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Abstract 

One of the most important ability of our brain is to integrate input from different sensory modalities 

to create a coherent representation of the environment. Does expectation affect such multisensory 

integration? In this paper, we tackled this issue by taking advantage from the crossmodal 

congruency effect (CCE). Participants made elevation judgments to visual target while ignoring 

tactile distractors. We manipulated the expectation of the tactile distractor by pairing the tactile 

stimulus to the index finger with a high-frequency tone and the tactile stimulus to the thumb with a 

low-frequency tone in 80% of the trials. In the remaining trials we delivered the tone and the visual 

target, but the tactile distractor was omitted (Study 1). Results fully replicated the basic crossmodal 

congruency effect. Strikingly, the CCE was observed, though at a lesser degree, also when the 

tactile distractor was not presented but merely expected. The contingencies between tones and 

tactile distractors were reversed in a follow-up study (Study 2), and the effect was further tested in 

two conceptual replications using different combinations of stimuli (Studies 5 and 6). Two control 

studies ruled out alternative explanations of the observed effect that would not involve a role for 

tactile distractors (Studies 3, 4). Two additional control studies unequivocally proved the 

dependency of the CCE on the spatial and temporal expectation of the distractors (Study 7, 8). An 

internal small-scale meta-analysis showed that the crossmodal congruency effect with predicted 

distractors is a robust medium size effect. Our findings reveal that multisensory integration, one of 

the most basic and ubiquitous mechanisms to encode external events, benefits from expectation of 

sensory input.   

 

Keywords: Crossmodal congruency effect, predictive coding, sensory expectation 
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1. Introduction 

Two key mechanisms help us to cope with an overwhelming amount of sensory inputs coming from 

the environment: sensory expectation and crossmodal interaction. The former refers to the idea that 

we do not solely react to external stimuli; rather we constantly create predictions about forthcoming 

sensory events (Engel, Fries, & Singer, 2001). The latter refers to the idea that we do not use 

sensory systems one at a time, rather we simultaneously process information coming from different 

sensory modalities. These two mechanisms can be observed already in non-human primates 

(Amemori & Sawaguchi, 2006; Siemann et al., 2014), suggesting that they are unlikely related to 

the privileged cognitive status of humans. Conversely, they might represent a fundamental 

prerequisite for an efficient interaction with the environment.  

Models of predictive brain have been used to explain how expectation of upcoming stimuli is 

generated (for reviews: (Clark, 2013; Friston, 2010). According to these models, expectation at the 

neural level takes the form of increased baseline neural activity (i.e., biased by the probability of 

stimulus occurrence) and increased evoked response (i.e, similar for expected and actual stimuli; for 

a review see: (Summerfield & de Lange, 2014). For instance, previous research has shown that cues 

predicting a forthcoming visual stimulus lead to increases in BOLD signal in category-specific 

visual regions. For example, when the word ‘house’ predicts the subsequent occurrence of a house, 

it triggers higher BOLD signals in the parahippocampal place area (Puri, Wojciulik, & Ranganath, 

2009). Behavioural evidence demonstrates that expectation is beneficial for processing and 

responding to external stimuli. For instance, expectation of low-level features (e.g., colour, direction 

of motion) leads to facilitated processing of stimuli containing those features (Ball & Sekuler, 1981; 

Corbetta, Miezin, Dobmeyer, Shulman, & Petersen, 1990; Saenz, Buracas, & Boynton, 2002). 

Only recent research has begun to investigate the relationship between expectation and crossmodal 

interaction. Examining this issue is critical for the understanding of how we perceive and react to 

environmental stimuli. Indeed, in daily life we usually do not perceive external events through only 
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one sensory modality. Instead, information from the environment reaches us via multiple sensory 

systems. Integrating information across the senses improves a wide range of behavioral outcomes, 

including detection (Lovelace, Stein, & Wallace, 2003; Stein & Wallace, 1996), localization 

(Nelson et al., 1998; Wilkinson, Meredith, & Stein, 1996), and speed of response (Diederich & 

Colonius, 2004; Hershenson, 1962).  

To date, however, research on the relationship between expectation and crossmodal interaction has 

focused predominantly on the extent to which top-down expectations impact on actual multimodal 

events (Gau & Noppeney, 2016; Nahorna, Berthommier, & Schwartz, 2012) as in the case of the 

McGurk effect. In the McGurk effect, participants are presented with the auditory phoneme /ga/ 

synchronous with an incongruent lip movement /ba/. This leads to the illusory perception of a 

different syllable /da/ (McGurk & MacDonald, 1976). Nahorna and colleagues (Nahorna et al., 

2012) manipulated participants' top-down congruency expectations by presenting McGurk stimuli 

embedded in blocks of congruent or incongruent syllables. They showed that the multimodal 

McGurk effect was largely reduced when the constituent unisensory stimuli were preceded by an 

incoherent audiovisual context. Other studies (Stekelenburg & Vroomen, 2012) have shown similar 

top-down effects on crossmodal interaction employing different pair of stimuli, e.g. audio-tactile or 

visuo-tactile. For instance, by using a spatial cuing task, Spence and Driver (Spence & Driver, 

1996) showed that participants were faster at judging the elevation of visual or auditory targets 

when the location of the upcoming stimulus was cued by a stimulus in either the same or different 

sensory modality. This finding is intriguing and clearly suggests that expectation of sensory events 

might occur across modalities.  

So far, little research has investigated whether crossmodal interaction between an actual stimulus 

and an expected, but omitted stimulus, could occur. In support of this working hypothesis, there is 

evidence showing that expectations affect the sensory response in the absence of sensory input (den 

Ouden, Friston, Daw, McIntosh, & Stephan, 2009; Kok, Rahnev, Jehee, Lau, & de Lange, 2012; 
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SanMiguel, Widmann, Bendixen, Trujillo-Barreto, & Schroger, 2013; Todorovic, van Ede, Maris, 

& de Lange, 2011; Wacongne et al., 2011). For instance, Kok and colleagues (Kok, Failing, & de 

Lange, 2014) showed that expectation of a specific visual stimulus evokes a pattern of activity in 

the visual cortex with similar features as those evoked by real stimuli.  

Starting from this evidence, we seek to investigate whether expectation of a tactile event is a 

sufficient condition to elicit crossmodal interaction in a modified version of the crossmodal 

distractor congruency task (Driver & Spence, 1998; Spence, 2010, 2011; Spence, Pavani, & Driver, 

2000, 2004; Spence & Walton, 2005). In a typical study, participants hold two foam blocks, one in 

either hand, provided with vibrotactile stimulators and light emitting diodes (LEDs) in the upper 

and lower surfaces. On each trial, a vibrotactile and a visual stimulus are presented randomly from 

any one of the four possible stimulus locations. Participants are required to make speeded elevation 

(up/down) discriminations for each vibrotactile target stimulus, presented to either the index finger 

or the thumb, while simultaneously ignoring any visual distractor. The common finding is that 

participants are significantly faster at discriminating the elevation of tactile targets when visual 

distractors are presented at congruent elevation. That is, a spatially non-predictive visual cue 

enhances judgments for tactile targets presented near to it, relative to those presented elsewhere 

(Driver & Spence, 1998). The effect is consistently found also when participants respond to the 

visual stimulus trying to ignore the tactile stimulus (Spence & Walton, 2005). 

In this study we conceived a modified version of the classic crossmodal distractor congruency task. 

Participants made elevation judgments to visual target while ignoring tactile distractors. We 

manipulated the expectation of the tactile distractor by pairing the tactile stimulus to the index 

finger with a high-frequency tone and the tactile stimulus to the thumb with a low-frequency tone in 

80% of the trials. In the remaining trials we delivered the tone and the visual target, but the tactile 

distractor was omitted.  
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Based on evidence suggesting that expected stimuli evoke a pattern of activity with similar features 

as that evoked by the real stimulus (Kok et al., 2014), we predict a crossmodal congruency effect 

not only when the actual tactile distractor is spatially incongruent with the visual target, but also 

when the expected tactile distractor is spatially incongruent with the visual target, even if omitted 

(study 1).  

The contingencies between tones and tactile distractors were reversed in a follow-up study (study 

2). Two additional control studies (studies 3 & 4) aimed at testing the dependency of our effect on 

the expectation of the tactile distractor. These studies ruled out the possibility that the mere 

association between the auditory cue and visual target could account for by our results (study 3) by 

investigating the time course of the audio-visual crossmodal congruency effect (study 4). Two 

conceptual replications of study 1 (studies 5 & 6) aimed at assessing the generalizability of our 

effect to other stimulus combinations. In particular, in study 5 the cue, the distractor and the target 

were auditory, visual and tactile, respectively; while in study 6 the cue, the distractor and the target 

were visual, visual and tactile, respectively. Two further control studies (studies 7 & 8) aimed at 

testing the dependency of our effect on the spatial and temporal predictability of the distractor. In 

study 7 the cue, the distractor and the target were auditory, visual and tactile, respectively, as in 

study 5, but in this case the auditory cue predicted the spatial location of the forthcoming distractor 

with a 50% of accuracy, thus making it “spatially” unpredictable. Finally, in study 8 the cue, the 

distractor and the target were auditory, visual and tactile, respectively. In this study, the expectation 

of the distractor dissipated over time in specific trials, due to the delayed presentation of the target. 

Thus, the crossmodal congruency effect should not be observed in these trials.  

2. Materials and Methods 

2.1. Methodological disclosure and description of the analysis 

We report how we determined our sample size, all data exclusions, all manipulations, and all 

measures in each study. We report all the studies conducted for this project (Simmons, Nelson, & 
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Simonsohn, 2011). We have used two inferential frameworks to assess the evidence for the critical 

effects: null hypothesis significance testing and a Bayesian inference framework – Bayes factor 

analysis. The latter framework enabled us to quantified relative evidence to support the null effect 

model against models assuming an effect (or vice versa). The crucial notion here is a Bayes factor 

(BF), which is the ratio of the probability of the data given model A (e.g., the null model) to the 

probability of the data given model B (e.g., a model assuming a certain distribution of effects). 

Bayes factors allows us to quantify how many more times are the data likely to occur under the 

assumption of the model A compared to the assumptions of model B (or vice versa). For instance, 

BF01 = 20 means that the data are 20 times more likely to occur under the model A (i.e., the null 

model here) relative to the model B. A Bayes Factor, BF01 with a value lower than 1 indicates that 

the model assuming the effect (model B) is more likely relative to the null model (model A) and 

with value greater than 1 indicates that the model assuming no effect is more likely relative to the 

model assuming the effect. Furthermore, the Bayes Factor values may also be interpreted as 

evidence categories, for example, BF01 values between 1 to 3 indicate anecdotal evidence to support 

the null model relative to the competing model, whereas values greater than 100 indicate extreme 

evidence to support the null model (Jeffreys, 1961; Lee & Wagenmakers, 2014). Finally, if the prior 

probability odds are defined, then Bayes factors can be combined into the posterior odds and can 

thus quantify support for tested hypotheses. For instance, if we assume prior odds of the two 

competing models to be 1 (i.e., equally likely) before running a study, then BF01 = 100 can be 

combined into the posterior odds (1*100 = 100), which will mean that the null model is 100 more 

likely relative to the compared model (i.e., assuming a specific distribution of the effects). Here, we 

calculated a default Bayes factors using JASP and R package Bayes Factor (Love et al., 2015; 

Morey & Rouder, 2015) for the critical effects of the crossmodal congruency effects (Studies 1, 2, 

5, 6) – they are synthesized in the subsection “Evidence synthesis” – and for possible alternative 

explanations of the effects – they are reported in the respective results sections of studies 3, 4, 7 and 
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8. All the studies were approved by the local ethical committee and carried out in accordance with 

ethical guidelines laid down in the Declaration of Helsinki. 

2.2. Study 1  

2.2.1. Participants 

Thirty right-handed healthy volunteers (mean age = 21 years old, 18 female) were recruited by 

advertisement to take part in this study from the student pool. We determined our sample size a-

priori based on our experience with similar studies. Sensitivity analysis showed that such a sample 

size would be sufficient to detect a medium size effect of dz = 0.53, while assuming α = 0.05, 1 – β 

= 0.80 and a two-tailed matched paired t-test. The participants in this and all subsequent studies in 

this paper reported normal hearing, normal touch sensitivity and normal or corrected-to-normal 

vision, and were naive as to the purpose of the study.  

2.2.2. Stimuli 

The study was performed in a dark room. The participant rested her forearms on a table and held a 

foam block (width 6 cm; depth 6 cm; height 6.5 cm) between the index finger and the thumb of the 

right hand. The foam block was devised to deliver visual and vibro-tactile stimuli. For this purpose, 

two tapper solenoids (diameter 9 mm; length 11.5 mm; weight: ~12.5 g; coil resistance: 36Ω +/-1Ω) 

and two round red light-emitting diodes (LEDs; diameter 5 mm; luminance 14 mcd) were 

embedded on the foam block in order to provide vibro-tactile and visual stimuli, respectively. LEDs 

were embedded on the top (Upper Led) and the bottom end (Lower Led) of an imaginary vertical 

axis bisecting one face of the foam block. The tapper solenoids were hidden to reveal the rim 

containing a magnetic vibrator cone close to the LEDs. Specifically, each solenoid was placed just 

above the topside, and below the bottom side, of the face that exhibits the LEDs, aligned with them. 

Furthermore, participants wore a pair of stereo headphones (AKG K-514; rated impedance 32 

ohms, frequency range 18-22.000 Hz, sensitivity 112dB/V) to hear one of two pure-tone sound 

frequencies consisting in a high frequency sound (1000 Hz) or a low frequency sound (375 Hz). 
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The audio output was balanced at a common level of comfortable audibility and it remained 

unchanged throughout the study and across participants. Reaction times were recorded, from the 

onset of the visual target, using a response pad (Cedrus RB-834, Cedrus Corporation, San Pedro, 

USA) located 70 cm to the left from the participant’s midline. Auditory, vibro-tactile and visual 

stimuli, as well as participants’ responses, were controlled by a PC running Psychophysics Toolbox 

extensions (Brainard, 1997; Pelli, 1997) implemented in MATLAB (The MathWorks Inc., Natick, 

MA, USA).  

2.2.3. Procedure 

Each experimental block was composed of 192 (80%) conditioning trials in which the auditory cue, 

the vibro-tactile distractor and the visual target were presented, and 48 (20%) expectation trials in 

which the auditory cue and the visual target were presented, while the vibro-tactile distractor was 

expected but actually omitted. Each block also included 24 catch trials in which only the auditory 

cue and the vibro-tactile distractor were presented. Trials were randomized between blocks. In total 

each block was made up of 264 trials. Moreover, each block was binned into four blocks (hereafter 

time bin) of 66 trials, in which all the experimental conditions were equally presented. The 

experimental session lasted approximately 45 minutes and consisted of two experimental blocks for 

a total of 528 trials.  

Each conditioning trial started with an auditory cue (200ms), consisting of either a low-frequency 

(375 Hz) or a high-frequency (1000 Hz) tone, which predicted the stimulation of the thumb or the 

index finger respectively with 100% validity (see Figure 1, panel A). The auditory cue was 

followed after 500ms by a vibro-tactile stimulus. The vibro-tactile stimulus was followed, after 

30ms, by the visual target. Hence, the vibro-tactile stimulus acted as a distractor of the visual event. 

Half of the trials were congruent (96, upper LED/Index Finger or lower LED/Thumb); the other half 

was incongruent (96, Upper LED/thumb, or lower LED/index finger). Intertrial interval (ITI) 

ranged between 1800 and 2200ms in 100ms steps.  
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The structure of expectation trials was identical to the structure of conditioning trials with the 

exception of the vibro-tactile distractor, which was omitted (see Figure 1, panel A). Half of the 

expectation trials were congruent (24, upper LED/expected index finger or lower LED/expected 

thumb); the other half was incongruent (24, upper LED/expected thumb or lower LED/expected 

index finger). 

Participants were invited to hold the foam block with the right hand, and to respond with the left 

index or left middle finger to indicate whether the visual target was presented on the upper location 

or the lower location. Half of the participants were instructed to use the index finger to indicate 

upper locations and the middle finger to indicate lower locations. The opposite was true for the 

other half. To avoid spatial compatibility effects with the vertical arrangement of the visual targets, 

the response buttons were arranged horizontally.  

The experimental design was a 2x2 factorial. The two within-subjects factors were the congruency 

of the vibro-tactile distractor with respect to the elevation of the visual target (congruent vs. 

incongruent) and the type of trial (conditioning vs. expectation). The crossing of these factors 

yielded 4 possible conditions, i) congruent – conditioning, ii) congruent – expectation, iii) 

incongruent – conditioning, iv) incongruent – expectation, that were included in a 2x2 analysis of 

variance (ANOVA).   

2.2.4. Results 

Shapiro-Wilk’s test and visual inspection of the data showed that data violated the assumption of 

normality, thus data were log-transformed. In this study as in all the other studies, the procedure 

was effective at reducing the skewness of the distributions (p > .18). Missed responses (0.20%), 

anticipatory responses (RTs faster than 120ms, 0.09%), errors (1.9%), and outliers, defined as RTs 

below or above 2 standard deviations from the individual's mean (4.47%), were not included in the 

analysis. A 2x2 ANOVA with congruency of the vibro-tactile distractor (congruent vs. incongruent) 

and type of trial (conditioning vs. expectation) was run on log-transformed RTs. Simple effect 
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analyses were run using two-tailed paired sample t-tests, when necessary, using Bonferroni 

correction method. As we were interested in testing the difference between congruent and 

incongruent trials in conditioning and expectation trials, alpha value was divided by 2 (p< .025). 

The analysis revealed a main effect of congruency [F(1,29)= 62.3; p< .001; ηp²= .68], with faster 

RTs to congruent (5.77log(ms) ± .16log(ms)) than incongruent trials (5.82log(ms) ± .14log(ms)). 

The main effect was further qualified by the two-way interaction [F(1,29)= 36.8; p< .001; ηp²= .55; 

see Figure 1, panel B]. Simple effect analyses revealed faster RTs to congruent than incongruent 

trials in both the conditioning (t(29)= 8.5; p< .001; CI [0.06 0.09]) and the expectation trials (t(29)= 

3.4; p= .002; CI [0.008 0.03], See Table 1 and Figure 1, panel B). The main effect of type of trial 

was not significant [F(1,29)= 0.05 ; p= .86; ηp²= .06]. 

Figure 1 

2.3. Study 2  

Previous research has shown that pitch height biases spatial attention (Chiou & Rich, 2012; Spence 

& Deroy, 2013), in that high-frequency sounds bias spatial attention towards the upper visual field, 

while low frequency sounds bias spatial attention towards the lower visual field. Consequently, in 

Study 1 the auditory cue itself might have lead to a CCE, by virtue of an association between pitch 

height and spatial location (elevation) of the visual target. To rule out this alternative explanation, in 

study 2 the contingency between pitch and vibro-tactile distractors was reversed.  

2.3.1. Participants, Stimuli and Procedure 

The sample size was defined as per study 1. Thirty right-handed healthy volunteers (mean age = 

21.2 years old, 20 female) were recruited by advertisement to take part in this study from the 

student pool. Stimuli and procedures were the same as in study 1. However, in this study the 

contingency between tones and vibro-tactile distractors was reversed, in that, high-frequency 

sounds predicted the forthcoming thumb stimulation, while low-frequency sounds predicted the 

forthcoming index stimulation (See figure 2, panel A).  
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2.3.2. Results 

Shapiro-Wilk’s test and visual inspection of the data showed that data violated the assumption of 

normality, thus data were log-transformed. Missed responses (0.10%), anticipatory responses (RTs 

faster than 120ms, 0.07%), errors (2.2%), and outliers, defined as above, were not included in the 

analysis (4.6%). A 2x2 ANOVA with congruency of the vibro-tactile distractor (congruent vs. 

incongruent) and type of trial (conditioning vs. expectation) was run on log-transformed RTs. 

Simple effect analyses were run as for study 1 (Bonferroni corrected alpha value; p< .025). The 

ANOVA revealed a main effect of congruency [F(1,29)= 141.9 p< .001; ηp²= .83], with faster RTs 

to congruent (5.85log(ms) ± .17log(ms)) than incongruent trials (5.90log(ms) ± .16log(ms)). The 

main effect was further qualified by the two-way interaction [F(1,29)= 38.7; p< .001; ηp²= .57; see 

Figure 2, panel B]. Simple effect analyses revealed faster RTs to congruent than incongruent trials 

in both the conditioning (t(29)= 10.3; p< .001; CI [0.07 0.11]) and the expectations trials (t(29)= 

2.4; p= .02; CI [0.002 0.02]; see Table 1). The main effect of type of trial was not significant 

[F(1,29)= 0.09; p= .76; ηp²= .06]. 

Overall, the results confirmed the findings of the first study, in that they showed the crossmodal 

congruency effect in both the conditioning and expectation trials, regardless of stimulus 

contingencies.  

Figure 2 

2.4. Study 3 

Results from Study 2, in which we reverted the contingencies between the cue and the distractor, 

suggest that it is not the auditory cue itself to lead to a CCE, at least with the timing we used. Study 

3 was conducted to further corroborate this finding.  

Participants 
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The sample size was determined as above. Thirty right-handed healthy volunteers (mean age = 22.5 

years old, 22 female) were recruited by advertisement to take part in this study from the student 

pool.  

2.4.1. Stimuli and Procedure 

The apparatus and stimuli were as in studies 1 and 2. The design was identical to studies 1 and 2, 

with the following exceptions: the vibro-tactile distractor was never presented. 

Each trial started with an auditory stimulus (200ms), consisting of either a low-frequency (375 Hz) 

or high-frequency (1000 Hz) tone. The auditory stimulus was followed, after 530ms, by a visual 

stimulus. Hence, the auditory stimulus acted as a distractor of the visual event (Figure 3, panel A). 

ITI ranged between 1800 and 2200ms in 100ms steps.  

The participants held the foam block and responded, as in the previous study, to the elevation of the 

visual target, trying to ignore the auditory stimulus. The sound did not predict the target location. 

The study was made up of 216 trials. Ninety-six trials were congruent (high-frequency sound/upper 

LED or low-frequency sound/lower LED), while 96 trials were incongruent (high-frequency 

sound/lower LED or low-frequency sound/upper LED). Twenty-four were catch trials in which the 

visual stimulus was not presented. Trials were randomized across participants. 

2.4.2. Results 

Shapiro-Wilk’s test and visual inspection of the data showed that data violated the assumption of 

normality, thus data were log-transformed. Missed responses (0.01%), anticipatory responses (RTs 

faster than 120ms, 0.07%), errors (4.4%) and outliers, defined as above, were not included in the 

analysis (1.5%). 

Reaction times to congruent and incongruent trials were analysed using a paired-sample t-test. The 

comparison was not significant (t(29)= 1.61; p= .11; CI [-0.002 0.02] see Figure 3, panel B). This 

result suggests that with the timing we used, that is, a delay of 530ms between the two stimuli, 
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auditory events do not impact on correct localization of visual target (Congruent: 5.97 ± .16log(ms); 

Incongruent: 5.98 ± .17log(ms)). To further investigate this null effect, a default Bayes factor 

paired-sample t-test was conducted. The data were 1.4 most likely to occur under the null effect 

model relative to the alternative effect model, BF01= 1.4, and were more in favour of the null model 

with increasing Cauchy prior width (which puts more emphasis on bigger effects): with wide prior, 

BF01= 1.8 and ultrawide prior BF01= 2.4. Hence, we found only anecdotal evidence to support the 

null effect model; evidence that is clearly inconclusive. 

Figure 3 

2.5. Study 4 

Study 3 might seems at odds with previous research showing that crossmodal congruency effect for 

audio-visual pairs does exist (Bernstein & Edelstein, 1971). Already in the early seventies Bernstein 

and Edelstein (Bernstein & Edelstein, 1971) demonstrated how irrelevant high frequency binaural 

tones facilitate detection of upper visual targets, while low frequency binaural tones facilitate 

detection of lower visual targets with regard to a fixation. In their study, however, the temporal 

offset between the auditory and the visual target was much shorter (range 0 - 45ms) than in our 

study (530ms). This suggests that the temporal offset between the auditory and the visual target 

might play a crucial role in the audio-visual crossmodal congruency effect. To test this hypothesis, 

in study 4, we investigated the time course of the audio-visual crossmodal congruency effect using 

delays ranging from 0 to 750ms. 

Participants were to judge the elevation of a visual target, while trying to ignore a task irrelevant 

high frequency or low frequency sound. The temporal offset between the two stimuli ranged 

between 0 and 750ms in 250ms steps. 

2.5.1. Participants 

Twenty-five right-handed healthy volunteers (mean age = 21 years old, 21 female) were recruited 

by advertisement to take part in this study from the student pool.  
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2.5.2. Stimuli and Procedure 

The apparatus and stimuli were as in study 3. The experimental design was a 2x4 factorial. The two 

within-subjects factors were the congruency of the auditory distractor with respect to the elevation 

of the visual target (congruent vs. incongruent) and the delay (0, 250, 500 and 750ms, see Figure 4, 

panel A). ITI ranged between 1800 and 2200ms in 100ms steps. The participants held the foam 

block and responded, as in the previous studies to the elevation of the visual target, trying to ignore 

the auditory stimulus. Each experimental condition was repeated 32 times for a total of 256 

experimental trials. Fifty catch trials were also included in which the visual stimulus was not 

presented. Trials were randomized across participants. 

2.5.3. Results 

Shapiro-Wilk’s test and visual inspection of the data showed that data violated the assumption of 

normality, thus data were log-transformed. One participant was excluded due to few valid trials 

(less than 60%). There were not missed responses. Anticipatory responses (RTs faster than 120ms, 

0.02%), errors (0.9%) and outliers (1.9%) computed as in the previous studies were not included in 

the analysis. A 2x4 ANOVA with congruency (congruent vs incongruent) and delay (0, 250, 500, 

750ms) was performed on log transformed RTs. The analysis revealed a main effect of delay 

[F(3,69)= 6.3; p< .001, ηp²= 0.21]. This main effect was further qualified by the interaction between 

congruency and delay [F(3,69)= 9.4; p< .001, ηp²= 0.29, see Figure 4, panel B]. Simple effects 

analyses (Bonferroni correction method; p< .012), showed that the crossmodal congruency effect 

was significant only in the 250ms condition (Congruent: 5.83 ± .18log(ms); Incongruent: 5.88 ± 

.20log(ms) t(23)= 4.2; p< .001; CI [0.02 0.06]; see Figure 4, panel B). The same effect was absent, 

or did not survive correction for multiple comparisons, in the 0ms delay condition (Congruent: 5.90 

± .17log(ms); Incongruent: 5.89 ± .18log(ms); t(23)= 1.1; p= .28; CI [-0.03 0.01]) and 750ms delay 

conditions (Congruent: 5.89 ± .17log(ms); Incongruent: 5.91 ±  .17log(ms); t(23)= 2.4; p= .024; CI 

[0.003 0.04]). An opposite trend was observed at 500ms delay condition with faster reaction times 
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to incongruent than congruent trials (Congruent: 5.88 ± .19log(ms); Incongruent: 5.85 ± .17log(ms); 

t(23)= 2.6; p= .016; CI [-0.05 -0.005]; see Figure 4, panel B). However, this effect did not survive 

correction for multiple comparisons. This was further supported by the Bayes factor analysis. We 

found a moderate support for the effect in the opposite direction relative to the null effect model, 

BF10= 3.0. When we restricted the prior probability mass of this opposite direction, a Bayes factor 

supported strongly the null effect, since BF0+= 14.2 and increased with wide and ultrawide priors, 

BF0+= 20.2 and BF0+= 28.7, respectively. Taken together with the results of the study 3, there is 

relative evidence supporting the null effect using delays longer than 250ms. 

Figure 4 

2.6. Study 5 

Study 1 (and 2) suggested that the crossmodal congruency effect can be observed even when the 

distractor is not actually presented but merely expected. To test for the consistency of the effect and 

to rule out the possibility that the observed effect is bound to the used sensory modalities, we ran a 

first conceptual replication of study 1, with a different stimulus combination. We inverted the 

sensory modalities of the distractor and the target – i.e., a visual stimulus was used as a distractor 

and participants were to respond to a vibro-tactile target. The temporal structure of the study was 

left unchanged.  

2.6.1. Participants and Stimuli  

Thirty right-handed volunteers (mean age = 22.7 years old, 24 female) were recruited by 

advertisement to take part in this study from the student pool. The sample size was determined 

based on a priori power analysis of the critical crossmodal congruency effect in expectancy trials 

averaged across the two studies (Studies 1 and 2), dz = -0.53, while assuming α = 0.05, 1 – β = 0.80, 

and a two-tailed significance test for a matched-sample t-test.  

2.6.2. Procedure  
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Procedure was the same as for study 1 except for the following: participants were required to judge 

the elevation of the vibro-tactile stimulus instead of the visual stimulus. Hence, in this case, the 

visual stimulus acted as a distractor. Consequently, the contingency was created between the 

auditory stimulus and the visual stimulus. Each experimental block was composed of 192 (80%) 

conditioning trials in which the auditory cue, the visual distractor and the vibro-tactile target were 

presented, and 48 (20%) expectation trials in which the auditory cue and the vibro-tactile target 

were presented, while the visual distractor was expected but actually omitted. Each block also 

included 24 catch trials in which only the auditory cue and the visual distractor were presented. 

Trials were randomized between blocks. In total each block was made up of 264 trials. The 

experimental session lasted approximately 45 minutes and consisted of two experimental blocks for 

a total of 528 trials (See figure 5, panel A).  

Each conditioning trial started with an auditory cue (200ms), consisting of either a low-frequency 

(375 Hz) or a high-frequency (1000 Hz) tone, which predicted the presentation of the lower or the 

upper visual stimulus with 100% validity. The visual stimulus was followed, after 30ms, by the 

vibro-tactile target. Hence, the visual stimulus acted as a distractor of the vibro-tactile event. Half of 

the trials were congruent (96, upper LED/Index Finger or lower LED/Thumb); the other half was 

incongruent (96, Upper LED/thumb, or lower LED/index finger). ITI ranged between 1800 and 

2200ms in 100ms steps.  

The structure of expectation trials was identical to the structure of conditioning trials with the 

exception of the visual distractor, which was omitted. Half of the expectation trials were congruent 

(24, expected upper LED/ index finger or expected lower LED/ thumb); the other half was 

incongruent (24, expected upper LED/ thumb or expected lower LED/ index finger, See figure 5, 

panel A). 

Responses were provided as per study 1. The experimental design was a 2x2 factorial. The two 

within-subjects factors were the congruency of the visual distractor with respect to the elevation of 
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the vibro-tactile target (congruent vs. incongruent) and the type of trial (conditioning vs. 

expectation). The crossing of these factors yielded 4 possible conditions, i) congruent – 

conditioning, ii) congruent – expectation, iii) incongruent – conditioning, iv) incongruent – 

expectation, that were included in a 2x2 ANOVA.  

2.6.1. Results 

Shapiro-Wilk’s test and visual inspection of the data showed that data violated the assumption of 

normality, thus data were log-transformed. Missed responses (1.3%), anticipatory responses (RTs 

faster than 120ms, 0.72%), errors (4.9%), and outliers (4.09%), defined as above, were not included 

in the analysis. A within-subjects 2x2 ANOVA with congruency of the visual distractor (congruent 

vs. incongruent) and type of trial (conditioning vs. expectation) was run on log-transformed RTs. 

The analysis revealed a main effect of congruency [F(1,29)= 43.8; p< .001; ηp²= .60], with faster 

RTs to congruent (5.68log(ms) ± .27log(ms)) than incongruent trials (5.78log(ms) ± .26log(ms)). 

The main effect was further qualified by the two-way interaction [F(1,29)= 22.4; p< .001; ηp²= .43; 

see Figure 5, panel B]. Simple effect analyses revealed faster RTs to congruent than incongruent 

trials in both the conditioning (t(29)= 6.0; p< .001; CI [0.11 0.22]) and the expectation trials (t(29)= 

2.9; p= .007; CI [0.008 0.04], See Table 1 and Figure 5, panel B).  The main effect of type of trial 

was not significant [F(1,29)= 0.03 ; p= .86; ηp²= 0.06]. Results from study 5 suggest that the effect 

of expectation on crossmodal interaction observed in study 1 can be generalized to other sensory 

modalities of the distractor and the target.  

Figure 5 

2.7. Study 6 

Study 6 was run as a second conceptual replication of study 1 with a different stimulus 

combination. We used visual, rather than auditory cues. Hence, we had visual, visual and tactile 

stimuli as cue, distractor and target, respectively. The temporal structure of the study was left 

unchanged.  
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2.7.1. Participants  

Sample size was determined as for study 5. Thirty right-handed healthy volunteers (mean age = 

24.2 years old, 20 female) were recruited by advertisement to take part in this study from the 

student pool.  

2.7.2. Stimuli and procedure 

The procedure was the same as in study 5. The only difference was the modality of the cue 

stimulus. The auditory cue was replaced by a visual stimulus (green LED, see figure 6, panel A). 

The visual stimuli used as cue (green LED) and target (red LED) were actually the same bi-colour 

LED. 

2.7.3. Results 

Shapiro-Wilk’s test and visual inspection of the data showed that data violated the assumption of 

normality, thus data were log-transformed. Missed responses (2.11%), anticipatory responses (RTs 

faster than 120ms, 0.35%), errors (4.4%), and outliers (4.22%), defined as above, were not included 

in the analysis. A within-subjects 2x2 ANOVA with congruency of the visual distractor (congruent 

vs. incongruent) and type of trial (conditioning vs. expectation) was run on log transformed RTs. 

The analysis revealed a main effect of congruency [F(1,29)= 48.5; p< .001; ηp²= .62], with faster 

RTs to congruent (5.73log(ms) ± .23log(ms)) than incongruent trials (5.83log(ms) ± .24log(ms)). 

The main effect was further qualified by the two-way interaction [F(1,29)= 15.75; p< .001; ηp²= 

0.35; see Figure 6, panel B]. Simple effect analyses with Bonferroni correction method revealed 

faster RTs to congruent than incongruent trials in both the conditioning (t(29)= 6.41; p< .001; CI 

[0.10 0.20]) and the expectation trials (t(29)= 3.09; p= .004; CI [0.015 0.07], See Table 1 and 

Figure 6, panel B).  The main effect of type of trial was not significant [F(1,29)= 0.06; p= .81; ηp²= 

0.06]. 

Figure 6 
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2.8. Study 7 

This study tested whether the spatial predictability of the distractor is necessary to induce the 

crossmodal congruency effect, when the distractor is not actually presented. To this aim, we made 

the distractor “spatially” unpredictable by using auditory cues with a validity of 50%. The cue, the 

distractor and the target were auditory, visual and tactile, respectively, as in study 5. 

2.8.1. Participants 

Sample size was defined as for studies 5 and 6. Thirty right-handed volunteers (mean age = 21.8 

years old, 28 female) were recruited by advertisement to take part in this study from the student 

pool.  

2.8.2. Stimuli and procedure 

Procedure was the same as in study 5. The only difference was that the auditory stimulus predicted 

the location of the distractor only 50% of the times. Each experimental block was composed of 192 

(80%) conditioning trials in which auditory cue, visual distractor and the vibro-tactile target were 

presented. In half of these trials (96 trials) the auditory cue predicted the location of the vibro-tactile 

distractor, in the other half (96 trial) the auditory cue did not predict the location of the vibro-tactile 

distractor. The expectation trials (20%) and the 24 catch trials were the same as before. In brief, the 

auditory cue was not effective in inducing expectation of the subsequent visual distractor (See 

figure 7, panel A). It should be noted here that we labelled the trials as conditioning and expectation 

even if no expectation is induced, because the validity of the cue was at chance level. Similarly, as 

the non-existent expectation can neither be congruent nor incongruent with the target, the factor 

congruency referred to the spatial correspondence between the cue and the target.  

Results 
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Shapiro-Wilk’s test and visual inspection of the data showed that data violated the assumption of 

normality, thus data were log-transformed. Missed responses (0.56%), anticipatory responses (RTs 

faster than 120ms, 0.56%), errors (3.5%), and outliers (4.14%), defined as above, were not included 

in the analysis. A within-subjects 2x2 ANOVA with congruency of the visual distractor (congruent 

vs. incongruent) and type of trial (conditioning vs. expectation) was run on log transformed RTs. 

The analysis revealed a main effect of congruency [F(1,29)= 72.8; p< .001; ηp²= .71], with faster 

RTs to congruent (5.65log(ms) ± .24log(ms)) than incongruent trials (5.76log(ms) ± .27log(ms)). 

The main effect was further qualified by the two-way interaction [F(1,29)= 58.4; p< .001; ηp²= .66; 

see Figure 7, panel B], owing to faster RTs to congruent than incongruent trials in the conditioning 

trials (t(29)= 8.54; p< .001; CI [0.15 0.25]), but not in the expectations trials (t(29)= 1.10; p= .27; 

CI [-0.007 0.02]; see Table 1 and Figure 7, panel B). The main effect of type of trial was not 

significant [F(1,29)= 2.7; p= .11; ηp²= 0.35]. 

We further quantified the evidence for support of the interaction effect model relative to null effect 

model. We ran a Bayesian repeated measures ANOVA with the two main factors and their 

interaction. The null model comprised an intercept, congruency, and presence of the signal as 

nuisance terms (we use the term "nuisance" in a more generic way as used in the Bayesian statistics 

literature, e.g., Wagenmakers et al, 2017). The null model was compared with the model including 

in addition the interaction term between the two main factors. Thus, we compared two models, 

featuring the interaction or not, while all the other factors were included. We found extreme 

evidence to support the interaction model against the null model assuming no interaction effect, 

BF01= 3.8*10
9
. To unpack the interaction, we conducted two default Bayesian paired samples t-

tests. We found anecdotal evidence supporting the model assuming no congruency effect relative to 

the model assuming the congruency effect in expectation trials, BF01 = 2.9 (for Cauchy scale 0.707, 

and moderate evidence, BF01 = 3.9 and BF01 = 5.4, for wide and ultrawide priors, respectively), and 

extreme evidence supporting the model assuming congruency effect relative to the null effect model 
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in conditioning trials, BF10 = 5.8*10
6
 for (Cauchy scale 0.707, and extreme evidence, BF10 = 

6.9*10
6
 and BF10 = 7.4*10

6
, for wide and ultrawide priors, respectively).  

Figure 7 

2.9. Study 8 

This study was designed to support the finding that the actual expectation of the distractor, which is 

supposed to occur close in time to the target stimulus (30ms), is causing the CCE. If the CCE would 

occur due to the cue stimulus alone, as the cue itself may become a distractor stimulus by 

association over the course of the experiment, then the CCE should persist over the cue-to-target 

interval (>530ms). If the CCE, on the other hand, depends upon expectation of the distractor, it 

must be only short-lived, as expectation quickly dissipates over time. To this aim, in Study 8, in 

addition to the “expectation trials” (expected distractor-to-target interval = 30ms), we also included  

“expectation trials with delayed target” (expected distractor-to-target interval = 530ms). The cue, 

the distractor and the target were auditory, visual and tactile, respectively, as in study 5. 

2.9.1. Participants 

Sample size was defined as for the previous studies. Thirty right-handed volunteers (mean age = 

26.3 years old, 18 female) were recruited by advertisement to take part in this study from the 

student pool. 

2.9.2. Stimuli and procedure 

Each experimental block was composed of 192 conditioning trials in which an auditory cue, a 

visual distractor and a vibro-tactile target were presented, and 48 expectation trials in which the 

auditory cue and the vibro-tactile target were presented, while the visual distractor was expected but 

actually omitted. Conditioning and expectation trials were the same as in the previous studies. Each 

block also included 48 expectation trials with delayed target, in which, the auditory cue and the 

vibro-tactile target were presented, while the visual distractor was expected but actually omitted. 
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Most importantly, in these trials the delay between the cue and the target stimulus was 1030 

milliseconds instead of 530ms. As for the previous studies, trials could be congruent or incongruent. 

24 catch trials were also included, in which only the auditory cue and the visual distractor were 

presented. Trials were randomized between blocks, and responses were provided as in the previous 

studies. 

2.10. Results 

Shapiro-Wilk’s test and visual inspection of the data showed that data violated the assumption of 

normality, thus data were log-transformed. Missed responses (0.19%), anticipatory responses (RTs 

faster than 120ms, 0.83%), errors (2.1%), and outliers (6.3%), defined as above, were not included 

in the analysis. A within-subjects 2x3 ANOVA with congruency of the visual distractor (congruent 

vs. incongruent) and type of trial (conditioning vs. expectation vs. delayed) was run on log 

transformed RTs. The analysis revealed a main effect of congruency [F(1,29)= 138.6; p< .001; ηp²= 

0.82], and type of trials [F(1,29)= 30.01; p< .001; ηp²= 0.50]. These main effects were further 

qualified by the two-way interaction between type of trials and congruency [F(1,58)= 47.7; p< .001; 

ηp²= 0.62; see Figure 8, panel B]. Simple effect analyses revealed faster RTs to congruent 

(5.67log(ms) ± .28log(ms)) than incongruent trials in conditioning trials (5.85log(ms) ± .27log(ms); 

t(29)= 9.15; p< .001; CI [0.14 0.22]). The CCE was observed also in the expectation trials (t(29)= 

7.16; p< .001; CI [0.026 0.047]; Congruent: 5.72log(ms) ± .24log(ms); Incongruent: 5.76log(ms) ± 

.25log(ms)), but not in the expectation trials with delayed target (t(29)= 0.069; p= .945; CI [-0.01 

0.017]; Congruent: 5.84log(ms) ± .26log(ms); Incongruent: 5.84log(ms) ± .26log(ms)).  

These findings were further supported by the Bayes factor analysis. First, we conducted Bayesian 

repeated measures ANOVA, which yielded extreme evidence to support the model including the 

interaction between congruency and type of trial relative to the null model including intercept and 

the two main effects, BF10 = 9.3*10
10

. Second, to unpack this interaction a set of default Bayesian 

paired-samples t-tests (i.e., Cauchy scale of 0.707) was conducted. We found extreme evidence to 
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support the model assuming congruency effect relative to the null effect model in the conditioning 

trials, BF10 = 212003 as well as in the expectation type of trials, BF10 = 2.3*10
7
. In contrast, but 

aligned with our predictions, we found moderate evidence to support the null effect model relative 

to the model assuming congruency effect in the expectation trials with delayed target, BF01 = 5.1. 

Figure 8 

3. Evidence synthesis and robustness of the crossmodal congruency effect in expectation 

trials 

We synthesized evidence concerning the critical crossmodal congruency effect for expectation trials 

across studies, which share the same design structure, namely 1, 2, 5 and 6 using an internal small 

scale meta-analysis and Bayes factor meta-analysis. The purpose of the former analysis was to 

provide more precise estimate of the effect and demonstrate the effect with increased power 

(Cumming, 2014); the rationale behind conducting the latter analysis was to offer quantified 

evidence to relative support for the null and alternative hypothesis (Rouder & Morey, 2011).  

3.1. Evidence synthesis 

To synthesize the evidence we used two methods. First, we have run a random-effects meta-

analytical model using restricted maximum likelihood estimation method to estimate standardized 

change scores for the crossmodal congruency effect in expectation trials across the studies which 

share the same design structure (Experiment 1, 2, 5, 6; R package metaphor was used, Viechtbauer, 

2010). The studies were very similar with almost no heterogeneity, τ
2
= 0, SE= 0.03, Cochran’s 

Q(3)= 0.35, p= .950. Critically, the overall meta-analytical effect was -0.53, 95% CI[-0.72, -0.34]; 

the effect was statically significant, z= -5.41, p< .001 (Figure 9). 

Second, we quantified the relative evidence of the null model (assuming no effect) and alternative 

models (assuming existence of the effect with different distribution of its values) using a default 

Bayes factor meta-analysis with three different priors (R package BayesFactor was used, Morey & 

Rouder, 2015). Bayes factor re-analyses of the individual studies provided evidence supporting 
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existence of the effect (using a default prior, r scale = 0.707) relative to the null model but of 

different strength: study 1: BF10 = 18.5; study 2: BF10 = 2.8; study 5: BF10 = 9.5; study 6: BF10 = 

5.8. The meta-analysis of these data provided extreme evidence to support models assumed by the 

alternative hypothesis supporting existence of the crossmodal congruency effect relative to the null 

model, BF10= 428*10
3
 (i.e., using a wide prior of r scale= 0.707). This means that the data under 

the assumption of the alternative hypothesis model are around 428 thousand more likely than under 

the assumption of the model derived from the null hypothesis. Sensitivity analysis with different 

priors reached the same conclusion: BF10= 446*10
3
 (medium prior, r scale= .5), and BF10= 370*10

3
 

(ultra-wide prior, r scale= 1). To conclude, both approaches yielded evidence supporting existence 

of the effect; we estimated the effect to be of a medium size. 

Figure 9 

3.2. Exclusion sensitivity 

We also tested robustness of our conclusion for the critical crossmodal congruency effect in 

expectation trials in terms of their sensitivity to exclusion criteria (recall, a-priori set-up 2 SD rule 

was applied here). Specifically, we tested whether our conclusions about the effect were sensitive to 

the trimming that we have applied consistently across the studies 1, 2, 5 and 6, which share the 

same design structure, when aggregating the trials for each participant within each condition. To do 

so, we first excluded the incorrect trials and anticipatory responses, and we transformed 

logarithmically the trial-level data; then we set and applied a-priori trimming levels: no trimming 

(0%), 2.5% trimming, 5% trimming, 7.5% trimming, 10% trimming values. For instance, 5% 

trimming remove 5% most extreme values from lower and upper end of the sample of trial data 

(within condition and participant) and then the mean was calculated. Then we aggregated the data 

for each participant in each study using mean reaction times and re-tested the crossmodal 

congruency effect for expectation trials using an internal meta-analysis with the same setting as 

applied above (Table 2). In other words, to aggregate the data we have used a trimmed mean of 
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different levels – a standard tool of robust statistics – that can boost precision, power and control for 

Type I error (Erceg-Hurn & Mirosevich, 2008). We can see that the point estimates of the meta-

analytical effects for the six various methods of trimming are medium sized and virtually identical 

(ranging from -0.44 to -0.53); they vary only slightly between each other. With the increasing level 

of trimming, the 95% confidence intervals are narrowing slightly but the gain in precision is not 

dramatic. To conclude, the trimming method did not affect our conclusion about the existence of the 

effect (i.e., 95% confidence intervals of meta-analytical effects do not contain zero) neither about 

the effect size of the effect. The crossmodal congruency effect in expectation trials is robust. 

Table 2 

4. Discussion  

Endorsing the view that the brain is essentially a predictive machine (Friston, 2010), we 

hypothesized that the congruency effect between visual and tactile events might occur even when a 

tactile event is expected, but actually omitted.  In Study 1, participants held a foam block with the 

right hand that housed one LED on the top and one LED on the bottom. Participants responded to 

the elevation (up or down) of the visual target while tactile distractors were presented at the same or 

opposite elevation as the visual stimulus. Despite the instruction to ignore tactile distractors, and in 

agreement with previous findings (for a review: (Spence & Deroy, 2013) participants’ responses 

were faster when tactile distractors occurred at the same elevation as visual target (congruent trials) 

than when distractors occur at opposite elevations (incongruent trials). Difference in performance 

between congruent and incongruent trials is known as the congruency effect (CCE). Importantly, 

we found a CCE when the tactile distractor was cued by an auditory stimulus, but actually omitted. 

Hence, our data suggest that expectation is capable of leading to CCE. It should be noted that we 

used a modified version of the classic CCE. In particular, we used only one foam cube instead of 

two (Spence & Driver, 1996). Such simplification could explain why the magnitude of the CCE we 

observed is less than half compared to what found before (Spence & Deroy, 2013).  
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Possibly, one might argue that our results could be explained by the well-known, naturally 

occurring spatial mapping between pitch elevation and elevation of visual targets. In that, high and 

low tones induce attention shifts to upper or lower locations, depending on the pitch height (Ben-

Artzi & Marks, 1995; Bernstein & Edelstein, 1971; Chiou & Rich, 2012; Evans & Treisman, 2010). 

Indeed, research has shown that responding to an upper (versus lower) visual stimulus is faster 

when the same stimulus is preceded or accompanied by a high (versus low) tone, compared to when 

it is preceded or accompanied by a low tone (Ben-Artzi & Marks, 1995; Bernstein & Edelstein, 

1971; Chiou & Rich, 2012; Evans & Treisman, 2010). Therefore, the spatial mapping could have 

produced the congruency effect we observed in study 1, when the tactile stimulus was omitted. To 

rule out this alternative hypothesis we ran a second study in which the contingency between the 

auditory cue and the vibro-tactile distractor was reversed. Also in this second study we found an 

effect of tactile expectation on the CCE. In a third study, we investigated whether the CCE we 

observed in studies 1 and 2 could be explained by the congruency between the pitch of auditory cue 

and the elevation of the visual target (Bernstein & Edelstein, 1971; Chiou & Rich, 2012; Spence, 

2011), regardless of the expectation of the distractor. We failed to find any significant effect. 

Results from study 3 might still seem surprising, as the spatial mapping has been replicated in a 

plethora of studies (for review see (Chiou & Rich, 2012; Spence & Deroy, 2013). However, all 

these studies have used fixed asynchronies in the range of few hundred milliseconds, often not 

larger than 400 ms. It is indeed believed that such effect dissipates quickly (Spence, 2010). So far, 

only few studies have successfully replicated the audio-visual spatial mapping using SOA larger 

than 400 ms (Chiou & Rich, 2012; Fernández-Prieto, Vera-Constán, García-Morera, & Navarra, 

2012). However, in these studies the authors used a simple detection task rather than a 

discrimination task, and a relatively small sample size. Hence, such methodological differences 

might account for by the different results. In a fourth study we investigated whether the lack of 

significant effects in study 3 could be explained by the temporal relationship between auditory and 

visual stimuli. To investigate this issue, we manipulated the delay between the auditory and the 
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visual target from 0 to 750 ms in 250 ms steps. Results revealed a congruency effect only when the 

delay between the two stimuli was 250 ms. The other intervals did not produce any CCE, or did not 

survive correction for multiple comparisons. The null effects in studies 3 and 4, which suggest that 

the expectation of the distractor is crucial for the CCE observed in study 1 and 2, have been 

supported by Bayesian analyses. Furthermore, studies 5 and 6, in which different stimulus 

combinations were used, conceptually replicated the findings of studies 1 and 2, thus, suggesting 

that our results can be generalized to other sensory modalities of the cue, distractor and target. 

Finally, studies 7 and 8 demonstrated the relevance of spatial and temporal regularities in the 

induction of expectation. Specifically, Study 8 revealed that the CCE ceases if the time between 

expected distractor and target is too long (530 ms vs 30 ms). This interpretation of our findings is 

further supported by prior results from Shore and colleagues (2006). They investigated the temporal 

dynamics of the general (visuo-tactile) CCE and showed that the cost for incongruent visual 

distractors that preceded tactile targets did not significantly differ from the baseline at SOAs longer 

than 100 ms. Similarly, Poole and colleagues (Poole, Couth, Gowen, Warren, & Poliakoff, 2015; 

Poole, Gowen, Warren, & Poliakoff, 2015) reported that tactile distractors presented nearly 

simultaneously (i.e. <100ms) to visual target produced a significantly larger congruency effect than 

larger stimulus onset asynchronies. This evidence suggests that the null effect we observed in study 

8 occurred because the time between cue and target, rather than the time between expected 

distractor and target, was too long for a CCE to occur.  

To further support our results we have conducted an internal meta-analysis as recommended by the 

current practice (e.g., Cumming, 2014). The main conclusion of this analysis is that the crossmodal 

effect is statistical significant medium size effect -0.53, 95% CI [-0.72, -0.34]. Overall, our results 

demonstrate that CCE can be induced not only by real stimuli but also expected sensory events.  

Before discussing the possible implications of our findings, we should mention an alternative 

interpretation of our results. One might argue that participants shifted spatial attention according to 

the location of the auditory cue (exogenous attention). Thus, even in trials without a tactile stimulus, 
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allocating spatial attention to the presumed location might induce the observed cuing effect. We 

believe this alternative interpretation is unlikely given the results of studies 3 and 4. If exogenous 

attentional mechanisms played a main role in our effect, we should have observed the same CCE 

also in studies 3 and 4.  

But, how is it possible to integrate information when one stimulus is expected but actually omitted?  

A possible mechanism pertains the predictive processing in perception (Summerfield et al., 2006). 

As suggest by the predictive framework, processing of information does not occur through mere 

reaction to stimuli, rather we continuously create predictions about forthcoming sensory events 

(Friston, 2010). This holds true for both unimodal and crossmodal events. Theorizations of 

predictive processing are mainly grounded on Bayesian statistical inference (for reviews see (Brown 

& Brüne, 2012; Bubic, Von Cramon, & Schubotz, 2010). This method of inference can be used to 

determine the probability of a certain outcome, given a predetermined assumption, which can be 

subsequently updated according to the actual outcome.  

Our findings complement and extend previous findings on the relationship between sensory 

encoding and expectation. For instance, Berger and Ehrsson (Berger & Ehrsson, 2013) found that 

imagination of a sound is enough to induce the cross-bounce illusion. The cross-bounce illusion is a 

crossmodal illusion, where sound affects vision. Two visual targets moving across each other can be 

perceived either to bounce off or to stream through each other. In 1997 Sekuler et al. (Sekuler, 

Sekuler, & Lau, 1997) demonstrated that a brief sound at the moment the targets coincide, biases 

perception toward bouncing. Berger and Ehrsson (Berger & Ehrsson, 2013) elegantly demonstrated 

that imagined sounds, at the moment the targets coincide, biases perception towards bouncing rather 

than streaming, as if the auditory stimulus was actually presented. Related to this, Spence and 

colleagues (Spence, Nicholls, & Driver, 2001) showed that sensory processing can be less efficient 

in an unexpected modality than in the same modality when it is expected. Hence, performance 

depends not only on what actually happens, but also on what is anticipated, expected or imagined. 
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Our results seem to support this view by showing crossmodal congruency effect between a visual 

target and an expected, but omitted distractor.  

Concerning the specific neural mechanisms enabling the effect of an expected stimulus on a real 

stimulus, research in the neuroscience of expectation shows that the brain anticipates forthcoming 

events. For instance, Carlsson et al. (Carlsson, Petrovic, Skare, Petersson, & Ingvar, 2000) found 

that brain activation in response to the expectation of a tactile stimulus, as a tickle provided with a 

light touch of painter’s brush on the foot sole, is similar to the engaged during actual somatosensory 

stimulation. More recently, Kok and colleagues (Kok et al., 2014), using functional magnetic 

resonance imaging, demonstrated that expectation of a visual stimulus induces an activation of the 

visual cortex which resembles the ones induced by the real stimulus. The mechanisms leading to the 

generation of such an accurate template seems to be related to low-frequency oscillatory activity of 

the brain.  

Cravo and colleagues (Cravo, Rohenkohl, Wyart, & Nobre, 2013) asked participants to judge the 

orientation of Gabor patterns tilted clockwise or counterclockwise, which could be embedded 

within temporally regular or irregular streams of noise-patches. At the behavioral level, results 

revealed that expectation enhanced contrast sensitivity of visual targets. Indeed, participants were 

more accurate at discriminating the gabor patch embedded in predictable display rather than 

unpredictable display. At the neural level, results showed that the phase of delta oscillations 

overlying visual cortex was predictive of the quality of target processing only in regular streams of 

events. These results suggest that phase entrainment of low-frequency oscillations to external 

sensory cues can serve as an important and flexible mechanism for generating expectation. We 

speculate that a similar phase entrainment of low-frequency oscillations might account for our 

effect. This idea is supported by evidence showing that entrainment of low-frequency oscillations 

plays a pivotal role in sensory selection and multisensory integration (Lakatos, Chen, O'Connell, 
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Mills, & Schroeder, 2007; Schroeder & Lakatos, 2009; Schroeder, Lakatos, Kajikawa, Partan, & 

Puce, 2008; Stefanics et al., 2010). 

Overall, our findings enrich current knowledge on sensory expectation and crossmodal interaction 

by suggesting that our brain uses both actual and predicted stimuli to cope with overwhelming 

stimuli from the environment.   
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Figure captions 

Figure 1: Study 1. Panel A) Temporal structure of conditioning trials (upper raw) and expectation 

trials (lower raw). The note represents the auditory cue (validity 100%), the red lightening bolt 

represents the actual vibro-tactile stimulus, the grey lightening bolt represents the expected vibro-

tactile stimulus, the red circle represents the visual target. ISI: Inter Stimulus Interval. Panel B): 

Mean reaction times for congruent and incongruent trials in expectation and conditioning trials. 

Error bars represent standard errors. * indicates p < .05. 

Figure 2: Study 2. Panel A) Temporal structure of conditioning trials (upper raw) and expectation 

trials (lower raw). The note represents the auditory cue (validity 100%), the red lightening bolt 

represents the actual vibro-tactile distractor, the grey lightening bolt represents the expected vibro-

tactile distractor, the red circle represents the visual target. ISI: Inter Stimulus Interval. Panel B): 

Mean reaction times for congruent and incongruent trials in expectation and conditioning trials. 

Error bars represent standard errors. * indicates p < .05. 

Figure 3: Study 3. Panel A) Temporal structure of the trials. The note represents the auditory 

distractor, the red circle represents the visual target. ISI: Inter Stimulus Interval. Panel B): Mean 

reaction times for congruent and incongruent trials. Error bars represent standard errors. ns: non 

significant. 

Figure 4: Study 4. Panel A) Temporal structure of the trials. The note represents the auditory 

distractor, the red circle represents the visual target. ISI: Inter Stimulus Interval. Panel B): Mean 

reaction times for congruent and incongruent trials. Error bars represent standard errors. * indicates 

p < .05. § indicates comparisons not surviving correction for multiple comparisons. ns: non 

significant.  

Figure 5: Study 5. Panel A) Temporal structure of conditioning trials (upper raw) and expectation 

trials (lower raw). The note represents the auditory cue (validity 100%), the red circle represents the 

actual visual distractor, the grey circle represents the expected visual distractor, the red lightning 

bolt represents the tactile target. ISI: Inter Stimulus Interval. Panel B): Mean reaction times for 

congruent and incongruent trials in expectation and conditioning trials. Error bars represent 

standard errors. * indicates p < .05. 

Figure 6: Study 6. Panel A) Temporal structure of conditioning trials (upper raw) and expectation 

trials (lower raw). The green circle represents the visual cue (validity 100%), the red circle 

represents the actual visual distractor, the grey circle represents the expected visual distractor, the 

red lightning bolt represents the tactile target. ISI: Inter Stimulus Interval. Panel B): Mean reaction 

times for congruent and incongruent trials in expectation and conditioning trials. Error bars 

represent standard errors. * indicates p < .05. 

Figure 7: Study 7. Panel A) Temporal structure of conditioning trials (upper raw) and expectation 

trials (lower raw). The note represents the auditory cue (validity 50%), the red circle represents the 

actual visual distractor, the grey circle represents the expected visual distractor, the red lightning 

bolt represents the tactile target. ISI: Inter Stimulus Interval. Panel B): Mean reaction times for 

congruent and incongruent trials in expectation and conditioning trials. Error bars represent 

standard errors. * indicates p < .05. ns: non significant.  

Figure 8: Study 7. Panel A) Temporal structure of conditioning trials (upper raw), expectation 

trials (middle raw), and expectation trials with delayed target (lower raw). The note represents the 

auditory cue (validity 100%), the red circle represents the actual visual distractor, the grey circle 

represents the expected visual distractor, the red lightning bolt represents the tactile target. ISI: Inter 

Stimulus Interval. Panel B): Mean reaction times for congruent and incongruent trials in 

expectation, conditioning, and expectation trials with delayed target. Error bars represent standard 

errors. * indicates p < .05. ns: non significant.  
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Figure 9. Meta-analysis. A small-scale random-effect meta-analysis of the crossmodalcongruency 

effect for expectation trials (i.e., simple effects). Note. Weigth – weight (inverse variance) of each 

study in the overall effect, ES – effect size, specifically here standardised mean change, 95% CI – 

95% confidence intervals for standardised mean change 

Table 1. Mean reaction times for congruent and incongruent trials in conditioning trials, 

expectation trials, and expectation trials with delayed target. t: t values. ** indicate p < .001; * 

indicate p < .05. Italics indicate non-significant values.  

Table 2. The robustness of the crossmodalcongruency effect across different trimming procedures.  

Note. ES – standardized effect size (standardized mean change), 95% CI – 95% confidence 

intervals for standardized mean change 

 

 

 

 

 


