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a b s t r a c t 

Emotional experiences are proposed to arise from contextualized perception of bodily responses, also referred to 
as interoceptive inferences. The recognition of emotions benefits from adequate access to one’s own interoceptive 
information. However, direct empirical evidence of interoceptive inferences and their neural basis is still lacking. 
In the present fMRI study healthy volunteers performed a probabilistic emotion classification task with video- 
taped dynamically unfolding facial expressions. In a first step, we aimed to determine functional areas involved in 
the processing of dynamically unfolding emotional expressions. We then tested whether individuals with higher 
interoceptive accuracy (IAcc), as assessed by the Heartbeat detection task (HDT), or higher interoceptive sensitiv- 
ity (IS), as assessed by the Multidimensional Assessment of Interoceptive Awareness, Version 2 (MAIA-2), benefit 
more from the contextually given likelihood of emotional valence and whether brain regions reflecting individual 
IAcc and/or IS play a role in this. Individuals with higher IS benefitted more from the biased probability of emo- 
tional valence. Brain responses to more predictable emotions elicited a bilateral activity pattern comprising the 
inferior frontal gyrus and the posterior insula. Importantly, individual IAcc scores positively covaried with brain 
responses to more surprising and less predictable emotional expressions in the insula and caudate nucleus. We 
show for the first time that IAcc score is associated with enhanced processing of interoceptive prediction errors, 
particularly in the anterior insula. A higher IS score seems more likely to be associated with a stronger weighting 
of attention to interoceptive changes processed by the posterior insula and ventral prefrontal cortex. 
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. Introduction 

Interoception is defined as the sense of internal physiological states
f the body ( Craig, 2002 ) and plays an important role in better un-
erstanding of emotional processes, and related to this, the emer-
ence of mental disorders ( Farb et al., 2015 ; Paulus and Stein, 2006 ;
eth, 2013a ). As precursors to current theories of emotion process-
ng, classical appraisal theories of emotions ( James, 1884 ; Lange, 1885 ;
chachter and Singer, 1962 ) as well as the somatic marker hypothe-
is ( Bechara et al., 2000 ; Damasio, 1996 ) have postulated early on that
motional experiences arise from the contextualized perception and in-
erpretation of bodily responses to external stimuli. Building on and ex-
ending these theories on emotion processing, the interoceptive predic-
ive coding model assumes that emotional content is determined by in-
eroceptive predictions, meaning actively inferred predictive models of
he causes of bodily sensations based on past experiences ( Seth, 2013b ;
eth and Friston, 2016 ). Interoceptive prediction errors, i.e., mismatches
etween descending interoceptive predictions and ascending primary
nteroceptive afferents, convey information about interoceptive changes
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nd activate corresponding (sympathetic or parasympathetic) systems to
estore physiological homeostasis or allostasis ( Seth and Friston, 2016 ;
eth et al., 2012 ). Accordingly, homeostatic and allostatic control is as-
umed to be anticipatory rather than reactive and rests on a model of
he external world that includes interoceptive information and infor-
ation received from physical and social domains of the environment

 Stephan et al., 2016 ). The relative weight accorded to predictions and
rediction errors at multiple levels of the predictive hierarchy is de-
cribed in terms of precision , i.e. the reliability of (exteroceptive or inte-
oceptive) signals ( Friston, 2008 , 2010 ). It has been proposed that indi-
idual differences in interoceptive precision also determine differences
n the awareness of interoceptive sensations and, correspondingly, in
motional experience ( Ainley et al., 2016 ). 

Notably, interoception is of central importance not only for the per-
eption of one’s own emotional states, but also for those of other individ-
als ( Ondobaka et al., 2017 ; Shah et al., 2017 ). Increased interoceptive
bilities are linked to perceived arousal elicited by emotional stimuli
 Dunn et al., 2010 ; Pollatos et al., 2005 ), higher sensitivity for emotional
acial expressions of others ( Cook et al., 2013 ; Terasawa et al., 2014 )
022 
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t  
nd a facilitation of the recognition of emotional changes, accompanied
y a more precise adaptation to emotion probabilities ( Hübner et al.,
021 ). Low interoceptive abilities on the other hand have been related to
lexithymia, a subclinical phenomenon characterized by difficulties in
dentifying and describing feelings and associated with impaired expres-
ion recognition ( Brewer et al., 2016 ; Cook et al., 2013 ; Herbert et al.,
011 ; Sowden et al., 2016 ). Nevertheless, there are different restrictive
efinitions and still no consensus on the exact conception of interocep-
ion. In this paper, we refer to a distinction based on various measures
f interoceptive abilities according to Garfinkel (2015) , differentiating
etween interoceptive accuracy (IAcc), operationalized as accuracy in
etection of the heartbeat, interoceptive sensibility (IS) as self-reported
easure regarding the individual evaluation of the ability to perceive

ody signals, and interoceptive awareness (IAw), defined as a metacog-
itive component in the sense of the degree of concordance between IS
nd IAcc. 

The neuroanatomical brain regions involved in interoceptive pro-
essing extend from viscero-motor areas (VMAs), through the insula cor-
ex and the anterior cingulate cortex (ACC), to the orbitofrontal cortex
OFC), which is assumed to be situated at the top of the interoceptive hi-
rarchy ( Ainley et al., 2016 ; Barrett and Simmons, 2015; Garfinkel and
ritchley, 2013; Seth and Friston, 2016 ). AIC, ACC and OFC have con-
ections to hypothalamus, brain stem nuclei and spinal cord that pre-
umably transmit allostatic predictions which modulate the set-points
f homeostatic reflexes ( Stephan et al., 2016 ). Regarding these intero-
eptive pathways, structurally and functionally closely connected insula
nd ACC are thought to be the most important cortical region activated
y most interoceptive and affective stimuli ( Ainley et al., 2016 ; Bar-
ett and Simmons, 2015; Craig, 2009 ; Medford and Critchley, 2010;
enon and Uddin, 2010). In several studies, Wiebking and colleagues

ound correlations between insular interoceptive activity and depres-
ive affect, as well as group differences during interoceptive awareness
n the insula regions, with hypo-response of individuals with depression
 Wiebking et al., 2011 , 2015 , 2014). Imaging studies provide evidence
hat these clusters are also involved in cerebral processing of emotions.
or example, recent studies show overlaps of interoceptive signaling,
motion perception and social cognition, especially in the right anterior
nsular cortex (AIC) and frontotemporal regions (Pollatos et al., 2005;
aki, Davis, & Ochsner, 2012 ; see Adolfi et al., 2017 for meta-analysis).
onsequently, it can be assumed that increased cortical processing in
hese areas implies an advantage not only for the more accurate ap-
raisal of one’s own bodily signals, but that this better access to one’s
wn interoceptive signals is also beneficial for recognizing the emotions
f others. 

In the present fMRI study, we aimed to investigate the impact of
ndividuals’ scoring in IAcc and IS on their brain activity and perfor-
ance (reaction times) in a probabilistic emotion classification task.
he experimental paradigm required participants to indicate whether a
ideotaped neutral facial expression develops into a happy or fearful ex-
ression. To introduce different levels of uncertainty, facial expressions
aried in intensity at the end of the video. Moreover, we implemented
ifferent probabilities for the occurrence of happy or fearful faces per
lock to assess participants’ propensity to efficiently update their pre-
ictive model. We quantified the different probabilities by information-
heoretic measures, i.e., Shannon surprise (i.e., the improbability of an
vent) and entropy (i.e., the inverse predictability of a single stimulus),
espectively, and modeled reaction times as well as the variability of
OLD amplitude as a function of surprise and entropy as parametric
odulators ( Shannon, 1948 ; Strange et al., 2005 ; see Methods for fur-

her details). 
We tested whether individuals with higher IS or IAcc recognize oth-

rs’ emotions more easily and are more sensitive to learn from biased
robabilities of emotional expressions. Here, it is important to empha-
ize that objective measures of IAcc are not necessarily correlated with
ubjective measures of IS (e.g., Ceunen et al., 2013 ; Forkmann et al.,
2 
016 ; Meessen et al., 2016 ). However, yet little is known about how in-
erindividual differences in IS and IAcc affect emotion recognition. Our
tudy is one of the first to directly examine how both measures affect
motion recognition. Based on the theoretical framework, we would ini-
ially assume that both higher IAcc and higher IS would have a benefi-
ial effect on emotion recognition and context adaptation. In particular,
e expected individuals with higher IS and IAcc to show lower thresh-
lds for emotion recognition, reflected in decreased reaction times for
motional expressions (Hypothesis 1, H1). More specifically, based on
he results from Hübner et al. (2021) , we would assume that especially
ndividuals with decreased IS are slower in recognizing more difficult
onditions, i.e., low vs. high emotional intensity and fearful vs. happy
alence of facial expressions. In addition, individuals with higher IS or
Acc should benefit more from a biased probability of an emotion, which
s reflected in decreased reaction times for expected emotions (Hypoth-
sis 2, H2) (see also Hübner et al., 2021 ). 

On the neural level, we firstly investigated functional areas special-
zed in the processing of dynamically unfolding emotional facial expres-
ions depending on intensity and valence. We expected high vs. low
ntensity of emotional expressions (Hypothesis 3, H3) to engage brain
egions involved in the perception of changeable facial attributes and
ecognition of facial expressions, i.e., the inferior frontal gyrus (IFG),
usiform gyrus, insula and amygdala ( Calder et al., 2003 ; Furl et al.,
010 ; Gallese et al., 2004 ; Haxby et al., 2002 ; Jung et al., 2021 ). For
earful vs. happy unfolding facial expressions, we expected increased
eural activation especially in the amygdala ( Adolphs et al., 1994 ;
reiter et al., 1996 ; Calder, 1996 ; Fusar-Poli et al., 2009 ). Secondly,
egarding the probabilistic context adaptation, we expected stimulus-
ound surprise to be positively correlated with activity in regions in-
olved in the signaling of (interoceptive) prediction errors, i.e., AIC,
CC and striatum ( Schiffer and Schubotz, 2011 ; Seth, 2013 ) (Hypoth-
sis 4, H4), and entropy to be positively correlated with activity in
he hippocampus, caudate nucleus, ACC, AIC and orbitofrontal cor-
ex (OFC) ( Ahlheim et al., 2014 ; Bechara et al., 2000; Herry et al.,
007 ; Schiffer, Ahlheim, Wurm, & Schubotz, 2012 ; Strange et al., 2005 )
Hypothesis 5, H5). Finally, since especially the caudate nucleus is
hought to be associated with perceptual prediction errors ( Schiffer and
chubotz, 2011 ; Schiffer et al., 2012 ), we expected that participants’
Acc and IS correlates positively with activation in the caudate nucleus,
s well as insula and ACC (i.e., brain regions related to interoceptive
rocessing and signaling of (interoceptive) prediction errors), when con-
ronted with less predicted or less predictable emotions (Hypothesis 6,
6). 

. Materials and methods 

.1. Participants 

Forty-two right-handed healthy young volunteers ( M age = 21.00
ears, SD = 2.51, age range = 18-29 years, 34 women, 8 men) with nor-
al or corrected-to-normal vision were included in the present study.
one of them reported a history of neurological or psychiatric disorders
nd all participants met the criteria for MRI scanning. The study protocol
as conducted in accordance with ethical standards of the Declaration
f Helsinki and approved by the Local Ethics Committee of the Univer-
ity of Muenster. Each participant submitted a signed informed consent
orm and received either reimbursement or course credits for their par-
icipation afterwards. Individuals provided written informed consent to
ermit for all potentially identifying information to be published. 

.2. Stimulus material 

The emotional stimuli used were the same as reported in
übner et al. (2021) and consisted of short videos with a mean dura-

ion of 3.00 s, displayed on a grey background. In order to avoid ceiling
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ffects due to noticeable features like the hairline, in this task we addi-
ionally extended the grey background ellipsoid around the emotional
aces. To create valid stimuli which are comparable to facial expressions
hat one encounters in daily life, we accepted that the emotional videos
ould slightly vary in length ( SD = 0.39). However, to control for pos-

ible confounds of these variations on the participants’ reaction time,
e included the video durations as a covariate in our analyses. We cre-
ted videos with female or male faces posing from neutral expressions
o happy or fearful emotional ones. To introduce different levels of un-
ertainty, emotional facial expressions differed in terms of intensity
high/low). Moreover, we controlled for potential effects of mouth open-
ng on emotion recognition (Langeslag, Gootjes, & van Strien, 2018). To
his end, each condition (fearful/happy expressions of high/low inten-
ity) was presented with the mouth open and closed, i.e., in two different
ersions. However, to reduce the complexity of the statistical model,
e did not include these conditions in the statistical analyses. A de-

ailed explanation of the generation of the stimuli used is described in
übner et al. (2021) . 

.3. Task 

During the main task in the MR scanner, the videos were centrally
ack-projected onto a screen. Participants viewed the screen through a
irror above the head coil. Videos were presented separated by jittered

nter-stimulus-intervals (ITI) of 3500, 4000, 4500 or 5000 msec, during
hich a fixation cross was displayed centrally on the screen. The par-

icipants were asked to watch the presented videos attentively and to
espond as fast and accurately as possible as soon as they recognized
he emotion in the emotional condition of a presented face. Participants
esponded by pressing one of two response keys with their right index
nd middle finger. Stimulus-response mappings were counterbalanced
cross participants. The task consisted of 16 emotional blocks with 16
onsecutive videos each, i.e., a total of 256 trials. Thus, each of the
28 videos was shown twice. After each block, participants had a short
reak of 8 s, during which participants were given the information that
he block has ended, followed by information regarding the start of a
ew block and instructions on key assignment. Accordingly, the overall
ask lasted about 33 min (2624 sec). 

Within each block, either a high (75%) or low (25%) probability
or the occurrence of fearful or happy faces was implemented. Stim-
li were presented in a pseudo-randomized order ensuring that each of
he eight conditions (happy vs. fearful x high vs. low intensity x mouth
pen vs. closed) was shown twice in each block and videos of one ac-
or/actress were never repeated across consecutive trials. Transitions
etween the block types were balanced across the experiment. The ran-
omization was programmed using MATLAB R2019b (The MathWorks
nc., Natick, MA, USA) and stimuli were presented using the Presenta-
ion software (Version 19.0, Neurobehavioral Systems, Inc., Berkeley,
A). A schematic diagram of the task is shown in Fig. 1 . 

Prior to the experiment, participants performed a short training ses-
ion to get accustomed to the task. The training consisted of one block
f 16 trials each and an equal probability for the different conditions. 

.4. Assessment of interoceptive sensibility (IS) and interoceptive accuracy 

IAcc) 

For the self-assessment of interoceptive sensibility (IS) we used the
ultidimensional Assessment of Interoceptive Awareness, Version 2

MAIA-2, Mehling et al., 2018 ). This questionnaire quantifies the self-
eported belief of the perception of one’s own bodily signals. The MAIA-
 is a state-trait questionnaire with 37 items consisting of the following
ight subscales: noticing, i.e., the awareness of uncomfortable, neutral
r comfortable body sensations; not-distracting, i.e., the tendency to ig-
ore or distract oneself from sensations such as pain or discomfort; not-
orrying, i.e., emotional distress or worry regarding sensations of pain
r discomfort; attention regulation, i.e., the ability to control attention
3 
o the sensations of the body; emotional awareness, i.e., the awareness
f the connection between body sensations and emotional states; self-
egulation, i.e., the perceived ability to regulate distress by attention to
ody sensations; body listening, i.e., how one’s actively listens to the
ody for insight, and trust, i.e., the experiences of the body as safe and
rustworthy ( Mehling et al., 2012 ). Participants have to indicate how of-
en each statement applies to them in everyday life on a 5-point Likert
cale from 0 ( never ) to 5 ( always ). The validity of the MAIA-2 scales is
ndicated with Cronbach’s alpha ranging from 0.64 to 0.83 for the eight
cales ( Mehling et al., 2018 ). For our statistical analyses, we calculated
 total score per participant by summing up the results of the subscales.
ogether with other questionnaires assessing the participants’ emotion
rocessing, the MAIA-2 was completed online by the participants in the
sing the academic Unipark program (Questback GmbH, 2017). 

For the assessment of interoceptive accuracy (IAcc) we used
he Heartbeat detection task (HDT) as reported in Terasawa et al.
2014) based on a task developed by Schandry (1981) and Ehlers &
reuer (1992). The HDT task was assessed in a second session on aver-
ge five days after the main MR session. Instructions were given on a
creen using the presentation software (Version 19.0, Neurobehavioural
ystems, Inc., Berkely, CA). The intervals were marked by a short start
nd end tone. During the HDT, the participants were asked to count their
wn heartbeat at different time intervals. Participants were asked to esti-
ate the frequency of heartbeats solely by focusing on bodily sensations

nd were instructed not to predict their heart rate. A pulse oximeter was
laced gently on the fingertips so that participants could not feel the
ressure of their pulse. Participants sat in a comfortable chair and were
nstructed not to touch any part of their body during the task. The real
eartbeats were recorded using the pulse oximeter and extracted using
he Brain Vision Recorder software (Version 1.20.0801; Brain Products
mbH, 2018). The present study included a total of six intervals with a
uration of 2 × 35s, 2 × 25s and 2 × 45s (see Terasawa et al., 2014 ). For
ach trial, an accuracy score was derived using the following formula
resented in Garfinkel et al. (2015) : 

 − 

(|||𝑛 beat s 𝑟𝑒𝑎𝑙 − 𝑛 beat s 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 
|||
)
∕ 
((
𝑛 beat s 𝑟𝑒𝑎𝑙 + 𝑛 beat s 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 

)
∕2 

)

The resulting accuracy scores were averaged over the six trials, yield-
ng an average value for each participant varying between zero and one,
ith higher values indicating higher interoceptive accuracy (Hartet
l., 2013). 

.5. fMRI data acquisition 

Whole-brain imaging data were collected with a 3-T Siemens Mag-
etom Prisma MR tomograph (Siemens, Erlangen, Germany) using a 20-
hannel head coil. To acquire structural data for each participant a 3D-
ultiplanar T1 weighted gradient-echo (MPRAGE) sequence was used.

canning parameters were set to 192 slices, a 256 × 256 mm 

2 field of
iew (FoV), a repetition time (TR) of 2.28 msec, an echo time (TE) of
.28 msec and slice thickness of 1 mm. 

Functional blood oxygenation level-dependent (BOLD) images were
cquired using a T2 ∗ -weighted single-shot echo planar imaging (EPI) se-
uence (64 × 64 data acquisition matrix, 192 mm field of view (FoV), 90°
ip angle, time of repetition (TR) = 2000 ms, echo time (TE) = 30 msec).
ach volume consisted of 33 adjacent axial slices with a slice thickness
f 3 mm and a gap of 1 mm, resulting in a voxel size of 3 × 3 × 4 mm. To
rovide a whole brain coverage the images were acquired in ascending
rder with scanning axis tilting 20 degrees up the AC-PC plane in order
o lessen signal dropouts in orbitofrontal regions. In order to minimize
ead motion, the head was tightly fixated with cushions. Stimuli were
rojected on a screen positioned behind the scanner bore and presented
n the center of the field of vision by a video projector. The subjects
iewed the screen by a 45°mirror, which was fixated on the top of the
ead coil and adjusted for each participant to provide a good view of
he entire screen. 
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Fig. 1. Schematic diagram of the task. (a) At the beginning of each block, instructions indicate that the participant has to indicate the emotion of the upcoming faces 
(happy vs. fearful). One block includes 16 consecutive video trials. (c) Videos depict actors/actresses posing from neutral to either happy or fearful facial expressions. 
The actor and actresses in the figure have given written informed consent to publish the photographs. 
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.6. Behavioral data analysis 

Basic statistical analyses were performed using R, version 3.6.2 (R
ore Team, 2019). Behavioral performance was measured in terms of
eaction times (RTs). We restricted the behavioral analyses to RTs,
ince false alarms and missing data accounted for only 4.92 % of the
ata. Incorrect or missing responses were excluded from analyses. For
he comparisons of RTs, we tested whether valence , intensity and
nformation-theoretic quantities, i.e., Shannon’s surprise I(x i ) and en-
ropy H(X) ( Shannon, 1948 ), could predict (variance in) RTs on a single-
rial level. While ‘surprise’ measures the improbability of a particu-
ar event, ‘entropy’ measures the expected or average surprise over all
vents and thus reflects the predictability of a stimulus in a given con-
ext ( Strange et al., 2005 ). For our analysis, we based Shannon’s surprise
n the frequency of a trial of a certain valence x i normalized by the sum
f all past trials in the block: 

 

(
𝑥 𝑖 
)
= 

𝑛 
(
𝑥 𝑖 
)
+ 1 ∑

𝑥 𝑡 + 1 

For the two factor levels of valence (happy, fearful), prior counts be-
ore observing the first trial in a block were set to 1 2 . The surprise I(x i ) of
ach stimulus measures the amount of information provided by the cur-
ent stimulus. This is given by the negative logarithm of the probability:

 

(
𝑥 𝑖 
)
= − ln 𝑝 

(
𝑥 𝑖 
)

Entropy 𝐻( 𝑋) is given by the average surprise of all possible out-
omes. As illustrated in the following formula, it quantifies the expected
nformation of an event regarding its predictability: 

 ( 𝑋 ) = 

∑
𝑖 

− 𝑝 
(
𝑥 𝑖 
)
ln 𝑝 𝑘 

(
𝑥 𝑖 
)

We conducted generalized linear mixed-effects analyses using R, ver-
ion 3.6.2 (R Core Team, 2019) via the package lme4 , version 1.1.21
Bates et al., 2015). We transformed RTs to the natural logarithm in or-
er to achieve a more closely approximate to normal distribution. For
he factors valence and intensity effect coding was used, with -1 for
4 
appy and 1 for fearful expressions, and 1 for high and -1 for low inten-
ity expressions. While surprise and entropy were centered at individ-
al levels, the MAIA-2 score and HDT score was centered at group level.
ach model was fit with valence and intensity (and their interaction),
hannon’s surprise and entropy and their respective interaction with the
AIA-2 score and the HDT score separately as fixed effects, and with a

andom intercept for each subject. As discussed above, we added video
uration to the statistic models to control for potentially confounding
ffects of varying video length on RTs. In accordance with our assump-
ions and our previous work, video length did not predict RTs, b = 0.000,
= 0.000, t = 1.004, p = 0.315. Statistical significance for each fixed ef-

ect was calculated via lmerTest , version 3.1.1 (Kuznetsova et al., 2016),
sing the Satterthwaite’s approximation to denominator degrees of free-
om. The significance level was set to 𝛼 = .05. 

.7. fMRI data preprocessing 

All brain image preprocessing and basic statistical analyses were
erformed with SPM12 ( http://www.fil.ion.ucl.ac.uk/spm/software/
pm12/ ) and custom Matlab scripts (Version R2020b; The MathWorks
nc., Natick, MA, USA). To correct for differences in slice acquisition
ime, all functional images were slice-timed to the middle slice. All
ndividual functional MR (EPI) images were realigned to correct for
hree-dimensional motion. Structural images were co-registered (rigid
ody transformation) to the mean functional image and then segmented
nto native space tissue components. Functional images were then nor-
alised to the standard MNI space (Montreal Neurological Institute,
ontreal, QC, Canada) and spatially smoothed with a Gaussian kernel

f full width at half-maximum of 6mm 

3 . Motion correction estimates
ere inspected visually. Seven participants showed head movements in

he range of 3 to 4 mm. In order to decide whether these datasets should
e excluded, we checked each subject’s data for motion artifacts after
pplying motion correction. In addition, we compared the group results
ith and without the respective subjects, revealing no qualitative dif-

erences in the effects apart from a loss of statistical power in the case
f reduced group size. Accordingly, we excluded only data sets with
isible motion artifacts who exceeded a maximum of 4 mm head move-

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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ents between two scans in the x, y, and z dimensions, resulting in the
xclusion of three participants. 

.8. fMRI design specification 

The statistical analysis of functional images was conducted using
PM12 implementing a general linear model (GLM) for serially autocor-
elated observations (Friston et al., 1995; Worsley and Friston, 1995).
o investigate functional areas specialized in the processing of emotion
ecognition depending on intensity and valence , a GLM was con-
tructed including four regressors coding for onsets and durations of the
pecific event types, i.e., happy high (hh), happy low (hl), fear high (fh)
nd fear low (fl), which were then convolved with the canonical hemo-
ynamic response function (HRF) and regressed against the observed
MRI data. To model variability in the BOLD amplitude as a function
f surprise and entropy, additional to each of the four regressors two
arametric modulators each were added i.e., one for surprise and one
ntropy. Each of these modulators were mean-centered before entering
he GLM. The subject-specific six rigid-body transformations obtained
rom realignment were included as regressors of no interest. 

On the first level, one-sample t -tests for the following contrasts were
alculated and submitted to a second-level t -test to detect functional ar-
as specialized in the processing of emotion recognition on group level:
ntensity high (hh ∩ fh) > intensity low (hl ∩ fl), fearful (fh ∩ fl) > happy
hh ∩ hl), as well as the respective opposing contrast, i.e., intensity low
hl ∩ fl) > intensity high (hh ∩ fh), happy (hh ∩ hl) > fearful (fh ∩ fl), and
arametric effects of surprise and entropy for all trials (fearful ∩ happy).
or second-level whole-brain analyses, statistical differences were de-
ned as q < .05 at the cluster level following False Discovery Rate (FDR)
orrection. Moreover, we defined regions of interest (ROIs) to correlate
OLD activation of the selected contrasts with differences in interocep-
ive abilities, i.e., interoceptive sensibility (IS, assessed by MAIA-2) and
nteroceptive accuracy (IAcc, assessed by HDT). We defined hypothe-
ized ROIs of the anterior cingulate cortex (ACC) and insula, as well as
audate nucleus. All ROIs were derived from the automated anatomical
abelling (AAL) atlas and created using the SPM Wake Forest University
WFU) Pickatlas toolbox ( http://www.fmri.wfubmc.edu/cms/software ,
ersion 2.3) (Maldjian et al., 2003). We then used these ROIs to extract
ach subject’s beta values of the activity associated with the defined
ontrasts during the task, i.e., valence , intensity , surprise and en-
ropy . We performed correlation analyses using SPSS 26 (IBM, New
ork, USA) to examine the relationship between BOLD activation of the
elected contrasts and interoceptive abilities, with an 𝛼-level of p < .05,
wo-tailed. 

. Results 

.1. Behavioural results 

Emotion recognition . As consistently reported in other studies, IS (i.e.,
ontinuously varying MAIA-2 total scores) and IAcc (i.e., individual HDT
core) did not significantly correlate, r = 0.001, p = 0.995. In line with
ur hypothesis, the linear mixed-effect model predicting RTs revealed
 significant main effect of valence, b = 0.14, 𝛽 = 0.007, t = 17.67, p
 0.001, with increased RTs for fearful facial expressions compared to
appy ones, and a main effect of intensity , b = -0.05, 𝛽 = 0.007, t = -
.51, p < 0.001, driven by increased RTs for low vs. high intensity of an
xpression. In contrast to Hübner et al. (2021) , no significant interaction
etween valence and intensity was found, b = -0.01, 𝛽 = 0.01, t = -
.16, p = 0.247. 

Contrary to our hypothesis, the linear mixed-effect model predict-
ng RTs revealed no significant main effects of individuals’ IS, b = 0.00,
= 0.001, t = 0.02, p = 0.986, or IAcc, b = 0.09, 𝛽 = 0.065, t = 1.44,
 = 0.15. However, we found a significant interaction between valence
nd IS, b = 0.001, 𝛽 = 0.004, t = 2.106, p = 0.03, as well as between va-
ence and IAcc, b = -0.085, 𝛽 = 0.027, t = -3.085, p = 0.002. In accor-
5 
ance to Hübner et al. (2021) , with increasing IS, participants showed
ignificantly longer RTs for fearful faces, but not for happy ones. In con-
rast to what we would have expected, with increasing IAcc participants
howed significantly longer RTs for recognizing happy faces; this effect
id not occur for fearful faces ( Fig. 2 a, b). 

Probabilistic context adaptation. We tested whether Shannon’s surprise
nd entropy of a single emotional expression in interaction with indi-
idual IS and IAcc were predictive of the participants’ performance. The
inear mixed-effect model predicting RTs revealed a significant main ef-
ect of surprise, b = -0.014, 𝛽 = 0.004, t = -3.258, p = 0.001, and en-
ropy, b = 0.048, 𝛽 = 0.024, t = 2.003, p = 0.04. This effect was driven
y increasing RTs with increasing entropy and decreasing RTs with in-
reasing surprise. Regardless of differences in IS or IAcc, participants
howed longer RTs to less predictable events, but shorter RTs to more
urprising events, corresponding an expected positive correlation of en-
ropy and RTs, as well as an unexpected negative correlation of surprise
nd RTs, respectively. Furthermore, we found a significant interaction
etween IS and entropy, b = 0.002, 𝛽 = 0.001, t = 2.138, p = p = 0.032.
s expected, only for participants with high IS, but not for those with

ow IS, entropy was positively correlated with RTs ( Fig. 3 ). Finally, there
ere no significant interactions for IS and surprise or IAcc and surprise
r entropy (all p > 0.31). 

.2. fMRI results 

Main effects of emotional valence and intensity . The contrast between
igh and low emotional intensity [(hh ∩ fh) > (hl ∩ fl)] revealed signifi-
ant bilateral activation in the inferior occipital gyrus, as well as unilat-
ral activation in the fusiform gyrus ( Fig. 4 a, Table 1 ). For the reverse
ontrast [(hl ∩ fl) > (hh ∩ fh)] ( Fig. 4 b), the analysis revealed higher
rontal activations exclusively in the right hemisphere, including mid-
le frontal gyrus, supplementary motor area, and anterior dorsal insula
 Table 1 ). To identify the network associated with emotional valence,
e contrasted fearful faces (fh ∩ fl) with happy faces (hh ∩ hl), which

evealed significant bilateral activation in the temporal lobe, as well as
he inferior frontal gyrus (IFG) and the anterior insula ( Table 1 , Fig. 4 c).
o significant activation for the reverse contrast [(hh ∩ hl) > (fh ∩ fl)]
as found. 

Parametric effects of surprise and entropy. Corresponding with our hy-
othesis, we ran parametric analyses capturing regions more activated
uring more surprising events (positive surprise) as well as increased ac-
ivation for events with decreasing predictability (positive entropy). We
urther modelled the respective reverse contrasts, i.e., negative surprise

nd negative entropy . For negative surprise and positive entropy, how-
ver, no significant activation could be observed. For more surprising
vents, we found significant unilateral activation in the left postcentral
yrus ( Table 2 , Fig. 5 b). The brain response to more predictable events
i.e., negative entropy ) showed a bilateral activity pattern comprising -
mongst others - the inferior frontal gyrus (IFG), posterior insula and
iddle temporal gyrus ( Table 2 , Fig. 5 a). 

ROI activation relating to interoceptive sensibility (IS) and interoceptive

ccuracy (IAcc). We correlated each participant’s MAIA-2 total score and
DT score with the extracted beta values of the defined contrasts for

he following regions of interest (ROIs): ACC and insula for all contrasts;
audate nucleus in addition for the parametric effects of surprise and en-
ropy, as this region has repeatably found to be activated by perceptual
rediction errors ( Schiffer and Schubotz, 2011 ; Schiffer et al., 2012 ).
or the MAIA-2 score as a measurement of IS, no significant correla-
ions could be found (all p > 0.294). For an explorative analysis and to
ffer a basis for further research in the area, a table with significant cor-
elations of the eight MAIA-2 subscales with the extracted beta weights
s provided in the Supplementary material (Table S1). 

Regarding differences in interoceptive accuracy (IAcc), parameter
stimates of the right ACC activity for the contrast valence (Fearful vs.
appy) marginal significantly correlated with the HDT score of the par-

icipants ( r = 0.282, p = 0.071, two-tailed). Activity of ACC or insula for

http://www.fmri.wfubmc.edu/cms/software
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Fig. 2. Significant effects of (a) interoceptive sensibility assessed by the MAIA-2 questionnaire ( Mehling et al., 2018 ) and (b) interoceptive accuracy assessed by 
HDT-score, on reaction time divided for valence (happy, fearful) 

Fig. 3. Results of the linear mixed effect regression model predict- 
ing reaction time (ms) by mean-centered entropy as a function of 
interoceptive sensibility (IS) assessed by the MAIA-2 questionnaire 
( Mehling et al., 2018 ). For illustrative purposes, we performed a me- 
dian split to divide participants to two discrete groups with high and 
low IS. The solid lines depict the regression fit, and the shaded areas 
show the 95% confidence intervals. 

Table 1 

Maxima of activation from the conjunction analysis of the contrast images of Intensity high 
> Intensity low, Intensity low > Intensity high and Fearful > Happy at p < 0.05 cluster-level 
FDR-corrected. Labels are reported according to the AAL atlas. 

MNI Coordinates 

Region Label Cluster Extent t-value x y z 

Intensity high > Intensity low 

Right Inferior Occipital Gyrus 827 9.98 45 -70 2 
Right Fusiform Gyrus 6.59 39 -58 -13 
Left Inferior Occipital Gyrus 579 8.82 -45 -79 5 
Left Middle Occipital Gyrus 7.36 -27 -94 14 
Intensity low > Intensity high 

Right Middle Frontal Gyrus 295 4.93 30 50 8 
Right Superior Frontal Gyrus 83 4.93 15 11 50 
Right Anterior Cingulate Cortex 3.80 9 23 29 
Right Supplementary Motor Area 3.67 9 23 53 
Right Anterior Insula 84 4.63 36 17 11 
Fearful > Happy 

Right Superior Temporal Gyrus 515 6.79 48 -43 17 
Left Cerebelum 802 6.35 -6 -76 -31 
Left Middle Temporal Gyrus 141 5.83 -57 -52 11 
Left Anterior Insula 284 5.81 -27 23 2 
Left Inferior Frontal Gyrus (p. Triangularis) 4.69 -45 23 20 
Left Inferior Frontal Gyrus (p. Orbitalis) 4.59 -48 11 20 
Right Anterior insula 508 5.49 36 23 -4 
Right Inferior Frontal Gyrus (p. Orbitalis) 5.49 45 20 5 
Right Precentral Gyrus 5.18 48 5 47 
Left Precentral Gyrus 141 5.29 -33 -25 53 
Right Supplementary Motor Area 225 5.01 6 17 53 
Left Superior Parietal Lobule 73 4.32 -30 -52 41 

6 
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Fig. 4. fMRI main effects at p < .05, whole-brain FDR cluster-corrected. (a) There was statistically significantly increased activation during high vs. low emotional 
intensity in the inferior occipital gyrus, as well as unilateral activation in the fusiform gyrus. (b) Low vs. high intensity of emotions elicited significant activation in 
frontal regions, comprising right-hemispheric activation of the right frontal gyrus, ACC and anterior insula. (c) Fearful vs. happy faces increased activation (amongst 
others) in the temporal cortex as well as the inferior frontal gyrus and anterior insula. Note: Since no significant activation was found, the reverse contrast happy > 
fearful faces is not displayed in the Figure. 

Table 2 

Maxima of activation from the conjunction analysis of the parametric effect 
images of surprise positive and entropy negative at p < 0.05 cluster-level FDR- 
corrected. Labels are reported according to the AAL atlas. 

MNI Coordinates 

Region Label Cluster Extent t -value x y z 

Surprise positive 

Left Postcentral Gyrus 173 7.17 -33 -28 44 
Left Superior Parietal Lobule 57 6.47 -30 -46 56 

Entropy negative 

Left Middle Frontal Gyrus 1797 7.17 -42 50 -7 
Left IFG (p. Orbitalis) 6.84 -45 26 -10 
Left IFG (p. Triangularis) 6.47 -42 38 -4 
Right Precentral Gyrus 207 6.13 36 -22 53 
Right Posterior insula 313 5.77 36 -19 20 
Right Middle Temporal Gyrus 5.61 66 -31 -1 
Left Middle Temporal Gyrus 131 5.36 -63 -37 -7 
Left Medial Frontal Cortex 48 5.14 -6 47 -13 
Left Posterior insula 36 5.09 -33 -28 23 
Left Angular Gyrus 175 5.05 -48 -64 38 
Right Cerebelum Crus 1 208 4.95 33 -76 -31 
Right Postcentral Gyrus 68 4.57 57 -7 41 
Right IFG (p. Orbitalis) 49 4.57 42 32 -10 
Right IFG (p. Triangularis) 4.13 51 41 -7 
Right Precuneus 42 3.89 6 -58 35 
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he contrast of intensity were not related to differences in the HDT (all
 > 0.81). For the parametric effects of entropy, parameter estimates of
eft ( r = .330, p = .033, two-tailed) and right caudate activity ( r = 0.362,
7 
 = 0.018, two-tailed) as well as (marginal) left insula activity ( r = 0.299,
 = 0.054, two-tailed) significantly correlated with the HDT scores, i.e.,
ndividuals with greater IAcc showed significantly higher activation in
audate and tendentially also in left insula for the occurrence of less pre-
ictable events ( Fig. 6 a, b). Consistent with these findings, beta weights
f ROI activity in left caudate for the surprise contrast were also signif-
cantly correlated to interoceptive accuracy ( r = 0.356, p = 0.021; right
audate r = 0.285, p = 0.067, two-tailed) ( Fig. 6 c). 

. Discussion 

In the current fMRI study, we investigated whether an individual’s
nteroceptive sensibility (IS) and interoceptive accuracy (IAcc) are re-
ated to the speed of recognizing emotional changes in facial expres-
ions of others, and if so, whether this relation depends on the valence,
ntensity and current probability of emotions. Furthermore, we investi-
ated the neural basis of dynamically unfolding emotional expressions
nd interoceptive abilities. 

Individuals’ IS and IAcc had no effect on the speed of detecting the
mergence of emotional expression, but interestingly, these parameters
iffered with regard to their impact on recognizing emotional valence.
n the neural level, both valence and intensity of emotion had distinct
ffects on different brain sites including, among others, the anterior in-
ula cortex (AIC) and the frontal lobes. Participants with higher IS rec-
gnized facial emotions faster when they were statistically more likely,
hereas no such effects emerged for IAcc. Independent of IS and IAcc,
ore predictable emotions elicited bilateral brain activity in the IFG

nd the posterior insula. Finally, as expected, participants’ IAcc corre-
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Fig. 5. fMRI results at p < 0.05, whole-brain FDR cluster-corrected for the parametric effects of surprise and entropy. (A) Decreasing entropy (i.e., negative entropy) 
elicited significant bilateral activity pattern comprising - amongst others - the IFG, the left posterior insula as well as the middle temporal gyrus. (B) Shown is the 
statistically significant increased activation with increasing surprise of an emotion (i.e., positive surprise), with unilateral activation in the postcentral gyrus. 

Fig. 6. Region of interest (ROI) fMRI data and beta value extraction for entropy and surprise contrast. (a) Activation for differences of the predictability of emotions 
(entropy) scaled with participants’ interoceptive accuracy (IAcc) as indicated by HDT score. Left ( r = 0.330, p = 0.033, two-tailed) and right caudate activity ( r = 0.362, 
p = 0.018, two-tailed) significantly correlated with the HDT scores. b) Marginal significant correlation of HDT and parameter estimates of the left insula activity 
( r = r = 0.299, p = 0.054, two-tailed) for beta estimates of the entropy contrast. (c) Significant correlation of beta estimates of the left caudate in the surprise contrast 
with interoceptive accuracy ( r = 0.356, p = 0.021; right caudate r = 0.285, p = 0.067, two-tailed). d) Insula and caudate ROI used for beta value extraction. 
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ated positively with activation in the caudate nucleus and insula when
onfronted with less predicted or less predictable emotions. 

.1. Recognizing emotional changes with different interoceptive abilities: 

he effect of valence and intensity 

Our behavioral results partly confirmed the hypothesis that IS and
Acc modulate the recognition of emotional changes in facial expressions
f others. Contrary to Hübner et al., (2021) , higher IS scores were not
8 
ssociated with lower thresholds for emotional change recognition, and
ndividuals with lower IS did not benefit more from high intensities of
acial emotions. In the present study, we added IAcc as an objective
easure of interoceptive abilities but could not find any corresponding

vidence for a generally lower detection threshold or interaction with
ntensity of emotions either. 

Regarding the recognition of emotions with different valences, happy
aces were recognized faster than fearful faces. This is in line with con-
istent evidence for superior recognition of happy faces compared to
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ther facial expressions ( Ekman, 1982 ; Hess et al., 1997 ; Kirita and
ndo, 1995 ; Leppänen and Hietanen, 2003 ; Palermo, 2004 ), and may
e due to the fact that happiness requires simpler physical changes and
ccurs more frequently in daily life ( Adolphs, 2002 ; Leppänen and Hi-
tanen, 2003 ; Montagne et al., 2007 ). 

Interestingly, differences in IS and IAcc interacted with emotional
alence, indicating that individuals with high vs. low IS showed longer
Ts for fearful faces, but not for happy ones, whereas with high vs.

ow IAcc individuals showed increased RTs for happy ones. Previous
tudies suggested that interoceptive abilities facilitate the sensitivity
o recognize others’ emotions ( Hübner et al., 2021 ; Terasawa et al.,
014 ). Yet, there is evidence suggesting that individuals with higher
Acc are less accurate in recognizing negative emotions, which has been
xplained by the fact that with increasing IAcc, emotions are more reg-
lated ( Georgiou et al., 2018 ). Accordingly, the ability to regulate inte-
oceptive signals by weighting of attention might lead to interindividual
ifferences in emotion recognition. This could also serve as an explana-
ion for the observed contrasting interactions between IS and IAcc and
motional valence, as will be discussed further below. 

As hypothesized, high vs. low intensity of emotional expressions re-
ealed significant activation in the inferior occipital gyri and in the right
usiform gyrus. The processing of emotional face features is proposed to
nvolve pathways from inferior occipital gyrus to fusiform gyrus, com-
rising the fusiform face area (FFA), which is known as a central re-
ion in the face-selective cortical network ( Goffaux et al., 2013 ; Grill-
pector et al., 2004 ; Richler and Gauthier, 2014 ). Thereby, the inferior
ccipital gyrus is proposed to be involved in early visual processing and
asic perception of facial features, whereas the fusiform gyrus processes
he identity of the faces ( Haxby et al., 2000 ). Recently, the fusiform
yrus was found to show enhanced activation during emotionally arous-
ng stimuli ( Frank et al., 2019 ) and fusiform volume was found to be
ositively correlated with performance in emotional intensity recogni-
ion ( Jung et al., 2021 ). Moreover, Sato et al. (2004) found increased
ctivation in the inferior occipital gyrus and fusiform gyrus for dynam-
cal compared to static emotional facial expressions. In line with these
tudies, we suggest that the observed increased activity for high vs. low
ntensity of emotional expressions is related to enhanced perceptual pro-
essing for dynamic characteristics of faces. 

In contrast, low vs. high emotional intensity elicited higher activa-
ion in the right middle frontal gyrus, right ACC, right supplementary
otor area and anterior dorsal insula. It can be assumed that the de-

ection of low- compared to high-intensity emotions is more difficult
nd requires a more detailed evaluation. The dorsolateral prefrontal cor-
ex (dlPFC) is proposed to play a key role in attentional processing of
motional information ( Mondino et al., 2015 ) and to contribute to the
istinction of the specific emotion that is expressed ( Tsuchida and Fel-
ows, 2012 ). Impairment of the dlPFC and ACC have been associated
ith deficits in interpersonal perception ( Mah et al., 2004 ), for exam-
le becoming evident in patients suffering from behavioral variant fron-
otemporal dementia (bvFTD) ( Hübner et al., 2022 ; Keane et al., 2002 ).
he observed increased activation in the anterior dorsal insula also sup-
orts the assumption of more profound evaluative processing of emo-
ions with low intensity, as this area plays a crucial role in the integra-
ion of affective and evaluative processes ( Berntson et al., 2011 ). More
pecifically, the AIC has been linked to emotion recognition by mod-
lating arousal potentially mediated through interoceptive inferences
 Motomura et al., 2019 ). 

Correspondingly, we also observed increased AIC and IFG activation
or fearful vs. happy faces. As fearful compared to happy faces are com-
aratively difficult to detect, as also suggested by our behavioral find-
ngs, this activation increase might reflect higher cognitive effort for
he recognition of fearful expressions. Neuroimaging studies show IFG
nvolvement in response inhibition in go/no-go tasks ( Aron et al., 2004 ;
ogan and Cowan, 1984 ). Especially right IFG activation is therefore be-
ieved to indicate the suppression of response tendencies ( Menon et al.,
001 ; Rubia et al., 2003 ) and attentional control for the detection of
9 
mportant cues ( Hampshire et al., 2010 ). Moreover, evidence suggests
hat the right IFG processes emotional communicative signals in facial
xpression of others ( Nakamura et al., 1999 ) and that impairment of the
FG is associated with alexithymia ( Hobson et al., 2018 ). Accordingly,
hese findings indicate that the observed neuronal activity for fearful vs.
appy faces primarily reflects an activation increase due to the more dif-
cult detection and evaluation of physical changes in the development
f fearful expressions, rather than a stronger fear response as observed
n fear conditioning mediated by the amygdala ( LeDoux, 2003 ). 

.2. Context-sensitive emotional inference and connections to interoceptive 

ensibility and accuracy 

Another part of our results confirmed our hypothesis that the sub-
ective individual evaluation of the ability to perceive body signals
 interoceptive sensibility , IS) is associated with a more precise adap-
ation of emotional predictions. In line with the results observed in
übner et al. (2021) , RTs of individuals with higher IS decreased with

ncreasing predictability of emotions, i.e., lower entropy of an emotion
ccurrence, whereas low IS individuals showed the opposite effects,
amely decreased RTs to unpredictable emotion. These findings sug-
est that higher IS individuals benefited from the implemented proba-
ilistic context more than individuals with lower IS. We attribute these
esults to stronger attentional precision-weighting of individuals with
igher IS, which might lead them to learn better from biased proba-
ilities of emotional expressions and thus build stronger expectations
 Ainley et al., 2016 ; Hübner et al., 2021 ). Correspondingly, using EEG
ecordings, studies show that interoceptive attention increases cortical
rocessing of heartbeats ( Petzschner et al., 2019 ) and attention inde-
endent of emotion processing accelerates the processing of prediction
rrors ( Jiang et al., 2013 ). Valence-specific affective predictions of ex-
ected or unexpected facial expressions have been shown to reduce
r enhance cortical responses respectively to interoceptive signals as
 function of the probability of repetition ( Gentsch et al., 2019 ). More-
ver, when subjects’ attention was tuned to their bodily signals by using
 HDT, their following conditioned responding was found to be facili-
ated ( Raes and De Raedt, 2011 ), and individuals with higher IAcc are
etter in predicting shocks ( Katkin et al., 2001 ). 

However, the question remains why interindividual differences in IS
nd not IAcc were associated with a faster recognition of predicted emo-
ions and to hesitation when unexpected emotions occurred. The MAIA-
 dimensions are constructed as elements of conscious processes of in-
eroception, accessible to self-report ( Mehling et al., 2012 ). Thereby,
he MAIA-2 focuses on different regulatory aspects of interoception, i.e.,
he tendency to ignore or distract oneself from perceived sensations, the
bility to sustain and control attention to body sensation and even the
bility to regulate psychological distress by attention to body sensations
 Mehling et al., 2018 ). Accordingly, high values in IS represent the per-
eived awareness of emotional states, but also how easily attention to
hese sensations can be weighted, sustained or regulated, which involves
he adaptation of one’s internal states to varying emotional contexts.
he assessment of IAcc through the HDT provides a quantification for
he objective ability of accurately detecting interoceptive signals (i.e.,
he heartbeat) in a specified period of time. This is not necessarily re-
ated to the regulation of bodily sensations by generating predictions
bout interoceptive signals, thereby minimizing prediction errors (e.g.,
arfinkel et al., 2016 ). Although this is rather speculative, individuals
ith high IAcc might therefore tend to show stronger prediction error

ignals, whereas individuals with high IS (as measured in the present
tudy) weight predictions more strongly. In our paradigm, to regulate
ttention towards interoceptive changes might be the key ability to raise
he precision of interoceptive predictions. Thus, particularly higher IS
ight result in more frequent and more precisely updated interoceptive
redictions. 

Regarding the probabilistic context adaptation on the neural level,
e rather expected more surprising and less predictable emotions to ac-
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ivate regions involved in the signaling of interoceptive prediction errors
.e., AIC, ACC, hippocampus or caudate nucleus ( Ahlheim et al., 2014 ;
echara et al., 2000; Herry et al., 2007 ; Schiffer et al., 2012 ; Seth, 2013b ;
trange et al., 2005 ). However, for more surprising expressions only a
ingle activation in the left postcentral gyrus increased, presumably re-
ecting simply a more abrupt lifting of the response finger in reaction
o more surprising stimuli. 

Instead, we found significantly increased activation for more pre-
ictable events ( negative entropy ) with a bilateral activity pattern com-
rising the IFG, posterior insula and middle temporal gyrus. In gen-
ral, such prediction enhancement effects are proposed to reflect in-
reased activation of predicted elements ( Press et al., 2020 ; Press and
on, 2019 ). Interoceptive processing in the insula is proposed to involve
osterior-to-anterior regions, with posterior regions supporting primary
bjective physical features of interoceptive information, whereas the
IC serves the subjective integration of interoceptive and motivational
ignals ( Craig, 2009 ; Gu et al., 2013; Seth, 2013b , 2012). For example,
he processing of cool temperatures was associated with activation in
he posterior insula, while subjective ratings of these stimuli were pro-
essed in the AIC ( Craig et al., 2000 ). Moreover, the latter region has
een suggested to respond to interoceptive prediction errors ( Paulus and
tein, 2006 ; Singer et al., 2009 ), which is why we expected AIC rather
or positive entropy , i.e., decreased predictability. 

Our results support the presented theoretical assumptions, reveal-
ng an activation increase for more predictable emotional stimuli ex-
lusively in the posterior part of the insula. As this area is proposed to
rovide primary interoceptive representation of the physiological con-
ition of the body, it can be derived that if an emotional valence in
acial expression of others is perceived over several trials (i.e., accom-
anied by increased predictability), physiological representations of the
ody are created and retained. Thus, these physiological representations
ould lead to higher activity in the corresponding areas (i.e., the pos-
erior insula) and, moreover, influence the perception of subsequent
nformation by interoceptive predictions. In accordance, we observed
ncreased IFG activation for more predictable facial expressions. Pre-
ious research showed increased stimulus-evoked activity in the right
FG and right temporal-parietal junction to be associated with better
erformance on the next trial, suggesting these regions to be involved
n stimulus-triggered reorienting of attention toward behaviorally rel-
vant stimuli ( Craig, 2009 ; Weissman et al., 2006 ). These findings are
onsistent with our behavioral results and our assumption that the abil-
ty to sustain and control attention towards interoceptive changes might
e crucial to raise the precision of interoceptive predictions. 

.3. Interoceptive abilities and their neuronal representations 

Finally, we aimed to test more specifically whether the extent of acti-
ation increase in brain regions subserving interoceptive processing, i.e.,
nsula and ACC, positively correlates with IS or IAcc. For the parametric
ffects of entropy and surprise we further included the caudate nucleus
s a ROI, as this area was often reported for perceptual prediction er-
ors ( Schiffer and Schubotz, 2011 ; Schiffer et al., 2012 ). We expected
ndividuals with higher IS or IAcc to build stronger interoceptive predic-
ions and hence show increased activation for more surprising and less
redictable events in regions which process perceptual or interoceptive
rediction errors. Indeed, the individual IAcc score was positively cor-
elated with the caudate response to entropy and surprise, and with the
nsula response to entropy. Hence, there was a higher BOLD activation
n these regions for the occurrence of less predictable or more surpris-
ng events, or both, in individuals with higher vs. lower IAcc scores. No
uch correlations were observed for the IS. 

Imaging studies found significant activation of the insula, ACC and
FG during different variations of the HDT (see Schulz, 2016 for a
eta-analysis). Interoceptive attention has been associated with in-

reased AIC activation ( Chong et al., 2017 ; Wang et al., 2019 ) and in-
eroceptive awareness was shown to change intra-insula signal flows
10 
 Kuehn et al., 2016 ). Moreover, IAcc has been found to positively co-
ary with activation in the insula cortex, cingulate gyrus and somatosen-
ory cortex ( Critchley et al., 2004 ; Pollatos et al., 2007 ; Wang et al.,
019 ). 

In contrast, individual IS scores did not correlate with beta es-
imates of ACC, insula or caudate nucleus. Indeed, little is known
bout brain areas that may reflect individual IS traits. Recently,
mith et al. (2021) could not find any correlation between the func-
ional connectivity of the insula with individuals’ MAIA scores, and
ence suggested that brain areas reflecting the individual IS score show
nly minor overlap with regions reflecting the individual IAcc score.
oreover, Wang et al. (2020) even found a higher IS to be associated
ith decreased connectivity of AIC and ACC to temporal and frontal re-
ions. These findings are also consistent with our results indicating that
igher IAcc, but not IS, positively correlates with activation in brain
egions processing perceptual and interoceptive prediction errors, i.e.,
nsula and caudate nucleus. Since the behavioral effects related to the
ecognition of different emotional valences and the adaptation of emo-
ional predictions differed between IS and IAcc, it is not surprising that
ifferent brain regions are also associated with the individual IS and
Acc values. A stronger relationship between IAcc and AIC and striatal
ctivation might indicate stronger processing of interoceptive predic-
ion errors in highly IAcc individuals. Higher IS might rather be asso-
iated with the ability to regulate attention to, i.e., generating predic-
ions about interoceptive changes, which might be processed, inter alia,
n the posterior insula and the IFG (as the posterior insula provides the
rimary interoceptive representation of the body’s physiological state
nd the IFG is involved in reorienting of attention toward relevant stim-
li, see Section 4.2 ). These assumptions still need to be investigated in
urther studies in which differences between IS and IAcc can also be sta-
istically tested. This would require combining subjective and objective
easures in one task, for example by scoring the subjective confidence

n interoceptive accuracy to quantify IS ( Garfinkel et al., 2015 ). Here,
t may also be of interest to investigate whether IAcc and IS scores are
elated to resting state networks (e.g., Salamone et al., 2021 ). Neverthe-
ess, our study is the first to provide new insights and direct empirical
nvestigations of the different interoceptive facets, their impact on inte-
oceptive predictions and neuronal representations. 

Finally, it is important to mention that continuous precision opti-
ization and the ability to sustain and control attention to interoceptive

hanges in individuals with higher interoceptive abilities may not al-
ays be an advantage for interoceptive and emotional processes. For ex-
mple, this can be observed in individuals with anxiety disorders, which
romote increased attention to body signals ( Domschke et al., 2010 ). On
he contrary, low interoception has been shown to be accompanied by
lexithymia, i.e., deficits in identification and description of one’s own
nd others’ emotions (Brewer et al., 2016; Herbert et al., 2011). 

.4. Limitations 

The heartbeat detection task (HDT; Schandry, 1981) has emerged as
 widely used method for an objective assessment of IAcc ( Khalsa et al.,
009 ; Pollatos and Schandry, 2004 ) and was used in this study to
nsure comparability with thematically related studies on IAcc (e.g.,
erasawa et al., 2014 ). Nevertheless, the method has been increasingly
riticized in recent studies (see Coll et al., 2021 for a meta-analysis),
ince several non-interoceptive processes have been shown to signifi-
antly affect the results obtained with the HDT ( Desmedt et al., 2018 ;
urphy et al., 2018 ; Zamariola et al., 2018 ). Accordingly, future stud-

es might benefit from either including different or repeated HDT tasks
 Wittkamp et al., 2018 ), including a version with adapted task instruc-
ions ( Corneille et al., 2020 ; Desmedt et al., 2020 , 2018 ) or considering
ther interoceptive tasks that focus on the detection of bodily signals
utside of the cardiac domain (e.g., Van Den Houte et al., 2021 ). Fur-
hermore, since recent studies suggest that HDT results are also biased by
lterations in higher-order cognitive domains, future studies may benefit
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rom considering interoceptive tasks that rely less on cognitive processes
e.g., Fittipaldi et al., 2020 ; Salamone et al., 2020 ). 

. Conclusion 

Our results provide new insights into how interoceptive accuracy and
ensibility shape emotion recognition and interoceptive predictions at
he behavioral and the brain level. In particular, individuals with higher
nteroceptive sensibility were found to show a more precise adaptation
o biased probabilities of emotion. Moreover, BOLD effects suggest a
ifferent neural basis of interoceptive accuracy and sensibility. Future
tudies can build on these results and expand knowledge about different
nteroceptive abilities and their neural implementations, e.g., to provide
 basis for the diagnosis and treatment of psychiatric disorders based on
nteroception deficits. 
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