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ABSTRACT
BACKGROUND The heartbeat-evoked potential (HEP) is a brain response to each heartbeat, which is thought to reﬂect
cardiac signaling to central autonomic areas and suggested to be a marker of internal body awareness (e.g., interoception).
OBJECTIVES Because cardiac communication with central autonomic circuits has been shown to be impaired in patients
with atrial ﬁbrillation (AF), we hypothesized that HEPs are attenuated in these patients.
METHODS By simultaneous electroencephalography and electrocardiography recordings, HEP was investigated in 56
individuals with persistent AF and 56 control subjects matched for age, sex, and body mass index.
RESULTS HEP in control subjects was characterized by right frontotemporal negativity peaking around 300 to
550 ms after the R-peak, consistent with previous studies. In comparison with control subjects, HEP amplitudes were
attenuated, and HEP amplitude differences remained signiﬁcant when matching the samples for heart frequency,
stroke volume (assessed by echocardiography), systolic blood pressure, and the amplitude of the T-wave. Effect sizes
for the group differences were medium to large (Cohen’s d between 0.6 and 0.9). EEG source analysis on HEP
amplitude differences pointed to a neural representation within the right insular cortex, an area known as a hub for
central autonomic control.
CONCLUSIONS The heartbeat-evoked potential is reduced in AF, particularly in the right insula. We speculate that the
attenuated HEP in AF may be a marker of impaired heart–brain interactions. Attenuated interoception might furthermore
underlie the frequent occurrence of silent AF. (J Am Coll Cardiol EP 2022;-:-–-) © 2022 Published by Elsevier on
behalf of the American College of Cardiology Foundation.

A

trial ﬁbrillation (AF) is extremely frequent

stroke. 1 Although some patients experience symp-

with a lifetime incidence in Westernized

toms such as palpitations, fatigue, dizziness, dys-

countries of about 25%, which signiﬁcantly

pnea, chest pain, and anxiety, 2 10% to 40% have

increases the risk for heart failure, dementia, and

asymptomatic (“silent”) AF.3 One reason for silent
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METHODS

role in the development of AF and other

LIFE

cardiac arrhythmias.4 It is therefore impor-

population-based study of the LIFE-Adult (Leipzig

tant to identify potential biomarkers.

Research Centre for Civilization Diseases).10 All par-

A candidate biomarker is the heartbeat-

STUDY. Participants

ticipants

provided

were drawn from the

written

informed

consent

CAN = central autonomic

evoked potential (HEP), a neural response to

approved by the ethics committee of the medical

network

each heartbeat.5 It is obtained by averaging

faculty at the University of Leipzig, Germany. The

electroencephalography

study was in agreement with the Declaration of

CO = cardiac output
ECG = electrocardiography

(EEG)

recordings

time-locked to the electrocardiogram (ECG; to

ECHO = echocardiography

R-peak or T-wave). The HEP peaks 250 to

EEG = electroencephalography

Helsinki.

450 ms after the R-peak, and EEG sources

PARTICIPANTS. Of 8,817 subjects who underwent a

FDR = false discovery rate

were located in the anterior cingulate, the

12-lead resting ECG recording during the baseline visit

HEP = heartbeat-evoked

right insula, the prefrontal cortex, and the left

of the study, there were 126 participants who met the

potential

somatosensory cortex.

HR = heart rate

criteria for AF (diagnosed by cardiologist J.K.). For 82

6

Neural processing of the heartbeat serves
functions.

Foremost,

EEG recordings were available, which were performed

several

PS = pattern similarity

central feedback loops are adjusting heart

between 3 and 89 days after the ﬁrst 12-lead ECG.

SBP = systolic blood pressure

rate (HR) and blood pressure (BP) to bodily

These ECG/EEG recordings were manually checked

SV = stroke volume

needs. Another function is to compensate

(D.K.) and presence/absence of AF was conﬁrmed by a

for

in

cardiologist (J.K.). Only subjects with AF on both oc-

the body to stabilize perception. Finally, whereas

casions were included for further analysis. Further-

heart-related

more,

heartbeat-related
neural

peripheral–

of those participants, 20-minute resting-state ECG/

IBI = interbeat interval

pulsations/noise

processing

remains

usually

subjects

with

a

cardiac

pacemaker,

unconscious, we may feel the heartbeat, for example,

electrocardiogram with poor signal-to-noise ratio so

during heavy exercise, certain forms of meditation, or

that the T wave could not be seen and automatically

in pathological conditions such as extrasystoles or

detected or inverse T-wave, or insufﬁcient EEG quality
were excluded (Figure 1). Finally, ECG/EEG data from

panic attacks.
Notably, little is known about neural processing of

56 AF patients (12 females, M ¼ 72.02, SD ¼ 4.15 years of

the heartbeat in cardiac diseases. Only few studies

age) were analyzed. Of these, there were 46 in-

have addressed this issue by assessing HEPs in pa-

dividuals who met the criteria for persistent AF. For 8

tients with heart disease. For example, in patients

individuals, it was not possible to distinguish whether

with ventricular dysfunction, stress-induced changes

they had a long episode of paroxysmal AF or a persis-

in cardiac output (CO) correlated with late HEP

tent AF because the 2 electrocardiogram recordings

amplitudes at left temporal and lateral frontal elec-

were performed within 3 to 7 days.

trodes. 7 In patients after cardiac arrest, amplitudes of

We matched AF patients (n ¼ 56) to control sub-

late HEP at frontal electrodes were reported to be

jects (n ¼ 56), who did not report any past or present

inversely associated with mortality.8 Although HEP

cardiovascular diseases such as heart failure, bypass

changes were linked to stroke volume (SV) or CO in

operation, or cardiac arrhythmia. We employed

several studies,7,9 it is not yet clear whether other

nearest-neighbor matching based on age and BMI,

crucial

speciﬁcally

and exact matching for sex (12 women). We further

normal electrical pacemaker activity in the atrium,

assessed HR variability in control subjects, computed

also inﬂuence the heart’s neural representation.

as the root mean square of successive differences

aspects

of

cardiac

function,

To test the hypothesis that HEP is altered in AF,
using simultaneous EEG/ECG recordings, we assessed
HEPs in patients with persistent AF and control
subjects matched for age, sex, and body mass index
(BMI). To answer the question of whether presumed
alterations of HEP are related to the arrhythmic condition per se or associated cardiovascular changes, we

between heart peaks.
12-LEAD ECG (FIRST ECG RECORDING). Ten seconds

of a standard medical 12-lead resting ECG were
acquired using a Page-Writer TC50 ECG system
(Philips Healthcare) after a supine resting period of at
least 10 minutes. 10

additionally compared subsamples matched for heart

ECHOCARDIOGRAPHY. Cardiac

frequency, systolic BP (SBP), and SV. In EEG source

nation was performed using the GE Vivid 7 BTO8

analysis, we investigated which brain areas are

Dimension echocardiography (ECHO) station (GE

involved in HEP modulation.

Healthcare). Standardized reading of the ECHO

ultrasound exami-
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F I G U R E 1 Flow Chart

Flow chart visualizing the selection process of the individuals with atrial ﬁbrillation (AF) and control subjects. BMI ¼ body mass index;
ECG ¼ electrocardiography; EEG ¼ electroencephalography; HRV ¼ heart rate variability; ICD ¼ implantable cardioverter-deﬁbrillator;
LIFE ¼ Leipzig Research Centre for Civilization Diseases study; RMSSD ¼ root mean square of successive differences.

assessments was performed. SV was computed as the

at 1,000 Hz with a low-pass ﬁlter of 280 Hz. Imped-

differences between end-diastolic and end-systolic

ances were kept below 10 kU . For each subject, we

volume, CO was computed as the product of HR and

further computed HR, HR variability, and interbeat

SV, and left ventricular outﬂow tract velocity time

interval (IBI).

integral was computed.

OTHER VARIABLES. Acquisition information of the

SIMULTANEOUS EEG AND ECG RECORDINGS. Resting-

other variables (e.g., BMI) can be found in the

state EEG activity was recorded for 20 minutes in an

Supplemental Appendix.

electrically and acoustically shielded room using 34

EEG PREPROCESSING. Resting-state EEG data were

passive Ag/AgCl electrodes: 31 scalp electrodes were

preprocessed using EEGLAB toolbox and custom-

mounted on an EEG cap with the 10–20 system. Two

written scripts in MATLAB (MathWorks). We ﬁltered

electrodes recorded vertical and horizontal eye

data between 1 and 45 Hz and applied a notch ﬁlter at

movements while 1 bipolar electrode was placed on

50 Hz. We then down-sampled the data to 500 Hz and

the forearm and was used for electrocardiogram re-

ran a semiautomatic pipeline for artifact rejection.

cordings. The signal was ampliﬁed with a QuickAmp

Next, using independent component analysis, the

ampliﬁer (Brain Products). The EEG activity was

activity associated with the confounding sources was

referenced against the common average and sampled

removed. In this step, we focused particularly
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on cardiac ﬁeld artifacts, which were determined

amplitude differences were computed using 2-sample

by segmenting independent component analyses

t-tests, corrected for false discovery rate (FDR).

depending on the R-peak of the electrocardiogram.

T o p o g r a p h i c a l s i m i l a r i t y a n a l y s e s . Based on the

HEARTBEAT-EVOKED

POTENTIALS. HEPs

group differences, the topographic similarity was
are

cortical electrophysiological responses time-locked to
the speciﬁc events of the electrocardiogram.5,11 We
visually inspected R- and T-peaks and marked premature ventricular contractions. We excluded epochs
before and after premature ventricular contractions.
Based on the HEP time window reported in a former
study,11 we averaged EEG signals from 100 ms before
the T-peak to 400 ms after the T-peak (Figure 2A).

calculated. This was done by measuring a cosine of
an angle between 2 patterns, which is a normalized
dot product between the 2 pattern vectors, called
pattern similarity (PS) (1 ¼ similar, 0 ¼ dissimilar).
We calculated the PS of grand-averaged HEPs for
EEG sensor and source space.
Exploratory

correlation

analyses

with

HEP.

Exploratory correlation analyses were carried out to
investigate the association between the mean ampli-

H E P s t a t i s t i c a l a n a l y s e s . To assess signiﬁcance of

tude of the late frontal-temporal HEP component and

group differences, in HEP amplitude and their topo-

other physiological parameters. More precisely, mean

graphical distribution over the scalp, cluster-based

HEP amplitude within the 50 to 152-ms time window

non-parametric

permutation

tests

were

imple-

after the T-peak was averaged across the signiﬁcant

mented in FieldTrip (MathWorks). In this procedure,

frontotemporal electrodes, where the timing and

neighboring spatiotemporal points that exceed a

location of the HEP was the most prominent and

t-value threshold are clustered. The cluster statistics

consistent. We then computed Spearman correlations

are calculated by taking the sum of t-values of all

between the average HEP amplitude and cardiac

points within each cluster. Condition labels were

parameters. Results were corrected by FDR.

randomly shufﬂed 5,000 times to estimate the distribution of maximal cluster-level statistics obtained
by chance. Clusters with a P value <0.05 (2-tailed)
were considered signiﬁcant with at least 2 neighboring electrodes at each time frame. This procedure
was applied in the time window from 50 to 250 ms
after the T-wave. To investigate ECG amplitude differences, a similar cluster-based permutation test was
applied to the ECG signal in the time window from
50 to 250 ms after the T-wave.
S o u r c e s p a c e a n a l y s i s . Source reconstruction was
applied to the grand-average HEP data for all participants to increase the signal-to-noise ratio; this was
done at peak response intervals indicated by the HEP
analysis in the preceding text. We calculated the
leadﬁeld matrix based on the standard head model
and electrode positions. Approximately 2,000 cortical
dipolar sources were modeled for each topography.
Source activity of the HEP amplitude was reconstructed with a 3-shell boundary element model using
exact low-resolution tomography. Next, the cortical
mantle was divided into 68 regions of interest using
the Desikan Killiany Atlas.

CONTROL ANALYSES. To test whether potential

differences of HEP between samples were related to
speciﬁc differences in cardiac function, several control analyses were performed including matching
samples for IBI, T-peak, SV, and SBP.
Because, in the previous literature, HEPs were
mainly computed time-locked to the R-peak,14 we
also performed an R-peak locked analysis. Thus, we
were able to describe the overall HEP morphology, to
compare it to previous ﬁndings and to test the
robustness of our main ﬁndings. For that, we averaged baseline-corrected (100 to 0 ms) EEG relative
to the detected R-peak in epochs ranging from 100 ms
before the R-peak to 600 ms after the R-peak. The
cluster-based statistic was then applied at the sensor
level in the time window from 300 to 550 ms.

RESULTS
SAMPLE

CHARACTERISTICS. Details

about

other

measures and medical status can be found in Table 1
and Supplemental Table 1, respectively.

Previous studies with source localization analysis

HEARTBEAT-EVOKED POTENTIALS. H E P m o r p h o l o g y .

have reported HEP modulations in several brain re-

Grand-averages of all electrode positions for both

insula,6,12 anterior/posterior

groups are depicted in Figure 2B. In control in-

cingulate regions,6,11 ventromedial prefrontal cor-

dividuals, the neural responses time-locked to the

tex,11 and somatosensory cortex. 6,13 Based on these

heartbeat were most prominent at the right frontal

ﬁndings, we selected 12 regions of interest: medial

and temporal electrodes, whereas the HEPs were

orbitofrontal, caudal, and rostral anterior cingulate,

more variable and diminished in AF.

posterior cingulate, insula, and postcentral cortices,

H E P d i f f e r e n c e s . We

separately for the right and left hemispheres. HEP

between groups in the 50 to 250 ms time window

gions including the

assessed HEP differences
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F I G U R E 2 HEP

(A) Method: Brain activity acquired with resting-state EEG is extracted, averaged, and time-locked to the T-peak of the ECG. (B) Time-locked
(R-peak) heartbeat-evoked potentials (HEP) in each EEG channel. EEG data were averaged relative to the R-peak in epochs ranging from
100 ms before the R-peak to 600 ms after the R-peak and baseline-corrected (100 to 0 ms). Overall, the inﬂuence of the ECG R-wave
appears at the beginning of the traces. At around 300 ms after the R-peak and thereafter, the potentials of control subjects and individuals with
AF differ clearly at most electrodes. The x-axis ranges from 100 to 600 ms, whereas the y-axis ranges from 0.828 mV to 0.921 mV.
Abbreviations as in Figure 1.

5

Kumral et al

6

JACC: CLINICAL ELECTROPHYSIOLOGY VOL.

-, NO. -, 2022
- 2022:-–-

HEP in Atrial Fibrillation

the possibility that the observed effect on HEP was

T A B L E 1 Sample Characteristics

Age, y
Female/male
IBI, ms
HR, beats/min

due to volume conduction (Figure 3B).
AF (n ¼ 56)

Control Subjects (n ¼ 56)

P Value

S o u r c e s p a c e a n a l y s i s . We grand-averaged the HEP

72.02  4.15

71.73  4.26

0.711

data in the 50 to 152-ms time window after T-peak

12/44

12/44

865.29  179.08

939.35  122.47

0.012

72.18  14.56

64.975  8.74

0.002

for all individuals separately and compared HEP
differences between AF and control subjects. The
main difference in HEP amplitude was localized in

268.18  121.57

28.24  17.25

<0.001

BMI, kg/m2

29.50  4.51

29.43  5.07

0.941

the right insula (M ¼ 0.48 in control subjects,

Waist to hip ratio

0.99  0.09

0.99  0.08

0.989

M ¼ 0.198 in AF, t(98) ¼ 3.11, 95% CI: 0.46 to 0.10,

HRV, RMSSD

Systolic BP, mm Hg

129.96  20.66

134.74  17.27

0.191

P FDR ¼ 0.029, units in current source density) sug-

Diastolic BP, mm Hg

77.59  12.34

73.79  9.16

0.069

gesting that individuals with AF have reduced HEP

Cardiac output, L/min

5.120  1.160

5.140  1.05

0.927

Stroke volume, mL

63.44  15.83

78.21  15.21

<0.001

amplitude compared with control subjects in the right

17.35  3.40

22.82  4.66

<0.001

Current

7

2

0.633

Previous

18

20

Nonsmokers

28

28

Velocity time integral, cm

T o p o g r a p h i c a l s i m i l a r i t y a n a l y s e s . We compared

Smoking

time window post–T-peak period, the PS was 0.812 in
sensor space, and 0.777 in source space. This suggests

No

47

51

Yes

5

1

35

40

0.207

18

16

No

45

56

Yes

8

—

No

42

52

Yes

8

—

that HEP topographies between samples were similar,
but not identical (Figure 4).

Diabetes mellitus
Yes

the similarity of HEP topographical maps between
samples. For the HEP topographies in the 50 to 152-ms

Renal failure

No

insula (Supplemental Figure 1, Supplemental Table 2).

0.153

E x p l o r a t o r y c o r r e l a t i o n a n a l y s e s w i t h H E P . We
tested whether the HEP amplitude difference reﬂected alterations of other physiological parameters.

Myocardial infarction
0.006

Spearman correlation analyses did not indicate any
signiﬁcant association between the mean amplitude

Heart failure
0.006

of the late frontal-temporal HEP and parameters of
cardiac function or BMI, neither in AF nor in control

Stroke

subjects (all PFDR > 0.05) (Supplemental Figure 2).

No

51

56

Similarly, on the source level, we conﬁrmed these

Yes

3

—

No

51

56

Yes

3

—

0.229

ﬁndings (all P FDR > 0.05).

Bypass operation
0.229

CONTROL

ANALYSES. I B I - m a t c h e d

subsample.

Because both HR and IBI have been reported to inﬂuence HEP amplitude,15 we matched samples based

Values are mean  SD or n unless otherwise indicated. Independent sample t-tests on continuous variables and
chi-square tests on categorical variables were used to detect group differences.
AF ¼ atrial ﬁbrillation; BMI ¼ body mass index; BP ¼ blood pressure; HR ¼ heart rate; HRV ¼ heart rate
variability; IBI ¼ interbeat interval; RMSSD ¼ root mean square of successive differences.

on their averaged IBI using a 50-ms interval bin.
This process resulted in 33 subjects per group
(M ¼ 906.97 ms in control subjects, M ¼ 905.86 ms in
AF, t(64) ¼ 0.03; 95% CI: 65.89 to 63.66; P ¼ 0.972)
(Supplemental Figure 3A). Accordingly, we found

after the T-peak. We found a signiﬁcant negative

1 signiﬁcant negative cluster over the right frontal,

cluster over the right frontal, frontocentral, and

central, and temporal channels between 58 and

temporal channels (Fp1, Fp2, F8, F4, Fz, FC1, C4,

130 ms (Monte Carlo P ¼ 0.01; Cohen’s d ¼ 0.789)

CP6, TP10, T8, FC6, FT10) between 50 and 140 ms

(Figure 5A, Supplemental Figure 4).

(Monte Carlo P ¼ 0.002; Cohen’s d ¼ 0.697). This

T - p e a k – m a t c h e d s u b s a m p l e . To make sure that a

indicates that HEP amplitude was reduced in pa-

projection of the electrocardiogram signal was not the

tients vs control subjects (Figure 3A). Moreover,

reason for differences in HEPs, we compared AF

another signiﬁcant positive cluster over the left

and control subjects by matching the samples based

temporal-occipital channels (T7, CP5, Pz, P3, P4,

on the T-peak amplitude. Fifty-microvolt interval

TP9, P7, O1, O2, PO1, PO2) between 50 and 152 ms

binning was used (M ¼ 125.13 in control subjects,

was observed (Monte Carlo P ¼ 0.001; Cohen’s

M ¼ 126.42 in AF, t(84) ¼ 0.098; 95% CI: 24.82 to

d ¼ 0.601), indicating that HEP amplitude was

27.401; P ¼ 0.922) (Supplemental Figure 3B), resulting

reduced in patients vs control subjects. Importantly,

in 43 individuals per each group. We observed 1

there was no signiﬁcant difference in the amplitude

negative cluster in the 44 to 138-ms time window

of the T-wave in the electrocardiogram, ruling out

post–T-wave period over right frontal-central and
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F I G U R E 3 HEP Amplitude Differences

(A) We observed 1 positive cluster in the 50 to 152-ms time window over left temporal-occipital channels and 1 negative cluster in the 50 to 140-ms time window after
T-peak over right frontal-temporal channels (Monte Carlo P ¼ 0.002 and 0.001, respectively). The gray shaded area highlights the time window in which a signiﬁcant
difference is observed. (B) No signiﬁcant differences were found in the ECG signals between groups (all P > 0.10). Abbreviations as in Figures 1 and 2.

temporal channels (Monte Carlo P ¼ 0.01; Cohen’s

Symptomatology.16 For our analyses, we computed

d ¼ 0.671) (Figure 5B, Supplemental Figure 5).

the total depression score and compared the group

s u b s a m p l e . We

samples

differences using an independent-sample t-test.

based on their averaged SV using 10-mL interval

Spearman correlation was computed to investigate

SV-matched
binning

(M

¼

71.03

mL

in

matched
control

subjects,

the association between the mean amplitude of the

M ¼ 70.58 mL in AF, t(54) ¼ 0.104; 95% CI: 8.16 to

late frontal-temporal HEP and total depression

9.06; P ¼ 0.916) (Supplemental Figure 3C), resulting

score. The detailed results are given in Supplemental

in 28 individuals per each group. The results revealed

Figure 9.

1 negative cluster in the 68 to 128-ms time window
after T-peak over the right frontal-central and temporal channels (Monte Carlo P ¼ 0.013; Cohen’s
d ¼ 0.909) (Figure 5C, Supplemental Figure 6).
SBP-matched

s u b s a m p l e . We matched samples

based on their averaged SBP using 15 mm Hg interval
binning (M ¼ 134.25 mm Hg in control subjects,
M ¼ 132.20 mm Hg in AF, t(78) ¼ 0.50; 95% CI: 5.95 to
10.05; P ¼ 0.611) (Supplemental Figure 4D), resulting in
40 individuals per each group. We observed 1 negative
cluster in the 50 to 124-ms time window after T-peak
over the right frontal temporal channels (Monte Carlo
P ¼ 0.002; Cohen’s d ¼ 0.910) (Figure 5D, Supplemental
Figure 7).
H E P R - l o c k e d . Using R-locked HEP in the overall
sample, we found a signiﬁcant negative cluster over
the right frontal, central, and temporal channels between 300 and 550 ms (Monte Carlo P ¼ 0.001; Cohen’s
d ¼ 0.838). Another signiﬁcant positive cluster was
observed over the left temporal-occipital channels
between 300 and 550 ms after R-peak (Monte Carlo
P ¼ 0.001; Cohen’s d ¼ 0.840) (Supplemental Figure 8).
EXPLORATORY

ANALYSIS

TO

CONTROL

EXPLORATORY CONTROL ANALYSES. In order to

exclude

that

HEP

differences

were

related

to

concomitant heart disease, in a further analysis subjects with heart failure, myocardial infarction, and
bypass surgery were excluded. Accordingly, HEP
was reduced in AF patients (n ¼ 43) compared with
matched control subjects (Supplemental Figure 10).
We further assessed the laterality using the Edinburgh Handedness Questionnaire and observed that
all individuals except 2 persons in the AF group
were right-handed. After excluding these subjects
(and their respective matches), the main ﬁnding of
the right insula remains unchanged (t(90) ¼ 3.033;
PFDR ¼ 0.037).

DISCUSSION
The present study demonstrated an attenuation of
HEPs in individuals with AF in comparison to age-,
sex-, and BMI-matched control subjects. The HEP
amplitude

reduction

remained

signiﬁcant

after

matching the samples for IBI, SV, SBP, and T-wave

FOR

amplitude. The most profound HEP attenuation was

DEPRESSIVE SYMPTOMATOLOGY. We assessed the

observed in right frontotemporal electrodes and—in

level of depression using The Inventory of Depressive

EEG source localization—was primarily located in the

7
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F I G U R E 4 HEP in the Source and Sensor Space

(A) Topographical maps of HEP separately for control subjects, individuals with AF, and differences between samples in the 50 to 152-ms
post–T-peak window in the sensor space. (B) Topographical maps of HEP separately for control subjects, individuals with AF, and
differences between samples in the 50 to 52-ms post–T-peak in the source space. Abbreviations as in Figures 1 and 2.

right insula, an area known as a hub for autonomic
control (Central Illustration). 17,18

In principle, a reduced neural representation of the
heart in cardiac disease might be mediated by con-

The general spatial and temporal characteristics of

sequences of altered cardiac function such as changes

the HEP as we report it here are highly consistent

in SV, BP, or IBI. It is controversial whether and how

with previous reports,7,8 that is, frontotemporal

much these parameters inﬂuence HEP.9,19 Given

negativity in the EEG peaking 300 to 550 ms after the

that the reduced HEP in AF was still present when

R-peak in the ECG. Regarding its functional role,

patients were matched for these parameters, a major

most previous HEP studies have focused on its

determinant for our ﬁndings must be something else.

relationship to internal body awareness in healthy

One possible confounder/explanation might be AF-

subjects and patients with presumed disturbances of

associated physiological noise that propagates into

interoception.5,14,15 For example, a recent meta-

the EEG electrodes but does not relate to disease

analysis across 16 studies demonstrated a relation-

pathophysiology. A second potential explanation may

ship between interoception performance and the HEP

be altered neural function due to brain damage

amplitude at frontocentral locations. 14

associated with cardiac disease. Although we cannot
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F I G U R E 5 HEP Control Analyses

Box and violin plots separately illustrate the HEP differences between AF and control subjects in matched subsamples for (A) interbeat interval (IBI), (B) the T-wave
amplitude, (C) stroke volume (SV), and (D) systolic blood pressure (SBP).

completely exclude these 2 explanations, the locali-

The insula, a brain area located deep between tem-

zation of the altered HEP to the right insula is an

poral and frontal lobes, is known as the viscer-

argument against physiological noise or brain dam-

osensory

age, which both are unlikely to be very localized.

pathways from the viscera.4,18,21 The insula has

However, future studies are needed to address these

posterior, central, and anterior subdivisions. The

potential explanations. A third explanation seems

posterior insula receives interoceptive as well as

plausible to us, that is, that the reason for the HEP

exteroceptive, sensorimotor, and proprioceptive in-

attenuation is not to be found exclusively at 1 of the 2

formation; multimodal integration of sensory infor-

sites (heart or brain), but rather reﬂects an altered

mation probably occurs in the posterior and central

heart–brain interaction. Interestingly, another well-

insula, and then is relayed to the anterior insula,

known parameter of heart–brain interaction, the

which makes it potentially accessible to awareness. 22

baroreﬂex, has been shown to be attenuated in pa-

For a more detailed description of the cellular

tients with AF and more so in persistent vs intermit-

architecture

tent AF. 20 Because baroreceptors are most likely also

and Andermann 23. Generally, the insula is a key hub

involved in signaling cardiac function for HEP gen-

in

eration, it seems likely that these 2 parameters of

within the body, relating them to cognitive/emotional

heart–brain interaction are similarly affected by

function, 21 and as a part of the central autonomic

cardiac disorders.

network (CAN), it is crucially involved in the regula-

the

cortex,

of

brain

the

the
for

terminus

insula,

of

please

representing

interoceptive

see

Livneh

sensations

from

The location at which we observed the most sig-

tion of cardiac function via the sympathetic and

niﬁcant attenuation of the HEP was the right insula.

parasympathetic nervous system.17,24 Importantly,

9
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C E N T R A L IL LU ST R A T I O N HEP in Healthy Controls and Patients With AF

Is the Neural Representation of the Heart in the Brain Altered in Patients With Atrial Fibrillation (AF)?
Sinus Rhythm

Atrial Fibrillation

ECG

0.6
0.4
0.2
0
–0.1

HEP

HEP Amplitude (PV)

EEG
HEP Amplitude (P
PV)

10

0

0.1 0.2
Time (s)

0.3

0.4

0.6
0.4
0.2
0
–0.1

0

0.1 0.2
Time (s)

0.3

0.4

Source
EEG
The heart evoked potential (HEP) which represents the heart in several brain areas, is significantly
attenuated in patients with AF, particularly in the right insula.
Kumral D, et al. J Am Coll Cardiol EP. 2022;-(-):-–-.
AF ¼ atrial ﬁbrillation; ECG ¼ electrocardiography; EEG ¼ electroencephalography; HEP ¼ heartbeat-evoked potential.

lesions in the right insula have been linked to
electrocardiogram

abnormalities,

including

What are the neurophysiological implications of an

the

attenuated HEP? Clearly, the HEP mainly reﬂects

occurrence of AF, atrioventricular block, premature

sensory input providing information about cardiac

inversion, 25

also

function to the insula and more generally the CAN. An

myocardial injury,26 increased brain natriuretic pep-

attenuation of this input might generally reduce/

tide level, and Takotsubo syndrome. 27 Most likely,

disturb the inﬂuence of cardiac information on the

the cardiac effects of lesions in the right insula are

regulation of autonomic function in the CAN and

mediated by autonomic dysregulation, particularly an

contribute to suboptimal functioning. Furthermore,

up-regulation of sympathetic function. 26

given that the right anterior insula is involved in

contractions,

and

T-wave

but
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interoceptive awareness,22 it might also impair

may be a marker of impaired heart–brain interactions.

perception of the heartbeat (interoception), thus un-

Attenuated interoception might furthermore underlie

derlying the frequent occurrence of silent AF. Both of

the

these potential consequences, however, are specula-

Illustration). Longitudinal studies on the pathophys-

tive and should be systematically evaluated in future

iological relevance of the disturbed heart-brain

frequent

occurrence

of

silent

AF

(Central

studies. Thus, in longitudinal studies, the impact of

interaction for the development of AF are warranted.

different HEP amplitudes on (regulation of) cardiac
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interaction

and/or insular function may be involved in the generation of AF. Furthermore, while previous research
has related HEP to interceptive awareness,14 we have
not directly measured interoception in our study and
due to this limitation, the link between our ﬁndings
and interoception in AF must remain speculative.
Another limitation of our study is that ECHO was not
performed simultaneously with the EEG; future
studies should attempt to perform ECHO and EEG
concurrently. Finally, to better understand the precise role of cardiac arrhythmia on HEP, studies
examining the effect of rhythm control intervention
on HEP are warranted.

PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: The HEP, which
reﬂects neural activity associated with the heartbeat, is weaker in
patients with AF. The HEP may be a new simple and non-invasive
biomarker of disturbed heart–brain interaction (HBI). The attenuated HEP in AF might also explain the frequent occurrence of
silent AF.
TRANSLATIONAL OUTLOOK: The HEP, as a potential
biomarker for disturbed HBI, should be tested prospectively and
longitudinally in patients with cardiovascular risk factors. The
clinical vision is that, using HEP, a disturbance of HBI be detected

CONCLUSIONS

and ideally treated before it contributes to the development of

The HEP is reduced in AF, particularly in the right

AF and other cardiac disorders.

insula. We speculate that the attenuated HEP in AF
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