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ARTICLE INFO ABSTRACT

Keywords: It has been suggested that our perception of the internal milieu, or the body's internal state, is shaped by our
Predictive processing beliefs and previous knowledge about the body's expected state, rather than being solely based on actual
Interoception

interoceptive experiences. This study investigated whether heartbeat perception could be illusorily distorted
towards prior subjective beliefs, such that threat expectations suffice to induce a misperception of heartbeat
frequency. Participants were instructed to focus on their cardiac activity and report their heartbeat, either
tapping along to it (Experiment 1) or silently counting (Experiment 2) while ECG was recorded. While
completing this task, different cues provided valid predictive information about the intensity of an upcoming
cutaneous stimulation (high- vs. low- pain). Results showed that participants expected a heart rate increase over
the anticipation of high- vs. low-pain stimuli and that this belief was perceptually instantiated, as suggested by
their interoceptive reports. Importantly, the perceived increase was not mirrored by the real heart rate.
Perceptual modulations were absent when participants executed the same task but with an exteroceptive stim-
ulus (Experiment 3). The findings reveal, for the first time, an interoceptive illusion of increased heartbeats
elicited by threat expectancy and shed new light on interoceptive processes through the lenses of Bayesian
predictive processes, providing tantalizing insights into how such illusory phenomena may intersect with the
recognition and regulation of people's internal states.

Perceptual illusion
Pain expectation
Heartbeat perception

1. Introduction

The perception of our heartbeat contributes to feelings and
emotional recognition, shaping our subjective experience of being
relaxed, excited, stressed, or thrilled, as well as the perception of
disease-specific symptoms. Uncovering the dynamics of how we
perceive and interpret signals from our cardiovascular system, therefore,
represents a key step towards a broader understanding of body and
emotion regulation and associated pathophysiology (Carroll, 1977;
Carroll & Whellock, 1980; Clark et al., 1997; Dunn et al., 2010).

Traditional approaches have cast interoception as a bottom-up and
sensory-driven process, which faithfully represents our inner body states
(for a full discussion, see Rauss & Pourtois, 2013). Recently, emerging
Embodied Predictive Coding (EPIC) approaches challenge such views

(for a full discussion see, Barrett & Simmons, 2015). They frame inter-
oception not as a mere mirror of people's internal states, but see it as
profoundly enriched by our prior knowledge, thoughts, and expecta-
tions. Accordingly, the brain is cast as an active generator of inferences
that constantly compares a model of the expected external and internal
world with current inputs through an iterative process of Bayesian hy-
pothesis testing and revision (Barrett & Simmons, 2015; Pezzulo, 2014;
Seth, 2013; Seth, Suzuki, & Critchley, 2011; Tschantz et al., 2022). The
role of interoception is to reduce the difference between one's internal
models and the actual interoceptive input, thus converging towards a
‘best guess’ that accurately represents the body's state.

An important feature of EPIC accounts is that the difference between
the expected and actual state of the body can be achieved either by
perceptual or active inference (i.e., free-energy minimization, for a full
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discussion, see Friston, 2005, 2010). Put differently, prediction errors
can either ascend the hierarchy to revise prior beliefs, manifesting as
perceptual changes, or descend to the periphery to make those prior
beliefs come true by engaging peripheral reflexes (Ainley, Apps, Foto-
poulou, & Tsakiris, 2016). For instance, an expectation of a sped-up
heartbeat (for example, because one is anxious) could be realised
either by making one's heart appear to beat more quickly than it really
does, thereby illusorily distorting perception towards expectations. It
could also be achieved by actually accelerating one's heartbeat, thereby
changing the actual bodily state to fit expectations.

So far, research has primarily focussed on the latter active inference
component, demonstrating that predictive processes shape internal
states towards the expected target state (Benedetti, 2014; Benedetti,
Carlino, & Pollo, 2011; Denson, Grisham, & Moulds, 2011; Jamieson,
Nock, & Mendes, 2012; Jepma, Koban, van Doorn, Jones, & Wager,
2018; Nasso, Vanderhasselt, Demeyer, & De Raedt, 2019; Wager et al.,
2004; Zilcha-Mano et al., 2019). Much less evidence exists for the hy-
pothesis that predictive processes impact how we perceive our internal
states, in other words, that interoception reflects, in part, our expecta-
tions about the body's internal state, rather than only its objective
physiological condition (i.e., perceptual inference, Friston, 2005, 2010).

Here, we ask whether such an integration of expectations and sen-
sory evidence occurs for the perception of one's heartbeat, that is,
whether the perception of our cardiac state is illusorily distorted to-
wards expectations. On the one hand, heartbeat sensations are assumed
to reflect blood ejection from the heart into the aorta at ventricular
systole, as well as physical changes within the vessels, chest and body
(including the somatosensory, quasi-interoceptive, hitting of the inner
chest wall by the heart, Betka et al., 2020). On the other hand, while
people are sensitive to their actual heart rate changes (mean d’ > 1,
Fittipaldi et al., 2020), they tend to undercount their actual heart rates
(Corneille, Desmedt, Zamariola, Luminet, & Maurage, 2020; Zamariola,
Maurage, Luminet, & Corneille, 2018), and their reports are biased by
their prior beliefs about how quickly their heart would beat (Kormendi,
Ferentzi, & Koteles, 2021; Ring & Brener, 1996).

Together, these findings suggest that the reporting of one's heart rate
relies, at least in part, on people's expectations of their cardiac state,
instead of only their actual internal sensations. Individuals have valid
knowledge about how their heart rate is affected by different tasks and
events, and they use this knowledge to improve their estimates of the
otherwise highly ambiguous cardiac state. Importantly, so far, research
focussed on whether such internal models help in deriving a truthful
estimate of the cardiac state but did not test the crucial hypothesis that
inaccurate expectations can induce false cardiac perception. Even if
under normal conditions internal models support a faithful representa-
tion of internal states, our daily life is permeated by ambiguous cir-
cumstances which can lead to inaccurate predictions. It is, therefore,
crucial to resolve whether (1) people may spontaneously generate false
beliefs about their heartbeat and whether (2) these misleading expec-
tations falsely distort their cardiac perception, potentially generating
mis-perceptual phenomena or interoceptive illusions.

To test this idea, we exploited common beliefs about heart rates that
most people have, but that are essentially fictitious. One of these beliefs
is that when we are expecting a threatening event heart rates increase to
prepare our body to react. Surprisingly, research showed that this is not
always reflected by actual heart rates and that, in fact, the opposite is
likely to occur. Decelerating cardiac frequency typically occurs when
stimuli signal forthcoming threat (Bradley, Moulder, & Lang, 2005;
Bradley, Silakowski, & Lang, 2008; Colloca, Benedetti, & Pollo, 2006;
Lykken, Macindoe, & Tellegen, 1972; Taggart, Hedworth-Whitty, Car-
ruthers, & Gordon, 1976; Tracy, Gibson, Georgiou-Karistianis, &
Giummarra, 2017), or highly salient events more generally (Crone et al.,
2003; Crone, Bunge, de Klerk, & van der Molen, 2005; Ullsperger,
Danielmeier, & Jocham, 2014). If cardioception is shaped by our beliefs
and is only partially constrained by the actual state of our body, then any
misconceptions about our heart rate should be incorporated into the
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Bayesian inference, leading to biased cardiac perception. As a result,
when individuals anticipate an imminent threat, they may perceive their
heart rate as accelerating, regardless of their actual heart rate.

We tested this hypothesis in three experiments. Participants were
asked to monitor and report their heartbeat, by either tapping along to it
(i.e., Experiment 1, the heartbeat tapping task, McFarland, 1975) or
silently counting (i.e., Experiment 2, the heartbeat counting task,
Schandry, 1981), while their ECG was recorded. While completing this
task, participants were presented with visual cues that provided valid
predictive information about upcoming cutaneous stimulation, which
would be delivered through a pair of electrodes attached to their wrist:
either a threatening high-intensity (i.e., pain) or harmless low-intensity
(i.e., safe) electrical noxious stimulus. We expected that cues threat-
ening high pain would cause participants to mis-perceive their heart to
accelerate — and report a higher number of heartbeats — compared to
cues signalling a low-pain stimulus. Importantly, this difference in the
number of perceived (i.e., reported) beats should not be reflected in the
real state of the body and therefore absent in the real heart rate
measured with ECG.

Experiment 3 tested whether this interoceptive illusion would be
eliminated when participants reported the rate of an exteroceptive (vi-
sual) rhythmic stimulus that was not related to their cardiac state, and
which they should not expect to respond to threat. Instead of tapping
along with their heartbeat (as in Experiment 1), participants tapped
along with an ambiguous visual stimulus pulsing on the screen, while
being exposed to the same cue that indicate an upcoming painful (i.e.,
high-intensity) or harmless (i.e., low-intensity) stimulus. In contrast to
Experiments 1 and 2, we predicted no discrepancy between the real and
perceived number of pulses when anticipating threat or safe cutaneous
stimulation.

If confirmed, these results would show for the first time that threat
expectations can influence cardiac perception, generating an intero-
ceptive illusion of increased heartrate. This evidence would provide
important insights into how inferential processes influence the percep-
tion of our body state and raise intriguing questions about how these
illusory interoceptive phenomena may shape the regulation of our in-
ternal states.

2. Experiment 1

In Experiment 1, participants were asked to tap along with their
heartrate, to measure the perception of their heart rate (i.e., the heart-
beat tapping task, Flynn & Clemens, 1988; McFarland, 1975; Melloni
et al., 2013), while we measured their actual cardiac frequency with
ECG. In each trial, both perceived and real heartrate were measured,
first in a neutral baseline phase and then in a predictive phase, wherein
they expected to receive either a harmless (low-intensity) or threatening
(high-intensity) pain stimulus (Fig. 1). This task allowed us to quantify
whether recorded and reported beats changed differently as a function
of the expectation of threatening vs. non-threatening stimulation.

2.1. Methods

2.1.1. Participants

The final sample size of the study comprised twenty-five healthy
volunteers (mean age 25.7, SD = 4.1, 17 women), which were recruited
from Gabriele d'Annunzio University and the wider community. Prior to
the experiment, participants were asked to refrain from consuming
coffee or smoking cigarettes within 60 min. Exclusion criteria for
participation included chronic and acute pain, neurological disease,
serious cardiovascular disease (i.e., any type of disease involving the
heart or blood vessels that might result in life-threatening medical
emergencies, e.g., arrhythmias, infarct, stroke), and current self-
reported drugs use. One participant was excluded due to an inability
to reach the desired pain threshold, indicating an abnormal level of
sensitivity to the electrical stimulation. Moreover, participants were
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Fig. 1. Trial timeline of Experiment 1.

considered outliers if the mean value of any of the four variables (re-
ported beats in the predictive safe condition, reported beats in the pre-
dictive pain condition, recorded beats in the predictive safe condition,
and recorded beats in the predictive pain condition) exceeded three
standard deviations (SD) from the group mean. The outlier detection
was performed using the ‘isoutlier()’ function in MATLAB (version
R2022B, MathWorks Inc., Natick, MA, USA). However, this criterion did
not result in the exclusion of any participants.

The experiment was conducted in accordance with the Declaration of
Helsinki. Ethical approval from the local ethics board was obtained.
Participants provided informed consent, and information about the
study's purpose was provided only after the experimental tests were
completed (see Supplementary Materials 1.5.2). The sensitivity analysis
with G*Power 3.1 (Faul, Erdfelder, Lang, & Buchner, 2007) revealed
that a sample size of 25 provides 0.80 power to detect effects with
Cohen's d = 0.58 (SESOI of 6 = 0.40). Previous studies with this type of
experimental paradigm in the exteroceptive modality (e.g., Hudson,
Nicholson, Ellis, & Bach, 2016) suggest that effect sizes are most likely
larger (0.241 < np? < 0.395).

2.1.2. Apparatus and stimuli

Visual stimuli were presented on a desktop computer screen, one
metre away from the participant. The images were gathered from
Google Images, scaled to black and white, and matched in dimension,
orientation, and background colour using Adobe Photoshop software.
The stimulus set included (1) a neutral cue, which was a heart located at
the centre of the screen, which was shown during the baseline phase and
(2) two different warning cues, appearing to the sides of the heart pic-
ture. These could be either two flowers or knives indicating that par-
ticipants would receive a harmless (low-pain) stimulation or a
threatening (high-pain) stimulation, respectively. Stimulus presentation
was controlled through E-Prime 3.0 (Psychology Software Tools, Pitts-
burgh, PA, USA) on a computer with an ASUS VH232 monitor (resolu-
tion: 1920 x 1080, refresh rate: 59 Hz).

Painful stimuli were electrical pulses delivered using a constant
current electrical stimulator (model DS7A, Digitimer Ltd., Welwyn
Garden City, UK) controlling a pair of electrodes attached to the inner
wrist of the participant's left hand, which provide a precise constant
current, isolated stimulus, controllable in pulse duration and amplitude.

The intensity of the high- and low-intensity electrical stimuli was kept
fixed over the experiment as established during a calibration phase
before the experiment.

The cardiac signal was continuously recorded with a BIOPAC MP160
System (BIOPAC System, Inc., Goleta, CA, USA) (low-pass filter: 35 Hz;
high-pass filter: 0.05 Hz; notch filter: 50 Hz; sampling rate: 2000 Hz)
using the AcqgKnowledge software (version 5.0.5, BIOPAC System, Inc.,
Goleta, CA, USA). ECG was recorded continuously from two electrodes
attached to the lower ribs and one over the right mid-clavicle bone
(reference electrode). ECG signal was fully analysed in MATLAB
(version R2022B, MathWorks Inc., Natick, MA, USA). To rely on precise
timing for response registration over the tapping task (HBD), a Cedrus
USB response pad was used for the recording of each participant's key-
press (i.e., Cedrus RB-844 guarantees 1 ms resolution).

2.1.3. Procedure

Upon arrival at the lab, participants were briefed by the experi-
menter. After providing consent, they were placed in a comfortable
chair, and the ECG electrodes were applied after cleaning the skin. In a
first step, we assessed participants' cardiac interoception at rest, through
a modified version of a validated HBD task (Couto et al., 2014; Garcia-
Cordero et al., 2017; Melloni et al., 2013; Sedeno et al., 2014; Yoris
et al., 2015; Yoris et al., 2018) (for more details, see Supplementary
materials 1.3).

In a second step, participants were informed that they would un-
dergo a psychophysical procedure to determine the subjective low- and
high- intensity pain stimulus that would then be delivered over the
experiment. This calibration was conducted using the method of limits
psychophysical approach. Current (pulse duration 2 ms) intensity was
set at an initial value below the threshold for pain perception in most
people. Stimulus intensity increased in a ramping procedure up to a
maximum of 0.5 mA. Participants were required to verbally rate the pain
intensity for each stimulus, using a 0-100 Numerical Pain Scale (NPS).
Following previous research (Atlas, Wielgosz, Whittington, & Wager,
2014; Colloca et al., 2006), a pain intensity rating of NPS 20 denoted
“just painful”, NPS 50 denoted “medium pain”, and NPS 80 marked the
point at which the stimulus was “just tolerable”. We repeated this pro-
cedure three times and computed the average stimulus intensities cor-
responding to NPSs 20 (i.e., the low intensity stimulation) and 80 (i.e.,
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the high intensity stimulation), to be later used as experimental stimuli.
Subsequently, participants were exposed to stimulus intensities corre-
sponding to their pain intensity ratings NPS 20 and 80, which were
delivered randomly four times each. Participants were instructed to
identify the intensity of each pulse. If they correctly identified the
stimulus intensities 75% of the time, they would proceed to the main
experiment. If they did not achieve the 75%, the intensities were
adjusted, and the test was repeated until participants correctly identified
75% of stimulus intensities.

Having established the level of intensity for low and high pain
stimulation levels, participants were instructed about the experiment
proper. They were informed that their task was to tap along with each
heartbeat sensation through a key press. Crucially, they were informed
that they had to do this while waiting for either a low-intensity or high-
intensity pain stimulus to be delivered later, indicated by one of two
visual cues (the heart flanked by flowers vs. knives). Participants were
comfortably seated in front of the computer, with the ECG electrodes
attached, their left hand placed on the table with the electrodes of the
cutaneous electrical stimulation fixed on their inner wrist, and their
right hand placed on the keypad, ready to start the task (Fig. 1), while
their ECG was recorded.

Each trial started with the presentation of a neutral cue appearing on
the screen (i.e., 20 s, baseline phase). Participants were informed that
when this neutral cue appeared, they had to focus on their heartbeat,
and report it by pressing the keypad continuously throughout the whole
trial. Then, the second “warning” cue appeared (i.e., 20 s, predictive
phase). Depending on whether the cue depicted knives or flowers, par-
ticipants could form a reliable expectation of the upcoming high or low
electrical stimulation, respectively. They were asked to continue
reporting their heart rate in this phase until the warning cue dis-
appeared. Then, the electrical stimulation was administered, marking
the end of the trial. Between trials, a pause screen was shown for 30 s, in
order to avoid the subsequent trial to be contaminated by the heart rate
response to the shock. Then, a new screen appeared with the instructions
to press the spacebar to start the new trial.

The experiment consisted of 20 experimental trials interspersed with
4 catch trials. In these catch trials the interval of the predictive phase did
not last twenty seconds but randomly varied between 8 and 12 s, after
which the electric shock was administered. Catch trials were included
with the purpose of creating uncertainty regarding the time interval of
the predictive phase, and to avoid the equal length of the phases to in-
fluence participants' perceptual reports and to adjust the number of re-
ported beats accordingly.

At the end of the experiment participants completed the State-Trait
Anxiety Inventory (STAI) and subjective reports (see Supplementary
materials 1.5)

2.1.4. Data analysis

We ascertained how perceived (i.e., number of beats reported at the
tapping task) and actual (i.e., number of beats recorded by the ECG)
heart rate would change when expecting a low- and high- painful
stimuli. The final number of analysed trials was 20 (4 additional catch
trials excluded, see 2.1.3), divided equally between painful and safe
trials.

For each participant and trial, the number of reported and recorded
beats, acquired in the baseline and in the prediction phase, was trans-
formed into frequency, defined as the number of beats per minute
(bpm), simply multiplying the number of beats in each 20 s phase by
three to relate them to 60 (seconds), which is equivalent to one minute.

The percentage signal change in %bpm for each trial was then
calculated, by expressing the difference between the relative “predic-
tive” and “baseline” values, for the reported and recorded beats sepa-
rately (i.e, % signal change = (BPMpredicive- BPMaaseiine) 100 /
BPMapgseiine) (Loggia, Juneau, & Bushnell, 2011). This allowed us to
extract, for each participant, the mean % change of bpm, averaged
across trials, when a low-pain stimulus was expected or when a high-
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pain stimulus was predicted, for both reported and recorded beats.
These values provided a directional measure of whether expecting a
threat or a harmless event in the predictive phase elicited a bpm
decrease or increase relative to the preceding neutral baseline phase, in
either the reported or recorded beats.

Each participant's percentage change in bpm was entered intoa 2 x 2
repeated measures analysis of variance (ANOVA), with Type of Beat
(Reported vs. Recorded) and Type of Expectation (Pain vs. Safe) as
within-participants factors. We expected perceptual judgments to reflect
the expectation of an increased heart rate when anticipating threat.
Participants should therefore report a higher number of beats when
exposed to cues that signal a high-intensity pain stimulus compared to
cues signalling a low-intensity pain stimulus. Moreover, we expect this
difference to be reduced for the recorded beats, derived from the real
cardiac state. Our predictions are tested by the main effect of Type of
Beat, and its interaction with Type of Expectation. We used an alpha
level of 0.05 for all statistical tests. For unpredicted effects we used
Bonferroni-adjusted threshold (Cramer et al., 2016).

Moreover, planned paired sample t-tests were executed between
variables of interest, namely, Reported Pain vs. Reported Safe and
Recorded Pain vs. Recorded Safe, to determine whether anticipating a
threatening (i.e., pain) vs. non-threatening (i.e., safe) stimulus elicited
significant changes in the perceived and the real heart rate. In cases
when one variable out of four was not normally distributed, the results
were verified with non-parametric analyses (Supplementary materials
1.1). Effect sizes and p-values are reported for planned two-sided tests
using JASP software (JASP Team, 2024).

Finally, planned Bayesian t-tests were executed to quantify relative
evidence to support the models assuming an effect against the null effect
model (or vice versa). Specifically, three Bayesian t-tests were executed.
The first Bayesian t-test compared the difference between reported beats
when anticipating threatening and non-threatening stimuli (i.e., Re-
ported beats pain — Reported beats safe) with the difference between
recorded beats when anticipating threatening and non-threatening
stimuli (i.e., Recorded beats pain — Recorded beats safe), mathemati-
cally equivalent to the interaction of Pain Expectation and Type of Beat
of the ANOVA. The second and third Bayesian planned t-tests compared
whether anticipating pain vs. safe stimuli elicited different changes in
reported (i.e., Reported Pain vs. Reported Safe) and recorded beats
(Recorded Pain vs. Recorded Safe) separately.

Finally, we calculated interoceptive accuracy scores for baseline and
predictive phases for each participant, estimated based on Heartbeat
Tapping task outcomes via signal detection (Killeen, 2015; Macmillan &
Creelman, 2004), as validated by previous studies (Fittipaldi et al.,
2020; Gonzalez Campo et al., 2020) (Supplementary materials 1.2, 1.3,
1.4).

2.2. Results

Results showed, first, that participants' subjective reports about their
heart rate response when anticipating threat were in line with our hy-
pothesis. When asked, at the end of the experiment, “What do you think
happens to your heart rate when you are under a threat, for example when
you are expecting to receive pain?”, twenty-four out of twenty-five par-
ticipants answered that they believed their heart rate to accelerate (see
Supplementary materials 1.5.1).

Second, the analysis of real and reported beats showed that this
expectation shaped participants' perception of their heart beat. The
number of reported beats showed a larger increase when anticipating
high- vs. low- noxious stimuli. Importantly, this perceived increase was
not mirrored by the real heartrate (i.e., number of recorded beats with
the ECG), as demonstrated by the two-way interaction of Type of Beat
(recorded/reported) * Type of Expectation (pain/safe), F (1,24) = 6.527,
p=.017, r]p2 = 0.214, BF;p = 5.959, Fig. 2. Planned comparisons, using
two-tailed paired t-tests, revealed that anticipating a pain vs. safe
stimulus increased the number of reported beats (t(24) = 2.58, p = .016,
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Experiment 1: Percentage change from baseline of recorded and reported beats
during the anticipation of high- (pain) vs. low- (safe) noxious stimulus
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Fig. 2. Results of experiment 1: interoceptive tapping task. Values represent percentage changes in the bpm of reported (i.e., perceived) and recorded (i.e., real) beats
in the predictive phase relative to the baseline phase, either when a threatening (i.e., pain) or a harmless (i.e., safe) stimulus was expected. Values of zero on the
vertical axis would represent no change in the predictive phase relative to baseline, positive and negative values would represent an increase and a decrease,
respectively. The data were based on a sample size of 25 healthy volunteers and analysed with a 2 x 2 repeated measures analysis of variance (ANOVA), with Type of
Beat (Reported vs. Recorded) and Pain Expectation (Pain vs. Safe) as within-participants factors. Results showed that expecting a threatening relative to a harmless
stimulus elicited an increase in the perceived cardiac frequency, which was not mirrored by the real heartrate (p = .017, np> = 0.214). The plot consists of a
probability density plot, a box plot, and raw data points. In the boxplot, the line dividing the box represents the median of the data, the ends represent the upper/
lower quartiles, and the extreme lines represent the highest and lowest values.

BF;9 = 6.282), but not actual heart rates (t(24) = 0.12, p = .907, BF;p =
0.231). This pattern of results was replicated when using non-parametric
tests (see Supplementary materials 1.1).

In addition to these predicted effects, participants' perceived cardiac
frequency increased in the predictive phase, while the real heart rate
slightly decreased, irrespective of whether they were anticipating a
high- or a low- pain stimulus, as indicated by the main effect of Type of
Beat (F (1,24) = 19.1, p < .001, np? = 0.444).

Participants' performance on Heartbeat Tapping Task was further
analysed via signal detection as validated by previous studies (Fittipaldi
et al., 2020; Gonzalez Campo et al., 2020) (see Supplementary materials
1.2). The results revealed two key findings.

First, consistent with previous studies (Fittipaldi et al., 2020; Gon-
zalez Campo et al., 2020), participants' sensitivity to heartbeats (d’) was
above chance on average (Predictive pain, M = 1.36, SD = 0.47, p <
.001; Predictive safe, M = 1.30, SD = 0.37, p < .001). The findings
indicated that participants were not merely guessing the presence of
heartbeats, but reveal a genuine relationship between the real heart-
beats and participants' responses (see Supplementary materials 1.4).
Importantly, this sensitivity to heartbeats also remained consistent
across the experimental manipulations. A two-way ANOVA with Pre-
dictiveness (Baseline vs. Predictive) and Type of Expectation (Pain vs.
Safe) as within-participants factors showed no significant differences
between the experimental phases (all p > .48, See Supplementary ma-
terials 1.4). Thus, while threat expectation biased participants' reports of
heartbeat perception upwards or downwards, it did not affect their
ability to detect their heart rate more generally.

The same analysis was applied to the criterion (c), which indexes the
amount of evidence required to detect a heartbeat. A liberal criterion

indicates that relatively little evidence is needed to consider a stimulus
as a target, while a conservative criterion means that relatively more
evidence is necessary (Killeen, 2015; Macmillan & Creelman, 2004;
Stanislaw & Todorov, 1999; Wylie, Yao, Sandry, & DeLuca, 2021) (See
Supplementary materials 1.4). The results revealed that participants'
required amount of evidence to detect a heartbeat (criterion) was
modulated by two factors: whether they expected stimulation in the
predictive compared to the neutral phase, and whether the stimulus was
threatening or not, indicated by Main effects of Predictiveness (F(1,24)
=16.23,p < .001, pp? = 0.403) and Type of Expectation (F(1,24) = 9.05,
p = .006, jp? = 0.274), respectively. Post-hoc t-tests with Bonferroni
correction showed that relative to both the Baseline and Predictive safe
phases, the mean value of the criterion in the Predictive Pain phase was
generally lower (i.e., p < .05 for all). In other words, participants were
more inclined to accept the presence of a heartbeat, regardless of its
actual occurrence, when they expected a threat relative to a low-pain
stimulus.

Finally, the likelihood of developing an illusory perception of
heartbeats was not significantly related to participants' general level of
their interoceptive accuracy as measured before the experiment, r(23) =
0.21, p = .31 (see Supplementary materials 1.3), nor with their levels of
state-anxiety, r(23) = — 0.08, p = .70 or trait- anxiety, r(23) = — 0.10, p
= .63 (see Supplementary materials 1.5.3).

To inspect the distribution of both real and perceived cardiac fre-
quencies over the experimental trial, Fig. 3 shows, for illustrative pur-
poses, the time course of reported and recorded beats over both the
baseline and the predictive phases.
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Experiment 1:
Time course of recorded and reported beats frequency over the baseline and predictive phases of the
experiment

Recorded Pain Recorded Safe

Reported pain Reported safe

825 Baseline phase
715
72.5
67.5
62.5

57.5

Predictive phase

52.5
175 325 475 625 7.75 9.25

10.75 12.25 13.75 15.25 16.75 18.25 21.75 23.25 24.75 26.25 27.75 29.25 30.75 32.25 33.75 35.25 36.75 38.25

Time course of the experimental phases

Fig. 3. Time course of reported and recorded beats per minute (bpm) over the baseline and predictive phases. Values represent the mean beats' frequency rate (bpm)
of both recorded (real cardiac frequency) and reported (perceived cardiac frequency) beats, calculated for the whole trial, and obtained with a moving average that
provides a dynamic and detailed analysis of both the ECG and tapped cardiac signal over time. Values on the vertical axis represent the beats' frequency rate while
values on the horizontal axis indicate the median time point at which the frequency has been calculated. Real and reported bpm were calculated individually, for
each participant and phase of the experiment. The calculation was executed with a moving average sliding window that determines the bpm within windows of 3.5 s
each and that slides of 1.5 s. For example, the first data point (time 1.75) of the time series represents the bpm calculated from time 0 to 3.5 (median = 1.75), the
second data point shows the bpm calculated from time 1.5 to 5 (median = 3.25), and so forth.

3. Experiment 2

An open question is whether the observed cardiac frequency esti-
mations in Experiment 1 only reflect the perceptual representations of
participants' cardiac state when anticipating threat, or whether they
may also reflect effects on motor behaviour (Karos et al., 2017; Neige,
Mavromatis, Gagné, Bouyer, & Mercier, 2018; Piedimonte, Guerra,
Vighetti, & Carlino, 2017). In essence, participants may simply tap more
frequently when expecting pain, even if their perception of their heart
rate does not change. To rule out this possibility, Experiment 2 repli-
cated the findings of Experiment 1 with an adapted version of the
Heartbeat Counting Task (Dale & Anderson, 1978; Schandry, 1981), in

10, 15,2025 s

which participants are asked to count the number of times they perceive
their heart beating during specified time periods, without requiring
them to tap along with the heartbeat.

We adapted the procedure of Experiment 1 to the Heartbeat Count-
ing Task, by introducing varying time intervals within both the baseline
and the predictive phases, indicated by a red cue appearing on the image
of the heart. During these intervals, participants were asked to silently
count their heartbeats. They reported this number out loud as soon as
the red cue disappeared (Fig. 4).

Time for a
Press the

spacebar to
continue

Fig. 4. Trial timeline of Experiment 2.
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3.1. Methods

3.1.1. Participants

The final sample size of the study comprised twenty-four healthy
volunteers (mean age 25.41, SD = 4.31, 16 women) recruited from
Gabriele d'Annunzio University and the wider community. Written
informed consent was obtained from all participants. A sensitivity
analysis using G*Power 3.1 (Faul et al., 2007) revealed that a sample
size of 24 provides 0.80 power to detect effects with Cohen's d = 0.59
(SESOI of 6 = 0.41). Exclusion criteria were identical to Experiment 1.
One outlier was identified and subsequently excluded from the analysis
due to extreme values (+ 3 SD relative to the mean) observed in one out
of four variables of interest (for further details, see 2.1.1). One partici-
pant was removed from the analysis due to missing data. The experiment
was conducted in accordance with the Declaration of Helsinki, and
ethical approval was obtained from the local ethics board.

3.1.2. Apparatus and stimuli
The apparatus and stimuli of Experiment 2 were the same as in
Experiment 1.

3.1.3. Procedure

Participants were welcomed and briefed by the experimenter and
provided their consent before proceeding to the ECG setup. As in
Experiment 1, participants' cardiac interoception was assessed at rest
using a modified version of the Heartbeat Counting Task (Dale &
Anderson, 1978; Schandry, 1981). For more details, see Supplementary
materials 2.2. Afterward, participants underwent the same psycho-
physical procedure as in Experiment 1 to determine the intensity of the
noxious stimuli. Once the intensity of high- and low- stimulations was
established, participants were instructed about the experiment proper.

Participants were instructed that their task involved silently count-
ing their heartbeats and verbally reporting the count within different
time windows, as indicated by the appearance and disappearance of a
red circle presented at the centre of the screen. Importantly, this visual
cue was presented both during the baseline phase, where a neutral
image was presented on the screen, and the predictive phase. In the
predictive phases, participants were presented with one of two warning
visual cues (flowers vs. knives). These cues allowed them to anticipate
the intensity of the upcoming electrical stimulation (Fig. 4).

When the experiment started, participants were seated in front of the
computer, with their left hand placed on the table with the electrodes of
the cutaneous electrical stimulation fixed on their inner wrist, while
their ECG was recorded. We adapted the procedure of Experiment 1 to
the Heartbeat Counting Task of Experiment 2. One necessary change was
to introduce variations in the duration of time intervals for participants
to count. In Experiment 1, although we included 20% catch trials with
different timings, the predictive and baseline phases in the majority of
trials lasted 20 s. In contrast to the key presses in Experiment 1, this
could potentially lead participants to memorize and repeat their re-
ported counts from previous trials, rather than accurately counting their
actual heartbeats. In Experiment 2, we therefore varied the timing by
randomly varying not only the duration of the counting time window in
both the predictive and baseline phases, but also the intervals preceding
it.

In both the baseline and predictive phase of each trial, the neutral
cue (i.e., heart) was presented first, instructing participants to focus on
their heart beating (random duration of 4-7 s). A red circle appeared on
top of the neutral cue, instructing participants to start counting their
heartbeats until the red cue disappeared. Once the red cue disappeared,
participants reported out loud the number of counted beats, and the
experimenter noted it down. The duration of the red cue presentation
varied randomly between intervals of 10 s, 15 s, 20 s, and 25 s for each
trial and phase. Moreover, the randomization algorithm guaranteed that
the counting time window for the baseline relative to the predictive
phase was never of the same duration within a single trial, ensuring that
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participants could not re-use their count from the baseline in the pre-
dictive phase. A pause screen was shown for 30 s between trials. The
experiment comprised 16 trials in total.

As in Experiment 1, at the end of Experiment 2, participants
completed the State-Trait Anxiety Inventory (STAI) and subjective re-
ports (see Supplementary materials 1.5).

3.1.4. Data analysis

Data analysis was analogous to Experiment 1 but differed in how
interoceptive accuracy was calculated. As the Heartbeat Counting task
does not provide a timeline of participants' reported and recorded beats,
it was impossible to apply signal detection measures. Interoceptive ac-
curacy was therefore calculated with the classical formula (Pollatos
et al., 2008; Schandry, 1981).

3.2. Results

Despite the change in mode of report, the results of Experiment 2
fully replicated Experiment 1. First, the majority of participants (twenty-
one out of twenty-four) declared that they believed their heart rate to
accelerate when anticipating a threatening (i.e., painful) event. Second,
the analysis of reported and real beats showed that this belief was
mirrored by cardioception but not in the change of actual heart rates.
Expecting a threatening relative to a harmless stimulus again elicited
differential changes in the recorded compared to the perceived heart
rate, as indicated by the two-way interaction of Type of Beat (recorded/
reported) * Type of Expectation (pain/safe) (F (1,23) = 6.55, p = .017,
np? = 0.222, BFjp = 5.992, Fig. 5). Planned two-tailed paired t-tests
confirmed that anticipating a threat (i.e., pain stimulus) relative to a
harmless event (i.e., safe stimulus) increased the reported number of
heartbeats (t (23) = 3.09, p = .005, BF;p = 16.783). However, this dif-
ference was not mirrored by the real cardiac state, which showed no
differences between anticipating a threatening relative to a harmless
event (t (23) = 1.56, p = .132, BF;p = 1.148). This pattern of results was
replicated when using non-parametric tests (see Supplementary mate-
rials 2.1). In addition to these predicted effects, the results revealed that
expecting high pain generally increased beat frequencies, both recorded
and reported, as indicated by the main effect of Type of Expectation (F
(1,23) = 10.104, p = .004, p> = 0.305).

Participants' performance was also evaluated in terms of their level
of interoceptive accuracy, calculated here with the classical formula
(Schandry, 1981). As in Experiment 1, participants' interoceptive ac-
curacy was above chance (e.g., Predictive pain, IA: M = 0.71, SD = 0.20;
IA: M = 0.70, SD = 0.21) and not affected by the different experimental
phases, as revealed by the results of the two-way ANOVA with Pre-
dictiveness (Baseline vs. Predictive) and Type of Expectation (Pain vs.
Safe) as within-participants factors. There was no main effect no Main
Effect of Type of Expectation (F = 0.01, p = .92), nor Predictivness (F =
0.01, p =.92). However, there was suggesting evidence of an interaction
of Type of Expectation*Predictiveness (F = 3.25, p = .08) (See Supple-
mentary materials 2.3).

However, it's noteworthy that, unlike the signal detection measures
observed in Experiment 1, accuracy scores in Experiment 2 are not in-
dependent of the predicted increase in perceived heart rates under
threat. As heartbeat counting scores are driven by undercounting (Ain-
ley, Tsakiris, Pollatos, Schulz, & Herbert, 2020; Corneille et al., 2020;
Zamariola et al., 2018; Zimprich, Nusser, & Pollatos, 2020), any rise in
heart rates due to expectations of pain could artificially inflate accuracy,
as observed in the present results. The suggestive evidence for an
interaction between Predictiveness and Type of Expectation thus repli-
cates the main analysis result and signifies a reduced underestimation of
heart rates when anticipating a threat.

Finally, as in Experiment 1, the likelihood of developing the intero-
ceptive cardiac illusion was not associated with participants' general
level of interoceptive accuracy assessed either before the experiment
proper r(22) = —0.17, p = .43 (see Supplementary materials 2.2), nor
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40 r Experiment 2: Percentage change from baseline of recorded and reported beats

30 |
[
(0]
£
©
7]
3 20
[e]
=
(]
=
=
©
10
=
o
m
Y
o
S
= 0 +
]
e
o
X
10 L
Recorded beats pain
[ 1Recorded beats safe
Reported beats safe
20 l:l Reported beats pain

during the anticipation of high- (pain) vs. low- (safe) noxious stimulus

Fig. 5. Results of Experiment 2: counting task. Values represent the percentage change in the bpm of reported (i.e. perceived) and recorded (i.e. real) beats in the
predictive phase relative to the baseline phase, either when a threatening (i.e., high- intensity noxious stimulus, pain) or a harmless (i.e., low-intensity noxious
stimulus, safe) stimulus was expected. Values of zero on the vertical axis would represent no change in the predictive phase relative to baseline, positive and negative
values would represent an increase and a decrease, respectively. The data were based on a sample size of 24 healthy volunteers and analysed with a 2 x 2 repeated
measures analysis of variance (ANOVA), with Type of Beat (Reported vs. Recorded) and Pain Expectation (Pain vs. Safe) as within-participants factors. Results
showed that expecting a threatening relative to a harmless stimulus elicited an increase in the perceived cardiac frequency, which was not mirrored by the real
heartrate (p = .017, np> = 0.222). The plot consists of a probability density plot, a box plot, and raw data points. In the boxplot, the line dividing the box represents
the median of the data, the ends represent the upper/lower quartiles, and the extreme lines represent the highest and lowest values. The code for raincloud plot
visualization has been adapted from (Allen, Poggiali, Whitaker, Marshall, & Kievit, 2019).

with their levels of state- anxiety, r(22) = 0.10, p = .64), or trait- anxiety,
r(22) = —0.09, p = .67 (see Supplementary materials 1.5.3).

4. Experiment 3

Having established that the threat of pain induces an illusory in-
crease in heart rate, Experiment 3 tested whether the same perceptual
illusion would be observed if participants reported the perceived fre-
quency of a similar non-interoceptive stimulus that would not be ex-
pected to change in response to threat. Experiment 3 replicated
Experiment 1 in a task in which participants did not tap along with their
heart rate, but with a diffuse visual stimulus (i.e., a light circle) pulsing
intermittently on the screen. The visual stimulus was chosen to be un-
related to a heartbeat, while maintaining, as far as possible, its relevant
characteristics. Therefore, for each participant in Experiment 3, the vi-
sual stimulus pulse rate was derived from the cardiac frequency rate of
one of the randomly chosen individuals who took part in Experiment 1.
Furthermore, a preceding calibration phase was introduced to match the
interoceptive and exteroceptive tapping tasks' difficulty to roughly the
same level.

The aim of Experiment 3 was to establish that the perceptual illusion
was uniquely associated to changes in cardiac perception, based on
participants' interoceptive expectations about the heart's response to
threat. Thus, we expect to find no differences in the number of real vs.
perceived/reported beats during the anticipation of a threatening, high-
intensity (pain stimulus) vs. harmless, low-intensity event (safe
stimulus).

4.1. Methods

4.1.1. Participants

The final sample size of the study comprised twenty-four healthy
volunteers (mean age 25.9, SD = 3.6, 16 women) recruited from
Gabriele d'Annunzio University and the wider community. All partici-
pants provided written informed consent. Exclusion criteria were iden-
tical to Experiments 1 and 2. Additionally, participants were excluded if
their level of visual accuracy could not be matched to that of their
counterparts in Experiment 1 after 20 trials of the behavioural proced-
ure. Two participants were excluded from the experiment based on this
criterion. A sensitivity analysis using G*Power 3.1 (Faul et al., 2007)
revealed that a sample size of 24 provides 0.80 power to detect effects
with Cohen's d = 0.59 (SESOI of = 0.41). Information about the study's
purpose was provided only after the experimental tests were completed.
The experiment was conducted in accordance with the Declaration of
Helsinki and ethical approval was obtained from a local ethics board.

4.1.2. Apparatus and stimuli

Each participant was seated centrally in front of the computer's
display, at a distance of 60 cm. The experiment was run on a computer
with an ASUS VH232 monitor (resolution: 1920 x 1080, refresh rate: 59
Hz), programmed, and presented in Inquisit [6]. The apparatus and
stimulus set used for Experiment 3 was essentially the same as in
Experiment 1, except for some details (explained below). The visual
stimulus was a circle drawn with Adobe Photoshop (3.30 cm) that
pulsed intermittently at the centre of the screen and was overlapped by a
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black-and-white squared checkerboard (6 cm x 6 cm) gathered from
Google Images. In order to create different difficulty levels, the bright-
ness of the circle varied from 255,255,255 RGB code to 200,200,200
RGB code in steps of 5 RGB points. As a result, twelve stimulus images
were created, that differed only in the brightness of the circle, ranging
from the easiest (i.e., more visible) and farthest (i.e., white, RGB code
255,255,255) to the hardest (i.e., less visible) and closest (i.e., grey, RGB
code 200,200,200) relative to the colour of the background (i.e., light
grey, RGB code 195,195,195) (Fig. 7).

4.1.3. Procedure — calibration phase

To ensure that performance in the visual task here and in the inter-
oceptive task of Experiment 1 could be compared, we implemented a
matching procedure before the experiment proper, in which we
attempted to match the visual accuracy of every participant in the
exteroceptive tapping experiment one-to-one to the interoceptive ac-
curacy of a participant in the interoceptive tapping experiment
(Experiment 1). Therefore, the individual level of visual accuracy varied
between participants of the exteroceptive task but should be equal to the
interoceptive accuracy of the previous group, measured at rest, before
the experiment proper.

Each trial of the calibration phase lasted for 20 s. It began with a
checkerboard presented on the centre of the screen for a random interval
between 500 and 1000 ms. Then, the target white circle appeared (45
ms) and disappeared intermittently behind the checkerboard. Partici-
pants were instructed to tap along so that their finger presses were
synchronized with the appearance of the circle as accurately as possible.
The frequency at which the visual stimulus appeared on the screen was
different for each participant but matched to the individual heart rate of
a random participant of the interoceptive task with whom the current
participant should be matched in terms of accuracy. To do so, we
extracted, in steps of 20 s, the timing of each heartbeat of this target
interoceptive participant during the evaluation of each participant's
interoceptive accuracy at the start of Experiment 1. We then synchro-
nized the appearance of the circle to these timings.

The matching procedure always started with the highest brightness
(RGB code 255,255,255). After each trial, accuracy was calculated
exactly as for the interoceptive accuracy in Experiment 1, by comparing
the timing at which the response was given to the timing of each beat,

Baseline
phase
20 seconds

Predictive phase

20 seconds
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either the appearance of the circle or the single heartbeat. We then
checked whether this accuracy matched the accuracy of the target
participant in Experiment 1, and if not, the brightness was automatically
adjusted accordingly (i.e., decreased or increased) in the next trial. To do
so, we measured the participants' interoceptive accuracy using a 20-s
sliding window with an overlapping of 5 s over the whole ECG trace
of the analogous accuracy at rest phase in Experiment 1 (2.30 min). The
range of tolerance within which the visual accuracy had to fall was set to
be equal to each participant's interoceptive accuracy +1SD (i.e., if the
interoceptive accuracy over the entire interval was d’ = 1.32 and the SD
was 0.078, then the value of the visual accuracy that the next participant
should display had to be comprised between d’ = 1.24 and d’ = 1.40).
The procedure was repeated until the desired level of accuracy was
stable (i.e., having 2 consecutive close accuracy values with the same
RGB code). The final RGB values displayed at the end of the behavioural
phase were then used in the script for the experiment, during which the
RGB code of the circle was kept constant.

Once the RGB level was established, each participant went through
the phase of calibration of nociceptive stimuli, in order to establish the
individual level of intensity of the cutaneous stimulation for every
participant. The calibration procedure was identical to the one used in
Experiment 1. After the calibration phase, participants started the
experiment.

4.1.4. Procedure — main experiment

As in Experiment 1, participants were informed that they would
receive different electrical stimulations, either low- or high-intensity
pain, and that, in each trial, they could predict the intensity of the up-
coming shock by different warning visual cues presented on the screen.
Crucially, while being exposed to these stimuli, here they were asked to
accurately tap along with a visual stimulus pulsing on the centre of the
screen.

In each trial, the checkerboard pattern appeared on the screen
(Fig. 6), informing participants to get ready to start the visual tapping
task. After a random interval between 500 and 1000 ms, the circle
started to pulse intermittently behind the checkerboard pattern. The
circle was presented with the previously established brightness (i.e.,
RGB code) while participants tapped along with each appearance of the
visual stimulus that they were able to detect (i.e., baseline phase). After

Administration

of the electrical

stimulation

Intertrial Interval

Press the
spacebar to
continue

Fig. 6. Trial timeline of Experiment 3.



E. Parrotta et al.

Cognition 245 (2024) 105719

Fig. 7. Set of stimuli used in the behavioural phase. Each level of difficulty, associated with a different RGB code of the stimulus, is illustrated. From the left, the
circle with the lowest RGB code values is shown (200,200,200), until the right, where the highest RGB code of the stimulus (255,255,255) is shown.

20 s, the warning cue was shown left and right to the circle, which could
be either an image of knives or flowers (Fig. 8), as in Experiment 1.
Participants were informed that knives signalled a painful shock at the
end of the trial, while flowers signalled harmless stimulation.

The warning cue remained on the screen for 20 s (i.e., predictive
phase), and participants were required to keep tapping along with the
pulsing circle, until a black screen appeared, marking the end of the trial
and the delivery of the cutaneous stimulation. A pause screen was then
shown for 30 s, to enable participants to recover from the cutaneous
stimulation and avoid the subsequent trial to be contaminated by the
heart rate response to the stimulation. They were then shown a screen
with the instruction to press the spacebar, whenever they were ready to
start the next trial.

As in the prior matching procedure, the frequency at which the circle
pulsed on the screen was different for each participant and corresponded
to the individual heart rate of the participant of the interoceptive task
with whom the current participant was matched. As before, this was
achieved by extracting, for each participant of the interoceptive tapping
task, the timing of all the peaks recorded during each trial and condition
and by synchronizing the appearance of each circle with the timing of
each recorded heartbeat. As a result, each participant in the extero-
ceptive task was matched with every participant in the interoceptive
task, both in terms of the accuracy with which the stimulus was detected
and the frequency at which the stimulus was presented during the
experiment. As in the interoceptive tapping experiment, we inserted
20% of catch trials, which were needed to prevent participants from
getting used to the length of the time window preceding the delivery of
the cutaneous stimulation. In these catch trials, the electrical stimulation
was delivered after 8 or 12 s from the onset of the warning cue. These
trials were not analysed.

4.1.5. Data analysis

As for Experiment 1, we extracted, for each participant and each
trial, the number of reported and recorded beats and transformed them
into frequencies, separately for the baseline and the predictive phases of
each trial. The frequency of recorded beats reflected the frequency rate
of the pulsing circle, which itself corresponded to the real cardiac fre-
quency of participants who took part in Experiment 1. The frequency of
reported beats reflected each participant's keypresses in each trial. The
% change of bpm was then calculated for each individual trial and each
phase (baseline, predictive) separately (% signal change = (BPMpregictive-
BPMpgseiine)*100 / BPMpgseiine)- Each participant's average percentage
change was then entered into a 2 x 2 mixed measures analysis of vari-
ance (ANOVA), with Type of Beat (Reported vs. Recorded) and Type of
Expectation (Pain vs. Safe) as within-participants factors. In contrast to
Experiment 1, we predict that the expectation of a threatening vs.
harmless stimulus should not affect the frequency with which

participants report an exteroceptive stimulus, as there is no expectation
that a visual stimulus would be affected by threat to participants' own
body. There should therefore be no interaction between Type of Beat
and Type of Expectation. Finally, planned paired sample t-tests will be
executed between variables of interest (i.e., Reported Pain vs. Reported
Safe and Recorded Pain vs. Recorded Safe) to further investigate????
whether anticipating a threatening (i.e., pain) vs. non-threatening (i.e.,
safe) stimulus elicited significant changes both in the perceived and the
actual visual pulses. As in Experiment 1, accuracy (d’) and criterion
scores were estimated for each participant based on Heartbeat Detection
Task outcomes via signal detection, as validated by previous studies
(Fittipaldi et al., 2020; Gonzalez Campo et al., 2020). Moreover, to test
whether the difficulty of the exteroceptive (Experiment 3) and the
interoceptive (Experiment 1) tapping task was balanced, an independent
samples t-test was run between participants' mean accuracy displayed in
both tasks only over the experimental baseline phases.

4.2. Results

First and foremost, analyses revealed that anticipating a threatening
electrical stimulus compared to harmless one did not result in a differ-
ential effect on the frequency of reporting the visual exteroceptive
stimulus when it was really presented. This finding was supported by the
non-significant interaction of Type of Expectation*Type of Beat (F
(1,23) = 1.102, p = .305, yp? = 0.046, BF;o = 0.115, Fig. 9). Planned
paired sample t-tests comparisons further demonstrated that the
expectation of pain vs. safe stimuli did not differentially modulate the
reported beat frequency of the pulsing visual stimulus (¢t (23) = 0.89,p =
.38, BF10 = 0.490).

It should be noted that the calibration before the experiment (see
Procedure - calibration phase) failed at equalizing the difficulty of the
interoceptive (Experiment 1) and exteroceptive (Experiment 3) tapping
tasks. Direct comparison of the mean baseline accuracy values revealed
a higher accuracy in the exteroceptive tapping task in Experiment 3 (d’
= 3.10, SD = 0.70) compared to the interoceptive tapping task in
Experiment 1 (d’ = 1.33, SD = 0.35), as confirmed by Welch's unequal
variances t-test, {(34.1) = —10.8, p < .001, d = —3.1. Importantly,
however, there was no correlation between the individuals' magnitude
of the exteroceptive illusion and their level of accuracy during the task at
baseline, r (22) = —0.05, p = .81, as also shown for Experiment 1, r (23)
= —0.022, p = .91, Experiment 2, r (22) = —0.08, p = .71, or even when
the data was pooled across both experiments to increase statistical
power, r(47) = —0.05, p = .73. This suggests that differences in uncer-
tainty in perception did not underlie the likelihood of developing an
interoceptive (Experiment 1) or exteroceptive (Experiment 3) illusion
(see Supplementary materials 3.1 for further details).

Furthermore, participants' accuracy (d’) in reporting visual pulses

Fig. 8. Set of stimuli used in Experiment 3. From the left, 1) The neutral cue that indicates to participants to get ready to start the visual tapping task (i.e., baseline
phase) 2) The predictive pain warning cue, that indicates to participants that they will receive the high-intensity cutaneous stimulation at the end of the trial (i.e.,
Predictive Pain phase) 3) The predictive safe warning cue, that indicates to participants that they will receive the low-intensity cutaneous stimulation at the end of

the trial (i.e., Predictive Safe phase).
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Experiment 3: Percentage change from baseline of recorded and reported beats

during the anticipation of high- (pain) vs. low- (safe) noxious stimulus
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Fig. 9. Results of Experiment 3: exteroceptive tapping task. Values represent of the percentage change in the frequency of reported (i.e. perceived) and recorded (i.e.
real) beats in the predictive phase relative to the baseline phase, either when a threatening (i.e., high- intensity noxious stimulus, pain) or a harmless (i.e., low-
intensity noxious stimulus, safe) stimulus was expected. Values of zero on the vertical axis would represent no change in the predictive phase relative to base-
line, positive and negative values would represent an increase and a decrease, respectively. The data were based on a sample size of 24 healthy volunteers and
analysed with a 2 x 2 repeated measures analysis of variance (ANOVA), with Type of Beat (Reported vs. Recorded) and Pain Expectation (Pain vs. Safe) as within-
participants factors. Results showed that expecting a threatening relative to a harmless stimulus did not elicit different changes in the perceived relative to the real
beat frequency (p = .38). The plot consists of a probability density plot, a boxplot, and raw data points. In the box plot, the line dividing the box represents the
median of the data, the ends represent the upper/lower quartiles, and the extreme lines represent the highest and lowest values. The code for raincloud plot

visualization has been adapted from (Allen et al., 2019).

was modulated by experimental phases, with lower values observed
when expecting stimulation in the predictive phase than during baseline
(Main Effect of Predictiveness, F(1,24) = 43.227, p < .001, np2 = 0.65).
Post hoc comparisons showed that regardless of the intensity (low or
high), participants' accuracy was consistently lower in the predictive
than the baseline phase (Baseline Safe vs. Predictive Safe, p = .001,
Baseline Pain vs. Predictive Pain, p = .002). In addition, accuracy values
were lower when anticipating pain than when anticipating harmless
stimulation (Main Effect of Type of Expectation, F(1,24) = 5.902, p =
.023, np2 = 0.204).

As in Experiment 1, we conducted the same analysis for the criterion.
Participants adopted a more liberal criterion in the predictive than the
baseline phase (Main effect of Predictiveness F(1,23) = 19.007, p < .001,
np2 = 0.45), but this occurred both when expecting high-pain (Predic-
tive Pain vs. Baseline Pain p = .04) and low-pain stimulation (Predictive
Safe vs. Baseline Safe, p = .01).

Thus, in contrast to Experiment 1, the exteroceptive tasks did not
reveal the same illusory increase of reported pulses of the visual
stimulus.

5. General discussion
5.1. Overview of the results

Recent Embodied Predictive Coding (EPIC) approaches argue that
interoception largely reflects our internal model of our body, based on
our conceptions of its physiological condition, instead of only its
veridical state (Barrett & Simmons, 2015; Pezzulo, 2014). Although such
an internal model generally promotes an accurate estimate of bodily
states, our expectations are not always correct, and could sometimes
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lead to mis-perceptual phenomena. The present study tested whether a
common false belief about the cardiac response to threats gives rise to
such an interoceptive cardiac illusion. In two experiments, we asked
participants to monitor and report their heartbeat, either by tapping
along with it (Experiment 1) or by silently counting it (Experiment 2)
while their ECG was recorded. Participants performed these tasks while
visual cues reliably predicted a forthcoming harmless (low-intensity) vs.
threatening (high-intensity) cutaneous electrical stimulus, delivered
through a pair of electrodes attached to their wrist. We predicted that
anticipating a painful vs. harmless stimulus would cause participants to
report an increased cardiac frequency, which does not reflect their real
cardiac response, but the common (false) belief that heart rates would
accelerate under threat.

The two experiments confirmed, first, that most participants believed
that their heart rate would accelerate when expecting a threatening
painful stimulus. Second, they showed that these expectations were re-
flected in interoceptive changes when participants reported their heart
rates. Participants reported a higher number of heartbeats whenever
they expected a high-intensity pain stimulus, compared to a harmless
low-intensity stimulus, but this pattern was not mirrored by the real
heart rate, which was not modulated by threat expectation. This
perceived increase in heart rate was found both in the Heartbeat Tap-
ping task (Experiment 1) and replicated in the Heartbeat Counting task
(Experiment 2) without motor components, ruling out that such a
modulation reflects only motor changes associated with the anticipation
of pain (Karos et al., 2017; Neige et al., 2018; Piedimonte et al., 2017).

When we investigated the changes in perceived heartrate with signal
detection analyses, the results revealed that these effects reflected a
change in criterion, that is, the sensory evidence participants needed to
accept that they felt a heartbeat, while perceptual sensitivity
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(interoceptive accuracy, d’) was unaffected. This change in criterion is
exactly what would be predicted for an illusory increase in heartrates
and is similar to several other perceptual illusions (Bach, Fenton-Adams,
& Tipper, 2014; Morrison, Tipper, Fenton-Adams, & Bach, 2013; Peters,
Ro, & Lau, 2016; Witt, Taylor, Sugovic, & Wixted, 2015), because such a
change in criterion implies that participants' expectations of an accel-
erated heartbeat did not only make it more likely that actually occurring
heartbeats were detected, but that participants were also more ready to
perceive illusory heartbeats when there were none. However, it should
be noted that this change in criterion was not accompanied by a decrease
in sensitivity, that is, in participants' ability to distinguish the occurrence
of a heartbeat from the absence of one. The additionally detected
heartbeats under threat were therefore not randomly distributed across
the tapping interval but they were more likely to coincide with actual
heartbeats, and the lowered criterion threshold made it more likely that
they were indeed detected relative to intervals were there was no
heartbeats. In other words, the overall increase in responses was pri-
marily due to a heightened number of hits rather than false alarms,
underscoring the amplified detection of actual stimuli (see Supplemen-
tary Table 1).

Interestingly, while in Experiment 1 the real heart rate showed a
general slight decrease both when participants expected painful or
harmless stimulation, in line with previous research (for a full discussion
see Skora, Livermore, & Roelofs, 2022), in Experiment 2 a general in-
crease was observed. Note that this pattern of results does not under-
mine our hypotheses, as the heart rate increment was not specific to the
expectation of pain and did not mirror the change in perception. Po-
tential interpretations might involve the different degrees of cognitive
load of the two interoceptive tasks. Increased heart rate responses are
usually linked to higher cognitive workload and task difficulty (Hankins
& Wilson, 1998; Mulder, 1988; Schnall et al., 1990; Schnall, Land-
sbergis, & Baker, 1994; Veltman & Gaillard, 1996; Wilson, 1992, 1993;
Wilson & O'Donnell, 1988). As highlighted by previous research, the
Heartbeat Counting Task requires higher cognitive load and working
memory due to counting and keeping in mind the numbers (Matthias,
Schandry, Duschek, & Pollatos, 2009; Richards, Edgar, & Gibbon, 1996;
for a review see Kormendi & Ferentzi, 2023) than the keypress task in
Experiment 1. This explanation blends well with the observed general
increase in the counting task when predictive cues were shown, if one
assumes that this additional information increased the cognitive load of
an already demanding task, irrespective of whether the cues signalled
forthcoming low or high pain.

To further demonstrate that the subjectively increased heartrates
under threat were driven by interoceptive expectations, Experiment 3
confirmed that changing the interoceptive stimulus to an exteroceptive
visual stimulus would induce no such changes. Thus, instead of moni-
toring and reporting each felt heartbeat, participants tapped along with
a visual stimulus pulsing on the screen. As predicted, participants'
perceptual judgments were not influenced by the different pain expec-
tations. Participants reported a similar number of visual pulses when
expecting a threatening vs. innocuous event. Moreover, in contrast to
Experiment 1, signal detection analysis showed that the anticipation of
low or high noxious stimulation had a detrimental impact on partici-
pants' accuracy in detecting and reporting visual pulses, in line with the
idea that anticipating threat acts as a distractor that undermines accu-
rate reporting of the visual stimulus, but not of the interoceptive
heartbeat stimulus. These findings, therefore, suggest that predicting an
imminent threat induces specific changes to interoception, in line with
participants' prior beliefs that their heartrate would increase when
anticipating threat.

However, it is important to outline that, despite attempts to equalize
accuracy in both tasks, participants' visual accuracy in Experiment 3
increased unexpectedly from the initial matching procedure, probably
due to the habituation to the visual stimulus over the course of the study.
This led to overall higher accuracy in Experiment 3 than Experiment 1.
In contrast to the substantial uncertainty in cardiac perception (Khalsa
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et al., 2018; Petersen, Schroijen, Molders, Zenker, & Van den Bergh,
2014), the visual stimulus may therefore not have been ambiguous
enough to elicit a similar perceptual illusion as during interoception.
Nevertheless, it is noteworthy that our findings consistently demon-
strated the absence of connections between accuracy and perceptual
illusion, a pattern observed not only in both Experiment 1 and Experi-
ment 2 when analysed independently but also when the data from both
experiments were pooled together. Similarly, no correlation was
observed with the visual task in Experiment 3. In line with divergent
outcomes of the signal detection analyses of Experiment 1 and 3, this
might indicate that the absence of the illusion in Experiment 3 is not
predominantly due to the ease with which the stimulus is detectable, but
it is more likely to be influenced by other factors, such as the intero-
ceptive or exteroceptive source of the stimulus. However, this remains
an aspect of the study that requires further investigation in experiments
that use alternative methods to equalize the accuracy between the two
tasks.

Collectively, the findings of the current study suggest that people's
expectations about their cardiac response are projected into their
interoceptive cardiac perception, such that predicting an imminent
threatening vs. innocuous event caused them to believe, and then report,
an illusory increase in their cardiac frequency. However, several open
questions and limitations remain that will need to be considered for the
interpretation of our findings.

5.2. Disentangling perceptual from cognitive contributions

One potential issue is that tasks used can be influenced by processes
outside cardioception (e.g., Corneille et al., 2020; Desmedt, Luminet, &
Corneille, 2018). A particular concern is that perceptual reports in our
tasks may not only reflect changed cardiac sensation per se, but par-
ticipants' higher-order beliefs of heart rate increase during anxiety-
eliciting situations. In the counting task of Experiment 2, for example,
participants could have reported a higher number of beats not because
they felt these additional heartbeats but because they believed there
should have been a higher number. Similarly, in the tapping task in
Experiment 1, participants could have pressed the button more often
because they believed their heartrate to be higher under threat, not
because they felt it increase.

Robustly distinguishing between perceptual and cognitive/deci-
sional contributions is a common challenge across fields that has been
mostly unresolved, even in fields like psychophysics where stimuli and
responses are under much tighter experimental control (e.g., Ball, Groth,
Agostino, Porcu, & Noesselt, 2020; Storrs, 2015; for a full discussion, see
Firestone & Scholl, 2016). Nevertheless, a growing body of evidence
suggests that top-down influences in the tasks used here do not just
reflect heartbeat beliefs themselves, but their integration into cardiac
perception (Kormendi et al., 2021; Kormendi, Ferentzi, & Koteles, 2022;
Ring & Brener, 2018), as proposed by the predictive coding frameworks
our work is based on (Barrett & Simmons, 2015; Costantini, 2014;
Costantini, Migliorati, Donno, Sirota, & Ferri, 2018; Critchley & Gar-
finkel, 2017; Ferri, Chiarelli, Merla, Gallese, & Costantini, 2013). Here,
several aspects of the present data similarly point to the predicted
integration of higher-order beliefs with the cardiac perception itself,
rather than an influence of the heartrate beliefs themselves.

First, note that our experiments replicated the illusory increase of
heartrate in two interoceptive tasks with almost identical effect sizes.
This replication is important because, while both tasks can be influenced
by factors beyond pure cardioception (Brener & Ring, 2016; Zamariola
et al., 2018), they differ in which influence is most prominent. The
counting task poses high demands on working memory and cognitive
control, to keep current counts in mind (Couto et al., 2015; Richards
et al., 1996). Moreover, high accuracies could in principle be achieved
without sensing one's heartbeats at all, by just correctly estimating
(guessing) one's likely heartbeat rate based on the available evidence
and knowledge of one's body state (e.g., Ainley et al., 2020; Desmedt
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etal., 2018; Ring, Brener, Knapp, & Mailloux, 2015). Performance in the
tapping task, in contrast, depends strongly on perceptual influences,
such as the ability to discount tactile feedback from one's own button
presses (Kormendi & Ferentzi, 2023). Moreover, it offers the advantage
of recording each individually detected heartbeat, enabling us to
distinguish between those detections that are synchronized with heart-
beats and those that are not. Indeed, when accuracy is measured with
signal detection techniques like we did here, above-chance performance
is impossible without actual perception of one's heartbeat. High accu-
racy can only be achieved if participants' key presses are in synchrony
with their heartbeat and therefore more likely fall into the interval just
after the R wave compared to the interval before it (Fittipaldi et al.,
2020). These task differences therefore imply that any higher-order
cognitive influences should be more prominent in the heartbeat count-
ing task than the tapping task. However, effect sizes in both tasks were
virtually identical. While this comparison relies on interpreting a null
effect, it nevertheless argues against a major influence of cognitive,
extra-perceptual factors that would affect the counting task more than
the tapping task.

Another important consideration is that influences of prior beliefs
that reflect decisional, non-perceptual processes should have varied
with uncertainty. Higher-order belief information should become ever
more prominent the more uncertain the sensory input becomes, because
participants would increasingly need to “fill in” the absence of real
perceptual information with higher-order information (Gallagher, Sud-
dendorf, & Arnold, 2019). In contrast, more precisely felt real heartbeats
would constrain how much these accurately felt sensations can be
shifted by prior beliefs. However, when we correlated participants' ac-
curacy with the size of the induced illusion, we could not find a rela-
tionship in either task. This was the case both when tasks were analysed
separately and when their data was pooled to increase power, and both
when the heartrate increase was correlated with interoceptive accuracy
during rest (i.e., before the experiment proper started), and during the
task itself (i.e., in the baseline and predictive phases). Please note that
even during the task any such correlation could be meaningfully inter-
preted because both variables — accuracy and interoceptive illusion — are
measured by statistically independent scores, one reflecting the average
accuracy across conditions, and the other differently induced heartbeat
counts between conditions. While it has to be confirmed by replications
with larger samples, the lack of correlation therefore argues against the
idea that subjective perception of increased heartrates merely reflects
one's belief about the heartrate, rather than its integration with
cardioception.

The last piece of evidence that argues against a major influence of
non-perceptual belief information comes from the signal detection
analysis (see Supplementary Materials 1.2). The analysis shows that the
illusory acceleration of the heartbeat when anticipating pain could
effectively be modelled through a decrease of participants' detection
threshold (i.e., criterion c), without an accompanying decrease in their
perceptual sensitivity (d’), which showed, if anything, a numerical in-
crease (and was also larger than when compared with the d’ measured at
rest). This confirms that our threat manipulation induced no qualitative
change to how heartbeats were detected: participants distinguished
their heartbeats against noise just as well when expecting pain and when
not, implying that even the additional “hallucinated” heartbeats under
threat were as closely synchronized with the real heartrates as those
under no threat. Thus, both when expecting threat and when not, par-
ticipants were equally engaged in perceptual discrimination, instead of
just adding expected heartbeats to their taps. This shift in the criterion
can be conceptualised either as a lowering of participants' threshold for
evidence they needed to accept that they felt a heartbeat, or a consistent
addition of (illusory) cardiac evidence during the tapping interval (Fit-
tipaldi et al., 2020; Gonzalez Campo et al., 2020; Huang & Ferreira,
2020; Stanislaw & Todorov, 1999). Both would conspire to make
detected heartbeats more likely, but — with a generally liberal criterion
such as found here — would especially affect detections close to the real
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heartbeats, as such a lowering of the threshold would make it even more
likely that these sensations are detected, compared to situations where
there was no existing evidence from perceptual processing.

A final consideration is the influence of demand characteristics and
suggestibility in our tasks. Experiments are social situations. A common
concern in perceptual judgment tasks is that participants might have just
adjusted their responses to align with their understanding of what the
experiments tests, instead of reflecting their real perception (e.g., Fire-
stone & Scholl, 2016; Corneille & Lush, 2023). To be able to estimate
such a possible influence, we asked each participant to reveal what they
thought was tested in the experiments, and the match of these guesses
was rated blindly and independently by three raters. While we
acknowledge that expecting participants to formulate scientific hy-
potheses about the interplay of manipulated variables is unrealistic, it is
crucial to note that our study did not ask them to precisely pinpoint the
experimental goal; rather, we solicited their best guesses. Moreover,
high scores in hypothesis guessing ratings were attainable even when
participants provided somewhat imprecise descriptions of the experi-
ment's purpose. For instance, hypotheses such as “The experiment aimed
to investigate the alteration in my accuracy in counting beats concerning
pain expectation” and “The study sought to demonstrate that anticipa-
tion of pain leads to a diminished perception of heartbeats due to
attentional diversion” received average ratings of 1.3 and 1,
respectively.

The average score of successful hypotheses guesses was low (M =
0.10), indicating that our participants had little or no verbalizable
insight of the purpose of the study (for more details, see Supplementary
materials 1.5.2). Moreover, in correlations analyses, participants' hy-
pothesis guessing scores were unrelated to the induced cardioceptive
illusion, providing no evidence that the results were due to demand
effects (for a similar result in the exteroceptive domain, see Parrotta,
McDonough, & Bach, 2023). Of course, the absence of such a relation-
ship could reflect, in part, a power problem in correlation analyses and
difficulties of participants to verbalize the understanding they had.
Nevertheless, if there were such an influence, one would still expect any
induced illusory increase to be more prominent in those participants
whose guesses more captured the predicted relationship between
anticipating threat and subjectively increased heartrates.

Taken together, in our sample we find little evidence for purely non-
perceptual explanations for the threat-induced illusory increase in
heartrate. However, it should be noted that several (but not all) of the
conclusion rest on the interpretation of null effects, which depend
strongly on sample sizes and the power of the statistical test. It is
therefore crucial that our findings are confirmed in larger samples and
different experimental methodologies. For example, investigating to
what extent the induced expectations affect the neural components of
the illusion in terms of the cortical processing of the heartbeat (i.e.,
Heartbeat Evoked Potential, Park & Blanke, 2019; Zaccaro, Perrucci,
Parrotta, Costantini, & Ferri, 2022) could shed light on the distinct
contribution of cognitive and perceptual processes. Future directions
might also involve specific suggestibility measures to explore how these
correlate with the illusion or employing different suggestion instructions
that influence expectations and, consequently, the interoceptive illusion
(e.g., Ehrsson, Fotopoulou, Radziun, Longo, & Tsakiris, 2022). These
approaches could provide valuable insights and offer promising paths
for further understanding the intricate interplay between perception and
cognition in the context of interoceptive illusions.

5.3. The role of illusions in shaping our internal world: aberrant
predictions and dysfunctional Interoception

Our findings raise intriguing questions about how illusorily intero-
ceptive phenomena may intersect with the recognition and regulation of
our internal states and be causal in dysfunctional conditions. The idea
that psychopathology may be explained in terms of aberrant predictions
is not new and is based on the conception of atypical, evidence-resistant
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predictions, which may lead the brain to sometimes operate like a
‘stubborn’ scientist despite evidence to the contrary, explaining for
example hallucinations or delusions in schizophrenia and related con-
ditions (Corlett et al., 2019; Fletcher & Frith, 2009; Gagne, Dayan, &
Bishop, 2018; Lissek & van Meurs, 2015; Powers, Mathys, & Corlett,
2017; Series, 2019).

Such stubborn predictions could have been acquired either through
genetic ‘priors’, representing information about the kind of world we live
in (e.g., that the body remains at the predicted temperature of ~37 °C),
or through statistical learning (Allen & Friston, 2018; Fotopoulou &
Tsakiris, 2017; for a full discussion, see Yon, de Lange, & Press, 2019).
Embodied Predictive Coding approaches (Barrett & Simmons, 2015;
Pezzulo, 2014; Seth, 2013; Seth et al., 2011) offer another alternative.
They assume that our body is regulated through “embodied simulations”
that anticipate imminent events and our bodily response to them,
enabling allostatic regulation of our bodily states (Barrett, 2017).
Indeed, here, the relationship between the increase in cardiac activity
and the anticipation of a threat may have emerged from participants'
first-hand experience of increased heart rates to actual, not anticipated,
pain. Similar mis-perceptual interoceptive phenomena may occur for
everyday events that are perceived as stressors and allow their antici-
patory regulation, even in cases when the stressor is only perceived as a
stressor or is unlikely to occur. The role of beliefs in generating such
maladaptive perceptual and bodily changes should be investigated by
future studies.

In these regards, further investigations could delve into the role of
interoceptive awareness (Garfinkel, Seth, Barrett, Suzuki, & Critchley,
2015) in shaping these (mis-)perceptual interoceptive experiences. This
is not only relevant for understanding how individuals interpret their
own interoceptive states but also for understanding how such false
interoceptive beliefs impact the ability to accurately infer others' inter-
oceptive states (Arslanova, Galvez-Pol, Kilner, Finotti, & Tsakiris, 2022;
Galvez-Pol, Antoine, Li, & Kilner, 2022). If such beliefs shape people's
own interoceptive experiences, they likely operate at even higher
interpersonal levels, leading to potential misinterpretations of others'
visceral sensations and derived emotional states.

5.4. Conclusions

The current work reveals for the first time how the expectation of a
threatening stimulus can influence cardiac perception and induce an
interoceptive illusion. Our results are in line with the recent proposal
that the brain maintains an interoceptive schema, that is, a central rep-
resentation of interoceptive variables (e.g., body temperature, cardiac
activity, etc.) along with prior beliefs or “set points” for these variables
(Tschantz et al., 2022). This internal model would support homeostatic
and allostatic regulation by optimally weighting multiple (i.e., intero-
ceptive and exteroceptive) streams of information to predict interocep-
tive signals (lodice, Porciello, Bufalari, Barca, & Pezzulo, 2019). Our
evidence represents a first step towards a broader understanding of these
processes, suggesting that when estimating cardiac activity, it might
devote special attention to pain and anticipated threat. Future studies
should therefore focus on whether this relationship is mutual, that is
whether the brain also uses information about the cardiac activity to
estimate pain. More generally, further research could be directed to-
wards a deeper understanding of which homeostatic and physiological
variables the brain relies on to build interoceptive inferences, which
ones are integrated in the prediction of specific interoceptive parame-
ters, and how these are combined to promote adaptive outcomes. Our
results would suggest that also other interoceptive sensations in our
daily life may be equally far from the real state of the body and reflect
our (potentially false) interoceptive expectations and beliefs. More
broadly, future research is needed to determine how such predictive
mechanisms shape other interoceptive sensations and our bodily
response to them, producing important insights for a deeper under-
standing of how illusory perception of our body state might underpin
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psychological conditions (i.e., anxiety, depression), as recently sug-
gested (Barrett & Simmons, 2015).
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