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Abstract — Redirecting attention between different sensory 

stimuli entails a behavioral cost, and often leads to slower 

responses compared to attending to the same modality. The 

modality switch effect is known to explain attentional selection 

between audition and vision, but whether it extends to other 

modality pairs still remains an open question. Besides, the 

underlying neural mechanisms are largely unknown.  Here, we 

wish to explore whether intersensory switching may hold also in 

visuotactile conditions, and if so, whether it combines with 

interhemispheric processes that govern bilateral visuotactile 

behavior. Hence, we extended a previous neurocomputational 

model describing visual influences on spatial touch, to also 

account for the temporal dynamics of sequential visual and tactile 

stimulation, and we used the new model to generate predictions 

of reaction times to visual, tactile and visuotactile targets. Upon 

experimentally validating the predictions in a simple reaction 

time task, we found faster responses to modality repeat rather 

than to modality switch trials, and to visuotactile rather than to 

visual-only or tactile-only targets. Besides, short temporal 

intervals between targets led to greater reaction times and switch 

costs. The model also recapitulates interhemispheric visuotactile 

interactions, by correctly predicting delayed detection of 

modality-specific stimuli delivered contralateral to the 

responding hand. These results support the notion for canonical 

computations underlying multisensory interactions, described in 

a neural network that accounts for visuotactile perception in the 

spatiotemporal domain. 
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I. INTRODUCTION 

ENSORY stimuli are an integral part of our daily lives, and 

their complementary content often allows us to form a 

coherent percept of the external world. The behavioral 

outcome generated by our brain largely depends on the 

spatiotemporal relationships between those sensory stimuli. 

For instance, we will likely integrate cross-modal cues if they 

are delivered in close spatial and temporal proximity, and react 

faster than in the case of the single sensory components 

presented alone [1]. Multisensory integration, however, does 

not apply to all perceptual contexts. To properly navigate the 

environment, we may need to switch our focus from a sensory 

stimulus to one of a different modality. Several studies have 

shown that reaction times (RTs) to sequential sensory events 

of the same modality (i.e. the repeat condition, Rp) are usually 

faster than in the case the modality changes (i.e. the switch 

condition, Sw), thus identifying the so-called Modality Switch 

Effect (MSE) [2], [3]. To understand which neural 

mechanisms contributed to the MSE, Cuppini et al., 2020 

investigated data from an audiovisual (AV) RT task [3], and 

found significant switch costs between the Sw and Rp 

conditions, especially at inter-stimulus-intervals (ISI) between 

1 and 1.5 s. These results support the ‘cross-sensory inhibition’ 

hypothesis, according to which sensory systems compete for 

access to associative neural resources, so that the first sensory 

input exerts an inhibitory effect on an incoming stimulus of a 

different modality, thus causing slower responses in the Sw 

condition [4]. A time-dependent effect of ISI on the strength 

of intersensory inhibition was also disclosed, maximum at a 

short timescale and decaying over longer ISIs. While 

intersensory switching is well established in AV conditions, it 

has not been as extensively investigated in the visuotactile 

(VT) modality pair, despite vision and touch are known to 

interact at multiple perceptual levels [5]. Interestingly, various 

studies reported longer RTs to either visual or tactile stimuli 

when they were delivered contralateral (i.e., the crossed 

condition), rather than ipsilateral (i.e. the uncrossed condition) 

to the responding hand [6], [7]. The interhemispheric 

transmission time has been frequently held responsible for the 

cost in RTs observed in the crossed condition [8], but the 

involved neural underpinnings are still unclear. Therefore, the 

aim of this study is to examine whether the switch cost in 

response times previously identified in audiovisual detection 

also applies to the visuotactile modality pair, and to determine 

its influence on tasks of bilateral presentation of visual and 

tactile cues. Hence, we built a computational model of the 

neural mechanisms likely involved in unimanual and bimanual 

visuotactile interactions, and collected data from an unimanual 

RT task in healthy adults to validate our predictions. 

Additionally, we were able to simulate RTs to switching 

visuotactile cues delivered across both hands, thus providing 

promising insight on the role of interhemispheric interactions 

in sensory switching. 

II. MATERIALS AND METHODS 

A.  Computational model  

We realized the model depicted in Fig.1, starting from [9] and 

[10] and adding two interneural units, one visual and one 

tactile, implementing within-hemisphere ‘cross-sensory 

competition’ [4]. All model parameters were set to align with 

physiological evidence, except for the effectiveness of the 

sensory inputs, set to fit experimental data. Each unit r 

represents a pool of neurons in the real brain; its output 𝑦𝑟(𝑡) 

is described by Eq. (1), to simulate the membrane integrative 

effect. 

𝜏𝑟 𝑑𝑦𝑟(𝑡)

𝑑𝑡
=  −𝑦𝑟(𝑡) + 𝐹(𝑢𝑟(𝑡) ) (1) 
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𝐹(𝑢𝑟) =
1

1+𝑒−𝑠(𝑢𝑟−𝜃)  (2) 

𝐹(𝑢𝑟) is a steady-state sigmoid reproducing the lower 

threshold and upper saturation (here set at 1) in neuronal 

activation. 𝜏r, s and 𝜃 were chosen to agree with [11]. Each unit 

receives inputs from presynaptic elements via a second order 

dynamics (Eq. (3)), with time constants varying based on the 

synaptic connection of interest.  

{

𝑑

𝑑𝑡
𝑜𝑖(𝑡) =  𝛿𝑖(𝑡);

𝑑

𝑑𝑡
𝛿𝑖(𝑡) =  

𝐺𝑖
𝑟

(𝜏𝑖
𝑟)2 𝑖(𝑡) −

2𝛿𝑖(𝑡)

𝜏𝑖
𝑟 − 

𝑜𝑖(𝑡)

(𝜏𝑖
𝑟)2  ;

  (3) 

The V and T units process external inputs of the corresponding 

modality; their time constants were set so that 𝜏𝑡 < 𝜏𝑣 , to 

mimic faster processing for somatosensory than for visual 

stimuli in early cortical areas [12]. They also exchange cross-

modal excitatory connections, whose biological plausibility 

agrees with [13], [14]. Each unisensory unit can activate a 

same-modality interneural unit (It and Iv in Fig.1), and the two 

interneural units in each hemisphere reciprocally inhibit one 

another, realizing a winner-takes-all dynamics. The “winning” 

modality can thus inhibit the other one via feedback inhibitory 

synapses to the input units, having a slow dynamics [4], [16]. 

The V and T units excite the multisensory units M, whose 

output is compared with a fixed threshold to evaluate RTs. 

Finally, each M unit in turn excites a top inhibitory unit in the 

other hemisphere (Int in Fig. 1). The Int units inhibit the 

activity of the ipsilateral unisensory elements. The joint action 

of the M and Int units can mediate an inter-hemispheric 

competition for access to attentional resources [17]. To limit 

ad-hoc assumptions, all synaptic weights in the network are 

symmetrical across modalities and across hemispheres. To test 

the model, we conducted a unimanual set of simulations, in 

which all stimuli were presented to a single hemisphere 

according to the experimental procedure described below, and 

a bimanual set of simulations, in which stimuli could be 

presented on both hands, in line with [6]. The results of the 

unimanual set were then compared with experimental data 

from the RT task, while predictions at the bimanual level were 

compared with data from [6]. We also introduced sources of 

within and between subjects variability, by adding noise on 

inputs and on synaptic connections included in the model. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Model structure. Each hemisphere (i.e. Left and Right) is assumed to 

support somatosensory perception on the contralateral hand. Excitatory 

connections are depicted in blue, inhibitory connections in red. 

 

B. Reaction time task: Experimental setup 

Eight healthy neurotypical subjects were recruited from the 

Yau Lab, and gave their informed consent to take part in the 

experiment. All experiments were conducted in adherence to 

the Baylor College of Medicine protocols and the policies of 

the Institutional Review Board. All stimuli were generated 

using MATLAB psychtoolbox-3 on an Acer Aspire 5 laptop. 

The visual stimulus consisted of a red disc (⌀ = 3.2 cm) 

positioned 0.4 cm above a yellow central fixation cross on a 

black screen on a Dell monitor (resolution: 1280x1024). The 

tactile stimulus was generated by passing an analog signal 

(sampling rate = 48 kHz) to a 2x40W Pyle PTA2 stereo 

amplifier. It was delivered via a tactor (Type C-2, Engineering 

Acoustics Inc), fastened to the left distal side of the right index 

finger using self-adhesive bandages. All stimuli lasted 60 ms. 

Participants performed the RT task in a dimly lit room and 

wore earmuffs on top of noise-cancelling earphones. Each 

participant faced the monitor at a viewing distance of 70 cm, 

with their right index finger placed on a holder to remain still 

for the entire experiment. Participants were asked to press the 

‘space key’ on a keyboard as soon as they detected either a 

visual (V), tactile (T), or visuotactile (VT) stimulus, while 

maintaining their gaze on the central fixation cross. V, T, and 

VT stimuli were presented in a random order with equal 

probability in 6 experiment blocks of 100 trials, separated by 

random ISIs ranging between 1 and 3 seconds. 

C. Reaction time task: Data analysis  

Experimental and unimanual simulated RTs in ms were 

stored in .mat files. RTs were excluded from further analysis 

if shorter than 100 ms (anticipatory responses), longer than 

2000 ms (slow responses), or misses. Trials were categorized 

into 9 pairs based on the order of stimuli, i.e RpV (V-V), RpT 

(T-T), SwV (T-V), SwT (V-T), RpVT (VT-VT) and SwVT 

(V-VT/T-VT). As in [3], ‘VT-V’ and ‘VT-T’ were excluded.  

Trials with ISIs < 1.5 s were classified as ‘short’ and those with 
ISIs > 2.5 s as ‘long’. Statistical analyses were conducted in 

MATLAB, at single-subject level and group level. Data were 

tested for normality and were found to violate this assumption, 

so Wilcoxon rank sum tests (single subject) and signed rank 

tests (group) were used to test the effect of modality number 

(uni vs multisensory) and trial type (Rp vs Sw) on RTs. One-

way fANOVA (single-subjects) and one-way rmANOVA 

(group) were conducted to assess significant differences over 

modality type (V, T or VT), with post-hoc Bonferroni-

correction for multiple comparison. To test whether RTs differ 

based on trial type (Repeat or Switch) and ISI (short or long), 

2-way ANOVA (single-subject) and 2-way rmANOVA 

(group) were conducted, with post-hoc Bonferroni-correction 

for multiple comparison. 

III. RESULTS 

A. Unimanual RT task 

As in [3], [9] and [18], in the following we report mean RTs 

and switch cost values. Fig. 2A shows that RTs are noticeably 

affected by ISI, with significantly slower responses for Short 

as compared to Long ISI. Moreover, shorter ISIs are associated 

with significantly longer RTs in the switch condition, and with 

a larger switch cost (Fig. 2B and 2C), while longer ISIs lead to 
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an overall speedup in RTs and to no statistical difference 

among switch and repeat. Besides, the model provides quite 

reliable predictions of the empirical data at long ISIs, while 

slightly overestimating the observed switch costs at short ISIs.  

Group level analyses revealed faster responses for 

multisensory than for unisensory stimuli (empirical:  Z = 36, p 

< 0.01, simulated: Z = 40.1, p < 0.01, Fig. 3A). Modality type 

also had a significant effect on mean RTs (Fig. 3B), with post-

hoc tests confirming statically lower RTs in the VT condition 

as compared to the V-only and T-only conditions (empirical 

F2/14 = 63.51, p < 0.001, simulated F2/10 = 50.68, p < 0.001). 

No significant differences in mean RTs arose between the V 

and T modality, but 5 out of 8 subjects showed slower RTs in 

V trials than in T trials. Predictably, simulated RTs are less 

representative of within and between subject variability, as can 

be seen from ‘multisensory’ and ‘VT’ simulated data in the left 

panel of Fig. 3. Nonetheless, both empirical and modeling 

results seem to be supportive of intersensory switching as a 

mechanism underlying visuotactile interactions. 

 
Fig. 2. Unimanual RT task. Effect of ISI and trial type (Rp vs Sw). A) 

Empirical mean RTs at short ISI were significantly greater than at long ISI 

(F1/7 = 50.69, p < 0.001). B) Empirical mean RTs to switch trials were greater 

than those to repeat trials at short ISI (F1/7 = 13.00, p < 0.001), and than those 

to switch trials at long ISI (F1/7 = 19.35, p < 0.01). Trial type had no effect on 
RTs at long ISI. C) Simulated vs empirical mean switch cost (Sw – Rp) at long 

and short ISIs. 

B. Bimanual RT predictions 

The results of bimanual simulations are shown in Fig. 4. In 

this case, RTs were grouped as RpV – ipsilateral hand, RpT– 

ipsilateral hand, SwV – ipsilateral hand, SwT – ipsilateral 

hand, RpV – contralateral hand, RpT – contralateral hand, 

SwV – contralateral hand, and SwT – contralateral hand, based 

on the side the second stimulus was presented on. Ipsilateral-

hand RTs and contralateral-hand RTs were then averaged by 

modality, and the difference ΔRTs was computed. Results 

were compared with data from [6], showing longer RTs to both 

V and T stimuli presented to the contralateral hemifield  (ΔRTs 

> 0 for both modalities). The visual modality appeared to be 

less affected by side switching between stimulus and response, 

while tactile ΔRT resulted higher. 

Fig. 3 Unimanual RT task. Effect of modality number and type. Simulated 

(left column) and experimental (right column) RTs, grouped by modality 

number (first row) and modality type (second row). The circles on the ‘data’ 
boxplots represent each subject’s mean RT. First row. Unisensory trials yield 

significantly longer RTs. Second row. RTs in VT trials are faster than in V 

and T trials. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 Bimanual RT task. Contralateral to Ipsilateral Difference.  Mean ΔRTs 
to stimuli presented contralaterally and presented ipsilaterally to responding 

hand. Results from the model (orange) are compared with data of Crossed-

Uncrossed Difference from Fendrich et al., 2004 (blue). 

IV. DISCUSSION 

This study aimed at assessing the MSE in a visuotactile 

context, while also probing plausible interactions between the 

MSE and interhemispheric transmission in bimanual tasks. 

Both model predictions and empirical evidence revealed that 

trial type and ISI had an effect on RTs, wherein responses took 

longer in switch than in repeat trials, and short ISIs led to 

longer RTs as compared to long ISIs. These observations are 

consistent with those obtained by [4], and suggest that the 

principles of MSE outlined in audiovisual tasks can be 

extended to the visuotactile pair. The same authors proposed 

cross-sensory inhibition as a mechanism underling the MSE in 

the audiovisual pair. Consistently, our multimodal analysis 

provided reinforcing evidence in support of cross-modal 

inhibition as subtending visuotactile interactions as well. 

C)

A) B)

C)

A) B)
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Indeed, switch trials across short ISIs produced the longest 

RTs, and trials with short ISIs showed greater switch cost than 

trials with long ISI, indicating stronger inhibition between 

vision and touch across a short time interval. Interestingly, for 

short values of ISIs the predicted switch costs resulted slightly 

lower than those obtained in the RT task, both for the visual 

and the tactile modality. One possible reason could be the 

difference in sample sizes between our study (8 subjects) and 

the studies that analysed the MSE in the audiovisual pair (70 

subjects) [3], [4]. Alternatively, switching between vision and 

touch could actually entail a smaller cost. Given the variability 

among subjects, replicating the unimanual task with a larger 

sample could provide more reliable information on 

visuotactile switch costs. 

Furthermore, model predictions of bimanual RTs confirmed 

the Crossed-Uncrossed Difference (CUD) reported in [6], 

yielding longer RTs if the responding hand and the field of 

presentation were contralateral. No statistical interaction 

between CUD and modality was found in [6], nor in our 

analysis. Nonetheless, model simulations seem to slightly 

overestimate empirical CUDs, especially for the tactile 

modality. It is possible that presence in the model of cross-

sensory inhibitory mechanisms could have amplified the  

interhemispheric delays in contralateral detection, but further 

conclusions on a potential interaction between MSE and CUD 

should be only drawn after proper experimental testing. 

Apart from sample size, another limitation of our study is the 

spatial distance at which the visual and tactile stimuli were 

delivered. Spatial incongruence is known to greatly affect 

cross-modal interactions, often leading to lower accuracy in 

perception. Our setup could be improved to ensure spatial 

proximity between the cues using as visual cues LED lights 

mounted on top of the tactors that deliver the tactile vibration.  

Nonetheless, our promising findings highlight similar 

principles of MSE in AV and VT modalities, so the question 

arises of whether intersensory switching also applies to the 

audiotactile pair. Lastly, these results also prompt questions of 

clinical relevance. Data from literature show that the MSE in 

AV tasks is reduced in subjects with Autism Spectrum 

Disorder as compared to neurotypical subjects [3]. Future 

studies could address visuotactile switching in ASD by 

probing plausible correlations with AV results, to provide 

further insight into the sensory impairments of this clinical 

population and hopefully improve their treatment.  

V. CONCLUSION 

Overall, these results provide evidence for the MSE in 

visuotactile perception, and offer preliminary insight on the 

interhemispheric implications of visuotactile switching. 

Despite some limitations, the present study undoubtedly pave 

the ground for future research on the interplay between 

attention and sensory switching. 
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