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Greater reliance on proprioceptive
information during a reaching task
with perspective manipulation
among children with autism
spectrum disorders

Masahiro Hirai%%3°*, Takeshi Sakurada*>®, Jun Izawa®, Takahiro Ikeda?, Yukifumi Monden3’,
Hideo Shimoizumi® & Takanori Yamagata3

Difficulties with visual perspective-taking among individuals with autism spectrum disorders remain
poorly understood. Many studies have presumed that first-person visual input can be mentally
transformed to a third-person perspective during visual perspective-taking tasks; however, existing
research has not fully revealed the computational strategy used by those with autism spectrum
disorders for taking another person’s perspective. In this study, we designed a novel approach to test
a strategy using the opposite-directional effect among children with autism spectrum disorders. This
effect refers to how a third-person perspective as a visual input alters a cognitive process. We directly
manipulated participants’ visual perspective by placing a camera at different positions; participants
could watch themselves from a third-person perspective during a reaching task with no endpoint
feedback. During a baseline task, endpoint bias (with endpoint feedback but no visual transformation)
did not differ significantly between groups. However, the endpoint was affected by extrinsic
coordinate information in the control group relative to the autism spectrum disorders group when the
visual perspective was transformed. These results indicate an increased reliance on proprioception
during the reaching task with perspective manipulation in the autism spectrum disorders group.

Understanding the perspective of others is a key ability when navigating the social world'. Specifically, it is
necessary to grasp that different individuals will not view the same scene or environment in exactly the same
way. Piaget and Inhelder defined this skill as ‘visual perspective-taking’ (VPT)? and examined it by means of a
‘three-mountain task’ In this task, a child is shown an array of mountains and asked to describe how they would
appear to a doll placed in a different location.

Subsequently, Flavell, Everett, Croft, and Flavell® theorized that two levels of VPT could be delineated: Level
1 VPT (VPT1) presumes knowledge regarding the objects in one’s view that are visible to another observer,
while Level 2 VPT (VPT2) presumes that two different observers can have unique visual experiences of the
same scene or object. Other groups expanded this concept by showing that VPT1 and VPT2 are not acquired
simultaneously. Specifically, infants first understand VPT1 from around 14 months*® to 24 months®, while
VPT2 comprehension can be present at 3 years of age” but continues to develop over the first 11 years of life®.
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Crucially, typically developing (TD) children frequently respond to their own perspective even when required
to take another person’s perspective® 814,

Several previous studies have shown that children with autism spectrum disorders (ASD) have difficulty with
VPT, particularly with tasks that involve shifting their perspective towards others” perspectives (VPT2)"*~'%. One
reason for atypical performance on the VPT task in children with ASD may be the atypical computation of theory
of mind task. For example, Hamilton and colleagues directly tested the relationship between the performances
on VPT2 and those on a series of false belief tasks and found a significant correlation between the two tasks'.
Another possible reason for this is that the ability required for the VPT2 task is closely related to the ability to
simulate the manipulation of one’s own bodily location in a given space®. Therefore, the atypical bodily processes
among children with ASD may lead to atypical performance on VPT-related tasks.

Another possible explanation for the difficulty children with ASD experience in grasping the concept of VPT
may be that their utilization of coordinate systems to compute another person’s perspective is different from
that of TD children. When encoding the external world, a representation can be perceived through either of two
reference frames: egocentric or allocentric. An egocentric representation encodes the environment in reference
to on€’s own body, whereas an allocentric representation encodes information about landmarks in the external
environment. Atypical utilization of the coordinate system among individuals with ASD has been observed in
several studies. In particular, individuals with ASD tend to rely on egocentric representations to learn reaching
movements towards a target rather than on allocentric representations®” 2.

In order to further pursue these possible explanations for the atypical relationship many ASD children have
with VPT, refinements of the VPT tasks may be needed. In most previous studies with VPT tasks, participants
have been instructed to answer questions based on a model’s perspective, with the model directly facing object(s)
on a screen®'°. This experimental arrangement presumes that first-person visual input can be transformed into a
third-person perspective. Although several behavioural studies on perspective-taking tasks among children with
ASD have explored differential strategies for computing the perspective of others by comparing results for other
cognitive tasks between children with ASD and TD children®> %, the details of these strategies remain unclear.
Therefore, to resolve these issues, in this study, we introduced a novel reaching task in which participants reached
for a target from a transformed visual perspective. By providing an explicit third-person perspective, we sought
to learn (1) whether participants would utilize an egocentric or an allocentric coordinate system during the task
and (2) how participants coordinate motor planning.

Prior to the study, we formulated two hypotheses. The first hypothesis is related to the processing of the
transformed visual perspective. We hypothesized that if participants strongly relied on an egocentric coordinate
system for the reaching task, and therefore had difficulty in taking the transformed-perspective visual information
into account, then their reaching accuracy would not be affected even when the visual input was transformed.
In contrast, if participants primarily relied on visual information, then their reaching accuracy would diminish
as the transformed visual perspective information was utilized. In previous motor learning studies on individu-
als with ASD, participants showed a greater reliance on egocentric rather than allocentric representations®”2!.
Therefore, we predicted that performance on the reaching task would not be affected by the transformed visual
perspective among children with ASD.

The second hypothesis is related to motor coordination. We predicted that the endpoint biases might be
differently affected by the target location across groups, because the difference in target location can influence
the motor planning process in the joint space. In addition, in a joint space, motor planning requires the coordi-
nation of both the shoulder and elbow and is more difficult than movement the elbow alone?*. For example, if
a participant is presented a task that must be performed with the right hand, and the target is located near the
participant’s right hand, then only motor planning of the elbow is required. However, when the target is located
to the participants’ left side or front-centre, coordination of both shoulder and elbow would be required, and
the task would be more difficult. Therefore, we presumed that the target’s location would affect the perspective-
transformed visual information. Finally, because atypical motor coordination has been reported in those with
ASD?, we expected that reaching towards a target, which requires motor planning involving the coordination
of both the shoulder and elbow, would differently modulate endpoint biases across TD and ASD groups.

Results
Group analyses. We first analysed group differences in endpoint biases and RTs during both the baseline
and perspective-transformed tasks.

Baseline task. Endpoint biases. For the endpoint biases (Fig. 1A; Table 1), we found significant main effects
for Target [F(1.82, 83.5)=18.6, p <0.001, r]pz =0.11]. However, the main effect of Group [F(1, 46)=1.87, p=0.18,
n,> = 0.02] and the interaction of Group x Target [F(1.82, 83.5)=0.19, p=0.81, n,> = 0.001] were not significant.
This suggests that the endpoint biases for Target 2 were significantly larger than those for Target 1 [£(46)=2.78,
Pp=0.008] and Target 3 [#(46) =5.51, p <0.01]. Moreover, the endpoint biases for Target 1 were significantly larger
than those for Target 3 [t(46) =3.56, p=0.002].

RTs. Regarding the RTs (Fig. 2A; Table 2), we did not observe significant main effects for Group [F(1,
46)=0.14, p=0.71,n,” = 0.0031] and Target [F(1.65, 76.05) = 2.29, p=0.18, n,> = 0.005]. The two-way interaction
of Group x Target was not significant [F(1.65, 76.05) =2.73, p= 0.08, n,” = 0.06].

Perspective-transformed task. Endpoint biases. For the endpoint biases (Fig. 1B; Table 1), we found signifi-
cant main effects for Group [F(1, 46) =8.97, p=0.004, r]pz =0.16] and Target [F(1.37, 63.13)=14.99, p<0.001,
npz = 0.25]. However, the main effect of the Task phase [F(1, 46)=0.08, p=0.79, npz = 0.002] and the other
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Figure 1. The endpoint bias (degree) in both the TD and ASD groups for both the Baseline task (A) and
Perspective-transformed task (B). Error bars indicate standard errors of the mean. Typically developing group
(TD); autism spectrum disorders group (ASD). *p < 0.05; **p < 0.01.

Target
Target 1 Target 2 Target 3
Scores Group Mean (SD) Mean (SD) Mean (SD)
ASD (n=24) | —0.40 (0.86) | —0.22 (0.70) | - 0.80 (1.01)
Baseline
TD (n=24) -0.21 (0.50) 0.09 (0.42) | —0.58(0.75)
ASD (n=24) 6.10 (10.7) 2.07 (11.6) 0.06 (7.76)
First phase
TD (n=24) 18.6(16.2) | 13.1(22.8) | 9.74 (18.6)
ASD (n=24) 7.53 (11.6) 1.46 (9.38) | —0.78 (8.34)
Second phase
TD (n=24) 19.5 (14.0) 14.7 (23.0) 9.26 (16.8)

Table 1. Endpoint bias (degree) in all phases and target locations. ASD:

typically developing; SD: standard deviation.
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Figure 2. The RT (ms) in both the TD and ASD groups for both the Baseline task (A) and Perspective-
transformed task (B). Error bars indicate standard errors of the mean. Reaction time (RT); Typically developing
group (TD); Autism Spectrum Disorder group (ASD). **p < 0.01.

interactions, such as Group x Target [F(1.37, 63.13)=0.36, p=0.62, npz = 0.001], Task phase x Target [F(1.83,
84.32)=1.79, p=0.18, n,> = 0.004], Group x Task phase [F(1, 46)=0.08, p=0.78, 1,> = 0.002], and a three-way
interaction of Group x Task phase x Target [F(1.83, 87.32) =0.82, p=0.43, 1),> = 0.02] were not significant. These
results indicate that the endpoint bias of the TD group was significantly larger than those in the ASD group.
Moreover, the endpoint biases for Target 1 were significantly larger than those for Target 2 [£(46) =2.58, p=0.02]
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Target
Target 1 Target 2 Target 3
Scores Group Mean (SD) Mean (SD) Mean (SD)
ASD (n=24) |395.2(115.0) |412.1(129.3) |390.6(110.9)
Baseline
TD (n=24) |425.1(156.2) |410.5(136.8) |405.9 (145.5)
ASD (n=24) | 697.8(230.6) | 695.8(248.7) | 665.4(172.8)
First phase
TD (n=24) 745.1 (202.1) | 729.5(264.0) |732.7 (212.4)
ASD (n=24) |627.6(115.6) |618.9(110.3) | 647.8 (138.4)
Second phase ( )

TD (n=24) 661.4 (143.2) | 676.6 (143.2) | 673.1(150.2)

Table 2. RTs (ms) in all phases and target locations. RTs: reaction times (ms); ASD: autism spectrum disorder;
TD: typically developing; SD: standard deviation.

and Target 3 [#(46) =6.49, p <0.001]. Further, the endpoint biases for Target 2 were significantly larger than those
for Target 3 [£(46)=2.64, p=0.01].

RTs. Regarding RTs (Fig. 2B; Table 2), we observed a significant main effect of Task phase [F(1, 46)=9.36,
p<0.01, l’]P2 = 0.17]. However, other main effects and interactions, such as Group [F(1, 46)=0.85, p=0.36, npz
= 0.02], Target [F(1.81, 83.45)=0.07, p=0.91, npz = 0.002], Group x Target [F(1.81, 83.45)=0.06, p=0.93, nP2 =
0.001], Group x Task phase [F(1,46)=0.07, p=0.79, qu =0.001], Task phase x Target [F(1.91, 88) =1.54, p=0.22,
n,> = 0.03], and Group x Task phase x Target [F(1.91, 88)=1.1, p=0.34, n),> = 0.02] were not significant. These
findings suggest that the RTs in the first-half phase were significantly longer than those in the second half phase.

Developmental trajectory analyses. As we found a significant group effect in the endpoint biases, but
not RTs, we conducted a developmental trajectory analysis for the endpoint biases.

Endpoint biases. ~ Given that we observed group differences in the endpoint biases during the perspective-trans-
formed task, but not the baseline task, we further explored developmental trajectories during the perspective-
transformed task (Fig. 3). Although we found speed-accuracy trade-off for the reaching performance, we did
not observe any significant reduction across the phases regarding the endpoint biases, which is the index of
motor learning; this was consistent with previous studies®® 2!. Therefore, we did not divide the task into two
phases as in the group analysis above.

In the developmental trajectory analysis, we added age as a covariate and conducted a developmental tra-
jectory analysis. We found significant main effects for Age [F(1, 44) =17.11, p<0.001, n),* = 0.280], Group [F(1,
44)=14.20, p<0.001, npz =0.244], and Target [F(2, 88) =9.79, p<0.001, npz =0.182]. Moreover, two-way interac-
tions of Target x Age [F(2, 88) =13.08, p<0.001, 1),> = 0.229] and Group x Age [F(1, 44) =9.55, p=0.003, 1),> =
0.178] were significant. However, the other interactions, such as Group x Target [F(1.44, 63.41)=0.192, p=0.752,
1,> = 0.004] and a three-way interaction of Group x Age x Target [F(2, 88) =0.067, p=0.935, n,”=0.002] were not
significant. The simple main effect of the Target x Age interaction revealed that the age effect was prominent for
Target 2 [F(1, 46)=21.51, p<0.001, npz =0.32] and Target 3 [F(1, 46)=12.05, p=0.001, r]pz =0.21], but not Target
1 [F(1, 46) =2.605, p=0.113, 1), = 0.54]. The results suggest that the endpoint bias was reduced according to age
for Targets 2 and 3, but not for Target 1. Additionally, the significant interaction of Age x Group revealed that the
endpoint biases of the TD group were significantly higher than in the ASD group before the age of 11.6 years.

Correlations between questionnaire and behavioural measures. Next, we examined correlations
between the bias patterns and Autism Quotient (AQ), Social Communication Questionnaire (SCQ), Japanese
Picture Vocabulary test revised (PVT-R) scores, and Raven’s Coloured Progressive Matrices (RCPM) test scores
(Table 3). We did not find any significant correlations after false discovery rate correction.

Discussion
The results of the present experiments showed that endpoint biases in the ASD group were significantly smaller
than those in the TD group when participants observed themselves from a third-person perspective. This finding
suggests that, compared to the TD group, participants in the ASD group showed a greater reliance on propriocep-
tion during the reaching task with perspective transformation. In both groups, the endpoint biases decreased as
age increased. Finally, although we observed both a location effect and a group effect of the endpoint biases, the
endpoint biases were not differently modulated by combinations of two factors, such as target location and group.
This indicates that there was no atypical motor coordination of shoulder and elbow movement in the ASD group.
We found that endpoint biases among children with ASD were less susceptible to a third-person visual
perspective than those in the control group. Therefore, it seems that individuals with ASD rely relatively more
on proprioceptive information than third-person visual perspective information during the reaching task. This
suggests that children with ASD seem to have difficulties in putting themselves into the transformed-perspective
location (i.e., imagining that their bodily location conforms with the transformed-visual perspective information
provided). Given that we always provided positive feedback in the perspective-transformed task, regardless of
the endpoint location, it is possible that participants did not modify their behaviour based on this feedback. This
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Figure 3. Developmental trajectories for endpoint biases during the perspective-transformed task for each
target in both groups. Open circles indicate children with autism spectrum disorders (ASD) and filled triangles
indicate typically developing children (TD). Dashed lines indicate the trajectories with a 95% confidence
interval for the ASD group. The thick line indicates the trajectories with a 95% confidence interval for the TD
group.
Perspective-transformed task
Target 1 Target 2 Target 3
Scores Group np np np
AQ ASD (n=24) 0.17,0.43 0.27,0.20 0.17,0.43
TD (n=24) ~0.13,0.56 -0.19,0.37 ~0.23,0.29
ASD (n=24) 0.07,0.75 ~0.04,0.85 0.06, 0.78
Current SCQ
TD (n=24) -0.36, 0.08 -0.17,0.43 -0.34,0.10
ASD (n=24) 0.04,0.87 -0.10,0.63 -0.16,0.47
Lifetime SCQ
TD (n=24) -0.25,0.25 -0.10, 0.62 ~0.25,0.24
ASD (n=24) 0.36, 0.08 -0.43,0.04 -0.12,0.58
RCPM
TD (n=24) -0.22,0.31 - 0.52,0.009 -0.39,0.06
T ASD (n=24) 0.32,0.12 ~0.54,0.006 ~0.27,021
TD (n=24) -0.27,0.20 -0.58,0.003 - 0.54, 0.007
Table 3. Correlations between endpoint bias and questionnaire scores. No significant correlations were found
after false discovery rate correction. r: correlation coefficient; ASD: autism spectrum disorder; TD: typically
developing; SCQ: Social Communication Questionnaire; RCPM: Raven’s Coloured Progressive Matrices test;
AQ: Autism Quotient; PVT: Japanese Picture Vocabulary test.
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possibility was supported by the lack of any significant differences in endpoint biases in either the TD or ASD
groups across the first half and second half phases during the perspective-transformed task. Therefore, the current
results appear consistent with past studies regarding motor learning in children with ASD, which demonstrated
that children with ASD show reliance on proprioceptive information®*2!.

For the ASD group, we found a greater reliance on the egocentric coordinate system than for the TD group.
The reliance on proprioceptive information in the ASD group appears consistent with previous research*-25,
For example, a series of studies on the ‘rubber hand illusion'—in which subjects watching a rubber hand being
stroked while their own hand is hidden from view experience a shift in the sensed position of their own hand,
mistakenly assigning it to the position of the rubber hand®—indicated that children with ASD are less susceptible
to the illusion compared to children without ASD. In a similar vein, children with ASD performed significantly
better than TD children on a heartbeat-counting task that required attention towards an inner physiological
process®. For the TD group, this developmental profile, including a shift from a reliance on visual information
to a reliance on proprioceptive information, seems to be concordant with results from studies on the rubber
hand illusion®® and visually induced mirror illusion®.

In an approach similar to ours, several studies applied a prism adaptation paradigm for individuals with
ASD?*> %, in which participants were asked to perform a motor task, such as reaching, while wearing goggles
with a prism that displaced the visual field. In the prism adaptation paradigm, the visual input was a first-person
perspective, which did not include the participants themselves. Contrary to our present findings, other studies
reported no differences in the ability to form internal models by adopting a prism adaptation paradigm between
groups of children with and without ASD*>3. The discrepancy could be due to differences in the experimental
paradigms between the prism adaptation studies and our current experimental paradigm. Whereas in the prism
adaptation paradigm the visual image is displaced by goggles from the first-person perspective, our current
experimental paradigm shifted the ‘perspective’ away from the observer. In other words, the visual scene was
transformed from a first-person perspective to a third-person perspective, whereby participants were looking
down at themselves and the experimental workspace from the right side of the position. Moreover, we did not
provide visual feedback regarding the endpoint of the participants” hand positions. This enabled us to explore the
feedforward component of the reaching movement, rather than the ability of a child to form an internal model,
which is sharpened by a feedback signal. Therefore, we accessed a different component of the reaching movement
compared to previous studies that used a transformed third-person’s visual perspective.

The developmental trajectories of endpoint biases might reflect the developmental mechanisms that detect
intersensory conflict between perspective-transformed visual information and proprioceptive information. Sev-
eral neuroimaging studies have demonstrated that monitoring inconsistencies between visual and propriocep-
tive information bilaterally activate the premotor area along with the right temporoparietal junction (TPJ)*.
Further, studies have also shown that the right posterior part of the superior temporal sulcus region® and the
right TPJ are critical for detecting intersensory conflict®. Therefore, the functional development of the right
TP] region might influence developmental changes in endpoint bias. Further, children with ASD showed less
endpoint bias compared to the TD group, suggesting greater reliance on proprioceptive information in the ASD
group. Thus, there is a potential relationship between developmental changes in endpoint bias and the ability to
detect intersensory conflict, which may lead to smaller endpoint biases in the ASD group. However, to the best
of our knowledge, no systematic research has traced the developmental changes of reliance of proprioceptive
information or detecting/resolving intersensory conflict between TD and ASD. Further studies are needed to
address this point.

In the current study, we observed intergroup differences in the endpoint biases for all target locations. How-
ever, we did not find a significant interaction of group and target locations in the endpoint biases. This suggests
that the transformed visual information equally affected the endpoint biases and that it does not depend on the
difficulty of the reaching movements.

One might think that the possibility of atypical computation of the theory of mind might have affected the
current results. In fact, many previous studies have demonstrated that individuals with ASD have difficulties
completing theory of mind tasks®”*. Moreover, as both false belief tasks and VPT2 tasks are commonly processed
in the left TPJ region®, it is possible that the atypical performance on the reaching task with transformed visual
perspective in the ASD group was related to individuals’ abilities in theory of mind tasks. However, we did not
directly test the relationship between theory of mind abilities and modulation of endpoint biases in the current
study. Furthermore, we did not find any significant correlations between the endpoint biases and questionnaire
scores which elucidate participants’ social functions. Contrastingly, several other studies have shown the relation-
ship between performances on the perspective-taking task and scores on theory of mind tasks'®. Furthermore,
another study demonstrated that the reliance on proprioception is positively correlated with the severity of the
child’s impairments regarding social function and imitation®. The discrepancies found in our study should be
verified by directly testing the relationship between performances on the perspective-transformed reaching task
and theory of mind tasks.

Several limitations should be acknowledged. First, our current paradigm might not have been sufficient to
remove the motor learning component. We defined motor learning, based on previous studies, as the reduction
of endpoint biases. Although we could not find any significant improvement in the endpoint bias across phases,
we found a significant reduction in reaction time across the first and second half blocks. Therefore, although the
experimental manipulation was designed to eliminate the motor learning component, it may not have sufficiently
removed it. Moreover, we have provided both the endpoint feedback and reward based on participants’ perfor-
mance in the baseline task to enable them to get completely used to and engage in the experimental paradigm,
based on our preliminary observation. However, no information was provided in the perspective-transformed
task to remove the motor learning component. The difference in the experimental procedures across tasks made
it difficult to compare them. Further studies are needed to develop a paradigm in which motor planning can
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be directly manipulated and to remove the motor learning component completely. Second, although we found
group differences in the endpoint bias when the visual perspective was rotated by 90 degrees, it remains unclear
whether the modulation of the endpoint bias is linear. Our current findings could be verified by manipulating
the degree to which visual information is transformed to influence the endpoint bias and RT, for example, by
increasing or decreasing the angle of visual perspective. Third, although we found group differences concerning
endpoint bias, the neural mechanisms remain unclear. Further neuroimaging studies are needed to identify the
neural mechanisms underlying the current phenomenon. Finally, a few participants were left-handed in both
groups (TD: n=2, ASD: n=1). Although we did not find any significant difference in their performance in the
baseline task, the participants’ dexterity might have influenced the outcome regarding target accuracy. We did
not measure the participants’ motor abilities in the current study. Therefore, further studies should consider how
motor dexterity may affect performance.

Conclusion

Unlike previous studies on VPT tasks, our present study directly tested how visual input from a third-person
perspective can affect the performance in a reaching task without visual feedback. We directly manipulated par-
ticipants’ visual perspective by placing a camera at different positions so that participants could watch themselves
during the reaching task. The results revealed that children with ASD had fewer endpoint biases for this motor
task compared to TD children when both groups observed themselves from a third-person perspective. The
different developmental trajectory patterns observed between the two groups suggest that differential computa-
tional mechanisms underlie the performance of the reaching task when provided with transformed visual input.
These findings indicate that children with ASD rely relatively highly on proprioceptive information or superior
visuo-proprioceptive mapping for reaching when seeing the situation from an explicitly third-person perspec-
tive. Further studies are needed to explore the presence of a relationship between egocentrism observed in VPT
tasks among children with ASD and variable use of coordinate systems during motor learning and planning.

Methods

Participants. Forty-eight children participated in the study. Twenty-four individuals with ASD (20 boys and
4 girls; age range=7.1-17.2 years; M,,.=11.5 years, SD,,.=2.8) were recruited at Jichi Medical University and
the International Welfare University. Twenty-four TD children (16 boys and 8 girls; age range=7.3-15.9 years;
M,4=11.0 years, SD,,.=2.5) were recruited from nearby elementary schools, junior high schools, and high
schools, to serve as the control group. We set the number of participants based on previous motor learning stud-
ies of people with ASD, which adopted similar experimental settings®*>!.

All children and their parents provided written, informed consent to participate. This study was approved
by the ethics committees at both Jichi Medical University and International Welfare University and has been
conducted in accordance with the provisions of the Declaration of Helsinki. In the TD group, 22 participants
were right-handed, whereas, in the ASD group, 23 participants were right-handed, as assessed by the Edinburgh
inventory*’. Verbal mental age was assessed by the Picture Vocabulary Test-Revised (PVT-R)*, and nonverbal
mental age was measured using Raven’s Colored Progressive Matrices (RCPM) test*2.

Mean age of the TD and matched ASD groups did not significantly differ [TD: M,,=11.0 years, SD,g. =2.5;
ASD: M,,.=11.5 years, SD,,=2.8; t(46)=0.70, p=0.49], nor did the nonverbal intelligence [TD: M =30.0,
SD=4.6; ASD: M=31.0, SD=4.3; t(46) =0.84, p=0.41] or the verbal mental age [TD: M =10.6 years, SD=2.0;
ASD: M=11.2 years, SD=1.8; t(46) =1.1, p=0.27].

For the ASD group, ASD diagnosis was based on the Diagnostic and Statistical Manual of Mental Disorders
Fifth Edition criteria and was confirmed by trained paediatric neurologists (T.I, Y.M., M.N., H.S., and HW.).
We used the AQ-Child* (cut-off score: 25)*, SCQ***S, and Parent-interview ASD Rating Scale—Text Revision
(PARS)* to measure participants’ autistic traits. The AQ and SCQ were administered to both the TD and ASD
groups; however, the PARS was only administered to the ASD group.

The PARS is a semi-structured interview in Japanese that assesses the severity of autistic symptoms*’. It cor-
relates significantly with scores on the Autism Diagnostic Interview-Revised*®*°. The PARS comprises 57 items
describing symptoms of autism, with 34 relevant to behaviours observed during infancy, 33 in childhood, and 33
in adolescence and adulthood (some of the items overlap and apply to two or three of the developmental stages).
In this study, the 33 childhood or adolescence/adulthood items were included in the evaluation.

The mean AQ scores for the ASD group were significantly higher than those for the TD group [TD: M=11.2,
SD=6.0; ASD: M=26.8, SD=38.0; (46) =7.62, p <0.001]. Current SCQ scores of the ASD group were significantly
higher than of the TD group [TD: M=3.9, SD=3.6; ASD: M=8.4, SD=5.1; t(46) =3.57, p <0.001], as were the
lifetime SCQ scores [TD: M=3.2, SD=3.7; ASD: M=13.6, SD=7.3; t(46) =6.30, p <0.001]. The mean PARS for
19 participants with ASD was 28.1 (SD=8.0, range: 11-45). The other five participants with ASD could not be
contacted for follow-up, and thus, we could not collect scores for those participants. The PARS cut-oft value was
nine. We confirmed that all participants were free from any neurological disorders or motor disabilities based
on evaluations from five paediatric neurologists.

Tasks and procedure.  Apparatus for the visuomotor task. Each participant was seated in front of a moni-
tor (27MP37VQ-B, LG Electronics Inc., Seoul, South Korea) placed horizontally (Fig. 4). A reflective sphere
marker was attached to each participant’s right index finger (Fig. 4A). Participants’ reaching movements were
performed under the monitor so that participants could not observe their hand position during the test. The
movements of the right hand were tracked by a motion capture system (OptiTrack, Corvallis, OR). We simulta-
neously displayed the index finger’s location on the monitor using an in-house MATLAB (MathWorks, Natick,
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Figure 4. (A) Study setup. In both tasks, the cursor and visual target were projected on the horizontal screen,
which hid the participant’s arm from their view. Baseline task: Participants were instructed to reach one of the
three targets, which were displayed on the screen. The location of the right index finger was displayed on the
monitor as a blue circle. Perspective-transformed task: Participants were instructed to reach one of the three
targets while wearing a head-mounted display, which provided a third-person perspective recorded from the
camera at the right side of the participant. The hand cursor appeared only at the ‘start’ position. Once the
participant began to move his/her arm, the hand cursor disappeared. (B) Experimental paradigms: (a) In the
baseline task, full visual feedback on the cursor position was provided, as well as the target and the sound
indicating that a reach towards the target was a success or a failure; (b) In the perspective-transformed task,
while the hand cursor was unseen during the hand movement, the reward signal was provided, as in the baseline
task, irrespective of performance; (c) The actual visual input for participants during the perspective-transformed
task; participants observed both the monitor and themselves. The numbers 24’ and ‘62’ in the upper part of

the display represent examples of a participant’s score. (C) An illustration of the definition of the endpoint bias:
If the endpoint is located in a counter-clockwise direction from the line between the start position and the
endpoint, then the endpoint bias is negative. In contrast, if the endpoint is located in a clockwise direction from
the line between the start position and the endpoint, then the endpoint bias is positive.

MA) code with Cogent Toolbox software (University College London, http://www.vislab.ucl.ac.uk/cogent.php).
The cursor position on the monitor (hand cursor) was recorded using the toolbox at a sampling rate of 60 Hz.

Experimental tasks. 'The experiment consisted of a baseline task (30 trials) and a perspective-transformed task
(60 trials). The experiment took approximately 15 to 20 min to complete. The main aim of the current experi-
ment was to examine whether there is a group difference between children with ASD and TD children using the
perspective-transformed task, rather than comparing the participants’ performances between the baseline and
perspective-transformed tasks. We included the baseline task for the following reasons: first, we expected that
the participants would get used to the reaching task itself during the baseline task, and second, we wished to
confirm whether both groups would have similar reaching performances under a condition in which no factors
were manipulated.

Baseline task. The purpose of the baseline task was to enable participants to get used to the experimental
paradigm and motivate them to complete the task by providing entire endpoint feedback and reward based on
their performances. Therefore, participants were initially instructed to place their index finger, so the cursor
would be positioned at the bottom of the monitor (see Fig. 4B for the set position). After placing their index
finger within the set position circle for 1 s, a target appeared in one of the three locations on the display (Fig. 4B).
The target was a cartoon character, and the participant was instructed to move the circle (radius of 100 pixels,
approximately 44 mm) to the visual target position as quickly and as accurately as possible when the visual target
appeared. After reaching the target, feedback was given regarding how close they came to reaching the target,
based on the distance between the endpoint location and the actual location to which the participant moved the
circle. If the participant correctly reached the target (more precisely, when the distance between the target and
the endpoint was within 100 pixels or 44 mm), then cheerful auditory feedback was given, and two points were
added to the participant’s score. If the participant was close to the target (the distance between the target and
the endpoint was 200 pixels or 88 mm), then neutral auditory feedback was given, and one point was added to
the participant’s score. If the participant placed the circle too far from the target (the distance between the target
and the endpoint was more than 200 pixels), no feedback was given, and no points were added. Each participant
performed 30 trials during the baseline task.

Perspective-transformed task. 'The experimental setting was nearly identical to the baseline task, with a few
notable differences. In the perspective-transformed task, participants wore a head-mounted display, which
allowed a 90° perspective from the participant’s point of view (Fig. 4B). A digital video camera was placed at a
height of 170 cm beside the participant. The video image was displayed via a head-mounted display (HMZ-T3W,
Sony, Tokyo, Japan). The location of the cursor (i.e. right index finger) was only displayed in the initial ‘start’
position. In the perspective-transformed task, we always provided positive feedback to participants (i.e. partici-
pants earned two points for each trial, irrespective of their hand location), and participants did not receive any
visual feedback regarding the endpoint of their hand movement.

The reason for this was as follows: to involve the motor learning mechanisms for the perspective transforma-
tion process, we need to provide error information, such as trajectory error or success or failure based on behav-
iour, to participants. However, if we always provide positive feedback to participants, no error can be detected,
which will not induce the motor learning process for perspective transformation. As the reaching movement is
composed of ‘feedforward’ and feedback’ components, we aimed to eliminate the ‘feedback’ component by not
giving visual feedback. By doing so, we expected to eliminate the effect of the motor learning for the perspective
transformation process so that we could focus on the performance of motor planning. The procedure of remov-
ing visual feedback and giving positive feedback has been commonly used in previous studies*”*!. This method
has several advantages, such as removing bias from motor planning strategy, despite the large variance in the
endpoint. There were 20 trials for each of the three targets; therefore, participants completed 60 trials each. Before
the experiment, we verbally confirmed that the person in the head-mounted display was actually the participant.
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Data analyses. We analysed two indices: endpoint bias and RTs. Both the endpoint bias and RTs were cal-
culated based on methods proposed in a previous study*. Movement initiation was detected when the tangential
velocity exceeded 40 mm/s. Movement end was defined as when the tangential velocity fell to 40 mm/s after the
tangential peak velocity. As motor planning is the process of preparing motor commands to achieve the goal, it
is generated before movement onset. Therefore, RTs can reflect the time taken to complete the computation of
motor planning. RT was defined as the time difference between the appearance of the visual target and move-
ment initiation. Endpoint bias was defined as the angular difference between the direction of the visual target
and the endpoint of the cursor and hand movements, which is an index of motor learning (Fig. 4C).

In the analysis, we excluded trials in which the RTs were faster than 150 ms or slower than 1500 ms, following
previous studies®®>2, Regarding the criterion for the movement trajectory, we excluded trials in which the bell-
shaped velocity profile was violated while reaching as conventional arm movement should follow the profile®* 5%,
We further excluded trials in which the peak velocity did not exceed 200 mm/s; this criterion was determined
based on our preliminary observations, in which the trials that were below the peak velocity did not show the
bell-shaped velocity profile. Note that data from our preliminary testing, performed to determine the exclusion
criteria, were not included in the current study.

Regarding the mean number of accepted trials, the mean + standard error of the mean data were as follows:
Baseline-ASD: 27.3+0.7 trials, TD: 29.1 +0.2 trials; First half phase-ASD: 23.4+ 1.5 trials, TD: 26.5+ 0.8 tri-
als; and Second half phase-ASD: 25.1 + 1.4 trials, TD: 28.0+ 0.5 trials. Kolmogorov—-Smirnov tests were used
to examine data normality. The following conditions were significant: Baseline-TD: D(24) =0.32, p=0.01; First
half phase-TD: D(24) =0.31, p=0.02; Second half phase-ASD: D(24) =0.30, p=0.03, but not Baseline-ASD:
D(24)=0.27, p=0.06, First half phase-ASD: D(24)=0.19, p=0.32, Second half phase-TD: D(24) =0.26, p =0.08.
Thus, we utilized a Mann-Whitney U test to test the group difference in each experimental phase. We found
a significant group difference in the baseline phase (signed rank=179, p=0.02), but not in the first half phase
(signed rank =238.5, p=0.31) or second half phase (signed rank =234, p=0.26).

Baseline task.  For the group analyses, we first compared endpoint bias and RTs. For the endpoint bias, a Kol-
mogorov-Smirnov test was used to examine data normality; no significant differences were found in any condi-
tions (see Supplementary Materials). Therefore, we employed a mixed-design analysis of variance (ANOVA).
A two-way ANOVA was applied to the endpoint bias and RT data within the participant group (ASD vs. TD),
which was the between-subjects factor, and the Targets (Target 1, Target 2, and Target 3), which were the within-
subject factors.

Perspective-transformed task. For the group analyses, we first compared endpoint bias and RTs. As confir-
mation was needed regarding whether the learning effect was eliminated during the test phase in the current
experimental setting, we divided the perspective-transformed task into two phases and averaged the RTs and
endpoint biases in the first 30 trials (first half) and the second 30 trials (second half). Note that there were no
breaks between the first half and the second half of the trials during the actual perspective-transformed task.

For the endpoint bias, Kolmogorov-Smirnov tests were conducted to examine data normality. However,
no significant differences were found in any conditions (see Supplementary Materials). Regarding the RTs, the
Kolmogorov-Smirnov tests yielded no significant differences in any conditions (see Supplementary Materials).

As we did not find any significance in the normality of data distribution in either the endpoint bias or RTs,
we applied a mixed-design ANOVA to both the endpoint bias and RTs. A two-way ANOVA was applied to the
endpoint bias and RT data within the participant group (ASD vs. TD) as the between-subjects factor, and the
Task phases (first half and second half) and Targets (Target 1, Target 2, and Target 3) as the within-subject factors.

We further explored the developmental trajectory approach used in previous studies® >¢. We constructed
cross-sectional trajectories for each target’s endpoint bias during the perspective-transformed task as we found a
significant group difference only in the endpoint bias. Therefore, we analysed only the endpoint biases. The Target
(Target 1, Target 2, and Target 3) was used as a within-subject factor. The two groups yielded two trajectories
linking endpoint bias with age. Similar to a previous study*®, we thus added age as a covariate and performed an
analysis of covariance. We calculated the point at which the upper confidence interval of the lower trajectory and
the lower confidence interval of the higher trajectory overlapped, which provided an estimate of the age at which
the trajectories converged. In all analyses, if the assumption of sphericity was violated, the Greenhouse-Geisser
epsilon coefficient was used to correct the degrees of freedom. Both the F- and p-values were then recalculated,
and statistical significance was set at p <0.05.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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