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A B S T R A C T

The feeling of control over actions and their external effects is known as Sense of Agency (SoAg).
People usually have a distinctive SoAg for events caused by their own actions. However, if the
agent is a child or an older person, this feeling of being responsible for the consequences of an
action may differ from what an adult would feel. The idea would be that children and elderly may
have a reduced SoAg since their frontal lobes are developing or have started to loose their
efficiency. The aim of this study was to elucidate whether the SoAg changes across lifespan, using
the Intentional Binding (i.e., the temporal attraction between a voluntary action and its sensory
consequence) as implicit measure. Data show that children and elderly are characterized by a
reduced SoAg as compared to adults. These findings provide a fundamental step in the
characterization of SoAg dynamics throughout individuals’ lifetime.

1. Introduction

Our voluntary actions are typically accompanied by a Sense of Agency (SoAg; Haggard & Tsakiris, 2009). We feel that we can
choose and control our own actions and consequently the outside world. Historically, SoAg has been a topic of interest mainly to
philosophers (e.g., Gallagher, 2000; Pacherie, 2008), but over recent years it has also received attention from psychology and
cognitive neuroscience researchers given its potential role in many aspects of our everyday life. In fact, SoAg is deeply entwined with
our notions of freedom and is intrinsic to ethical and law questions concerning responsibility and guilt (e.g., Haggard & Chambon,
2012; Moretto, Walsh, & Haggard, 2011). Indeed, when we voluntarily perform actions, we feel responsible for them and for their
consequences. The experience of agency is therefore a complex and multifaceted phenomenon, which requires not only a plan to
perform a goal-directed action, but also the ability to properly identify the consequences of that behaviour in the external world,
avoiding and inhibiting erroneous and maladaptive behaviours (Haggard & Tsakiris, 2009). These high-level cognitive abilities are
usually part of the executive functions (EFs), supported by the functionality of frontal areas (Stuss & Levine, 2002). Even though there
are no studies which have directly linked the SoAg to these cognitive functions (i.e., EFs), general scientific progress in recent years
has nevertheless elucidated a clear picture of the neural bases of the SoAg, pinpointing an involvement of frontal, prefrontal and
parietal areas in this phenomenon (e.g., Cavazzana, Penolazzi, Begliomini, & Bisiacchi, 2015; Khalighinejad, Di Costa, & Haggard,
2016; Khalighinejad &Haggard, 2015; Kühn, Brass, & Haggard, 2013; Moore, Ruge, Wenke, Rothwell, & Haggard, 2010; Renes, van
Haren, Aarts, & Vink, 2015). As recently reported by Haggard (2017) in an elegant review, the experience of agency is mediated by
the connectivity between frontal and prefrontal areas – responsible for planning and initiating actions – and parietal regions which
are involved in monitoring the perceptual events. Their involvement is also supported by clinical studies which revealed that an
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impaired functionality of such areas is associated with pathologies characterized by a lack of agency (e.g., corticobasal syndrome:
Wolpe et al., 2013; schizophrenia: Renes et al., 2016). Another example of inefficiency of these regions might be represented by both
healthy children and elderly people. It is well known that the frontal cortex is subjected to dramatic age-related modifications (for a
review, see: West, 1996): it is the last cortical area to mature in children and among the first to be impaired in aging (e.g., Casey,
Tottenham, Liston, & Durston, 2005; Raz, 2000). Usually, these changes in brain structure and functionality inevitably impact on
cognitive abilities as well, in particular on EFs, which are mediated by frontal lobes’ integrity and activity. A considerable body of
research convincingly shows that there are systematic, age-related improvements in EFs during childhood and adolescence,
coinciding with growth spurts in the maturation of the frontal lobes (e.g., Zelazo &Müller, 2002). Likewise, a decrease of EFs during
normal aging, even in the absence of pathologies, has been demonstrated (e.g., Zelazo, Craik, & Booth, 2004). In light of these
assumptions, one might expect changes in the processing of agency in these two populations. However, how this capacity changes
across the lifespan has not yet been addressed and it constitutes an open, pertinent issue, given the impact of SoAg in social and legal
aspects of life. As mentioned above, SoAg implies individual responsibility for the consequences of one’s own actions (Frith, 2014;
Moll et al., 2007) and in many countries, the law requires that the individual be fully responsible and aware of the consequences of
his/her actions (Frith, 2014; Haggard & Chambon, 2012; Moretto et al., 2011). A first attempt to study whether SoAg differs in
children and elderly people in respect to young adults was conducted by Metcalfe, Eich, and Castel (2010). The Authors tried to
resolve this issue investigating the different level of metacognitive awareness of agency across the lifespan. They used an explicit
computer task previously adopted to study the metacognition of agency in young adults (Metcalfe & Greene, 2007). Participants had
to move the mouse to get the cursor to touch X’s and avoid the O’s which streamed from the top of a computer screen. Afterwards,
they were asked to make judgments of agency (i.e., how in control he/she felt) and judgments of performance. Objective control was
either undistorted (i.e., participant had perfect control of the mouse), or distorted by (i) ‘turbulence’ (i.e., random noise was added to
the position of the mouse to produce the position of the cursor on the screen, limiting participant’s control), (ii) ‘lag’ between the
mouse and cursor movements (of 250 or 500 ms), or (iii) ‘magic,’ (i.e., an increased radius around the X’s such that the person would
be credited with touching an X even if they had not touched it). Authors observed that young adults were the most sensitive to
discrepancies in control over their own actions compared to both children (8–10 years old) and older adults (mean age 75). This
finding suggest that SoAg could evolve across the lifespan, changing our skills to link our actions with their consequences. More
recently, van Elk, Rutjens, and van der Pligt (2015) investigated the possible role of SoAg in the development of illusory control (i.e.,
the erroneous belief that one’s actions can cause a certain outcome, even if that outcome is uncontrollable and determined by chance)
in 7–12-year-old children and in young adults. Participants were asked to play a computerized card guessing game in which they
were required to select a face-down card from a deck of two rapidly flashing cards on a computer screen. Following their selection of
a card, a randomized outcome was presented and participants were required to indicate to what extent they believed the card was
selected by themselves or by the computer. The authors manipulated the congruence of the outcome with participants’ initial choice
(i.e. congruent or incongruent) and the valence of the presented outcome (i.e. positive or negative). The analysis focused on perceived
control throughout the card guessing game as a measure of ‘illusory control’, and on perceived control as a function of action
outcome, as a measure of the SoAg. They observed that the illusion of control throughout the card guessing game was more enhanced
for younger (< 8 years old) compared to older children (> 8 years old) and more pronounced for children compared to adults.
Regarding SoAg, both adults’ and children’ agency ratings were similarly affected by the congruence between performed and
observed outcomes (e.g., when a temporal delay or spatial deviation was introduced) in line with adult studies (e.g., Aarts,
Custers, &Marien, 2009; Daprati et al., 1997). However, this latter study did not consider older participants. Although the studies by
Metcalfe et al. (2010) and van Elk et al. (2015) represent the first attempts to investigate age-related differences in the SoAg, only
explicit agency measures were considered. However, explicit measures of agency are usually very prone to be influenced by
individual differences related to cognitive capacities or personality, and to a lack of subjectivity insights (e.g., Gawronski,
LeBel, & Peters, 2007). In addition, this sort of measure reflects very little about the SoAg, since it does not capture the feeling of
agency that accompanies normal voluntary actions. Recently, our group adopted implicit measuring of the SoAg with children
(Cavazzana, Begliomini, & Bisiacchi, 2014). The classical Intentional Binding effect (IB – Haggard, Clark, & Kalogeras, 2002) was
considered: the IB refers to the temporal compression between a voluntary action and its ensuing sensory effect. In other words, when
a voluntary action is followed by a sensory effect (e.g., a sound), people tend to perceive the onset of the voluntary action later in
time, towards its effect as compared to a baseline condition in which only the voluntary action is present (i.e., action binding). On the
other hand, the sound triggered by the voluntary action is perceived earlier in time towards its voluntary action, as compared to a
baseline condition in which only the sound is present. This bias to perceive actions and effects closer in time than they actually are
has been observed only when the action is intentional. Indeed, it does not happen when the first event is unrelated to the participants’
will. For this reason, IB has been considered a reliable implicit measure of agency. By taking advantage of the implicit nature of this
measure, differences in the processing of agency in children as compared to young adults were demonstrated (Cavazzana et al.,
2014). In particular, we found that children showed a reduced temporal compression (i.e., IB) as compared to young adults. Starting
from these results, we decided to extend the investigation to elderly people. The general purpose of the present work was therefore to
explore how IB, as an implicit measure of SoAg, can evolve across the lifespan, avoiding the limits of verbal reports that characterize
the explicit level of SoAg. Based on previous studies (e.g., Cavazzana et al., 2014; Metcalfe et al., 2010; Moore, 2016), we expected
the IB effect to show different features in children and elderly people as compared to young adults. More precisely, we expected the IB
effect to be weaker in children and elderly as compared to young adults.

A. Cavazzana et al. Consciousness and Cognition 52 (2017) 104–114

105



2. Methods

2.1. Participants

A total of sixty participants were recruited for this study. They were subdivided into three groups according to their ages: (1) a
group of twenty young adults (15 females; age range: 22–30; mean age in years: 23.75, SD: 2.53; education in years: 16.67, SD: 0.98);
(2) a group of twenty children (16 females; age range: 8–11; mean age in years; 10.05, SD: 0.94; education in years: 5.1, SD: 0.85); (3)
twenty elderly people (12 females; age range: 66–76; mean age in years: 69.75, SD: 3.39; education in years: 15.1, SD: 4.14). All the
participants were right-handed, as measured by the Edinburgh Handedness Inventory (Oldfield, 1971), had normal or corrected-to-
normal vision, and did not present neurological, neuropsychological or psychiatric pathologies. On the basis of these exclusion
criteria, two elderly persons (Mini Mental State Examination, MMSE < 24; Folstein, Folstein, &McHugh, 1975) were excluded. In
addition, data of one child were not included because the task was interrupted by the participant. The final cohort consisted of 19
children (15 females; age range: 8–11, mean age in years: 10, SD: 0.94; education in years: 5.05, SD: 0.85) and 18 elderly people (11
females; age range: 66–76, mean age in years: 69.78, SD: 3.21; education in years: 14.78, SD: 4.25). The study was designed and
carried out in accordance with the principles of the Declaration of Helsinki and was approved by the Ethics Committee of the
University of Padua. All the participants were naïve to the purpose of the experiment and gave their informed, written consent to
participate in the study. For children, the informed consent was obtained from the parents.

2.2. Stimuli, apparatus and procedure

IB was assessed using the paradigm developed by Cavazzana et al. (2014). Participants were asked to passively observe a stream
of unpredictable white, capital consonants at the centre of a black screen. In order to prevent the participants from responding
immediately after seeing the letters, a series of randomized white numbers was displayed before the letters were presented. Each
number and letter was presented separately and lasted for 150 ms, without time gaps in between (Fig. 1). The experiment consisted of
four baseline conditions (BCs) and six experimental conditions (ECs), for a total of ten conditions (Table 1).

With regard to the BCs (Fig. 2), only one event among voluntary action, involuntary action, tone, or control tone occurred per
condition. In the case of “voluntary action” condition, it was the participant who decided when to perform the key-press; in all the
other BCs (i.e., involuntary action, tone, control tone), the event was triggered randomly by the computer. In BCs, the participants
were supposed to remember which consonant was on the screen when (1) they made a free voluntary key-press with their right index
finger (acting as a baseline for voluntary action condition). In this case, they were explicitly asked to press the spacebar at a time of
their own choice, without any time constraints. The only limit which was imposed to them was to wait until the letters’ appearance
before making their action, in order to avoid response anticipation (i.e., a key-press performed immediately after the trial onset); (2)
they felt their right index finger being passively pushed down by a squared shaped mechanical device (acting as the baseline for
involuntary action condition), applied to the participant’s right index finger. For the involuntary condition, the participant’s hand
was placed on the top of the device and her/his right index finger was fixed on a keyboard button placed on its left corner. The device
was connected and activated by computer at a random interval after the trial’s onset. When the computer gave the input, the key and,

Fig. 1. Schematic illustration of the task structure. Participants passively observed a series of numbers and letters that was updated every 150 ms. The frame with “…”
here represents the continuous flow either of numbers or letters. After the appearance of the event of interest (e.g., voluntary action, involuntary action, tone, control
tone) a response mapping was presented and participants chose the letter that was on the screen when the event of interest occurred (e.g., voluntary action,
involuntary action, tone, control tone).

A. Cavazzana et al. Consciousness and Cognition 52 (2017) 104–114

106



consequently, the right index finger pushed down, giving the participant the same physical perception as the voluntary key-press; (3)
they heard an auditory stimulus presented through headphones (1000 Hz, 100-ms duration; baseline for tone condition: tone); (4)
they heard another auditory control stimulus presented by headphones (same duration as the tone but with a different pitch; baseline
for tone control condition: the control tone).

For the ECs, two events occurred per condition (Fig. 3). The participants had to judge: (5) the onset of the voluntary action that
produced the tone; (6) the onset of the tone caused by the voluntary action; (7) the onset of the involuntary action that was followed
by the tone; (8) the onset of the tone activated by the involuntary action; (9) the onset of the control tone that was followed by the
tone; (10) the onset of the tone activated by the control tone.

The time interval between the first event (the voluntary action, the involuntary action, control tone) and the second event (tone)
was set at 250 ms. Conditions involving the ‘involuntary action’ and ‘control tone’ were introduced as control conditions in order to
exclude the possible presence of IB in such conditions. In all conditions, the stimuli were presented randomly, between 3 and 8 s after
the trial onset (i.e., number onset). The stream of letters stopped randomly between 1.5 and 5 s after the event of interest. At the end
of each trial, a set of response options (called ‘response mapping’) appeared on the screen. Five letters were presented on the screen,
which included the target letter (i.e., the letter that was on the screen at the actual appearance of the event of interest) and two letters
immediately before as well as two letters immediately after the target letter in the series of letters. All the letters within the response
mapping were presented in a different random order. After each trial, the participants were expected to choose the correct consonant
using the keyboard with their left hand. Thirty-three trials per condition were administered, for a total of 330 trials. The first three
trials of each condition were discarded to allow for familiarization and were not included in the analysis. Each participant performed
all of the conditions (BCs and ECs) in a different, random order over a single session.

2.3. Calculation of the IB

For each trial, a judgment error (JE) was calculated, which is the difference between the actual time the event occurred and the
time it was perceived to occur. A negative JE was interpreted as anticipatory awareness of events (i.e., the participants perceived the
event happening before it actually did), while a positive JE was interpreted as delayed awareness (i.e., the participants perceived the

Table 1
Conditions (Baseline and Experimental) and the judged event by the participants in each
condition.

Condition Judged Event

Baseline Conditions
(1) Voluntary Action Voluntary Action
(2) Involuntary Action Involuntary Action
(3) Tone Tone
(4) Control Tone Control Tone

Experimental Conditions
(5) Voluntary Action – 250 ms – Tone Voluntary Action
(6) Voluntary Action – 250 ms – Tone Tone
(7) Involuntary Action – 250 ms – Tone Involuntary Action
(8) Involuntary Action – 250 ms – Tone Tone
(9) Control Tone – 250 ms – Tone Control Tone
(10) Control Tone – 250 ms – Tone Tone

With regard to the BCs, only one event occurred per condition (e.g., voluntary action,
involuntary action, tone, control tone). For the ECs, two events occurred per condition. The
time interval between the first event (the voluntary action, the involuntary action, or control
tone) and the second event (tone) was set at 250 ms.

Fig. 2. Schematic representation of the BCs in which only one event (i.e., voluntary action, involuntary action, tone, control tone) occurred per condition. While they
were viewing the series of numbers and letters, the participants had to remember which consonant was on the screen when: (1) they made a voluntary key-press; (2)
they felt their right index finger being pushed down passively; (3) they heard the tone; and (4) they heard the control tone.
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event happening after it actually did). A final mean judgment error (mJE), including both negative and positive values, was
calculated. It is important to underlie that the computed dependent variable reports the accuracy of letter choice and does not
implicate any temporal precision in milliseconds; however, it gives anyway an indication of time: for example, selecting the value
“−1” would indicate that participant thought the event occurred about 150 ms prior its actual appearance. Baseline judgments
usually vary widely both across people and groups (Haggard, Martin, Taylor-Clarke, Jeannerod, & Franck, 2003; Haggard et al.,
2002) and may reflect individual strategies either in the attention paid to the letters or in perceptual processes. In order to control for
such individual differences, the differences between the mJE of an identical physical event in two different contexts (the BCs and ECs)
were calculated (i.e., the perceptual shifts) by subtracting the mJE of each event in the BC (voluntary action, involuntary action, tone,
or control tone) from the mJE of the same event in the EC. For example, the shift of the action towards the tone (i.e., action binding)
was calculated by subtracting the mJE of the voluntary action in the BC from the mJE of the voluntary action in the EC, whereas the
shift of the tone towards the action (i.e., effect binding) was found by subtracting the mJE of tone in the BC from the mJE of the same
tone in the EC. Finally, an overall binding measure (e.g., Haggard & Clark, 2003; Haggard et al., 2002) was also computed by
combining the first (i.e., the action binding) and the second event (i.e., the tone binding). By calculating 250 ms – (action binding –
effect binding), the obtained value represents the perceived linkage between an action and an effect and provides an implicit measure
of SoAg.

2.4. Statistical analyses

Analyses were carried out by using both Statistical Package for Social Sciences (SPSS) and R software package (http://cran.r-
project.org). Violin plots with a Kernel distribution applied were used to represent data (Allen, Erhardt, & Calhoun, 2012). To analyse
data two main analyses were run: (i) univariate Analysis of Variance (ANOVA) was used to analyse differences in BCs between
groups; (ii) in order to control for individual differences, perceptual shifts were calculated using repeated-measures ANOVA with
‘type of context’ (voluntary, involuntary, sensory) and the ‘judged event’ (either the first or the second) as within-participants factor.
Greenhouse-Geisser correction was applied to the degrees of freedom of F statistics when the Mauchly’s Test of Sphericity showed
that the sphericity assumption was violated (alpha level: p < 0.05). Post-hoc comparisons were then used to explore the means of
interest and Bonferroni correction for multiple comparisons was applied (alpha level: p < 0.05). In addition, non-parametric
correlations (Spearman’s rank correlation coefficient) were used in order to measure possible associations between IB and
neuropsychological test scores.

2.5. Neuropsychological measures

All participants underwent basic neuropsychological screening in order to exclude participants with cognitive issues, which might
interfere with the task. The neuropsychological evaluation of the children included assessment of: (i) problem solving and abstract
reasoning using the Coloured Progressive Matrices (Italian standardization: Pruneti et al., 1996); (ii) sustained and selective attention
(Bells Test: Biancardi & Stoppa, 1997); (iii) divided attention (Trial Making Test: TMT; forms A, AB, and B; Scarpa et al., 2006). The
tests administered to elderly people included: (i) the MMSE; (ii) the Digit Span for memory assessment (included in the Brief
Neuropsychological Examination 2; BNE-2; Mondini, Mapelli, Vestri, et al., 2011); (iii) TMT-A and TMT-B to assess the cognitive
domain of attention and EFs (always included in the BNE-2); (iv) the Frontal Assessment Battery to evaluate frontal lobe functions
and motor skills (FAB: Appollonio et al., 2005).

3. Results

All the participants included in the final sample obtained normal scores on neuropsychological tests. Tables 2–4 summarize the
mJEs, perceptual shifts, and overall binding in young adults, children and elderly people, respectively.

The degree of binding was compared among the three groups in order to detect any possible difference in IB. First, BCs were

Fig. 3. Schematic representation of the ECs. (A) The participants judged the letter that was on the screen either when they made the voluntary action (5) or heard the
tone (6). (B) Participants judged the letter that was on the screen either when they felt their right index finger moved down passively (involuntary action; 7), or heard
the tone (8). (C) Participants judged the letter that was on the screen either when they heard either the control tone (9) or the tone (10).
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analysed using univariate ANOVA. No differences among the three groups were observed in the perception of voluntary action, F
(2,54) = 1.17, p = 0.318, or in the involuntary action, F(2,54) = 1.75, p = 0.184. However, significant differences emerged with
regard to tone, F(2,54) = 11.15, p < 0.001, ω2 = 0.26 and control tone F(2,54) = 5.34, p= 0.008, ω2 = 0.13. Regarding the
temporal perception of tone, post hoc tests – with Bonferroni correction applied – revealed a significant difference between adults and
elderly people (−60 vs 8.33 ms respectively, p = 0.011, mean difference: 4.67, 95% CI: 8.18, 81.16) and between children and
elderly (78.15 vs 8.33 ms respectively, p < 0.001, mean difference: 69.82, 95% CI: 32.88, 106.77). Concerning the temporal
perception of control tone, a significant difference emerged only between children and elderly (81.57 vs 27.5 ms respectively,
p= 0.006, mean difference: 54.08, 95% CI: 12.67, 95.49). According to the results and in line with other studies (e.g., Haggard et al.,
2003; Moore et al., 2010), the participants differed markedly in their temporal perception of these baseline events, reflecting
individual strategies either in the attention paid to the stream of letters or in perceptual processes. In order to control and remove
these individual differences, perceptual shifts were analysed using 3 (‘type of context’) × 2 (‘judged event’) repeated-measures
ANOVA, using the group (young adults, children and elderly) as between-factor. First, a non-significant effect of group was detected,
F(2,54) = 0.740, p= 0.482, η2p = 0.027. Instead, significant main effects of both ‘type of context’, F(2,108) = 6.44, p = 0.002,
η2p = 0.107, and ‘judged event’, F(1,54) = 70.34, p < 0.001, η2p = 0.566, were observed. Participants tended to have a general
reduced anticipated temporal perception regarding the events within the voluntary action context (−9.79 ms, 95% CI:−22.85, 3.27)
as compared to both the involuntary (−29.53 ms, 95% CI: −39.41, −19.66; p = 0.015) and the sensory contexts (−29.94 ms, 95%
CI: −39.43, −20.46; p = 0.01). No significant differences emerged between the involuntary and the sensory contexts (p = 1.000).
Regarding the ‘judged event’, the first event was shifted towards the second one (11.55 ms, 95% CI: 2.37, 20.73) and vice versa
(−57.73 ms, 95% CI: −71.19, −44.27; p < 0.001). Most importantly, the interaction between ‘group’, ‘type of context’ and ‘judged
event’ was significant, F(4,108) = 3.99, p = 0.005, η2p = 0.129. Differences between groups were significant only regarding the
action binding within the voluntary action context (i.e., the shift of the voluntary action towards the tone, Fig. 4). Specifically, action
binding was significantly different between young adults and children (p = 0.034; 95% CI: 3.56, 122.44; mean difference = 63), but
not between young adults and elderly (p = 0.514) or between elderly and children (p= 0.728). Also, the overall binding was
compared among the three groups. No effect of group was observed, F(2,54) = 1.74, p= 0.186, η2p = 0.06, while a main effect of
overall binding emerged, F(2,108) = 9.58, p < 0.001, η2p = 0.151. Temporal compression within the voluntary action context was
significantly different as compared to both the involuntary action context (p= 0.007) and the sensory context (p = 0.001). No
differences emerged between the two control contexts, namely the involuntary and the sensory context (p = 0.600). Most
importantly, a significant interaction between the overall binding and the group emerged, F(4,108) = 3.48, p= 0.010,

Table 2
mJEs, perceptual shifts and overall binding in young adults.

Event Judged mJE (ms) ± sd Mean Shift (ms) ± sd Mean Overall Binding (ms) ± sd

Baseline Conditions
(1) Voluntary Action Voluntary Action 10.5 ± 61.15
(2) Involuntary Action Involuntary Action 70 ± 70.52
(3) Tone Tone 53 ± 50.51
(4) Control Tone Control Tone 48 ± 46.58

Experimental Conditions
(5) Voluntary Action – Tone Voluntary Action 88.5 ± 76.64 78 ± 51.03 70.25 ± 73.13
(6) Voluntary Action - Tone Tone −38.75 ± 61.62 −91.75 ± 66.91
(7) Involuntary Action - Tone Involuntary Action 78.25 ± 13.52 8.25 ± 38.94 187.25 ± 105.2
(8) Involuntary Action - Tone Tone 10.5 ± 94.51 −42.5 ± 90.82
(9) Control Tone - Tone Control Tone 29.5 ± 48.12 −18.5 ± 43.8 217 ± 111.05
(10) Control Tone - Tone Tone 21 ± 62.78 −32 ± 65.28

Table 3
mJEs, perceptual shifts and overall binding in children.

Judged Event mJE (ms) ± sd Mean Shift (ms) ± sd Mean Overall Binding (ms) ± sd

Baseline Conditions
(1) Voluntary Action Voluntary Action −20.79 ± 68.01
(2) Involuntary Action Involuntary Action 82.63 ± 46.92
(3) Tone Tone 78.16 ± 23.05
(4) Control Tone Control Tone 81.58 ± 48.13

Experimental Conditions
(5) Voluntary Action - Tone Voluntary Action −5.79 ± 79.09 15 ± 76.08 170.26 ± 98.9
(6) Voluntary Action - Tone Tone 13.42 ± 70.77 −64.74 ± 66.7
(7) Involuntary Action - Tone Involuntary Action 73.68 ± 59.55 −8.95 ± 43.48 211.05 ± 90.79
(8) Involuntary Action - Tone Tone 30.26 ± 60.72 −47.89 ± 59.82
(9) Control Tone - Tone Control Tone 79.21 ± 34.65 −2.37 ± 51.22 209.74 ± 70.79
(10) Control Tone - Tone Tone 35.53 ± 53.98 −42.63 ± 50.2
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η2p = 0.114, (Fig. 5). The young adults overall binding significantly differed from both the children (p= 0.015) and the elderly
(p = 0.022) only in the case of the ‘voluntary action context’. Total voluntary IB did not differ between children and elderly
(p = 1.000). No differences emerged among groups with regard to the two control contexts (involuntary action context: children vs
young adults, p = 1.000; children vs elderly, p= 0.293; young adults vs elderly: p = 1.000; sensory context: children vs young
adults, p = 1.000; children vs elderly, p = 1.000; young adults vs elderly: p = 1.000).

To determine if changes in IB could be associated with cognitive abilities, non-parametric correlations were run. However, no
significant results emerged (all ps > 0.05). We also explored how IB was processed within each single group. Regarding young adults,
a significant interaction between ‘type of context’ and ‘judged event’ was found, F(2,38) = 21.37, p < 0.001; η2p = 0.529.
Concerning the first judged event (i.e., the shift of the first event towards the second one), a significant difference was found for
voluntary action in comparison with involuntary action (p < 0.001) and control tone (p < 0.001). Involuntary action and control
tone were not significantly different (p= 0.178). Significant differences also emerged when the second event (e.g., tone) (‘voluntary
action context’ vs ‘involuntary action context’, p = 0.034; ‘voluntary action context’ vs ‘sensory context’, p = 0.003) was compared.
The tone following the involuntary action was not significantly different to that following the control tone (p = 1.000). The
interaction occurred because voluntary actions led to a perceptual shift of action towards tone and vice versa, whereas this effect was
significantly reduced for the involuntary action and sensory contexts. In addition, the repeated-measures ANOVA detected a

Table 4
mJEs, perceptual shifts and overall binding in elderly people.

Event Judged mJE (ms) ± sd Mean Shift (ms) ± sd Mean Overall Binding (ms) ± sd

Baseline Conditions
(1) Voluntary Action Voluntary Action −21.11 ± 91.37
(2) Involuntary Action Involuntary Action 45.83 ± 61.91
(3) Tone Tone 8.33 ± 56.12
(4) Control Tone Control Tone 27.5 ± 58.04

Experimental Conditions
(5) Voluntary Action - Tone Voluntary Action 23.06 ± 116.75 44.17 ± 94.19 166.39 ± 140.12
(6) Voluntary Action - Tone Tone −31.11 ± 80.08 −39.44 ± 79.26
(7) Involuntary Action - Tone Involuntary Action 48.33 ± 57.03 2.5 ± 39.34 158.89 ± 83.85
(8) Involuntary Action - Tone Tone −80.28 ± 70.95 −88.61 ± 60.14
(9) Control Tone - Tone Control Tone 13.33 ± 56.33 −14.17 ± 34.22 194.17 ± 91.22
(10) Control Tone - Tone Tone −61.67 ± 72.11 −70 ± 77.04

Fig. 4. On the left, the graph shows the perceptual shifts within the voluntary action context for each group. The white violin plots depict the action binding (i.e., the
shift of the voluntary action towards the tone). Conversely, the grey violin plots represent the effect binding (i.e., the perceptual shift of the tone towards the action).
The dashed line stands for the actual onset of the event of interest. The black dots stand for the mJE of each group of participants. On the right, a schematic, graphical
and symmetrical representation is depicted. Again, the dashed lines stand for the actual onset of the event of interest, while the black dots represent the perceived
event by the participants. As the image depicts, the total temporal compression is evident only in the group of young adults.
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significant effect of the overall binding (i.e., the perceived linkage between action and effect), F(2,38) = 17.42, p < 0.001,
η2p = 0.478. Post-hoc comparisons showed a significant difference in both the voluntary and involuntary contexts (p < 0.001). In
addition, the ‘voluntary context’ and the ‘sensory context’ (p < 0.001) were also significantly different. No significant differences
were observed between the ‘involuntary context’ and the ‘sensory context’ (p= 1.000). In summary, temporal compression (i.e., the
IB effect) was only evident in the context of voluntary action. The overall binding data indicate that the participants perceived the
interval between their action and its effect as significantly shorter than it actually was although no direct judgment of the time
interval’s duration was requested. Overall, our results demonstrated that, when participants were actively causing the beep (i.e.,
tone), which was always presented 250 ms after their voluntary action, the onset of the voluntary action was perceived as occurring
later, as if the action was ‘attracted’ towards the tone. Analogously, the tone onset was perceived as ‘bound’ to its voluntary action.
This temporal compression phenomenon was only present with regard to voluntary action; when the beep followed an involuntary
action or another control beep, that compression did not occur. Regarding children, we first compared the mJE of each event in the BC
with the mJE of the same event in the EC using paired-samples t-tests. Significant differences were only detected in the perception of
the tone in the ECs compared to the BCs, in which the tone was presented alone. These differences were not, however, limited to the
cases of the voluntary action, t18 = 4.23, p = 0.001; they also extended to the two control conditions: involuntary action context,
t18 = 3.40, p = 0.003, and sensory context, t18 = 3.7, p = 0.002. The tone (i.e., the effect/beep) was therefore perceived earlier
when it followed the voluntary action, the involuntary action and the control tone, as compared to the BC. The perceptual shifts were
also analysed in order to investigate IB. The repeated-measures ANOVA showed no significant interaction between the ‘type of
context’ and the ‘judged event’, F(2,36) = 1.39, p = 0.26, η2p = 0.072, indicating that no temporal compression occurred for the
voluntary action as compared to the other control conditions. When considering the overall binding, no differences were observed
among the three contexts (‘voluntary action’, ‘involuntary action’ and the ‘sensory context’), F(2,36) = 1.39, p = 0.26, η2p = 0.072.
The results showed that no IB was present in the 10-year-old children. Just as for children, we compared the mJE of each event in the
BC with the mJE of the same event in the EC in elderly people. Again, significant differences were only found in the perception of the
tone in the ECs compared to the BCs. These differences were not limited to the voluntary action, t17 = 2.11, p= 0.05; they also
extended to the two control conditions: involuntary action, t17 = 6.25, p < 0.001, and control tone, t17 = 3.86, p = 0.001. The tone
was therefore perceived earlier when it followed the voluntary action, the involuntary action, or control tone, as compared to the BC
where only the tone was presented. Perceptual shifts were also analysed in order to investigate IB. The repeated-measures ANOVA
showed no significant interaction between the two factors ‘type of context’ and ‘judged event’, F(2,34) = 0.63, p = 0.538,
η2p = 0.036, indicating that no temporal compression occurred for the voluntary action as compared to the other two control
conditions. With regard to the overall binding, no differences were observed among the three contexts (‘voluntary action’,
‘involuntary action’ and the ‘sensory’ contexts), F(2,34) = 0.63, p = 0.54, η2p = 0.036. Just as with the children, the results showed
that no IB occurred in elderly people.

4. Discussion

The aim of this study was to investigate the development of SoAg across the lifespan, using IB as an implicit measure (Haggard
et al., 2002). Our results showed that only young adults showed temporal compression characteristic of voluntary actions. These
findings are in line with previous studies (e.g., Barlas & Obhi, 2013; Cavazzana et al., 2014, 2015; Haggard & Clark, 2003; Haggard
et al., 2002; Khalighinejad et al., 2016; Moore &Haggard, 2008) and confirm the application of our paradigm as a reliable implicit
measure to study agency, especially when testing SoAg in special populations, like those included in the present study (i.e., children
and elderly people). Although the Libet clock methodology has been successfully used in a large number of studies investigating IB
(for a review, see: Moore &Obhi, 2012), the paradigm is not without its limitations (e.g., Pockett &Miller, 2007). Although a
discussion on methodological issues concerned with the paradigm goes beyond the scope of this study, the most important limitation
which disuaded us from its use was the use of a clock to report time when testing children and elderly people. It is indeed known that

Fig. 5. Differences in the voluntary action overall binding among the three groups of participants. Error bars represent the standard error of mean (SEM) and *
indicates the significant difference in overall binding among groups. Only adults present IB effect, showing an enhanced total temporal compression between voluntary
action and its sensory effect. Small values indicate a stronger IB.
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the acquisition of both clock and time knowledge changes with age (Vakali, 1991), tapping into a wide range of cognitive abilities,
including EFs (Shulman, 2000). For this reason, the clock method was far from being the best choice for the present study.

Children and elderly people showed a reduction in the overall IB (i.e., larger values and absence of temporal compression), both in
the context of ‘voluntary action’ and in the two control conditions (‘involuntary action’ and ‘sensory context’). In both groups, the
temporal occurrence of the tone in the ECs was significantly shifted towards the first event triggering the auditory effect,
independently of the type of the first stimulus (i.e., voluntary, involuntary or sensory). Potential explanations for these results are
diverse. A possible interpretation for the elderly group considers the alerting system (Petersen & Posner, 2012), which refers to the
ability to actively prepare for an expected event allowing for a more rapid and accurate response. Generally, reaction times improve
following a warning signal. A similar phenomenon (i.e., the ‘warning-signal hypothesis’; Droit-Volet, 2003, 2011) is also common in
children and has been thoroughly discussed in previous work from our group (Cavazzana et al., 2014) and seems to represent a
suitable explanation for the present results. Accordingly, when target stimuli are preceded by warning signals, the amount of time
required for stimulus processing decreases and accuracy improves. In our case, children are indeed more accurate in judging the
second event in the ECs compared to the BCs, in which only one event is presented at random latencies. However, when considering
the elderly group, the alerting system framework failed to provide a convincing explanation for the obtained findings. This could be
partially due to the fact that the baseline temporal perception of the tone significantly differed between the two groups. More
specifically, while children had a delayed temporal perception of the tone in BC (78.15 ms), elderly people tended to be more
accurate (8.33 ms). As seen before, the alerting system hypothesis seems to work in children since the values of the tone in ECs were
more accurate with respect to the BCs. However, in the older participants the first event could not be considered as a warning
stimulus since in ECs the temporal perception of the second event (i.e., the tone) was less accurate with respect to the BC, although it
was perceived earlier in time like in children. This is in line with other studies that demonstrated that older participants are unable to
use temporal cues to improve performance (Vallesi, McIntosh, & Stuss, 2009; Zanto et al., 2011).

Another possible explanation could be found in a lack of inhibitory control, which seems to provide a valuable explanation for both
children (Diamond & Doar, 1989; Durston et al., 2002; Lorsbach & Reimer, 2011; Rubia et al., 2000) and elderly people’s data
(Hasher, Zacks, &May, 1999). In the present study, both the children and elderly group might have perceived the second event in the
ECs earlier in time, with respect to the BCs, because they may have been influenced by the presence of the first event. In fact, when
the tone is triggered by the first event (voluntary action, involuntary action, or control tone) in the ECs, it is perceived earlier with
respect to the BCs. In other words, when the children and the elderly people had to evaluate the second event in the ECs, it is likely
that they were unable to disengage their attention from the irrelevant stimulus (i.e., the first event), which was therefore not well-
inhibited. For this reason, the second event in the ECs was perceived earlier with respect to the BCs. Regarding children, this
hypothesis finds support in other studies (Diamond &Doar, 1989; Durston et al., 2002; Lorsbach & Reimer, 2011; Rubia et al., 2000),
suggesting that the loss of inhibitory skills could be the substrate for cognitive decline across the lifespan (Hasher et al., 1999). More
specifically, older adults find difficult to focus on relevant information and, at the same time, to inhibit attention to irrelevant
contents. Aging has resulted in poorer performance in a variety of paradigms relying upon inhibitory processing, including stop signal
tasks (Kramer, Humphrey, Larish, Logan, & Strayer, 1994), the Stroop task (Houx, Jolles, & Vreeling, 1993) and antisaccade tasks
(Butler, Zacks, & Henderson, 1999). The hypothesis of a lack of inhibitory control could provide a good framework to explain the shift
of the tone towards the first event in both groups. In addition, with respect to children, the hypothesis of a lack of inhibitory control
could better fit the data obtained with respect to the ‘warning signal hypothesis’ (Droit-Volet, 2003, 2011): in fact, in order to control
the cross-modal estimations in timing judgments, we should consider the perceptual shifts and not just the difference between the BCs
and the ECs. The second event seems to be influenced by the first one: the effect (e.g., tone) is perceived earlier towards the first event
independently of the context, and the shift is numerically different between the first and the second event, with a greater shift for the
second one. It is, therefore, more likely that the children, like elderly people, were unable to manage the interference caused by the
first event and, consequently, to correctly evaluate the ensuing tone. Indeed, judging correctly the second event implies that attention
is disengaged from the previously presented stimulus (i.e., the first event). In these cases, irrelevant information consumed resources
that would otherwise have been available to process relevant information, and led to global decline in performance.

In order to better characterize the result of a reduced IB in these two special populations, we compared their data with those
obtained in young adults. This analysis helped to resolve the possible issue concerning a lack of IB exclusively due to the complexity
of the task. If that was the case, differences within all the three contexts (i.e., voluntary, involuntary and sensory ones) should have
been observed. More precisely, both children and elderly should have differentiated from young adults in all three contexts. The
groups did not differ in terms of control conditions; rather, they only showed significant differences in the ‘voluntary action’ context,
suggesting that the total temporal compression characterizes adults only (Fig. 5). On the other hand, when considering action and
effect binding separately, children exhibited a reduced action binding (i.e., the shift of the action towards the tone) only when
compared to the adults (Fig. 4). Children tended to be more focused on their voluntary actions, without taking into account the effects
produced by them. This result might be explained by considering the two different processes implicated in action and effect binding
(Moore, Schneider et al., 2010; Wolpe, Haggard, Siebner, & Rowe, 2013). Effect binding seems to rely on a more general pre-
activation mechanism (Waszak, Cardoso-Leite, & Hughes, 2012); the neural representation of a sensory outcome following a
voluntary action is activated before its occurrence. When the predicted sensory event occurs, the perceptual threshold is reached
faster than when the event is not predicted. On the other hand, action binding depends on both predictive motor control and
inferential processes (Moore &Haggard, 2008). It is possible that a pre-activation mechanism is already fully efficient in children,
while mechanisms implicated in action binding might still be developing, although functioning in elderly people. However, future
studies are needed to shed light on this issue.

These data are also in line with literature regarding temporal perception. In adults, IB has been proven to be linked to the slowing
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of the rate of an internal pacemaker (Wenke & Haggard, 2009), while in children and in older participants this mechanism seems to
accelerate (Droit-Volet &Wearden, 2002; Espinosa-Fernández, Miró, Cano, & Buela-Casal, 2003; Hancock & Rausch, 2010). In line
with these findings, the increase in the speed of an internal pacemaker could have made children and elderly perceive their voluntary
actions and their sensory effects to be further apart (i.e., a reduced IB).

5. Conclusions

In conclusion, this study provides new insights into the evolution of SoAg across the lifespan. It is possible that children and
elderly people show a decreased IB effect because the frontal areas, the most plausible ‘candidates’ as a neural substrate of SoAg (e.g.,
Cavazzana et al., 2015; Haggard, 2017; Moore, Ruge et al., 2010), are still developing or have started to loose their efficiency. For all
of these reasons, it has been suggested that IB might be acquired gradually during ontogenesis, parallel with the maturation of the
frontal cortical network, and might be lost with advancing age. However, the hypothesis of a link between the reduced IB and the
maturation or decline of frontal areas in children and elderly people remains an open issue that needs to be tested by means of
neuroimaging techniques. Finally, these data could be important when considered in light of some legal aspects: our society
condemns behaviours with negative consequences on the external world or on other people. However, some populations, like those
tested in the present study, seem to exhibit a lack of agency, suggesting the possibility that a different ‘route of judgment’ could arise,
as compared to adults.
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