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A B S T R A C T

Internal bodily signals, such as heartbeats, can influence conscious perception of external sensory information. 
Spontaneous shifts of attention between interoception and exteroception have been proposed as the underlying 
mechanism, but direct evidence is lacking. Here, we used steady-state visual evoked potential (SSVEP) frequency 
tagging to independently measure the neural processing of visual stimuli that were concurrently presented but 
varied in heartbeat coupling in healthy participants. Although heartbeat coupling was irrelevant to participants’ 
task of detecting brief color changes, we found decreased SSVEPs for systole-coupled stimuli and increased 
SSVEPs for diastole-coupled stimuli, compared to non-coupled stimuli. These results suggest that attentional and 
representational resources allocated to visual stimuli vary according to fluctuations in cardiac-related signals 
across the cardiac cycle, reflecting spontaneous and immediate competition between cardiac-related signals and 
visual events. Furthermore, frequent coupling of visual stimuli with stronger cardiac-related signals not only led 
to a larger heartbeat evoked potential (HEP) but also resulted in a smaller color change evoked N2 component, 
with the increase in HEP amplitude associated with a decrease in N2 amplitude. These findings indicate an 
overall or longer-term increase in brain resources allocated to the internal domain at the expense of reduced 
resources available for the external domain. Our study highlights the dynamic reallocation of limited processing 
resources across the internal-external axis and supports the trade-off between interoception and exteroception.

1. Introduction

Our brain receives signals from both the external environment and 
inside our body. Internal bodily processes, such as heartbeats, can in-
fluence our processing of external information (Tallon-Baudry, 2023). In 
a single heartbeat or cardiac cycle, there are two main cardiac phases: 
during systole, the heart ejects the blood, whereas during diastole, it 
refills (DeSaix et al., 2013). Therefore, cardiac-related physiological 
signals naturally fluctuate throughout the cardiac cycle. The perception 
of external stimuli is typically reduced during the cardiac phase 
considered to have strong versus weak cardiac-related signals, although 
the temporal definition of cardiac phase/timing with strong or weak 
cardiac-related signals varies across studies (Al et al., 2020; Edwards 
et al., 2008; Ren et al., 2022a; but see Elliott and Graf, 1972 for null 
effect and Garfinkel et al., 2014 for opposite effect). For instance, in 
some studies presenting exteroceptive stimuli at specific timings after 
the onset of cardiac cycle (indicated by R-peak in the electrocardiogram; 
ECG), researchers observed reduced exteroception during the middle 
phase (approximately 200–500 ms after the R-peak) of cardiac cycle, 

compared to the earlier (approximately 0–150 ms after the R-peak) 
and/or later phases (approximately 600–750 ms after the R-peak; 
Edwards et al., 2008; 2007; 2001; Ren et al., 2022a). These studies 
defined the middle phase as the "systole" phase during which strong 
cardiac-related signals are assumed to be sent to the brain, and the 
remaining period as the "diastole" phase with weak cardiac-related in-
puts. Some other studies, which presented exteroceptive stimuli 
randomly and determined their position in the cardiac cycle a posteriori, 
observed reduced perceptual sensitivity and responses to stimuli 
occurring between ECG R-peak and the end of T-wave (defined as the 
"systole" phase with strong cardiac-related signals) compared to the 
remaining period or an equivalent length at the end of the cardiac cycle 
(defined as the "diastole" phase with weak cardiac-related signals; Al 
et al., 2021, 2020; Grund et al., 2022). These cardiac cycle effects on 
perception have been explained by an attentional trade-off framework, 
which posits that attentional resources are shared and competed for 
between interoception and exteroception (Al et al., 2020; Berntson and 
Khalsa, 2021; Critchley and Garfinkel, 2018; Galvez-Pol et al., 2020, 
2022b; Khalsa et al., 2018; Ren et al., 2022a). Specifically, increased 
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attentional resources directed to the internal domain lead to reduced 
resources available for the external domain, thereby diminishing the 
perception of external stimuli.

Our study aimed to provide further evidence for this trade-off pattern 
between interoceptive and exteroceptive processing. First, most previ-
ous studies examined the cardiac cycle effect on the perception of single, 
transient sensory stimulation (e.g., Al et al., 2020; Edwards et al., 2007; 
Grund et al., 2022), leaving an unanswered question—whether the 
attention allocated to multiple, continuous sensory stimuli differs when 
some are coupled to strong cardiac-related signals and the others to 
weaker cardiac-related signals. Second, prior research primarily focused 
on how responses to external sensory stimuli vary according to the 
estimated changes in cardiac-related signals (e.g., Edwards et al., 2008, 
2001; Pramme et al., 2016, 2014), without directly measuring the 
cardiac-related signals or processes at the specific timing or phase when 
the external events occurred. To better explore the trade-off between 
cardiac and visual processing, it is more effective to directly test whether 
increases in cardiac processing correspond to decreases in visual pro-
cessing during the same period. Some researchers have explored the 
relationship between pre-stimulus heartbeat evoked potential (HEP) and 
the subsequent sensory evoked potential (Al et al., 2020; Marshall et al., 
2020; Park et al., 2014). However, this relationship reflects how changes 
in pre-stimulus interoception modulate subsequent exteroception, 
rather than simultaneous changes in interoception and exteroception. 
Third, existing evidence for the cardiac cycle effect on exteroception 
only suggests that the allocation of attentional resources to external 
sensory information varies according to the fluctuations of 
cardiac-related signals in each cardiac cycle. It remains unclear whether 
the co-occurrence of strong cardiac-related signals with visual infor-
mation results in a general or longer-term regulation in the relative 
proportion of attention allocated to the internal and external domains.

To address these issues, we employed a dynamic visual detection task 
with simultaneous electrocardiogram (ECG) and electroencephalogram 
(EEG) recordings. Participants observed two groups of moving dots that 
differed in color, flickering frequency, and motion direction. One group 
changed direction at random times within each cardiac cycle (non- 
coupled dots), while the other group changed direction during either 
strong cardiac-related signals (systole-coupled dots), weak cardiac- 
related signals (diastole-coupled dots), or randomly within each car-
diac cycle (non-coupled dots). Notably, the direction changes of the non- 
coupled dots sometimes coincided with strong cardiac-related signals at 
systole and sometimes with weak cardiac-related signals at diastole 
within one trial, resulting in an average alignment with medium-level 
cardiac-related signals, i.e., lower than the systole-coupled dots but 
higher than the diastole-coupled dots. Participants’ task was to detect a 
brief color change occurring at a random time during the presentation of 
the dots, primarily to maintain their engagement throughout the task. 
The heartbeat coupling of the direction changes was irrelevant to their 
task goal, allowing us to explore the spontaneous shifts of processing 
resources along the internal-external axis. This complements earlier 
studies focusing on intentional shifts between interoception and exter-
oception (Kritzman et al., 2022; Petzschner et al., 2019; Villena--
González et al., 2017).

Importantly, as the two groups of dots flickered at different fre-
quencies, we could independently measure the brain responses to each 
group using steady-state visual evoked potential (SSVEP) frequency 
tagging. SSVEPs are continuous neurophysiological responses elicited by 
a visual stimulus with periodic luminance or contrast modulation, pro-
ducing oscillatory activity at the driving frequency as well as its higher 
harmonics (Norcia et al., 2015). By comparing the SSVEPs evoked by the 
dots with direction changes coupled with strong or weak cardiac-related 
signals versus those coinciding with medium-level cardiac-related sig-
nals, we could explore whether different levels of attention were selec-
tively allocated to the two groups of dots presented concurrently in the 
same visual field but disturbed by different strengths of cardiac-related 
signals.

According to the attentional trade-off theory, we expected reduced 
visual representations of direction changes when cardiac-related signals 
are strong, compared to when these signals are weaker. Given that 
SSVEPs capture the cumulative brain responses to visual events associ-
ated with the flickering dots, and all visual events in both groups of dots, 
except for the heartbeat coupling of direction changes, were identical or 
counterbalanced, we hypothesized that systole-coupled dots would 
trigger lower SSVEPs, while diastole-coupled dots would trigger larger 
SSVEPs, compared to concurrently-presented non-coupled dots.

We also analyzed participants’ HEP while they observed the moving 
dots and the visual evoked potential (VEP) evoked by the color change. 
The HEP reflects cardiac processing in the brain (Coll et al., 2021; Park 
et al., 2018) and is modulated by attention directed toward cardiac 
system (Kritzman et al., 2022; Petzschner et al., 2019). The VEP, spe-
cifically the N2 component, is regarded as an indicator of visual sensi-
tivity and awareness (Eiserbeck et al., 2022; Koivisto and Grassini, 
2016).

By separately comparing HEP amplitude and VEP amplitude across 
the three conditions, we could explore the longer-term effects of heart-
beat coupling on the regulation of brain resources allocated to internal 
and external domain, respectively. We hypothesized that the co- 
occurrence of direction changes with stronger cardiac-related signals 
would result in an overall increase in the brain’s attention to internal 
cardiac system (manifested as increased HEP amplitude) and simulta-
neously lead to a general decrease in attentional resources available for 
external events (e.g., color change) in the continuous visual stimuli 
(manifested as decreased VEP amplitude and a potential decreased color 
detection performance). Moreover, we expected the increase in cardiac 
processing to be associated with a decrease in the processing of the color 
change, indicating a trade-off between brain resources allocated to 
interoception and exteroception.

2. Materials and methods

2.1. Participants

Thirty-two participants (20 females; age: 25.69 ± 6.28 years [mean 
± SD], range: 19–44 years) were recruited from the university partici-
pant database. To the best of our knowledge, no previous studies had 
explored the cardiac cycle effect on SSVEPs in a similar task. Therefore, 
we could not compute the required sample size a priori. However, our 
sample size is comparable with relevant previous studies (Gjorgieva 
et al., 2022; Kritzman et al., 2022; Ren et al., 2022a). Furthermore, a 
post-hoc power analysis, conducted using the MorePower software 
(Campbell and Thompson, 2012), indicates that our sample size is suf-
ficient for detecting effects with an ηp

2 of 0.14 in a one-way (3 levels) 
repeated measures ANOVA, as well as effects with an ηp

2 of 0.21 in a 
three-way (2 × 2 × 2) repeated measures ANOVA, both with a power of 
0.80 and α of 0.05. All the participants reported normal or 
corrected-to-normal visual acuity, no color blindness, no diagnosed 
heart-rhythm abnormalities, no present or past psychiatric or neuro-
logical disorders, and no current use of medication. The study was 
approved by the local ethics committee at the Department of Psychology 
of LMU Munich in accordance with the Declaration of Helsinki. All 
participants provided written informed consent and received either 
financial compensation (9 euros per hour) or course credit for their 
participation.

2.2. Experimental design

In the dynamic visual detection task (see Fig. 1A), participants were 
required to detect a brief color change in the dots’ frame while observing 
two groups of moving dots that differed in color, flickering frequency, 
and motion direction. This color change detection task primarily served 
to maintain participants’ engagement. The key experimental manipu-
lation involved coupling the timing of the direction changes with 
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different cardiac phases (see Fig. 1B).
The experiment included three trial types.
In Systole trials, the direction change of one group of colored dots 

(blue or yellow) was designed to always occur at 290 ms after the R- 
peak, to coincide with the end of ventricular systole, i.e., when cardiac- 
related signals were relatively strong (Marshall et al., 2022; Rae et al., 
2018; Ren et al., 2022b). The direction change of the other group of 
colored dots occurred at a random time within 0–600 ms after the 
R-peak, to be out of sync with cardiac cycle. This condition was designed 
to compare the SSVEPs of the systole-coupled versus non-coupled dots.

In Diastole trials, the direction change of one group of colored dots 
was designed to always occur at the R-peak, to coincide with the end of 
ventricular diastole, i.e., when cardiac-related signals were relatively 
low (DeSaix et al., 2013; Garfinkel et al., 2014; Ren et al., 2022a). The 
direction change of the other group of colored dots occurred at a random 
time within 0–600 ms after the R-peak. This condition was designed to 

compare the SSVEPs of the diastole-coupled versus non-coupled dots.
In Non-coupled trials, the direction changes of both groups of colored 

dots occurred at random times within 0–600 ms after the R-peak, serving 
as the control condition.

The brief color change occurred only once per trial and at a random 
time during the presentation of the dots. It is not coupled to any specific 
cardiac phase.

2.3. Stimuli and procedure

Participants were seated in a dimly lit room at 70 cm from a monitor 
(24 inches; refresh rate: 60 Hz; resolution: 1920 × 1080 pixels) with 
their heads on a chin rest. The visual displays were generated and dis-
played using the Presentation software (Neurobehavioral Systems, Inc.).

Each visual display consisted of 300 blue (luminance: 203 cd/m2) 
and yellow (203 cd/m2) dots (150 of each; diameter: 0.23◦ of visual 

Fig. 1. The dynamic visual detection task. (A) Timeline of each trial. Participants observed two groups of random dots that differed in color, flickering frequency, 
and motion direction, and then reported the color of the dots whose frame had briefly flashed to red. (B) Experimental conditions. Systole condition: one group of 
colored dots always changed direction when cardiac-related signals were strong, while the other group changed direction at a random time within each cardiac cycle 
(i.e., coinciding with on average medium-level cardiac-related signals). Diastole condition: one group of colored dots always changed direction when cardiac-related 
signals were weak, while the other group changed direction at a random time within each cardiac cycle. Non-coupled condition: both groups of colored dots changed 
direction at random times within each cardiac cycle.
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angle). These dots were randomly distributed within an invisible circle 
(radius: 5.00◦) at the center of the screen that was marked with a white 
(245 cd/m2) fixation cross. The background was black (0.3 cd/m2). The 
dots were drawn in a random order to prevent depth perception and 
were continuously in motion, moving at a velocity of 0.08◦. Dots that 
moved out of the invisible circle immediately disappeared but reap-
peared on the opposite side of the circle. Specifically, their location 
shifted from [x, y] to [-x, -y], given that the center of the screen was 
located at [0, 0]. Therefore, participants always saw 300 dots. The 
motion of the dots in the same color was the same, but differed from the 
dots of the other color. Participants were therefore able to perceive two 
distinct groups of moving dots using color and coherent movements. The 
two groups of dots changed their motion direction dynamically (devi-
ated randomly by plus 60–300◦ from the original direction) while 
keeping their directions different at any time (the absolute difference 
between the two directions was always greater than 60◦).

The two groups of dots flickered at different frequencies, either 7.5 or 
10 Hz, with a 50/50 on/off duty cycle. We selected these frequencies 
based on the following criteria: 1) Stimulus frequencies in SSVEP studies 
typically range from 3 to 20 Hz (Norcia et al., 2015); 2) The available 
frequencies for tagging on a 60 Hz monitor are derived from dividing 60 
Hz by integers (e.g., 60/6); 3) The frequencies should not exhibit har-
monic relationships, where one frequency is an integer multiple of 
another (e.g., 6 and 12 Hz; Figueira et al., 2022); 4) The frequencies 
should be close enough to prevent the two groups of dots from appearing 
significantly different. Although the two groups of dots might partially 
and briefly overlap during motion, they remained visible due to their 
distinct flickering frequencies.

As depicted in Fig. 1A, participants pressed the space key on the 
keyboard to start each trial when they felt ready. After 2 s, a dynamic 
visual display appeared, lasting for 20 s. Participants were instructed to 
pay equal attention to both groups of dots, and to detect a brief (400 ms) 
red flashing frame (frame width: 0.02◦; luminance: 60 cd/m2) on one 
group of colored dots. The red frame flickered at the same frequency as 
the dots. Participants were instructed to continue observing the visual 
display until it disappeared, even after having seen the color change. 
Participants then pressed either the "F" key for blue dots or the "J" key for 
yellow dots to indicate which group of dots’ frame briefly flashed to red 
during the trial. They were not given any feedback about their response. 
After their response, a blank screen was displayed on the screen for 1.5 s, 
followed by the start screen of the next trial. Participants were instructed 
to keep their gaze fixed on the central cross throughout the trial and to 
avoid intentionally focusing on a specific or partial area of the moving 
dots or actively shifting their gaze between different parts of the visual 
stimuli.

The color change of the dots’ frame and the experience of having 
already detected it (successfully finding the target) can potentially in-
fluence participants’ attention towards the dots during the remaining 
time of the trial, which may interfere with the anticipated effect of 
heartbeat coupling on SSVEPs. Therefore, in a majority of trials, the 
color change was designed to appear at the end of each trial (> 15 s after 
display onset), and the data of the last 5 s in these trials were excluded 
for SSVEP analysis (see Section 2.5.3.1). In addition, if the color change 
always appeared at the end of each trial, participants might have 
become aware of this pattern at the cost of paying full attention at the 
very beginning of each trial. Therefore, we also added few trials pre-
senting the color change early (< 15 s after display onset), while these 
trials were excluded for SSVEP analysis. Specifically, the color change 
occurred between 5 and 10 s after display onset with a probability of 1/ 
12, between 10 and 15 s with a probability of 1/12, between 15 and 17 s 
with a probability of 5/12, and between 17 and 19 s with a probability of 
5/12.

To get familiar with the experimental procedure, participants 
completed a practice session consisting of three trials (one trial for each 
trial type in a random order), with accuracy feedback provided. The 
experiment comprised 5 blocks, with 24 trials per block. Each block 

included 10 Systole trials, 10 Diastole trials, and 4 Non-coupled trials, 
presented in a random order. Participants took self-paced breaks be-
tween blocks. Additionally, a resting block (duration: 2.5 min) was 
conducted before the visual detection task, during which participants 
were asked to focus on the centrally presented fixation cross with no 
other visual stimuli. The study lasted approximately 1 h, preceded by 
about 1 h of preparation.

2.4. Data acquisition

For EEG recording, we used 65 active electrodes (BrainProducts 
ActiSnap) and one additional ground electrode positioned following the 
international 10–20 system. The FCz functioned as the online reference 
for these scalp electrodes. For ECG recording, we used 3 electrodes 
placed below the left clavicle (reference electrode), the right clavicle 
(ground electrode), and the left pectoral muscle (active electrode). All 
electrophysiological signals were recorded with a 1000 Hz sampling rate 
and a 0.1–1000 Hz online bandpass filter. All impedances were kept 
below 20 kΩ. The BrainVision Recorder software (Brain Products, Inc.) 
was used for signal acquisition and amplification. The BrainVision 
RecView software (Brain Products, Inc.) was employed to achieve online 
detection of ECG R-peaks. R-peaks were identified as the first sample of 
decreasing voltage after surpassing a predetermined threshold. The 
threshold for detecting R-peaks was individually set by the experimenter 
after visually examining the 2.5 min ECG signal during the resting block. 
Each time an R-peak was detected, a pulse was sent to the experimental 
PC.

2.5. Data quantification

2.5.1. EEG and ECG pre-processing
EEG pre-processing was performed using the FieldTrip toolbox 

(Oostenveld et al., 2011) in Matlab (Mathworks Inc., Natick, MA; 
version R2019b). The EEG data were re-referenced to the average of the 
left and right-mastoids, filtered using a 60 Hz low-pass filter, and 
segmented into epochs ranging from − 2 to 20 s relative to the onset of 
the visual display. No bad electrodes were found during the analysis. 
Independent component analysis was employed, and the stereotypical 
components reflecting eye movements and blinks were manually iden-
tified and removed based on scalp topography and time course. On 
average, 2.22 ± 1.04 components per participant were removed, and 
artifact-free EEG data were obtained by back-projecting the remaining 
components onto the scalp electrodes.

2.5.2. Stimulus timing and heartbeat coupling
A post hoc analysis was performed to check the precision of the R- 

peak detection and the intervals between the R-peaks and the direction 
changes of the dots throughout the experiment. Specifically, we used 
findpeaks function in Matlab to identify the timings of the R-peaks in the 
offline ECG data in each trial, and then compared them with the timings 
of the direction changes of each group of dots. Trials with imprecise R- 
peak detection (hit rate < 0.80 or false alarm rate > 0.20; 4.75 ± 7.40 
trials per participant) were excluded in further analysis as the experi-
mental manipulation (coupling the direction changes of the dots with 
heartbeats) could not be effective. In the remaining trials, the R-peaks in 
real-time ECG signal were detected with high precision (hit rate: 0.99 ±
0.02; missing rate: 0.01 ± 0.02; false alarm rate: 0.02 ± 0.02).

The direction changes of the non-coupled dots were out of sync with 
any cardiac phase (396.87 ± 170.54 ms after R-peaks). However, there 
was a delay between the intended and actual timings of the "coupled" 
direction changes, resulting from online ECG signal processing. Diastole- 
coupled direction changes occurred at 120.64 ± 28.12 ms after R-peaks, 
and systole-coupled direction changes occurred at 405.98 ± 24.84 ms 
after R-peaks. While these timings may not perfectly align with the 
minimal and maximal points of cardiac-related physiological fluctua-
tions, they are considered acceptable concerning the estimated strength 
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of the cardiac-related signals. Specifically, insights from imaging and 
catheter studies on cardiac function (Feher, 2012; Kolev and Zimpfer, 
1995; Lewis et al., 1977; Noda et al., 2017; Sato et al., 2019) suggest that 
the activation of aortic and carotid baroreceptors, indicative of the 
strength of cardiac signals, becomes much stronger after ~130 ms from 
the R-peak, peaks between ~280–310 ms, and decreases significantly 
after ~480 ms from the R-peak. In the present study, diastole-coupled 
direction changes occurred when the brain had not yet received strong 
cardiac signals, while systole-coupled changes occurred when the brain 
was still exposed to strong cardiac signals. In other words, our experi-
mental design was effectively implemented, ensuring that the direction 
changes associated with "systole" and "diastole" phases corresponded 
with periods of relatively strong and weak cardiac signals, respectively. 
Furthermore, similar delays have been observed in previous studies (e. 
g., Adelhöfer et al., 2020; Ren et al., 2022a), and comparable time pe-
riods have been employed in previous studies to distinguish phases with 
strong or weak cardiac signals (Garfinkel et al., 2014; Rae et al., 2020, 
2018).

2.5.3. SSVEP analysis
To separately quantify the brain responses to the two groups of dots 

that differed in the heartbeat coupling of direction changes, we extrac-
ted SSVEPs at the stimulation frequency of each group of dots in the EEG 
data.

2.5.3.1. SSVEP pre-processing. The EEG data segments were first filtered 
using a 1 Hz high-pass filter to remove slow drifts. Subsequently, the 
filtered data were down-sampled to 900 Hz, which is a common multiple 
of both stimulation frequencies, to ensure that the data segments con-
tained full cycles of SSVEP at integer numbers of sample points (Figueira 
et al., 2022). The data segment of each trial was then baseline corrected 
using the period ranging from − 1.5 to 0 s relative to the display onset. 
Trials containing large artifacts were discarded (3.03 ± 5.72 trials per 
participant) based on a threshold of ± 200 μV in EEG channels. The 
number of remaining trials per participant did not differ significantly 
across conditions (F4,124 = 1.60, p = .202, ηp

2 = 0.05). The mean, stan-
dard deviations, minimum, and maximum values for the number of trials 
analyzed per condition were summarized in Supplementary Table 1. 
To attenuate the influence of display onset-evoked activity on EEG 
spectral decomposition, the initial 1 s of stimulation was excluded for 
further analysis (Keitel et al., 2019; Müller et al., 2006). In addition, to 
exclude the influence of color change-evoked responses and potential 
attentional adjustment after the detection of color change, the last 5 s of 
stimulation was also discarded. In other words, the time of interest (TOI) 
for analysis was from 1 to 15 s after display onset, with a TOI of 14 s 
ensuring that each TOI contained full cycles of SSVEP (7.5 Hz: 105 cy-
cles; 10 Hz: 140 cycles).

The Fourier components of the stimulus frequency (either 7.5 or 10 
Hz), which represent the stimulus-locked oscillations, were extracted 
using the FreqTag toolbox (Figueira et al., 2022) in Matlab. Specifically, 
a window containing ten cycles of SSVEP (1333.33 or 1000 ms, i.e., 
1200 or 900 time points, for 7.5 and 10 Hz, respectively) was shifted 
across each segment in steps of one cycle (133.33 or 100 ms, i.e., 120 or 
90 time points), and the potential within the shifting windows was 
averaged in the time domain. This resulted in a single segment con-
taining ten cycles of SSVEP, which was then transformed into the fre-
quency domain using the Fast Fourier Transform (FFT). The sliding 
window approach was adopted to enhance the signal-to-noise ratio of 
SSVEP (Figueira et al., 2022). To avoid unexpected interaction between 
7.5 Hz and 10 Hz signal, ten cycles of the stimulation frequency were 
contained in sliding windows, resulting in a frequency resolution of 0.75 
Hz for 7.5 Hz stimuli and 1 Hz for 10 Hz stimuli.

2.5.3.2. SSVEP quantification. We analyzed both the amplitude and the 
phase stability of the SSVEP response at the stimulation frequency. The 

SSVEP amplitude reflects the signal strength of the oscillation that is 
time- and phase-locked to the driving stimulus (Wieser et al., 2016), 
while the phase stability reflects the degree to which stimulus-evoked 
EEG responses are phase-locked to stimulus dynamics 
(Eidelman-Rothman et al., 2019; Kim et al., 2007). These two measures 
are highly interrelated (Moratti et al., 2007): A decrease in SSVEP 
amplitude primarily results from reduced phase alignment/phase sta-
bility. Many studies have found that compared with unattended stimuli, 
attended stimuli result in higher SSVEP amplitude (Andersen et al., 
2011; Kim et al., 2007; Müller et al., 1998) as well as higher phase 
synchronization (Ding et al., 2006; Kashiwase et al., 2012).

Amplitude analysis. It is recommended to compare the signal-to- 
noise ratio (SNR) of the SSVEP amplitude rather than the raw SSVEP 
amplitude (Figueira et al., 2022). This is because the raw SSVEP 
amplitude estimate may confound SSVEP with non-SSVEP amplitude at 
the frequency of interest (e.g., ongoing oscillatory or non-periodic ac-
tivity). To enhance the comparability between stimulation frequencies 
(Mora-Cortes et al., 2018; Wen et al., 2018), we computed the SNR of the 
SSVEP amplitude using the FreqTag toolbox (Figueira et al., 2022).

Specifically, we calculated a sliding window average in the time 
domain for each trial. We then combined the single-trial averaged 
windows into a cross-trial average for each condition prior to spectral 
analysis, to emphasize the portion of the oscillation that is time- and 
phase-locked to the driving stimulus across trials. Next, we computed 
the FFT of the cross-trial average. Finally, we divided the spectral 
amplitude at the stimulation frequency by the average amplitude of 
neighboring frequencies (±1.5 or ±2 Hz for 7.5 and 10 Hz, respec-
tively). The resulting SNR value was then log-transformed to produce 
SNR in dB.

Phase stability analysis. To evaluate the temporal synchronization 
of the SSVEP response with the stimulus dynamics (Ji et al., 2018; Keitel 
et al., 2019; Kritzman et al., 2022; Wieser et al., 2016), we calculated 
phase stability across sliding windows for each trial, using the FreqTag 
toolbox (Figueira et al., 2022).

Specifically, the FFT of the signal was computed for each window in 
the sliding window procedure. Then, normalized complex phase values 
(real and imaginary part of the Fourier transform) were averaged. The 
absolute value (vector length) of the average was then used as the phase 
stability index. This function outputs a phase stability value for each 
electrode and trial, ranging from 0 (indicating high phase variability and 
thus low phase stability between windows) to 1 (indicating complete 
phase stability between windows). Finally, we averaged the single-trial 
phase stability values across trials in each condition for each participant.

2.5.4. HEP analysis
To quantify the processing of internal signals from the cardiac system 

while participants observed the continuous moving dots, we analyzed 
the HEP in the EEG data.

2.5.4.1. HEP pre-processing. The EEG data segments were first filtered 
using a 30 Hz low-pass filter to remove high-frequency noises. Subse-
quently, the EEG signal within TOI of each trial (1–15 s relative to 
display onset) was segmented into HEP epochs from − 100 to 600 ms 
relative to the R-peak. The end point of epoch window was chosen to 
eliminate possible contamination by subsequent R-peaks. Furthermore, 
R-peaks for which the subsequent R-peak appeared within 650 ms were 
discarded to avoid the early components of the cardiac field artifacts of 
the next heartbeat (Kritzman et al., 2022; Petzschner et al., 2019).

Notably, to exclude artefactual biases from preceding heartbeats, we 
did not perform baseline correction on these epochs (Petzschner et al., 
2019). It is highly likely that any selected time window before the 
R-peak, which is usually utilized for baseline correction, would be 
confounded by cardiac field artifacts such as those from P and Q waves 
preceding the R-peak. Additionally, in periods of high heart rates (small 
R-to-R intervals), the time window before the R-peak could also 
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potentially overlap with the late components of the HEP, which have 
been reported to persist for up to 595 ms after the R-peak (Schulz et al., 
2015, 2013).

Moreover, to exclude potential confounding effects resulting from 
differential overlap between the direction change-evoked responses and 
the HEP under different conditions, we removed the direction change- 
evoked responses from the HEP epochs. More specifically, in Diastole 
condition, the HEP epochs included not only neural responses evoked by 
heartbeats but also those evoked by the direction change of the diastole- 
coupled dots, as the direction change of the diastole-coupled dots was 
also time-locked to the R-peak. However, in Systole condition, the di-
rection change of the systole-coupled dots was time-locked to 290 ms 
after each R-peak, thus mainly contaminating the late part of the HEP. 
To remove these confounding responses, we extracted the direction 
change-evoked responses in Non-coupled condition, and then subtracted 
these responses from each HEP epoch in the other two conditions ac-
cording to the actual interval between the R-peak and the direction 
change of the diastole-/systole-coupled dots (see Supplementary 
Analysis for further details). Lastly, epochs containing large artifacts 
were excluded based on a threshold of ± 100 μV in EEG channels.

The HEP in each trial was calculated by averaging across all epochs 
of that trial. Notably, trials in which over 50 % of HEP epochs were 
excluded due to high heart rates (R-to-R interval < 650 ms) or excessive 
noise were discarded (2.87 ± 6.63 trials per participant). This resulted 
in the exclusion of two participants from further HEP analysis due to an 
insufficient number of remaining trials (< 10 trials in one condition), 
leaving 30 datasets for analysis. The number of remaining trials per 
participant did not differ significantly across conditions (F4,116 = 0.27, p 
= .833, ηp

2 = 0.01; see Supplementary Table 1).

2.5.4.2. Control analysis to exclude possible effects of cardiovascular 
artifacts. Cardiac cycle-related EEG responses (as measured by HEP in 
the present study) comprise not only neural responses evoked by cardiac 
signals but also cardiac field artifacts and pulse-related artifacts (Kern 
et al., 2013). Any potential effects of cardiac cycle-related artifacts on 
our results should thus be carefully considered.

To ensure that the observed effect in HEP amplitude was not a result 
of cardiac cycle-related artifacts, we conducted two control analyses. 
The first involved comparing the mean ECG amplitudes within the same 
time window (480–540 ms after the R-peak) of the observed effect, 
while the second compared both the mean and variance of interbeat 
intervals across conditions. This approach has been recommended and 
utilized in recent studies (Kritzman et al., 2022; Petzschner et al., 2019).

Another approach used in prior studies to remove cardiac field ar-
tifacts is independent component analysis. However, this approach has 
received criticism for its limited ability to fully eliminate the cardiac 
field artifacts and the potential risk of removing task-related signals 
(Petzschner et al., 2019). For transparency, we analyzed the HEP data 
after applying this correction approach (see Supplementary Analysis). 
Importantly, the effects observed in the corrected HEP data were 
consistent with the effects observed in the uncorrected HEP data.

Additionally, we extracted the HEP amplitude during the 2.5 min 
resting-state condition from the same cluster and compared it with the 
HEP amplitude during the task (across all task trials). We found no 
significant difference between the two conditions, which suggests 
comparable cardiac processing during both the task and the resting state 
in the present study (see Supplementary Analysis for further details).

2.5.5. VEP analysis
To quantify the sensitivity to brief visual events while participants 

observed the continuous moving dots, we analyzed the VEP evoked by 
the brief color change. The EEG signal in each trial was segmented into 
an epoch from − 100 to 600 ms relative to the onset of color change. 
Epochs were baseline corrected using the period from − 100 to 0 ms 
prior to the onset of color change, and those containing large artifacts 

were discarded (1.53 ± 2.27 trials per participant) based on a threshold 
of ± 100 μV in EEG channels. No participants were excluded due to 
insufficient number of remaining trials (> 10 trials in any condition). 
Furthermore, the number of remaining trials per participant did not 
differ significantly across conditions (F4,124 = 0.63, p = .584, ηp

2 = 0.02; 
see Supplementary Table 1).

2.6. Statistical analysis

2.6.1. Behavioral performance
We measured detection accuracy using the correct response rate of 

detecting the color change (i.e., the proportion of trials with target dots 
correctly identified) in Systole, Diastole, and Non-coupled conditions, 
separately. In addition, we calculated the sensitivity and response 
criteria in each condition according to signal detection theory (Green 
and Swets, 1966; Stanislaw and Todorov, 1999).

Specifically, in this two-choice response task where the target dots 
(dots that changed color) were either blue or yellow and participants 
needed to respond whether they were blue or yellow, we defined the hit 
rate as the proportion of trials with "blue" target dots correctly identified 
as "blue" and the false alarm rate as the proportion of trials with “yellow” 
target dots incorrectly identified as "blue". The sensitivity index (d’) was 
calculated as d’ = Z(Hit rate) - Z(False alarm rate). A higher d’ value 
indicates a better ability to distinguish between "blue" and "yellow" 
target dots, reflecting higher sensitivity. The response criteria (c) was 
calculated as c = − 1/2[Z(hit rate) + Z(false alarm rate)]). Null false 
alarm rates were adjusted to 1/2 N, where N is the number of trials with 
yellow target dots (Stanislaw and Todorov, 1999). A higher c value in-
dicates a more conservative criteria, meaning participants were less 
likely to respond "blue" unless they were certain the target dots were 
blue. Conversely, a lower (or negative) c value indicates a more liberal 
criteria, meaning participants were more likely to respond "blue" even 
with less certainty.

We observed a ceiling effect in behavioral performance, i.e., most 
participants had the highest possible accuracy (100 %), highest possible 
d’ values (d’ values = 4.31), and no response bias (c values = 0; see 
Supplementary Fig. 1). Therefore, we performed separate nonpara-
metric Friedman test rather than one-way repeated-measures ANOVA 
across the three conditions (Trial Type: Systole, Diastole, and Non- 
coupled) on detection accuracy, sensitivity (d’) and response criteria 
(c), as the Friedman test does not assume normal distribution and is 
more robust to violations of assumptions.

2.6.2. SSVEP
In Systole condition, the direction changes of the systole-coupled 

dots were coupled with strong cardiac-related signals, while the non- 
coupled dots were coupled with on average medium-level cardiac- 
related signals. In Diastole condition, the direction changes of the 
diastole-coupled dots were coupled with weak cardiac-related signals, 
while the non-coupled dots were coupled with on average medium-level 
cardiac-related signals. To explore selective attention to the 
concurrently-presented dots with direction changes coupled with 
different strengths of cardiac-related signals, our primary aim was to 
compare the SSVEPs evoked by systole-coupled dots with SSVEPs 
evoked by non-coupled dots in Systole condition, and to compare the 
SSVEPs evoked by the diastole-coupled dots with SSVEPs evoked by 
non-coupled dots in Diastole condition. Therefore, we considered two 
main independent factors: Trial Type (Systole or Diastole) and Heartbeat 
Coupling (coupled or non-coupled).

However, given that EEG signals have varying background activities 
across frequencies, and that different peak amplitudes of SSVEP have 
been observed for the same stimuli presented at different frequencies 
(Srinivasan et al., 2006; Wen et al., 2018), we included Flicker Fre-
quency (7.5 or 10 Hz) as a third independent factor. Specifically, we 
divided each trial type into two subtypes. In one subtype, the 7.5 Hz dots 
were coupled with the cardiac cycle (systole or diastole) while the 10 Hz 
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dots were not coupled with the cardiac cycle. In the other subtype, this 
was reversed. Thus, the SSVEP analysis included three independent 
factors: Trial Type, Heartbeat Coupling, and Flicker Frequency. Notably, 
we excluded the "Non-coupled" trial type from this analysis, as neither 
frequency was coupled with the cardiac cycle.

We used separate nonparametric cluster-based permutation analysis 
to determine the electrodes of interest for SSVEP amplitude and phase 
stability. Previous studies have consistently observed maximum ampli-
tude and phase stability of the SSVEPs in posterior electrodes 
(Kastner-Dorn et al., 2018; Panitz et al., 2023), consistent with the 
functional localization of visual processing in the occipital area (Luck 
and Gaspelin, 2017). Therefore, we performed the permutation analysis 
over the posterior electrodes (Iz, Oz, O1, O2, POz, PO3, PO4, PO7, and 
PO8). As, to our best knowledge, there is no way to detect three-way 
interaction using permutation analysis in the FieldTrip toolbox, we 
performed permutation tests for all possible two-way interactions, i.e., 
between Trial Type and Heartbeat Coupling, between Trial Type and 
Flicker Frequency, as well as between Heartbeat Coupling and Flicker 
Frequency. We also compared systole-coupled with non-coupled dots in 
Systole condition, and compared diastole-coupled with non-coupled 
dots in Diastole condition.

Finally, the mean SSVEP amplitude and mean SSVEP phase stability 
per condition and participant were calculated over the cluster that 
revealed any significant two-way interactions or significant differences 
between coupled versus non-coupled dots. To confirm the effects, we 
performed three-way repeated-measures ANOVAs on these data and 
conducted planned pairwise comparisons between systole-coupled and 
non-coupled dots in Systole condition, as well as between diastole- 
coupled and non-coupled dots in Diastole condition.

2.6.3. HEP
To explore differences in HEP amplitude across the three conditions, 

we used a nonparametric cluster-based permutation analysis to deter-
mine the electrodes and time windows of interest for HEP. Specifically, 
we submitted EEG data in the time window from 300 to 600 ms relative 
to the R-peak and over all electrodes to a repeated-measures permuta-
tion F-test. This specific time window was chosen to prevent the analysis 
of potential cardiac field artifacts (Kritzman et al., 2022). Then, the 
mean HEP amplitude per condition and participant was calculated over 
the cluster that revealed a significant effect of Trial Type. To confirm the 
effects, we performed a one-way repeated-measures ANOVA (Trial Type: 
Systole, Diastole, and Non-coupled) on these data. Upon finding a sig-
nificant effect of Trial Type, we conducted two types of post hoc ana-
lyses. First, to determine which specific conditions differed from each 
other, we performed pairwise comparisons with Holm correction 
applied for multiple comparisons. Second, to gain insight into whether 
the changes across conditions followed a linear progression, we con-
ducted a linear trend analysis.

2.6.4. VEP
Similarly, to explore differences in VEP amplitude across the three 

conditions, we used a nonparametric cluster-based permutation analysis 
to determine the electrodes and time windows of interest for VEP. On the 
basis of earlier related research (Eiserbeck et al., 2022; Koivisto and 
Grassini, 2016) and inspection of the grand-averaged waveform, we 
submitted EEG data in the time window from 200 to 300 ms after the 
onset of color change and over posterior electrodes (Iz, Oz, O1, O2, POz, 
PO3, PO4, PO7, and PO8) to a repeated-measures permutation F-test. 
Then, the mean VEP amplitude per condition and participant was 
calculated over the cluster that revealed a significant effect of Trial 
Type. To confirm the effects, we performed a one-way repeated-meas-
ures ANOVA (Trial Type: Systole, Diastole, and Non-coupled) on these 
data. Upon finding a significant effect of Trial Type, we conducted both 
post hoc pairwise comparisons and linear trend analysis.

2.6.5. The relationship between HEP and VEP
The relationship between changes in HEP and VEP amplitude across 

conditions was evaluated using the Correspondence-Tradeoff Index 
(CTI). This index has been widely used in previous studies to quantify 
the trade-off or competition pattern between two brain responses 
(Boylan et al., 2019; Kritzman et al., 2022). Compared to correlation 
analysis, the CTI may be more sensitive to the trade-off between HEP 
and VEP amplitude in our study, given the limited number of trials 
available for ERP analysis.

The CTI was calculated as CTIbetween conditionA and conditionB = (HEPcon-

ditionA – HEPconditionB) * (VEPconditionA – VEPconditionB). Specifically, for 
each participant, we calculated the difference in HEP and VEP between 
any two of the three conditions (Systole, Diastole, and Non-coupled), 
resulting in a single difference value for each measure. We then multi-
plied the difference value in HEP by the difference value in VEP. This 
procedure yielded one CTI between the Systole and Diastole conditions, 
one CTI between the Systole and Non-coupled conditions, and one CTI 
between the Diastole and Non-coupled conditions.

The CTI is negative when an increase in HEP amplitude corresponds 
to a decrease in VEP amplitude, and vice versa; and it is positive when 
both HEP and VEP amplitudes exhibit concurrent increases or decreases. 
To test the significance of CTI values, i.e., whether they are significantly 
higher or lower than zero, we conducted separate one-sample t-test 
(against zero) on the CTI values between the Systole and Diastole con-
ditions, the CTI values between the Systole and Non-coupled conditions, 
and the CTI values between the Diastole and Non-coupled conditions.

All statistical analyses except permutation analyses were performed 
using the JASP software (version 0.19.0.0; JASP Team, 2023). Kendall’s 
W, Partial eta-squared (ηp

2), and Cohen’s d were calculated as the effect 
size for Friedman tests, F-tests, and t-tests, respectively. The 
Greenhouse-Geisser correction was applied in case of violations of the 
sphericity assumption. For the sake of brevity, the uncorrected degrees 
of freedom were reported.

Permutation analyses were performed using the FieldTrip toolbox 
(Oostenveld et al., 2011). This type of analysis allows for statistical tests 
over entire data points while still controlling for multiple comparisons 
(Maris and Oostenveld, 2007). More specifically, for each permutation 
test used in the present study, adjacent spatial or spatio-temporal points 
for which t-values exceed a threshold were clustered (dependent t-test; 
cluster-defining threshold p = .05; iterations = 5000). The absolute sum 
of the t-values within each cluster was defined as the cluster’s weight. 
This weight served as the sole criterion for determining the cluster’s 
significance. Cluster-based permutation estimates the likelihood of each 
cluster’s weight in the actual data compared to random permutations of 
the dataset. The p-value for each cluster is defined as the proportion of 
random iterations that resulted in a higher cluster weight. Clusters with 
p < .05 were considered significant. For each significant cluster, we 
report the cluster weight, p-value, and the corresponding electrodes 
and/or time window.

3. Results

3.1. Behavioral performance

We used separate nonparametric Friedman test to compare detection 
accuracy, sensitivity (d’), and response criteria (c) across the three 
conditions (Trial Type: Systole, Diastole, and Non-coupled). The ana-
lyses did not show any significant effect of Trial Type on detection ac-
curacy (χ2(2) = 0.62, p = .734, Kendall’s W = 0.01), sensitivity (χ2(2) =
0.53, p = .769, Kendall’s W = 0.01), or response criteria (χ2(2) = 5.58, p 
= .062, Kendall’s W = 0.09). This is likely attributed to the ceiling effect 
in behavioral performance resulting from the relatively long duration of 
the color change (400 ms).
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3.2. SSVEP measures

SSVEPs reflect the brain responses to the flickering dots. Decreased 
SSVEP amplitude and phase stability are generally associated with 
reduced visual attention (Andersen et al., 2011; Ding et al., 2006).

3.2.1. Amplitude
We used nonparametric cluster-based permutation tests to identify 

electrodes showing potential effects of Trial Type (Systole or Diastole), 
Heartbeat Coupling (coupled or non-coupled), and Flicker Frequency 
(7.5 or 10 Hz) on SSVEP amplitude (indexed by signal-to-noise ratio; 
SNR). The permutation analysis did not reveal any significant clusters 
for the two-way interaction between Trial Type and Flicker Frequency, 
nor for the two-way interaction between Heartbeat Coupling and Flicker 
Frequency. However, a significant cluster (electrodes: Oz and O1; tweight 
= − 6.59; p = .025) was identified for the two-way interaction between 
Trial Type and Heartbeat Coupling.

Based on the SSVEP amplitudes averaged over this cluster, the three- 
way repeated-measures ANOVA confirmed a significant interaction be-
tween Trial Type and Heartbeat Coupling (Table 1).

To further explore this interaction effect, we conducted post hoc 
pairwise comparisons between the two levels of Heartbeat Coupling for 
each Trial Type. As shown in Fig. 2, in Systole condition, systole-coupled 
dots triggered smaller SSVEP amplitude (19.78 ± 1.78 dB) compared to 
concurrently-presented non-coupled dots (20.43 ± 1.85 dB; t31 = − 3.19, 
p = .003, Cohen’s d = − 0.56). In Diastole condition, diastole-coupled 
dots triggered marginally larger SSVEP amplitude (20.58 ± 1.79 dB) 
compared to concurrently-presented non-coupled dots (20.19 ± 1.90 
dB; t31 = 2.01, p = .054, Cohen’s d = 0.36).

The main effect of Flicker Frequency was also significant, showing 
that the SSVEP amplitude of 7.5 Hz visual stimuli (22.31 ± 1.90 dB) was 
larger than that of 10 Hz visual stimuli (18.18 ± 2.53 dB). This effect 
was probably due to large activation and noise in the alpha band.

3.2.2. Phase stability
Similarly, we used nonparametric cluster-based permutation tests to 

identify electrodes showing potential effects of Trial Type, Heartbeat 
Coupling, and Flicker Frequency on SSVEP phase stability. The permu-
tation analysis did not reveal any significant clusters for the two-way 
interaction between Trial Type and Flicker Frequency, between Heart-
beat Coupling and Flicker Frequency, or between Trial Type and 
Heartbeat Coupling. However, a significant cluster (electrodes: Oz, O1, 
and Iz; tweight = 6.43; p = .017) was identified for the comparison be-
tween diastole-coupled and non-coupled dots in Diastole trials. Table 2
shows the results of the three-way repeated-measures ANOVA based on 
the SSVEP phase stability averaged over this cluster.

Although the two-way interaction between Trial Type and Heartbeat 
Coupling was not significant, to explore differences in phase stability 
between the concurrently-presented dots with direction changes 
coupled with different strengths of cardiac-related signals, we con-
ducted planned pairwise comparisons between the two levels of Heart-
beat Coupling for each Trial Type. As shown in Fig. 3, in Diastole 
condition, diastole-coupled dots triggered higher phase stability (0.61 ±
0.13) compared to non-coupled dots (0.59 ± 0.14; t31 = 2.42, p = .022, 

Cohen’s d = 0.43). However, in Systole condition, no significant dif-
ference in phase stability was observed between systole-coupled dots 
(0.60 ± 0.14) and non-coupled dots (0.59 ± 0.13; t31 = 1.25, p = .220, 
Cohen’s d = 0.22).

The main effect of Heartbeat Coupling was significant, showing that 
the SSVEP phase stability was higher when the visual stimuli were 
coupled with cardiac cycle (systole or diastole; 0.60 ± 0.13), compared 
to when they were not coupled with cardiac cycle (0.59 ± 0.13). The 
main effect of Flicker Frequency was also significant, showing that the 
phase stability of 7.5 Hz visual stimuli (0.70 ± 0.16) was higher than 
that of 10 Hz visual stimuli (0.50 ± 0.14). Again, this effect was prob-
ably due to large activation and noise in the alpha band.

3.3. HEP amplitude

HEP reflects cardiac processing in the brain (Coll et al., 2021; Park 
et al., 2018), and larger HEP is associated with stronger attention to the 
cardiac system (Kritzman et al., 2022; Petzschner et al., 2019). We used 
a nonparametric cluster-based permutation test to identify electrodes 
and time windows showing potential difference in HEP amplitude across 
the three conditions (Trial Type: Systole, Diastole, and Non-coupled). 
The permutation analysis revealed a significant cluster for the effect of 
Trial Type on HEP amplitude (electrodes: AFz, AF4, AF7, Cz, C1, C2, C4, 
CP1, CP2, CP6, Fz, F1, F2, F3, F4, FCz, FC2, FC4, FP1, FT8, FT10, T8, and 
TP10; time window: 480–540 ms after the R-peak; tweight = 8771.24; p =
.042).

Based on the HEP amplitude averaged over this cluster, the one-way 
repeated-measures ANOVA confirmed significant difference in HEP 
amplitude among trial types (F2,58 = 4.69, p = .021, ηp

2 = 0.14; see 
Fig. 4). Post hoc pairwise comparisons showed significant differences 
between the Systole and Diastole conditions (t29 = − 4.45, p < .001, 
Cohen’s d = − 0.56). That is, the HEP was larger when part of the visual 
stimuli (the direction change of one group of dots) were coupled with 
cardiac systole, compared to when part of them were coupled with 
cardiac diastole. However, neither the differences between the Systole 
and Non-coupled conditions (t29 = − 1.29, p = .320, Cohen’s d = − 0.28) 
nor the differences between the Diastole and Non-coupled conditions 
were significant (t29 = 1.44, p = .320, Cohen’s d = 0.28). That is, HEP 
amplitudes were comparable when part of the visual stimuli were 
coupled with cardiac systole or diastole, compared to when neither 
group of dots was coupled with heartbeats.

To further investigate the pattern observed in the repeated measures 
ANOVA, we conducted a linear trend analysis on HEP amplitude across 
the three conditions. The estimated strength of cardiac-related signals 
encountered by the direction changes of the dots was strongest in the 
Systole condition, intermediate in the Non-coupled condition, and 
weakest in the Diastole condition. Therefore, contrast weights were 
assigned as follows: Systole (1), Non-coupled (0), and Diastole (− 1). 
This analysis revealed a linear increase in HEP amplitude (more nega-
tive) as the dots’ direction changes encountered increasing strength of 
cardiac-related signals from the Diastole condition to the Non-coupled 
condition, and then to the Systole condition (t29 = − 4.45, p < .001, 
Cohen’s d = − 0.81).

As recommended in recent studies (Kritzman et al., 2022; Petzschner 
et al., 2019), to rule out the possibility that differences in cardiac activity 
between conditions may have contributed to the observed effect in HEP 
amplitude, we conducted separate one-way repeated-measures ANOVA 
on the ECG amplitude averaged across the identical time window (see 
Supplementary Fig. 2), as well as the mean and standard deviations of 
interbeat intervals (see Supplementary Table 2). The analysis revealed 
that there were no significant differences among trial types for ECG 
amplitude (F2,58 = 2.00, p = .144, ηp

2 = 0.07), the mean of interbeat 
intervals (F2,58 = 1.26, p = .287, ηp

2 = 0.04), and the standard deviations 
of interbeat intervals (F2,58 = 0.99, p = .357, ηp

2 = 0.03). That is, the 
cardiovascular artifacts are constant across conditions in the present 
task and would not have affected the observed effects in HEP amplitude.

Table 1 
ANOVA results on SSVEP amplitude.

Factor F(df=1,31) p ηp
2

Trial Type 3.00 .093 .09
Heartbeat Coupling 0.71 .407 .02
Flicker Frequency*** 62.08 < 0.001 .67
Trial Type × Heartbeat Coupling*** 14.56 < 0.001 .32
Trial Type × Flicker Frequency 0.50 .485 .02
Heartbeat Coupling × Flicker Frequency 2.31 .139 .07
Trial Type × Heartbeat Coupling × Flicker Frequency 0.91 .349 .03

*** : p < .001.
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3.4. VEP amplitude evoked by the color change

The VEP reflects brain responses to the brief color change. Larger N2 
component is regarded to reflect enhanced visual sensitivity (Eiserbeck 
et al., 2022; Koivisto and Grassini, 2016). We used a nonparametric 
cluster-based permutation test to identify electrodes and time windows 

showing potential difference in VEP amplitude across the three trial 
types (Systole, Diastole, and Non-coupled). The permutation analysis 
revealed a significant cluster for the effect of Trial Type on the VEP 
amplitude (specifically, N2 component) evoked by the color change 
(electrodes: Iz, Oz, O1, O2, POz, PO3, PO4, and PO8; time window: 
230–270 ms after the onset of the color change; tweight = 1802.11; p =
.021).

Based on the amplitude averaged over this cluster, the one-way 
repeated-measures ANOVA confirmed significant difference in N2 
amplitude among trial types (F2,62 = 3.71, p = .030, ηp

2 = 0.11). Post hoc 
pairwise comparisons showed significant differences between the Sys-
tole and Diastole conditions (t31 = 2.93, p = .019, Cohen’s d = 0.29; see 
Fig. 5). That is, the color change evoked smaller N2 when part of the 
visual stimuli (the direction changes of one group of dots) were coupled 
with cardiac systole, compared to when part of them were coupled with 
cardiac diastole. However, neither the differences between the Systole 
and Non-coupled conditions (t31 = 1.09, p = .284, Cohen’s d = 0.12) nor 
the differences between the Diastole and Non-coupled conditions were 
significant (t31 = − 1.54, p = .268, Cohen’s d = − 0.17). That is, N2 

Fig. 2. SSVEP amplitude. (A) Individual (dots) and group averaged (bars) amplitude (indexed by signal-to-noise ratio; SNR) values in different conditions. The two 
dots corresponding to the same subject in the coupled and non-coupled conditions were connected using lines. Error bars represent standard errors. **: p < .01; #: 
marginally significant, p < .06. (B) Topographies of SSVEP amplitude averaged across participants for the systole-coupled and the non-coupled dots, as well as their 
difference in Systole condition. (C) Topographies of SSVEP amplitude averaged across participants for the diastole-coupled and the non-coupled dots, as well as their 
difference in Diastole condition. The electrodes used for amplitude analysis are marked in white.

Table 2 
ANOVA Results on SSVEP phase stability.

Factor F(df=1,31) p ηp
2

Trial Type 0.39 .536 .01
Heartbeat Coupling** 10.64 .003 .26
Flicker Frequency*** 61.60 < 0.001 .67
Trial Type × Heartbeat Coupling 0.67 .420 .02
Trial Type × Flicker Frequency 3.31 .079 .10
Heartbeat Coupling × Flicker Frequency 1.02 .321 .03
Trial Type × Heartbeat Coupling × Flicker Frequency 1.05 .314 .03

** : p < .01.
*** : p < .001.
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amplitudes were comparable when part of the visual stimuli were 
coupled with systole or diastole, compared to when neither group of dots 
was coupled with heartbeats.

To further investigate the pattern observed in the repeated measures 
ANOVA, we conducted a linear trend analysis on VEP amplitude across 
the three conditions. Similar to HEP analysis, contrast weights were 
assigned as follows: Systole (1), Non-coupled (0), and Diastole (− 1). 
This analysis revealed a linear decrease in N2 amplitude (less negative) 
as the dots’ direction changes encountered increasing strength of 
cardiac-related signals from the Diastole condition to the Non-coupled 
condition, and then to the Systole condition (t31 = 2.93, p = .006, 
Cohen’s d = 0.52).

3.5. The relationship between HEP and VEP

To explore the relationship between changes in HEP and VEP across 
conditions, we calculated the Correspondence-tradeoff index (CTI) ac-
cording to previously established procedures (Boylan et al., 2019; 
Kritzman et al., 2022). The CTI is negative (significantly lower than 
zero) when an increase in HEP amplitude corresponds to a decrease in 

VEP amplitude across conditions. Conversely, it is positive (significantly 
higher than zero) when both HEP and VEP amplitudes increase or 
decrease concurrently across conditions.

We found significantly negative CTI values between the Systole and 
Diastole conditions (− 0.35 ± 0.92; t29 = − 2.08, p = .047, Cohen’s d =
− 0.38), indicating that an increase in HEP amplitude is accompanied by 
a decrease in VEP amplitude in Systole condition compared to Diastole 
condition. However, neither the CTI values between the Systole and 
Non-coupled conditions (0.17 ± 1.13; t29 = 0.84, p = .408, Cohen’s d =
0.15) nor the CTI values between the Diastole and Non-coupled condi-
tions reach significance (0.01 ± 0.97; t29 = 0.03, p = .975, Cohen’s d =
0.01).

4. Discussion

The present study explored the spontaneous shifts of attentional and 
representational resources between interoception and exteroception 
using an EEG task where participants observed two groups of moving 
dots. The first group changed direction during either strong (systole- 
coupled), weak (diastole-coupled), or on average medium-level cardiac- 

Fig. 3. SSVEP phase stability. (A) Individual (dots) and group averaged (bars) phase stability values in different conditions. The value of 1 for phase stability 
indicates maximum phase synchronization. The two dots corresponding to the same subject in the coupled and non-coupled conditions were connected using lines. 
Error bars represent standard errors. ns: not significant; *: p < .05. (B) Topographies of phase stability averaged across participants for the systole-coupled and the 
non-coupled dots, as well as their difference in Systole condition. (C) Topographies of phase stability averaged across participants for the diastole-coupled and the 
non-coupled dots, as well as their difference in Diastole condition. The electrodes used for phase stability analysis are marked in white.
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related signals (non-coupled), compared to a second group of dots 
changed direction during medium-level cardiac-related signals (non- 
coupled). Importantly, participants’ task (detecting brief color changes) 
did not require intentional attention to the heartbeat coupling. Using 
EEG frequency tagging, we independently measured the neural pro-
cessing of each group of dots. We observed decreased SSVEP responses 
for systole-coupled dots and increased SSVEP responses for diastole- 
coupled dots, compared to concurrently-presented non-coupled dots. 
Additionally, we observed a linear increase in HEP amplitude and a 
linear decrease in VEP amplitude as the dots’ direction changes 
encountered increasing strength of cardiac-related signals from the 
Diastole condition to the Non-coupled condition, and then to the Systole 
condition. Moreover, the increase in HEP amplitude across conditions 
was associated with the decrease in VEP amplitude. Our findings suggest 
not only suppressed visual processing during the cardiac phase with 

stronger cardiac-related signals, but also an overall enhancement in 
cardiac processing and a simultaneous reduction in visual processing 
while the continuous visual stimuli frequently coincide with stronger 
cardiac-related signals. These observations support the trade-off theory 
between interoception and exteroception.

4.1. SSVEP results indicate reduced external attention during stronger 
cardiac signals

The present study directly contrasts brain responses to heartbeat- 
coupled and non-coupled visual stimuli that are concurrently presented 
and spatially overlapping. Previous studies typically examined the cardiac 
cycle effect on visual perception by comparing responses to brief events 
presented in different cardiac phases in separate trials (Pramme et al., 
2016, 2014; Ren et al., 2022a; Walker and Sandman, 1982). However, 

Fig. 4. Heartbeat-evoked potential (HEP). (A) Grand average HEP waveforms and topographies in different conditions. Time "0" corresponds to the time of the R- 
peak. The shaded bands around the lines represent standard errors. Permutation analysis revealed a significant cluster extended from 480 to 540 ms after R-peak 
(marked using a gray rectangle; topographies were averaged over this time window) over fronto-central electrodes (marked in white; waveforms were averaged over 
these electrodes). Mean HEP amplitudes were extracted from this cluster. (B) Individual (dots) and group averaged (bars) HEP amplitudes in different conditions. A 
larger HEP here refers to HEP with a more negative amplitude. The dots corresponding to the same subject were connected using lines. Error bars represent standard 
errors. ns: not significant; ***: p < .001.
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potential confounding factors, such as differences in general brain re-
sources or variations in spatial attention across trials, may contaminate 
the effects. The present study minimizes these potential confounds by 
presenting visual stimuli with varying heartbeat coupling simulta-
neously at the same spatial location.

We observed smaller SSVEP amplitude for the systole-coupled dots 
whose direction changes encountered strong cardiac-related signals, and 
larger SSVEP amplitude and phase stability for diastole-coupled dots 
whose direction changes encountered weak cardiac-related signals, 
compared to concurrently-presented non-coupled dots whose direction 
changes encountered on average medium-level cardiac-related signals. 
Decreased/increased SSVEP amplitude and phase stability are 

consistently associated with reduced/increased visual attention 
(Andersen et al., 2011; Ding et al., 2006; Kashiwase et al., 2012; Kim 
et al., 2007; Morgan et al., 1996; Müller et al., 1998). Thus, our results 
may suggest that, while observing the two groups of moving dots, par-
ticipants paid less object-based attention to the group of dots with di-
rection changes coinciding with relatively stronger cardiac-related 
signals. Specifically, the brain selectively suppressed the visual repre-
sentation of dots undergoing a direction change when cardiac-related 
signals are strong. Conversely, it appears to enhance visual informa-
tion from dots that change direction when cardiac-related signals are 
weak. It may suggest that, during each cardiac cycle, attention towards 
the external world may decrease due to interference from strong 

Fig. 5. N2 component evoked by the color change. (A) Grand average waveforms and topographies in different conditions. Time "0" corresponds to the onset of 
the color change. The shaded bands around the lines represent standard errors. Permutation analysis revealed a significant cluster extended from 230 to 270 ms after 
R-peak (marked using a gray rectangle; topographies were averaged over this time window) over posterior electrodes (marked in white; waveforms were averaged 
over these electrodes). Mean N2 amplitudes were extracted from this cluster. (B) Individual (dots) and group averaged (bars) N2 amplitudes in different conditions. A 
larger N2 here refers to N2 with a more negative amplitude. The dots corresponding to the same subject were connected using lines. Error bars represent standard 
errors. ns: not significant; *: p < .05.
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cardiac-related physiological changes, while more attention can be 
directed to the external environment when the interference from cardiac 
system is minimal. Interestingly, researchers observed that people tend 
to sample visual information when cardiac-related signals are weak 
(Galvez-Pol et al., 2020) and actively spend more time perceiving tactile 
stimuli during the cardiac phase with lower perceptual sensitivity 
(Galvez-Pol et al., 2022b). This may suggest that the brain dynamically 
adjusts its sampling of external stimuli based on the intrinsic changes in 
the allocation of brain resources along the internal-external axis in each 
cardiac cycle.

Furthermore, our finding indicates that the brain flexibly allocates 
varying degrees of processing resources to multiple visual stimuli based 
on their coupling with cardiac-related signals. When external sensory 
inputs coincide with strong internal cardiac-related signals, the brain 
selectively attenuates attention allocated to these specific external sen-
sory signals rather than uniformly suppressing all external inputs.

It should be noted that, although changes in visual attention can lead 
to alterations in SSVEP response, it does not necessarily imply that any 
change in SSVEP can be solely attributed to an attentional mechanism. 
There are potential alternative explanations for our observations. For 
instance, it has been suggested that cardiac activities inhibit cortical 
processing (Duschek et al., 2013). This inhibition might make it look as 
if the brain allocates less attention to the visual stream when 
cardiac-related signals are stronger. However, this could be a byproduct 
of phasic fluctuations in cardiac physiology. In other words, a more 
accurate interpretation of our results may be the regulation of process-
ing or representational resources rather than a specific attentional 
modulation.

Additionally, the precise mechanism behind diminished sensory 
processing during systole compared to diastole remains unclear. 
Heartbeats trigger a range of physiological alterations. Baroreceptors in 
the carotid sinus, coronary arteries, and aortic arch sense changes in 
blood pressure and send information about heartbeat strength and 
timing to the brainstem via the vagus nerve (Critchley and Harrison, 
2013; Davos et al., 2002). Subsequently, the closed-loop arterial bar-
oreflex system, which comprises heart rate, vascular tone, and stroke 
volume, buffers blood pressure variations (Vaschillo et al., 2012, 2011). 
Furthermore, ballistic changes in expelled blood and arterial pulsations 
can directly impact muscle activation (Birznieks et al., 2012; Fallon 
et al., 2004) and cause modest head and eye movements (Debener et al., 
2010; Galvez-Pol et al., 2022a). These variations may compete for, 
obstruct, or interfere with the allocation of brain resources to the con-
current exteroceptive inputs (Galvez-Pol et al., 2022b). Further research 
is needed to determine which factors contribute to the cardiac cycle 
effect on the trade-off between interoception and exteroception.

The effects observed in SSVEP amplitude and phase stability are not 
entirely consistent. This inconsistency can be attributed to differences in 
the statistical sensitivities of the two measures. Specifically, SSVEP 
amplitude was calculated from the Fourier transform of the signal 
averaged across sliding windows and trials for each condition, as rec-
ommended by the SSVEP analysis toolbox (Figueira et al., 2022) for 
studies with a limited number of trials. In contrast, phase stability was 
calculated across windows within each trial and then averaged across 
trials for each condition. Therefore, SSVEP amplitude estimates may be 
less sensitive to measurement noise and other artifacts compared to 
phase stability measures in our study. This can lead to higher statistical 
sensitivity or power to detect significant differences in SSVEP amplitude 
than in phase stability with the same sample size. For future research, 
presenting systole-coupled and diastole-coupled stimuli simultaneously 
on the screen and directly comparing their SSVEP responses could 
potentially reveal stronger effects.

4.2. HEP and VEP results suggest increased internal and reduced external 
attention

The present study explored the changes in interoceptive cardiac 

processing and exteroceptive visual processing during the same period. 
We found that HEP amplitude increased and N2 amplitude evoked by 
the color change decreased as the direction changes encountered 
increasing strength of cardiac-related signals from the Diastole condi-
tion to the Non-coupled condition, and then to the Systole condition. 
Larger HEP is regarded to reflect stronger internally directed attention 
(Petzschner et al., 2019; Villena-González et al., 2017). Thus, the HEP 
result may suggest increased attention to internal cardiac system while 
the continuous visual stimuli frequently coincided with stronger 
cardiac-related signals. Smaller N2 component has been regarded as 
reflecting reduced visual awareness (Eiserbeck et al., 2022; Koivisto and 
Grassini, 2016). Thus, the VEP result may suggest an overall reduced 
sensitivity to external visual events (e.g., color change) while the 
continuous visual stimuli frequently coincided with stronger 
cardiac-related signals.

While the null effect in behavioral performance did not align with 
our hypothesis, we argue that it does not weaken our interpretation of 
reduced visual sensitivity as indicated by the reduced VEP amplitude. 
The VEP response is more sensitive to the experimental manipulation 
than the single "blue" or "yellow" behavioral response in terms of tem-
poral resolution. Specifically, we observed significant difference in VEP 
amplitude across conditions in the time window of 230–270 ms after the 
onset of the color change, indicating that the early visual processing of 
the color change was modulated by our experimental manipulation. In 
contrast, participants responded after observing the whole 400-ms color 
change, potentially leading to the ceiling effect (extremely high accu-
racy) observed in the behavioral data. Making the color change detec-
tion task more challenging (e.g., presenting the color change for a 
shorter duration) in future studies could help avoid the ceiling effect and 
detect potential impact of heartbeat coupling on behavioral 
performance.

Importantly, we found the increase in HEP amplitude across condi-
tions corresponded to the decrease in VEP amplitude. Unlike the SSVEP 
results, which revealed immediate competition between cardiac-related 
signals and direction changes across the cardiac cycle, the trade-off 
pattern between increased HEP and decreased VEP reflects a longer- 
term effect of heartbeat coupling on the relative proportion of atten-
tional and representational resources allocated to internal and external 
domain during the presentation of the continuous visual stimuli. This 
supports the trade-off theory between cardiac and visual processing 
from a new perspective. That is, the coincidence of direction changes 
with stronger cardiac-related signals leads to increased brain resources 
allocated to the internal cardiac system at the expense of reduced re-
sources available for external visual events. One possible explanation for 
this phenomenon is that visual inputs occurring simultaneously with 
strong cardiac-related signals might be misinterpreted as signals asso-
ciated with heartbeats (Al et al., 2020), thus amplifying the perceived 
intensity of the cardiac inputs. The resulting stronger-than-expected 
"cardiac signals" may lead the brain to allocate more attention to the 
cardiac system, as it appears to deserve more attention. This is consistent 
with the recent view that our brain carefully monitors internal bodily 
signals and is highly responsive to their changes (Tallon-Baudry, 2023). 
As a result, fewer brain resources are available for external information, 
leading to reduced sensitivity to the sudden color change.

Previous investigations primarily focused on how pre-stimulus car-
diac processing affects subsequent exteroceptive processing. For 
instance, Park et al. (2014) found that larger pre-stimulus HEPs pre-
dicted better detection of near-threshold visual stimuli. On the contrary, 
Al et al. (2020) showed that larger pre-stimulus HEPs were followed by 
lower detection rates and electrophysiological responses for 
near-threshold somatosensory stimuli. Marshall et al. (2020) also 
showed that larger pre-stimulus HEPs predicted lower detection rates of 
near-threshold visual stimuli. These findings may suggest that directing 
more attentional and representational resources to internal heartbeats 
modulates the resources allocated to upcoming external events. How-
ever, whether this modulation suppresses or enhances subsequent 
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perception remains inconclusive. Different from these studies, the pre-
sent study revealed that paying more attention to internal heartbeats 
reduced attention to external visual information during the same period 
that the continuous visual stimuli frequently coincided with strong 
cardiac-related signals.

4.3. Findings suggest spontaneous rather than intentional shift in internal- 
external processing

Prior studies instructed participants to either count visual targets 
(external attention condition) or their heartbeats (internal attention 
condition; Villena-González et al., 2017; Petzschner et al., 2019; Kritz-
man et al., 2022) to explore the trade-off between cardiac and visual 
processing. In the external attention condition, visual information was 
task-relevant, while cardiac information was task-irrelevant, and vice 
versa in the internal attention condition. They observed larger HEPs but 
smaller VEPs/SSVEPs in the internal attention condition compared to 
the external attention condition, indicating prioritization of 
task-relevant cardiac information over processing irrelevant visual in-
formation. Our present study diverges from their paradigms as partici-
pants were asked to detect color changes, making visual information 
task-relevant while cardiac activity remained irrelevant in all condi-
tions. Thus, our findings are driven by an automatic process rather than a 
strategic regulation of brain resources or explicit judgment regarding 
heartbeat coupling. In other words, the SSVEP results suggest the pres-
ence of cardiac-related afferent signals automatically redirects a portion 
of our brain resources from the external to the internal environment. The 
HEP and VEP results suggest the coincidence of cardiac and visual inputs 
leads to a spontaneous adjustment of the relative proportion of brain 
resources allocated to the internal and external environment.

4.4. Variability in systole-diastole coupling: challenges in interpretation 
and standardization

It is worth noting that the existing literature uses various time win-
dows to define the "systole-coupled" and "diastole-coupled" conditions, 
and depending on the chosen definition, this could significantly alter the 
interpretation of the data. Some studies define the "systole" window as 
the period from the ECG R-peak to the end of the T-wave (e.g., Al et al., 
2020; Grund et al., 2022), others adopt a delayed "systole" window that 
accounts for the estimated time required for cardiac-related signals (e.g., 
signals from baroreceptors) to reach the brain and affect brain activities 
(e.g., Edwards et al., 2008; Rae et al., 2020). In the present study, stimuli 
were coupled to approximately 100 ms (diastole-coupled) and 400 ms 
(systole-coupled) after the R-peak due to an unavoidable delay resulting 
from real-time heartbeat coupling. We assumed that stimuli occurring at 
the 100 ms onset were influenced by weaker cardiac-related signals, 
while stimuli occurring at 400 ms onset were influenced by stronger 
cardiac signals. Although these timings did not perfectly align with the 
minimal and maximal strength of cardiac signals, they were chosen 
based on established physiological markers. The timing of 400 ms after 
the R-peak can capture the later stages of ventricular systole or the 
immediate effects of systolic events. This approach, although chal-
lenging due to varying heart rates and individual physiological factors, 
is consistent with the methodology used in many studies investigating 
this topic (e.g., Marshall et al., 2022; Rae et al., 2020, 2018). More 
importantly, our choice of timing is justified given the physiological 
context and the constraints of real-time heartbeat-coupling. Standard-
izing the definitions of systole and diastole windows based on a better 
understanding of cardiac-related physiological changes would improve 
comparability across studies in future research.

5. Conclusion

This study provides evidence for the trade-off between interoception 
and exteroception from two perspectives. First, in a cardiac cycle, during 

cardiac phase with strong cardiac-related signals, fewer brain resources 
are available for external visual processing compared to cardiac phase 
with weak cardiac-related signals. Second, the increase in brain re-
sources allocated to internal cardiac system caused by the co-occurrence 
of visual information with strong cardiac-related signals also leads to a 
decrease in brain resources allocated to external visual domain. Our 
findings highlight the dynamic, spontaneous reallocation of limited 
processing resources between interoception and exteroception. 
Furthermore, our study introduces a novel paradigm that incorporates 
the SSVEP frequency tagging, which holds great potential as a crucial 
tool for exploring the interplay between internal and external processing 
in both healthy individuals and those affected by interoceptive abnor-
malities, such as anxiety disorders, eating disorders, addictive disorders, 
and autism (Bonaz et al., 2021; Khalsa et al., 2018).
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Villena-González, M., Moënne-Loccoz, C., Lagos, R.A., Alliende, L.M., Billeke, P., 
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