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Where grasps are made reveals how grasps are planned. The grasp height effect predicts that, when
people take hold of an object to move it to a new position, the grasp height on the object is inversely
related to the height of the target position. In the present study, we used this effect as a window into the
prospective sensorimotor control of children with autism spectrum disorders without accompanying
intellectual impairment. Participants were instructed to grasp a vertical cylinder and move it from a
table (home position) to a shelf of varying height (target position). Depending on the conditions, they
performed the task using only one hand (unimanual), two hands (bimanual), or with the help of a co-actor
(joint). Comparison between the performance of typically developing children and children with autism
revealed no group difference across tasks. We found, however, a significant influence of IQ on grasp
height modulation in both groups. These results provide clear evidence against a general prospective
sensorimotor planning deficit and suggest that at least some form of higher order planning is present in
autism without accompanying intellectual impairment.
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1. Introduction

The ability to accurately anticipate and predict forthcoming
actions and their effects is essential to solve daily sequential tasks,
such as using a knife to spread jam on bread or grasping a bottle to
pour a liquid without spilling it. A useful way to study this ability
is to observe adaptations in one’s behaviour as a function of the
behaviour that follows. If an action differs depending on the sub-
sequent action, then the anticipatory effect can be said to reflect
prospective sensorimotor control (Ansuini et al., 2015; Rosenbaum
etal., 2012).

Anticipatory changes of this sort have been studied extensively
in object manipulation (Ansuini et al., 2008; Ansuini et al., 2006;
Armbriister and Spijkers, 2006; Becchio et al., 2012; Becchio et al.,
2008; Cohen and Rosenbaum, 2004; Crajé et al., 2011; Johnson-
Frey et al., 2003; Marteniuk et al., 1987; Rosenbaum et al., 1990,
1993; Sartori et al., 2009; Schuboe et al., 2008). For example, it is
already well known that individuals tend to grasp objects differ-
ently depending on what they plan to do with the objects (Ansuini
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et al.,, 2015). A clear demonstration of prospective sensorimotor
control for object manipulation is provided by the grasp height
effect, i.e., the tendency to take hold of objects at a height that
is inversely related to the height of the target location that they
are attempting to reach (for review, see Rosenbaum et al., 2012).
For example, when placing a book on a shelf, the higher the shelf,
the lower individuals tend to grasp the book. Doing so has been
shown to promote not just comfort of the end posture (i.e., end-
state comfort) but also better control at the time of task completion
(Rosenbaum et al., 2006). Thus, the initial grip of the book reflects
an anticipation of the posture the body will be in once the target
location of the action is reached.

Behaviours that reflect this effect have been reported when
adult participants manipulate objects with only one hand (uniman-
ual object manipulation; Cohen and Rosenbaum, 2004; Rosenbaum
and Jorgensen, 1992; Weigelt et al., 2007) as well as when they use
two (bimanual object manipulation; Haggard, 1998; Meyer et al.,
2013; Rosenbaum et al., 1990). Moreover, there is evidence of grasp
height effect in typically developing children from 7 to 12 years of
age, with an increase of the effect as their age develops within this
range (Janssen and Steenbergen, 2011).

A far less studied aspect of prospective sensorimotor control
is the planning of cooperative actions with others. Acting jointly
with another person requires one to consider and integrate not
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Table 1
ADOS-2 and ADI-R scores for participants in the ASD group.
Participant ADOS-2 ADI-R
Total Score SA RRB Total Score A) B) C) D)

1 8 6 2 30 12 9 7 2
2 8 6 2 28 10 11 5 2
3 9 8 1 25 10 8 5 2
4 8 6 2 28 11 9 4 4
5 8 7 1 31 8 17 5 1
6 8 7 1 49 20 15 10 4
7 13 11 2 21 9 8 3 1
8 9 8 1 41 18 19 3 1
9 8 7 1 30 11 11 5 3
10 8 7 1 24 10 8 5 1
11 10 8 2 29 11 8 5 5
12 9 8 1 32 12 11 6 3
13 8 7 1 24 10 9 4 1
14 9 8 1 24 10 7 6 2
15 8 7 1 25 11 9 3 2
16 8 6 2 24 10 5 7 2
17 7 6 1 27 14 3 6 4

Note: ADOS-2 (Autism Diagnostic Observation Scale 2) subtests: SA (Social Affect); RRB (Restricted and Repetitive Behaviors). Cut-off score for ADOS-2 Total Score (SA + RRB):
(autism=9; autism spectrum = 7). ADOS-2 Total score range (0-28). ADI-R (Autism Diagnostic Interview-Revised) subtests: A) Qualitative Abnormalities in Reciprocal Social
Interaction (cut-off score =10); B) Qualitative Abnormalities in Communication (cut-off score =8); C) Restricted, Repetitive, and Stereotyped Patterns of Behavior (cut-off
score =3); D) Abnormality of Development Evident at or Before 36 Months (cut-off score = 1). ADI-R Total score range (0-78). The scores in Italics meet cut-off criteria.

only one’s own but also their partner’s next action (Sebanz et al.,
2006). Consider, for example, one person handing books to another
when filling a bookshelf together. Formalizing this example, Meyer
et al. (2013) found that adult participants modulated the choice
of the grasp height to accommodate not only their own end-state
but also their action partner’s end-state. This result has been taken
to signify similarity in mechanisms underlying prospective con-
trol of individual and joint action sequences. However, the exact
mechanism supporting joint action planning remains unclear. Do
individuals represent their action partner’s discomfort and there-
fore adjust their own actions accordingly? If so, does joint action
planning depend on the ability to represent others’ internal states?
More broadly, does it relate to social functioning?

Abnormalities in social functions are a striking feature of autism,
a neurodevelopmental disorder defined by characteristic deficits
in social interaction and communication — so-called social symp-
toms. Even individuals with autism spectrum disorders exhibit
deficits in coordinating gaze and action with others and under-
standing the mental states and social intentions of other people
(Happé and Frith, 2014). Yet, this condition is also defined by a
less well-researched range of non-social motor symptoms (Cook,
2016; for meta-analysis, see Fournier etal.,2010), including impair-
ments in basic motor control (Adrien et al., 1993; Jansiewicz et al.,
2006; Teitelbaum et al., 1998), difficulties performing skilled motor
gestures (Mostofsky et al., 2006), abnormal patterns of motor learn-
ing (Haswell et al., 2009), and disturbances in the reach-to-grasp
movement (Mari et al., 2003; Noterdaeme et al., 2002). Compari-
son between the performance of typically developing children and
children with autism spectrum disorders may thus inform us about
the link between prospective sensorimotor control, motor skills,
and more complex socio-cognitive skills.

With this in mind, in the present study, we examined prospec-
tive planning for self and other people’s actions in typically
developing children and children with autism spectrum disorders
without accompanying intellectual impairment. To study whether
participants altered their initial grasp in anticipation of what they
or their action partner planned to do with the object, we imple-
mented a simple object manipulation task in which a cylinder had
to be transported from a table (i.e., home position) to a shelf of
varying height (i.e., target position). The number of moves varied
depending on the task: unimanual, bimanual, joint. In the uniman-
ual task, participants picked up the cylinder with their right hand

and then moved it to the target position. In the bimanual task, they
picked it up with their right hand and passed it to their left to move
it to the target position. The joint task was similar, except that they
picked up the cylinder with their right hand and passed it to a co-
actor to move it to the target position. We used the height at which
the cylinder was grasped (i.e., grasp height) as a continuous measure
for prospective sensorimotor control across tasks. Grasp heights
were analysed in a mixed factorial ANCOVA with task (unimanual,
bimanual, joint) and target position height (low, middle, high) as
within-subject factors, group (ASD, TD) as between-subject factor,
and age, stature, and Full Scale IQ as covariates. In addition, to inves-
tigate whether prospective control was linked to motor, executive,
and language function, in each group we correlated grasp height
measures with standardized measures of motor skills, executive
planning, and receptive vocabulary. Finally, we also correlated the
grasp height measures with the severity of autism symptoms as
measured by the Autism Diagnostic Observation Schedule.

2. Materials and methods
2.1. Participants

Seventeen children with Autism Spectrum Disorder without
accompanying intellectual impairment (ASD group: 15 males)
and 20 age-matched typically developing children (TD group: 16
males) were recruited from the Child Neuropsychiatry Unit of the
‘Giannina Gaslini’ Hospital and schools in Genova. All participants
had normal or corrected-to-normal vision and were screened for
exclusion criteria (dyslexia, epilepsy, and any other neurologi-
cal or psychiatric conditions). Participants in the ASD group were
diagnosed according to DSM-5 (American Psychiatric Association,
2013) criteria. The Autism Diagnostic Observation Scale (ADOS-
2; Lord et al., 2012) and the Autism Diagnostic Interview-Revised
(ADI-R; Rutter et al., 2003) were administered by two skilled pro-
fessionals (a child neuropsychiatrist and a neuropsychologist). All
participants met the cut-off criteria for ASD with respect to the total
ADOS score and the communication and reciprocal social interac-
tion subscales (see Table 1).

Groups were matched for age (ASD
M +SD=9.9 + 1.6 years.months; TDM £ SD =9.5 & 1.5 years.months;
t(35)=0.804, p>0.05), gender (ASDM:F=15:17; TD M:F=16:20),
stature (ASD MZ£SD=141.2+8.7; TD MZ£SD=138+9.1cm;
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Table 2
Summary of ASD and TD group characteristics and Full Scale 1Q.
Group M SD Min Max
Age (years.months) ASD 9.9 1.6 71 129
TD 9.5 1.5 71 12.5
Stature (centimetre) ASD 141.2 8.7 126 156
TD 138 9.1 122 160
Full Scale IQ ASD 96.3 10.2 81 113
TD 102.8 9.4 83 115

Note: ASD=Autism Spectrum Disorder; TD=Typically Developing; Total stan-
dard scores reported for Full Scale 1Q; M=Mean; SD=Standard Deviation;
Min =Minimum; Max = Maximum.

t(35)=1.177, p>0.05), and Full Scale IQ (FS IQ) as measured by
the Wechsler Scale of Intelligence (WISC IV; Wechsler, 2003)
(ASD M+SD=96.3+10.2; TD M+SD=102.8 +£9.4; t(35)=—-2.020,
p>0.05; see Table 2). All but two of the participants (one in the
ASD group and one in the TD group) were right-handed according
to the Edinburgh Handedness Inventory (Oldfield, 1971). For
all children, parental written informed consent was obtained.
The study was approved by the local ethics committee (ASL3
Genovese) and performed in accordance with the principles of the
revised Helsinki Declaration (World Medical Association General
Assembly, 2008).

2.2. Motor and cognitive assessment

Every child was tested on the following motor and cognitive
tests: the Movement Assessment Battery for Children (MABC-2),
the Tower of London (TOL), and the Peabody Picture Vocabulary
Test-Revised (PPVT-R).

2.2.1. Movement Assessment Battery for Children (MABC-2)

The MABC-2 (Henderson et al., 2007) is a validated measure of
movement skill in children and was used to test participants’ over-
all motor performance. This measure comprises three subscales:
manual dexterity, ball skills, and balance. Percentile scores can be
used as an indicator of motor difficulties, with scores below the
5th percentile suggesting a significant motor difficulty (red zone),
between the 6th and 15th percentiles signifying a borderline motor
difficulty (amber zone), and above the 15th percentile indicating
no motor difficulty (green zone). While the majority of TD children
(75%) were classified in the green zone of MABC-2 assessment, 65%
of children with ASD were classified in the red and in the amber
zone, indicating that they experienced or were at risk of motor
difficulties or delays. In line with this, total MABC-2 score was sig-
nificantly lower in the ASD group compared to the TD group (ASD
M=15.35vs. TD=M 31.85; t(35)=—2.455, p<0.05; see Table 3).

2.2.2. Tower of London (TOL)

The TOL (Anderson et al., 1996) is a widely used neuropsycho-
logical test of planning and problem solving in which one must
move coloured discs from an initial state to their desired goal state.
To achieve this in as few moves as possible, which is the aim of the
task, requires executive planning. When considering the perfor-
mance at this test, no significant differences were found between
ASD and TD children (ASD M =63.53 vs. TD M =65.5; t(35)=—0.219,
p>0.05; see Table 3).

2.2.3. Peabody Picture Vocabulary Test-Revised (PPVT-R)

For the assessment of receptive vocabulary, children were
administered the Italian version of the Peabody Picture Vocabu-
lary Test PPVT-R (Dunn and Dunn, 1997; for Italian standardization,
Stella et al., 2000). The PPVT-R is a standardized measure of recep-
tive vocabulary, with good test-retest, split half, and alternate form

reliability, and strong criterion-related validity. PPVT-R results can
be reported as age-based scores (with a mean of 100 and a standard
deviation of 15) thatrange from 20 to 160. While both groups scored
at the level expected for their age, ASD children showed lower
verbal abilities than TD children (ASD M =97.18 vs. TD M =107.5;
t(35)=-2.421, p<0.05; see Table 3).

2.3. Procedure

Fig. 1 shows the experimental set up. The participant was asked
to stand on a floor marking tape parallel to the lateral edge of a table
(at about 22 cm from the table). At the start of each trial, a white
plastic cylinder (height=30cm; diameter=1.6 cm; weight=135g)
with a thin plastic base (height=0.5cm; diameter=10cm) was
placed on the table at a distance of 25 cm in front of the participant
(home position). A wired grid stand with a grid shelf (15 x 30cm)
attached to it stood parallel to the short side of the table, to the left
of the participant (see Fig. 1). The grid shelf was designated as the
target position.

Both the height of the home position and the height of the target
position were adjusted to the participant’s height. The initial height
of the table was levelled with the elbow height of the participant
when standing (please refer to Supplementary Table 1 for details).
The grid shelf (target position) could be positioned at one of three
heights: at the same height of the home position (middle), 20 cm
higher, (high) or 20 cm lower (low) than the home position. This
allowed for comfortable initial and final postures (e.g., no need for
bending or arm stretching).

Throughout all experimental sessions, the same female experi-
menter, kneeling at the opposite side of the table, interacted with
the participants. The grasp height effect was tested in three tasks:

Unimanual task: The participant reached towards, grasped the
cylinder with the right hand and then moved it from the home
position to the target position;

Bimanual task: The participant grasped the cylinder with their
right hand, passed it on to their left hand and then moved it to the
target position;

Joint task: The participant grasped the cylinder with their right
hand, and then passed it on to the experimenter, who took hold
of it with their right hand and moved it to the target position. The
experimenter was at a distance of about 1 m from the participant.

Participants performed a series of three consecutive movements
for each of the three target position heights (low, middle, high) for
each of the three tasks (unimanual, bimanual, joint), making a total
of 27 movements. The order of tasks and target position heights
were balanced across participants.

At the start of the first trial, the child was instructed to stand
on the floor marking tape. Once the child stood on the mark, the
experimenter positioned the grid shelf at one of the three heights
(low, middle, or high) and instructed the child on how to perform.
Participants were asked to keep their left hands by their sides at
all times and to keep their right hands by their sides between tri-
als. They were asked to take hold of the cylinder with their right
hand and, after completion of the task, to return that hand to
the side of their body (i.e., let it hang down). At the end of the
trial, the experimenter returned the cylinder to the home posi-
tion. This procedure was repeated three times. When three trials
were completed, the experimenter removed the grid shelf and, con-
sulting a previously prepared design sheet, positioned the shelf to
another height, whereupon the sequence of the three movements
was repeated.

Children were asked to perform in arelaxed manner, moving at a
comfortable speed. Throughout the experiment, the experimenter
carefully monitored the children’s performance and reminded
them of the instructions, if necessary.
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Table 3
Motor and cognitive details for participants in ASD and TD group.
Participant Group MABC-2 PPVT-R TOL
Total Score Manual Dexterity Ball Skills Balance

1 ASD 4 <15 >15 >15 110 30
2 ASD 70 >15 >15 >15 106 90
3 ASD 36 <15 >15 >15 103 85
4 ASD 1 <15 <15 <15 82 65
5 ASD 1 <15 >15 <15 103 65
6 ASD 1 <15 >15 <15 110 30
7 ASD 6 <15 >15 >15 106 95
8 ASD 2 <15 <15 >15 103 40
9 ASD 29 <15 >15 >15 106 90
10 ASD 13 >15 <15 >15 100 35
11 ASD 1 <15 <15 <15 84 75
12 ASD 36 >15 >15 >15 106 15
13 ASD 18 <15 >15 >15 72 40
14 ASD 40 <15 >15 >15 100 65
15 ASD 1 <15 <15 <15 84 90
16 ASD 1 <15 <15 >15 100 80
17 ASD 1 <15 <15 <15 77 90
1 TD 65 >15 >15 >15 98 90
2 TD 13 >15 <15 >15 104 65
3 TD 18 <15 >15 >15 107 95
4 TD 3 <15 >15 >15 124 95
5 TD 18 <15 >15 >15 115 95
6 TD 29 <15 >15 >15 99 60
7 TD 1 <15 <15 <15 107 15
8 TD 5 <15 >15 >15 123 95
9 TD 45 <15 >15 >15 100 25
10 TD 45 <15 >15 >15 125 60
11 TD 36 <15 >15 >15 118 70
12 TD 11 <15 >15 >15 110 85
13 TD 40 <15 >15 >15 109 85
14 TD 65 >15 >15 >15 108 90
15 TD 36 >15 >15 >15 122 60
16 TD 45 <15 >15 >15 122 75
17 TD 65 >15 >15 >15 75 55
18 TD 16 <15 >15 >15 107 30
19 TD 45 <15 >15 >15 84 60
20 TD 36 <15 >15 >15 93 5

Note: ASD = Autism Spectrum Disorder; TD =Typically Developing; Percentile intervals reported for MABC-2 (Movement Assessment Battery for Children-2; cut-off at the
15th percentile); Total standard scores reported for PPVT-R (Peabody Picture Vocabulary Test-Revised; cut-off at the standard score of 85 or lower, i.e., 1 or more SDs below
age-based corrected normative data); Percentile values reported for TOL (Tower of London; cut-off at the 15th percentile). Scores meeting cut-off criteria are reported in
Italics.

Fig. 1. A schematic representation of materials and experimental set-up that were used to test grasp height effect. The position of the markers on the participant’s right hand
and the cylinder were used to measure the grasp height effect during the unimanual, bimanual, and joint tasks.
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In order to become familiarized with the procedure, the children
performed two practice trials before each experimental task. There
was a short pause of approximately 20 s between each trial and a
longer pause of about 2 min between tasks. The entire experiment
lasted around 20 min.

2.4. Data acquisition

To track and record the children’s grasp height, we used a
near-infrared camera motion capture system (frame rate =100 Hz;
Bonita Vicon Motion Systems Ltd, Oxford, UK). Six cameras were
located in a semicircle at a distance of 1.5-2m from the table on
which the plastic cylinder was placed (see Fig. 1). Each child was
outfitted with three lightweight retro-reflective hemispheric mark-
ers (10 mm in diameter) placed on the metacarpal-phalangeal joint
of the index and little fingers as well as on the radial aspect of the
wrist of the right hand (see Fig. 1). A retro-reflective hemispheric
marker was also placed on the base of the cylinder (see Fig. 1). After
data collection, each trial was individually inspected for correct
marker identification and then run through a low-pass Butterworth
filter with a 6 Hz cut-off. For data processing and analyses, a custom
software (Matlab; MathWorks, Natick, MA) was used to compute
the grasp height, defined as the distance (mm) between the marker
placed on the index metacarpal-phalangeal joint of the hand and
the marker placed on the cylinder at lift onset (i.e., the first frame
in which the vertical displacement of the marker on the cylinder
exceeded 0.5 mm).

2.5. Statistical analyses

We performed two complementary analyses. In our first analy-
sis, to compare grasp height across tasks and groups, we performed
amixed factorial Analysis of Covariance (ANCOVA) with task (three
levels: unimanual, bimanual, joint) and target position height (three
levels: low, middle, high) as within-subjects factors and group
(two levels: ASD, TD) as between-subjects factors. Chronologi-
cal age, stature, and FS IQ were closely matched for ASD and TD
children (see ‘Participants’ section). Despite this careful match-
ing, with nearly identical age, stature, and FS IQ averages between
groups, there is always some remaining variation across partic-
ipants in these measures. To control for this, we entered the
children’s age, stature, and FS IQ as covariates (for a description
of a similar rationale, please refer to Pallett et al., 2014). Analysis of
covariance allowed us to reduce within-group error variance while
testing the between-group differences adjusted for the covariates
(see Field, 2013). We did not include MABC-2, TOL, and PPVT-
R as covariates because these variables measure attributes that
are intrinsic to the disorder and hence their inclusion would lead
to erosion of the effect of group (Adams et al., 1985; Evans and
Anastasio, 1968; Lord, 1967, 1969; Miller and Chapman, 2001;
Tupper and Rosenblood, 1984). Post-hoc tests (Bonferroni’s cor-
rection; p<0.05) were applied to explore significant effects and
interactions.

In a second analysis, to capture the relationship between motor
and cognitive functioning and prospective control, we correlated
(by means of Pearson’s correlation) the difference in grasp height
with movement skills (as measured by MABC-2, total score), exec-
utive planning skills (as measured by the TOL), and receptive
vocabulary (as measured by the PPVT-R). In the ASD group, the
difference in grasp height was further correlated with the degree
of autistic severity (as measured by ADOS-2 and ADI-R tests). The
difference in grasp height was calculated by the difference between
the average grasp height when placing the cylinder on the lower
target position and the average grasp height when placing the cylin-
der on the higher target position. The calculation was made for

each participant in the TD and ASD groups, and for the unimanual,
bimanual, and joint tasks separately.

3. Results

Missing values accounted for <1% of the data (3 over 459 trials
in ASD group and 1 over 540 in the TD group). No values were
removed as outliers (defined as grasp heights deviating 2.5 SD from
their respective averages).

3.1. Distribution of grasp height as a function of the target
position in TD and ASD individuals

The distribution of grasp height for each task in TD and ASD indi-
viduals is illustrated in Fig. 2. To favour comparison, data for each
TD and ASD participant are reported within the same graph. For the
unimanual task (Fig. 2a), the distribution of grasp heights tended to
cluster as a function of the target position, with participants being
more likely to grasp the cylinder lower when the target position
was high (red dots) than when it was low (blue dots). This pattern
was apparent in both TD and ASD children.

As illustrated in Fig. 2b, in the bimanual task, in both groups,
grasp heights for high and low target positions showed a larger
degree of overlap, with just a few children grasping the cylinder
higher when the target position was high and lower when it was
low, as predicted by the grasp height effect for bimanual actions.
Interestingly, a larger proportion of children in both groups grasped
the object in the same way as in the unimanual task (i.e., lower
when the target position was high, higher when target position
was low), thus violating the grasp height effect.

As for the joint task, inspection of grasp heights in Fig. 2c sug-
gests that, aside from a small number of children in the TD group
(i.e., five children who grasped the cylinder higher when the tar-
get position was high, lower when the target position was low),
the majority of children in both groups did not show a clear grasp
height modulation to the partner’s end posture. Qualitatively, it
thus appears that prospective sensorimotor control for joint actions
was not yet fully developed in the tested age range.

3.2. Grasp height across tasks in TD and ASD group

The ANCOVA with age, stature, and FS IQ as covariates revealed
no main effect of group (F(1,32)=3.012; p=0.092; 1,2 = 0.086), but
it did show a significant group by task interaction (quadratic effect:
F(1,32)=5.069; p=0.031; np2 = 0.137). Post-hoc contrasts indicated
that children in the ASD group grasped the cylinder lower in the
joint task than in the unimanual task (p=0.001) and in the biman-
ual task (p=0.035). No similar differences were found for the TD
group (ps >0.8341). The interaction task by target position height
was also significant (quadratic effect: [F(1, 32)=8.828; p=0.006;
np? =0.216]), resulting from a significant grasp height effect in the
unimanual task (ps <0.005) but not in the joint task (ps>0.529).
As for the bimanual task, post-hoc contrast revealed that children
grasped the object lower when the target position was high com-
pared to low (p=0.016). This pattern violates the grasp height
effect, thus confirming the impression gleaned from Fig. 2b. No
other contrast was significant (ps >0.148).

The interaction task by target position height was further quali-
fied by a three-way task by target position height by FS IQ interaction
[linear effect; F(1, 32)=4.877; p=0.034; np2=0.132], indicating
that the children’s IQ influenced the modulation of the effect of
shelf height across tasks. To explore this effect, we examined the
task by target position height interaction at different levels of FS IQ:
lower IQ (FSIQ<100; N=17) and higher IQ (FS IQ > 100; N=20). In
the unimanual task, children with a higher IQ adjusted their ini-
tial grasp height such that a comfortable end-state was achieved
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Fig. 2. Grasp height as a function of the target position. Photos, dot plots and bar graphs illustrating performance in the unimanual (a), bimanual (b), and joint tasks (c). Dot
plots illustrate grasp height by individual participants (in the order in which they were recruited) in the TD (Typically Developing) and the ASD (Autism Spectrum Disorder)

group. Each dot represents a trial and is colour-coded by target position. Bar graphs
error of the mean. (For interpretation of the references to colour in this figure capti

at all three target positions (ps <0.039; see Fig. 3a). Children with
a lower IQ, in contrast, only showed a significant modulation of
grasp height for low compared to middle target positions (p = 0.048;
see Fig. 3b). In the bimanual task, whereas children with higher IQ
showed no modulation of grasp height (ps >0.448), children with
a lower 1Q tended to grasp the cylinder higher when the target
position was low than when it was high (p=0.028), thus show-
ing a pattern opposite to that predicted by the grasp height effect
(Fig. 3). No modulation of grasp height to target position was found
for children with either a higher or lower IQ in the joint task (all
ps>0.198).

Finally, the ANCOVA revealed a significant task by stature
interaction (linear effects: F(1, 32)=5.619; p=0.024; 1,2 =0.149),
resulting from children with lower stature (<139 cm; N =18) grasp-
ing the cylinder lower in the joint task than in the unimanual task
(p=0.002). Children with a higher stature (>139 cm; N=19), in con-
trast, did not show differences in grasp height as a function of task

represent mean grasp height in the TD and the ASD group. Error bars represent standard
on, the reader is referred to the web version of this article).

(p=1).In the joint task, children were requested to grasp the target
object and hand it to experimenter, the distance between the child
and the experimenter being of about 1 m. One possible explanation
is thus that children with lower stature (and possibly shorter arms)
adopted alower grasp so to minimize the awkwardness of the hand
posture when handing the object over to the partner.

3.3. Relationship between motor and cognitive functioning and
prospective control

The correlation analysis revealed no significant association
between motor, linguistic, and executive functions (as measured
by MABC-2, PPVT-R, and TOL) nor differences in grasp height in
either the TD group (ps>0.199) or the ASD group (ps >0.53). The
association between the degree of autistic severity and differences
in grasp height in ASD children was also not significant (ADOS Total
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Score: ps>0.209; ADOS Social Affect: ps>0.300; ADOS Restricted
and Repetitive Behaviors: ps >0.383; ADI-R: ps >0.083; see Fig. 4).

4. Discussion

Altered motor behaviour in ASD is commonly reported using
clinical and standardized measures of motor performance, such as
the MABC-2-a minimal set of tasks grouped in three categories:
manual dexterity, ball skills and balance. While these categories
may be helpful in considering how an individual needs support in
everyday life, however, they provide little information about the
underlying motor processes (Gowen and Hamilton, 2013). Deficits
in manual dexterity and ball skills as measured by the MABC-2,
for example, could be related to sensory, planning or execution
aspects of motor control. The aim of current work was to isolate
the prospective sensorimotor control component in autistic motor
ability.

To this end, we tested the grasp height effect in 17 children with
an independent clinical diagnosis of ASD and compared their per-
formance to that of 20 TD children matched for age, gender, stature,
handedness, and 1Q. ASD children were significantly impaired in
motor skills, as evaluated by MABC-2. Nevertheless, in the three
object manipulation tasks, which assessed unimanual, bimanual,

and joint prospective control, they performed as well as TD chil-
dren. In both groups, we found a significant grasp height effect
in the unimanual task, but not in the bimanual and joint tasks.
These findings challenge the hypothesis of a general prospective
sensorimotor planning deficit in autism and suggest that not all
motor processes are impaired in individuals with autism spectrum
disorder.

In what follows, we first consider the relationship between our
results and other studies examining prospective control in autism.
Next, we discuss some of the factors that may account for modula-
tion of grasp height across the three tasks.

4.1. Do children plan ahead? TD versus ASD children

Previous studies that have sought to examine prospective sen-
sorimotor planning in children with ASD have yielded conflicting
results. Some studies indicate that prospective control is impaired
in children with ASD (Hughes, 1996; Scharoun and Bryden, 2016).
For example, Hughes (1996) found that 12- and 13-year-old chil-
dren transported a dowel using an underhand grip as opposed
to the overhand grip used by younger (4-year-old), typically
developing children. The underhand grip resulted in an uncomfort-
able end-state posture, indicating a lack of prospective planning.
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Other studies, however, revealed no significant group differences
(Gonzalez et al., 2011; Hamilton et al., 2007; van Swieten et al.,
2010).Using an orientation matching task, van Swietenetal.(2010),
for example, report that 9- to 14-year-old children with ASD chose
postures that led to end-state comfort about 50% of the time, which
was similar to the age-matched controls. Hamilton et al. (2007) also
tested a group of twenty-five autistic children on the grip selection
task and found no group differences.

There are several possible causes for these inconsistencies,
including differences between the task and procedures, the sample
size and age of participants, as well as their cognitive and motor
development. Our study rectifies these limitations in three ways.
Firstly, we performed a comprehensive set of measurements span-
ning higher order planning for both individual and joint object
manipulations. Secondly, unlike in other studies, participants were

matched for age, gender, stature, handedness, and FS IQ. Finally,
whereas all previous studies employed video-analysis of dichoto-
mous outcome measures (i.e., grip selection), we used kinematic
recordings of a more sensitive continuous measure, namely the
height at which the object was initially grasped to later be moved
to the target position. This is important as dichotomous measures
may potentially cloud differences in motor patterning (Janssen and
Steenbergen, 2011).

Kinematic analysis revealed a significant grasp height effect in
the unimanual task, yet the measured effect was similar in the TD
and ASD groups. Similarly, we found no differences in grasp height
between groups in the bimanual and joint tasks. We emphasize that
it is not that we failed to measure any effect in either the TD or ASD
group; to the contrary, we reliably measured a grasp height effect
in the unimanual task and a significant inversion of this effect in
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the bimanual task. This provides strong evidence that the lack of
measurable differences between the TD and the ASD populations
is not a consequence of poor resolving power associated with our
paradigm.

4.2. How far do children plan ahead?

Children in both groups showed the grasp height effect in the
unimanual task but not in the bimanual and joint task. What factors
may account for these task modulations?

4.2.1. Orders of planning and planning span

One factor that could account for the observed modulations
is related to the orders of planning, i.e., what needs to be done
one (second-order), two (third-order), or several actions later. The
unimanual task looked for second-order effects, reflecting the influ-
ence of what the subject intends to do next with the object (i.e.,
move the object to the target position). The bimanual and the joint
tasks looked for third-order effects, reflecting the influence of what
is to be done after that (i.e., pass the object to the other hand or
to the co-actor to move it to the target position; see Rosenbaum
etal., 2013).Itis thus possible that the task-dependent modulations
reflect differences in the planning span (Rosenbaum et al., 2013),
with third-order planning exceeding the action planning capabil-
ities of 7- to 11-year-old TD and ASD children. Contrary to this,
however, recent work has shown that 7-year-old children, but not
3- and 5-year old children, demonstrate evidence for third-order
joint action planning (Paulus, 2016). Moreover, an explanation in
terms of planning span cannot account for differences in the biman-
ual and joint task. While the number of action steps may contribute
to the observed patterns, it seems thus unlikely that the planning
span is the only critical factor.

4.2.2. Unimanual bias in bimanual prospective control

Although results did not reveal a significant grasp height effect
in the bimanual task, it would be incorrect to say that children
totally failed to consider the more distal action goal in this task.
Both qualitative as well as quantitative evidence indicate that in the
bimanual task a good proportion of participants regularly grasped
the cylinder higher (with their right hand) when the target position
was low compared to when it was high. This shows that children
did not ignore the height of the target position; the error rather
points to a specific problem in planning the appropriate sequence
of moves. At first glance, this might appear as an executive planning
deficit, reflecting the inability to represent the sequence of interme-
diate choices or moves that must be arranged in order to achieve a
desired end-state. However, if this were the case, we would expect
an association with executive function performance. Correlation
analysis showed that this was not case (see also van Swieten et al.,
2010; Wunsch et al., 2016).

What the grasping patterning in the bimanual task suggests is
rather that children engaged in action planning, but they did so in
a ‘unimanual’ way. In other words, they grasped the object with
their right hand at the height that would have been appropriate
as if they intended to move it with their right hand to the target
position. This behaviour may reflect the potential conflict between
unimanual and bimanual planning constraints. Conflict between
grasping strategies has been shown to increase the overall cognitive
demands of a task and interfere with the ability to integrate prox-
imal and distal action segments into a single action plans (Stockel
and Hughes, 2015). As a result, children who do not possess the
cognitive resources to resolve the conflict may be biased to select
a non-compliant grasp posture (Paulus, 2016; Stockel et al., 2012).
In our task, grasping the object with one’s right hand in the biman-
ual task may have triggered the planning that would have been
appropriate to complete the task with one hand. This interpreta-

tion is further strengthened by the fact that this ‘unimanual bias’
was most pronounced in children with lower IQ, i.e., children who
arguably did not possess the cognitive resources to deal with the
conflict.

All of these considerations raise questions about the grasping
pattern displayed by higher 1Q participants. Could this appar-
ently random pattern reflect the not yet fully developed ability to
select an appropriate grasp when unimanual and bimanual action
planning are in conflict? Would removing the conflict facilitate
compliance with the bimanual grasp height effect? This could be
tested by manipulating task constraints (e.g., by asking participants
toinitially grasp with their left hand in the bimanual task so to avoid
conflict with the unimanual strategy; see Stockel and Hughes, 2015,
for a similar approach). If removing conflict decreases cognitive
costs, we should see an improvement in grasp height performance.

4.2.3. Effect of social context

Finally, it is also worth considering the differences between
third-order bimanual and joint action planning. Bimanual and joint
object manipulation differ in a trivial sense because, in a joint task,
each actor is responsible for only half of the task, i.e., for one hand,
so to say. However, accumulating evidence indicates that when
two adult co-actors perform a task together, each actor integrates
the co-actor’s action in his or her action planning (Sebanz et al.,
2006). Co-representation effects of this sort have also been reported
in children aged 5 years and up (Milward et al., 2014; see also
Meyer et al., 2016). However, it remains unknown whether and to
what extent young children spontaneously represent the co-actor’s
end-state in a joint task. Paulus (2016), for example, found that 7-
year-old children, but not 3- and 5-year-old children, adjusted their
own motor planning to accommodate the end-state of another per-
son. In the study by Paulus (2016), however, children received some
critical feedback when not performing adequately - the partner
frowned, uttered a sceptical “mhmm” and waited for 3 s, demon-
strating their difficulty in dealing with the problem.

In the present study, in contrast, children received no feed-
back whatsoever. Moreover, because of the nature of the task, it is
implausible that they perceived the partner’s discomfort when not
performing adequately. It is thus possible that they did not repre-
sent the partner’s end-state. Again, however, it would be incorrect
to say that children totally failed to consider joint task constraints.
In the joint task, we found no evidence of unimanual bias. This
is at odds with the bimanual task in which a good proportion of
children grasped the object in a ‘unimanual way’. Why might this
be? While the task design does not allow us to draw conclusions
regarding the underlying computational mechanisms, it suggests
that grasp performance was influenced by the social context of the
task, i.e., the presence of someone else in the action scene. This is
further supported by the finding that, regardless of the height of
the target position, ASD children grasped the object lower in the
joint task. Although this effect does not reflect co-representation
of the partner’s end state, it suggests that ASD children adjusted
their behaviour to accommodate the other’s action. Future studies
will be necessary to understand the exact computational character-
istics of this phenomenon. A speculative possibility is that having
difficulties in anticipating the partner’s movements, children in the
ASD group used a lower grasp to allow more space for the partner’s
hand.

4.3. Limitations and future directions

Our results suggest that grasp height is sensitive to forthcoming
task demands to a similar degree in autistic and typically devel-
oping children. In the present study, however, we only examined
where the object was grasped, i.e., the spatial aspect of the tasks.
It would be thus premature to assume, based on our data, the
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integrity of prospective sensorimotor planning in ASD children.
An important aspect of prospective planning concerns the orga-
nization of the temporal aspect of the action sequence (Gowen
and Hamilton, 2013). It is possible that, in the unimanual task,
children with autism were able to plan grasp height of an action
as a function of the action that followed but had more difficulty
organizing the temporal chaining of successive movements into
an overall action sequence. In line with this, using a grasp-to-eat
task, Cattaneo et al. (2007) found that electromyography (EMG)
activity related to mouth opening was delayed in children with
ASD compared to typical controls. Specifically, whereas EMG activ-
ity in typically developing children started before the hand even
grasped the object, EMG activity in the autistic children started
much later, when their hand was bringing the food to their mouth
(although Pascolo and Cattarinussi, 2012 have recently failed to
replicate this finding). The present study was not designed to test
temporal aspects; therefore, we cannot rule out that the tempo-
ral details of the action planning across tasks differ across groups.
Future studies examining when the hand starts to adjust to future
task demands may help to clarify this issue.

A further limitation of the current study is that we cannot
exclude that ASD children used different processes to anticipate
future task demands. Cognitive neuroscientists have identified
several brain regions thought to be important for prospective
sensorimotor control of grasping movements. These include the
inferior frontal gyrus, the supramargynal gyrus, and the intrapari-
etal sulcus (Tunik et al., 2008; Kréliczak et al., 2008). As structural
and functional alterations within these areas have been reported in
ASD (see Patriquin et al., 2016 for a meta-analysis), it will be impor-
tant for future studies to investigate continuity and differences in
these areas in TD and ASD individuals during prospective planning
of individual and joint actions.

Finally, our results do not allow us to rule out the emergence of
group differences with age. This applies in particular to bimanual
and joint action planning as our results suggest that these abilities
are not yet fully developed at 7-11 years of age. While we do not
observe differences between groups in this age range, it is thus
possible that developmental differences manifest in older children.
Longitudinal studies extending the age-range are needed to address
this issue.

5. Conclusions

It has been proposed that children with ASD may not take the
final goal into account when planning their actions (e.g., Fabbri-
Destro et al., 2009). Our results argue against this view and suggest
that at least some aspects of prospective sensorimotor control are
intact in ASD children who have clear deficits in movement execu-
tion. This indicates that prospective sensorimotor control cannot
be considered as a single factor explanation of impaired action and
interaction in autism.
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