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Abstract

Conscious interoception, the perception of internal bodily states, is thought to
contribute to fundamental human abilities (e.g., decision-making and emotional regulation).
One of its most studied dimensions is interoceptive accuracy: the objective capacity to detect
internal bodily signals. In the past few years, several labs across the world have started
developing new tasks aimed at overcoming limitations inherent in traditional measures of
interoceptive accuracy. In this systematic review, we identified these tasks (since 2015) for
the cardiac, respiratory, and gastrointestinal domains. For each identified task, we discuss
their strengths and weaknesses, and make constructive suggestions for further improvement.
In the general discussion, we discuss the (potentially elusive) possibility of reaching high
validity in the measurement of interoceptive accuracy. We also point out that interoceptive
accuracy may not be the most critical dimension for informing current theories, and we

encourage researchers to investigate other dimensions of conscious interoception.
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The New Measures of Interoceptive Accuracy: A Systematic Review and Constructive

Assessment

Interoception, the conscious and non-conscious processing of internal bodily states
(Berntson & Khalsa, 2021; Chen et al., 2021), has received increasing interest in recent years.
At the conscious level, several dimensions of interoception have been proposed. Nowadays,
the most popular terminology comes from the three-dimension model of interoception
(Garfinkel et al., 2015), which is composed of interoceptive accuracy (the objective ability to
detect internal bodily signals), interoceptive sensibility (the self-reported ability to detect
these signals and the tendency to focus on them) and interoceptive awareness (the
correspondence between objective and self-reported abilities in detecting internal bodily
signals). Interoceptive accuracy, which is measured by performance-based tasks, is the most
studied dimension of interoception. It is hypothesized that deficits in interoceptive accuracy
are risk factors for low emotional abilities (e.g., awareness and regulation), dysfunctional
decision-making and behaviors (e.g., substance abuse and over-eating), and psychopathology
(e.g., depression and anxiety).

However, measures of interoceptive accuracy are characterized by important
limitations threatening robust theoretical conclusions and effective clinical interventions
(Desmedt, Van Den Houte, et al., 2022). In this paper, we focus on the three most studied
interoceptive domains: cardiac, respiratory, and gastrointestinal. Below, we provide a
discussion of interoceptive accuracy tasks classically used in interoceptive research. In a
second step, we report the results of a systematic review of new interoceptive accuracy tasks
designed in these bodily domains. In doing so, we discuss the relative strengths and
weaknesses of these new tasks and make constructive recommendations for further

improvement.



A brief discussion of classical interoceptive accuracy tasks

Cardiac domain.

The cardiac domain has been the most frequently studied one, presumably because
heartbeats are easy to measure (contrary to gastric signals, for instance) and are not under
participants’ direct control (contrary to breathing, for instance). In 2016, Brener and Ring
reviewed the existing cardiac tasks. They proposed to classify these tasks into three
categories: (1) heartbeat tracking tasks, (2) two alternative forced-choice tasks, and (3) multi-
interval tasks.

In heartbeat tracking tasks, participants have to give an accurate estimate of their heart
rate by reporting the number of counted heartbeats (the Heartbeat Counting Task; Dale &
Anderson, 1978; Schandry, 1981), adjust the rate of an external stimulus (e.g., Carroll &
Whellock, 1980; Gannon, 1980), or tap on each heartbeat (e.g., Canales-Johnson et al., 2015;
Kleinman, 1970; McFarland, 1975). The main limitation of these tasks is that participants can
achieve high performance by guessing their heart rate instead of relying on their felt
heartbeats. This has been repeatedly demonstrated for the Heartbeat Counting Task (HCT),
the most frequently used measure of interoceptive accuracy (e.g., Desmedt et al., 2018;
Phillips et al., 1999; Ring et al., 2015; Ring & Brener, 1996; Windmann et al., 1999), which
is also characterized by other limitations (see Corneille et al., 2020; Ferentzi et al., 2022).

In two-alternative forced-choice (2AFC) tasks, participants have to judge whether an
external signal (e.g., a tone or a light) is synchronous or asynchronous with their heartbeats
(Whitehead et al., 1977). Contrary to the above-mentioned tasks, participants cannot use
informed guessing to perform these tasks. They can indeed not guess the synchronicity of
external signals with their heartbeats without detecting their heartbeats. However, the main
limitation is that only one in four participants generally has an accuracy score (d') equal to or

greater than 0.75, the threshold to be classified as a heartbeat detector (e.g., Brener et al.,



1993). One potential explanation is that this paradigm implies assuming the moment relative
to the R-wave at which individuals should (not) feel their heartbeat, although important
individual differences exist regarding the time interval between the R-waves and heartbeat
sensations. Consequently, participants may have low scores because they feel their heartbeats
within time windows that are mistakenly considered asynchronous to their heartbeats.

To counter this limitation, Brener and colleagues (1993) developed the third category
of tasks, based on the method of constant stimuli (MCS). In these tasks, a series of tones are
presented at different intervals relative to the R-wave (e.g., R + 0, R + 100, R + 200, R + 300,
R + 400, or R + 500 ms). Participants have to judge whether the tones are synchronous or
asynchronous with their heartbeats. Scores are indexed by the interquartile range of the
distribution of preferred intervals; the more consistent participants are when selecting
intervals, the higher their scores. This method is an improvement compared to previous tasks,
as the researcher does not need to assume the moment (relative to the R-wave) at which the
individual should feel their heartbeats. Unfortunately, this multi-interval task has several
limitations, too (e.g., Knapp et al., 1997; Knapp-Kline & Kline, 2005; Schneider et al., 1998).
The main one is that it remains difficult to perform, as indicated by the small proportion of
individuals (+/- 30%) that can perform the task above the chance level (e.g., Schneider et al.,
1998). Furthermore, this task is characterized by long testing times, which represents a
burden for participants and makes it difficult to reach high sample sizes.

In addition to these tasks reported by Brener and Ring (2016), we can cite the
standardized isoproterenol sensitivity test (Khalsa et al., 2009) in which participants receive
isoproterenol or saline infusions in a double-blinded protocol. They are then asked to rate the
intensity of perceived cardiorespiratory sensations by rotating a dial. Cardiac interoceptive
accuracy corresponds to the within-subject correlation between heart rate and dial ratings.

The main advantages of this task are that it allows experimental control over the cardiac



signal and prevents informed guessing strategies. However, this task is invasive and requires
physician supervision (Khalsa et al., 2009). Moreover, it is not clear whether the effect of
bolus infusions on cardiac signal intensity is similar across participants. Also, the effect of
bolus infusions is not specific to the cardiac system. Finally, while participants are asked to
report the intensity of cardiac sensations, the objective measure is heart rate.

In summary, as already stated in 2005, “no one method [of cardiac interoceptive
accuracy| has emerged in the literature as a clear favorite” (Knapp-Kline & Kline, 2005, p.
394).

Respiratory domain.

In the respiratory domain, resistance-detection paradigms have often been used to
assess subjects' respiratory interoceptive accuracy (Zechman & Davenport, 1978). In these
tasks, participants are required to breathe into a tube and do one of the following: (1) detect
when resistance has been introduced during the inspiration or the expiration (Gottfried et al.,
1978; Lopata et al., 1977); (2) discriminate between different degrees of resistive loads
(Webster & Colrain, 2000); or (3) detect CO2 level changes (Lopata et al., 1977). These
tasks, however, suffer from important limitations (Nikolova et al., 2022; Van Den Houte et
al., 2021). First, resistive loads are often aversive, making it difficult to distinguish between
the detection of respiratory signals and the experience of negative affect. Consequently, they
are also inappropriate for clinical populations (e.g., anxiety disorder patients and those
suffering from respiratory distress disorders) that would benefit from them the most. Second,
resistances are often characterized by a lack of granularity; the derived thresholds are
therefore unreliable and require many trials to stabilize (Harver et al., 1993). Third, these

tasks require long testing times (i.e., more than 60 minutes).



Gastro-intestinal domain.

In the gastrointestinal domain, one of the most common methods to measure
interoceptive accuracy is mechanical distension (Andresen, 2009). Here, participants are
asked to detect mechanical distensions produced by inserting a soft balloon inflated to
varying degrees in the colon or esophagus. Due to the invasiveness of these procedures, drink
tests have been proposed (Kim et al., 2000). In these tasks, participants are asked to ingest
mineral water or a nutrient liquid until satiation or fullness. Another method is the intestinal
gas challenge which assesses the tolerance to an infusion of gas (intraduodenal infusion of
lipids) in the small intestine (Serra et al., 1998). We can also cite methods that induce
chemical (Bernstein and Hammer tests; Bernstein & Baker, 1958; Hammer et al., 2008),
thermal (Villanova et al., 1997), or electrical stimulations (Coffin et al., 2004). A research
group has even proposed a multimodal stimulation protocol that includes these three types of
stimulation (Brock et al., 2008). The problem with these tasks is that they are either too
invasive, painful, impractical, and time-consuming or lack experimental control.

Systematic review and assessment of new interoceptive accuracy tasks

As this short introduction indicates, classic measures of interoceptive accuracy suffer
from important limitations. Hence, in recent years, several labs across the world have worked
on the development of new measures of interoceptive accuracy. In this article, we report the
results from a systematic review that identified these new measures in the cardiac,
respiratory, and gastrointestinal domains. In doing so, we assess the strengths and weaknesses
of these newly developed tasks and make recommendations for further improvement.

Method
This systematic review was conducted in accordance with PRISMA guidelines

(Moher et al., 2009). The pre-registration of our protocol can be found at the following



address: https://osf.io/hr7jm. The CADIMA platform (https://www.cadima.info/) was used to

perform every step of the systematic review.
Inclusion and exclusion criteria

We included original validation studies of new interoceptive accuracy measures and
subsequent studies that used them. Because we wanted to focus on the newly developed
measures, we restricted the period from 2015 until 2022. We chose 2015 because this is the
year when Garfinkel and colleagues (2015) proposed a widely-endorsed terminology
allowing more consistency in the terms and definitions. We limited the interoceptive
accuracy measures to the cardiac, respiratory, and gastrointestinal domains because these
domains are the most studied ones (and fit the current authors' expertise). We included all
measures presented by the authors as meant to evaluate the objective capacity to detect
cardiac, respiratory, or gastrointestinal signals, whether the term "interoceptive accuracy" was
used or not. We included peer-reviewed articles and pre-prints from well-agreed repositories
(i.e., OSF Preprints, which aggregates over 30 preprint servers including bioRxiv and
psyarxiv). We excluded reviews, book chapters, conference papers, and letters when
searching for original validation studies. Finally, we only included English and French
papers.
Search strategy

A systematic literature search was performed on December 2, 2021! by OD on
PubMed, Scopus, PsychINFO, ScienceDirect, Web of Science, and OSF preprints by
restricting results to English and French articles (excluding reviews, books, chapters,

conference papers, and letters). The following keywords were used: interocept® AND (task*

! Except from OSF preprints and Web of Science for which the search was made on
December 3 and 8§, respectively.



OR test* OR assessment® OR measure*) AND (cardiac OR resp* OR gastr* OR gut* OR
oesoph*™ OR esoph* OR intestin* OR colon* OR heart* OR breath*). These keywords were
searched in titles, abstracts, and keywords.

Once the original validation studies of interoceptive accuracy measures were
identified, we identified subsequent studies that administered these new tasks. This was done
by searching for citing studies (peer-reviewed articles and pre-prints) of original papers in
Google Scholar. We included any paper that informed us about the validity or reliability of
the task (see Extraction below).

Selection process

Titles, abstracts, and full texts of studies were screened independently by OD & MW
to identify studies meeting the inclusion/exclusion criteria. Any disagreement between them
over the eligibility of particular studies was resolved through discussion with a third author.
The inter-rater reliability was excellent (kappa = 0.81).

Extraction

The extraction was performed by OD?, because we were not able to test inter-rater
reliability, as most questions were open. A standardized form was used to extract data from
the included studies. The complete extraction of each study can be found at the following

address: https://osf.io/79xcn/files/osfstorage.

2 Note that we first planned that two authors extract the data (see pre-registration), but we
finally decided that one author does so as no inter-rater reliability could be performed given that our
extraction protocol mainly included open questions.
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Results

Selection process

2943 records identified
through search in Scopus,
PubMed, Psychinfo,
ScienceDirect, Web of
Science, and OSF

'

969 records after duplicate

removal

v

969 records screened at 716 records excluded

title/abstract level

v
253 full-text articles 229 full-text articles
assessed for eligibility

excluded because:

- No full-text (n=10)
- No English or French

v
24 full-text articles included

version (n=7)

- No human population (n =
8)

- No peer-reviewed or
preprint (n = 19)

- No cardiac, respiratory, or
gastric signals (n = 12)

- No measure of IAcc (n =
26)

- No original validation
study (n = 227)

Note that we did not include the Heart Rate Discrimination task (HRD; Legrand et al.,
2022), as it did not meet our inclusion criteria. As mentioned earlier, we only included
measures that were presented by the authors as meant to measure interoceptive accuracy,

defined as the objective capacity to detect internal bodily signals. Following the authors of
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the HRD, “in the absence of further empirical data, interoceptive thresholds and/or precisions
obtained by the HRD method should not be interpreted as a straightforward measure of the
objective ability to discriminate viscerosensory sensations, as a variety of different strategies
utilizing, for example, semantic beliefs or tactile inputs are likely to underlie decisions on the
task, in particular under resting conditions (Khalsa, Rudrauf, Feinstein, & Tranel, 2009)”
(Legrand et al., 2022, p. 12). That the task is not included in our systematic review does not
mean it is useless. In fact, the development of this new task was based on the observation that
most studies focus on the objective capacity to detect internal signals (i.e., interoceptive
accuracy) while ignoring other interoceptive-relevant processes such as interoceptive beliefs.
This is consistent with some of our recommendations (see the section “Main conclusion and
future perspectives”).

Identification and assessment in the cardiac domain

We identified eleven new measures of interoceptive accuracy (among thirteen
papers), which can be classified into two main categories (see Table 1).

The first category includes synchronicity judgment paradigms. These tasks evaluate
individuals’ capacity to synchronize (or judge the synchronicity of) their heartbeats with an
external stimulus. In these tasks, participants have to adjust the synchronicity of an external
sound with their heartbeats (Plans et al., 2021), tap with their finger in synchrony with their
heartbeats (Kormendi et al., 2022; Smith et al., 2020; Smith, Feinstein, et al., 2021), or
indicate if they felt a heartbeat during one or more of three very short time intervals (Herman
et al., 2021). These tasks are likely to be contaminated by multi-modality processing
(participants have to judge or adjust the synchronicity of an external signal or motor response
with their heartbeats); as a consequence, they may also be more difficult to perform.

The second category includes heart rate estimation paradigms. These tasks evaluate

the subject’s capacity to give an accurate estimate of their heart rate (changes). In these tasks,
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participants have to count their heartbeats (Larsson et al., 2021; Pohl et al., 2021), adjust the
rate of an external stimulus to match their heart rate (Palmer et al., 2019), identify the
external stimulus (i.e., a rabbit image, blue ball, or character) that bounces at the same rate as
their heart rate (Maister et al., 2017; Yang, Zhou, Wei, et al., 2021; Yang, Zhou, Zheng, et
al., 2021), judge whether their heart rate is slower or higher after making jumping jacks
(Schaan et al., 2019), or judge several times a day whether their heart rate is higher than usual
(Ponzo et al., 2021). These tasks are more likely to be contaminated by informed guessing
(participants could use their knowledge about heart rate to perform the tasks), except for two
tasks (Larsson et al., 2021; Maister et al., 2017).

Larsson et al.’s (2021) task is less likely to be contaminated by guessing strategies
because they evaluate participants’ ability to detect heart rate changes in time (vs. heart rate),
which cannot be guessed with prior knowledge. Although Maister et al.’s (2017) task would
probably be contaminated by guessing strategies in older individuals, their task is meant to be
administered to infants (e.g., 5 months) and, more recently, monkeys (Charbonneau et al.,
2022). Infants and monkeys may not have the prior knowledge that would allow them to
identify the external stimuli that are at a similar pace as their heart rate, but future studies are
needed to confirm this assumption.

Based on our systematic assessment of these tasks, more than half of them (54.54%)
may be contaminated by informed guessing (Palmer et al., 2019; Pohl et al., 2021; Ponzo et
al., 2021; Schaan et al., 2019; Yang, Zhou, Wei, et al., 2021; Yang, Zhou, Zheng, et al.,
2021). This is because these tasks request participants to detect their heart rate. Instructions
that ask participants to only rely on their felt heartbeats (vs. using guessing strategies) to
perform the task are effective in reducing the contribution of guessing strategies (Desmedt et
al., 2020). However, it remains problematic for a performance-based task to be dependent on

participants' compliance with instructions. Before we can recommend these tasks, future
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studies are needed to determine whether strict instructions are sufficient to make these tasks
valid. We should also find other ways to control the contribution of guessing strategies.

We also cannot yet recommend Herman et al.’s (2021) task, although it is included in
the first category, because future studies are needed to determine whether it effectively
disentangles accuracy from response bias® and whether it is contaminated by heart rate,
memory capacity, and multimodality processing (as supported by the significant association
with the somatosensory versions of this task (#(25) = .40, p = .043).

The more promising cardiac tasks and their strengths.

Three new tasks are less likely to be contaminated by informed guessing strategies
(Kormendi et al., 2022; Larsson et al., 2021; Plans et al., 2021; Smith, Feinstein, et al.,
2021).* The first of these, devised by Larsson et al. (2021), requires participants to count their
heartbeats, but interoceptive accuracy scores correspond to the intra-individual association
between reported and actual beats per minute (bpm). Therefore, participants have to estimate
their heart rate variability (as opposed to heart rate), which may go a long way to reducing the
probability that they will use their knowledge about their heart rate. In a second task, the
Phase Adjustment Task (PAT; Plans et al., 2021), participants are asked to adjust tones (to a
similar rate as their heartbeats) until they are synchronized with their heartbeats. The third
task of interest is the heartbeat tapping task (as administered by Kérmendi et al., 2022; Smith
et al., 2020; Smith, Feinstein, et al., 2021) where participants are asked to tap in synchrony

with their heartbeats.

3 One epoch duration (750ms) is equal to the cardiac cycle of someone with 80 bpm which is
a common heart rate. Consequently, for participants having a heart rate of 80 bpm minimum, at least
one heartbeat is present in each epoch. These participants can thus not have false alarms and correct
rejections. It follows that, among those participants, the more they report having felt a heartbeat, the
higher their scores at the task.

* For a task that can be administered in infants, see Maister et al. (2017).
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In the PAT and heartbeat tapping task, interoceptive accuracy is indexed via a
continuous measure of the beat-to-tap/tone consistency across trials (i.e., tap consistently at
the time relative to the R-wave or adjust the tones so that their delay with heartbeats is
consistently similar). These tasks assume that to achieve high consistency across trials, one
cannot use informed guessing and, instead, needs to accurately detect heartbeats. Smith and
colleagues (2020) provided evidence for the absence of informed guessing by showing that
instruction modification does not significantly influence interoceptive precision scores. The
consistency measure is also a great improvement compared to other measures and
computation methods that often require estimating the time windows (relative to the R-wave)
in which individuals should feel their heartbeats. Finally, these three tasks have the common
advantage of being relatively quick to complete (they last under 5 minutes) compared to, for
example, the MCS variant of the HDT (Brener et al., 1993).

Limitations of the more promising cardiac tasks.

Although these three tasks have strengths, it is important to note that they are still
characterized by significant limitations and that a more complete psychometric assessment
has yet to be performed.

The major limitation of these tasks is their difficulty. In Larsson et al.’s (2021) task,
participants have to give an accurate estimate of heart rate variability, which might be very
difficult given the relatively low variability of heart rate at rest. Consistently, the mean score
for the task was -0.22 (SD = 0.62), which indicates that participants tended to report fewer
heartbeats as their heart rate increased. In the PAT and the heartbeat tapping task, participants
have to process both their heartbeats and an external stimulus (i.e., their motor response or
tones), which might prevent them from detecting their heartbeats. This limitation might be
even more pronounced in the heartbeat tapping task in which participants tend to report that

button pressing actively interferes with the detection of heartbeats (Flynn & Clemens, 1988;
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Pennebaker & Hoover, 1984). Accordingly, some researchers have observed that few
participants (from 0.5 to 15.6%) demonstrate a statistically significant beat-to-tap consistency
across trials (Flynn & Clemens, 1988; Kormendi et al., 2022). Conversely, Plans et al. (2021)
reported that approximately 30% of participants achieve significant consistency across trials
in the PAT. It is, therefore, possible that the PAT interferes less with heartbeat detection than
the heartbeat tapping task. Future studies are needed to answer this question.

A solution to the high task difficulty is to administer the tasks in conditions of
physiological activation to facilitate the detection of heartbeats. In particular, tasks could be
administered with varying degrees of cardiac signal intensity (i.e., difficulty). This would
maximize the possibility of discriminating between individuals concerning cardiac
interoceptive accuracy. One possibility is to implement these tasks at different levels of
physiological activation. One way of doing so is to make participants cycle on a stationary
bike at different speeds and loads. The tasks could then be administered at rest and just after
each small physical exertion. The obvious limitation is that the impact of physical exercise on
participants’ cardiac signal intensity will differ (see below for a discussion of signal intensity
contamination). We, therefore, propose the implementation of a repeated assessment of
cardiac signal intensity (e.g., before and after each heartbeat tapping task session). This can
be indexed by systolic blood pressure or, more ideally, by “momentum” (i.e., the product
between velocity and mass of the blood ejected) which requires impedance cardiography
(Schandry et al., 1993; Schandry & Montoya, 1996).

It should, however, be noted that, in addition to myocardial contraction strength, other
morphological (e.g., body fat) and mechanical (e.g., postures and devices used to measure
heartbeats) parameters could influence signal intensity. Body fat could decrease the
possibility for skin receptors to be in contact with the blood conveying cardiac signals. This

assumption is supported by studies showing that individuals with less body fat perform better
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on heartbeat detection tasks (Jones et al., 1987; Montgomery et al., 1984; Rouse et al., 1988),
but caution is needed given the limitations of these tasks. We could also expect that some
postures are associated with more or less contact between skin and vasculature, but empirical
evidence is needed. Furthermore, it has recently been shown that the devices used (e.g., ECG
and pulse oximeter) influence participants' performance on the HCT (Murphy et al., 2019).
The pulse oximeter was associated with higher performance than ECG, presumably because
this former device put more pressure on the participant's skin which increased the contact
between the skin receptors and blood. Finally, physical exercise can also trigger other bodily
sensations (e.g., muscle pain) that could interfere with heartbeat detection. To mitigate the
impact of these confounding variables, researchers could control for body fat, use heart rate
devices that minimize the pressure on participants’ skin (e.g., ECG), implement physical
exercises that are as short as possible, and control for the intensity of other sensations caused
by the exercise.

Another limitation of these tasks is the lack of (assessment of) reliability. Larsson and
colleagues (2021) reported that their task had poor internal consistency with a correlation of »
= (.22 between odd and even trials (vs. 7 = 0.99 for the original HCT). Future studies should
try to improve this task’s internal consistency, which is a necessary condition for it to be
useful. As for the PAT and the heartbeat tapping task, their internal consistency has not yet
been evaluated. Test-retest reliability has only been assessed for the PAT for which the
authors found an ICC of 0.51, which is considered poor to moderate (Portney & Watkins,
2009), fair (Fleiss, 2011), or good (Cicchetti, 1994) depending on the guidelines. Future
studies should, therefore, assess the test-retest reliability of the two other tasks and try to
improve it for the PAT. This improvement could be achieved by administering the PAT in a

laboratory (because participants performed it remotely in the original study) as it can improve
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participants’ compliance with the instructions®, decrease external distractions, and increase
the reliability of heart rate measurement. This potential high measurement noise can also
explain the low between-subject discrimination capacity of the task. Indeed, the PAT only
provides a three-category classification of individuals' cardiac interoceptive accuracy (i.e.,
interoceptive, non-interoceptive, and unknown).

Conclusion for tasks newly developed in the cardiac domain.

Larsson et al.’s (2021) task, the heartbeat tapping task (Kérmendi et al., 2022; Smith,
Feinstein, et al., 2021), and the PAT (Plans et al., 2021) are promising given their
impermeability to informed guessing strategies and response bias, and their low invasiveness
and low time cost. However, future studies are needed to assess or improve their reliability,
decrease the difficulty of the tasks, and increase their capacity to discriminate between
participants.

Table 1

Summary of the new cardiac interoceptive accuracy tasks

> Although participants were asked not to take their pulse, we cannot be sure that they
complied with this instruction. For instance, participants may have used a smartwatch or even put
more pressure on the heart rate device with their fingers so that they could feel their pulse on it.



. Multi-modality Internal Test-retest
Study Guessing . . 1.
processing consistency | reliability
Maister et al. | NOT LIKELY
(2017) (In infants) YES NA NA
Schaan et al.
(2019) LIKELY NO NA NA
Palmer et al.
(2019) LIKEFLY NA NA
Herman et al.
(2020) YES NA NA
Larsson et al. Split-half:
(2021) NOT LIKELY NO —0.22 NA
Plans et al.
(2021) NOT LIKELY YES NA (7 days)
Pohl et al., Split-half: r=0.697
(2021) LIKELY NO =0.69 (NA)
Ponzo et al.
(2021) LIKELY NO NA NA
Smith et al.
(2.(.) 21) &. NOT LIKELY YES NA NA
Kormendi et
al. (2022)
Yang et al.
(2021a) LIKELY YES NA NA
Yang et al.
(2021b) LIKELY YES NA NA

18

Identification and assessment in the respiratory domain

We identified seven new respiratory interoceptive accuracy tasks, among eight papers
(Garfinkel et al., 2016; Murphy et al., 2018; Nicholson et al., 2019; Nikolova et al., 2022;
Petersen et al., 2015; Pollatos et al., 2016; Van Den Houte et al., 2021; Wang et al., 2019).
Among these new tasks, however, most have not yet been validated and their scores may be
contaminated by non-interoceptive processes, such as memory capacity (i.e., participants
have to remember the strength of their previous exhalation), exteroceptive processing (i.e.,
participants could use auditory information about their breathing), breathing control (i.e., task
performance could depend on participants’ ability to control their breathing strength), or

response bias (Murphy et al., 2018; Nicholson et al., 2019; Petersen et al., 2015; Pollatos et
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al., 2016; Wang et al., 2019)°®. Two tasks are, nevertheless, more promising: the respiratory
occlusion discrimination (ROD) task (Van Den Houte et al., 2021) and the respiratory
resistance sensitivity task (RSST; Garfinkel et al., 2016; Harrison et al., 2021; Nikolova et al.,
2022).

The more promising respiratory tasks and their strengths.

In the ROD task, participants have to breathe into a tube and discriminate between the
length of two consecutive and very short inspiratory occlusions. Respiratory interoceptive
accuracy in this task is defined as the discrimination capacity which is measured via an
adaptive staircase paradigm to find the length difference that the participants can discriminate
70% of the time (i.e., the Just Noticeable Difference). In the RSST, participants take two
breaths on each trial, where one has a resistive load applied to the breathing circuit while the
other does not (pseudo-random order). They have to decide whether the first or the second
breath is more difficult. Inspiratory resistive loads are delivered by a fully automated and 3D
printable respiratory apparatus. A Bayesian adaptive psychophysical approach is applied to
estimate interoceptive precision and priors.

The major strength of these tasks is the possibility to disentangle accuracy from
response bias and the impossibility for participants to use informed guessing techniques to
better perform the task. Moreover, research has shown that these tasks are rather accurate and
have good internal consistency. In the ROD task, the authors found acceptable indices of
split-half reliability and internal consistency. In the RSST, the researchers demonstrated that
correct (vs. incorrect) trials were significantly associated with slower reaction times and

higher resistive loads (i.e., easier to detect). While the test-retest reliability of the RSST still

® Murphy et al.’s (2018) task has been recently described as an interoceptive propensity (vs.
accuracy) measure, i.e., the extent to which individuals use their internal signals to guide their
behavior or higher-order cognition.
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has to be tested, the ROD task is moderately stable (r = 0.53). Finally, another important
strength of these tasks (vs. many previous tasks) is the low aversiveness of occlusions and
resistive loads. In the ROD task, the authors argued that very short respiratory occlusions are
less likely to be perceived as unpleasant compared to resistive load tasks, but they did not
report an assessment of stimuli aversiveness. In the RSST, participants rated resistances as
mildly aversive on average.

Limitations of the more promising respiratory tasks.

In respiratory resistance/occlusion paradigms, however, it is difficult to prevent
participants from using exteroceptive information (e.g., hearing one's breathing, resistances,
or occlusions) to perform the task. In both tasks, several precautions were taken to prevent
the use of exteroceptive cues: (1) participants wore noise-canceling headphones (in the ROD
task) or headphones playing continuous "rain" noise (in the RSST), (2) the devices were
hidden from participants, and (3) participants could not feel the device vibrations. In the ROD
task, no significant association was found between the ROD and auditory discrimination task
using the same procedure (» = 0.18, p = 0.06), which suggests that participants did not use
auditory information to perform the task. However, the correlation approached significance,
which indicates that further investigation is necessary. In the RSST, no empirical test has yet
been performed to demonstrate the absence of exteroceptive influences. Finally, although
most researchers would agree that auditory, visual, and tactile signals should not be
accessible to participants while performing the task, other respiratory-related signals are more
ambiguous. Indeed, participants could potentially use a variety of signals to perform the task
such as respiratory muscle effort, neck, and chest muscle contractions, and tactile sensations
in the mouth (e.g., feeling the air passing through the mouth). The crucial (and open) question
is whether all these signals are relevant to respiratory interoception and whether these signals

represent what is generally perceived during natural respiratory sensations.
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Another known issue of respiratory resistance tasks is the influence of breathing
behavior (Zechman & Davenport, 1978). Participants who breathe in more deeply may detect
respiratory resistances and occlusions more easily. In the ROD task, the authors have argued
that, compared to resistive load tasks, their measure is less likely to be influenced by
breathing behavior, as participants are asked to judge the length (vs. intensity) of the stimuli.
However, a relatively small but significant association was found between ROD scores and
breathing behavior (r =-0.27, p = 0.008), indicating that deeper inspiration is associated with
better performance. Breathing behavior should thus be controlled for in future studies. In the
RSST, the researchers designed a visual respiratory entrainment stimulus to standardize the
depth of inspiration between participants. However, the authors invite caution when
interpreting accuracy scores and recommend recording pressure and flow data in future
studies to adjust these scores based on inspiratory pressure.

Respiratory signal intensity could also be influenced by morphological differences
such as the diameter of airways (Fritz et al., 1999) and respiratory muscle strength (Campbell
et al., 1980). Studies have indeed shown that patients with chronic bronchitis (i.e., increased
airway resistance) need a much larger absolute amount of resistance to reach the perception
threshold (Wiley & Zechman Jr, 1966). Also, individuals with weaker inspiratory muscles
perceive loads as more intense (Campbell et al., 1980; Gandevia et al., 1981). Finally, high-
intensity inspiratory muscle training has been shown to decrease the estimated intensity of
respiratory loads via the increase of inspiratory muscle strength (Kellerman et al., 2000).

To control for these between-subject morphological and respiratory differences, two
solutions have been proposed in the literature. First, instead of computing accuracy scores
based on the capacity to detect absolute changes in added resistance, Zechman and Wiley
(1977) recommended using the changes in added resistance relative to the subject's internal

resistance (i.e., the initial load). The measurement of the subject's airway resistance can be
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performed by the method of forced oscillation (Fritz et al., 1999). The second solution is a
new computer-driven respiratory mouthpiece that continuously measures flow and mouth
pressure and maintains airflow resistance constantly by altering the tube's internal diameter
(Powell & Williams, 2015). A constant resistive load can therefore be maintained between
subjects.

Regarding validity indicators, the ROD task scores were not significantly related to
self-report measures of interoceptive sensibility, alexithymia, dyspnea catastrophizing, and
positive/negative affectivity. Either these results do not support the task validity, or they do
not support the theoretical assumptions behind these tests. In the case of the RSST, no such
test has been reported yet.

Finally, the ROD task also has several practical downsides: it requires advanced
equipment, it is time-consuming, and it is not entirely automated. Indeed, the experimenter
has to manually trigger the pair of occlusions because they should be activated at the right
time during inspiration.

Conclusion for tasks newly developed in the respiratory domain.

The ROD task and RSST have several strengths; they are sensitive, reliable, and
uncontaminated by response bias and informed guessing strategies. However, further
empirical evidence is needed to exclude the possibility of using exteroceptive signals to
perform the tasks. Moreover, better control of morphological and behavioral characteristics is
desirable. Finally, the construct validity (e.g., convergent, discriminant, concurrent, and
predictive validity) of these tasks should be further investigated. In the particular case of the
ROD task, the most urgent question is whether the capacity to discriminate the length of
inspiratory occlusions is predictive of the capacity to detect respiratory signals, such as

inspiratory resistances. To test this question, it is necessary to test the convergence between

both tasks.
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Identification and assessment in the gastro-intestinal domain

We identified three new tasks for gastric interoceptive accuracy: The Water Load Test
—II (WLT-IL; Dyck et al., 2016), the glucose test (Young et al., 2021), and the
gastrointestinal mechanosensory stimulation task (Smith, Mayeli, et al., 2021).

In the WLT-II, participants have to drink water until perceived satiation and then until
maximum stomach fullness. Gastric interoceptive accuracy is defined as the percentage of
satiation to total volume. Among the tasks included in this systematic review, the WLT-II is
the most frequently used task. Its validity can, however, be legitimately questioned. As the
authors themselves have noted, the WLT-II is not an accurate measure of stomach capacity,
“because there is a number of confounding variables that this test cannot account for” (Dyck
et al., 2016, p. 11). We cannot, therefore, consider this measure as a “standardized and non-
invasive test to measure sensitivity for gastric functions, irrespective of stomach volume”
(Dyck et al., 2016, p. 11). Indeed, both measures of the amount of water needed to reach
satiation (first step) and fullness (second step) may be influenced by several variables,
including gastric interoceptive accuracy, response bias, guessing strategies (e.g., based on the
number of swallows), other beliefs or attitudes (e.g., the fear of drinking too much water),
and stomach capacity.

In the glucose test (Young et al., 2021), participants have to drink glucose and report
their hunger level at different times while their blood glucose is measured. Interoceptive
accuracy is computed by performing the within-person correlation between blood glucose
values and hunger. The limit of this test is that blood glucose is the only biomarker of satiety
whereas many other neural, metabolic, and hormonal signals influence satiety. Participants
could, therefore, be penalized in their measure of gastric interoceptive accuracy because they

rely on other signals than blood glucose (Young et al., 2021).
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The more promising gastro-intestinal task and its strengths.

In our view, the gastrointestinal mechanosensory stimulation task (Smith, Mayeli, et
al., 2021) is the most promising gastro-intestinal task. In this task, participants have to ingest
a vibrating capsule (controlled by the experimenter) and are asked to tap each time they feel a
vibration sensation in their stomach. Computational modeling is then applied to compute
participants' prior beliefs, interoceptive precision (i.e., the subject’s probability to tap or not
tap in reaction to the presence or absence of vibration), and learning rates.

This minimally-invasive task is promising as its precision scores are not likely to be
contaminated by informed guessing, priors, or multi-modal processing. Several results have
also supported its construct validity. First, significant correlations have been found between
signal detection theory parameters and their Bayesian parameters. For instance, there was a
positive correlation between precision and accuracy, and between priors and the number of
false positives. Second, higher precision was associated with faster reaction times, which
suggests that participants with higher gastric interoceptive accuracy had less difficulty
detecting the vibrations and, therefore, provided faster answers. Third, higher precision was
associated with lower perceived difficulty and higher confidence in task performance. Fourth,
electroencephalogram (EEG) techniques demonstrated a link between stronger activations in
response to capsule vibrations in several parieto-occipital regions (i.e., those generally
assigned to perceptual and interoceptive processing) among participants with higher sensory
precision. Fifth, more phasic skin conductance changes were observed among participants
with higher interoceptive precision. This may indicate that participants who detected more
vibrations had also more autonomic reactions to these vibrations.

Limitations of the more promising gastro-intestinal task.

However, this task has one main limitation: the capacity to detect vibrations may be

influenced by morphological differences between participants (e.g., the stomach size), which
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can influence the intensity of vibrations. On a related note, the position of the capsule in the
stomach could influence the ease with which participants detect its vibrations. Future studies
are needed to test the possibility of controlling for these confounding variables. Another
potential limitation is the practicability of the method. Only 40 participants were recruited for
the validation study, which is not enough to make stable estimations of, for instance,
correlation coefficients. Finally, it is an open question as to whether individual differences in
the ability to detect vibratory stimulations generalize to differences in the perception of
natural gastrointestinal states.

Conclusion for tasks newly developed in the gastro-intestinal domain.

The gastrointestinal mechanosensory stimulation task appears very promising as a
measure of gastric interoceptive accuracy. Preliminary evidence supports its construct
validity. Future studies are, nevertheless, needed to further investigate its practicability,

reliability (e.g., test-retest stability), construct validity, and ecological validity.

Main conclusion and future perspectives

This systematic review indicates that many tasks have been recently developed to
provide more valid and reliable measures of interoceptive accuracy. Unfortunately, our
analysis suggests that many of them suffer from limitations that should be solved before we
can recommend them and almost no task can yet be considered optimal for measuring
interoceptive accuracy. Nevertheless, we identified a set of more promising tasks deserving
closer attention and further validation efforts. In the cardiac domain, the most promising tasks
are those that prevent participants from using informed guessing strategies: Larsson et al.’s
(2021) task, the Phase Adjustment Task (Plans et al., 2021), and the heartbeat tapping task (as
administered by Kormendi et al., 2022; Smith et al., 2020; Smith, Feinstein, et al., 2021). In

the respiratory domain, we discussed the respiratory occlusion discrimination task (Van Den
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Houte et al., 2021) and the respiratory resistance sensitivity task (Garfinkel et al., 2016;
Harrison et al., 2021; Nikolova et al., 2022). Finally, in the gastrointestinal domain, we
discussed the gastrointestinal mechanosensory stimulation task (Smith, Mayeli, et al., 2021).

Caution is, nevertheless, needed regarding our classification of the tasks as more or
less promising. We endorsed a binary classification, as it allows us to select the tasks that we
discussed in more depth in the present paper, but it should be clear that their psychometric
and pragmatic properties differ continuously. Moreover, our assessment is subject to change
as new empirical data become available.

In the remainder of this general discussion, we address two more general questions
related to the (1) possibility and (2) necessity of reaching high validity in the measurement of
interoceptive accuracy.

Can we design highly valid measures of interoceptive accuracy?

Although a considerable amount of work has been done by dozens of researchers for
more than 40 years in the quest to develop valid and reliable measures of interoceptive
accuracy, it is fair to conclude that not a single task combines high construct validity,
reliability, discriminability of participants, and practicability (including acceptable
aversiveness and time cost). Even the most promising tasks await further psychometric
investigation and are characterized by important limitations. In particular, we have seen that
all existing interoceptive accuracy measures are likely contaminated by the to-be-detected
signal intensity, i.e., the strength with which the internal stimuli impact interoceptive
receptors.

We consider signal intensity a confounding variable because interoceptive accuracy
measures are meant to capture an individual’s ability to detect a given internal signal, which
implies that the intensity of this signal should remain constant between individuals. In the

exteroception literature, it has long been known that signal intensity influences the ability of



27

individuals to detect it (Green et al., 1957). Therefore, studies in this domain usually
standardize measurement based on signal intensity (i.e., participants have to detect signals of
the same intensities). As an analogy, during a visual acuity test, the letters are of similar sizes
regardless of the patient (Corneille et al., 2020). In contrast, current measures of interoception
do not maintain signal intensity constant across individuals. This is as if the sizes of letters in
the aforementioned visual acuity test changed between patients. This lack of control over
signal intensity in interoception research is probably due to the difficulty of manipulating
signal intensity without creating harm or discomfort. Yet, the fact that the problem is difficult
to overcome does not mean it should be brushed aside.

In the cardiac domain, signal intensity can be manipulated but cannot be precisely
controlled, and, therefore, statistical control (i.e., adjusting accuracy scores based on signal
intensity) is necessary. The efficacy of this statistical control, however, depends on the
measurement validity and reliability of cardiac signal intensity. Moreover, this statistical
manipulation assumes a relationship (e.g., linear) between signal intensity and detection
ability. Future studies will, therefore, need to identify the relationship type of these two
variables (which has been identified as, for example, an “S” or “ogive” curve in the auditory
domain; Kwan et al., 1991) and whether it differs between individuals.

In the respiratory and gastrointestinal domains, the to-be-detected signal can
sometimes be precisely controlled by the experimenter. However, these experimental
manipulations (e.g., resistances or occlusions applied to a tube in which participants breathe
or a balloon or capsule inserted in the gastrointestinal tract of the participants) might not
represent the sensations generally felt in everyday life. Perhaps even more importantly, the
impact of these experimental stimulations on internal states may be moderated by
morphological (e.g., the size of the stomach) and behavioral (e.g., the participant's breathing

pattern) characteristics. Future studies are needed to determine whether these moderation
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effects can be avoided (e.g., with new technologies) or if they should be statistically
controlled for. In the latter case, as explained in the previous paragraph for the cardiac
domain, statistical assumptions will have to be checked.

In conclusion, it is still unclear whether we can measure interoceptive accuracy with
high construct validity: even what we see as the most promising measures are not yet entirely
validated and all existing measures are at least potentially contaminated by signal intensity
for which we do not yet have full experimental or statistical control. Outcomes of
interoceptive accuracy measures should therefore be interpreted with caution.

Is interoceptive accuracy a needed construct? Suggested ways to move forward (or
backward...)

Alternatively, we can also question whether a too strong a focus on interoceptive
accuracy is consistent with psychological theoretical models that posit a role of interoception.
For instance, in embodied theories of emotions, the perception of bodily changes plays an
important role, but these theories are often agnostic about the specific interoceptive features
at play (e.g., Barrett & Lindquist, 2008). Likewise, emotional awareness has been thought to
be related to the awareness and interpretation of interoceptive signals, but interoceptive
accuracy does not have a central place in theoretical models (e.g., Craig, 2004; Lane et al.,
2015; Smith et al., 2018). Similarly, interoception is seen as contributing to addictive
behaviors, as suggested by lesion and neuroimaging studies (e.g., Naqvi et al., 2007; Noél et
al., 2013), but these theoretical assumptions are often agnostic about the specific
interoceptive features involved (but see Paulus et al., 2009). On a side note, these examples
also illustrate the need for more formal theoretical models that include specific predictions
(and the ways to empirically prove or refute them) and potential mechanisms by which

interoception contributes to other phenomena (e.g., Borsboom et al., 2021).
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The agnosticism of theories about the specific interoception dimension involved in
other phenomena is sometimes well justified. It is indeed relevant to hypothesize that the
more (frequently) individuals feel internal bodily signals, the more (frequently) they will
experience, for instance, emotions, drug effects, and food effects. The reason why individuals
feel internal sensations is, however, another question for which there are sometimes no
specific and exclusive expectations. It can, for instance, be due to signal intensity, the lower-
order processing of the nervous system, attentional processes, or interoceptive accuracy. It is,
therefore, not theoretically justified to focus solely on interoceptive accuracy when evaluating
the role of interoception in other phenomena. Yet, it is one of the most frequently measured
interoception dimensions.

We believe that interoception research should quit over-focusing on interoceptive
accuracy. Indeed, it has recently been pointed out that other important interoception
dimensions should be investigated (Desmedt, Luminet, et al., 2022; Legrand et al., 2022;
Murphy, 2022; Suksasilp & Garfinkel, 2022). Suksasilp and Garkfinkel (2022) have
advocated for a multi-dimensional assessment of interoception encompassing lower (e.g., the
preconscious impact of internal signals) and higher (e.g., interpretation of internal sensations)
levels of processing (see Figure 3). In addition to these dimensions, Legrand and colleagues
(2022) have recommended investigating interoceptive beliefs and developed a new paradigm
meant to measure the accuracy and precision of cardiac beliefs as well as the associated meta-
cognitive insight. Murphy (2022) has proposed the construct of interoceptive propensity,
which she defines as the degree to which individuals utilize internal signals for gauging
internal states (e.g., hunger) and for higher-order processes (e.g., emotions). Finally, we have
also recently proposed a hierarchical framework of interoception that includes even more
interoceptive processes at different levels of specificity (Desmedt, Luminet, et al., 2022). All

of these proposed dimensions of interoception (Desmedt, Luminet, et al., 2022; Legrand et



al., 2022; Murphy, 2022; Suksasilp & Garfinkel, 2022) are potential features that modulate
the phenomenological end-product of interoception (i.e., interoceptive sensations) and

explain its contribution to other phenomena.
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