue Pegboard 
Test (Model 32020, Lafayette Instrument Co., IL) and 
assesses fine goal-directed movements by measuring finger-
tip dexterity, hand–eye coordination, and bimanual coordi-
nation (Barbeau et al. 2015). The test measures the ability 
of persons to put as many pegs as possible into the pegboard 

Table 1   Summary of scores for the Social Responsiveness Scale-2 
(SRS-2) for the ASD and neurotypical individuals

Higher scores for the various SRS-2 categories indicate higher ASD 
traits. Independent samples t tests were performed and the results 
indicated that two groups differed significantly on all social measures 
with the ASD group scoring more social impairment (all p < 0.01). 
Values are shown as mean ± SD

Measure ASD Neurotypical

SRS-2: total score 68.80 ± 14.54 44.80 ± 4.70
SRS-2: social communication index 68.60 ± 14.55 44.80 ± 4.90
SRS-2: awareness 65.20 ± 12.72 44.40 ± 5.31
SRS-2: cognition 64.25 ± 11.35 46.60 ± 7.00
SRS-2: communication 68.85 ± 15.81 44.20 ± 6.31
SRS-2: motivation 67.20 ± 14.01 46.45 ± 5.61
SRS-2: restricted/repetitive behaviors 68.20 ± 14.09 45.85 ± 4.36
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in four different conditions: using their preferred (P) hand, 
non-preferred (N) hand, both (B) hands simultaneously, and 
an “assembly condition” using alternating hands. The score 
for the P, N, and B conditions was recorded as the num-
ber of pieces placed within 30 s. The “assembly condition” 
involves using both hands to assemble a peg, washer, collar, 
and washer as quickly and accurately as possible within 60 s.

Hand grip strength

Grip strength (in kg) for both upper arms was recorded using 
the JamarH dynamometer (Sammons Preston Rolyan Inc., 
Bolingbrook, IL). Individuals were seated in an armless 
chair with shoulders adducted and neutrally rotated, elbow 
flexed at 90°, forearms in neutral position, and wrist between 
0° and 30° of dorsiflexion. Participants were instructed to 
squeeze the handle as hard as possible. Three trials were 
performed with the overall average (mean) and intra-indi-
vidual variability (IIV) for the strength measures calculated. 
IIV measures of hand grip strength were based upon the 
between-trial standard deviation (SD) measures for each 
individual.

Gait

Participants performed ten walking trials over a 25 ft dis-
tance. Five trials were performed at their preferred speed 
(PWS) and five subsequent trials performed as fast as pos-
sible. Light gates were positioned at the beginning and end 
of the walking path to record overall time. Each person’s 
walking performance was assessed using a 20 ft straight 
GAITRite pressure sensitive walking surface (CIR Sys-
tems, Havertown PA). Gait data were sampled at 150 Hz and 
processed using the Protokinetics PKMAS software (Pro-
toKinetics LLC). Average (mean) and IIV measures were 
calculated for the following spatio-temporal gait variables: 
step/stride length (cm), step/stride time (s), gait velocity 
(cm/s), and cadence. All gait-related IIV calculations were 
based upon the between-trial standard deviation (SD) for 
each individual.

Balance

Each person’s general balance ability was assessed across 
four postural conditions, namely: (1) eyes open/firm surface, 
(2) eyes closed/firm surface, (3) eyes open/foam surface, and 
(4) eyes closed/foam surface. The foam surface was 15 cm 
thick and of medium density. Postural motion (quantified by 
center of pressure (COP) excursion in the anterior–poste-
rior (AP) and medio-lateral (ML) directions) was collected, 
while individuals stood on a Bertec balance plate (model 
BP6040). COP data sampled at 100 Hz and filtered using a 
second-order low-pass Butterworth filter (cut-off frequency 

50 Hz). The dependent measures determined for postural 
sway included: total path length, mean COP velocity, and 
mean COP excursion in the ML and AP directions. Analyses 
of the COP data were performed using the Matlab software 
(Mathworks R14).

Data analysis

Inferential analyses were conducted using a within-subject 
repeated-measures generalized linear model. In addition, 
cross-correlation analysis was performed to assess the rela-
tion between the cognitive and neuromotor measures (both 
average and IIV). All statistical analyses were performed 
using SAS statistical software (v 9.3, SAS Institute Inc., 
NC), with the risk of Type I error set at p < 0.05.

Results

The following evaluations were performed for each person; 
cognition (i.e., Trails Making Tests A&B (TMT) and Sym-
bol Digit Modalities Test), simple reaction time, finger tap-
ping speed, hand grip strength, Purdue Pegboard Test, stand-
ing balance, and walking ability. The results of the analyses 
are as follows.

Cognitive assessments

Significant group differences were found for results of the 
Symbol Digit Modalities Test (F1,38 = 20.96; p < 0.001) with 
the ASD persons scoring higher than the controls. SDMT 
captures processing speed, attention, visual scanning, and 
motor speed. No significant differences were found between 
the two groups for the Trail Making Tests (A, F1,38 = 1.34; 
p = 0.25; B, F1,38 = 1.41; p = 0.24) which is a measure of 
processing speed.

Reaction time

This test assesses the time taken for a person to react to 
a single visual stimulus. Individuals performed this task 
with both an upper (i.e., finger) and lower limb (i.e., foot) 
segment. For the mean RT values, a significant group 
effect was found for the reaction time scores for the 
hand (F1,38 = 10.06; p < 0.01) and the foot (F1,38 = 16.98; 
p < 0.001). For both measures, the control group exhib-
ited significantly faster reaction times. For the IIV RT 
data, significant group differences were found for hand 
(F1,38 = 5.64; p < 0.05) and the foot (F1,38 = 9.18; p < 0.01) 
with the ASD individuals demonstrating greater within-
subject variability of responses compared to the control 
group. Table 2 includes a summary of the results for the 
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reaction time, finger tapping, hand grip, and Purdue Peg-
board Test, with significant group effects highlighted.

Finger tapping speed

Individuals were instructed to tap on a flat surface, using 
their index finger, as fast as possible. This task was per-
formed with both the preferred and non-preferred fingers. 
For the tapping speed, no significant main effect due to 
either limb (F1,38 = 3.23; p = 0.09) or group (F1,38 = 2.58; 
p = 0.17) were observed. In addition, no limb by group 
interaction effect was observed (F1,38 = 0.31; p = 0.77). 
However, for the intra-individual differences, a significant 
group effect was observed (F1,38 = 9.80; p < 0.05) with the 
ASD group exhibiting greater within-subject variability 
compared to the control group. No limb differences were 
observed for the IIV results (F1,38 = 0.08; p = 0.77). Fig-
ure 1 highlights the group differences for the mean and IIV 
values for reaction time (both hand and foot) and finger 
tapping speed.

Purdue Pegboard Test

This test which provides requires finger dexterity, hand–eye 
coordination, and bimanual coordination. Inferential analysis 
revealed significant group differences for performance of 
this test with the preferred hand (F1,38 = 13.36; p < 0.001) 
and non-preferred hand (F1,38 = 11.53; p < 0.001), when per-
formed with both hands (F1,38 = 15.01; p < 0.001) and for the 
assembly task (F1,38 = 15.24; p < 0.001). IIV is not reported 
for this measure as no repeat trials were conducted. As illus-
trated in Fig. 2, the control individuals scored higher than 
the ASD adults across all assessments.

Hand grip strength

Bilateral assessments of hand grip strength (in kg) were per-
formed for all individuals. A significant group effect was 
found for the mean hand grip strength (F1,38 = 5.97; p < 0.05) 
with the control individuals exhibiting greater strength com-
pared to the ASD individuals. A significant limb effect was 
also found (F1,38 = 29.68; p < 0.001) with hand grip strength 
being greater for the preferred limb for both groups. For 
the intra-individual differences, a significant group effect 
was observed (F1,38 = 4.03; p < 0.05) with the ASD group 
exhibiting greater within-subject variability for the hand 
grip strength values compared to the neurotypical controls. 
No limb by group interaction effect was observed for either 
the mean (F1,38 = 0.17; p = 0.68) or IIV hand grip measures 
(F1,38 = 0.06; p = 0.86). Figure 2 illustrates the differences in 
the average (mean) and IIV for hand grip strength between 
the two groups.

Gait

For the gait assessment, individuals were performed ten 
walking trials over a 25 ft distance. Five trials were per-
formed at their preferred speed (PWS) and five subsequent 
trials performed as fast as possible. For the PWS trials, a 
significant group effect was found for cadence (F1,38 = 9.09; 
p < 0.01), gait velocity (F1,38 = 5.59; p < 0.0), step time 
(F1,38 = 8.34; p < 0.01), and stride time (F1,38 = 9.16; 
p < 0.01). For this condition, the control individuals walked 
at a faster preferred speed with increased step and stride 
times compared to the ASD individuals. For the IIV of the 
gait measures, significant group differences were found 
for stride length (F1,38 = 6.43; p < 0.05) and stride time 
(F1,38 = 9.39; p < 0.01) with the ASD individuals exhibiting 
greater within-subject variability for these measures com-
pared to the controls.

For the fast-speed gait conditions, a significant group 
effect was found for gait velocity (F1,38 = 8.33, p < 0.01), step 
time (F1,38 = 4.85, p < 0.05), and stride time (F1,38 = 4.87; 
p < 0.05). Overall, the ASD persons walked at a slower speed 

Table 2   Summary of differences between the ASD and neurotypi-
cal control groups for reaction time, finger tapping, Purdue Pegboard 
Test, and hand grip strength measures

Both the average and IIV values are shown for each variable (values 
are shown as mean ± SE)
Those measures where significant group effects were found are noted 
with an asterisk (*)
a For the finger tapping measure, values were collapsed over limbs. 
This was performed as there were no significant limb effects for this 
assessment

Assessment Measure Group

Controls ASD

Reaction time
 Hand (s) Mean 204 ± 3.8 247 ± 12.9 *

IIV 25.8 ± 2.4 36.9 ± 4.0 *
 Foot (s) Mean 249 ± 5.2 303 ± 11.8 *

IIV 25.6 ± 2.6 37.9 ± 3.1 *
Finger tappinga Mean 40.9 ± 0.9 41.3 ± 1.1 N.S.

IIV 2.8 ± 0.3 4.5 ± 0.4 *
Purdue Pegboard Test
 Preferred (P) Mean 14.6 ± 0.4 11.9 ± 0.6 *
 Non-preferred (N) Mean 13.4 ± 0.2 11.4 ± 0.5 *
 Both hands (B) Mean 11.5 ± 0.4 9.0 ± 0.5 *
 Assembly task Mean 36.2 ± 1.3 28.4 ± 1.5 *

Hand grip strength (kg)a 

 Preferred Mean 87.9 ± 3.0 70.6 ± 2.5 *
IIV 4.3 ± 0.8 5.2 ± 0.7 *

 Non-Preferred Mean 81.9 ± 3.1 66.9 ± 2.5 *
IIV 3.8 ± 0.4 5.6 ± 0.8 *
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Fig. 1   Bar graphs depicting differences in average and intra-individ-
ual variability (IIV) of simple reaction time (for the hand and foot) 
and finger tapping speed between the ASD young adults and the con-

trols. Error bars represent one SE of the mean. Significant differences 
between groups are denoted with an asterisk (*)
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with decreased step and stride times compared to the con-
trols. For the IIV of the gait measures, significant group dif-
ferences were found for stride length (F1,38 = 5.41; p < 0.05) 
and stride time (F1,38 = 4.17; p < 0.05) with the ASD indi-
viduals exhibiting greater within-subject variability for these 
measures compared to the controls. Figure 3 illustrates the 
differences in the average (mean) and IIV of selected gait 
metrics between the two groups for the fast walking speed 
condition. Table 3 includes a summary of the results for 
the walking tasks, with significant group differences for the 
various gait metrics being highlighted.

Balance

Balance ability of the ASD and control individuals was 
assessed under conditions where vision (i.e., eyes open/eyes 
closed) and support surface (i.e. firm/foam) were manipu-
lated. For the eyes open/firm support condition, no signifi-
cant differences between the controls and ASD adults were 
found for path length (F1,38 = 3.47; p = 0.08), COP velocity 
(F1,38 = 0.05; p = 0.83), mean AP (F1,38 = 1.35; p = 0.25), 
and ML sway (F1,38 = 0.03; p = 0.86). For the eyes open/
foam support condition, no significant differences between 
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Fig. 2   Bar graphs depicting differences in the average and IIV of the 
hand grip strength measures between the ASD young adults and the 
controls. Group differences in the responses for the Purdue Pegboard 

Tests are also shown. Error bars represent one SE of the mean. Sig-
nificant differences between groups are denoted with an asterisk (*)
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Fig. 3   Bar graphs depicting differences in the average and IIV of 
stride time, step time, and stride length between the ASD young 
adults and the controls. Results are shown for the fast-speed gait con-

dition only. Error bars represent one SE of the mean. Significant dif-
ferences between groups are denoted with an asterisk (*)
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the controls and ASD adults were found for path length 
(F1,38 = 1.36; p = 0.25), COP velocity (F1,38 = 1.17; p = 0.28), 
mean AP (F1,38 = 2.46; p = 0.13), and ML sway (F1,38 = 0.06; 
p = 0.81).

For the eyes closed/firm support condition, no signifi-
cant differences between the controls and ASD adults were 
found for path length (F1,38 = 0.04; p = 0.84), COP velocity 

(F1,38 = 0.41; p = 0.52), mean AP (F1,38 = 0.84; p = 0.36), 
and ML sway (F1,38 = 1.55; p = 0.22). For the eyes closed/
foam support condition, no significant differences between 
the controls and ASD adults were found for path length 
(F1,38 = 1.95; p = 0.17), COP velocity (F1,38 = 0.43; p = 0.51), 
mean AP (F1,38 = 0.14; p = 0.71), and ML sway (F1,38 = 0.63; 
p = 0.43).

Correlation analysis

To assess the relation between the cognitive and neuromotor 
measures (both average and IIV), cross-correlation analyses 
were performed. However, no meaningful significant results 
for either of the two groups emerged from this analysis.

Discussion

This study was designed to examine differences in motor 
and cognitive functions between young adults with ASD 
and age-matched controls. It was also of interest to assess 
whether IIV of selected measures of neuromotor function 
was different between the young adults with ASD com-
pared to the age-matched neurotypical controls. The results 
revealed that the motor function of the ASD young adults 
was characterized by slower responses, with decreased fin-
ger tapping speed and general hand dexterity, slower reac-
tion times, and decreased gait speed. The ASD group also 
showed decreased upper limb strength. In parallel with the 
pattern of neuromotor slowing, ASD individuals exhibited 
increased within-subject variability during the reaction time, 
finger tapping, strength, and walking tasks.

Cognitive differences and neuromotor slowing 
in ASD

The results of the current study revealed as a number of dif-
ferences in neuromotor and cognitive functions between the 
two groups. For the cognitive tasks, the ASD and control 
participants had similar performance on the TMT A and B; 
however, they differed in their performance on the SDMT 
in that the ASD participants were not able to correctly pair 
as many items as the control participants. This aligns with 
the previous research, which reported that adults with ASD 
exhibit slower processing speed compared to controls of 
similar age, although this difference was not evident for 
children (Travers et al. 2014).

The ASD adults also exhibited slower reaction times 
(for both the upper and lower limbs) compared to the age-
matched controls, a result which is consistent with the pre-
vious research showing similar differences between ASD 
children and neurotypical children of similar age (Inui and 
Suzuki 1998; Karalunas et al. 2014; Barbeau et al. 2015). 

Table 3   Summary of changes in gait measures between the ASD and 
neurotypical control groups

Both the mean and IIV values are shown for each variable (values are 
shown as mean ± SE)
Significant group effects are noted with an asterisk (*)

Condition Variable Group

Controls ASD

Gait (PWS) Cadence (steps per min)
 Mean 111 ± 1.9 104 ± 1.5 *
 IIV 4.70 ± 1.34 3.71 ± 0.54 N.S.

Velocity (cm/s)
 Mean 121.7 ± 3.9 109.9 ± 3.4 *
 IIV 5.47 ± 0.99 5.81 ± 0.93 N.S.

Step time (s)
 Mean 0.54 ± 0.02 0.57 ± 0.03 *
 IIV 0.01 ± 0.01 0.02 ± 0.01 N.S.

Step length (cm)
 Mean 65.4 ± 1.4 62.9 ± 1.5 N.S.
 IIV 1.41 ± 0.15 1.66 ± 0.24 N.S.

Stride time (s)
 Mean 1.08 ± 0.02 1.15 ± 0.03 *
 IIV 0.04 ± 0.01 0.04 ± 0.01 *

Stride length (cm)
 Mean 131.0 ± 2.9 125.9 ± 2.8 N.S.
 IIV 2.81 ± 0.31 3.83 ± 0.64 *

Gait (fast) Cadence (steps per min)
 Mean 160 ± 5.7 145 ± 5.2 N.S.
 IIV 8.7 ± 1.44 9.4 ± 2.07 N.S.

Velocity (cm/s)
 Mean 220.8 ± 9.3 188.6 ± 7.2 *
 IIV 13.0 ± 1.63 16.2 ± 4.02 N.S.

Step time (s)
 Mean 0.38 ± 0.01 0.42 ± 0.01 *
 IIV 0.02 ± 0.01 0.03 ± 0.01 N.S.
 Step length (cm)
 Mean 82.6 ± 1.7 78.1 ± 2.0 N.S.
 IIV 2.26 ± 0.22 3.18 ± 0.79 N.S.

Stride time (s)
 Mean 0.76 ± 0.02 0.84 ± 0.03 *
 IIV 0.04 ± 0.01 0.06 ± 0.01 *

Stride length (cm)
 Mean 165.3 ± 3.4 155.6 ± 3.9 N.S.
 IIV 4.37 ± 0.40 7.09 ± 1.56 *
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Indeed, with regard to motor function, the ASD persons 
showed a general slowing across all metrics, with decreases 
in finger tapping speed, lower scores on the Purdue Pegboard 
Test, and decreased gait speed. In addition to slowed motor 
responses, the young adults with ASD also had decreased 
upper limb strength. This latter result is of some significance 
given that reduced hand grip strength has been reported for 
children with ASD (David et al. 2009; Kern et al. 2013; 
Wang et al. 2015), but not for adults with ASD. As the 
majority of the previous ASD studies have tended to focus 
on motor function differences in children, the current find-
ings have some relevance in showing that neuromotor dif-
ferences seen in childhood for persons with ASD can persist 
through to adulthood.

With regards to walking, a number of notable differences 
were observed between the gait of the controls and the ASD 
group. Generally speaking, the ASD individuals walked 
slower (under both self-selected preferred and fast-speed 
conditions) with decreased step and stride times. These 
results build upon the general premise that the overall walk-
ing patterns of children and young adults with ASD tend 
to differ from age-matched controls (Calhoun et al. 2011; 
Weiss et al. 2013). An exception to this pattern was the study 
conducted by Hallett et al. (1993) who found no differences 
between ASD adults and age-matched controls when walk-
ing at a person’s self-selected pace for these same metrics 
although methodological differences in how gait data were 
collected and subject numbers could contribute to the differ-
ences. In keeping with the finding of slower gait speed, our 
results also revealed that the ASD adults exhibited slower 
finger tapping speed, fine motor (i.e., Purdue Pegboard Test) 
and simple reaction times (for both the hand and foot). The 
slower reaction time values are certainly consistent with the 
previous studies who have reported similar results for chil-
dren diagnosed with ASD (Geurts et al. 2008; Adamo et al. 
2014; Barbeau et al. 2015). However, it should be noted that 
two recent reviews have challenged this assumption (Kofler 
et al. 2013; Ferraro 2016).

Similarly, deficits in balance control have been widely 
reported for children with ASD (Fournier et al. 2010b, 2014; 
Bhat et al. 2011), although a few comparable assessments 
of balance control in adults with ASD have been previ-
ously reported. Our finding of no difference between ASD 
adults and age-matched controls highlights the confounding 
nature that a person age may play given that the neuromotor 
responses of children and adolescents with ASD often vary 
from ASD adults (Travers et al. 2013). Another possibility 
is that the balance tasks assessed were not sufficiently chal-
lenging to differentiate between the two adult groups. The 
assessments used in the current study required the individu-
als to stand in the preferred bilateral stance, while vision 
and/or the support surface were manipulated. However, 
many previous studies of balance control in ASD individuals 

have only repotted differences under more challenging con-
ditions including unanticipated perturbations (Bhat et al. 
2011) and single-leg stance (Travers et al. 2013; Graham 
et al. 2015). Indeed, while Travers et al. (2013) reported 
balance differences during single-leg stance conditions, they 
also found no differences in balance measures between ASD 
individuals and age-matched neurotypical persons during 
two legged standing tasks under vision conditions similar 
to that performed in our study [i.e., eyes open and closed 
(Travers et al. 2013)]. Consequently, it would appear that any 
postural differences between neurotypical adults and ASD 
persons are more likely to emerge under more challenging 
balance conditions.

The basis for the slowing of movement responses prob-
ably reflects neural changes found in young adults with 
ASD. Movement slowing is reported in normal aging and 
the emergence of neurological disorders/diseases. For exam-
ple, the declines in neuromotor functioning that can develop 
with increasing age and Parkinson’s disease (PD) have been 
linked to deficits across multiple neuromotor processes; 
they include slowing of reaction time, preferred walking 
speed, strength, and finger tapping speed (MacDonald et al. 
2003; Batterham et al. 2014; Bielak et al. 2014; Morrison 
and Newell 2017). Indeed, Hallett et al. (1993) speculated 
that the gait differences which they observed in adults with 
autism were the result of non-specific changes in the neu-
rological systems underlying motor control, such as the 
cerebellum while Vilensky et al. (1981) drew similarities 
between the gait patterns of persons with ASD to PD (Vilen-
sky et al. 1981). More recent studies have provided support 
for both these views, implicating both the basal ganglia and 
cerebellum in the pathogenesis of the movement abnormali-
ties of ASD (Middleton and Strick 2000; Nayate et al. 2005; 
Rinehart et al. 2006; Wang et al. 2015). With specific refer-
ence to the cerebellum, it has been reported that individuals 
with ASD have 35–95% fewer cerebellar Purkinje cells and 
that differences in the relative size of the deep cerebellar 
nuclei can also be found (Mosconi et al. 2015a). Irrespective 
of the specific neural loci, the consequences of any wide-
spread deficits in neural mechanisms would be expected to 
present across a range of movements rather than be restricted 
to one or two specific tasks. In this regard, the collective 
results of the current study illustrate that the impact of differ-
ences in motor function with ASD is not task-dependent and 
reflected in the performance of specific movements. Rather, 
the differences observed are probably indicative of wide-
spread and varied changes in neuromotor function, manifest-
ing themselves during the performance of more dynamic 
actions rather than during static balance tasks.

There were no notable relationships between the motor 
and cognitive tasks for the ASD group despite the neuro-
biological evidence that both motor and cognitive func-
tions can be linked to cerebellar function. It would be of 
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use to continue to investigate this relationship utilizing 
additional assessments, age groups, and functional levels 
of ASD.

Increased intra‑individual variability in ASD

One feature often associated with persons with ASD is 
differences in the variability of their responses with the 
pattern of higher variability being used as a marker for 
distinguishing between controls and persons with ASD 
(Klein et al. 2006; Geurts et al. 2008; Adamo et al. 2014). 
To date, the majority of studies of intra-individual dif-
ferences have largely focused on RT tasks (Klein et al. 
2006; Adamo et  al. 2014), even though more general 
motor deficits are also common. In addition to the pattern 
of generally slower movement responses and decreased 
strength, the results of the current study revealed that the 
ASD individuals also exhibited greater variability over 
trials (i.e., IIV) across the RT, hand grip strength, finger 
tapping, and walking tasks. While higher within-subject 
variability for young adults with ASD is consistent with 
the previous reports (Rinehart et al. 2006; Geurts et al. 
2008; Kofler et al. 2013; Adamo et al. 2014; Mottron 
et al. 2014), the current findings illustrate that the vari-
ability cited in ASD children and adolescents continues 
through to adulthood.

The significance of these increases in IIV across a range 
of motor tasks cannot be understated as they support the 
previous view that the deficits in neuromotor function for 
persons with ASD is manifested by concurrent slowing 
and increased variability of responses. However, because 
this pattern is not specific to ASD, it would appear to be 
indicative of widespread deficits in neuromotor func-
tion per se. The previous research has reported a similar 
trend for both healthy older adults and for patients with 
neurological diseases, such as PD (Hultsch et al. 2002; 
Dykiert et al. 2012a; Batterham et al. 2014; Bielak et al. 
2014; Bunce et al. 2017; Bauermeister et al. 2017). Taken 
together, these findings highlight that abnormalities of 
neuromotor function may be characterized by both slowing 
and increased variability. While increased within-subject 
variability for persons with ASD is consistent with pre-
vious reports (Rinehart et al. 2006; Geurts et al. 2008; 
Kofler et al. 2013; Adamo et al. 2014; Mottron et al. 2014), 
the current findings illustrate that the variability changes 
cited in ASD children and adolescents continue through to 
adulthood. Furthermore, consistent with the results show-
ing a widespread slowing of responses, the prevalence of 
increased variability across different neuromotor tasks 
supports the view that the impact of the neural changes in 
ASD are manifested across a range of motor performance 
tasks and are not specific to one single activity.

Conclusions

This study investigated differences in reaction time, finger 
tapping, hand dexterity, strength, balance, and walking abil-
ity between young adults with ASD and control individu-
als of similar age. Overall, young adults with ASD exhib-
ited a general slowing of movement responses, reflected 
by decreased finger tapping speed, general hand dexterity, 
slower reaction times, and decreased gait speed. Decreased 
hand grip was also found for the ASD individuals. In addi-
tion to the slower movement responses, ASD individu-
als were more variable during the reaction time, tapping, 
strength, and walking tasks. Consequently, loss of strength, 
the general slowing of motor functions (i.e., gait, reaction 
time, and tapping speed), and increased variability of these 
same motor responses may reflect the phenotype or pheno-
typic subtype of young adults with ASD. These findings 
indicate that IIV measures may be a useful marker of wide-
spread neuromotor dysfunction.
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