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Interoception, or the sense of the internal state of the body, is key
to the adaptive regulation of our physiological needs. Recent theories
contextualize interception within a predictive coding framework,
according to which the brain both estimates and controls homeo-
static and physiological variables, such as hunger, thirst, and effort
levels, by orchestrating sensory, proprioceptive, and interoceptive
signals from inside the body. This framework suggests that providing
false interoceptive feedback may induce misperceptions of physio-
logical variables, or “interoceptive illusions.” Here we ask whether it
is possible to produce an illusory perception of effort by giving par-
ticipants false acoustic feedback about their heart rate frequency
during an effortful cycling task. We found that participants reported
higher levels of perceived effort when their heart rate feedback was
faster compared with when they cycled at the same level of intensity
with a veridical feedback. However, participants did not report lower
effort when their heart rate feedback was slower, which is reassur-
ing, given that failing to notice one’s own effort is dangerous in
ecologically valid conditions. Our results demonstrate that false car-
diac feedbackQ:8 can produce interoceptive illusions. Furthermore, our
results pave the way for novel experimental manipulations that use
illusions to study interoceptive processing.
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Interoception, Predictive Coding, and Illusions
Interoception, or the sense of the internal state of the body, is
key to the adaptive regulation of our physiological needs and the
formation of our sense of self (1). Recent theories conceptualize
interoception within a predictive coding perspective, which em-
phasizes the predictive aspects of the processing of bodily signals
and of physiological regulation (2–7), analogous to predictive
perceptual processing (8, 9) and action control (10–12). These
theories propose that the brain implements a process of intero-
ceptive inference for physiological sensing and adaptive regula-
tion. It does so by continuously generating top-down predictions
about adaptive interoceptive signals (i.e., the signals that a
healthy body should generate) and using prediction errors (i.e.,
mismatches between the expected and sensed interoceptive sig-
nals) to steer compensatory autonomic actions that restore ho-
meostasis. Furthermore, it generates predictions about future
misregulation and takes anticipatory (allostatic) actions to pro-
actively prevent them (13).
To engage in interoceptive inference and autonomic control,

the brain may use internal models (or central representations) of
the physiological and homeostatic variables that it regulates,
such as hunger, thirst, effort, and fatigue levels (14–17). Using an
internal model for interoceptive inference and physiological
regulation is analogous to using a bodily postural model (or body
schema) that keeps track of spatial properties of the body, such
as limb position, for movement control (18). While under normal
conditions, the internal models support an accurate estimate of
their relevant variables, some ambiguous conditions can lead to
misperceptions.
Body illusions, such as the illusion of owning another person’s

full body (19), face (20, 21), or limbs (22), are examples of ex-
perimentally induced misperceptions of one’s body representation.

Note that in this context, the term “illusion” denotes a transient
misperception of some variables, such as the location of one’s
body or hand, as an effect of the resolution of a multisensory
conflict. Thus, body illusions are markedly different from, and
significantly more attenuated than, delusional beliefs, halluci-
nations, and the illusory perception of nonexistent entities, which
are associated with clinical and psychopathological conditions (7,
17, 23–25).
In one of the most widely studied body illusions, the “rubber

hand” illusion, participants misperceive the actual location of
their hand (26). The classical method of inducing this illusion
involves placing a rubber hand in the usual position of the par-
ticipant’s real arm, which is hidden, and then gently stroking the
real hand and the rubber hand simultaneously in the same po-
sition. Participants usually report that their hand position lies in
between their real hand and the rubber hand, supposedly be-
cause they integrate noisy and conflicting sources of information
(e.g., visual and tactile), one of which could be considered false
feedback (27).
An open question is whether a similar process may extend to

the interoceptive domain as well. If the brain processes intero-
ceptive and exteroceptive body representation in fundamentally
similar ways, then providing participants with false feedback
about their interoceptive streams may produce an interoceptive
misperception or illusion (where illusion is used in the same
sense as for body illusion, not in the clinical sense).

Significance

To ensure our survival, the brain continuously estimates im-
portant homeostatic and physiological variables, such as our
hunger, thirst, and effort levels. This estimate relies on multiple
signals, most prominently on interoceptive signals coming
from inside the body (e.g., cardiac and respiratory signals to
establish effort level). Here we tested the hypothesis that
providing false feedback about these signals produces an in-
teroceptive illusion, that is a misperception of one’s own
physiological state. We show that giving participants false
(faster) acoustic feedback about their heartbeats during an
effortful cycling task induced the illusion of making more ef-
fort. Rather, participants did not report lower effort when
slower acoustic feedback was provided, suggesting that the
brain considers the potential costs of underestimating effort
and fatigue levels.
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Aims of the Study and Hypotheses
In this study, we tested the idea that providing participants with
false cardiac feedback while they performed a physical exercise
would make them experience an illusion of perceived effort—
that is, a misperception of their actual level of effort.
We asked participants to cycle on a stationary bicycle (cycle-

ergometer) at different levels of intensity, which were unknown
to them. Crucially, we provided the participants with auditory
feedback, via headphones, that was either congruent with the
heartbeat frequency recorded when they cycled at the same level
of intensity or incongruent with it (i.e., faster or slower). After
each cycling session, the participants reported their perceived
level of effort using the rate of perceived exertion (RPE) or Borg
scale (28), which is widely used in medicine and sports because it
accurately indexes physiological variables, such as heart rate
(HR) and exercise intensity level (29). We were interested in
quantifying the participants’ misperception (or illusion) of effort
as a function of their cardiac feedback, or the discrepancy be-
tween the actual physical effort that they were exerting and the
perceived effort that they reported.
We predicted that participants who heard faster heartbeats

(i.e., heartbeats recorded when they cycled at a higher intensity
level) would experience an illusion of perceived effort and report
higher scores in the Borg scale compared with a control condi-
tion in which they made the same physical effort (i.e., cycled at
the same intensity level) but heard congruent (i.e., heartbeats
recorded when they cycled in the same intensity level) auditory
feedback or no feedback. We also reasoned that participants who
heard slower heartbeats (i.e., heartbeats recorded when they
cycled at a lower intensity level) would experience the opposite
illusion (i.e., lower effort) in a significantly more attenuated way.
This is because underestimating the effort during exertional ac-
tivities such as physical exercise entails numerous risks, for ex-
ample, selection of intensity levels that are excessively high.
Under these conditions, a risk-avoidant strategy could be more
appropriate. This idea is consistent with previous research
showing that (mentally) fatigued persons overestimate their
physical exertion levels, plausibly as a protection mechanism
against the risks of excessive effort (30).
Finally, we hypothesized that persons with lower interoceptive

awareness rely more on the false feedback and thus experience a
stronger illusion of effort. This prediction is consistent with
previous studies reporting that the strength of body illusions,
such as the rubber hand (31) and enfacement (32) illusions, is
higher in participants with low interoceptive awareness.

Results
We checked the normality of data distribution relative to each
dependent variable (i.e., participants’ HR and RPE, or Borg scale)
(28) and condition using the Kolmogorov–Smirnov (K-S) test.
When the normality assumption was not respected, a nonpara-
metric approach (i.e., Friedman ANOVA followed by Bonferroni-
corrected Wilcoxon matched-pairs test, and Spearman’s rank
correlations) was used. Given that classical null hypothesis testing is
not the ideal statistical tool for drawing conclusions about non-
significant results (33, 34), in the event of negative results, we also
calculated Bayes factors (BFs), which allows quantification of evi-
dence in favor of the alternative or null hypothesis. All statistical
analyses but BFs were run using Statistica 7 software. BFs were
calculated using the open-source software JASP (35).

Preliminary Analysis
First, we checked that cycling at increasing levels of intensity
increased physiological effort (as indexed by HR frequency) and
perceived effort (as indexed by subjective ratings on the RPE
scale) during the Baseline Exercise (BE) session, during which
no acoustic interoceptive feedback was provided.

Physiological Effort. Three conditions were not normally distributed
according to the K-S test [D(18) > 0.215; P < 0.028 for all]; there-
fore, Friedman’s ANOVA was performed to compare participants’

HR recorded at seven different intensity intervals: the targeted
ones (60, 75, 90, 105, and 115 W) and those immediately above
or below them (from 45 to 125 W). In line with our hypothesis,
Friedman’s ANOVA was significant [χ2(6) = 108; P < 0.00000].
Bonferroni-corrected Wilcoxon matched- pair tests were all
significant (Z = 3.724; P < 0.0002 for all), suggesting that, as
expected, HR frequency increases when cycling at increasing
levels of intensity (SI Appendix, Fig. S1A).

Perceived Effort. RPE values were normally distributed; there-
fore, a parametrical approach (i.e., repeated-measures ANOVA
followed by Bonferroni-corrected post hoc tests) was used. The
repeated-measures ANOVA on the five levels of the targeted
intensity as the sole within-subject factor was significant [F(4, 68) =
180.465; P < 0.00000]. Post hoc tests comparing the perceived
effort recorded in each specific interval with the next interval were
significant (P < 0.0001 for all) and showed that when their level of
cycling intensity increased, participants reported higher scores of
perceived effort (SI Appendix, Fig. S1B).

Main Analysis
We aimed to test whether perceived effort changes as a function
of receiving incongruent auditory feedback about one’s own
physiological state (i.e., HR frequency). Thus, we compared ef-
fort ratings collected after cycling at five different targeted in-
tensities (60, 75, 90, 105, and 115 W) in a “congruent feedback”
condition, in which participants listened to a heartbeat sound
registered during the BE session at the same intensity level, with
two “incongruent feedback” conditions, in which participants
listened to faster or slower heartbeat sounds registered during
the BE session at higher or lower intensity levels, respectively. To
remove baseline interindividual differences, for each participant,
we subtracted effort ratings at baseline from those collected after
congruent and incongruent Experimental Exercise (EE) condi-
tions. The K-S test showed that these baseline-corrected ratings
of perceived effort were not normally distributed [D(18) > 0.204;
P < 0.046 for all].
Friedman’s ANOVA comparing the baseline-corrected ratings

of effort in our experimental conditions (i.e., when participants
cycled at the five intensity levels receiving the three types of
acoustic feedback: congruent, slower, and faster) was significant
[χ2(14) = 76.321; P < 0.000], suggesting that participants per-
ceived different levels of effort in the different experimental
conditions. To see whether participants reported more (less)
effort when listening to a faster (slower) HR frequency com-
pared with the congruent condition, we performed a Bonferroni-
corrected Wilcoxon matched-pairs test (threshold for statistical
significance, P < 0.025).
The planned Wilcoxon matched-pairs test showed that pro-

viding faster vs. congruent heartbeats significantly increased the
perceived effort in all (Z > 2.982; P < 0.003 for all), with the
exception of the first level of exercise intensity, which was slightly
above the threshold (Z = 2.197; P = 0.028). The test also showed
that providing slower vs. congruent feedback did not significantly
change the perceived effort attributed to any of the exercise
intensity levels (Z < 2.045; P > 0.041; BF < 0.283 for all except
one value of 3.242). Results of the Wilcoxon matched- pairs tests
and Bayesian paired-sample t tests are presented in Fig. 1 and SI
Appendix, Table S1.
We performed an additional analysis to exclude that the illu-

sory increase of effort was driven by an entrainment effect—that
is, by a real change in HR frequency during exercise, possibly
caused by the false feedback. Given that our variables were not
normally distributed [D(18) > 0.219; P < 0.023 for all], we per-
formed Friedman’s ANOVA on participants’ baseline-corrected
HR. The Friedman ANOVA comparing the baseline-corrected
HR recorded during our experimental conditions (i.e., when
participants cycled at the five levels of intensity while receiving
the three types of acoustic feedback: congruent; slower; faster)
was not significant [χ2(14) = 18.633; P = 0.179]. Bayesian
repeated-measures ANOVA confirmed these results by showing
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evidence in favor of the null hypothesis (types of acoustic feedback ×
levels of intensity interaction; BF = 0.014). Taken together, these
results indicate that providing a faster (or slower) incongruent au-
ditory heartbeat-related feedback did not increase (or decrease)
participants’ HR, thus permitting the exclusion of confounding en-
trainment effects. Note also that during the debriefing, none of the
participants reported having noticed that the acoustic feedback was
manipulated.
To exclude the possibility that the illusory increase of per-

ceived effort was due to the acoustic feedback, we compared
participants’ RPE ratings collected after the congruent condition
of the EE task, in which congruent acoustic feedback was pro-
vided, with those collected during the BE, in which no acoustic
feedback was provided. The K-S test showed that some of the
ratings of perceived effort were not normally distributed
[D(18) > 0.201; P < 0.054 for all]; therefore, Friedman’s
ANOVA was performed. Although Friedman’s ANOVA was
significant [χ2(9) = 149.848; P < 0.000], in line with our hy-
pothesis, the Wilcoxon matched-pairs test showed that partici-
pants perceived the same level of effort in each of the targeted
frequencies when no acoustic feedback (baseline condition) was
provided and when congruent HR feedback was provided (Z <
1.334; P > 0.182; 0.683 < BF > 0.243 for all). In summary, we
found no evidence that providing congruent acoustic feedback
changed participants’ RPE.
Finally, we tested whether interindividual differences in in-

teroceptive awareness correlate negatively with the illusory in-
crease of perceived fatigue when listening to faster heartbeat
sounds, as was previously reported in the context of the rubber
hand (31) and enfacement illusions (32). We assessed in-
teroceptive awareness using the Multidimensional Assessment of
Interoceptive Awareness (MAIA) (36, 37), focusing on the No-
ticing and Body Listening MAIA subscales, which relate more
directly to bodily processes. For each participant, we computed a
global index of illusory perceived effort, by averaging the in-
crease of perceived effort (calculated as the difference between
incongruent and congruent scores) in the four faster incongruent
feedback conditions that we found to be significant. Finally, we
correlated the Noticing and Body Listening scores with the il-
lusory perceived effort index. Unexpectedly, the correlations
were not statistically significant (ρ < 0.197; P > 0.05; BF < 0.210
for all). We found no significant correlations with personality traits
assessed by the Body Awareness Questionnaire (38), the Body
Perception Questionnaire (39), the State-Trait Anxiety Inventory
(40), and the Big Five–short version (41) (SI Appendix, Table S3).

Discussion
We tested the possibility of inducing an illusion of perceived
effort—that is, a misperception of one’s physiological state (here
effort level)—by providing participants with false feedback about
their bodily signals (here false acoustic feedback about their
HR). Our results show that providing faster cardiac feedback
during physical exercise consistently induces an illusory percep-
tion of increased effort.
Our results can be explained within theories of interoceptive

(or embodied) inference (2–7), which assume that the brain both
estimates and controls critical homeostatic and physiological
variables. From this perspective, effort and other relevant in-
teroceptive variables may be estimated on the basis of sensory
(e.g., interoceptive) streams and prior information. Providing
participants with false (faster) cardiac feedback may have in-
duced them to misperceive their effort, that is, to overestimate
their perceived effort compared with the actual effort that they
would report based on their current exercise intensity level and
physiological state (e.g., HR). This “illusion of effort” suggests
that interoceptive information—perhaps made more salient by
the acoustic feedback—is considered in the internal estimate of
one’s own physiological state.
We found the illusion of effort to be asymmetrical, however.

Participants reported more exertion when they received faster
feedback about their HR frequency, but did not report less exertion
when provided with slower feedback. At four of the five intensity
levels that we tested (60–105 W), Bayesian analyses indicated
strong to moderate evidence for the (null) hypothesis that the
ratings of perceived effort with congruent feedback and slower
feedback are the same. The findings are less conclusive at the fifth
intensity level (115 W); although Bayesian analysis indicated
moderate evidence for the opposite hypothesis (higher perceived
effort with congruent feedback vs. slower feedback), the effect did
not reach statistical significance using nonparametric analysis.
The asymmetry between effort perception with faster vs.

slower cardiac feedback points toward a risk-averse strategy that
takes into consideration the potential costs of a wrong estimate.
Indeed, while overestimating effort level is relatively safe for an
organism, underestimating it can be more maladaptive, espe-
cially during exerting tasks such as physical exercise. Several lines
of research suggest that perceived levels of effort and fatigue
influence the selection of exercise intensity levels and the effi-
cacious regulation of bodily parameters (13, 42–45). Thus, it is
possible that the potential costs of underestimating perceived
effort (e.g., poor allostatic regulation) favor risk aversion. The
same form of risk aversion has been reported in the case of
mentally fatigued persons who overestimate their physical exer-
tion levels (30).

Fig. 1. Results of the EE session. Changes in perceived effort (measured using the Borg RPE scale) compared with the baseline session, as a function of five
cycling intensity levels and with three types of acoustic feedback: faster, congruent, and slower. See the main text for explanation.
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Taken together, these asymmetric results suggest that (top-
down) factors, such as a concern for safety, may limit the plas-
ticity of the interoceptive schema, preventing it from making
dangerous inferences (e.g., that one is not exerted). Note that
this asymmetry permits us to rule out alternative explanations for
our findings—namely, that participants may have estimated their
effort levels by using only the false auditory feedback or by
counting their heartbeats, and also that the false feedback would
have enhanced the salience of, and increased the attention to,
interoceptive or exteroceptive stimuli (46, 47).
Another possible explanation for our findings is that the

acoustic feedback—either congruent or incongruent—may have
rendered the estimation of effort more difficult (e.g., we normally
hear our heartbeats at quite a low volume) or noisier (e.g., the
acoustic feedback was not synchronized with the online heart-
beats), thus biasing the participants’ ratings. This interpretation is
not tenable, however, given that we found no differences between
the participants’ ratings during the experimental (with congruent
feedback) and baseline (without feedback) sessions, and that we
found an asymmetric effect of acoustic feedback (with faster but
not slower feedback). Another alternative explanation for our
findings is a putative entrainment effect; if participants’ heartbeats
align to the false auditory feedback (i.e., become faster), then their
perceived exertion cannot be considered a misperception. The fact
that participants‘ heartbeats do not significantly change with false
feedback rules out possible entrainment effects.
A limitation of the present study is its small sample size, which

may have hindered the ability to describe differences in the il-
lusory strength of the effect in relation to interindividual dif-
ferences in self-reported measures of interoceptive awareness.
Future studies should examine whether the results reported here
can be generalized to other populations (e.g., women, older or
less fit individuals) or to other stimuli (e.g., fast or slow non-
biological rhythms), especially when participants are not induced
or find it difficult to associate stimuli with their HR.
Our findings significantly extend the literature on bodily illu-

sions, such as the rubber hand (26, 27), full body (19, 48), and
enfacement (20, 21, 49) illusions, by showing that false feedback
about interoceptive streams (here false cardiac feedback) can
produce misperceptions of one’s own physiological state (here
one’s own effort level). The false feedback mechanism has
proven effective for probing interoceptive processing in different
cognitive and emotional domains. A previous study that manip-
ulated participants’ physiological feedback during exercise
reported that emotional intensity and salience of neutral faces
was enhanced by false feedback of increased HR (50). Other
studies have reported that providing feedback on HR influences
the perceived attractiveness of stimuli (51), and that increasing
HR by exercise sensitizes to fearful stimuli (52). Our present
study and the aforementioned studies show that inducing false
physiological feedback is an effective method for probing in-
teroceptive processing and producing interoceptive illusions.
The most widely known interoceptive illusion is the thermal

grill illusion, a sensation of burning heat when the arm is placed
on a “grill” composed of several interleaved cold and hot metallic
bars (53). As none of the bars is so hot as to produce a sensation of
burning heat per se, this is considered an illusion, which may de-
pend on the peculiar way in which our thermoreceptors integrate
conflicting (cold vs. hot) peripheral information about tempera-
ture (53). The thermal grill can be conceptualized as interoceptive,
if one assumes that the unmyelinated C-fibers that convey cuta-
neous temperature (and pain) sensations are part of the intero-
ceptive system (1). Following similar arguments, other illusions
may be considered at least partly interoceptive, such as those that
use affective touch (54) or cardiovisual feedback (55, 56) to induce
the illusory feeling of owning a body part or the full body (57; see
also ref. 58 for different results).
While the relationships between bodily illusions and intero-

ceptive streams remain to be fully tested, the results of the
foregoing studies raise the possibility that body representations
may be tightly linked to allostatic processes. Furthermore, a more

integrative view should also consider proprioceptive and action-
related contributions to body representations and illusions. For
example, manipulating the brain’s command to the musculature
via vibration of muscle afference induces an illusion of move-
ment and cardiovascular and respiratory responses (59–61). The
extent to which the brain maintains coherent internal models
across several dimensions (e.g., postural, interoceptive) remains
incompletely understood.
Several other facets of interoceptive processing are still un-

clear, such as the way in which the brain may combine multimodal
sources of evidence to estimate physiological or homeostatic var-
iables (e.g., hunger or effort). In principle, the information source
that is temporarily more accurate may dominate and uniquely
contribute to the perception of current effort and other relevant
physiological variables. However, in the present study, manipu-
lating the putatively most reliable (or at least most salient) in-
formation source—auditory feedback—produced asymmetric
effects; participants reported higher effort levels with faster
feedback but not lower effort levels with slower feedback. This
result suggests that the brain may use more sophisticated mech-
anisms than selection of the most reliable source of evidence.
The optimal approach to multisensory integration involves

considering prior information plus all available sources of evi-
dence—interoceptive, proprioceptive, and exteroceptive—and
weighting them based on their precision (i.e., inverse uncer-
tainty). It has been reported that the brain can optimally weight
and integrate multiple exteroceptive sources of (visual and
haptic) information to form a robust percept (62). Along similar
lines, it is possible to speculate that the brain maintains a central
representation of physiological variables and bodily signals
coming from inside the body. Such a putative interoceptive
schema would be the equivalent of a body schema (i.e., an in-
ternal representation of bodily variables, such as the shape of our
body, the position of our limbs) (18) for the interoceptive do-
main. It may support homeostatic and allostatic regulation by
orchestrating and predicting interoceptive signals coming from
inside the body (e.g., heartbeats, ventilation) as well as from the
outside (e.g., muscular signals due to effort). However, the idea
that the brain maintains an interoceptive schema for (optimal)
multimodal integration is speculative and remains to be investi-
gated in future studies. Novel experiments should assess which
physiological and homeostatic variables (e.g., hunger, thirst, ef-
fort and fatigue levels) the brain estimates and controls, the
relative contribution of different (interoceptive, proprioceptive,
and exteroceptive) streams to these processes, and whether the
different streams are integrated in an optimal way. For this, in
addition to heartbeat signals, which have slow transmission and
limited perceptual access, it may be worth manipulating other
interoceptive signals (e.g., respiratory signals) that may be more
accessible and precise. This would permit the testing of whether
cross-modal conflicts arise and if so, whether they are resolved by
considering the relative precision of the information sources, as is
assumed by optimal integration schemes.
Another open question involves the behavioral effects of the

illusion of effort (or other interoceptive illusions). Various
studies in the sports literature suggest that for athletes, the se-
lection of exercise intensity is not a simple function of muscle
fatigue but rather is mediated by top-down mechanisms and
perceived levels of effort and fatigue (42, 43, 63, 64). These
studies suggest that an illusion of effort should induce partici-
pants (or athletes) to select lower exercise intensity levels. Sim-
ilarly, one can hypothesize that participants who report being
more exerted would discount future rewards more steeply if they
required some effort to be secured (44). Future studies should
test these predictions. Another open question concerns the re-
lationship between implicit processes of interoceptive processing
and explicit (self-reported) measures of interoceptive awareness
that, according to a recent model proposed by Garfinkel and
collaborators (65), may target different components of intero-
ceptive awareness, namely interoceptive accuracy and interocep-
tive sensibility. Previous studies have reported that participants
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with lower interoceptive awareness (as assessed using the Mental
Tracking Task) report weaker bodily illusions (31, 32); we did not
observe a similar effect in our experiment when using an explicit
self-report measure, the MAIA questionnaire.
Our results speak against the possibility of an integrative or

schematic representation of effort, which combines coherently
low-level interoceptive streams and higher-order interoceptive
representations (putatively measured by the MAIA question-
naire). However, it remains to be tested whether objective
measures of interoceptive awareness instead correlate with the
strength of the illusion of effort. Preliminary evidence for this
idea comes from a study reporting that participants with good
heartbeat perception ability covered a significantly shorter dis-
tance when they pedaled on a bicycle ergometer for 15 min and
(in contrast to the present study) were free to choose the time of
their cycling (45). Notably, the same participants also exhibited
significantly smaller increases in mean HR, stroke volume, and
cardiac output, suggesting that by selecting a lower intensity
level, they were able to improve their allostatic regulation. This
finding suggests that participants with good heartbeat perception
may be better at discriminating and controlling their effort levels.
This prediction remains to be tested in future research.
Finally, our findings may have implications for understanding

psychopathological conditions associated with failure of in-
teroceptive processing, such as eating disorders, anxiety, de-
pression, and chronic fatigue (7, 17, 66, 67). Some of these (and
other) psychopathological conditions may stem from a failure to
appropriately balance prior information and perceptual (e.g.,
exteroceptive and interoceptive) streams within a predictive
coding architecture (3, 68). For example, excessively strong pri-
ors (e.g., that one is ill) may produce delusional beliefs or the
reporting of false symptoms (24), even in the absence of per-
ceptual evidence. Furthermore, fatigue and depression may arise
from long-lasting deficits of interoceptive processing and
dyshomeostasis, which are continuously monitored by a meta-
cognitive layer. Detection of a chronic inability of the brain to
regulate bodily states by the metacognitive layer can trigger early
adaptive responses (fatigue) or a belief of low allostatic self-
efficacy, the latter potentially resulting in depression (17). The
illusion of effort described here, or other interoceptive illusions
using the same logic, may provide an effective way to probe the
imbalances responsible for psychopathological conditions.

Materials and Methods
Participants. Eighteen male volunteers (mean age, 22.15 ± 2.9 y; range,
20–26 y) were recruited through posters and flyers displayed at the University
Campus in Chieti, Italy for participation in this study. Additional details are
provided in SI Appendix, Table S2. All were naive with respect to the pur-
pose of the experiment and the measurements of their HR and changes with
exertion. The study was approved by the Institute of Cognitive Sciences and
Technologies’ Human Research Ethical Committee (Rome) (Protocol
0003871). All participants provided signed informed consent before enroll-
ing in the study.

General Procedure. The study was composed of a pretest and two sessions: a
baseline session and an experimental session (SI Appendix, Fig. S2). All
procedures were performed in the laboratory at a temperature maintained
between 18 and 22 °C and a relative humidity of 45%–60%.

The pretest was conducted to assess anthropometric parameters (including
age, height, and body mass index), inclusion criteria, and fitness level of the
participants, including physiological parameters of maximal oxygen uptake
and ventilation (SI Appendix). Fitness level was tested to ensure that a
participant could safely take part in the experiment. During the pretest, par-
ticipants were familiarized with the instruments and the experimental pro-
cedures of the baseline and experimental sessions. The pretest was conducted
approximately 1 wk before the baseline and experimental sessions.

The baseline and experimental sessions were conducted on the same day.
During the first (baseline) session, the participants’ interoceptive awareness
was assessed using the Italian version of the MAIA questionnaire (36, 37). The
participants’ physiological and perceived effort were assessed by measuring
HR frequency and ratings on the RPE scale, respectively, while they cycled at
different levels of intensity. The HR and RPE measurements obtained during

this first session were used as a baseline for our analysis, to index participants’
effort at each intensity level, and to create the acoustic stimuli to be used in
the second session.

During the second (experimental) session, participants’ HR and RPE were
remeasured while they cycled at different levels of intensity. However, un-
like in the first (baseline) session, in this second (experimental) session,
participants were provided with acoustic feedback that was either congru-
ent or incongruent (i.e., faster or slower) with the HR frequency recorded
when they cycled at the same level of intensity during the baseline
condition.

First Session: BE, Without Acoustic Feedback. At the beginning of the baseline
session, we measured participants’ self-reported interoceptive awareness by
asking them to complete the MAIA questionnaire (36, 37). This ques-
tionnaire comprises 32 items assessing eight dimensions of interoceptive
awareness: noticing (awareness of uncomfortable, comfortable, and neutral
body sensations), not-distracting (tendency not to ignore or distract oneself
from sensations of pain or discomfort), not-worrying (tendency not to worry
or experience emotional distress about sensations of pain or discomfort),
attention regulation (ability to sustain and control attention to body sen-
sations), emotional awareness (awareness of the connection between body
sensations and emotional states), self-regulation (ability to regulate distress
by paying attention to body sensations), body listening (active listening to
the body for insight), and trusting (experiencing one’s body as safe and
trustworthy) (69). Responses are rated on a six-point Likert scale ranging
from 0, never, to 5, always.

After completing the MAIA questionnaire, participants performed the BE
task. Participants performed seven submaximal 1-min trials, cycling at dif-
ferent levels of intensity (45, 60, 75, 90, 105, 115, and 125 W). They were
instructed to maintain a cadence of 60 repetitions per minute for the entire
session. During the exercise, HR frequency was recorded continuously (S610i;
Polar Electro Oy, Kempele, Finland), and the average HR over the last 16 s was
taken as the HR frequency of each block (70). Participants’ perceived effort
was also measured during the exercise. Specifically, at the completion of
each stage, participants started a 1-min recovery period. During the last 20 s
of each recovery period (or when the HR returned to pre-exercise HR value),
participants were asked to rate their perceived effort on the RPE scale, which
ranges from 6 (no exertion at all) to 20 (maximal exertion). Participants re-
ceived standardized instructions and were encouraged to focus on their
overall whole-body perceptions of exertion (28).

After the BE task, participants walked to an adjacent, quiet, dimly lit room
with comfortable environmental conditions, where they waited for 1 h be-
fore participating in the second session. During this time, the experimenter
prepared the acoustic stimuli for use in the second session for each partici-
pant. Specifically, sounds reproducing participants’ HR frequency recorded
at baseline during each block of cycling were generated using a custom
sound synthesis procedure, to be used as acoustic feedback during the
second session.

Second Session: EE, with Acoustic Feedback. At 1 h after the baseline session,
the experimental exercise session began. Participants sat quietly for 5 min
while a pre-exercise HR was measured, to ensure that they had recovered
sufficiently from the previous BE task. Then the EE started. Participants re-
ceived the same instructions as in the BE task; however, here they were given
wireless headphones and instructed that at 5 s after the start of the exercise
they would hear a sound, which they were induced to believe represented
their HR.

The EE consisted of 15 trials of 1 min each of cycling at five levels of cycling
intensity (60, 75, 90, 105, and 115 W). Each level was associated with one of
three different types of acoustic feedback (HR frequency sounds), one con-
gruent (congruent) and two incongruent (slower and faster) with the par-
ticipant’s HR at the same level of cycling intensity. Specifically, in the
congruent condition, participants received in their headphones the same HR
frequency recorded during the baseline acquisition phase at the same level
of cycling intensity. In the slower and faster conditions, participants received
in their headphones the HR frequency recorded during the baseline acqui-
sition phase at one level below or above their current cycling intensity, re-
spectively. The recovery period between each trial was 1 min. As in the BE,
participants’ physiological and perceived effort were recorded, as indexed
by HR and 6–20 RPE scale ratings, respectively.

The order of the experimental conditions (three intensity intervals × three
types of acoustic feedback) was randomly generated by a web-based
computer program (www.randomization.com).
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Q: 2_Please review the information in the author contribution footnote carefully. Please make sure that the
information is correct and that the correct author initials are listed. Note that the order of author
initials matches the order of the author line per journal style. You may add contributions to the list in
the footnote; however, funding should not be an author’s only contribution to the work.

Q: 3_Your article will appear in the following section of the journal: Social Sciences (Psychological and
Cognitive Sciences). Please confirm that this is correct.

Q: 4_Please review your open access and license selection. If any information is incorrect, please note this
in the margin.

Q: 5_Per PNAS style, certain compound terms are hyphenated when used as adjectives and unhyphenated
when used as nouns. This style has been applied consistently throughout where (and if) applicable.

Q: 6_Please provide a new title sans colon, the elimination of “When your heartbeats cheat your brain: ”,
and a much more descriptive title that directly reflects the nature of the work being described.

Q: 7_In the affiliations section, please spell out “CETAPS” and “IRCCS.”

Q: 8_Author: Sentence beginning “Our results demonstrate that false cardiac feedback. . .”: Claims of
priority or primacy are not allowed; therefore, “for the first time” has been deleted.

Q: 9_Please confirm that the e-mail address listed in the correspondence footnote for Giovanni Pezzulo is
correct. If not, please insert in proof.

Q: 10_Please provide publisher name for ref. 35.

Q: 11_Ref #35: Please provide complete publishing information.

Q: 12_Please provide volume and page numbers for ref. 40.
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Q: 13_Please provide postal codes for all affiliations, and please provide a department or division for affiliation c.
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