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Abstract 

 

The sense of agency has been described as the experience that is sensed when we 

performed our own actions, such that we control events in the outside world through 

them. The development of sense of agency is crucial for children to be able to learn 

from their experience and interaction with the surrounding world. To date, evidence of 

a sense of agency in infancy is limited to a behavioral data pattern. However, a 

simulation with no capability to build internal model was able to replicate a similar 

data pattern. Therefore, additional investigation on different phenomena is necessary. 

It is assumed that to experience a sense of agency, an internal model is required. 

Having an internal model would enable one to make predictions upon it. When there is 

a mismatch between the predicted events with the actual events, a mismatch response 

in terms of the brain’s event related potential is elicited. In this study, we proposed to 

investigate the presence of sense of agency in infants based on how the brain would 

react to a violation of its internal model. In this study, we investigated 3-to-4-month 

old infants’ movement response along with the ERP response to movement in different 

experimental phases. There were three phases, namely baseline, connect, and 

disconnect. One of the infants’ limb movement would trigger stimulus effect during 

the connect phase, whereas baseline corresponds to the phase before and disconnect 

corresponds to the phase after. The omission of the movement’s effect was applied in 

the disconnect phase and aimed to violate infants’ expectations. The results indicated 

infants experience violation of expectation in response to the omission of their 

movement effect, as shown in the ERP mismatch response. It indicates that infants 

built an internal model linking their movement with its effect, suggesting the presence 

of sense of agency. 

 

Keywords: sense of agency, development, mobile paradigm, event related potential, mismatch 

response 
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1. Introduction 

 

We perform actions in our everyday life to accomplish our goals, to fulfill our needs, 

and to do our obligations. We open the window when the temperature in the room 

becomes too warm and we turn on the light when it is dark. By opening the window 

we know that the wind will enter the room and the room will become cooler. By 

turning on the lights we know that it will be brighter. Such experience that is sensed 

when we performed our own actions has been described as a sense of agency 

(Haggard & Chambon, 2012). Amongst various definitions, Haggard proposed sense 

of agency as “the experience of controlling one’s own actions, and through them, 

events in the outside world” (Haggard, & Chambon 2012, p390).  

 

Undoubtedly, having a sense of agency is important and its development is essential as 

it enables us to learn from our surrounding world. Understanding the causal structure 

between actions and their consequences enables children to learn and benefit from 

their interaction with the physical and social world (Lagnado & Sloman, 2002; Schulz, 

Gopnik, & Glymour, 2007; Rochat & Striano, 2000). It allows them to optimally 

adjust their actions to yield the best outcome based on their experience. Thus, 

developing a sense of agency may be considered crucial for human cognitive 

development in general (Zaadnoordijk et al., 2016).  

 

Rochat and Striano (2000) propose that a sense of agency in infancy develops on the 

basis of interaction between sensory modalities, through systematic exploration of 

own bodies, self-produced actions, and observation of the resulting perceptual 

consequences. Some developmental psychologists have suggested that it may present 

at birth (Kalnins & Bruner, 1973; Lewis, Sullivan, & Brooks-Gunn, 1985; Siqueland 

& Delucia, 1969). In accord with the notion, Rochat and Hespos (1997) did a study on 

infants’ rooting response to self- (cheek being touched by own hand) and external 

stimulation (touched by experimenter’s hand). Despite there was no significant 

difference found in newborns’ response to self- and external stimulation, they reported 

a significant result in the 4-week old infants’ response. The 4-week old infants in their 

study were able to discriminate between conditions by showing more response to self- 

relative to external stimulation. They interpreted these findings as evidence that young 
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infants were able to dissociate intero- (self-) –ceptive from exteroceptive stimulation, 

indicating the capability to place themselves as a differentiated agent within the 

environment. (Rochat & Hespos, 1997). This capability to differentiate their own body 

based on interoceptive information from their hand movement and the tactile 

information from the cheek being touched is stated as an indication of sense of agency 

existence in newborns (Geangu, 2008). In line with this, a study conducted by Kalnis 

and Bruner (1973) reported that by the age 5 to 12 weeks infants significantly increase 

their sucking response when it is followed by a stimulus movie becoming more clear 

(Kalnins & Bruner, 1973). In fact, early research proposed that there is a simple form 

of sense of agency which present at birth and is the result of active discovery by the 

infants of the contingency between stimuli and proprioception of body movement 

(Guillaume, 1926).  

 

However, Rochat and Striano (1999) argued that mere contingency learning is not 

enough to claim that newborns have a sense of agency. They suggested that 

experiencing a sense of agency presupposes circumstances where someone is able to 

do self-exploration as an agent and understand the causal link between own actions 

and the corresponding perceptual consequences (action effect). Based on that notion, 

they argued that there is a fundamental difference between contingency detection and 

the detection of a causal link between action and its perceptual consequences, as the 

latter presupposes systematic voluntary control performed by the infant (Rochat & 

Striano, 1999).  

 

In line with that, there are several studies investigating sense of agency by probing 

infants’ self-exploration in response to a perceptual consequence (Angulo-Kinzler & 

Horn, 2001; Watanabe & Taga, 2006, 2009, 2011). They investigated this by utilizing 

a mobile paradigm that was originally used by Rovee-Collier (1978) to study infants’ 

memory retention. In their study, one of the 3-month-old infants’ legs was connected 

to a hanging mobile toy (thus served role as the ‘trigger’ leg) in a way so that their 

movement would trigger the mobile movement (e.g. by tying a ribbon connecting 

infant’s leg and a mobile toy in Rovee-Collier, 1978), providing an action’s effect. 

The findings showed that 3-month-old infants significantly increased the kicking 



  

Falma Kemalasari 

s4402634 
 

frequency of the connected (trigger) leg (Watanabe & Taga, 2006, 2009). These 

findings has been replicated by several other studies (Angulo-Kinzler & Horn, 2001; 

Heathcock et al., 2005; Watanabe & Taga, 2011). The pattern of increased frequency 

was further interpreted as evidence that young infants were able to learn and memorize 

the causality links of their action and environmental change, leading them to adjust 

their movements accordingly (Watanabe & Taga, 2006, 2009, 2011). Further 

interpretation on this results has also been proposed as an evidence of early sense of 

agency (Watanabe & Taga, 2011; Kelso, 2016).  

 

Nevertheless, the proposed evidence of early sense of agency was made purely based 

on interpretation of behavioral result (Watanabe & Taga, 2006, 2009, 2011), which 

leaves rooms for various alternative interpretations. One way to address this issue is to 

conduct further investigation based on the knowledge of how the sense of agency is 

experienced. In line with Rochat and Striano’s (1999) notion that one of the indicators 

for sense of agency is an observed systematic voluntary control, the phenomena of 

sense of agency has been explained through an approach based on the theory of motor 

control. The theory of motor control suggested that motor control involves an internal 

model, namely forward models and inverse models. Forward models mimic the causal 

course of a process by making prediction of its next state. Inverse models invert the 

causal course by estimating the motor command responsible for causing a particular 

state transition (Wolpert et al., 1995). On a similar note, the assumption derived from 

cognitive phenomenology also stated experiencing a sense of agency presupposes an 

internal representation of events as being caused by own action (Bayne, 2008; Bayne 

& Levy, 2006). Therefore, investigation on the presence of internal model, linking 

actions with its effect, might provide a new insight into the research on sense of 

agency in infancy.  

 

To our knowledge, there has been one study which investigate infant sense of agency 

based on the assumption of the presence of internal model (Zaadnoordijk et al., 2016). 

Zaadnoordijk and colleagues simulated infants’ responses to a mobile movement 

through a computer program. By assuming that one needs and underlying internal 

(causal) model to experience sense of agency, they tested whether the behavioral data 
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patterns (i.e. increased movement frequency) seen in previous studies (Watanabe & 

Taga, 2006, 2009, 2011) is evidence for the presence of an underlying internal model. 

Rather than testing it by simulating an infant who built internal model, they did it in a 

reverse way by simulating a ‘model free’ infant with no internal model building 

capability. Their findings revealed that increase movement frequency could also be 

replicated in the simulation. To relate back to study done by Watanabe & Taga (2009, 

2011), it seems that this increase in behavioral response due to stimulus feedback was 

not necessarily mean the infants built an internal model (Zaadnoordijk et al., 2016). 

Accordingly, Zaadnoordijk and colleagues (2016) argued that the observed change in 

infants’ behavior is insufficient to claim the presence of a sense of agency. 

Consequently, it cannot be concluded that sense of agency is present in young infants 

based on these data patterns.  

 

Nevertheless, the simulation work by Zaadnoordijk and colleagues (2016) opens 

another avenue to be explored further. They reported that the ‘model-free’ infant 

simulation may have been able to replicate the data pattern that has been taken as 

evidence for an underlying causal model, but did fail to replicate another behavioral 

effect. In Watanabe and Taga’s study (2011, also in Watanabe & Taga, 2006, 2009; 

Rovee-Collier et al., 1978), it was reported that when the infants’ connection to the 

mobile was severed, thus stopping the effect of their movement upon the mobile 

movement, infants increased their movement frequency for a period of time. These 

behavioral patterns was not replicated by the simulation (Zaadnoordijk et al., 2016). 

Further investigation on the presence of internal (causal) model in infants by focusing 

more at this part of the experiment (i.e. when infants’ movement effect was omitted) 

might provide more information to address this issue.  

 

Accordingly, this study investigated the presence of sense of agency based on how the 

brain would react to a violation of its internal model. Friston (2012) proposed that the 

brain actively making predictions based on the internal models. These predictions 

represent a state of neural acquired readiness to experience events with particular 

characteristics (Todd et al., 2012). Todd and colleagues (2012) suggested that 

prediction can be considered to be synonymous with expectation. If the prediction 
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outcome does not match with the current internal model, expectations are violated, 

then a prediction error occurs (Todd et al., 2012). Accordingly, prediction error signal 

pertaining to self-produced action’s sensory consequences might then serves role as an 

indication of the existence of the internal models and infer the presence of sense of 

agency. Thus, we would focus current study on the prediction error response to the 

violation of infant’s expectations on their action’s effect.  

 

There have been a lot of studies proving that prediction error could be measured in 

terms of event related potential (ERP) response, particularly a mismatch response 

(Baldweg, 2007; Trainor, 2012; Bendixen, 2012; Friston, 2012). One of those 

mismatch responses is the mismatch negativity (MMN; Baldweg, 2007; Bendixen, 

2011). Normally, the MMN is elicited when a violation of an established pattern in 

sensory input is detected by the brain (Näätänen and Alho, 1997), and as such, in 

auditory perception studies, an MMN is usually elicited by a deviant tone amongst a 

series of standard tones (Todd et al., 2012; Trainor et al., 2003). Accordingly, Winkler 

and colleagues (1996) proposed that one of the functional role of MMN is to reflect 

the incorporation of recent change in the events by the brain to its representational 

model in order to minimize future prediction errors. In addition, the presence of 

mismatch response to deviant stimuli in infants has also been proposed as evidence of 

predictive processing in young infants, such that infants act as predictors, readily 

building up expectations for the upcoming events based on previous events (Trainor, 

2012).  

 

In current study, we investigated 3-to-4-month old infants’ response to a mobile 

paradigm (modified) as used by Watanabe and Taga (2009, 2011, originally used by 

Rovee-Collier, 1978), combined with EEG measurement. To our knowledge, this is 

the first study that combined mobile experiment with EEG measurement. In contrast to 

what have been done by Watanabe and Taga (2009, 2011), present study focused more 

to infants’ response following the omission of their movement’s effect. This study will 

therefore address the following research question: do infants build a model of how 

their actions cause effects?  
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As what had been done in the mobile paradigm study (Watanabe & Taga, 2011), we 

implemented 3 phases in this study, namely baseline, connect, and disconnect. One of 

the infants’ limb movement would trigger an audio-visual effect during the connect 

phase, whereas baseline corresponds to the phase before and disconnect corresponds to 

the phase after. The omission of the movement’s effect was applied in the disconnect 

phase and aimed to violate infants’ expectations. We measured the movement 

response in all phases along with the ERP response to movement in baseline and 

disconnect phase. For the behavioral analysis, in accord with findings from previous 

studies (Watanabe & Taga, 2006, 2009, 2011; Rovee-Collier, 1978), we hypothesize 

that there would be an increased movement frequency from baseline to connect phase, 

and from connect to disconnect phase. In addition, as observed by Watanabe and Taga 

(2006), we also expected to see more response of the arms (both the attached and 

opposite) relative to the legs.  For the ERP analysis, we assumed that if infants predict 

their movement’s effect based on previous events, once the effect was omitted, we 

expected to detect a mismatch response to the movement occurred during the 

‘disconnect’ phase. Our hypothesis was that if the infants built an internal model of the 

causal link between their action and its effect during the connect phase, the mismatch 

response to events comprised of violation of expectation during the disconnect phase 

should be detected. Therefore, we expected to find a larger amplitude of mismatch 

response relative to the baseline phase, when the model was not present yet. 

 

Based on literature, the MMN is obtained by subtracting the event-related potential 

(ERP) response to standard stimuli from those to deviant stimuli (Wacongne et al., 

2012). In adults, the MMN appears as a negative deflection to the deviant sound which 

peaks over frontocentral regions of the brain around 100-200ms from the deviation 

point (Todd et al., 2012). However, since the MMN in infancy is still immature, the 

latency occurred a bit later. Alho and Cheour (1997), for instance, reported that in 3-

month-old infant, the frontally distributed MMN started to appear at approximately 

200ms after the stimulus onset. Other studies also reported to find frontally distributed 

MMN in infants at latency around 200ms-300ms (Kutzberg et al., 1995; Trainor et al., 

2003; Basirat et al., 2014). Additionally, despite its name, several other studies 

(Trainor et al., 2003; Dehaene-Lambertz & Baillet, 1998; Dehaene-Lambertz and 
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Dehaene, 1994; Morr et al., 2002) reported to find mismatch response in infants in the 

positive direction at the same latency range. It was suggested that this inconsistency in 

the direction of the difference wave might be due to maturational process of the 

neuronal system responsible for eliciting such response (Trainor et al., 2003). Despite 

the inconsistency in the findings, we expected to find the mismatch response as 

negativity in the difference wave (i.e. response in disconnect being more negative 

relative to baseline). A mismatch response would serve as evidence of the presence of 

the internal model.  

 

Additionally, unlike standard MMN studies, present study locked the ERP response to 

movement rather than a series of passively received standard and deviant stimuli. 

Movements in baseline phase were analogue to standard stimuli while movements in 

disconnect phase were analogue to deviant stimuli. By doing so, we aimed to test 

specifically the presence of internal model underlying sense of agency, i.e. the one that 

related to infants’ expectation of their movement effect.  

 

2. Methods 

2.1 Participants 

In total, 31 infants (22 females, mean age 117.6 days, SD=8.7) participated in this 

experiment. Data analysis was based on a final sample of 7 infants (3 females, mean 

age 123.85 days, SD=6). The remaining infants had to be excluded from the analysis 

due to technical problems (2), fussiness/excessive crying (13), insufficient amount of 

movement (1), experimenter error (1), or insufficient number of valid ERP trials (7).  

The infants were recruited from a database of the Baby Research Center Nijmegen. 

This database contains contact information of families living in the surrounding area 

of Nijmegen who had shown interest to participate in a scientific experiments with 

their children. A small present or monetary compensation was given for participation. 

All parents were informed about the experiment and gave written consent before the 

experiment begun. Ethical approval for this research was granted by the local ethical 

committee.  
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2.2 Stimuli  

Infants were presented with a static image of a mobile toy 

during first phase and last phase of the experiment (Figure 1). 

The mobile toy image was used to make the experiment 

comparable to previous experiments performed by Rovee-

Collier and colleagues (e.g. 1978) as well as Watanabe and 

Taga (2006, 2011) who used a real mobile toy. A static image 

of the mobile toy was used rather than a real mobile toy in 

order to avoid movement persistence effects caused by the 

physical characteristics of the real mobile toy.  

An audiovisual stimulus, an animated version of the static 

image, was presented during the middle phase of the 

experiment. This animated version of the static image was a video showing a wiggling 

version of the image along with a sound. The animation was created using 44 rotated 

versions of the static image from -10o to 10o rotation. Those 44 pictures were then 

edited and cut to a length of approximately 650ms using visual processing utility 

Virtual Dub 1.10.4 to produce a final video stimuli (http://www.virtualdub.org/). 

 

2.3 Materials 

Similar to the experiment with a real 

mobile toy (Rovee-Collier et al., 1978), 

this experiment was also designed in a 

way such that infants’ movements could 

trigger the audio-visual effect. This was 

done by using accelerometers as 

movement sensors for infants’ limbs, i.e. 

one ‘target’ accelerometer and three 

additional accelerometers (Figure 2). 

During the experiment, the ‘target’ 

accelerometer was attached to one of 

the infant’s wrists (counterbalanced across participants). The arm to which the ‘target’ 

accelerometer was attached is defined as ‘trigger’ arm from here on. Only the ‘target’ 

accelerometer served a function as both movement sensor and a trigger for the video 

Fig 1. Picture of mobile toy 

used as stimulus (static and 

video) 

Fig 2. Color-coded accelerometers: target (yellow), 

opposite wrist (blue), ipsilateral leg (red), contralateral 

leg (green) 

http://www.virtualdub.org/


  

Falma Kemalasari 

s4402634 
 

playback during one of the experimental phases. A marker for each above-threshold 

movement detected by the ‘trigger’ accelerometer would be sent to the infant’s EEG 

data during the whole experiment. Movement of the opposite arm and both infant’s legs 

were also monitored with 3 additional accelerometers. Input from all accelerometers 

were sampled at 20Hz sampling frequency and logged for each limb separately for 

further behavioral analysis.  

 

 

2.4 Task 

 

 

 

 

 

 

 

 

 

 

The experiment consisted of three phases, the baseline phase, the connect phase, and 

the disconnect phase. As illustrated in Figure 3, infants were presented with the static 

image of mobile toy for 2 minutes during the baseline phase. Following this phase was 

the connect phase. During the connect phase, infants’ movement would trigger the 

video stimulus playback along with the sound effect. The connect phase lasted for 3.5 

minutes. The disconnect phase followed directly after a period of connect phase 

without any gap. During the disconnect phase, infants were presented with the same 

stimulus as in the baseline phase for 2 minutes. Their movement did no longer trigger 

any effect on the stimulus presentation. All stimuli were presented using Presentation 

Software (Neurobehavioral Systems; https://www.neurobs.com/). The phases were 

presented in a fixed order.  

  

Fig 3. Task of the experiment, consisting of 3 phases: (a) baseline, (b) 

connect, (c) disconnect 

(c) (b)

A B C 

(a) 

https://www.neurobs.com/
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2.5 Procedure 

 

Parents and infants were invited to the Baby EEG Lab in Donders Centre for 

Cognitive Neuroimaging for a testing session that lasted approximately one hour 

including explanation and instruction to parents, preparation, and debriefing. We 

informed the parents about the procedure of the experiment before we started. The 

infant’s head circumference was measured and an EEG cap was chosen based on the 

size of the head circumference. 

Then the infant was brought to a 

shielded room built to minimize 

EEG interference by other 

electrical sources. The EEG 

capping was done in the 

shielded room, and after the 

EEG cap had been fitted, the 

experimenter controlled the 

impedances. Infants were seated 

in a child-seat (Maxi-Cosi) which was positioned on the parent’s lap approximately 

50cm from a computer screen. This set up was used in order to minimize parental 

influence and ensure that the infant’s sitting position was stable. All of the visual 

stimuli used in this experiment was presented on the computer screen (see Figure 4 for 

experimental set-up). When the infant seemed comfortable, the experimenter attached 

the four accelerometers to the infant’s limbs. The experiment began once the infants 

were comfortable with the overall set up. If the infant seemed to lose interest to the 

stimuli, became fussy, started to cry, or showed other signs of discomfort, the 

experimenter could pause the experiment until the infant regained attention to the 

screen. The experiment ended after the infant finished the three phases or if the infant 

continued to show signs of discomfort, cry, or fussiness. Infants’ EEG and movement 

frequency were recorded throughout the experiment. A video of the whole experiment 

was also recorded 

  

Fig 4. Experimental et-up: (a) accelerometers, (b) stimulus 

monitor, (c) EEG set-up, (d) maxi-cosi position 
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2.4 Data Acquisition 

 

EEG was recorded from 32 active Ag/AgCL electrodes using infant-sized caps 

(ActiCAP), Brain Amp DC, and Brain Vision Recorder software (Brain Products 

GmbH, Germany). The electrodes were arranged according to the International 10-20 

system configuration. The data was sampled at 500 Hz and online filtered with 0.016 

Hz high-pass and 125 Hz low-pass filter. Left mastoid was used as online reference 

and the impedance was kept below 20 kƱ. The EEG data was re-referenced to the 

averaged of all channels for data analysis.  

 

2.5 Data Analysis 

 

The EEG data was analyzed using Fieldtrip (open source Matlab toolbox, developed at 

Donders Institute for Brain, Cognition, and Behavior; 

http://www.fieldtriptoolbox.org/). Statistical analyses was performed using IBM SPSS 

Statistics, version 22. We validated that the data was normally distributed prior to any 

parametric statistical analyses.   

 

2.5.1 Analysis of Infants’ Movement Frequency 

Infants’ movement frequency was recorded by the accelerometers. The accelerometers 

recorded movement acceleration on 3D positions (x,y,z) and obtained the resultant 

value. Increase in movement frequency was detected when the resultant value 

difference between two consecutive movements exceeded a threshold. Any differences 

in number of movement and movement frequency across conditions was tested using 

2-way repeated measures ANOVA with factors of phases in which the movement 

occurred (baseline, connect, and disconnect) and the limbs (trigger arm, opposite arm, 

ipsilateral leg, and contralateral leg).  

 

2.5.2 Analysis of ERP Mismatch Negativity 

 

2.5.2.1 Segmentation and ERP Epoch Selection 

 

All of the EEG data were preprocessed first before being analyzed. Preprocessing 

included data segmentation, eye artifacts rejection, other artifacts rejection, baseline 

http://www.fieldtriptoolbox.org/
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correction, demeaning, and filtering. For the analysis of the ERP Mismatch Negativity 

response, windows of interest for baseline and disconnect phase were selected from 

each phase. More specifically, the part where the movement happened, as indicated by 

the movement marker. The continuous EEG data was segmented into 800ms 

movement-onset-locked epochs, including a baseline window defined as 200ms prior 

to the movement onset. Each epoch were filtered by a bandpass 0.5 – 20 Hz filter and 

baseline corrected with respect to the mean 100-ms pre-stimulus voltage. These 

segmented epochs are called trials from here on. Valid EEG trials of these windows of 

interest were chosen to be included in the data analysis. Infants were included at the 

final analysis if they had at least 5 valid trials for each phase. Trials were defined as 

valid if it did not contain any EEG artifacts (such as eye blinks, eye movements, noise, 

or electrode drifts). Eye artifacts were rejected by utilizing independent component 

analysis (ICA). Other artifact rejection was done manually on each data from every 

individual EEG trial. After the pre-processing, the criteria of valid trials for each phase 

were met by 7 infants and only those data will be reported in the result section. On 

average, infants completed 32 valid trials (SD = 17) for the baseline phase, 76 valid 

trials (SD = 26) for the connected phase, and 24 valid trials (SD= 20) for the 

disconnected phase.  

 

2.5.2.2 Determining Difference in Waveform of Mismatch Negativity Response 

 

In MMN studies with standard and deviant trials, the difference waveforms were 

obtained by subtracting the standard waveforms from deviant waveforms (Trainor et 

al., 2003). In this experiment, the standard trials were analogous to trials in the 

baseline phase while the deviant trials were analogous to trials in the disconnected 

phase. ERPs from both phases were averaged separately. The difference waves was 

obtained by subtracting the general average of trials from the baseline phase from the 

general average of trials from the disconnected phase. Grand average was obtained by 

averaging across participants. Data was recorded from 32 sites, 12 frontal sites, 7 

central sites, 7 parietal sites, 3 temporal sites, and 3 occipital sites. Based on the study 

conducted by Trainor and colleagues (2003) investigating MMN in infants, we 

focused on the frontal electrodes, particularly F3 and F4. Mean ERP amplitudes were 

calculated as a mean voltage obtained from consecutive 20ms time points over 
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particular time window. The mean amplitudes were compared over 200ms-300ms time 

window across conditions based on infants MMN literature (Trainor et al., 2003). 

Additional exploratory measurement was done on ERPs amplitude from 0-600ms time 

window in 100-ms intervals. A two-tailed dependent t-test was performed on the mean 

amplitudes to determine the regions of the waveform that were significantly different 

across conditions.  

 

3. Results 

3.1 Number of movement and movement frequency 

Behavioral data from 7 participants who met the EEG inclusion criteria are included in 

the analysis. Given that one of the criteria of inclusion for EEG was a minimum of 

five valid trials per condition, we also included participants who did not finish the 

disconnect phase as long as the minimum number of valid trials in disconnect phase 

was obtained. Analysis on the behavioral data was done based on the accelerometer 

log files. Table 1 gives an overview of the number of movements that occurred in each 

phase for each limb averaged across participants. The number of movements was 

obtained by averaging the movements for each limbs in 30s time bins. Figure 5 shows 

how the number of movements of each limb changed across conditions.  The average 

number of movements over time shows a slight increase in all limbs across conditions, 

from baseline to connect to disconnect phase. To validate the difference across 

conditions by including all limbs as a factor (trigger arm, opposite arm, contralateral 

arm, and ipsilateral arm) and examine the effect of conditions and limbs on the 

observed number of movement, a two-way ANOVA was conducted. The analysis was 

based on the total number of movement within each phase. There was no significant 

interaction between the effects of limbs and conditions on the observed movement 

frequency, F(6) = .011, p = 1.0. There was no significant effect of either limbs (F(3) = 

1.64, p = 0.186) or conditions (F(2) = 1.48, p = 0.233) on the number of movement. 

Therefore, we conclude that there was no difference between the number of 

movements performed by the trigger arm and the movement performed by other limbs 

in all experimental conditions.  
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Fig 5 Number of movements across conditions (averaged over 8 participants): baseline, connect, disconnect for 

trigger arm, opposite arm, contralateral leg, and ipsilateral leg 

Table 1 Movement count across conditions (averaged over 7 participants) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Additionally, we analyzed how the movement frequency differs across conditions. As 

our participants did not have to finish the entire disconnect phase, the duration of this 

phase is on average shorter than the baseline phase. Therefore, finding no significant 

difference in number of movements between the baseline and disconnect phase does 

not necessarily mean that there is no difference in the movement frequency. Table 2 

gives an overview of movement per second in each phase for all limbs averaged across 

participants. The frequency was obtained by dividing the total movement for each 

limb in each condition by the duration of the condition. The average movement per 

second shows an increase in all limbs across condition, from baseline to connect to 

disconnect phase. A two-way ANOVA with Bonferroni correction was conducted to 

Limbs/Condition 

Movement/second (averaged over 7 participants) 

Trigger arm Opposite arm Ipsilateral leg  Contralateral leg 

  M SD M SD M SD M SD 

Baseline 27.8 13.7 19.8 16.3 15.8 15.1 16.6  18.7  

Connect 34.1 17.2 24.8 20.7 21.1 23.7 22.0  27.8  

Disconnect 38.9 19.2 29.2 23.5 26.4 26.2 24.4  26.1  
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Fig 6. Changes in movement frequency of trigger arm across conditions per participant. 

examine the effect of the conditions and limbs on the movement frequency. There was 

no significant interaction between the effects of limbs and conditions on the observed 

movement frequency, F(6) = .143, p = .99. The effect of limbs on movement 

frequency was also not significant, F(3) = 2.49, p = .06. Thus, there was no significant 

difference in movement frequency between trigger arm, opposite arm, contralateral 

leg, and ipsilateral leg. However, there was a significant effect of condition, F(2) = 

7.27, P< 0.005. In general, there was a significant difference of movement frequency 

between baseline - disconnect phase (P< 0.005) and connect – disconnect phase (P< 

0.05) but surprisingly not between baseline – connect phase (p = 1.0). Mean difference 

values revealed that movement frequency was highest in the disconnect phase and 

lowest in the baseline phase. Figure 6 shows how movement frequency of the trigger 

arm changed across condition for all participants. 

 

  Table 2 Movement frequency across conditions for all limbs (averaged over 7 participants) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Limbs/Condition 

Movement/second (averaged across 8 participants) 

Trigger arm Opposite arm Contralateral leg Ipsilateral leg 

  M SD M SD M SD M SD 

Baseline 0.9 0.5 0.7 0.6 0.6 0.5 0.5 0.5 

Connect 1.1 0.5 0.8 0.6 0.7 0.8 0.7 0.7 

Disconnect 1.9 0.6 1.4 0.8 1.1 1.2 1.1 1.1 
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3.2 ERP Response 

Based on the inclusion criteria described in the Method section, 7 participants were 

included in ERP final analysis. The preprocessed EEG data for each participant was 

obtained for both conditions in consecutive 20ms time windows, ranging from 200ms 

prior to and 600ms after movement onset. The mean amplitude of ERP for each 

participant was obtained by averaging the raw data within the range of each time of 

interest. Grand average data was computed from the average of the mean amplitude 

over 7 participants. Figure 7 shows the ERP response of all electrodes averaged across 

participants.  

 

 

 

 

According to our a priori hypothesis, we expected to see the MMN on F3 and F4 

around 300 ms after movement onset. Therefore, focusing on our electrodes of interest 

(i.e. left frontal/F3 and right frontal/F4, according to international 10/20 system), we 

Fig 7 Grand average event-related potentials (ERPs; averaged across 7 infants) locked to movement in 

baseline (blue lines) and disconnect phase (red lines) in all electrodes (negative plotted downwards) 
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Amplitude (μV) 

F3 F4 

Amplitude (μV) 

plotted ERPs response to movement in baseline against the response to movement in 

disconnect, as recorded in F3 and F4, in Figure 8.  The difference wave between the 

two conditions was obtained by subtracting baseline movement-locked ERPs response 

from disconnect movement-locked ERPs response and was plotted in Figure 9. As 

shown in Figure 8, movement-locked ERPs in the disconnect phase over our time of 

interest seems to be more positive relative to movement-locked ERPs in the baseline 

phase both on F3 and F4.  This was confirmed by the difference wave as shown in 

Figure 9. To validate the visual observation, we compared average of mean amplitude 

at latency 200-300ms recorded from both electrodes in baseline with disconnect phase. 

A two-tail dependent t-test was performed to measure any significant difference 

between conditions on data from each electrodes separately. We found no statistically 

significant difference between mean amplitudes in baseline (F3, M=0.1389 μV, SD = 

2.8; F4, M=1.49 μV, SD = 3.17) and disconnect (F3, M=0.17 μV, SD = 2.81; F4, 

M=2.67 μV, SD = 4.13) for both electrodes (F3, p=0.27; F4, p=0.08). Post hoc 

comparisons using FDR correction indicated the similar result (F3, p=0.27; F4, 

p=0.16).  

Fig 8 Grand-averaged event-related potentials (ERPs; averaged across 7 infants) elicited in baseline and 

disconnect phase in left and right frontal electrodes (F3, F4, according to International 10/20 system, negative 

plotted downwards) 

  

 

 

 

 

 

Time (ms) Time (ms) 
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F3 F4 

Amplitude (μV) 
Amplitude (μV) 

 

 

 

Fig 9. Grand-averaged of difference waves (in left/F3 and right/F4 frontal electrodes according to International 

10/20 system, averaged across 7 infants), obtained by subtracting movement-locked ERP in baseline from 

movement-locked ERP response in disconnect phase, negative plotted downwards 

It is possible that we did not reach significance due to our limited sample size. 

Therefore, to have more data to compare, we analyzed the data from F3 and F4 as one 

cluster, i.e. treating the average of mean amplitude at 200-300ms from both electrodes 

as one data, and compared between conditions. Prior to clustering the data, we 

performed dependent t-test for each electrode (F3 and F4) over 200-300ms within the 

same condition to ensure there was no significant difference between electrodes that 

might affect the clustered data. We confirmed there was no statistically significant 

difference between F3 and F4 in both baseline (F3, M=0.13, SD=2.8; F4, M=0.18, 

SD=2.8; t(6) = -0.56, p=0.59, uncorrected) and disconnect (F3, M=1.4, SD=2.6; F4, 

M=2.67, SD=4.1; t(6) = 0.117, p=0.91, uncorrected) phase.   

 

The plot of movement-locked ERPs response in baseline and disconnect phase for the 

data cluster along with the difference wave was shown in Figure 10. A more 

prominent positivity over 200-300ms could be seen on the plots. To validate this, we 

performed two-tail dependent t-test on the data cluster and found a significant 

difference in baseline ERPs mean amplitude (M=0.158, SD=2.69) and disconnect 

ERPs mean amplitude (M=2.08, SD=3.59); t(13) = -2.4, P<0.05. The mean difference 

value between two conditions confirmed that ERPs mean amplitude in disconnect 

Time (ms) Time (ms) 
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Amplitude (μV) 
Amplitude (μV) 

Clustered F3 and F4 

phase was larger compared to baseline. Therefore, it seems that the ERP response at 

the latency where we expected MMN to appear was more positive in the disconnect 

phase relative to baseline phase. 

 

 

   

 

 

 

 

 

 

 

Fig 10.  Grand-averaged of event-related potentials on clustered electrodes F3 and F4 (ERPs; averaged across 7 

infants) elicited in baseline and disconnect phase (left) and difference waves between conditions (right), negative 

plotted downwards  

Aside from the positivity observed at 200-300ms, there was also some peaks in the 

difference wave over several time ranges. The most prominent one seems to be a 

negative deflection around 400ms. We explored more of these peaks by performing 

the same routine as we did with the 200-300ms latency. We did a separate two-tail 

dependent t-test on data from F3 and F4 within each condition, for each latency prior 

to clustering. We confirmed there was no statistically significant difference between 

F3 and F4 in baseline for latency 100-200ms (F3, M=0.4, SD=2.51; F4, M=1.6, 

SD=2.13; t(6) = -0.87, p=0.41), 300-400ms (F3, M=0.15, SD=3.86; F4, M= -0.29, 

SD=3.42.13; t(6) = 0.55 , p=0.6), 400-500ms (F3, M= -1.77, SD=3.77; F4, M= -0.7, 

SD=3.18; t(6) = -1.0 , p=0.35), and 500-600ms (F3, M= -0.29, SD=2.54; F4, M=0.6, 

SD=2.97; t(6) = -0.58, p=0.584). We also found no statistically significant difference 

in disconnect for latency 100-200ms (F3, M=0.86, SD=3.03; F4, M=3.02, SD=2.7.1; 

t(6) = -1.4, p=0.2), 300-400ms (F3, M= -0.32, SD=3.6; F4, M=-1.3, SD=4.71; t(6) = 

0.45, p=0.67), 400-500ms (F3, M= -1.4, SD=6.17; F4, M= -1.4, SD=4.68; t(6) = 0.17 , 

Time (ms) Time (ms) 
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p=0.87), and 500-600ms (F3, M= -0.93, SD=7.07; F4, M=0.28, SD=4.17; t(6) = -0.5, 

p=0.63). However we did find a statistically significant difference between F3 and F4 

in disconnect phase over latency 0-100ms (F3, M= -0.93, SD=7.07; F4, M=0.28, 

SD=4.17; t(6) = -3.08, P<0.05). 

 

Therefore, we clustered data only for the latency that was confirmed to have no 

difference between electrodes within the same condition. We found no significant 

difference between conditions in latency 300ms-400ms (baseline, M= -0.07, SD=3.5; 

disconnect, M= -0.82, SD=4.06; t(13) = -0.79, p=0.444), 400ms-500ms (baseline, M= 

-1.23, SD=3.4; disconnect, M= -1.21, SD=5.27; t(13) = -0.01, p=0.991); 500ms-600ms 

(baseline, M= 0.16, SD=2.7; disconnect, M= -0.33, SD=5.6; t(13) = 0.28, p=0.78). To 

test whether there was statistically significant difference between conditions over 

latency 0-100ms, we performed a two-tail dependent t-test on data from F3 and F4 

separately. We found no significant difference for F3 between conditions (t(6) = 0.84, 

p=0.43). We did find a significant difference for F4 between conditions (t(6) = -0.25, 

p<0.05). However, this significance did not hold after FDR correction for multiple 

comparisons problem (F3, p=0.433; F4, p=0.09).  

 

4. Discussion 

This study aimed to address the issue on whether young infants build an internal 

(causal) model of how their actions cause effects, and, therefore experience sense of 

agency. We investigated 3-to-4-month old infants in terms of their mismatch response 

to omission of own action’s effect. The infants were presented with static visual 

display for 2 minutes (i.e. baseline) followed by 3.5 minutes audio-visual stimuli 

triggered by movement (i.e. connect), and finished with another 2 minutes of static 

visual display (i.e. disconnect) while their EEG was recorded. The infants’ number of 

movement and movement frequency across phases was measured in order to replicate 

results from previous literature (Rovee-Collier, et al., 1978; Watanabe & Taga, 2006, 

2009, 2011). The ERP response to movement in baseline and disconnect phase was 

measured and analyzed to investigate the occurrence of violation of expectation during 

disconnect phase and, based on that result, to infer the presence of an internal (causal) 

model. We would address results from the behavioral analysis followed by results 
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from the ERP analysis in the following discussion. 

 

The behavioral experiment conducted in this study has been done in several other 

studies, each with a slightly different response parameter (Rovee-Collier, et al., 1978; 

Watanabe & Taga, 2006, 2009, 2011). However, each study reported a similar data 

pattern in terms of infant’s response to a stimulus. For instance, Rovee-Collier (1978) 

found increased in infants’ behavioral response to the mobile movement when the 

mobile was connected to the infants’ limb relative to the phase before. They also 

found an additional increased during the period after the connection linking infants’ 

movement and the mobile was cut. In accord with their findings, we expected to find 

an increased movement response across the phases (i.e. from baseline to connect to 

disconnect). An analysis of the number of movements in consecutive 30s time bins 

showed a slight increase across conditions. However, statistical analysis revealed that 

the increase was not significant. Although this is quite surprising, this inconsistency 

might be due to the difference in the experiment duration. Rovee-Collier and 

colleagues (1978) did the analysis based on the total score of movement response 

within phases, which lasted longer than our experiment (3 min baseline, 15 min 

connected, 5 min disconnect). Longer duration would allow more movement to be 

sampled in the total score. Moreover, we used a slightly different set up (hanging 

mobile toy in the previous studies versus a computer display in our experiment), type 

of movement feedback (movement of the hanging mobile toy versus movement with 

sound of the computer display), and infant’s position (lying down in a crib versus 

sitting in a child seat).  

 

In addition to number of movement, we analyzed the difference in the movement 

frequency across phases. Watanabe and Taga (2006, 2009, and 2011) reported 

increased in movement velocity (based on 3D position of the limb) during the period 

when infants’ limb movement followed by the mobile movement. Consistent with 

their findings, we observed a significant difference in the movement frequency (per 

second) between baseline and disconnect phase as well as between connect and 

disconnect phase. However, in contrast to what was found in Watanabe and Taga 

(2006), we did not find a significant difference between baseline and connect phase. 
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This might be due to difference in the nature of measurement used in their study. They 

conducted the statistical analysis based on the total of 2-min mean velocities within 

each phase, and used data from the last 2-min for the connect phase (which lasted 6 

min in total). Whereas in this study, we performed the statistical analysis based on the 

movement frequency obtained by dividing the total number of movement within each 

phase by the duration of the phase (which lasted differently for each phase). They also 

obtained the mean velocities based on infants’ limb position, which was not analyzed 

in this study.  

 

Moreover, in contrast to Rovee-Collier and colleagues (1978) and Watanabe and Taga 

(2006, 2009), we did not find any significant limbs effect, both in terms of number of 

movement and movement frequency, indicating that there was no difference in all 

limbs movement throughout all phases. This inconsistency might be due to the 

difference in the way the infants were positioned during the experiment. In our 

experiment, infants were placed in sitting position in a child seat (with safety belt on), 

which might limit the overall limbs movement. 

 

Nevertheless, the increased movement frequency from connect to disconnect was 

expected. One way to interpret this data pattern is that infants learn the connection 

between their movement and the stimulus feedback during the connect phase and the 

increased might occur due to infants’ behavioral response to the omission of the audio-

visual feedback. Alternatively, this might also due to infants’ increased fuzziness after 

being in the experimental set up for a period of time. However, this is unlikely because 

we did see a mismatch response elicited by movement in the disconnect phase (see 

below). We did not expect to see such mismatch response if the increased movement 

frequency was only due to increased fuzziness.  

 

Although it may seem unexpected to find significant difference in movement 

frequency that was not accompanied by significant difference in number of movement, 

this might be explained by a difference between baseline and disconnect duration 

among participants (similar number of movements in the disconnect phase as 

compared to baseline but in a shorter period of time). Despite the fact that we did not 
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find a significant result with regard to the number of movements, we did observe a 

difference in terms of movement frequency. However, we could not make any 

inference regarding internal model or sense of agency based only on this data pattern. 

Therefore, we did the main analysis on the ERP data. 

 

The ERP (mismatch response) was determined as the response locked to infants’ 

movement in baseline and disconnect phase. The ERP epochs were 800ms in duration, 

starting 200ms before and ending 600ms after the onset of the movement. Our 

hypothesis was that if the model building did occur during the connect phase, and 

infants built the causal model linking their action to the stimulus changes, we expected 

to find a larger mismatch response in the disconnect phase compared to the baseline 

period where the model was not present yet. Based on MMN characteristic as a 

negative component of the waveform elicited by sudden changes in stimulation 

(Garrido et al., 2009), we expected a larger mismatch response to present as a more 

negative response in the disconnect phase.   

 

In contrast to what we expected, the analysis of the movement-locked ERP response 

revealed that there was a significant difference in the latency around 200-300ms with a 

positive difference wave, indicating mean amplitude in disconnect phase was more 

positive relative to baseline. Despite the fact that the significance was only reached 

when the mean amplitude data from the F3 and F4 electrodes was clustered (whereas, 

for instance, Trainor and colleagues (2003) found it for the individual electrode as 

well), visual observation of ERPs plot confirmed that this positivity is detected in both 

F3 and F4.  

 

Although this result partially matched our hypothesis, the reported positive direction 

of the difference wave was the opposite of our a priori hypothesis. Previous literature 

described MMN as the mismatch response to deviant stimuli in 3-month-old infants 

that was found at 200-300ms in negative direction (Alho et al., 1997; Alho & Cheour, 

1997). Nevertheless, consistent with what was found by Trainor and colleagues 

(2003), it is possible to interpret the positivity as a mismatch response as well. This 

supported by several other studies that also reported increases in positivity to stimulus 
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deviance in younger infants (Dehaene-Lambertz & Baillet, 1998; Dehaene-Lambertz 

and Dehaene, 1994; Morr et al., 2002).  

 

As Trainor et al., (2003) suggested, it is also possible that overlapping components, 

such as the positive slow wave, obscured the MMN response. However, as it is also 

elicited in response to stimulus deviance, this positive slow wave could also be 

interpreted as a mismatch response. As a matter of fact, Ho and colleagues (2009) 

noted that there were two types of mismatch response in young infants consistently 

reported in several studies, namely a negative response similar to adult MMN (e.g. He, 

Hotson & Trainor, 2007; Hirasawa, Kurihara, & Konishi, 2003; Trainor et al, 2001; 

and Trainor et al., 2003) and an increase in the slow positive wave dominating young 

infants’ ERP responses (e.g. He et al., 2007; Cheour et al., 1999; Trainor et al., 2001; 

and Trainor et al., 2003). There is an ongoing debate on whether these positive slow 

waves are an early form of either P1 or P2, or whether they are unrelated to any 

component found in adults. Nevertheless, the report on this slow positivity 

consistently reveals that infants show mismatch responses to a violation of expectation 

as shown by a larger (more positive) response to deviant relative to standard stimuli.  

 

Our hypothesis was that if the infants have a sense of agency over their movement and 

its effect, they would build expectations for upcoming events based on that model. We 

predicted that if this expectations was violated, the mismatch response would occur 

during the disconnect phase, which was analogue to stimulus deviance. Accordingly, 

we expected to see differences in the movement-locked ERPs of disconnect phase 

relative to baseline. Therefore, the observed larger frontal positive slow wave in the 

disconnect phase might indicate that infants in this study did experience a violation of 

expectation. Furthermore, since the ERP was time-locked to the movement, we might 

interpret the mismatch response as the infants’ expectations of their movement effect. 

In other words, the infants’ expectation was built based on an internal model linking a 

movement with an effect, and the violation of expectation provides evidence for the 

presence of internal model building capability.  

 

Despite our effort to carefully design this experiment, there were some limitations in 
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this study. Movement, which brings about EEG artifacts, is inherent in the nature of 

our experiment. We minimalized the confounding effect by performing the analysis on 

the movement-locked ERPs and obtaining the difference wave by subtracting two 

datasets of movement-locked response, meaning that in both conditions there was a 

movement present right at the onset of the trial. However, there may be some 

additional movement variability present the ERPs data. Due to technological 

limitations, we do not have information about the characteristics of the movements 

(e.g. velocity). There may be characteristic differences across conditions that could 

influence the ERP result. Furthermore, since there is variability of the number of 

movements and movement frequency across participants, this resulted an unbalanced 

number of trials across phases. Due to our limited sample size, we were lenient in 

setting the inclusion criterion for the ERP analysis. Accordingly, we included all 

participants if they had at least 5 valid trials in each phase (as described in Method 

section). The difference in number of trials per participant could have an influence on 

the result. Nevertheless, we based our analysis on the mean amplitude of ERPs 

response. According to Luck (2005), the mean amplitude is not biased by an increase 

in noise level. Hence, it is justifiable to compare mean amplitude measurements from 

waveforms based on different number of trials. Finally, a larger sample size is 

necessary to ensure a robust result and to perform a more rigorous analysis.  

 

Further investigation might be done by applying different preprocessing parameter 

(such as implementing different filter) to test if there is an MMN response obscured by 

the positive slow wave. In addition, it might be useful to correlate the behavioral data 

pattern of each participant with their respective ERP response to investigate whether 

difference in movement activity (thus self-exploration) in the connect phase affects the 

magnitude of the mismatch response. Last, performing time-frequency analysis on the 

EEG data during the connect phase might also provide additional information on sense 

of agency in infancy.  

 

Conclusion 

The results of the current analyses suggest that infants experienced violation of 

expectation in response to the omission of their movement effect. This indicated that 
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infants built an internal (causal) model linking their movement with its effect, which 

suggest the presence of sense of agency. To our knowledge, these findings are novel as 

this is the first study that relates the disconnect phase in relation to sense of agency, 

and combines mobile paradigm with EEG recordings.  
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