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Abstract
Atypical sensory perception and motor impairments are primary features of autism spectrum disorder (ASD) that indicate 
atypical development and predict social and non-social challenges. However, their link is poorly understood. Sensory percep-
tion is often integrated with motor processes when a sensory effect is temporally contiguous with the motor response. Such 
sensory-motor coupling further improves motor behavior. Previous studies indicate alterations in sensory perception of action-
effect temporal contiguity in ASD, which bares the question of how it may impact motor performance. People diagnosed with 
ASD and typically developed (TD) participants performed a speeded reaction-time task previously established to capture 
the facilitating impact of action’s perceptual effect on motor response selection. The sensitivity of this mechanism to delays 
in the effect was measured, manipulating the action-effect temporal contiguity in a within-subject design. An immediate 
action effect (compared to a No-effect condition) facilitated response selection in the TD group. This facilitation effect was 
evident in the ASD group but did not show the typical sensitivity to the effect delay. While in the TD group, RT was shorter 
in the short (225ms) compared to the long (675ms) action effect delay condition, this distinguished pattern was absent in the 
ASD group. The findings provide supporting evidence that atypical motor performance in ASD results, at least in part, from 
an altered sensory perception of action effect temporal contiguity. We discuss the results in light of the reduced perceptual 
specialization account in ASD and its potential for undermining adaptive sensorimotor processes.
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Autism spectrum disorder (ASD) is a neurodevelopmental 
condition mainly characterized by deficits in social inter-
actions, repetitive motor behaviors, and restricted personal 
interests (DSM-5; American Psychiatric Association, 2013). 
Alterations in sensory perception and motor impairments 
are primary features in ASD (for a recent comprehensive 
review, see Hadad & Yashar, 2022) that may underlie a large 
portion of symptoms in the social, behavioral, and affective 
domains (Van de  Cruys et al., 2014; Hannant et al., 2016a; 
Linkenauger et  al., 2012; Cook et  al., 2013). Although 
sensory and motor impairments provide the first signs of 

atypical development (see also Sutera et al., 2007), there is 
limited research on the relation between sensory perception 
and motor domains of functioning in ASD, posing a central 
challenge in autism research (Robertson & Baron-Cohen, 
2017).

As elaborated next, sensory perception is linked to motor 
behavior by action-effect ( e.g., a visual, auditory, or tactile 
sensory feedback that follows one’s action) that plays a vital 
role in goal-directed motor planning, response selection, 
and motor control (e.g., Rochat, 1998; Wolpert & Flanagan, 
2001; Elsner & Hommel, 2004; Hauf et al., 2004; Eitam 
et al., 2013; Karsh et al., 2016). For instance, two-month-
old infants can learn the contingency between their motor 
action and a perceptual effect (e.g., visual feedback) and use 
action-effect representation to generate movement to pro-
duce the perceptual effect intentionally (e.g., Watanabe & 
Taga, 2006). However, the vast inflow of sensory inputs con-
stantly challenges the sensorimotor system in differentiating 
self-caused from externally generated sensations. Integrat-
ing a motor action with its sensory effect depends (among 
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others) on the temporal contiguity between the action and 
the perceptual effect, which indicates their causal relation-
ship (Blakemore et al., 1999b; Eitam et al., 2013; Karsh 
et al., 2016; Wen, 2019). Previous work suggests there are 
alterations in sensory perception of action-effect temporal 
contiguity in ASD (van Laarhoven et al., 2019; see also, 
Zalla & Sperduti, 2015), which bares the question of how 
such alterations may impact motor performance.

Self-related sensory perception is commonly demon-
strated by the sensory attenuation (SA) and the intentional 
binding (IB) effects, also considered implicit measures of 
agency (Synofzik et al., 2008; Moore & Obhi, 2012). For 
instance, the sensory attenuation (SA) effect refers to the 
attenuation of self-produced sensations (e.g., compared to a 
passive condition, delayed or spatially unpredictable sensory 
effect; Blakemore et al., 1998, 1999a; Frith et al., 2000). 
The IB effect refers to the perceived temporal attraction of 
self-produced action with a temporally contiguous percep-
tual effect (compared to externally produced and, in cer-
tain conditions, delayed effect; Haggard et al., 2002; Ruess 
et al., 2018; see also, Tanaka et al., 2019). Both measures 
are also sensitive to non-motor cues (e.g., contextual cues), 
and action-effect delay may interact with other factors that 
may reverse its impact, especially on temporal binding (for 
review, see Wen, 2019). Thus, although the mechanism(s) 
underlying these measures is still unclear, there is a broad 
consensus that they reflect the perception of action and effect 
causal relationships.

Studies investigating the sensory attenuation and inten-
tional binding effects in ASD showed an attenuated impact 
of action effect on these measures. For instance, studying the 
IB effect, Sperduti et al. (2014) asked participants to perform 
a keypress response (operant) or hear a warning cue (passive 
condition). A perceptual effect was presented after a vari-
able delay (250, 450, or 650ms). Participants estimated the 
time lapses between their action (operant condition) or the 
cue (passive state) and the perceptual effect. While typically 
developing (TD) participants demonstrated IB effect, which 
appeared more substantial for 250ms compared to 650ms 
(visual) action-effect delay, individuals with ASD showed 
no IB effect for visual stimuli for all delay conditions.

Another study investigated the sensory attenuation effect 
of self-produced compared to externally produced sensation 
in TD individuals and individuals with ASD (van Laarhoven 
et al., 2019). In this study, participants were trained to click 
on a mouse button at a fixed tempo, and an auditory tone was 
followed by their click response (Motor-effect condition). 
The amplitude of the auditory N1 component was compared 
to an Only-effect (without a motor response) condition. TD 
participants demonstrated the typical attenuation of self-pro-
duced compared to externally produced tone, as indicated by 
a smaller amplitude of N1 component. However, no attenua-
tion of the N1 component was detected for individuals with 

ASD, suggesting that sensory perception was similar for 
self- compared to externally generated effects.

These two studies indicate a reduced sensitivity to the 
agency-relevant cues (e.g., action effect and its temporal 
contiguity). A recent theoretical overview proposed that 
these findings may reflect atypical sensorimotor processing 
vital for linking motor action with its sensory consequence 
(Valori et al., 2022). It may also reflect a more general char-
acteristic of reduced specialization of sensory perception 
that complies less with statistical, ecological regularities (for 
a review, see Hadad & Yashar, 2022). Consistent with these 
claims, individuals with ASD showed modulated temporal 
binding in a non-motor task, demonstrating an extended time 
window for multisensory integration in the flash-beep illu-
sion (Foss-Feig et al., 2010).

Temporally contiguous action effect has a vital role in the 
development of sensorimotor representations and enhance-
ment of motor control performance (Eitam et al., 2013; 
Karsh et al., 2016; Karsh et al., 2015a; Hemed et al., 2019; 
Tanaka et al., 2021; Hemed et al., 2022; Karsh et al., 2023). 
In the current study, we focused on such motor outcomes 
of the temporally contiguous action-effect and investigated 
whether atypical sensory perception of action-effect and 
its temporal contiguity alters motor performance in ASD 
(Valori et al., 2022; see also, Mosconi et al., 2015; Han-
nant et al., 2016b; Lidstone & Mostofsky, 2021). This line 
of research offers new insights into how atypical (action-
related) sensory perception contributes to delays in motor 
development and motor performance challenges frequently 
seen in ASD.

Action‑Effect Temporal Contiguity and its 
Impact on Motor Control Performance

Recent empirical advances provide supporting evidence for 
the rewarding aspects of temporally continuous action-effect 
by demonstrating its enhancing impact on the speed, fre-
quency, and precision of motor response selection (Eitam 
et al., 2013; Karsh & Eitam, 2015a; Behne et al., 2008; 
Kohrs et al., 2012; Hemed et al., 2019, 2022; Bakbani-
Elkayam et al., 2019; Karsh et al., 2020; see also Manohar 
et al., 2017).

Such motor enhancements were claimed to stem from 
the output of an optimal control model known as the 
comparator model (Blakemore et al., 1998, 1999a; Frith 
et al., 2000), the possible mechanism underlying the abil-
ity to distinguish between effects caused by oneself and 
those generated externally. Specifically, according to the 
comparator model, a forward sensory prediction model is 
generated based on an efference copy of the motor com-
mand. The sensory prediction model is compared with the 
actual sensory feedback representation. Such a comparison 
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operates at a pre-conceptual level and detects temporal and 
spatial discrepancies between the predicted and the actual 
sensory feedback. A minimal (e.g., temporal) discrepancy 
between the action and action effect indicates that the per-
ceptual effect is an own-action effect (Blakemore et al., 
1999a). However, sensory feedback that is lagged by more 
than ~ 300ms from the response may not be associated 
with the recent motor command (Shimada et al., 2009; 
Frith et al., 2000; Miall & Wolpert, 1996; Wen, 2019; Shi-
mada, 2022). Therefore, this mechanism requires highly 
tuned sensory perception that differentiates meaningful 
(e.g., >~300ms) from negligible ( < ~ 300ms) action-effect 
delay for optimal operation.

The Control-based response selection framework (CBRS; 
Karsh & Eitam, 2015b) was proposed to suggest that a mini-
mal discrepancy detected by this model is rewarding (see 
also, Stephens, 1934; Skinner, 1953; White, 1959; Wen 
et al., 2018) which further reinforces the relevant motor pro-
gram (Hemed et al., 2022) and enhance stimulus-response 
association (Tanaka et al., 2021), contributing to the creation 
and development of sensorimotor representations.

These claims were supported in previous work where 
participants performed a speeded response time task and 
were required to respond to descending circles appearing 
sequentially on their monitor by pressing the relevant spa-
tially congruent key on a keyboard as fast as possible (e.g., 
Eitam et al., 2013; Karsh et al., 2016). A visual action-effect 
could appear after their response (e.g., a brief white flash 
on the circle cue). A consistent pattern was demonstrated 
across experiments showing that a temporally contiguous 
effect facilitates the speed of response selection compared 
to a subtly lagged (> 300ms; Eitam et al., 2013; Karsh et al., 
2016; Karsh et al., 2022), spatially unpredicted (Karsh et al., 
2016) and a No-effect condition (Eitam et al., 2013; Karsh 
et al., 2016). Notably, the impact of temporally contiguous 
action-effect on the speed of motor response selection was 
insensitive to abstract knowledge regarding the outcome 
value of the response (monetary gain; Karsh et al., 2020) 
and environmental regularities when motor action was not 
involved (e.g., the probability of an effect given no-response; 
Delta-p; Hemed et al., 2022). Moreover, the facilitating 
impact emerged with minimal explicit knowledge about 
action-effect temporal contiguity mapping (Karsh et al., 
2016) and depended on a specific combination between the 
stimulus and the response (Tanaka et al., 2021).

These findings support that the facilitating impact of tem-
porally contiguous action effect stems from sensorimotor 
integration that operates within a limited range of action-
effect delay. The findings also suggest that such facilitation 
effect (at least in this kind of tasks) is independent of more 
high-level non-motor self-causality attributional processes, 
success in task performance, motivation from tangible 
rewards, or explicit control knowledge.

The Current Study

Sensory perception of action-effect and its temporal con-
tiguity is vital for sensorimotor and motor performance. 
Thus, altered self-related sensory perception often 
reported in autism (e,g., Valori et al., 2022) may contribute 
to motor challenges in these individuals. We investigated 
here the impact of action-effect temporal contiguity on 
the speed of motor response selection for the first time in 
adults with ASD. We used a modified version of a task 
developed by Eitam et al. (2013), which captures the facili-
tating impact of the temporally contiguous action effect 
on the speed of motor response selection. Different from 
Eitam’s task, delays in the action-effect were manipulated 
between blocks in a within-subject design, allowing a 
more sensitive measurement of group differences in sen-
sory perception of action-effect delay.

In this task, a target circle appeared on a game window 
in one of four locations and rapidly descended vertically 
to the game window’s bottom. Participants were asked to 
respond with the correct (spatially congruent) key as fast 
as possible. Their response could trigger an immediate 
perceptual effect (a brief white flash) on the target circle 
(an Immediate effect condition), at variable delays (225 
ms, 450 ms, or 675ms), or continue to descend to the bot-
tom of the game window without any perceptual change 
following the response (a No-effect condition). Previous 
work using this task with TD participants (Eitam et al., 
2013; Karsh et al., 2016) has demonstrated significantly 
shorter response times (RT) in the immediate, compared 
to substantially delayed (> 300ms) and the No-effect con-
ditions. In the context of this study, shorter RTs in the 
immediate effect condition compared to the lagged effect 
condition suggest that the sensory perception of action-
effect temporal contiguity adheres to ecological constraints 
essential for the motor system to distinguish between self-
generated and externally induced effects. Contrary to this 
expected pattern for the TD participants, those with ASD 
may demonstrate alterations in linking a motor response 
with its sensory consequence because of atypical sensory 
perception of action-effect temporal contiguity (Sperduti 
et al., 2014; van Laarhoven et al., 2019; Valori et al., 2022; 
Foss-Feig et al., 2010; Hadad & Yashar, 2022). Therefore, 
the impact of the action effect on RT in ASD would be less 
modulated by action-effect delay.
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Method

Participants

In total, forty-two adults participated in the experiment: 
21 adults diagnosed with high-functioning autism (3 
females; Age: M = 27.36, SD = 6.23) and 21 TD adults 
(12 females; Age: M = 26.14, SD = 5.12). All participants 
reported normal or corrected-to-normal vision and had IQ 
within the normal range. IQ was assessed using the Test of 
Nonverbal Intelligence–Fourth Edition (TONI-4, an age-
standardized test with a mean score of 100 and a standard 
deviation of 15; Brown et al., 2010; Ritter et al., 2011). 
No significant differences in IQ were found between the 
groups (see Table 1) (two participants with ASD and one 
TD participant did not complete the TONI-4 test due to 
technical reasons).

All ASD participants completed the Autism Diagnostic 
Observation Schedule-Generic (Lord et al., 2000) and met 
the ASD diagnosis on the Social and Communication total 
score (Table 1). In addition, all participants completed the 
Hebrew version of the Autism Quotient scale (Baron-Cohen 
et al., 2001). Data from one TD participant and one ASD 
participant was excluded from the analysis (see Pre-process-
ing section for detailed description). Individuals with ASD 
exhibited, on average, higher scores than TD individuals on 
the AQ scale [t38 = 6.49, p < .001,  CI95 (10, 19), see Table 1].

All participants provided written informed consent to par-
ticipate in the study and were paid 50 NIS for an hour. We 
recruited TD participants through an advertisement at the 
University of Haifa and ASD individuals through a hostel 
providing living assistance for ASD individuals. The Institu-
tional Ethics Committee at the University of Haifa approved 
the study (IRB: #046/20).

Stimuli and Procedure

Participants sat in a soundproof room with dim lighting at an 
approximate distance of 50 cm from the computer monitor 
and were introduced to a modified version of a computer-
ized task first developed by Eitam et al. (2013). In this task, 
a colored circle (visual angle = ~ 1.402°) appears in one of 
four possible horizontal locations at the top of the game 
window (9.5 cm X 10 cm) and rapidly descends vertically to 
the bottom of the game window. Participants were to place 
both their middle and index fingers of both hands on four 
designated response keys (‘S’, ‘D’, ‘H’ and ‘J’) on a standard 

PC keyboard and were instructed to ‘stamp’ the circles as 
they appear on the screen as fast as they could by pressing 
the correct spatially-coded key.

Notably, we manipulated the temporal contiguity between 
the appearance of the visual action-effect and the partici-
pants’ responses (the circle changed its color to white for 
100ms and disappeared, experienced as a brief white flash). 
Specifically, the perceptual effect appeared immediately 
after the participant’s response. Three additional experimen-
tal conditions were used with varying delays between their 
response and the appearance of the effect: 225ms, 450ms, 
and 675ms lagged effect conditions. In addition, the No-
effect condition was used as a control, in which no flash was 
presented following a response, and the circle continued its 
descending path. The ISI was 2000ms in all condition blocks 
and independent of RT. Participants completed each of the 
five effect conditions in separate blocks of trials; a Latin 
Square determined the order of the blocks.

The experimental task entailed two parts with ~ 5-minute 
break between the two parts. The order of the parts was 
counterbalanced between participants. In one part, each 
condition block appeared once and included 60 trials. In 
the other part, each of the five condition blocks included 30 
trials, and this loop of five condition blocks repeated itself 
three times (Fig. 1). Overall, participants performed 750 tri-
als1. After completing the experimental task, participants 
were administered the Autistic Quotient (AQ) scale (Baron-
Cohen et al., 2001) and the IQ test (TONI-4; Brown et al., 
2010; Ritter et al., 2011).

Data Pre‑processing

Data from one TD participant who scored 30 on the AQ 
scale was removed from the analysis. Similar to previous 
studies using this task (e.g., Karsh et al., 2020), trials with 
lower than 85% hit rates were removed (~ 4% of the total 
trials; calculated for each part of the experiment separately). 
There was no significant difference between ASD (M = 0.95, 
SD = 0.03) and TD (M = 0.95, SD = 0.02) participants in the 

Table 1  Summary statistics of 
AQ, Toni-4, and ADOS

AQ (SD, Range) Toni-4 (SD, Range) ADOS (SD, Range)

ASD (n = 20) 28.5 (8.53, 14–46) 102.88 (11.21, 89–121) 10.25 (2.4, 7–16)
TD (n = 20) 13.5 (5.81, 6–29) 106.68 (9.97, 87–128) –

1  Note that we divided the task into two parts to explore whether the 
changing frequency of the condition blocks had a differential impact 
on ASD and TD groups performance that may have masked the influ-
ence of action-effect on RT. The pattern of findings was consistent 
between the two regularities and the type of experimental regularity 
did not interact with group to affect RT. We report separate analyses 
for the two parts in the Supplementary Materials.
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remaining hit rates (t38 < 1). Incorrect responses (~ 4.5%), 
responses that were either above 700 ms or below 200 ms 
(~ 13%), and responses that deviated from their condition’s 
mean RT by at least two standard deviations from each group 
(~ 2%), were removed from further analysis.

Results

Our primary dependent variable was participants’ mean 
response times (RT), measured in milliseconds from the 
circle’s appearance to the participant’s response (using 
Psychopy; Peirce et al., 2019). A two-way mixed model 
ANOVA was carried out on RTs, with Effect (Immediate, 
225ms, 450ms, 675ms, and No-effect) as a within-subject 
factor and Group (ASD vs. TD) as a between-subject factor. 
The analysis demonstrated a significant difference between 
groups  [F(1,152)=24.22, p < .001, η2

p = 0.38], demonstrating 
overall slower RTs in the ASD compared to the TD group 

(see Table 2 for descriptive statistics). In addition, replicat-
ing previous studies, a main effect of Effect was observed 
 [F(4,152)=13.59, p < .001, η2

p = 0.26].
Importantly, consistent with our predictions, a signifi-

cant interaction was observed between Effect and Group 
 [F(4,152) = 3.35, p = .011, η2

p = 0.08; see Fig. 2]. To further 
understand the nature of the interaction effect, we examined 
the difference between TD and ASD groups within each 
Effect condition. First, we used the No-effect as a base-
level condition to test whether the groups differ in the mere 
facilitating impact of the action-effect. As can be seen in 
Table 3, both ASD and TD participants demonstrated the 
facilitation effect in the Immediate condition. After Bon-
ferroni adjustment for multiple comparisons, no significant 

Fig. 1  An illustration of a trial in the experimental task in each of the five condition blocks

Table 2  Mean and SD of RT (ms) in the effect conditions

TD ASD Overall

Effect condition M (SD) M (SD) M (SD)
Immediate 515 (27) 570 (37) 543 (42)
225ms 522 (25) 576 (38) 549 (42)
450ms 529 (30) 576 (36) 553 (40)
675ms 535 (27) 576 (36) 556 (38)
No-effect 537 (24) 581 (36) 559 (37)
Overall 528 (27) 576 (36)

Fig. 2  The impact of action-effect temporal contiguity on response 
times in the two groups. Error bars depict 95% confidence intervals
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differences between groups were observed in each of the 
four comparisons.

Second, to test whether the groups differ in their sensi-
tivity to different levels of action-effect delay, we used the 
(maximal) 675ms delay condition as the baseline level. As 
can be seen in Table 4, ASD and TD groups showed differ-
ential sensitivity to action-effect delay. Specifically, in line 
with previous work (Eitam et al., 2013; Karsh et al., 2016), 
after Bonferroni correction, RT in the TD group was shorter 
in the immediate [Contrast = 19.75, S.E.=3.95; p < .001, 
 CI95%(10, 28)] and the 225ms [Contrast = 13.59, S.E.=4.29; 
p = .006,  CI95%(3, 23)] effect condition (compared to the 
675ms delay base-level condition). Unlike the TD group, 
RTs in the ASD group were less sensitive to different delays 
[Immediate vs. 675ms: Contrast = 6.04, S.E.=3.95; p = .27, 
 CI95%(−3, 15); 225 vs. 675ms: Contrast=− 0.05, S.E.=4.29; 
p = 1,  CI95%(−9, 10)].

These results suggest that an (immediate) action-effect 
enhances the motor performance of individuals with ASD. 
Still, their RTs are less modulated by different levels of 
action effect delays.

Finally, to estimate the predicted amount of change 
in RTs as a function of an increase in action-effect delay 
between the two groups, we used a linear mixed effect model 
of RTs on Effect (as a continuous predictor) and Group as 
fixed effects with a random intercept by the participant. The 
interaction between Group and Effect was significant [(Coef. 
= −3.6, p = .001,  CI95% (−5, −1)] suggesting that overall, 
the predicted amount of change in RTs as a function of an 
increase in action-effect delay was smaller in the ASD com-
pared to the TD group (see also Fig. 3 for individual data).

Autistic Quotient (AQ)

To explore whether Autistic Quotient (AQ) scores were 
associated with modulating the impact of action-effect and 
its temporal contiguity on RTs, we initially assigned all 
participants to High and Low AQ groups according to the 
Median score (Med = 18). A two-way mixed model ANOVA 
was carried out on RTs with Effect as a within-subject fac-
tor with five levels (Immediate, 225ms, 450ms, 675ms, and 
No-effect) and AQ as a between-subject factor with two 
levels (High vs. Low). The analysis revealed a significant 
difference between the High and Low AQ groups  [F(1,152)= 
4.46, p = .041, η2

p = 0.1], showing slower RTs for the High 
(M = 565, SD = 35) compared to the Low (M = 540, SD = 40) 

Table 3  Group differences in the action-effect delays with the No-
effect condition as baseline

The contrasts depict double differences: for example, contrast 11 indi-
cates that the difference between the Immediate and the No-effect 
condition is larger in the TD compared to the ASD group. We calcu-
lated Bayesian independent samples t-test on the difference between 
the relevant conditions between the two groups using the default 
Cauchy prior (= 0.707) and reported the non-directional Bayes Factor 
(BF)

vs. No-effect Contrast
(Std. Err. 
= 4.85)

P 95% CI. BF10

(Bonferroni cor-
rected)

Group
(TD vs. ASD)

Immediate 11 0.087 −1, 23 1.96

225ms 11 0.095 −1, 23 0.96
450ms 3 1 −8, 15 0.53
675ms -2 1 −14, 9 0.36

Table 4  Group differences in the action-effect delays with 675ms 
delay condition as baseline

The contrasts depict double differences: for example, contrast 13 indi-
cates that the difference between the Immediate and the 675ms condi-
tion is larger in the TD compared to the ASD group. We calculated 
the Bayesian independent samples t-test on the difference between the 
relevant conditions between the two groups using the default Cauchy 
prior (= 0.707) and reported the non-directional Bayes Factor (BF)

vs. 675 ms delay Contrast
(Std. 
Err. 
=4.85)

P 95% CI. BF10

(Bonferroni 
corrected)

Group
(TD vs. ASD)

Immediate 13 0.02 1, 25 3.03

225ms 13 0.02 1, 25 2.07
450ms 6 0.84 -6, 18 0.81
No-effect 2 1 -9, 14 0.36

Fig. 3  Individual data points of ASD and TD participants describ-
ing linear prediction of their averaged change in RTs as a function 
of an increase in action-effect delay (calculated using ‘margins’ com-
mand with ‘dydx’ option in STATA-15 software). The solid lavender 
horizontal line represents the averaged change in RTs as a function 
of increased delay for the TD group. The orange dashed horizontal 
line represents the averaged change in RTs as a function of increased 
delay for the ASD group. Data points for individuals with ASD are 
on the left and for the TD on the right
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AQ group. Interestingly, similar to the differences found 
between TD and ASD groups, there was a significant interac-
tion between Effect and AQ  [F(4,152)=4.5, p = .001, η2

p = 0.1]; 
see Fig. 4a]. To further explore whether AQ score modulated 
the predicted change in RTs as a function of an increase 
in action-effect delay, we used a linear mixed effect model 
of RTs on Effect and AQ score (as continuous predictors), 
with a random intercept by the participant. The interaction 
between AQ score and Effect was found significant [(Coef. 
= − 0.16, p = .001,  CI95% (−0.27, − 0.06)] suggesting that 
overall, the predicted amount of change in RTs as a func-
tion of an increase in action-effect delay level was smaller 
as the AQ score increased (Fig. 4b). The findings echo the 
observed differences between the TD and the ASD groups.

Discussion

Atypical sensory and motor processing characterize some of 
the primary symptoms of ASD that may explain the etiology 
of their social, affective, and motor functioning. They may 
reflect the first signs of atypical development (e.g., Han-
nant et al., 2016b; Whyatt & Craig, 2013; Baranek, 1999; 
Linkenauger et al., 2012; Cook et al., 2013) and thus may 
inform early diagnosis. To better understand these altera-
tions, we examined the motor outcome of self-related sen-
sory perception, namely the impact of action-effect tem-
poral contiguity on the speed of motor response selection 
(Eitam et al., 2013; Karsh & Eitam., 2015a; b; Karsh et al., 
2016; Hemed et al., 2019; Bakbani-Elkayam et al., 2019; 
Karsh et al., 2020; Hemed et al., 2022). For this purpose, 
we used an established computerized task modified to 

include different levels of action-effect delays manipulated 
in a within-subject design. Such modification enabled a 
sensitive measurement of motor performance modulation 
by varying action-effect delay levels. The findings replicate 
previous work demonstrating that an immediate action-
effect (compared to a No-effect condition) facilitated the 
speed of motor response selection for both TD and ASD 
participants. Although somewhat smaller, this facilitation 
effect was clearly evident in the ASD group, showing that 
motor response selection in people with ASD, as in TD, was 
enhanced by immediate action effects.

Following the conceptualization of the control-based 
response selection framework (Karsh et al., 2015b), the pre-
sent findings indicate that the mechanism responsible for 
rewarding an (immediate) own-action effect that facilitates 
response-selection is intact in ASD, potentially enabling 
the relevant motor program’s reinforcement (Hemed et al., 
2022) and the development of sensory-motor representations 
(Tanaka et al., 2021 or ‘event files’ Hommel, 1998). How-
ever, the attenuated impact of action-effect delay on RTs in 
the ASD group, may reflect an atypical sensory processing 
of action-effect delay that further affected motor processes. 
Delays in sensory feedback had altered effects on response 
selection in ASD. Specifically, the results in the TD group 
were shown to be consistent with previous studies suggest-
ing that the facilitation of motor response selection emerges 
following action-effects that are lagged by less than ~ 300ms 
(Eitam et al., 2013; Karsh et al., 2016; e.g., the 225ms com-
pared to the 675 ms delay condition in the current study). On 
the contrary, in the ASD group, RTs were almost identical 
in the negligible (225ms) and substantial (675 ms) action 
effect delay conditions.

Fig. 4  a The impact of action-effect and AQ on response times. Error 
bars depict 95% confidence interval. b  Linear prediction of Effect-
based change in RTs as a function of AQ score. Error bars represent 

95% confidence interval. The solid lavender and the dashed orange 
horizontal lines represent the range of AQ scores in the TD and ASD 
groups
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Importantly, the forward sensory prediction model does 
not predict delays in the sensory feedback, which under-
mines sensorimotor integration (Blakemore et al., 2002; 
Wen, 2019). However, as discussed in our previous work 
(Karsh et al., 2023), inevitable delays may result from neural 
transmission and other internal sources that may reach up 
to ~ 300ms in some cases (Shimada et al., 2009; Frith et al., 
2000; Miall & Wolpert, 1996; Wen, 2019; Shimada, 2022). 
Consistently, the facilitating impact of action-effect may typ-
ically emerge after some, yet negligible action-effect delays. 
Such perceptual flexibility that operates within a restricted 
range of action-effect delay may reflect the adaptable nature 
of perceptual-motor integration in promoting motor control 
performance (Wolpert et al., 1995, 2011; Wolpert & Fla-
nagan, 2001). In this sense, the pattern of findings in the 
ASD group may indicate greater sensory sensitivity to minor 
action-effect delays. Thus, although the findings suggest a 
generally intact sensorimotor reinforcement from an imme-
diate action-effect in ASD, in the presence of uncertainty 
(e.g., triggered by action-effect delay), their sensory percep-
tion is less flexible to represent action-effect delays in an 
ecological manner (e.g., to differentiate meaningful from 
negligible action-effect delays for sensorimotor processes).

Contemporary theories of sensory perception in ASD 
can further advance our understanding of the atypical 
motor pattern following delayed action-effect in the ASD 
group. According to the reduced perceptual specialization 
account in ASD, perceptual representations in ASD are 
considered to be too broadly tuned, operating within less 
specified parameters (Hadad et al., 2017; for a review, see 
Hadad & Yashar, 2022; Valori et al., 2022). Some aspects 
of the reduced specialization in ASD can be explained by 
the predictive coding account of ASD, which postulates a 
higher and inflexible weight (or precision) to the sensory 
input (Van de Cruys et al., 2014; Lawson et al., 2014; Palmer 
et al., 2017). This tendency may impair more abstract cat-
egorization of self-related sensory perception according to 
statistical regularities (e.g., accounting for substantial and 
minor action effect delays) in an ecological manner. In this 
sense, different delays may receive the same treatment by 
sensorimotor processes (e.g., the comparator model); there-
fore, even a minor delay (less than 300ms) may undermine 
sensory-motor coupling and negate the promoting impact of 
action effect on motor performance in the ASD group. Such 
an interpretation follows the findings showing shorter RTs 
in the 225ms condition compared to the 675ms condition 
in the TD but not in the ASD group. However, this conclu-
sion awaits an independent examination of the impact of 
action-effect delays on developing stimulus-response-effect 
association in TD and ASD groups.

The present findings and interpretations can shed light 
on inconsistencies in the literature regarding the evaluation 
of action-effect predictions in ASD. For instance, previous 

work focusing on implicit perceptual measures of agency 
showed attenuated IB and SA effects in ASD, claiming an 
altered evaluation of agency-relevant cues in ASD (Sper-
duti et al., 2014; van Laarhoven et al., 2019). Another study 
(Finnemann et al., 2021) did not detect such attenuation, 
concluding that there is no general deficit in predictive pro-
cessing in ASD. The findings of these studies are difficult 
to compare because of the very different tasks used, the dif-
ferent action-effect sensory modalities employed (visual, 
auditory, or tactile), and whether action-effect delay was 
manipulated. Whether these previous and present studies tap 
into precisely the exact mechanism is beyond the scope of 
the current study. Nevertheless, the present study adds to this 
somewhat limited literature by demonstrating reinforcement 
from sensorimotor predictability (Eitam et al., 2013; Karsh 
et al., 2016; Hemed et al., 2022) in both TD and ASD groups 
and highlights group differences in processing action-effect 
delay as a critical factor for understanding group differences 
in evaluating such sensorimotor predictions.

As shown for many tested functions, there was a large 
variability within the ASD (compared to the TD) group in 
the modulating impact of action-effect temporal contigu-
ity on response times. Approximately a third of the ASD 
participants demonstrated an opposite trend regarding the 
impact of action-effect delay on RTs, a similar proportion 
of subjects demonstrated no noticeable impact, and the rest 
showed a typical effect. For the TD group, approximately 
80% of the participants showed at least some facilitation 
effect from an immediate action-effect (see Fig. 3). Such 
variability within the ASD group may be considered a limi-
tation of this study in detecting a pattern that characterizes 
the core ASD mechanism. However, it is also consistent 
with our theoretical claim for a system less constrained by 
ecological statistical regularities. Note that this pattern may 
also account for the variability in sensory symptoms within 
the autistic population (Happé et al., 2006; Uljarević et al., 
2017), leading to apparent inconsistency between studies 
typically interested in groups’ mean differences. Thus, the 
results can set the stage for further studies on sensory phe-
notyping, and encourage future studies using basic percep-
tual and motor tasks to explore systematic variability within 
the autism to advance our understanding of potential ASD 
subtypes.

The current findings raise other potential limitations 
and suggestions for future research. In the present study, 
response times, which are typically slower and more vari-
able (Dinstein et al., 2012) in ASD groups, were used as the 
primary variable indicating motor performance. Although 
RTs of both ASD and TD groups were shorter following 
an immediate effect (compared to no-effect), future work 
may also consider using other measures for motor per-
formance. For example, previous work using an endpoint 
movement task demonstrated that temporally contiguous 
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(compared to delayed) action-effect improved movement’s 
endpoint precision (Karsh et al., 2023). These kinds of tasks 
are less dependent on participants’ response time tendency 
and enable examining movement kinematics in addition to 
motor outcomes. Finally, it should also be considered that 
the attenuated impact of action-effect temporal contiguity on 
motor response selection in ASD may characterize a percep-
tual system that atypically processes temporal information 
(for a review, see Casassus et al., 2019) rather than a general 
alternation in motor-based evaluation of sensorimotor pre-
dictions. This can be examined in a future study by manipu-
lating action-effect spatial predictability instead of temporal 
contiguity (Karsh et al., 2016; Exp. 2). Finally, the study 
procedure and requirements challenged our ability to include 
a larger sample of ASD participants from different levels 
of functioning. Future work is encouraged to use a larger 
sample of participants with varying levels of functioning and 
sensory symptoms, which may interact with action-effect 
delay to impact motor performance.

Conclusions

The study integrates previous work in the perceptual and 
motor domains to provide novel insights on how such atypi-
cal sensory processing of an own-action effect can be related 
to motor performance in ASD. Specifically, the current work 
is the first to study the impact of action-effect and its tem-
poral contiguity on motor performance in ASD. Like TD 
individuals, the motor performance of individuals diag-
nosed with ASD benefited from action’s immediate percep-
tual feedback. However, in contrast to TD individuals, the 
motor performance of individuals with ASD was uniformly 
influenced by negligible and significant action-effect delays. 
The findings align with the reduced perceptual specialization 
account in ASD, suggesting that sensory perception is less 
flexible to account for statistical regularities in an ecological 
manner. The present study supports that part of the etiology 
of the motor symptoms often accompanying ASD is related 
to sensory perception of an own-action effect.

Acknowledgments All authors contributed to the study’s conception 
and design. Noam Karsh and Marissa Hartston performed material 
preparation and data collection. Data analysis was performed by Noam 
Karsh. Noam Karsh wrote the first draft of the manuscript, and all 
authors commented on previous versions of the manuscript. All authors 
read and approved the final manuscript.

Funding Open access funding provided by Tel Hai Aca-
demic College. The research was funded by a grant from 
the Israeli Science Foundation (ISF) to B. Hadad.Conflict of 
interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

American Psychiatric Association. (2013). Diagnostic and Statisti-
cal Manual of Mental Disorders. https:// doi. org/ 10. 1176/ APPI. 
BOOKS. 97808 90425 596.

Bakbani-Elkayam, S., Dolev-Amit, T., Hemed, E., Zilcha-Mano, S., 
& Eitam, B. (2019). Intact motivation in major depression: Nor-
mative responsiveness to action-effectiveness demonstrated in 
a clinical sample. SSRN Electronic Journal. https:// doi. org/ 10. 
2139/ SSRN. 34720 84.

Baranek, G. T. (1999). Autism during infancy: A retrospective video 
analysis of sensory-motor and social behaviors at 9–12 months 
of age. Journal of Autism and Developmental Disorders 1999, 
29:3(3), 213–224. https:// doi. org/ 10. 1023/A: 10230 80005 650. 
29.

Baron-Cohen, S., Wheelwright, S., Skinner, R., Martin, J., & Club-
ley, E. (2001). The autism-spectrum quotient (AQ): Evidence 
from Asperger syndrome/high-functioning autism, males and 
females, scientists and mathematicians. Journal of Autism 
and Developmental Disorders, 31(1), 5–17. https:// doi. org/ 10. 
1023/A: 10056 53411 471

Behne, N., Scheich, H., & Brechmann, A. (2008). The left dorsal 
striatum is involved in the processing of Neutral feedback. Neu-
roreport, 19(15), 1497–1500. https:// doi. org/ 10. 1097/ WNR. 
0B013 E3283 0FE98C.

Blakemore, S. J., Frith, C. D., & Wolpert, D. M. (1999a). Spatio-
temporal prediction modulates the perception of self-produced 
stimuli. Journal of Cognitive Neuroscience, 11(5), 551–559. 
https:// doi. org/ 10. 1162/ 08989 29995 63607.

Blakemore, S. J., Wolpert, D. M., & Frith, C. D. (1998). Central 
cancellation of self-produced tickle sensation. Nature Neurosci-
ence 1998, 1:7(7), 635–640. https:// doi. org/ 10. 1038/ 2870. 1.

Blakemore, S. J., Wolpert, D. M., & Frith, C. D. (1999b). The cer-
ebellum contributes to somatosensory cortical activity during 
self-produced tactile stimulation. Neuroimage, 10(4), 448–459. 
https:// doi. org/ 10. 1006/ NIMG. 1999. 0478.

Blakemore, S. J., Wolpert, D. M., & Frith, C. D. (2002). Abnormali-
ties in the awareness of action. Trends in Cognitive Sciences, 
6(6), 237–242.

Brown, L., Sherbenou, R. J., & Johnsen, S. K. (2010). Test of non-
verbal intelligence: TONI-4. Pro-ed.

Casassus, M., Poliakoff, E., Gowen, E., Poole, D., & Jones, L. A. 
(2019). Time perception and autistic spectrum condition: A sys-
tematic review. Autism Research, 12(10), 1440–1462.

Cook, J. L., Blakemore, S. J., & Press, C. (2013). Atypical basic 
movement kinematics in autism spectrum conditions. Brain, 
136(9), 2816–2824. https:// doi. org/ 10. 1093/ BRAIN/ AWT208.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1176/APPI.BOOKS.9780890425596
https://doi.org/10.1176/APPI.BOOKS.9780890425596
https://doi.org/10.2139/SSRN.3472084
https://doi.org/10.2139/SSRN.3472084
https://doi.org/10.1023/A:1023080005650
https://doi.org/10.1023/A:1005653411471
https://doi.org/10.1023/A:1005653411471
https://doi.org/10.1097/WNR.0B013E32830FE98C
https://doi.org/10.1097/WNR.0B013E32830FE98C
https://doi.org/10.1162/089892999563607
https://doi.org/10.1038/2870
https://doi.org/10.1006/NIMG.1999.0478
https://doi.org/10.1093/BRAIN/AWT208


 Journal of Autism and Developmental Disorders

Dinstein, I., Heeger, D. J., Lorenzi, L., Minshew, N. J., Malach, R., & 
Behrmann, M. (2012). Unreliable evoked responses in autism. 
Neuron, 75(6), 981–991.

Eitam, B., Kennedy, P. M., & Higgins, E. T. (2013). Motivation from 
control. Experimental Brain Research, 229(3), 475–484. https:// 
doi. org/ 10. 1007/ S00221- 012- 3370-7/ TABLES/6.

Elsner, B., & Hommel, B. (2004). Contiguity and contingency in 
action-effect learning. Psychological Research Psychologische 
Forschung, 68(2), 138–154.

Finnemann, J. J., Plaisted-Grant, K., Moore, J., Teufel, C., & Fletcher, 
P. C. (2021). Low-level, prediction-based sensory and motor pro-
cesses are unimpaired in Autism. Neuropsychologia, 156, 107835.

Foss-Feig, J. H., Kwakye, L. D., Cascio, C. J., Burnette, C. P., Kadi-
var, H., Stone, W. L., & Wallace, M. T. (2010). An extended 
multisensory temporal binding window in autism spectrum dis-
orders. Experimental Brain Research, 203, 381–389.

Frith, C. D., Blakemore, S. J., & Wolpert, D. M. (2000). Explaining 
the symptoms of schizophrenia: Abnormalities in the awareness 
of action. Brain Research Reviews, 31(2–3), 357–363. https:// 
doi. org/ 10. 1016/ S0165- 0173(99) 00052-1.

Hadad, B. S., & Yashar, A. (2022). Sensory perception in autism: 
What can we learn? Annual Review of Vision Science, 8, 239–264. 
https:// doi. org/ 10. 1146/ ANNUR EV- VISION- 093020- 035217.

Hadad, B. S., Goldstein, E. K., & Russo, N. N. (2017). Atypical per-
ception in autism: A failure of perceptual specialization? Autism 
Research, 10(9), 1510–1522. https:// doi. org/ 10. 1002/ AUR. 1800.

Haggard, P., Clark, S., & Kalogeras, J. (2002). Voluntary action and 
conscious awareness. Nature Neuroscience, 5(4), 382–385. https:// 
doi. org/ 10. 1038/ nn827.

Hannant, P., Tavassoli, T., & Cassidy, S. (2016a). The role of senso-
rimotor difficulties in autism spectrum conditions. Frontiers in 
Neurology, 7, 124. https:// doi. org/ 10. 3389/ FNEUR. 2016. 00124/ 
BIBTEX.

Hannant, P., Cassidy, S., Tavassoli, T., & Mann, F. (2016b). Sensorimo-
tor difficulties are associated with the severity of autism spectrum 
conditions. Frontiers in Integrative Neuroscience, 10, 28. https:// 
doi. org/ 10. 3389/ FNINT. 2016. 00028/ BIBTEX

Happé, F., Ronald, A., & Plomin, R. (2006). Time to give up on a single 
explanation for autism. Nature Neuroscience, 9(10), 1218–1220.

Hauf, P., Elsner, B., & Aschersleben, G. (2004). The role of action 
effects in infants’ action control. Psychological Research Psy-
chologische Forschung, 68(2), 115–125.

Hemed, E., Bakbani-Elkayam, S., Teodorescu, A. R., Yona, L., & 
Eitam, B. (2019). Evaluation of an action’s effectiveness by the 
motor system in a dynamic environment. Journal of Experimental 
Psychology: General. https:// doi. org/ 10. 1037/ XGE00 00692.

Hemed, E., Karsh, N., Mark-Tavger, I., & Eitam, B. (2022). 
Motivation(s) from control: Response-effect contingency and 
confirmation of sensorimotor predictions reinforce different levels 
of selection. Experimental Brain Research, 240(5), 1471–1497. 
https:// doi. org/ 10. 1007/ S00221- 022- 06345-3/ FIGUR ES/7.

Hommel, B. (1998). Event files: Evidence for automatic integration of 
stimulus-response episodes. Visual Cognition, 5(1–2), 183–216.

Karsh, N., & Eitam, B. (2015a). Motivation from control. The sense of 
agency (pp. 265–286). Oxford University Press. https:// doi. org/ 
10. 1093/ acprof: oso/ 97801 90267 278. 003. 0012

Karsh, N., & Eitam, B. (2015b). I control therefore I do: Judgments 
of agency influence action selection. Cognition, 138, 122–131. 
https:// doi. org/ 10. 1016/J. COGNI TION. 2015. 02. 002.

Karsh, N., Eitam, B., Mark, I., & Higgins, E. T. (2016). Bootstrap-
ping agency: How control-relevant information affects motiva-
tion. Journal of Experimental Psychology: General, 145(10), 
1333–1350. https:// doi. org/ 10. 1037/ XGE00 00212.

Karsh, N., Hemed, E., Nafcha, O., Elkayam, S. B., Custers, R., & Eitam, 
B. (2020). The differential impact of a response’s effectiveness 

and its monetary value on response-selection. Scientific Reports, 
10(1), 1–12. https:// doi. org/ 10. 1038/ s41598- 020- 60385-9.

Karsh, N., Ahmad, Z., Erez, F., & Hadad, B. S. (2023). An effect that 
counts: Temporally contiguous action effect enhances motor per-
formance. Psychonomic Bulletin & Review. https:// doi. org/ 10. 
3758/ s13423- 023- 02387-y

Kohrs, C., Angenstein, N., Scheich, H., & Brechmann, A. (2012). 
Human striatum is differentially activated by delayed, omitted, 
and immediate registering feedback. Frontiers in Human Neuro-
science, 6, 243.

Lawson, R. P., Rees, G., & Friston, K. J. (2014). An aberrant preci-
sion account of autism. Frontiers in Human Neuroscience, 8, 302. 
https:// doi. org/ 10. 3389/ FNHUM. 2014. 00302/ BIBTEX.

Lidstone, D. E., & Mostofsky, S. H. (2021). Moving toward under-
standing autism: Visual-motor integration, imitation, and social 
skill development. Pediatric Neurology, 122, 98–105. https:// doi. 
org/ 10. 1016/J. PEDIA TRNEU ROL. 2021. 06. 010.

Linkenauger, S. A., Lerner, M. D., Ramenzoni, V. C., & Proffitt, D. 
R. (2012). A perceptual–motor deficit predicts social and com-
municative impairments in individuals with autism spectrum 
disorders. Autism Research, 5(5), 352–362. https:// doi. org/ 10. 
1002/ AUR. 1248.

Lord, C., Risi, S., Lambrecht, L., Cook, E. H., Leventhal, B. L., Dila-
vore, P. C., Pickles, A., & Rutter, M. (2000). The autism diag-
nostic observation schedule—generic: A standard measure of 
social and communication deficits associated with the spectrum 
of autism. Journal of Autism and Developmental Disorders, 
30(3), 205–223. https:// doi. org/ 10. 1023/A: 10055 92401 947.

Manohar, S. G., Finzi, R. D., Drew, D., & Husain, M. (2017). Dis-
tinct motivational effects of contingent and noncontingent 
rewards. Psychological Science, 28(7), 1016–1026. https:// doi. 
org/ 10. 1177/ 09567 97617 693326/ ASSET/ IMAGES/ LARGE/ 10. 
1177_ 09567 97617 693326- FIG2. JPEG.

Miall, R. C., & Wolpert, D. M. (1996). Forward models for physi-
ological Motor Control. Neural Networks, 9(8), 1265–1279. 
https:// doi. org/ 10. 1016/ S0893- 6080(96) 00035-4.

Moore, J. W., & Obhi, S. S. (2012). Intentional binding and the 
sense of agency: A review. Consciousness and Cognition, 21(1), 
546–561. https:// doi. org/ 10. 1016/J. CONCOG. 2011. 12. 002.

Mosconi, M. W., Mohanty, S., Greene, R. K., Cook, E. H., Vail-
lancourt, D. E., & Sweeney, J. A. (2015). Feedforward and 
feedback motor control abnormalities implicate cerebellar dys-
functions in autism spectrum disorder. Journal of Neurosci-
ence, 35(5), 2015–2025. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
2731- 14. 2015.

Palmer, C. J., Lawson, R. P., & Hohwy, J. (2017). Bayesian 
approaches to autism: Towards volatility, action, and behavior. 
Psychological Bulletin, 143(5), 521–542. https:// doi. org/ 10. 
1037/ BUL00 00097.

Peirce, J., Gray, J. R., Simpson, S., MacAskill, M., Höchenberger, R., 
Sogo, H., & Lindeløv, J. K. (2019). PsychoPy2: Experiments in 
behavior made easy. Behavior Research Methods, 51, 195–203.

Ritter, N., Kilinc, E., Navruz, B., Bae, Y., Brown, L., & Sherbenou, 
R. J. (2011). & S. K. Johnsen Test of Nonverbal Intelligence-4 
(TONI-4). Austin, TX: PRO-ED, 2010. Journal of Psychoeduca-
tional Assessment, 29(5), 484–488. https:// doi. org/ 10. 1177/ 07342 
82911 400400.

Robertson, C. E., & Baron-Cohen, S. (2017). Sensory perception in 
autism. Nature Reviews Neuroscience, 18(11), 671–684.

Rochat, P. (1998). Self-perception and action in infancy. Experimental 
Brain Research, 123(1), 102–109.

Ruess, M., Thomaschke, R., & Kiesel, A. (2018). Intentional binding 
of visual effects. Attention Perception and Psychophysics, 80(3), 
713–722. https:// doi. org/ 10. 3758/ S13414- 017- 1479-2/ TABLES/1.

Shimada, S. (2022). Multisensory and Sensorimotor Integration in the 
embodied self: Relationship between Self-Body Recognition and 

https://doi.org/10.1007/S00221-012-3370-7/TABLES/6
https://doi.org/10.1007/S00221-012-3370-7/TABLES/6
https://doi.org/10.1016/S0165-0173(99)00052-1
https://doi.org/10.1016/S0165-0173(99)00052-1
https://doi.org/10.1146/ANNUREV-VISION-093020-035217
https://doi.org/10.1002/AUR.1800
https://doi.org/10.1038/nn827
https://doi.org/10.1038/nn827
https://doi.org/10.3389/FNEUR.2016.00124/BIBTEX
https://doi.org/10.3389/FNEUR.2016.00124/BIBTEX
https://doi.org/10.3389/FNINT.2016.00028/BIBTEX
https://doi.org/10.3389/FNINT.2016.00028/BIBTEX
https://doi.org/10.1037/XGE0000692
https://doi.org/10.1007/S00221-022-06345-3/FIGURES/7
https://doi.org/10.1093/acprof:oso/9780190267278.003.0012
https://doi.org/10.1093/acprof:oso/9780190267278.003.0012
https://doi.org/10.1016/J.COGNITION.2015.02.002
https://doi.org/10.1037/XGE0000212
https://doi.org/10.1038/s41598-020-60385-9
https://doi.org/10.3758/s13423-023-02387-y
https://doi.org/10.3758/s13423-023-02387-y
https://doi.org/10.3389/FNHUM.2014.00302/BIBTEX
https://doi.org/10.1016/J.PEDIATRNEUROL.2021.06.010
https://doi.org/10.1016/J.PEDIATRNEUROL.2021.06.010
https://doi.org/10.1002/AUR.1248
https://doi.org/10.1002/AUR.1248
https://doi.org/10.1023/A:1005592401947
https://doi.org/10.1177/0956797617693326/ASSET/IMAGES/LARGE/10.1177_0956797617693326-FIG2.JPEG
https://doi.org/10.1177/0956797617693326/ASSET/IMAGES/LARGE/10.1177_0956797617693326-FIG2.JPEG
https://doi.org/10.1177/0956797617693326/ASSET/IMAGES/LARGE/10.1177_0956797617693326-FIG2.JPEG
https://doi.org/10.1016/S0893-6080(96)00035-4
https://doi.org/10.1016/J.CONCOG.2011.12.002
https://doi.org/10.1523/JNEUROSCI.2731-14.2015
https://doi.org/10.1523/JNEUROSCI.2731-14.2015
https://doi.org/10.1037/BUL0000097
https://doi.org/10.1037/BUL0000097
https://doi.org/10.1177/0734282911400400
https://doi.org/10.1177/0734282911400400
https://doi.org/10.3758/S13414-017-1479-2/TABLES/1


Journal of Autism and Developmental Disorders 

the Mirror Neuron System. Sensors (Basel, Switzerland), 22(13), 
5059.

Shimada, S., Fukuda, K., & Hiraki, K. (2009). Rubber hand illusion 
under delayed visual feedback. Plos One, 4(7), e6185. https:// doi. 
org/ 10. 1371/ JOURN AL. PONE. 00061 85.

Skinner, B. F. (1953). Some contributions of an experimental analysis 
of behavior to psychology as a whole. American Psychologist, 
8(2), 69–78. https:// doi. org/ 10. 1037/ H0054 118.

Sperduti, M., Pieron, M., Leboyer, M., & Zalla, T. (2014). Altered 
pre-reflective sense of agency in autism spectrum disorders as 
revealed by reduced intentional binding. Journal of Autism and 
Developmental Disorders, 44(2), 343–352. https:// doi. org/ 10. 
1007/ S10803- 013- 1891-Y/ FIGUR ES/4.

Stephens, J. M. (1934). The influence of punishment on learning. Jour-
nal of Experimental Psychology, 17(4), 536.

Sutera, S., Pandey, J., Esser, E. L., Rosenthal, M. A., Wilson, L. B., 
Barton, M., & Fein, D. (2007). Predictors of optimal outcome in 
toddlers diagnosed with autism spectrum disorders. Journal of 
Autism and Developmental Disorders, 37(1), 98–107.

Synofzik, M., Vosgerau, G., & Newen, A. (2008). Beyond the compara-
tor model: a multifactorial two-step account of agency. Conscious-
ness and Cognition, 17(1), 219–239.

Tanaka, T., Matsumoto, T., Hayashi, S., Takagi, S., & Kawabata, H. 
(2019). What makes action and outcome temporally close to each 
other: A systematic review and meta-analysis of temporal binding. 
Timing & Time Perception, 7(3), 189–218.

Tanaka, T., Watanabe, K., & Tanaka, K. (2021). Immediate action 
effects motivate actions based on the stimulus–response relation-
ship. Experimental Brain Research, 239(1), 67–78. https:// doi. org/ 
10. 1007/ S00221- 020- 05955-Z/ FIGUR ES/6.

Uljarević, M., Baranek, G., Vivanti, G., Hedley, D., Hudry, K., & Lane, 
A. (2017). Heterogeneity of sensory features in autism spectrum 
disorder: Challenges and perspectives for future research. Autism 
Research, 10(5), 703–710.

Valori, I., Carnevali, L., Mantovani, G., & Farroni, T. (2022). Motiva-
tion from agency and erward in typical development and autism: 
Narrative review of behavioral and neural evidence. Brain Sci-
ences, 12(10), 1411.

van de Cruys, S., Evers, K., van der Hallen, R., van Eylen, L., Boets, 
B., de-Wit, L., & Wagemans, J. (2014). Precise minds in uncer-
tain worlds: Predictive coding in autism. Psychological Review, 
121(4), 649–675. https:// doi. org/ 10. 1037/ A0037 665.

van Laarhoven, T., Stekelenburg, J. J., Eussen, M. L. J. M., & Vroomen, 
J. (2019). Electrophysiological alterations in motor-auditory pre-
dictive coding in autism spectrum disorder. Autism Research, 
12(4), 589–599. https:// doi. org/ 10. 1002/ AUR. 2087.

Watanabe, H., & Taga, G. (2006). General to specific development of 
movement patterns and memory for contingency between actions 
and events in young infants. Infant Behavior and Development, 
29(3), 402–422.

Wen, W. (2019). Does delay in feedback diminish sense of agency? A 
review. Consciousness and Cognition, 73, 102759. https:// doi. org/ 
10. 1016/J. CONCOG. 2019. 05. 007.

Wen, W., Minohara, R., Hamasaki, S., Maeda, T., An, Q., Tamura, Y., 
Yamakawa, H., Yamashita, A., & Asama, H. (2018). The readiness 
potential reflects the reliability of action consequence. Scientific 
Reports, 8(1), 11865.

White, R. W. (1959). Motivation reconsidered: The concept of com-
petence. Psychological Review, 66(5), 297–333. https:// doi. org/ 
10. 1037/ H0040 934.

Whyatt, C., & Craig, C. (2013). Sensory-motor problems in autism. 
Frontiers in Integrative Neuroscience, 7, 51. https:// doi. org/ 10. 
3389/ FNINT. 2013. 00051/ BIBTEX.

Wolpert, D. M., & Flanagan, J. R. (2001). Motor prediction. Current 
Biology, 11(18), R729. https:// doi. org/ 10. 1016/ S0960- 9822(01) 
00432-8

Wolpert, D. M., Ghahramani, Z., & Jordan, M. I. (1995). An internal 
model for sensorimotor integration. Science, 269(5232), 1880–
1882. https:// doi. org/ 10. 1126/ SCIEN CE. 75699 31.

Wolpert, D. M., Diedrichsen, J., & Flanagan, J. R. (2011). Principles 
of sensorimotor learning. Nature Reviews Neuroscience, 12(12), 
739–751. https:// doi. org/ 10. 1038/ nrn31 12.

Zalla, T., & Sperduti, M. (2015). The sense of agency in autism spec-
trum disorders: A dissociation between prospective and retrospec-
tive mechanisms? Frontiers in Psychology, 6, 1278. https:// doi. 
org/ 10. 3389/ FPSYG. 2015. 01278/ BIBTEX.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/JOURNAL.PONE.0006185
https://doi.org/10.1371/JOURNAL.PONE.0006185
https://doi.org/10.1037/H0054118
https://doi.org/10.1007/S10803-013-1891-Y/FIGURES/4
https://doi.org/10.1007/S10803-013-1891-Y/FIGURES/4
https://doi.org/10.1007/S00221-020-05955-Z/FIGURES/6
https://doi.org/10.1007/S00221-020-05955-Z/FIGURES/6
https://doi.org/10.1037/A0037665
https://doi.org/10.1002/AUR.2087
https://doi.org/10.1016/J.CONCOG.2019.05.007
https://doi.org/10.1016/J.CONCOG.2019.05.007
https://doi.org/10.1037/H0040934
https://doi.org/10.1037/H0040934
https://doi.org/10.3389/FNINT.2013.00051/BIBTEX
https://doi.org/10.3389/FNINT.2013.00051/BIBTEX
https://doi.org/10.1016/S0960-9822(01)00432-8
https://doi.org/10.1016/S0960-9822(01)00432-8
https://doi.org/10.1126/SCIENCE.7569931
https://doi.org/10.1038/nrn3112
https://doi.org/10.3389/FPSYG.2015.01278/BIBTEX
https://doi.org/10.3389/FPSYG.2015.01278/BIBTEX

	Atypical Impact of Action Effect Delay on Motor Performance in Autism
	Abstract
	Action-Effect Temporal Contiguity and its Impact on Motor Control Performance
	The Current Study
	Method
	Participants
	Stimuli and Procedure
	Data Pre-processing

	Results
	Autistic Quotient (AQ)

	Discussion
	Conclusions
	Acknowledgments 
	References


