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Effect of heartbeat perception on heartbeat evoked potential waves
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Abstract: Objective   Early researches found that different heartbeat perceivers have different heartbeat evoked potential
(HEP) waves. Two tasks were considered in our experiments to get more details about the differences between good and
poor heartbeat perceivers at attention and resting state. Methods   Thirty channels of electroencephalogram (EEG) were
recorded in 22 subjects, who had been subdivided into good and poor heartbeat perceivers by mental tracking task.
Principal component analysis (PCA) was applied to remove cardiac field artifact (CFA) from the HEP. Results   (1) The good
heart-beat perceivers showed difference between attention and resting state in the windows from 250 ms to 450 ms after R
wave at C3 location and from 100 ms to 300 ms after R wave at C4 location; (2) The difference waveforms between good and
poor heartbeat perceivers was a positive waveform at FZ from 220 ms to 340 ms after R wave, which was more significant
in attention state. Conclusion   Attention state had more effect on the HEPs of good heartbeat perceivers than that of poor
heartbeat perceivers; and perception ability influenced HEPs more strongly in the attention state than in the resting state.
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1     Introduction

The interaction between brain and afferent signals from
inner organs plays an important role in lifecycle[1]. Brain
controls visceral activities, and afferent signals also have
influences on brain function. The mental processes related
to interoception have gained growing interests during last
years. Interoceptive responses are demonstrated in heart
rate, respiration, blood pressure, urine production, alimen-
tary motility and so on. Since heart is the most important
visceral organ and cardiac perception is palpable, most  stud-
ies concerning the interoception are focused on cardiac
per-ception. Functional magnetic resonance imaging (fMRI),
heartbeat evoked potential (HEP), and positron emission
tomography (PET) have all been used in cardiac percep-
tional research.

Compared with brain imaging methods, HEP has higher
time resolving power and fewer restrictions for environ-

ments. Two groups, Schandry et al. and Jones et al. firstly
investigated HEP[2,3]. Schandry et al. researched factors
related to HEP[4-6], sources of HEP[7], and relationship among
interoceptive awareness, emotional experience, and brain
processes[8]. They found that HEP waveforms were influ-
enced by motivation, attention, heartbeat perception abil-
ity and so on.

However, the differences of HEP between good and
poor heartbeat perceivers in  latency and amplitude and the
differences of HEP between attention state and resting state
for good and poor perceiver were not described detailedly.
Two tasks (attention and resting state) were considered in
the present experiments to solve these suspicions. Thirty
channels of electroencephalogram (EEG) were recorded in
22 subjects, who had been subdivided into good and poor
heartbeat perceivers by mental tracking task.

Evaluating subjects’ heartbeat perception ability is a
key point for HEP and heartbeat perception research. The
method of evaluating heartbeat perception ability is still
disputable nowadays[9,10]. Usually, two methods, mental
tracking task and heartbeat discrimination procedure, are
used to evaluate heartbeat perception. In the first method,
subjects are told to count their heartbeats silently during
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experiment[11]. Heartbeat perception ability is decided by a
score which is calculated from the difference between real
heartbeat times and the times they count. The latter method,
subjects should discriminate the timing of their own heart-
beats by choosing the tones appeared during 0-500 ms
after electrocardiograph (ECG) R-wave[12]. For the first
method, it is suspected that evaluation towards heartbeat
perception will be influenced by the subjective factors  such
as expectation or experience about heartbeat. The second
method had criticism as well, because the evaluation to-
wards heartbeat perception will be influenced by tone’s
distinguish ability and the attention to tones will influence
the attention to heartbeat. Considerring the second method
will carry another factor tone’s identification and make the
experiments more complexly, we choose the first method.
Nevertheless, how to evaluate heartbeat perception objec-
tively is still a question for discussion.

How to remove cardiac field artifact (CFA) from the
HEP is another key problem in HEP research. Two kinds of
potentials are considered to contribute to the main compo-
nents in the scalp potentials: HEP and CFA, and CFA is
dominant in mixed potentials. Dirlich et al. pointed out that
the electrical field of the heart propagated throughout en-
tire body and caused changes in surface potentials on the
scalp[13]. When HEP was averaged, CFA resulted in a high-
amplitude in surface potentials. There are two main difficul-
ties to remove CFA from HEP. Firstly, the cardiac field can
not be measured in sufficient detail; and secondly, the rules
of propagation towards the scalp are not known precisely
enough.

Many researchers tried to remove CFA in their experi-
ments by mathematic or experimental method. Schandry et
al. first applied principal component analysis (PCA) for a
set of HEP waveforms to estimate the artifact amplitude[3].
Dirlich et al. varied the spatial relations between the sources
of two components (heart and brain)  by turning head to
remove the cardiac field effect[13], but the CFA cannot be
eliminated completely. Recently, Perez et al. used a new
method to remove the CFA from the HEP basing two
hypotheses, but they only got the CFA-free HEP in mid-
sagittal plane and coronal plane[14]. Considering PCA is
more effective, we applied PCA mainly in this study to elimi-
nate the CFA.

2    Materials and methods

2.1  Participants  Thirty one students (all males) from the

University of Electronic Science and Technology of China
(UESTC) participated in the experiments. All the subjects
were free of neurological diseases. Twenty two subjects’
data were finally filtrated. These subjects, ranging from 20
to 26 years [(23.2±1.68) years], were subdivided into good
(11 subjects) and poor (11 subjects) heartbeat perceivers
according to the scores in heartbeat perception tasks.
2.2   Equipments and parameters  EEG activity was re-
corded from 30 leads (SYNAMPS, NeuroScan, USA) at the
following positions: FP1, FP2, F7, F8, F3, F4, FZ, FT7, FT8,
FC3, FC4, FCZ, T7, T8, C3, C4, CZ, TP7, TP8, CP3, CP4,
CPZ, P7, P8, P3, P4, PZ, O1, O2, and OZ. Linked mastoids
served as reference. AFZ (the electrode located at calvaria)
was chosen as ground. ECG electrodes were placed below
left and right clavicles. Horizontal electro-oculogram (EOG)
was picked up with two electrodes placed laterally to the
outer canthus of each eye. Nonpolarizable silver-silver chlo-
ride electrodes were used. Electrode impedance was kept
below 5 k . The EEG wave was band-pass filtered at 0.1-40
Hz on-line and digitalized at a sampling rate of 1 000 Hz. The
ECG R-waves were recorded as triggers for later off-line
EEG averaging.
2.3  Experimental procedure  After filling in some basic
information, the subjects moved into a metal-shielded and
sound-insulated room with light off to resist electromagnetic,
auditory, and visual disturbances. The subjects kept eyes
open during experiments. The whole experimental proce-
dure included two tasks: ignoring heartbeat (resting state)
and concentrating on heartbeat (attention state).

In the first task, subjects were asked to sit quietly avoid-
ing paying attention to any regular things such as count-
ing numbers rhythmically. EEG (930 s) consisting of 4 seg-
ments was recorded. The second task consisted of 10 heart-
beat-counting phases lasting for 100, 120, 80, 90, 110, 70,
120, 90, 70, and 80 s, respectively (totally 930 s). During
every phase, participants were asked to concentrate on
their heartbeats and count their heartbeats silently. The
beginning and end of counting were signaled by a start and
stop tone, respectively. Another two continuous tones
(about 30 s before the start tone) were given to the subjects
for preparation. Subjects were requested not to count heart-
beats by other physiological signals such as pulse. After
the stop tone, participants reported the number of heart-
beats they had counted and had a short break. These two
tasks lasted for about 1 h in all.
2.4  Data analysis  In the present study, we applied metal
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tracking task to determine subjects’ heartbeat perception
abilities.

A heartbeat perceptive score (from 0 to 1) was calcu-
lated according to the following equation (referring to
Schandry’s experiment[7]):
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In the equation above, P denotes the perceptive score,
k is the number of heartbeat-counting phases in attention
state (11 in this experiment), m represents the number of
real heartbeats, and n represents the number of heartbeats
reported by subject. The participants were divided into two
groups according to their heartbeat perceptive scores. The
subjects having scores higher than 0.9 were considered as
good heartbeat perceivers and the others were attributed
to poor heartbeat perceivers.

The EEG wave was firstly bandpass filtered from 1 Hz
to 40 Hz off-line to remove the myoelectric and high fre-
quency disturbances. The data were then divided into ep-
ochs according to the ECG R-waves (extending from 200
ms before and 600 ms after the ECG R-wave). The epochs
stained by ocular movements were rejected in all 30 channels.
Average reference was adopted. Finally, epochs were added
and averaged in two tasks separately to get the event re-
lated potential (ERP). For each group, the HEP wave was
the average wave of all 11 subjects.

3    Results

3.1   Remove CFA from HEP by PCA   Singular value decom-
position (SVD) was used here to get principal components
(PCs), the theory is showed below:

* TX USV  (2)
Here, U is the m step ortho-matrix, V is the n step ortho-

matrix, S is the m × n step matrix. U stands for the time series
of HEP and V stands for the space series of HEP. PCs for
good heartbeat perceivers in attention state are shown in
Fig. 1, and the space distribution for these PCs is shown in
Fig. 2.

In order to determine the artifact components in these
PCs, the correlation coefficients were calculated and the
first 95% components in all components were shown in
Tab. 1. For the first three PCs, they had high correlation
coefficients with ECG in Fig. 1 and Fig. 2. These three PCs
had the comparability with ECG in time series and the glo-
bal distribution property in space distribution. Therefore,
these three PCs were considered as CFA and removed from
HEP.

For good heartbeat perceivers in resting state and for
poor heartbeat perceivers in attention and resting state,
the same method was used to identify CFAs.
3.2  Comparison of HEP between attention and resting
state  After removing CFA from HEP by PCA, thirty chan-
nels of grand average HEP in attention and resting states

Fig. 1 Components of recorded HEP for good heartbeat perceivers in attention state. These PCs are separated from the grand average HEP which is
the average of all 11 good heartbeat perceivers. The corresponding space distributions of components are shown in Fig. 2.
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Fig. 2 Space distribution of components of recorded HEP for good heartbeat perceivers in attention state. Every PCs’ space distributions are shown
in the same locations as they are shown in Fig. 1.

Fig. 3 CFA-free HEP for good heartbeat perceivers in attention and
resting state. The real line stands for the attention state, the
dashed line stands for the resting state.

Fig. 4 CFA-free HEP for poor heartbeat perceivers in attention and
resting state. The real line stands for attention state, the dashed
stands for resting state.
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Fig. 5 Difference waveform between good and poor heartbeat perceivers
in attention state at FZ.

Fig. 6 Difference waveform between good and poor heartbeat perceivers
in resting state at FZ.

for good heartbeat perceivers and poor heartbeat perceiv-
ers are shown in Fig. 3 and Fig. 4, respectively. Good heart-
beat perceivers showed more obvious differences between
attention and resting state at C3 and C4 (Fig. 3), suggesting
that attention factor mainly influences good heartbeat
perceivers.
3.3  Comparison of HEP between good and poor heart-
beat perceivers  After removing CFA from HEP, the differ-
ence waveforms between good and poor heartbeat perceiv-
ers were obviously found at FZ in attention state (Fig. 5).
The difference waveform showed as a positive waveform
from 220 ms to 340 ms at FZ. However, in resting state, no
obvious difference was found (Fig. 6).

4    Discussion

The neurotransmission from heart to brain results in
HEP. It is common to say that the stimulator is the mechani-
cal receptors around the heart[15], but little is known about
the mechanisms of the interaction between inner organs
and higher mental function. The brain being as central ner-
vous system is connected with the visceral organs through
automatic nervous system. The vagus, as a mixed nerve,
carries visceral afferents and efferents. Sense axons project
to the brain stem and end at the nucleus of the solitary tract
(NTS). Then the NTS projects to the para-brachial nuclei as
a pontine relay station and the locus coeruleus. Projec-
tions then go to themultiple higher centers such as the
hypothalamus and the thalamus before reaching the cortex.
Schandry and Montoya[6] consider that the brain electrical
activity is independent of the conscious perception of the
heartbeat signal. It means that the regularly occurring heart-
beats are constantly monitored by certain cortical areas.
From Fig. 1 and Fig. 2, we can see that the brain electrical
potentials appears both in attention and resting state for
both good and poor heartbeat perceivers, which implicated
that the potentials we recorded was independent with heart-
beat perceptive ability and attention statels, but the HEP
waves may be modulated by these two factors.

CFA was removed from HEP by PCA in the present
study. By using the CFA-free waveforms, we found that:
(1) attention factor may influence good heartbeat perceiv-
ers strongly; and (2) perceive ability factor will influence
HEPs strongly at attention state. The difference waveforms
showed as positive waveforms at FZ from 220 ms to 340 ms
after R wave. It seems that attention factor may affect the
HEP of good heartbeat perceivers more significantly.

Tab. 1 Correlation coefficients between PCs and ECG for
good heartbeat perceivers in attention state

    PCA Correlation coefficient Percentage of PC in

Components   between PCs and ECG    all components (%)

1 0.85288 34.103

3 0.34783 11.841

2 0.2582 19.015

5 0.16459 4.0686

8 0.094245 1.7848

13 0.09018 1.0194

7 0.063634 1.9566

9 0.056605 1.7479

10 0.048354 1.5794

14 0.03291 0.91956

11 0.027241 1.2565

12 0.024837 1.1331

6 0.023314 3.8463

15 0.02122 0.82209

4 0.012809 10.194
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