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Introduction: Social disturbance is a significant autism spectrum disorder (ASD) symptom. Action representation, which is 
a fundamental component of social interaction, can be investigated through kinesthetic motor imagery (KMI). KMI has been 
commonly studied with the well-developed laterality judgment paradigm, wherein participants are required to discriminate the 
laterality of a hand rotated by different angles along one or more axes. Here, we investigated the KMI processing in individuals 
with ASD by hand laterality judgment paradigm with eye-tracking methodology.
Methods: The current study included 22 participants with ASD and 22 typical developing (TD) peers matched for age, gender, and 
intelligence. Participants were asked to judge the laterality of hand-with-tooth brush images.
Results: Compared to the TD controls, individuals with ASD performed KMI with lower accuracy and longer response time in both 
correct and incorrect action conditions. The incorrect action representation had greater effect on KMI for individuals with ASD. 
Differences in eye-movement patterns were also observed, characterized by individuals with ASD were more focused on the object 
area while TD peers were more focused on the hand area.
Conclusion: Results suggest that while altered KMI performance was observed, the incorrect action representation elicited more 
engagement of KMI in both groups. The object-centered eye-movement pattern may contribute to the refine of motor simulation 
intervention for individuals with ASD.
Keywords: autism spectrum disorder, kinesthetic motor imagery, action representation, eye-tracking

Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental disorder mainly characterized by deficits in social commu-
nication and repetitive stereotyped behaviors.1 Much of how we think about others’ actions, and in turn engage in social 
interaction, arises from the activation or simulation of our own action representations.2 Action representation, which is 
a fundamental component of conceptualizing one’s own and others’ actions, it can be activated through observation of 
others’ behaviour,3 or by imagining one’s own or others’ actions.4 Nonetheless, due to the lack of active manipulation of 
action representation in passive action observation tasks, kinesthetic motor imagery (KMI), a mental simulation of a body 
movement without actual motor output through internal embodiment of action representation, appears to be an appro-
priate alternative to study the internal embodiment of action representation.5

KMI shares similar neural mechanism and temporal dynamics with motor execution. The time course of KMI is 
highly correlated with the time taken to motor execute.6 Exercise imagination and exercise execution both appears to 
increase heart rate and breathing rate due to similar autonomic nerve activity.7 The main motor cortex (M1/S1), premotor 
area (PMA), supplementary motor area (SMA), and other brain areas work together to produce KMI and motor 
execution.8 Generally, KMI can induces higher activations in motor-related areas than passive action observation.9
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KMI has been commonly studied with the well-developed hand laterality judgement paradigm, which requires 
participants to choose whether a stimulus presented from different angles is a left or a right hand, is typically used to 
test KMI.10 The engagement of KMI can be demonstrated by two key metrics. One is the angle effect of reaction time 
(RT) which states that as the stimulus rotation angle increases, so does the accuracy. The second is the biomechanical 
effects of the RTs. In the comfortable position, the hand rotates toward the body’s center line, whereas in the awkward 
position, the hand rotates away from the center line. Participants are faster and more accurate in judging hand in 
physiologically comfortable positions than hand in awkward positions.11

A number of studies have suggested dysfunctional KMI in ASD. Conson et al employed left or right hands portrayed 
from back at 0° (upright), 90° (clockwise), 180° (upside down) or 270° (90°anticlockwise) orientations as the stimulus 
materials for the hand laterality judgement test.12 The findings demonstrated that whereas the AS (Asperger syndrome) 
group did not exhibit biomechanical effects, the typical development participants did. The AS group performed worse on 
the test and took longer to respond, showing KMI impairments and had trouble imagining action representation.

In addition to using hand images as materials, some researchers also used images of the whole human body in the 
laterality judgement task, asking ASD participants to judge the lateralization of the marked hand. In this kind of 
experimental task, pictures of human bodies were usually divided into backside images and frontal images. 
Researchers holds that the backside pictures can encourage people to execute KMI with the aid of their own body 
representation.13 Additionally, ASD participants had more KMI errors as well as longer RTs in the back-facing condition, 
while the typical developing participants also had an advantage in judging the back image compared to the frontal image.

Recently, Chen et al used pictures of hands gripping spoons as a stimulus by laterality judgement task.14 The results 
indicated that individuals with ASD were capable of performing KMI and reacted faster to hand-without-spoon images. It 
seems to indicate an inhibitory role of objects in hand laterality judgement. Indeed, there is clear evidence that ASD 
individuals failed to simulate non-object gestures while performing normally when there were objects present.15 In other 
words, it has been demonstrated that objects play a crucial role in the effectiveness of simulation, while Chen et al, did 
not address the potential mechanisms of the difference.

Viewing an object can activate the operational action representation, which is a representation of operational action 
information related to the object and engaged in the object recognition process.16 The operational action information 
enables individuals to use objects in meaningful ways,17 have been referred to actional knowledge (eg knowing that 
a toothbrush should be grasped at the side of the handle and not at the brush side) and functional knowledge (eg knowing 
that a toothbrush is typically brought towards the mouth and used with a swinging movement).18 The operational action 
representation can active the sensorimotor brain areas and influence manual response times.19 According to the 
TRoPICALS Model (Two Route, Prefrontal Instruction, Competition of Affordances, Language Simulation Model), 
the neuron clusters in the cortex that encode various types of information compete with one another.20 The competing 
processes would terminate the competition for processing resources when the object representation communicated by the 
visual channel is compatible with the original representation in the brain. This model suggesting that the existence of 
objects may facilitate cognition processing.

The Present Study
In this study, we set up correct and incorrect operational action conditions to explore the role of objects in KMI on the basis of 
Chen et al. According to the TRoPICALS model, we assume that RTs in the correct action condition should be faster if objects 
can serve as facilitators; on the other hand, there might not be difference between individuals’ RTs in the correct and incorrect 
action conditions. Additionally, the presence of biomechanical effects throughout the response suggests that the participants 
processed their own body’s representations in order to complete the KMI. If the adolescents with ASD can spontaneously use 
KMI, their performance would likely be affected by biomechanical constraints, reflecting their spared ability to activate action 
representation in laterality judgement task. In contrast, if individuals with ASD cannot use KMI automatically, resulting in no 
biomechanical effect, just as when processing the non-corporeal stimuli.

Eye movement technology has also been applied to action representation processing. Federico and Brandimonte used 
hammer images as materials to explore the attention allocation to objects in visual scenes by eye-tracking techniques.21 

The researchers divided areas of interest (AOI) into the “structural” part (hammer handle) and the “functional” part 
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(hammer head) of the object. The analyses of fixation duration showed that the visual encoding started with a focus on 
the functional AOI at the first 500 ms, while the fixation pattern towards to focus on the structural AOI at the 1750ms 
time window. The eye movement pattern suggested that the object’s function is more important than its use. It is the first 
study of specific visual attention patterns for object-related structural and functional features. However, the eye move-
ment pattern of individuals with ASD in the action representation processing is still relatively unexplored.

Eye-movement measurements provide a complementary approach to capture cognitive processes with high resolution. 
Eye-tracking technology offers the possibility of capturing visual behaviour information in real time and obtaining gaze 
position on specific stimuli.22 The obvious advantage of collecting fixation information is that the behaviour during each 
trial can potentially be deconstructed into various processing states whose durations can be directly measured. There is 
evidence that visual attention is typically drawn to the most task-relevant aspects of a display in situations where visual 
attention is not directed explicitly.23

Eye tracking is suited for studying cognitive processes and processing demands at a detailed level.24 In the present 
study, we selected fixation duration reflects the difficulty of retrieving information from the task and the depth of 
processing. Longer fixation duration indicates higher cognitive load.25 The stronger consistency between mental 
representation of material and correct object-related action representation, the more information connected to the action 
readiness evoked by the object.21 Thus, the difficulty of extracting information will be reduced, indicating shorter fixation 
duration. Second, gaze metric parameters could be used as an objective unobtrusive approach to assess engagement in 
KMI task.26 Participants observed index finger abduction-adduction movements while imagining the same action, eye 
tracking data showed that visual attention was focused on the index finger. Eye-movement metrics provided insight into 
the underlying attentional and cognitive mechanisms.27 Thus, we calculated the proportion of the individual’s gaze on the 
object as the object fixation index, to assessed how much attention was focused on the hand area versus the object area. 
With this indication, we could compare the variations in eye movement patterns to analyze how an object affected KMI. 
We proposed that the object should have an impact on the object fixation index, possibly resulting from the differences of 
object-related action representation.

Summary
Here, the present study focuses on two main issues. First, can ASD individuals use KMI spontaneously? Second, Does 
the existence of object have effect on KMI in individuals with ASD? If true, how do those with ASD and TD people vary 
from one other in terms of the cognitive processing mechanisms that are represented in their eye movement patterns? We 
also expected different eye-movement patterns between the individuals with ASD and TD individuals, in order to provide 
fresh concepts for the future motor simulation deficiencies treatments for the ASD group.

Method
Participants
Twenty-two ASD participants were recruited for this study (3 females and 19 males, range from 16 to 38, mean age = 20.96, 
SD = 6.50). They were both recruited from the Aina autism service center in Dalian. All were diagnosed with autism without 
other major physical diseases or neurological or mental disorders by the qualified hospitals (eg, Peking University Sixth 
Hospital). The diagnosis was also validated using the Autism Spectrum Quotient (AQ) conducted by qualified psychiatrist.28 

The control group consisted of 22 students through bill-posting (5 females and 17 males, range from 16 to 25, mean age = 
19.59, SD = 2.30). Three of them were recruited from a high school and the other were recruited from a university. In all 
participants, the IQ was measured by the Chinese version of Wechsler Adult Intelligence Scale – Third Edition (WAIS-III).29 

We adopted the minimum criteria of 80. There were no significantly differences between the ASD participants and control 
groups in chronological age and full-scale IQ. All participants were right-handed with normal or corrected-to-normal vision. 
Participant characteristics for ASD and TD groups can be found in Table 1.

The studies involving human participants were reviewed and approved by the Human Ethics Committees of Liaoning 
Normal University (Ethical Number: LL2023058). Every individual was informed about the aims of the study and 
provided written consent before participation. The university health participants signed the consent form independently; 
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The health participants in high school and all of the ASD participants were signed by their guardians. In addition to the 
guardians, the ASD adults also signed the consent form by themselves. Through the interview, we determined in advance 
whether the ASD participants could understand the experimental requirements. Participants received gifts after participa-
tion, equivalent to approximately 60 RMB.

Materials and Procedures
This study explored the effect of object on KMI and eye-movement processing model in the individual with ASD. We set 
two basic templates: in the correct condition, the picture is a hand gripping a tooth brush handle with the brush close to 
the person’s mouth; in the incorrect condition, the picture is a hand gripping the handle area with the brush seems to 
removed far away from person’s mouth. The stimuli were divided into left and right hands, rotating 0°, 60°, 120°, 180°, 
240°, and 300°, respectively, in a total of 24 different combinations. Both pictures had a pixel size of 810 × 810 and were 
processed using Photoshop in grayscale (see Figure 1).

The materials were presented on a 22″ CRT monitor with a 60 Hz refresh rate and 1024 × 768 pixel resolution, and 
were viewed from a distance of approximately 60 cm in a dimly lit room. Eye movements were recorded by Tobii T120 
Eye Tracker with a sampling rate of 120 Hz. Participants were asked to keep their chin fixed on the rest, holding head 
stationary to avoid blinking as much as possible. Participants’ hands were covered by a black plastic board above the 
keyboard to avoid visual cues from hand-viewing.

Before the experiment, participants completed a five-point calibration phase (the angle of deviation was less than 1°). 
After the successful calibration, participants were told to observe the stimuli displayed on the screen and judge whether 

Table 1 Demographic Data of Participants of the ASD and TD Group

ASD Group TD Group Statistic p

N 22 22
Chronological age (years) M 20.96 19.59 t (42) = −0.93 0.359

SD 6.50 2.30

Full scale IQ M 99.36 102.41 t (42) =1.86 0.070
SD 5.64 5.23

AQ M 37.82 10.05 t (42) =−23.97 0.000

SD 3.74 3.95
Gender ratio Male 19 17 ÿχ2 (1) = 0.611 0.434

Female 3 5

Figure 1 Stimulus examples: here we show stimulus examples for the right hand with correct action condition (left-side) and with incorrect action condition (right-side) in 
laterality judgement task.
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the stimulus displayed was a left or right hand. Their responses were indicated by pressing the “F” or “J” keys as quickly 
and accurately as possible with their left or right index finger. Each trial began with a fixation dot (500 ms duration) 
followed by a test stimulus, which remained on screen until the participants made a response (see Figure 2). The test 
phase took about 20–40 minutes, including 2 blocks with 240 trails in total, there were 10 trials in each condition.

Data Analysis
We made a priori power analysis of samples by using G-Power 3.1.9.2. The result showed that 96% power (effect size = 
0.25) was achieved with the sample size of 24 participants. Thus, the sample size of 44 in the present study would ensure 
the representativeness. The dependent variables are accuracy and RT. The data were only calculated for correct trials. The 
α level was set at 0.05 for all analyses.

First, to investigate general performance in the two groups, we subjected measures of accuracy and RTs to a three- 
way mixed-design analysis of variance (ANOVA): the between-subject factor of GROUP (TD, ASD), the within-subject 
factor of CONDITION (correct action, incorrect action) and ANGLE (0°, 60°, 120°, and 180°). The 60° angle included 
stimuli with 60° and 300° angle of the hand, the 120° angle included stimuli with 120° and 240°angle of the hand.

Second, as the biomechanical effect can prove the implementation of KMI, we investigated the biomechanical effect 
on RTs. We subjected RT measures to a three-way mixed-design ANOVA with CONDITION (correct action, incorrect 
action) and ORIENTATION (lateral rotation, medial rotation) as the within-subjects factor, and GROUP (TD, ASD) as 
the between-subjects factor. The medial rotation orientation included stimuli with 60° and 120° rotation of the hand. The 
lateral rotation orientation included stimuli with 240° and 300° rotation of the hand.

Third, we introduced a biomechanical index to compare the size of biomechanical effects between two conditions in 
both groups. Therefore, the index represents the percentage of additional processing effort for the lateral rotation 
compared to the medial rotation condition, which was defined as the following formula (Chen et al, 2018):

The RTlateral rotation referred to the average of both the 240° and 300° rotation stimuli, the RTmedial rotation referred to 
the average of 60° and 120° rotation stimuli, the RTall angles was the average of all stimuli. We subjected measures of RTs 
to paired sample t test.

Fourth, we investigated the eye-tracking performance in the two groups. We only analyzed those participants whose 
eye-movement sampling rate exceeds 30% (four ASD participants were excluded).30 Finally, we collected the eye- 

Figure 2 Schematic illustration of a single trial in the experiment.
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movement data of 18 ASD participants and 22 TD participants. Area of interests (AOI) were selected for the “hand” area 
and the “tooth brush” area.

Fixation duration reflects the difficulty of information exploration of the materials, including both the AOI of “hand” 
and “tooth brush” area. Object fixation index is the objects’ ability to attract attention, which represents the influence of 
the action representation activated by objects on the overall stimulus processing, and can reflect the individual’s internal 
processing mechanism.

We calculated the object fixation index using the following formula:

Similarly, we calculated the hand fixation index using the following formula:

FDAOI tooth brush is the fixation duration of “tooth brush”, and FDAOI hand is the fixation duration of “hand”. Based on 
these AOIs, we subjected measures of fixation duration, object fixation index and hand fixation index to a two-way 
mixed-design ANOVA: the between-subject factor of GROUP (TD, ASD), the within-subject factor of CONDITION 
(correct action, incorrect action).

Result
Behavioral Data
Accuracy
The accuracy under different conditions and angles for the two groups are shown in Table 2 and Figure 3. The three-way 
mixed ANOVA on accuracy revealed significant main effects of ANGLE (F(3, 126)=28.381, p<0.001, ηp

2=0.403) and 
GROUP (F(1, 42)=17.288, p<0.001, ηp

2=0.292). There were significant two-way interactions between CONDITION and 
GROUP (F(1, 42)=6.459, p=0.015, ηp

2=0.133), between ANGLE and GROUP (F(3, 126)=7.848, p=0.003, ηp
2=0.157).

The three-way interaction between CONDITION, ANGLE and GROUP was also significant (F(3, 126)=3.282, 
p=0.034, ηp

2=0.072), further analyses showed that for the ASD group, the accuracy were higher in the correct action 
condition than in the incorrect action condition at 180° (p=0.001, Bonferroni correction). The accuracy has no significant 
difference at all angle pairs for the TD group (p>0.05). In both conditions, the accuracy were higher for the TD group 
than that for the ASD group at all angles (p<0.05, Bonferroni correction). In the ASD group, the accuracy has no 
significant difference between 60° and 120° for the correct action condition (p>0.05), but there were significant 
differences between the rest of angle pairs in both conditions (p<0.05 for all comparisons).

Table 2 The Accuracy of Participants of the ASD and TD 
Group (Mean ± SD)

Condition Angle TD Group ASD Group

Correct action 0° 97.61±3.96 90.62±13.19
60° 96.13±6.71 85.34±17.97

120° 93.30±13.91 78.58±23.38

180° 87.50±22.61 66.76±24.06
Incorrect action 0° 97.05±6.48 89.55±15.34

60° 97.05±5.21 84.02±14.56
120° 94.32±11.88 74.39±20.95

180° 89.55±16.82 54.85±26.82
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Reaction Times
The RTs under different conditions and angles for the two groups were shown in Table 3 and Figure 4. The three-way 
mixed ANOVA revealed significant main effects of CONDITION (F(1, 42)=14.616, p<0.001, ηp

2=0.258), GROUP (F(1, 
42)=27.546, p<0.001, ηp

2=0.396), and ANGLE (F(3, 126)=26.154, p<0.001, ηp
2=0.384). There were significant two-way 

interactions between CONDITION and GROUP, F(1, 42)=12.284, p=0.001, ηp
2=0.226, between CONDITION and 

ANGLE, F(3, 126)=4.425, p=0.012, ηp
2=0.095.

Further analyses on the significant two-way interaction between CONDITION and GROUP revealed that the RT 
was slower in the incorrect condition for the ASD group (p<0.001, Bonferroni correction) and has no significant 
difference in the TD group (p=0.823). The RTs of the ASD group were significant slower in both conditions than 
the TD group (p<0.001, Bonferroni correction). In terms of the significant two-way interaction between 

Figure 3 The effects of angle effects on accuracy in the TD group and the ASD group. In the plots, black lines represent the correct action of TD participants, and red line 
represent the incorrect action of TD participants. Blue lines represent the correct action of ASD participants, and green line represent the incorrect action of ASD 
participants. Error bars indicate standard errors of the means.

Table 3 The Reaction Time of Participants of the ASD and TD Group 
(Mean ± SD)

Condition Angle TD Group ASD Group

Correct action 0° 915.11±175.19 1931.92±1160.34

60° 939.88±153.46 2132.46±1336.24
120° 1053.99±214.73 2301.95±1283.43

180° 1418.01±326.67 2747.92±1501.73

Incorrect action 0° 886.24±200.33 2259.24±1304.85
60° 901.89±191.65 2300.5±1221.89

120° 1064.53±240.38 2638.15±1265.21
180° 1535.93±431.46 3334.87±1673.25
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CONDITION and ANGLE revealed significant angle effects in both conditions (p<0.05, except the RTs in the 
correct action condition between 60° and 120° has no significantly difference, p=0.136; except the RTs in the 
incorrect action condition between 0° and 60° has no significantly difference, p>0.9). The RTs in the correct action 
condition at 0° (p=0.004), 120° (p=0.036) and 180° (p<0.001) were significantly slower than that in the incorrect 
action condition.

All other two and three-way interactions were non-significant (p>0.05).
The three-way mixed ANOVA of biomechanical effect revealed significant main effects of GROUP, F(1, 42) 

= 27.393, p < 0.001, ηp
2= 0.395, CONDITION, F(1, 42) = 11.017, p = 0.002, ηp

2=0.208, and ORIENTATION, F 
(1, 42) = 39.181, p < 0.001, ηp

2= 0.483 (see Figure 5). The significant two-way interactions were found between 
CONDITION and GROUP, F(1, 42) = 10.261, p = 0.003, ηp

2= 0.196, between CONDITION and 
ORIENTATION, F(1, 42) = 14.121, p = 0.001, ηp

2= 0.252.
A significant three-way interaction was also found between GROUP, CONDITION and ORIENTATION, F(1, 42) = 

4.636, p=0.037, ηp
2= 0.099. In the ASD group, the RTs for the correct action condition were significantly quicker than that for 

the incorrect action condition at both orientations (medial rotation orientation: p = 0.012; lateral rotation orientation: p<0.001, 
Bonferroni correction). In two conditions, the RTs for the ASD group were significantly slower than that for the TD group at 
both orientations (p < 0.001, Bonferroni correction). In the ASD group, the RTs for the medial rotation orientation were 
significantly quicker than that for the lateral rotation orientation in both conditions (the correct action condition: p = 0.012; the 
incorrect action condition: p = 0.002, Bonferroni correction), while the TD group had the same trend in both conditions (the 
correct action condition: p = 0.006; the incorrect action condition: p < 0.001, Bonferroni correction).

The biomechanical index in the two conditions are shown in Table 4. By paired samples t test analyses, the 
biomechanical index in the correct condition was significantly smaller than that in the incorrect condition for both 
groups (ASD: t = −2.712, p = 0.013, Cohen’d = 0.58; TD: t = −2.843, p = 0.010, Cohen’d = 0.61).

Figure 4 The effects of angle on RTs in the TD group and the ASD group. In the plots, black lines represent the correct action of TD participants, and red line represent the 
incorrect action of TD participants. Blue lines represent the correct action of ASD participants, and green line represent the incorrect action of ASD participants. Error bars 
indicate standard errors of the means.
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Eye Movement Data
Fixation Duration
In the correct condition, the fixation duration of the TD group was 829.65 ± 215.61 ms, the fixation duration of the ASD 
group was 1296.24 ± 353.57 ms. In the incorrect condition, the fixation duration of the TD group was 903.96 ± 262.03 
ms, the fixation duration of the ASD group was 1545.33 ± 477.39 ms.

The two-way mixed ANOVA of fixation duration revealed significant main effects of GROUP, F(1, 38) = 30.026, p < 
0.001, ηp

2= 0.441, CONDITION, F(1, 38) = 27.039, p < 0.001, ηp
2= 0.416 (see Figure 6). The significant two-way 

interactions were found between CONDITION and GROUP, F(1, 38) = 7.897, p = 0.008, ηp
2= 0.172. In the ASD group, 

the fixation duration in the correct condition was shorter than in the incorrect condition (p < 0.001, Bonferroni 
correction). In both conditions, the fixation duration of the ASD group was longer than the TD group (p < 0.001, 
Bonferroni correction).

Object Fixation Index
In the correct condition, the object fixation index of the TD group was 17.13 ± 5.59 (%), the object fixation index of the 
ASD group was 26.44 ± 12.25 (%). In the incorrect condition, the object fixation index of the TD group was 39.28 ± 8.46 
(%), the object fixation index of the ASD group was 45.33 ± 9.12 (%).

The two-way mixed ANOVA of fixation duration revealed significant main effects of GROUP, F(1, 38) = 11.247, p = 
0.002, ηp

2= 0.228, CONDITION, F(1, 38) = 145.767, p < 0.001, ηp
2= 0.793 (see Figure 7).

Figure 5 The Biomechanical effect on RTs in correct/incorrect action condition. The grey columns represent the medial orientation and the black columns represent the 
lateral orientation (*p < 0.05, **p < 0.01, ***p < 0.01). Error bars indicate standard errors of the means.

Table 4 The Biomechanical Index (Mean ± SD) in 
Correct/Incorrect Action Condition (%)

TD Group ASD Group

Correct action condition 14.17±11.34 8.96±15.37

Incorrect action condition 21.06±11.92 16.49±15.41
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The object fixation index for the correct action condition were significantly smaller than that for the incorrect action 
condition in both groups, and the object fixation index for the ASD group was significantly higher than that for the TD 
group in both conditions.

Figure 6 The fixation duration of the ASD and TD groups. The grey columns represent the correct action condition and the black columns represent the incorrect action 
condition (*p < 0.05, ***p < 0.001). Error bars indicate standard errors of the means.

Figure 7 The object fixation index of the ASD and TD groups. The grey columns represent the correct action condition and the black columns represent the incorrect 
action condition (***p < 0.001). Error bars indicate standard errors of the means.
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Hand Fixation Index
In the correct condition, the hand fixation index of the TD group was 82.87 ± 5.45 (%), the hand fixation index of the 
ASD group was 73.56 ± 11.90 (%). In the incorrect condition, the hand fixation index of the TD group was 60.73 ± 8.21 
(%), the hand fixation index of the ASD group was 54.72 ± 8.81 (%).

The two-way mixed ANOVA of fixation duration revealed significant main effects of GROUP, F(1, 38) = 14.508, p < 
0.001, ηp

2= 0.160, CONDITION, F(1, 38) = 103.772, p < 0.001, ηp
2= 0.577 (see Figure 8).

The hand fixation index for the correct action condition were significantly bigger than that for the incorrect action 
condition in both groups, and the hand fixation index for the TD group was significantly higher than that for the ASD 
group in both conditions.

Discussion and Implications
This study used hand laterality judgement paradigm to compare the KMI performance of the individuals with and without 
ASD, and an eye-tracking approach to explore the influence of object on cognitive processing during KMI.

Kinesthetic Motor Imagery Disorder in ASD
The angle effect and biomechanical effect on RTs were found in ASD individuals in the present study. The RTs increased 
as the angle of rotation increased, suggesting that both groups indeed performed KMI. They compared their mental 
representations with the object operational representation, rather than directly rotating the stimulus representation. 
However, longer RTs and fixation duration indicates difficulties in performing KMI for participants with ASD.31

Consistent with the present study results, Pearson et al (2014) used 3D body images as stimulus and asked 
participants to judge the laterality of the extended arm.32 Result showed that individuals with ASD performed worse 
than individuals with TD in speed and accuracy. Embodied cognition theory holds that our experiences are stored in 
a manner that maps onto the motor, visual, auditory, and olfactory brain systems that originally encoded them.33 The 
sensorimotor systems involved in the initial representation of the objects are reactivated when they are retrieved from 
memory to support action goals. Because of noisier synchronization of neural assemblies,34 or because of reduced 
cortical connectivity,35 sensorimotor information may be poorly integrated across modalities. This leads to more difficult 

Figure 8 The hand fixation index of the ASD and TD groups. The grey columns represent the correct action condition and the black columns represent the incorrect action 
condition (***p < 0.001). Error bars indicate standard errors of the means.
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to access and reproduce object operational representation. In this account, individuals with ASD have difficulty with 
“embody” their experiments along with objects, which leads to obstacles in KMI.

However, a recent study by Conson et al indicated that individuals with ASD did not show a significant biomecha-
nical effect in hand laterality judgement task.12 The difference between Conson et al’s study and the present findings 
could be accounted for the animacy of materials. Animacy is termed as the process that individuals identify object as 
living being with self-awareness interactive behavior.36 Obstacles to animacy perception in individuals with ASD are 
mainly manifested in higher thresholds than TD group. Burnett and Jellema explored animacy perception in individual 
with ASD by morphed sequences.37 The morphed sequences started with an unidentifiable black contour drawing, 
consisting of 50% animate object (A) and 50% inanimate object (B). The unidentifiable object morphed into object A or 
B gradually, each morphed sequences consisted with 5% change for one frame. Participants could make unlimited 
guesses about what the object was morphing into. The experimenter recorded the frame number at which the correct 
answer was given. The result showed that ASD group required significantly more frames than the TD group. This 
indicated the difficulty for individuals with ASD to identify materials as animate objects.

Importantly, the stimuli of Conson et al were hand-drawn images, while the stimuli of this study were real hands 
images. Therefore, during the observation in Conson et al, ASD participants might have recognized the hand-drawn 
images as artifact and only processed the stimuli shape without understanding its animacy implications. This could lead 
to the rotation of stimuli representation during the judgement process, which had no biomechanical effect. In the present 
study, the real hand images have more animacy, leading the association with stimuli and their own hands representation 
for the ASD participants, resulting in the existence of biomechanical effect.

Objects Can Serve as Facilitators of KMI in ASD Individuals
Shorter RT in the correct action condition means the objects can serve as facilitators in KMI. Consistent with our 
hypothesis, compared with incorrect action, the ASD and TD groups both had shorter RTs when an object was combined 
with a hand in the correct action mode. Most previous studies investigated the characteristics of action representation in 
individuals with ASD through simulation and perspective-taking tasks.38,39 However, the findings remain controversial. 
The presence of object can partly explain the distinction. Dowell et al, showed that children with ASD have worse 
gesture recognition on tasks not involving object (eg, waving goodbye) as compared to TD controls, but similar 
performance on gesture recognition involving object-use.40 Thus, our result can confirm the facilitating effect of object 
on forming action representation in individuals with ASD.

The present results were consisted with those of van Elk et al, in which researchers presented participants with images 
of a man holding an object in his hand.41 The images were classified into four categories based on whether the grip 
position and usage method of the object were correct. The task was to determine whether the object presented in the 
pictures would move toward faces generally. The results showed with facilitating effect that participants had quicker 
response to images in correct grip position and usage method condition. The facilitating effect is a phenomenon in which 
visual perceptual information automatically activates the most suitable interactive action with an object to improve the 
judgement response speed.42

The dual-route theory explains the facilitating effect, holding that there are two routes in the action system. In the 
direct route, individuals obtain action representations from the visual analysis to motor system, bypassing the long-term 
memory station and the short-term memory station.43 While in the indirect route, individuals obtain action representation 
from the visual analysis, by passing the short-term memory to the motor system. The direct route can only process 
incorrect action representations while correct action representations can be processed by both routes simultaneously. Due 
to the impairment of direct pathway, individuals with ASD have difficulty in processing incorrect action representation.15 

However, the correct action representation can be processed normally through indirect pathway, and finally lead to 
facilitating effect.

As literate above, the ASD individuals had trouble in performing object-related action, while they had typical 
processing of action representation, suggesting changes in brain functional connectivity for action representation and 
action execution.44 KMI can evoke sensory input from peripheral receptors and brain output, accelerate brain functional 
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reorganization by activating dormant synapses ultimately.45 The functional reorganization of the KMI network suggests 
a potential role of KMI in motor rehabilitation in individuals with ASD.

Greater Effect of Incorrect Action Representation on KMI in ASD
The result of the biomechanical index revealed a greater effect of incorrect action representation on KMI in individuals 
with ASD. The biomechanical index represents the ability to overcome biomechanical constraints in KMI, which can 
reflect the processing level. The action representation is related to information stored in long-term memory, requires more 
cognitive resources.46 In the present study, the biomechanical index was higher in the incorrect action condition than in 
the correct condition. It indicates more biomechanical constraint in the incorrect action condition, requiring higher 
processing level of KMI to finish the experimental task. That is, it was more difficult for the ASD participants to imagine 
the incorrect action representation rotating away from the mid-sagittal plane of the body relative to rotating toward it. 
Although the reaction speed became slower in the incorrect action condition, it can elicit more KMI engagement, which 
is benefit to individuals with ASD.

In addition, a result of MEG study was consisted with the idea of the present study.47 Researchers found a stronger 
activation of premotor areas for incorrect actions processing compared with correct actions. In the experimental task, 
participants were shown pictures of actors pressing buttons which were correct or incorrect according to the cues. 
Time-frequency representations of the MEG data demonstrated a stronger activity in the beta rebound in the 
observation of incorrect than correct actions, this would suggest involvement with higher forms of action 
understanding.

In sum, motor cortical areas may play the role of error monitoring in action correctness.48 The ability to classify the 
results of others’ actions as correct or incorrect is a crucial element of action learning, in which the action correctness 
need to be taken into account in the motor intervention for individuals with ASD.

Object-Centered Eye-Movement Pattern in ASD
Eye movement is spontaneous and can objectively reflect cognitive processing characteristics of individuals, which plays 
an important role in the study of individual differences. The object fixation index can reflect the effect of action 
representation on KMI in individual with and without ASD. Results of the eye-movement patterns showed that the 
ASD participants were object-centered, whereas the TD participants were hand-centered relatively. The result was 
consisted with the performance in point detection task, that ASD had a longer fixation duration for objects than body - 
related stimuli.49

The Enactive Mind theory holds that cognition is embedded in experiences associated with a particular form of 
adaptive action with environment. Under this situation, social stimuli are seen as having a higher degree of salience 
than inanimate stimuli. However, the relative salience of social stimuli might be diminished in autism. Thus, 
individuals with ASD might failing to accrue social experiences based on social cognition like typical development 
individuals, social behavior becomes truncated, slow, and inefficient.50 This theory explains the reduced ability to 
regard body as signs with high social value, which corresponds to the characteristics of avoiding social materials in 
individuals with ASD. In the present study, the hand was more likely to be associated with social situations than the 
tooth brush, the avoidance of social stimuli led to the ASD focus more on the tooth brush area, rather than the hand 
area.

Except for the visual preference of non-social stimuli, individuals with ASD also had aberrant attentional 
disengagement.51 Thus, individuals with ASD prefer to focus on object area and had fewer or slower attentional 
disengagement. In the present study, object area attracted attention of individuals with ASD, they would take a long 
time to complete the local processing with fewer attention on hand area, resulting in object-centered eye-movement 
pattern.

Implications for Intervention
The ultimate goal of autism research is to combine theory with practice. This study provide empirical support for 
improving the motor simulation disorder intervention for individuals with ASD. Initially, most of the previous 
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interventions for ASD’s motor simulation disorder were designed based on action observation (AO). AO is a perceptually 
driven cognitive process that is externally guided by an external stimulus.52 To our best knowledge, AO interventions are 
time-consuming and boring,53 which can also reduce the initiative of individuals with ASD.

Recently, McNeill et al, formally proposed the “AO+MI” (Action Observation+ Motor Imagery) intervention, in which 
individuals carried out action observation and motor imagery training at the same time.54 The “AO+MI” intervention has 
been proved to be effective in improving motor performance in young healthy adults.55 The potential mechanism through 
“AO+MI” exerts its effect have been posited.54 The first mechanism supports that AO acts as guide, reducing the priority of 
individual’s demand for visual stimulation during MI. AO frees up attentional space allowing participants to focus on the 
kinesthetic aspects of action exclusively. The second mechanism suggested that MI is responsible for kinesthetic repre-
sentation processing, while AO is responsible for visual representation processing. Both processes are controlled by similar 
neural processes; thus, AO and MI could be held simultaneously and lead to mutual promotion.

According to the results of this study, we can refine the “AO+MI” intervention from the following aspects. First, the use of 
teaching aids can promote the processing of action representation in individuals with ASD. However, attention should be paid 
to the selection of high-animacy teaching aids. Second, pay attention to the aids’ functionality. Brain imaging studies have 
shown that tools (eg hammers) are more closely linked to actions than graspable objects, triggering greater activation of the 
brain’s motor area.56 Thus, choosing more functional tools during intervention is beneficial to the improvement of individual 
motor simulation skills. Finally, strengthening multidimensional feedback on intervention effect with instruments. Typically, 
the decrease in electromyogram (EMG) activity is associated with increased motor efficiency. The EMG data in Romano- 
Smith et al showed that the mean EMG activity in “AO+MI” groups significantly decreased than the “AO” group and “MI” 
group.57 Based on the evidence cited here, the simultaneous use of kinematic and biological instruments would contribute to 
examine the interventions efficiency. What’s more, it can also further clarify the potential mechanism of “AO+MI” interven-
tion from the perspective of specific processing of individuals with ASD.

Limitation
This study had several limitations that should be addressed in the future. First, the present study is the small size. 
Although our sample has sufficient testing power, it is still essential to replicate the result in a larger sample to ensure the 
credibility. In addition, as ASD is more prevalent in males, making the limitation of the females we could find. 
Nonetheless, it is difficult to consider the gender ratio of participants, the similar male- to -female ratios is important 
for better sample representativeness.

Second, for the purpose to obtain processing mechanism of object’s effect in KMI, we chose a non-conflict object as 
material to keep consistence of hand action. Research had declared that stroop interference may occurs between object- 
related structural and functional actions.58 However, the present study did not analyze whether structural and functional 
action representation may be competitive versus facilitative. Considering of the greater discrimination between structural 
and functional actions in conflict objects, future studies should consider using conflict objects (such as calculators) as 
materials to investigate the representation processing priority in individuals with ASD.

Third, the present study did not check the baseline eye movement characteristics in both ASD and TD participants. 
Baseline eye movement performance can be tested in two ways. First, before the test starts, collecting approximately 5 
minutes of eye movement performance while the participants are sitting still.59 Second, collecting eye movement 
performance while the screen presenting empty screens or stimuli unrelated to the task between trials.60 Banire et al, 
examined the effects of social and nonsocial stimuli on on-task attention in children with ASD and age-matched TD 
children.61 The ASD group has a significantly lower performance score than the TD group at baseline with static social 
and nonsocial stimuli. The results showed that the on-task attention deficit in the ASD group was not due to social and 
non-social stimuli, but to their impaired ability to maintain attention on target stimuli. Therefore, detecting baseline eye 
movement characteristics can more clearly indicate whether the eye movement data reflect the differences in cognitive 
processing directly.

In conclusion, our study investigated whether object-related action representation can affect the KMI performance, 
and used eye-movement pattern to explore the difference of cognitive processing between individuals with and without 
ASD. This finding suggests that individuals with ASD has some trouble in KMI performance with more error and spend 
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more time. Nonetheless, the activation of action representation is typical, the incorrect action can elicit more engagement 
of KMI in individuals with ASD. What’s more, the eye-movement is different between the two groups, as the ASD 
groups are object-centered, whereas the TD groups are hand-centered. We believe that object should be used as aids in 
the motor simulation disorder intervention in individuals with ASD, which would help to improve the intervention 
efficiency and effects.
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