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Abstract 

Sense of agency (SoA), the fundamental feeling of control over our actions and their 

consequences, may show key developmental changes during adolescence. We examined SoA 

in childhood (9-10), mid-adolescence (13-14), late-adolescence (18-20) and adulthood (25-

28) using two tasks (Libet Clock and Stream of Letters). SoA was implicitly indexed by 

intentional binding that reflects the agency effect on action-outcome temporal association. We 

found age effects on the sub-processes in both tasks. In the Libet Clock task, where 

performance was more reliable, we observed a U-shaped developmental trajectory of 

intentional binding suggesting an adolescent-specific reduction in the experience of control. 

This study provides evidence for the developmental effects on the implicit agency experience 

and suggests adolescence as a critical period. We discuss the possible implications of these 

findings.  

 

 

Keywords: Sense of Agency; Intentional Binding; Adolescence; Development; Libet Clock; 

Stream of Letters 
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1. Introduction 

Everyday voluntary actions are accompanied by an intrinsic feeling that we are in 

control of our actions and their outcomes. Sense of agency (SoA) refers to this fundamental 

experience, and successful construction of it by the brain is a key element of normal 

consciousness and mental health (Gallagher, 2000; Haggard, 2017; Pacherie, 2008). The 

experience of agency is central to everyday voluntary actions (Haggard, 2005, 2017) and 

impairments in this experience can underline some pathologies such as delusions of control in 

schizophrenia (Frith, Blakemore, & Wolpert, 2000; Synofzik, Thier, Leube, Schlotterbeck, & 

Lindner, 2010; Voss et al., 2010; Voss, Chambon, Wenke, Kühn, & Haggard, 2017). SoA is 

also important for societal and legal systems since it is closely tied to the individuals’ 

responsibility for the outcomes of their actions (Frith, 2014; Haggard & Tsakiris, 2009; 

Moretto, Walsh, & Haggard, 2011). Adolescence might be an important period for SoA as 

brain regions associated with SoA such as the fronto-parietal network (Haggard, 2017; 

Sperduti, Delaveau, Fossati, & Nadel, 2011)  go through a significant maturational process 

during this developmental stage (Mills et al., 2016; Sowell, Thompson, Holmes, Jernigan, & 

Toga, 1999; Sowell, Thompson, Tessner, & Toga, 2001; Zhou, Lebel, Treit, Evans, & 

Beaulieu, 2015). Furthermore, adolescence is associated with a significant vulnerability in 

developing psychopathologies such as schizophrenia (Gomes, Rincon-Cortes, & Grace, 2017; 

Harrop & Trower, 2001) that involve distorted SoA (Frith et al., 2000; Synofzik et al., 2010; 

Voss et al., 2017). However, a developmental approach for understanding possible changes in 

SoA and its functional implications have been largely neglected. To address this, the current 

study examined intentional binding, an implicit measure of SoA, in children (9-10), mid-

adolescents (13-14) late-adolescents (18-20), and adults (25-28) using two different tasks, the 

Libet Clock and Stream of Letters.  

 Intentional binding is a temporal phenomenon where we observe a compression in the 

perceived interval between a voluntary action and its outcome, and these two events appear  

to occur closer in time than they actually are (Haggard, Clark, & Kalogeras, 2002). It is 

thought that this temporal compression (intentional binding) represents the perceived linkage 

between actions and outcomes. Consequently, it has been considered to reflect the effect of 

agency on individual’s perceived action-outcome temporal association and has been used as 

an implicit measure of SoA (Haggard, 2017; Moore & Obhi, 2012). Notably, intentional 

binding consists of two sub-processes, action and outcome binding. Action binding is the 

subjective temporal shift of action towards outcome, and outcome binding is the subjective 
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temporal shift of the outcome towards action, and the combination of these two elements 

constitutes the overall intentional binding effect (Haggard et al., 2002). That is, actions are 

reported to occur later, and outcomes are reported to occur earlier than they did which results 

in the overall temporal contraction between these two events. Action and outcome binding 

have been shown to be mediated by different mechanisms (Jo, Wittmann, Hinterberger, & 

Schmidt, 2014; Moore & Haggard, 2008; Moore, Ruge, Wenke, Rothwell, & Haggard, 2010; 

Wolpe, Haggard, Siebner, & Rowe, 2013). Outcome binding has been suggested to be 

mediated by predictive processes such as outcome prediction, whereas action binding has 

been suggested to be mediated by both predictive and retrospective (inference based) 

processes (Moore & Haggard, 2008; Wolpe et al., 2013). Predictive processes are associated 

with internal motor processes such as action intention and outcome prediction (i.e., efferent 

copy) (Frith, Blakemore, & Wolpert, 2000; Haggard, 2017; Waszak, Cardoso-Leite, & 

Hughes, 2012; Wolpert, Ghahramani, & Jordan, 1995) whereas retrospective processes are 

associated with external sensory evidence processing and inferring agency retrospectively 

(Ebert & Wegner, 2010; Moore & Fletcher, 2012; Wegner & Wheatley, 1999). 

In adults, intentional binding has conventionally been measured using the Libet Clock 

method (Haggard et al., 2002; Moore & Obhi, 2012). This involves presenting a quickly 

rotating clock hand on an analogue clock face. Using this method, participants are asked to 

observe the clock and report the position of the clock hand at the time of an event of interest 

such as their own button press (action) or a beep sound (outcome). In a recent developmental 

study, an alternative method, the Stream of Letters, was used to compare intentional binding 

between children (mean age = 10, SD = 0.9) and adults (mean age = 23, SD = 1.4), as the 

authors suggested the Libet Clock method may be difficult for children (Cavazzana, 

Begliomini, & Bisiacchi, 2014). In this task, a random series of letters are presented 

sequentially on the computer screen, and participants need to report the letter that was on the 

screen either when they made a button press (action) or when they heard a beep (outcome). 

Using this approach, Cavazzana et al (2014) found that children had reduced levels of 

intentional binding compared to adults suggesting a reduced implicit SoA in children. 

Cavazzana and collegues' (2014) finding raises a number of interesting questions such as 

when does implicit SoA become adult-like and how might it change throughout adolescence, 

a developmental period associated with significant structural and functional brain maturation 

processes (Ernst, 2014; Mills et al., 2016; Nagy, Westerberg, & Klingberg, 2004; Sowell, 

Thompson, Holmes, Jernigan, et al., 1999; Zhou et al., 2015). 
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Adolescence could be an important developmental period for SoA because the brain 

regions which have been associated with different aspects of agency such as frontal areas that 

are involved in action selection (e.g., dorsolateral prefrontal cortex, DLPFC; Khalighinejad, 

Di Costa, & Haggard, 2016; Wolpe et al., 2014) and action initiation (pre-supplementary 

motor area, pre-SMA and SMA; Haggard & Whitford, 2004; Moore et al., 2010), and parietal 

regions that are involved in action and outcome monitoring ( angular gyrus; Haggard, 2017; 

Khalighinejad & Haggard, 2015; Voss et al., 2017) undergo significant structural and 

functional maturational changes during the transition from childhood to adulthood (Asato, 

Terwilliger, Woo, & Luna, 2010; Casey, Getz, & Galvan, 2008; Gogtay et al., 2004; Mills et 

al., 2016; Sowell et al., 2003; Zhou et al., 2015).  Interestingly, there is a developmental lag in 

the maturation of parietal versus frontal cortical regions that are involved in different aspects 

of SoA processes, with parietal regions (action and outcome monitoring) showing earlier 

structural maturation compared to frontal regions such as the dorsolateral prefrontal cortex 

(action selection) (Gogtay et al., 2004; Mutlu et al., 2013; Sowell, Thompson, Holmes, Batth, 

et al.,1999; Sowell, Thompson, Holmes, Jernigan, et al., 1999). Prolonged age-dependent 

changes are also observed in sub-cortical regions, such as in the striatum from adolescence to 

adulthood (also see Asato et al., 2010), an area that is involved in voluntary movement 

initiation (Alexander & Crutcher, 1990) and can consequently be involved in SoA. As these 

different brain regions mature at different rates age-dependent changes in SoA related 

processes might be evident.  

To investigate this, the current study used intentional binding measured by two 

different tasks, Libet Clock and Stream of Letters, as a proxy of implicit SoA. This is because, 

although the Libet Clock and Stream of Letters seem to be somewhat similar, they do differ in 

at least three key ways. First, in the Stream of Letters task, random letters that are presented 

on the screen are unpredictable with regard to which letter would occur on the screen next 

(Cavazzana et al., 2014). In contrast, in the Libet Clock task, the motion of the clock hand is 

predictable with regard to where it could move in time (Libet, Gleason, Wright, & Pearl, 

1983). Quickly changing unpredictable letters might require greater attentional processes, 

which might make the method more difficult especially for children compared to a 

predictably moving clock hand. Furthermore, contextual predictability versus unpredictability 

could possibly influence the cognitive strategies used in the task (Moore & Haggard, 2008; 

Synofzik, Vosgerau, & Voss, 2013). Second, people might find meanings in the letters that 

are following each other (e.g., NP = no problem, MSC = Master of Science) which might 
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increase processing demands whereas this would not be the case in Libet Clock. Third, in the 

Stream of Letters, each letter is presented on the screen for a certain duration (e.g., 150 ms, 

Cavazzana et al., 2014) which would be needed for participants to recognize them; however, 

this might significantly reduce this method’s temporal precision. In the Libet Clock, the 

motion of the clock hand is almost continuous (~42 ms for each clock position, 2560 ms for 

one rotation, Haggard et al., 2002; Libet et al., 1983). Although the Libet Clock might provide 

temporal precision, it might be too fast and might reduce participants’ accuracy when they are 

reporting the time at which certain events occurred. However, no study to date has examined 

intentional binding using both methods in the same study. By doing so, it would allow us to 

examine whether any age-dependent differences we observe in intentional binding are 

observed in both tasks, and also determine which of these tasks might act as a more reliable 

method to examine developmental changes in intentional binding. 

Consequently, the present study investigated the age-dependent changes in SoA from 

childhood through adolescence into adulthood in four age groups (9-10, 13-14, 18–20 and 25–

28 years old). This study used intentional binding as a measure of SoA to benefit from its 

implicit nature (Haggard, 2017) and used both the Libet Clock and the Stream of Letters 

methods to measure intentional binding. Considering maturational changes in SoA related 

brain regions in the transition from childhood to adulthood we predicted changes in the 

developmental trajectory of implicit SoA, as measured by intentional binding. Cavazzana et 

al. (2014) suggested that intentional binding is reduced (a reduction in the temporal linkage 

between voluntary actions and their outcomes) in childhood and it increases in adulthood.  

However, what would happen during the transition from childhood to adulthood is unknown 

since, as discussed above, different brain regions associated with different aspects of agency 

experience mature at different rates. That is parietal regions (associated with action and 

outcome monitoring) mature earlier than frontal regions (associated with action selection and 

initiation) and how this developmental lag might be reflected in the developmental trajectory 

of implicit agency experience is not certain. As seen in the behavioural changes and brain 

maturation patterns during development (Casey, 2015), the developmental trajectory of 

intentional binding could be observed in different ways such as linear, adolescent-emergent or 

adolescent-specific. Hence, we would either see a linear increase in intentional binding with 

age (stronger temporal association between action and outcome), or it could increase up to a 

certain point in adolescence and then plateau (adolescent emergent), or it could show a U-
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shaped (or inverse U-shaped) developmental trajectory, with similar levels of intentional 

binding in childhood and adulthood and an adolescent-specific level of intentional binding.  

2. Methods 

2.1 Participants 

An a priory G*power 3.1 analysis was run to determine appropriate sample size, 

which showed that a sample of 144 participants were needed to achieve 95% power and a 

medium effect size. Overall, we were able to recruit 114 participants from four different age 

groups: children (N= 21, 11 males, 9-10 years-old, mean age = 9.4, SD = 0.5), mid-

adolescents (N = 34, 11 males, 13-14 years-old, mean age = 13.35, SD = 0.48), late-

adolescents (N= 26, 11 males, 18-20 years-old, mean age = 18.9, SD = 0.77) and adults (N= 

33, 15 males, 25-28 years old, mean age = 26.39, SD = 1.08). These age groups were chosen 

to allow us to track possible changes in SoA from childhood to adulthood. We  chose the age 

range of our children group based on the work  of Cavazzana et al, 2014, who tested 9-10 year 

old participants. We also wanted to examine possible changes in SoA in two different 

developmental time points during adolescence  (middle and late). To that end, the age ranges 

for our two adolescent groups were based on previous work regarding the developmental 

trajectories of response inhibition (Steinberg et al, 2008), which shows important age related 

changes in the age ranges we choose for this study (13-14 & 18-20).  The age range for our 

adult group was based on the recent studies suggesting that adolescence ends in ones mid-

twenties (Mills et al., 2014; Sawyer et al., 2018). Two participants were excluded based on a 

posteriorly defined exclusion criteria from further analysis due to the excessive intentional 

binding scores in the Libet Clock task that were more than two times of the delay duration (2 

x 250 ms) between the action and outcome and more than 2 SD from the group mean (one 

male participant from mid-adolescent and adult groups with respectively 551 and 589 ms 

intentional binding scores). Our initial strategy for participant recruitment was to recruit only 

unpaid volunteers. However, since the number of participants recruited without monetary 

compensation was small (n = 22 in mid-adolescents and n = 13 in adults) , we decided to 

either offer a monetary reward (£5) for participation (n = 58), or course credit (n = 21). All 

participants (and their parents if they were under 18) gave consent before the experiment. The 

study was approved by the University of Sheffield, Department of Psychology Ethics 

Committee.   

 2.2 Materials and Experimental Procedure 
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For the experimental task, participants sat in front of a computer screen (144 Hz, 24-

inch, iiyama ProLite GB2488HSU-B1) in a dimly lit room. PschToolbox 3 (Kleiner et al., 

2007) was used to present the two intentional binding tasks. Since timing was critical for this 

study, participants made button presses using a custom-built button box connected to an 

Arduino micro-controller (< 2 ms latency; Schubert, D’Ausilio, & Canto, 2013). The auditory 

stimulus (100 ms duration, 1000 Hz, ~85 dB) was presented using a Sennheiser HD 202 

Stereo over-ear headphone.   

The same procedures introduced by Haggard et al. (2002) for the Libet Clock and 

Cavazzana et al. (2014) for the Stream of Letters tasks were followed. The order of the tasks 

was counterbalanced across participants and the order of the conditions (Baseline Action, 

Baseline Beep, Experimental Action and Experimental Beep, see below) within each task was 

randomised. At the end of each task, we asked the youngest (children) and the oldest (adults) 

age groups to rate the difficulty of the task they just completed on a scale from 1 (very easy) 

to 7 (very difficult), due to a procedural error this data was not collected from adolescent 

participants.  

2.2.1 Libet Clock Task 

The Libet Clock task followed the same procedure as described by Haggard et al. 

(2002). In this task, participants had to observe a clock hand (12 mm) rotating on an analogue 

clock (Figure 1B) in four different conditions Baseline Action, Baseline Beep, Experimental 

Action and Experimental Beep (each condition consisted of 33 trials). To start each trial 

participants had to press the space button with their left hand when they were ready. After the 

start of each trial, the clock hand appeared at a random position on the clock face, and started 

rotating (duration of one rotation was 2520 ms). During the Baseline Action condition 

participants were instructed to make a button press with their right index finger at a time of 

their own choosing (Figure 1A) and they were then asked to judge the clock position when 

they made the button press. They were also instructed not to respond in a stereotyped fashion, 

at a pre-decided clock position or during the first rotation of the clock hand. During the 

Baseline Beep condition, participants were asked to judge the position of the clock at the time 

of a beep sound that was triggered by the computer at a random time between 3-8s after the 

trial onset. In the two experimental conditions, participants made a button press and after 250 

ms delay, they heard a beep sound. In these conditions, unlike baseline conditions, button 

presses and beep sounds were coupled (action-outcome). In the Experimental Action 

condition participants were asked to judge the position of the clock at the time when they 
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pressed the button and in the Experimental Beep condition, participants were asked to judge 

the position of the clock at the time of the beep sound. In all conditions, the clock hand 

stopped at random intervals (1.5-2.5s) after the event of interest occurred (button press or 

beep sound). Participants were asked to report the position of the clock hand at the end of 

each trial using the keyboard. The clock face (without the clock hand) was on the screen until 

they made their response.   

 

 2.2.2 Stream of Letters Task 

Stream of Letters task followed the same procedure described by Cavazzana et al. 

(2014). This task involved presenting sequential series of randomly changing letters on the 

screen (white, capital consonants, 100-point font size, Figure 1C). Random numbers (from 0 

Figure 1. A) The four conditions in both Libet Clock and Stream of Letters tasks. In the 

baseline conditions participants reported the time of either their button press (Baseline Action) 

or a beep sound (Baseline Beep) that occurred at a random time between 3 to 8 second after 

trial onset. In the experimental conditions participants again had to report either the time of 

their button press (Experimental Action) or beep sound (Experimental Beep). However, this 

time, actions were followed by the beep sounds with 250 ms delay. Participants reported the 

time of the events in dashed circles in these four conditions. Participants started each trial at a 

time of their own choosing by pressing space button on the keyboard with their left hand. B) 

The Libet Clock that was used to report the time of the events. Participants were required to 

report the position of the clock hand at the time of an event of interest. C) An example of one of 

the changing letters in the Stream of Letters task. Participants were required to report the letter 

on the screen at the time of an event of interest. Size of the clock and letter are not to scale.  
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to 9) were presented before the letters for ~2.5s (corresponding to one rotation of the Libet 

Clock). Each number and letter were presented for 150 ms with no inter-stimulus intervals. 

Participants were instructed to observe the letters and asked to report the letter on the screen 

at the time of a button press or beep. The procedure and conditions were same as Libet Clock 

task. In the conditions when participants were making button presses, they were asked to wait 

before making a button press until they started to see the letters appearing on the screen 

randomly after the numbers (same as waiting for one rotation in the Libet Clock task). The 

stream of letters stopped at a random interval (1.5 – 2.5s) after the event of interest occurred. 

Participants were presented with a response map (corresponds to the clock face presented at 

the end in Libet Clock method) which included the letter at the time of the event, two letters 

before and two letters after it. The order of these letters was randomised when they were 

presented on the screen (Cavazzana et al., 2014).  

3. Data Analysis  

3.1 Judgement Error 

The mean scores of judgment errors (JE), which is the difference between the reported and 

actual time of the specified events (button press or beep), was calculated for each condition. 

That is, JEs were calculated as the difference between reported clock position and actual 

clock position multiplied by 42 (42 ms was the duration of one clock position) for Libet Clock 

task and the difference between reported letter and actual letter in a sequence of letters 

multiplied by 150 (each letter stays on the screen for 150 ms) for Stream of Letters task. The 

first three trials of each condition were considered as practice and were excluded from the 

data analysis (Cavazzana et al., 2014). For all groups, judgement errors that were 2SD above 

and below the average of each condition (Engbert, Wohlschläger, Thomas, & Haggard, 2007; 

Wolpe et al., 2013) were excluded from further analysis for both tasks. Trials excluded in 

percentage: Libet Clock task, Children: 5.1%, Mid-Adolescents: 4.4%, Late-Adolescents: 5% 

and Adults: 3.8%; Stream of letters task, Children: 2.5%, Mid-Adolescents: 4.5%, Late-

Adolescents: 4.1% and Adults: 4.8%.  

 3.2 Intentional Binding  

Intentional binding score was calculated as commonly reported in the literature 

(Haggard et al., 2002). Action binding was calculated by subtracting JE in Baseline Action 

from Experimental Action condition (Figure 2). Outcome binding was calculated by 

subtracting the Baseline Beep from Experimental Beep condition. Action and outcome 

binding represent the perceived temporal shift of action or outcome towards one another 
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respectively in comparison to a baseline. Then, overall intentional binding was calculated as 

the combination of action and outcome binding which represents the effect of agency on the 

perceived action-outcome temporal relationship (Figure 2). Judgement error and intentional 

binding scores of conditions across age groups and tasks can be seen in Table 1.   

 

Table 1. Judgement errors and intentional binding scores in millisecond for the Libet Clock 

(LC) and Stream of Letters (SoL) tasks across age groups and conditions. Standard deviations 

(SD) presented in brackets. 

 
Baseline 

Action 

Exp. 

Action 

Baseline 

Beep 

Exp. 

Beep 

Action 

Binding 

Outcome 

Binding 

Overall 

Binding 

Pre-

Adolescent 

LC 

SoL 

27 (98) 

16 (66) 

88 (76) 

41 (90) 

20 (67) 

62 (55) 

-130 (117) 

-79 (86) 

61 (92) 

25 (52) 

-150 (107) 

-142 (72) 

212 (130) 

167 (70) 

Mid-

Adolescent 

LC 

SoL 

49 (85) 

46 (76) 

119(112) 

99 (105) 

2 (43) 

10 (35) 

-92 (83) 

-57 (70) 

69 (85) 

53 (101) 

-94 (64) 

-67 (68) 

163 (94) 

120 (122) 

Figure 2. Schematic illustration of intentional binding effect. In the baseline conditions, there is 

either action or beep sound (outcome) and participants report the time of these events. In the 

experimental conditions, actions are coupled with beep sounds (action + outcome) and participants 

report the time of these events. Action binding represents the perceived temporal shift of action 

towards outcome. Similarly, outcome binding represents the perceived temporal shift of outcome 

towards action. Overall intentional binding is calculated by combining action and outcome binding 

and represents the perceived compression of the interval between these two events. 
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4. Results  

 

 

4.1 Intentional Binding 

 

 4.1.1 Developmental differences in Overall Intentional Binding 

To investigate the developmental trajectory of implicit SoA, a mixed model ANOVA 

was conducted on the intentional binding scores with Task as a within and Age-Group as a 

between subject factor. There was a trend level main effect of Task [F (1,108) = 3.48, p = 

0.06, ηp2 = 0.031] and a significant interaction of Task with Age-Group [F (3,108) = 6.09, p = 

0.001, ηp2 = 0.145. Our post-hoc analysis showed that significant developmental differences 

were found when intentional binding was measured with Libet Clock [F (3,108) = 5.52, p = 

0.01, ηp2 = 0.133].  As can be seen in Figure 3A, when measured with Libet Clock, intentional 

binding scores were high in children, and steadily decreased with age during adolescence, 

after which intentional binding increased again to the children’s level in adulthood. Pairwise 

comparisons showed that late-adolescents had significantly smaller intentional binding scores 

compared to children [t(45) = - 3.45, p = 0.001], mid-adolescents [t(57) = - 2.57, p = 0.013] 

and adults [t(56) = - 3.54, p < 0.001], and mid-adolescents did not have significantly different 

intentional binding than children [t(52) = - 1.58, p = 0.11]. Adults’ intentional binding scores 

did not significantly differ from children [t(51) = - 0.83, p = 0.41] or mid-adolescents [t(63) = 

0.99, p = 0.32]. In contrast, no developmental differences were observed when intentional 

binding was measured with Stream of Letters task [F (3,108) = 2.05, p = 0.110, ηp2 = 0.054] 

(Figure 3B).  

Late-

Adolescent 

LC 

SoL 

47 (56) 

19 (67) 

94 (69) 

89 (104) 

-13 (63) 

10 (43) 

-67 (94) 

-88 (75) 

47 (62) 

70 (94) 

-54 (80) 

-99 (78) 

101 (89) 

169 (126) 

Adult 
LC 

SoL 

50 (51) 

34 (67) 

111 (78) 

93 (95) 

15 (54) 

-4 (43) 

-109 (93) 

 -54 (83) 

61 (47) 

59 (70) 

-125 (86) 

- 50 (82) 

186 (92) 

110 (113) 
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Further following the significant interaction between Task and Age-Group, pairwise 

comparisons showed that, in children, intentional binding measured with either task did not 

significantly differ [t(20) = 1.34, p = 0.19]. However, in adults, intentional binding measured 

with Libet Clock was significantly greater than that measured with the Stream of Letters task 

[t(31) = 3.35, p = 0.002], and this pattern was similar in mid-adolescents, but was only 

marginally significant [t(32) = 1.76, p = 0.08]. Notably, a different pattern was observed in 

late-adolescents where intentional binding measured with Stream of Letters was significantly 

higher than intentional binding measured with Libet Clock [t(25) = -3.04, p = 0.005].    

 4.1.2 Developmental Differences in Action and Outcome Binding 

We further investigated possible age-dependent differences in action and outcome 

binding separately, as it has been suggested that they are associated with different processes 

and hence might show different developmental trajectories (Moore & Haggard, 2008; Wolpe 

et al., 2013; Moore et al., 2010). To that end, a mixed model ANOVA was conducted with 

Figure 3. Intentional binding scores measured with the Libet Clock and Stream of Letters 

tasks. Intentional binding represents the perceived temporal compression between action and 

its outcome. Action binding is the perceived shift of action towards the outcome and outcome 

biding is the perceived temporal shift of outcome towards action. Outcome bindings converted 

into positive scores for illustration purposes. A) Mean overall intentional binding scores 

measured by Libet Clock. B) Mean overall intentional binding scores measured by Stream of 

Letters for. C) Mean action and outcome binding scores measured by Libet Clock. D) Mean 

action and outcome binding scores measured by Stream of Letters. Error bars represent SEM. 

*p < 0.05, **p < 0.005 
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Task (Libet Clock and Stream of Letters) and Binding Type (Action and Outcome Binding) as 

the within subject factors, and Age-Groups (Children, Mid-, Late-Adolescents and Adults) as 

between subject factors. There was a significant Binding Type main effect [F (1,108) = 23.17, 

p < 0.001, ηp2 = 0.177], two-way Binding Type X Age-Group interaction [F (3,108) = 4.67, p 

< 0.005, ηp2 = 0.115] and three-way Binding Type X Age-Group X Task interaction [F 

(3,108) = 2.82, p = 0.042, ηp2 = 0.73]. 

Our post-hoc analysis, following the significant three-way interaction, revealed that 

outcome binding measured with Libet Clock decreased from childhood to late-adolescence 

and increased back to childhood levels in adulthood [F (3,108) = 6.1, p = 0.001, ηp2 = 0.145] 

(Figure 3C). This was a similar developmental pattern that was observed in the overall 

intentional binding score, suggesting that developmental differences in outcome binding were 

possibly driving the effect observed there. Pairwise comparisons showed that children had 

significantly higher outcome binding compared to mid- [t(52) = 2.43, p = 0.018] and late-

adolescents [t(45) = 3.52, p = 0.001]  whereas adults’ outcome binding did not significantly 

differ from children [t(51) = 0.95, p = 0.34] and mid-adolescents [t(63) = 1.65, p = 0.104]. 

Late-adolescents had significantly smaller outcome bindings than both adults [t(56) = - 3.20, 

p = 0.002] and mid-adolescents [t(57) = -2.12, p = 0.038]. In contrast, there were no age-

dependent differences in action binding scores [F (3,108) = 0.46, p = 0.7]. 

Similar to Libet Clock, in Stream of Letters task, there was also significant Age-Group 

effect on outcome binding [F (3,108) = 7.08, p < 0.001, ηp2 = 0.165], whereas action binding 

did not significantly change with age [F (3,108) = 1.22, p = 0.3]. As seen in Figure 3D, there 

was an overall decrease of outcome binding from childhood to adulthood with a small 

increase during late-adolescence. Pairwise comparisons revealed that children had 

significantly higher outcome binding than mid-adolescents [t(52) = 3.82, p < 0.001] and 

adults [t(51) = 4.14, p < 0.001] and marginally higher outcome binding than late-adolescents 

[t(45) = 1.95, p = 0.057]. Adults had significantly smaller outcome binding than late-

adolescents [t(56) = - 2.27, p = 0.027]. However, there were no significant differences 

between mid- and late-adolescents [t(57) = - 1.64, p = 0.105] or between mid-adolescents and 

adults [t(63) = 0.90, p = 0.37] in outcome binding.  

 

4.2 The Libet Clock and Stream of Letters tasks – a comparison  
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Our findings revealed some key differences in the pattern of age-dependent changes in 

intentional binding as measured by the Libet Clock and Stream of Letters tasks, which have 

been used to measure the same phenomena while having some methodological differences 

(Cavazzana et al., 2014). Therefore, we next wanted to investigate whether they show 

convergent validity as well as to examine whether the two tasks differ with respect to the 

accuracy of the judgements (judgement error), consistency of the judgements (variability) and 

perceived difficulty of the two tasks (self-reports). 

4.1.3 Poor convergent validity  

Since the Libet Clock and Stream of Letters tasks have been used to measure 

intentional binding, we predicted a positive correlation in intentional binding scores measured 

by the two tasks. However, this was not the case (p values for significance were corrected 

using Benjamini-Hochberg correction (Benjamini & Hochberg, 1995)). Correlational analysis 

on the overall intentional binding, outcome binding and action binding scores measured in the 

two tasks revealed no consistent significant relationship within the four age-groups tested 

(Table 2). A significant positive correlation was only found between overall intentional 

binding measured by the Libet Clock and Stream of Letters in late-adolescents (r = 0.48, p = 

0.012, N = 26).  

Table 2. Correlation between intentional binding measured by Libet Clock and Stream of 

Letters in each age group 

 

4.1.4 Internal Reliability 

We next examined the internal reliability of the two tasks across age groups using split-half 

correlations (Goodhew & Edwards., 2019; Hedge et al., 2018; Parsons et al., 2019).  We 

separated odd and even trials across conditions and calculated overall intentional binding 

scores based on these trials. Then, we investigated the correlations of overall intentional 

binding scores for odd and even trials within each age group. As recommended, we used 

 Overall Binding Action Binding Outcome Binding 

Children (N = 21) r = -.08, p = 0.72 r = -.1, p = 0.63 r = 0.45, p = 0.037  

Mid-Adolescents (N = 33) r = .17, p = 0.33 r = .38, p = 0.028  r = -.006, p = 0.97 

Late-Adolescents (N =26) r = .48, p = 0.012 * r = 0.16, p = 0.42 r = -.02, p = 0.92 

Adults (N = 32) r = 0.23, p = 0.2 r = 0.13, p = 0.46 r = .38, p = 0.03  
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Spearman-Brown corrected estimates of split-half correlations (Parsons et al., 2019), see 

Table 3. Overall, we found  moderate to good internal reliability in the Libet clock task across 

all age groups tested. In contrast, the Stream of Letters task showed poor internal reliability (rs 

= -.18) in the children group and good internal reliability for older groups.  These findings 

suggest that Stream of Letters task might not be a reliable task for measuring intentional 

binding in children, and hence suggest that Libet clock task might be more reliable task with a 

more stable reliability estimates to examine changes in SoA from childhood to adulthood. 

 

Table 3. Spearman-Brown corrected estimates of split half reliability for Libet Clock and 

Stream of Letters in each age group 

 

 

 

 

 

 

4.2.1 Comparing Judgement Errors (JEs)  

To further investigate the nature of the differences observed between the two tasks we 

compared the Libet Clock and the Stream of Letters in terms of the accuracy of the 

judgements (judgement error), consistency of the judgements (variability) and perceived 

difficulty of the two tasks (self-reports). JEs can be negative or positive since the reported 

timings can be earlier or later than the real timings. Hence, the magnitude of the error 

quantified by absolute values of JEs were used for this analysis since the average of the 

negative and positive values would cancel each other out and would not represent the 

magnitudes of the errors. Absolute JE was calculated for each participant across conditions 

and tasks (Table 4).  Judgement errors made in the Libet Clock and the Stream of Letters 

tasks were examined in the four age groups tested using a mixed model ANOVA on the 

absolute JE scores with Task (Libet Clock and Stream of Letters) and Condition (Baseline-

Action, Baseline-Beep, Experimental-Action and Experimental-Beep) as the within-subject 

variables, and Age-Group (Children, Mid-Adolescents, Late-Adolescents, Adults) as a 

 Libet Clock Stream of Letters 

Children (N = 21) rs = .70 rs = -.18 

Mid-Adolescents (N = 33) rs = .84 rs = .84 

Late-Adolescents (N =26) rs = .86 rs = .88 

Adults (N = 32) rs = .89 rs = .93 
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between-subject variable. There was a significant main effect of Task [F (1, 108) = 13.29, p < 

0.001, ηp2 = 0.11] where participants showed on average 13.5 ms smaller JE in the Stream of 

Letters (M = 71, SD = 2.6) compared to the Libet Clock (M = 84.5, SD = 3) method (Figure 

4A). However, there was no significant interaction of Task with Age-Group or Condition (p > 

0.12). There was also a significant main effect of Condition [F (1.9, 205.88) = 40.7, p < 

0.001, ηp2 = 0.274] and a condition by Age-Group interaction [F (5.74, 210.49) = 2.64, p = 

0.019, ηp2 = 0.067].  

Pairwise comparisons showed that all groups had significantly smaller JE in the 

baseline conditions than the experimental conditions. That is, when reporting the time of 

action, children [t(20) = - 2.19, p = 0.04], mid adolescents [t(32) = - 4.81, p < 0.001], late-

adolescents [t(25) = - 4.68, p < 0.001] and adults [t(31) = - 5.39, p < 0.001] had smaller JE in 

the baseline compared to the experimental condition. Likewise, when reporting the time of the 

beep, children [t(20) = -2.98, p = 0.007], mid-adolescents [t(22) = -7.26, p < 0.001], late-

adolescents [t(25) = - 4.69, p < 0.001] and adults [t(31) = - 4.33, p = 0.001] had smaller JE in 

the baseline compared to the experimental condition. Considering age dependent changes in 

JE within each condition, there were no significant differences across age groups (p > 0.05) in 

Baseline-Action condition. In Baseline-Beep condition, children had greater JE than mid-

adolescents [t(24.5) = 4.42, p < 0.001], late-adolescents [t(45) = 2.82, p = 0.007] and adults 

[t(51) = 3.43, p = 0.001], and other comparisons across age groups were not significant (p > 

0.05). In Experimental-Action condition, mid-adolescents had greater JE than children [t(52) 

= 2.92, p = 0.005] and there were no other significant comparisons (p > 0.05). Finally, in 

Experimental-Beep condition, there were no significant JE differences across age groups (p > 

0.05). Overall, participants showed greater JEs in experimental conditions compared to 

baseline conditions and the age effects on JEs differed based on the condition. There was no 

main effect of Age Group [F (3, 108) = 1.63, p = 0.19, ηp2 = 0.043].  
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Table 4. Absolute judgement errors and standard deviations in millisecond for the 

Libet Clock (LC) and Stream of Letters (SoL) tasks across age groups and conditions. 

Standard deviations (SD) presented in brackets. 

 

 

4.2.2 Comparing Judgement Error Variability  

To investigate the variability of the judgement errors measured with the Libet Clock 

and the Stream of Letters tasks we calculated the mean standard deviation of judgment errors 

for each participant across conditions and tasks (Table 4). As in judgement error analysis, 

same mixed model ANOVA was conducted but on the average standard deviations this time. 

The main effect of Task [F (1, 108) = 63.71, p < 0.001, ηp2 = 0.371], Age-Group [F (3, 108) = 

17.34, p < 0.001, ηp2 = 0.325], and their interaction [F (3, 108) = 2.99, p = 0.034, ηp2 = 0.077] 

was significant. Pairwise comparisons showed that variability in the Libet Clock was 

significantly smaller compared to variability in the Stream of Letters within all Age-Groups 

(Figure 4B): children [t(20) = - 5.68, p < 0.001], mid-adolescents [t(32) = - 2.92, p = 0.006], 

late-adolescents [t(51) = 3.43, p = 0.001], late-adolescents [t(25) = -2.95, p = 0.007] and 

adults [t(31) = - 4.67, p < 0.001]. Furthermore, there were age differences in terms of 

 Average Absolute 

Judgement Errors 
 

 
 

 Average Standard 

Deviations 

 
Baseline 

Action 

Exp. 

Action 

Baseline 

Beep 

Exp. 

Beep 

Baseline 

Action 

Exp. 

Action 

Baseline 

Beep 

Exp. 

Beep 

Pre-

Adolescent 

LC 

SoL 

82 (57) 

52 (43) 

92 (72) 

81 (54) 

58 (37) 

70 (44) 

145 (98) 

91 (73) 

145(103) 

163 (34) 

95 (31) 

162 (36) 

106 (38) 

141 (33) 

120 (64) 

172 (44) 

Mid-

Adolescent 

LC 

SoL 

77 (60) 

70 (54) 

140(82) 

121 (77) 

33 (25) 

25 (25) 

101 (70) 

73 (52) 

110 (79) 

122 (36) 

102 (54) 

132 (43) 

78 (21) 

88 (45) 

100 (43) 

129 (40) 

Late-

Adolescent 

LC 

SoL 

57 (45) 

51 (46) 

94 (69) 

108 (83) 

51 (38) 

27 (34) 

85 (78) 

102 (54) 

92 (66) 

120 (39) 

82 (41) 

119 (40) 

80 (30) 

67 (42) 

102 (45) 

125 (31) 

Adult 
LC 

SoL 

62 (34) 

58 (46) 

111 (77) 

100 (88) 

42 (35) 

28 (32) 

113 (87) 

73 (66) 

74 (29) 

108 (38) 

78 (39) 

113 (43) 

63 (15) 

56 (38) 

92 (40) 

106 (36) 
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variability in both tasks. In the Libet Clock task, children had significantly larger variability 

than both late-adolescents [t(45) = 2.41, p = 0.02] and adults [t(51) = 4.23, p < 0.001], and 

adults had significantly smaller variability than mid-adolescents [t(63) = - 2.71, p = 0.009] . 

Similarly, in the Stream of Letters condition, children had significantly larger variability than 

the older age groups: mid-adolescents [t(52) = 5.46, p < 0.001], late-adolescents [t(45) = 6.90, 

p < 0.001] and adults [t(51) = 8.65, p < 0.001], also adults had significantly smaller variability 

than mid-adolescents [t(63) = - 3.19, p = 0.002] . There were no significant differences 

between other comparisons (p > 0.05). Furthermore, there was a significant main effect of 

Condition [F (2.75, 297.86) = 31.97, p < 0.001, ηp2 = 0.228] and an interaction between 

Condition and Task [F (2.82, 304.52) = 9.83, p < 0.001, ηp2 = 0.083]. Pairwise comparisons 

showed that the Libet Clock had significantly lower variability compared to the Stream of 

Letters in most of the conditions: Baseline-Action condition [t(111) = - 3.47, p = 0.001], 

Baseline-Beep condition [t(111) = - 0.97, p = 0.33], Experimental-Action condition [t(111) = 

- 8.23, p < 0.001] and Experimental-Beep condition [t(111) = - 5.95, p < 0.001] , and the 

smallest variability both in the Libet Clock and Stream of letters tasks was observed in the 

Baseline Beep condition (Figure 4C).   

 4.2.3 Self Reports of Task Difficulty 

In a previous study, Cavazzana et al., (2014) proposed that the Stream of Letters task 

would be easier for children in comparison to the Libet Clock task. However, the difficulty of 

these tasks was not investigated in that study. Therefore, we investigated task difficulty 

reports, as measured by self-report in child and adult groups (see Methods), using a mixed 

model ANOVA with Task (Libet Clock and Stream of Letters) as a within subject factor and 

Age-Group as a between subject factor. In contrast to the previous suggestion, there was a 

main effect of Task where Libet Clock (M = 3.62, SD = 0.2) was reported to be easier than 

Stream of Letters (M = 4.14, SD = 0.18), [F (1, 46) = 5.46, p = 0.024, ηp2 = 0.106] (Figure 

4D). There was also a significant main effect of Age-Group, where children (M = 3.52, SD = 

0.23), reported that they found the tasks to be easier in comparison to adults (M = 4.24, SD = 

0.2), [F (1, 47) = 5.22, p = 0.027, ηp2 = 0.102]. There was no interaction between Task and 

Age-Group [F (1, 46) = 0.03, p = 0.85] .  
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Figure 4. A) Overall absolute judgment errors in the Stream of Letters task was 

significantly less than in the Libet Clock task. B) In contrast, significant less variability 

was observed in the Libet Clock compared to Stream of Letters across all four age groups 

as measured by the mean standard deviations of the judgement errors in each task in each 

age group. C) Judgement error variability was smaller in Libet Clock compared to 

Stream of Letters in all conditions except for Baseline-Beep. D) The Libet Clock was 

rated as less difficult than the Stream of Letters by both children (youngest age group) 

and adults (oldest age group), and children reported both tasks to be less difficult than 

adults (task difficulty was rated on a 1-7 Likert scale, with 7 being very difficult). LC, 

Libet Clock task; SoL, Stream of Letters task. Error bars represent SEM. *p < 0.05. 
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5. Discussion 

This study investigated the developmental trajectory of SoA as indexed by perceived 

action-outcome temporal linkage (intentional binding) from childhood to adulthood using the 

Libet Clock and Stream of Letters tasks. A significant developmental effect was found with a 

U-shaped developmental trajectory in the Libet Clock task where children and adults showed 

greater intentional binding, but it was reduced starting from mid-adolescence and reached its 

minimum during late-adolescence. This suggests adolescents might be experiencing reduced 

agency over their actions and the consequences of these actions. In contrast, no age group 

differences were observed in intentional binding as measured by Stream of Letters task. 

Notably, however, follow up analysis of action and outcome binding suggested that the 

effects observed in intentional binding scores were driven by age-specific significant changes 

in outcome binding measured by both tasks. An assessment of the convergent validity of these 

tasks showed that they have poor correlations across age groups suggesting they might be 

measuring different aspects of intentional binding. Further comparisons of the tasks revealed 

that participants’ timing judgements were smaller on average in the Stream of Letters, but 

their judgements were more stable (smaller variability) in the Libet Clock task. Consistent 

with this, children and adults reported that performing the Libet Clock was easier than Stream 

of Letters. These findings suggest that the Libet Clock might be an easier and a more reliable 

method for investigating intentional binding within the age range of this study (9-28 years 

old). The developmental trajectories and task differences observed in this study may have 

important implications for future work aiming to understand the development of SoA and 

SoA related neurodevelopmental disorders as well as some age-specific behaviours such as 

increased risk-taking during adolescence.  

5.1 Developmental trajectory of intentional binding and its relationship to brain 

maturation and cognitive processes 

We found that intentional binding measured by the Libet Clock task decreased from 

childhood to late-adolescence and increased back to children levels in adulthood. This 

trajectory suggests an adolescent-specific developmental change in implicit SoA with an 

exaggerated agency experience in children and adults and conversely a decreased agency 

experience during adolescence. Adolescence is a critical developmental period where the 

brain undergoes a substantial remodelling process specifically underlined by maturational 

changes in the frontal areas together with grey matter decrease and white matter increase 
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which improves the efficiency and the connectivity of the system (Asato et al., 2010; Luna et 

al., 2001; Mills et al., 2016; Sowell et al., 2003, 1999; Zhou et al., 2015). The maturational 

changes of the brain regions including SoA related areas such as pre-frontal/ frontal (DLPFC 

and pre-SMA/ SMA), parietal (angular gyrus) cortex and striatum might be underlying the 

observed reduction of the subjective temporal linkage between actions and outcomes during 

adolescence. This might result in more realistic action outcome temporal relationship 

compared to children. That is because both mid- and late-adolescents showed smaller 

intentional binding effect reflecting that the perceived temporal gap between action and 

outcome was closer to the actual temporal gap introduced between action and the outcome in 

the experiment (250 ms). One would expect this effect to stabilise from late-adolescence to 

adulthood or continue to improve until adulthood with similar or even less intentional binding 

in adults. However, this was not the case, using the Libet clock task we found that intentional 

binding in adults increased back to approximately to the levels observed in childhood.  

One possible explanation of the developmental rebound effect observed in adults 

might be related to the shifts in cognitive processes in relation with brain maturation. It has 

been previously suggested that a balanced and context dependent combination of 

retrospective and predictive processes would be necessary for constructing a reliable SoA 

(Chambon, Sidarus, & Haggard, 2014; Haggard, 2017; Moore & Fletcher, 2012; Synofzik et 

al., 2013). Retrospective processes are associated with external cues that take place after 

action and outcome occurrence, and are involved in inferring a causal relationship between 

intentions and actions retrospectively based on the sensory evidence collected (retrospective 

explanation of what has happened based on external cues) (Chambon et al., 2014; Haggard, 

2017; Wegner, 2002; Wegner & Wheatley, 1999). On the other hand, predictive processes 

result from internal cues that take place before the action is performed such as intention, 

action preparation and predicting outcomes and involved in the construction of agency 

experience prospectively (Chambon et al., 2014; Waszak et al., 2012; Yoshie & Haggard, 

2017). And, depending on the context (predictable vs. unpredictable),  a balanced 

combination of these processes would be required for constructing a reliable sense of agency.  

The U shaped developmental trajectory we found might reflect a developmental shift 

from relying on retrospective to predictive processes from childhood to adulthood with a 

balance occurring during adolescence. It is possible that we observed retrospective over-

binding in childhood and predictive over-binding in adulthood but a more balanced 

combination of these in adolescence. Hence, children might have based their SoA on 
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retrospective processes; in other words, they “explained away” what just happened based on 

the sensory evidence collected since their predictive processes might not yet be reliable 

enough due to the much later maturation of SoA related brain regions (fronto-parietal 

network). On the other hand, adults may have based their SoA on predictive processes where 

they “predicted away” what is going to happen based on the strong learned priors about the 

action outcomes. Hence, both of these scenarios would result in high intentional binding 

associated with exaggerated agency. In contrast, adolescents might have based their SoA on a 

balanced combination of predictive and retrospective processes which can help them to have 

an experience of agency that is reflected by an action-outcome temporal linkage that is closer 

to the reality (closer to the actual temporal gap inserted between actions and outcomes). If this 

is the case, this whole process can be viewed as a developmental transition from using 

external cues to using internal cues when constructing the experience of agency. The balance 

between these processes during adolescence might be beneficial to refine the predictive 

processes and reduce the errors that might occur in adulthood. This hypothesis needs to be 

tested in the future studies possibly using a similar experimental design to Moore and 

Haggard, (2008) where they manipulated the probability of the outcome occurrence or using 

EEG to isolate these processes such as recording the brain activity associated with the 

predictive processes including readiness potential (Jo et al., 2014) and auditory N1 attenuation 

(Waszak et al., 2012).  

Interestingly, the developmental trajectory we observed in overall intentional binding 

seems to be a result of age-specific changes in outcome binding, but not action binding, an 

effect observed in both the Libet Clock and Stream of Letters tasks. We found that outcome 

binding followed the similar developmental trajectory with overall intentional binding. In 

contrast, there were no significant changes in action binding in the transition from childhood 

to adulthood. The differential effects of age on action and outcome binding suggest that the 

mechanisms regulating these processes might follow different developmental trajectories. 

Action and outcome binding have been suggested to be mediated by different mechanisms 

previously. That is outcome binding is more associated with predictive processes (Waszak et 

al., 2012) whereas action binding is associated with both retrospective and predictive 

processes (Moore & Haggard, 2008). Hence, it is possible that the lack of age effect on action 

binding might reflect earlier maturation of retrospective processes whereas prolonged changes 

occurring in the outcome binding reflects more of a later maturation in the predictive 

processes. Predictive processes’ involvement in outcome but not action binding was 
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suggested by brain stimulation and neuroimaging studies suggesting the involvement of pre-

SMA, an area related to action initiation and generating efferent copy (Moore et al., 2010; Jo 

et al., 2014), and angular gyrus, an area thought to be associated with both action and 

outcome monitoring (Khalighinejad & Haggard, 2015). Therefore, taken together, the 

prolonged developmental changes we observed in outcome binding might be related to the 

slow maturational changes in fronto-parietal network that is involved in these processes. 

5.2 Developmental trajectory of implicit agency is consistent with explicit studies 

Our finding that children show increased levels of intentional binding associated with 

increased SoA is consistent with other studies focusing on the metacognition of agency. They 

found that children show increased SoA especially for the artificial performance increase 

(Metcalfe, Eich, & Castel, 2010) and for positive action outcomes (Van Elk et al., 2015) 

suggesting an increased self-agency bias in children compared to adults. It should be noted 

here that their adult group (M = 20 years-old in Van Elk et al. (2015) and between 18-24 

years old in Metcalfe et al. (2010)) corresponds approximately to our late-adolescent age 

group (age range: 18-20). Hence, the decreasing levels of intentional binding up to late-

adolescence seems to be in line with decreased judgement of agency observed in these 

studies.  

 However, our findings are not consistent with the study of Cavazzana et al (2014), an 

intentional binding study which also used the Stream of Letters task. They found that children 

showed a relatively diminished intentional binding effect mediated by a reduction in action 

binding compared to adults suggesting a reduced SoA for children. In contrast, we found a 

lack of age effect on overall intentional binding and a significant age effect on outcome 

binding but not action binding using the Stream of Letters task. Although we followed a 

similar procedure, there was a key difference between Cavazzana et al., (2014) and the study 

presented here. Differently from the current study, they included additional passive action 

condition where an apparatus was pressing participants’ fingers in order to create the button 

press action passively. It is possible that this condition might have increased children’s 

awareness about the fact that they might not be the agent all the time, whereas adults might 

not have been influenced by this contextual effect. Although this might explain the 

differential findings between this and Cavazzana et al. (2014) studies, further investigation is 

needed. 
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In addition to these, there have been other studies examining the childhood period 

using interval estimation method for measuring binding effect (Blakey et al., 2018; Lorimer et 

al., 2020). It was shown that binding phenomenon can be observed as young as 4 - 5 (M = 

4.5) years old and its magnitude did not change significantly throughout childhood until 10 -

11 (M = 10.5)  years old (Blakey et al., 2018). In addition to this, another study compared 

adults (M = 23 years old) to children (four age groups: 6 – 7; 7 – 8; 8 – 9; 9 – 10) and found 

that intentional binding did not significantly change throughout childhood and compared to 

adulthood (Lorimer et al., 2020). Even though methodologies are different between current 

study (mental chronometry) and Lorimer et al. (2020) (interval estimation), our finding that 

children (9-10) have similar intentional binding with adults (25-28) are consistent. In addition 

to these studies, current study added adolescent period which was not investigated in these 

studies and suggested that adolescence might be a critical period for intentional binding 

development.  

5.3 A comparison of the Libet Clock and Stream of Letters tasks  

Our comparisons between the Libet Clock and the Stream of Letters tasks revealed 

that although the Stream of Letters resulted in on average approximately 14 ms closer 

judgements to the real timings of the events, Libet Clock might be more reliable when judging 

the time of the events since participants show smaller variability in the size of their judgment 

error in all age groups and in most of the task conditions, and it might be easier as reported by 

children and adults. A less variable measure would be beneficial in intentional binding tasks 

than smaller judgement errors. This is because baseline correction (subtracting judgement 

errors in baseline conditions from experimental conditions) in intentional binding tasks would 

eliminate the judgement error differences in terms of measuring the intentional binding effect 

but higher variability of the measurement would not be compensated. Furthermore, based on 

our split-half internal reliability estimates, we found that Stream of Letters task might not be a 

reliable task for measuring intentional binding in children, although reliable for older age 

groups, and Libet clock task might be more reliable task with a more stable reliability 

estimates across age groups from childhood to adulthood. Based on these results and the more 

frequent use of the Libet Clock in the literature that can elicit comparisons between studies, 

we suggest Libet Clock might be preferable task to use when measuring intentional binding 

within the age range of this study.   

Critically, we found very little evidence of convergent validity between the Libet 

Clock and Stream of Letters tasks. Furthermore, developmental effects in intentional binding 
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measured with Stream of Letters and Libet Clock tasks were task-dependent. In the Stream of 

Letters task no age differences were found in the overall intentional binding scores, while 

clear age-effects were found in the Libet clock task, with a U-shaped developmental 

trajectory. Likewise, while both tasks showed significant developmental effects in outcome 

binding, the trajectory showed differences between tasks especially for adults. Taken together, 

these findings and poor convergent validity might point to deeper problems when measuring 

intentional binding. Intentional binding has been shown to be sensitive to the variables that 

also affect sense of agency such as voluntariness and temporal contiguity (Haggard et al., 

2002; for review, Moore & Obhi, 2012; Imaizumi and Tanno, 2019) and the relationship 

between intentional binding and explicit sense of agency has recently been shown (Imaizumi 

and Tanno, 2019). However, it is possible that tasks that have been used to measure 

intentional binding might be measuring different features based on the task specifications. 

Indeed, our findings suggest that this might be the case and these tasks might be tapping into 

different aspects of intentional binding. This could be due to the key difference in 

predictability between these two tasks. In the Libet Clock task, the clock hand motion is 

predictable in terms of where it would move in time but the quickly changing random letters 

are unpredictable. This predictability issue could have affected what each task might be 

measuring in two ways. First, the Libet Clock might be easier due to this. Indeed, our 

participants (children and adult) reported that they found the Libet Clock to be easier than the 

Stream of Letters, a finding supported by the smaller variability in judgement errors in the 

Libet Clock task. Second, the predictability of each task might have created a contextual 

effect, and this might be the main reason why we found some differential developmental 

trajectories as measured by these two tasks. For example, in adults, we found high outcome 

binding effect when measured with Libet Clock, but we found low outcome binding effect 

when measured with Stream of Letters. Adults might have shown predictive over-binding 

when measured with the Libet Clock; it is also possible that they did not show this predictive 

over-binding when there is a contextual unpredictability as seen in the Stream of Letters. The 

effect of measurement method’s predictability on intentional binding has not been 

investigated previously but we suggest it might effects as observed in the current study.  

6. Study Limitations and Future Directions 

The results from the current study need to be considered in light of this study’s 

limitations. First, we used an implicit measure, intentional binding, to quantify the SoA. 

However, SoA has been proposed to encompass two levels. That is, feeling of agency which 
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is the background low-level feeling of being in charge of our actions (implicit), and 

judgement of agency which is the high-level experience of agency that arises when we make 

conscious evaluations of agency (explicit) (Synofzik, Vosgerau, & Newen, 2008). Intentional 

binding reflects the lower-level feeling of agency (Moore & Obhi, 2012). Therefore, the 

developmental trajectory found in this study might not reflect the developmental trajectory of 

the judgements (metacognition) of agency. Second, this study was not designed to address 

differential processes underlying intentional binding such as predictive and retrospective 

processes. Therefore, our suggestion about a possible developmental shift from relying on 

retrospective to predictive processes in the transition from childhood to adulthood, needs to be 

tested in future studies that isolate these processes. Third, we only compared two mental 

chronometry methods of measuring intentional binding. Other methods such as interval 

estimation (for example, Engbert et al., 2007) might have some advantages such as focusing 

on the interval in between action and outcome instead of focusing on isolated timings of the 

events as seen in mental chronometry methods. However, interval estimation methods do not 

allow isolating action and outcome binding, which we found to show different developmental 

trajectory. Fourth, the higher variability observed in the Stream of Letters task might be a 

result of this task’s poorer temporal precision (a letter represents 150 ms) compared to Libet 

Clock task (a clock position represents 42 ms). However, the reason behind the variability 

difference across tasks in our experiment is not clear, since it could also be caused by the 

predictability of the tasks (e.g., participants might be giving more consistent answers in a 

more predictable task, the Libet clock). Hence, future studies need to investigate the effects of 

predictability and temporal precision of the tasks on intentional binding. Finally, the auditory 

stimulus used as the outcome did not have any specific value for the participants. Therefore, 

the developmental trajectory observed might be different when socially relevant, emotional or 

rewarding stimuli are used. This is especially important for adolescence where we see an 

increased responsivity to both rewarding and aversive stimulus (Casey, 2015). Hence, 

developmental trajectory of SoA when the outcomes of actions have value, we suggest, is an 

important direction for future research.  

Future studies might also want to focus on the functional significance of the 

developmental effects observed in this study. For instance, adolescence is associated with an 

increase in risk-taking behaviour which can help them to explore their environment but can 

also result in harm to self and others (Casey et al., 2010; Paus, Keshavan, & Giedd, 2008; 

Kim-Spoon et al., 2016; Steinberg, 2008). It is possible that the reduced implicit control over 
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the outcomes of their actions during mid- and late-adolescence might be a partial underlying 

factor for the increased risk-taking behaviour since they might feel less responsible for the 

consequences of their risky actions, an idea which requires further exploration. In addition, 

adolescence is also linked with  increased vulnerability for developing psychotic disorders 

such as schizophrenia (Gomes et al., 2017; Harrop & Trower, 2001), a disorder associated 

with impairments in SoA (e.g. control dellusions) (Frith et al., 2000; Synofzik et al., 2010; 

Voss et al., 2010). It has been shown previously that schizophrenia patients show 

retrospective over-binding with a specific impairment in predicting the action outcomes (Voss 

et al., 2010). This could be associated with the lack of a possible developmental shift from 

retrospective to predictive over-binding from childhood to adulthood, where normally this 

critical shift might occur during adolescence as proposed in this study. Another idea that can 

be explored in the future studies. Finally, increased temporal association during childhood 

might be beneficial for children’s learning of action outcome causal relationships and it has 

been reported to be grounded in the causal learning early on since binding effect can be 

observed in as young as 4 years old children (Blakey et al., 2018). 

7. Conclusions 

We found significant age-differences in SoA indexed by intentional binding. 

Interestingly, observed developmental trajectories were driven by age specific 

differences in outcome binding in both tasks. Children and adults, showed higher 

outcome binding, whereas adolescents showed significant reduction in outcome binding, 

with lowest levels observed during late-adolescence in the Libet Clock task. In contrast, 

in the Stream of Letters task, outcome binding remained low in the adult group, which 

suggests that observed developmental changes might be task sensitive. Based on our 

comparison of the Libet Clock and Stream of Letters tasks, Libet Clock might be easier 

and more reliable task for measuring intentional binding in the age range of this study 

(9-28).  Notably, the age-dependent changes we found for intentional binding during 

adolescence, do suggest an adolescent–specific reduction in the implicit feeling that they 

are in charge of their own actions, and that adolescence might be a unique 

developmental period for SoA. We suggest that the prolonged U-shaped developmental 

trajectory that we observed in the Libet Clock task might be mediated by a 

developmental shift in the cognitive strategies used from retrospective inference to 

predictive construction of agency experiences. Observed reduction in the implicit 

agency during adolescence might be associated with the increased vulnerability of 
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developing psychotic disorders during adolescence resulting from an impairment in SoA 

(e.g. control delusions), as well as some adolescence-specific behaviours such as 

increased risk-taking as they might experience a reduction in the association between 

risky behaviours and their harmful consequences.  
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