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1 General Introduction 

How we perceive and react to the environment is not fixed; it changes dynamically. For 

example, at different moments, we may experience varying intensities of the same 

sensory stimulus and have diverse tendencies toward performing the same action. This 

variability is shaped by many factors. While many studies have focused on factors that 

we can consciously process or easily become aware of, such as the impact of emotions 

on perception (Zadra & Clore, 2011) and the influence of rewards on action (Chen et 

al., 2018), some factors have a lesser presence in our conscious awareness but still have 

a significant impact on our perception and action. 

One of these factors is the internal bodily signals. The brain does not exist in isolation 

but resides within the body, which means it receives signals not only from the external 

environment (e.g., visual, auditory, and somatosensory signals) but also from within the 

body (e.g., cardiac and respiratory signals). However, the vast majority of research in 

cognitive neuroscience focuses on how we sense and interact with the external world 

while disregarding the role of internal bodily signals (Tallon-Baudry, 2023). The 

predictive coding framework proposes that the brain not just passively receives inputs 

but actively generates predictions and adjusts its internal models to minimize 

discrepancies or errors between these predictions and incoming inputs (Clark, 2013; 

Friston, 2009). This continuous process of refining predictions and minimizing errors 

is thought to underlie various cognitive functions, including perception and action 

(Friston, 2010). Given that this framework does not just consider external stimuli but 

also incorporates internal inputs, it is posited that internal bodily signals also play a role 

in brain functions (Barrett & Simmons, 2015; Seth & Friston, 2016). This perspective 

has recently gained support from empirical studies, which indicate that internal bodily 

signals, such as cardiac signals, can influence perception (e.g., Al et al., 2020; Grund et 

al., 2022; Motyka et al., 2019; van Elk et al., 2014) and action (e.g., Makowski et al., 

2020; Marshall et al., 2019; Rae et al., 2018). Nevertheless, the findings are partly 

inconsistent, and the underlying neural mechanisms remain largely unclear.  

Another factor is the sense of agency, which refers to the feeling of control over our 

actions and their outcomes (Haggard, 2017). The brain constantly monitors and 
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compares our intended actions with their actual outcomes, even if we are not fully aware 

of this process (Friston, 2012). A sense of agency emerges if the predicted outcomes of 

the motor command match the actual sensory inputs, and the sense of agency 

diminishes if they mismatch. Notably, the sense of agency is not merely a byproduct of 

motor behavior; it also exerts an influence on motor behavior itself (Wen & Imamizu, 

2022). While several studies have demonstrated the influence of sense of agency on 

action selection and execution (e.g., Eitam et al., 2013; Karsh & Eitam, 2015), whether 

and how changes in the sense of agency influence our ability to regulate behavior 

flexibly are largely unknown. 

This thesis focuses on how these two mostly unconscious factors (internal bodily 

signals and the sense of agency) affect two critical aspects of human perception and 

action: visual perception and action regulation. After a brief introduction to cardiac 

interoception (Chapter 1.1) and the empirical evidence regarding its influence on visual 

perception (Chapter 1.2) and action (Chapter 1.3), as well as the influence of the sense 

of agency on action (Chapter 1.4), this dissertation comprises a total of five studies. 

Initially, we examine the multisensory integration of cardiac signals and visual inputs 

(Chapter 2.1), followed by an exploration of the spontaneous shifts of attention between 

cardiac signals and visual information across the cardiac cycle (Chapter 2.2) through 

two separate EEG studies. The third EEG study demonstrates how cardiac signals 

influence response inhibition in a stop-signal task (Chapter 2.3). The last two studies 

explore the influence of the sense of agency on subsequent response inhibition (Chapter 

2.4) and the associated electrophysiological responses in go/no-go tasks (Chapter 2.5). 

1.1 Cardiac Interoception 

Interoception refers to the physiological and cognitive processes involved in sensing, 

interpreting, integrating, and regulating signals that arise within the body (Chen et al., 

2021). It can be distinguished from exteroception (the sensation of the environment) 

and proprioception (the sensation of the body in space). Interoceptive signals originate 

from diverse physiological systems inside the body, encompassing the cardiovascular, 

respiratory, gastrointestinal, and other systems (Khalsa et al., 2018; Quigley et al., 

2021). Cardiovascular interoception is the most studied of these systems, probably due 
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to the relative ease of measuring discrete rhythmic events (i.e., heartbeats) with 

noninvasive tools such as ECG, pulse oximeters, and wearable heart rate monitors. 

Cardiac activity occurs in a cycle of two phases: systole and diastole (see Figure 1). At 

ventricular systole, the ventricles of the heart contract, pumping blood to the body, 

while at ventricular diastole, the ventricles relax and refill with blood (DeSaix et al., 

2013). The onset of a new cardiac cycle is indicated by the R-peak in the ECG signal. 

The duration between the ECG R-peak and the T wave roughly corresponds to the 

ventricular systole, and the duration between the T wave and the next R-peak roughly 

corresponds to the ventricular diastole (DeSaix et al., 2013). Baroreceptors in the walls 

of arterial vessels are the main way that information about the strength and timing of 

individual heartbeats is sent to the brain (Azzalini et al., 2019; Garfinkel, 2016). In a 

cardiac cycle, these baroreceptors fire intensely at systole and minimally at diastole, 

responding to fluctuations in arterial blood pressure. In other words, cardiac signals are 

strong at systole and relatively weaker at diastole.  

Figure 1. Systole and diastole phases in a cardiac cycle. 

Cardiac activity can evoke HEP in electrophysiological signals (e.g., scalp EEG, 

intracranial EEG, and MEG), just like visual stimulation can evoke visual-evoked 

potentials (Park & Blanke, 2019). The HEP is time-locked to participants' heartbeats, 

typically to the R-peak in the ECG signal. Several studies have demonstrated that HEP 

amplitudes are affected by cardiac physiological factors, such as the amount of blood 

pumped by the heart every minute and heart rate (Gray et al., 2007; Schandry & 
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Montoya, 1996). Furthermore, a recent meta-analysis shows that there is a moderate to 

large relationship between HEP amplitude and various measurements and 

manipulations of cardiac interoception (Coll et al., 2021). More specifically, directing 

one's attention on the heart has been found to evoke heightened HEP responses 

(Petzschner et al., 2019). Additionally, it has been observed that heightened arousal 

induced by emotional cues or painful stimuli is accompanied by changes in HEP 

amplitude (Marshall et al., 2017; Shao et al., 2011). Moreover, the amplitude of the 

HEP has been found to correlate with participants' performance on tasks assessing 

interoceptive ability, such as the heartbeat counting task (Pollatos & Schandry, 2004) 

and the heartbeat detection task (Fittipaldi et al., 2020). Furthermore, differential HEPs 

have been observed between healthy participants and clinical groups with atypical 

interoception (Salamone et al., 2018; Schulz et al., 2015). Drawing from the evidence 

above, the HEP is regarded as a reliable neurophysiological indicator of cardiac 

processing (Park et al., 2018).  

Studies using scalp EEG or MEG have observed HEP modulations in widely distributed 

sensors, including frontal, central, and parietal channels, and across a wide time window, 

i.e., 0-700 ms after the ECG R-peak (Coll et al., 2021). Studies recording intracranial 

EEG during the resting state have demonstrated that the cortical sources of the HEP 

include not only the somatosensory cortex (Kern et al., 2013) but also the insula, 

opercular cortex, inferior frontal gyrus, and amygdala (Park et al., 2018). Nevertheless, 

it should be noted that intracranial EEG has the limitation that its electrodes are unlikely 

to cover the entire cortex (Parvizi & Kastner, 2018). Other studies investigated the 

neural origins of HEP by analyzing the source localization of scalp EEG or MEG data. 

For instance, studies have reported distinct HEP patterns between conditions in the 

viscerosensory cortices, including the insula opercular regions, the anterior-posterior 

cingulate regions, and the inferior parietal lobe, in various cognitive tasks (Babo-Rebelo 

et al., 2016; Park et al., 2014, 2016). Interestingly, some of these regions overlap with 

the default mode network, a network involved in several critical cognitive functions 

(Fox & Raichle, 2007). This finding implies that the neural responses to heartbeats, as 

measured by the HEP, may influence cognitive functions by regulating the neural 
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activity in the default mode network (Park & Tallon-Baudry, 2014; Winston & Rees, 

2014). 

Notably, in addition to the cortical processing of cardiac activities as reflected by the 

HEP, heartbeats also give rise to "mechanical noise" in the brain (Skora et al., 2022). 

Firstly, the periodic beating of the heart induces pulsation in the blood vessels, 

cerebrospinal fluid, and brain tissue, which can be called pulse-related artifacts (Kern 

et al., 2013). Secondly, the muscle contractions occurring during ventricular systole 

generate notable electrical artifacts, termed cardiac field artifacts (Kern et al., 2013). 

Thirdly, heartbeats can prompt minuscule movements in the eyeballs and even the entire 

body (Kim et al., 2016). These kinds of "noise" may introduce confounding factors and 

thus should be carefully considered when assessing the impact of cardiac processing on 

brain functions. 

1.2 The Influence of Cardiac Interoception on Visual Perception 

Many studies have investigated the influence of cardiac activity on the perception of 

visual stimuli by presenting them during systolic or diastolic phases. While earlier 

research failed to find any cardiac cycle effect on the detection of flashes (Elliott & 

Graf, 1972), the majority of existing literature has highlighted a modulation effect of 

the cardiac phase on both behavioral and neural responses to visual stimuli. For 

example, presenting visual stimuli during systole, in contrast to diastole, resulted in 

prolonged reaction times (McIntyre et al., 2007; Sandman et al., 1977; but see 

Makowski et al., 2020), reduced interference from visual distractors (Pramme et al., 

2014, 2016), and smaller visual evoked potentials (Walker & Sandman, 1982). 

Additionally, these effects of the cardiac cycle were found to be modulated by the 

emotional valence of the visual stimuli. In a rapid serial presentation task, Garfinkel et 

al. (2014) found that fearful faces were detected more easily and rated as more intense 

when presented at systole compared to diastole, while the detection of neutral, disgust 

or happy faces remained comparable across both cardiac phases. In another study that 

employed an emotional visual search task where five neutral distractors surrounded a 

target emotional face, Leganes-Fonteneau et al. (2021) observed that accuracy in the 

visual search was higher for happy and disgust faces presented during systole. 
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Conversely, the opposite effect was found for fearful faces. Furthermore, participants 

perceived fearful and happy faces as more intense when presented at systole. 

Considering that cardiac activity differs significantly during systole and diastole 

(Azzalini et al., 2019; Garfinkel, 2016), these findings strongly suggest that cardiac 

processing impacts concurrent visual processing. 

This view is further supported by evidence from studies manipulating the 

synchronization between visual stimuli and participants' heartbeats. For example, near-

threshold visual stimuli presented at participants' cardiac frequencies took longer to 

enter visual awareness and induced smaller activation in the insular cortex (Salomon et 

al., 2016), a region involved in the integration of internal cardiac signals and external 

visual inputs (Salomon et al., 2018). Conversely, supra-threshold visual stimuli (i.e., 

images of the body) evoked larger visual evoked potentials when synchronized with 

participants' heartbeats compared to when presented out of synchrony (Ronchi et al., 

2017). The inconsistent findings may be attributed to whether the visual stimuli were 

presented at near- or supra-threshold perceptual levels. 

Moreover, other studies have contributed to this body of evidence by exploring how 

pre-stimulus cardiac processing influences subsequent visual processing. For instance, 

Park et al. (2014) found that the amplitude of the pre-stimulus HEP positively predicted 

subsequent visual detection of near-threshold visual stimuli. On the contrary, our lab's 

previous studies showed that larger pre-stimulus HEPs predicted lower detection rates 

of near-threshold visual stimuli (Marshall et al., 2020), smaller P3 responses to visual 

action outcomes (Marshall et al., 2019), as well as smaller visual evoked potentials in 

response to repeated neutral faces (Marshall et al., 2022). The variation in results can 

be attributed to the diverse methodologies employed in measuring HEP. In our case, the 

HEP was locked to the R-peak in the ECG signal, which aligns with most previous 

studies, such as Petzschner et al. (2019) and Al et al. (2020). However, Park and 

colleagues extracted the HEP time-locked to the T wave in the ECG signal, 

approximately 350 ms after the R-peak. This difference in measurement could represent 

distinct aspects of heartbeat-related brain activity, which might lead to the observed 

discrepancy in the results. 
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Overall, the existing evidence indicates that the processing of internal cardiac signals 

can moderate the processing of external visual information. However, whether it 

facilitates or inhibits this processing depends on the task and stimuli, such as emotional 

valence and perceptual level. 

1.3 The Influence of Cardiac Interoception on Action 

Empirical evidence regarding the influence of cardiac interoception on action remains 

relatively scarce compared to the evidence available for its impact on perception. There 

is, however, preliminary evidence suggesting that the cardiac cycle does influence 

spontaneous actions. For example, more eye movements (saccades, microsaccades, and 

blinks) were generated at systole, while more ocular fixations were observed at diastole 

(Galvez-Pol et al., 2020; Ohl et al., 2016). In a memory task, the freely generated 

keypress that can lead to the presentation of images occurs more frequently during 

systole than diastole (Kunzendorf et al., 2019). Similarly, self-initiated movements 

were less likely to occur during heartbeats (i.e., around ECG R-peak) and more likely 

to occur between heartbeats (Palser et al., 2021; but see Herman & Tsakiris, 2020). 

Moreover, systole is associated with stronger hand muscle activity (Al, Stephani, et al., 

2021) and enhanced rifle shooting performance (Konttinen et al., 2003). These findings 

suggest that the systolic phase has a facilitatory effect on spontaneous or self-paced 

motor behavior. 

Another line of research focuses on action regulation, which involves higher-level 

cognitive control. Action regulation refers to adjusting ongoing behavior to enhance 

one's chances of successfully achieving a goal (Kaiser et al., 2021). In a stop-signal task, 

Rae et al. (2018) observed enhanced response inhibition during systole when the stop 

signal was presented, in contrast to diastole. Conversely, Makowski et al. (2020) found 

contrasting results in a go/no-go task, with the probability of stop failure being highest, 

indicating that response inhibition was at its worst when the no-go cue occurred in the 

middle of systole. Moreover, Rae et al. (2020) conducted a second study using a 

modified go/no-go task, but they did not find any significant effect of the cardiac cycle 

on inhibitory performance. Specifically, the cardiac cycle failed to influence accuracy 

in no-go trials and had no impact on the probability of withholding actions in voluntary 
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inhibition trials. The inconsistency in findings may stem from divergences in task 

design. Firstly, stop-signal and go/no-go tasks may recruit different motor and cognitive 

processes (Raud et al., 2020). Secondly, Rae and colleagues time-locked the onset of 

action stimuli to different cardiac phases. In contrast, Makowski and colleagues 

presented stimuli randomly in the cardiac cycle but categorized them into different 

cardiac-coupling conditions during later data analysis. These disparities could perhaps 

explain the noted inconsistency in the findings. 

Overall, the existing evidence indicates that motor behavior concurrent with the systolic 

phase of the cardiac cycle appears to be facilitated. However, the impact of cardiac 

signaling on action regulation exhibits inconsistent findings, requiring further research 

for a better understanding. 

1.4 The Influence of Sense of Agency on Action 

Our motor behavior is not only influenced by internal bodily signals but is typically 

also associated with the sense of agency, which refers to the subjective feeling of 

controlling one's own actions and their effects (Haggard, 2017; Haggard & Eitam, 

2015). The sense of agency, also called the sense of control, is shaped by three critical 

components: intention, action, and effect (Wen & Imamizu, 2022). Intention refers to 

the desired state one hopes to achieve through actions; action refers to the awareness of 

one's own actions; and effect refers to the perception of the action outcomes (Wen & 

Imamizu, 2022). 

In recent decades, the impact of a sense of agency on action has attracted substantial 

attention. An increasing number of studies have demonstrated the impact of a sense of 

agency on action selection and execution (Wen & Imamizu, 2022). For example, infants 

as young as two months old moved their limbs more frequently when they could trigger 

the movements of an attached mobile (Watanabe & Taga, 2006, 2011). Also, they 

applied pressure to a pacifier around the threshold more frequently, which produced 

congruent auditory feedback (Rochat & Striano, 1999). Similarly, adult participants 

responded faster when their actions consistently led to an immediate effect compared 

to conditions when no effect appeared or when the effect was delayed (Eitam et al., 
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2013). Moreover, buttons that had a high probability of causing a visual outcome were 

more likely to be selected and pressed faster than buttons associated with no perceivable 

effect, despite these outcomes being task-irrelevant and valence-neutral (Karsh et al., 

2020; Karsh & Eitam, 2015; Penton et al., 2018). Recent studies have further indicated 

that this facilitation effect was sensitive to the effectiveness of the motor response, 

specifically, how likely the response was to evoke a perceivable effect (Hemed et al., 

2020; Tanaka et al., 2021). These findings suggest that actions associated with a strong 

sense of agency are frequently selected and executed more fluently. 

There is also evidence that the sense of agency modulates goal-directed behavior. For 

instance, in a study where participants had to determine the dot over which they had 

control from among multiple dots whose motion was triggered by their voluntary 

actions, they exhibited fewer exploratory movements before making a decision when 

their actual control over the specific dot was high (Wen et al., 2017; Wen & Haggard, 

2020). This finding implies a heightened sense of control or agency associated with 

fewer exploratory actions. In a similar task with dots on a screen moving according to 

participants' actions, participants were asked to identify a single dot with a distinct 

degree of control compared to the others (Wen et al., 2020). Results showed that 

participants initially had a higher frequency of movements when the average control 

over all stimuli was high, and the detection of the target resulted in a subsequent 

decrease in the frequency of movement (Wen et al., 2020). These findings indicate a 

strong link between goal-directed behavior and the sense of agency. This perspective is 

also supported by evidence from learning tasks. For example, a high versus low sense 

of control during the training phase of motor learning tasks resulted in enhanced 

training success, i.e., more performance improvements (Lewthwaite et al., 2015; 

Matsumiya, 2021). Conversely, learned helplessness, i.e., a lack of control, has been 

associated with diminished performance in learning tasks (Maier & Seligman, 2016). 

These findings suggest that a strong sense of agency can facilitate goal-directed 

behavior. 

Overall, the existing evidence indicates that our sense of agency over actions and their 

outcomes can modulate action selection, action execution, and goal-directed behavior. 

Nevertheless, how the sense of agency impacts action regulation, including aspects like 
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action readiness and response inhibition, remains relatively uncharted. Furthermore, 

previous research has predominantly centered around behavioral effects, leaving the 

underlying neural mechanisms largely unexplored. 

1.5 Objectives 

The general aims of this thesis are to investigate (i) how cardiac signals influence visual 

perception, (ii) how cardiac signals influence action regulation, and (iii) how the sense 

of agency influences action regulation. 

The specific objectives of the five studies included in this thesis are as follows: 

 Study I (Chapter 2.1) aims to (i) explore whether the co-occurrence of an 

external visual target and internal cardiac signals impacts the detection of this 

target among multiple visual distractors, and (ii) uncover the 

electrophysiological modulations underlying this cardio-visual integration. 

 Study II (Chapter 2.2) aims to (i) compare selective attention toward visual 

stimuli that were presented concurrently and spatially overlapping but coincided 

with strong or weak cardiac signals, and (ii) reveal the dynamic shifts of 

attention between internal cardiac signals and external visual information across 

the cardiac cycle. 

 Study Ⅲ (Chapter 2.3) aims to explore the influence of cardiac signals on 

response inhibition and its electrophysiological brain mechanisms. 

 Study Ⅳ (Chapter 2.4) aims to explore the effect of a sense of agency on 

subsequent action readiness and response inhibition at the behavioral level. 

 Study Ⅴ (Chapter 2.5) aims to (i) replicate the findings obtained in Study Ⅳ, 

and (ii) investigate the influence of the sense of agency on subsequent response 

inhibition at the electrophysiological level. 
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ponses to a visual stimulus were modulated by the timing of the stimu-

us with respect to their cardiac cycle. While past work failed to find any

ardiac cycle effect on the detection of flashes ( Elliott and Graf, 1972 ),

he majority of previous studies highlighted a significant impact of car-

iac phase on visual processing. For example, the presentation of visual

timuli at systole compared to diastole has been shown to influence re-

ction times towards these stimuli, with most studies finding prolonged

eaction times during the systole ( McIntyre et al., 2007 ; Sandman et al.,

977 , but see also: Makowski et al. (2021) . Processing visual stimuli

resented at cardiac systole compared to diastole evoked smaller visual

voked potentials ( Walker and Sandman, 1982 ) and resulted in reduced

nterference of visually distracting stimuli ( Pramme et al., 2014 , 2016 ).

n addition, cardiac cycle effects have been found to be modulated by the

motional valence of the visual stimuli: while fearful faces were detected

ore easily and rated as more intense if presented at systole compared

ith diastole, the detection of neutral, disgusted, or happy faces was

omparable across the two cardiac phases ( Garfinkel et al., 2014 ). Given

hat cardiac signals are conveyed to the brain mainly during the car-

iac systole rather than the diastole ( Azzalini et al., 2019 ; Garfinkel and

ritchley, 2016 ), it can be assumed that cardiac signals may influence

he perception and neural processing of a simultaneous visual stimu-

us. This assumption is also supported by the finding that visual evoked

otentials are enhanced when these images are synchronized with par-

icipants’ heartbeats compared to when they are presented out of syn-

hrony to participants’ heartbeats ( Ronchi et al., 2017 ). By measuring

eural markers of cardiac processing such as the HEP and insula activ-

ty ( Coll et al., 2021 ; Salomon et al., 2018 ), recent studies have fur-

her provided evidence about the interplay between cardiac processing

nd visual processing. For example, the amplitude of the pre-stimulus

eartbeat-evoked potential positively predicts subsequent visual detec-

ion ( Park et al., 2014 ). Additionally, contrary to the finding reported

y Ronchi et al. (2017) , Salomon et al. (2016) observed that visual stim-

li presented at participants’ cardiac frequency take longer to enter vi-

ual awareness and induce smaller activation in the insular cortex. Up

o now, it is still unclear how simultaneously encountered cardiac sig-

als and visual information are integrated into the brain. Moreover,

revious studies mainly examined the influence of cardiac signals on

he perception of a single visual stimulus, leaving out the question how

ardio-visual integration can affect the competition among multiple vi-

ual stimuli. 

Here, we employed a novel adaptation of the dynamic visual search

ask ( Van der Burg et al., 2008 , 2011 ) to investigate the multisensory

ntegration of cardiac signals with a visual target in a dynamic cluttered

nvironment, while recording the electrocardiogram (ECG) and elec-

roencephalogram (EEG). Critically, the visual target changed its color

ither at a time when cardiac arousal signals were strongly present (i.e.,

t the end of ventricular systole) or when cardiac arousal was relatively

ow and thus did not provide a strong signal (i.e., at the end of ven-

ricular diastole). Consistent with both recent reviews ( Azzalini et al.,

019 ; Quigley et al., 2021 ) and empirical studies ( Ronchi et al., 2017 ;

el et al., 2017 ), we treated visual and cardiac signals as sensory input

ignals of equal relevance. At the behavioral level, we measured reaction

imes and accuracy rates. At the electrophysiological level, we explored

he brain dynamics of cardio-visual integration from two different per-

pectives. The first perspective was to compare the electrophysiolog-

cal responses to the bimodal cardio-visual stimulus (i.e., the concur-

ence of cardiac arousal signals and the target change) with the sum

f the electrophysiological responses to the unimodal cardiac arousal

ignals and the unimodal visual stimulus (i.e., the target change). This

omparison approach (i.e., the additive model) has been widely used

n previous EEG studies to reveal early multisensory processes under-

ying auditory-visual integration ( Senkowski et al., 2011 ; Talsma and

oldorff, 2005 ; Van der Burg et al., 2011 ; Zhao et al., 2020 , 2018 ). In

he present study, this approach was applied in analyses of both event-

elated potentials (ERPs) and neural oscillations. According to the ad-

itive model ( Cappe et al., 2010 ; Senkowski et al., 2011 ; Talsma and
16
oldorff, 2005 ), electrophysiological responses to the simultaneous car-

iac and visual input would be different from the sum of the cardiac and

isual responses alone if multisensory integration occurred across car-

iac processing and visual processing in the brain. Second, the lateral-

zed presentation of the visual target in the visual field made it possible

o compare the lateralized electrophysiological responses to the bimodal

ardio-visual stimulus and the unimodal visual stimulus. We mainly fo-

used on the lateralized N2pc component and alpha/beta oscillations,

hich are well-validated measures of the allocation of attention to lat-

ralized visual stimuli ( Bacigalupo and Luck, 2019 ; Bauer et al., 2012 ).

. Materials and methods

.1. Participants 

Twenty-six participants (12 females; mean age: 25.46 ± 0.87 years;

ange: 20–38 years) took part in the present study for payment (9 € per

) or student credits. All participants reported normal or corrected-to-

ormal vision, no color blindness, no diagnosed heart-rhythm abnormal-

ties, no present or past psychiatric or neurological disorders, and no cur-

ent use of medication. Consent was obtained from all participants, and

he procedures were approved by the local ethics committee at the De-

artment of Psychology of LMU Munich in accordance with the Declara-

ion of Helsinki. To the best of our knowledge, no previous studies have

xplored cardio-visual integration in a similar task. Therefore, we could

ot compute the required sample size a priori. However, our sample size

s comparable with relevant previous studies (e.g., Adelhöfer et al. 2020 ;

arshall et al. 2022 ; Pramme et al. 2016 ). 

.2. Experiment design 

Participants completed a dynamic visual search task in which a dis-

lay of randomly oriented line segments changed color dynamically

 Van der Burg et al., 2008 ). Each display consisted of several oblique

ines (the distractors), and only one line which was perfectly horizon-

al or vertical (the target). The participants had to identify the target as

uickly as possible by indicating if it was horizontal or vertical via but-

on press. To investigate the cardio-visual integration, the experiment

ontained two conditions in which the visual target changed color when

ardiac arousal signals were relatively low (i.e., when arterial barore-

eptors are relatively quiescent; corresponding to the end of ventricular

iastole) or strong (i.e., when arterial baroreceptors fire strongly; corre-

ponding to the end of ventricular systole; see Fig. 1 A). The ventricular

ystole refers to the period from approximately the ECG R-peak to the

 wave, and the ventricular diastole refers to the period from approxi-

ately the T wave to the next upcoming R-peak ( DeSaix et al., 2018 ).

n the diastole coupling condition, the color change of the visual tar-

et was designed to always occur at the R-peak to coincide with the

nd of ventricular diastole. In the systole coupling condition, the color

hange of the visual target was designed to always occur at 290 ms af-

er the R-peak (approximately at the T wave) to coincide with the end

f ventricular systole ( Rae et al., 2020 , 2018 ). Participants completed

0 diastole coupling blocks and 10 systole coupling blocks presented in

ounterbalanced, alternating order and preceded by 1 practice block.

ach block consisted of 24 trials. In addition to the 20 blocks for the

isual search task, one resting block (duration: 2.5 min) was performed

efore the task. During the resting block, participants were asked to look

t the fixation dot centrally presented on the monitor while no other vi-

ual stimuli were presented. The EEG signal obtained from this type of

esting condition has been used to correct for cardiac cycle-related ar-

ifacts present in the EEG signal of task conditions in previous studies

 Ronchi et al., 2017 ; van Elk et al., 2014 ). 





















https://doi.org/10.13039/501100001659
https://doi.org/10.13039/501100004543
https://doi.org/10.1016/j.neuroimage.2022.119549
https://doi.org/10.1016/j.neuroimage.2020.117275
https://doi.org/10.1073/pnas.1915629117


https://doi.org/10.1016/j.neuroimage.2021.118247
https://doi.org/10.1016/j.conb.2009.06.008
https://doi.org/10.1016/j.neuroimage.2019.03.037
https://doi.org/10.1016/j.tics.2019.03.007
https://doi.org/10.1523/JNEUROSCI.0183-18.2018
https://doi.org/10.1038/nrn3950
https://doi.org/10.1016/j.cub.2012.01.022
https://doi.org/10.1093/cercor/bhl128
https://doi.org/10.1523/JNEUROSCI.1099-10.2010
https://doi.org/10.1016/j.tins.2020.10.007
https://doi.org/10.1017/S0140525X12000477
https://doi.org/10.1016/0165-1781(80)90044-X
https://doi.org/10.1016/j.neubiorev.2020.12.012
http://refhub.elsevier.com/S1053-8119(22)00664-4/sbref0016
https://doi.org/10.1111/j.1469-8986.1972.tb03219.x
https://doi.org/10.1016/j.nicl.2019.102122
https://doi.org/10.1016/S0926-6410(00)00024-0
https://doi.org/10.1016/j.tics.2009.04.005
https://doi.org/10.1162/NECO_a_00912
https://doi.org/10.1016/j.cognition.2019.104149
https://doi.org/10.1016/j.tics.2015.10.005
https://doi.org/10.1523/JNEUROSCI.3507-13.2014
https://doi.org/10.1152/jn.00840.2010
https://doi.org/10.1162/089892999563544
https://doi.org/10.1016/j.neuropsychologia.2013.11.005
https://doi.org/10.1016/j.pain.2010.09.028
http://refhub.elsevier.com/S1053-8119(22)00664-4/sbref0029
https://jasp-stats.org/
https://doi.org/10.1162/jocn_a_01846
https://doi.org/10.1523/JNEUROSCI.1682-20.2020
https://doi.org/10.1016/j.heares.2009.02.011
https://doi.org/10.1016/j.neuroimage.2017.01.010
https://doi.org/10.1016/j.neuroimage.2013.05.042
https://doi.org/10.1007/s00221-007-1204-9
https://doi.org/10.1111/j.1469-8986.1994.tb02218.x
https://doi.org/10.3758/s13428-020-01516-y
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/j.neuroimage.2022.119011
https://doi.org/10.1093/cercor/bhl077
https://doi.org/10.1111/j.1469-8986.2007.00547.x
https://doi.org/10.1016/j.neuroimage.2013.04.060
https://doi.org/10.1016/j.neuroimage.2022.119307
https://doi.org/10.1016/S0926-6410(02)00066-6
https://doi.org/10.1111/psyp.13424
https://doi.org/10.1093/cercor/bhh197
https://doi.org/10.1016/j.neuropsychologia.2015.08.011
https://doi.org/10.1016/j.brainres.2007.12.060
https://doi.org/10.1155/2011/156869
https://doi.org/10.1093/cercor/bhx136
https://doi.org/10.1016/j.neuroimage.2019.04.081
https://doi.org/10.1038/nn.3671
https://doi.org/10.1167/9.10.2
https://doi.org/10.1016/j.neuroimage.2018.11.037
https://doi.org/10.1016/j.biopsycho.2014.05.008
https://doi.org/10.1111/psyp.12728
https://doi.org/10.1016/j.tins.2020.09.008
https://doi.org/10.1038/s41598-020-60405-8
https://doi.org/10.1038/s41598-018-27513-y
https://doi.org/10.1016/j.neuroimage.2017.06.\penalty -\@M 064


https://doi.org/10.1016/j.tics.2016.09.004
https://doi.org/10.1016/j.cortex.2018.01.005
https://doi.org/10.1523/JNEUROSCI.4262-15.2016
https://doi.org/10.1037/h0077302
https://doi.org/10.1093/cercor/bhw296/J.Cerebral.Cortex
https://doi.org/10.1016/j.neuroimage.2011.03.075
https://doi.org/10.1016/j.tics.2013.09.007
https://doi.org/10.1098/rstb.2016.\penalty -\@M 0007
https://doi.org/10.3389/fnint.2012.00026
https://doi.org/10.1016/S1364-6613(99)01299-1
https://doi.org/10.1162/0898929054475172
https://doi.org/10.1016/j.neubiorev.2015.11.002
https://doi.org/10.1016/j.neuron.2014.02.044
https://doi.org/10.1037/0096-1523.34.5.1053
https://doi.org/10.1016/j.neuroimage.2010.12.068
https://doi.org/10.1016/j.biopsycho.2014.03.004
https://doi.org/10.1016/j.clinph.2009.01.015
https://doi.org/10.3758/s13423-017-1323-7
https://doi.org/10.3758/s13423-017-1343-3
https://doi.org/10.1111/j.1469-8986.1982.tb02579.x
https://doi.org/10.1146/annurev-psych-010419-051112
https://doi.org/10.1016/j.biopsycho.2013.05.002
https://doi.org/10.1111/psyp.12958
https://doi.org/10.26599/BSA.2020.9050018
https://doi.org/10.1016/j.biopsycho.2019.107805
https://doi.org/10.1016/j.neuroimage.2018.03.036










































































































































































https://doi.org/10.1016/j.cognition.2023.105456
https://doi.org/10.1016/j.cognition.2023.105456




















Cognition 237 (2023) 105456

negative outcome (p = .657; see Fig. 6A). The main effect of Outcome 
Probability was not significant, F(2,54) = 1.12, p = .323, ηp

2 = 0.04. The 
BF10 was 0.17, indicating moderate evidence for no main effect of 
Outcome Probability. The interaction between Outcome Presence and 
Outcome Probability was not significant, F(4,108) = 0.44, p = .780, ηp

2 

= 0.02. The BF10 was 0.03, indicating strong evidence for no interaction 
effect. 

For accuracy rates in Go trials, the two-way repeated measures 
ANOVA showed a significant main effect of Outcome Presence, F(2,54) 
= 99.68, p < .001, ηp

2 = 0.79, BF10 > 1015. The main effect of Outcome 
Probability was not significant, F(2,54) = 2.33, p = .107, ηp

2 = 0.08, BF10 
= 1.50. However, there was a significant interaction between Outcome 
Presence and Outcome Probability, F(4,108) = 3.55, p = .017, ηp

2 = 0.12, 
BF10 = 5.77. Further analyses showed that, in any of the three types of 

Fig. 6. Results of Experiment 2 based on the factors “Outcome Presence” and “Outcome Probability”. (A) Reaction times in Go trials, (B) accuracy rates in Go trials, 
and (C) accuracy rates in No-Go trials in different conditions. Data are expressed as Mean ± SEM. Ns: not significant; **: p < .01; ***: p < .001. 
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blocks (i.e., having a high probability of obtaining positive/negative/no 
outcomes), participants responded more accurately to Go cues when 
their previous action led to a positive or negative outcome compared 
with no outcome (all ps < 0.001). Whereas, in none of the three types of 
blocks, participants' accuracy rates in Go trials differ significantly when 
their previous action led to a positive outcome compared with a negative 
outcome (all ps > 0.05; see Fig. 6B). 

For accuracy rates in No-Go trials, the two-way repeated measures 
ANOVA showed a significant main effect of Outcome Presence, F(2,54) 
= 61.56, p < .001, ηp

2 = 0.70, BF10 > 1011. Further analyses showed that, 
participants responded less accurately in No-Go trials when their pre
vious action led to a positive or negative outcome compared with no 
outcome (both ps < 0.001), while their accuracy rates in No-Go trials did 
not differ significantly when their previous action led to a positive 
outcome compared with a negative outcome (p = .760; see Fig. 6C). 
There was also a significant main effect of Outcome Probability, F(2,54) 
= 6.28, p = .004, ηp

2 = 0.19, BF10 = 4.83. Further analyses showed that, 
participants responded more accurately in No-Go trials in blocks having 
a high probability of obtaining positive outcomes, when compared with 
blocks having a high probability of obtaining no outcome (p < .001), and 
when compared with blocks having a high probability of obtaining 
negative outcomes (p = .045). Participants' accuracy rates in No-Go 
trials did not differ significantly in blocks having a high probability of 
obtaining negative outcomes compared with blocks having a high 
probability of obtaining no outcome (p = .147). However, the interac
tion between Outcome Presence and Outcome Probability was not sig
nificant, F(4,108) = 1.62, p = .175, ηp

2 = 0.06, BF10 = 0.95. 
Moreover, the analysis of accuracy rates in both Go and No-Go trials, 

using a three-way repeated measures ANOVA, showed that the inter
action between Outcome Presence, Outcome Probability, and Trial Type 
was not significant, F(4,108) = 1.86, p = .123, ηp

2 = 0.06. However, the 
BF10 was 6.62, indicating moderate evidence for the interaction effect. 
As we were interested in the performance differences between Go and 
No-Go trials in each experimental condition, we further analyzed the 
interaction by focusing on the effect of Trial Type for each level of the 
other two factors (i.e., Outcome Presence and Outcome Probability). 
The results showed that, in any of the three types of blocks (i.e., having a 
high probability of obtaining positive/negative/no outcomes), (1) par
ticipants' accuracy rates were significantly higher in Go trials compared 
with No-Go trials when their previous action led to a positive or negative 
outcome (all ps < 0.001); (2) in contrast, participants' accuracy rates 
were significantly lower in Go trials compared with No-Go trials when 
their previous action led to no outcome (all ps < 0.001; see Supple
mentary Fig. 2A). 

In summary, when participants' previous action led to an outcome 
(positive or negative) compared with no outcome, they responded faster 
and more accurately to Go cues, as well as responded less accurately to 
No-Go cues. However, their reaction times in Go trials, as well as ac
curacy rates in Go trials and No-Go trials, did not differ significantly 
when their previous action led to a positive outcome compared with a 
negative outcome. In addition, participants had higher accuracy rates in 
Go trials compared with No-Go trials (i.e., a preference for go over no-go 
responses) when their previous action led to an outcome, irrespective of 
the emotional valence (i.e., positive or negative). In contrast, partici
pants had lower accuracy rates in Go trials compared with No-Go trials 
(i.e., a preference for no-go over go responses) when their previous ac
tion led to no outcome. 

3.2.2. Results based on the factors “outcome presence” and “Previous 
Outcome Frequency” 

For reaction times in Go trials, the two-way repeated measures 
ANOVA showed significant main effects of Outcome Presence, F(2,54) 
= 67.51, p < .001, ηp

2 = 0.71, BF10 > 1015, and Previous Outcome Fre
quency, F(1,27) = 23.32, p < .001, ηp

2 = 0.46, BF10 > 105. There was also 
a significant interaction between Outcome Presence and Previous 
Outcome Frequency, F(2,54) = 12.32, p < .001, ηp

2 = 0.31, BF10 > 104. 

Further analyses showed that, regardless of the frequency of the same 
type of outcome in the previous two pairs of trials (i.e., two to four times 
or zero times), participants responded faster to Go cues when their 
previous action led to a positive or a negative outcome compared with 
no outcome (all ps < 0.001); whereas, their reaction times in Go trials 
did not differ significantly when their previous action led to a positive 
outcome compared with a negative outcome (both ps > 0.05; see 
Fig. 7A). 

For accuracy rates in Go trials, the two-way repeated measures 
ANOVA showed significant main effects of Outcome Presence, F(2,54) =
57.08, p < .001, ηp

2 =0.68, BF10 >1015, and Previous Outcome Frequency, 
F(1,27) = 34.45, p < .001, ηp

2 = 0.56, BF10 > 1010. There was also a sig
nificant interaction between Outcome Presence and Previous Outcome 
Frequency, F(2,54) = 29.58, p < .001, ηp

2 = 0.52, BF10 > 108. Further 
analyses showed that, regardless of the frequency of the same type of 
outcome in the previous two pairs of trials (i.e., two to four times or zero 

Fig. 7. Results of Experiment 2 based on the factors “Outcome Presence” and 
“Previous Outcome Frequency”. (A) Reaction times in Go trials, (B) accuracy 
rates in Go trials, and (C) accuracy rates in No-Go trials in different conditions. 
Data are expressed as Mean ± SEM. ns: not significant; **: p < .01; ***: p 
< .001. 
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times), participants responded more accurately to Go cues when their 
previous action led to a positive or a negative outcome compared with no 
outcome (all ps < 0.01); whereas, their accuracy rates in Go trials did not 
differ significantly when their previous action led to a positive outcome 
compared with a negative outcome (both ps > 0.05; see Fig. 7B). 

For accuracy rates in No-Go trials, the two-way repeated measures 
ANOVA showed a significant main effect of Outcome Presence, F(2,54) 
= 48.49, p < .001, ηp

2 = 0.64, BF10 > 109. Further analyses showed that, 
participants responded less accurately in No-Go trials when their pre
vious action led to a positive or negative outcome compared with no 
outcome (both ps < 0.001); whereas, their accuracy rates in No-Go trials 
did not differ significantly when their previous action led to a positive 
outcome compared with a negative outcome (p = .959). There was also a 
significant main effect of Previous Outcome Frequency, F(1,27) = 17.42, 
p < .001, ηp

2 = 0.39, BF10 = 16.54. Further analyses showed that, par
ticipants responded less accurately in No-Go trials when the same type of 
outcome had occurred two to four times compared with zero times in the 
previous two pairs of trials (p < .001; see Fig. 7C). However, the inter
action between Outcome Presence and Previous Outcome Frequency 
was not significant, F(2,54) = 0.80, p = .453, ηp

2 = 0.03, BF10 = 0.84. 
Moreover, the analysis of accuracy rates in both Go and No-Go trials, 

using a three-way repeated measures ANOVA, showed a significant 
interaction between Outcome Presence, Previous Outcome Frequency, 
and Trial Type, F(2,54) = 17.56, p < .001, ηp

2 = 0.39, BF10 > 108. As we 
were interested in the performance differences between Go and No-Go 
trials in each experimental condition, we further analyzed the interac
tion by focusing on the effect of Trial Type for each level of the other two 
factors (i.e., Outcome Presence and Previous Outcome Frequency). The 
results showed that, (1) regardless of the frequency of the same type of 
outcome in the previous two pairs of trials (i.e., two to four times or zero 
times), when participants' previous action led to a positive or negative 
outcome, their accuracy rates were significantly higher in Go trials 
compared with No-Go trials (all ps < 0.001); (2) in contrast, when 
participants' previous action did not lead to any outcome and the same 
type of outcome had occurred two to four times (i.e., outcomes never 
occurred) in the previous two pairs of trials, their accuracy rates did not 
differ significantly between Go trials and No-Go trials (p = .949); (3) 
furthermore, when participants' previous action did not lead to any 
outcome but the same type of outcome had occurred zero times (i.e., 
outcomes had occurred two to four times) in the previous two pairs of 
trials, their accuracy rates were significantly lower in Go trials compared 
with No-Go trials (p < .001; see Supplementary Fig. 2B). 

In summary, when participants' previous action led to an outcome 
(positive or negative) compared with no outcome, they responded faster 
and more accurately to Go cues, as well as responded less accurately to 
No-Go cues. However, their reaction times in Go trials, as well as ac
curacy rates in Go trials and No-Go trials, did not differ significantly 
when their previous action led to a positive outcome compared with a 
negative outcome. In addition, participants had higher accuracy rates in 
Go trials compared with No-Go trials (i.e., a preference for go over no-go 
responses) when their previous action led to an outcome, irrespective of 
the emotional valence (i.e., positive or negative). In contrast, partici
pants had comparable accuracy rates in Go and No-Go trials (i.e., no 
obvious preference for go over no-go responses) when action outcomes 
had never occurred in the previous two pairs of trials and their previous 
action unsurprisingly did not lead to any outcome. Furthermore, par
ticipants had lower accuracy rates in Go trials compared with No-Go 
trials (i.e., a preference for no-go over go responses) when outcomes 
had occurred two to four times in the previous two pairs of trials but 
their previous action surprisingly did not lead to any outcome. 

3.3. Discussion 

Consistent with Experiment 1, results in Experiment 2 indicate that 
the “local” outcome presence led to an enhancement of action readiness 
and at the same time reduced response inhibition, manifested by higher 

accuracy rates and faster reaction times to Go cues as well as lower 
accuracy rates to No-Go cues. In addition, when participants' previous 
keypress action led to an outcome, they were more accurate in repeating 
that action than withholding it (i.e., a preference for go over no-go re
sponses); in contrast, when participants' previous action did not result in 
any perceivable outcome, they had no obvious preference for go or no- 
go responses or even had a preference for no-go over go responses. This 
also supports our previous finding indicating that a reduced sense of 
agency might have shifted participants' tendency from preparedness for 
action towards increased inhibitory control or general passivity. 
Importantly, participants' performance did not differ significantly when 
their previous action led to a positive outcome compared with a negative 
outcome. That is, participants' action readiness and response inhibition 
were not modulated by the emotional valence of action outcomes, 
indicating that our findings are not driven by the rewarding properties 
of the outcome per se. 

Interestingly, the modulation of our results by the “global” outcome 
frequency in Experiment 2 was much less prominent than in Experiment 
1. For instance, in Experiment 1, the facilitation effect of “local” 
outcome presence on reaction times in Go trials was stronger in blocks
having a high probability of getting positive outcomes (i.e., a significant
interaction effect), while such facilitation effect did not differ signifi
cantly among different types of blocks in Experiment 2 (i.e., no inter
action effect). This is probably because the “global” context (i.e., the
relative frequency of a particular type of outcome) within a given block
in Experiment 2 (50% vs. 25% vs. 25%) was less obvious than in
Experiment 1 (75% vs. 25%). The longer-lasting enhancement of the
sense of agency caused by the “global” outcome frequency might be
much weaker in Experiment 2 than Experiment 1, and thus had less
impact on participants' subsequent motor responses.

4. General discussion

Using a modified Go/No-Go task, the present study investigated the
influence of sense of agency on subsequent action regulation. In 
Experiment 1, we manipulated participants' sense of agency by varying 
the presence of a visual outcome (i.e., a happy face) at the trial-by-trial 
level and the overall outcome probability at the block level (high vs. 
low) for a given motor action, and measured participants' responses to 
the subsequent Go, No-Go, or Free-Choice cue. Additionally, we con
ducted a control experiment including subjective judgements of agency 
as a manipulation check. As predicted, the immediate enhancement of 
sense of agency caused by the “local” outcome presence enhanced par
ticipants' readiness to act while at the same time suppressed their ability 
to cancel a prepotent action when required to do so. In addition, these 
effects were further amplified by a longer-lasting enhancement of the 
sense of agency caused by the “global” outcome probability in a given 
block or in several previous trials. In Experiment 2, we further manip
ulated the emotional valence of the action outcome (i.e., a happy or an 
angry face), and found no difference of positive versus negative out
comes on subsequent action regulation but similar effects. 

One of our main findings is that participants' readiness or pre
paredness to perform a keypress action varies as a function of the sense 
of agency over that action. Both experiments demonstrate that partici
pants responded more accurately and faster to the subsequent Go cue 
that signals a keypress action when the previous keypress action pro
duced a visible effect. In addition, the control experiment confirmed that 
participants felt a higher sense of agency when their action led to a 
visible effect compared with no effect. These results support that the 
feeling of control over the motor action is updated on a short, trial-to- 
trial timescale and can have an instant impact on the following motor 
responses (Hemed et al., 2020). Our finding is also in line with previous 
empirical work showing that actions followed by predictable perceptual 
changes are reinforced. For example, two-month-old infants moved their 
limb more frequently when their movement caused a movement of the 
mobile tethered to that particular limb (Watanabe & Taga, 2006, 2011). 
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Similarly, for adult participants, a motor response that leads to a 
perceptual change in the environment increases the speed and the fre
quency of that response (Hemed et al., 2020; Karsh et al., 2020; Tanaka 
et al., 2021). Moreover, the reliability of action outcomes has been 
found to boost the readiness potential, reflecting enhanced neural ac
tivities prior to the action (Wen et al., 2018). Together, it is reasonable to 
conclude that feeling in control over a specific action appears to rein
force that action and in this way increases the tendency to repeat it, 
while feeling out of control over one action discourages repetition of 
that action. Consistently, the comparison results of accuracy rates in Go 
and No-Go trials reveal that participants' motor tendency was shifted 
from readiness to action towards increased inhibitory control when their 
sense of agency decreased. Specifically, participants exhibited a pref
erence for go over no-go responses in conditions with “local” outcome 
occurrence. In contrast, no obvious preference between go and no-go 
responses or even a preference for no-go over go responses was 
observed in the condition with high outcome frequency at the block 
level (i.e., global) but surprising outcome absence at the trial level (i.e., 
local). 

The present study provides, to the best of our knowledge, the first 
evidence that a higher sense of agency results in reduced response in
hibition. Specifically, when participants felt more in control over the 
keypress action as induced by the occurrence of a perceivable outcome, 
they responded less accurately to the subsequent No-Go cue that 
required canceling the prepotent keypress action. Given that response 
inhibition is regarded as one of the central components of cognitive 
control (Botvinick & Braver, 2015), our finding suggests that inhibitory 
control deployed over one specific action increases as the feeling of 
control over that action decreases. This interpretation is in line with the 
proposal that using cognitive control needs to be distinguished from the 
feeling of being in control, i.e., the sense of agency (Potts & Carlson, 
2019). Additionally, losing control of an already controlled visual object 
has been found to attract attention (Wen & Haggard, 2018). Our finding 
extends this earlier report by suggesting that detecting diminished 
control may also act as a trigger to executive function/cognitive control 
that aims to reassert control. Effectively controlling the environment is a 
psychological and biological imperative for survival (Leotti, Iyengar, & 
Ochsner, 2010); therefore, our observation of the sense of agency as 
input for adaptive adjustment of cognitive control highlights its critical 
role in human survival. 

Importantly, results in Experiment 1 indicate that a sense of agency 
modulates not only the response inhibition triggered by external No-Go 
cues but also the response inhibition generated from internal decisions 
(also known as intentional inhibition). Specifically, after experiencing 
that the keypress action did not produce any visible effect, participants 
were less likely to choose to perform that action again in response to 
Free-Choice cues; and even when they chose to press the button, the 
reaction times were slower. These results indicate that participants tend 
to cancel the about-to-be-executed action when feeling out of control. It 
has been shown that subliminal masked prime presented prior to the 
Free-Choice cue can influence participants' decision to act or inhibit, 
suggesting a modulation effect of unconscious processing on intentional 
inhibitory control (Parkinson & Haggard, 2014). In Experiment 1, 
although the action-outcome contingency can be consciously perceived, 
it was neither explicitly associated with the sense of agency or the 
feeling of control nor did it provide any information about participants' 
performance. In other words, the sense of agency was task-irrelevant 
and thus most probably processed implicitly. Therefore, our results 
support that the free decisions to act or not to act can be influenced by 
implicit processing regarding our degree of control over the external 
environment. 

Notably, there might be a link between the long reaction times in Go/ 
Free-Choice trials and higher accuracy rates in No-Go trials in the con
dition with high “global” outcome probability but surprising “local” 
outcome absence. That is, when the previous keypress action surpris
ingly did not produce any outcome, participants might hesitate to press 

the key again. Such hesitation could be associated with no action in the 
subsequent phase, resulting in a low response accuracy for the Go cue 
and a high response accuracy for the No-Go cue. In other words, the 
putative “better” response inhibition might be a result of a general 
response slowing or down-regulation of motor preparation, which is 
another side of the same coin. Dissociating the effects of sense of agency 
on action readiness and response inhibition, disentangling the precise 
nature of the underlying inhibitory mechanisms, as well as testing the 
specific time course of these processes would be worthwhile endeavors 
for future studies. 

Interestingly, the effects of the “local” outcome presence on subse
quent action regulation are modulated by the “global” outcome proba
bility. Specifically, results in Experiment 1 showed that the 
enhancement of action readiness and the suppression of response inhi
bition after obtaining action outcomes compared with no outcome were 
amplified when participants had a high probability of obtaining action 
outcomes in a given block and also when action outcomes occurred 
frequently in several previous trials. Notably, this modulation effect was 
much less prominent in Experiment 2, probably because the longer- 
lasting enhancement of the sense of agency induced in Experiment 2 
was not as strong as that in Experiment 1 due to the relative frequency 
rates of the different outcomes. The modulating effect of the global 
context has also been reported by Hemed et al. (2020), who found that 
reaction times on trial n was sensitive to the outcome presence on trial n- 
1 and the magnitude of this effect was modulated by the outcome fre
quency in trial n-4 to n-2. This finding suggests that participants' action 
regulation is sensitive to both the immediate, local context and the more 
distant, global context regarding the effectiveness of an action (i.e., 
whether the action can lead to an effect and how reliable it is). This is 
also consistent with the recent view that the brain carefully monitors 
one's control over external objects and is highly sensitive to any change 
in the degree of control (Wen et al., 2021; Wen & Haggard, 2018). 

The observed effects of the sense of agency on response inhibition 
and action readiness could be explained within a larger framework of 
“motivation from control”. This framework posits that the sense of 
agency, i.e., the feeling of control over external objects, is a form of 
internal reward and serves as an important source of motivation (Naf
cha, Higgins, & Eitam, 2016). This view has been supported by accu
mulative behavioral and neuroimaging evidence. For example, a high 
probability of obtaining action outcomes, which contributes to an in
crease in the sense of agency, facilitates the likelihood and speed of an 
action being selected (Karsh et al., 2020; Penton et al., 2018). In addi
tion, high action-effect contingency (Behne, Scheich, & Brechmann, 
2008) and high perceived control (Lorenz et al., 2015; Tricomi, Delgado, 
& Fiez, 2004) are associated with increased activity in brain areas (e.g., 
striatum) involved in reward processing. From this perspective, the 
enhanced action readiness and reduced inhibitory tendency after feeling 
more in control in the present study may reflect a rise in motivation. 
Moreover, the “motivation from control” framework emphasizes the 
degree of control the organism has over the environment but not the 
value (desired or undesired) of the outcome (Nafcha et al., 2016). In 
other words, anything that happens after a motor response, no matter 
whether it is positive, negative or neutral, can be judged as feedback 
about successful control and hence can motivate action. Notably, the 
value of the outcome is another important source of motivation, known 
as “motivation from outcome”. It can generally trump the “motivation 
from control”, if the outcome itself provides information about the 
relation between the current state and the desired goal (Nafcha et al., 
2016). However, participants' task goal (i.e., more accurate and faster 
responses) was independent of the emotional valence of action outcomes 
in the present study; therefore, “motivation from control” probably 
played a dominant role. This may explain why the emotional valence of 
action outcomes did not modulate participants' action regulation in the 
present study. From the participants' view, both the happy and the angry 
face presented immediately after their keypress response indicated that 
they were effective in controlling the environment and hence seemed to 
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trigger comparable degrees of motivation for future actions. 
One limitation of the present study should be noted. The present 

study cannot isolate the relative contributions of the conceptual 
(explicit) judgement of agency and sensorimotor (implicit) predictabil
ity to the effects of the present study. Our control experiment showed 
that participants reported higher agency ratings (i.e., feeling more in 
control) when their previous action led to an outcome compared with no 
outcome and also when action outcomes occurred relatively frequently 
in a given block or in several previous trials. Thus, it is reasonable to 
speculate that higher-level aspects of the sense of agency (explicit 
judgement of agency) impacted our results. However, our results cannot 
be fully explained by changes in the explicit judgement of agency as we 
observed similar effects across the two main experiments in absence of 
any explicit judgements. More importantly, Hemed et al. (2022) have 
elegantly shown that fulfilled sensorimotor prediction facilitated 
response speed (i.e., action efficiency), while conceptual judgement in 
contrast mainly affected response frequency in terms of which action to 
choose (i.e., response selection). Therefore, it is highly likely that con
ceptual and sensorimotor aspects of the sense of agency both contrib
uted to our results. Further studies are needed to disentangle the relative 
contributions of these factors on action regulation, for example by 
replacing the no-effect condition with a sensory-unpredictable condition 
(Hemed et al., 2020). 

In conclusion, a higher sense of agency in the current trial, as 
induced by the presence of an outcome for a given action, facilitated 
action readiness but at the same time disrupted response inhibition in a 
subsequent trial. These effects were further amplified by a longer-lasting 
enhancement of the sense of agency as induced by high outcome fre
quency in a given block or in several previous trials. Furthermore, these 
effects were independent of the emotional valence of the keypress 
outcome. We explain these effects within the framework of motivation 
from control. Our findings highlight the impact of the control felt on the 
control used in action regulation and hereby provide new insights into 
the functional significance of the sense of agency on human behavior. 
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Supplementary Materials 

Supplementary Table 1. Means and standard deviations of reaction times and accuracy rates (or response rates) in different conditions 

of Experiment 1 based on the factors “Outcome Presence” and “Outcome Probability”. 

Outcome Presence: Absent Present 

Outcome Probability: Low High Low High 

Reaction Times (ms)     

Go Trials 273.40 ± 11.56 286.40 ± 12.95 262.79 ± 14.13 263.66 ± 14.79 

Free-Choice Trials 279.04 ± 14.81 292.23 ± 18.60 267.38 ± 17.12 270.48 ± 16.76 

Accuracy Rates     

Go Trials 0.83 ± 0.12 0.70 ± 0.16 0.92 ± 0.06 0.89 ± 0.06 

No-Go Trials 0.63 ± 0.14 0.72 ± 0.12 0.48 ± 0.19 0.50 ± 0.17 

Response Rates     

Free-Choice Trials 0.61 ± 0.17 0.44 ± 0.19 0.75 ± 0.16 0.71 ± 0.16 
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Supplementary Table 2. Response rates in Free-Go trials in different conditions of Experiment 1. 

Outcome Presence Outcome Probability Mean SD Minimum Maximum 

Absent Low 0.61 0.17 0.21 0.93 

Absent High 0.44 0.19 0.10 0.81 

Present Low 0.75 0.16 0.40 0.96 

Present High 0.71 0.16 0.26 0.89 
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Supplementary Table 3. The number of trials in different conditions of Experiment 1 based on the factors “Outcome Presence” and 

“Outcome Probability” for each analysis. 

Outcome Presence: Absent Present 

Outcome Probability: Low High Low High 

Analysis of Reaction Times 

Go Trials 119.78 ± 17.13 33.67 ± 7.68 44.30 ± 3.00 128.59 ± 8.88 

Free-Choice Trials 87.89 ± 24.71 21.15 ± 9.22 36.07 ± 7.67 102.15 ± 22.35 

Analysis of Accuracy Rates 

Go Trials 144 48 48 144 

No-Go Trials 144 48 48 144 

Analysis of Response Rates 

Free-Choice Trials 144 48 48 144 
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Supplementary Table 4. Means and standard deviations of reaction times and accuracy rates (or response rates) in different conditions 

of Experiment 1 based on the factors “Outcome Presence” and “Previous Outcome Frequency”. 

Outcome Presence: Absent Present 

Previous Outcome Frequency: 0 3-4 0 3-4 

Reaction Times (ms)     

Go Trials 271.83 ± 11.78 284.56 ± 16.46 262.29 ± 14.02 262.40 ± 16.06 

Free-Choice Trials 275.58 ± 15.37 296.54 ± 22.80 268.07 ± 18.70 270.50 ± 17.01 

Accuracy Rates     

Go Trials 0.79 ± 0.16 0.62 ± 0.22 0.83 ± 0.11 0.84 ± 0.12 

No-Go Trials 0.58 ± 0.16 0.69 ± 0.14 0.46 ± 0.18 0.44 ± 0.20 

Response Rates     

Free-Choice Trials 0.59 ± 0.18 0.43 ± 0.17 0.66 ± 0.19 0.70 ± 0.15 
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Supplementary Table 5. The number of trials in different conditions of Experiment 1 based on the factors “Outcome Presence” and 

“Previous Outcome Frequency” for each analysis. 

Outcome Presence: Absent Present 

Previous Outcome Frequency: 0 3-4 0 3-4 

Analysis of Reaction Times 

Go Trials 72.30 ± 9.02 15.11 ± 6.52 37.19 ± 5.01 46.74 ± 12.07 

Free-Choice Trials 53.89 ± 15.39 11.70 ± 5.81 31.70 ± 8.79 39.48 ± 12.07 

Analysis of Accuracy Rates 

Go Trials 93.85 ± 15.36 23.44 ± 4.74 46.11 ± 10.77 54.70 ± 8.45 

No-Go Trials 89.78 ± 11.61 26.15 ± 4.97 46.00 ± 8.79 57.00 ± 7.52  

Analysis of Response Rates 

Free-Choice Trials 93.52 ± 14.47 26.56 ± 4.18 53.59 ± 40.98 55.30 ± 8.43 
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Supplementary Table 6. Means and standard deviations of reaction times and accuracy rates in different conditions of Experiment 2 

based on the factors “Outcome Presence” and “Outcome Probability”. 

 

 

Outcome 

Presence: 
Absent Present Positive Present Negative 

Outcome 

Probability: 

High Probability of 

No Outcome 

High Probability of 

Positive Outcome 

High Probability of 

Negative Outcome 

High Probability of 

No Outcome 

High Probability 

of Positive Outcome 

High Probability 

of Negative Outcome 

High Probability of 

No Outcome 

High Probability 

of Positive Outcome 

High Probability of 

Negative Outcome 

Reaction Times (ms) 

Go Trials 306.37 ± 11.56 310.26 ± 9.74 310.55 ± 22.17 287.91 ± 15.54 289.07 ± 13.27 288.90 ± 16.19 286.17 ± 12.33 287.45 ± 16.26 289.58 ± 14.75 

Accuracy Rates 

Go Trials 0.62 ± 0.21 0.57 ± 0.19 0.54 ± 0.21 0.85 ± 0.10 0.84 ± 0.11 0.84 ± 0.09 0.82 ± 0.14 0.86 ± 0.09 0.82 ± 0.09 

No-Go Trials 0.79 ± 0.13 0.87 ± 0.10 0.82 ± 0.15 0.62 ± 0.19 0.63 ± 0.18 0.64 ± 0.20 0.60 ± 0.19 0.68 ± 0.21 0.62 ± 0.19 
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Supplementary Table 7. Means and standard deviations of reaction times and accuracy rates in different conditions of Experiment 2 

based on the factors “Outcome Presence” and “Previous Outcome Frequency”. 

Outcome Presence: Absent Present Positive Present Negative 

Previous Outcome Frequency: 0 2-4 0 2-4 0 2-4 

Reaction Times (ms)       

Go Trials 313.90 ± 10.42 296.83 ± 11.91 288.76 ± 15.08 286.29 ± 13.45 287.81 ± 14.83 286.96 ± 13.89 

Accuracy Rates       

Go Trials 0.48 ± 0.21 0.68 ± 0.20 0.76 ± 0.16 0.79 ± 0.11 0.75 ± 0.13 0.76 ± 0.15 

No-Go Trials 0.75 ± 0.14 0.69 ± 0.14 0.57 ± 0.18 0.54 ± 0.20 0.58 ± 0.17 0.52 ± 0.19 
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Supplementary Table 8. The number of trials in different conditions of Experiment 2 based on the factors “Outcome Presence” and 

“Outcome Probability” for each analysis. 

 

Outcome 

Presence: 
Absent Present Positive Present Negative 

Outcome 

Probability: 

High Probability of 

No Outcome 

High Probability of 

Positive Outcome 

High Probability of 

Negative Outcome 

High Probability of 

No Outcome 

High Probability 

of Positive Outcome 

High Probability 

of Negative Outcome 

High Probability of 

No Outcome 

High Probability 

of Positive Outcome 

High Probability of 

Negative Outcome 

Analysis of Reaction Times 

Go Trials 29.89 ± 10.09 13.68 ± 4.57 12.89 ± 4.95 20.29 ± 2.49 40.29 ± 5.13 20.21 ± 2.06 19.75 ± 3.40 20.64 ± 2.16 39.57 ± 4.13 

Analysis of Accuracy Rates 

Go Trials 48 24 24 24 48 24 24 24 48 

No-Go Trials 48 24 24 24 48 24 24 24 48 
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Supplementary Table 9. The number of trials in different conditions of Experiment 2 based on the factors “Outcome Presence” and 

“Previous Outcome Frequency” for each analysis. 

Outcome Presence: Absent Present Positive Present Negative 

Previous Outcome Frequency: 0 2-4 0 2-4 0 2-4 

Analysis of Reaction Times       

Go Trials 23.82 ± 8.92 16.36 ± 6.85 37.54 ± 3.84 22.39 ± 4.71 38.25 ± 4.63 21.54 ± 6.29 

Analysis of Accuracy Rates       

Go Trials 52.71 ± 8.24 23.25 ± 6.53 51.79 ± 12.66 28.21 ± 3.99 52.21 ± 9.65 27.89 ± 4.07 

No-Go Trials 49.86 ± 9.04 25.61 ± 5.99 49.00 ± 8.28 32.11 ± 4.96 49.89 ± 10.08 30.68 ± 5.47 
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Supplementary 

Figure 1. 

Comparison of 

accuracy rates in 

Go and No-Go 

trials in 

Experiment 1. (A) 

Results based on 

the factors 

“Outcome 

Presence” and 

“Outcome 

Probability”. 

Participants had a 

preference for go 

over no-go 

responses when 

their previous 

action led to a 

positive outcome 

or when their previous action unsurprisingly did not lead to any outcome. In contrast, 

participants had no obvious preference for go over no-go responses when the global 

probability of getting positive outcomes in a given block was high but their previous 

action surprisingly did not lead to any outcome. (B) Results based on the factors 

“Outcome Presence” and “Previous Outcome Frequency”. Participants had a 

preference for go over no-go responses when their previous action led to a positive 

outcome or when their previous action unsurprisingly did not lead to any outcome. In 

contrast, participants had a preference for no-go over go responses when positive 

outcomes had occurred three to four times in the previous two pairs of trials but their 

previous action surprisingly did not lead to any outcome. Data are expressed as M ± 

SEM. ns: not significant; *: p < .05; ***: p < .001.
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Supplementary Figure 2. Comparison of accuracy rates in Go and No-Go trials in 

Experiment 2. (A) Results based on the factors “Outcome Presence” and “Outcome 

Probability”. Participants had a preference for go over no-go responses when their 

previous action led to an outcome, irrespective of the emotional valence (i.e., positive 

or negative). In contrast, participants had a preference for no-go over go responses 

when their previous action led to no outcome. (B) Results based on the factors 

“Outcome Presence” and “Previous Outcome Frequency”. Participants had a 

preference for go over no-go responses when their previous action led to an outcome, 

irrespective of the emotional valence (i.e., positive or negative). In contrast, 
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participants had no obvious preference for go over no-go responses when action 

outcomes had never occurred in the previous two pairs of trials and their previous 

action unsurprisingly did not lead to any outcome. Furthermore, participants had a 

preference for no-go over go responses when outcomes had occurred two to four 

times in the previous two pairs of trials but their previous action surprisingly did not 

lead to any outcome. Data are expressed as M ± SEM. ns: not significant; ***: p < 

.001. 
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Prepared to stop: how sense of agency in a preceding
trial modulates inhibitory control in the current trial
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Feeling in control of actions and events can enhance motivation for further actions. How this sense of agency (SoA) in fact influences
flexible motor control remains poorly understood. Here, we investigated the effect of SoA on subsequent response inhibition in a
modified go/no-go task with EEG recordings. We manipulated participants’ SoA by varying the presence, predictability, and emotional
valence of a visual outcome for a given motor action. When participants unexpectedly did not receive any visible outcome following their
action on trial n – 1, they exhibited slower responses and lower hit rates to the go signal but higher rates of successful inhibition to the no-
go signal on trial n, regardless of the emotional valence of the expected action outcome. Furthermore, enhanced inhibitory tendencies
were accompanied by reduced N2 and P3 amplitudes, midfrontal theta power, and theta synchronization between midfrontal and medial
to parietal areas, indicating that less top-down control is required for successful response inhibition on trial n after experiencing low
SoA on trial n – 1. These findings suggest that feeling less in control in a preceding trial makes it easier to implement inhibitory control
in the current trial, thereby providing new insights into the role of SoA in goal-directed behavior.

Key words: cognitive control; EEG; prediction error; response inhibition; sense of agency.

Introduction
When our voluntary actions produce predictable effects in the
external environment, it may induce a subjective feeling of control
over those actions and their effects. This experience is called the
sense of agency (SoA; Haggard 2017). Recently, several empirical
studies have reported that actions associated with a stronger
feeling of control were selected more frequently and were exe-
cuted more rapidly (Eitam et al. 2013; Karsh and Eitam 2015;
Karsh et al. 2016, 2020; Penton et al. 2018; Wen and Haggard
2018; Hemed et al. 2020; see review: Wen and Imamizu 2022),
suggesting that a higher SoA can reinforce the given motor action.
In addition to action selection and execution, response inhibition
also plays a vital role in goal-directed behavior (Chambers et al.
2009). Response inhibition is the ability to suppress unwanted or
inappropriate actions (Verbruggen and Logan 2008). However, how
SoA influences subsequent response inhibition remains poorly
understood. Addressing this gap would contribute to a better
understanding of how our subjective states influence our objec-
tive ability to regulate behavior flexibly in a rapidly changing
environment.

Response inhibition is considered a hallmark of cognitive and
motor control (Chambers et al. 2009; Bari and Robbins 2013).
Existing behavioral evidence implies that the actual engagement
of control and the feeling of control are functionally distinct but
interact with each other. For example, physical effort or cognitive
load has been shown to influence participants’ SoA on that same
trial, with most studies finding a lower SoA in trials requiring
a high level of effort (Sidarus and Haggard 2016; Vastano et al.
2017; Wang et al. 2018; but see Van den Bussche et al. 2020
for an opposite effect). Similar effects have also been found in
contexts requiring high effort (e.g. across a block of trials): most
studies have observed a decrease in the SoA after participants

completing a high-demand compared with low-demand block
(Hon et al. 2013; Howard et al. 2016; Potts and Carlson 2019;
but see Demanet et al. 2013 for an opposite effect). Moreover,
our recent work demonstrates that when participants felt less in
control as induced by the absence of a visible effect following their
preceding action (as measured by explicit judgments of agency),
they responded less accurately and slower to go signal, reacted
more accurately to no-go signal, as well as made go decisions
less frequently and slower to free-choice signal on the next trial.
These effects were even stronger when action outcomes occurred
more frequently in a given block or in several previous trials (Ren
et al. 2023). These findings provide preliminary evidence that a
reduced SoA on trial n – 1 leads to an enhanced intention to inhibit
upcoming actions on trial n.

The current study aimed to clarify the effect of SoA on subse-
quent response inhibition, and intended to specify the underlying
brain mechanisms in particular. To this end, we adopted a modi-
fied go/no-go task with simultaneous EEG recordings. In this task,
a pair of 2 trials included 2 action stimuli. The first action stim-
ulus was always a go signal (i.e. the inducement trial), whereas
the second action stimulus was a go or a no-go signal (i.e. the
test trial). In the inducement trial, we manipulated participants’
SoA indirectly by varying the presence and the predictability of
perceivable outcomes for their actions. This approach has a theo-
retical and empirical justification: according to the comparator
model of agency, our brain predicts the sensory consequence
of the action we plan and execute, and then compares it with
the actual sensory feedback received from the sensory system
and the external world. SoA emerges if the compared signals
are congruent and diminishes if they are incongruent (Blakemore
et al. 1998, 2002; Frith et al. 2000). In other words, a prediction error
between the predicted and actual action effect can reduce the
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SoA. In line with this theory, converging empirical studies reveal
that participants experienced a decreased SoA if the actual action
outcome (e.g. an auditory or visual event presented immediately
after their action) violated their expectation (Sato and Yasuda
2005; Ebert and Wegner 2010; Caspar et al. 2016; Majchrowicz
and Wierzchoń 2018; Villa et al. 2021). Therefore, we assumed
that being able to produce predictable action effects can induce a
high SoA. In contrast, not being able to produce intended effects
can induce a low SoA. Notably, the present study adopted facial
stimuli as action outcomes since several previous studies suggest
that emotional facial stimuli (i.e. social reward) compared with
simple neutral stimuli might be particularly effective in inducing
a high SoA (see review: Kaiser et al. 2021).

The test trial following the inducement trial allowed us to test
how our manipulation of SoA in a preceding behavioral episode
influenced participants’ behavioral and electrophysiological
responses to the subsequent action stimulus. At the behavioral
level, we focused on participants’ reaction times (RTs) and
accuracy rates (ACCs) in response to go signals, as well as their
ACCs in response to no-go signals. Faster and more accurate
responses in go trials are thought to indicate action readiness or
motor preparedness (Kaiser and Schütz-Bosbach 2019), whereas
successful action cancelation in no-go trials is known to reflect
response inhibition (Zhang et al. 2015; Raud et al. 2020). We
hypothesized that the absence of an action outcome in the
inducement trial would reduce action readiness but enhance
response inhibition in the following test trial, manifested as
slower and less accurate responses to go signals but more
accurate responses to no-go signals. This effect was expected
to be more pronounced when the prediction error was high
compared with low. Similar effects have been observed in previous
behavioral studies using different paradigms and/or neutral
action outcomes (Eitam et al. 2013; Karsh and Eitam 2015; Hemed
et al. 2022; Ren et al. 2023). At the electrophysiological level, we
assessed the N2 and P3 components evoked by no-go signals.
The no-go N2 and P3 components are the most common event-
related potentials (ERPs) reflecting subprocesses of inhibitory
control (Falkenstein et al. 1999). The N2 component is usually
detected between 200 and 300 ms after the presentation of the
no-go signal over the frontocentral region and is believed to reflect
conflict monitoring (Lavric et al. 2004; Smith et al. 2008; Beste et al.
2010). The P3 component is generally observed between 300 and
600 ms after the presentation of the no-go signal in the central
area and is considered to reflect the inhibitory process itself or
an evaluation of the response inhibition process (Huster et al.
2011; Chmielewski and Beste 2015, 2019; Wessel and Aron 2015).
Our hypothesis in behavioral performance (see above) was that
experiencing unexpected outcome absence on trial n – 1 would
result in enhanced inhibitory tendencies on trial n. As a further
prediction, we expected that encountering a no-go signal as the
upcoming action stimulus on trial n would result in less cognitive
conflict for participants, as they would be less motivated to repeat
the keypress action after experiencing unexpected outcome
absence on trial n – 1. In this case, it would have been also easier
for participants to implement inhibitory processes in response to
the no-go signal on trial n. Therefore, we predicted that smaller
N2 and P3 amplitudes would be observed (as neurophysiological
correlates of inhibitory processes; Huster et al. 2013; Chmielewski
and Beste 2019) during no-go trials following outcome absence
compared with outcome presence for a preceding action, and
these effects might be further amplified when the prediction
error was high compared with low.

In addition to the no-go N2 and P3 components, we also mea-
sured the midfrontal theta (4–7 Hz) power after no-go signals
and its synchronization with other brain areas to gain additional
insights into the neural mechanisms underlying the effect on
inhibitory control. Conflict-related increases in midfrontal theta
power have been observed in a wide range of different experimen-
tal paradigms (Derosiere et al. 2018; Vissers et al. 2018; Cooper
et al. 2019; Kaiser et al. 2019; Kaiser and Schütz-Bosbach 2019).
A recent study conducted in our lab has shown that midfrontal
theta oscillations during reactive control primarily reflect motor
conflicts, rather than attentional conflicts (Kaiser and Schütz–
Bosbach 2020). In line with our hypotheses for behavioral and
ERP responses, we hypothesized that the absence of an action
outcome in the inducement trial would reduce motor conflicts
caused by no-go signals and facilitate motor-related adjustments
in subsequent test trials, which would be indexed by a reduced
midfrontal theta enhancement during no-go trials, and this effect
would be more pronounced when the prediction error was high.
Importantly, in contrast to ERP analysis, oscillatory measures
allow to investigate task-related changes in interbrain connectiv-
ity. The neural synchronization of oscillatory waves across brain
areas is assumed to facilitate intercommunication between differ-
ent brain areas (Fries 2005; Klimesch et al. 2007). More specifically,
it has been suggested that theta synchronization between mid-
frontal and other domain-specific brain areas is reflective of the
information exchange necessary for exerting cognitive and motor
control to overcome conflicts (van Driel et al. 2012; Cooper et al.
2015; Duprez et al. 2020; Kaiser and Schütz-Bosbach 2020). Thus,
neural theta synchronization represents a potential functional
mechanism to implement goal-directed adaptation of neural pro-
cesses, such as sudden changes in motor activation during the
inhibition of motor actions (Beste et al. 2023). We expected to
observe a decrease in theta synchronization during no-go trials
following unexpected outcome absence, as there would be less
conflict to overcome for successful motor inhibition. This is in
line with our theoretical assumption that unexpected outcome
absence reduces motor readiness, making the implementation of
motor inhibition less effortful.

Last but not least, to exclude the possibility that the potential
effects in the current study were driven by motivational factors
related to the outcome valence (i.e. seeking positive outcomes
and avoiding negative outcomes), we conducted 2 versions of the
task—the positive outcome task and the negative outcome task—
adopting happy or angry faces as visual action outcomes, respec-
tively. If similar effects are observed in both tasks (e.g. having
positive or negative action outcomes compared with no outcomes
undermines subsequent inhibitory control), we can conclude that
the effectiveness of the motor action in terms of producing a
perceivable effect plays a dominant role in the effect of SoA on
subsequent action regulation. Conversely, if opposite effects are
observed across the 2 tasks (e.g. having positive action outcomes
compared with no outcomes undermines subsequent inhibitory
control, whereas having negative action outcomes compared with
no outcomes facilitates subsequent inhibitory control), it can be
speculated that the outcome valence (positive or negative) is the
key determinant of the observed empirical effects.

Materials and methods
Participants
Fifty-four healthy participants took part in the present study,
with half of them (14 females; mean age: 26.93 ± 0.64 years;
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Fig. 1. Schema of the modified go/no-go task. A pair of 2 trials included 2 action stimuli. The first action stimulus was always a go signal (i.e. the
inducement trial), whereas the second action stimulus was either a go or a no-go signal (i.e. the test trial). The instruction at the beginning of each block
indicated that the probability of receiving either no action outcome or a visual outcome (positive outcome task: a happy face; negative outcome task:
an angry face) was high. In a specific trial, participants would have a low prediction error if the actual action outcome confirmed their expectation and
a high prediction error if the actual action outcome violated their expectation.

range: 22–35 years) participating in the positive outcome task,
and the other half (15 females; mean age: 25.93 ± 0.68 years;
range: 20–35 years) participating in the negative outcome task. All
participants had normal or corrected-to-normal vision, and none
had a history of neurological or psychiatric disorders. The study
was approved by the local ethics committee at the Department of
Psychology of LMU Munich in accordance with the Declaration of
Helsinki. All participants provided written informed consent and
received financial compensation (9 euros per hour) for their par-
ticipation. Given that large effect sizes (ηp

2 > = 0.56) were observed
for the main effect of Outcome Presence in a related study (Ren
et al. 2023), we estimated the required sample size in the present
study also considering a large effect size. A power analysis using
the MorePower software (Campbell and Thompson 2012) revealed
that our sample size ensured a power of 0.80 to detect 3-way or
2-way interactions or a main effect of at least ηp

2 = 0.14.

Materials and apparatus
A set of 84 colored photographs, showing either happy or angry
faces of 42 actors (18 females and 24 males), were selected from
the validated NimStim database (Tottenham et al. 2009). Go sig-
nals (i.e. a black rectangle), no-go signals (i.e. a black rectangle
with a gray cross), and the photographs were presented in the
same size of 400 × 514 pixels (width × height) with a gray back-
ground on the screen (24 inches; refresh rate: 60 Hz; resolution:
1920 × 1080 pixels). Participants were seated ∼65 cm from the
screen. The tasks were performed using the Presentation software
(Neurobehavioral Systems, Inc.).

Design and procedure
Both tasks in the present study employed a within-subjects design
with 2 factors: outcome presence (absent vs. present) and predic-
tion error (low vs. high). The positive outcome task used happy
faces as action outcomes, whereas the negative outcome task
used angry faces as action outcomes. Notably, data collection
for the 2 tasks was done separately. That is, participants were
not randomly assigned to one of the 2 tasks within the same
data collection. Since both tasks were identical apart from the
emotional valence of the action outcome, and no participant took
part in both tasks, we combined the data of the 2 tasks for analysis,
including “task” (positive vs. negative outcome task) as a between-
subject factor.

An overview of the trial structure is shown in Fig. 1. Each pair of
trials included 2 action stimuli. Unbeknownst to the participants,
the first action stimulus was always a go signal (i.e. “the induce-
ment trial”). In contrast, the second action stimulus was either
a go or a no-go signal (i.e. “the test trial”), with equal probability
(50%). Participants were instructed to press the “down arrow” key
using their right index finger as quickly as possible in response
to the go signal but withhold the keypress action in response to
the no-go signal. Each action stimulus remained on the screen
until the participant pressed the button or the stimulus had been
presented for 350 ms. If the action response was correct, it was
immediately followed by an action outcome (if there was one)
for a duration of 800 ms. If the action response was incorrect,
it was followed by an error message for a duration of 800 ms. A
central fixation dot was presented for 1,300–1,700 ms during the
interstimulus interval.
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We manipulated outcome presence and prediction error in
the inducement trial, and measured participants’ responses to
the go or no-go signal in the following test trial. Specifically, to
manipulate outcome presence, either a visual outcome (positive
outcome task: a happy face; negative outcome task: an angry face)
or no visual stimulus was presented after participants’ keypress
action in the inducement trial. Thus, participants felt either that
their action led to a visual outcome, or that their action did not
result in any visible effect. To manipulate participants’ prediction
error between the actual and the expected action outcome, at the
beginning of each block, we explicitly informed them whether
their correct keypress action had a high or low probability of
producing a visual effect (positive outcome task: a happy face;
negative outcome task: an angry face) in that block. Therefore,
there were 2 types of blocks: high- and low-probability blocks.
In high-probability blocks, participants’ action led to a visual
outcome in 75% of all inducement trials. In low-probability blocks,
participants’ action produced a visual outcome only in 25% of
all inducement trials. During high-probability blocks, participants
experienced low prediction error if their action resulted in a visual
effect, but high prediction error if no visible outcome followed
their action. Conversely, during low-probability blocks, partici-
pants experienced low prediction error if their action did not have
any visible effect, but high prediction error if their action produced
a visual effect. Notably, participants were not informed that if a
visual outcome was presented during the inducement trial, they
would also receive a visual outcome when they pressed the key in
response to the go signal in the following test trial. This was done
to ensure that the go signals in both types of trials, inducement
and test trials, were similar in nature, with participants having an
opportunity to receive a visual outcome after taking action, and
thus excluded the possibility of participants treating the 2 types
of trials differently.

To get familiar with the experimental procedure, participants
completed 2 practice sessions (one for each block type; each
including 12 pairs of trials) before the task started. The formal
task consisted of 12 high-probability blocks and 12 low-probability
blocks. Each block had 48 pairs of trials. Altogether, in each
task, there were 432 pairs of trials for the outcome absent—low
prediction error condition, 144 pairs of trials for the outcome
absent—high prediction error condition, 432 pairs of trials for the
outcome present—low prediction error condition, and 144 pairs of
trials for the outcome present—high prediction error condition.
Notably, only when participants made a correct keypress action
in the inducement trial would the subsequent test trial appear,
forming a complete action repetition sequence consisting of a pair
of inducement and test trials, which were then included in the
data analysis. It is also worth noting that participants were not
informed that some trials were inducement trials containing go
trials only, whereas the others were test trials containing a no-go
signal in half of the trials. Therefore, their subjective estimation
about the relative proportion of no-go vs. go trials was most
likely determined by the inducement and test trials jointly. As
a result, participants most likely perceived a significantly lower
number of no-go trials compared with go trials within each block,
with a perceived ratio of ∼25% no-go trials (test trials only) to
75% go trials (inducement + test trials). All blocks and trials were
presented in random order. Participants received visual feedback
on their ACC and mean RT in go trials and ACC in no-go trials
after each block during the self-paced inter-block rest. Each task
lasted ∼2 h, and an additional 40 min was required for EEG
preparation.

EEG recording and preprocessing
During the task the EEG was recorded from 65 active electrodes
(BrainProducts, ActiSnap) and one additional ground electrode,
placed according to the international extended 10–20 system. The
FCz electrode functioned as the online reference. The sampling
rate was 1,000 Hz. The online bandpass filter was 0.1–1,000 Hz. All
impedances were kept below 20 kΩ. Signal acquisition was imple-
mented using the BrainVision Recorder software (Brain Products,
Inc.).

Offline EEG data were preprocessed using FieldTrip (Oostenveld
et al. 2011), an open-source toolbox running in MATLAB (Math-
works Inc., Natick, MA). First, we manually inspected the raw
data to remove bad channels (1 channel for 7 participants and 3
channels for 1 participant). Then, EEG data were re-referenced to
the average of all electrodes, filtered using a 40-Hz low-pass filter,
and down-sampled to 500 Hz. Next, we performed independent
component (IC) analysis on the continuous EEG data. ICs repre-
senting eye movements and eye blinks were identified by visual
inspection of their time course and scalp topography. A mean of
2.89 ICs per participant was rejected, and artifact-free EEG data
were obtained by back-projecting the remaining non-artifactual
components onto the scalp electrodes. Last, each bad channel
deleted in the first step was interpolated using the average of its
neighboring channels using the function ft_channelrepair.

EEG analysis
Since the main goal of the present study was to explore how high
or low SoA in a preceding behavioral episode impacted subse-
quent response inhibition, our analysis focused on participants’
electrophysiological responses to the no-go signal in the test trial.

For ERP analysis, we segmented the continuous EEG data
into periods ranging from −100 to 600 ms relative to the onset
of the no-go signal. We then conducted a baseline correction
using the period from −100 to 0 ms prior to the presentation
of the no-go signal. Next, the epochs contaminated by artifacts
(e.g. muscle activity) were automatically rejected based on a
threshold of ±150 μV in all EEG channels. Furthermore, only trials
with correct responses were included in further EEG analysis.
The number of trials remaining per condition is summarized
in Supplementary Table 1. We created averaged epochs for each
participant and condition, and determined the time windows and
electrodes for the quantification of the N2 and P3 components
via visual inspection of the scalp topography. To validate that the
most important electrodes were chosen for data quantification,
we utilized a statistical method described in Mückschel et al.
(2014). Specifically, we calculated the mean amplitude for
each ERP component in its respective time window for every
electrode, and then compared each value to the average of all
other electrodes (excluding the compared electrode). We applied
Bonferroni-Holm correction for multiple comparisons, and
selected electrodes that showed significantly larger amplitudes
(negative for N2 and positive for P3) compared with the average
of remaining electrodes. These electrodes were identical to the
electrodes selected via visual inspection. N2 and P2 amplitudes
were quantified relative to baseline for each participant and
condition. N2 amplitude was quantified as the negative peak
at frontocentral electrodes (AFz, AF3, AF4, Fz, F1–F5, FCz, FC1–
FC6, Cz, and C5) between 200 and 300 ms after the onset of the
no-go signal. P3 amplitude was quantified as the positive peak
at central electrodes (FCz, FC1–FC4, Cz, C1–C4, C6, CPz, CP1–CP4,
CP6, Pz, and P1–P4) between 300 and 600 ms after the onset of
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the no-go signal. These time windows and electrodes are typically
analyzed in go/no-go paradigms (see review: Huster et al. 2013).

We also calculated the time-frequency data time-locked to the
no-go signal. First, we segmented the continuous EEG data into
periods ranging from −1,100 to 1,800 ms relative to the onset
of the no-go signal. Second, we filtered the EEG epochs using
a Laplacian spatial filter (order of splines: 4; maximum degree
of Legendre polynomials: 14; regularization parameter: 1 e−5).
This step increases the spatial specificity for the results of time-
frequency and connectivity analysis (see blow; Cohen 2015). Third,
we decomposed the filtered data sets into their time-frequency
representations using Morlet wavelets from 2 to 20 Hz in steps of
1 Hz (Kaiser and Schütz-Bosbach 2020). The number of wavelet
cycles increased from 3 to 6 in linearly spaced steps to have a
good balance between time and frequency resolution. Last, we
further segmented the time-frequency data into periods ranging
from −300 to 1,000 ms relative to the onset of the no-go signal,
with baseline correction via decibel conversion using the first 200-
ms period. This baseline interval was chosen to avoid the adverse
influence of spectral estimates biased by windowing poststimulus
activity and padding values (Hu and Zhang 2019; Zhang et al.
2020). Consistent with previous studies (Kaiser et al. 2019; Kaiser
and Schütz-Bosbach 2019), a salient theta power enhancement
was observed at midfrontal electrodes (FCz, FC1, and FC2) after
the no-go signal.

To explore the interconnectivity between the midfrontal and
other brain regions, we further calculated the phase synchroniza-
tion between midfrontal electrodes (FCz, FC1, and FC2) and all
other electrodes in the theta range (4–7 Hz) time-locked to the
no-go signal. First, we calculated the debiased weighted phase lag
index (WPLI; Vinck et al. 2011) between the midfrontal seed elec-
trodes and all other electrodes in the time window from −300 to
1,000 ms relative to the onset of the no-go signal. WPLI values for
each seed electrode itself were set to 0. The WPLI was used to esti-
mate the phase synchronization because, compared with other
synchronization measures, it is less susceptible to the influence
of volume conduction, which can artificially inflate connectivity
estimates (Bastos and Schoffelen 2016). Second, the resulting
synchronization values were baseline corrected using the first
200-ms period. Therefore, higher WPLI values at any electrode
indicate an increase in synchronization between that electrode
and the midfrontal region. Similar to previous research (Kaiser
and Schütz-Bosbach 2020), salient synchronizations between the
midfrontal and some other cortical areas in the theta range were
observed after the no-go signal.

However, we did not have clear predictions regarding the mor-
phology (time windows and/or electrodes) of the effect on mid-
frontal theta power and synchronization. Therefore, to identify
spectro-temporal clusters of condition differences in midfrontal
oscillation power, we applied a nonparametric cluster-based per-
mutation test in the time window from 0 to 600 ms relative to the
stimulus onset and in frequencies from 2 to 20 Hz. Additionally,
to identify spatio-temporal clusters of condition differences in
midfrontal theta synchronization, we applied a nonparametric
cluster-based permutation test in the time window from 0 to
600 ms relative to the stimulus onset and over all electrodes. This
method has been frequently used in previous related studies (e.g.
Cooper et al. 2019; Kaiser and Schütz-Bosbach 2020). We quan-
tified the midfrontal theta power and synchronization for each
participant and condition over the respective cluster that revealed
a significant interaction or main effect in the permutation test.

Nonparametric cluster-based permutation tests were per-
formed using the FieldTrip toolbox (Oostenveld et al. 2011).

Permutation analysis allows for statistical tests over whole
time-frequency maps, whereas still controlling for multiple
comparisons (Maris and Oostenveld 2007). More specifically, for
each permutation test used in the present study, the adjacent
spatio-spectro-temporal points for which F-values exceed a
threshold were clustered (cluster-defining threshold P = 0.05,
2-tailed; iterations = 5,000). Then, the cluster-level statistics
were calculated by taking the sum of the F-values of all points
within each cluster. Lastly, the observed cluster-level statistic was
compared against the permutation distribution in order to test
the null hypothesis of no difference across conditions (2-tailed
test). Clusters with P < 0.05 were considered significant. Notably,
we ensured that the midfrontal theta power during the baseline
was comparable across conditions (see Supplementary Analysis
and Results), which helps exclude the possibility that the effects
observed in the midfrontal theta power and synchronization
after the no-go signal were driven by any differences during the
baseline.

Statistical analysis
The behavioral data in the present study included RTs and ACCs in
go trials, as well as ACCs in no-go trials. The ERP data included N2
and P3 amplitudes evoked by no-go signals. The time-frequency
data included the midfrontal theta power and synchronization
elicited by no-go signals. Notably, all of these data were collected
during test trials.

To analyze the effects of our manipulation on trial n – 1
on participants’ responses on trial n, we performed separate
mixed-design 3-way analysis of variances (ANOVA) with 2 within-
subjects factors (outcome presence: absent vs. present; prediction
error: low vs. high) and 1 between-subjects factor (task: positive
vs. negative outcome task) for each of the aforementioned behav-
ioral data, ERP data, and time-frequency data. In cases where a
significant 3-way interaction was observed, we conducted 2 kinds
of post hoc analyses: (i) to further explore the effects of outcome
presence and prediction error on participants’ performance, we
conducted post hoc 2-way ANOVAs separately for the positive and
negative outcome tasks, and post hoc pairwise comparisons were
conducted when a significant 2-way interaction was observed.
(ii) To further explore performance differences between the 2
tasks in each sub-condition, we broke down the 3-way interaction
by focusing on the effect of task for each level of the other 2
factors (i.e. outcome presence and prediction error). However,
performance differences between the 2 tasks were not further
explored when neither the 3-way or 2-way interaction between
task and other factors nor the main effect of task was significant.

In addition, to explore the effect of our manipulation on trial
n – 1 on participants’ motor tendency (i.e. a preference for go or
no-go responses) on trial n, we performed a mixed-design 4-way
ANOVA on ACCs in both go and no-go trials. This included a fourth
within-subject factor (trial type: go vs. no-go trials) in addition
to the aforementioned 3 factors (outcome presence, prediction
error, and task). In cases where a significant 4-way interaction was
observed, we broke down the interaction by focusing on the effect
of trial type for each level of the other 3 factors. That is, we com-
pared ACCs between go and no-go trials in each sub-condition.
If participants had higher ACCs in go trials compared with no-
go trials, it indicated a preference for go over no-go responses,
whereas a higher ACC in no-go trials indicated a preference for
no-go over go responses. Partial eta-squared (ηp

2) was calculated
as effect size. All analyses were performed using the JASP software
(version 0.17.0.0; JASP Team 2023).

147

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad141#supplementary-data


8570 | Cerebral Cortex, 2023, Vol. 33, No. 13

Table 1. Statistical comparisons of behavioral and neural responses during positive and negative outcome tasks.

Go
RTs

Go
ACCs

No-go
ACCs

No-go
N2
amplitudes

No-go
P3
amplitudes

No-go
theta
power

No-go
theta
synchronization
(cluster 1)

No-go
theta
synchronization
(cluster 2)

Outcome presence F = 125.04c F = 80.60c F = 124.70c F = 16.73c F = 29.98c F = 11.84b F = 16.63c F = 17.53c

Prediction error F = 53.94c F = 41.34c F = 1.65 F = 0.02 F = 1.06 F = 21.59c F = 16.45c F = 6.79a

Task F = 2.75 F = 0.27 F = 0.81 F = 3.39 F = 3.09 F = 0.03 F = 0.18 F = 0.12
Outcome presence × prediction
error

F = 88.21c F = 133.05c F = 42.40c F = 0.01 F = 17.53c F = 18.91c F = 23.28c F = 26.33c

Outcome presence × task F = 0.82 F = 1.68 F = 2.16 F = 0.91 F = 0.10 F = 0.03 F = 0.06 F = 0.19
Prediction error × task F = 1.12 F = 0.13 F = 0.10 F = 0.07 F = 0.04 F = 0.04 F = 5.38a F = 1.61
Outcome presence × prediction
error × task

F = 4.05a F = 4.41a F = 1.93 F < 0.01 F = 0.79 F = 0.03 F = 0.02 F = 2.07

aP < 0.05
bP < 0.01
cP < 0.001.

Manipulation check
To verify our manipulation of varying the SoA in inducement
trials, we compared the amplitudes of feedback-related negativity
(FRN) across conditions. First, continuous EEG data were seg-
mented into periods ranging from −100 to 600 ms relative to the
keypress responses in inducement trials and baseline corrected
using the period from −100 to 0 ms. Then, epochs contaminated
by artifacts were automatically rejected based on a threshold of
±150 μV in all EEG channels. Next, we created difference wave-
forms between outcome-present and outcome-absent conditions
for each participant and level of prediction error (high or low).
Consistent with previous studies (see review: Krigolson 2018), FRN
amplitude was quantified as the mean amplitude at FCz between
250 and 350 ms after the keypress response.

FRN amplitudes were compared across conditions using
a mixed-design 2-way ANOVA with 1 within-subjects factor
(prediction error) and 1 between-subjects factor (task). The
analysis showed a significant main effect of prediction error
(F1,52 = 24.00, P < 0.001, ηp

2 = 0.32; see Supplementary Fig. 1),
indicating that high prediction error resulted in larger FRN
amplitudes in inducement trials compared with low prediction
error. However, neither the main effect of task nor the interaction
between task and prediction error was significant (both Ps > 0.05).
Previous research has shown that FRN amplitudes vary with
prediction error (Talmi et al. 2013) and predict lower judgments
of agency (Sidarus et al. 2017). Therefore, this result confirms
the effectiveness of our manipulation in varying the SoA in
inducement trials.

Results
Behavioral results
Behavioral responses (including RTs and ACCs in go trials, as well
as ACCs in no-go trials) were compared using a mixed-design 3-
way ANOVA with 2 within-subjects factors (outcome presence and
prediction error) and 3 between-subjects factor (Task). Relevant
statistics are summarized in Table 1.

Go trials
The analysis of RTs in go trials, using a mixed-design 3-way
ANOVA, showed a significant 3-way interaction between out-
come presence, prediction error, and task (F1,52 = 4.05, P = 0.049,
ηp

2 = 0.07). To further explore the effects of outcome presence
and prediction error on participants’ performance, we conducted

post hoc 2-way ANOVAs separately for the positive and negative
outcome tasks. These analyses revealed significant interactions
between outcome presence and prediction error (positive out-
come task: F1,26 = 65.73, P < 0.001, ηp

2 = 0.72; negative outcome
task: F1,26 = 26.95, P < 0.001, ηp

2 = 0.51). Post hoc pairwise compar-
isons showed that, regardless of the predication error, the absence
of a positive or negative outcome, compared with its presence in
inducement trials, led to slower RTs in subsequent go trials (all
Ps < 0.001). Furthermore, this effect was more pronounced when
the prediction error was high, compared with when it was low (see
Fig. 2A). That is, during both tasks, when participants unexpect-
edly did not receive any visible outcome following their action in
inducement trials, they responded slower in the subsequent go
trials.

Additionally, to explore performance differences between the
2 tasks in each sub-condition, we also broke down the 3-way
interaction by focusing on the effect of task for each level of the
other 2 factors (i.e. outcome presence and prediction error). The
results showed that RTs in go trials were significantly slower
during the positive outcome task than the negative outcome task
in the no outcome—high prediction error condition (P = 0.043).
However, there were no significant differences in go RTs between
tasks in the other 3 conditions (all Ps > 0.05; see Fig. 2B). That is,
in the context of expecting positive outcomes compared with
expecting negative outcomes, participants responded slower
in the subsequent go trials when they unexpectedly did not
receive any visible outcome following their action in inducement
trials.

The analysis of ACCs in go trials, using a mixed-design 3-way
ANOVA, also showed a significant 3-way interaction between out-
come presence, prediction error, and task (F1,52 = 4.41, P = 0.041,
ηp

2 = 0.08, BF10 = 1.79). To further explore the effects of outcome
presence and prediction error on participants’ performance, we
conducted post hoc 2-way ANOVAs separately for the positive
and negative outcome tasks. These analyses revealed significant
interactions between outcome presence and prediction error (pos-
itive outcome task: F1,26 = 124.96, P < 0.001, ηp

2 = 0.83; negative
outcome task: F1,26 = 35.43, P < 0.001, ηp

2 = 0.58). Post hoc pairwise
comparisons showed that, regardless of the predication error,
the absence of a positive or negative outcome, compared with
its presence in inducement trials, led to lower ACCs in subse-
quent go trials (all Ps < 0.001). Furthermore, this effect was more
pronounced when the prediction error was high, compared with
when it was low (see Fig. 2C). That is, during both tasks, when
participants unexpectedly did not receive any visible outcome148
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Fig. 2. RTs and ACCs in go trials. During both positive and negative outcome tasks, the unexpected absence of an action outcome resulted in (A) slower RTs
and (C) lower ACCs in subsequent go trials. Compared with the unexpected absence of a negative outcome, the unexpected absence of a positive outcome
resulted in (B) slower RTs in subsequent go trials, whereas (D) there was no significant difference in go ACCs between the two tasks. Data are expressed
as mean ± CI. Note that, in A) and C), the CI refers to the 95% confidence interval of the pairwise difference between the 2 compared sub-conditions; in
B) and D), the CI refers to the 95% confidence interval of the difference between the 2 independent means. ns: not significant; ∗P < 0.05; ∗∗∗P < 0.001.

following their action in inducement trials, they responded less
accurately in the subsequent go trials.

Additionally, to explore performance differences between the
2 tasks in each sub-condition, we also broke down the 3-way
interaction by focusing on the effect of task for each level of
the other 2 factors (i.e. outcome presence and prediction error).
The results showed no significant differences in go ACCs between
tasks across all 4 conditions (all Ps > 0.05; see Fig. 2D).

In summary, results of RTs and ACCs in go trials showed that
when participants unexpectedly did not receive any visible out-
come following their action on trial n – 1, they responded slower
and less accurately to the go signal on trial n. This suggests that
the unexpected outcome absence in the preceding trial reduces
participants’ readiness to act in the current trial. This effect was
observed in both tasks but was stronger when the emotional
valence of the expected outcome was positive compared with
negative.

No-go trials
The analysis of ACCs in no-go trials, using a mixed-design 3-way
ANOVA, found no significant 3-way interaction between outcome
presence, prediction error, and task (P > 0.05). However, it revealed

a significant 2-way interaction between outcome presence and
prediction error (F1,52 = 42.40, P < 0.001, ηp

2 = 0.45). Post hoc pair-
wise comparisons showed that, regardless of the predication error,
the absence of an action outcome, compared with its presence
in inducement trials, resulted in higher ACCs in subsequent no-
go trials (both Ps < 0.001). Furthermore, this effect was more pro-
nounced when the prediction error was high, compared to when
it was low (see Fig. 3).

In summary, results of ACCs in no-go trials showed that when
participants unexpectedly did not receive any visible outcome fol-
lowing their action on trial n – 1, they responded more accurately
to the no-go signal on trial n. This suggests that, regardless of
the emotional valence of the expected outcome, the unexpected
outcome absence in the preceding trial enhances participants’
ability to suppress prepotent but inappropriate action in the
current trial.

Comparisons between go and no-go trials
To explore the effect of our manipulation on trial n – 1 on
participants’ motor tendency on trial n, we performed a mixed-
design 4-way ANOVA on ACCs in both go and no-go trials. The
analysis showed a significant 4-way interaction between outcome
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Fig. 3. ACCs in no-go trials. The unexpected absence of an action outcome
resulted in higher ACCs in subsequent no-go trials. Data are expressed as
mean ± CI. Note that the CI refers to the 95% confidence interval of the
pairwise difference between the 2 compared sub-conditions. ∗∗∗P < 0.001.

presence, prediction error, trial type, and task (F1,52 = 4.39,
P = 0.041, ηp

2 = 0.08). To further explore performance differences
between go and no-go trials in each sub-condition, we broke
down the interaction by focusing on the effect of trial type for
each level of the other 3 factors. The results showed that when
an action outcome was present in inducement trials, ACCs in
subsequent go trials were significantly higher than those in no-
go trials (all Ps < 0.001). However, in the absence of an action
outcome in inducement trials, ACCs did not significantly differ
between go and no-go trials (Ps > 0.50), or were even significantly
lower in go trials compared with no-go trials (P < 0.001; see Fig. 4).

In summary, the results of comparing ACCs between go and
no-go trials showed that participants had a preference for go
over no-go responses on trial n when they received a positive or
negative outcome following their action on trial n – 1. However,
when they did not receive any visible outcome on trial n – 1,
there was no obvious preference for go over no-go responses, or
even a preference for no-go over go responses on trial n. These
findings suggest that, regardless of the emotional valence of the
expected outcome, outcome absence in the preceding trial may
shift participants’ motor tendency from action to inaction or
inhibition in the current trial.

ERP results
ERP responses (including N2 and P3 amplitudes in no-go trials)
were compared using a mixed-design 3-way ANOVA with 2 within-
subjects factors (outcome presence and prediction error) and 1
between-subjects factor (task). Relevant statistics are summa-
rized in Table 1.

The analysis of N2 amplitudes evoked by no-go signals, using a
mixed-design 3-way ANOVA, did not find any significant 3-way (or
2-way) interactions between outcome presence, prediction error,
and task (all Ps > 0.05). However, it revealed a significant main
effect of outcome presence (F1,52 = 16.73, P < 0.001, ηp

2 = 0.24),
which indicated that the absence of an action outcome, compared
with its presence in inducement trials, resulted in smaller N2
amplitudes in subsequent no-go trials (see Fig. 5A).

The analysis of P3 amplitudes evoked by no-go signals,
using a mixed-design 3-way ANOVA, found no significant 3-way
interaction between outcome presence, prediction error, and task
(P > 0.05). However, it revealed a significant 2-way interaction
between outcome presence and prediction error (F1,52 = 17.53,
P < 0.001, ηp

2 = 0.25). Post hoc pairwise comparisons showed that,
when the prediction error was high, the absence of an action
outcome in inducement trials resulted in smaller P3 amplitudes

Fig. 4. Comparison of ACCs between go and no-go trials. During both (A)
positive and (B) negative outcome tasks, the presence of an action out-
come was associated with higher ACCs in subsequent go trials compared
with no-go trials, whereas this effect was either absent or reversed in
conditions without action outcomes. Data are expressed as mean ± CI.
Note that the CI refers to the 95% confidence interval of the pairwise
difference between the 2 compared sub-conditions. ns: not significant;
∗∗∗P < 0.001.

in subsequent no-go trials, compared with its presence (P < 0.001).
However, when the prediction error was low, there was no
significant difference in P3 amplitudes between the outcome
presence and outcome absence conditions (P = 0.167; see Fig. 5B).

In summary, results of ERP amplitudes evoked by no-go sig-
nals showed that, compared with receiving a positive or negative
outcome, when participants did not receive any visible outcome
following their action on trial n – 1, the no-go signal on trial n
evoked smaller N2 amplitudes. This finding suggests that there
are lower cognitive demands for conflict monitoring when par-
ticipants attempt to cancel prepotent but inappropriate keypress
actions in the current trial, after experiencing outcome absence,
compared with outcome presence, in the preceding trial. In addi-
tion, when participants unexpectedly did not receive any visible
outcome following their action on trial n – 1, the no-go signal on
trial n evoked smaller P3 amplitudes. This finding suggests that
the unexpected outcome absence in the preceding trial leads to
a reduction in the recruitment of cognitive resources required for
implementing inhibitory control in the current trial.

Time-frequency results
We employed permutation analysis to identify clusters of inter-
est in the time-frequency responses (including midfrontal theta
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Fig. 5. N2 and P3 in no-go trials. (A) The absence of an action outcome
resulted in smaller N2 amplitudes in subsequent no-go trials. (B) The
unexpected absence of an action outcome resulted in smaller P3 ampli-
tudes in subsequent no-go trials. The scalp topography plots show the
topography at the peak of the N2 and P3 components within the time
windows marked using gray rectangles in waveforms. The electrodes used
to extract N2 and P3 amplitudes are marked using black dots in the scalp
topography plots.

power and synchronization in no-go trials). the data from these
clusters were then compared using a mixed-design 3-way ANOVA
with 2 within-subjects factors (outcome presence and prediction
error) and 1 between-subjects factor (task). Relevant statistics are
summarized in Table 1.

The permutation analysis of midfrontal oscillatory power
evoked by no-go signals did not yield any significant cluster for the
3-way interaction between outcome presence, prediction error,
and task (P > 0.05). However, it did uncover a significant 2-way
interaction between outcome presence and prediction error in
the theta and adjacent low alpha frequency ranges (frequencies:
4–10 Hz; electrodes: FCz, FC1, and FC2; time window: ∼ 0–410 ms;
P = 0.004). Based on the theta power (frequencies: 4–7 Hz) averaged
over this cluster, the mixed-design 3-way ANOVA also revealed
a significant 2-way interaction between outcome presence and
prediction error (F1,52 = 18.91, P < 0.001, ηp

2 = 0.27). Post hoc

pairwise comparisons showed that, when the prediction error
was high, the absence of an action outcome in inducement trials
resulted in smaller midfrontal theta power in subsequent no-
go trials, compared with its presence (P < 0.001). However, when
the prediction error was low, there was no significant difference
in midfrontal theta power between the outcome presence and
outcome absence conditions (P = 0.886; see Fig. 6). That is, when
participants unexpectedly did not receive any visible outcome
following their action in inducement trials, there was smaller
midfrontal theta enhancement in subsequent no-go trials.

The permutation analysis of the theta synchronization (fre-
quencies: 4–7 Hz) between the midfrontal electrodes (FCz, FC1,
and FC2) and all other electrodes did not yield any significant
cluster for the 3-way interaction between outcome presence,
prediction error, and task (P > 0.05). However, it did uncover a
significant 2-way interaction between outcome presence and pre-
diction error over 2 clusters: one was over the parietal area
(electrodes: TP9, Pz, P3, P7, Oz, P4, P8, CP3, P1, P5, PO7, POz,
PO4, PO8, P6, and Iz; time window: ∼160–260 ms; P = 0.005), the
other was over the medial area (electrodes: C4, T8, FC6, C6, and
FC4; time window: ∼140–260 ms; P = 0.017). Based on the theta
synchronization averaged over each cluster, the mixed-design 3-
way ANOVAs also showed significant 2-way interactions between
outcome presence and prediction error (cluster 1: F1,52 = 23.28,
P < 0.001, ηp

2 = 0.31; cluster 2: F1,52 = 26.33, P < 0.001, ηp
2 = 0.34).

Post hoc pairwise comparisons showed that, when the prediction
error was high, the absence of an action outcome in inducement
trials resulted in smaller midfrontal theta synchronization in sub-
sequent no-go trials, compared with its presence (in both clusters:
Ps < 0.001). However, when the prediction error was low, there
was no significant difference in midfrontal theta synchronization
between the outcome presence and outcome absence conditions
(in both clusters: Ps > 0.05; see Fig. 7). That is, when participants
unexpectedly did not receive any visible outcome following their
action in inducement trials, there was smaller theta synchroniza-
tion between the midfrontal and the medial to parietal areas in
subsequent no-go trials.

In summary, results of theta power and synchronization
showed that compared with receiving a positive or negative
outcome, when participants did not receive any visible outcome
following their action on trial n – 1, the no-go signal on trial n
evoked smaller midfrontal theta enhancement as well as smaller
theta synchronization between the midfrontal and the medial
to parietal areas. These findings suggest that the unexpected
outcome absence in the preceding trial leads to a decrease in
motor conflicts triggered by no-go signals, and a reduction in
information exchange between midfrontal and other brain areas
that are essential for resolving conflicts in the current trial.

Discussion
The current study explored the effect of SoA on subsequent
response inhibition by performing a modified go/no-go task with
EEG recordings. We manipulated participants’ SoA indirectly by
varying the presence and the predictability of a visual outcome
(positive outcome task: a happy face; negative outcome task: an
angry face) for a given motor action, and measured participants’
responses to a subsequent go or no-go signal. Similar results
were observed in both tasks: participants exhibited slower RTs
and lower ACCs in response to go signals, as well as higher
ACCs to no-go signals, when their preceding action unexpectedly
did not result in any visible outcome. Additionally, ACCs were
higher in go trials compared with no-go trials in conditions with
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Fig. 6. Midfrontal theta power in no-go signals. The unexpected absence of an action outcome resulted in smaller midfrontal theta power in subsequent
no-go trials. The scalp topography plots show the topography of the mean power across the frequencies and time windows marked using dashed
rectangles in the time-frequency maps. The electrodes used to extract theta power are marked using black dots in the scalp topography plots.

a visual outcome following the preceding action, whereas such
effect was less pronounced or even reversed in conditions without
action outcomes. Moreover, the enhanced inhibitory tendencies
were accompanied by reduced N2 and P3 amplitudes, reduced
midfrontal theta power, as well as reduced theta synchronization
between the midfrontal and the medial to parietal areas following
no-go signals. These results suggest that a reduced SoA (i.e. feeling
less in control) on trial n – 1 can facilitate response inhibition and
its neural processing (i.e. improved inhibitory control) on trial n.

Previous studies found that actions having an effect on
the environment are reinforced (Eitam et al. 2013; Karsh and
Eitam 2015; Hemed et al. 2020; Karsh et al. 2020). For example,
participants’ RTs were faster if an immediate effect consistently
followed their action compared with no effect or a delayed effect
(Eitam et al. 2013). Furthermore, buttons having a high probability
of causing a visual effect were pressed more frequently and
rapidly compared with buttons that never produced any visual
effect, even though these action effects were task-irrelevant and
valence-neutral (Karsh and Eitam 2015). Consistent with existing
evidence, the behavioral results of the present study indicate that
participants’ readiness to perform a keypress action in the current
trial depends on their SoA over this action and action-triggered
events in the preceding trial. Specifically, participants had slower
responses and lower hit rates in the following go trials when they
did not receive any visible outcome for their preceding action.
This effect was even more pronounced when the prediction error
was high compared with when it was low. The absence of action
outcomes and high prediction error has been regarded to reduce
the SoA (Majchrowicz and Wierzchoń 2018; Wen and Haggard
2020). Thus, our results reflect that low SoA on trial n – 1 reduces
action readiness on trial n.

In addition, our behavioral results suggest that low SoA on
trial n – 1 can facilitate response inhibition on trial n. This was
manifested as higher ACCs in no-go trials when the preceding
keypress action unexpectedly did not produce any visible effect.
Our finding suggests that a decrease in the feeling of control
over a specific action in a preceding behavioral episode can result

in improved inhibitory control over that action in the current
episode. A prior study found that when participants already had
a high level of control over an external object through their
actions, a slight reduction in the degree of control rapidly captured
their attention (Wen and Haggard 2018). Our finding extends this
earlier report by showing that the detection of diminished control
may also contribute to higher-order cognitive control processes
that aim to reassert control over the external world.

Interestingly, we found that participants’ motor tendency/ac-
tion preference on trial n was also sensitive to the changes in their
SoA on trial n – 1. In the current study, the relative proportion
of go and no-go trials in both inducement trials and test trials
created the impression that there were far fewer no-go trials
than go trials (∼25% no-go trials vs. 75% go trials). It has been
reported that go/no-go tasks with rare no-go trials reliably elicit
prepotent motor activity (Wessel 2018) and thus increase action
readiness. Indeed, in conditions presenting action outcomes in
inducement trials, we observed higher ACCs in go trials compared
with no-go trials. This suggests that when participants’ SoA in
the preceding trial was relatively high, they tended to act rather
than stop in the following trial. In contrast, in conditions without
action outcomes, participants had comparable ACCs in go and no-
go trials or even lower ACCs in go trials than in no-go trials. That
is, when participants’ SoA in the preceding trial was relatively low,
their preference for go over no-go responses in the following trial
was significantly reduced. These results indicate that a reduced
SoA on trial n – 1 can shift participants’ motor tendency from
action to inaction or inhibition on trial n.

Importantly, EEG results reveal the neural mechanisms under-
lying the effects mentioned above. For ERP responses, reductions
in no-go N2 and P3 amplitudes accompanied the improvement
in response inhibition at behavior. The N2 component has been
regarded as an indicator of conflict monitoring (Donkers and van
Boxtel 2004; Lavric et al. 2004; Smith et al. 2008; Beste et al.
2010). Thus, the suppression of the no-go N2 component in con-
ditions without action outcomes compared with conditions with
action outcomes may reflect lower cognitive demands for conflict
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Fig. 7. Midfrontal theta synchronization in no-go signals. The unexpected absence of an action outcome resulted in smaller theta synchronization (A)
between midfrontal and parietal area, as welll as (B) between midfrontal and medial area in subsequent no-go trials. The scalp topography plots show
the topography of the mean synchronization across the frequencies and time windows marked using dashed rectangles in the time-frequency maps.
The electrodes used to extract theta synchronization are marked using black dots in the scalp topography plots.
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monitoring in the current trial after experiencing less in control
in the preceding trial. The P3 component has been suggested
to reflect the implementation of inhibitory processes (Huster
et al. 2011; Chmielewski and Beste 2015, 2019; Wessel and Aron
2015). Thus, our result that no-go signals evoked smaller P3 when
participants’ preceding action unexpectedly did not produce any
visible effect may indicate that fewer cognitive resources were
recruited to overcome motor conflict on trial n because of a
reduced SoA on trial n – 1. Notably, in the current study, N2
amplitudes were modulated by the factor “outcome presence
(absent vs. present)” but not by the factor “prediction error (low
vs. high),” whereas both factors modulated P3 amplitudes. While
the N2 and P3 components are often associated with cognitive
and motor conflict processing, they have also been found to be
influenced by more general mechanisms, such as expectation
violations and updating (Wessel 2018). In the present study, the
anticipated repetition of the face stimulus in go trials may lead
to expectation updating which could be especially reflected in a
P3 enhancement. Therefore, it is possible that the N2/P3 effects
found in the present study reflect other cognitive processes,
such as the processing of expectation violations, rather than only
inhibitory control.

Consistent with the ERP results, we observed the smallest
midfrontal theta power enhancement after no-go signals in the
condition with the best response inhibition performance, i.e. in
the condition with unexpected outcome absence in the preceding
trial. Motor conflicts have been frequently found to increase the
theta power over the midfrontal cortex (Vissers et al. 2018; Kaiser
et al. 2019; Kaiser and Schütz-Bosbach 2019). Thus, our findings
indicate that the occurrence of a no-go signal evoked fewer motor
conflicts on trial n if participants’ SoA on trial n – 1 was low.
Moreover, we found that theta synchronization between the mid-
frontal and the medial to parietal areas after no-go signals greatly
decreased following a preceding trial with a low SoA. Oscilla-
tory synchronization is assumed to reflect information exchange
between task-relevant brain regions, which is one of the core
neural processes in conflict resolution (Cooper et al. 2015; van de
Vijver et al. 2018; Duprez et al. 2020). Thus, our finding indicates
that less intercortical communication was required to achieve
successful response inhibition on trial n after experiencing a low
SoA on trial n – 1. The observed decrease in synchronicity in the
medial region may indicate a reduction in intercommunication
between the midfrontal area and the motor cortex (Kaiser and
Schütz-Bosbach 2020). Additionally, the reduced synchronicity in
the parietal region could suggest a temporary disruption in visual
attention, as frontoparietal connectivity is frequently associated
with attentional processes (Marshall et al. 2015; Ptak et al. 2017;
Dixon et al. 2018). Despite the frontoparietal network being pro-
posed to support cognitive control (Marek and Dosenbach 2018),
to our best knowledge, there is a lack of literature about synchro-
nization patterns during response inhibition. Our findings provide
primary empirical evidence that frontoparietal interconnectivity
plays a critical role in implementing inhibition.

The observation of similar effects in both positive and negative
outcome tasks suggests that the feeling of control over external
objects, rather than outcome valence, plays a dominant role in
the impact of SoA on subsequent action regulation. This finding
fits well with the view that the SoA is internally rewarding and
thus can motivate future actions (Nafcha et al. 2016; Gozli 2019;
Schwarz et al. 2022). This view received substantial support from
behavioral and neuroimaging studies. For example, a high level
of control over an action (e.g. encoded as being able to produce
predictable perceptual changes) has been observed to facilitate

the selection of that action in human infants (Watanabe and Taga
2006; Watanabe and Taga 2011) and adults (Hemed et al. 2020,
2022; Karsh et al. 2020; Tanaka et al. 2021). Furthermore, a recent
study found that participants’ subjective judgments of agency
based on their past experience of action-effect contingencies were
associated with their future action choices in situations of higher
outcome certainty. More specifically, higher agency ratings in the
first part of a block predicted higher success rates in the second
part of the block (Schwarz et al. 2022). Additionally, high action-
effect contingency (Behne et al. 2008) and high perceived control
(Tricomi et al. 2004; Lorenz et al. 2015) that contribute to positive
judgments of agency have been found to increase activation in
brain areas involved in reward processing (e.g. striatum). From
this perspective, our findings can be attributed to a decline in the
motivation to act following a low SoA in a preceding behavioral
episode. More specifically, if an action failed to produce expected
outcomes, participants were less motivated to repeat it and thus
more primed for inaction. Therefore, they could “enact inhibition”
with more ease when no-go signals arrived, but “enact action”
with more difficulty when go signals appeared. This phenomenon
could be explained as a general slowing down or a tendency
toward more deliberate processing for upcoming action stimuli
because of increased uncertainty. One could speculate that shift-
ing motor tendency from action to inhibition on trial n after
experiencing a low SoA on trial n – 1 might be adaptive, as it
prevents us from wasting limited resources on actions that cannot
effectively control the environment.

The emotional valence of the expected action outcome did not
greatly shape the observed effects probably because it did not
provide any information about participants’ task performance.
In parallel with the aforementioned “motivation from control”
view, the action outcome itself can also serve as an important
source of motivation if it provides information about the relation
between the current state and the desired goal, which is termed
“motivation from outcome” (Nafcha et al. 2016). In the current
study, participants could easily tell whether their responses were
correct in a trial according to whether an error message appeared
at the end of that trial. They were also explicitly informed of their
ACCs and RTs after each block. This information was relevant
to their task goals, i.e. more accurate and faster responses. In
contrast, the outcome valence has nothing to do with judgments
of their performance, and thus it was unlikely to have a substan-
tial effect on participants’ motivation to act. It should be noted
that outcome valence did have some effects on our results. The
suppression of action readiness (as measured by go ACCs and RTs)
on trial n caused by the unexpected absence of action outcomes
on trial n – 1 were stronger in the context of expecting positively
valenced outcomes compared with expecting negatively valenced
outcomes. Previous studies using self-report measures have con-
sistently shown that positive action outcomes increase the explicit
SoA when compared with negative outcomes (see review: Kaiser
et al. 2021). However, studies using implicit measures of agency
(sensory attenuation or temporal binding) have produced incon-
clusive findings, with some studies indicating that positive com-
pared with negative action outcomes increase implicit SoA (e.g.
Gentsch et al. 2015), whereas others suggest a decrease (e.g.
Majchrowicz and Wierzchoń 2018) or no influence (e.g. Moreton
et al. 2017) on implicit SoA. Examining the differential impact
of experiencing a negative prediction error (failing to produce
expected positive outcomes) vs. a positive prediction error (failing
to produce expected negative outcomes) on the SoA on trial n – 1,
and its subsequent influence on action regulation on trial n, would
be a valuable direction for future research. Importantly, however,
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our study found that independent of valence-specific effects, both
positive and negative outcomes facilitated subsequent action
execution, whereas the absence of either effect hindered motor
readiness. These findings support that the effectiveness of the
motor action in producing a perceivable event is a key factor
driving the observed effects.

Several limitations of the present study should be acknowl-
edged. First, although we used a well-established method for
manipulating the SoA by varying the presence and predictabil-
ity of a visual outcome (e.g. Caspar et al. 2016; Majchrowicz
and Wierzchoń 2018; Villa et al. 2021), we did not include any
explicit measures to assess participants’ judgments of agency
in inducement and test trials. Our finding that high prediction
error conditions led to larger FRN confirmed the effectiveness
of our manipulation of the SoA in inducement trials to some
extent (Talmi et al. 2013; Sidarus et al. 2017); however, it remains
unclear whether such effects on agency carry over to the upcom-
ing response. Previous studies have suggested that experiencing
unpredicted events, such as errors on trial n – 1, may lead to
increased rather than decreased SoA on trial n (Di Costa et al. 2018;
Majchrowicz et al. 2020). Thus, based on our current findings, we
can only conclude that the SoA on trial n – 1 modulates action
regulation on trial n, but it remains to be investigated whether the
SoA on trial n is increased and plays a more direct role in action
regulation. To gain a more comprehensive understanding of how
the control felt influences the control used, future studies could,
for example, include self-report measures of agency in some of
the inducement trials and also in some of the test trials. Second,
it remains unclear whether the observed effects are specific to
action (agency) or whether they reflect a more general effect of
expectancy violation independent of action. Oddball stimuli have
been known to recruit control, as reported in the present study, i.e.
in terms of post-oddball slowing and related neurophysiological
adaptations (Saunders and Jentzsch 2012; Pfister et al. 2020).
Further studies are needed to dissociate the effects caused by
unpredicted action outcomes and unpredicted events in general,
for example, by adding a control condition in which unpredicted
outcomes occur in the absence of any action.

To conclude, we observed that when participants’ action
unexpectedly did not result in any perceivable effect on trial
n – 1, it was easier for them to inhibit their action in response
to no-go signals on trial n, which manifested as higher ACCs,
smaller N2 and P3 amplitudes, smaller midfrontal theta power,
and smaller theta synchronization between the midfrontal and
the medial to parietal areas. Our findings support the theory
that information regarding our control over the environment is a
crucial motivator for future behavior, and highlight the impact of
the control felt in a preceding behavioral episode on the control
used in the subsequent action regulation, thereby shedding new
light on the functional significance of the SoA in goal-directed
behavior.
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Supplementary Materials 

Supplementary Table 1. Trial number (M ± SD) for each EEG analysis. 

 Outcome Absent Outcome Present 

 
Low 

Prediction Error 

High 

Prediction Error 

Low 

Prediction Error 

High 

Prediction Error 

Positive Outcome 

Task 

    

N2 and P3 109.85 ± 16.24 40.30 ± 4.63 

 

94.11 ± 23.61 

 

28.41 ± 9.07 

 
Theta Power and 

Synchronization 

108.30 ± 16.74 39.70 ± 4.86 92.74 ± 23.16 28.07 ± 8.89 

Negative Outcome 

Task 

    

N2 and P3 85.30 ± 35.80 

 

50.59 ± 30.72  

 

92.07 ± 27.07  

 

30.11 ± 9.66 

 
Theta Power and 

Synchronization 

101.44 ± 21.87 36.48 ± 6.73 88.89 ± 27.92 27.78 ± 8.65 
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Supplementary Figure 1. Feedback-related negativity (FRN) time-locked to the 

keypress responses in inducement trials. FRN amplitude was quantified based on 

difference waveforms between outcome-present and outcome-absent conditions. High 

compared to low prediction error resulted in larger FRN amplitudes. The electrode 

and time window used to extract FRN amplitudes are marked using black dots and 

gray rectangles, respectively. 
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Supplementary Analysis and Results 

1 Midfrontal theta power during the baseline before the No-Go signal 

To exclude the possibility that any differences during the baseline might have affected 

our results in the midfrontal theta power and synchronization evoked by the No-Go 

signal, we compared the midfrontal theta power during the baseline (frequencies: 4–7 

Hz; electrodes: FCz, FC1, and FC2; time window: -300 – -100 ms) across conditions.  

Baseline midfrontal theta power were compared across conditions using a mixed-

design three-way ANOVA with two within-subjects factors (Outcome Presence and 

Prediction Error) and one between-subjects factor (Task). The analysis showed that 

none of the main effects of Outcome Presence or Prediction Error, nor any of the 

three-way/two-way interactions, were significant (all ps > .05). 

These results indicate that the midfrontal theta power during the baseline was 

comparable across conditions. Therefore, it is unlikely that the effects observed in the 

midfrontal theta power and synchronization were driven by differences in baseline. 
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3 General Discussion 

The present thesis includes five studies that investigated behavioral and 

electrophysiological mechanisms regarding (i) the impacts of cardiac signals on visual 

perception (Study I and Study II) and action regulation (Study Ⅲ), and (ii) the impacts 

of the sense of agency on action regulation (Study Ⅳ and Study Ⅴ). All studies 

underwent rigorous peer review, enhancing the research quality of this thesis. Study II 

is currently under review in an international peer-reviewed journal. In the following 

sections, I summarize the findings of these studies, discuss their contributions to the 

current framework, and point out potential future directions. 

3.1 How Do Cardiac Signals Influence Visual Perception? 

Study I found that the co-occurrence of visual information and cardiac signals makes it 

harder to detect the visual target among multiple visual distractors, as reflected by a 

slower visual search. This finding is consistent with prior evidence highlighting the 

inhibitory impact of systolic cardiac activity on the perception of weak and neutral 

external stimuli (e.g., Al et al., 2020; Al, Iliopoulos, et al., 2021; Grund et al., 2022; 

Motyka et al., 2019). Previous studies usually presented the target sensory stimuli at 

different cardiac phases (e.g., McIntyre et al., 2007; Sandman et al., 1977; Walker & 

Sandman, 1982), leading to results that imply a suppression effect of cardiac signals on 

goal-directed sensory processing. In contrast, Study I engaged participants in 

identifying the orientation of a target line, with a task-irrelevant attribute of the target 

(i.e., color change) synchronized with cardiac signals. Thus, our findings extend earlier 

reports, demonstrating that even visual information lacking direct relevance to the task 

at hand is suppressed by cardiac processing. 

Moreover, Study I reveals the electrophysiological mechanisms underlying the 

multisensory integration of cardiac and visual processes. The concurrent processing of 

visual inputs and cardiac signals initially leads to a downregulation in early ERP 

amplitude and beta power. Then, it results in suppressing lateralized N2pc amplitude 

and lateralized beta power. As discussed in Study I, these findings might be explained 

using the attentional trade-off mechanism between exteroception and interoception (Al 
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et al., 2020; Kritzman et al., 2022; Marshall, Gentsch, Schröder, et al., 2018). That is, 

attentional and representational resources are limited and are shared between 

exteroceptive and interoceptive processing. During systole, strong cardiac signals are 

conveyed from the body to the brain, consequently utilizing a portion of the processing 

resources. As a result, fewer resources were available to process external signals. 

Study II offers a more direct lens into the modulation of attentional resources across the 

cardiac cycle. Results in SSVEP responses suggest that participants directed reduced 

attention towards visual stimuli whose task-irrelevant attribute (i.e., direction change) 

consistently coincides with strong cardiac signals, and they paid more attention to the 

visual stimuli that consistently coincided with weak cardiac signals, compared with 

concurrently presented visual stimuli that shared the same spatial location but lacked 

synchronization with heartbeats. These findings indicate that the brain automatically 

allocates different levels of attention to diverse visual information upon 

synchronization with cardiac signals. Another important observation is that participants 

exhibited heightened brain responses to internal cardiac signals (reflected by a larger 

HEP amplitude) and diminished brain responses to the external visual target (reflected 

by a smaller visual N2 amplitude) when visual stimuli were synchronized with strong 

cardiac signals. These findings propose an automatic shift of attention from the external 

to the internal environment in the presence of cardiac signals. 

Moreover, our findings from both Study I and Study II can find a coherent explanation 

within the larger framework of interoceptive predictive coding. This theoretical model 

posits that the brain can predict periodic bodily activities, such as heartbeats and the 

associated physiological fluctuations, and thus can downregulate their processing 

(Allen et al., 2022; Barrett & Simmons, 2015; Critchley & Garfinkel, 2018). This serves 

the dual purpose of preventing misinterpretation of these internal signals as external 

inputs and conserving limited cognitive resources (Al et al., 2020; Marshall, Gentsch, 

Schröder, et al., 2018). In Study I, the observed diminished visual search performance 

and decreased multisensory brain responses during systole can be attributed to visual 

information coinciding with cardiac signals being misinterpreted as "internal noise" 

associated with heartbeats. Consequently, these inputs receive a decreased allocation of 

attentional and representational resources. This interpretation can also be applied to 
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Study II, where varying levels of selective attention were allocated to visual stimuli 

coupled with different strengths of cardiac signals. In Study II, the shift of attention 

from the external to the internal in the condition with repeated coincidence between 

visual inputs and cardiac signals can be attributed to the stronger-than-expected 

"cardiac signals". The perceived "cardiac signals" might comprise both genuine cardiac 

signals and misinterpreted signals from external sources, leading to a discrepancy or 

prediction error between the anticipated and perceived "cardiac signals" and thus 

attracting a heightened level of attentional and representational resources.  

Taken together, Study I and Study II provide valuable insights into the interplay 

between internal cardiac signals and external visual inputs, and support the attentional 

trade-off mechanism between exteroception and interoception and the interoceptive 

predictive coding framework. 

3.2 How Do Cardiac Signals Influence Action Regulation? 

In Study Ⅲ, we observed (i) disrupted response inhibition (reflected by prolonged stop-

signal reaction time and reduced stop-signal P3 amplitude) and (ii) elevated cardiac 

processing (reflected by increased HEP amplitude) when the stop signal was presented 

during systole, compared to when it was presented randomly within the cardiac cycle 

in a stop-signal task. These findings suggest that the co-occurrence of an action-relevant 

external cue and cardiac signals makes it harder to cancel prepotent motor behavior. 

As discussed in Study Ⅲ, this phenomenon could also be explained using the attentional 

trade-off mechanism between exteroception and interoception (Al et al., 2020; 

Kritzman et al., 2022; Marshall, Gentsch, Schröder, et al., 2018). Specifically, 

participants might redirect their attention from the external to the internal environment 

in the presence of cardiac signals during systole. This reallocation of attention results 

in enhanced cardiac processing. In contrast, the available resources for sensorimotor 

responses to external visual cues are reduced. We think the disruption in response 

inhibition could be attributed to both inhibited perceptual processes of the visual cue 

and heightened action readiness. As mentioned above, the perceptual attenuation effect 

at systole has been well documented (e.g., Grund et al., 2022; McIntyre et al., 2007; 
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Motyka et al., 2019). Hence, systolic cardiac signals might reduce the perceptual 

processing of the visual cue that signifies action cancellation. In addition, recent 

research has indicated augmented motor excitability during systole (Al, Stephani, et al., 

2021; Galvez-Pol et al., 2020). This finding implies that the impaired response 

inhibition observed during systole might not necessarily reflect a deficiency in 

inhibitory control ability itself, but rather could be attributed to an elevated state of 

action readiness. 

Taken together, Study Ⅲ reveals the influence of cardiac signals on response inhibition 

and supports the attentional trade-off mechanism between exteroception and 

interoception. 

3.3 How Does Sense of Agency Influence Action Regulation? 

Study Ⅳ demonstrated that the immediate increase in the sense of agency, induced by 

the presence of action outcomes following a preceding action, enhanced the readiness 

for performing the same action. This was evident through faster and more accurate "go" 

responses, as well as faster and more frequent "voluntary go" responses in a modified 

go/no-go task. Additionally, the increased sense of agency over a preceding action made 

it harder to inhibit the same action, as reflected by more failures in "no-go" responses. 

These findings were replicated in Study Ⅴ. Importantly, in both studies, these effects 

were observed without participants explicitly evaluating their sense of agency or the 

relevance of action outcomes to their task goal of achieving faster and more accurate 

responses. This indicates that the sense of agency primarily influences subsequent 

action regulation at an implicit or unconscious level. 

Study Ⅳ also unveiled that the effects of outcome presence on subsequent action 

regulation were magnified by a longer-lasting enhancement of the sense of agency 

caused by a high likelihood of producing outcomes in prior actions. In contrast, despite 

employing similar experimental paradigms, Study Ⅴ adopted an alternative viewpoint 

and demonstrated that the effects of outcome presence on subsequent action regulation 

were amplified by the discrepancy or prediction error between the predicted and actual 

action outcomes. Given that the appearance of action outcomes, a high probability of 
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producing action outcomes, and a low prediction error between expected and actual 

action outcomes all contribute to a stronger sense of agency (Gentsch & Schütz-

Bosbach, 2015; Hemed et al., 2020; Penton et al., 2018), these findings suggest that 

experiencing a stronger sense of agency over an action makes it easier to repeat this 

action while at the same time making it harder to inhibit the same action. 

Furthermore, both studies discovered that the emotional valence of the action outcome 

(i.e., positive or negative) had no impact on subsequent action regulation. As discussed 

in Study Ⅳ and Study Ⅴ, this finding confirms that the observed effects on action 

regulation are not driven by the rewarding properties of the outcome per se but by the 

implicit monitoring of the effectiveness of the actions, i.e., whether a specific action 

can make changes in the environment. When an action fails to yield any perceivable 

effects, it signifies inefficacy and a waste of energy. Conversely, when an action can 

produce perceivable effects, it conveys information about our current progress toward 

our goal and helps regulate our behavior toward achieving that goal. Therefore, we are 

more motivated to perform such actions. This can prevent us from wasting limited 

resources on ineffective motor behavior. 

With EEG, Study Ⅴ further revealed the electrophysiological mechanisms that underlie 

the impact of the sense of agency on response inhibition. Specifically, the enhanced 

inhibitory tendencies after experiencing a low sense of agency over an action were 

accompanied by reduced N2 and P3 amplitudes, reduced midfrontal theta power, and 

reduced theta synchronization between midfrontal and medial-to-parietal areas. These 

findings indicate that less top-down control is required for successfully canceling an 

action linked to a reduced sense of agency. 

Taken together, Study Ⅳ and Study Ⅴ provide compelling evidence regarding the 

facilitatory effect of the sense of agency on subsequent action readiness and its 

inhibitory effect on subsequent response inhibition, and shed new light on how the 

automatic evaluation of action effectiveness dynamically shapes our ability to regulate 

motor actions flexibly. 
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3.4 General Conclusions 

The present thesis provides empirical evidence demonstrating that fluctuations in 

internal bodily signals, i.e., interoceptive signals, influence how we perceive and react 

to information from the outside world. This finding indicates a profound link between 

visceral signals and brain dynamics, highlighting the strong connection between the 

body and the mind. The traditional view of cognition often treats the mind and body as 

separate entities. The more recent theories of "embodied cognition" challenge this 

perspective, proposing that the mind is not just a product of the neural activity in the 

brain but is also shaped by the interactions between the body and the environment 

(Clark, 1999; Wilson & Golonka, 2013). However, these theories have mainly 

emphasized the importance of motor actions in shaping cognitive processes while often 

overlooking the short-lived nature of motor signals, which are only present when an 

action is planned or executed. In contrast, interoceptive signals continuously ascend 

from the body to the brain, albeit with fluctuations in intensity. The constant presence 

of interoception provides the format needed for sustained information processing and 

stable self-awareness. Therefore, interoceptive processing may play a fundamental role 

in "embodied cognition". 

3.5 Limitations and Future Directions 

There are three research directions that would be of high interest for future investigation. 

Firstly, it would be interesting to investigate the specific brain regions that play a role 

in the spontaneous reallocation of attention between interoception and exteroception. 

The present thesis employed EEG to explore the temporal dynamics of interoceptive 

and exteroceptive processing across the cardiac cycle, while the brain areas involved in 

these processes remain largely uncharted. Anatomofunctional studies in animals have 

revealed that interoceptive signals are relayed to diverse subcortical areas, including 

the hypothalamus, cerebellum, amygdala, and striatum, as well as various cortical areas, 

including the primary and secondary somatosensory cortices, insula, ventromedial 

prefrontal cortex, and cingulate motor regions (as reviewed by Azzalini et al., 2019). 

Furthermore, fMRI studies in humans have found distinct brain activations and 
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connectivity patterns when participants actively attend to external visual information 

versus paying attention to internal respiratory signals (Farb et al., 2013; Wang et al., 

2019). Notably, the pivotal role of the insula in interoceptive attention towards 

inspiration has been highlighted by the studies of Farb et al. (2013) and Wang et al. 

(2019). Nonetheless, whether similar brain networks contribute to the spontaneous 

shifts of attention across the cardiac cycle is an open question. 

Secondly, it would be worthwhile to investigate the effect of alternative forms of 

interoceptive signals on perception and action. The present thesis focuses on the effects 

of cardiac signals only. However, it should be noted that beyond cardiac signals, the 

brain constantly receives interoceptive information from various organs, including the 

lungs, stomach, intestines, bladder, and so on (Chen et al., 2021). Recent studies have 

uncovered the modulation effects of respiration on the detection of near-threshold 

visual (Kluger et al., 2021) and somatosensory stimuli (Grund et al., 2022), as well as 

on voluntary action initiation (Park et al., 2020). Future studies could further investigate 

the effects of respiration on the perception of suprathreshold sensory stimuli and its 

effect on action regulation. Concerning stomach activity, researchers have discovered a 

resting-state cortical network that is in sync with the gastric rhythm, a 0.05-Hz 

oscillation that coordinates stomach contractions that are important for digestion 

(Rebollo et al., 2018). More importantly, this gastric resting-state network has been 

found to cover all sensory and motor cortices and some transmodal regions associated 

with higher-order cognitive processes (Rebollo & Tallon-Baudry, 2022). These findings 

underscore the potential impact of brain-stomach interactions on perception, action, and 

cognition (Rebollo et al., 2021). 

Last but not least, delving into the intricate interplay between interoception, action, and 

agency would also be interesting. In the present thesis, the effects of interoception on 

action and the effects of agency on action were investigated separately. Theoretical 

models such as the interoceptive predictive coding framework propose that 

interoceptive states, motor behavior, and agentic experience are strongly interconnected 

(Marshall, Gentsch, & Schütz-Bosbach, 2018; Seth et al., 2012). Preliminary empirical 

evidence supports the hypothesis that interoception contributes to the emergence and 

modulation of the sense of agency. For example, there was a positive correlation 
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between participants' interoceptive accuracy and the implicit measure of sense of 

agency; moreover, the participants with higher interoceptive accuracy demonstrated 

increased sense of agency during cardiac systole compared to diastole (Koreki et al., 

2022). Additionally, the role of interoceptive awareness has long been recognized in the 

literature on action control (as reviewed by Ullsperger et al., 2010). Therefore, 

fluctuations in interoceptive states may serve as potential mediators of the impact of 

the sense of agency on subsequent action regulation, warranting in-depth investigation.
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Summary 

How we perceive and react to the environment is not fixed; instead, it changes 

dynamically. This variability can be attributed to various factors operating at conscious 

and subconscious levels. Interoception, the processing of internal bodily signals such 

as heartbeats, has been found to modulate perception and action. However, the findings 

are partly inconsistent, and the underlying neural mechanisms are largely unclear. Sense 

of agency, the feeling of control over our actions and their outcomes, has also been 

found to shape our actions. Nevertheless, whether and how changes in our sense of 

agency influence our capacity to regulate behavior flexibly are largely unknown. The 

present thesis investigates the effects of cardiac interoception and the sense of agency 

on visual perception and action regulation. It includes five studies with behavioral and 

electrophysiological data from healthy human participants. 

The Influence of Cardiac Interoception on Visual Perception (Study I and Study II) 

In Study I, we investigated the perceptual effects and electrophysiological mechanisms 

of cardio-visual integration by coupling the color change of a visual target with 

participants' heartbeats in dynamically changing displays. Participants' task was to 

identify the orientation of the visual target. We found that (i) reaction times increased 

when the target change coincided with strong cardiac signals (during systole), 

compared to when the target change occurred at a time when cardiac signals were 

relatively weak (during diastole); (ii) the co-occurrence of the target change and cardiac 

signals modulated the ERP amplitude and the beta power in an early period (~100 ms 

after stimulus onset), and decreased the lateralized N2pc amplitude and the lateralized 

beta power in a later period (~200 ms after stimulus onset). Our results suggest that the 

multisensory integration of anticipated cardiac signals with a visual target negatively 

affects its detection among multiple visual stimuli, potentially by suppressing sensory 

processing and reducing attention toward the visual target. 

In study II, we investigated the spontaneous shifts of attention between the internal and 

external environment across the cardiac cycle. Two groups of flickering dots moved 

continuously and changed direction dynamically within the same spatial location of the 
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screen. However, only the direction change of one group of dots was coupled with 

participants' heartbeats. Participants' task was to detect a brief color change in the 

moving dots. We found that (i) compared to the visual dots whose direction change 

occurred randomly within the cardiac cycle, the dots coincided with strong cardiac 

signals (during systole) induced decreased SSVEP power, while the dots that coincided 

with weak cardiac signals (during diastole) induced increased SSVEP phase 

synchronization; (ii) the coupling of visual stimuli to the systole led to a larger HEP but 

a smaller N2 component evoked by the color change; (iii) the increase in HEP amplitude 

was related to the decrease in N2 amplitude. Our results suggest cardiac signals 

automatically redirect attention from external to internal domains. 

Both studies reveal the interplay between cardiac processing and visual processing and 

support the spontaneous shifts of attention between interoception and exteroception 

across the cardiac cycle. 

The Influence of Cardiac Interoception on Action Regulation (Study Ⅲ)  

In study Ⅲ, we investigated how cardiac signals influence response inhibition in a stop-

signal task by coupling the occurrence of the stop signal with participants' heartbeats. 

The stop signal signified the cancellation of the prepotent motor response. We observed 

prolonged stop-signal reaction times, reduced stop-signal P3 amplitudes, and higher 

HEP amplitudes when the stop signal was presented during cardiac systole, compared 

to presentation randomly within the cardiac cycle. Furthermore, these effects were 

independent of the emotional attribute of the stop signal (emotional facial expression 

change or non-emotional color change). Our results suggest that the co-occurrence of 

the action-relevant external cue and cardiac signals makes it harder to cancel the 

prepotent motor behavior. This effect may be attributed to inhibited perceptual 

processes of the visual cue, heightened readiness for action, or impaired inhibitory 

control ability during systole. 

This study reveals the impact of cardiac signals on response inhibition and supports the 

attentional trade-off mechanism between interoception and exteroception. 

The Influence of Sense of Agency on Action Regulation (Study Ⅳ and Study Ⅴ)  
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Both Study Ⅳ and Study Ⅴ investigated the effect of the sense of agency on subsequent 

action regulation by adopting modified go/no-go tasks. The first experiment of Study 

Ⅳ modulated participants' sense of agency by varying the occurrence of action 

outcomes (present vs. absent) both locally on a trial-by-trial basis and globally 

regarding the overall probability of action outcomes within a block of trials (high vs. 

low). When participants' previous action led to an outcome (i.e., a happy face) 

compared with no outcome, they responded more accurately and faster to go cues, 

reacted less accurately to no-go cues, and made go decisions more frequently and faster 

to free-choice cues. These effects were even stronger when action outcomes occurred 

more frequently in a given block or several previous trials. The second experiment of 

Study Ⅳ further demonstrated that the effects of outcome presence on subsequent 

action regulation were independent of the emotional valence of the action outcome (a 

happy or an angry face). Taken together, Study Ⅳ provides behavioral evidence that a 

higher sense of agency as induced by the presence of action outcomes enhanced action 

readiness and suppressed response inhibition.  

Study Ⅴ manipulated participants' sense of agency by varying the presence, 

predictability, and emotional valence of a visual outcome for a given motor action. 

Consistent with the results of Study Ⅳ, when participants unexpectedly did not receive 

any visible outcome following their action, they exhibited slower responses and lower 

hit rates to the subsequent go signal but higher rates of successful inhibition to the 

subsequent no-go signal, regardless of the emotional valence of the expected action 

outcome. Furthermore, enhanced inhibitory tendencies were accompanied by reduced 

N2 and P3 amplitudes, midfrontal theta power, and theta synchronization between 

midfrontal and medial-to-parietal areas, indicating that less top-down control is 

required for successful response inhibition after experiencing a low sense of agency. 

These findings suggest that feeling less in control in a preceding trial makes it easier to 

implement inhibitory control in the current trial. 

Both studies reveal the facilitatory effect of sense of agency on subsequent action 

readiness and its inhibitory effect on subsequent response inhibition, and they uncover 

how the automatic evaluation of action effectiveness shapes our ability to regulate 

actions flexibly. 
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General Conclusions 

Overall, the present thesis suggests that fluctuations in internal bodily signals can 

influence perception and action, indicating a strong link between mind and body. 

Additionally, the effectiveness of motor action can shape subsequent action tendencies. 

These findings shed new light on the theory of embodied cognition.
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Zusammenfassung 

Die Wahrnehmung unserer Umwelt und wie wir auf sie reagieren, ist nicht festgelegt, 

sondern verändert sich dynamisch. Diese Variabilität lässt sich auf verschiedene 

Faktoren zurückführen, die auf bewusster und unbewusster Ebene wirken. Ein Faktor, 

der unsere Wahrnehmung und unser Handeln beeinflusst, ist die Interozeption, die 

Verarbeitung und Wahrnehmung innerer Körpersignale wie des Herzschlags. Bisher 

durchgeführte Studien berichten jedoch teilweise entgegengerichtete Effekte 

interozeptiver Signale auf unsere Wahrnehmung und unser Handeln und die zugrunde 

liegenden neuronalen Mechanismen sind weitgehend unklar. Auch das 

Agentivitätserleben (englisch: Sense of Agency), das Gefühl der Kontrolle über unsere 

Handlungen und deren Ergebnisse, beeinflusst nachweislich unsere Interaktion mit der 

Umwelt. Ob und wie Veränderungen des Agentivitätserlebens unsere Fähigkeit zur 

flexiblen Verhaltensregulation beeinflussen, ist jedoch weitgehend unbekannt. Die 

vorliegende Arbeit untersucht die Auswirkungen kardialer Interozeption und 

Agentivitätserlebens auf die visuelle Wahrnehmung und die Handlungsregulation. Sie 

umfasst fünf Studien mit verhaltensbiologischen und elektrophysiologischen Daten von 

gesunden menschlichen Studienteilnehmenden. 

Der Einfluss kardialer Interozeption auf die visuelle Wahrnehmung (Studie I und 

Studie II) 

Studie I untersuchte die multisensorische Integration kardial und visueller 

Informationen. Zu diesem Zweck wurde die Farbveränderung eines auf einem 

Computerdisplay angezeigten visuellen Zielreizes mit den Herzschlägen der 

Versuchsteilnehmenden gekoppelt. Die Aufgabe der Teilnehmenden bestand darin, die 

räumliche Ausrichtung des visuellen Ziels zu identifizieren. Unsere Ergebnisse zeigten, 

dass (i) sich die Reaktionszeiten der Teilnehmenden verlängerten, wenn die 

Farbreizänderung mit starken Herzsignalen (während der Systole) relativ zu schwachen 

Herzsignalen (während der Diastole) einherging; (ii) das simultane Auftreten der 

Farbänderung des Zielreizes und der Herzsignale, die ERP-Amplitude und die Beta-

Leistung in einer frühen Phase (~100 ms) nach Stimulusbeginn modulierte und die 

lateralisierte N2pc-Amplitude sowie die lateralisierte Beta-Leistung in einer späteren 
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Phase (~200 ms) nach Stimulusbeginn reduzierte. Unsere Ergebnisse indizieren, dass 

die multisensorische Integration erwarteter kardialer Signale mit einem visuellen Ziel 

dessen Erkennung unter mehreren Distraktoren negativ beeinflusst, ein Effekt der 

möglicherweise durch die Unterdrückung der sensorischen Verarbeitung und 

Verringerung der Aufmerksamkeit gegenüber dem visuellen Ziel zu erklären ist. 

In Studie II untersuchten wir die durch den Herzzyklus verursachte spontane 

Reorientierung der Aufmerksamkeit zwischen körperinternen und körperexternen 

Reizen. Teilnehmende beobachteten sich auf dem Computerbildschirm schnell 

verändernde Punkte, die sich kontinuierlich bewegten und ihre Richtung dynamisch 

innerhalb derselben räumlichen Position des Bildschirms änderten. Eine Gruppe der 

Punkte änderte die Bewegungsrichtung synchron zum Herzschlag der Teilnehmenden. 

Die andere Gruppe der Punkte bewegte sich unabhängig vom Herzschlag der 

Teilnehmenden. Die Aufgabe der Teilnehmenden bestand darin, einen kurzen 

Farbwechsel in den sich bewegenden Punkten zu erkennen. Es zeigte sich, dass (i) im 

Vergleich zu den visuellen Punkten, deren Richtungsänderung zufällig innerhalb des 

Herzzyklus auftrat, die Punkte, die zeitlich mit starken Herzsignalen (während der 

Systole) zusammenfielen, eine verringerte SSVEP-Leistung induzierten, während die 

Punkte, die mit schwachen Herzsignalen (während der Diastole) zusammenfielen, eine 

erhöhte SSVEP-Phasensynchronisation induzierten; (ii) die Kopplung der visuellen 

Stimuli an die Systole zu einer größeren HEP-, aber einer kleineren N2-Komponente 

führte, die durch die Farbänderung hervorgerufen wurde; (iii) der Anstieg der HEP-

Amplitude mit dem Rückgang der N2-Amplitude korrelierte. Unsere Ergebnisse deuten 

darauf hin, dass kardiale Signale zu einer automatischen 

Aufmerksamkeitsverschiebung von Körperexternen auf körpreinterne Reize führen. 

Beide Studien zeigen das Zusammenspiel zwischen kardialer und visueller 

Signalverarbeitung und deuten auf eine spontane Verschiebung der Aufmerksamkeit 

zwischen interozeptiven und exterozeptiven Reizen während des Herzzyklus hin. 

Der Einfluss kardialer Interozeption auf die Handlungsregulation (Studie Ⅲ) 
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In Studie Ⅲ untersuchten wir wie kardiale Signale die Fähigkeit, eine Reaktion zu 

unterdrücken, bei einer Stoppsignalaufgabe beeinflussen, indem wir das Auftreten des 

Stoppsignals mit dem Herzschlag der Teilnehmer koppelten. Das in der Aufgabe 

präsentierte Stoppsignal bedeutete, dass die Teilnehmenden ihre präpotente motorische 

Reaktion unterbinden müssen. Wir beobachteten verlängerte Stoppsignal-

Reaktionszeiten, reduzierte Stoppsignal-P3-Amplituden und erhöhte HEP-Amplituden, 

wenn das Stoppsignal während der Herzsystole an Stelle eines zufälligen Zeitpunktes 

innerhalb des Herzzyklus präsentiert wurde. Diese Effekte waren unabhängig davon, 

ob das Stoppsignal emotional oder neutral war. Unsere Ergebnisse deuten darauf hin, 

dass das gleichzeitige Auftreten eines handlungsrelevanten externen Reizes und der 

Herzsystole zu einer Erschwerung der Aufhebung präpotenter motorischer Handlung 

führt. Dieser Effekt könnte auf gehemmte visuelle Wahrnehmungsprozesse, eine 

erhöhte Handlungsbereitschaft während der Systole, oder eine verminderte Fähigkeit, 

die eigenen Handlungen während der Systole zu kontrollieren, zurückzuführen sein. 

Studie III demonstriert den Einfluss kardialer Signale auf die Reaktionshemmung und 

zeigt, wie diese die Aufmerksamkeitsausrichtung auf körperinterne oder externe Reize 

beeinflussen. 

Der Einfluss von Agentivitätserleben auf die Handlungsregulation (Studie Ⅳ und 

Studie Ⅴ) 

Studie Ⅳ und Ⅴ untersuchten den Einfluss von Agentivitätserleben auf die Fähigkeit 

der Handlungsregulation in modifizierten Go/No-Go-Aufgaben. Im ersten Experiment 

in Studie Ⅳ wurde das Agentivitätserleben der Teilnehmenden manipuliert, indem das 

Auftreten von Handlungsergebnissen (anwesend vs. abwesend) sowohl lokal, auf einer 

Trial-by-Trial-Basis, als auch global, in Bezug auf die Gesamtwahrscheinlichkeit von 

Handlungsergebnissen innerhalb eines Blocks von Trials (hoch vs. niedrig), variiert 

wurde. Unsere Ergebnisse zeigten, dass Handlungen, die ein Ergebnis zufolge hatten 

(z. B. ein glückliches Gesicht), zu schnelleren und akkurateren Reaktionen auf „Go“-

Hinweise, weniger akkuraten Reaktionen auf „No-Go“-Hinweise und zu schnelleren 

und häufigeren „Go“-Entscheidungen auf „Free-choice“-Hinweise führten. Diese 

Effekte waren stärker, wenn Handlungen innerhalb eines Blocks oder wenn die einer 
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Handlung vorangegangenen Durchgänge häufiger zu dem Auftreten eines Ergebnisses 

führten als zum Ausbleiben dessen. Das zweite Experiment in Studie Ⅳ zeigte 

außerdem, dass die Auswirkungen des Vorhandenseins des Ergebnisses auf die 

nachfolgende Handlungsregulation unabhängig von der emotionalen Valenz des 

Handlungsergebnisses (ein glückliches oder ein wütendes Gesicht) waren. 

Zusammenfassend liefert Studie Ⅳ Verhaltensbelege dafür, dass ein höheres 

Agentivitätserleben, das durch die Anwesenheit von Handlungsergebnissen 

hervorgerufen wird, die Handlungsbereitschaft erhöht und die Reaktionshemmung 

unterdrückt. 

In Studie Ⅴ manipulierten wir das Agentivitätserleben der Teilnehmenden, indem wir 

das Vorhandensein, die Vorhersagbarkeit und die emotionale Valenz eines visuellen 

Ergebnisses für eine bestimmte motorische Handlung variierten. In Übereinstimmung 

mit den Ergebnissen von Studie Ⅳ zeigten die Teilnehmenden unter Abwesenheit eines 

erwarteten Handlungsergebnisses langsamere Reaktionszeiten und niedrigere 

Trefferquoten auf das nachfolgende „Go“-Signal, und höhere Raten erfolgreicher 

Handlungsinhibition auf das nachfolgende „No-Go“-Signal, unabhängig von der 

emotionalen Valenz des erwarteten Handlungsergebnisses. Die verbesserte 

Unterdrückung einer Reaktion ging mit reduzierten N2- und P3-Amplituden, einer 

verringerten Theta-Leistung im mittleren Frontalbereich und einer verringerten Theta-

Synchronisation zwischen dem mittleren Frontalbereich und den medialen bis 

parietalen Arealen einher. Diese Ergebnisse deuten darauf hin, dass ein geringes 

Agentivitätserleben weniger kognitive Kontrolle für die erfolgreiche Unterdrückung 

einer Reaktion erfordert. Diese Ergebnisse suggerieren, dass ein geringes 

Agentivitätserleben, das durch das Ausbleiben eines Handlungsergebnisses erzeugt 

wird, die anschließende Unterdrückung motorischer Handlungen erleichtert. 

Die Studien IV und V zeigen, wie situativ erschaffenes Agentivitätserleben die 

Handlungsbereitschaft fördert sowie die Fähigkeit, Handlungen zu unterdrücken, 

beeinträchtigt. Diese Ergebnisse demonstrieren, wie unsere automatische Bewertung 

der Handlungseffektivität die Fähigkeit zur flexiblen Handlungsregulierung 

beeinflusst. 
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Allgemeine Schlussfolgerungen 

Zusammenfassend deutet die vorliegende Arbeit darauf hin, dass Schwankungen 

interner Körpersignale unsere Wahrnehmung und unser Handeln beeinflussen können. 

Dies weist auf eine enge Verbindung zwischen Geist und Körper hin. Darüber hinaus 

kann die Effektivität einer motorischen Handlung die nachfolgende Tendenz, eine 

Handlung auszuführen, beeinflussen. Diese Erkenntnisse werfen ein neues Licht auf 

die Theorie der verkörperten Kognition. 
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