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Abstract
Expectations about the temporal occurrence of events (when) are often tied with the expectations about certain event-related 
properties (what and where) happening at these time points. For instance, slowly waking up in the morning we expect our 
alarm clock to go off; however, the longer we do not hear it the more likely we already missed it. However, most current 
evidence for complex time-based event-related expectations (TBEEs) is based on the visual modality. Here we tested whether 
implicit TBEEs can act cross-modally. To this end, visual and auditory stimulus streams were presented which contained early 
and late targets embedded among distractors (to maximise temporal target uncertainty). Foreperiod-modality-contingencies 
were manipulated run-wise: visual targets either occurred early in 80% of trials and auditory targets occurred late in 80% of 
trials or vice versa. Participants showed increased sensitivity for expected auditory early/visual late targets which increased 
over time while the opposite pattern was observed for visual early/auditory late targets. A benefit in reaction times was only 
found for auditory early trials. Together, this pattern of results suggests that implicit context-dependent TBEEs for auditory 
targets after short foreperiods (be they correct or not) dominated and determined which modality became more expected 
at the late position irrespective of the veridical statistical regularity. Hence, TBEEs in cross-modal and uncertain environ-
ments are context-dependent, shaped by the dominant modality in temporal tasks (i.e., auditory) and only boost performance 
cross-modally when expectations about the event after the short foreperiod match with the run-wise context (i.e., auditory 
early/visual late).

Introduction

Throughout our lives, we learn about regularities and con-
tingencies in our environment and use expectations about 
them to optimize and adapt our behaviour. For instance, if 
we go outside, we are likely to encounter potentially harm-
ful cars on the street rather than the sidewalk (event-related 
expectations) and in sports, the command ‘ready-set-go’ pro-
vides temporal cues as to when the start signal will occur 
(time-related expectations). However, often event- and time-
related expectations go hand in hand and predict each other: 
after putting our favourite dish in the oven, we soon start to 
expect to smell a delicious scent; however, the longer we do 

not smell anything the more likely that we forgot to turn on 
the oven.

In the past, different types of expectations1 such as spa-
tial, identity-specific, temporal and time-based event-related 
expectations (for graphical illustration, see Fig. 1) have been 
examined. Spatial expectations–expectations about where 
events will happen–are traditionally manipulated using spa-
tial probabilistic cues without providing information about 
the temporal onset or identity of targets (Posner, 1980; 
Posner et al., 1980; Zuanazzi & Noppeney, 2020). Identity-
specific expectations–expectations about the identity of the 
upcoming target–have been studied in many contexts, e.g., 
by manipulating the likelihood that a specific feature (which 
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1  Thomaschke et  al. coined the term ‘time-based event expecta-
tion’, with ‘event expectations’ indicating what and/or where some-
thing will happen. To avoid confusion, we distinguish between three 
main concepts of expectations: temporal (when), spatial (where) and 
identity-specific (what) expectations. The latter might still be subdi-
vided (e.g. into feature- and object-based expectations), a discussion 
outside the scope of this paper. Importantly, we use the term ‘event-
related expectations’ to imply that these expectations can entail every 
property of the target–what, where and when–although the latter is 
already covered by the term ‘time-based’.
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has to be discriminated) will be presented, while controlling 
for target’s temporal onset and spatial occurrence (Puri & 
Wojciulik, 2008; Summerfield & Egner, 2016). In contrast, 
temporal expectations (for review, see Nobre & Rohenkohl, 
2014) – expectations about when events will happen – have 
been studied by manipulating the likelihood of target’s onset 
time but here, equally for each event type and spatial posi-
tion. For instance, target occurrence could be more likely 
after a short than long interval while the presence of particu-
lar to-be-discriminated (task-relevant) stimulus features is 
unpredictable (Ball et al., 2018a, b, 2021a, b). Thus, all the 
aforementioned studies manipulated one specific dimension 
(space, identity OR time) while balancing the other two.2 

In contrast, time-based event-related expectations 
(TBEE) are expectations for a certain target property of 
the event (what or where) conditioned upon certain points 
in time (for review, see Thomaschke & Dreisbach, 2015). 
Thus, the individual time-point always predicts the most 
likely event at this time-point (foreperiod-event contingen-
cies). Importantly, to study ‘pure’ TBEEs, neither spatial, 

Fig. 1   Overview of different types of expectation and their relation to 
factors foreperiod, spatial position and target identity. (Top) Graphi-
cal illustration of conditions and their respective probabilities used 
for each type of expectation. Here we hypothetically assume that each 
paradigm uses two different foreperiods (short and long), two spatial 
positions (left and right) and two possible target identities (square 
and triangle). Exemplary trial probabilities are displayed for build-up 
of leftward expectations (spatial), square expectations (identity) and 
short foreperiods (temporal). For time-based expectation, we show 

two scenarios: one in which spatial positions are primed by forepe-
riods and one in which identity is primed. (Bottom) Bar graph illus-
tration of the condition-wise probabilities (top row: left side stimuli, 
bottom row: right side stimuli). For spatial, identity and temporal 
expectations, only this distinct dimension is predictive (space, iden-
tity or time) but does not inform about the other dimensions. In con-
trast, time-based expectations always inform about the most likely 
event or spatial position based on the foreperiod (time-event contin-
gencies)

2  Note that temporal expectation (TE) studies often present stimuli 
at the same spatial position across conditions. Thus, participants 
might create spatial expectations (expecting the fixed position) along-
side with temporal expectations. In addition, some studies (Coull & 

Nobre, 1998; Doherty et  al., 2005; Rimmele et  al., 2011) directly 
manipulated spatial and temporal expectations. While they show syn-
ergistic effects on the neural level, interactions and synergistic influ-
ences on the behavioural level appear to be absent. More importantly, 
these studies indicate that TE effects are present even in the absence 
of focused spatial attention/expectation (i.e. TE effect is present 
whether stimuli are presented at a fixed or random position).

Footnote 2 (continued)
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identity-specific nor temporal expectations are manipulated 
individually (balanced design; e.g. same amount of short 
and long foreperiods); only the foreperiod-event contingen-
cies are manipulated. Hence, while time, space and identity 
themselves are uninformative in TBEE tasks, their contin-
gencies are informative, with time always informing about 
what or where an event will happen.

Like research on other expectations, TBEEs were mainly 
studied in the visual domain (Aufschnaiter et al., 2018a, b; 
Kunchulia et al., 2017; Thomaschke & Dreisbach, 2013, 
2015; Thomaschke et al., 2011; Volberg & Thomaschke, 
2017; Wagener & Hoffmann, 2010). In the majority of these 
studies, TBEEs were manipulated using two different forepe-
riods (e.g., 600 ms and 1400 ms, indicated by the presenta-
tion of a fixation cross) and rendering one of two possible 
events (e.g., square or circle) more likely to be presented 
after one than the other foreperiod (e.g. square appears 
80% after 600 ms and 20% after 1400 ms and for circle it 
is the other way around). The central finding across studies 
was that reaction times (but not necessarily accuracy) were 
reduced for likely compared with unlikely foreperiod-event 
contingencies.

Moreover, TBEEs are found in different contexts similarly 
to TEs which are observed for different tasks, for different 
modalities, etc. (Ball et al., 2018a, b, 2020, 2021a, b; Coull 
& Nobre, 1998; Cravo et al., 2013; Jepma et al., 2012; Niemi 
& Näätänen, 1981). For instance, reaction times in TBEE 
studies do not only improve when the foreperiod primes a 
specific shape that has to be identified (Thomaschke et al., 
2011; Wagener & Hoffmann, 2010), but also when it primes 
words which have to be discriminated (Thomaschke et al., 
2018), a specific task that has to be executed (Aufschnaiter 
et al., 2018a, b) or a specific spatial position instead of 
the to-be-distinguished item itself (Wagener & Hoffmann, 
2010). Further, behavioural benefits due to TBEE can extend 
to time points adjacent to the most likely foreperiod (Thom-
aschke et al., 2011). This is in close resemblance to findings 
showing that benefits due to TE can also generalize across 
larger time windows (see, e.g., Ball et al., 2018b; Bouwer 
& Honing, 2015; Breska & Deouell, 2016). Further, TE as 
well as TBEE studies both demonstrate that participants are 
able to learn global statistical regularities (e.g. in TE stud-
ies – more short than long foreperiods in one run) for indi-
vidual runs, hence across trials (Aufschnaiter et al., 2018a; 
Ball et al., 2018a, b, 2020, 2021a, b; Jaramillo & Zador, 
2011; Kunchulia et al., 2017; Thomaschke & Dreisbach, 
2013, 2015; Volberg & Thomaschke, 2017). This learning 
process might be based on higher-order sensory memory 
processes, allowing for the calculation of temporal and event 
probabilities to improve anticipation and thus, task perfor-
mance (Zinchenko et al., 2018). In sum, previous research 
demonstrated that TBEEs can act within the visual domain 
and effectively prime simple visual features, spatial positions 

as well as more abstract constructs such as the potentially 
upcoming task itself.

However, TBEEs so far have been dominated by inves-
tigations in unisensory visual events. As our surrounding 
often stimulates multiple senses, we here addressed the 
important question whether TBEEs generalise across dif-
ferent sensory systems and can also be created for stimuli 
of different modalities. To our knowledge, it is currently 
unresolved whether TBEEs are operating only within one 
sensory system or can act in a cross-modal, generalised fash-
ion and thus, prime the appearance of a modality-specific 
event depending on the foreperiod. Recently, we were able to 
show that TEs (faster and more correct responses for stimuli 
presented at expected moments in time) differ across modal-
ities (Ball et al., 2018a, b, 2021a, b); specifically, effects 
of TE were often reduced for unimodal auditory and even 
more for visual unisensory targets (compared with multi-
sensory audio-visual targets). This finding might imply that 
participants, instead of creating TEs which should facilitate 
perception of and preparation for all targets independent of 
modality may have rather created modality-specific TBEE in 
our TE study. However, given that we manipulated only TEs 
and not TBEE, our results can also be explained by multisen-
sory interplay (i.e., higher performance for multi- compared 
with unisensory stimuli; see, e.g., Driver & Noesselt, 2008; 
Starke et al., 2020) and by the notion that some targets (i.e., 
audio-visual and auditory) might be easier affected by TEs 
(as compared with visual targets; see Ball et al., 2018a, b; 
Wilsch et al., 2020).

In contrast to our multisensory TE experiment, three 
previous studies (Lange & Röder, 2006; Mühlberg & Soto-
Faraco, 2019; Mühlberg et al., 2014) used a multisensory 
hybrid-design (audio-tactile or visual-tactile experiments) 
in which the authors manipulated TBEEs (one modality 
more likely depending on time point) but also TEs (one 
time point was more likely) as well as identity-specific 
expectation (one modality was more likely).3 However, 
these experiments also do not allow for any strong conclu-
sions about cross-modal TBEEs as either TBEE effects 
were not analysed (Mühlberg & Soto-Faraco, 2019; Müh-
lberg et al., 2014) or data analysis was restricted to short 
foreperiods (Lange & Röder, 2006), i.e., only partially 
analysed. Please note that this is not a direct shortcoming 
of the studies themselves as all three studies focussed on 
cross-modal de-/coupling of temporal attention and not 
time-based event-related expectations. Further, it is impos-
sible to determine which type of expectation (temporal, 

3  As an example, in each run (124 trials total), there was an imbal-
ance of possible foreperiods (e.g. 88 trials ‘short’ vs. 36 trials ‘long’), 
modalities (e.g. 88 trials ‘visual’ vs. 36 trials ‘tactile’) as well as their 
combinations (e.g. 72 trial ‘visual and short’ etc.).
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identity-specific and/or TBEE) shaped the presented data 
patterns. For instance, it is conceivable that the mere com-
bination of identity-specific and temporal expectations 
affected participants’ performance. If TBEEs were affect-
ing performance in these studies, the presented descriptive 
statistics suggest that they potentially decrease reaction 
times for the more likely (primary) compared with the less 
likely presented modality (secondary) but only when pre-
sented after an expected foreperiod. Hence, while it is pos-
sible that TBEEs could prime a certain modality based on 
the foreperiod and thereby affecting behaviour, previous 
studies – due to the lack of focus on this topic fell short to 
provide evidence of the existence of cross-modal TBEEs.

Here we investigate for the first time directly whether 
participants can create TBEEs for events of different 
modalities. Please note, that we did not use a cueing 
approach (explicit manipulation) but rather studied implic-
itly created TBEEs. To this end, we altered an audio-vis-
ual paradigm which we previously established to study 
implicit TEs (Ball et al., 2018a, b; Jaramillo & Zador, 
2011) based on standard designs to investigate TBEEs 
(Thomaschke & Dreisbach, 2015; Volberg & Thom-
aschke, 2017; Wagener & Hoffmann, 2010). Note that our 
paradigm was specifically designed to test for changes in 
perceptual sensitivity and response times while previous 
studies focused mainly on reaction time (RT) effects.

In the current study, we balanced the number of events 
(i.e., modalities) and foreperiod intervals and exclu-
sively manipulated TBEEs. On each trial, we presented a 
sequence of 15 auditory or visual stimuli with 1 stimulus 
being the deviant target stimulus that had to be identi-
fied (lower or higher frequency than distractors). Based 
on previous TBEE studies (Thomaschke & Dreisbach, 
2015; Volberg & Thomaschke, 2017; Wagener & Hoff-
mann, 2010), target stimuli were either presented early or 
late in the sequence and TBEEs were manipulated run-
wise. In one experimental run, auditory target stimuli were 
more likely to be presented early (80%) while visual tar-
get stimuli were more likely (80%) to be presented late. 
In the other run, the foreperiod-event contingency was 
reversed. We hypothesized that if TBEEs generally affect 
behaviour, we should observe faster and more accurate 
responses to targets which are expected dependent on the 
specific foreperiod (e.g., auditory instead of visual targets 
and vice versa). In addition, however, TBEEs might also 
be context-dependent. Since the auditory modality is bet-
ter suited for information extraction in temporal contexts 
(Ball et al., 2018a, b; Bertelson & Aschersleben, 2003; 
Kemény & Lukács, 2019; Repp & Penel, 2002; Welch & 
Warren, 1986; Welch et al., 1986; Wilsch et al., 2020), 
we further hypothesised that TBEEs might be more pro-
nounced for auditory stimuli.

Methods

Participants

We collected data from 31 participants. All participants 
provided written informed consent and declared to be free 
of neurological or psychiatric disorders and to have normal 
or corrected visual acuity. One participant was excluded 
due to low performance (performance in at least one condi-
tion < 25% correct; Ball,et al., 2018a, b for identical crite-
ria), leaving 30 participants for analysis (mean age ± SD: 
23.6 ± 4.3, # women: 18, # left-handed: 1). This study was 
approved by the local ethics committee of the Otto-von-
Guericke-University, Magdeburg.

Apparatus

The experiments were programmed using the Psychophysics 
Toolbox (Brainard, 1997) and Matlab 2012b (Mathworks 
Inc.). Stimuli were presented on a LCD screen (22’’ 120 Hz, 
SAMSUNG 2233RZ) with optimal timing and luminance 
accuracy for vision researches (Wang & Nikolić, 2011). Res-
olution was set to 1650 × 1080 pixels and the refresh rate to 
60 Hz. Participants were seated in front of the monitor at a 
distance of 102 cm (eyes to fixation point). Responses were 
collected with a wireless mouse (Logitech M325). Accurate 
timing of stimuli (≤ 1 ms) was confirmed prior to the experi-
ment with a BioSemi Active-Two EEG amplifier system con-
nected with a microphone and photodiode.

Stimuli

Stimulus sequences on each trial consisted either of auditory 
(pure tones) or visual stimuli (circles filled with chequer-
boards). Chequerboards subtended 3.07° visual angle, were 
presented above the fixation cross (centre to centre distance 
of 2.31°) and on a dark grey background [RGB: (25.5 25.5 
25.5)]. The fixation cross (white) was presented 2.9° above 
the screen’s centre. As in our previous reports (Ball et al., 
2018a, b), sounds were presented from one speaker placed 
on top of the screen at a distance of 7.06° from fixation, 
4.76° from chequerboard’s centre, and 3.22° from chequer-
board’s edge. Chequerboards and pure sounds were used as 
targets and distractors. The distractor frequencies were jit-
tered randomly between 4.6, 4.9, and 5.2 cycles per degree 
for chequerboards and between 2975, 3000 and 3025 Hz for 
sounds. Visual and auditory target frequencies were indi-
vidually adjusted to a 75% accuracy level at the beginning 
of the experiment. Hence, targets—although the same type 
of stimulus (chequerboard/pure sound)—were either lower 
or higher in frequency compared with distractor frequencies. 
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Furthermore, the intensities for both target and distractor 
chequerboards and sounds were varied randomly through-
out the stimulus sequences. The non-white checkers were 
jittered between 63.75, 76.5, and 89.25 RGB (average grey 
value of 76.5 RGB). The sound intensities were jittered 
between 20%, 25%, and 30% of the maximum sound inten-
sity [average of 25% = 52 dB(A)].

Procedure

Participants were seated in a dark, sound-attenuated cham-
ber. Each experiment consisted of 3 parts; first, participants 
completed 1 or 2 training runs (32 trails per run) to famil-
iarize themselves with the task. Next, they completed two 
threshold determination runs during which the frequency 
of the sound and chequerboard target stimuli was adjusted 
to 75% correct responses. Finally, participants completed 6 
experimental runs (160 trials per run, 960 trials total). After 
completion of the experiment participant were interviewed 
whether they realised the foreperiod-modality contingen-
cies. The whole procedure (including instructions etc.) took 
approximately 2.5–3 h per participant.

Each trial consisted of a stimulus sequence of 15 stim-
uli (50 ms stimulus and 100 ms gap),4, 5, followed by a 
response window (1500 ms) and an inter-stimulus-interval 
(350–1350 ms) in which no response was recorded. The 
stimulus sequence of each trial was either auditory or visual 
and participants were informed that on each trial a target 
(lower or higher frequency than distractors) was embedded 
in the sequence (see Fig. 2, top). Participants were asked 

to discriminate the frequency of each target as quickly and 
accurately as possible. Participants held the response device 
(i.e., mouse) with both hands, while placing their left/right 
thumbs on the left/right mouse buttons, respectively. Each 
button was used for one of the two response options (low/
high frequency; key bindings were counterbalanced across 
participants). The response recording started with the onset 
of the first stimulus of the sequence and ended 1500 ms after 
sequence’s offset (response window). Only the first but-
ton press was recorded. In case no button was pressed, the 
trial was repeated at the end of each run’s quarter (mean of 
repeated trials across participants: 2.2 ± 2.7% SD).

In each run, we manipulated TBEEs by altering the 
‘foreperiod-event’ contingencies and thus, the context 
within each run. TBEEs imply that one event (here the tar-
get modality) is more likely after one foreperiod and the 
other target is more likely after the second foreperiod. These 
likely targets at each foreperiod will be referred to as ‘pri-
mary targets’. The unexpected targets at each foreperiod 
will be referred to as ‘secondary targets’. In ‘auditory early’ 
runs, auditory target stimuli were more likely to appear at 
the early position (80%), while visual stimuli were more 
likely to appear at the late position (80%). Hence, in audi-
tory sequences targets appeared in 80% after a short and 
in 20% after a long foreperiod. In visual sequences, targets 
appeared in 20% after a short and in 80% after a long forepe-
riod. In ‘visual early’ runs, these likelihoods were reversed 
(see Fig. 2, bottom right column). Note that our previous 
work showed that basic TEs for early and late positions dif-
fer (Ball et al., 2018a, b); as long as the target stimulus is 
not presented, expectation exponentially increases that the 
target will soon be presented (hazard rate). Thus, accuracy 
is e.g. higher for the late position. To counter the hazard rate 
effect, we used different late positions [11th (31.25%), 13th 
(12.5%) or 15th (6.25%)] to render expectations for the early 
and late positions more alike.

Further note that the individual parameters of modality 
and foreperiod were always balanced within each run. In 
each run, 50% of foreperiods were short (early position: 
3rd position) and 50% were long (late positions). Further, 
50% of sequences and thus targets were auditory and 50% 
were visual. Thus overall, each of these events were equally 
likely (see Fig. 2, bottom left and middle column). This is 
an important distinction to the spatial and temporal expecta-
tion literature in which probabilities of time and space are 
individually manipulated. In TBEE studies, these factors are 
balanced and only time-event contingencies are manipulated.

Data analyses

For analyses, we used Matlab 2017b (Mathworks Inc.) and 
JASP (v 13.0.0). To increase comparability across studies, 
we applied the most common outlier exclusion criteria as 

4  Please note that the stimulus sequence results in entrainment. How-
ever, entrainment was identical among conditions (i.e. same stimu-
lation frequency across trials). Further, cross-modal influences of 
entrainment are absent within and across trials in the present para-
digm: Within trials, we only presented one modality making cross-
modal influences impossible. Across trials, entrainment cannot influ-
ence the probability of events, the only factor allowing to create 
expectations in our experiment based on global, statistical regularities 
(e.g. auditory targets are more likely to appear early and visual are 
more likely to appear late). Please also see our previous work on tem-
poral expectations (with a very similar paradigm) in which we discuss 
potential effects of entrainment for paradigms like the present one 
(Ball et al., 2018a, b, 2021b).
5  In paradigms with stimulus sequences, participants might either use 
time or the ordinal position to identify the stimulus. The stimulation 
frequency in the present study (7.5 Hz) and in our previous studies on 
temporal expectations (5–15  Hz) renders stimuli virtually uncount-
able. Note that counting would also introduce a dual-task (first count 
then discriminate target’s frequency) which would be highly detri-
mental for task performance (missing target’s frequency due to count-
ing). Further, one might argue that participants do not count explic-
itly, but rather the brain counts implicitly. In this case, all TE results 
might be based on “counting” as theories about timing networks 
typically imply some kind of pacemaker/oscillation/etc. (for extensive 
discussions on “timing vs. position”, see Ball et al., 2018b, 2021a, b).
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used in previous studies on TBEEs (Aufschnaiter et al., 
2018a, b; Kunchulia et  al., 2017; Thomaschke & Dre-
isbach, 2013, 2015; Thomaschke et al., 2011; Volberg & 
Thomaschke, 2017; Wagener & Hoffmann, 2010): for each 
condition, we excluded RTs below and above three times 
the standard deviation around the mean and response 

times below 100 ms, resulting in an average exclusion of 
2.3 ± 2.9% of trials per condition.

To decrease familywise error rates of the analysis and 
since context dependency of modality-related TBEEs was 
the main focus of this investigation, we calculated the dif-
ference in performance between the primary (i.e., expected, 

Fig. 2   Schematic examples for stimulus sequences on each trial (top) 
and context-dependent probabilities of target stimuli (bottom). (Top) 
Each trial was preceded by a variable Inter-Trial-Interval (ITI, i.e., 
blank screen). The blank screen (350–1350  ms) was followed by a 
sequence of 15 stimuli [either auditory (see left stimulus sequence) 
or visual (see right stimulus sequence)]. Stimuli were presented for 
50  ms with a gap of 100  ms in between successive stimuli. Target 
stimuli (adjusted to a threshold of 75% accuracy) are highlighted in 
this example with a red contour (not present in the experiment). Tar-
get stimuli were either higher or lower in frequency as compared with 
distractors and were presented either early (3rd position) or late (11th, 

13th or 15th position) in the sequence. After the stimulus sequence 
ended, participants had another 1500 ms for providing their response. 
(Bottom) Depiction of the probabilities of modality, foreperiod and 
modality-foreperiod contingencies within each run (auditory or vis-
ual early). In both run types (auditory early [upper row] and visual 
early runs [lower row]), there was an equal probability (50%) for each 
modality and foreperiod to be presented on a given trial (left and mid-
dle plots). Only the modality-foreperiod contingencies (right plots) 
were altered (80% vs. 20%) across runs to exclusively modulate time-
based expectations (and not temporal or identity expectations)
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more likely) and secondary (i.e., unexpected, less likely) 
condition and used this difference for statistical analyses 
(Eimer & Kiss, 2008; Luck & Gaspelin, 2017; Näätänen 
et al., 2004; Sawaki et al., 2012; Thomas & Zumbo, 2012; 
Zimmerman et al., 1993). This difference was calculated 
for each foreperiod (short, long), context (auditory early 
[= higher likelihood for auditory early and visual late], vis-
ual early [= higher likelihood for visual early and auditory 
late]) and run half (first, second). We included the factor run 
half to test whether TBEE improves over time as participants 
have to re-learn the time-based regularities in each run6. The 
factor context was included as participants might learn one 
time-modality contingency (e.g., auditory early and visual 
late) but not the other. Finally, we also added the between-
subject factor first run (‘auditory early’, ‘visual early’) to 
account for potential interaction effects with factor context, 
i.e., a bias introduced by the likelihoods the participants 
encountered first. We conducted two repeated-measures 
ANOVAs, one for accuracy and one for response times, with 
within-subject factors foreperiod, context and run half and 
between-subject factor first run. If required, ANOVA results 
were Greenhouse–Geisser (pGG) corrected. Further, we used 
directional t-tests (TBEE score second run half > first run 
half) in JASP for post hoc tests and Bonferroni corrected 
the p value (pBF).

Results

The results of the repeated measures ANOVA support the 
notion that modality-related TBEEs are context-dependent. 
Although the effect of context was non-significant (auditory 
early run vs. visual early run: F(1,28) = 3.681, p = 0.065, 
ηp

2 = 0.116), it significantly interacted with the factor 
run half (context * run half: F(1,28) = 6.166, p = 0.019, 
ηp

2 = 0.18). TBEE effects increased over time in ‘auditory 
early’ runs (t(29) = 2.109, pBF = 0.044) while this effect 
was non-significant in ‘visual early’ runs (t(29) = -1.487, 
pBF = 1, see Fig. 3A). All remaining effects were non-sig-
nificant (all F < 2.596, all p > 0.118; for effects specifically 
including factor first run: all p > 0.184). Nevertheless, we 
present group-mean averages from all conditions in Fig. 3B 
for better comparison with the response time results (see 
below and Fig. 3C and D for RT results).

For response times, we observed corresponding 
results. Again, the effect of context was non-significant 
(F(1,28) = 4.112, p = 0.052, ηp

2 = 0.128) but significantly 

interacting with the factor run half (context * run half: 
F(1,28) = 4.276, p = 0.048, ηp

2 = 0.132). As for accuracies, 
TBEE increased significantly over time in ‘auditory early’ 
runs (t(29) = 2.525, pBF = 0.018), while this effect was non-
significant in ‘visual early’ runs (t(29) = 0.54, pBF = 1) as 
can be seen in Fig. 3C. Finally, the triple interaction of fac-
tors context, run half and foreperiod (see Fig. 3D) was signif-
icant (F(1,28) = 4.183, p = 0.05, ηp

2 = 0.13), indicating that 
the increase in TBEE over time was mainly driven by the 
short foreperiod trials in ‘auditory early’ runs (t(29) = 2.668, 
pBF = 0.036) but less by all other conditions (all t > -0.063, 
all pBF = 1). All remaining effects were non-significant (all 
F < 3.452, all p > 0.074; for effects specifically including fac-
tor first run: all p > 0.125).

After the experiment, none of the participants reported 
to have noticed that we manipulated foreperiod-modality 
contingencies within and across runs. This held true, even 
after being informed about the experimental manipulation.

Finally, we would like to direct readers’ attention to the 
general pattern of accuracies and response times in Fig. 3C 
and D. Depending on the context (auditory or visual early), 
accuracy-related time-based attention appears to either 
increase (auditory early) or decrease (visual early) over run 
half. Generally, expectation effects appear to be reversed 
in ‘visual early’ runs, indicating that performance was 
higher for the secondary condition. More importantly, even 
if TBEEs exist in the beginning of the ‘visual early’ runs 
(see long foreperiod), participants later (2nd run half) focus 
on the secondary modality at each foreperiod which is also 
evident for response times.

Discussion

Here we tested whether implicit time-based event-related 
expectations (TBEEs), expectations for a certain target 
stimulus (here a certain modality) contingent upon a spe-
cific temporal foreperiod, are generalizable to cross-modal 
contexts. We found that modality-related TBEEs were 
observable but context-dependent. Accuracy and response 
times improved over the course of a run for the primary 
(expected, more-likely) compared with the secondary (unex-
pected, less-likely) target condition but only in ‘auditory 
early’ runs (80% likelihood that auditory targets are pre-
sented early and visual targets are presented late within a 
sequence of 15 stimuli). In ‘visual early’ runs, performance 
rather improved over time for the secondary instead of the 
primary modality. Finally, response times improvements in 
‘auditory early’ runs were mainly driven by targets appear-
ing after a short foreperiod.

Our results show for the first time that humans are able to 
create TBEEs for stimuli of different modalities, thereby sig-
nificantly extending previous studies restricted to the visual 

6  Note that we did not analyse repetition priming effects (trial-by-
trial short-term adaptation/learning) because there were not enough 
trials in which the secondary condition was repeated on a trial-wise 
basis (only 0–6 trials).
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domain (Aufschnaiter et al., 2018a, b; Kunchulia et al., 2017; 
Thomaschke & Dreisbach, 2013, 2015; Thomaschke et al., 
2011; Volberg & Thomaschke, 2017; Wagener & Hoffmann, 
2010). Moreover, previous studies were typically designed 
to measure response time differences (see, e.g., Volberg & 
Thomaschke, 2017), resulting in the use of rather ‘simple’ 
designs (i.e., the foreperiod was followed by only a single, 
clearly visible stimulus such as a square or circle) while 
accuracies were at ceiling. Here, we used a more complex 
paradigm in which targets were embedded among—and had 
thus to be distinguished from—distractors. As a result, we 
were able to show that TBEEs can affect accuracies – and 
thus, the perception of events as well as response times. In 
addition, we show that modality-related TBEEs do not only 
affect that a certain modality is expected at a certain point 
in time, but also that this expectation can influence perfor-
mance in an orthogonal task (frequency discrimination).

The crucial finding of our study is that participants appear 
to have unknowingly (implicitly) learned time-modality con-
tingencies but only when the auditory target was more likely 
presented early and the visual presented late as indexed by 
performance increases for the primary target. As we have 
already discussed previously (TE; Ball et al., 2018a, b), the 

auditory system has a higher temporal resolution as com-
pared with the visual system, which might render the audi-
tory system more prone to detect and utilise temporal infor-
mation (see also Bertelson & Aschersleben, 2003; Kemény 
& Lukács, 2019; Repp & Penel, 2002; Welch & Warren, 
1986). This notion was very recently further supported by 
an MEG study, showing “that spatial attention has a stronger 
effect in the visual domain, whereas TE effects are more 
prominent in the auditory domain” (Wilsch et al., 2020). In 
line, researchers demonstrated asymmetric perceptual learn-
ing effects with spatial information being transferred from 
the visual to the auditory domain but temporal information 
being transferred from the auditory to the visual domain and 
not vice versa (McGovern et al., 2016).

It is possible that the higher temporal acuity of the audi-
tory system allows for registering early auditory (as com-
pared with visual) targets more easily and reliably. This 
assumption would be in line with the overall descriptive 
statistics presented in Fig. 3. It appears that after a short 
foreperiod, expectations about early auditory targets are 
always stronger because even in the ‘visual early’ runs, the 
secondary auditory target was expected more strongly. Addi-
tionally, expectations for early auditory targets increased 

Fig. 3   Accuracy and response time results for significant interaction 
effects. A Interaction effect of context and run half for accuracies. 
B Descriptive statistics of all factor levels (foreperiod, run half and 
context) for differences in accuracy. C and D Same descriptive statis-
tics as A and B for response times. Note that we plot the TBEE effect 
hence, the difference between the primary and secondary condition. 
Positive values always indicate higher performance (higher accuracy 

or faster response times) in the primary compared with the second-
ary condition. Error bars are standard errors of the mean. Bright grey 
bars indicate data of the first half and dark grey bars the second half 
of the run. Asterisks indicate significant, Bonferroni corrected post 
hoc results (pBF < .05) for the difference between first and second run 
half
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over time (1st vs. 2nd run half), irrespective of the auditory 
stimulus being the primary or secondary target after short 
foreperiods. Given that we found no significant influence of 
the first run (visual or auditory early) on performance, it is 
more likely that this is a general effect rather than a transi-
tion of expectations across runs (which should depend on 
regularities in the first run). Further, general expectations of 
early auditory targets appear to result in two opposite effects 
depending on the run type: over the time course of the run, 
they boost expectations about late visual targets (in ‘auditory 
early’ runs) and eliminate previously correctly established 
expectations about late auditory targets (in ‘visual early’ 
runs). Thus, irrespective of context, participants expected 
auditory targets early and visual targets late. Note again, 
that we used identical stimuli in both runs and only changed 
the foreperiod-target modality contingencies. Hence, the 
differential pattern observed for the two run types indicates 
that participant’s intrinsic expectations affected performance 
and when matching with the existing statistical regularities, 
improved the behavioural outcome.

The specificity and effectiveness of time-based expecta-
tions might even be further broken down to the expected 
early auditory target in ‘auditory early’ runs. This was 
the only condition for which we (descriptively) show an 
improvement of accuracies as well as response times. For 
the expected (primary) visual target after the long foreperiod 
(within the auditory early run), only accuracies appear to 
be affected and TBEE-related improvements were restricted 
to the second half of the run. Note that this accuracy pat-
tern suggests that participants can learn time-based event 
regularities for a specific context (i.e. ‘auditory early and 
visual late’), but that they might also be prone to establish 
even stronger TBEE for a very specific combination of fore-
period and modality (expected auditory early target). The 
latter suggestion would be in line with our previous find-
ing of stronger auditory than visual TE effects after short 
foreperiods (Ball et al., 2018a, b). Further, our current and 
previous results indicate that the use of visual information 
– especially related to short foreperiods – in tasks including 
expectations in the temporal domain (be it pure TE or TBEE 
tasks) appears to be somehow suppressed by the presence of 
the more informative auditory modality.

Perception of early expected auditory targets facilitates 
the creation of TBEE for early auditory targets but also for 
expected late visual targets within the same run. However, 
in ‘visual early’ runs, early auditory targets still appear to 
be prioritized, a subjective expectation that strengthens over 
time and even eliminates correct TBEE for the late auditory 
target. Thus, participants do not exhibit a bias towards the 
auditory modality in general (which would have facilitated 
auditory performance irrespective of the foreperiod); rather, 
any expectation at the short foreperiod (be it correct or incor-
rect) appears to strengthen over time and determines which 

event is expected at the late position. Although, our previ-
ous work (Ball et al., 2020, 2021b) indicated that explicit 
temporal knowledge has rather little impact on performance 
in temporal tasks, it is possible that explicitly attending a 
certain modality might affect multisensory TBEE. As men-
tioned in the introduction, if TBEE was affecting perfor-
mance in previous studies (Lange & Röder, 2006; Mühlberg 
& Soto-Faraco, 2019; Mühlberg et al., 2014), their descrip-
tive statistics suggest that it improves performance for the 
expected compared with the unexpected modality (irrespec-
tive of the specific modality) after short foreperiods. Given 
that participants were forced in these studies to actively 
attend to a certain modality and time point this might have 
minimized self-determined ‘modality preferences’, result-
ing in a stable primary vs. secondary modality and thus, 
context-independent TBEE effect. However, using such 
manipulation of attention, these studies also reduce inci-
dental, statistical learning. At this point, future studies are 
required to determine potential differences between TBEEs 
based on different paradigms and explicit vs. implicit learn-
ing of regularities.

It is worth speculating, how our results relate to real-
world behaviour. For instance, in conversations people 
sometimes pause. During the pause, we first focus on the 
auditory information (does the speaker continue). However, 
the longer the pause, the more we start to monitor them 
visually, searching for clues whether they want to continue 
or whether it’s socially acceptable to speak. On streets, we 
typically listen whether a car approaches before inspecting 
the street visually. In talks, we expect the speaker to first 
present something orally before continuing to present some-
thing visually. Even evolutionary, it is reasonable to assume 
that auditory information often precedes visual informa-
tion. Hearing is based on 360° while visual information is 
restricted to 180°. During night, we first listen whether e.g. a 
dangerous animal is approaching before directing our visual 
attention to the area of interest. The same is true when we 
are addressed by someone: first we listen and then we turn 
to them. In addition, our brains typically process auditory 
stimuli ten times faster than visual stimuli (see e.g. Starke 
et al., 2020). In sum, there might be social as well as evo-
lutionary components contributing to generally expect and 
attend to auditory information first, followed by later visual 
expectations.

To close with, we would like to discuss potential com-
monalities between TBEEs and TEs. For instance, Mühlberg 
and Soto-Faraco (2019) argued that TBEE effects – unlike 
TE effects – do not depend on the deployment of temporal 
attention to specific points in time. This argument partially 
derived from the finding that TBEEs generalise to other 
time points than the most likely foreperiods (Thomaschke 
et al., 2011). However, if a generalisation of TBEE across a 
broader time window implies the absence of the guidance of 
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temporal attention to relevant points in time, than this would 
also cause problems for the interpretation of TE results. The 
spread of TEs (and thus, the time window in which tempo-
ral attention is potentially deployed) is rarely analysed in 
TE studies. However, when analysed, results indicate that 
TEs can operate in a broader time window instead of being 
exclusive to one specific point in time (see e.g. Ball et al., 
2018b; Bouwer & Honing, 2015; Breska & Deouell, 2016; 
Jaramillo & Zador, 2011). Additionally, TBEE as well as TE 
effects are typically explained with the ‘expectation-driven 
guidance of temporal attention’ hypothesis, which appears 
to be the most prominent hypothesis in both research areas 
(Mühlberg & Soto-Faraco, 2019; Nobre & Rohenkohl, 2014; 
Nobre & van Ede, 2017; Thomaschke & Dreisbach, 2015; 
Wagener & Hoffmann, 2010). If both types of expectations 
involve the guidance of temporal attention, this also implies 
that temporal attention is often shifted implicitly which is in 
line with the present results and other proposals of implicit 
attentional shifts in the temporal, spatial and feature domain 
(Addleman et al., 2019; Balci & Simen, 2014; Ball et al., 
2020, 2021b; Bolger et al., 2013; Melcher et al., 2005; 
Thomaschke & Dreisbach, 2015; Thomaschke et al., 2011). 
In sum, both types of expectations appear to share com-
monalities, with larger performance benefits due to temporal 
attention at the most likely points in time but also, albeit 
smaller effects at flanking time points (see e.g. Jones et al., 
2002; Thomaschke et al., 2011).

Further, Mühlberg and Soto-Faraco (2019) argued that 
TBEEs are solely explained by motor preparation instead 
of perceptual facilitation effects, which is certainly debat-
able. Most TBEE studies – as specifically pointed out by the 
authors – were not designed to test perceptual effects but 
specifically aimed at affecting response times which was 
later linked to motor preparation effects (Thomaschke & 
Dreisbach, 2013; Volberg & Thomaschke, 2017). Here we 
show that both, accuracies and response times were boosted 
by TBEEs indicating perceptual facilitation in addition to 
response preparation (Pashler, 1989). More importantly, 
even studies on TEs commonly only modulate response time 
effects in the absence of accuracy effects (for review, see 
Nobre & Rohenkohl, 2014). However, when tested whether 
these modulations of behaviour by TE indicate motor prepa-
ration or perceptual facilitation effects, previous modelling 
studies reported to be unable to distinguish between these 
two concepts (Jepma et al., 2012) or reported that response 
preparation and strategy shifts (instead of perceptual facili-
tation) likely caused RT modulations (Ball et al., 2020; van 
den Brink et al., 2020). Together, the present and earlier 
results suggest that the specific study design determines 
whether motor preparation or perceptual facilitation is 
affected by both TEs and TBEEs. These findings, do not 
only highlight commonalities between TE and TBEE, but 

also highlight that results have to be interpreted cautiously 
when only response speed but not accuracy is modulated.

The question arises whether these commonalities between 
TBEEs and TE imply that both have the same underlying 
mechanism. It may well be that some form of time interval 
estimator is active in both cases and—by means of time-
based expectations—gets tuned to relevant foreperiod dura-
tions. These expectations could entail that there are e.g. two 
equally likely foreperiods or that one specific foreperiod is 
most likely. Each foreperiod duration is then linked to a sec-
ondary event-related expectation (e.g., spatial position and/
or identity). Hence, probabilistic knowledge (be it explicit 
or implicit) about the foreperiod would in combination with 
event-related expectations prepare for the upcoming event 
directly. When the expectation matches the current pres-
entation, performance is enhanced. Note that the expecta-
tion itself does not have to be correct (i.e., be based on the 
experimental paradigm) but could also be subjective. In the 
latter case, it is still open why exactly participants create 
false expectations for events (like partially present in the 
current study) and temporal structures.

In any case, the proposed mechanism would actu-
ally account for most findings across research fields. For 
instance, tying expectations about more likely foreperiods to 
certain modalities, would explain the asymmetric modality-
specific TE effects we found in our previous studies (Ball 
et al., 2018a, b, 2021b). Always, expecting auditory stimuli 
early and visual late, as in the present experiment would 
improve primary target performance in auditory early runs 
(correct expectation) and secondary target performance in 
visual late runs (false expectation). Additionally, if e.g. the 
target identity (e.g., always visual) and spatial position are 
fixed, any match or mismatch in expectation would only 
be related to the temporal domain (higher performance in 
expected compared to unexpected temporal trials). Note that 
target matches in multiple dimensions could result in inter-
actions of combined expectation types but do not necessarily 
have to. Finally, some expectations might be more crucial 
to the task at hand. For instance, if participant’s attention 
is drawn away from a target position (due to spatial expec-
tation), visual stimuli are strongly degraded at the unex-
pected position, rendering temporal attention irrelevant for 
task performance (in line with findings in spatio-temporal 
expectation studies; see He et al., 2020; Rohenkohl et al., 
2014). In sum, participants might always create some form 
of combined expectations (e.g., spatial and temporal); how-
ever, depending on each expectation type’s task relevance, 
only one might influence behaviour.
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Conclusion

Our results strongly suggest that TBEEs extend to cross-
modal contexts, but depend on the creation of event-specific 
temporal expectations, thereby enhancing performance. This 
performance enhancement can be linked to perceptual in 
addition to motor facilitation. Most importantly, our results 
indicate that TBEEs can be context-dependent and seem to 
be driven by auditory information, if available, especially 
after short foreperiods. This has crucial implications for 
multisensory studies of TEs as participants might develop 
TBEEs instead of TEs if modalities ‘compete for tempo-
ral expectation and attention’ within one experiment. More 
importantly, the competition which appears to be driven by 
targets presented after short foreperiods results in modal-
ity-specific TBEEs (i.e., auditory early) that only improve 
behaviour cross-modally when it matches with the global 
context (i.e., statistical regularities) within one run (i.e., 
auditory early/visual late).

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00426-​021-​01564-9.

Author contributions  FB: conceptualization, methodology, formal 
analysis, investigation, writing—original draft, writing—review and 
editing, visualization, supervision, project administration, funding 
acquisition JA: investigation, visualization, writing—original draft, 
writing—review and editing TN: conceptualization, methodology, 
writing—original draft, writing—review and editing, supervision, 
funding acquisition.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This work was funded by the European Funds for Regional 
Development (EFRE), ZS/2016/04/78113, Center for Behavioral Brain 
Sciences – CBBS.

Data availability statement  The authors declare that the analysed data 
as well as potential supplementary analyses (not reported in the main 
manuscript) are available in the supplementary information files.

 Code availability  Data were analysed with JASP (freely available) and 
Matlab 2017b (Mathworks Inc.). Any relevant code is available upon 
request.

Declarations 

Conflict of interest  The authors declare no competing financial and 
non-financial interests, or other interests that might be perceived to 
influence the results and/or discussion reported in this paper.

Ethical approval  This study was approved by the local ethics commit-
tee of the Otto-von-Guericke-University, Magdeburg.

Consent to participate and publish  Informed consent was obtained 
from all individual participants included in the study.

Open Practices Statement  The data and materials are available in the 
supplementary information files and upon request (e.g., codes). None 
of the experiments were preregistered.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Addleman, D. A., Schmidt, A. L., Remington, R. W., & Jiang, 
Y. V. (2019). Implicit location probability learning does not 
induce baseline shifts of visuospatial attention. Psychonomic 
Bulletin and Review, 26(2), 552–558. https://​doi.​org/​10.​3758/​
s13423-​019-​01588-8

Aufschnaiter, S., Kiesel, A., Dreisbach, G., Wenke, D., & Thom-
aschke, R. (2018a). Time-based expectancy in temporally 
structured task switching. Journal of Experimental Psychology: 
Human Perception and Performance, 44(6), 856–870. https://​
doi.​org/​10.​1037/​xhp00​00494

Aufschnaiter, S., Kiesel, A., & Thomaschke, R. (2018b). Transfer 
of time-based task expectancy across different timing environ-
ments. Psychological Research Psychologische Forschung, 
82(1), 230–243. https://​doi.​org/​10.​1007/​s00426-​017-​0895-1

Balci, F., & Simen, P. (2014). Decision processes in temporal dis-
crimination. Acta Psychologica, 149, 157–168. https://​doi.​org/​
10.​1016/j.​actpsy.​2014.​03.​005

Ball, F., Fuehrmann, F., Stratil, F., & Noesselt, T. (2018a). Phasic 
and sustained interactions of multisensory interplay and tem-
poral expectation. Nature Scientific Reports, 8, 10208. https://​
doi.​org/​10.​1038/​s41598-​018-​28495-7

Ball, F., Groth, R.-M., Agostino, C. S., Porcu, E., & Noesselt, T. 
(2020). Explicitly vs. implicitly driven temporal expectations: 
No evidence for altered perceptual processing due to top-down 
modulations. Attention Perception and Psychophysics, 82, 
1793–1807. https://​doi.​org/​10.​3758/​s13414-​019-​01879-1

Ball, F., Michels, L. E., Thiele, C., & Noesselt, T. (2018b). The role 
of multisensory interplay in enabling temporal expectations. 
Cognition, 170, 130–146. https://​doi.​org/​10.​1016/j.​cogni​tion.​
2017.​09.​015

Ball, F., Nentwich, A., & Noesselt, T. (2021a). Cross-modal percep-
tual enhancement of unisensory targets is uni-directional and 
does not affect temporal expectations. BioRxiv. https://​doi.​org/​
10.​1101/​2021.​03.​06.​43420​4v2

Ball, F., Spuerck, I., & Noesselt, T. (2021b). Minimal interplay between 
explicit knowledge, dynamics of learning and temporal expecta-
tions in different, complex uni- and multisensory contexts. Atten-
tion Perception & Psychophysics, 83(6), 2551–2573. https://​doi.​
org/​10.​3758/​s13414-​021-​02313-1

Bertelson, P., & Aschersleben, G. (2003). Temporal ventriloquism: 
Crossmodal interaction on the time dimension: 1. Evidence 
from auditory-visual temporal order judgment. International 
Journal of Psychophysiology, 50(1–2), 147–155. https://​doi.​org/​
10.​1016/​S0167-​8760(03)​00130-2

Bolger, D., Trost, W., & Schön, D. (2013). Rhythm implicitly affects 
temporal orienting of attention across modalities. Acta Psycho-
logica, 142(2), 238–244. https://​doi.​org/​10.​1016/j.​actpsy.​2012.​
11.​012

https://doi.org/10.1007/s00426-021-01564-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3758/s13423-019-01588-8
https://doi.org/10.3758/s13423-019-01588-8
https://doi.org/10.1037/xhp0000494
https://doi.org/10.1037/xhp0000494
https://doi.org/10.1007/s00426-017-0895-1
https://doi.org/10.1016/j.actpsy.2014.03.005
https://doi.org/10.1016/j.actpsy.2014.03.005
https://doi.org/10.1038/s41598-018-28495-7
https://doi.org/10.1038/s41598-018-28495-7
https://doi.org/10.3758/s13414-019-01879-1
https://doi.org/10.1016/j.cognition.2017.09.015
https://doi.org/10.1016/j.cognition.2017.09.015
https://doi.org/10.1101/2021.03.06.434204v2
https://doi.org/10.1101/2021.03.06.434204v2
https://doi.org/10.3758/s13414-021-02313-1
https://doi.org/10.3758/s13414-021-02313-1
https://doi.org/10.1016/S0167-8760(03)00130-2
https://doi.org/10.1016/S0167-8760(03)00130-2
https://doi.org/10.1016/j.actpsy.2012.11.012
https://doi.org/10.1016/j.actpsy.2012.11.012


1250	 Psychological Research (2022) 86:1239–1251

1 3

Bouwer, F. L., & Honing, H. (2015). Temporal attending and pre-
diction influence the perception of metrical rhythm: Evidence 
from reaction times and ERPs. Frontiers in Psychology, 6, 1094. 
https://​doi.​org/​10.​3389/​fpsyg.​2015.​01094

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision, 
10(4), 433–436. https://​doi.​org/​10.​1163/​15685​6897X​00357

Breska, A., & Deouell, L. Y. (2016). When synchronizing to rhythms 
is not a good thing: Modulations of preparatory and post-tar-
get neural activity when shifting attention away from on-beat 
times of a distracting rhythm. Journal of Neuroscience, 36(27), 
7154–7166. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​4619-​15.​2016

Coull, J. T., & Nobre, A. C. (1998). Where and when to pay atten-
tion: the neural systems for directing attention to spatial loca-
tions and to time intervals as revealed by both PET and fMRI. 
Journal of Neuroscience, 18(18), 7426–7435. https://​doi.​org/​
10.​1523/​JNEUR​OSCI.​18-​18-​07426.​1998

Cravo, A. M., Rohenkohl, G., Wyart, V., & Nobre, A. C. (2013). 
Temporal expectation enhances contrast sensitivity by phase 
entrainment of low-frequency oscillations in visual cortex. 
Journal of Neuroscience, 33(9), 4002–4010. https://​doi.​org/​
10.​1523/​JNEUR​OSCI.​4675-​12.​2013

Doherty, J. R., Rao, A., Mesulam, M. M., & Nobre, A. C. (2005). 
Synergistic effect of combined temporal and spatial expecta-
tions on visual attention. The Journal of Neuroscience, 25(36), 
8259–8266. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1821-​05.​2005

Driver, J., & Noesselt, T. (2008). Multisensory interplay reveals cross-
modal influences on “sensory-specific” brain regions, neural 
responses, and judgments. Neuron, 57(1), 11–23. https://​doi.​org/​
10.​1016/j.​neuron.​2007.​12.​013

Eimer, M., & Kiss, M. (2008). Involuntary attentional capture is deter-
mined by task set: Evidence from event-related brain potentials. 
Journal of Cognitive Neuroscience, 20(8), 1423–1433. https://​doi.​
org/​10.​1162/​jocn.​2008.​20099

He, T., Richter, D., Wang, Z., & de Lange, F. P. (2020). Spatial and 
temporal context jointly modulate the sensory response within 
the ventral visual stream. Biorxiv. https://​doi.​org/​10.​1101/​2020.​
07.​24.​219709

Jaramillo, S., & Zador, A. M. (2011). The auditory cortex mediates 
the perceptual effects of acoustic temporal expectation. Nature 
Neuroscience, 14(2), 246–251. https://​doi.​org/​10.​1038/​nn.​2688

Jepma, M., Wagenmakers, E. J., & Nieuwenhuis, S. (2012). Temporal 
expectation and information processing: A model-based analysis. 
Cognition, 122(3), 426–441. https://​doi.​org/​10.​1016/j.​cogni​tion.​
2011.​11.​014

Jones, M. R., Moynihan, H., Mackenzie, N., & Puente, J. (2002). Tem-
poral aspects of stimulus-driven attending in dynamic arrays. 
American Psychological Society, 13(4), 313–319. https://​doi.​org/​
10.​1111/​1467-​9280.​00458

Kemény, F., & Lukács, Á. (2019). Sequence in a sequence: Learning 
of auditory but not visual patterns within a multimodal sequence. 
Acta Psychologica, 199, 102905. https://​doi.​org/​10.​1016/j.​actpsy.​
2019.​102905

Kunchulia, M., Tatishvili, T., Lomidze, N., Parkosadze, K., & Thom-
aschke, R. (2017). Time-based event expectancies in children with 
Autism spectrum disorder. Experimental Brain Research, 235(9), 
2877–2882. https://​doi.​org/​10.​1007/​s00221-​017-​5024-2

Lange, K., & Röder, B. (2006). Orienting attention to points in time 
improves stimulus processing both within and across modalities. 
Journal of Cognitive Neuroscience, 18(5), 715–729. https://​doi.​
org/​10.​1162/​jocn.​2006.​18.5.​715

Luck, S. J., & Gaspelin, N. (2017). How to get statistically significant 
effects in any ERP experiment (and why you shouldn’t). Psycho-
physiology, 54(1), 146–157. https://​doi.​org/​10.​1111/​psyp.​12639

McGovern, D. P., Astle, A. T., Clavin, S. L., & Newell, F. N. (2016). 
Task-specific transfer of perceptual learning across sensory 

modalities. Current Biology, 26(1), R20–R21. https://​doi.​org/​10.​
1016/j.​cub.​2015.​11.​048

Melcher, D., Papathomas, T. V., & Vidnyánszky, Z. (2005). Implicit 
attentional selection of bound visual features. Neuron, 46(5), 
723–729. https://​doi.​org/​10.​1016/j.​neuron.​2005.​04.​023

Mühlberg, S., Oriolo, G., & Soto-Faraco, S. (2014). Cross-modal 
decoupling in temporal attention. The European Journal of Neu-
roscience, 39(12), 2089–2097. https://​doi.​org/​10.​1111/​ejn.​12563

Mühlberg, S., & Soto-Faraco, S. (2019). Cross-modal decoupling in 
temporal attention between audition and touch. Psychological 
Research Psychologische Forschung, 83(8), 1626–1639. https://​
doi.​org/​10.​1007/​s00426-​018-​1023-6

Näätänen, R., Pakarinen, S., Rinne, T., & Takegata, R. (2004). The 
mismatch negativity (MMN): Towards the optimal paradigm. 
Clinical Neurophysiology, 115(1), 140–144. https://​doi.​org/​10.​
1016/j.​clinph.​2003.​04.​001

Niemi, P., & Näätänen, R. (1981). Foreperiod and simple reaction time. 
Psychological Bulletin, 89(1), 133–162. https://​doi.​org/​10.​1037/​
0033-​2909.​89.1.​133

Nobre, A. C., & Rohenkohl, G. (2014). Time for the fourth dimen-
sion in attention. In A. C. Nobre & S. Kastner (Eds.), The oxford 
handbook of attention (pp. 676–724). Oxford University Press.

Nobre, A. C., & van Ede, F. (2017). Anticipated moments: Temporal 
structure in attention. Nature Reviews Neuroscience, 19(1), 34–48. 
https://​doi.​org/​10.​1038/​nrn.​2017.​141

Pashler, H. (1989). Dissociations and dependencies between speed 
and accuracy: Evidence for a two-component theory of divided 
attention in simple tasks. Cognitive Psychology, 21(4), 469–
514. https://​doi.​org/​10.​1016/​0010-​0285(89)​90016-9

Posner, M. I. (1980). Orienting of attention. The Quarterly Journal 
of Experimental Psychology, 32(1), 3–25. https://​doi.​org/​10.​
1080/​00335​55800​82482​31

Posner, M. I., Snyder, C. R., & Davidson, B. J. (1980). Attention and 
the detection of signals. Journal of Experimental Psychology, 
109(2), 160–174.

Puri, A. M., & Wojciulik, E. (2008). Expectation both helps and hin-
ders object perception. Vision Research, 48(4), 589–597. https://​
doi.​org/​10.​1016/j.​visres.​2007.​11.​017

Repp, B. H., & Penel, A. (2002). Auditory dominance in temporal 
processing: New evidence from synchronization with simulta-
neous visual and auditory sequences. Journal of Experimental 
Psychology, 28(5), 1085–1099. https://​doi.​org/​10.​1037/​0096-​
1523.​28.5.​1085

Rimmele, J., Jolsvai, H., & Sussman, E. (2011). Auditory target 
detection is affected by implicit temporal and spatial expecta-
tions. Journal of Cognitive Neuroscience, 23(5), 1136–1147. 
https://​doi.​org/​10.​1162/​jocn.​2010.​21437

Rohenkohl, G., Gould, I. C., Pessoa, J., & Nobre, A. C. (2014). 
Combining spatial and temporal expectations to improve visual 
perception. Journal of Vision, 14(4), 8. https://​doi.​org/​10.​1167/​
14.4.8

Sawaki, R., Geng, J. J., & Luck, S. J. (2012). A common neural 
mechanism for preventing and terminating the allocation of 
attention. Journal of Neuroscience, 32(31), 10725–10736. 
https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1864-​12.​2012

Starke, J., Ball, F., Heinze, H.-J., & Noesselt, T. (2020). The spatio-
temporal profile of multisensory integration. European Journal 
of Neuroscience, 51(5), 1210–1223. https://​doi.​org/​10.​1111/​ejn.​
13753

Summerfield, C., & Egner, T. (2016). Feature-based attention and 
feature-based expectation. Trends in Cognitive Sciences, 20(6), 
401–404. https://​doi.​org/​10.​1016/j.​tics.​2016.​03.​008

Thomas, D. R., & Zumbo, B. D. (2012). Difference scores from the 
point of view of reliability and repeated-measures ANOVA: in 
defense of difference scores for data analysis. Educational and 

https://doi.org/10.3389/fpsyg.2015.01094
https://doi.org/10.1163/156856897X00357
https://doi.org/10.1523/JNEUROSCI.4619-15.2016
https://doi.org/10.1523/JNEUROSCI.18-18-07426.1998
https://doi.org/10.1523/JNEUROSCI.18-18-07426.1998
https://doi.org/10.1523/JNEUROSCI.4675-12.2013
https://doi.org/10.1523/JNEUROSCI.4675-12.2013
https://doi.org/10.1523/JNEUROSCI.1821-05.2005
https://doi.org/10.1016/j.neuron.2007.12.013
https://doi.org/10.1016/j.neuron.2007.12.013
https://doi.org/10.1162/jocn.2008.20099
https://doi.org/10.1162/jocn.2008.20099
https://doi.org/10.1101/2020.07.24.219709
https://doi.org/10.1101/2020.07.24.219709
https://doi.org/10.1038/nn.2688
https://doi.org/10.1016/j.cognition.2011.11.014
https://doi.org/10.1016/j.cognition.2011.11.014
https://doi.org/10.1111/1467-9280.00458
https://doi.org/10.1111/1467-9280.00458
https://doi.org/10.1016/j.actpsy.2019.102905
https://doi.org/10.1016/j.actpsy.2019.102905
https://doi.org/10.1007/s00221-017-5024-2
https://doi.org/10.1162/jocn.2006.18.5.715
https://doi.org/10.1162/jocn.2006.18.5.715
https://doi.org/10.1111/psyp.12639
https://doi.org/10.1016/j.cub.2015.11.048
https://doi.org/10.1016/j.cub.2015.11.048
https://doi.org/10.1016/j.neuron.2005.04.023
https://doi.org/10.1111/ejn.12563
https://doi.org/10.1007/s00426-018-1023-6
https://doi.org/10.1007/s00426-018-1023-6
https://doi.org/10.1016/j.clinph.2003.04.001
https://doi.org/10.1016/j.clinph.2003.04.001
https://doi.org/10.1037/0033-2909.89.1.133
https://doi.org/10.1037/0033-2909.89.1.133
https://doi.org/10.1038/nrn.2017.141
https://doi.org/10.1016/0010-0285(89)90016-9
https://doi.org/10.1080/00335558008248231
https://doi.org/10.1080/00335558008248231
https://doi.org/10.1016/j.visres.2007.11.017
https://doi.org/10.1016/j.visres.2007.11.017
https://doi.org/10.1037/0096-1523.28.5.1085
https://doi.org/10.1037/0096-1523.28.5.1085
https://doi.org/10.1162/jocn.2010.21437
https://doi.org/10.1167/14.4.8
https://doi.org/10.1167/14.4.8
https://doi.org/10.1523/JNEUROSCI.1864-12.2012
https://doi.org/10.1111/ejn.13753
https://doi.org/10.1111/ejn.13753
https://doi.org/10.1016/j.tics.2016.03.008


1251Psychological Research (2022) 86:1239–1251	

1 3

Psychological Measurement, 72(1), 37–43. https://​doi.​org/​10.​
1177/​00131​64411​409929

Thomaschke, R., Bogon, J., & Dreisbach, G. (2018). Timing affect: 
Dimension-specific time-based expectancy for affect. Emotion, 
18(5), 646–669. https://​doi.​org/​10.​1037/​emo00​00380

Thomaschke, R., & Dreisbach, G. (2013). Temporal predictability 
facilitates action, not perception. Psychological Science, 24(7), 
1335–1340. https://​doi.​org/​10.​1177/​09567​97612​469411

Thomaschke, R., & Dreisbach, G. (2015). The time-event correlation 
effect is due to temporal expectancy, not to partial transition 
costs. Journal of Experimental Psychology: Human Perception 
and Performance, 41(1), 196–218. https://​doi.​org/​10.​1037/​
a0038​328

Thomaschke, R., Wagener, A., Kiesel, A., & Hoffmann, J. (2011). 
The scope and precision of specific temporal expectancy: Evi-
dence from a variable foreperiod paradigm. Attention, Percep-
tion, and Psychophysics, 73(3), 953–964. https://​doi.​org/​10.​
3758/​s13414-​010-​0079-1

van den Brink, R. L., Murphy, P. R., Desender, K., de Ru, N., & Nieu-
wenhuis, S. (2020). Temporal expectation hastens decision onset 
but does not affect evidence quality. The Journal of Neuroscience, 
41(1), 130–143. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1103-​20.​
2020

Volberg, G., & Thomaschke, R. (2017). Time-based expectations entail 
preparatory motor activity. Cortex, 92, 261–270. https://​doi.​org/​
10.​1016/j.​cortex.​2017.​04.​019

Wagener, A., & Hoffmann, J. (2010). Temporal cueing of target-
identity and target-location. Experimental Psychology, 57(6), 
436–445. https://​doi.​org/​10.​1027/​1618-​3169/​a0000​54

Wang, P., & Nikolić, D. (2011). An LCD monitor with sufficiently 
precise timing for research in vision. Frontiers in Human Neu-
roscience, 5(85), 85. https://​doi.​org/​10.​3389/​fnhum.​2011.​00085

Welch, R., DuttonHurt, L. D., & Warren, D. H. (1986). Contributions 
of audition and vision to temporal rate perception. Perception 

and Psychophysics, 39(4), 294–300. https://​doi.​org/​10.​3758/​
BF032​04939

Welch, R., & Warren, D. (1986). Intersensory interactions. In K. R. 
Boff, L. Kaufman, & J. P. Thomas (Eds.), Handbook of perception 
and human performance, vol 1, sensory processes and perception 
(pp. 25–36). Wiley.

Wilsch, A., Mercier, M. R., Obleser, J., Schroeder, C. E., & Haegens, 
S. (2020). Spatial attention and temporal expectation exert dif-
ferential effects on visual and auditory discrimination. Journal 
of Cognitive Neuroscience, 32(8), 1562–1576. https://​doi.​org/​10.​
1162/​jocn_a_​01567

Zimmerman, D. W., Williams, R. H., & Zumbo, B. D. (1993). Reli-
ability of measurement and power of significance tests based on 
differences. Applied Psychological Measurement, 17(1), 1–9. 
https://​doi.​org/​10.​1177/​01466​21693​01700​101

Zinchenko, A., Conci, M., Müller, H. J., & Geyer, T. (2018). Predictive 
visual search: Role of environmental regularities in the learning 
of context cues. Attention, Perception, and Psychophysics, 80(5), 
1096–1109. https://​doi.​org/​10.​3758/​s13414-​018-​1500-4

Zuanazzi, A., & Noppeney, U. (2020). Modality-specific and multisen-
sory mechanisms of spatial attention and expectation. Journal of 
Vision, 20(8), 1–16. https://​doi.​org/​10.​1167/​JOV.​20.8.1

Felix, Ball Inga, Spuerck Toemme, Noesselt (2021b) Minimal interplay 
between explicit knowledge dynamics of learning and temporal 
expectations in different complex uni- and multisensory contexts. 
Attention Perception & Psychophysics 83(6) 2551-2573 10.3758/
s13414-021-02313-1

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1177/0013164411409929
https://doi.org/10.1177/0013164411409929
https://doi.org/10.1037/emo0000380
https://doi.org/10.1177/0956797612469411
https://doi.org/10.1037/a0038328
https://doi.org/10.1037/a0038328
https://doi.org/10.3758/s13414-010-0079-1
https://doi.org/10.3758/s13414-010-0079-1
https://doi.org/10.1523/JNEUROSCI.1103-20.2020
https://doi.org/10.1523/JNEUROSCI.1103-20.2020
https://doi.org/10.1016/j.cortex.2017.04.019
https://doi.org/10.1016/j.cortex.2017.04.019
https://doi.org/10.1027/1618-3169/a000054
https://doi.org/10.3389/fnhum.2011.00085
https://doi.org/10.3758/BF03204939
https://doi.org/10.3758/BF03204939
https://doi.org/10.1162/jocn_a_01567
https://doi.org/10.1162/jocn_a_01567
https://doi.org/10.1177/014662169301700101
https://doi.org/10.3758/s13414-018-1500-4
https://doi.org/10.1167/JOV.20.8.1

	Context dependency of time-based event-related expectations for different modalities
	Abstract
	Introduction
	Methods
	Participants
	Apparatus
	Stimuli
	Procedure
	Data analyses

	Results
	Discussion
	Conclusion
	References




