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Highlights
o Categorization of interoceptive (respiratory) sensations changes perception
e Making categories threat-relevant decreased within-category discrimination,
especially within a high-intensity category
o These findings suggest that interoceptive fears impact perception of interoceptive

sensations



Abstract

Interoceptive fears and biased interoception are important characteristics of somatic
symptom disorders. Categorization of interoceptive sensations impacts perception of their
intensity and unpleasantness. In this study we investigated whether making interoceptive
categories threat-relevant further biases interoception of individual sensations compared
to safe categories. Either a category containing low- or high-intensity stimuli was made
threat-relevant by instructing (and occasionally experiencing) that interoceptive
sensations could be followed by an unpredictable electrocutaneous stimulus. We
replicated that categorization had a profound impact on perceived interoceptive
sensations, with stimuli within categories being perceived as more similar than
equidistant stimuli at the category border. We found some evidence for the impact of
threat on perceived characteristics of stimuli (with the direction of these effects depending
on whether interoceptive stimuli of low or high intensity were threat-relevant), but not
for altered categorical choice behaviour. These results imply that the perception of
respiratory stimuli is influenced strongly by top-down processes such as categorization,
and suggest that interoceptive processing may flexibly adapt to contextual factors such as
threat in healthy individuals. However, inflexible responding to repeated and/or severe
threat to the internal body may compromise accurate interoception and may result in

interoceptive illusions contributing to medically unexplained symptoms and syndromes.
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1. Introduction

Medically unexplained symptoms (i.e., symptoms in the absence of any physiological
dysfunction) and somatic symptom disorders are highly prevalent both in primary (see
Haller et al., 2015 for a review) as well as secondary health care settings (Nimnuan et al.,
2001; Reid et al., 2001), and put a high economic burden on society (Barsky et al., 2005;
Bermingham et al., 2010; Hiller et al., 2003). Interoceptive sensations inform us about
the state of our physiological body and motivate behaviour (e.g., eating behaviour, care
seeking). However, most individuals are not good in perceiving internal stimulation
(Zamariola et al., 2018), and persons with persistent medically unexplained symptoms
tend to be interoceptively less accurate (Van den Bergh et al., 2017). Even though this
research suggests that the correspondence between peripheral physiology and reported
sensations is on average rather low, the idea that symptoms have a physiological cause is
deeply rooted in our health care system. Moreover, some individuals develop clusters of
multiple, persistent, and debilitating unexplained symptoms together with excessive
thoughts, feelings, or behaviours related to these symptoms (i.e., somatic symptom
disorder), leading to considerable psychological burden due to stigma, lack of a clear
treatment, and poor prognosis (Nettleton, 2006). Even though these patients benefit from
non-pharmacological treatments (such as CBT) (Clarke, 2016; Smith et al., 2015), it is
unclear which aspects of existing treatments work (Henningsen et al., 2018). In order to
optimize diagnostic and treatment procedures, as well as improve patients’ well-being, it
is thus of great importance to gain insight in the perceptual mechanisms underlying the
experience of interoceptive sensations, as well as in the circumstances under which they
relate or dissociate from peripheral physiological activity.

In accordance with recent theorizing about interoception and symptom perception

within a predictive processing perspective, we assume that the brain makes sense of the



constant stream of interoceptive stimulation by implicitly making categorical predictions
about the sources of the stimulation (Petersen et al., 2015b; Rigoli et al., 2017; Van den
Bergh etal., 2017). By grouping patterns of interoceptive stimulation into categories (e.g.,
cardiac vs. gastrointestinal sensations, benign sensations vs. symptoms), likely causes of
the stimulation can be inferred and, if necessary, coping behaviour can be instigated.
Categorization reflects an (implicit) decision process based on the likelihood of certain
categorical prior beliefs, given an individual’s learning history and the current context
(Lynn and Barrett, 2014; Rigoli et al., 2017). For example, patterns of respiratory
stimulation during exercise may be categorized as benign sensations in a healthy
individual with relative certainty, but as symptoms of a disease in a person with exercise-
induced asthma (possibly inducing coping behaviours). In both persons, however, the
same stimulation will likely be categorized differently when experienced in another
context (e.g., in rest). Obviously, also the type and pattern of the actual somatic input
plays a role: stimulation associated with suffocation (e.g., bronchoconstriction, which is
typically seen in asthma) is a more reliable source of evidence to suggest a specific
category than is the vague and widespread stimulation elicited by exercise (e.g., increased
heart rate, blood pressure, breathing rate and depth, body temperature, ...). The relative
reliability of categorical prior beliefs versus that of actual physiological input determines
their relative contribution to the perception of sensations (Henningsen et al., 2018; Van
den Bergh et al., 2017). If highly precise categorical prior beliefs determine interoception
without being sensitive to actual somatic input, perceived sensations may be an inaccurate
representation of the state of the body, which in extreme cases may take the form of
interoceptive illusions (such as medically unexplained symptoms).

Importantly, anxiogenic traits and anxiety disorders have been linked to a number

of cognitive biases which, we believe, are expressions of strong prior beliefs dominating



information processing (Barrett, 2017). Anxiety is related to a tendency to expect negative
and threatening events (for a review, see Bar-Haim et al., 2007) and biased fear learning,
that is, difficulties in discriminating between threat and safety signals (Lissek et al., 2009)
and the spread of fear from threatening to similar, but safe signals (for a review, see
Dymond et al., 2015). In other words, perception in anxious individuals seems to be
strongly impacted by predictions of threat resulting in lower differentiation between
threat and safety signals (Paulus and Stein, 2010). Furthermore, anxiety has been related
to a reduced ability to learn that signals predict safety (Lissek et al., 2009, 2005),
reflecting difficulties in falsifying threat-related predictions. Since dispositional anxiety
and specific interoceptive fears are higher in patients reporting medically unexplained
symptoms and in patients with somatic symptom disorder (Geisser et al., 2003;
Henningsen et al., 2003; Jerndal et al., 2010; Kroenke, 2003; Nijs et al., 2013; Peters et
al., 2000), we assume that anxiety increases the likelihood of processing interoceptive
stimulation in the light of general threat-related prior beliefs, such as bodily symptoms.
When aggravated by difficulties to falsify such inaccurate predictions, a vicious circle of
inaccurate interoception and possibly even interoceptive illusions may ensue.

The impact of categories on interoception was indeed found in earlier
interoceptive categorization studies in which participants memorized category
membership of different interoceptive stimuli (inspiratory resistances requiring more or
less inspiratory effort). Allocating a set of stimuli to one category resulted in more
perceived similarity and worse discrimination between stimuli belonging to that category,
compared to between (equidistant) stimuli belonging to different categories (Petersen et
al., 2015a, 2014), and these effects were more pronounced with higher levels of symptom
reporting. The latter factor was also associated with a tendency to classify ambiguous

low-intensity sensations into a high-intensity category (Petersen et al., 2015a).



Furthermore, a number of studies using oesophageal and proprioceptive stimulation
found that fear associated with low-intensity, non-painful stimuli increased the likelihood
of these stimuli to be classified as ‘high-intensity’ or ‘painful’ (Zaman et al., 2018, 2017)
and was related to reduced discrimination between stimuli of different intensities
(compared to when fear-inducing stimulus was never paired with oesophageal
stimulation) (Zaman et al., 2016). These findings suggest that individual differences in
symptom reporting levels and interoceptive fear learning are related to differences in
categorization of physiological stimulation, as well as the detail with which interoceptive
stimulation is perceived, and may thus be important factors in the gradual uncoupling of
body physiology and subjective reports thereof. We do not know, however, whether
threat-related prior beliefs are weighted more in interoception, thereby being a possible
mechanism relating individual differences and fear learning to biased interoception (and
possibly symptom overperception). The aim of this study was to replicate the above
interoceptive categorization effects and to examine whether associating threat to a
specific categorical prior belief modified these effects (i.e., changed their weight in the
perceptual process). Participants categorized interoceptive stimuli into a low- or high-
intensity category, one of which was threat-relevant in one part of the task. We expected
that categorization would lead to within-category loss of perceptual detail (i.e., reduced
perceived differences within, compared to between categories), and that this effect was
stronger within the threat-relevant category. Furthermore, we expected that threat-
relevance would result in higher importance of, and thus better, discrimination between
threat and safety signals. We also expected that threat-relevance would lead to changes
in the subjective border between categories. Finally, we explored effects of individual

differences in anxiogenic traits.



2. Materials and methods

2.1 Participants

Eighty-six female students (Mage = 21.06, SDage = 4.09, range 17-46) participated in return
for course credits or monetary compensation (€12). Participants were recruited via
advertisements at the Faculty of Psychology and Educational Sciences. Since sex
differences in interoceptive abilities (Grabauskaite et al., 2017; Miller and Davenport,
2015) and anxiogenic traits and fear learning are often reported (McLean and Anderson,
2009; Merz et al., 2018), and the majority of students at the faculty are female, we only
included female participants. Participants were randomly allocated to a between-subjects
condition (low- vs. high-intensity stimuli are associated with threat). Within these
conditions, the order in which task phases were presented (first threat vs. safe phase) was
also randomised. Both operations were based on a randomisation list. Data of six
participants were excluded before analyses due to technical difficulties (N=4) or failure
to adhere to task instructions (N=2). Exclusion criteria were a history of or current
cardiovascular, respiratory, or neurological condition, medical conditions that affect
respiratory capacity, acute illness, past or current psychiatric diagnosis, regular
medication use (except contraceptives), having an electronic implant, pain or problem
located at the wrist, request from general practitioner to avoid stressful situations,
pregnancy, or uncorrected eyesight problems. All participants signed informed consent.
The study was approved by the Social and Societal Ethics Committee of the University

of Leuven.

2.2 Apparatus

The Powerbreathe K5 device (POWERDbreathe International Ltd., Southam, UK) was

used to present eight inspiratory resistances (7, 9, 12, 16, 21, 28, 37, and 49 cmH.0)



increasing in intensity with a constant factor of 32%, each level requiring more effortful
inhalation. Resistances were presented using Breathelink software. Inspiratory flow was
registered with a pneumotachograph (Hans Rudolph Inc., Shawnee, USA) connected to
the breathing device, in order to present electrocutaneous stimuli directly at the start of
inhalation and to calculate categorization response times relative to the start of inhalation.
Inspiratory flow was sampled and stored at 1000 Hz.

Electrocutaneous stimuli (2 ms) were delivered at the left wrist via a reusable bar
electrode (8 mm diameter, 30 mm spacing) filled with K-Y jelly and a Digitimer DS7A

constant current stimulator (Digitimer Limited, Hertfordshire, UK).

2.3 Self-report measures

2.3.1 Trait measures

The Dutch version of the Positive and Negative Affect Schedule (Watson et al., 1988)
was used to measure negative affectivity. Participants indicated how often they
experience 10 negative affective states in general on a scale from 1 (seldom) to 5 (very
often). The questionnaire has excellent construct validity, good internal consistency and
acceptable test-retest reliability (Engelen et al., 2006; Watson et al., 1988). Participants
rated anxiety in 14 suffocation-related situations on the Dutch version of the Fear of
Suffocation Scale (Van Diest et al., 2010) on a scale from 0 (not anxious at all) to 4
(extremely anxious). The subscale has good construct validity, internal consistency and
test-retest reliability (Radomsky et al., 2001; Van Diest et al., 2010). The Dutch version
of the Intolerance of Uncertainty Scale (de Bruin et al., 2006) was used to measure
participants’ cognitive, emotional, and behavioural reactions to (perceived) uncertainty.

Participants rated agreement with 27 statements on a scale from 1 (strongly disagree) to
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5 (strongly agree). The questionnaire has good construct validity, and excellent internal

consistency and test-retest reliability (de Bruin et al., 2006; Norton, 2005).

2.3.2 State measures

Inspiratory resistances were rated on fear, intensity, and unpleasantness on three Visual
Analog Scales (VASs) ranging from 0 (not fearful/intense/unpleasant at all) to 100 (very
much fearful/intense/unpleasant). Participants rated how anxious they felt during the
previous block (see Section 2.4) on a 0 (not anxious at all) to 100 (very anxious) VAS
and threat of resistances within the low category (1), and of resistances within the high
category (2) on two 0 (not threatening at all) to 100 (very threatening) VASs.

Pain of the electrocutaneous stimulus was rated on a 0 (no sensation) to 10 (worst
pain imaginable) Numeric Rating Scale (NRS). Expectancy of receiving a painful
electrocutaneous stimulus if a resistance of the low (1), or of the high category (2) were
to be presented next were rated on two 0-100 VASs (certainly not — uncertain — certainly;

not anxious at all — very anxious).

2.4 Procedure

Upon entering, participants signed informed consent, filled in the trait questionnaires, and
maximal inspiratory capacity was tested with the breathing device. Then, during a
practice phase, each resistance was presented once and participants were asked to
overcome these resistances by increasing breathing effort, and to rate fear, intensity, and
unpleasantness of the presented resistance.

Afterwards, the categorization task started. Throughout all phases of this task,
inspiratory resistances were presented in quasirandom order, for one breath per resistance.
A break was provided in the middle and at the end of each phase described below

(dividing each phase into two blocks).
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First, in a category learning phase, a category label was displayed on the screen
(4s) and participants memorized whether resistances belonged to the low-intensity (7, 9,
12, 16 cmH20) or high-intensity (21, 28, 37, 49 cmH20) category. Resistances were
presented six times each and fear, intensity, and unpleasantness were rated on a trial-by-
trial basis. The category learning phase existed of two blocks, and each resistance was
presented three times per block (48 trials in total).

After the end of this phase, the electrode wristband was attached to the left wrist
and the electrocutaneous stimulus was individually calibrated to an intensity that the
participant experienced as ‘painful and unpleasant, and required some effort to tolerate’
(matching a score of 8 on the pain scale) using an ascending method of limits, similar to
other studies (e.g., Janssens et al., 2019; Meulders and Vlaeyen, 2019; van Vliet et al.,
2018).

Lastly, participants completed a forced-choice categorization task in which they
categorized resistances as accurately as possible into the low- or high-intensity category
by pressing a button-box (right hand). Which button (left or right) indicated which
category (either the low- or high-intensity) was counterbalanced over participants and the
respective category labels were displayed on the same side of the screen. After
categorizing a resistance, participants rated its fear, intensity, and unpleasantness. This
forced-choice task was performed under two conditions (within-subjects), either without
threat present (further called the °‘safe’ condition), or under a threat-of-shock
manipulation (further called the ‘threat’ condition).

In the threat condition, threat-relevance of one of the categories (low- or high-
intensity; between-subjects) (further called the threat-relevant category) was manipulated
by the instruction that “resistances from this category could be followed by the painful

stimulus at any time, for a maximum of 10 presentations” (based on the well-validated
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threat-of-shock manipulation of Grillon et al. (2004)). In reality, participants received the
painful stimulus six times during the threat condition, immediately following a resistance
of the threat-relevant category. Since the presentation of a painful stimulus likely disrupts
the processing of the previous resistance, this trial was not analysed. A resistance of the
other (threat-irrelevant) category was always presented immediately before or after this
trial (random). This trial too was not analysed. Additional resistance pairs were added at
fixed time points (after trial 3, 16, and 34 in the first block, and after trial 2, 17, and 33 in
the second block). In the safe condition, participants were told that no painful stimuli
would be presented and the wristband was removed. In order to keep the number of
presented resistances equal between the threat and safe condition, however, one resistance
from the low-intensity category, and one resistance from the high-intensity category were
added (random order) at the same trials in the safe condition and also were not analysed.
Next to these extra resistances, each resistance was presented eight times per condition
(four times per block, 152 trials in total). Figure 1 shows the block structure in the threat
forced-choice condition (block 1).

Participants rated general anxiety and threat of inspiratory resistances (in each
category) in the middle and at the end of the category learning phase and both conditions
of the forced-choice categorization phase (threat and safe) (six times in total). Expectancy
and fear of the electrocutaneous stimulus were rated at eight time points during the threat
condition of the forced-choice phase (after trial 10, 19, 29, and 38 of each block, see
Figure 1). Pain of the electrocutaneous stimulus was rated once at the end of calibration,

once at the start of the threat condition, and once at the end of this condition.
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Figure 1. Block structure in the forced choice task (block 1). Lungs: resistance
presentation. Grey boxes: extra resistance pairs (random order), one of which was

followed by an electrocutaneous stimulus (bolts) in the threat (but not safe) condition.

2.5 Statistical analyses

2.5.1 Data exclusion

Individuals who did not differentiate between the threat-relevant and threat-irrelevant
category in expectancy to receive a painful stimulus were excluded based on the
following precision criterion:

mean expectancy threat-relevant category

*1
mean expectancy threat-relevant category + mean expectancy threat-irrelevant category

We excluded individuals scoring <70% on this criterion, that is, those individuals who
did not score expectancy of receiving a painful stimulus after a resistance from the threat-
relevant category more than twice as high as expectancy after a resistance from the threat-
irrelevant category. This relative approach was based on information processing theory,

that defines precision as the proportion of actual positives (expecting painful a stimulus
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after threat-relevant resistance) that are correctly identified as such (expecting a painful

stimulus irrespective of the resistance) (Olson and Delen, 2008, p. 137-138).

2.5.2 Sample characteristics

Group differences in age, body mass index (BMI), negative affect, fear of suffocation,
intolerance of uncertainty and educational level were examined using independent
samples t-tests and a Pearson Chi-square test. It should be noted, however, that we have
insufficient power to test for equality and, therefore, results from these tests are thus only

approximations.

2.5.3 Threat manipulation

Group differences in the intensity of the electrocutaneous stimulus were tested with an
independent samples t-test. We also tested whether the painful stimulus was rated as level
8 on the pain scale (painful and unpleasant, and requiring some effort to tolerate) during
calibration (one sample t-test) and whether this changed throughout the session (repeated
measures (RM) ANOVA), with pain ratings after calibration, before the threat condition,
and after the threat condition as levels of the within-subjects variable.

To examine whether the threat manipulation increased general anxiety, we
compared mean anxiety in the threat condition to that in the safe condition in a mixed-
design RM-ANOVA, with group as the between-subjects variable. Likewise, to examine
whether the threat manipulation significantly increased threat of resistances in the threat-
relevant category (low- or high-intensity category, between-subjects), we compared mean
threat of resistances in the threat-relevant category in the threat and the safe condition in
one ANOVA per between-subjects condition.

It should be noted, however, that we have insufficient power to test for equality

and, therefore, results from these tests are thus only approximations.
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2.5.4 Main research questions

All trial-by-trial categorizations and fear, intensity, and unpleasantness ratings made
during the forced-choice phases were included in the analyses, except for those made in
the extra resistance pairs. SPSS 25 was used to analyse ratings, the stats and Ime4
packages in R were used to analyse binary categorization responses and response times,
respectively (Bates et al., 2015). Greenhouse-Geisser and Bonferroni corrections were

used when necessary.

2.5.4.1 Research question 1 — Impact of categorical prior beliefs on interoception:

perceived sensations within vs. between categories.

To test whether perceived differences between interoceptive stimuli within categories
were smaller than between equidistant stimuli at the category border, and whether this
effect would be stronger with higher levels of negative affect, fear of suffocation, and

intolerance of uncertainty, we calculated the percentage change in mean ratings between

mean rating resistance 2 - mean rating resistance 1

adjacent resistances (e.g., [ ]*100) per rating scale

mean rating resistance 1
(fear, intensity, and unpleasantness) and condition (threat and safe forced-choice phase)
separately. Then, we computed the average percentage change within each category
(Corneille et al., 2002; Petersen et al., 2014). Per rating scale, we compared perceived
within-category differences to perceived between-category differences in a 3 (percentage
change: within the low-intensity category, between categories (i.e., between resistance 4-
5), and within the high-intensity category) x 2 (group: low- or high-intensity category is
threat-relevant) x 2 (condition: threat or safe) mixed-design RM-ANCOVA, with

negative affect, fear of suffocation, and intolerance of uncertainty as covariates (grand



16

mean centred), by testing a planned quadratic contrast across three levels of percentage
change.
2.5.4.2 Research question 2a — Impact of threat-relevant categorical prior belief on

interoception: perceived sensations within categories.

To test whether threat-relevance of a categorical prior belief increases its impact on
perceived sensations within categories, we ran one RM-ANOVA contrast per rating scale
(fear, intensity, and unpleasantness) with average percentage change within the threat-
relevant category in the threat versus safe condition as levels of the within-subjects
variable and negative affect, fear of suffocation, and intolerance of uncertainty as
covariates (grand mean centred). Since the threat-relevant category differed between-
subjects, separate RM-ANOVAs were run for between-subjects conditions (threat-
relevant category: low- or high-intensity). We hypothesized that perceived differences
would be smaller in the threat than in the safe condition.

2.5.4.3 Research question 2b — Impact of threat-relevant categorical prior belief on

interoception: between-category discrimination.

To test whether threat related to a categorical prior belief changed the degree of between-
category discrimination, categorization responses were analysed in a logistic regression
analysis. We added resistance, condition (threat or safe), group (threat-relevant category:
low- or high-intensity), and all their interactions as predictors. Furthermore, we added
negative affect, fear of suffocation, and intolerance of uncertainty and their interaction
effects with resistance as covariates. For more details about the analysis, see
Supplemental Material. We examined whether the steepness of the regression slope, or
between-category discrimination, was different between threat and safe conditions,
whether this effect was different depending on which category was threat-relevant, and

whether differences in between-category discrimination were related to negative affect,



17

fear of suffocation or intolerance of uncertainty. We expected stronger between-category

discrimination in the threat (compared to the safe) condition.

2.5.4.4 Research question 2c — Impact of threat-relevant categorical prior belief on

interoception: subjective category border.

Here we examined the effects of condition, condition x group, negative affect, fear of
suffocation, and intolerance of uncertainty on the threshold to classify resistances in a
certain category (i.e., on the category border). The intercept of a logistic regression
indicates the midpoint of its curve, and therefore the estimated resistance intensity that
would be classified in the low- and high-intensity category in exactly 50% of trials. A
lower intercept indicates a tendency to identify resistances as being from the high-
intensity category at a lower resistance intensity, that is, a subjective category border
located at a lower resistance intensity. We compared 95% profile confidence intervals of
the intercept under the full model (including the same factors as those described in Section
2.5.4.3) to those under a simple model in which the predictor of interest was removed
(non-overlap indicating significance). We expected that threat would increase
categorization in the threat-relevant category, or lead to more categorization into the high-
intensity category (due to more conceptual overlap between the low- and high-intensity

category by manipulating threat of the low-intensity category).

2.6 Secondary research question — Response times

We explored differences in response times between the threat and safe condition, between
correct and error responses in categorization, and the interaction between condition and
response. We ran a multilevel gamma regression analysis, in which resistance, condition

(threat or safe), response (correct or error) and all their interaction effects were added as
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fixed effects. We allowed a random intercept per participant. We hypothesized that
response times would be shorter in the threat compared to the safe condition, longer for
error than correct categorizations, and explored whether the latter was different between
threat and safe condition. For details on the preparation of response times and more details

on the analysis, see the Supplemental Material.

3. Results

3.1 Data exclusion

Seven participants (Niow-intensity threat-relevant = 4, Nhigh-intensity threat-relevant = 3) did not reach the
70% precision criterion (i.e., did not score expectancy of receiving a painful stimulus
twice as high following stimuli of the threat-relevant compared to the threat-irrelevant
category), and were excluded from further analyses. Visual inspection of the expectancy
ratings of these individuals suggests that these participants learned to expect the painful
stimulus (expectancy ratings different from zero) but did not differentiate between the
threat-relevant and threat-irrelevant category (i.e., generalization of threat to the threat-

irrelevant category) (see Figure 2).
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Figure 2. Expectancy of receiving a painful stimulus after a resistance of the low-intensity
(left panel) versus the high-intensity category (right panel), for groups that received
painful stimuli after resistances of the low-intensity category (black) versus the high-

intensity category (white). Error bars represent standard errors.

3.2 Sample characteristics

The final sample consisted of 73 participants, divided in two groups differing on the
threat-relevant category (niow = 36, Nnigh = 37). Groups did not differ in age (Mage = 20.63,
SDage = 2.97; t(71) = 1.95, p = .06, d = .46), BMI (Mami = 22.21, SDsmi = 2.99; t(71) =
1.46, p = .15, d = .16), negative affect (Mna = 23.04, SDna = 5.48, t(71) =-.66, p = .51,
d = .15), fear of suffocation (Mros = 6.19, SDros = 4.27; t(71) = .39, p = .70, d = .09), or
intolerance of uncertainty (Mius = 63.68, SDius = 14.11; t(71) = .17, p = .87, d = .04).
Since some cells (60%) contained frequencies less than 5, we used a Fisher’s exact test
instead of Pearson Chi-square. Groups did not differ on educational level (p = .55, ¢ =

22).
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3.3 Threat manipulation

The intensity of the electrocutaneous stimulus did not differ between groups (Mintensity =
2.69 mA, SDintensity = 1.22; t(71) = .16, p = .87, d = .04). Self-reported pain intensity did
not differ from a score of 8 on the pain scale (Mpain = 7.96, SDpain= .31, t(72) =-1.14,p =
.26, d = .13) and did not change throughout the session (F(1.25,89.80) = .95, p = .35,
’7;2)a ial = -35), indicating that the stimulus remained ‘painful and unpleasant, and requiring
effort to tolerate’.

We corrected for heterogeneity of variance in general anxiety ratings with a
logarithmic transformation. General anxiety was significantly higher after threat

compared to safe blocks (F(1,71) = 49.49, p <.001, r;ﬁ = .41). Threat of the threat-

artial
relevant category was significantly higher after threat compared to safe blocks, both in

the condition in which the low-intensity category was threat-relevant (F(1,35) = 22.95, p

<.001, néamal = .40) as in which the high-intensity one was (F(1,36) = 27.55, p < .001,
npz)artial = 43)

3.4 Main research questions

3.4.1 Research question 1 — Impact of categorical prior beliefs on

interoception: perceived sensations within vs. between categories.

Significant outliers (data points + 3 interquartile range away from the mean of their
experimental condition) had virtually no impact on the effects of interest and were
therefore included to improve statistical power. Trait negative affectivity, fear of
suffocation, and intolerance of uncertainty were not related to the impact of threat on
perceived within-category differences (all ps > .025) and were excluded for further

analyses. As depicted in Figure 3, perceived within-category differences were



21

significantly smaller than between-category differences in fear (quadratic contrast:

F(1,71) = 6.47, p <.025, > . =.08), intensity (quadratic contrast: F(1,71) = 16.95, p <

partial

.001, ”ﬁanial =.19), as well as unpleasantness ratings (quadratic contrast: F(1,71) = 14.49,

p<.001, ”f,a 1ol = -17). These results thus show that interoceptive sensations are perceived

as more similar when they are grouped in the same category compared to perceived

differences at the category border.

3.4.2 Research question 2a— Impact of threat-relevant categorical prior belief

on interoception: perceived sensations within categories.

Significant outliers (data points + 3 interquartile range away from the mean of their
experimental condition) were removed from the analyses (5 out of 73 data points for fear,
4 for intensity, and 4 for unpleasantness). Trait negative affectivity, fear of suffocation,
and intolerance of uncertainty were not related to the impact of threat on perceived within-

category differences (all ps > .025) and were excluded for further analyses.

We found that perceived differences in fear within the threat-relevant category
were significantly smaller in the threat, compared to the safe condition, but only when
the low-intensity category was threat-relevant (low-intensity is threat-relevant: F(1,32) =

7.82,p<.01, 113 =.20; high —intensity is threat-relevant: F(1,34) =1.97, p= .17, #°

artial partial

= .06). With regard to intensity ratings, we found smaller perceived differences in the
threat-relevant category during the threat (compared to the safe) condition when the high-

intensity category (F(1,33) = 7.413, p <.05, 42 = .18), but not when low-intensity

partial

category was threat-relevant (F(1,34) = .40, p = .53, 2. =.01). We did not find such

partial —
effects in unpleasantness perception (low-intensity is threat-relevant: F(1,32) = 3.07,p =

.09, 2 . =.09; high-intensity is threat-relevant: F(1,35) = .80, p = .38, 2 . =.02).

partial — partial
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These results suggest that perceived within-category detail decreased in the threat-
relevant category for fear ratings when the low-intensity category was threat-relevant and

for intensity ratings when the high-intensity category was threat-relevant.
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Figure 3. Percentage differences in fear (A), intensity (B), and unpleasantness (C) ratings
between resistances within the low-intensity category, at the category border (low/high),
and within the high-intensity category, for groups that received painful stimuli after
resistances of the low-intensity (left panel) versus high-intensity category (right panel),
in the safe (dotted line) and threat (solid line) forced-choice condition. Error bars

represent standard errors.

3.4.3 Research question 2b — Impact of threat-relevant categorical prior belief

on interoception: between-category discrimination.

As shown in Figure 4, between-category discrimination (steepness of regression slopes)
did not differ between conditions (ORyesistance x condition = 1.01, p = .96, 95% Clor [.69,
1.48]), in neither of the groups (OResistance x condition x group = .74, p = .30, 95% Clor [.42,
1.31]). Between-category discrimination was stronger in individuals high in fear of
suffocation (ORresistance x Fos = 1.20, p < .05, 95% Clor [1.02,1.42]), but it was not related
to negative affectivity (ORresistance x Na = 1.01, p = .96, 95% Clor [.83, 1.22]), nor
intolerance of uncertainty (ORtesistance x 1us = .95, p = .60, 95% Clor [.80, 1.14]). Thus, the
threat manipulation did not impact the strength of between-category discrimination,
independent of which category was threat-relevant. Between-category discrimination

was, however, stronger in individuals with high fear of suffocation scores.

3.4.4 Research question 2¢ — Impact of threat-relevant categorical prior belief

on interoception: subjective category border.

The confidence interval of the intercept under the full model (95% CI [-0.56,-.27]) was
compared to the confidence intervals of the intercept in simpler models (excluding the
predictor of interest). Figure 4 shows that the intercept was not impacted significantly by

condition (95% CI [-.46,-.25]), in neither of the groups (95% CI [-.62,-.47]). Neither fear
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of suffocation, negative affectivity, nor intolerance of uncertainty were associated with
the subjective category border (95% Clros [-.56,-.27]; 95% Clna [-.57,-.29]; 95% Clius
[-.56,-.27]. In summary, the threat manipulation did not have an impact on the subjective
category border, independent of whether threat was related to low- or high-intensity
sensations. Fear of suffocation, negative affectivity, nor intolerance of uncertainty levels

were related to the subjective category border
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Figure 4. Proportion of trials classified in the high-intensity category in the safe (dotted
line) and threat (solid line) forced-choice condition, for groups that received painful
stimuli presented after resistances of the low-intensity (left panel) versus the high-

intensity category (right panel). Error bars represent standard errors.

3.5 Secondary research question: response times
Response times were longer when an error was made, compared to when a resistance was
categorized correctly (Bresponse = 168.16, p < .0001, d = .58) and in the threat condition

compared to the safe condition (Scondition = 48.37, p <.0001, d = .15). These effects did
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not interact (Bresponse x condition = -7.13, p = .87, d = .03). Thus, response times were longer

when an error was made and in the threat condition.

4. Discussion

The aim of this study was to replicate effects of categorization on interoception and to
examine whether threat-relevance of categories increases their impact on perceived
differences in interoceptive sensations, between-category discrimination, and the
subjective category border. We examined interactions with general and specific
anxiogenic traits and explored response times.

In accordance with our hypothesis, we found that instigating categorical
predictions resulted in smaller perceived differences within, compared to between
categories in fear, intensity, and unpleasantness, suggesting that categorical predictions
had a profound impact on perceived interoceptive sensations. These findings are
consistent with a large body of (exteroceptive) categorization research (e.g., Corneille et
al., 2002; Goldstone, 1995; Tajfel and Wilkes, 1963) that found that category membership
significantly changes stimulus perception, and extend those found in earlier interoceptive
categorization studies, in which category labels were shown on screen immediately before
ratings were made (Petersen et al., 2014; van der Meulen et al., 2017), to persistent
interoceptive categorization effects even when category labels are no longer shown (i.e.,
have to be retrieved from memory). Our effects may have been enhanced by increased
attention focus on between-category (compared to within-category) differences in order
to perform better on the categorization task, but they nevertheless suggest 1) category
learning, 2) the significance of the (arbitrary) category border, and 3) the impact of
categories on perceived interoceptive sensations. These top-down effects on interoception

may be clinically important, since the information frame used to diagnose and discuss
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sensations and symptoms with patients may induce profound changes in the perception
thereof (Petersen et al., 2014).

Furthermore, the threat manipulation successfully increased the threat value of
resistances in the threat-relevant category, as well as general anxiety in the threat
compared to the safe condition. Partially confirming our hypotheses, we found that the
threat manipulation resulted in smaller within-category perceived differences in fear, but
only when the low-intensity category was threat-relevant. For intensity perception, we
found the opposite effect, that is, smaller perceived differences within the threat-relevant
category only when the high-intensity category was threat-relevant. These results may
point to different effects of threat learning depending on the initial characteristics of
categorical prior beliefs (i.e., differences in category attributes). On the one hand, when
sensations that differ in intensity are predictive of the occurrence of an aversive outcome,
focusing on differences between categories would help detection of, and responding to
possible threat. On the other hand, when differences in intensity are of little help in
predicting the occurrence of an aversive event (i.e., either an electrocutaneous stimulus
or a high-intensity inspiratory resistance), such change in focus may not occur, resulting
in a lack of difference between the threat and safe condition in perception of within-
category detail when the low-intensity category is threat-relevant. Similar effects have
indeed been found in a respiratory fear conditioning study (Schroijen et al., 2015), and
suggest that interoceptive processing flexibly adapts to contextual factors (such as threat)
in healthy individuals. The simultaneous loss of detail in fear-relevant information in the
low-intensity category likely is a consequence of the threat manipulation, increasing fear
of low-intensity stimuli to a similar level (and thus a change in category meaning),

whereas differences in fear of high-intensity stimuli may have been smaller due to higher
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baseline fear inherent to high-intensity respiratory resistances (Miller and Davenport,
2015; Pappens et al., 2011, 2010).

Despite affecting within-category perception, threat did not result in more
accurate discrimination between threat-relevant and —irrelevant stimulation, nor did it
induce a tendency to identify threat-irrelevant stimuli as being threat-relevant. In other
words, threat induced changes in perception of respiratory stimuli, but not in choice
behaviour. Since the strength of between-category discrimination is impacted by the
perceptual similarity between categories, or category overlap (Lynn and Barrett, 2014),
our results suggest that threat did not change perceived similarity between categories.
Again, taking into account baseline differences in fear related to resistance intensity
(Miller and Davenport, 2015; Pappens et al., 2011, 2010), however, threat learning related
to low-intensity stimuli likely results in more profound and faster fear learning due to
higher surprise — or prediction error (Rescorla and Wagner, 1972). This may have
increased perceptual similarity between the low- and high-intensity category when low-
intensity stimuli were threat-relevant, resulting in worse between-category
discrimination, whereas the opposite may be true when high-intensity stimuli are made
threatening, and thus an overall lack of effect. In addition, the lack of differences in the
subjective category border probably is due to relatively low behavioural relevance of
categorization in our study. Choice behaviour is impacted both by the likelihood of
signals and noise (i.e., threat-relevant vs. —irrelevant stimulation), as by the costs
associated with missing vs. wrongly identifying threat-relevant stimuli (Lynn and Barrett,
2014). The lack of difference in the subjective category border thus indicates that threat
in our study did not change estimated likelihood of threat-(ir)relevant stimuli, nor costs
associated with categorization in the threat-(ir)relevant category. Indeed, the aversive

stimulus followed threat-relevant resistances in only 6 out of 38 presentations, were short
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(instead of long-lasting or chronic), and had little real-life consequences (i.e., costs),
which may be insufficient to change estimated likelihood (i.e., precision) or perceived
costs of existing predictions (i.e., generate too little/small prediction errors), especially in
healthy, non-anxious individuals (Rescorla and Wagner, 1972).

Individual differences in negative affect and intolerance of uncertainty did not
interact with any of the effects. Fear of suffocation scores were, however, positively
associated with stronger between-category discrimination. High scores on general
anxiogenic traits usually are related to a stronger decoupling of subjectively perceived
sensations and objective physiology (Katon et al., 2007; Li et al., 2008), especially in a
negative affective context (Bogaerts et al., 2005; Van den Bergh et al., 2004). Since scores
on negative affect and intolerance of uncertainty in our sample fell into the normal range
(de Bruin et al., 2006; Watson et al., 1988), it is possible that we may only find the
expected effects in individuals scoring high on these individual difference variables.
Conversely, it has also been proposed that modality- or symptom-specific fears (such as
fear of suffocation), rather than general anxiogenic traits, are related to biased perception
of respiratory stimulation (Janssens et al., 2011), similar to models of pain (Leeuw et al.,
2007) and fatigue perception (Lenaert et al., 2018). Unfortunately, fear of suffocation
scores were remarkably low in our sample (Radomsky et al., 2001; VVan Diest et al., 2010).
Participants knew beforehand that the study involved inspiratory resistances, which likely
induced a sampling bias (Karos et al., 2018). Nevertheless, higher fear of suffocation was
related to stronger between-category discrimination, suggesting that category learning in
individuals scoring high on fear of suffocation increased perceptual dissimilarity (i.e.,
decreased category overlap) between low- and high-intensity sensations. Low perceptual
overlap between interoceptive categories — and thus more rigid categorization — is only

problematic, however, when category-based inferences (about causes, consequences, and
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coping behaviour) are inaccurate. In other words, we consider low perceptual overlap as
a vulnerability factor for low correspondence between peripheral physiology and
subjectively reported sensations. Based on earlier research, we can speculate that
inaccurate categories could develop through repeated interoceptive fear conditioning
experiences (Zaman et al., 2018, 2017).

As a secondary result, we found that response times were slower for classification
errors compared to correct classification, and in the threat compared to the safe condition.
Although response times are usually faster in fearful situations (Mohanty and Sussman,
2013; Romero-Rebollar et al., 2016), slower response times on error trials have been
found in tasks that are difficult and emphasize accuracy instead of speed (Luce (1986) in
Ratcliff and Rouder, 1998; Swensson, 1972). Slower response times on error trials and
inthe threat condition could thus be understood from a higher cognitive load as a result
of task complexity (i.e., the presentation of an additional stimulus) (Schvaneveldt, 1969)
and/or from response inhibition to avoid errors (Aylward and Robinson, 2017; Hu et al.,
2012; Mkrtchian et al., 2017). Since task instructions emphasized accuracy (instead of
speed), slower response times in the threat condition may indicate task motivation (Leotti
and Wager, 2010), especially since participants had no control over the occurrence of the
electrocutaneous stimulus (e.g., the option to avoid it). Such interpretation is in
accordance with the lack of differences in between-category discrimination and the
subjective category border. Possibly, we would find the expected effects (i.e., fast
responding, but impaired discrimination between threatening and safe interoceptive
stimuli) in anxious individuals, who are known to show impaired inhibitory control in
response to fear, and generalization of fear to safety cues (Duits et al., 2015; Dymond et

al., 2015; Thayer and Lane, 2000).
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The present study has some limitations. First, although we aimed to investigate an
adaptive mechanism (that we believe is present in everyone, but can become maladaptive
in some), our results may not generalize to individuals scoring higher on body-related
fears, such as patients with medically unexplained symptoms, nor to a male population.
Indeed, both interoceptive ability as anxiety are different between men and females
(Grabauskaite et al., 2017; McLean and Anderson, 2009; Miller and Davenport, 2015),
and between medically unexplained symptom patients and healthy controls (Duschek et
al., 2017; Henningsen et al., 2003; Kroenke, 2003; Ricciardi et al., 2016). In addition, we
excluded individuals who showed impairments in threat learning. However, this
impairment may be a vulnerability factor in the development of medically unexplained
symptoms or anxiety disorders related to interoceptive stimulation, such as panic
disorder. Second, a stronger prediction error induction may be necessary to induce
changes in category precision (by presenting more threat-learning trials, using a stronger
threat manipulation, focusing on threat-relevance of low-intensity stimuli only, and/or
testing highly anxious individuals) (Duits et al., 2015; Dymond et al., 2015). Third,
aversive stimuli were from a different modality than interoceptive stimuli (proprioceptive
versus respiratory). It is unclear whether benign sensations that predict an aversive
outcome are a good proxy for the averseness that is inherent to some interoceptive
sensations (e.g., disease symptoms). Fourth, in our study, we cannot disentangle effects
of predictions and attention on interoception. Future research could answer this question
by adding a between-subjects condition in which participants memorize dimensional
instead of categorical labels. Lastly, participants were instructed to focus on accuracy (vs.

speed), which may have reduced effects of the threat manipulation on our outcomes.

4.1 Conclusion



32

We found that categorical predictions had a profound impact on perceived interoceptive
sensations, thereby replicating earlier research. We did find some evidence for the impact
of threat on perceived characteristics of stimuli (with the direction of these effects
depending on whether interoceptive stimuli of low or high intensity were threat-relevant),
but not for changed precision of categorical predictions. These results imply that the
perception of respiratory stimuli is impacted strongly by top-down processes such as
categorization (e.g., as disease symptoms), and suggest that interoceptive processing in
healthy individuals may flexibly adapt to contextual factors (such as threat), resulting in
a lack of differences in behaviour. Rigid responding of repeated and/or severe threat to
the internal body (which we hypothesize is associated with individuals high in
(interoceptive) anxiety), however, may pose individuals at risk for inaccurate
interoception and interoceptive illusions (e.g., medically unexplained symptoms and

syndromes).
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