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Self-relevant information is processed faster and more accurately than non-self-relevant
information. Such a bias is developed even for newly associated information with the self,
which is also known as the self-prioritization effect (SPE). Interoception, which refers to
the overall processing of information from within the body, is crucial for self-relevant
processing; however, its role in SPE remains unexplored. In this study, we investigated
the relationship between the magnitude of SPE and interoceptive accuracy (IAc), defined
as one’s ability to accurately perceive one’s own interoceptive state. Additionally, to explore
the causal relationship, we measured SPE by presenting self- or other-relevant stimuli
based on the participant’s cardiac cycle in the shape-label matching task. We demonstrated
that IAc was negatively correlated with the magnitude of SPE in terms of discrimination
of the relevance of the stimuli. In addition, a correlation was observed only when the stimuli
were presented during cardiac systole. Furthermore, IAC was negatively correlated with
the processing of self-relevant stimuli but not with other-relevant stimuli. Collectively, our
results show that individuals with higher IAc have relatively lower discriminative sensitivity
to newly and temporary associated self-relevant stimuli presented during the accentuation
of cardiac interoceptive information. Although SPE is a phenomenon in which newly self-
associated stimuli are preferentially processed, our results suggest that individuals with
higher IAc prioritized processing interoceptive information over temporarily associated
self-relevant external information. Conversely, previous studies using paradigms other
than the shape-label matching paradigm with familiar self-relevant stimuli, such as self-
face, reported that interoceptive information enhances the processing of self-relevant
stimuli. Whether interoceptive information enhances the processing of external self-relevant
information may depend on the familiarity with the self-relevant stimuli and the
experimental paradigm.

Keywords: self-prioritization effect, interoception, interoceptive accuracy, cardiac cycle, self-relevance

INTRODUCTION

The self has attracted the interest of researchers in psychology for a long time. In the field of
experimental psychology, researchers have attempted to understand the self from a functional
perspective by quantifying the self-bias effect (Sui and Humphreys, 2015; Sui and Gu, 2017).
For example, it is well known that people can be aware of their own name being called, even
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in situations where they are not paying attention—known as
the cocktail party effect (Moray, 1959). Information related to
the self, such as one’s own name, attracts more attention than
non-self-relevant stimuli. Furthermore, biases have been
demonstrated in a variety of external stimuli and cognitive
processes (Sui and Humphreys, 2015; Cunningham and Turk, 2017).
Recently, a novel paradigm has demonstrated that biases
emerge even for neutral stimuli that are newly associated with
one’s self. In the shape-label matching paradigm (Sui et al,
2012), participants were first asked to learn the associations
between geometric shapes and personal labels (e.g., circles
represent self, triangles represent best friends, and squares
represent strangers). Following the learning phase, the participants
judged whether the presented shape-label parings matched the
previously learned associations. The results showed that their
responses to self-relevant stimuli (i.e., circle-self) were faster
and more accurate than non-self-relevant stimuli. This is known
as the self-prioritization effect (SPE). This paradigm demonstrated
that individuals rapidly develop biases, even for newly associated
stimuli with the self. Furthermore, although self-relevance and
intimacy cannot be separated when using familiar stimuli such
as one’s own name or face, which have been widely used in
conventional studies, the shape-label matching paradigm allows
us to examine self-bias without the influence of familiarity
(Kim and Florack, 2021). SPE has been observed in the shape-
label matching paradigm for various types of stimuli (Sui et al.,
2012; Payne et al, 2017; Sel et al, 2019) and other sensory
modalities (Frings and Wentura, 2014; Schifer et al., 2016).
Although SPE is observed when external stimuli are associated
with the current self, no such preferential processing is observed
when associated with the past or the future self (Golubickis
et al, 2017; Kim and Florack, 2021). Golubickis et al. (2017)
examined whether SPE could emerge when associating a geometric
shape with a temporally distant self (i.e., current self vs. future
self) in the shape-label matching paradigm. The results showed
that SPE did not emerge in the stimuli associated with the
temporally distant self; rather, it presented with the current self
alone. These results can be explained by the fact that we sometimes
treat our temporally distant selves as strangers (Pronin and Ross,
2006; Pronin et al., 2008). Considering that such “self-becomes-
other” effects are caused by the lack of information on internal
states (Pronin and Ross, 2006; Pronin et al., 2008) that information
may play a crucial role in the emergence of SPE.
Interoception is one of the internal states of the self. It refers
to the overall process of how the nervous system senses, interprets,
and integrates information arising from within the body, providing
a moment-by-moment representation of internal bodily states
with or without awareness (Berntson and Khalsa, 2021).
Interoception supports homeostatic control, allows allostatic
adaptation, and drives behavior through feelings such as hunger
and thirst (Tsakiris and Critchley, 2016). Several theories have
proposed that interoception is the foundation of the self (Craig,
2009; Seth, 2013), and previous empirical findings support these
proposals. For instance, heartbeat-evoked responses within the
default mode network (Baranauskas et al., 2021) covaried with
self-relatedness of spontaneous thoughts (Babo-Rebelo et al., 2016).
Qin et al. (2020) conducted a meta-analysis of neuroimaging

studies and concluded that interoceptive information is necessary
for processing self-relevant information. Furthermore, Ambrosini
etal. (2019) reported that cardiac interoceptive information speeds
up recognizing one’s own face. Moreover, observation of a fake
body pulsating in synchrony with ones heartbeat induces the
feeling that a fake body is ones own (i.e, a sense of body-
ownership; Aspell et al., 2013; Suzuki et al., 2013; Heydrich et al,
2018, 2021). These findings revealed that interoception contributes
to self-relevant processing. Thus, on considering the findings on
interoception and SPE, it is indicated that SPE emerges when
external stimuli are associated with the current self, driven by
interoception. In other words, it is possible that the more
interoceptive information available, the stronger SPE emerges.

However, we could assume an opposite relationship between
SPE and interoception as well. Several reports have shown that
individuals who have greater availability of their own interoceptive
information are less likely to recognize external stimuli as being
associated with themselves. Schauder et al. (2015) and Tsakiris
et al. (2011) used the classical rubber-hand illusion paradigm
with visuo-tactile stimulation (Botvinick and Cohen, 1998). They
demonstrated that individuals with a greater ability to accurately
perceive their own interoceptive state (interoceptive accuracy:
IAc; Garfinkel et al, 2015) are less susceptible to the illusion
involving the fake hands. A similar finding has been reported
in the enfacement illusion paradigm, in which participants
recognize others faces as their own by seeing another person’s
face being stroked in synchrony with their own (Tajadura-Jiménez
and Tsakiris, 2014). These studies showed that individuals with
higher IAc are less likely to recognize external bodily stimuli
as part of their own bodies. Although the typical shape-label
matching paradigm using the geometric shapes investigates the
association of the self with a geometric shape rather than bodily
stimuli, these findings allow us to predict that individuals with
higher IAc show weaker SPE.

Thus, there are two possibilities for the relationship between
SPE and interoception: interoception either promotes or inhibits
SPE. However, to the best of our knowledge, the relationship
between SPE and interoception has not yet been investigated.

The present study aimed to elucidate the relationship between
SPE and interoception. As mentioned above, a positive
relationship between SPE and interoception is predicted from
studies of the shape-label matching paradigm and interoception.
In the shape-label matching paradigm, it has been reported
that stimuli associated with a temporally distant self can dampen
the emergence of SPE and do not facilitate information processing,
differing from stimuli associated with the current self (Golubickis
et al, 2017; Kim and Florack, 2021). This may be because a
self that is temporally distant from its current self lacks access
to and availability of information about the internal state, that
is, interoceptive information (Pronin and Ross, 2006). Therefore,
individuals with higher IAc, who can perceive their interoceptive
information accurately, are predicted to show a stronger SPE.

Conversely, we can predict a negative relationship between
SPE and IAc as well. In the classic rubber-hand illusion paradigms
with visuo-tactile stimulation, individuals with higher IAc are
less susceptible to the illusion over the fake hands (Tsakiris
et al,, 2011; Schauder et al.,, 2015). Similarly, in the enfacement
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illusion paradigm, individuals with higher IAc have been reported
to be less incorporating of other’s faces into their own facial
representations (Tajadura-Jiménez and Tsakiris, 2014). Therefore,
assuming that the same relationship applies to the association
between the self and the external geometric shapes, individuals
with higher IAc are predicted to show weaker SPE in the
shape-label matching paradigm.

Furthermore, to get closer to an understanding of the causal
relationship between interoception and SPE, we manipulated
the timing of stimuli presentations based on the cardiac cycle.
Cardiac afferent information (i.e., strength and timing of individual
heartbeats) is transmitted to the brain through arterial
baroreceptors. The receptors fire during systole in the cardiac
cycle and cardiac afferent information is accentuated, while they
are quiescent during diastole (Garfinkel and Critchley, 2016;
Critchley and Garfinkel, 2018). Therefore, previous studies have
investigated the impact of interoception on cognitive processing
by presenting stimuli coincident with systole or diastole, employing
the phasic nature of cardiac afferent information (e.g., Gray
et al., 2012; Garfinkel et al., 2014). These studies have reported
that stimuli presentations during systole modulate cognitive
processing, including self-face recognition (Ambrosini et al,
2019). Considering that individuals with higher IAc are better
at receiving interoceptive information, such interoceptive impact
may be stronger as well. Indeed, von Mohr et al. (2021) observed
an interaction between cardiac interoceptive impact and IAc,
measuring the heartbeat counting task (Schandry, 1981) on
emotional egocentricity bias. They showed that individuals with
higher IAc are more affected by their own cardiac information.
Taking these findings into account, if interoceptive information
impacts the emergence of SPE, the following results are predicted:
The correlation between IAc and SPE is predicted when the
stimuli are presented coincident with systole because the cardiac
afferent information is accentuated during this phase and
individuals with higher TAc are more sensitive to cardiac afferent
information. In contrast, the correlation would not be observed
when the stimuli are presented during diastole because
baroreceptors are quiescent and less affected by interoceptive
impacts regardless of whether IAc is high or low.

In summary, we hypothesized that (1) IAc is positively or
negatively correlated with SPE and (2) the correlation is observed
only under conditions where the stimuli are presented during
systole in the cardiac cycle.

MATERIALS AND METHODS

Participants
The participants included 38 Japanese university students. Two
participants were excluded due to hardware failure or low-quality
of recorded ECG data. Thus, a total of 36 participants (18
women, aged 20.6 + 1.9 years) were included in the final analyses.
The participants had normal or corrected-to-normal visual acuity.
The protocol was reviewed and approved by the Ethical
Committee of the Graduate School of Education, Hiroshima
University. All participants signed an informed consent form
and were instructed that they could discontinue participating

in the experiment at any time. The participants received 2,000
yen as compensation after finishing the experiment.

Materials and Apparatus

The experiment was programmed, and all data were recorded
using MATLAB 2019b software (Mathworks). Stimuli were
presented using a 24-inch monitor (1,920x1,080 at 60Hz)
placed approximately 60cm from the participant. ECG was
continuously recorded to measure the heart activity of the
participants. Three Ag/AgCl electrodes were placed in lead II
configuration: Two electrodes were positioned underneath the
left and right collarbone and the other on the lower left rib
of each participant. The ECG signal was recorded at 400 Hz
with a BIOPAC MP160 and a BN-RSPEC amplifier (BIOPAC
System, United States of America) using MATLAB 2019b software.

Procedure

All participants were tested individually in a shielded room.
The participants were instructed about the experimental
procedure and signed a consent form. After the placement of
the ECG electrodes, the participants were instructed to sit on
a comfortable chair. Subsequently, the participants engaged in
two tasks: One was a shape-label matching task with presentation
timing manipulated based on the cardiac cycles and the other
was a heartbeat counting task (Schandry, 1981).

Perceptual Matching Task

We conducted a shape-label matching task to quantify individuals’
SPE. This task consisted of two phases: a learning and a
matching phase. In the learning phase, participants were predicted
to learn three associations between geometrical shapes and
social labels (e.g., circle-self, triangle-best friend, and square-
stranger) in 60s. The shapes were described linguistically and
were not presented as images during this phase.

After the learning phase, a matching phase was conducted
(Figure 1A). Participants were required to judge whether the
presented shape-label pairs were matched based on the
associations learned during the learning phase. Additionally,
to examine the relationship between SPE and interoception,
the stimuli were presented either during systole or diastole.
Corresponding to the previous studies (Gray et al, 2012;
Garfinkel et al., 2014), in this experiment, stimuli were presented
at the T-wave peaks in the Systole, and at 250ms post-T-wave
peaks in the Diastole conditions, respectively (Figure 1B). The
T-wave peaks were detected in real-time when the amplitude
of the ECG signal exceeded a predefined threshold. The threshold
was determined by the experimenter based on the resting state
of the heart for 15s before beginning the experimental task.

In the matching phase, each trial began with the presentation
of the fixation cross, the duration of which was determined by
the detection of the T-wave peaks. The mean time of the fixation
cross was 1323.66ms (SD=106.65ms). Subsequently, a shape and
a label were presented above and below the fixation cross for
100ms, respectively, followed by a blank screen. The presentation
of the shape-label pair was time-locked to either the T-wave
peaks (systole condition) or delayed 250ms from the T-wave
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FIGURE 1 | The procedures of the matching phase and the timings of stimuli presentations in the shape-label matching task. (A) The participants judged whether
the presented shape-label pair was matched based on the associations learned during the learning phase. (B) The shape-label pairs were presented in coincidence
with either systole (T-wave peak) or diastole (T-wave peak +250ms) in the participant’s cardiac cycle.

® °
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peaks (diastole condition). Within the blank screen, participants
were required to judge whether the presented shape-label pairing
was matched by pressing one of the two buttons (J key or F
key on the keyboard) as quickly and accurately as possible, based
on the previously learned associations. The corresponding of the
J key or the F key to the matching or non-matching response
was counterbalanced across the participants. Feedback was given
(“CORRECT;” “INCORRECT; and “LATE”) for 500 ms according
to the participants response at the end of each trial. If the
participant did not respond within 1,000ms, it was defined as
“LATE? Participants conducted 30 trials for each of the 12
conditions (self-matching at systole, self-nonmatching at systole,
friend-matching at systole, friend-nonmatching at systole, stranger-
matching at systole, stranger-nonmatching at systole, and similar
combinations at diastole). There were five blocks of 72 trials
each. In each block, six trials for each of the 12 conditions were
conducted in a pseudo-randomized order. All stimuli were colored
black and presented on a gray background.

Heartbeat Counting Task

Individual differences in IAc were quantified using a heartbeat
counting task. Participants were asked to silently count only their
perceived heartbeats without taking their pulse (Schandry, 1981).
Additionally, considering that the knowledge of heart rate can
affect performance, they were told not to guess the heartbeats
based on their knowledge (Desmedt et al., 2018). Each trial began
with a warning tone at 800Hz, and approximately 3s later, a
1,000 Hz tone was given indicating the start of the counting
interval, and participants began counting their heartbeats. Finally,
a 1,000 Hz tone was sounded to indicate the end of the counting
interval, and the participants reported their perceived number of
heartbeats. There were six trials with variable time windows of
25, 30, 35, 40, 45, and 50s for the counting intervals. The trials
were presented in a randomized order. Moreover, the participants
received no information about the length of each interval.

Data Analysis

Shape-Label Matching Task

We assessed reaction time (RT) and discrimination sensitivity
(d-prime) as indices of SPE. Only correct responses in matching
trials were included in the RT analysis. The d-prime refers to
how discriminable the signal (i.e., match trials) is from the
background noise (i.e., mismatch trials), and is calculated based
on the signal detection approach. In the case where hit rates
and false alarm rates are 1.0 or 0, the corresponding z-scores
are infinite and d-prime cannot be calculated. Therefore,
we corrected all hit rates and false alarm rates by adding 0.5
to the number of hits and false alarms and dividing by N+1,
where N is the number of “match” or “mismatch” trials (Snodgrass
and Corwin, 1988). Subsequently, we also assessed the magnitude
of SPE (i, the magnitude to which self-relevant stimuli are
processed faster or more accurately than other-relevant stimuli)
for each individual for both RT and d-prime. The magnitude
of SPE on RT was calculated by the difference between the
Stranger and Self conditions, divided by the sum of the two
conditions [that is, (stranger - self)/(self + stranger)]. The magnitude
of SPE on d-prime was calculated by the difference between the
self and stranger conditions, divided by the sum of the two
conditions [that is, (self — stranger)/(self + stranger)]. Higher values
for both indicated that self-relevant stimuli were processed more
preferentially than other-relevant stimuli. The reason for including
the Friend condition that was not related to assessing the magnitude
of SPE was to make the task sufficiently challenging (Verplanken
and Sui, 2019). The accuracy rate for the typical shape-label
matching task with three conditions (i.e., self, friend, and stranger
conditions) is reported to be high (Sui et al, 2012, Exp. 1).
Therefore, if the task was conducted under only two conditions,
excluding the Friend condition, there was a risk of ceiling effects
caused by further improving the performance of the task. To
avoid this, we included the Friend condition as in many previous
studies (e.g., Sui et al, 2012; Payne et al, 2017).
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Heartbeat Counting Task

Interoceptive accuracy was assessed according to the following
formula: (1/6)*Z[1-(|JECG recorded heartbeats - participant
counted heartbeats|/ECG recorded heartbeats)] (Schandry, 1981).
IAc scores range from 0 to 1, with higher scores indicating
better IAc.

RESULTS

Validation of Stimuli Onset Times

First, in the shape-label matching task, we examined whether
the stimuli were accurately presented during systole or diastole.
This is because the timing of stimuli presentation was based
on the participants’ T-wave peaks, but the detection criteria
of T-wave peaks were set by the experimenter for each participant
to detect T-wave peaks in real-time, which may have differed
from the actual T-wave peaks. Therefore, T-wave peaks (actual
T-wave peaks) were determined a posteriori from the recorded
ECG waveforms of each participant during the shape-label
matching task, and the temporal difference from the T-wave
peaks set during the task (established T-wave peaks) was
calculated (actual—established). The results showed that the
temporal difference was 18.32ms (SD=7.28 ms), indicating that
the T-wave peaks were detected almost accurately during the
experimental task. The stimuli in the Systole and Diastole
conditions were presented at T-wave peaks - 11.92ms
(SD=7.55ms) and T-wave peaks +243.72ms (SD=7.11ms),
respectively, which were close to the target timing. Furthermore,
we confirmed that all stimuli were within the R-R interval at
which the T-wave peaks were detected as a criterion. These
results indicated that the timing of the stimuli presentation
was appropriate in the shape-label matching task.

Self-Prioritization Effect in the
Shape-Label Matching Task

Table 1 summarizes the mean RT and d-prime of each condition.
To confirm the emergence of SPE in the shape-label matching
task, we conducted a 3 (Label)x2 (Cardiac cycle) repeated-
measures analysis of variance for both RTs and d-prime. For
RT, the result showed a significant main effect of the Label
(F(2, 70)=18.01, p<0.01, 1,°=0.34), shorter RT in the Self
condition than either the Friend or Stranger conditions (both
p<0.01), and shorter RT in the Friend condition than in the
Stranger condition (p<0.01). We did not find any significant
difference in the Cardiac cycle factor (F(1, 35)=0.81, p=0.38,
7,°=0.02) and interaction effects (F(2, 70)=1.18, p=0.31,
1,°=0.03). For d-prime, the result showed a significant main
effect of the Label (F(2, 70)=4.59, p=0.01, np*=0.12), with
larger d-prime in the Self condition than the Stranger condition
(p=0.01), and with no difference between the Self and Friend
or Friend and Stranger conditions. No significant difference
was found in the Cardiac cycle factor (F(1, 35)=3.25, p=0.08,
7,,=0.09) and interaction effects (F(2, 70)=0.52, p=0.60,
1,,=0.02). These results indicate that SPE emerged in the
shape-label matching task.

TABLE 1 | Mean reaction time (RT) and d-prime as a function of label category
and cardiac cycle.

Cardiac Label Mean RT (ms) d-prime
cycle category
Both Self 561.13 (66.30) 3.12 (0.80)
(systole and  prigng 596.08 (64.45) 2.83 (0.82)
diastole) Stranger 624.58 (62.88) 2.64 (0.67)
Systole Self 559.71 (64.97) 2.99 (0.69)
Friend 599.71 (65.46) 2.70 (0.80)
Stranger 626.19 (66.34) 2.53 (0.65)
Diastole Self 562.48 (70.19) 3.02 (0.83)
Friend 591.95 (66.92) 2.88 (0.92)
Stranger 623.14 (63.72) 2.68 0.77)

Standard deviations (SDs) are shown in parentheses.

Correlation Analyses

Correlation analyses were conducted to explore the relationship
between the magnitude of SPE on both RT and d-prime, and
TAc, respectively (Hypothesis 1). We used Spearman rank correlation
analysis because IAc scores were not normally distributed. The
results revealed that there was a significant negative correlation
between the magnitude of SPE on d-prime and IAc (rho=—0.36,
p=0.03, 95% CI [-0.61, —0.03]; Figure 2A), but no significant
correlation between the magnitude of SPE on RT and IAc
(rho=—-0.04, p=0.82, 95% CI [—0.36, 0.29]).

Similarly, we examined the relationship separately in the
Systole and Diastole conditions (Hypothesis 2). For the Systole
condition, the magnitude of SPE on d-prime was significantly
negatively correlated with IAc (rho=-0.34, p=0.04, 95% CI
[-0.60, —0.01]; Figure 2B), but not with RT (rho=-0.01,
p=0.94, 95% CI [-0.34, 0.32]). In the Diastole condition, there
was no significant correlation between the magnitude of SPE
and IAc (RT: rho=-0.08, p=0.63, 95% CI [-0.40, 0.25];
d-prime: rho=-0.27, p=0.11, 95% CI [—0.55, 0.06]; Figure 2C).

Although the results showed that the magnitude of SPE on
d-prime in the Systole condition correlates with IAc, it is
unclear how IAc is related to the discriminative processing of
self- and other-relevant information. To better understand this,
we explored the relationship between d-prime and IAc in the
Self and Stranger conditions, respectively. The results showed
that there was a significant negative correlation between d-prime
in the Self-Systole condition and IAc (rho=-0.38, p=0.02,
95% CI [—0.63, —0.06]; Figure 2D), but there was no significant
correlation between d-prime in the Stranger-Systole condition
and IAc (rho=0.15, p=0.39, 95% CI [—0.19, 0.46]; Figure 2E).

Effects of the Cardiac Cycle Without
Considering IAc

Although this was not our main interest, we conducted paired
t-tests on the magnitude of SPE on RT and d-prime, respectively,
to examine the effects of the cardiac cycle. The results showed
that there were no significant differences between the Systole
and Diastole conditions for both RT [#(35)=0.74, p=0.47,
d=0.12, 95% CI (—0.21, 0.45)] and d-prime [£(35)=0.91, p=0.37,
d=0.15, 95% CI (—0.18, 0.48)]. There was no evidence that
the cardiac cycle independently affected the magnitude of SPE.
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FIGURE 2 | Results of correlation analyses. Correlations between IAc and the magnitude of self-prioritization effect (SPE) on d-prime in the both systole and diastole
(A), systole (B) and diastole (C) conditions. Correlations between interoceptive accuracy (IAc) and d-prime in the self-systole (D) and stranger-systole (E) conditions.

DISCUSSION

The present study investigated the relationship between the
magnitude of SPE measured using the shape-label matching
task (Sui et al., 2012) with the presented stimuli based on
the participant’s cardiac cycle and IAc measured using the
heartbeat counting task (Schandry, 1981). We proposed two
possibilities for interoception, namely, that it promotes or
inhibits SPE, and hypothesized that (1) IAc is positively or
negatively correlated with SPE and (2) the correlation is observed
only under conditions where the stimuli are presented during
systole in the cardiac cycle where the interoceptive information
is accentuated. The results showed a significant negative
correlation between the magnitude of SPE on d-prime and
IAc. Moreover, a significant correlation was observed only in
the Systole condition but not in the Diastole condition.
Additionally, IAc was significantly correlated with d-prime in
the Self-Systole condition but not in the Stranger-Systole
condition. Our results are the first to indicate a relationship
between SPE and interoception. More specifically, individuals
with higher IAc showed reduced discrimination of temporary
self-associated external stimuli when the stimuli were presented
coincident with the timing of the cardiac interoceptive
information accentuated.

Preferential Processing of Interoceptive
Information by Individuals With Higher IAc,
Inhibiting the Discrimination of Temporary
Self-Associated External Stimuli

Regarding d-prime, why did individuals with higher IAc show
reduced discrimination of temporary self-associated stimuli
presented during systole? Both the following two factors may
be involved: (1) Preferential processing of internal self-relevant
information by individuals with higher IAc, that is, cardiac
interoceptive information, over external self-relevant information
and (2) enhanced processing of newly self-associated external
stimuli was not facilitated by the shape-label matching
paradigm situation.

Focusing on (1), we hypothesized that interoception
promotes or inhibits SPE, and for inhibition, we considered
the findings that IAc was negatively correlated with the
strength of illusionary experience in the rubber-hand illusion
and enfacement illusion paradigms. In the classic rubber-
hand illusion paradigm with visuo-tactile stimulation, it has
been reported that individuals with higher IAc are less
susceptible to illusions, that is, they are less likely to experience
the body-ownership over the fake hands (Tsakiris et al.,
2011; Schauder et al., 2015). A similar relationship has been
reported in the enfacement illusion paradigm that induces
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an illusionary experience over the face of the other person
(Tajadura-Jiménez and Tsakiris, 2014). These findings showed
that individuals with higher IAc are less likely to recognize
external bodily stimuli as their own by synchronized visuo-
tactile stimulation. Why are individuals with higher IAc are
less susceptible to illusions? Individuals with higher IAc are
considered to have high precision in their own interoception,
and thus their interoceptive information is a salient and
reliable source for them (Ainley et al., 2014, 2016). Therefore,
it has been indicated that in situations where synchronized
visuo-tactile stimulation is presented to induce the illusions
that the external bodily stimuli are one’s own (i.e., fake
hand or other’s face), individuals with higher IAc are less
susceptible to the illusions because they process their own
interoceptive information preferentially over exteroceptive
information, such as visual observation of synchronized
strokes on the external bodily stimuli (Tsakiris et al., 2011;
Seth, 2013; Tajadura-Jiménez and Tsakiris, 2014). As for
the SPE, it has been proposed that the self-relevant stimuli
are processed preferentially because associating with the self
increases the saliency of the external stimuli (Sui et al,
2015; Humphreys and Sui, 2016). Considering the results
of the present study based on these insights, individuals
with higher IAc have high saliency of internal self-relevant
information (i.e., interoception), which may inhibit the
discriminative processing of external self-relevant stimuli
because interoception is processed preferentially over external
self-relevant information. This interpretation is also consistent
with finding a correlation between IAc and d-prime when
the external self-relevant stimuli were presented during
systole. No such correlation was observed in the other-
relevant stimuli, possibly because the external other-relevant
stimuli were not preferentially processed and were not in
conflict with the preferential processing of interoceptive
information, even in individuals with higher IAc. These
results that interoceptive information is involved specifically
in self-relevant processing are consistent with those of previous
studies (Babo-Rebelo et al., 2016; Qin et al., 2020).
However, considering (2), interoceptive information does
not always inhibit the self-relevant processing of external
stimuli. In other words, in the shape-label matching paradigm
with newly and temporarily associated self-relevant stimuli
of the present study, the interoceptive information did not
function effectively in associating external stimuli with the
self, while interoception can enhance the self-relevant
processing of external stimuli when the stimuli and tasks
are different. For example, previous studies have reported
that observation of fake bodily stimuli pulsating in synchrony
with the participant’s heartbeat induced the experience of
body-ownership over the fake bodily stimuli (Aspell et al,
2013; Suzuki et al., 2013; Heydrich et al., 2018, 2021). These
results suggest that the processing of one’s own interoceptive
information is a cue that brings about self-relevance to
external stimuli. In such a situation, interoceptive information
can be thought of as enhancing the self-relevant processing
of external stimuli. As another example, Ambrosini et al.
(2019) reported that cardiac interoceptive information

enhances the processing of self-face recognition. They
presented morphed faces that contained different percentages
of the self- and other-face in accordance with the cardiac
cycle and asked participants to judge whether they were
self- or other-faces. The result showed that participants were
faster in judging the morphed faces presented during systole
to be their own faces (relative to diastole). Although the
details of the process behind this result are unclear, the
self-face, which forms associations with the self on a daily
basis, carries associations with interoceptive information as
well, and when it is processed as external stimuli, the
interoceptive information may enhance its processing. In
fact, Suzuki et al. (2013) demonstrated that individuals with
higher IAc showed a stronger experience of body-ownership
by synchronized visuo-tactile stimulation when using virtual
hands that have a closer visual appearance to the participant’s
real hands, rather than fake hands that are visually very
distinct from the appearance of the participant’s real hands,
as had been used in the classical rubber-hand illusion studies
(e.g., Tsakiris et al.,, 2011). Unlike the shape-label matching
paradigm with newly and temporarily associated self-relevant
stimuli, in the situation where interoceptive information
serves as a cue for self-relevant processing and/or where
the familiar self-relevant stimuli are used, the greater ability
to accurately perceive one’s own interoceptive information
and accentuation of cardiac interoceptive information during
systole could enhance the self-relevant processing of
external stimuli.

To summarize, according to our results, individuals with
higher IAc showed reduced discrimination of self-relevant
stimuli presented during systole in the shape-label matching
paradigm with newly self-associated geometric shapes, which
can be interpreted as being for two reasons: (1) because
individuals with higher IAc preferentially process cardiac
interoceptive information over external self-relevant information
and (2) because the shape-label matching paradigm with
temporary self-associated stimuli that we used did not facilitate
enhancement of the self-relevant processing of external stimuli
by the cardiac interoceptive information.

Impact of Interoception on Self-Relevance
Judgment Speeds for Newly
Self-Associated External Stimuli

Regarding the magnitude of SPE on RT, we found no
significant correlation with IAc. Several previous studies
have used d-prime and RT as indices of SPE and have
demonstrated that self-relevant stimuli are processed
preferentially over other-relevant stimuli on both indices,
even if different stimuli and sensory modalities are used
(e.g., Sui et al., 2012; Frings and Wentura, 2014; Payne
et al., 2017). Similar results were replicated in this study
using geometric shapes, confirming the robustness of
SPE. However, interoception was correlated with SPE on
d-prime alone, but not with RT, in the present study. Jiang
et al. (2019) examined cultural differences in SPE using
both indices, and reported that cultural differences were
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shown for RT, but not for d-prime. These results, which
showed an association with only one of the indices, are
not simply due to the speed/accuracy tradeoff in perceptual
decision-making, but rather imply that a different cognitive
processing is involved in the ability to accurately discriminate
the stimuli and the speed of making the decision. Interoception
may have a specific effect only on discriminative processing
of temporary self-associated external stimuli.

Limitations

The following limitations are to be considered. The first is
regarding the causal relationship between interoception and
SPE. To get closer to the elucidation of the causal relationship,
we presented stimuli based on the participant’s cardiac cycle
in the shape-label matching paradigm. As a result, we observed
a correlation between IAc and SPE only in the Systole
condition without the main effect of cardiac cycle on
SPE. Thus, our conclusions are based on individual differences
and we infer the causal relationship between interoception
and SPE based on the assumption that individuals with
higher IAc would be more affected by cardiac afferent
information. To identify differences in IAc as the cause of
the magnitude of SPE, it is necessary to confirm whether
the SPE changes as a result of changing IAc through an
intervention. Considering that IAc could be improved by
non-invasive vagus nerve stimulation (Villani et al., 2019)
and physical activity (Quadt et al., 2021), further research
would be able to investigate a more direct causality by using
these methods.

Second, our findings are limited to the cardiac axis, which
is part of interoception. While the cardiac axis has been the
subject of most interoceptive studies, different bodily axes may
be available as well. For example, several tasks have been used
to measure interoception in the respiratory and gastric axes,
and individual differences in how we process them have been
reported (Garfinkel et al., 2016; van Dyck et al., 2016). Garfinkel
et al. (2016) examined the relationship between cardiac and
respiratory interoception and reported that although no
relationship was found in interoceptive accuracy, a positive
relationship was found for interoceptive awareness, which is
metacognition in one’s own interoceptive ability (Garfinkel
et al., 2015). Additionally, regarding the relationship between
cardiac and gastric interoception, van Dyck et al. (2016) found
that cardiac interoceptive accuracy and the percentage of satiation
to maximum fullness measured by the water load test were
not related. Although it is not easy to conclude, as different
methods are applied, our interoceptive processing is specific
to each axis and may have different impacts on our
cognitive processing.

Third, the validity of the heartbeat counting task (Schandry,
1981) used to measure IAc can be called into question. This
task is commonly used in the field of interoceptive studies,
including the studies (classical rubber-hand illusion: Tsakiris
etal, 2011; Schauder et al., 2015; enfacement illusion: Tajadura-
Jiménez and Tsakiris, 2014) that we referenced to discuss
the relationship between interoception and SPE because it is
non-invasive and easy to perform. However, it has been argued

that the performance of the task is affected by non-interoceptive
factors (Ring et al., 2015; Zamariola et al., 2018; Ainley et al.,
2020; Corneille et al., 2020; Zimprich et al., 2020). To reduce
the effect of knowledge about heartbeats on performance
(Ring et al., 2015), we referred to Desmedt et al. (2018) and
instructed the participants to count only their perceived
heartbeats and not to guess the heartbeats based on their
knowledge; however, response bias may have affected this
(Corneille et al., 2020).

Finally, how interoception impacted the SPE in this study
was unclear. Previous studies have shown that associating stimuli
with the self modulates multiple stages of information processing,
including attention, memory, and decision-making (Cunningham
and Turk, 2017; Sui and Humphreys, 2017). For the emergence
of SPE, although attention has been proposed to play an
important role (Sui et al., 2015; Humphreys and Sui, 2016),
memory has been reported to influence task performance as
well (Yin et al, 2019; Caughey et al, 2021). In this study,
we observed that individuals with higher IAc showed reduced
discrimination of temporarily self-associated stimuli when stimuli
were presented during systole, which is the timing at which
cardiac interoceptive information is accentuated. However,
multiple stages of information processing are involved in this
discrimination, and it is unclear which of these processes were
inhibited by interoceptive processing.

CONCLUSION

In the present study, we demonstrated that (1) IAc is negatively
correlated with SPE and (2) the correlation was observed only
when the stimuli were presented during cardiac systole.
Additionally, (3) IAc was negatively correlated with the processing
of self-relevant rather than other-relevant stimuli. These results
can be interpreted to reflect that individuals with higher IAc
preferentially process cardiac interoceptive information over
external self-relevant information in situations using the shape-
label matching paradigm with newly self-associated stimuli.
For an integrated understanding with the findings of previous
studies, we also discussed the possibility that interoceptive
information may enhance the processing of external self-relevant
stimuli when using experimental paradigms other than SPE
and familiarity-rich self-relevant stimuli. Our study shed more
light on the involvement of interoception in the preferential
processing of external self-relevant information.
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