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Signals from the body’s interior undergo several interoceptive processing steps, from the periphery

to the central nervous system, to conscious recognition and evaluation. Alterations in some of these
steps have been reported for eating and weight disorders, but systematic comparisons between steps
and disorders are necessary to develop targeted interventions. We recorded electrocardiogram and
electroencephalogram from adult women with anorexia nervosa (AN; n=238), bulimia nervosa (BN;
n=35), binge eating disorder (n=22), obesity (OB; n=20), and healthy control individuals (n=46)
during resting state and a heartbeat counting task. On the peripheral level, patients with AN, BN, and
OB had reduced vagally-mediated heart-rate variability. On the central level, only patients with AN
showed increased processing of heartbeats (heartbeat-evoked potentials). On the conscious level,
there were no significant group differences in heartbeat-counting performance, beliefs, or insight, but
a marked negative evaluation reported by patients with AN and BN. We conclude that fasting could
serve to reduce negatively perceived (AN, BN) and increased (AN) bodily sensations. Overeating is not
associated with marked alterations in cardiac interoception. The results do not support the notion of
general interoceptive deficits, but rather disorder-specific interoceptive profiles.

Keywords Eating disorders, Obesity, Interoception, Heartbeat-evoked potentials, Interoceptive accuracy,
Heart-rate variability

As early as the 19607, it was proposed that alterations in the perception of signals from the body’s interior
might be a common factor underlying eating and weight disorders (EWDs)!. These range from strict fasting in
restrictive anorexia nervosa (AN), to alternating bingeing and purging in bulimia nervosa (BN), to recurrent
binge eating in binge eating disorder (BED)?, as well as a body mass index (BMI) of 30 or above in obesity (OB)>.
Recent research was able to identify a range of interoceptive alterations (see e.g.! for a review), suggesting that
each EWD might be associated with a unique interoceptive profile. To establish these profiles, it is necessary to
investigate a range of interoceptive facets across the spectrum of EWDs.

Interoception as a Multi-Faceted construct

Interoception is a multi-faceted construct, which refers to the processing of information arising from within the
body®. Different bodily systems can be distinguished, e.g., the cardio-vascular, gastro-intestinal, or respiratory
systems. Altered processing of gastrointestinal information may directly contribute to disordered eating
behaviours. Poor perception of gastric fulness has been linked to binge eating, for example®. Patients with BN
and BED indicate more difficulties perceiving satiety, while patients with AN report more difficulties perceiving
hunger’. Despite these differences in gastric interoception, all three groups indicated equal difficulties in the
perception of emotions’. Emotional dysregulation is a common characteristic of EWDs® and may be related
to altered processing of cardiovascular information®. Both overeating in BN and restrictive eating in AN have
been linked to negative emotions and dysfunctional emotion regulation!’. Fasting in AN may serve to suppress
negative emotional states and body sensations'!. Because of this aetiological relevance and the wide range of
available measures, cardiac interoception may be an ideal starting point for the establishment of interoceptive
profiles in EWDs. In addition, cardiac interoception could serve as an indicator for common underlying
interoceptive factors across bodily systems, especially across the cardiac and gastric modalities'2. There are several
interventions targeting cardioception, including interoceptive exposure'®, heartbeat perception training'?, and
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mindfulness exercises!®. A better understanding of which aspects of cardiac interoception are altered in which
EWDs could guide the selection of targeted interventions and likely improve treatment outcomes.

Several interoceptive facets have been proposed along the processing stream. The current selection of specific
facets for the cardiovascular bodily system is based on the recent model proposed by Suksasilp and Garfinkel',
spanning physiological, behavioural, and self-report measures.

Physiological indicators of interoception

Peripheral organ activity

The activity of the peripheral organ is not considered interoception per se, since the interoceptive process begins
with the stimulation of sensory transducers, e.g., mechanoreceptors, but peripheral signal strength may impact
higher order interoceptive processing!®. Regarding the cardiovascular system, the activity of the peripheral organ
can be indexed by measures such as heart rate (HR) and parasympathetically mediated high-frequency heartrate
variability (HRV)Y. For example, HR has been reported to correlate positively with heartbeat perception'®.
After short-term fasting, stronger increases in vagally-mediated HRV were related to larger improvements in
heartbeat perception!. Assessing cardiac activity is especially important in EWDs, since these are commonly
associated with cardiovascular alterations, as confirmed by several recent reviews and meta-analyses. Whereas
OB is associated with lower HRV?’, patients with AN and BN tend to show elevated HRV, possibly due to fasting-
induced physiological changes?!~?3. There are no marked HRYV alterations reported for BED?*. The relationship
between cardiovascular changes in individuals with EWDs and cardiac interoception is not yet well understood.

Central-Nervous system processing

Heartbeat evoked brain potentials (HEPs) are an electrophysiological indicator of the central-nervous system
(CNS) representation of signals from the heart?®. They are computed as cortical activity time-locked to the
R peak of the electrocardiogram (ECG). Potential sources of the HEP include the insular, cingulate, and
somatosensory cortices?®. They are related both to cardiodynamics and psychological factors such as attention?’.
Stimulation of the vagus nerve?® and short-term fasting?® have been shown to increase HEPs, yet the potential
impact of cardiovascular alterations in EWDs remains unexplored. Additionally, focusing on one’s heartbeat
leads to increases in HEP positivity*®. Investigations of HEPs in EWDs remain scarce and indicate increased
processing in AN®! and no significant difference in BN>2, although a recent report suggests findings may depend
on analysis choices®.

Self-Report and behavioural indicators of interoception

Interoceptive accuracy Performance, Beliefs, and insight

At the cognitive and behavioural levels, heartbeat perception tasks allow for the assessment of several facets
of interoceptive accuracy, that is, how accurately participants perceive their own heartbeat!. This includes
individuals’ performance in the task (e.g., correspondence between actually measured and silently counted
heartbeats), but also their beliefs regarding their own performance®*. If participants perceive their heartbeat
accurately and believe in having performed accurately, they are said to have good interoceptive insight, i.e., the
correspondence between performance and beliefs®.

Heartbeat perception performance seems to be reduced in OB?. Findings for AN are mixed, with some
studies reporting poorer performance in AN than HC (e.g.*), and others reporting no significant difference
(e.g:3"). For BN, one study reported reduced heartbeat perception performance in recovered BN*7, whereas other
studies found no significant difference between BN and HC (e.g.*?). Heartbeat perception beliefs have rarely been
investigated, with the few extant studies showing reduced or unaltered confidence in their heartbeat perception
performance in AN?!3 and no significant effects in BN®%. We are unaware of any studies addressing heartbeat
perception in BED.

Emotional evaluation
In addition, negative affect when focusing on one’s heartbeat, that is, the emotional evaluation, may play a role
in EWDs¥, considering previous reports of negative affect in response to gastric sensations during a water load
test in patients with BN and BED®.

Some interoceptive facets have previously been investigated in some EWDs, but there are, to date, no
systematic comparisons across facets and EWD diagnoses.

Hypotheses

In summary, of the extant laboratory-based investigations of interoception in EWDs, the majority examined
HRYV or heartbeat perception performance, with major gaps in evidence regarding heartbeat perception beliefs,
insight, and emotional evaluation, as well as CNS processing of cardioafferent signals (see Table 1 for an evidence
gap map). Our hypotheses include, regarding peripheral organ system activity, (1) increased HRV in AN and
BN, (2) decreased HRV in OB, and (3) unaltered HRV in BED. On the level of CNS processing, we expected
(4) increased HEPs in AN and (5) unaltered HEPs in BN. For heartbeat perception, we expected (6) reduced
performance in OB and (7) reduced or unaltered performance in AN and BN, as well as (8) reduced or unaltered
beliefs in AN and (9) unaltered beliefs in BN.

Methods

Participants

Female participants were recruited at Schon Klinik Roseneck (Prien, Germany) and the University of Salzburg
(Austria) in the context of a larger project (see Supplementary Table S2 for a full list of references). For the
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Previous findings
Interoceptive facet Measure used AN | BN | BED | OB
Peripheral organ HF HRV > > = <
CNS processing HEPs > = ? ?
Accuracy - performance | HCT score </=|</=|? <
Accuracy - beliefs HCT confidence rating </=|= ? ?
Accuracy - insight Correspondence HCT score - confidence | ? ? ? ?
Emotional evaluation HCT questionnaire ? ? ? ?

Table 1. Evidence gap map for laboratory-based assessment of cardiac interoception in eating and weight
disorders. Note. AN =anorexia nervosa; BN =bulimia nervosa; BED =binge eating disorder; OB = obesity; HF
HRYV =high frequency heartrate variability; CNS = central nervous system; HEPs =heartbeat evoked potentials;
HCT =heartbeat counting task. > higher values in clinical group than control group; < lower values in clinical
group than control group; = no significant group difference; ? missing evidence.

current manuscript, a subset of N = 161 participants was analysed, who had completed one or more measures
of interoception and did not meet any of the following criteria: neurological disorders, cardiovascular disease,
pregnancy, skin or food allergies, current substance abuse or dependence, age < 18 years. Five groups were
investigated: normal-weight healthy control participants (HC; BMI 18.5-20.49) without current mental disorder
or lifetime ED, diabetes, or vegetarian/vegan diet; participants currently meeting AN, BN, or BED DSM-5
diagnostic criteria?; obese participants (OB; BMI > 30) without current or lifetime ED. The AN and HC samples
partially overlap with the samples of Richard et al.*%, who also reported interoceptive accuracy performance;
this is the only overlapping dependent variable, however. Mental disorders were diagnosed with the German
Structured Clinical Interview for DSM-IV (SCID-1)*!, and a shortened German version of the Eating Disorder
Examination (EDE)*, both adapted to DSM-5 criteria for EDs% The diagnostic interviews were carried out in
a separate session before participation in the laboratory session. Trait anxiety was assessed with the German
version of the State-Trait Anxiety Inventory, trait version (STAI-T)*, a 20-item questionnaire with a scale of
1 almost never to 4 almost always. The Dutch Eating Behavior Questionnaire (DEBQ)** was used to assess
restrained, emotional, and external eating behaviour with 33 items scored 1 never to 5 very often.

Procedure

Laboratory sessions took place at 3 pm. Participants tested on campus (HC, OB, BED) were instructed to
consume one of several standardised lunch options (~550 kcal) at noon. Hospitalized patients (AN, BN) had
their regular lunch around noon (~ 700 kcal for underweight patients). The session began with questionnaires
and preparation of the sensors, followed by a 4-minute resting-state measurement (one minute each eyes open
- closed - open - closed; order counterbalanced across participants), the heartbeat counting task (HCT), and
food-picture viewing and decision-making tasks reported elsewhere (see Supplementary Table S2 for a full
list of references). The study was approved by the ethics committees of the Universities of Salzburg, Austria,
and Munich, Germany. All procedures were in accordance with the Declaration of Helsinki and participants
provided written informed consent.

Heartbeat counting task

Participants were instructed to silently count their heartbeats without taking their pulse, and to only count
heartbeats that they actually felt, without trying to guess®. After a practice interval of 25 s, there were six
randomised counting intervals of 25, 35, 45, 55, 65, and 75 s, followed by prompts to enter the number of counted
heartbeats and to rate the confidence in one’s own performance from 1 not at all sure to 9 very sure. Scores on
the HCT (interoceptive accuracy performance) were calculated as 1/6 2 [1 - (|recorded heartbeats - counted
heartbeats|/recorded heartbeats)], where 1 indicates perfect heartbeat perception. To calculate interoceptive
accuracy insight, the mean heartbeat perception score and confidence rating of each participant were linearly
transformed into percent of maximum possible (POMP) scores*. This enables a direct comparison between
the two variables by scaling both on a 0 to 100 scale. We then took the absolute difference between heartbeat
perception scores and ratings and subtracted it from 100 so that higher scores indicate better interoceptive
insight (i.e., a smaller discrepancy between performance and beliefs)*”. After the HCT, participants were asked
to rate their emotional experience during the task on the following dimensions®’: valence (Self-Assessment
Manikin; 1 negative to 9 positive)*®, arousal (Self-Assessment Manikin; 1 calm to 9 aroused)*®, anxiousness (1
very anxious/worried to 9 not at all anxious/worried); and to indicate their general confidence in their heartbeat
perception (1 very confident to 9 not at all confident). We reverse-scored anxiousness and confidence so that in
the results higher scores indicate higher anxiety and higher confidence.

Physiological data

Data were recorded from actively shielded Ag/AgCl electrodes with a Refa amplifier and Polybench 1.3 software
(TMSi, Twente Medical Systems International) at a sampling rate of 512 Hz. EEG was recorded from 63
equidistant electrodes with online average reference and a ground electrode placed on the left wrist. Impedances
were kept below 10 k. Horizontal EOG electrodes were attached to the outer canthi of the eyes. ECG electrodes
were placed on the upper sternum and distal end of the left costal arch.

Scientific Reports |

(2026) 16:1045 | https://doi.org/10.1038/s41598-025-30683-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Heart rate and heart rate variability

ECG data were analysed in ANSLAB 2.6%. Data were re-sampled at 400 Hz and bandpass filtered from 0.5 to 40
Hz with a 50 Hz notch filter. R peaks were detected automatically and manually edited, if necessary. Heartrate,
HRYV (fast-Fourier-transform-derived log HF power: 0.15-0.50 Hz), and exact numbers of R peaks per HCT
counting interval were extracted.

Heartbeat-Evoked potentials

EEG data were analysed in BrainVision Analyzer 2.2.1 (Brain Products). After down-sampling to 256 Hz, zero-
phase-shift Butterworth filters were applied: a 0.1-35 Hz bandpass filter (half-power cutoff, 24 dB/octave) and
a 50 Hz notch filter (+ 2.5 Hz, 96 dB/octave). Major artefacts in the data were detected automatically, including
muscle activity and non-physiological glitches, excepting eye movements and blinks. Ocular correction
independent component analysis (ICA) was performed with Fpl as VEOG channel, to remove eye blinks and
eye movements. Contaminated or unavailable channels were excluded from ICA and interpolated afterwards
(spherical splines). Data were re-referenced to a common average reference (included channels: 10L, 10R, 1LA,
1LB, 1LC, 1RA, 1RB, 1RC, 1Z, 2L, 2LA, 2LB, 2LC, 2R, 2RA, 2RB, 2RC, 2Z, 3L, 3LA, 3LB, 3R, 3RA, 3RB, 3Z,
4L, 4LB, 4LC, 4LD, 4R, 4RB, 4RC, 4RD, 5L, 5LB, 5LC, 5R, 5RB, 5RC, 5Z, 6L, 6R, 6Z, 7L, 7R, 7Z, 8L, 8R, 9L,
9R, Cz, Fpl, Fp2, Iz, Oz, T7, T8). R peaks were detected automatically in the ECG and manually edited, if
necessary. Segments were created from —250 to 1000 ms around the R peaks. Segments containing artefacts,
such as muscle activity, drifts, or non-physiological glitches, were detected and removed automatically. Averages
were created for the resting period and the HCT, and baseline corrected from —250 to —50 ms, thus excluding
the onset of the QRS complex*’. We pooled across a large fronto-central cluster (1Z, 2Z, 3Z, 4Z(Cz), 1L(Fp1),
1R(Fp2), 1LB, 1RB, 2L, 2R, 3L, 3R, 4L, 4R, 2LB, 2RB, 1LA, 1RA, 3LB, 3RB, 5LA, 5RA, 3LA, 3RA, 2LA, 2RA,
4LB, 4RB, 1RC, 2RC, 3RC(T8), 3LC(T7), 1LC, 2LC, 5Z, 6 L, 6R, 6Z), as a recent meta-analysis located effects
of attention, interoceptive performance, and clinical group in this scalp region’, including differences between
patients with AN and HC?!. Mean amplitudes were extracted for a time window of 455 to 595 ms after the R
peak®!, as the electric field artefact propagating from the heart to the scalp (cardiac field artefact) is minimal
during this interval®’. Nevertheless, a control analysis was performed on the ECG channel, to explore a potential
contribution of differences in cardiac activity?®. HEPs were not analysed for n = 7 participants (AN = 3, BN =
4), who met the a priori-defined threshold of 25% or more segments rejected due to artefacts®'. The remaining
participants had on average 332.67 (SD = 59.87) valid HEP segments for the resting condition and 351.37 (SD
=49.93) for the HCT.

Statistical analysis

The diagnostic groups (HC vs. AN vs. BN vs. BED vs. OB) were compared with analyses of variance (ANOVAs)
for interoceptive accuracy performance, beliefs, and insight. For HR, HF HRV, HEPs, and ECG the factor
condition (rest vs. HCT) was added. Significant main effects or interactions were followed up with Bonferroni-
corrected pairwise comparisons. ANOVA test statistics for all dependent variables are summarised in Table 4,
while descriptive statistics are reported in Supplementary Table S1. Alpha was set to 0.05, effect sizes are reported
as partial eta squared. Analyses were conducted with IBM SPSS Statistics v27.

Results

Sample characteristics

The groups did not differ significantly regarding years of education. The BED and OB groups were significantly
older than the HC, AN, and BN groups. The AN group had the lowest BMI, followed by the HC and BN groups,
then BED, and then OB with the highest BMI. Symptoms of anxiety were significantly elevated in the AN and
BN groups and somewhat elevated in the BED group, who did not differ significantly from any other group.
Regarding eating behaviour (DEBQ), the AN and BN groups showed significantly higher levels of restrained
eating than the HC, BED, and OB groups. On the DEBQ emotional eating subscale, the HC and AN groups had
the lowest scores, followed by OB, and then BN and BED with the highest scores. Regarding DEBQ external
eating, the AN group had significantly lower scores than all other groups, who did not differ significantly from
each other. Twenty-nine patients with AN were diagnosed with restrictive and nine with binge-purge subtype.
Sociodemographic and clinical characteristics are summarized in Table 2 and comorbid disorders in Table 3.

Heart rate and heart rate variability

All ANOVA test statistics are reported in Table 4. For HR, there were no significant effects for group, condition,
or their interaction. For HF power, there was a significant effect for group, but none for condition, or the
interaction. The AN, BN, and OB groups had significantly lower HF power than the HC group (Fig. 1).

Heartbeat-Evoked potentials

There was a significant main effect for condition, with more positive HEPs during the HCT than during rest. The
main effect for group was also significant. Post-hoc tests showed relatively more positive HEPs for the AN than
for the HC group (p=.047; Fig. 2a). The interaction between condition and group was not significant. The control
analysis on the ECG channel did not produce any significant effects for condition, group, or their interaction
(Fig. 2b). Waveforms are shown in Fig. 2c.

Heartbeat counting task

There were no significant group differences for interoceptive accuracy performance, beliefs, or insight (Fig. 3).
Concerning the emotional evaluation of the HCT, the groups differed significantly regarding the experience
of negative/positive affect during the HCT. The AN (p=.041) and BN (p=.010) groups experienced the task
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HC AN BN BED OB
n=46 n=38 n=35 n=22 n=20 Test statistics
F L, )
Characteristic M (SD) M (SD) M (SD) M (SD) M (SD) P qu
. . . b o | 19.06 (4, 156)
Age 2198 (3457 | 2303 (530)" | 2446 (772" | 34.23 (1099 | 3255 (733)° | LpO0 i 108
. 138.64 (4, 156)
a b a c d >
BMI 2097 (L6 | 1543 (178)° | 2293 (3847 | 3L11(566)° | 37.07 (608)! | Lo (0
Years of education 14.69 (2.38) | 14.96 (2.97) | 14.07 (2.53) |1532(5.05) | 14.68 (3.23) 8'22 (3’011564)
STAL-T 40.83 (10.51)° | 55.18 (9.32)° | 56.31 (12.92)° | 47.59 (12.42)+" | 4155 (9.36) | 163 (4 156)
<0.001, 0.29
DEBQ Restrained Eating | 2.55 (0.80)" | 3.72 (0.95)° | 3.70 (0.86)° | 3.06 (0.63)° 2.89 (0.62)° is(is()l()§4)()12596)
DEBQ Emotional N N b b 45.22 (4, 156)
Fating 232(074) | 1.81(L14)* |3.95(0.86)° | 4.01 (0.56) 32060 | Bttt
DEBQ External a a a . | 17.60 (4, 156)
Fating 338 (054 | 256(0.77) |3.65(0.68)° | 3.66(0.62) 3560577 | Lot

Table 2. Sociodemographic and clinical characteristics. Note. Groups with identical superscripts do not differ
significantly (p <.05 in Bonferroni-corrected post-hoc test). HC =healthy control; AN =anorexia nervosa;

BN =bulimia nervosa; BED =binge eating disorder; OB = obesity; BMI=body mass index; STAI-T = State-Trait
Anxiety Inventory — Trait version; DEBQ = Dutch Eating Behaviour Questionnaire.

HC AN BN BED OB

n=46 | n=38 n=35 n=22 n=20
Disorder n(%) | n(%) n (%) n (%) n (%)
Anxiety disorder 0 11 (28.9) | 16 (45.7) | 13 (59.1) | 10 (50.0)
Major depressive episode | 0 20(52.6) | 12(34.3) | 4(18.2) |1(5.0)
PTSD 0 8(21.1) |0 0 1(5.0)
OCD 0 6 (15.8) 1(2.9) 1(4.5) 0
Bipolar disorder 0 1(2.6) 1(2.9) 1(4.5) 0

Table 3. Current comorbid mental disorders. Note. HC =healthy control; AN =anorexia nervosa; BN =bulimia
nervosa; BED =binge eating disorder; OB = obesity; PTSD = post-traumatic stress disorder; OCD = obsessive-
compulsive disorder.

more negatively than the HC group, and the BN group experienced the task more negatively than the OB group
(p=.038; Fig. 4). The groups also differed significantly regarding their general confidence in their performance,
though none of the post-hoc tests reached statistical significance. Descriptively, the OB group had the highest
confidence in their performance, followed by the HC group and then the three ED groups with the lowest
confidence. There were no significant differences for arousal or anxiousness during the HCT.

Exploratory correlational analyses

On an exploratory level, we performed Pearson correlations between dependent and clinical variables (BMI,
DEBQ subscales, STAI-T), see Supplementary Table S3. There was a significant positive correlation between
HEPs and STAI-T. HEPs during rest, but not during the HCT were related to HR (positively) and HRV
(negatively). HEPs did not correlate significantly with any other dependent or clinical variable. More negative
affect and higher anxiety during the HCT were associated with poorer performance and more pessimistic beliefs
in the HCT, higher DEBQ restrained eating scores, and higher trait anxiety (STAI-T). Trait anxiety correlated
negatively with BMI and positively with emotional and restrained eating (DEBQ).

Discussion

The aim of the present study was to establish interoceptive profiles for eating- and weight disorders, using a range
of interoceptive facets regarding the perception of cardiovascular signals. Participants with obesity showed lower
HRV (peripheral signal) than the HC group, but no alterations in any other interoceptive facet. Participants
with AN and BN showed reduced HRV as well, but, in addition, reported prominent negative emotions during
interoceptive focus (HCT). Only the AN group showed increased CNS processing of cardio-afferent signals. The
BED group did not show any marked alterations.

Anorexia and bulimia nervosa

Central-Nervous system processing

Our finding of increased CNS processing of cardioafferent signals in AN, but not BN, is in line with our previous
results®!:32, A recent report found several temporo-topographical clusters of increased and decreased HEP activity
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a 100
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60

Heartrate

40

20

Dependent variable | Effect df,df2 [F  |p n pz
HR Group 4,141 1.02 | 0.40 | 0.028
Condition 1,141 1.83 1 0.18 |0.013
Group x Condition | 4, 141 0.93 [ 093 0.006
HRV Group 4,140 4.02 | 0.004 | 0.10
Condition 1, 140 0.93 | 0.34 | 0.007
Group x Condition | 4, 140 0.87 | 0.48 | 0.024
HEP Group 4,138 2.45 | 0.049 | 0.066
Condition 1,138 5.82 | 0.017 | 0.040
Group x Condition | 4, 138 0.12 [ 0.98 | 0.003
ECG Group 4,138 0.89 | 0.47 | 0.025
Condition 1,138 0.69 | 0.41 | 0.005
Group x Condition | 4, 138 0.12 [ 0.98 | 0.003
Accuracy performance | Group 4,146 | 0.24 | 0.91 | 0.007
Accuracy beliefs Group 4,155 1.99 | 0.099 | 0.049
Accuracy insight Group 4, 146 1.10 | 0.36 | 0.029
Valence Group 4,155 4.60 | 0.002 | 0.11
Arousal Group 4,155 0.66 | 0.62 |0.017
Anxiety Group 4,155 1.12 | 0.35 |0.028
Confidence Group 4,155 2.49 | 0.045 | 0.060

Table 4. ANOVA test statistics for all dependent variables. Note. HR =heartrate; HRV =heartrate variability
(log high frequency power); HEP = heartbeat evoked potential; ECG = electrocardiogram.

b 10/ I , Condition
—x— [ Rest
-~ 8  [Slexy
B g
g 6
2 4
L
I
2
HC AN BN BED OB " Hc AN BN BED OB
Group Group

Fig. 1. Group differences in heartrate (a) and heartrate variability (b; log HF power) by condition. There were
no significant effects regarding heartrate. Heartrate variability was significantly lower in the AN, BN, and

OB groups than in the HC groups. Error bars represent 95% CI. HF =high frequency heart rate variability;
HCT =heartbeat counting task; HC =healthy control; AN = anorexia nervosa; BN =bulimia nervosa;

BED =binge eating disorder; OB = obesity. * = post-hoc Bonferroni-corrected pairwise comparison significant
at p<.05.

in adolescent patients with AN, indicating that the picture might be more complex, although methodological
differences limit the comparability between studies®®. Supporting increased CNS processing, neuroimaging
studies showed increased activation in the right anterior insula in AN during heartbeat perception®?, a brain
area which has been proposed as one of the potential sources of HEPs®. Other studies showed intensified
interoception in AN especially for the anticipation of aversive stimuli, such as increased insula response during
food image®* and pain anticipation®, and increased cardiac sensations during meal anticipation®®.

It has been proposed in the literature that fasting might serve to suppress negatively evaluated body
sensations'!. Both individuals with AN and BN report being highly sensitive to sensory input and avoiding it
more than healthy individuals do°” 8. This has been linked to body dissatisfaction®® and self-disgust®”. Similar
findings have been reported for the gastro-intestinal system, with self-reported sensitivity to gastro-intestinal
sensations being related to body dissatisfaction and weight-loss behaviours across EDs**. The global picture is
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Fig. 2. Group differences in heartbeat evoked potentials (HEPs) by condition. Panel a shows that the AN
group had significantly higher HEPs than the control group and that HEPs were significantly more positive
during the heartbeat counting task than during rest. Panel b shows non-significant effects on the ECG (control
analysis). Panel ¢ shows HEP waveforms, averaged across conditions and electrodes of the fronto-central
cluster, using an average reference. The groups are displayed as separate lines. The time-window of interest
(455-595 ms) is highlighted by a grey rectangle and magnified in the inlay. Error bars in Panels A and B
represent 95% CI. HCT =heartbeat counting task; HC =healthy control; AN =anorexia nervosa; BN =bulimia
nervosa; BED =binge eating disorder; OB = obesity. * = post-hoc Bonferroni-corrected pairwise comparison
significant at p <.05.

thus one of a general rejection of the body and all sensations associated with it, which potentially leads to body
dissatisfaction and dietary restraint. The causality of the effect, however, remains to be determined.

Emotional evaluation

Both, individuals with AN and BN, engage in dietary restriction and other weight-loss behaviours, and both
groups evaluated heartbeat perception negatively in our study, but only those with AN showed increased CNS
processing. Negative evaluations, thus, do not appear to be driven by increased CNS processing, but to represent
a distinct facet of interoception, further highlighting the need to distinguish between facets. We would argue
that the combination of increased CNS processing plus negative evaluation supports more extreme dieting
behaviours in AN than BN. Of note, the majority of our sample with AN was diagnosed with the restrictive
subtype. Exploratory correlations confirmed that negative evaluation was associated with restrained eating,
but not emotional or external eating. We need to stress, however, that the current data are cross-sectional in
nature and that negative evaluation of cardioceptive focus may be an expression of general negative affect and
anxiety associated with an acute mental disorder, as supported by the correlation between valence ratings and
trait anxiety. Future research should elucidate the mechanisms linking the neural processing of interoceptive
information with the affective evaluation thereof and ED symptoms, clarify the role of trait anxiety, and include
longitudinal investigations to allow for causal inferences. Comparing patients with restrictive and binge-purge
subtypes of AN with those with BN may help determine the role of restrictive psychopathology.

Peripheral organ activity

Our finding of reduced HF HRYV in individuals with AN and BN contrasts with recent systematic reviews
documenting increased HF in these groups®"?2. Patients in our study were undergoing intensive psychosomatic
inpatient treatment, which included eating three meals per day (~ 2100 kcal) during refeeding. Vagal dominance
appears to be linked to an acute fasting state in individuals with BN?. It decreases with treatment/refeeding in
AN?? and in BN, though results are mixed?!. Thus, reduced HRV in AN and BN in our sample may be linked
to the specific treatment context. In addition, many patients in our sample reported comorbid anxiety or major
depressive disorders, both associated with reduced HRV® ¢,
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Fig. 3. Group differences for interoceptive accuracy performance (a), beliefs (b), and insight (C), as
assessed with the heartbeat counting task. There were no significant main effects. Error bars represent
95% CI. HC =healthy control; AN =anorexia nervosa; BN =bulimia nervosa; BED =binge eating disorder;
OB = obesity.

Interoceptive accuracy performance, beliefs, and insight

Despite these alterations in peripheral, neural, and affective processing, neither patients with AN nor BN
showed significant alterations in interoceptive accuracy performance, beliefs, or insight. As findings of previous
studies are mixed, it is possible that effects depend on factors such as sample characteristics or state variables.
Cardioceptive alterations in AN, for example, have been linked to anxiety and the meal context®’. Our results
suggest that notwithstanding the proposed rejection of bodily sensations, patients with AN and BN are able
to count their own heartbeats just as well as healthy women, when explicitly prompted to do so. This may be
different from a repression of bodily sensations in everyday life, where eating pathology is associated with
distraction from and a lack of trust in interoceptive signals®.

Interoceptive profiles and clinical implications

In summary, rather than showing a global interoceptive deficit, patients with AN presented with reduced
parasympathetic cardiac modulation, increased CNS processing, unaltered interoceptive accuracy performance,
beliefs, and insight, and increased negative evaluation of heartbeat perception. Patients with BN showed no
significant alterations in CNS processing but an otherwise similar profile. Amplified CNS processing supports
the use of interoceptive exposure in the treatment of AN'®. Additionally, HEP-based neurofeedback could be
explored in this context, although it remains challenging due to the HEP’s poor signal-to-noise ratio, underscoring
the importance of finding alternative markers of heart-brain coupling suitable for neurofeedback®. Both patients
with AN and BN might benefit from cognitive interventions targeting the negative evaluation of interoceptive
stimuli.

Binge eating disorder and obesity
Our finding of reduced HF HRV in obesity is consistent with previous results?’. We could not replicate meta-
analytic findings of reduced interoceptive accuracy performance, however®. Note that the overall effect size of
the five studies reporting OB-HC comparisons included in this meta-analysis was small (SMD = — 0.389), and
two of the studies included only children. Thus, our OB sample may have been too small to detect the effect. At
a descriptive level, however, the HC and OB samples in our study had virtually identical heartbeat perception
accuracy performance scores. It is possible, therefore, that differences in sample characteristics (e.g., children
vs. adults, overweight vs. OB) and task instructions (i.e., instructing participants not to guess the number of
heartbeats) to other studies can account for the diverging results. Patients with BED did not differ significantly
from the other groups on any of the variables related to cardiac interoception.

Overall, neither the group with OB nor the group with BED showed marked interoceptive alterations. It
appears, therefore, that interoceptive alterations regarding the cardio-vascular system might be more related
to fasting and compensatory behaviour than to overeating. This is confirmed by our exploratory correlational
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Fig. 4. Group differences for emotional evaluation of the heartbeat counting task. Panel a shows valence
ratings (1 =negative, 9 = positive), where the AN and BN groups had significantly more negative ratings than
the HC group, and the BN group had significantly more negative ratings than the OB group. Panel b shows
arousal ratings (1 =1low, 9=high), where no significant group effect was found. Panel ¢ shows anxiousness
ratings (1 =not at all anxious, 9 =very anxious), also with a non-significant group effect. Panel d shows ratings
for overall confidence in one’s performance during the heartbeat counting task (1=not at all confident,

9=very confident), where a significant main effect for group was found, but none of the post-hoc tests reached
statistical significance. Error bars represent 95% CI. HC = healthy control; AN =anorexia nervosa; BN =bulimia
nervosa; BED =binge eating disorder; OB = obesity. * = post-hoc Bonferroni-corrected pairwise comparison
significant at p <.05.

analyses, where external and emotional eating were not significantly related to HEPs, interoceptive accuracy, or
emotional evaluation, whereas restrained eating was related to emotional evaluation. Similarly, non-acceptance of
emotions has been linked to dietary restraint rather than binge eating®. It is possible that overeating, in contrast,
is primarily related to interoceptive alterations regarding the gastro-intestinal system, especially difficulties in
perceiving stomach fullness and alterations in gastric myoelectrical activity®. Difficulties distinguishing between
hunger and emotions also appear to be linked particularly to conditions involving binge eating (i.e., BN and
BED)’. Based on our results, it seems unlikely that these difficulties are caused by a deficit in cardiac interoception.

Limitations

Less than optimal sample sizes for the BED and OB groups limit the interpretability of the data, especially
considering the small effect size reported for interoceptive accuracy in OB in a recent meta-analysis®. Yet, in
the present study AN, BN and HC samples were of decent size and larger than in many similar experimental
studies included in recent systematic reviews®. Effects of psychotropic medication on interoception remain
underexplored and unclear, yet preliminary evidence suggests selective serotonin reuptake inhibitors might
improve cardiac interoceptive accuracy®. Since information on medication status was unavailable for the
current sample, we cannot exclude that this may have affected our results. There is an ongoing debate in the
literature regarding the validity of the HCT for the assessment of interoceptive accuracy performance, with
some researchers and studies opposing and others supporting its validity; see®” for a detailed discussion. Other
tasks have been proposed, which overcome some of the potential shortcomings of the HCT, e.g., the heartbeat
discrimination task®, Future research on cardioception in EWDs should include alternative tasks in a ‘multi-
measure’ approach. One advantage of the HCT, however, is that it induces an interoceptive focus, which allowed
us to uncover negative emotional evaluations of heartbeat sensations in AN and BN.

Conclusion

In contrast to the general interoceptive deficit often proposed in the literature, we found only few alterations in
cardiac interoception in EWDs, despite reduced vagal tone in AN, BN, and OB. Noteworthy findings concern
the negative evaluation of cardioceptive sensations in AN and BN, as well as increased HEPs in AN. Future
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research should investigate how fasting and other compensatory behaviours might serve to alleviate negatively
evaluated and potentially enhanced interoceptive signals. In addition, intervention techniques targeting these
specific alterations, e.g., interoceptive exposure'?, should be further explored. The results of the current study
underline the need to assess multiple facets of interoception in concurrence. Additionally, future studies should
examine different bodily systems in EWDs, especially the gastrointestinal system.

Data availability
The datasets generated and analysed during the current study are available on the OSF repository, https://doi.o
rg/10.17605/OSEIO/QZ4YB.

Received: 10 December 2024; Accepted: 26 November 2025
Published online: 21 December 2025

References
1. Bruch, H. Psychological aspects of overeating and obesity. Psychosomatics 5, 269-274 (1964).
2. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders (American Psychiatric Publishing, 2013).
3. World Health Organization. International Classification of Diseases, Eleventh Revision (ICD-11). (2019). https://icd.who.int/brows
ell
4. Martin, E., Dourish, C. T, Rotshtein, P., Spetter, M. S. & Higgs, S. Interoception and disordered eating: A systematic review.
Neurosci. Biobehav Rev. 107, 166-191 (2019).
5. Khalsa, S. S. et al. Interoception and mental health: A roadmap. Biol. Psychiatry Cogn. Neurosci. Neuroimaging. 3, 501-513 (2018).
6. van Dyck, Z. et al. Gastric interoception and gastric myoelectrical activity in bulimia nervosa and binge-eating disorder. Int. J. Eat.
Disord. 54, 1106-1115 (2021).
7. Ortmann, J. et al. Development and initial validation of a self-report measure to assess eating disorder-specific interoceptive
perception. Psychol. Assess. 36, 162174 (2024).
8. Vogele, C., Lutz, A. P. C. & Gibson, L. E. Mood, emotions and eating disorders. In The Oxford Handbook of Eating Disorders (eds
Agras, W. S. & Robinson, A.) 155-186 (Oxford University Press, 2018).
9. Fiistos, J., Gramann, K., Herbert, B. M. & Pollatos, O. On the embodiment of emotion regulation: interoceptive awareness facilitates
reappraisal. Soc. Cogn. Affect. Neurosci. 8,911-917 (2013).
10. Meule, A. et al. Emotion regulation and emotional eating in anorexia nervosa and bulimia nervosa. Eat. Disord. 29, 175-191
(2021).
11. Kaye, W. H., Wierenga, C. E., Bailer, U. F, Simmons, A. N. & Bischoff-Grethe, A. Nothing tastes as good as skinny feels: the
neurobiology of anorexia nervosa. Trends Neurosci. 36, 110-120 (2013).
12. Herbert, B. M., Muth, E. R., Pollatos, O. & Herbert, C. Interoception across modalities: on the relationship between cardiac
awareness and the sensitivity for gastric functions. PLoS One. 7, €36646. https://doi.org/10.1371/journal.pone.0036646 (2012).
13. Boswell, J. E, Anderson, L. M. & Anderson, D. A. Integration of interoceptive exposure in eating disorder treatment. Clin. Psychol.
22,194-210 (2015).
14. Schaefer, M., Egloff, B., Gerlach, A. L. & Witthoft, M. Improving heartbeat perception in patients with medically unexplained
symptoms reduces symptom distress. Biol. Psychol. 101, 69-76 (2014).
15. Kristeller, J., Wolever, R. Q. & Sheets, V. Mindfulness-Based eating awareness training (MB-EAT) for binge eating: A randomized
clinical trial. Mindfulness 5, 282-297 (2014).
16. Suksasilp, C. & Garfinkel, S. N. Towards a comprehensive assessment of interoception in a multi-dimensional framework. Biol.
Psychol. 168, 108262. https://doi.org/10.1016/j.biopsycho.2022.108262 (2022).
17. Forkmann, T. et al. Making sense of what you sense: disentangling interoceptive awareness, sensibility and accuracy. Int. J.
Psychophysiol. 109, 71-80 (2016).
18. Schandry, R,, Bestler, M., & Montoya, P. On the relation between cardiodynamics and heartbeat perception. Psychophysiology 30,
467-474 (1993).
19. Rominger, C., Weber, B., Aldrian, A., Berger, L. & Schwerdtfeger, A. R. Short-term fasting induced changes in HRV are associated
with interoceptive accuracy: evidence from two independent within-subjects studies. Physiol. Behav. 241, 113558 (2021).
20. Striiven, A., Holzapfel, C., Stremmel, C. & Brunner, S. Obesity, nutrition and heart rate variability. Int. J. Mol. Sci. 22, 4215. https:/
/doi.org/10.3390/ijms22084215 (2021).
21. Peschel, S. K. V. et al. A systematic review on heart rate variability in bulimia nervosa. Neurosci. Biobehav Rev. 63, 78-97 (2016).
22. Peyser, D., Scolnick, B., Hildebrandt, T. & Taylor, J. A. Heart rate variability as a biomarker for anorexia nervosa: A review. Eur. Eat.
Disord Rev. 29, 20-31 (2021).
23. Vogele, C., Hilbert, A. & Tuschen-Caffier, B. Dietary restriction, cardiac autonomic regulation and stress reactivity in bulimic
women. Physiol. Behav. 98, 229-234 (2009).
24. Christensen, K. A,, Feeling, N. R. & Rienecke, R. D. Meta-analysis and systematic review of resting-state high-frequency heart rate
variability in binge-eating disorder. J. Psychophysiol. 37, 50-63 (2023).
25. Schandry, R,, Sparrer, B. & Weitkunat, R. From the heart to the brain: Study of heartbeat contingent scalp potentials. Int. J. Neurosci.
30, 261-275 (1986).
26. Park, H. D. & Blanke, O. Heartbeat-evoked cortical responses: underlying mechanisms, functional roles, and methodological
considerations. Neuroimage 197, 502-511 (2019).
27. Schandry, R. & Montoya, P. Event-related brain potentials and the processing of cardiac activity. Biol. Psychol. 42, 75-85 (1996).
28. Richter, E et al. Behavioral and neurophysiological signatures of interoceptive enhancements following vagus nerve stimulation.
Hum. Brain Mapp. 42, 1227-1242 (2021).
29. Schulz, A. et al. Short-term food deprivation increases amplitudes of heartbeat-evoked potentials. Psychophysiology 52, 695-703
(2015).
30. Coll, M. P, Hobson, H., Bird, G. & Murphy, J. Systematic review and meta-analysis of the relationship between the heartbeat-
evoked potential and interoception. Neurosci. Biobehav Rev. 122, 190-200 (2021).
31. Lutz, A. P. C. et al. Enhanced cortical processing of cardio-afferent signals in anorexia nervosa. Clin. Neurophysiol. 130, 16201627
(2019).
32. Lutz, A. P. C,, van Dyck, Z., Schulz, A. & Vogele, C. Interoception in bulimia nervosa: evidence at cortical and self-report levels.
Psychophysiology 56, S117 (2019).
33. Cambi, S., Solca, M., Micali, N. & Berchio, C. Cardiac interoception in anorexia nervosa: A resting-state heartbeat-evoked potential
study. Eur. Eat. Disord Rev. 32, 417-430 (2024).
34. Murphy, J., Catmur, C. & Bird, G. Classifying individual differences in interoception: implications for the measurement of
interoceptive awareness. Psychon Bull. Rev. 26, 1467-1471 (2019).
35. Robinson, E., Foote, G., Smith, J., Higgs, S. & Jones, A. Interoception and obesity: a systematic review and meta-analysis of the
relationship between interoception and BMI. Int. J. Obes. 45, 2515-2526 (2021).

Scientific Reports |

(2026) 16:1045 | https://doi.org/10.1038/s41598-025-30683-1 nature portfolio


https://doi.org/10.17605/OSF.IO/QZ4YB
https://doi.org/10.17605/OSF.IO/QZ4YB
https://icd.who.int/browse11
https://icd.who.int/browse11
https://doi.org/10.1371/journal.pone.0036646
https://doi.org/10.1016/j.biopsycho.2022.108262
https://doi.org/10.3390/ijms22084215
https://doi.org/10.3390/ijms22084215
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

36.
37.

38.
39.
40.
41.
. Hilbert, A. & Tuschen-Caffier, B. Eating Disorder Examination - Deutschsprachige Ubersetzung (Verlag fiir Psychotherapie, 2006).
43.
44.
45.
46.
47.
48.
49.
50.
. Luck, S.J. An Introduction To the Event-Related Potential Technique (MIT Press, 2014).
52.
53.
54.
55.

56.

61.
62.
63.
64.
65.
66.
67.

68.

Pollatos, O. et al. Reduced perception of bodily signals in anorexia nervosa. Eat. Behav. 9, 381-388 (2008).

Klabunde, M., Acheson, D. T., Boutelle, K. N., Matthews, S. C. & Kaye, W. H. Interoceptive sensitivity deficits in women recovered
from bulimia nervosa. Eat. Behav. 14, 488-492 (2013).

Kinnaird, E., Stewart, C. & Tchanturia, K. Interoception in anorexia nervosa: exploring associations with alexithymia and autistic
traits. Front Psychiatry 11, 64. https://doi.org/10.3389/fpsyt.2020.00064 (2020).

Herbert, B. M. et al. Effects of short-term food deprivation on interoceptive awareness, feelings and autonomic cardiac activity.
Biol. Psychol. 89, 71-79 (2012).

Richard, A. et al. Associations between interoceptive sensitivity, intuitive eating, and body mass index in patients with anorexia
nervosa and normal-weight controls. Eur. Eat. Disord Rev. 27, 571-577 (2019).

Wittchen, H. U,, Zaudig, M. & Fydrich, T. Strukturiertes Klinisches Interview fiir DSM-IV (SKID-I Und SKID-II) (Hogrefe, 1997).

Laux, L., Glanzmann, P, Schaffner, P. & Spielberger, C. D. STAI - Das State-Trait-Angstinventar - Manual (Beltz Testgesellschaft,
1981).

Grunert, S. C. Ein inventar Zur erfassung von Selbstaussagen zum Ernahrungsverhalten. Diagnostica 35, 167-179 (1989).
Schandry, R. Heart beat perception and emotional experience. Psychophysiology 18, 483-488 (1981).

Cohen, P, Cohen, J., Aiken, L. S. & West, S. G. The problem of units and the circumstance for POMP. Multivar. Behav. Res. 34,
315-346 (1999).

Weineck, E, Messner, M., Hauke, G. & Pollatos, O. Improving interoceptive ability through the practice of power posing: A pilot
study. PLoS One. 14, €0211453. https://doi.org/10.1371/journal.pone.0211453 (2019).

Bradley, M. M. & Lang, P. ]. Measuring emotion: the Self-Assessment manikin and the semantic differential. J. Behav. Ther. Exp.
Psychiatry. 25, 49-59 (1994).

Blechert, J., Peyk, P, Liedlgruber, M., Wilhelm, E H. & ANSLAB. Integrated multichannel peripheral biosignal processing in
Psychophysiological science. Behav. Res. Methods. 48, 1528-1545 (2016).

Gray, M. A. et al. A cortical potential reflecting cardiac function. Proc. Natl. Acad. Sci. U. S. A. 104, 6818-6823 (2007).

Kerr, K. L. et al. Altered Insula activity during visceral interoception in weight-restored patients with anorexia nervosa.
Neuropsychopharmacology 41, 521-528 (2016).

Pollatos, O., Kirsch, W. & Schandry, R. Brain structures involved in interoceptive awareness and cardioafferent signal processing:
A dipole source localization study. Hum. Brain Mapp. 26, 54-64 (2005).

Oberndorfer, T. et al. Greater anterior Insula activation during anticipation of food images in women recovered from anorexia
nervosa versus controls. Psychiatry Res. 214, 132-141 (2013).

Strigo, I. A. et al. Altered Insula activation during pain anticipation in individuals recovered from anorexia nervosa: evidence of
interoceptive dysregulation. Int. J. Eat. Disord. 46, 23-33 (2013).

Khalsa, S. S. et al. Altered interoceptive awareness in anorexia nervosa: effects of meal anticipation, consumption and bodily
arousal. Int. J. Eat. Disord. 48, 889-897 (2015).

. Bell, K., Coulthard, H. & Wildbur, D. Self-disgust within eating disordered groups: associations with anxiety, disgust sensitivity

and sensory processing. Eur. Eat. Disord Rev. 25, 373-380 (2017).

. Zucker, N. L. et al. Subjective experience of sensation in anorexia nervosa. Behav. Res. Ther. 51, 256-265 (2013).
. Brown, T. A. et al. Validating the visceral sensitivity index in an eating disorder sample. Int. J. Eat. Disord. 54, 986-994 (2021).
. Cheng, Y. C, Su, M. I, Liu, C. W,, Huang, Y. C. & Huang, W. L. Heart rate variability in patients with anxiety disorders: A

systematic review and meta-analysis. Psychiatry Clin. Neurosci. 76, 292-302 (2022).

Koch, C., Wilhelm, M., Salzmann, S., Rief, W. & Euteneuer, F. A meta-analysis of heart rate variability in major depression. Psychol.
Med. 49, 1948-1957 (2019).

Khalsa, S. S. et al. Interoceptive anxiety and body representation in anorexia nervosa. Front. Psychiatry. 9, 444. https://doi.org/10.
3389/fpsyt.2018.00444 (2018).

Brown, T. A. et al. Psychometric evaluation and norms for the multidimensional assessment of interoceptive awareness (MAIA) in
a clinical eating disorders sample. Eur. Eat. Disord Rev. 25, 411-416 (2017).

Pitts, S. et al. Assessment of the heartbeat evoked potential as a neurofeedback parameter in interoceptive-attention tasks. Biol.
Psychiatry. 93, S97 (2023).

Merwin, R. M., Zucker, N. L., Lacy, J. L. & Elliott, C. A. Interoceptive awareness in eating disorders: distinguishing lack of clarity
from non-acceptance of internal experience. Cogn. Emot. 24, 892-902 (2010).

Eggart, M., Lange, A., Binser, M. J. & Queri, S. Miiller-Oerlinghausen, B. Major depressive disorder is associated with impaired
interoceptive accuracy: A systematic review. Brain Sci. 9, 131. https://doi.org/10.3390/brainsci9060131 (2019).

Desmedt, O. et al. Do Schulz et al’s (2021) findings support the validity of the heartbeat counting task? Joint conclusion to
commentaries. Biol. Psychol. 184, 108694. https://doi.org/10.1016/j.biopsycho.2023.108694 (2023).

Whitehead, W. E., Drescher, V. M., Heiman, P. & Blackwell, B. Relation of heart rate control to heartbeat perception. Biofeedback
Self Regul. 2, 371-392 (1977).

Acknowledgements
This project was supported by European Research Council grant ERC-StG-2014 639445 NewEat to JB.

Author Contributions

Funding was acquired by JB. JB, AA, and UV contributed to the administration of the project. UV provided vital
resources. AA collected and curated the data. AL, CV, and JB conceptualized the manuscript. AL performed the
analyses, wrote the initial draft, and edited the manuscript. CV and JB provided supervision and critical feed-
back on the manuscript. All authors reviewed and approved the final manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.P.C.L.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports|  (2026) 16:1045

| https://doi.org/10.1038/s41598-025-30683-1 nature portfolio


https://doi.org/10.3389/fpsyt.2020.00064
https://doi.org/10.1371/journal.pone.0211453
https://doi.org/10.3389/fpsyt.2018.00444
https://doi.org/10.3389/fpsyt.2018.00444
https://doi.org/10.3390/brainsci9060131
https://doi.org/10.1016/j.biopsycho.2023.108694
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2026) 16:1045 | https://doi.org/10.1038/s41598-025-30683-1 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Interoceptive profiles of eating and weight disorders
	﻿Interoception as a Multi-Faceted construct
	﻿Physiological indicators of interoception
	﻿Peripheral organ activity
	﻿Central-Nervous system processing
	﻿Self-Report and behavioural indicators of interoception
	﻿Interoceptive accuracy Performance, Beliefs, and insight
	﻿Emotional evaluation
	﻿Hypotheses


	﻿Methods
	﻿Participants
	﻿Procedure
	﻿Heartbeat counting task
	﻿Physiological data
	﻿Heart rate and heart rate variability
	﻿Heartbeat-Evoked potentials
	﻿Statistical analysis

	﻿Results
	﻿Sample characteristics



