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stimulation. Whereas the frontal cortex is related to delay 
detection performance in general, hemispheric differences 
seem to support the differentiation of self-initiated versus 
externally generated movement consequences.
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Introduction

One’s own action consequences are highly predictable and 
short temporal violations in expected action–outcome asso-
ciations can be detected (van Kemenade et al. 2016; Straube 
et al. 2017). Predictive mechanisms allow us to anticipate 
the future state of both the environment and ourselves to 
compensate for delays in the transmission of neural signals. 
Differences in predictability between self-generated and 
externally generated sensory information might help to dis-
tinguish external events from the sensory consequences of 
our own actions (Pynn and DeSouza 2013). Dysfunctions in 
the processing of one’s own action consequences have been 
associated with severe symptoms of patients with schizo-
phrenia such as hallucinations or passivity/ego disturbances 
(see Leube et al. 2008, for a review). Thus, the investigation 
of interventions influencing the processing of one’s own 
movements bears potential for the discovery of new treat-
ments for these symptoms.

A variety of approaches have been used to investigate the 
perception of one’s own action consequences and related 
predictive mechanisms. These comprise the presentation 
of self-initiated action conditions in which the conse-
quences are temporally remapped, e.g. by delayed feedback 
(Blakemore et al. 2001; Hashimoto and Sakai 2003; Leube 
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they detected a delay between the key press and the feed-
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et al. 2003a, 2010; Farrer et al. 2008; Kurayama et al. 2012; 
Backasch et al. 2014) or spatially remapped, e.g. by rotat-
ing feedback of the hand (Farrer et al. 2003). In addition 
to such voluntary conditions, passive and/or unpredictable 
control conditions, such as externally generated/passive 
movements have been studied (Blakemore et al. 1998, 1999, 
2000). Delay detection tasks, in which a lengthened interval 
between one’s own action and the resulting perceptual con-
sequences has to be detected, have been used in several stud-
ies focussing on temporal outcome prediction (Hashimoto 
and Sakai 2003; Leube et al. 2003, 2010; Farrer et al. 2008; 
van Kemenade et al. 2016; Straube et al. 2017). These tasks 
focus participants’ attention on the perceptual consequences 
of an action and provide a direct behavioural measure of 
the function of interest, the comparison of predicted and 
perceived time points of sensory information.

Several other studies on voluntary actions and their 
sensory outcomes have investigated the so-called ‘inten-
tional binding effect’ (Haggard et al. 2002; Cavazzana 
et  al. 2015; Khalighinejad et  al. 2016; see Moore and 
Obhi 2012; Hughes et al. 2013, for reviews). They found 
that participants judge the perceived time of their action 
closer to the time of the outcome and the outcome closer 
to the action. For externally generated movements, the 
opposite effect (e.g. Haggard et al. 2002) or a reduction of 
the effect (see Moore and Obhi 2012, for a review) can be 
seen. Interestingly, it has been shown that the ‘intentional 
binding effect’ can be influenced by transcranial direct 
stimulation (tDCS) on parietal and prefrontal brain regions 
(Cavazzana et al. 2015; Khalighinejad and Haggard 2015; 
Khalighinejad et al. 2016). tDCS is a non-invasive brain 
stimulation technique increasingly used for modulation 
of central nervous system excitability in humans (see 
Woods et al. 2016, for a review). One general assump-
tion is that anodal tDCS increases cortico-spinal excit-
ability and cathodal tDCS decreases it (Nitsche and Paulus 
2000). Regarding intentional binding it has been shown 
that anodal stimulation of the left angular gyrus reduced 
intentional binding, independent of the location of the 
cathodal electrode (frontal/parietal) (Khalighinejad and 
Haggard 2015). By contrast, a recent study showed that 
anodal stimulation of the left DLPFC (cathode electrode 
on the right supraorbital area) increased the temporal bind-
ing of actions towards tones, but only in a subset of experi-
ments in that participants endogenously chose between 
different actions (Khalighinejad et al. 2016). The third 
study which investigated intentional binding, stimulated 
the pre-supplemental motor area (pre-SMA) and found 
polarization-independent reduction of intentional binding 
(Cavazzana et al. 2015; see also Javadi 2015). Finally, in 
another study the effects of tDCS on left motor cortex, left 
angular gyrus and SMA have been investigated regarding 
the time point of awareness of action intention, suggesting 

earlier awareness of reported action intention when the 
anode is placed on the left premotor cortex and left angu-
lar gyrus (Douglas et al. 2015; note: in this study 4 return 
electrodes (cathodes) were placed at a 5-cm radius around 
the anode). Taken together, the data suggest that anodal 
electrode placement on parietal and frontal areas of the 
left hemisphere as well as polarization-independent stimu-
lation of the SMA influenced the perception of the time 
points of an action and its outcome. However, this first 
evidence from tDCS is mainly limited to processes that 
can be assessed by intentional binding tasks. The effect 
of left hemispheric frontal and parietal stimulation on the 
perception of temporal discrepancies between action and 
outcome, as assessed by a delay detection task, is not yet 
known.

Importantly, intentional binding tasks differ in several 
ways from delay detection tasks, and likely tap into dif-
ferent subprocesses of action outcome processing. In both 
tasks participants have to press a key on the keyboard (vol-
untary action) that is followed by an action outcome, such 
as a tone. In intentional binding tasks participants typi-
cally look at a clock hand rotating on a computer screen, 
and a few seconds after their action they have to judge the 
clock hand position at the time of their key press or of the 
action outcome. With this general approach, it is possible 
to investigate shifts in reported time points of an action 
and its outcome. As subjects are explicitly asked about 
the time of action and outcome, this paradigm is likely 
to reveal consciously represented temporal evaluations. 
By contrast, in a delay detection task, participants have 
to detect small delays between their action and the out-
come. This approach assesses online perceived differences 
between the time points of action and outcome and, there-
fore, likely taps into lower level subprocesses of action 
outcome processing than the intentional binding para-
digm. With intentional binding, time shifts of the outcome 
towards the action are usually seen during self-initiated 
actions (active condition) and not or to a lesser extent for 
externally generated movements, e.g. key presses (passive 
condition). In a delay detection study (delays 0–417 ms), 
we found a seemingly opposite pattern: delay detection 
performance was generally better in active conditions 
as compared to passive conditions (van Kemenade et al. 
2016). One may speculate that the detection of delays 
interferes with the binding of an action and its sensory 
outcome into an integrated event. Corresponding to obser-
vations made for multisensory integration (e.g. Stein and 
Meredith 1993; Slutsky and Recanzone 2001; Vroomen 
and Keetels 2006, 2010; Wallace and Stevenson 2014), 
large (detectable) delays might reduce the temporal attrac-
tion of stimuli from two senses towards another. Such an 
interference between delay detection and action–outcome 
binding could explain opposite findings in delay detection 
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and intentional binding tasks. However, whether the left 
hemispheric parietal or frontal stimulation would conse-
quently lead to opposite effects (anodal enhancement) in 
delay detection tasks remains to be tested.

Evidence from neuroimaging studies suggest that 
activity in the parietal lobe, specifically activity in the 
angular gyrus, correlated positively with increasing 
delay between action and visual feedback (Farrer et al. 
2003, 2008; Leube et al. 2003b; David et al. 2007; van 
Kemenade et al. 2017). However, medial and left fron-
tal brain regions seem to be connected to processing in 
the left angular gyrus during a delay detection task (van 
Kemenade et al. 2017). Furthermore, activity in the fron-
tal cortex had been observed for awareness of temporal 
delays (e.g. Farrer et al. 2003, 2008) or comparisons of 
subjectively delayed (delay detected) vs. undelayed (delay 
undetected) trials (Straube et al. 2017), suggesting an 
involvement of the prefrontal cortex in action outcome 
monitoring, too. In general, bilateral activation patterns 
have been reported; however, in a recent study we found 
in a delay detection task a specific left hemispheric 
involvement of the angular gyrus in the visual feedback 
condition (van Kemenade et al. 2017). This finding sug-
gests that the left angular gyrus and connected frontal 
processes are specifically relevant for the comparison of 
predicted and perceived time points of visual action con-
sequences. Based on these correlative results of imaging 
studies it remains unclear whether the left hemispheric 
parietal or frontal stimulation would influence perfor-
mance in a delay detection task.

The current study aimed to discern the electrode loca-
tion- and anode lateralization-dependent effects of tDCS 
on the detection of delays between an action and its out-
come using self-initiated (active) and externally gener-
ated (passive) actions. Based on earlier tDCS studies, 
which were predominantly focussed on left hemispheric 
or medial (e.g. SMA) cortical brain region (Douglas et al. 
2015; Khalighinejad and Haggard 2015; Khalighinejad 
et  al. 2016) and our own fMRI study (van Kemenade 
et al. 2017), we hypothesized a specific lateralized effect 
of bi-hemispheric tDCS on detection performance (defined 
by 50% detection thresholds in psychometric functions) 
depending on polarization (anode left/cathode right, and 
vice versa). Since intentional binding diminished after 
anodal stimulation of the left hemisphere (predominantly 
by angular gyrus stimulation, Khalighinejad and Haggard 
2015), anodal compared to cathodal stimulation of the 
left hemisphere is expected to increase the behavioural 
advantage for active vs. passive actions in a delay detec-
tion task. To disentangle the effects of electrode location 
and anode lateralization completely, we included two fron-
tal, two parietal and two frontoparietal conditions as well 
as a sham condition in our design.

Materials and methods

Participants

Sixteen healthy participants were included in the study 
(eight males, eight females, mean age = 35.50, SD = 12.79, 
range = 21–59). All participants had normal or corrected-
to-normal vision. The following exclusion criteria were 
applied: left-handedness, history of mental or neurologic 
illness and alcohol or drug abuse, hearing deficits, electric 
or metallic implants. Transcranial stimulation followed 
established safety procedures (Nitsche et al. 2003; Poreisz 
et al. 2007). All 16 subjects completed all seven experimen-
tal sessions successfully. Thus, data from 112 experimental 
sessions were included in the analyses. The sample size is 
comparable with previous tDCS studies on action–outcome 
monitoring, which were successful in finding significant 
effects of stimulation (Spitoni et al. 2013; Cavazzana et al. 
2015; Douglas et al. 2015; Khalighinejad and Haggard 2015; 
Khalighinejad et al. 2016) and should, therefore, be suffi-
cient to reveal lateralization- and location-specific effects. 
All subjects gave written informed consent prior to partici-
pation and received €150 as an expense allowance for partic-
ipating in all seven sessions. The study was approved by the 
local ethics committee of the medical faculty of the Philipps-
University Marburg, Germany (https://www.uni-marburg.de/
fb20/ethikkommission; registration number: 191/12).

Transcranial direct current stimulation

TDCS was applied using a DC stimulator from neuro-
Conn GmbH (Ilmenau). The electrodes were placed on the 
head according to the 10–20 system. The long edges of the 
sponges (7 cm) were orientated sagitally, that is, according 
to the grid lines of the 10–20 system, connecting nasion and 
inion while intersecting F3–C3–P3 and F4–C4–P4, respec-
tively. The centre of the frontal electrode was placed directly 
at F3 (F4), the centre of the parietal electrodes was placed 
midway between C3 and P3 (C4 and P4) on the grid lines of 
the 10–20 system connecting C3 and P3 (C4 and P4). A cur-
rent of 1.5 mA was applied to the head using saline-soaked 
sponges (0.9% NaCl, to minimize side effects, see (Dundas 
et al. 2007; Palm et al. 2014); 5 cm × 7 cm) placed on rub-
ber electrodes. The duration of the stimulation was 10 min 
plus 10 s fade in/fade out. These parameters are in compli-
ance with tDCS safety guidelines (Nitsche et al. 2003; Iyer 
et al. 2005; Poreisz et al. 2007). Sessions were performed 
at least 20 h apart to allow that the tDCS effects had faded 
away by the beginning of each new session (e.g. Nitsche 
and Paulus 2001). Sham stimulation was performed using 
the sinus (HW) mode for a duration of 30 s (Gandiga et al. 
2006). The delay detection task (see below) was performed 
about 20 min after stimulation (range 14–31 min).

https://www.uni-marburg.de/fb20/ethikkommission
https://www.uni-marburg.de/fb20/ethikkommission
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Experimental design

We applied anodal, cathodal and sham stimulation to the 
left and right frontal (F3/F4) and parietal (CP3/CP4) areas 
(see Fig. 1). Each subject took part in seven independent 
tDCS sessions and underwent seven different stimulation 
conditions, one on each day: (1) two frontal conditions with 
inverse polarization—LFC–RFA and LFA–RFC (L left, R 
right, F frontal, C cathode, A anode); (2) two frontopari-
etal conditions with inverse polarization—LFC–RPA and 
LFA–RPC (L left, R right, F frontal, P parietal, C cathode, 
A anode); (3) two parietal conditions with inverse polariza-
tion—LPC–RPA and LPA–RPC (L left, R right, P parietal, 
C cathode, A anode); and (4) sham condition. The order 
of the stimulation conditions was pseudo-randomized and 
counterbalanced across subjects. However, to achieve com-
parability to an ongoing study on patients with schizophrenia 
that comprises only four stimulation sessions, sham stimu-
lation was always applied in one of the first four sessions. 
During stimulation participants viewed videos of an actor 
and judged the relationship of speech and co-speech gestures 
produced by the actor (Schülke and Straube 2017).

Delay detection task and procedure

The delay detection task has been described and successfully 
applied in a previous study (van Kemenade et al. 2016). The 
task was performed about 20 min after stimulation (range 
14–31 min) to assess tDCS effects at a time point where 
potential side effects diminished and rather durable (long 
term) effects of tDCS are present. There were no significant 
differences across the seven stimulation conditions in time 
between stimulation and task (F(6,90) = 1.184, p = 0.322, 
�
2

p
 = 0.073). During the interval after stimulation, a causality 

judgment task was performed (cf. Straube et al. 2011), which 
is not part of the present study.

During the delay detection task, the participants sat 
behind a computer screen (60 Hz) at a viewing distance of 
about 54 cm. They placed their right hand on a button pad, 
with their right index finger touching the button inside a box 

(invisible to the participants). The action outcome was a 
visual stimulus in form of a black dot (1.5° visual angle, 1 s 
duration) presented centrally on a gray background. Stimuli 
were presented using Octave and the Psychtoolbox (Brainard 
1997), either at the time of the button press, or with a vari-
able delay (0, 83, 167, 250, 333, or 417 ms corresponding 
to 0, 5, 10, 15, 20, or 25 frames). Each session was further 
divided into an active and a passive block presented in coun-
terbalanced order. A custom-made device with an electro-
magnet was used as a button pad. In active conditions, the 
button was pressed actively by the participants. During the 
passive conditions, the button was pulled down (5 mm) by 
the electromagnet, which was controlled by the computer. 
The participants’ right index finger was loosely tied to the 
button with a soft bandage, so that in passive conditions, 
the finger would be pulled down with the button. In active 
conditions, the bandage stayed tied. In both active and pas-
sive conditions, the end of the movement was well notice-
able. Participants wore earplugs and white noise was played 
throughout the whole experiment via headphones to mask 
the sound of the electromagnet pulling the button down.

The participants’ task was always to detect delays 
between active/passive button presses and the presented 
stimuli. They answered ‘Yes, there was a delay’ by pressing 
a button with their left middle finger, or ‘No, there was no 
delay’ by pressing a button with their left index finger for 
‘No’. The procedure during a trial is illustrated and described 
in Fig. 2. Participants were familiarized with the stimuli and 
procedure prior to the first experimental session.

The main experiment consisted of 120 trials per session, 
with 60 trials per condition (10 per delay) presented in a 
random order. Each session was divided into an active and 
a passive run. Each run thus comprised 60 trials and had a 
duration of 5 min each.

Assessment of side effects

After each session, participants filled out a question-
naire to assess any perceived side effects, which consisted 
of 28 items (e.g. headache, itching sensation, difficulty 

Fig. 1  Study design regard-
ing stimulation conditions (see 
Schülke and Straube 2017). 
Each subject underwent seven 
stimulation sessions (L left, 
R right, F frontal, P parietal, 
C cathode, A anode) on seven 
different days. The coloured 
bars highlight polarization (red 
left anodal stimulation, blue left 
cathodal stimulation)
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concentrating, etc.) on a scale ranging from 1 (not present) 
to 5 (very strong). In addition, subjects evaluated the subjec-
tive experience of the stimulation strength on a scale ranging 
from 1 (not present) to 5 (very strong).

Analysis

For each individual and condition, the proportion of trials in 
which a delay was reported (yes response) was calculated as 
a function of delay magnitude. Using Psignifit (Fründ et al. 
2011) in Matlab, logistic psychometric functions were fit-
ted to these values. The 50% threshold of the psychometric 
function (the delay where 50% of delays are detected) and 
the slope of the function were used to analyse the differences 
between the conditions. Lower 50% threshold values indi-
cate that smaller delays were detected and, therefore, reflect 
a better detection performance.

Repeated measures ANOVAs using SPSS were per-
formed on the 50% thresholds and slope values. The fol-
lowing within-participant factors were included: anode 
lateralization (left/right), location (frontal/parietal/

frontoparietal) and action (active/passive). When Mauch-
ly’s test indicated that the assumption of sphericity had 
been violated, a Greenhouse–Geisser correction was 
applied. For the factor localization, comparisons between 
factor levels were performed using planned intra-subjects’ 
contrasts (to reveal potential enhancement due to frontal 
stimulation, e.g. Dockery et al. 2009; Hecht et al. 2013; 
Nelson et al. 2014) defined within the repeated measures 
ANOVA. The significance level was set at p < 0.05. The 
sham condition was included to explore the effect of each 
stimulation condition by comparing active stimulation 
against sham condition using paired t tests.

Side effects were analysed using the average of the 28 
rating values (see above). First we compared each stimula-
tion condition with the sham condition using paired t tests to 
reveal the general side effects of tDCS. In a second step, we 
performed a repeated measures ANOVA using side effects 
as dependent variable to test for main effects and interactions 
of the factors of interest (lateralization and electrode loca-
tion). These analyses were then repeated for the evaluation 
of subjective stimulation strength.

Fig. 2  Example of a single trial. Each trial started with an inter-
trial interval (1, 1.5, or 2  s) with a fixation cross, after which a cue 
appeared in the form of the outline of a square (3.2° visual angle), 
surrounding the fixation cross. This cue indicated that from now on, 
participants could press the button with their right index finger or (in 
passive blocks) that from now on, the button could be pulled down 
by the computer. The time between cue and passive button press 
was jittered (0.5–3.5 s). Both active and passive button presses elic-
ited the presentation of a dot on the screen after a variable delay. In 
active blocks, participants were instructed to wait with their button 

press for at least 700 ms after the appearance of the cue and as long 
as they wanted. This was done to elicit a well-prepared, self-initiated 
button press, rather than an automatic action as a reflex to the cue 
(Rohde and Ernst 2012; van Kemenade et al. 2016). If the button was 
pressed too early, the text ‘Too early’ was presented and the trial was 
repeated. After offset of the stimuli, a 500-ms interval with a fixation 
cross followed. Subsequently, the question ‘Delay? Yes/No’ was pre-
sented on the screen. Participants were instructed to be as accurate as 
possible and were not required to be as fast as possible. They were 
given max. 4 s to answer
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Results

Delay detection performance

Figure 3 depicts the mean delay detection performance as 
a function of delay separate for active vs. passive actions 
for each stimulation condition based on averaged 50% 
threshold and slope values. A repeated measures ANOVA 
performed on the 50% thresholds using the factors laterali-
zation (cathode left vs. anode left), location (frontal, pari-
etal, frontoparietal) and action (active vs passive) revealed 
a significant main effect of location (F(2,30)  =  3.615, 
p < 0.039, �2

p
 = 0.194; see Fig. 4), indicating better detection 

performance after frontal stimulation (frontal vs. parietal: 
F(1,15) = 5.111, p < 0.039, �2

p
 = 0.254; frontal vs. frontopa-

rietal: F(1,15) = 6.238, p < 0.025, �2
p
 = 0.294). Main effects 

of lateralization (F(1,15) = 1.764, p = 0.204, �2
p
 = 0.105) 

and action (F(1,15) = 0.001, p = 0.982, �2
p
 < 0.001) were 

not significant. However, the interaction between these fac-
tors was significant (lateralization × action: F(1,15) = 5.529, 
p = 0.033, �2

p
 < 0.269), indicating a significant reduction 

of the advantage in active vs. passive conditions after 
left hemispheric cathodal stimulation (see Fig.  5). No 
other interaction revealed significant results (lateraliza-
tion × location: F(2,30) = 1.114, p < 0.341, �2

p
 = 0.069; 

location × action: F(2,30) = 0.168, p = 0.846, �2
p
 = 0.011; 

location  ×  lateralization  ×  action: F(2,30)  =  0.542, 
p = 0.587, �2

p
 = 0.035). Analyses comparing active stimula-

tion against sham condition using paired t tests revealed no 
significant differences (p > 0.05).

Analysis of the slopes showed no significant effects 
(p > 0.16 for all main effects or interactions).

Fig. 3  Group psychometric functions after anode (left, red) and cath-
ode (left, blue) stimulation of frontal (left), parietal (middle) and fron-
toparietal (right) cortices for active (solid line) and passive (dashed 

line) conditions. Note that these curves were created based on aver-
aged slope and threshold data for illustration purposes; the actual 
analyses were done on individually fitted curves

Fig. 4  Average 50% thresholds for frontal, parietal and frontoparietal 
stimulation. A significant main effect of location was found indicating 
reduced 50% thresholds after frontal stimulation. Error bars standard 
errors of the mean (SEM). * p < 0.05
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Side effects

Overall, tDCS was well tolerated; no serious side effects 
or significant discomfort were observed during or after the 
experiment. Comparing real and sham stimulation (paired 
t tests), we found that side effects were reported to a larger 
extent after real stimulation but still remained at a very low 
level (largest average 1.59, SD = 0.40, for LFA–RPC on a 
scale from 1 to 5; sham: mean = 1.37, SD = 0.31) and sig-
nificant only in one out of six conditions (Frontal conditions: 
LFC–RFA vs. sham, t(15) = 1.887, p = 0.079; LFA–RFC 
vs. sham, t(15) = 0.755, p = 0.462. Parietal conditions: 
LPC–RPA vs. sham, t(15) = 1.620, p = 0.126; LPA–RPC vs. 
sham, t(15) = 0.939, p = 0.363. Frontoparietal conditions: 
LFC–RPA vs. sham, t(15) = 1.888, p = 0.079; LFA–RPC 
vs. sham, t(15) = 2.405, p = 0.030). Importantly, repeated 
measures ANOVAs revealed that there were no significant 
main effects or interactions for the factors lateralization and 
location in side effects (p > 0.2) or subjective experience of 
the stimulation strength (p > 0.1).

Discussion

The ability to detect delays in the expected temporal 
relationship between one’s own actions and their con-
sequences is relevant for adaptive behaviour, for the 
self–other distinction of incoming sensory information 
and for successful interaction with our environment in 

general. In this tDCS study, we show hemispheric differ-
ences in action–outcome delay detection performance for 
self-initiated compared to externally generated actions. 
Whereas the frontal cortex stimulation was related to 
delay detection performance in general, especially left 
hemispheric anodal (comparing to cathodal) stimulation 
seemed to support the differentiation of active versus pas-
sively induced movement consequences. These new data 
support the existence of hemispheric differences in the 
processing of temporal contiguity between voluntary and 
externally generated movements and their consequences. 
Therefore, these data extend previous findings from inten-
tional binding studies, suggesting tDCS effects on lower 
level processes of temporal perceptual prediction.

The frontal cortex (main effect location)

We revealed a significant main effect of location, indicat-
ing a generally better detection performance after frontal 
stimulation. Thus, independent of lateralization (cathode 
left/anode left) or action type (active/passive), a—by about 
24 ms—shorter delay could be detected at a 50% threshold 
after bilateral frontal stimulation compared to frontoparietal 
and parietal stimulation. Enhanced attention (e.g. Nelson 
et al. 2014) or modulation of time sensitivity (e.g. Hecht 
et al. 2013) induced by frontal tDCS might have led to this 
general enhancement. The effect is in line with a recent 
tDCS study, where polarization-independent reduction of 
intentional binding had been found after pre-SMA stimula-
tion (Cavazzana et al. 2015). As a reduced intentional bind-
ing effect basically reflects a more accurate (less biased) 
objective performance, these data are comparable as frontal 
stimulation induced a behavioural advantage, too. Since 
the SMA is located between left and right DLPFC, it is 
possible that the tDCS current flow between hemispheres 
increased functioning of the SMA and consequently sensi-
tivity to delays. However, the lateral frontal cortex has also 
been suggested to play a role in the temporal processing 
of actions and their outcome (Khalighinejad and Haggard 
2015; Khalighinejad et al. 2016). In line with the enhanced 
delay detection performance after left hemispheric anodal 
(compared to cathodal) stimulation in the current study, 
reduced intentional binding had been observed for anodal 
stimulation of the left DLPFC (Khalighinejad and Haggard 
2015). However, no cathodal stimulation has been applied 
to the left DLPFC in this study, making it difficult to draw 
conclusions about the polarization-dependent specificity of 
the effect (Khalighinejad and Haggard 2015). Nevertheless, 
an improvement in delay detection performance, after only 
10 min of frontal cortex stimulation, is a promising find-
ing, especially regarding a possible application of tDCS for 
patients with time perception deficits.

Fig. 5  50% threshold differences of active versus passive conditions 
for left cathodal (blue) and left anodal (red) stimulation. A significant 
interaction of lateralization (anode left/right) and action (active/pas-
sive) was found, reflected in the contrast between a negative active–
passive difference in 50% thresholds (active advantage) after left 
anodal stimulation (red bar) and a more positive active–passive dif-
ference in 50% thresholds after left cathodal stimulation (blue bar). 
Error bars standard error of the mean (SEM)
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The left and right hemisphere (interaction 
action × lateralization)

In addition to the main effect of location, we found an inter-
action between anode lateralization (left/right) and action 
(active/passive). Across all three locations, the tDCS effect 
went in the same direction: left cathodal as compared to 
anodal stimulation reduced the usual detection advantage 
for active conditions over passive conditions (reflected 
in a shift from negative differences for left anodal condi-
tions [red bar, Fig. 5] towards more positive differences for 
cathodal conditions [blue bar, Fig. 5]). A general advan-
tage for self-initiated vs. externally generated movements 
in a delay detection task has been found in a previous study 
(van Kemenade et al. 2016), but was only present in the cur-
rent study after the anodal and not the cathodal stimulation. 
Thus, left hemispheric anodal stimulation seems to increase 
the active advantage. In any case, the finding demonstrates 
hemispheric differences for the processing of the outcomes 
of active vs. passive key presses.

Delay detection tasks can be used as a direct measure 
of comparator functions in motor control: in active condi-
tions, predicted sensory consequences can be compared to 
incoming sensory information. However, it is important 
to note that processes involved in the delay detection task 
might differ between self-initiated and externally generated 
actions (van Kemenade et al. 2016). In contrast to active 
conditions, in passive conditions two sources of incoming 
sensory information have to be compared to each other, in 
the present task tactile–kinesthetic information from pas-
sive key presses with visual information from the screen. 
The differential effects of tDCS stimulation support the 
view that different comparator processes contribute to per-
formance in active vs. passive conditions. At the same time, 
they might indicate different contributions of the left and 
right hemisphere to the processing of predictable sensory 
consequences of actions compared to a matching between 
tactile–kinesthetic and visual information, respectively. The 
right hemisphere might be specifically relevant for matching 
tactile–kinesthetic information with visual information of 
passive movements; a process, which could have been facili-
tated by right hemispheric anodal stimulation, as for exam-
ple previously shown for tactile discrimination (Spitoni et al. 
2013). By contrast, the left hemisphere, which was the target 
hemisphere of all previous tDCS studies on action–outcome 
processing (Douglas et al. 2015; Khalighinejad and Haggard 
2015; Khalighinejad et al. 2016), could be more relevant for 
predicting and processing of self-initiated action outcomes, 
which fits the present result that the active advantage was 
detectable only after anodal stimulation. Thus, most likely 
the left hemisphere contributes to motor predictions, which 
are still sufficient to maintain task performance even when 
right hemispheric processes (e.g. tactile–kinesthetic–visual 

matching processes) are inhibited by cathodal stimulation. 
Similar lateralized effects have been observed for exam-
ple in object discrimination, with a right hemispheric pre-
dominance for discrimination and a left hemispheric pre-
dominance for information maintenance (Stoeckel et al. 
2004), where maintenance could reflect a kind of prediction 
(preparedness).

In line with this general interpretation, a recent tDCS 
study demonstrated a shift of the time point of awareness 
of action intention after anodal stimulation of the left pre-
motor cortex and the left angular gyrus (Douglas et al. 
2015). Increased predictability of action outcomes could 
be associated with preponed awareness of action intention 
and explains the here-observed enhancement in the delay 
detection task. Taken together, all previous tDCS studies 
on action outcome focussed on left hemispheric or medial 
(e.g. SMA) cortical brain region (Douglas et al. 2015; Kha-
lighinejad and Haggard 2015; Khalighinejad et al. 2016). 
We extend previous findings by demonstrating the effect of 
left anodal stimulation on lower level predictive perceptual 
processes.

Limitations

Due to the inherently low spatial resolution of tDCS, it is 
impossible to draw clear conclusions about specific brain 
regions relevant for action–outcome processing identified 
by imaging studies (Blakemore et al. 2001; Hashimoto and 
Sakai 2003; Leube et al. 2003, 2010; Farrer et al. 2008; 
Kurayama et al. 2012; Straube et al. 2017; van Kemenade 
et al. 2017). Furthermore, the design and results do not allow 
to differentiate well between left anodal and right cathodal 
effects and vice versa. So, even if previous studies are more 
consistent with our explanation, based on the data alone no 
specific conclusion is possible. Furthermore, we excluded 
the sham condition from statistical analyses, as side effects 
are generally increased in real compared to sham control 
conditions. Finally, it might be possible to disentangle fron-
toparietal contributions in future studies by investigating 
bigger samples and/or by applying more sensitive measures.

Conclusion

Whereas transcranial direct stimulation has been used to 
influence perception in intentional binding paradigms, 
here we provide first evidence about hemispheric differ-
ences in the temporal prediction or processing of volun-
tary action–outcomes in a delay detection task. We found 
a main effect of electrode location indicating best detec-
tion performance after frontal stimulation. Furthermore, we 
found electrode lateralization-dependent changes in delay 
detection performance for passive compared to active action 
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consequences. These new findings suggest that the frontal 
cortex is related to delay detection performance in general, 
whereas left hemispheric anodal (comparing to cathodal) 
stimulation seems to support the differentiation of actively 
versus passively induced action consequences.
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