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Abstract Predicting and processing the sensory consequences of one’s own actions is essential to enable successful interactions with the environment. Previous studies
have suggested that the angular gyrus detects discrepancies
between predicted and actual action consequences, at least
for unimodal feedback. However, most actions lead to
multisensory consequences, raising the question whether
previous models can sufficiently explain action–outcome
processing. Here, we investigated neural comparator processes during detection of delays between action and unimodal or bimodal consequences in human subjects with
fMRI, using parametric and connectivity analyses. Participants had to perform button presses, which led to the
presentation of either a dot on the screen, a tone, or both,
presented with a variable delay after the button press.
Participants were asked to judge whether there was a delay
between action and feedback. Activity in the angular gyrus
correlated positively with delay for both visual, auditory,
and audio-visual action consequences. Furthermore, the
angular gyrus was functionally connected with midline
structures such as the posterior cingulate cortex and precuneus in all conditions. Our results show that the angular
gyrus is (1) a supramodal area, sensitive to delays in
multiple modalities, and (2) functionally connected with
self-referential areas during delay detection of both unimodal and bimodal action consequences. Overall, our
results suggest that the angular gyrus functions as a
mediator between perception and interpretation, and that
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this process is remarkably similar for unimodal and
bimodal action consequences.
Keywords Voluntary action  Forward model  Delayed
sensory feedback  fMRI

Introduction
To establish a sense of agency and ensure meaningful
interactions with the external world, it is essential that we
understand the relation between our actions and their sensory outcomes. An important aspect in this process is the
monitoring of this action–outcome relation. Studies on
motor control have proposed the forward model theory as
an underlying mechanism, which poses that we generate
predictions about the sensory outcomes of our own actions
(Miall and Wolpert 1996; Wolpert and Flanagan 2001).
According to this theory, such predictions are generated
using a copy of the motor command, the so-called efference copy (Sperry 1950; von Holst and Mittelstaedt 1950).
The efference copy is sent to an internal forward model,
which generates predictions about the consequences of the
action. These predictions are then compared with the actual
sensory feedback. In case of a mismatch, a prediction error
is generated, which can be used to update the model.
Previous research has used temporal or spatial deviations
between action and feedback to identify brain areas active
during such discrepancies, thus acting as comparator areas
(Blakemore et al. 2001; David et al. 2007; Farrer and Frith
2002; Farrer et al. 2003, 2008; Leube et al. 2003a, b, 2010;
Yomogida et al. 2010). Most of these studies have reported
parietal areas that were active during such discrepancies, in
particular the angular gyrus (for meta-analysis, see Sperduti et al. 2011). The angular gyrus also seems to code for
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action awareness, as its activity was also increased when
participants consciously detected a delay between action
and visual feedback, compared to when they did not detect
the delay (Farrer et al. 2008). In addition, it has been
reported that the angular gyrus is active when participants
feel less in control of their action outcomes, i.e. when their
sense of agency is violated (Farrer and Frith 2002; Farrer
et al. 2008; Nahab et al. 2011; Yomogida et al. 2010).
Moreover, dysfunction of the superior parietal lobe, either
through a lesion (Wolpert et al. 1998) or transcranial direct
current stimulation (Khalighinejad and Haggard 2015), has
been associated with disrupted sensorimotor integration
and sense of agency. This suggests that the superior parietal
lobe plays a crucial role in maintaining internal representations of one’s own body and its interaction with the
external world.
The previously mentioned studies all used unimodal
feedback of the performed actions. However, actions usually cause feedback in multiple domains. For example,
knocking on a door leads to visual, auditory, tactile, and
proprioceptive feedback. Studies on multisensory perception have shown that processing multisensory stimuli can
involve different neural mechanisms than processing unimodal stimuli (for review, see Stein and Stanford 2008).
This raises the question whether previous motor control
models based on studies with unimodal feedback can sufficiently explain action–outcome processing. In the current
study, we were interested in the neural correlates of comparator processes during the processing of temporal violations of multisensory action predictions. In view of the
previous unimodal studies, we focused our analyses mainly
on the angular gyrus, before further exploring the whole
brain. Specifically, we hypothesised that the angular gyrus
is a supramodal comparator area, relating predicted to
actual sensory feedback in both the visual and the auditory
modality. Alternatively, separate comparator areas would
be sensitive to temporal discrepancies in visual compared
to auditory action consequences. Furthermore, the angular
gyrus may not only show comparator characteristics for
unimodal stimuli of different modalities, but also for
bimodal action feedback. In this case, we would expect to
see correlations between activity and delay for both unimodal and bimodal conditions in this area. In addition, we
wanted to further specify the role of the angular gyrus in
action–outcome processing by for the first time investigating its functional connectivity to other brain areas during the detection of temporal discrepancies between action
and feedback. If the angular gyrus is a supramodal comparator area, one would expect this area to be functionally
connected with both visual and auditory cortices in both
unimodal and bimodal conditions. Alternatively, it may
only be connected with visual areas, since previous studies
reporting the angular gyrus as a comparator area only used
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visual stimuli. Furthermore, the angular gyrus may additionally be connected with self-referential areas, in order to
transform the sensory mismatch information into a cognitive decision (‘‘It was me who caused the action’’ vs. ‘‘It
was someone else who caused the action’’). We hypothesised that the angular gyrus would show no differences in
connectivity between conditions, as we assumed that the
angular gyrus would show supramodal properties. Alternatively, if we would find no evidence for the angular gyrus
as a supramodal comparator area, we hypothesised that
there would be significant differences in activity and connectivity between conditions.

Materials and methods
Participants
Twenty-one right-handed (Edinburgh Handedness Inventory) participants with normal or corrected-to-normal
vision took part in the experiment. The data from one
participant were excluded due to excessive head movement, resulting in a final sample of 20 participants (8 male,
12 female, age 19–30, mean age 25.1 ± 2.9 years). The
experiment was approved by the local ethics committee in
accordance with the Declaration of Helsinki.
Stimuli and equipment
The task and stimuli were similar to our previous behavioural (van Kemenade et al. 2016) and fMRI (Straube
et al. 2017) experiments. Participants were lying in the
MRI scanner and had to perform button presses with their
right index finger, which elicited the presentation of either
a visual stimulus, an auditory stimulus, or both. The visual
stimulus was a black dot of 1.5° visual angle, presented
centrally on a medium grey background. The auditory
stimulus was a pure-tone 250 Hz sine wave, delivered
through headphones (MR-Confon Optimel, Magdeburg,
Germany) that participants wore in addition to earplugs
throughout the whole experiment. The stimuli were presented either at the time of the button press or with a
variable delay [0, 83, 167, 250, 333, or 417 ms, presented
in frames (0, 5, 10, 15, 20, or 25 frames)]. In bimodal trials,
the stimuli were always time congruent with each other, i.e.
they were always presented with the same amount of delay
with regard to the button press.
The experiment was run in Octave using the Psychtoolbox (Brainard 1997) on a Personal Computer running
Linux. The refresh rate of the monitor was 60 Hz. Since
visual stimulus presentation depends on the refresh rate and
auditory stimulus presentation does not, we programmed
the auditory stimulus to wait for a screen flip before being
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presented, to avoid differences in stimulus control between
conditions. We checked for discrepancies between visual
and auditory stimuli using a custom-made LED and an
oscilloscope. The measurements of bimodal trials, where
the stimuli were supposed to appear at the same time,
revealed an average discrepancy between visual and auditory stimuli of *0.76 ms.
Procedure
The participants’ task was to detect delays between their
button press and the presented stimuli. Thus, participants
were required to have an accurate prediction of when a nondelayed stimulus was supposed to be presented, due to the
explicit instruction to detect sensory information that deviated temporally from this expectation. Participants 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. Participants always had to
report the delays in only one modality, referred to as ‘task
modality’ in this article. Thus, in bimodal trials participants
only had to report whether they detected a delay between
their action and the task modality, i.e. the other modality
(referred to as ‘task-irrelevant modality’) was not important
for the task. Participants were instructed at the start of each
mini-block (12 trials) about the task modality via written
instruction.
Each trial started with an intertrial 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.
They 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, selfinitiated button press, rather than an automatic action as a
reflex to the cue (Rohde and Ernst 2013). However, in contrast to our behavioural experiment, we did not repeat a trial
in case they pressed within 700 ms after the cue onset, to
ensure that each scanning run had the same duration. Passive
trials, in which stimuli were presented automatically instead
of after a button press, were included to investigate sensory
attenuation effects. Here, participants were required to
attend to the stimuli and report whether there were one or two
stimuli presented. In the current study, however, we focused
on the active trials, in order to specifically investigate comparator mechanisms (Fig. 1).
The experiment was divided into five scanning runs,
with small breaks in between. Each run comprised five
mini-blocks: two visual task modality blocks, two auditory
task modality blocks, and one passive block. The order of
these mini-blocks was either visual task modality—auditory task modality—passive—visual task modality—

auditory task modality, or auditory task modality—visual
task modality—passive—auditory task modality—visual
task modality. Participants were instructed at the start of
each mini-block what their task was, by the presentation of
text for a duration of 4 s. For active mini-blocks, they were
instructed which modality was the task modality in that
particular block (‘‘Visual block’’ or ‘‘Auditory block’’), so
they knew which modality to focus on. Their task here was
to press the button after the cue, and decide whether the
feedback of the current task modality was delayed with
regard to their button press. In passive mini-blocks, the text
‘‘Passive block’’ indicated that participants were not supposed to press the button in that particular mini-block.
Their task here was to attend to the stimuli that were
automatically presented, and decide whether one or two
stimuli were presented. Each mini-block contained both
unimodal and bimodal trials in randomised order. In visual
task modality mini-blocks, there were only unimodal visual
trials, and bimodal trials in which participants were
required to focus on the visual modality. In auditory task
modality mini-blocks, there were only unimodal auditory
trials, and bimodal trials in which participants were
required to focus on the auditory modality. Passive miniblocks contained unimodal visual, unimodal auditory, and
bimodal trials, again in randomised order. We presented 10
trials for each of the six delays in each active condition,
thus leading to 60 unimodal visual trials, 60 unimodal
auditory trials, 60 bimodal visual trials, and 60 bimodal
auditory trials. The passive trials were presented 20 times
for each condition (unimodal visual, unimodal auditory,
bimodal), thus adding 60 passive trials. The total of 300
trials were split into the five scanning runs in pseudorandomised fashion: each mini-block contained 12 trials with
all conditions presented in equal numbers.
Prior to the fMRI experiment, participants were familiarised with the paradigm in a behavioural training outside
the scanner. First, they could press the button several times
to experience delayed (417 ms) and non-delayed feedback.
Then, to become familiar with the paradigm, they completed one run, with the same procedure and number of
trials (60 trials) as the fMRI experiment, in which they
were given feedback about their performance (correct or
incorrect). Then, they completed two more runs without
feedback. Only subjects with a performance higher than
50% correct were invited to the fMRI study. All 21 of the
original sample met this criterion.
Data acquisition
Functional MRI data were acquired using a 3 T TIM Trio
scanner (Siemens, Erlangen, Germany), using a 12-channel
head-coil. A gradient echo EPI sequence was used (TR:
1650 ms, TE: 25 ms, flip angle: 70°, slice thickness: 4 mm,
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Fig. 1 Example of a bimodal
trial. Participants had to wait
with their button press until the
presentation of the cue. Their
button press would elicit either
unimodal or bimodal
consequences, presented after a
variable delay. Participants had
to report whether they detected
a delay between their button
press and the stimulus of the
task modality

gap: 15%, voxel size: 3 9 3 9 4.6 mm). For each run, 396
volumes were obtained, each containing 34 slices covering
the whole brain, acquired in descending order. Anatomical
images were obtained using a T1-weighted MPRAGE
sequence (TR: 1900 ms, TE: 2.26 ms, flip angle: 9°, slice
thickness: 1 mm, gap: 50%, voxel size: 1 9 1 9 1.5 mm).
Behavioural data analysis
Using Psignifit (Frund et al. 2011) in Matlab, logistic
psychometric functions were fitted to the data. The point of
subjective equality (PSE) and slope of the functions were
extracted from each participant individually and used to
analyse the differences between the conditions with repeated-measures ANOVAs.
Functional data preprocessing and analysis
Functional data were analysed using Statistical Parametric
Mapping (SPM12, Wellcome Department of Imaging
Neuroscience, University College London, UK). The images were corrected for head movement by realignment.
Each participant’s anatomical image was co-registered to
their functional scans, segmented, and normalised to the
standard Montreal Neurological Institute (MNI) template.
The resulting parameters were then used to normalise the
functional images to the MNI template (resampled to a
voxel size of 2 9 2 9 2 mm), after which the data were
smoothed (8 9 8 9 8 mm3 full-width at half-maximum).
The preprocessed data were analysed using the general
linear model (GLM). Regressors were included for each
condition (unimodal visual active, unimodal auditory
active, bimodal visual active, bimodal auditory active,
unimodal visual passive, unimodal auditory passive,
bimodal passive), modelling the presented stimuli. Furthermore, a regressor modelling the button press in the
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active condition was included, as well as the six motion
parameters as regressors of no interest. The delay between
button press and presented stimuli was used to parametrically modulate the regressors of the active conditions. All
regressors were convolved with the canonical haemodynamic response function (HRF). T-contrasts were created
of the parametric regressors and passed on to second-level
analysis using a flexible factorial design. As our prime
region of interest was the angular gyrus, we performed an
ROI analysis on this area, which includes small volume
correction to correct for multiple comparisons. The ROI
was created using bilateral anatomical masks of the angular
gyrus, based on the WFU Pickatlas (Maldjian et al. 2003)
and the automated anatomical labelling (AAL) atlas
(Tzourio-Mazoyer et al. 2002). We focused our analyses on
the parametric modulation of the active trials. We first
located clusters whose activity showed a significant positive linear correlation with delay for each condition separately. Then, to identify a potential supramodal area, we
performed a conjunction analysis between the unimodal
visual and unimodal auditory condition using minimum
statistic (Nichols et al. 2005). To investigate how closely
the neural responses in angular gyrus resemble the behavioural (perceptual) output, we also performed an additional analysis using the behavioural data instead of the
physical delay values as input to the parametric modulation
in the first level GLM. In this case, we extracted the proportion detected delays for each delay level from the
individually fitted psychometric functions, thus creating
individual parametric regressors for each participant. In
this way, we were able to model the neural activity
according to the behaviour of each participant, allowing us
to investigate the nature of the neural responses, and in
addition account for potential differences in task difficulty
between conditions. Lastly, we further explored the parametric activity on the whole-brain level. The significance

Brain Struct Funct

level was set at p \ 0.001 (uncorrected). We only report
clusters that remain significant after correction for multiple
comparisons on the cluster level (pFWEc \ 0.05), unless
otherwise stated.
Our conjunction analysis over unimodal visual and
unimodal auditory trials tested for similarities in activation
between the modalities. However, univariate analyses are
not very sensitive to small differences in activity patterns.
Thus, it is possible that the cluster obtained in our conjunction analysis contains separate neuronal populations,
one coding for the visual modality, and one for the auditory
modality. However, if the angular gyrus is to be considered
as a supramodal comparator area in voluntary action, one
would expect the activity patterns for each modality to be
more similar for active than for passive trials. Multivariate
analyses can be more sensitive to subtle differences in
underlying activity patterns. Thus, we performed a multivariate analysis to test whether activity correlates more
strongly in active compared to passive conditions. We took
the beta values corresponding to the voxels in the left
angular gyrus, obtained from our conjunction analysis, and
expressed them as a vector. This was done for each condition (unimodal visual active, unimodal auditory active,
unimodal visual passive, unimodal auditory passive) for
each participant. We correlated the vectors of the unimodal
visual and unimodal auditory conditions for the active
conditions, and separately for the passive conditions, for
each participant. The correlation coefficients were normalised using a Fisher’s r-to-z transformation, in order to
be able to compare the correlation coefficients in the active
conditions with those of the passive conditions. A pairedsamples t test was conducted on the z-transformed correlation coefficients, testing for differences between the
active and the passive conditions.
To further understand the function of angular gyrus in
processing sensory action outcomes, we additionally conducted a connectivity analysis in the form of a psychophysiological interaction (PPI) analysis. We took the
cluster of 77 voxels in angular gyrus derived from the
conjunction analysis on the unimodal conditions described
above as our seed region, extracted the eigenvariates in this
region, and created PPI regressors for all conditions of
interest (unimodal visual, unimodal auditory, bimodal
visual, bimodal auditory). Since we hypothesised that the
angular gyrus would be connected with primary sensory
areas, we performed an ROI analysis with inferior occipital
cortex and Heschl’s gyrus as ROIs, using anatomical masks
from the WFU Pickatlas and AAL. Then, we performed a
whole-brain analysis to identify areas in which functional
connectivity with our seed region was modulated by the
type of sensory feedback. Furthermore, we performed a
conjunction analysis on the PPI regressors of all conditions,
to identify commonalities across conditions.

Results
Behavioural results
Psychometric functions were fitted to the behavioural data
(see Fig. 2 for group results). Repeated-measures ANOVAs
were performed on the thresholds and slopes of the fitted
psychometric functions with the factors task modality (visual/auditory) and feedback type (unimodal/bimodal). The
analysis of the thresholds revealed significant main effects of
task modality and of feedback type [F(1,19) = 6.296,
p = 0.021, g2p = 0.249 and F(1,19) = 8.879, p = 0.008,
g2p = 0.318, respectively], with lower PSEs and thus better
performance for the visual task modality, and for bimodal
trials, respectively. The interaction between these factors
was not significant [F(1,19) = 0.304, p = 0.588,
g2p = 0.016]. The slopes did not show any significant main
effects [task modality: F(1,19) = 3.764, p = 0.067,
g2p = 0.165; condition: F(1,19) = 0.132, p = 0.720,
g2p = 0.007] or interaction [F(1,19) = 0.031, p = 0.862,
g2p = 0.002].
fMRI results: ROI analysis
Parametric modulation using delay values
We parametrically modulated the stimulus events (action
consequences: dot/tone) with the delay between button
press and stimulus onset, and investigated whether our ROI
of bilateral angular gyrus [WFU Pickatlas (Maldjian et al.
2003)] showed activity that significantly correlated in a
positive linear fashion with the delay. Figure 3 summarises
our findings. For unimodal visual trials, we identified a
significant cluster in left angular gyrus (x, y, z = -46,
-70, 34, T = 4.50, kE = 444, pFWEc \ 0.001). Unimodal
auditory trials showed significant clusters in bilateral
angular gyrus (left side: x, y, z = -44, -72, 34, T = 4.16,
kE = 95, pFWEc = 0.014; right side: x, y, z = 44, -70, 32,
T = 5.37, kE = 690, pFWEc \ 0.001). For bimodal visual
trials, no significant voxels remained in our ROI at this
threshold. At the more liberal threshold of p \ 0.005
uncorrected, however, we did observe a small cluster in
right angular gyrus (x, y, z = 44, -70, 30, T = 3.10,
kE = 17). For bimodal auditory trials, we again found
significant clusters in bilateral angular gyrus, one in the left
and two in the right hemisphere (left side: x, y, z = -44,
-72, 32, T = 4.52, kE = 196, pFWEc = 0.002, right side: x,
y, z = 44, -70, 32, T = 4.42, kE = 124, pFWEc = 0.008;
and x, y, z = 44, -48, 30, T = 3.95, kE = 40,
pFWEc = 0.049). There were no significant differences
between unimodal and bimodal conditions. The
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Fig. 2 Group psychometric
functions for both tasks. Note
that these curves were fitted
over averaged data for
illustration purposes; the actual
analyses were done on
individually fitted curves. There
was a main effect of feedback
type, defined by lower PSEs in
the bimodal conditions, and a
main effect of task modality,
defined by lower PSEs in the
visual tasks

Fig. 3 Parametric activity in the ROI analysis (bilateral angular
gyrus). Areas showing activity with a positive linear correlation with
delay are displayed for each condition separately (a) and for the
conjunction analysis over the two unimodal conditions (b)

conjunction analysis of unimodal visual and unimodal
auditory trials yielded a significant cluster in the left
angular gyrus (x, y, z = -46, -72, 32, T = 4.14, kE = 77,
pFWEc = 0.020).
To understand the absence of any clusters in the bimodal
visual condition in the parametric analysis, at least at our
initial threshold, we extracted the eigenvariates from the
cluster obtained in the conjunction analysis (left angular
gyrus, peak x, y, z = -46, -72, 32) for each delay separately in each condition. The results are depicted in Fig. 4.
As can be seen in the figure, a positive linear trend can
actually be observed in the bimodal visual condition, but
only in the delay range 83–333 ms.
Parametric modulation using psychometric function values
In this analysis, instead of using the actual delays as input
to the parametric modulation, we extracted the proportion
of detected delays for each delay from each individually
fitted psychometric function, in order to generate a model
that is closer to the actual behavioural output. The results
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were very similar to the previous analyses that used the
physical delay as input. We obtained a cluster in left
angular gyrus for unimodal visual trials (x, y, z = -38,
-68, 40, T = 4.13, kE = 343, pFWEc \ 0.001), a cluster in
right angular gyrus for unimodal auditory trials (x, y,
z = 42, -66, 32, T = 4.34, kE = 306, pFWEc = 0.001),
and bilateral clusters in the bimodal auditory condition (x,
y, z = -40, -70, 36, T = 4.19, kE = 75, pFWEc = 0.024;
right side x, y, z = 46, -50, 34, T = 4.17, kE = 70,
pFWEc = 0.026). For bimodal visual trials, we did not
observe any significant clusters at our stringent threshold,
but at the more liberal threshold of p \ 0.005 uncorrected,
there was a cluster in left angular gyrus (x, y, z = -48,
-72, 24, T = 3.10, kE = 15).
fMRI results: whole-brain analysis
To further explore the potential areas other than the angular
gyrus that might be involved in processing delayed action
feedback, we also conducted a whole-brain analysis.
Table 1 reports the peaks of the identified clusters, and
Fig. 5 displays the clusters for each condition. Apart from
our previously reported cluster in left angular gyrus for
unimodal visual trials, we found one additional significant
cluster in this condition in the right superior temporal
gyrus, extending to right supramarginal gyrus. Unimodal
auditory trials only showed a significant cluster in right
angular gyrus, as reported previously in our ROI analysis.
The bimodal visual condition revealed a cluster in the right
superior temporal gyrus, extending to right supramarginal
gyrus, similar to the cluster found in the unimodal visual
condition. In addition, positive correlations between
activity and delay were found in the middle cingulate
cortex and fusiform cortex. The bimodal auditory condition
yielded again the bilateral angular gyri, but also several
visual areas, anterior and middle cingulate cortex, middle
frontal cortex, and precuneus. Although the separate conditions yielded various areas, comparisons across
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Fig. 4 Parameter estimates per
delay. Eigenvariates were
extracted for each delay per
condition from the angular
gyrus cluster

conditions only yielded one cluster in right visual cortex
that reached significance when comparing bimodal auditory with unimodal auditory trials (x, y, z = 28, -86, -8,
T = 4.23, kE = 237). Other than that there were no significant differences between conditions. A conjunction
analysis over the unimodal visual and unimodal auditory
conditions showed that the cluster with strongest overlap,
independent of modality and task, was in the left angular
gyrus (x, y, z = -46, -72, 32, T = 4.14, kE = 103, puncorr. = 0.001; additional cluster in right middle temporal
gyrus: x, y, z = 64, -10, -16, T = 3.96, kE = 41, puncorr. = 0.001), supporting the supramodal specificity of the
angular gyrus as shown by the ROI analyses. For the sake
of completeness, we also tested for negative correlations
with delay. We found significant negative correlations with
delay in supplementary motor area (SMA; x, y, z, = 4, 32,
46, T = 5.17, kE = 343) and right insula (x, y, z = 32, 24,
-4) for unimodal visual trials, and in SMA (x, y, z = 6, 28,
46, T = 5.36, kE = 444) for bimodal visual trials. None of
the auditory conditions showed any negative correlations
with delay.
fMRI results: multivariate analysis
The beta values for unimodal visual and unimodal auditory
trials within our ROI were significantly more correlated for
active than for passive trials [t(19) = 7.99, p \ 0.001;

mean Fisher’s z active: 1.91, standard deviation: 0.56;
mean Fisher’s z passive: 0.83, standard deviation: 0.72).
fMRI results: PPI
As a proof of principle, we first looked for a positive
connectivity of our angular gyrus seed region with our
ROIs in visual and auditory cortex. Here, we found a
cluster in visual cortex for unimodal visual trials
(x = -48, y = -62, z = -14, T = 3.81, kE = 40,
pFWEc = 0.046), a cluster in auditory cortex for unimodal
auditory trials (x = 42, y = -24, z = 6, T = 4.89,
pFWEc = 0.018), clusters in bilateral visual cortex and
right auditory cortex for bimodal visual trials (x = -50,
y = -64, z = -12, T = 6.15, pFWEc \ 0.001; x = 32,
y = -84, z = -12, T = 5.48, pFWEc = 0.001; x = 42,
y = -28, z = 14, T = 5.45, pFWEc = 0.024), and clusters
in bilateral visual cortex for bimodal auditory trials
(x = 42, y = -62, z = -16, T = 4.16, pFWEc = 0.023;
x = -48, y = -64, z = -12, T = 4.02, pFWEc = 0.019).
Importantly, there were no significant differences in
connectivity in these ROIs between unimodal and bimodal trials.
On the whole-brain level, the angular gyrus seed region
showed positive connectivity with a distributed network of
areas in each condition, depicted in Fig. 6. Specifically, a
conjunction analysis over all four conditions revealed
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Table 1 Areas showing
activity correlating positively
with delay

Area

Cluster extent

Side

x

y

z

T

Angular gyrus

L

-46

-70

34

4.50

Angular gyrus

L

-40

-68

42

4.27

kE

PFWEc

Unimodal visual
IPC
IPC

STG

R

58

-32

12

4.40

SMG

R

56

-28

28

4.38

SMG

R

60

-22

18

3.97

497

0.001

341

0.009

927

\0.001

Unimodal auditory
IPC

MOG

R

42

-68

32

5.38

Angular gyrus

R

46

-68

42

5.12

Angular gyrus

R

48

-58

24

4.63

Bimodal visual
IPC

STG

R

58

-30

12

4.86

265

0.026

SPL

MCC

R

14

-34

46

4.41

237

0.040

275

0.023

2112

\0.001

857

\0.001

1731

\0.001

351

0.008

1134

\0.001

323

0.012

Fusiform gyrus

MCC

R

10

-26

46

4.41

Fusiform gyrus
PHG

R
R

24
32

-44
-34

-16
-14

4.15
4.13

Hippocampus

R

34

-26

-12

3.23

Bimodal auditory
V3

ACC

IPC

MFG

Fusiform gyrus

R

28

-86

-10

5.05

MOccG

R

28

-88

10

4.86

MOccG

R

34

-80

32

4.79

ACC

R

10

40

-2

4.84

Sup medial gyrus

R

-8

60

8

3.98
3.91

ACC

R

-12

46

-4

Lingual gyrus

L

-24

-86

-16

4.65

MOG

L

-42

-72

34

4.57

Inferior OG

L

-26

-94

-12

4.54

MFG

R

28

22

38

4.61

SFG

R

22

48

46

3.96

MFG

R

32

40

44

3.90

SPL

MCG
Precuneus

R
R

14
2

-22
-50

46
48

4.33
4.15

MCG

R

18

-46

48

3.96

Precuneus

Precuneus

R

16

-56

20

3.81

Precuneus

R

6

-54

32

3.68

PCC

R

0

-52

24

3.64

Coordinates are listed in MNI space
Significance threshold: p \ 0.001 uncorrected, pFWEc \ 0.05
ACC anterior cingulate cortex IPC intraparietal cortex, MCG middle cingulate cortex, MFG middle frontal
gyrus, MOG middle occipital gyrus, OG occipital gyrus, PHG parahippocampal gyrus, PCC posterior
cingulate cortex, SMG supramarginal gyrus, SFG superior frontal gyrus, SPL superior parietal lobule, STG
superior temporal gyrus

significant positive connectivity with the superior parietal
lobule including the precuneus and posterior cingulate
gyrus, thalamus, superior frontal gyrus, and bilateral mid
orbital gyri (for details, see Table 2). Again, there were no
significant differences between unimodal and bimodal
trials.
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Discussion
The current study investigated for the first time the processing of temporal discrepancies between voluntary action
and multisensory feedback. Our results provide novel
insights concerning the involvement of the angular gyrus in
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Fig. 5 Parametric activity on the whole-brain level. Areas showing
activity with a positive linear correlation with delay are displayed for
each condition separately (a–d) and superimposed (e) for illustration
purposes. A conjunction analysis over the unimodal visual and

unimodal auditory showed that the cluster with the strongest overlap
between these conditions was present in the left angular gyrus.
Threshold: p \ 0.001 uncorrected, only clusters significant at
pFWEc \ 0.05 shown

Fig. 6 Whole-brain PPI analysis. Results are displayed for each
condition separately (a–d), and for the conjunction analysis (e) over
all four conditions (unimodal visual \ unimodal auditory \ bimodal

visual \ bimodal auditory). There were no significant differences
between conditions. Threshold: p \ 0.001 uncorrected, only clusters
significant at pFWEc \ 0.05 shown

action–outcome processing, whilst supporting the findings
from previous studies. First of all, we replicated the finding
that activity in the angular gyrus correlated positively with
increasing delay between action and unimodal visual
feedback (David et al. 2007; Farrer et al. 2003, 2008;
Leube et al. 2003b). Secondly, we did not only observe this
correlation in the unimodal visual condition, but also in the
unimodal auditory and bimodal auditory conditions, and at
a lower threshold also the bimodal visual condition,

thereby extending the previous findings. Importantly, a
conjunction analysis over the unimodal visual and unimodal auditory conditions identified a cluster in left
angular gyrus, suggesting that this area is involved in
action–outcome monitoring for both visual and auditory
action outcomes. Its involvement in both modalities suggests that the angular gyrus acts as a supramodal comparator area, detecting delays between action and outcome
in multiple modalities. This conclusion is supported by our
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Table 2 PPI results:
conjunction over all conditions

Area

Cluster extent

Side

IPC

Angular gyrus

L

-44

-70

34

8.20

Angular gyrus

L

-48

-60

28

5.88

PCG

L

-8

-52

32

5.43

Precuneus

R

12

-52

12

5.04

MCC

L

-8

-40

36

4.74

Thalamus

L

-4

-22

0

4.83

Thalamus

L

-2

-6

2

4.13

SPL

Thalamus

SFG

Mid orbital gyrus

x

y

z

T

Thalamus

R

2

2

4

3.92

SFG

L

-18

34

48

4.11

MFG

L

-30

10

50

3.96

MFG

L

-34

16

54

3.84

Mid orbital gyrus

R

6

44

-6

3.99

Mid orbital gyrus

R

6

56

-6

3.74

Mid orbital gyrus

L

-4

48

-8

3.61

kE

PFWEc

951

\0.001

1428

\0.001

469

0.001

420

0.003

245

0.030

Coordinates are listed in MNI space
Significance threshold: p \ 0.001 uncorrected, pFWEc \ 0.05
IPC intraparietal cortex, MCC middle cingulate cortex, MFG middle frontal gyrus, PCG posterior cingulate
cortex, SFG superior frontal gyrus

multivariate analysis, showing that beta values for unimodal visual and unimodal auditory trials were significantly more correlated with each other in active than in
passive trials. Finally, our PPI analysis showed that this
area is functionally connected with the same areas in all
conditions, again suggesting that there is a supramodal
mechanism of processing sensory action consequences.
The finding that the angular gyrus is a supramodal
comparator area has important implications for our
understanding of action outcome predictions. Previous
research has investigated potential comparator areas using
visual (David et al. 2007; Farrer et al. 2003, 2008; Leube
et al. 2003a; Yomogida et al. 2010) or tactile stimuli
(Blakemore et al. 1999), always using unimodal feedback
only. From this research, it remains unclear whether there
are any similarities between predictions in different
modalities. Our previous behavioural study found that
bimodal action consequences led to an enhancement in
the detection of delays between action and feedback,
compared to unimodal action consequences, in particular
when the additional stimulus was presented close to the
action (van Kemenade et al. 2016). This effect was
interpreted as evidence that the forward model creates
predictions for multiple modalities (see also Straube et al.
2017). Our current results extend the previous findings
with the observation that there is an area in the brain with
supramodal comparator properties, suggesting that there is
a common mechanism for predictions in different
modalities.
Apart from its involvement in the two unimodal conditions, we also found an involvement of the angular gyrus
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in delay detection processes in the bimodal auditory condition. However, we did not find any clusters in this area in
the bimodal visual condition at the same threshold, only at
a more liberal threshold. This is quite surprising given the
fact that the stimuli are exactly the same in the bimodal
auditory and the bimodal visual conditions. The only difference between these conditions is the task instruction: in
the bimodal auditory condition, participants are required to
focus on delays between action and the auditory stimulus,
and in the bimodal visual condition, participants have to
focus on delays between action and the visual stimulus.
Such focused attention on only one of the presented stimuli
could have played a role in the observed differences; after
all, it has been reported that selective attention to one
modality can alter brain responses to bimodal stimuli
(Talsma et al. 2007). This would suggest that each bimodal
condition should be similar to its respective unimodal
condition. Indeed, we observed parametric responses to
increasing delays in the superior temporal gyrus in both the
unimodal and bimodal visual conditions. Nevertheless, this
cannot fully explain the decreased involvement of the
angular gyrus, since we did find a cluster at a strict
threshold in this area in the unimodal visual condition.
Another possibility can be derived from the behavioural
results. We saw better performance for the bimodal conditions for both task modalities, and a generally better
performance for the visual task modality. The best performance was thus observed in the bimodal visual condition. It could be that the task difficulty played a role in the
observed neural results, leading to only very weak correlations between activation and stimulus delay in the
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angular gyrus when the detection of delays was easy or
already very small delays were detected. We did attempt to
account for this effect using the values derived from the
psychometric functions fitted to the behavioural results,
thus allowing for a better estimation of behavioural effects.
Nonetheless, it could be that the delays were so easy to
detect in the bimodal visual condition that different neural
mechanisms were involved in this condition. It should be
emphasised though that we did not find any significant
differences between conditions. Thus, although the linear
increase with delay in the bimodal visual condition did not
reach significance when tested as a separate condition, it
did not differ significantly from the other conditions.
Regarding the possibility that our results in general could
reflect task difficulty rather than comparator processes, this
seems unlikely; after all, in a delay detection task, intermediate delays are most difficult to detect, whereas trials
with no delay or a very long delay are easier to detect, as
reflected by the performance of participants. Therefore,
task difficulty does not increase linearly with delay, but
would rather take the form of a U shape. Nevertheless,
future studies could consider task difficulty as an additional
parameter to investigate the contribution of this aspect.
Related to the notion of task difficulty mentioned above,
it is interesting to note that we found a main effect of task
modality in the behavioural results, with a better delay
detection performance in the visual task modality. This
effect may be surprising in view of the fact that auditory
processing is generally considered to be faster than visual
processing (see Vroomen and Keetels 2010). Thus, one
might be led to believe that participants should be better at
auditory delay detection than visual delay detection.
However, one should consider that in the current paradigm,
participants were asked to detect delays between their
button press, which also involves tactile feedback, and the
sensory stimuli. In line with our results, on average the
reported just noticeable differences (JNDs) for auditorytactile stimuli were larger than those for visual-tactile
stimuli (see Vroomen and Keetels (2010) for a tutorial
review). Thus, in most studies, participants were better at
detecting temporal differences in visual-tactile pairs than in
auditory-tactile pairs. In our previous behavioural experiment, we found a similar advantage for the detection of
delays between button press and the visual compared to
auditory consequences (van Kemenade et al. 2016). As
discussed by Vroomen and Keetels (2010), there are various reasons that can explain differences in JNDs across
senses and studies, which go beyond the scope of the
current study.
The whole-brain analysis showed that apart from the
angular gyrus, there were several other areas showing
activity that correlated in a positive linear fashion with
delay. For example, the superior temporal gyrus showed a

positive linear correlation with delay in both the unimodal
and the bimodal visual condition. The involvement of this
area in similar tasks has been demonstrated before: studies
that used unimodal visual action consequences have
reported that activity in this area correlated with delays
between action and feedback (Leube et al. 2003a, 2010).
Other areas in the current study include the middle cingulate cortex for both bimodal conditions, and several
visual areas for the bimodal auditory condition. This raises
the question why there seem to be multiple areas with
comparator functions. In the current study, it could be that
there was a task effect: potentially, focusing attention on
the visual modality required slightly different processing
than focusing on the auditory modality, explaining why the
superior temporal gyrus was only observed in both visual
conditions. Interestingly, the bimodal visual condition led
to activity near auditory regions in the superior temporal
gyrus, whereas the bimodal auditory condition led to
activity in visual areas. Potentially, cross-modal inhibitory
processes play a role, as it has been shown that attention to
one modality may lead to deactivation of the cortex
responding to the task-irrelevant modality (Laurienti et al.
2002; Mozolic et al. 2008). However, it should be noted
that the observed clusters do not reflect general activity
against baseline, but correlations with delay. Therefore, it
is unclear why such suppression would be strongest close
to the action, decreasing with delay. Another explanation
may be a surprise effect, due to the less predictable occurrence of the task-irrelevant stimulus. Unimodal and
bimodal trials were randomised within a mini-block, thus
participants did not know whether their action would lead
to one or two stimuli. The only certainty they had was that
at least one stimulus in the predefined task modality would
appear. Thus, it could be that the appearance of the taskirrelevant modality led to surprise, especially with
increasing delays and, thus, with increasing anticipation
effects. From our data, we cannot derive which explanation
would be most plausible. To conclusively determine the
role of the different areas in our whole-brain analysis,
future studies will be necessary to tease apart which areas
are truly crucial for comparator mechanisms. However,
despite the variability in reported areas, our results show
that the angular gyrus is the only area with clear supramodal properties, as supported by the conjunction analysis
over both unimodal conditions in both the ROI analyses
and whole-brain analyses. These findings thus form the first
step in identifying the specific function of the angular gyrus
in action–outcome monitoring.
Though conjunction analyses can identify commonalities across conditions, they leave the possibility that there
are separate neuronal populations coding for the different
conditions within the identified cluster, as univariate
analyses are less sensitive to subtle differences in
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underlying activity patterns. Using multivariate analysis of
the beta values in the angular gyrus cluster, identified in
our conjunction analysis, we found that beta values in
unimodal visual and unimodal auditory conditions were
more correlated with each other in active compared to
passive conditions. This suggests that underlying activity
patterns were more similar for actively generated stimuli
than automatically presented stimuli. This points towards
the idea that the same neuronal populations within the
angular gyrus code for both the visual and auditory
modality when the stimuli are actively generated, supporting the proposed supramodal nature of the angular
gyrus in action–outcome monitoring.
The PPI analysis revealed that the angular gyrus was
functionally connected with not only perceptual areas (visual and auditory cortex), which is a necessary precondition for a potential supramodal comparator area, but also
the superior parietal lobule including bilateral precuneus
and bilateral posterior cingulate gyri, thalamus, and bilateral mid orbital gyri. These areas have previously been
reported to be important in self-referential processing,
which includes attributing traits (Kircher et al. 2002; Kjaer
et al. 2002) or events (Cabanis et al. 2013) to oneself (for
review, see Northoff et al. 2006). The finding that the
angular gyrus is functionally connected with a self-referential network during delayed action feedback detection
suggests that it is more than a delay detector: the angular
gyrus also communicates with areas that might provide
additional information regarding the cause of the feedback,
namely whether I think the event should be attributed to
myself. In this perspective, the angular gyrus could be
regarded as a mediator between perception (delay detection) and interpretation (‘‘Was it me or someone else?’’).
The connectivity patterns showed no differences between
the conditions, suggesting that this mediating role is a
general mechanism for both unimodal and bimodal action
consequences. This finding thus adds to the proposal that
the angular gyrus functions as a supramodal comparator
area in action–outcome monitoring. It should be noted
though that our task did not require explicit self-referential
processing. Future studies using connectivity analyses
could, therefore, include a task that requires participants to
determine explicitly whether they are the agent of the
action, to establish whether the connectivity we observed
means that the angular gyrus is indeed connected to a selfreferential network and thus mediating between perception
and interpretation, or whether the observed areas serve a
different role. It should also be noted that PPI analyses can
only indicate functional connectivity, not effective connectivity. In other words, we only know that the angular
gyrus was connected with self-referential areas during
delay detection, but we do not know the causal direction of
this connectivity. Therefore, we cannot distinguish whether
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the observed connectivity reflects mostly bottom-up or topdown processes, or both. It would be an intriguing direction
for future studies to investigate this in more detail, for
example using dynamic causal modelling (DCM) (Friston
et al. 2003). To our knowledge, no other studies so far have
investigated the functional connectivity of the angular
gyrus in action–outcome monitoring.
In sum, our novel results suggest that the angular gyrus
acts as a supramodal comparator area in action–outcome
monitoring. We found that activity in this area shows a
positive linear correlation with delay between action and
feedback for unimodal and bimodal action consequences.
Furthermore, we observed that the angular gyrus is not only
connected with perceptual areas, but also self-referential
areas, in both unimodal and bimodal conditions. This suggests that the angular gyrus may act as a mediator between
perception and interpretation during action–outcome processing, and that this mediating role is part of a general
mechanism for both unimodal and bimodal action
consequences.
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