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Interoception is the perception of the body’s internal signals in response to 
various external and internal stimuli. The present study uses a novel method 
adapted from the CARdiac Elevation Detection Task to examine cardiac 
interoception objectively and subjectively in a unique context—in the presence 
of art. Self-report questionnaires were used to measure subjective interoceptive 
awareness, subjective interoceptive accuracy, and aesthetic appreciation. For 
objective interoceptive accuracy and sensibility, a wearable device (Shimmer) 
measured heart rate (HR) and connected to a mobile application to prompt two 
questions: “Is your heart beating faster than usual?” and “How confident are you in 
your previous response?” Participants explored an art gallery for 40  minutes 
while the Shimmer measured their HR and randomly prompted them to answer 
the questions. Using a Generalized Estimating Equation model, interoceptive 
sensibility was not found to predict the odds of submitting a correct response. 
It was also found that art does not improve participants’ perceptions of their 
HR. Finally, there was no relation between aesthetic appreciation and subjective 
or objective cardiac interoception. Despite lack of statistical significance, 
the current study’s method presents an improved method by examining 
interoceptive accuracy in the moment under ecological conditions. To date, 
findings and methods used in interoception are inconsistent or flawed; the value 
in the current study lies in the development and demonstration of a method to 
examine how the environment influences the body and self-awareness across 
a wide variety of contexts, thereby offering a possible standardized measure of 
interoception for investigators to adopt.
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Cardiac interoception in the museum: a novel 
measure of experience

What is interoception

Interoception, at the conscious level, is the perception of the body’s internal signals in 
response to various internal and external stimuli. Outside our consciousness, interoception 
describes the brain’s automatic formation of probabilities for sensory experiences within the 
body, given past experiences (Friston, 2010; Clark, 2013). As interoception research grows, new 
definitions arise to consider the multidimensionality of interoceptive abilities, from perceiving 
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hunger and temperature to heart rate (HR) and metabolism (Khalsa 
and Lapidus, 2016). While Vaitl (1996) describes interoception as 
generally relating to proprioception and visceroception, Paulus (2013) 
defines interoception as the integration of information in the body with 
the central nervous system. There is no consensus on whether 
interoception should be measured in terms of attendance to internal 
signals (attention or awareness), perceived intensity of internal signals 
(magnitude), how well an individual interprets these signals (accuracy), 
believes they interpret sensations (sensibility), or views perceptions of 
the body as helpful or harmful (beliefs; Schandry et al., 1993; Simmons 
et al., 2012; Khalsa et al., 2015; Forkmann et al., 2016; MacCormack 
et al., 2022).

One approach utilized to explain interoception is allostasis, which 
describes the brain as a predictive organ that anticipates the body’s 
needs (Barrett and Simmons, 2015). Predictions based on probabilities 
from past experiences serve as hypotheses that the brain refines as 
sensory input is received. The brain does not merely react but 
anticipates information from the world and within the body, allowing 
for refined energy allocation. Prediction errors allow for the 
refinement of active inference, resulting in the production of more 
accurate visceromotor predictions. The body’s visceral experience is a 
combination of what is remembered of past and expected 
sensory experiences.

Changes in the body and brain influence emotion, yet we are not 
always perceptive of these physiological signals. Anger because of 
hunger, for example, is not always recognized by the “hangry” 
individual, and perception of emotion may not be correctly attributed 
to the body but other noise (MacCormack and Lindquist, 2016). One 
person may be sensitive to the somatic markers that assist emotion 
perception; however, another individual may experience elevated HR 
and sweaty palms yet not pay attention to these biomarkers (Bechara 
and Damasio, 2005). Somatic markers create unconscious changes in 
physiology that influence emotion and consequent decisions, reflective 
of interoceptive processes that are not perceived despite the body’s 
attempt to tell us (Bechara et al., 2005). Attention to these signals is 
associated with more intense emotional experiences that influence 
cognitive processes for better or worse, whether those be  biases, 
judgments, or behaviors (Damasio et  al., 1991; Garfinkel and 
Critchley, 2013).

Some individuals are not acute interoceptors and attribute 
decisions to “a gut feeling,” whereas others flag changes in physiology 
to explain attitudes. Being consciously interoceptive, termed 
interoceptive ability, allows one to interpret and regulate their body’s 
needs in response to hindrances to functioning. Possessing 
interoceptive ability has been examined in relation to various 
physiological and psychological experiences, such as those involving 
the gastrointestinal tract, hunger, eating disorders, stress, and cravings 
(Young et al., 2017; MacCormack and Lindquist, 2019; Khalsa et al., 
2022). Increasing links to health illustrate the benefits of conscious 
interoceptive insight (Khalsa et al., 2018; Adams et al., 2022). Poor 
interoception, related to poor emotion regulation, contributes to the 
development of mental disorders, and individuals with depression or 
anxiety score lower on measures of interoceptive accuracy (IAcc) in 
comparison to non-clinical controls, such as the Heartbeat Counting 
Task (HCT) and Heartbeat Detection Task (HDT; Paulus and Stein, 
2010; Herbert and Pollatos, 2014; Mata et al., 2015; Quadt et al., 2018; 
Martin et al., 2019).

Measuring interoception

About a third of individuals are cardiac interoceptive, perpetuating 
the need for methods that accurately measure HR detection (Khalsa 
and Lapidus, 2016). Various methods attempt to measure cardiac 
interoception, such as the HCT, which requires participants to count 
their heartbeats in timed intervals, or the HDT, which asks participants 
to synchronize a tone to their HR. Self-reports are then compared to 
an objective measure of HR to determine accuracy (Leganes-
Fonteneau et al., 2021; Desmedt et al., 2022; Legrand et al., 2022). 
However, these tasks are flawed and likely invalid (Zamariola et al., 
2018). The HDT fails to discriminate between interoceptive awareness 
(IAw) and IAcc. Murphy et al. (2019) describe IAcc as the ability to 
interpret signals correctly yet IAw as a metacognitive capability 
determined by correspondence between IAcc and how well an 
individual believes they perceive their body’s signals (i.e., interoceptive 
insight). Second, these tasks are vulnerable to bias, such as prior 
knowledge of resting heart rate (RHR; Windmann et al., 1999; Brener 
and Ring, 2016). Further, these tasks measure cardiac interoception 
during rest. Understanding interoception in contexts of discomfort 
(e.g., anxiety, hunger, dietary fasting) is significant for understanding 
the relationship between interoception and health (Khalsa et al., 2018; 
Rominger et al., 2021). Another limitation is distinguishing between 
subjective and objective measurement. Murphy et al. (2019) present a 
2 × 2 model of interoceptive abilities to clarify if a measure is objective 
or subjective, as well as if it measures accuracy or attention 
(awareness). While some subjective measures of interoception specify 
which facet of interoception they measure (e.g., the Body Perception 
Questionnaire measures awareness), many do not.

Why examine art

Inspired by the CARdiac Elevation Detection (CARED) Task 
(Ponzo et al., 2021), the present study compares subjective ratings of 
IAcc to an objective measure of HR—though in the presence of art. 
Research examining the influence of art on cognition and perception 
(i.e., neuroaesthetics) has continued to grow since the 1960s when 
visual arts were the most common medium used to study aesthetics 
(Arnheim, 1966; Berlyne, 1971). Various factors contribute to aesthetic 
experiences, one being aesthetic appreciation. Curiosity for and 
enjoyment of music are related to individual differences in musical 
training, for example (Gerstgrasser et al., 2023). Although no research 
directly examines aesthetic appreciation and interoception, those 
trained in the arts are more interoceptive, suggesting a relationship 
between aesthetic interest and interoception (Christensen et al., 2017). 
Other research not specifically examining interoception finds that 
individuals considered experts in music experience more intense and 
diverse emotion when listening to music in comparison to non-experts 
(Gerstgrasser et al., 2023). Similarly, individuals with arts education 
experience heightened feelings of liveliness when viewing art (Miu 
et  al., 2016). Given that emotion influences and is influenced by 
internal perceptions, aesthetic appreciation may moderate the 
relationship between emotion reactivity and interoceptive ability in 
the presence of art. Overall, research suggests that individuals with art 
training are more interoceptive and experience greater emotional 
responses during aesthetic experiences, which relate to greater 
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physiological arousal. Further, greater physiological intensity is 
associated with heightened ability to notice changes in physiology 
(Ring et al., 2015; Körmendi et al., 2021), supporting our hypothesis 
that individuals reporting greater aesthetic appreciation are 
more interoceptive.

A contributor to increased interoceptive ability in those engaged 
in the arts may be reduction in the stress hormone cortisol. Previous 
research finds that gallery visits as short as 35 min significantly reduce 
cortisol and reports of stress, identifying cortisol as a primary 
contributor to dysregulated interoception (Clow and Fredhoi, 2006; 
Schulz and Vögele, 2015). Potentially, those with greater aesthetic 
appreciation are inclined to engage in aesthetic experiences and, 
therefore, experience reduced cortisol that improves bodily 
perceptions. Therefore, it may be that individuals that report greater 
aesthetic appreciation will perform better in a task that objectively 
measures their IAcc. Given art reduces cortisol, which inhibits 
interoception, we hypothesize that as time progresses in the presence 
of art, the odds of correctly perceiving one’s HR will improve.

When participants explore galleries unrestricted, self-reports of 
aesthetic-emotional experience significantly relate to changes in HR 
intensity, providing evidence of the power aesthetics have on the body 
and emotion (Tschacher et al., 2012). In-museum data collection is a 
new and promising method for capturing physiological change under 
ecological conditions where greater physiological arousal occurs in 
contrast to viewing artwork in the lab (Mastandrea et al., 2018; Krauss 
et  al., 2021). Recent research examining aesthetic experience has 
measured physiological responses during live concerts, for example 
(Wald-Fuhrmann et al., 2021; Czepiel et al., 2023; Wald-Fuhrmann 
et  al., 2023). Although experience sampling introduces a lack of 
controls, museums present a multi-sensory experience that extends 
the applicability of results to where they are most helpful (i.e., outside 
the lab).

Purpose of the present study

In addition to examining the relationship between interoception 
and aesthetic appreciation, this study introduces a novel measure of 
interoceptive ability to further understanding of differences between 
subjective and objective measures of interoception, as well as between 
IAw and IAcc. The current study examines self-reports of physiological 
responses to an aesthetic experience in a naturalistic setting, a growing 
concept of data collection (Bannister and Eerola, 2023; Merrill 
et al., 2023).

Using the current study’s novel method, we are first interested in 
whether results obtained from the CARED Task are replicable. The 
CARED Task is a recent measure of interoceptive ability by asking 
participants to report their HR in the moment and outside the lab. 
We expect to replicate results from Ponzo et al. (2021) and find no 
significant relationship between objective IAcc (measured by the 
number of correct responses submitted by the participants during the 
task) and subjective IAcc [measured with the Interoceptive Accuracy 
Scale (IAS)]. If the current study obtains this result, there is further 
evidence that subjective measures of interoception are not measuring 
objective interoceptive ability. This result, as found by Ponzo et al. 
(2021), contrasts with Garfinkel et al. (2015) and Murphy et al. (2019), 
who obtained significant positive correlations between the IAS and 
objective IAcc with the HCT.

Similarly, we expect no relationship between objective IAcc and 
subjective IAw, measured by the Body Awareness (BA) subscale of the 
Body Perception Questionnaire Short Form (BPQ-SF). Our hypothesis 
is supported by current literature, and we expect our novel method to 
obtain a similar result, given argued reliability of past measures 
(Critchley et al., 2004; Garfinkel et al., 2015; Ferentzi et al., 2018). If 
the current study’s method replicates these results, there will be further 
evidence of significant differences in subjective and objective measures 
yet also awareness and accuracy. Regarding the BPQ and IAS, previous 
literature finds no relationship between these subjective measures of 
IAw and IAcc, and therefore we expect the same result (Murphy et al., 
2020; Ponzo et al., 2021; Gabriele et al., 2022). However, we will utilize 
the BA subscale of the BPQ-SF to measure attention to physiological 
signals. The BPQ is a general measure of subjective IAw, yet there is 
internal reliability between its subscales (Cabrera et al., 2017).

Previous literature argues that participants’ confidence, or 
interoceptive insight, predicts objective IAcc (Khalsa et al., 2008). This 
is seen with the CARED Task and HCT (Murphy et  al., 2020). 
We hypothesize a similar result where confidence will significantly 
predict the odds of submitting a correct response and positively relate 
to the number of correct responses. Given that the presence of art 
reduces cortisol, therefore improving interoception, we  expect 
confidence to increase.

Method

Participants

Participants were recruited from the university’s research 
participation system and were at least 18 years old. The present study 
recruited 65 participants, and this sample size is based on previous 
literature (Ponzo et al., 2021; Schuette et al., 2021; Legrand et al., 
2022). Of the 65 participants, four were excluded from analyses due 
to excessive noise or loss of data, resulting in a final sample of 61 (34 
female, age range: 18–22, M = 18.98, SD = 0.892).

Measures

Subjective interoceptive awareness
Subjective IAw is assessed using the BA subscale of the BPQ-SF 

(Porges, 1993). Participants reported their attention to internal body 
signals. The BA subscale comprises 26 items rated from Always (5) to 
Never (1), with scores ranging 26–130. Higher scores indicate greater 
subjective IAw.

Subjective interoceptive accuracy
Subjective IAcc is assessed using the IAS (Murphy et al., 2019). 

Participants reported how well they believe they perceive bodily 
sensations. The IAS comprises 21 items rated from Strongly Agree (5) 
to Strongly Disagree (1), with scores ranging 21–105. Higher scores 
indicate greater subjective IAcc.

Objective interoceptive accuracy and sensibility
A wearable device (Shimmer) recorded participants’ HR every 10 

milliseconds during the gallery exploration. The Shimmer was 
selected due to its non-restrictive design (weighing 1.3 lbs) and 
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validation of wearable sensors in biomedical research (Keogh et al., 
2021; Singstad et al., 2021; Vijayan et al., 2021; Watson et al., 2021). 
The device was attached to an elastic strap that adjusted to the wrist, 
and an optical pulse sensing probe was worn on the index finger using 
Velcro, similar to a ring. A smartphone application was developed for 
Bluetooth communication with the Shimmer. The screen prompted 
participants to answer two questions via vibration at random times 
within five 8-min intervals: “Is your heart beating faster than usual?” 
(answered Yes/No) and “How confident are you  in your previous 
response?” (answered 0–100). Participants were prompted randomly 
to prevent increased HR from anticipation or improvement due to 
routine practice.

When participants respond to the first question, subjective IAcc 
is initially captured; however, responses become a measurement of 
objective IAcc once compared to RHR to confirm if their perception 
is correct. Out of five, a final sum of correct responses constitutes a 
participant’s objective IAcc. The second question measures 
interoceptive sensibility.

Aesthetic appreciation
Aesthetic appreciation is assessed with a novel 8-item scale 

(α = 0.71) titled the Aesthetic Appreciation Scale (AAS). Participants 
report their experiences and interests in art (Figure 1). The AAS is 
composed of 5 items rated from Very High (100) to Very Low (0), with 
scores ranging 0–500. In addition to the original five items, 
we included three items (α = 0.83) that specifically examine museum 
experiences. Participants rated each of the three items from Strongly 
Agree (5) to Strongly Disagree (1), with scores ranging 3–15.

Design and procedure

The study occurred in the DeWitt Wallace Arts Museum. Once 
the Shimmer was attached, the researcher instructed participants to 

freely explore the gallery for 40 min. The participants held a 
smartphone with the application that randomly prompted the two 
questions. The Shimmer measured participants’ HR during the gallery 
exploration. At the end of the exploration, the application paused data 
collection and notified participants to return to the researcher; 
participants then completed the questionnaires on a tablet. While 
participants were at rest, the Shimmer resumed data collection for 
15 min to determine RHR. If the questionnaires did not fill the entire 
15-min period, participants read a copy of the university’s magazine.

Data analysis

To clean and analyze data, researchers used IBM SPSS Statistics 
for Windows 29.0.0.0. HR data was processed by band-passing with a 
Butterworth filter between 40 and 150 beats per minute (BPM) to 
remove low/high-frequency noise. To convert photoplethysmography 
(PPG) data to BPM, researchers used the window approach in the 
HeartPy framework, which ran peak detection over slices of time 
1 min in length (van Gent et al., 2019a,b). Participants’ RHR was then 
calculated by averaging the final 15 min of HR data. To determine 
participants’ responses to the first question as correct, the times at 
which participants submitted responses were matched to the times 
that the Shimmer recorded their HR; responses were recorded as 0 for 
incorrect (false alarm/miss) or 1 for correct (correct rejection/hit). A 
participant’s HR was identified as higher than usual if their HR 
exceeded their RHR by 5 BPM. We chose a 5 BPM cutoff since this 
exceeds the average inter-individual variability in RHR for adults and 
is described as non-normal (Quer et al., 2020).

Analyzing objective IAcc with a single score
The researchers summarized objective IAcc into a single score for 

each participant for Pearson correlations, which ranged from 0–5 to 
represent the number of correct responses.

FIGURE 1

Aesthetic appreciation scale (AAS).
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Analyzing objective IAcc with a generalized 
estimating equation model

We created a Generalized Estimating Equation (GEE) model, which 
is the most appropriate statistical procedure given our hypotheses and 
non-normal data (Lipsitz et al., 1994; Landerman et al., 2011). Liang and 
Zeger (1986) and Zeger and Liang (1986) developed GEEs to analyze the 
influence of variables on a binary dependent variable (DV) across time 
and within subjects. To determine if the presence of art improves objective 
IAcc, our GEE considers change over time while including confidence as 
a covariate since it is reported with each response. Additionally, 
we hypothesize that as time with art increases, confidence will increase; 
therefore, we consider an interaction between confidence and time. A 
GEE is able to test our main and interaction effects with both categorical 
and continuous variables.

The GEE model predicts the odds of submitting a correct response 
by including confidence in each response, sequential time intervals, 
and an interaction between confidence and which interval the 
response was made. As instructed by Stokes (1999) and Ballinger 
(2004), the researchers specified the link function, shape of the DV’s 
distribution, and correlation structure (McCullagh and Nelder, 1989; 
Pindyck and Rubinfeld, 1990; Fitzmaurice et al., 1993; Fitzmaurice, 
1995; Pan, 2001; Agresti, 2002; Harrison, 2002; Liu and Colditz, 2016).

Results

Correlations and descriptive statistics for variables are shown in 
Table 1. Three participants did not complete the AAS, resulting in 
different degrees of freedom. There was no significant, positive 
relationship between the number of correct responses and IAS 
[r(59) = −0.07, p = 0.58], aesthetic appreciation [r(56) = 0.02, p = 0.12], 
or confidence [r(59) = 0.03, p = 0.79]. Further, we did not observe a 
significant, positive relationship between the IAS and confidence 
[r(59) = −0.10, p = 0.40], and aesthetic appreciation did not correlate 
positively to confidence, the IAS, BPQ-SF, nor BA subscale. As 
expected, there was no significant relationship between the BPQ-SF 
and the number of correct responses [r(59) = 0.15, p = 0.22] nor the 
IAS [r(59) = −0.18, p = 0.16]. However, when utilizing the BA subscale 
as a measure of subjective IAw, there was an unanticipated significant, 
negative relationship to the IAS [r(59) = −0.26, p = 0.03].

The ratios of correct–incorrect responses for intervals were 
fairly consistent. Following a decrease in the third interval, correct 
responses increase in the last two intervals (see Figure  2). The 
distribution for the number of participants submitting 0–5 correct 
responses is visually approximately normal, with most participants 
submitting 2 correct responses (4 participants submitting 0 correct 
responses, 15 submitting 1, 18 submitting 2, 13 submitting 3, 4 
submitting 4, and 7 submitting 5). Averages for confidence in each 
interval are consistent over time, and we ran a repeated-measures 
ANOVA to examine confidence across the intervals. Mauchly’s test 
indicated that the assumption of sphericity had been violated, 
X2(9) = 22.13, p = 0.00, and degrees of freedom were corrected using 
Huynh-Feldt estimates of sphericity (∈ = 0.915). Confidence did not 
significantly increase as time in the museum progressed [F(3.66, 
240) = 0.34, p = 0.83].

To determine the odds of submitting a correct response, the GEE 
model considered trial number, confidence, and an interaction 
between trial number and confidence. No significant model effects 
were found. Results of the GEE regression are presented in Table 2. 
The ratios of correct–incorrect responses reveal a pattern consistent 
with our hypothesis that objective IAcc will improve as time in the 
museum progresses (see Figure 2). In the first interval, participants 
respond below chance (34 incorrect–27 correct), yet this ratio 
gradually shifts toward improvement, as seen in the fourth interval (30 
incorrect–31 correct), with participants scoring highest in the fifth 
interval (27 incorrect–34 correct), suggesting that performance may 
be expected to improve over time.

Discussion

The current study presents novel conclusions about the 
relationship between interoception and aesthetic appreciation and an 
improved measure for interoceptive ability. Our results reveal drastic 
distinctions between subjective and objective measures of 
interoception, suggesting that past studies utilizing subjective 
measures to draw conclusions about objective ability are potentially 
invalid. An individual may report themselves as interoceptive, or high 
confidence, yet perform poorly. Our results support criticisms that 
there is a significant distinction between IAw and IAcc, and that past 

TABLE 1 Pearson correlations and descriptive statistics of all study variables.

Variable 1 2 3 4 5 6 7 n M SD

1. Number of 

correct responses a

— 61 2.31 1.39

2. Average 

confidence b

0.03 — 61 67.92 20.77

3. BPQ-BA 0.16 0.20 — 61 53.66 19.99

4. BPQ 0.15 0.16 0.95** — 61 82.65 24.57

5. IAS −0.07 −0.10 −0.26* −0.18 — 61 46.36 8.45

6. Aesthetic 

appreciation

0.20 −0.10 0.11 0.12 −0.01 — 58 253.10 91.04

7. RHR 0.27* −0.12 0.00 0.03 0.08 0.23 — 61 71.25 10.22

*p < 0.05. **p < 0.01. aFor the purpose of running Pearson correlations, the number of correct answers submitted in response to the first question (i.e., “Is your heart beating faster than usual?”) 
serves as a score for objective interoceptive accuracy. bAll five confidence ratings in response to the second question (i.e., “How confident are you in your previous answer?”) are averaged for 
each participant.
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studies examining interoception in terms of one but not the other fail 
to recognize interoception’s multi-dimensionality.

Pearson correlations confirm and contradict previous literature. 
Murphy et  al. (2019) suggest the IAS may predict objective IAcc; 
however, we  did not discover a significant, positive relationship 
between the IAS and the number of correct responses, which 
contradicts previous literature utilizing the HCT (Garfinkel et al., 
2015; Murphy et al., 2020). Our result, however, is reflected in Ponzo 
et al. (2021), suggestive of a significant difference between objective 
and subjective IAcc, meaning we cannot rely on subjective measures 
to infer objective ability. We additionally did not find a relationship 
between subjective IAw, as measured by the BPQ-SF, and objective 
IAcc, which agrees with previous findings (Critchley et  al., 2004; 
Garfinkel et al., 2015; Ferentzi et al., 2018; Ponzo et al., 2021). As 
expected and seen in previous literature, subjective IAw, measured by 
the BPQ-SF, did not significantly relate to subjective IAcc, measured 
by the IAS; however, IAS significantly related negatively to the BA 
subscale of the BPQ-SF, which was unexpected and 
requires investigation.

Unlike Ponzo et al. (2021), confidence did not predict the odds of 
submitting a correct response when made a main effect in the GEE 
model. When averaged per participant, confidence still did not 
correlate to the number of correct responses. Similar to Murphy et al. 
(2019), we did not find a significant relationship between the IAS and 
confidence. However, Murphy et  al. (2019) found a significant, 
positive relationship between objective IAcc and confidence with the 
HCT, which we  did not. These results are surprising given that 
previous literature argues that confidence reflects objective IAcc 
(Khalsa et al., 2008; Garfinkel et al., 2015).

We did not observe a significant relationship between aesthetic 
appreciation and the BPQ-SF, IAS, nor the number of correct 
responses, in contrast to previous literature. It may be that specific 
types of art and aesthetic experiences are responsible for the results 
we found. Some aesthetic experiences, such as concerts, create more 
intense physiological responses, and we  know that as our HR 
increases, so does sensitivity to perceiving our HR correctly. A visual 
arts museum, however, causes a decrease in HR, making our task 
difficult (Merrill et al., 2023).

Limitations and moving forward

The generality of subjective measures hinders the possibility of 
capturing a relationship between interoception and aesthetic 
appreciation. The diverse processes questioned in the BPQ-SF and 
IAS, from perceiving temperature of the ears to indigestion, sexual 
arousal to salivation, cloud detection of small effects. Researchers 
should examine specific types of interoception in relation to specific 
types of aesthetic appreciation. For example, an individual may 
possess an appreciation for concerts which may relate to cardiac 
interoception—or, an individual may be fond of ceramics, which may 
relate to skin-mediated interoception (Crucianelli et al., 2022; 
Crucianelli and Ehrsson, 2022). As we discovered, different results 
erupt when examining different subsets of interoception measures 
(i.e., the BA subscale versus the BPQ-SF; Vig et al., 2022).

Future studies should consider emotion at the time of HR responses. 
Emotion influences interoceptive ability and vice versa; consequently, 
we should consider how participants feel during an aesthetic experience. 
Previous research examining physiology during live concerts finds that 
emotions, and their intensities, provoked by art relate to enjoyment of 
experience (Svanås-Hoh et al., 2023; Tschacher et al., 2023). Possibly, the 
museum did not elicit intense emotional, and similarly physiological, 
responses, resulting in partially insignificant results.

Conclusion

Interoceptive ability is flexible, capable of improving, which is 
beneficial in the context of art (Sugawara et al., 2020; Quadt et al., 

FIGURE 2

Ratio of correct and incorrect responses over time. The number of 
correct responses provided by each participant out of five is used as 
a measure of objective interoceptive accuracy, for the purpose of 
running Pearson correlations.

TABLE 2 GEE regression results with an autoregressive variance–
covariance matrix.

Parameter β SE 95% 
Wald CI

Wald 
X2

Odds 
ratio

p

LL UL

Intercept 0.15 0.64 −1.11 1.41 0.05 1.16 0.81

Trial 1 0.19 1.04 −1.84 2.24 0.03 1.20 0.85

Trial 2 −0.18 1.00 −2.16 1.79 0.03 0.83 0.85

Trial 3 0.49 0.96 −1.38 2.38 0.27 1.63 0.60

Trial 4 0.33 0.79 −1.21 1.89 0.18 1.39 0.66

Trial 5 0 a – – – – –

Confidence −0.00 0.00 −0.02 0.01 0.41 1 0.52

Trial 

1 × Confidence

0.00 0.01 −0.02 0.03 0.09 1 0.76

Trial 

2 × Confidence

0.01 0.01 −0.01 0.03 0.66 1.01 0.41

Trial 

3 × Confidence

0.00 0.01 −0.02 0.02 0.07 1 0.78

Trial 

4 × Confidence

−0.00 0.01 −0.02 0.01 0.03 1 0.85

Trial 

5 × Confidence

0 a – – – – – –

CI, confidence interval; SE, standard error. aSet to zero because this parameter is redundant.
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2021). Art relaxes the body, and given interoceptive ability can 
be  improved to perceive these physiological changes, it can be  a 
resource for improving health. Art is a universal expression of the 
human experience made accessible to most populations and can 
function as a low-cost therapy. However, ability to improve health 
through perceptions of the body is limited by our assessments of 
interoception. While new measures, such as the CARED Task and the 
current study’s method, replicate some findings derived from previous 
measures, not all results are reproduced. There is a need to create, test, 
and re-test measures under ecological conditions (Open Science 
Collaboration, 2015; Garfinkel et  al., 2022). Using smartphone 
applications to measure interoception, especially in environments 
where the body changes, is growing and encouraged (Plans et al., 
2021). Interoception is a process that occurs at all times, and its 
measurement needs to extend to natural conditions to capture 
everyday perceptions. The current study moves us one step further by 
introducing a valuable interoception measure for researchers to adopt 
as research in this area continues to develop.

Data availability statement

The datasets presented in this article are not publicly accessible. 
Requests to access the datasets should be directed to ES, 
estephensonwm.edu.

Ethics statement

The studies involving humans were approved by The College of 
William & Mary Institutional Review Board. The studies were 
conducted in accordance with the local legislation and institutional 
requirements. The participants provided their written informed 
consent to participate in this study.

Author contributions

ES: Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, 
Resources, Software, Supervision, Validation, Visualization, Writing 
– original draft, Writing – review & editing. KK: Conceptualization, 

Data curation, Investigation, Methodology, Project administration, 
Software, Validation, Visualization, Writing – original draft, Writing 
– review & editing, Resources, Supervision. GZ: Data curation, 
Methodology, Resources, Software, Supervision, Writing – original 
draft, Writing – review & editing. JS: Conceptualization, Data 
curation, Formal analysis, Funding acquisition, Investigation, 
Methodology, Project administration, Resources, Software, 
Supervision, Validation, Visualization, Writing – original draft, 
Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work 
received funding from William & Mary’s Graduate Studies 
Advisory Board.

Acknowledgments

We would like to formally thank the CogNeuro Lab’s research 
assistants for their help with this project, namely Elise Engelen and 
Ruby Aufderheide, and the Dewitt Wallace Museum for access to 
their space.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Adams, K. L., Edwards, A., Peart, C., Ellett, L., Mendes, I., Bird, G., et al. (2022). The 

association between anxiety and cardiac interoceptive accuracy: a systematic review and 
meta-analysis. Neurosci. Biobehav. Rev. 140:104754. doi: 10.1016/j.neubiorev.2022.104754

Agresti, A. (2002). Categorical data analysis: Wiley.

Arnheim, R. (1966). Toward a psychology of art: University of California Press.

Ballinger, G. A. (2004). Using generalized estimating equations for longitudinal data 
analysis. Organ. Res. Methods 7, 127–150. doi: 10.1177/1094428104263672

Bannister, S., and Eerola, T. (2023). Vigilance and social chills with music: evidence for two 
types of musical chills. Psychol. Aesthet. Creat. Arts 17, 242–258. doi: 10.1037/aca0000421

Barrett, L. F., and Simmons, W. K. (2015). Interoceptive predictions in the brain. Nat. 
Rev. Neurosci. 16, 419–429. doi: 10.1038/nrn3950

Bechara, A., and Damasio, A. R. (2005). The somatic marker hypothesis: a neural 
theory of economic decision. Games Econ. Behav. 52, 336–372. doi: 10.1016/j.
geb.2004.06.010

Bechara, A., Damasio, H., Tranel, D., and Damasio, A. R. (2005). The Iowa gambling 
task and the somatic marker hypothesis: some questions and answers. Trends Cogn. Sci. 
9, 159–162. doi: 10.1016/j.tics.2005.02.002

Berlyne, D. E. (1971). Aesthetics and psychobiology: Appleton-Century-Crofts.

Brener, J., and Ring, C. (2016). Towards a psychophysics of interoceptive processes: 
the measurement of heartbeat detection. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 
371:20160015. doi: 10.1098/rstb.2016.0015

Cabrera, A. P., Kolacz, J., Pailhez, G., Bulbena-Cabré, A., Bulbena, A., and Porges, S. W. 
(2017). Assessing body awareness and autonomic reactivity: factor structure and 
psychometric properties of the body perception questionnaire-short form (BPQ-SF). 
Int. J. Methods Psychiatr. Res. 27:e1596. doi: 10.1002/mpr.1596

Christensen, J. F., Gaigg, S. B., and Calvo-Merino, B. (2017). I can feel my heartbeat: 
dancers have increased interoceptive accuracy. Psychophysiology 55:1–14. doi: 10.1111/
psyp.13008

https://doi.org/10.3389/fpsyg.2024.1385746
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.estephensonwm.edu
https://doi.org/10.1016/j.neubiorev.2022.104754
https://doi.org/10.1177/1094428104263672
https://doi.org/10.1037/aca0000421
https://doi.org/10.1038/nrn3950
https://doi.org/10.1016/j.geb.2004.06.010
https://doi.org/10.1016/j.geb.2004.06.010
https://doi.org/10.1016/j.tics.2005.02.002
https://doi.org/10.1098/rstb.2016.0015
https://doi.org/10.1002/mpr.1596
https://doi.org/10.1111/psyp.13008
https://doi.org/10.1111/psyp.13008


Stephenson et al. 10.3389/fpsyg.2024.1385746

Frontiers in Psychology 08 frontiersin.org

Clark, A. (2013). Whatever next? Predictive brains, situated agents, and the future of 
cognitive science. Behav. Brain Sci. 36, 181–204. doi: 10.1017/s0140525x12000477

Clow, A., and Fredhoi, C. (2006). Normalisation of salivary cortisol levels and self-
report stress by a brief lunchtime visit to an art gallery by London City workers. J. Holist. 
Healthc. 3, 29–32.

Critchley, H. D., Wiens, S., Rotshtein, P., Öhman, A. B., and Dolan, R. J. (2004). Neural 
systems supporting interoceptive awareness. Nat. Neurosci. 7, 189–195. doi: 10.1038/
nn1176

Crucianelli, L., and Ehrsson, H. H. (2022). The role of the skin in interoception: a 
neglected organ? Perspect. Psychol. Sci. 18, 224–238. doi: 10.1177/17456916221094509

Crucianelli, L., Enmalm, A., and Ehrsson, H. H. (2022). Interoception as independent 
cardiac, thermosensory, nociceptive, and affective touch perceptual submodalities. Biol. 
Psychol. 172:108355. doi: 10.1016/j.biopsycho.2022.108355

Czepiel, A., Fink, L. K., Seibert, C., Scharinger, M., and Kotz, S. A. (2023). Aesthetic 
and physiological effects of naturalistic multimodal music listening. Cognition 
239:105537. doi: 10.1016/j.cognition.2023.105537

Damasio, A. R., Tranel, D., and Damasio, H. C. (1991). “Somatic markers and the 
guidance of behavior: theory and preliminary testing” in Frontal lobe function and 
dysfunction. eds. H. S. Levin, H. M. Eisenberg and A. L. Benton (Oxford University 
Press), 217–229.

Desmedt, O., Van Den Houte, M., Walentynowicz, M., Dekeyser, S., Luminet, O., and 
Corneille, O. (2022). How does heartbeat counting task performance relate to 
theoretically-relevant mental health outcomes? A meta-analysis. Collabra: Psychol. 
8:1–19. doi: 10.1525/collabra.33271

Ferentzi, E., Drew, R., Tihanyi, B. T., and Köteles, F. (2018). Interoceptive accuracy and 
body awareness – temporal and longitudinal associations in a non-clinical sample. 
Physiol. Behav. 184, 100–107. doi: 10.1016/j.physbeh.2017.11.015

Fitzmaurice, G. M. (1995). A caveat concerning independence estimating equations 
with multivariate binary data. Biometrics 51, 309–317. doi: 10.2307/2533336

Fitzmaurice, G. M., Laird, N. M., and Rotnitzky, A. G. (1993). Regression models for 
discrete longitudinal responses. Stat. Sci. 8, 284–299. doi: 10.1214/ss/1177010899

Forkmann, T., Scherer, A., Meessen, J., Michal, M., Schächinger, H., Vögele, C., et al. (2016). 
Making sense of what you  sense: disentangling interoceptive awareness, sensibility and 
accuracy. Int. J. Psychophysiol. 109, 71–80. doi: 10.1016/j.ijpsycho.2016.09.019

Friston, K. J. (2010). The free-energy principle: a unified brain theory? Nat. Rev. 
Neurosci. 11, 127–138. doi: 10.1038/nrn2787

Gabriele, E., Spooner, R. L., Brewer, R., and Murphy, J. (2022). Dissociations between 
self-reported interoceptive accuracy and attention: evidence from the interoceptive 
attention scale. Biol. Psychol. 168:108243. doi: 10.1016/j.biopsycho.2021.108243

Garfinkel, S. N., and Critchley, H. D. (2013, 2012). Interoception, emotion and brain: 
new insights link internal physiology to social behaviour. Commentary on: “anterior 
insular cortex mediates bodily sensibility and social anxiety” by Terasawa et al. Soc. 
Cogn. Affect. Neurosci. 8, 231–234. doi: 10.1093/scan/nss140

Garfinkel, S. N., Schulz, A., and Tsakiris, M. (2022). Addressing the need for new 
interoceptive methods. Biol. Psychol. 170:108322. doi: 10.1016/j.biopsycho.2022.108322

Garfinkel, S. N., Seth, A. K., Barrett, A. B., Suzuki, K., and Critchley, H. D. (2015). 
Knowing your own heart: distinguishing interoceptive accuracy from interoceptive 
awareness. Biol. Psychol. 104, 65–74. doi: 10.1016/j.biopsycho.2014.11.004

Gerstgrasser, S., Vigl, J., and Zentner, M. (2023). The role of listener features in musical 
emotion induction: the contributions of musical expertise, personality dispositions, and 
mood state. Psychol. Aesthet. Creat. Arts 17, 211–224. doi: 10.1037/aca0000468

Harrison, D. A. (2002). “Structure and timing in limited range dependent variables: 
regression models for predicting if and when” in Measuring and analyzing behavior in 
organizations: advances in measurement and data analysis. eds. F. Drasgow and N. 
Schmitt (Jossey-Bass), 446–497.

Herbert, B. M., and Pollatos, O. (2014). Attenuated interoceptive sensitivity in 
overweight and obese individuals. Eat. Behav. 15, 445–448. doi: 10.1016/j.
eatbeh.2014.06.002

Keogh, A., Taraldsen, K., Caulfield, B., and Vereijken, B. (2021). It’s not about the 
capture, it’s about what we  can learn: a qualitative study of experts’ opinions and 
experiences regarding the use of wearable sensors to measure gait and physical activity. 
J. Neuro Engin. Rehabil. 18:1–14. doi: 10.1186/s12984-021-00874-8

Khalsa, S. S., Adolphs, R., Cameron, O. G., Critchley, H. D., Davenport, P. W., 
Feinstein, J. S., et al. (2018). Interoception and mental health: a roadmap. Biol. Psychiatry 
3, 501–513. doi: 10.1016/j.bpsc.2017.12.004

Khalsa, S. S., Berner, L. A., and Anderson, L. M. (2022). Gastrointestinal interoception 
in eating disorders: charting a new path. Curr. Psychiatry Rep. 24, 47–60. doi: 10.1007/
s11920-022-01318-3

Khalsa, S. S., Craske, M. G., Li, W., Vangala, S., Strober, M., and Feusner, J. D. (2015). 
Altered interoceptive awareness in anorexia nervosa: effects of meal anticipation, 
consumption and bodily arousal. Int. J. Eat. Disord. 48, 889–897. doi: 10.1002/eat.22387

Khalsa, S. S., and Lapidus, R. C. (2016). Can interoception improve the pragmatic 
search for biomarkers in psychiatry? Front. Psych. 7:121. doi: 10.3389/fpsyt.2016.00121

Khalsa, S. S., Rudrauf, D., Damasio, A. R., Davidson, R. J., Lutz, A., and Tranel, D. 
(2008). Interoceptive awareness in experienced meditators. Psychophysiology 45, 
671–677. doi: 10.1111/j.1469-8986.2008.00666.x

Körmendi, J., Ferentzi, E., and Köteles, F. (2021). Expectation predicts performance 
in the mental heartbeat tracking task. Biol. Psychol. 164:108170. doi: 10.1016/j.
biopsycho.2021.108170

Krauss, L., Ott, C., Opwis, K., Meyer, A., and Gaab, J. (2021). Impact of contextualizing 
information on aesthetic experience and psychophysiological responses to art in a 
museum: a naturalistic randomized controlled trial. Psychol. Aesthet. Creat. Arts 15, 
505–516. doi: 10.1037/aca0000280

Landerman, L. R., Mustillo, S. A., and Land, K. C. (2011). Modeling repeated measures 
of dichotomous data: testing whether the within-person trajectory of change varies 
across levels of between-person factors. Soc. Sci. Res. 40, 1456–1464. doi: 10.1016/j.
ssresearch.2011.05.006

Leganes-Fonteneau, M., Bates, M. E., Islam, S., and Buckman, J. F. (2021). Changes in 
interoception after alcohol administration correlate with expectancies and subjective 
effects. Addict. Biol. 27:e13098. doi: 10.1111/adb.13098

Legrand, N., Nikolova, N., Correa, C. M. C., Brændholt, M., Stuckert, A., Kildahl, N., 
et al. (2022). The heart rate discrimination task: a psychophysical method to estimate 
the accuracy and precision of interoceptive beliefs. Biol. Psychol. 168:108239. doi: 
10.1016/j.biopsycho.2021.108239

Liang, K. Y., and Zeger, S. L. (1986). Longitudinal data analysis using generalized 
linear models. Biometrika 73, 13–22. doi: 10.1093/biomet/73.1.13

Lipsitz, S. R., Fitzmaurice, G. M., Orav, E. J., and Laird, N. M. (1994). Performance of 
generalized estimating equations in practical situations. Biometrics 50, 270–278. doi: 
10.2307/2533218

Liu, J., and Colditz, G. A. (2016). Optimal design of longitudinal data analysis using 
generalized estimating equation models. Biom. J. 59, 315–330. doi: 10.1002/
bimj.201600107

MacCormack, J. K., Bonar, A. S., and Lindquist, K. A. (2022). Interoceptive beliefs 
moderate thelink between physiological and emotional arousal during an acute stressor. 
Emotion 24, 269–290. doi: 10.1037/emo0001270

MacCormack, J. K., and Lindquist, K. A. (2016). “Emotion, detection of ” in 
SAGE encyclopedia of theory in psychology. ed. H. L. Miller (SAGE Publications), 
255–256.

MacCormack, J. K., and Lindquist, K. A. (2019). Feeling hangry? When hunger is 
conceptualized as emotion. Emotion 19, 301–319. doi: 10.1037/emo0000422

Martin, E., Dourish, C. T., Rotshtein, P., Spetter, M. S., and Higgs, S. (2019). 
Interoception and disordered eating: a systematic review. Neurosci. Biobehav. Rev. 107, 
166–191. doi: 10.1016/j.neubiorev.2019.08.020

Mastandrea, S., Maricchiolo, F., Carrus, G., Giovannelli, I., Giuliani, V., and Berardi, D. 
(2018). Visits to figurative art museums may lower blood pressure and stress. Arts Health 
11, 123–132. doi: 10.1080/17533015.2018.1443953

Mata, F., Verdejo-Román, J., Soriano-Mas, C., and Verdejo-Garcia, A. (2015). Insula 
tuning towards external eating versus interoceptive input in adolescents with overweight 
and obesity. Appetite 93, 24–30. doi: 10.1016/j.appet.2015.03.024

McCullagh, P., and Nelder, J. A. (1989). Generalized linear models. 2nd Edn: Routledge.

Merrill, J., Czepiel, A., Fink, L. T., Toelle, J., and Wald-Fuhrmann, M. (2023). The 
aesthetic experience of live concerts: self-reports and psychophysiology. Psychol. Aesthet. 
Creat. Arts 17, 134–151. doi: 10.1037/aca0000390

Miu, A. C., Pițur, S., and Szentágotai-Tătar, A. (2016). Aesthetic emotions across arts: 
a comparison between painting and music. Front. Psychol. 6:1951. doi: 10.3389/
fpsyg.2015.01951

Murphy, J., Brewer, R., Plans, D., Khalsa, S. S., Catmur, C., and Bird, G. (2020). Testing 
the independence of self-reported interoceptive accuracy and attention. Q. J. Exp. 
Psychol. 73, 115–133. doi: 10.1177/1747021819879826

Murphy, J., Catmur, C., and Bird, G. (2019). Classifying individual differences in 
interoception: implications for the measurement of interoceptive awareness. Psychon. 
Bull. Rev. 26, 1467–1471. doi: 10.3758/s13423-019-01632-7

Open Science Collaboration (2015). Estimating the replicability of psychological 
science. Science 349:1–8. doi: 10.1126/science.aac4716

Pan, W. (2001). Akaike's information criterion in generalized estimating equations. 
Biometrics 57, 120–125. doi: 10.1111/j.0006-341x.2001.00120.x

Paulus, M. P. (2013). The breathing conundrum – interoceptive sensitivity and anxiety. 
Depress. Anxiety 30, 315–320. doi: 10.1002/da.22076

Paulus, M. P., and Stein, M. B. (2010). Interoception in anxiety and depression. Brain 
Struct. Funct. 214, 451–463. doi: 10.1007/s00429-010-0258-9

Pindyck, R. S., and Rubinfeld, D. L. (1990). Econometric models and economic forecasts. 
2nd Edn: McGraw-Hill Education.

Plans, D., Ponzo, S., Morelli, D., Cairo, M., Ring, C., Keating, C. T., et al. (2021). 
Measuring interoception: The phase adjustment task. Biological Psychology 165:1–11. 
doi: 10.1016/j.biopsycho.2021.108171

https://doi.org/10.3389/fpsyg.2024.1385746
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1017/s0140525x12000477
https://doi.org/10.1038/nn1176
https://doi.org/10.1038/nn1176
https://doi.org/10.1177/17456916221094509
https://doi.org/10.1016/j.biopsycho.2022.108355
https://doi.org/10.1016/j.cognition.2023.105537
https://doi.org/10.1525/collabra.33271
https://doi.org/10.1016/j.physbeh.2017.11.015
https://doi.org/10.2307/2533336
https://doi.org/10.1214/ss/1177010899
https://doi.org/10.1016/j.ijpsycho.2016.09.019
https://doi.org/10.1038/nrn2787
https://doi.org/10.1016/j.biopsycho.2021.108243
https://doi.org/10.1093/scan/nss140
https://doi.org/10.1016/j.biopsycho.2022.108322
https://doi.org/10.1016/j.biopsycho.2014.11.004
https://doi.org/10.1037/aca0000468
https://doi.org/10.1016/j.eatbeh.2014.06.002
https://doi.org/10.1016/j.eatbeh.2014.06.002
https://doi.org/10.1186/s12984-021-00874-8
https://doi.org/10.1016/j.bpsc.2017.12.004
https://doi.org/10.1007/s11920-022-01318-3
https://doi.org/10.1007/s11920-022-01318-3
https://doi.org/10.1002/eat.22387
https://doi.org/10.3389/fpsyt.2016.00121
https://doi.org/10.1111/j.1469-8986.2008.00666.x
https://doi.org/10.1016/j.biopsycho.2021.108170
https://doi.org/10.1016/j.biopsycho.2021.108170
https://doi.org/10.1037/aca0000280
https://doi.org/10.1016/j.ssresearch.2011.05.006
https://doi.org/10.1016/j.ssresearch.2011.05.006
https://doi.org/10.1111/adb.13098
https://doi.org/10.1016/j.biopsycho.2021.108239
https://doi.org/10.1093/biomet/73.1.13
https://doi.org/10.2307/2533218
https://doi.org/10.1002/bimj.201600107
https://doi.org/10.1002/bimj.201600107
https://doi.org/10.1037/emo0001270
https://doi.org/10.1037/emo0000422
https://doi.org/10.1016/j.neubiorev.2019.08.020
https://doi.org/10.1080/17533015.2018.1443953
https://doi.org/10.1016/j.appet.2015.03.024
https://doi.org/10.1037/aca0000390
https://doi.org/10.3389/fpsyg.2015.01951
https://doi.org/10.3389/fpsyg.2015.01951
https://doi.org/10.1177/1747021819879826
https://doi.org/10.3758/s13423-019-01632-7
https://doi.org/10.1126/science.aac4716
https://doi.org/10.1111/j.0006-341x.2001.00120.x
https://doi.org/10.1002/da.22076
https://doi.org/10.1007/s00429-010-0258-9
https://doi.org/10.1016/j.biopsycho.2021.108171


Stephenson et al. 10.3389/fpsyg.2024.1385746

Frontiers in Psychology 09 frontiersin.org

Ponzo, S., Morelli, D., Suksasilp, C., Cairo, M., and Plans, D. (2021). Measuring 
interoception: the CARdiac elevation detection task. Front. Psychol. 12:1–8. doi: 10.3389/
fpsyg.2021.712896

Porges, S. W. (1993). Body perception questionnaire: Laboratory of Developmental 
Assessment, University of Maryland.

Quadt, L., Critchley, H. D., and Garfinkel, S. N. (2018). The neurobiology of 
interoception in health and disease. Ann. N. Y. Acad. Sci. 1428, 112–128. doi: 10.1111/
nyas.13915

Quadt, L., Garfinkel, S. N., Mulcahy, J. S., Larsson, D. E. O., Silva, M., Jones, A., et al. 
(2021). Interoceptive training to target anxiety in autistic adults (ADIE): a single-center, 
superiority randomized controlled trial. EClinicalMedicine 39:101042. doi: 10.1016/j.
eclinm.2021.101042

Quer, G., Gouda, P., Galarnyk, M., Topol, E. J., and Steinhubl, S. R. (2020). Inter-and 
intraindividual variability in daily resting heart rate and its associations with age, sex, 
sleep, BMI, and time of year: retrospective, longitudinal cohort study of 92,457 adults. 
PLoS One 15:1–12. doi: 10.1371/journal.pone.0227709

Ring, C., Brener, J., Knapp, K., and Mailloux, J. (2015). Effects of heartbeat feedback 
on beliefs about heart rate and heartbeat counting: a cautionary tale about interoceptive 
awareness. Biol. Psychol. 104, 193–198. doi: 10.1016/j.biopsycho.2014.12.010

Rominger, C., Weber, B., Aldrian, A., Berger, L., and Schwerdtfeger, A. R. (2021). 
Short-term fasting induced changes in HRV are associated with interoceptive accuracy: 
evidence from two independent within-subjects studies. Physiol. Behav. 241:113558. doi: 
10.1016/j.physbeh.2021.113558

Schandry, R., Bestler, M., and Montoya, P. (1993). On the relation between 
cardiodynamics and heartbeat perception. Psychophysiology 30, 467–474. doi: 10.1111/
j.1469-8986.1993.tb02070.x

Schuette, S. A., Zucker, N. L., and Smoski, M. J. (2021). Do interoceptive accuracy and 
interoceptive sensibility predict emotion regulation? Psychol. Res. 85, 1894–1908. doi: 
10.1007/s00426-020-01369-2

Schulz, A., and Vögele, C. (2015). Interoception and stress. Front. Psychol. 6:993. doi: 
10.3389/fpsyg.2015.00993

Simmons, W. K., Avery, J. A., Barcalow, J. C., Bodurka, J., Drevets, W. C., and 
Bellgowan, P. S. (2012). Keeping the body in mind: insula functional organization and 
functional connectivity integrate interoceptive, exteroceptive, and emotional awareness. 
Hum. Brain Mapp. 34, 2944–2958. doi: 10.1002/hbm.22113

Singstad, B. J., Azulay, N., Bjurstedt, A., Bjørndal, S. S., Drageseth, M. F., Engeset, P., 
et al. (2021). Estimation of heart rate variability from finger photoplethysmography 
during rest, mild exercise and mild mental stress. J. Electrical Bioimpedance 12, 89–102. 
doi: 10.2478/joeb-2021-0012

Stokes, M. E. (1999) Recent advances in categorical data analysis. Paper presentation. 
24th annual meeting of the SAS users group international, SAS Institute Inc., Cary, 
North Carolina, USA.

Sugawara, A., Terasawa, Y., Katsunuma, R., and Sekiguchi, A. (2020). Effects of 
interoceptive training on decision making, anxiety, and somatic symptoms. 
BioPsychoSocial Medicine 14:1–8. doi: 10.1186/s13030-020-00179-7

Svanås-Hoh, E., Sanchez, J., and Tsay, C.-J. (2023). How momentary affect impacts 
retrospective evaluations of musical experiences. Psychol. Aesthet. Creat. Arts 17, 
178–192. doi: 10.1037/aca0000474

Tschacher, W., Greenwood, S., Egermann, H., Wald-Fuhrmann, M., Czepiel, A., 
Tröndle, M., et al. (2023). Physiological synchrony in audiences of live concerts. Psychol. 
Aesthet. Creat. Arts 17, 152–162. doi: 10.1037/aca0000431

Tschacher, W., Greenwood, S., Kirchberg, V., Wintzerith, S., van den Berg, K., and 
Tröndle, M. (2012). Physiological correlates of aesthetic perception of artworks in a 
museum. Psychol. Aesthet. Creat. Arts 6, 96–103. doi: 10.1037/a0023845

Vaitl, D. (1996). Interoception. Biol. Psychol. 42, 1–27. doi: 10.1016/0301-0511(95)05144-9

van Gent, P., Farah, H., van Nes, N., and van Arem, B. (2019a). Analysing noisy driver 
physiology real-time using off-the-shelf sensors: heart rate analysis software from the 
taking the fast Lane project. J. Open Res. Soft. 7, 1–9. doi: 10.5334/jors.241

van Gent, P., Farah, H., van Nes, N., and van Arem, B. (2019b). HeartPy: a novel heart 
rate algorithm for the analysis of noisy signals. Transport. Res. F: Traffic Psychol. Behav. 
66, 368–378. doi: 10.1016/j.trf.2019.09.015

Vig, L., Köteles, F., and Ferentzi, E. (2022). Questionnaires of interoception do 
not assess the same construct. PLoS One 17:e0273299. doi: 10.1371/journal.
pone.0273299

Vijayan, V., Connolly, J., Condell, J. P., McKelvey, N., and Gardiner, P. (2021). Review 
of wearable devices and data collection considerations for connected health. Sensors 
21:5589. doi: 10.3390/s21165589

Wald-Fuhrmann, M., Egermann, H., Czepiel, A., O’Neill, K., Weining, C., Meier, D., 
et al. (2021). Music listening in classical concerts: theory, literature review, and research 
program. Front. Psychol. 12:638783. doi: 10.3389/fpsyg.2021.638783

Wald-Fuhrmann, M., O'Neill, K., Weining, C., Egermann, H., and Tröndle, M. (2023). 
Theinfluence of formats and preferences on the aesthetic experience of classical 
musicconcert streams. Psychol. Aesthet. Creat. Arts, 1–11. doi: 10.1037/aca0000560

Watson, A., Lyubovsky, A., Koltermann, K., and Zhou, G. (2021). Magneto: joint angle 
analysis using an electromagnet-based sensing method. IPSN '21: Proceedings of the 
20th international conference on information processing in sensor networks (co-located 
with CPS-IoT week 2021), 1–14

Windmann, S., Schonecke, O. W., Fröhlig, G., and Maldener, G. (1999). Dissociating 
beliefs about heart rates and actual heart rates in patients with cardiac pacemakers. 
Psychophysiology 36, 339–342. doi: 10.1017/s0048577299980381

Young, H. A., Williams, C., Pink, A. E., Freegard, G., Owens, A., and Benton, D. 
(2017). Getting to the heart of the matter: does aberrant interoceptive processing 
contribute towards emotional eating? PLoS One 12:e0186312. doi: 10.1371/journal.
pone.0186312

Zamariola, G., Maurage, P., Luminet, O., and Corneille, O. (2018). Interoceptive 
accuracy scores from the heartbeat counting task are problematic: evidence from 
simple bivariate correlations. Biol. Psychol. 137, 12–17. doi: 10.1016/j.
biopsycho.2018.06.006

Zeger, S. L., and Liang, K. (1986). Longitudinal data analysis for discrete and 
continuous outcomes. Biometrics 42, 121–130. doi: 10.2307/2531248

https://doi.org/10.3389/fpsyg.2024.1385746
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.3389/fpsyg.2021.712896
https://doi.org/10.3389/fpsyg.2021.712896
https://doi.org/10.1111/nyas.13915
https://doi.org/10.1111/nyas.13915
https://doi.org/10.1016/j.eclinm.2021.101042
https://doi.org/10.1016/j.eclinm.2021.101042
https://doi.org/10.1371/journal.pone.0227709
https://doi.org/10.1016/j.biopsycho.2014.12.010
https://doi.org/10.1016/j.physbeh.2021.113558
https://doi.org/10.1111/j.1469-8986.1993.tb02070.x
https://doi.org/10.1111/j.1469-8986.1993.tb02070.x
https://doi.org/10.1007/s00426-020-01369-2
https://doi.org/10.3389/fpsyg.2015.00993
https://doi.org/10.1002/hbm.22113
https://doi.org/10.2478/joeb-2021-0012
https://doi.org/10.1186/s13030-020-00179-7
https://doi.org/10.1037/aca0000474
https://doi.org/10.1037/aca0000431
https://doi.org/10.1037/a0023845
https://doi.org/10.1016/0301-0511(95)05144-9
https://doi.org/10.5334/jors.241
https://doi.org/10.1016/j.trf.2019.09.015
https://doi.org/10.1371/journal.pone.0273299
https://doi.org/10.1371/journal.pone.0273299
https://doi.org/10.3390/s21165589
https://doi.org/10.3389/fpsyg.2021.638783
https://doi.org/10.1037/aca0000560
https://doi.org/10.1017/s0048577299980381
https://doi.org/10.1371/journal.pone.0186312
https://doi.org/10.1371/journal.pone.0186312
https://doi.org/10.1016/j.biopsycho.2018.06.006
https://doi.org/10.1016/j.biopsycho.2018.06.006
https://doi.org/10.2307/2531248

	Cardiac interoception in the museum: A novel measure of experience
	Cardiac interoception in the museum: a novel measure of experience
	What is interoception
	Measuring interoception
	Why examine art
	Purpose of the present study

	Method
	Participants
	Measures
	Subjective interoceptive awareness
	Subjective interoceptive accuracy
	Objective interoceptive accuracy and sensibility
	Aesthetic appreciation
	Design and procedure
	Data analysis
	Analyzing objective IAcc with a single score
	Analyzing objective IAcc with a generalized estimating equation model

	Results
	Discussion
	Limitations and moving forward
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

