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Unexpected and thus surprising events are omnipresent and oftentimes require adaptive behavior such as unexpected inhibi-
tion or unexpected action. The current theory of unexpected events suggests that such unexpected events just like global stop-
ping recruit a fronto-basal-ganglia network. A global suppressive effect impacting ongoing motor responses and cognition is
specifically attributed to the subthalamic nucleus (STN). Previous studies either used separate tasks or presented unexpected,
task-unrelated stimuli during response inhibition tasks to relate the neural signature of unexpected events to that of stopping.
Here, we aimed to test these predictions using a within task design with identical stimulus material for both unexpected
action and unexpected inhibition using functional magnetic resonance imaging (fMRI) for the first time. To this end, 32
healthy human participants of both sexes performed a cue-informed go/nogo task comprising expected and unexpected action
and inhibition trials during fMRI. Using conjunction, contrast, and Bayesian analyses, we demonstrate that unexpected action
elicited by an unexpected go signal and unexpected inhibition elicited by an unexpected nogo signal recruited the same
fronto-basal-ganglia network which is usually assigned to stopping. Furthermore, the stronger the unexpected action-related
activity in the STN region was the more detrimental was the effect on response times. The present results thus complement
earlier findings and provide direct evidence for the unified theory of unexpected events while ruling out alternative task and
novelty effects.
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Significance Statement

This is the first study using functional magnetic resonance imaging (fMRI) to test whether unexpected events regardless of
whether they require unexpected action or inhibition recruit a fronto-basal-ganglia network just like stopping. In contrast to
previous studies, we used identical stimulus material for both conditions within one task. This enabled us to directly test pre-
dictions of the current theory of unexpected events and, moreover, to test for condition-specific neural signatures. The present
results underpin that both processes recruit the same neural network while excluding alternative task and novelty effects. The
simple task design thus provides an avenue to studying surprise as a pure form of reactive inhibition in neuropsychiatric
patients displaying inhibitory deficits who often have a limited testing capacity.

Introduction
Unexpected events are omnipresent and usually require rapid
adaptation of ongoing behavior. For example, a car driver must
brake when a kid runs onto the road. Such situations require re-
active control when unexpected stimuli signal the need to rapidly
cancel ongoing actions and to initiate new, situationally more
appropriate behaviors. Reactive control is thus necessary to avoid
harmful consequences, making it essential for adaptive behavior.

The neural underpinnings of reactive motor control have
been extensively investigated using response inhibition tasks,
such as stop-signal (Logan and Cowan, 1984) and go/nogo tasks
(Donders, 1969). In these tasks, prepotent or ongoing actions
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must be inhibited in response to infrequent signals (Aron, 2011;
Bari and Robbins, 2013). The onset of the stop-signal differs
between the two tasks: while the nogo-signal is presented
instead of or simultaneously with the go-signal in the go/nogo
task, the stop-signal in the stop-signal task is presented at
some delay after the go signal. The two tasks thus capture dif-
ferent subcomponents of response inhibition, i.e., action
restraint and action cancellation, respectively (Schachar et al.,
2007). Nevertheless, neuroimaging studies yielded converging
evidence of overlapping neural networks during response in-
hibition tasks (Levy and Wagner, 2011; Swick et al., 2011;
Sebastian et al., 2013; Cieslik et al., 2015). This shared stop-
ping network comprises the right inferior frontal gyrus (IFG)
and anterior insula, the presupplementary motor area (pre-
SMA), and basal ganglia [subthalamic nucleus (STN) and
striatum; Duann et al., 2009; Aron, 2011; Levy and Wagner,
2011; Aron et al., 2014; Sebastian et al., 2016]. STN involve-
ment has mainly been discussed in action cancellation, but has
also been demonstrated to be implicated in action restraint
(Ballanger et al., 2009; Georgiev et al., 2016; Marmor et al.,
2020).

Wessel and Aron (2017) recently suggested a unified, neuroa-
natomically grounded theory of unexpected events. They pro-
pose that the neural stopping network [i.e., right inferior frontal
cortex (IFC), pre-SMA, and STN] or a closely analogous neural
network is recruited by unexpected events. More specifically,
unexpected events interrupt action and cognition by this global
suppressive network with downstream effects on basal-ganglia
output resulting in motor slowing and cognitive distraction.
Unexpected events may trigger purely reactive inhibition as no
proactive stopping tendencies are involved (Wessel, 2018). The
theory builds on a related theory by Corbetta and Shulman
(2002), who proposed that a right-lateralized circuit breaker
including the right IFC interrupts ongoing cognition after unex-
pected events allowing for reorienting attention to behaviorally
relevant stimuli. The unified theory of unexpected events goes
beyond these suggestions in three respects. First, Wessel and
Aron (2017) suggest that in the surprise-interruption-reorient-
ing sequence the interruption part recruits pre-SMA and STN
in addition to right IFC. Second, they suggest that the interrupt
system and attentional reorienting are independent. Third,
global interruption by the stopping network should temporally
precede the attentional reorienting after unexpected events. In
the present study we aimed to test the first of these notions
based on the example of unexpected inhibition and unexpected
action execution. Unexpected action refers to actions which are
not anticipated and planned but suddenly required. In the
above-mentioned example, chatting adults might be standing
at the roadside. When the approaching car driver honks the
horn (= unexpected event/surprise) to warn the child running
into the road, they stop chatting (= interruption), direct their
attention to the situation on the road (= reorientation), and
start running after the child (= unexpected action). As outlined
at the beginning, the braking of the driver when he notices the
child is an example of unexpected inhibition. Unexpected
action and unexpected inhibition hence result from the sur-
prise-interruption-reorienting sequence proposed by Wessel
and Aron (2017).

Previous studies either used separate tasks or presented task-
unrelated surprising stimuli during response inhibition tasks to
test for a common neural signature of response inhibition and
unexpected events (Wessel and Aron, 2013; Wessel et al., 2016;
Dutra et al., 2018; Wagner et al., 2018; Wessel, 2018; Wessel and

Huber, 2019). Such an approach is particularly suited to assess
whether a putatively suppressive component associated with
stopping is also recruited by surprise. However, it is not suitable
for investigating commonalities and differences in the respective
neural networks (cf. also Wessel et al., 2016). In this first func-
tional magnetic resonance imaging (fMRI) study addressing the
theory of unexpected events, we thus chose a within task design
with identical stimulus material. This enabled us to test the hy-
pothesis that a common neural network usually assigned to
response inhibition is involved in interrupting ongoing process-
ing on unexpected events regardless of whether the unexpected
event requires executing (unexpected action) or withholding
(unexpected inhibition) a response. More importantly, the cued
go/nogo task design allowed us to study both, the commonalities
and the differences in the neural architecture of unexpected inhi-
bition and unexpected action while excluding task and novelty
effects, thus complementing previous findings. In line with the
unified theory of unexpected events, we hypothesized that unex-
pected action and unexpected inhibition would equally recruit
the fronto-basal-ganglia stopping network as indexed by con-
junction and contrast analyses. We further expected a positive
correlation of inhibition-related STN activity and response slow-
ing following unexpected events.

Materials and Methods
Participants
In total, 37 healthy participants participated in the study. Two partici-
pants had to be excluded because of excessive head movement inside the
scanner, one because of technical problems and another two participants
were excluded because of incidentally discovered brain abnormalities.
The remaining 32 participants (16 female) had a mean age of 24.97 years
(SD= 1.40, range: 22–28 years). All individual participants included in
the study were screened for factors contradicting MRI scanning and pro-
vided written informed consent before participation. They were all
right-handed as determined by the Edinburgh Handedness Inventory
(Oldfield, 1971), had normal or corrected to normal vision, and were
free of psychotropic medication. None of the participants had a history
or current evidence of psychiatric or neurologic diseases. The study was
approved by the local ethics committee and participants were financially
compensated for their time.

Experimental design
We employed a cued go/nogo paradigm (Fig. 1) using Presentation soft-
ware (version 18.0; www.neurobs.com). Before the scanning session,
participants received a brief training session to make sure that the partic-
ipants correctly understood the task instructions and to familiarize them
with the task before the scanning session. All participants accomplished
four runs of the task during the scanning session.

Throughout scanning, participants were asked to hold an MR com-
patible response button box in their right hand and to respond to the
stimuli by pressing a response button with the right index finger. Before
the beginning of each run, instructions were given orally. Instructions
equally stressed speed and accuracy of responding.

The task comprised four conditions (Fig. 1): expected go (go cue –
go target, 37.5%), expected nogo (nogo cue – nogo target, 37.5%), unex-
pected go (nogo cue – go target, 12.5%), and unexpected nogo (go cue –
nogo target, 12.5%). One run consisted of 80 trials so that in total 120
expected go trials, 120 expected nogo trials, 40 unexpected go trials, and
40 unexpected nogo trials were presented. At the beginning of each trial,
a white fixation cross was presented on gray background in the center of
the screen for a randomly varied duration of 2500–3500ms. Then, a
filled circle was presented for a randomly varied duration of 800–
1200ms that was either a predictive go cue (yellow circle) or a predictive
nogo cue (orange circle). A go cue was followed by a go target (filled
blue circle) with a probability of 75% (expected go trial) whereas a nogo
target (filled green circle) was presented with a probability of 25%
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(unexpected nogo trial). Likewise, a nogo cue was followed by nogo tar-
get with a probability of 75% (expected nogo trial) whereas a go target
was presented with a probability of 25% (unexpected go trial). The tar-
get stimulus was displayed for a maximum of 800ms [equivalent to the
maximum permitted reaction time (RT)] or until a button press was
performed. In case of a button press, the target stimulus vanished and
the screen remained blank until the end of the trial. At the end of each
trial, a blank screen was presented for 800ms. Participants were
instructed that cue stimuli were highly predictive of target stimuli.
They were asked to use the information of the cue stimulus to best pos-
sibly prepare the response to the target stimulus and to press the button
in case of a go target only and to withhold a response in case of a nogo
target. The attribution of color to trial type was counterbalanced across
participants.

Statistical analyses
Behavioral data analyses
Behavioral data (RT and accuracy) were collected by the Presentation
software, and analyzed using MATLAB 2013b (The MathWorks Inc.),
SPSS software (IBM SPSS version 23), and JASP (version 0.11.1.0; JASP
team, 2019; https://jasp-stats.org). Measures of interest were mean RT in
correct expected and unexpected go trials and percentage of errors (i.e.,
omission errors on expected and unexpected go trials and commission
errors on expected and unexpected nogo trials). The effect of unexpect-
edness on response time (surprise effect) was computed by subtracting
expected go RT from unexpected go RT. Responses given after the cue
but before the target were classified as pretarget responses. In case of
non-sphericity, corrected df and p values are reported (Greenhouse–
Geisser « correction).

MRI data acquisition
Images were acquired on a Magnetom Trio syngo 3 T system
(Siemens) equipped with 32-channel head coil for signal recep-
tion. Stimuli were projected on a screen at the head end of the
scanner bore and were viewed with the aid of a mirror mounted
on the head coil. Foam padding was used to limit head motion
within the coil. A high-resolution T1-weighted anatomic data set
was obtained using a 3D magnetization prepared rapid acquisition
gradient echo (MPRAGE) sequence for registration purposes
(TR = 1900 ms, TE = 2.52 ms, flip angle = 9°, FOV = 256 mm, 176
sagittal slices, voxel size 1� 1�1 mm3). Functional MRI images
were obtained using T2p-weighted echoplanar imaging (EPI)
sequence (TR = 2500 ms, TE = 30 ms, flip angle = 90°, FOV = 192
mm, 38 slices, voxel size = 3� 3 � 3 mm3).

Preprocessing of fMRI data
SPM12 (www.fil.ion.ucl.ac.uk/spm/software/
spm12/) was used to conduct all image pre-
processing and statistical analyses, running
with MATLAB 2013b (The MathWorks Inc.).
Images were screened for motion artifacts
before data analysis. Excessive head motion
was observed in two of the participants who
were consequently excluded from all data
analyses. Next, images were manually reor-
iented to the T1 template of SPM. The first
five functional images of each run were dis-
carded to allow for equilibrium effects. Then,
several preprocessing steps were conducted
on the remaining functional images. First,
images were realigned to the first image of the
first run, using a 6-df rigid body transforma-
tion. The realigned functional images were co-
registered to the individual anatomic T1 image
using affine transformations. Subsequently, the
anatomic image was spatially normalized (lin-
ear and nonlinear transformations) into the
reference system of the Montreal Neurologic
Institute (MNI)’s reference brain using stand-
ard templates, and normalization parameters
were applied to all functional images. Finally,

the normalized functional data were smoothed with a three-dimen-
sional isotropic Gaussian kernel (8-mm full width at half maximum) to
enhance signal-to-noise ratio and to allow for residual differences in
functional neuroanatomy between subjects.

Single subject analysis
A linear regression model (general linear model; GLM) was fitted to the
fMRI data of each subject. All events were modeled as stick functions at
stimulus onset of the target stimulus and convolved with a canonical he-
modynamic response function. The model included a high-pass filter
with a cutoff period of 128 s to remove drifts or other low frequency arti-
facts in the time series. After convolution with a canonical hemodynamic
response function, four event types were modeled as regressors of inter-
est: correct expected go (“go cue – go target”), correct unexpected go
(“nogo cue – go target”), correct expected nogo (“nogo cue – nogo tar-
get”), correct unexpected nogo (“go cue – nogo target”). Incorrect reac-
tions (i.e., button press following a nogo target, no button press
following a go target, pretarget responses) for each condition were mod-
eled as regressors of no interest. In addition, the six covariates containing
the realignment parameters capturing the participants’ movements dur-
ing the experiment were included in the model.

Group analysis
To identify neural underpinnings of unexpected inhibition (inhibition
elicited by unexpected nogo-stimuli) and unexpected action (action
execution elicited by unexpected go-stimuli), we subjected the four
event types, that had been modeled on first level (expected go: “go
cue – go target”; unexpected go: “nogo cue – go target”; expected nogo:
“nogo cue – nogo target”; unexpected nogo: “go cue – nogo target”) to
a fullfactorial model. We assessed neural activation patterns underlying
unexpected inhibition using the contrast “unexpected nogo. expected
nogo.” This contrast is particularly suited to identify the neural archi-
tecture of unexpectedness in the inhibitory domain. While both experi-
mental conditions require inhibition, they differ regarding the degree
of unexpectedness. Since no button press is required in neither of the
trial types, resulting brain activity is not contaminated by a motor
response. Similarly, we assessed neural underpinnings of unexpected
action using the contrast “unexpected go . expected go.” Both condi-
tions require action execution but differ regarding the degree of
unexpectedness.

In order to identify regions mutually activated during unexpected in-
hibition and unexpected action, we conducted a logical AND conjunc-
tion analysis (“conjunction null”; Nichols et al., 2005) of the respective

Figure 1. Cued go/nogo task: go cues in yellow, nogo cues in orange, go targets in blue, nogo targets in green. The attri-
bution of color to trial type was counterbalanced across participants. On unexpected nogo trials, subsequently after an invalid
go cue a nogo target was displayed instructing participants to withhold the response (12.5%). On unexpected go trials, sub-
sequently after an invalid nogo cue a go target was displayed instructing participants to perform the response (12.5%). The
remaining trials were expected nogo trials (37.5%) and expected go trials (37.5%) in which the cue validly predicted the tar-
get stimulus.
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contrasts (i.e., “unexpected nogo. expected nogo” \ “unexpected go.
expected go”).

To test for differences in activation patterns associated with unex-
pected inhibition and unexpected action the contrasts “unexpected nogo
. unexpected go” and “unexpected go . unexpected nogo” were used,
respectively. In addition, the contrasts capturing unexpected inhibition
(“unexpected nogo . expected nogo”) and unexpected action (“unex-
pected go . expected go”) were computed on first level and contrasted
on second level using a paired t test in order control for expectancy-
related and motor-related processes.

Significant effects for each condition were assessed using t statistics.
The respective group results were thresholded at p, 0.05 corrected for
multiple comparisons [family wise error (FWE), correction at peak level]
and k. 5 contiguous voxels. The SPM anatomy toolbox 2.0 (Eickhoff et
al., 2005, 2006, 2007) was used to allocate significant clusters of activa-
tion to predefined anatomic regions. Small volume corrections (SVCs)
were performed for two subcortical key regions of the neural response
inhibition network (Aron, 2011), namely the right STN region and the
right striatum, using binarized masks from the probabilistic atlas from
Keuken et al. (2014). The probabilistic masks were thresholded at 10%.
We limited the SVC to right hemispheric regions of interest (ROIs) for
two reasons. First, the neural stopping network is right lateralized (Cai et
al., 2014). Second, participants responded with the right hand which
should mainly be reflected in brain activity in the contralateral hemi-
sphere (Marsden et al., 1985; Lanska, 2009). We reasoned that signal in
left-hemispheric basal ganglia ROIs might thus be more strongly inter-
mixed with neural underpinnings of motor responses in the respective
conditions. We used an initial cluster forming threshold of puncorrected ,
0.05 and then applied the SVCs. Small volume corrected activations
were regarded as significant if they survived p, 0.05 for an FWE correc-
tion after correcting for multiple comparisons (i.e., two ROIs) using a
Bonferroni correction. Notably, BOLD signal may not unequivocally be
localized to the STN using 3 T fMRI because of its small size and prox-
imity to other small structures such as the substantia nigra (de
Hollander et al., 2015). However, given the prominent role of the STN in
the theory of unexpected events (Wessel and Aron, 2017), we included
the STN as a ROI to provide preliminary insights. Importantly, the ana-
tomic masks were derived from ultra-high resolution in vivo anatomic
imaging using 7 T MRI atlas increasing regional specificity, whereas pre-
vious studies usually used a box exceeding the STN volume many times
(de Hollander et al., 2015).

Finally, we used Bayesian statistics to provide evidence for (null hy-
pothesis, H0) or against (alternative hypothesis, H1) the assumption that
regions that are usually assigned to the stopping network are equally
recruited when in interrupting ongoing processing regardless of whether
an unexpected event requires executing (unexpected action execution
elicited by unexpected go stimuli) or withholding a response (unex-
pected inhibition elicited by unexpected nogo stimuli; Gallistel, 2009;
Wagenmakers et al., 2016). Therefore, we conducted a ROI analysis
within the key regions of the response inhibition network (Aron, 2011).
The following masks were used: the right IFG pars opercularis and pars
triangularis ROIs from the Harvard–Oxford atlas included in FSL
(Desikan et al., 2006); the pre-SMA ROI was provided by Boekel et al.
(2017) and was drawn in MNI space by using the coordinates reported
by Johansen-Berg et al. (2004); the right STN and right striatum ROIs
from the probabilistic atlas from Keuken et al. (2014). All probabilistic
masks were thresholded at 10%. Percent signal change during unex-
pected nogo and unexpected go trials was extracted using rfxplot
(Gläscher, 2009). We computed Bayesian paired t tests using JASP ver-
sion 0.11.1.0 (JASP team, 2019; https://jasp-stats.org). Since we had no
prior information, we used the default Cauchy prior provided by JASP
(scale = 0.707).

Brain-behavior relationship
In order to test the hypothesis that stronger STN activity evoked by
unexpected events increases response slowing as suggested by Wessel
and Aron (2017), we computed the Pearson correlation coefficient of
percent signal change in the right STN region during unexpected go tri-
als and the effect of unexpectedness on response time (surprise effect:

RT difference between unexpected and expected go trials). Based on our
hypothesis and previous findings (Wessel et al., 2016), we tested for a
positive relationship.

Results
Behavioral data
Participants performed accurately as indicated by low error rates
on go as well as on nogo trials. RTs and error rates are summar-
ized in Table 1.

Mean correct reactions (mean 6 SD) were 97.996 3.43% in
the expected go condition, 99.776 0.49% in the expected nogo
condition, 98.676 2.01% in the unexpected go condition, and
70.316 25.61% in the unexpected nogo condition. To compare
RTs and error rates between conditions we used paired t tests.
These revealed better performance in expected as compared
with unexpected conditions. Mean RT in unexpected go trials
was significantly slower than in expected go trials [t(31) = 10.67,
p, 0.001, dCohen = 1.886, 95% confidence interval (CI): 1.299,
2.463]. Participants made more omission errors in the unex-
pected go condition than in the expected go condition (t(31) =
3.109, p= 0.004, Cohen’s d= 0.550). Similarly, participants
made more commission errors in the unexpected nogo condi-
tion than in the expected nogo condition (t(31) = 6.644,
p, 0.001, Cohen’s d= 1.175). Pretarget responses (mean 6
SD) were only present in conditions containing a go cue
(expected go condition: 1.776 3.48%; unexpected nogo condi-
tion: 1.566 4.25%) and were equally probable in both condi-
tions (t(31) = 0.458, p= 0.650, Cohen’s d= 0.081).

Imaging data
We assessed whether unexpected inhibition (“unexpected nogo
. expected nogo”) and unexpected action (“unexpected go .
expected go”) depend on common networks, unique networks,
or a combination of both. As shown in Figure 2 and Table 2,
unexpected inhibition and unexpected action both elicited prom-
inent brain activity in multiple prefrontal regions, including the
IFG/anterior insula, middle frontal gyrus including inferior fron-
tal junction (IFJ), pre-SMA, as well as in inferior parietal regions.
For both contrasts significant activation was found in the right
STN region and striatum or, more precisely, the caudate nu-
cleus using SVC (Fig. 3). However, after applying Bonferroni
correction, activity in right STN and right striatum remained
significant during unexpected inhibition only. A conjunction
analysis (“unexpected go . expected go” \ “unexpected
nogo . expected nogo”) confirmed that the interruption of
processing following unexpected events, regardless of
whether these required unexpected inhibition or unexpected
action execution mutually relied on the network that is

Table 1. Behavioral results

M SD

RT expected go (go cue – go target); ms 271.58 33.72
RT unexpected go (nogo cue – go target); ms 381.76 52.06
Surprise effect (ms) 110.18 58.40
Omission errors expected go (go cue – go target); % 0.23 0.48
Omission errors unexpected go (nogo cue – go target); % 1.33 2.01
Commission errors expected nogo (nogo cue – nogo target); % 0.23 0.48
Commission errors unexpected nogo (go cue – nogo target); % 28.13 24.02

RTs (in milliseconds) and error rates of 32 participants. Surprise effect was calculated by subtracting expected
go RT from unexpected go RT. Percentage error is estimated by dividing the number of incorrect/omitted tri-
als by the total number of the respective trial type.
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typically assigned to response inhibition (Aron, 2011;
Sebastian et al., 2016; Fig. 2; Table 2).

The ROI analysis with Bayesian statistics (Fig. 4) revealed
only anecdotal evidence for differences in activation between
unexpected nogo and unexpected go trials for the right IFG (pars
opercularis) and the right striatum. In contrast, there was moder-
ate evidence in favor of the null hypothesis, i.e., activity in the
right IFG (pars triangularis), pre-SMA and right STN is not dif-
ferent between unexpected inhibition and unexpected action.
For these ROIs, the data are three to five times more likely under
the null hypothesis than under the alternative hypothesis.

Finally, we assessed whether unexpected inhibition and unex-
pected action relied on different networks. Contrasting unex-
pected nogo to unexpected go (“go cue – nogo target” . “nogo
cue – go target”) revealed no significant results at all. Contrasting
unexpected go to unexpected nogo (“nogo cue – go target” .
“go cue – nogo target”) resulted in activity in a motor network
including left primary motor cortex, right cerebellum and thala-
mus (Table 3), but revealed no activity in key regions of the stop-
ping network such as the right ventrolateral IFG, pre-SMA, or
STN. Importantly, this contrast did not control for motor-related
processes, since a button press was required in the unexpected
go condition but not in the unexpected nogo condition. To con-
trol for expectancy-related and motor-related processes, we thus
computed paired t tests. Neither the paired t test for unexpected
action . unexpected inhibition (i.e., “unexpected go – expected
go”. “unexpected nogo – expected nogo”) nor the inverse con-
trast for unexpected inhibition . unexpected action (i.e.,

“unexpected nogo – expected nogo” . “unex-
pected go – expected go”) revealed any significant
clusters of activation.

Brain behavior relationship
In order to test the hypothesis that the stronger
the STN recruitment, the stronger is the detri-
mental effect on behavior, we correlated percent
signal change in the right STN region in the
unexpected go condition with the effect of unex-
pectedness on response time (surprise effect, i.e.,
the difference between RT in unexpected and
expected go conditions). Percent signal change in
right STN region moderately correlated with the
surprise effect (r= 0.304, p=0.046, 95% CI: 0.008,
1.000; Fig. 5). This suggests that the more
strongly STN is recruited, the more strongly the
interruption elicited by unexpected events affects
action and cognition which is reflected in stron-
ger response slowing on unexpected events.

Given the width of the CI and the fact that
brain-behavior correlations in small samples may
be sensitive to outliers which can bias the esti-
mates (Cremers et al., 2017), we performed an
outlier analysis on the percent signal change in
the right STN region during unexpected go trials.
Using the interquartile range (IQR)-based
method and the standard deviation-based
method, we observed no extreme outliers [no val-
ues outside the range Q1-(3pIQR) – Q31
(3pIQR) and no value exceeding SD .|3|]. The
values of two participants, however, were identi-
fied as mild outliers [values larger than Q31
(1.5pIQR) and SD .2.58]. After excluding the
values of these participants, the brain behavior

correlation was no longer significant (r=0.155, p= 0.206, 95%
CI:�0.159, 1.000).

Discussion
We directly tested the hypothesis of a global neural network that
is recruited by a variety of unexpected events (Wessel and Aron,
2017). Unexpected inhibition and unexpected action both
recruited a common fronto-basal-ganglia network typically
assigned to stopping (Aron and Poldrack, 2006; Levy and
Wagner, 2011; Sebastian et al., 2013; Jahanshahi et al., 2015; Fig.
4). This network comprised cortical activity in the right IFG/an-
terior insula and pre-SMA (Fig. 2) and subcortical activity in the
right STN region and caudate nucleus (Fig. 3). Contrasting unex-
pected nogo and unexpected go conditions revealed no differences
in activation patterns when controlling for a motor response.
Moreover, the stronger the activity in the STN region was on unex-
pected go trials, the more detrimental the behavior was affected as
reflected in stronger response slowing (Fig. 5). The present findings
thus provide direct evidence for the predictions of the theory of
unexpected events (Wessel and Aron, 2017) and complement and
replicate previous indirect evidence (Wessel and Aron, 2013;
Wessel et al., 2016; Dutra et al., 2018;Wagner et al., 2018).

Wessel and Aron (2017) proposed that unexpected events
recruit the fronto-basal-ganglia stopping network. They suggest
that this results in a global suppressive effect that rapidly inter-
rupts current behavior and cognition, thus allowing attentional
reorienting. The global suppressive effect is thought to result

Figure 2. Activation maps for unexpected action (unexpected go. expected go; top row), unexpected inhibi-
tion (unexpected nogo. expected nogo; middle row) and the conjunction of unexpected action and unexpected
inhibition with overlapping activity in bilateral ventrolateral prefrontal cortex and pre-SMA. The color bar repre-
sents T scores. pFWE , 0.05, k = 5.
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from prefrontal projections to the STN with a putative global
suppressive effect on basal-ganglia output, hence suppressing
thalamocortical drive to the motor system. In line with these pre-
dictions, unexpected action and unexpected inhibition following
unexpected events were presently associated with activity in pre-
frontal regions including right IFG and pre-SMA (Fig. 2) as well
as in striatum and STN region (Fig. 3). Moreover, Bayesian sta-
tistics reveal that activity in these regions was comparable in
both conditions (Fig. 4). Behavioral data also support this notion
as unexpected go responses were delayed in comparison to
expected go responses. Moreover, this response slowing corre-
lated with STN activity which provides further support for the
assumption of a global suppressive basal ganglia effect and its be-
havioral relevance.

A particular strength of the present study is that unexpected
action and unexpected inhibition were probed within one experi-
mental paradigm using identical stimulus material. Previous
studies either used separate tasks to assess response inhibition
and surprise and then tested for a common neural signature, or
used a hybrid task design with different stimulus material mainly
by means of electroencephalography and independent compo-
nent analysis (Wessel and Aron, 2013; Wessel et al., 2016; Dutra
et al., 2018; Wessel and Huber, 2019). Despite some advantages
this approach cannot be used to investigate all commonalities
and differences of the respective neural underpinnings (cf. also
Wessel et al., 2016). One advantage of electrophysiological meth-
ods is the high temporal resolution, which comes, however, at
the expense of spatial resolution. The present fMRI study thus

Table 2. Brain activation during unexpected action and unexpected inhibition

Region Side x y i Z p k

Unexpected action: unexpected go . expected go
IFG (pars opercularis) R 50 18 28 7.09 ,0.001 918
IFG (pars opercularis, pars triangularis) R 52 32 �8 6.20 ,0.001 757
IFG (pars orbitalis, pars triangularis), insula lobe L �36 22 �6 5.73 ,0.001 300
IFG (pars orbitalis), middle orbital gyrus, superior frontal gyrus L �46 44 �10 5.75 ,0.001 317
Middle frontal gyrus R 42 18 50 4.97 0.012 23
Middle frontal gyrus, IFG (pars triangularis), precentral gyrus L �44 38 18 6.29 ,0.001 999
Superior frontal gyrus L �20 22 62 4.92 0.015 17
Superior medial gyrus L �6 36 38 6.17 ,0.001 741
Angular gyrus, inferior parietal lobule R 56 �50 24 6.51 ,0.001 733
Angular gyrus R 32 �64 46 6.66 ,0.001 627
Inferior parietal lobule, superior parietal lobule L �46 �46 42 6.91 ,0.001 1572
Precuneus R 4 �60 50 5.94 ,0.001 189
Middle temporal gyrus, inferior temporal gyrus, superior temporal gyrus R 64 �38 0 6.50 ,0.001 681
Inferior temporal gyrus L �54 �46 �14 5.74 ,0.001 148
Striatum R 8 6 8 3.78 0.031p# 266
STN R 8 �12 �6 2.31 0.031p# 3

Unexpected inhibition: unexpected nogo . expected nogo
Insula lobe, IFG (pars orbitalis), middle cingulate cortex, ACC, superior medial gyrus, posterior-medial frontal gyrus R 30 20 �10 inf ,0.001 9872
IFG (pars orbitalis) L �44 44 �6 4.95 0.014 8
Insula lobe L �36 18 �2 inf ,0.001 1365
Superior orbital gyrus, middle orbital gyrus R 22 50 �14 5.13 0.006 23
Middle frontal gyrus L �30 52 16 6.60 ,0.001 527
Middle cingulate cortex R 0 �24 30 7.06 ,0.001 245
Middle temporal gyrus R 56 �34 �6 6.48 ,0.001 396
Supramarginal gyrus, inferior parietal lobule R 56 �46 32 7.40 ,0.001 1422
Inferior parietal lobule L �52 �48 40 6.96 ,0.001 679
Precuneus R 14 �66 40 4.92 0.015 7
Cerebellum (VI) R 40 �50 �28 5.79 ,0.001 93
Cerebellum (VI) L �34 �56 �28 6.88 ,0.001 434
Cerebellum (Crus 2) L �26 �74 �42 5.48 0.001 42
Pallidum L �10 2 2 5.52 0.001 91
Thalamus L �16 �14 14 4.87 0.019 7
Caudate nucleus, thalamus R 14 6 10 6.33 ,0.001 265
STN R 10 �10 �6 4.37 ,0.001p 3

Conjunction: unexpected action \ unexpected inhibition
IFG (pars orbitalis, pars triangularis) R 48 38 �8 6.08 ,0.001 679
IFG (pars opercularis, pars triangularis), middle frontal gyrus R 50 16 18 5.44 0.001 204
IFG (pars orbitalis, pars triangularis), insula lobe L �36 22 �6 5.73 ,0.001 288
IFG (pars orbitalis) L �44 44 �6 4.95 0.014 8
Superior frontal gyrus, superior medial gyrus R 18 50 38 4.83 0.022 7
Superior medial gyrus L �6 36 38 6.17 ,0.001 541
Supramarginal gyrus, angular gyrus, inferior parietal lobule R 56 �48 28 6.11 ,0.001 419
Inferior parietal lobule L �48 �48 40 6.35 ,0.001 171
Middle temporal gyrus R 60 �34 �2 5.69 ,0.001 246
Sriatum R 8 6 8 3.78 0.031p# 244
STN R 8 �12 �6 2.31 0.031p# 3

Local maxima of brain activations during unexpected action (“nogo cue – go target” . “go cue – go target”), unexpected inhibition (“go cue – nogo target” . “nogo cue – nogo target”) and the conjunction of both con-
trasts in MNI x-, y-, and z-coordinates with associated Z-score (pFWE , 0.05, k. 5) and cluster extent in number of voxel (k). R, right; L, left; p small volume corrected; # not significant after Bonferroni correction for multi-
ple comparisons.
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complements and extends previous findings. Using identical
stimulus material enabled us to not only test for a common neu-
ral signature of unexpected action execution and inhibition eli-
cited by unexpected events. Moreover, we could directly assess
commonalities and differences of the respective networks while
ruling out stimulus or task effects. Notably, apart from motor
effects when not controlling for a motor response, we observed
no differences in brain activation patterns for unexpected action
and unexpected inhibition. In addition, using Bayesian statistics
we provide evidence that unexpected action and unexpected in-
hibition equally recruit key nodes of the stopping network,
namely right IFG, pre-SMA, and STN. The present task design
furthermore excludes that findings related to unexpectedness
may alternatively be ascribed to novelty processing. Although
unexpectedness and novelty often co-occur, they can be clearly
distinguished: unexpectedness refers to a violation of prediction,
whereas novelty refers to the quality of not being previously
encountered (Barto et al., 2013). This distinction is important,

since novelty processing has been associated
with a similar fronto-basal-ganglia network
including lateral prefrontal regions and striatum
(Ranganath and Rainer, 2003; Geiger et al.,
2018). Here, go targets were identical regardless
of whether they were displayed as predicted by
go cues or unexpectedly after nogo cues. The
same principle applies to nogo targets. In addi-
tion, allocation of color to experimental condi-
tions was counterbalanced across participants.
Thus, present findings are unequivocally related
to unexpectedness and not to novelty.

Another line of research has assessed the neu-
ral signature of surprise in the context of rein-
forcement learning (Chumbley et al., 2014;
Ferdinand and Opitz, 2014; Fouragnan et al.,
2017). Converging evidence suggests that pre-
diction error and associated learning is driven
by two distinct components (i.e., its valence
and its surprise) and that these components
are reflected in separate neural signatures
(Fouragnan et al., 2018). More specifically, a
recent meta-analysis linked surprise to a net-
work comprising, inter alia, the right anterior
insula and right IFC, midcingulate cortex/pre-
SMA, dorsal striatum, inferior parietal lobule
and middle temporal gyrus (Fouragnan et al.,
2018) and thus to a network largely overlapping
with the network resulting from our conjunc-
tion analysis. Our present finding that both,
unexpected action and unexpected inhibition,
elicit striatal activity together with the above-
mentioned evidence suggests that unexpected,
surprising events may not only recruit STN but
also caudate nucleus. The concept of surprise in
the context of reinforcement learning and
within the theory of unexpected events are not
mutually exclusive specifically with respect to
unexpected action outcomes. It is thus not sur-
prising that the respective neural signatures
largely overlap indicating neurobiological simi-
larity. Nevertheless, subtle differences exist: the
surprise component associated with reinforce-
ment learning relates to the extent of the
strength of association between expectations
and outcome (den Ouden et al., 2012; Niv et al.,

2015; Collins and Frank, 2016; as reviewed by Fouragnan et al.,
2018). Wessel and Aron (2017), however, focus on adjustments
in the behavioral and cognitive domain regardless of the
strength of association. One study assessed Bayesian surprise
specifically in the context of stopping and linked it to dorsal an-
terior cingulate cortex (ACC) activity (Ide et al., 2013).
Interestingly, only unexpected inhibition but not unexpected
action elicited ACC activity in the present study, suggesting that
dorsal ACC might specifically be linked to surprise in the context
response inhibition. In contrast to that notion, ACC has also been
associated with surprise-encoding in reinforcement learning
(Fouragnan et al., 2018). Future meta-analytic approaches are nec-
essary for a more comprehensive understanding of the neural
architecture of surprise in different contexts.

The present findings call for a more detailed discussion of the
(in-)dependence of interruption and attentional reorienting
processes within the cascade following unexpected events. In

Figure 3. Significant activation (pFWE small volume corrected) in the right striatum (top panel) and right STN
region (bottom panel) for unexpected action (unexpected go . expected go; left), unexpected inhibition (unex-
pected nogo. expected nogo; middle) and the conjunction of unexpected action and unexpected inhibition (right).
After Bonferroni correction for multiple comparisons, only right striatum and right STN during unexpected inhibition
remained significant. The color bar represents T scores.

Figure 4. Percent signal change for unexpected nogo (light gray) and unexpected go (white) conditions. Bayes
factors (BF01) resulting from paired t tests suggest moderate evidence for the null hypothesis (i.e., % signal change
is not different for both conditions) for right IFG pars triangularis, pre-SMA, and right STN, whereas evidence for
right IFG pars opercularis and right striatum is inconclusive.
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addition to the fronto-basal-ganglia system, unexpected inhibi-
tion and unexpected action recruited the IFJ and a parietal region
within and around the intraparietal sulcus (IPS; Fig. 2, conjunc-
tion). Although both regions are commonly reported in neuroi-
maging studies on response inhibition, their function has
specifically been linked to attentional processes (Chikazoe et al.,
2009; Boehler et al., 2011; Cai and Leung, 2011; Corbetta and
Shulman, 2011; Sebastian et al., 2016, 2017). Activity in these
regions in response inhibition tasks is plausible since detecting
and attentionally processing the salient stop stimulus is necessary
before implementing unexpected control. While detecting a

mismatch between current stimulus-driven bottom-up and
ongoing goal-driven top-down information, the IFJ and IPS
might promote the rapid interruption of ongoing cognitions
through serial and parallel information transfer to the fronto-
basal-ganglia system in response inhibition and surprise tasks
alike. Similarly, Wessel and Aron (2017) propose that signal
detection, inhibition and attentional reorienting are part of a
tightly linked cascade of interacting neural processes while
assuming independence of interruption and attentional-reor-
ienting. Importantly, in fMRI studies, which serve as the basis
for key assumptions of the theory of unexpected events, action
errors and unexpected action outcomes are associated with IFJ
and IPS activity as well (cf. Wessel and Aron, 2017; see their
Fig. 2). These findings challenge the notion that the interrupt
system is entirely independent from attentional processes.
fMRI studies can hardly dissociate whether attentional net-
works are elicited by the detection of unexpected stimuli or
rather by the attentional reorienting subsequent to interrup-
tion. Future neurophysiological-neuroimaging studies with
high temporal resolution and effective connectivity analyses are
needed to unravel the time sequences in the recruitment of
these networks (Schaum et al., 2020). In sum, while unexpected
events trigger inhibitory control via the fronto-basal-ganglia
stopping network, this process is closely contingent on atten-
tional processes, and temporal interdependencies remain to be
elucidated.

Findings regarding STN involvement are limited by the field
strength of 3 T MRI which may not unequivocally localize
BOLD signal to the STN (de Hollander et al., 2015). We never-
theless included STN region in our analyses given its pivotal im-
portance for the theory of unexpected events (Wessel and Aron,
2017) and its causal role in surprise-induced behavioral inhibi-
tion (Fife et al., 2017). To increase anatomic specificity the pres-
ently used STN mask was derived from ultra-high resolution 7 T
MRI (Keuken et al., 2014). STN activity during unexpected
action did not survive Bonferroni correction. Bayesian statistics,
however, provide moderate evidence that the present results are
five times more likely under the null hypothesis (i.e., that unex-
pected action and unexpected inhibition equally recruit STN
region) than under the alternative hypothesis. Moreover, correla-
tion of STN activity and response slowing demonstrates behav-
ioral relevance. One must acknowledge, however, that brain
behavior correlations in small samples may be sensitive to out-
liers (Cremers et al., 2017). We thus provide preliminary support

Table 3. Brain activation during unexpected go . unexpected nogo

Region Side x y z Z p k

IFG (pars opercularis) R 60 12 24 4.83 0.023 12
Rolandic operculum, insula lobe R 40 �4 14 6.27 ,0.001 225
Rolandic operculum, postcentral gyrus, Insula lobe L �40 �4 16 7.58 ,0.001 1261
Middle cingulate cortex L �8 �22 48 5.62 0.001 43
Precentral gyrus L �58 8 23 5.68 ,0.001 85
Postcentral gyrus R 56 �12 20 4.93 0.014 20
Postcentral gyrus R 56 �14 44 4.75 0.031 7
Postcentral gyrus, precentral gyrus, Inferior parietal lobule L �40 �24 56 7.49 ,0.001 1971
Inferior parietal lobule, postcentral gyrus R 46 �36 52 5.01 0.010 55
Cerebellum (IV-V), cerebellar vermis (4/5) R 18 �54 �18 6.33 ,0.001 440
Cerebellum (VIII) R 16 �62 �44 5.84 ,0.001 42
Hippocampus L �30 �38 2 5.68 ,0.001 71
Thalamus, striatum R 28 �32 6 4.99 0.011 29
Thalamus L �16 �26 6 5.65 ,0.001 77

Local maxima of brain activations resulting from the contrast “nogo cue – go target” . “go cue – nogo target” in MNI x-, y-, and z-coordinates with associated Z-score (pFWE , 0.05, k. 5) and cluster extent in number of
voxel (k). R, right; L, left.

Figure 5. Surprise effect (i.e., the RT difference between unexpected and expected go tri-
als) correlated significantly with percent signal change extracted from right STN region in
unexpected go trials. This suggests that the more the STN region was recruited, the stronger
the behavior was affected which is reflected in response slowing.
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for the notion that unexpected events recruit the response inhibi-
tion network which interrupts ongoing behavior and cognition
via the hyperdirect fronto-STN pathway (Nambu et al., 2002;
Chen et al., 2020). These findings need to be replicated by studies
using larger sample sizes and more suitable methods such as 7 T
fMRI.

In sum, we provide evidence that unexpected action and
unexpected inhibition following unexpected events recruit the
same front-basal-ganglia network as response inhibition. The
stronger recruitment was related to stronger response slowing.
The present results support the theory of unexpected events and
cannot be attributed to task or novelty effects.
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