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Many studies have elucidated the multisensory processing of different exteroceptive signals (e.g., auditory-visual 

stimuli), but less is known about the multisensory integration of interoceptive signals with exteroceptive informa- 

tion. Here, we investigated the perceptual outcomes and electrophysiological brain mechanisms of cardio-visual 

integration by using participants’ electrocardiogram signals to control the color change of a visual target in dy- 

namically changing displays. Reaction times increased when the target change coincided with strong cardiac 

signals concerning the state of cardiovascular arousal (i.e., presented at the end of ventricular systole), compared 

to when the target change occurred at a time when cardiac arousal was relatively low (i.e., presented at the end 

of ventricular diastole). Moreover, the concurrence of the target change and cardiac arousal signals modulated 

the event-related potentials and the beta power in an early period (~100 ms after stimulus onset), and decreased 

the N2pc and the beta lateralization in a later period (~200 ms after stimulus onset). Our results suggest that the 

multisensory integration of anticipated cardiac signals with a visual target negatively affects its detection among 

multiple visual stimuli, potentially by suppressing sensory processing and reducing attention toward the visual 

target. This finding highlights the role of cardiac information in visual processing and furthers our understanding 

of the brain dynamics underlying multisensory perception involving both interoception and exteroception. 

1

 

m  

p  

(  

t  

e  

2  

o  

t  

a  

v  

(  

a  

2

 

t  

a  

p  

Q  

D  

p  

t  

2  

c  

d  

c  

G  

c  

t  

fl  

a  

a  

h  

c  

d  

o  

c  

P

 

p  

c  

c  

h

R

A

1

(

. Introduction 

At any given moment, we receive inputs from various sensory

odalities. The processes involved in integrating these multisensory in-

uts are fundamental to effective perception and cognitive functioning

 Wallace et al., 2020 ). Past work on multisensory/cross-modal integra-

ion has largely focused on sensory inputs from the external world, i.e.,

xteroceptive signals such as visual and auditory stimuli ( Tang et al.,

016 ; van Atteveldt et al., 2014 ). For example, an auditory signal co-

ccurring with a visual stimulus has been shown to facilitate visual de-

ection ( Leo et al., 2008 ), visual discrimination ( Noesselt et al., 2008 ),

nd visual target search ( Van der Burg et al., 2008 , 2011 ). Auditory-

isual integration starts as early as about 50 ms after stimulus onset

 Giard and Peronnet, 1999 ; Molholm et al., 2002 ; Senkowski et al, 2011 )

nd appears to modulate the activation of sensory cortices ( Kayser et al.,

017 ; Martuzzi et al., 2007 ). 

Recent neuroscientific research is progressively targeting interocep-

ive information from internal visceral organs (especially the heart)

s an important source of sensory input for perceptual and cognitive

rocesses in the brain ( Chen et al., 2021 ; Park and Blanke, 2019 ;

uigley et al., 2021 ). Cardiac activity occurs in a cycle of two phases.

uring the ventricular systole, the muscles in the ventricle contract,
∗ Corresponding author. 

E-mail address: S.Schuetz-Bosbach@psy.lmu.de (S. Schütz-Bosbach) . 

ttps://doi.org/10.1016/j.neuroimage.2022.119549 . 

eceived 16 February 2022; Received in revised form 29 July 2022; Accepted 4 Aug

vailable online 5 August 2022. 

053-8119/© 2022 The Authors. Published by Elsevier Inc. This is an open access ar

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
umping blood from the heart to the body. During the ventricular dias-

ole, the heart muscle is relaxed as it refills with blood ( DeSaix et al.,

018 ). It has been proposed that cardiac interoceptive information is

onveyed to brain regions (e.g., the insula, cingulate cortex, amyg-

ala, and somatosensory cortex) mainly by arterial baroreceptors lo-

ated in the aortic arch and the carotid arteries ( Azzalini et al., 2019 ;

arfinkel and Critchley, 2016 ; Park and Blanke, 2019 ). Within a cardiac

ycle, these baroreceptors fire maximally at the end of ventricular sys-

ole and minimally at the end of ventricular diastole in response to the

uctuations of arterial blood pressure. In other words, cardiac signals

re strongest at the end of the ventricular systole while relatively weak

t the end of the ventricular diastole. In addition, heartbeats can evoke

eartbeat evoked potentials (HEP) on the cortex, just like visual stimuli

an evoke visually evoked potentials ( Park and Blanke, 2019 ). Abun-

ant work has suggested that the HEP reflects the cortical processing

f cardiac afferent signals and is therefore a reliable neurophysiologi-

al marker of cardiac interoception ( Coll et al., 2021 ; Park et al., 2018 ;

etzschner et al., 2019 ). 

Up to now, there is only limited evidence about the multisensory

rocessing of exteroceptive visual signals in combination with intero-

eptive cardiac signals. Previous investigations mainly focused on the

ardiac cycle effect on visual perception, i.e., whether participants’ re-
ust 2022 

ticle under the CC BY-NC-ND license 

https://doi.org/10.1016/j.neuroimage.2022.119549
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuroimage
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2022.119549&domain=pdf
mailto:S.Schuetz-Bosbach@psy.lmu.de
https://doi.org/10.1016/j.neuroimage.2022.119549
http://creativecommons.org/licenses/by-nc-nd/4.0/


Q. Ren, A.C. Marshall, J. Kaiser et al. NeuroImage 262 (2022) 119549 

s  

l  

c  

t  

d  

s  

a  

r  

1  

p  

e  

i  

I  

e  

m  

w  

c  

t  

d  

C  

t  

l  

p  

t  

c  

n  

i  

t  

a  

h  

t  

b  

u  

s  

t  

n  

p  

t  

c  

s

 

t  

i  

e  

t  

e  

a  

l  

t  

2  

S  

s  

t  

t  

s  

i  

r  

o  

s  

c  

i  

l  

W  

t  

r  

d  

W  

d  

v  

d  

i  

t  

c  

c  

w  

e  

2

2

 

r  

h  

n  

i  

r  

t  

p  

t  

e  

n  

i  

M

2

 

p  

(  

l  

t  

q  

t  

c  

c  

c  

d  

s  

s  

T  

m  

I  

g  

e  

c  

t  

o  

1  

c  

E  

v  

b  

a  

s  

r  

t  

(

ponses to a visual stimulus were modulated by the timing of the stimu-

us with respect to their cardiac cycle. While past work failed to find any

ardiac cycle effect on the detection of flashes ( Elliott and Graf, 1972 ),

he majority of previous studies highlighted a significant impact of car-

iac phase on visual processing. For example, the presentation of visual

timuli at systole compared to diastole has been shown to influence re-

ction times towards these stimuli, with most studies finding prolonged

eaction times during the systole ( McIntyre et al., 2007 ; Sandman et al.,

977 , but see also: Makowski et al. (2021) . Processing visual stimuli

resented at cardiac systole compared to diastole evoked smaller visual

voked potentials ( Walker and Sandman, 1982 ) and resulted in reduced

nterference of visually distracting stimuli ( Pramme et al., 2014 , 2016 ).

n addition, cardiac cycle effects have been found to be modulated by the

motional valence of the visual stimuli: while fearful faces were detected

ore easily and rated as more intense if presented at systole compared

ith diastole, the detection of neutral, disgusted, or happy faces was

omparable across the two cardiac phases ( Garfinkel et al., 2014 ). Given

hat cardiac signals are conveyed to the brain mainly during the car-

iac systole rather than the diastole ( Azzalini et al., 2019 ; Garfinkel and

ritchley, 2016 ), it can be assumed that cardiac signals may influence

he perception and neural processing of a simultaneous visual stimu-

us. This assumption is also supported by the finding that visual evoked

otentials are enhanced when these images are synchronized with par-

icipants’ heartbeats compared to when they are presented out of syn-

hrony to participants’ heartbeats ( Ronchi et al., 2017 ). By measuring

eural markers of cardiac processing such as the HEP and insula activ-

ty ( Coll et al., 2021 ; Salomon et al., 2018 ), recent studies have fur-

her provided evidence about the interplay between cardiac processing

nd visual processing. For example, the amplitude of the pre-stimulus

eartbeat-evoked potential positively predicts subsequent visual detec-

ion ( Park et al., 2014 ). Additionally, contrary to the finding reported

y Ronchi et al. (2017) , Salomon et al. (2016) observed that visual stim-

li presented at participants’ cardiac frequency take longer to enter vi-

ual awareness and induce smaller activation in the insular cortex. Up

o now, it is still unclear how simultaneously encountered cardiac sig-

als and visual information are integrated into the brain. Moreover,

revious studies mainly examined the influence of cardiac signals on

he perception of a single visual stimulus, leaving out the question how

ardio-visual integration can affect the competition among multiple vi-

ual stimuli. 

Here, we employed a novel adaptation of the dynamic visual search

ask ( Van der Burg et al., 2008 , 2011 ) to investigate the multisensory

ntegration of cardiac signals with a visual target in a dynamic cluttered

nvironment, while recording the electrocardiogram (ECG) and elec-

roencephalogram (EEG). Critically, the visual target changed its color

ither at a time when cardiac arousal signals were strongly present (i.e.,

t the end of ventricular systole) or when cardiac arousal was relatively

ow and thus did not provide a strong signal (i.e., at the end of ven-

ricular diastole). Consistent with both recent reviews ( Azzalini et al.,

019 ; Quigley et al., 2021 ) and empirical studies ( Ronchi et al., 2017 ;

el et al., 2017 ), we treated visual and cardiac signals as sensory input

ignals of equal relevance. At the behavioral level, we measured reaction

imes and accuracy rates. At the electrophysiological level, we explored

he brain dynamics of cardio-visual integration from two different per-

pectives. The first perspective was to compare the electrophysiolog-

cal responses to the bimodal cardio-visual stimulus (i.e., the concur-

ence of cardiac arousal signals and the target change) with the sum

f the electrophysiological responses to the unimodal cardiac arousal

ignals and the unimodal visual stimulus (i.e., the target change). This

omparison approach (i.e., the additive model) has been widely used

n previous EEG studies to reveal early multisensory processes under-

ying auditory-visual integration ( Senkowski et al., 2011 ; Talsma and

oldorff, 2005 ; Van der Burg et al., 2011 ; Zhao et al., 2020 , 2018 ). In

he present study, this approach was applied in analyses of both event-

elated potentials (ERPs) and neural oscillations. According to the ad-

itive model ( Cappe et al., 2010 ; Senkowski et al., 2011 ; Talsma and
2 
oldorff, 2005 ), electrophysiological responses to the simultaneous car-

iac and visual input would be different from the sum of the cardiac and

isual responses alone if multisensory integration occurred across car-

iac processing and visual processing in the brain. Second, the lateral-

zed presentation of the visual target in the visual field made it possible

o compare the lateralized electrophysiological responses to the bimodal

ardio-visual stimulus and the unimodal visual stimulus. We mainly fo-

used on the lateralized N2pc component and alpha/beta oscillations,

hich are well-validated measures of the allocation of attention to lat-

ralized visual stimuli ( Bacigalupo and Luck, 2019 ; Bauer et al., 2012 ).

. Materials and methods 

.1. Participants 

Twenty-six participants (12 females; mean age: 25.46 ± 0.87 years;

ange: 20–38 years) took part in the present study for payment (9 € per

) or student credits. All participants reported normal or corrected-to-

ormal vision, no color blindness, no diagnosed heart-rhythm abnormal-

ties, no present or past psychiatric or neurological disorders, and no cur-

ent use of medication. Consent was obtained from all participants, and

he procedures were approved by the local ethics committee at the De-

artment of Psychology of LMU Munich in accordance with the Declara-

ion of Helsinki. To the best of our knowledge, no previous studies have

xplored cardio-visual integration in a similar task. Therefore, we could

ot compute the required sample size a priori. However, our sample size

s comparable with relevant previous studies (e.g., Adelhöfer et al. 2020 ;

arshall et al. 2022 ; Pramme et al. 2016 ). 

.2. Experiment design 

Participants completed a dynamic visual search task in which a dis-

lay of randomly oriented line segments changed color dynamically

 Van der Burg et al., 2008 ). Each display consisted of several oblique

ines (the distractors), and only one line which was perfectly horizon-

al or vertical (the target). The participants had to identify the target as

uickly as possible by indicating if it was horizontal or vertical via but-

on press. To investigate the cardio-visual integration, the experiment

ontained two conditions in which the visual target changed color when

ardiac arousal signals were relatively low (i.e., when arterial barore-

eptors are relatively quiescent; corresponding to the end of ventricular

iastole) or strong (i.e., when arterial baroreceptors fire strongly; corre-

ponding to the end of ventricular systole; see Fig. 1 A). The ventricular

ystole refers to the period from approximately the ECG R-peak to the

 wave, and the ventricular diastole refers to the period from approxi-

ately the T wave to the next upcoming R-peak ( DeSaix et al., 2018 ).

n the diastole coupling condition, the color change of the visual tar-

et was designed to always occur at the R-peak to coincide with the

nd of ventricular diastole. In the systole coupling condition, the color

hange of the visual target was designed to always occur at 290 ms af-

er the R-peak (approximately at the T wave) to coincide with the end

f ventricular systole ( Rae et al., 2020 , 2018 ). Participants completed

0 diastole coupling blocks and 10 systole coupling blocks presented in

ounterbalanced, alternating order and preceded by 1 practice block.

ach block consisted of 24 trials. In addition to the 20 blocks for the

isual search task, one resting block (duration: 2.5 min) was performed

efore the task. During the resting block, participants were asked to look

t the fixation dot centrally presented on the monitor while no other vi-

ual stimuli were presented. The EEG signal obtained from this type of

esting condition has been used to correct for cardiac cycle-related ar-

ifacts present in the EEG signal of task conditions in previous studies

 Ronchi et al., 2017 ; van Elk et al., 2014 ). 
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Fig. 1. The dynamic visual search task. (A) Schematic illustration of the experimental conditions. In the diastole coupling condition, the color change of the visual 

target always occurred at the R-peak to coincide with the end of ventricular diastole (i.e., when cardiac arousal signals were relatively low). In the systole coupling 

condition, the color change of the visual target always occurred at 290 ms after the R-peak to coincide with the end of ventricular systole (i.e., when cardiac arousal 

signals were strong). (B) An example visual search display. The search display consisted of 1 target (horizontal or vertical) and 49 distractors (oblique). In the example 

display, the target consists of the vertical red line on the right side. The colors of the target and the distractors (green or red) were randomly assigned and changed 

randomly over time. Participants were required to indicate the orientation of the visual target as fast and accurately as possible. 

2

 

t  

t  

a  

t

 

o  

g  

r  

r  

0  

s  

m  

a  

v  

d  

m  

l  

g  

a  

(  

t  
.3. Stimuli and procedure 

Participants were seated in a dimly lit room at 70 cm from the moni-

or (24 inches; refresh rate: 60 Hz; resolution: 1920 × 1080 pixels) with

heir heads on a chin rest. The visual search displays were generated

nd displayed using the Presentation software (Neurobehavioral Sys-

ems, Inc.). 

Each search display consisted of 50 red (luminance: 49.5 cd/m 

2 )

r green (49.5 cd/m 

2 ) line segments on a black (0.30 cd/m 

2 ) back-

round ( Fig. 1 B). One of the line segments was the target, while the

emaining ones acted as distractors. The color of each line segment was

andomly determined. The target was either horizontal (visual angle:
3 
.60° × 0.10°) or vertical (0.10° × 0.60°). Each distractor was the same

ize as the target, but its orientation deviated randomly by either plus or

inus 22.5° from horizontal or vertical. Given that target-elicited later-

lized effects (e.g., N2pc component) are largely absent for upper-field

isual targets ( Bacigalupo and Luck, 2019 ), we presented the search

isplay only in the lower visual field. Specifically, half of the line seg-

ents were placed on an invisible 5 × 5 grid (3.40° × 3.40°) in the

ower left visual field, and the other half were placed on an identical

rid in the lower right visual field. Both grids were 2.83° horizontally

way from and 2.13° below the center of the screen marked with a white

245.00 cd/m 

2 ) fixation dot. To avoid immediate target detection after

he search display appeared, the target never appeared on the outer ring
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t  
f each grid ( Van der Burg et al., 2011 ). Target orientation (horizontal

r vertical) and location (left or right visual field) were balanced and

andomly mixed within blocks. 

In order to time-lock the target rather than the distractors to specific

ime points in each cardiac cycle, the search display changed contin-

ously by switching the color of a random number of line segments

etween red and green (i.e., either from red to green or from green to

ed). Color changes of either the target or the distractors never occurred

t the same time. That is, at a given moment either the target changed

ts color while the color of the distractors remained unchanged, or some

f the distractors changed their color while the target’s color remained

onstant. During each distractor change, we switched the color of ei-

her one, four, or seven randomly selected line segments. The interval

etween two successive color changes in the visual display varied ran-

omly from 50 to 250 ms. However, there were two constraints with

espect to the timings of the color changes. First, the visual target could

hange its color only once in each cardiac cycle, either at the R-peak

in the diastole coupling condition) or 290 ms after the R-peak (in the

ystole coupling condition). Second, the distractors could never change

ithin the time window from -150 to 100 ms relative to the two afore-

entioned timings specific for the target change, to promote unambigu-

us binding of the target change and cardiac signals ( Van der Burg et al.,

008 , 2011 ). In other words, the distractors could change color within

he time window from 100 to 140 ms after the R-peak and within the

ime window from 390 ms after the R-peak to 150 ms before the next

-peak in both coupling conditions. In this way, we ensured that the

imings of distractor color changes were comparable across the two car-

iac coupling conditions and thus would not lead to any confounding

ffect. The onset of an upcoming R-peak was estimated by calculating

 median inter-beat interval based on the timings of the previous six

-peaks. 

Each trial started with a central fixation dot, followed by a dynamic

isual search display. The onset of the search display was randomly set

rom 0 to 600 ms after the R-peak to avoid it coinciding with specific

ime points in the cardiac cycle. Notably, it was the first R-peak detected

00 ms after the onset of the fixation dot that was used to calculate the

nset of the search display. This ensured that the presentation of the

xation dot was not too short, i.e., at least 800 ms. The search display

emained on the screen until the participant responded or the visual

arget had changed five times (i.e., 5 heartbeats, about 4000 ms). Note

hat in the latter case, the search display would not disappear immedi-

tely but disappear 300 ms after the fifth target change to ensure that

he fifth target change was perceivable. Participants were asked to in-

icate the visual target orientation as fast and accurately as possible by

 button press ( “F ” and “J ” corresponding to horizontal and vertical,

espectively). At the end of each trial, there was a blank presented for

000 ms. Participants were required to maintain fixation of the central

ot during the trial and try to blink only during the breaks. Accuracy

ate and mean reaction time were presented as visual feedback after

ach block during the self-paced inter-block rest. 

.4. Recordings 

For EEG recording, we used 65 active electrodes (BrainProducts Ac-

iSnap) and 1 additional ground electrode positioned following the in-

ernational 10–20 system. The FCz functioned as the online reference

or these scalp electrodes. Horizontal and vertical electrooculograms

EOGs) were also recorded via electrodes at the left and right outer

anthi, and electrodes above and below the left eye, respectively. For

ecording ECG, we used 3 electrodes placed below the left clavicle (ref-

rence electrode), the right clavicle (ground electrode), and the left pec-

oral muscle (active electrode) respectively. All impedances were kept

elow 20 k Ω. Both EEG and ECG were recorded using a 1000 Hz sam-

ling rate and a 0.1–1000 Hz online bandpass filter. Signal acquisition

nd amplification were implemented using the BrainVision Recorder

oftware (Brain Products, Inc.). Online detection of the ECG R-peaks
4 
as achieved using the BrainVision RecView software (Brain Products,

nc.). ECG R-peaks were defined as the first decreasing voltage sample

fter exceeding a constant threshold. The threshold was individually set

fter the experimenter visually inspected the 2.5 min ECG signal dur-

ng the resting block. Each detection of the R-peak added a marker to

he online ECG signals and sent a pulse to the experimental PC. Dur-

ng the experiment, the pulse-related markers were visually inspected

y the experimenter to ensure that R-peaks were detected with high

recision. Furthermore, a post hoc analysis was performed to check the

recision of the R-peak detection and the latencies between the ECG

-peaks and the visual stimuli (i.e., the color changes of the visual tar-

et) across the experiment. Specifically, we used the NeuroKit2 toolbox

 Makowski et al., 2021 ) in Python to identify the timings of the R-peaks

n the offline ECG data, and then compared them with the timings of the

arget changes. The results suggest that we detected the R-peaks in real-

ime ECG signal with high precision (in the diastole coupling condition:

it rate: 92.35 ± 1.48%; missing rate: 7.65 ± 1.48%; false alarm rate:

.13 ± 1.02%; in the systole coupling condition: hit rate: 90.09 ± 2.11%;

issing rate: 9.91 ± 2.11%; false alarm rate: 3.37 ± 0.78%), and that

he target changes were time-locked to R-peaks (in the diastole coupling

ondition: 120.78 ± 8.51 ms after R-peaks) or 290 ms after R-peaks (in

he systole coupling condition: 403.25 ± 6.57 ms after R-peaks) accord-

ngly in close temporal proximity. 

.5. Behavioral analysis 

Behavioral performance was assessed by reaction times for correct

esponses and accuracy rates in the diastole coupling and the systole

oupling condition. Notably, although the number of distractors per dis-

lay (i.e., 49) was relatively large to avoid immediate visual target de-

ection, in a minority of trials (8.12 ± 1.96% and 2.50 ± 0.75% of dias-

ole coupling and systole coupling trials per participant, respectively),

articipants found the visual target very fast and responded before the

rst color change of the visual target. These trials were excluded in the

ehavioral analysis as the experimental manipulation could not be effec-

ive (i.e., coupling the color change of the visual target to the presence

f strong or weak cardiac signals). 

.6. EEG Preprocessing 

EEG data were preprocessed using MATLAB toolbox FieldTrip

 Oostenveld et al., 2011 ). EEG data were re-referenced to the common

verage, filtered using a 40 Hz low-pass filter, and down-sampled to

00 Hz. No bad electrodes were found. Then, EEG epochs were ex-

racted between -800 and 900 ms around the color change of the vi-

ual target. Independent component analysis (ICA) was conducted to

dentify stereotypical components reflecting eye movements, blinks, and

he cardiac field artifact (CFA) which is produced by the movement of

he heart muscle. The eye-related artifactual components were manu-

lly identified and removed based on scalp topography and time course

2.42 ± 0.32 components per participant), while CFA-related compo-

ents were identified using a custom algorithm. More specifically, we

rst redefined EEG trials around the ECG R-peaks. Then, we computed

he coherence of the time-frequency data between each independent

omponent and the ECG signal, and elected four components with the

ighest coherence. Finally, we decided which of the four components

hould be removed (1.50 ± 0.21 components per participant) based on

dditional characteristics which were commonly associated with CFA,

.g., a bimodal topography, a frequency peak around 5 Hz, and a rhyth-

ically repeating time course ( Viola et al., 2009 ). Furthermore, epochs

ontaminated by artifacts (e.g., eye movements and muscle activity)

ere automatically rejected based on a threshold of four times the

tandard deviation in the horizontal EOG channel and a threshold of

 100 𝜇V in EEG channels. 

In total, 14.12 ± 2.25% of trials per participant were rejected due

o (i) lack of target change before the participant responded, and (ii)
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he contamination of artifacts. Additionally, only trials with correct re-

ponses were included in further EEG analysis. These procedures left

n average 168.42 ± 7.97 trials for the diastole coupling condition and

55.04 ± 5.76 trials for the systole coupling condition per participant. 

.7. ERP analysis 

EEG epochs were further segmented into periods ranging from -100

o 600 ms relative to four events of interest, with baseline correction

sing the first 100 ms period. Specifically, in the diastole coupling con-

ition (i.e., time-locking the target change to the R-peak), we assumed

hat the epochs time-locked to the target change (i.e., about at the R-

eak) mainly reflected the responses to the visual stimulus (i.e., uni-

odal visual input as in this situation the cardiac arousal was low and

he visual stimulus therefore was assumed to provide the dominant sen-

ory input). Whereas, the epochs timed-locked to 290 ms after the target

hange (i.e., about at 290 ms after the R-peak) were assumed to mainly

eflect the responses to cardiac signals (i.e., unimodal cardiac input as in

his situation no visual stimulus was changing color but the cardiac sig-

als were strong and therefore were assumed to provide the dominant

ensory input). In the systole coupling condition (i.e., time-locking the

arget change to 290 ms after the R-peak), we assumed that the epochs

ime-locked to the target change (i.e., about at 290 ms after the R-peak)

eflected the responses to not only the visual stimulus but also the con-

urrent cardiac signals (i.e., bimodal input as the sensory input was a

ombined cardio-visual stimulus). Whereas, the epochs time-locked to

90 ms before the target change (i.e., about at the R-peak) were as-

umed to reflect the responses to “no stimulus ” (i.e., at this moment the

ardiac arousal was low and no visual stimulus was changing color).

e referred to this condition as "no stimulus" as it did not include any

timulus-evoked EEG responses of interest (i.e., EEG responses evoked

y the cardiac signals, the visual target, or the cardio-visual stimulus),

hich helps to distinguish it from the other three conditions including

he EEG responses of interest. 

Altogether, this procedure yielded four kinds of epochs time-locked

o the unimodal visual stimulus, the unimodal cardiac signals, the bi-

odal cardio-visual stimulus, and the “no stimulus ”, respectively (Sup-

lementary Fig. 1). Please note that we used the term “unimodal ” to

mpathize that the brain receives relevant sensory input mainly from a

ingle modality (i.e., the cardiac modality or the visual modality) at a

iven moment, and that we use “bimodal ” to empathize that the brain

imultaneously receives relevant sensory information from two differ-

nt modalities (i.e., the cardiac modality and the visual modality) at a

iven moment. In addition, as visual-evoked responses could generally

ast over 500 ms ( Fong et al., 2020 ), all four kinds of epochs also in-

luded residual distractor evoked responses. However, any residual dis-

ractor evoked responses had been removed prior to comparisons of the

elevant experimental conditions and could thus not affect the results in

he present study (see detailed explanation in Section 2.9 ). 

.8. Time-frequency analysis 

EEG epochs were decomposed into their time-frequency representa-

ions using Morlet wavelets ( Tallon-Baudry and Bertrand, 1999 ) from 2

o 40 Hz in steps of 1 Hz ( Kaiser and Schütz-Bosbach, 2021 ). The number

f wavelet cycles increased from 3 to 10 cycles in linearly spaced steps

o have a good balance between time and frequency resolution. Consis-

ent with the ERP analysis, time-frequency data were further segmented

nto periods ranging from -300 to 500 ms relative to the four events of

nterest (i.e., the unimodal visual stimulus, the unimodal cardiac sig-

als, the bimodal cardio-visual stimulus, and the “no stimulus ”), with

aseline correction via decibel conversion using the period from -300 to

100 ms. This baseline interval was chosen to avoid the adverse influ-

nce of spectral estimates biased by windowing post-stimulus activity

nd padding values ( Hu and Zhang, 2019 ; Zhang et al., 2020 ). 
5 
.9. Statistical analysis 

For behavioral data, separate paired samples t -tests were performed

o compare reaction times and accuracy rates between the diastole cou-

ling and the systole coupling condition. The effect size was estimated

y Cohen’s d . 

For ERP data, to investigate the cardio-visual integration in early

ensory processing, the ERP elicited by the bimodal cardio-visual stim-

lus was compared with the summed ERP elicited by the unimodal

ardiac signals and visual stimulus. Consistent with previous studies

 Senkowski et al., 2011 ; Talsma and Woldorff, 2005 ; Van der Burg et al.,

011 ), the average waveform time-locked to the “no stimulus ” was sub-

racted from the original waveforms elicited by the bimodal cardio-

isual stimulus, the unimodal cardiac signals, and the unimodal visual

timulus, respectively, to correct for any residual distractor evoked re-

ponses. While we expect an early cardio-visual interaction ( < 200 ms;

iard and Peronnet, 1999 ; Van der Burg et al., 2011 ; Zhao et al., 2020 ),

e did not have a clear prediction regarding the morphology (latency

nd topography) of this effect. Therefore, a nonparametric cluster-based

ermutation t -test (the responses to the bimodal cardio-visual stimulus

ersus the summed responses to the unimodal cardiac signals and visual

timulus) was applied for the ERP amplitudes in the time window from

 to 200 ms relative to the stimulus onset. 

In addition, to investigate the cardio-visual integration in visuospa-

ial selective attention, we compared the N2pc components elicited by

he bimodal cardio-visual stimulus and by the unimodal visual stimu-

us. The N2pc components were measured by the contralateral-minus-

psilateral difference waveforms relative to the side of the visual target

left or right visual field). Please note that a correction of residual dis-

ractor evoked responses prior to this analysis was not required, as the

olor change of distractors randomly occurred in both visual fields and

hus, contralateral-minus-ipsilateral EEG responses were not affected by

ny residual distractor evoked responses. Previous studies consistently

ound the maximum N2pc amplitude in the time window from 200 to

00 ms relative to the stimulus onset and around the lateral posterior

lectrodes ( Arslanova et al., 2019 ; Luck and Hillyard, 1994 ; Van der

urg et al., 2011 ). Therefore, a nonparametric cluster-based permuta-

ion t -test was applied for N2pc amplitudes in this time window and

lectrode region (left hemisphere: P3, P7, O1, P1, P5, PO7, and PO3;

ight hemisphere: P4, P8, O2, P2, P6, PO8, and PO4). 

For time-frequency data, to investigate the cardio-visual integration

n neural oscillations related to early sensory processing, the oscillation

ower elicited by the bimodal cardio-visual stimulus was compared with

he summed oscillation power elicited by the unimodal cardiac signals

nd visual stimulus. Notably, the time-frequency maps time-locked to

he bimodal cardio-visual stimulus, the unimodal cardiac signals, the

nimodal visual stimulus, and the “no stimulus ” were first averaged

ver a cluster of posterior electrodes (CP5, P7, P5, P3, P1, PO7, POz,

O4, P4, Oz), respectively. These electrodes were chosen to match the

lectrodes revealing a prominent early cardio-visual interaction in the

RP analysis. Then, consistent with the ERP analysis, the average oscil-

ation power time-locked to the “no stimulus ” was subtracted from the

riginal oscillation power elicited by the bimodal cardio-visual stimu-

us, the unimodal cardiac signals, and the unimodal visual stimulus, re-

pectively, to correct for potential residual distractor evoked responses.

inally, a nonparametric cluster-based permutation t -test (responses to

he bimodal cardio-visual stimulus versus the summed responses to the

nimodal cardiac signals and visual stimulus) was applied to determine

scillatory power in the time window from 0 to 300 ms relative to the

timulus onset and in frequencies from 2 to 40 Hz. 

In addition, to investigate the cardio-visual integration in neural os-

illations related to visuospatial selective attention, we compared the

ateralized oscillation power elicited by the bimodal cardio-visual stim-

lus and by the unimodal visual stimulus. The lateralized oscillation

ower was measured by the contralateral-minus-ipsilateral difference

ime-frequency maps relative to the side of the visual target (left or
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l  
ight visual field). A correction of residual distractor evoked responses

rior to this analysis was again not required, as the color change of dis-

ractors randomly occurred in both visual fields and thus, contralateral-

inus-ipsilateral EEG responses were not affected by any residual dis-

ractor evoked responses. Notably, the contralateral-minus-ipsilateral

ifference time-frequency maps time-locked to the cardio-visual stim-

lus and the visual stimulus were first averaged over a cluster of lateral

osterior electrodes (left hemisphere: P5, PO7, P3; right hemisphere:

6, PO8, P4), respectively. These electrodes were chosen to match the

lectrodes revealing a prominent cardio-visual interaction in the N2pc

nalysis. Then, a nonparametric cluster-based permutation t -test was ap-

lied for the lateralized oscillation power in the time window from 100

o 400 ms relative to the stimulus onset and in frequencies from 2 to

0 Hz. 

Nonparametric cluster-based permutation t -tests were performed us-

ng the FieldTrip toolbox ( Oostenveld et al., 2011 ). Permutation analy-

is allows for statistical tests over whole time series or time-frequency

aps, while still controlling for multiple comparisons ( Maris and Oost-

nveld, 2007 ). More specifically, for each permutation test used in

he present study, adjacent spatio-temporal or spatio-spectro-temporal

oints for which t -values exceed a threshold were clustered (dependent

 -test; cluster-defining threshold p = .05, two-tailed; iterations = 5000).

hen, the cluster-level statistics were calculated by taking the sum of the

 -values of all points within each cluster. Last, the observed cluster-level

tatistic was compared against the permutation distribution to test the

ull hypothesis of no difference between conditions (two-tailed test).

lusters with p < .05 were considered significant. 

Unlike the p -value in frequentist hypothesis testing, the Bayes Factors

e.g., the BF 10 value) in Bayesian hypothesis testing can indicate how

uch more likely the alternative hypothesis is than the null hypothesis

 Wagenmakers et al., 2018 ). Therefore, for all the tests in behavioral

nd EEG analyses, we also reported BF 10 values from the correspond-

ng Bayesian tests performed in the JASP software ( JASP Team, 2022 ).

or the t -tests, in the absence of previous evidence on cardio-visual in-

egration, we used the default priors, which assume a medium effect

ize on a Cauchy distribution of 0.707. A BF 10 between 1.00 and 3.00

as interpreted as an anecdotal effect, a BF 10 between 3.00 and 10.00

s a moderate effect, and a BF 10 greater than 10.00 as a strong effect

 Wagenmakers et al., 2018 ). 

.10. Control analyzes to exclude possible effects of cardiovascular 

rtifacts 

Cardiac cycle-related EEG responses include not only neural re-

ponses evoked by cardiac signals but also cardiac field artifact and

ulse-related artifact ( Kern et al., 2013 ). Any potential effects of cardiac

ycle-related artifacts on our results should thus be carefully considered.

e therefore conducted two sets of control analyses to ensure that the

bserved effects in the present study are caused by neural responses

ather than cardiac cycle-related artifacts. 

The first set of control analyses was inspired by

etzschner et al. (2019) . To rule out any impact of cardiac cycle-related

rtifacts on the effect in early ERP amplitude, firstly, we compared

he mean ECG amplitudes and the mean heart rates within the time

indow (46–142 ms) of this effect between the bimodal cardio-visual

timulus condition and the unimodal cardiac signals + unimodal visual

timulus condition, using separate paired samples t -tests. Secondly, we

ested if there was any relationship between the differences in early

RP amplitude and the differences in ECG amplitude as well as the

ifferences in heart rate across the aforementioned two conditions

sing separate linear regressions, i.e., predict the differences in early

RP amplitude from the differences in ECG amplitude or from the

ifferences in heart rate across participants. Furthermore, we also com-

ared the heart rates at R-peak between the systole coupling condition

nd the diastole coupling condition, and we tested if there was any

elationship between the differences in early ERP amplitude across the
6 
imodal cardio-visual stimulus condition and the unimodal cardiac

ignals + unimodal visual stimulus condition and the differences in the

eart rate at R-peak across the two coupling conditions, using linear

egression. The heart rate at each R-peak and the heart rate at each

ime point were calculated based on ECG signal using the NeuroKit2

oolbox ( Makowski et al., 2021 ). 

Similarly, to rule out any impact of cardiac cycle-related artifacts

n the effect in early upper-alpha/beta power, firstly, we compared the

ean ECG power and the mean heart rates within the time window

60–300 ms) and frequency window (11–24 Hz) of this effect between

he bimodal cardio-visual stimulus condition and the unimodal cardiac

ignals + unimodal visual stimulus condition, using separate paired sam-

les t -tests. Secondly, we tested if there was any relationship between

he differences in early EEG power and the differences in ECG power

s well as the differences in heart rate across the aforementioned two

onditions using separate linear regressions, i.e., predict the differences

n EEG power from the differences in ECG power or from the differences

n heart rate across participants. We also tested if there was any rela-

ionship between the differences in early EEG power across the bimodal

ardio-visual stimulus condition and the unimodal cardiac signals + uni-

odal visual stimulus condition and the differences in the heart rate at

-peak across the two coupling conditions, using linear regression. 

However, this approach does not allow exploring the impact of car-

iac cycle-related artifacts on the effects in lateralized N2pc amplitude

nd lateralized beta power, because it is impossible to extract lateralized

CG response from a single ECG channel. Moreover, the linear regres-

ion analysis can detect only potential linear but not nonlinear effects of

ardiac cycle-related artifacts, and it does not consider any trial-by-trial

ariability. 

We therefore performed another set of control analyses as suggested

y some previous studies ( Al et al., 2020 ; Gray et al., 2010 ; Ronchi et al.,

017 ; van Elk et al., 2014 ). Specifically, for each EEG epoch of our task

onditions, we first calculated the latency between the event of inter-

st and the previous ECG R-peak. Then we extracted EEG epochs timed-

ocked to the time point having identical latency after the R-peak during

he resting condition, in which no visual stimulus was presented. Next,

e averaged the epochs of the resting condition for each EEG electrode.

astly, we subtracted the mean signal of the resting condition from the

forementioned epoch of the task conditions for each EEG electrode. The

orrected EEG data was analyzed using the same statistical methods as

he uncorrected data. That is, by using separate nonparametric cluster-

ased permutation t -tests, we (1) compared the ERP amplitude elicited

y the bimodal cardio-visual stimulus with the summed ERP amplitude

licited by the unimodal cardiac signals and visual stimulus; (2) com-

ared the N2pc amplitudes elicited by the bimodal cardio-visual stim-

lus and by the unimodal visual stimulus; (3) compared the oscillation

ower elicited by the bimodal cardio-visual stimulus with the summed

scillation power elicited by the unimodal cardiac signals and visual

timulus; (4) compared the lateralized oscillation power elicited by the

imodal cardio-visual stimulus and by the unimodal visual stimulus. 

Please note that there is a caveat to this artifact correction approach.

he epochs of the resting condition not only include cardiac cycle-

elated artifacts, but also neural responses evoked by cardiac signals,

s they were time-locked to one specific time point within the cardiac

ycle. Hence, this correction procedure not only removes cardiac cycle-

elated artifacts that we aimed to control for, but also (at least in part)

ardiac cycle-related brain responses, that is, the EEG measures of inter-

st in the present study. We therefore report both the uncorrected (see

ection 3.2 and 3.3 ) and corrected data (see Section 3.4.3 and 3.4.4). 

. Results 

.1. Behavioural results 

The paired samples t -tests showed that reaction times were pro-

onged in the systole coupling condition (2034.70 ± 108.40 ms), i.e.,
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Fig. 2. Reaction times and accuracy rates. The 

reaction times were prolonged in the systole 

coupling condition, i.e., when the color change 

of the visual target coincided with strong car- 

diac signals concerning the state of cardiovas- 

cular arousal, compared to the diastole cou- 

pling condition, i.e., when the color change of 

the visual target occurred at a time when car- 

diac arousal was relatively low. However, the 

accuracy rates did not significantly differ be- 

tween the two conditions. Data are expressed 

as M ± SEM . ns: not significant; ∗ : p < .05. 
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hen the color change of the visual target coincided with strong car-

iac signals concerning the state of cardiovascular arousal, compared

o the diastole coupling condition (1874.36 ± 87.61 ms), i.e., when

he color change of the visual target occurred at a time when cardiac

rousal was relatively low ( t (25) = 2.54, p = .017, Cohen’s d = 0.50,

F 10 = 2.96). However, the accuracy rates did not significantly differ

etween the diastole coupling (0.81 ± 0.03) and the systole coupling

ondition (0.78 ± 0.03; t (25) = -1.37, p = .182, Cohen’s d = -0.27,

F 10 = 0.48). Fig. 2 represents the reaction times and accuracy rates

n the diastole coupling and the systole coupling condition. 

.2. ERP results 

.2.1. Early cardio-visual integration in ERPs 

The nonparametric cluster-based permutation t -test for ERP ampli-

udes revealed a significant cluster over posterior electrodes (CP5, P7,

5, P3, P1, PO7, POz, PO4, P4, and Oz; ∼46–142 ms; p = .023, Co-

en’s d = -0.77). The ERP amplitude elicited by the bimodal cardio-

isual stimulus (-1.22 ± 0.17 𝜇V) was larger than the summed ERP

mplitude elicited by the unimodal cardiac signals and visual stimulus

-0.87 ± 0.17 𝜇V; BF 10 = 53.64; see Fig. 3 ). 

.3. The effect of cardio-visual integration in lateralized N2pc components 

The nonparametric cluster-based permutation t -test for contralateral-

inus-ipsilateral N2pc amplitudes revealed a significant cluster over lat-

ral posterior electrodes (left hemisphere: P5, PO7, and P3; right hemi-

phere: P6, PO8, and P4; ∼220–246 ms; p = .016, Cohen’s d = 0.56).

ompared to the unimodal visual stimulus (-0.60 ± 0.10 𝜇V), the

imodal cardio-visual stimulus elicited a lower N2pc amplitude (-

.26 ± 0.07 𝜇V; BF 10 = 5.30; see Fig. 4 ). 

.4. Time-frequency results 

.4.1. Early cardio-visual integration in oscillation power 

The nonparametric cluster-based permutation t -test for oscillation

ower revealed a significant cluster within the upper-alpha/beta range

11–24 Hz; CP5, P7, P5, P3, P1, PO7, POz, PO4, P4, and Oz; ∼60–

00 ms; p < .001, Cohen’s d = -0.67). The upper-alpha/beta power

licited by the bimodal cardio-visual stimulus (0.49 ± 0.12 dB) was

ower than the summed upper-alpha/beta power elicited by the uni-

odal cardiac signals and visual stimulus (0.78 ± 0.17 dB; BF 10 = 16.75;

ee Fig. 5 ). 
7 
.4.2. The effect of cardio-visual integration in lateralized oscillation power

The nonparametric cluster-based permutation t -test for lateralized

scillation power revealed a significant cluster within the beta range

16–26 Hz; left hemisphere: P5, PO7, and P3; right hemisphere: P6, PO8,

nd P4; ∼180–340 ms; p = .006, Cohen’s d = 0.93). Compared to the uni-

odal visual stimulus (-0.20 ± 0.05 dB), the bimodal cardio-visual stim-

lus elicited weaker beta lateralization (0.07 ± 0.05 dB; BF 10 = 354.15;

ee Fig. 6 ). 

.5. Results of control analyses to exclude possible effects of 

ardiovascular artifacts 

.5.1. No impact of ECG amplitude and heart rate on the effect in early 

RP amplitude 

Within the time window (46–142 ms) of the effect in early ERP

mplitude, we did not find any relationship between the differences

n early ERP amplitude and the differences in ECG amplitude across

he bimodal cardio-visual stimulus condition and the unimodal car-

iac signals + unimodal visual stimulus condition (linear regression:

 (1,25) = 1.97, p = .173, R 

2 = .08, BF 10 = 0.74), although there was

 significant difference between the ECG amplitude in response to the

imodal cardio-visual stimulus (96.42 ± 19.06 𝜇V) and the summed

CG amplitude in response to the unimodal cardiac signals and visual

timulus (51.69 ± 22.09 𝜇V; t (25) = 6.49, p < .001, Cohen’s d = 1.27,

F 10 = 20736.45; see Supplementary Fig. 1). 

In addition, within the time window (46–142 ms) of the effect in

arly ERP amplitude, there was no difference between the heart rate in

esponse to the bimodal cardio-visual stimulus (-0.08 ± 0.02 bpm) and

he summed heart rate in response to the unimodal cardiac signals and

isual stimulus (-0.05 ± 0.04 bpm; t (25) = -0.77, p = .447, Cohen’s d = -

.15, BF 10 = 0.27). We did not find any relationship between the dif-

erences in early ERP amplitude and the differences in heart rate across

he bimodal cardio-visual stimulus condition and the unimodal cardiac

ignals + unimodal visual stimulus condition, either (linear regression:

 (1,25) = 3.23, p = .085, R 

2 = .12, BF 10 = 0.87). 

Furthermore, we did not find any relationship between the differ-

nces in early ERP amplitude across the bimodal cardio-visual stim-

lus condition and the unimodal cardiac signals + unimodal visual

timulus condition and the differences in heart rate at R-peak across

he systole coupling condition and the diastole coupling condition (lin-

ar regression: F (1,25) = 2.55, p = .123, R 

2 = .10, BF 10 = 0.91), al-

hough there was a significant difference in heart rate between the

ystole coupling (74.82 ± 2.15 bpm) and the diastole coupling con-

ition (73.76 ± 2.13 bpm; t (25) = 2.43, p = .022, Cohen’s d = 0.48,

F 10 = 2.41). 
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Fig. 3. Early cardio-visual integration in ERPs. (A) The original grand-average 

waveforms elicited by the bimodal cardio-visual stimulus, the unimodal cardiac 
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.5.2. No impact of ECG power and heart rate on the effect in early EEG 

ower 

Within the time window (60–300 ms) and frequency window (11–

4 Hz) of the effect in early EEG power, we did not find any relationship

etween the differences in early EEG power and the differences in ECG

ower across the bimodal cardio-visual stimulus condition and the uni-

odal cardiac signals + unimodal visual stimulus condition (linear re-

ression: F (1,25) = 2.47, p = .129, R 

2 = .09, BF 10 = 0.88), although there

as a significant difference between the ECG power in response to the

imodal cardio-visual stimulus (25.27 ± 2.09 𝜇V) and the summed ECG

ower in response to the unimodal cardiac signals and visual stimulus

27.56 ± 2.49 𝜇V; t (25) = -2.70, p = .012, Cohen’s d = -0.53, BF 10 = 4.01;

ee Supplementary Fig. 2). 

In addition, within the time window (60–300 ms) and frequency win-

ow (11–24 Hz) of the effect in early EEG power, we did not find any

elationship between the differences in early EEG power and the differ-

nces in heart rate across the bimodal cardio-visual stimulus condition

nd the unimodal cardiac signals + unimodal visual stimulus condition

linear regression: F (1,25) = 1.81, p = .191, R 

2 = .07, BF 10 = 0.70),

lthough there was a significant difference between the heart rate in re-

ponse to the bimodal cardio-visual stimulus (-0.63 ± 0.11 bpm) and the

ummed heart rate in response to the unimodal cardiac signals and vi-

ual stimulus (-2.65 ± 0.92 bpm; t (25) = 2.27, p = .032, Cohen’s d = 0.45,

F 10 = 1.81). 

Furthermore, we did not find any relationship between the differ-

nces in early EEG power across the bimodal cardio-visual stimulus

ondition and the unimodal cardiac signals + unimodal visual stimulus

ondition and the differences in heart rate at R-peak across the systole

oupling condition and the diastole coupling condition (linear regres-

ion: F (1,25) = 3.09, p = .092, R 

2 = .11, BF 10 = 0.91). The scatter plots

f linear regression are displayed in Supplementary Fig. 3. 

.5.3. ERP results based on corrected data 

The nonparametric cluster-based permutation t -test for ERP ampli-

udes revealed a significant cluster over posterior electrodes (CP5, P7,

5, PO7, and P4; ∼90–136 ms; p = .046, Cohen’s d = -0.78). The ERP am-

litude elicited by the bimodal cardio-visual stimulus (-0.51 ± 0.29 𝜇V)

as larger than the summed ERP amplitude elicited by the unimodal

ardiac signals and visual stimulus (-0.08 ± 0.28 𝜇V; BF 10 = 63.41; see

upplementary Fig. 4). 

The nonparametric cluster-based permutation t -test for contralateral-

inus-ipsilateral N2pc amplitudes revealed a significant cluster over lat-

ral posterior electrodes (left hemisphere: P5, PO7, and P3; right hemi-

phere: P6, PO8, and P4; ∼220–250 ms; p = .016, Cohen’s d = 0.57).

ompared to the unimodal visual stimulus (-0.59 ± 0.10 𝜇V), the
ignals, the unimodal visual stimulus, and the “no stimulus ”, respectively. No- 

ably, the waveform elicited by the cardio-visual stimulus was time-locked to 

he target change in the systole coupling condition (about at 290 ms after the 

-peak); the waveform elicited by the cardiac signals was time-locked to 290 ms 

fter the target change in the diastole coupling condition (about at 290 ms after 

he R-peak); the waveform elicited by the visual stimulus was time-locked to 

he target change in the diastole coupling condition (about at the R-peak); the 

aveform elicited by the “no stimulus ” was time-locked to 290 ms before the 

arget change in the systole coupling condition (about at the R-peak). (B) The 

rand-average waveforms elicited by the bimodal cardio-visual stimulus, the 

nimodal cardiac signals, and the unimodal visual stimulus after subtraction of 

he waveform elicited by the “no stimulus ”, respectively. (C) The grand-average 

aveform elicited by the bimodal cardio-visual stimulus and the summed wave- 

orm elicited by the unimodal cardiac signals and visual stimulus. Permutation 

nalysis indicated that the ERP amplitude elicited by the bimodal cardio-visual 

timulus was larger than the summed ERP amplitude elicited by the unimodal 

ardiac signals and visual stimulus. This corresponded to a cluster extended from 

6 to 142 ms after stimulus onset over posterior electrodes. Electrodes with high 

ontribution to the cluster (i.e., with a total number of significant samples at or 

bove the mean; CP5, P7, P5, P3, P1, PO7, POz, PO4, P4, and Oz) are highlighted 

ith enlarged white dots in the scalp topographies. 
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Fig. 4. The effect of cardio-visual integration in lateralized N2pc components. 

Grand-average waveforms elicited contralateral and ipsilateral to the location 

of the bimodal cardio-visual stimulus (A) or the unimodal visual stimulus (B). 

(C) Grand-average contralateral-minus-ipsilateral difference waveforms elicited 

by the bimodal cardio-visual stimulus and by the unimodal visual stimulus, re- 

spectively. Permutation analysis indicated that compared to the unimodal visual 

stimulus, the bimodal cardio-visual stimulus elicited a lower N2pc amplitude. 

This corresponded to a cluster extended from 220 to 246 ms after stimulus on- 

set over lateral posterior electrodes. Electrodes with high contribution to the 

cluster (left hemisphere: P5, PO7, and P3; right hemisphere: P6, PO8, and P4) 

are highlighted with enlarged white dots in the scalp topographies in (D). The 

scalp topographies show amplitude differences at homologous electrodes over 

the hemisphere contralateral and ipsilateral to the target location, with elec- 

trodes on the midline artificially set to zero. 

b  

0

3

 

p  

C  

0  

(  

b  

B

 

o  

(  

a  

m  

u  

s

 

r  

E  

a  

c  

i  

i  

E  

o

4

 

n  

d  

E  

o  

t  

n  

e  

v  

(  

t  

e  

v  

c  

e  

e  

(  

r  

i

 

e  

d  

m  

m  

e  

m  

g  

c  

n  

p  

t  

d  

t  

b  

c  

s  

9 
imodal cardio-visual stimulus elicited a lower N2pc amplitude (-

.26 ± 0.07 𝜇V; BF 10 = 6.06; see Supplementary Fig. 5). 

.5.4. Time-frequency results based on corrected data 

The nonparametric cluster-based permutation t -test for oscillation

ower revealed a significant cluster within the beta range (13–22 Hz;

P5, P7, P5, PO7, and P4; ∼120–300 ms; p = .007, Cohen’s d = -

.71). The beta power elicited by the bimodal cardio-visual stimulus

0.49 ± 0.15 dB) was lower than the summed beta power elicited

y the unimodal cardiac signals and visual stimulus (0.79 ± 0.17 dB;

F 10 = 26.71; see Supplementary Fig. 6). 

The nonparametric cluster-based permutation t -test for lateralized

scillation power revealed a significant cluster within the beta range

16–26 Hz; left hemisphere: P5, PO7, and P3; right hemisphere: P6, PO8,

nd P4; ∼170–360 ms; p = .003, Cohen’s d = 1.03). Compared to the uni-

odal visual stimulus (-0.21 ± 0.04 dB), the bimodal cardio-visual stim-

lus elicited weaker beta lateralization (0.05 ± 0.04 dB; BF 10 = 1166.22;

ee Supplementary Fig. 7). 

In summary, our linear regression analyses did not return any linear

elationship between the changes in cardiac activity (as measured by

CG amplitude, ECG power, and heart rate) and the effects in early ERP

mplitude and early EEG power. More importantly, after correcting for

ardiac cycle-related artifacts by subtracting the EEG signal of the rest-

ng condition from the EEG signal of task conditions, we observed sim-

lar effects based on corrected EEG data as those based on uncorrected

EG data. These results indicate that the observed effects are reflective

f neural responses rather than cardiac cycle-related artifacts. 

. Discussion 

In this study, we explored the multisensory integration of cardiac sig-

als with a visual target in a dynamic cluttered environment by pairing a

ynamic visual search task with an ECG recording. We further recorded

EG to explore brain mechanisms associated with this phenomenon. We

bserved prolonged reaction times when the color change of the visual

arget occurred simultaneously with the presence of strong cardiac sig-

als concerning the state of cardiovascular arousal (i.e., presented at the

nd of ventricular systole), compared to when the color change of the

isual target occurred at a time when cardiac arousal was relatively low

i.e., presented at the end of ventricular diastole). This result indicates

hat the co-occurrence of the target change together with cardiac affer-

nt signals makes it harder to detect the visual target among multiple

isual stimuli. Moreover, the co-occurrence of the target change with

ardiac signals modulated the ERP responses and the beta power at an

arly stage ( ∼100 ms after stimulus onset) and suppressed lateralization

ffects of the N2pc component and the beta-band activity at a later stage

 ∼200 ms after stimulus onset). EEG results hereby reveal distinct pe-

iods of electrophysiological modulations that reflect the cardio-visual

ntegration. 

The results of the present study are – to the best of our knowl-

dge – the first to demonstrate that multisensory integration of car-

iac signals with a visual target negatively affects its detection among

ultiple visual stimuli. Findings hereby extend earlier reports that si-

ultaneous cardiac signals suppress the perception of a single visual

vent ( McIntyre et al., 2007 ; Sandman et al., 1977 ; Walker and Sand-

an, 1982 ). Specifically, we observed that searching for the visual tar-

et in a dynamically changing visual display took longer when the color

hange of the visual target coincided with strong cardiac arousal sig-

als compared to when cardiac arousal was relatively weak. Similar

erceptual attenuation effects have been reported in other exterocep-

ive modalities, although based on single events only. For example, au-

itory stimuli presented at cardiac systole compared with diastole led

o prolonged reaction times ( Yang et al., 2017 ) and lower likelihood to

e judged as louder ( Cohen et al., 1980 ), indicating that cardiac signals

an suppress auditory perception. In addition, in the field of pain and

omatosensory perception, participants exhibited higher pain thresholds
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Fig. 5. Early cardio-visual integration in oscillatory power. (A) The 

original grand-average time-frequency maps elicited by the bimodal 

cardio-visual stimulus, the unimodal cardiac signals, the unimodal 

visual stimulus, and the “no stimulus ”, respectively. (B) The grand- 

average time-frequency maps elicited by the bimodal cardio-visual 

stimulus, the unimodal cardiac signals, and the unimodal visual stim- 

ulus after subtraction of the time-frequency map elicited by the “no 

stimulus ”, respectively. (C) The grand-average time-frequency map 

elicited by the bimodal cardio-visual stimulus and the summed time- 

frequency map elicited by the unimodal cardiac signals and visual 

stimulus. All time-frequency maps were averaged over the posterior 

electrodes (CP5, P7, P5, P3, P1, PO7, POz, PO4, P4, and Oz) to match 

the electrodes used in Fig. 3 . These electrodes are highlighted with 

enlarged white dots in the scalp topographies. Permutation analysis 

indicated that the upper-alpha/beta power elicited by the bimodal 

cardio-visual stimulus was lower than the summed upper-alpha/beta 

power elicited by the unimodal cardiac signals and visual stimulus. 

This corresponded to a cluster extended from 60 to 300 ms after stim- 

ulus onset in frequencies from 11 to 24 Hz, marked using dashed 

rectangles in the time-frequency maps. 

(  
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t  

t

 

u  

t  

F  
 Wilkinson et al., 2013 ) and worse performance in detecting and local-

zing somatosensory stimuli during cardiac systole compared to diastole

 Al et al., 2020 , 2021 ; Motyka et al., 2019 ). These studies also support

he inhibitory effect of systolic cardiac signals on exteroceptive percep-
ion. l  

10 
More importantly, the present study reveals the brain dynamics

nderlying this perceptual attenuation phenomenon, which is charac-

erized by electrophysiological modulations during two time periods.

irst, we observed early modulations in both ERP responses and oscil-

ation power for correctly reported cardio-visual targets. Specifically,
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Fig. 6. The effect of cardio-visual integration in lateralized oscillation power. Grand-average time-frequency maps for oscillation power elicited contralateral (A) 

or ipsilateral (B) to the target location. (C) Grand-average time-frequency maps for contralateral-minus-ipsilateral difference oscillation power. Time-frequency 

maps elicited by the bimodal cardio-visual stimulus (left panel) and the unimodal visual stimulus (right panel) were averaged over lateral posterior electrodes (left 

hemisphere: P5, PO7, and P3; right hemisphere: P6, PO8, and P4) respectively to match the electrodes used in Fig. 4 . These electrodes are highlighted with enlarged 

white dots in the scalp topographies in (D). Permutation analysis indicated that compared to the bimodal visual stimulus, the bimodal cardio-visual stimulus elicited 

weaker beta-band lateralization. This corresponded to a cluster extended from 180 to 340 ms after stimulus onset in frequencies from 16 to 26 Hz, marked using 

dashed rectangles in the time-frequency maps. The scalp topographies show power differences at homologous electrodes over the hemisphere contralateral and 

ipsilateral to the target location, with electrodes on the midline artificially set to zero. 
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he modulation of ERP amplitudes and beta power started at ∼90 and

120 ms respectively, suggesting a rapid interplay between cardiac pro-

essing and visual processing. The latencies of these early multisensory

esponses are consistent with earlier studies reporting cross-modal in-

eractions between different exteroceptive senses. For example, prior

tudies on auditory-visual ( Giard and Peronnet, 1999 ; Molholm et al.,

002 ; Senkowski et al., 2011 ; Van der Burg et al., 2011 ) and auditory-

omatosensory integration ( Foxe et al., 2000 ; Murray et al., 2004 ) have
11 
eported early ERP modulations starting at around 50 ms after stim-

lus onset. Early modulations in the alpha-/beta-band activity have

lso been observed to start at around 100 ms after the presentation of

he auditory-visual stimulus ( Gleiss and Kayser, 2014 ; Michail et al.,

021 ). In addition, the parietal-occipital distribution of these early

lectrophysiological modulations observed in the current study corre-

ponds to claims that the parietal cortex (e.g., inferior parietal lob-

le) and primary cortices (e.g., primary visual cortex) are involved
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n early multisensory integration ( Gentile et al., 2010 ; Murray et al.,

016 ). 

The early ERP modulation seems to be super-additive, i.e., the ERP

mplitude elicited by the bimodal cardio-visual stimulus showed in-

reased negativity relative to the summed ERP amplitude elicited by

he unimodal cardiac signals and visual stimulus. However, it is diffi-

ult to determine the directionality of the cardio-visual interaction sim-

ly according to this result, as the polarity of ERP waveforms recorded

t scalp surface does not necessarily reflect the directionality of under-

ying neural activity ( Cappe et al., 2010 ). Interestingly, the association

etween behavioral improvement and the sub-additive ERP modulation

as been well established in the field of auditory-visual integration. For

xample, studies using animal models have repeatedly reported sub-

dditive neural response interactions that enhanced sensory process-

ng ( Angelaki et al., 2009 ; Bizley et al., 2007 ; Kayser et al., 2009 ).

ikewise, many human studies have shown that the behavioral bene-

ts of multisensory stimuli are related to sub-additive ERP responses

 Mercier et al., 2013 ; Stekelenburg and Vroomen, 2012 ; Van der Burg

t al., 2011 ). Therefore, it is reasonable to speculate that super-additive

RP responses observed in the present study reflect decreased neural re-

ponses to the bimodal cardio-visual stimulus. This view was also sup-

orted by our finding in oscillation power, i.e., the power elicited by

he bimodal cardio-visual stimulus was lower than the summed power

licited by the unimodal cardiac signals and visual stimulus within the

pper-alpha/beta range. Specifically, decreased posterior alpha/beta

ower may suggest that the participants had to deploy increased atten-

ional resources in the bimodal cardio-visual condition in order to de-

ect the target ( Kaiser et al., 2022 ; Sadaghiani and Kleinschmidt, 2016 ).

herefore, this could represent further evidence that the presence of

ardiac signals in combination with visual information inhibited the

rocessing of such sensory input, which participants needed to com-

ensate for probably by increasing their attentional effort. Altogether,

hese early modulations in ERP responses and oscillation power suggest

n inhibitory cardio-visual integration in early sensory processing. 

In addition, we also observed reduced ERP responses and oscilla-

ion power in a later time window. Specifically, the bimodal cardio-

isual compared with the unimodal visual stimulus elicited lower

2pc amplitude ( ∼220–250 ms) and weaker beta lateralization ( ∼170–

60 ms). Both lateralized N2pc component and beta activity are known

o be modulated by visuospatial selective attention ( Bacigalupo and

uck, 2019 ; Bauer et al., 2012 ). Larger lateralization effects in N2pc

mplitudes and beta power may reflect more attention to the lateral-

zed visual target. Therefore, our findings may indicate that participants

aid less attention to external visual information when it coincided with

trong cardiac arousal signals compared to when cardiac arousal was

elatively weak. However, future studies are needed to clarify the exact

echanisms underlying the effects reported here. The modulation of at-

entional resources has been repeatedly proposed as the potential mech-

nism underlying the cardiac cycle effects on exteroception ( Al et al.,

020 , 2021 ). Interestingly, a recent study found that participants had

ore fixations at diastole and more saccades at systole in a free visual

earch task ( Galvez-Pol et al., 2020 ). Given that people obtain visual

nformation during fixations rather than during saccades ( Pertzov et al.,

009 ), this result suggests that people especially tend to sample task-

elevant visual information in the external environment when cardiac

ignals are relatively weak and in this way may release attentional re-

ources. 

Our attentional modulation account may be further explained within

he larger framework of predictive coding. Predictive coding implies

hat perceptual content is determined by knowledge-driven active in-

erence on the causes of sensory signals ( Clark, 2013 ; Friston, 2009 ),

hich is applied not only to exteroception but probably also to inte-

oception such as cardiac signals ( Seth, 2013 ). The goal of this active

nference is to minimize prediction error ( Friston et al., 2017 ). Cardiac

nteroceptive information is conveyed to the brain mainly via the firing

f arterial baroreceptors during the systolic phase of each cardiac cycle
12 
 Azzalini et al., 2019 ; Garfinkel and Critchley, 2016 ). This periodical

ransmission of cardiac signals is predictable and therefore attenuated

y the brain to reduce the possibility of mistaking these internal spon-

aneous signals as external input ( Barrett and Simmons, 2015 ; Seth and

riston, 2016 ). In the present study, the external target change occur-

ing at cardiac systole compared with diastole may be more likely to be

egarded as heartbeat-related, task-irrelevant “internal noise ”, and thus

btain less attentional and representational resources, finally leading to

mpaired visual search. Such a predictive coding mechanism has also

een proposed to explain the suppression of somatosensory-evoked po-

entials and pain-evoked potentials during cardiac systole compared to

iastole ( Al et al., 2020 , 2021 ; Gray et al., 2010 ), as well as the attenua-

ion of auditory-evoked potentials for heartbeat-related sounds relative

o externally generated sounds ( van Elk et al., 2014 ). 

In conclusion, multisensory integration of systolic cardiac signals

ith visual stimulation disrupted the detection of a goal-relevant tar-

et among multiple visual distractors, as reflected by prolonged reac-

ion times as well as inhibitory modulations in ERP amplitudes and os-

illation power during both early and late time periods. The possible

echanisms underlying this heart-brain interaction are the attenuation

f early sensory processing and the reduction of attentional resources

eployed toward the outer visual target. Our findings highlight the role

f cardiac information in visual processing and further our understand-

ng of the brain dynamics underlying multisensory perception involving

oth interoception and exteroception. 
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