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Abstract

Sensorimotor difficulties are common in children with autism spectrum disorder, and it has been suggested that motor
planning problems underlie their atypical movements. At early school-age, motor planning development typically involves
changes in visuomotor integration, a function known to be affected in autism spectrum disorder. However, there is
a lack of detailed characterization of typical motor planning development during this stage, and how motor planning
develops in children with autism spectrum disorder is largely unknown. This longitudinal kinematic study examined goal-
directed sequential manual movements in children with autism spectrum disorder and in typically developing children
across ages 7, 8, and 9years. We manipulated goal-difficulty and availability of initial visual information to investigate
visuomotor integration and chaining of subparts during movement performance. The results revealed emerging group
differences at older age, suggesting atypical motor planning development in children with autism spectrum disorder.
Notably, unlike the typically developing group, availability of initial visual information did not facilitate motor planning
for the autism spectrum disorder group. The results show that motor planning differences in autism spectrum disorder
appear related to atypical visuomotor integration and global processing of sensorimotor information. The findings also
emphasize the importance of considering developmental aspects in research and practice related to motor problems in
children with autism spectrum disorder.

Lay abstract

Many children with autism struggle with movement difficulties, yet the causes of these difficulties remain unclear. One
possible explanation is atypical motor planning and integration of visual and motoric information. Before performing a
goal-directed movement, the brain creates a prediction of the movement based on visual and sensory information and
previous experience, forming a “blueprint” of the motor steps needed to achieve the goal. This process is called motor
planning. During movement, adjustments to the plan can be made through feedback mechanisms. This longitudinal study
aimed to examine the development of motor planning in children with autism and typically developing children over early
school-age (7-9years). The children performed a sequential manual peg-rotation task, which involved grasping, rotating,
and placing a peg, while detailed measures of movement were collected. Task end-goal difficulty varied, and the goal was
either initially occluded or fully visible. The results revealed that children with autism showed atypical motor planning
development compared with typically developing peers, and these differences became more pronounced as the children
grew older. As the typically developing children matured, they appeared to rely more on initial visual information, which
assisted them in motor planning. However, this facilitation did not occur for children with autism. These findings suggest
that the differences in motor planning seen in children with autism may be linked to atypical visuomotor integration,
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highlighting the need for individualized interventions. Furthermore, it is crucial to consider developmental aspects to

fully understand motor planning in children with autism.
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Introduction

Every day, we execute numerous goal-directed manual
activities, and the rapid generation of efficient movements
is important to meet the demands of the environment. For
children with autism spectrum disorder (ASD), atypical
movements are frequently described but the etiology
remains unclear (Zampella et al., 2021). One proposed
mechanism for atypical movements in children with ASD
is motor planning deficits (Martel et al., 2023; Von Hofsten
& Rosander, 2012). Efficient motor performance is sup-
ported by motor planning, a process containing the out-
come prediction of an action goal and the organization of
motor behaviors needed to realize this goal. Action predic-
tions require the integration of existing multisensory infor-
mation with already formed action representations (Wong
et al., 2015). This prediction is used to organize the
required motor behaviors to execute efficient actions.
Efficient motor planning hence relies on several functions,
such as multisensory integration and coherent planning of
sequences, known to be affected in ASD (Robertson &
Baron-Cohen, 2017; Sinha et al., 2014). During action,
feedforward mechanisms of the motor plan are supported
by feedback mechanisms and, if needed, corrections of the
initial motor plan according to sensory feedback.

It has been suggested that sensorimotor processes in
motor planning may operate differently in ASD due to
delayed multisensory development (Shafer et al., 2021),
more taxing visual-proprioceptive integration (Glazebrook
et al., 2009), and less reliance on visual information
(Dowd et al., 2012; Lidstone & Mostofsky, 2021) in both
children and adults with ASD. It has further been sug-
gested that children with ASD rely less on feedforward
processes and consequently show less chaining of sequen-
tial movements (Backstrom et al., 2021; Cavallo et al.,
2018; Fabbri-Destro et al., 2009). Most everyday manual
actions are sequential. For example, when reaching to
grasp an object, we do so in order to use it. However,
without chaining, which means making movement adjust-
ments during a preceding motor act to accommodate the
final goal of a subsequent motor act, movement efficiency
is negatively affected.

Although motor planning difficulties constitute an
important part of the movement problems observed in
ASD, findings are inconsistent in describing a common
characterization of disturbances. A plausible explanation
for these inconsistencies could be related to developmental

aspects. Previous cross-sectional studies have shown that
motor planning kinematics are affected in dynamic ways
dependent on task difficulty and child maturation. This has
been observed both in typically developing (TD) children
(Martel et al., 2020) and in children with ASD (Rodgers
et al., 2019). Atypical motor planning seems to generate
more pronounced effects on performance in older children
with ASD compared with younger children with ASD
(Rodgers et al., 2019). These dynamic effects might relate
to younger children in general being more prone to explor-
atory strategies based on feedback processing than older
children (Kuhtz-Buschbeck et al., 1998; Martel et al.,
2020; Olivier et al., 2007). There have also been descrip-
tions of increasing atypicality in manual motor perfor-
mance over school-age years in children with ASD
(Travers et al., 2017).

Regarding the typical progression of sequential actions,
developmental changes in motor planning have been
extensively studied in relation to grip preparation and the
end-state-comfort effect (ESC) (Rosenbaum et al., 2012).
Adult-like motor planning of ESC has been shown in sev-
eral studies around age 10 (Scharoun Benson et al., 2018;
Thibaut & Toussaint, 2010). In terms of more detailed
measures of sequential actions, changes in motor planning
kinematics have been described in toddler and preschool
years (Chen et al., 2010; Claxton et al., 2003) with further
refinement continuing at least into early school years
(Domellof et al., 2020). A transition period from more
feedback-based exploratory strategies into a destabiliza-
tion period followed by a more adult-like stable control of
both feedforward and feedback strategies has been pro-
posed to take place during early school-age (ages 7—10)
(Jongbloed-Pereboom et al., 2016; Serrien & O’Regan,
2021; Thibaut & Toussaint, 2010). Furthermore, it has
been proposed that this motor planning reorganization
may be related to changes in multisensory integration in
sensorimotor processes (Jongbloed-Pereboom et al.,
2016; Serrien & O’Regan, 2021; Thibaut & Toussaint,
2010). However, there is a lack of detailed characteriza-
tions of typical motor planning development during early
school-age, and little is known about how motor planning
processes develop in children with ASD.

This longitudinal study used kinematic analysis to
investigate the development of motor planning and perfor-
mance of goal-directed sequential manual movements in a
group of children with ASD comparing them with age-
matched TD peers over early school-age. We manipulated
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the availability of initial visual information and precision
affordances of the end-goal to examine different aspects of
motor planning.

Two hypotheses were proposed for this study. The first
hypothesis (1a-b) is related to the development of motor
planning, while the second hypothesis (2) specifically
focuses on the potential benefits of early available visual
information for motor planning:

Hypothesis 1a: Both groups of children are expected to
demonstrate improving efficiency in motor planning
and performance as they age. However, it is anticipated
that the ASD-group will not reach the same level of pro-
ficiency as the TD-group. This difference is expected to
become more pronounced with older age and more
challenging variations of the task.

Hypothesis 1b: It is also expected that the ASD-group
will not demonstrate the same level of sequential move-
ment chaining as the TD-group, particularly as they
grow older.

Hypothesis 2: The benefits of having visual information
available at an early stage for motor planning kinemat-
ics are expected to increase with age. However, it is
anticipated that children with ASD will exhibit atypical
benefits compared with their TD peers.

Method

Participants

Fourteen children with ASD (five girls; mean age: 7 years
9 months; range="7y3m-8y8m) and 17 TD children (nine
girls; mean age: 7 years 7 months; range=6y11m-8y8m)
initially participated in the study (age-level 1, Al). The
children were re-invited for follow-up testing twice (A2,
A3) with l-year intervals (age range: ASD,,=8y4m—
9y7m; ASD,,=9y3m-10y7m; TD,,=7yllm-9y8m;
TD,;=8yllm-10y9m). In a study using a similar task,
large consistent age effects were reported with groups of
eight participants (Domell6f et al., 2020). Two boys with
ASD declined participation after Al. Data from two
behavioral assessments (caregiver reports) for these boys
are also missing in the background participant informa-
tion (Table 1).

The children with ASD were identified through patient
records at a local habilitation center. They had a formal
ASD diagnosis established by the healthcare system and,
at the time of invitation, had not been diagnosed with an
intellectual disability. The TD children, recruited by
advertisement at local schools and convenience sampling,
had no established neurodevelopmental disorder diagno-
sis as an inclusion criterion. See Table 1 for additional
participant information at first assessment (A1). All par-
ticipants and caregivers provided their informed consent.

Table |I. Descriptive characteristics of the children at first
assessment (Al).

ASD (n=14) TD (n=17)

M SD Range M SD Range
FSIQ 82.4 150 54-110 106.1 94 93-126
FRI 92.9 153 72-126 101.9 9.6 88-118
WMI 82.9 160 65-115 1025 105 88-122
GEF 81.8* 260 21-99 255 220 1-71
MABC-2 23.5* 135 2-46° 44 44 0-14°
EHQ 0.72 0.25 0.25-1 093 0.12 0.56-I

FSIQ, Full-Scale Intelligence Quotient; FRI, Fluid Reasoning Index;
WMI, Working Memory Index (FSIQ, FRI, WMI assessed by Wechsler
Intelligence Scale for Children—Fifth Edition; WISC-V); GEF, %-rank
of global executive composite score assessed by the Behavior Rating
Inventory of Executive Function (BRIEF; caregiver ratings); MABC-2,
total score on Movement Assessment Battery for Children—2 checklist
(caregiver ratings); EHQ, absolute values of laterality index assessed
by Edinburgh Handedness Questionnaire (caregiver ratings). > n=12.

b Scores indicating high likelihood of movement difficulties, n s, =9,
n;p=0. Significant group differences were evident for all measures,
Mann—Whitney U Test (p < 0.05).

The study received approval from the Umed Regional
Ethical Board registration (nr 2016/365-31).

Community involvement

While parents or community providers were not directly
involved in the research design or interpretation of
results, the study protocol and implementation were
informed by clinicians working with and parents of chil-
dren with ASD.

Sequential manual movement task

The children performed different sequential manual tasks
consisting of grasping a semi-circular peg from a start-
holder and fitting it into a goal-slot centered on a goal-
holder or placing it on a flat disk (goal-holder turned
up-side down). The goal-slot was presented at three differ-
ent orientations (0°, 90°, and 180° rotation relative to the
peg orientation at start) (Figure 1). In half of the trials, the
goal was fully visible prior to the commencement of the
measurement (visual condition). In remaining trials, it was
occluded with a cloth prior to measurement onset (occluded
condition) and mechanically removed in synchronization
with the onset. The children were asked to start when a
beep-signal, synchronized with the measurement onset,
sounded (visual condition) or when they saw the goal
(occluded condition). The preferred hand was used for task
performance with reversed set-up for left-handed com-
pared with right-handed children (TD: all right-handed;
ASD: five left-handed). Hand preference was assessed by
caregiver ratings on an age-modified Edinburgh
Handedness Questionnaire (Oldfield, 1971). Preference



Bdckstrom et al.

1513

Figure |. Panel (a) shows the four different presentations of
the goal, and panel (b) illustrates the set-up of the occluded
condition for a right-handed child, including marker placement.
The semi-circular peg (straight side=2.5cm) is positioned in
the start-holder to the right and the goal-holder is occluded
under the cloth to the left, about to become visible.

for the highly lateralized tasks writing/drawing was used if
ratings showed no established hand preference (Fagard
etal., 2015). The children were wearing Tobii eye tracking
glasses to collect accompanying gaze behavior (outside
the scope of this article).

Prior to the experiment, all children practiced the four
tasks in the visual condition and the disk task in the
occluded condition. If the child showed difficulties under-
standing/performing the task, it was practiced until it was
understood. The experiment consisted of four blocks
including all goal presentations in visual and occluded
condition in a randomized order. At the end of each block,
unsuccessful trials (e.g. bimanually assisting performance,
clearly repetitive movements) were repeated (TD: n,, =10,
n,,=7,n,,=3;ASD:n,,=50,n,,=17,n,,=17).

A3 > A2

Data acquisition

Movement recordings were performed by a five-camera
optoelectronic system with a sampling frequency of 100 Hz
(Oqus; Qualisys Inc.). To facilitate data preprocessing,
each trial was concurrently video recorded. Passive reflec-
tive markers were attached to the wrist (radial styloid)
(12mm diameter) and the index finger (7 mm) of the per-
forming hand. Two flat circular markers (5mm) were
attached with a 20mm centroid distance on the peg top
surface.

Data processing

The Qualisys Track Manager software was used to com-
bine information into three-dimensional (3D) data.
Automatically filled data gaps (<10 frames) were
inspected. Larger gaps were manually filled when feasible,
using software interpolation methods facilitated by visual

inspection of spatial/velocity profiles and marker projec-
tion on video recordings, and utilized subsequent inter-
judge agreement.

The task performance was divided into five subphases:
(1) latency, (2) reach-to-grasp (RTG), (3) grasp, (4) trans-
port, and (5) fitting/placing (Figure 2; see Supplementary
Table S1 for division criteria). In the data processing, 45 of
the 2831 trials were excluded from further processing due
to incorrect peg rotation during transport (indicating that
the action was planned for an incorrect orientation) (TD:
n,, =9, n,,=3, n,,=3; ASD: n,,=13, n,,=10, n,,=7).
Parameter data in 96 trials were also excluded from further
analysis due to missing data or false start (<100 ms).

Outcome variables

Prior to extracting the kinematic parameters, data were
smoothed with a forward and reversed 6 Hz Butterworth
filter to a resulting order of 4 using in-house MATLAB
(The Mathworks Inc.) scripts. Based on previous litera-
ture, extracted motor planning outcomes were latency, part
peak velocity (PPV; the percentage of time when peak
velocity occurs) of the wrist in RTG, peak velocity (PV) of
the wrist in the RTG and transport phase, grip duration,
and residual angle (RA; defined as the remaining percent-
age of the peg rotation angle needed at transport offset in
the 180° and 90° orientations). Fitting duration served as
the main outcome related to motor execution.

Statistical analyses

A series of mixed linear models were performed to ana-
lyze the kinematic data (SPSS, version 28). All follow-
up comparisons were made using Sidak correction. The
duration outcomes (latency, grip duration and fitting
duration; Ln(x)) and RA (Ln(x + 1)) were logarithmi-
cally transformed to improve normality. Significant
(» <0.05) outcomes are reported in the “Results” sec-
tion. All main model results and the developmental pat-
terns of change for each child group are presented in
Supplementary Tables 2—4.

To investigate motor planning and performance devel-
opment in the respective visual and occluded condition,
the analyses for Hypothesis la and b were conducted in
each condition separately. For each participant, all out-
come variables were averaged for each orientation.
Designated linear mixed effects models were then used to
analyze differences. For Hypothesis 1a, age-level (A1-A3;
repeated), group (TD/ASD), and orientation (four levels;
two levels for RA) were included in the model and used as
fixed main effects, with a random effect intercept for par-
ticipants. Interactions between Age-Level X Group and
Group X Orientation were specified. A main effect of age-
level was expected as a sign of increasing efficiency in
motor planning and performance in both child groups. It
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Figure 2. lllustration of the sequential movement subphases and extracted kinematic outcome variables, made by a 7-year-old TD
child in the 180° goal orientation (visible condition). Left y-axis shows wrist and index finger velocity, and the right y-axis shows peg

rotation angle.

was expected that increasing motor planning efficiency
would be shown as reduced latency in the visual condition,
increased PPV, shorter grip duration, and a lower RA over
age. No clear predictions could be made based on previous
literature regarding the direction of change for PV in abso-
lute terms. However, it was expected that motor perfor-
mance efficiency would increase in terms of shorter fitting
durations as individuals age. Accordingly, the hypothe-
sized divergence in ASD development would be expressed
as an interaction effect between age-level and group indi-
cating atypical motor planning. The motor planning differ-
ences in the ASD group were anticipated to be more
pronounced in more challenging task orientations.

To explore developmental patterns of chaining accord-
ing to Hypothesis 1b, sensitive outcome measures related
to chaining (PPV-RTG, PV-RTG, and PV-Transport)
were investigated. Here, chaining is defined as initial
movement modulation toward the end-goal difficulty of
the task (lower PPV-RTG, PV-RTG, and PV-Transport
for more difficult tasks). For Hypothesis 1b, age-level
(A1-A3; repeated), group (TD/ASD), and orientation
(four levels) were included in the model and used as fixed
main effects, with a random effect intercept for partici-
pants. A three-way interaction between Age-Level X
Group X Orientation was specified. The orientation
effects within interactions were of main interest, where
chaining would be expressed as evident orientation
effects in respective groups at each age-level. In support
of Hypothesis 1b, we predicted the ASD-group to display
atypical chaining of sequential movements compared
with the TD-group as expressed by a lack of statistically
significant orientation effects in these analyses.

Hypothesis 2 was formulated to investigate changes in
how initial visual information about the specific end-goal
was integrated and used in motor planning. To test
Hypothesis 2, the difference between the visual and

occluded means, pooled across orientations, was calculated
for each participant for all outcome variables separately.
Designated linear mixed effects models were then used to
analyze the derived variables. Age-level (A1-A3; repeated)
and group (TD/ASD) were included in the model and used
as fixed main effects, with a random effect intercept for
participants. Interactions between Age-Level X Group
were specified. A main effect of age-level was taken as an
indication of developmental change in how much the chil-
dren benefited from early available visual information.
That is, seeing the end-goal in advance, prior to measure-
ment onset, was expected to benefit motor planning.
Increased latency in the occluded condition was expected
with age (larger differences between conditions). Larger
differences between conditions over age for PPV, grip dura-
tion, and RA, indicating increased motor planning benefits
in the visual condition, were further proposed. Increasing
condition differences for PV were not expected as increased
motor planning in the visual condition would be better indi-
cated by more PV differentiation between orientations
(increased chaining) rather than change in absolute terms.
Nor was increased benefit from the visual condition
expected for fitting duration performance. This, since con-
dition effects were predicted to be accounted for during the
initial parts of the sequential movement as online correc-
tions were possible. Regarding group differences, we
expected a main effect of group or an Age-Level X Group
interaction, indicating that the ASD-group would show
limited or atypical benefit from early available visual infor-
mation compared with the TD-group.

Results

Table 2 presents descriptive (un-modeled) statistics of kin-
ematic variables. The effects of age-level within respective
group and condition for all outcomes are illustrated in
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Figure 3. Figure 4 illustrates the effects of orientation on
peak velocity (PV) over time within respective group and o8
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Figure 3. The graphs illustrate estimated mean values * SE

from the interaction between age-level and group over time,
shown separately for each group in both the visual (solid line)
and occluded (dotted line) condition.
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Figure 4. The graphs illustrate estimated mean values = SE from the interaction between age-level and orientation over time for
each group in both the visual (solid line) and occluded (dotted line) conditions. Both groups show lower peak velocities for more
difficult orientations, more clearly differentiated in the TD- than ASD-group, particularly in the visual condition.
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X Group interaction (F(2, 118.1)=7.78, p<<0.001)
were found for PPV-RTG. Both groups had later PPV-
RTG (indicating a shorter relative deceleration phase)
with increasing age, evident between each year in the
TD-group (Al <A2<A3; p<0.001) but not between
A2 and A3 in the ASD-group (A1 <A2 and Al <A3;
p=0.046). The ASD-group further showed -earlier
PPV-RTG (a longer relative deceleration phase) com-
pared with the TD-group at A3 (p=0.038).

Occluded condition. A main effect of age-level (F(2,
117.5)=13.31, p<0.001) was found for PPV-RTG where
the children showed later PPV-RTG with increasing age
(A1 <A2 and A1<A3; p<0.001), but not statistically
significant between A2 and A3.

PV-RTG

Visual  condition. Main effects of age-level (F(2,
118.2)=14.82,p <0.001)and orientation (£(3, 82.8)=10.39,
»<0.001) were found for PV-RTG. The PV-RTG was
increasing with increasing age (Al <<A3 and A2 <A3;
»=0.006), but not statistically significant between Al and
A2. Regarding the orientation effect, PV-RTGs were lower
in the more difficult goal orientations compared with the
less difficult ones (180° < 0°; 180° < disk; 90° < 0°; 90° <
disk; p=<0.019).

Occluded condition. Similarly, main effects of age-level
(F(2, 118.7)=6.90, p<<0.001) and orientation (F(3,
82.6)=4.14, p=0.009) were found in the occluded condi-
tion. The PV-RTG was increasing with increasing age,
however only statistically significant between the 2-year
interval of Al and A3 (A1 <A3; p<0.001). Regarding the
orientation effect, the PV-RTGs were lower in 90° com-
pared with 0° goal orientation (p=0.005).

Grip duration

Visual condition. A maineffectofage-level (F(2,116.6)=18.46,
»<<0.001) and orientation (F(3, 83.8)=4.76, p=0.004) and a
significant Age-Level X Group interaction (F(2, 116.6)=3.66,
p=0.029) were found for grip duration. Both groups exhib-
ited shorter grip durations with increasing age. This was
apparent between each year in the TD-group (A1>A2> A3;
»=0.002) and between Al and A2 (but not between Al and
A3) in the ASD-group (Al >A2; p=0.041). Independent of
group, longer grip durations were shown in 180° compared
with the 0° and the disk goal orientations (180° >0°; 180°
> disk; p=<0.030).

Occluded condition. A main effect of age-level (F(2,
119.3)=15.82, p<0.001) and orientation (F(3,
83.6)=6.85, p<0.001) and a significant Age-Level X
Group interaction (F(2, 119.3)=5.75, p=0.004) were

also found in the occluded condition. Both groups
showed shorter grip durations with increasing age, sig-
nificantly different between each year in the TD-group
(A1>A2>A3; p=<0.045) and between Al and A2 (but
not between Al and A3) in the ASD-group (Al >A2;
p=0.022). The ASD-group further showed significantly
longer grip durations compared with the TD-group at
A3 (p=0.009). Orientation effects described longer grip
durations in the 180° goal orientation (180° > 90°; 180°
>0°; 180° >disk; p=<0.021).

PV-transport

Visual condition. Main effects ofage-level (F(2,115.2)=13.86,

p<<0.001) and orientation (F(3, 86.8)=43.02, p<<0.001)
and a significant Group X Orientation interaction (F(3,
86.8)=2.81, p=0.044) were found on PV-Transport. The
PV-Transport increased with increasing age, but not statisti-
cally different between A2 and A3 (A1 <A2 and A1 <A3;
p=0.002). Regarding the orientation effect, PV-Transports
were lower in the more difficult goal orientations compared
with the less difficult ones (180° <90°; 180° < 0°; 180°
<disk; 90° <0°; 90° < disk; p=<0.003). This pattern was
less differentiated in the ASD-group (180° <(0°; 180°
<disk; 90° <disk; p=0.003) than TD-group (180° <90°;
180° < 0°; 180° <disk; 90° <0°; 90° <disk; p=<0.003).
The ASD-group also had higher PV-Transport than the TD-
group in the 180° orientation (p=0.013).

Occluded condition. Main effects of age-level (F(2,
117.4)=17.08, p<0.001) and orientation (F(3,
84.6)=56.21, p<0.001) and a significant Group X Ori-
entation interaction (F(3, 84.6)=2.84, p=0.043) were
also found in the occluded condition. The PV-Transport
increased with increasingage (A1 >A2 > A3;p=<0.014).
In the orientation effect, lower PV-Transports were evi-
dent for more difficult orientations (180° <90°; 180°
<0°; 180° <disk; 90° <disk; 0° <disk; p<0.001).
The interaction showed within-group orientation effects;
in the ASD-group (180° < 90°; 180° < 0°; 180° < disk;
90° < disk; 0° <disk; p=<0.004), in the TD-group (180°
< 90°; 180° < 0°; 180° < disk; 90° < 0°; 90° < disk; 0°
< disk; p <0.008).

Residual angle

Visual condition. Main effects ofage-level (F(2,59.4)=4.56,

p=0.014), group (F(1, 31.1)=6.41, p=0.017), and orien-
tation (F(1, 28.2)=106.74, p<0.001) were found for RA.
RA became lower with increasing age, statistically differ-
ent between the 2-year interval of Al and A3 (A1 <A3;
p=0.014). The ASD-group showed higher RA compared
with the TD-group, mainly attributable to significant group
differences at A3 (p=0.003). Furthermore, RA was lower
for 90° compared with 180° orientation (» <0.001).
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Occluded condition. In the occluded condition, there was
only a main effect of orientation (F(1, 29.3)=70.40,
»<0.001) for RA where RA was lower for 90° compared
with 180° orientation (p <0.001). None of the groups dis-
played significantly lower RA with increasing age.

Fitting duration

Visual  condition. Main effects of age-level (F(2,
118.3)=27.88, p<0.001), group (F(1, 31.0)=11.06,
p=0.002), and orientation (F(3, 88.5)=109.02, p<0.001)
were found for fitting duration. Fitting durations decreased
as age increased (A1>A2>A3; p<<0.001). The ASD-
group showed longer fitting durations compared with the
TD-group. Although no interaction effects were found,
understanding of the results may be helped by evident
group differences at A2 (p<0.001) and A3 (»p=0.003) and
in the 180° (p=0.003) and the 90° (»=0.007) orientation.
The orientation effect was characterized by longer fitting
durations for more difficult orientations (180° >90°; 180°
>(° 180° > disk; 90° > disk; 0° >disk; p<0.016).

Occluded condition. In the occluded condition, main effects of
age-level (F(2, 118.1)=23.58, p<0.001), group (F(1,
30.5)=12.93, p=0.001), and orientation (#(3, 88.0)=123.47,
»<<0.001) were found, and a significant Age-Level X Group
interaction (F(2, 118.1)=3.62, p=0.030). Both groups had
shorter fitting durations with increasing age, but not statisti-
cally different between A2 and A3 in the TD-group (A1 >A2
and A1>A3; p<<.001) and between Al and A2 in the ASD-
group (A1>A3 and A2>A3; p<<0.001). The ASD-group
displayed longer fitting durations compared with the TD-
group, evident at all age-levels (p,,=0.013; p,,<<0.001;
P4;=0.028). Again, although no interaction effect was found,
understanding of these results may be aided by evident group
differences in the 180° (»p=0.001), 90° (»p=0.010) and 0°
(p=0.015) orientation. The orientation effect was character-
ized by longer fitting durations for more difficult orientations
(180° > 90°; 180° > 0°; 180° > disk, 90° > disk; 0° > disk;
=0.009).

Investigating chaining of the movement over
age (Hypothesis Ib)

Hypothesis 1b was examined separately in each condition
(visual, occluded), specifically focusing on the orientation
effects within the three-way interactions, indicating
chaining.

PPV-RTG. For both the TD- and ASD-group, no evident ori-
entation effects were shown at any age-level in neither the
visual nor occluded condition.

PV-RTG. In the visual condition, although not reflected by a
significant three-way interaction effect (F(17, 102.6)=0.95,

p=0.518), a significant orientation effect was observed in
the TD-group at A3 (p=0.003) with lower PV-RTGs for
the more difficult orientations (180° < disk; 90° < disk;
p=0.028). In the occluded condition, there were no evi-
dent orientation effects.

PV-transport. In the visual condition, a significant three-
way interaction effect (F(17, 100.2)=3.08, p <0.001) was
revealed. Significant orientation effects were shown at all
age-levels in the TD-group (p,,<<0.001; p,,<<0.001;
Px3<<0.001) and at Al and A3 in the ASD-group
(pp;=0.026; p,,<0.001). PV-Transports were lower for
more difficult orientations, however less differentiated in
the ASD-group (ASD,,: nonsignificant; ASD,,:180° <
90°; 180° < 0°; 180° < disk; 90° < disk; p <0.026) than
in the TD-group (TD,,:180° < 90°; 180° < 0°; 180° <
disk; 90° < 0°; 90° < disk; TD,,:180° < 0°; 180° < disk;
90° < disk; TD,,:180° < 0°; 180° < disk; 90° < 0°; 90°
< disk; p=<0.047).

In the occluded condition, no significant three-way
interaction effect (F(17, 121.6)=0.82, p=0.663) was evi-
dent as orientation effects were shown at all age-levels in
both groups (TD: p,,<0.001; p,,<<0.001; p,,<<0.001)
(ASD: p,,=0.016; p,,<<0.001; p,,<<0.001). Lower
PV-Transports for the more difficult orientations were
shown in both the ASD-group (ASD,,: 180° < disk;
ASD,,: 180° < disk; 0° < disk; ASD,,: 180° < disk; 90°
< disk; 0° < disk; p=<0.047) and the TD-group (TD,:
180° < 0°; 180° < disk; 90° < disk; TD,,: 180° < 0°;
180° < disk; 90° < disk; TD,,: 180° < 0°;180° < disk;
90° < disk; p=<0.031).

Investigating changes related to early available
visual information as beneficial for motor
planning and performance (Hypothesis 2)

Latency difference between conditions. No significant age-
level or group effects were found, indicating that there was
no evident increase in latency condition difference over
age and no difference between groups.

PPV-RTG difference between conditions. A main effect of
age-level (F(2, 28.2)=6.26, p=0.006) and a significant
Age-Level X Group interaction (F(2, 28.2)=5.90,
p=0.007) were found on the PPV-RTG condition differ-
ence. Follow-up analyses of the interaction effect showed
that the TD-group had larger PPV-RTG condition differ-
ence (higher PPV-RTG in visual than occluded condition)
with increasing age. This was significant between A2 and
A3 (A1 <A3 and A2 <A3; p=<0.005). In addition, at A3,
the ASD-group showed smaller PPV-RTG condition dif-
ference (i.e. expressed reduced benefit from seeing the
end-goal in advance for PPV-RTG) compared with the TD-
group (p=0.026).
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PV-RTG difference between conditions. A main effect of
group (F(1, 27.3)=5.06, p=0.033) was found on PV-RTG
condition difference. The ASD-group showed larger PV-
RTG condition difference (higher PV-RTG in the visual
than the occluded condition) compared with the
TD-group.

Grip duration difference between conditions. A main effect
of group (F(1, 26.7)=4.61, p=0.041) was found on the
grip duration condition difference. The ASD-group showed
larger grip duration condition difference (shorter grip
duration in the visual than occluded condition) compared
with the TD-group.

PV-Transport difference between conditions. A main effect of
group (F(1, 28.2)=7.90, p=0.009) was found on PV-
Transport condition difference. The ASD-group showed
larger PV-Transport condition difference (higher PV-
Transport in the visual than occluded condition) compared
with the TD-group.

RA difference between conditions. A significant Age-Level
X Group interaction (F(2, 28.1)=3.99, p=0.030) was
found on the RA condition difference. Follow-up analysis
showed that the TD-group had increased RA condition dif-
ference (lower RA in the visual than occluded condition)
compared with the ASD-group at A3 (p=0.030).

Fitting duration difference between conditions. No signifi-
cant effects of age-level or group were found, indicating
that there was no increasing benefit from seeing the end-
goal in advance in terms of fitting duration.

Discussion

In support of the study hypotheses, both the TD- and ASD-
group showed increasing efficiency in motor planning and
performance over early school-age in all but one outcome
measure. The exception being the RA in the occluded con-
dition. The children also displayed increased chaining of
the movement sequences over age, although atypically
expressed in the visual condition in the ASD-group. In
general, developmental change in the ASD-group appeared
to be atypical in several outcomes in the visual condition
with more pronounced differences arising at older age.

Motor planning development and relations to
visuomotor integration

The observed atypical motor planning in the visual condi-
tion in the ASD-group could be related to difficulties with
integrating early available visual information in the initial
motor plan. The reliance on visual information in motor
planning appeared atypical over time in the ASD-group.
Seeing the end-goal in advance of measurement onset did

not seem to facilitate motor planning development to the
same extent as for the TD-group. This interpretation is
supported by findings in the visual condition of greater
dependence on feedback control processes in the prehen-
sion movement (lower PPV), less predictive coordination
of translations and rotations in the rotation of the peg
(higher RA) and atypical PV adjustments toward task dif-
ficulty in the ASD compared with the TD-group, most evi-
dent at older age. These developmental trajectory
differences did not emerge in the occluded condition,
potentially due to the persistent use of more exploratory
strategies by both groups in this condition (indicated by
the short latencies observed at all ages).

Over the 3 years, developmental progression was
observed for PPV-RTG in the visual condition in the
TD-group, while there was no difference between A2 and
A3 in the ASD-group. Thus, at A3, the ASD-group was
characterized by less reliance on feedforward planning in
the reaching phase (lower PPV). In the occluded condition,
PPV-RTG change was only present between A1 and A2 for
both child groups, and no group difference was found.

Similarly, the increasingly predictive rotation of the peg
(lower RA) over age was also principally related to the
visual condition. No change with age appeared in the
occluded condition. The ASD-group showed increased RA
compared with the TD-group mainly attributable to differ-
ences at A3. The less predictive object adjustments seen in
the ASD-group are in line with previous research findings
(Béckstrom et al., 2021).

Furthermore, atypical PV was seen in the visual condi-
tion in the ASD-group. It is well known that movement
velocity is affected by end-point difficulty in neurotypical
adults, where lower velocity for more difficult goals can be
seen (Wong et al., 2015). When it comes to the develop-
ment of sequential motor planning in early school-age
children, it is difficult to know what to expect in relation to
peak velocity. Peak velocities have been reported to
increase, decrease, or remain unchanged with age across
various tasks (Kuhtz-Buschbeck et al., 1998; Olivier &
Bard, 2000; Olivier et al., 2007). In this study, both the
TD- and the ASD-group generally showed larger PV with
increasing age. A group difference was, however, found
for the most difficult 180° orientation in the visual condi-
tion transport phase, where the ASD-group exhibited
higher PV-Transport than the TD-group. This finding indi-
cates a reduction in anticipatory velocity adjustment
(indicative of less chaining) in the most difficult task.
Faster movements in early school-age children with ASD
have been shown (Mari et al., 2003; Rodgers et al., 2019)
and have been related to less adjustment relative to task
difficulty (Rodgers et al., 2019).

Latency decreased over age in both visual and
occluded condition for the children overall, and no group
differences were present. Longer latencies compared
with TD are commonly observed in older individuals
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with ASD (Sacrey et al., 2014), probably serving as a
compensatory function for less optimal motor planning
(Rodgers et al., 2019). The lack of group differences for
latency in this study is, however, in line with previously
reported results in early school-age children with ASD
(Béckstrom et al., 2021; Dowd et al., 2012; Rodgers
et al., 2019). Inconsistencies in findings between studies
may relate to differences in the ages studied. At younger
ages, a possible explanation for the absence of group dif-
ferences in latency may stem from generally immature
inhibition mechanisms (Domellof & Séfstrom, 2020) or
an insufficient capacity to plan the substeps of sequential
movements. Support of the latter suggestion is found in
the decrease in grip duration with age in the TD-group in
our study. In the ASD-group however, grip duration
decreased between A1 and A2 but then increased, render-
ing grip duration at A3 not significantly different from
Al or A2. The ASD-group also showed prolonged grip
duration compared with the TD-group in the occluded
condition at A3. These findings could indicate a budding
compensatory strategy developing in the ASD-group,
where the grip phase functionally works as a “second
latency” to update the upcoming movement plan.

Taken together, the transition from more exploratory
strategies to more adult-like feedforward strategies,
observed in typical motor planning development at this
age (Jongbloed-Pereboom et al., 2016; Serrien & O’Regan,
2021; Thibaut & Toussaint, 2010), seems atypical in ASD,
but almost exclusively in the presence of early available
visual information.

Although motor planning seemed atypical in the ASD-
group mainly in the visual condition, group differences in
fitting duration were evident in both conditions. Longer
fitting durations were mainly attributed to the orientations
requiring peg rotation. However, it is possible that the
occluded condition might have been more challenging
than the visual condition for the ASD-group in fitting. This
suggestion is indicated by decreases in fitting durations at
an earlier age in the TD-group than the ASD-group in the
occluded condition. Furthermore, group differences in the
occluded condition were observed in all orientations
except the easiest (disk) and across all age-levels. On the
contrary, differences in the visual condition were mainly
attributed to performance at A2 and A3 as well as to the
two most difficult orientations (180° and 90°). These find-
ings are expected as previous research has shown that chil-
dren with ASD exhibit slower movements on tasks that are
more challenging (Yang et al., 2014).

Chaining of sequential movements

With regard to chaining, it was mainly in the visual con-
dition that development in the ASD-group appeared to be
atypical. The TD-group seemed to be aided by carly
available visual information in the process of integrating

sequential movements. Indications of chaining from the
PV-RTG were observed in the TD-group at A3 in the vis-
ual condition exclusively. In the ASD-group, no indica-
tions of chaining in PV-RTG were noticeable in neither
the visual nor occluded condition. Signs of adjustments
of reach-to-grasp velocity in relation to end-task diffi-
culty in sequential movements have been shown as early
as for preschoolers (Claxton et al., 2003) although not
consistently (Wilmut et al., 2013). Conflicting findings
may relate to the effort needed to adjust the prehension
movement during the first motor act and how rewarding
this will be for the onward movement (Wilmut et al.,
2013). Compared with earlier studies, the present task
has a more complex grasp component, probably affecting
overall PV-RTG adjustments. This might also explain the
lack of orientation effects for PPV-RTG.

For PV-Transport, orientation effects could be observed
in both conditions already at Al in the TD-group.
Anticipatory velocity adjustment then became increas-
ingly differentiated with age. For the ASD-group, the pat-
tern was less clear. Goal-directed adjustments of
PV-Transport were noticeable already at Al in the
occluded condition, and then continuously present at later
ages. This stands in contrast to indications of chaining
being observed first at A3 in the visual condition. One
explanation for these more unexpected results may be
found in relation to initial goal visibility. Rather than
facilitating, it appeared as early available visual informa-
tion distracted global processing in the group of children
with ASD. These findings indicate atypical development
of sequential movement planning in ASD and add support
to previous findings of chaining difficulties in children
with ASD (Béckstrom et al., 2021; Cavallo et al., 2018;
Fabbri-Destro et al., 2009; Forti et al., 2011). It has been
shown that low-level perception processes with a strong
preference for the local over the global is evident in sen-
sory processing in adults with ASD (Robertson & Baron-
Cohen, 2017). Speculatively, this could be related to
findings of atypical connectivity between medial prefron-
tal cortex and other brain regions in ASD (Leisman et al.,
2023). Thus, the issues with sequencing displayed by the
developing children with ASD observed here might partly
relate to atypical neural connectivity becoming increas-
ingly evident with age.

Developmental changes in the benefits of early
available visual information on motor planning

Although latency decreased over age in both visual and
occluded conditions, neither child group seemed to show
an increasing latency condition difference with age. The
rudimentary task-goal of placing the peg seems sufficient
to initiate movement in this kind of task which affords
online corrections. These results are in line with previous
findings of shorter sequential movement latencies in both
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6- and 10-year-old TD children compared with adults
(Domellof et al., 2020). However, increasing benefits of
early available visual information of the specific end-goal
(visual condition) were seen for PPV-RTG and RA. This
indicates implicit age-level gains for feedforward plan-
ning. For PPV-RTG, only the TD-group showed increased
benefits with age of seeing the end-goal in advance of
measurement onset, evident between A2 and A3. The dif-
ferent developmental trajectories resulted in group differ-
ences at A3, where the ASD-group showed less benefits of
early available visual information on reach-to-grasp feed-
forward processes compared with the TD-group. Similar
results were shown for RA where the ASD-group benefited
less than the TD-group of seeing the end-goal in advance
at A3. Significant group effects were further shown on PV
condition differences in terms of larger PV condition dif-
ference (higher peak velocities in the visual condition) for
the ASD-group compared with the TD-group in both
PV-RTG and PV-Transport. Thus, rather than adjusting
toward end-goal difficulty, children with ASD may have
generated a general plan for an overall easier target in the
visual condition. This interpretation is also supported by
the previously discussed lack of PV adjustment toward
more difficult tasks for the ASD-group in the visual
condition.

Taken together, the results related to Hypothesis 2 indi-
cate that the TD children seem to benefit from early avail-
able visual information, resulting in improved motor
planning. This improvement became more apparent as
they got older and relied more on visual cues for action
prediction. These results strengthen previous suggestions
of reorganization of visuomotor integration at these ages,
affecting typical motor planning development (Jongbloed-
Pereboom et al., 2016; Serrien & O’Regan, 2021; Thibaut
& Toussaint, 2010). However, children with ASD did not
seem to show the same advantage in action prediction
from early available visual information. Results are in line
with previous findings of difficulties to consider all avail-
able visual information to modulate movement in children
with ASD (Dowd et al., 2012). As such, this supports pro-
posals of atypical visuomotor integration in ASD (Dowd
et al., 2012; Lidstone & Mostofsky, 2021), in turn affect-
ing motor planning development.

As pointed out by other studies (Kuhtz-Buschbeck et al.,
1999; Rodgers et al., 2019), the dynamic interactions
between age and task affect the generalization of behavioral
data beyond similar tasks and age groups. This study high-
lights the importance of considering task, age, and the age
range in future studies and to better explain inconsistencies
between previous findings on motor planning in ASD.
Longitudinal studies conducted at various ages are neces-
sary to enhance our understanding of this neurodevelop-
mental disorder (Lord et al., 2020). In addition, this study
does not provide information on the specificity of motor
planning problems in individuals with ASD and how these

problems are related to differences in cognitive abilities dur-
ing development. Future studies should consider this impor-
tant aspect, as cognitive challenges are commonly observed
in individuals with ASD (Lord et al., 2020). The generaliz-
ability of our findings may be impacted by the relatively
small sample sizes and the neurodiversity commonly
observed in children with ASD (Table 1). Hence, continued
longitudinal research is necessary to validate our findings
and explore how motor planning processes develop in chil-
dren with ASD. Furthermore, previous findings suggest that
embodied motor representation may contribute to the for-
mation of representations of others (Cook, 2016). Therefore,
our findings can inform not only future motor interventions
but possibly also interventions targeting social skills.

Conclusion

In this study, we observed an increased efficiency in motor
planning and performance of sequential manual move-
ments with age in both children with ASD and TD chil-
dren. Development in the ASD-group was, however,
atypical in several respects, with group differences emerg-
ing at older age. The longitudinal findings from this study
support the idea that increased use of visual information in
action prediction promotes motor planning development in
early school-age TD children, which aligns with sugges-
tions from previous cross-sectional studies. In contrast,
motor planning development in ASD did not appear to be
facilitated to the same extent by increased reliance on vis-
ual information. Our longitudinal findings suggest that
divergent motor planning development in ASD at an early
school-age is associated with atypical visuomotor integra-
tion and global processing of sensory information.

Acknowledgements

We are grateful to the children and their families for participating.

Author contributions

Anna Biéckstrom: Conceptualization; Data curation; Formal
analysis; Investigation; Methodology; Project administration;
Visualization; Writing—original draft.

Anna-Maria Johansson: Conceptualization; Data curation;
Formal analysis; Investigation; Methodology; Writing—review
& editing.

Thomas Rudolfsson: Conceptualization; Data curation; Formal
analysis; Investigation; Methodology; Software; Visualization;
Writing—review & editing.

Louise Ronngqvist: Conceptualization; Methodology; Writing—
review & editing.

Claes von Hofsten: Conceptualization; Methodology; Writing—
review & editing.

Kerstin Rosander: Conceptualization; Methodology; Writing—
review & editing.

Erik Domell6f: Conceptualization; Data curation; Formal analysis;
Funding acquisition; Investigation; Methodology; Project adminis-
tration; Supervision; Visualization; Writing—review & editing.



1522

Autism 29(6)

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
This study was supported by a grant from the Knut and Alice
Wallenberg Foundation (KAW 2015.0192). L.R. was supported
by a grant from the Bank of Sweden Tercentary Foundation (RJ
SAB20-0039).

ORCID iDs

Anna Béckstrom https://orcid.org/0000-0003-3390-8456
Anna-Maria Johansson (/27 https://orcid.org/0000-0002-7878-4488

Thomas Rudolfsson https://orcid.org/0000-0002-2804-3200
Erik Domell6f (27 https://orcid.org/0000-0003-0240-3690

Supplemental material

Supplemental material for this article is available online.

References

Béckstrom, A., Johansson, A.-M., Rudolfsson, T., Ronnqvist,
L., von Hofsten, C., Rosander, K., & Domelléf, E. (2021).
Motor planning and movement execution during goal-
directed sequential manual movements in 6-year-old chil-
dren with autism spectrum disorder: A kinematic analysis.
Research in Developmental Disabilities, 115, 104014.
https://doi.org/10.1016/j.ridd.2021.104014

Cavallo, A., Romeo, L., Ansuini, C., Podda, J., Battaglia, F.,
Veneselli, E., Pontil, M., & Becchio, C. (2018). Prospective
motor control obeys to idiosyncratic strategies in autism.
Scientific Reports, 8, 13717. https://doi.org/10.1038/s41598-
018-31479-2

Chen, Y., Keen, R., Rosander, K., & von Hofsten, C. (2010).
Movement planning reflects skill level and age changes in
toddlers. Child Development, 81, 1846—1858. https://doi.
org/10.1111/j.1467-8624.2010.01514.x

Claxton, L.J., Keen, R., & McCarty, M. E. (2003). Evidence of motor
planning in infant reaching behavior. Psychological Science,
14, 354-356. https://doi.org/10.1111/1467-9280.24421

Cook, J. (2016). From movement kinematics to social cognition:
The case of autism. Philosophical Transactions of the Royal
Society B: Biological Sciences, 371, 20150372. https://doi.
org/10.1098/rstb.2015.0372

Domelléf, E., Backstrom, A., Johansson, A.-M., Rénnqvist, L.,
von Hofsten, C., & Rosander, K. (2020). Kinematic charac-
teristics of second-order motor planning and performance in
6- and 10-year-old children and adults: Effects of age and
task constraints. Developmental Psychobiology, 62, 250—
265. https://doi.org/10.1002/dev.21911

Domell6f, E., & Séfstrom, D. (2020). Prefrontal engagement
during sequential manual actions in children at early ado-
lescence compared with adults. Neurolmage, 211, 116623.
https://doi.org/10.1016/j.neuroimage.2020.116623

Dowd, A. M., McGinley, J. L., Taffe, J. R., & Rinehart, N. J.
(2012). Do planning and visual integration difficulties

underpin motor dysfunction in autism? A kinematic study
of young children with autism. Journal of Autism and
Developmental Disorders, 42, 1539-1548. https://doi.
org/10.1007/s10803-011-1385-8

Fabbri-Destro, M., Cattaneo, L., Boria, S., & Rizzolatti, G.
(2009). Planning actions in autism. Experimental Brain
Research, 192, 521-525. https://doi.org/10.1007/s00221-
008-1578-3

Fagard, J., Chapelain, A., & Bonnet, P. (2015). How should
“ambidexterity” be estimated? Laterality, 20(5), 543-570.
https://doi.org/10.1080/1357650X.2015.1009089

Forti, S., Valli, A., Perego, P., Nobile, M., Crippa, A., & Molteni,
M. (2011). Motor planning and control in autism. A kin-
ematic analysis of preschool children. Research in Autism
Spectrum Disorders, 5, 834-842. https://doi.org/10.1016/].
rasd.2010.09.013

Glazebrook, C., Gonzalez, D., Hansen, S., & Elliott, D. (2009).
The role of vision for online control of manual aiming move-
ments in persons with autism spectrum disorders. Autism,
13(4),411-433.https://doi.org/10.1177/1362361309105659

Jongbloed-Pereboom, M., Spruijt, S., Nijhuis-van der Sanden, M.
W. G., & Steenbergen, B. (2016). Measurement of action
planning in children, adolescents, and adults: A comparison
between 3 tasks. Pediatric Physical Therapy, 28(1), 33-39.
https://doi.org/10.1097/PEP.0000000000000211

Kuhtz-Buschbeck, J. P., Boczek-Funcke, A., Illert, M., Joehnk,
K., & Stolze, H. (1999). Prehension movements and motor
development in children. Experimental Brain Research,
128, 65-68. https://doi.org/10.1007/s002210050818

Kuhtz-Buschbeck, J. P., Stolze, H., J6hnk, K., Boczek-Funcke,
A., & Illert, M. (1998). Development of prehension move-
ments in children: A kinematic study. Experimental
Brain Research, 122, 424-432. https://doi.org/10.1007/
$002210050530

Leisman, G., Melillo, R., & Melillo, T. (2023). Prefrontal func-
tional connectivities in autism spectrum disorders: A con-
nectopathic disorder affecting movement, interoception,
and cognition. Brain Research Bulletin, 198, 65-76. https://
doi.org/10.1016/j.brainresbull.2023.04.004

Lidstone, D. E., & Mostofsky, S. H. (2021). Moving toward
understanding autism: Visual-motor integration, imitation,
and social skill development. Pediatric Neurology, 122, 98—
105. https://doi.org/10.1016/j.pediatrneurol.2021.06.010

Lord, C., Brugha, T. S., Charman, T., Cusack, J., Dumas, G.,
Frazier, T., Jones, E. J. H., Jones, R. M., Pickles, A., State,
M. W., Taylor, J. L., & Veenstra-VanderWeele, J. (2020).
Autism spectrum disorder. Nature Reviews Disease Primers,
6(1), 5. https://doi.org/10.1038/s41572-019-0138-4

Mari, M., Castiello, U., Marks, D., Marraffa, C., & Prior, M.
(2003). The reach—to—grasp movement in children with autism
spectrum disorder. Philosophical Transactions of the Royal
Society of London. Series B: Biological Sciences, 358(1430),
393-403. https://doi.org/10.1098/rstb.2002.1205

Martel, M., Finos, L., Bahmad, S., Koun, E., Salemme, R.,
Sonié, S., Fourneret, P., Schmitz, C., & Roy, A. C. (2023).
Motor deficits in autism differ from that of developmental
coordination disorder. Autism, 28, 415-432. https://doi.
org/10.1177/13623613231171980

Martel, M., Fourneret, P., Finos, L., Schmitz, C., & Roy, A.
C. (2020). Highs and lows in motor control development.


https://orcid.org/0000-0003-3390-8456
https://orcid.org/0000-0003-3390-8456
https://orcid.org/0000-0002-2804-3200
https://orcid.org/0000-0003-0240-3690
https://doi.org/10.1016/j.ridd.2021.104014
https://doi.org/10.1038/s41598-018-31479-2
https://doi.org/10.1038/s41598-018-31479-2
https://doi.org/10.1111/j.1467-8624.2010.01514.x
https://doi.org/10.1111/j.1467-8624.2010.01514.x
https://doi.org/10.1111/1467-9280.24421
https://doi.org/10.1098/rstb.2015.0372
https://doi.org/10.1098/rstb.2015.0372
https://doi.org/10.1002/dev.21911
https://doi.org/10.1016/j.neuroimage.2020.116623
https://doi.org/10.1007/s10803-011-1385-8
https://doi.org/10.1007/s10803-011-1385-8
https://doi.org/10.1007/s00221-008-1578-3
https://doi.org/10.1007/s00221-008-1578-3
https://doi.org/10.1080/1357650X.2015.1009089
https://doi.org/10.1016/j.rasd.2010.09.013
https://doi.org/10.1016/j.rasd.2010.09.013
https://doi.org/10.1177/1362361309105659
https://doi.org/10.1097/PEP.0000000000000211
https://doi.org/10.1007/s002210050818
https://doi.org/10.1007/s002210050530
https://doi.org/10.1007/s002210050530
https://doi.org/10.1016/j.brainresbull.2023.04.004
https://doi.org/10.1016/j.brainresbull.2023.04.004
https://doi.org/10.1016/j.pediatrneurol.2021.06.010
https://doi.org/10.1038/s41572-019-0138-4
https://doi.org/10.1098/rstb.2002.1205
https://doi.org/10.1177/13623613231171980
https://doi.org/10.1177/13623613231171980

Bdckstrom et al.

1523

Journal of Motor Behavior, 52(4), 404—417. https://doi.org/
10.1080/00222895.2019.1643283

Oldfield, R. C. (1971). The assessment and analysis of handed-
ness: The Edinburgh inventory. Neuropsychologia, 9, 97—
113. https://doi.org/10.1016/0028-3932(71)90067-4

Olivier, 1., & Bard, C. (2000). The effects of spatial move-
ment components precues on the execution of rapid aim-
ing in children aged 7, 9, and 11. Journal of Experimental
Child Psychology, 77, 155-168. https://doi.org/10.1006/
jecp.1999.2558

Olivier, I., Hay, L., Bard, C., & Fleury, M. (2007). Age-related
differences in the reaching and grasping coordination in
children: Unimanual and bimanual tasks. Experimental
Brain Research, 179, 17-27. https://doi.org/10.1007/
s00221-006-0762-6

Robertson, C. E., & Baron-Cohen, S. (2017). Sensory percep-
tion in autism. Nature Reviews Neuroscience, 18, 671-684.
https://doi.org/10.1038/nrn.2017.112

Rodgers, R. A., Travers, B. G., & Mason, A. H. (2019).
Bimanual reach to grasp movements in youth with and with-
out autism spectrum disorder. Frontiers in Psychology, 9,
Article 2720. https://www.frontiersin.org/articles/10.3389/
fpsyg.2018.02720

Rosenbaum, D. A., Chapman, K. M., Weigelt, M., Weiss, D. J.,
& van der Wel, R. (2012). Cognition, action, and object
manipulation. Psychological Bulletin, 138,924-946. https://
doi.org/10.1037/a0027839

Sacrey, L.-A., Germani, T., Bryson, S., & Zwaigenbaum, L.
(2014). Reaching and grasping in autism spectrum disor-
der: A review of recent literature. Frontiers in Neurology,
5, Article 6. https://www.frontiersin.org/articles/10.3389/
fneur.2014.00006

Scharoun Benson, S. M., Roy, E. A., & Bryden, P. J. (2018).
End-state comfort in two object manipulation tasks:
Investigating how the movement context influences
planning in children, young adults, and older adults.
Developmental Psychobiology, 60, 317-323. https://doi.
org/10.1002/dev.21611

Serrien, D. J., & O’Regan, L. (2021). The development of

motor planning strategies in children. European Journal of

Developmental Psychology, 18(1), 1-17. https://doi.org/10.
1080/17405629.2020.1736029

Shafer, R. L., Wang, Z., Bartolotti, J., & Mosconi, M. W. (2021).
Visual and somatosensory feedback mechanisms of preci-
sion manual motor control in autism spectrum disorder.
Journal of Neurodevelopmental Disorders, 13, 32. https:/
doi.org/10.1186/s11689-021-09381-2

Sinha, P., Kjelgaard, M. M., Gandhi, T. K., Tsourides, K.,
Cardinaux, A. L., Pantazis, D., Diamond, S. P., & Held, R.
M. (2014). Autism as a disorder of prediction. Proceedings
of the National Academy of Sciences, 111(42), 15220-
15225. https://doi.org/10.1073/pnas. 1416797111

Thibaut, J.-P., & Toussaint, L. (2010). Developing motor plan-
ning over ages. Journal of Experimental Child Psychology,
105, 116-129. https://doi.org/10.1016/j.jecp.2009.10.003

Travers, B. G., Bigler, E. D., Duffield, T. C., Prigge, M. D.,
Froehlich, A. L., Lange, N., Alexander, A. L., & Lainhart, J.
E. (2017). Longitudinal development of manual motor ability
in autism spectrum disorder from childhood to mid-adulthood
relates to adaptive daily living skills. Developmental Science,
20(4), Article e12401. https://doi.org/10.1111/desc.12401

Von Hofsten, C., & Rosander, K. (2012). Perception-action in
children with ASD. Frontiers in Integrative Neuroscience,
6, Article 115. https://www.frontiersin.org/articles/10.3389/
fnint.2012.00115

Wilmut, K., Byrne, M., & Barnett, A. L. (2013). To throw or
to place: Does onward intention affect how a child reaches
for an object? Experimental Brain Research, 226, 421-429.
https://doi.org/10.1007/s00221-013-3453-0

Wong, A. L., Haith, A. M., & Krakauer, J. W. (2015). Motor
planning. The Neuroscientist, 21(4), 385-398. https://doi.
org/10.1177/1073858414541484

Yang, H.-C., Lee, 1.-C., & Lee, I.-C. (2014). Visual feedback and
target size effects on reach-to-grasp tasks in children with
autism. Journal of Autism and Developmental Disorders,
44,3129-3139. https://doi.org/10.1007/s10803-014-2165-z

Zampella, C. J., Wang, L. A. L., Haley, M., Hutchinson, A. G.,
& de Marchena, A. (2021). Motor skill differences in autism
spectrum disorder: A clinically focused review. Current
Psychiatry Reports, 23, 64.


https://doi.org/10.1080/00222895.2019.1643283
https://doi.org/10.1080/00222895.2019.1643283
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1006/jecp.1999.2558
https://doi.org/10.1006/jecp.1999.2558
https://doi.org/10.1007/s00221-006-0762-6
https://doi.org/10.1007/s00221-006-0762-6
https://doi.org/10.1038/nrn.2017.112
https://www.frontiersin.org/articles/10.3389/fpsyg.2018.02720
https://www.frontiersin.org/articles/10.3389/fpsyg.2018.02720
https://doi.org/10.1037/a0027839
https://doi.org/10.1037/a0027839
https://www.frontiersin.org/articles/10.3389/fneur.2014.00006
https://www.frontiersin.org/articles/10.3389/fneur.2014.00006
https://doi.org/10.1002/dev.21611
https://doi.org/10.1002/dev.21611
https://doi.org/10.1080/17405629.2020.1736029
https://doi.org/10.1080/17405629.2020.1736029
https://doi.org/10.1186/s11689-021-09381-2
https://doi.org/10.1186/s11689-021-09381-2
https://doi.org/10.1073/pnas.1416797111
https://doi.org/10.1016/j.jecp.2009.10.003
https://doi.org/10.1111/desc.12401
https://www.frontiersin.org/articles/10.3389/fnint.2012.00115
https://www.frontiersin.org/articles/10.3389/fnint.2012.00115
https://doi.org/10.1007/s00221-013-3453-0
https://doi.org/10.1177/1073858414541484
https://doi.org/10.1177/1073858414541484
https://doi.org/10.1007/s10803-014-2165-z

