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Abstract

Neurotransmission from the heart to the brain results in a heartbeat-evoked potential (HEP). In this study, the

influence of the ability to detect one’s heartbeats based on the HEP was examined. According to their results in a

heartbeat perception task, subjects were classified as good (n5 18) or poor (n5 26) heartbeat perceivers. EEG, EOG,

and ECGwere recorded while participants attended to their heartbeats. The R-wave of the ECG served as a trigger for

EEG averaging. In the latency range of 250–350ms after the ECG R-wave, the HEP amplitude at the right central

location was significantly higher in good heartbeat perceivers. A significantly positive correlation was observed

between the heartbeat perception score and the mean HEP amplitude. Our results confirm that the accuracy of

heartbeat perception is reflected in the amplitude of the HEP. Thus, the HEP may be a suitable research tool for the

study of brain processes related to visceral perception.
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Mental processes related to visceral activity have gained growing

interest during the last few years. Damasio’s somatic marker

hypothesis (Bechara, Damasio, & Damasio, 2000; Damasio,

1994, 2000) is an example of a modern psychological theory

incorporating the feedback from the periphery (somatosensory

and visceral) to the cortex. Its key idea is that many mental

processes are influenced by ‘‘marker’’ signals arising through

bioregulatory processes. Considering emotions, which to a great

extent are expressed through the representation of bodily

changes, Damasio (2000, p. 287) speaks of the ‘‘obligate body-

relatedness of feelings.’’ However, up to now, higher brain

processes related to the representation of visceroafferent signals

have still been poorly understood.

Knowledge about the cortical projection and functional

organization of visceral sensations in humans, compared to

somatosensation, is sparse. The viscera are innervated by vagal

and spinal sensory fibers: The vagus, as a mixed nerve, carries

visceral afferents and efferents. The majority (80–85%) of vagal

fibers are afferent, projecting viscerotopically to the nucleus of

the solitary tract (NTS) of the brain stem (Jaening, 1995, 1996).

Another part of theNTS receives input from the spinal tract. The

NTS projects to the parabrachial nuclei as a pontine relay station

and the locus coeruleus. Projections then go to multiple higher

centers such as the hypothalamus and the thalamus before the

cortex is reached. Here, four regions are candidates for the

processing of visceroafferent signals: somatosensory cortex,

cingulated gyrus, frontal cortex, and insular cortex (cf. Cameron,

2001). The evidence pertaining to the latter stems mainly from

animal research, as well as from a few brain-imaging and event-

related potential (ERP) studies.

As compared to brain-imaging techniques like fMRI,

viscerally evoked brain potentials have some advantages. (1)

They allow the investigation of cortical processes on amuch finer

timescale as compared to imaging studies. This is of importance if

brain processes are to be observed in response to short pulsate

signals. (2) The restrictions induced by the methodology are

much less (no immobility of the subject, more possibilities for

stimulus presentations, less ambient noise). (3) Finally, the

results, in contrast to those found with fMRI, depend only to a

comparably small degree on the type of ‘‘standard’’ condition

that is chosen as a reference for the experimental condition.

Most ERP studies investigating the cortical representations of

visceral sensations have used signals arising from the alimentary-

gastrointestinal tract or cardiovascular system. Stimulation of

the esophagus resulted primarily in evoked potentials generated

in the secondary somatosensory cortex (Aziz et al., 1995; Aziz,

Schnitzler, & Enck, 2000; Furlong et al., 1998; Schnitzler et al.,

1999). Additionally, visceral sensations following esophageal

stimulation appear to be represented in paralimbic and limbic

structures, as well as in the insular, anterior cingulated, and

prefrontal cortices (Aziz et al., 1995, 2000; Furlong et al., 1998).

The cortical processing of signals from the cardiovascular

system by using a heartbeat-evoked potential (HEP) was

first addressed by Schandry, Sparrer, and Weitkunat (1986)

and by Jones, Leonberger, Rouse, Caldwell, and Jones (1986).
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Subsequent studies provided further evidence for the existence of

a HEP (Dirlich, Dietl, Vogl, & Strian, 1998; Dirlich, Vogl,

Plaschke, & Strian, 1997; Leopold & Schandry, 2001; Montoya,

Schandry, & Müller, 1993; Riordan, Squires, & Brener, 1990;

Schandry & Montoya, 1996). The HEP has been reported to

appear mainly over two brain regions, the somatosensory cortex

and the frontal/prefrontal cortex. Montoya et al. (1993),

Leopold and Schandry (2001), and Dirlich et al. (1998) used

multichannel recording and observed an HEP appearing as a

positive potential shift about 250–600ms after the R-wave.

Montoya et al. and Leopold and Schandry reported HEP

activity primarily at frontal electrodes, whereas Dirlich et al.

observed amore posterior distribution of the HEP. Frontal HEP

activity is in accordance with knowledge from neuroanatomy

(Nieuwenhuys, Voogd, & Van Huijzen, 1988). Hanamori,

Kunitake, Kato, and Kannan (1998) have demonstrated that

neurons in the insular cortex of rats were activated when

baroreceptors and chemoreceptors were stimulated and empha-

sized the importance of the insular cortex for the regulation of

cardiovascular activity. The insular cortex, the fifth lobe of the

brain, is buried in the lateral sulcus and covered by the opercular

parts of the frontal, parietal, and temporal lobes. The anterior

insulaFbelonging to the paralimbic systemFis believed to

contribute to affective and cognitive responses to pain (Aziz

et al., 2000).

A small number of imaging studies investigated the cerebral

correlates of cardiovascular activity. Critchley, Corfield, Chand-

ler, Mathias, and Dolan (2000) demonstrated an increased

regional cerebral blood flow (rCBF) in the right anterior

cingulated gyrus and the right anterior insular cortex, as well

as a decreased rCBF in prefrontal and medial temporal regions

during physical exercise andmental stressor tasks. King,Menon,

Hachinski, and Cechetto (1999) showed increased neuronal

activity in response to cardiopulmonary stimuli in the insular

cortex as well as in the posterior regions of the thalamus and in

the medial prefrontal cortex. In studies with patients suffering

from silent ischaemia and angina pectoris (Rosen et al., 1994,

1996), activation in the thalamus and the prefrontal and the

cingulated cortex was reported.

Apart from studies considering the cerebral and, especially,

cortical representation of heart activity, a second line of research

is concerned with the processing of cardio-afferent signals:

interoception of cardiac activity (‘‘cardiac awareness,’’ ‘‘heart-

beat perception’’). Heartbeat perception has been studied under

many different conditions. One common observation is that

there are substantial interindividual differences in heartbeat

perception. The ability to perceive cardiac activity seems to

depend on such factors as gender, percentage of body fat, and

physical fitness (Cameron, 2001; Jones, 1994). Significant

differences in heartbeat perception ability were also observed in

different clinical samples: Mussgay, Klinkenberg, and Rüddel

(1999) demonstrated a tendency toward lower perception scores

in patients with depressive, somatoform, and personality

disorders, whereas Ehlers,Margraf, and Roth (1988) and Ehlers,

Mayou, Sprigins, and Birkhead (2000) reported more accurate

heartbeat perception in panic patients. Patients suffering from

arrhythmias and benign palpitations (Ehlers et al., 2000) and

patients with diabetic neuropathy (Leopold & Schandry, 2001)

showed a decreased heartbeat perception ability compared to

healthy controls.

The relation between heartbeat perception and the heartbeat-

evoked potential has been investigated in a few studies, yielding

inconsistent results. Montoya et al. (1993) found a reduced

frontotemporal positivity in poor perceivers as compared to good

perceivers only when comparing an attention condition with a

distraction condition. Schandry et al. (1986) observed group

differences between good and poor heartbeat perceivers when

submitting the evoked potentials to principle component

analysis. Katkin, Cestaro, and Weitkunat (1991) found a

significant relationship between a heartbeat-evoked potential

(they call it an ‘‘N1’’) recorded in the right hemisphere and the

heartbeat detection accuracy. In these studies, only small sample

sizes and/or only a few electrodes were used. Thus, it remains an

open question whether a brain electrical correlate of the

processing of cardio-afferent information can be identified.

The primary hypothesis of the present study was concerned

with whether a relationship between heartbeat perceptionFas a

trait variableFand the amplitude of the HEP exists. Addition-

ally, we wanted to provide further evidence to answer the

question concerning which brain regions are involved in the

processing of cardio-afferent signals.

Method

Participants

Forty-four students (32 female, 12male) between 19 and 40 years

of age (mean 25.7 years, SD 5.2) participated in the experiment,

receiving 20h (about 18 USD) for their participation. They were

mainly recruited from an introductory psychology course at the

University of Munich. All participants were healthy with no

history of heart disease.

Experimental Procedure

Upon arrival, participants were given written information about

the experiment, their informed consent was obtained, and they

filled in a general questionnaire concerning personal data (age,

educational level, etc.). The participants were then seated in a

sound-attenuated chamber connected to the adjacent equipment

room by intercom. After attachment of the EEG electrode cap

and EOG and ECG electrodes, a first (of two) heartbeat

perception task was performed, consisting of four heartbeat-

counting phases (150, 120, 130, and 100 cardiac cycles, identified

by ECG). During these trials, participants were asked to count

their own heartbeats silently. The beginning and end of the

counting phases were signaled by a start and stop tone. During

heartbeat counting, participants should not take their pulse or

attempt to use other manipulations facilitating the counting of

heartbeats. They were instructed that in cases where sensory

perception of heart activity was lacking, they should nevertheless

try to count in a rhythm similar to their assumed heart rhythm.

After the stop signal, participants were required to verbally

report the number of counted heartbeats, and then the next

counting phase started. Participants were not informed about the

length of the counting phases nor about their performance. After

the first four phases, a break was introduced to let the

participants recover from the heartbeat perception task. There-

after, a silent movie clip (The Gold Rush by Charlie Chaplin)

lasting about 15min was shown. Subsequently, the last four

heartbeat-counting tasks (150, 100, 140, and 110 cardiac cycles)

were performed in the above-described manner.

Psychophysiological and Behavioral Data Assessment

Nonpolarizable silver-silver chloride electrodes were used.

Electrode impedance was kept below 8 kO.
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EEG activity was recorded from 27 leads. They were attached

by use of an electrode cap (‘‘easy cap’’; Falk Minow Services) at

the following positions: FP1, FP2, F3, F4, F7, F8, FZ, FC1,

FC2, FC5, FC6, CZ, C3, C4, CP1, CP2, CP5, CP6, PZ, P3, P4,

P7, P8, T7, T8, O1, and O2. Linked mastoids served as a

reference. Horizontal EOG was recorded with two electrodes

placed lateral to the outer canthus of each eye; vertical EOGwas

picked up with electrodes above and below the left eye. Signals

were amplified (bandpass: 0.1–200Hz; SYNAMPS, Neuroscan)

and digitized at a sampling rate of 250Hz. Data were bandpass

filtered (0.1–30Hz) off-line.

ECG electrodes were placed on the left and the right wrist.

ECG activity was recorded in the same manner as the EEG with

regard to sampling rate (250Hz) and filtering. The upstrokes of

the ECG R-waves were detected online electronically and were

stored as triggers (‘‘R-wave-triggers’’) on a separate channel to

be used for later off-line EEG averaging.

Data Analysis

Analysis of ERP data. EEG was examined for ocular,

myoelectric, and other sources of electrophysiological artefacts.

The analysis software (BrainVision) allowed EOG correction for

blinks based on the blink correction method suggested by

Gratton, Coles, and Donchin (1983). Epochs were rejected from

the analysis if the scalp EEG in any channel exceeded � 80mV.
These epochs (approximately 16% of the trials) were eliminated

prior to averaging.

EEG epochs were computed extending from 200ms prior to

and up to 824ms after the R-wave-trigger.

Data were corrected for cardiac field artefacts by using the

Hjorth source derivation method (Hjorth, 1975). This method

yields an estimation of the source activity as it appears at the

scalp surface for each individual electrode. It is realized in the 10–

20 system of electrode placement basically as an analogue

superposition of four bipolar derivations, forming a starlike

configuration around each electrode. Theweighted activity of the

surrounding electrodes is subtracted from each electrode; thus,

cardiac field effects should be removed to a great extent in the

remaining EEG activity. Montoya (1993) described this method

as being sufficient to eliminate the cardiac field.

Statistical analysis of ERP and ECG data. In accordancewith

former results indicating highest HEP amplitudes in the latency

range of 250–350ms (Leopold & Schandry, 2001; Schandry

et al., 1986), analyses were performed on themean voltage within

this time window. Between-group differences were investigated

by submitting the data to ANOVAs with seven levels of

Aggregated Scalp Sectors (frontal: F3, F4, F7, F8, FP1, FP2;

frontocentral: FC1, FC2, FC5, FC6; central: C3, C4; centropari-

etal: CP1, CP2, CP5, CP6; parietal: P3, P4, P7, P8; temporal: T7,

T8; occipital: O1, O2), two levels of Hemisphere (left/right), and

two levels of Heartbeat Perception (good/poor heartbeat

perceivers). Main effects for the variables Aggregated Scalp

Sectors, Hemisphere, and Heartbeat Perception, as well as

interaction effects between (1) Hemisphere and Heartbeat

Perception, and (2) Aggregated Scalp Sectors and Hemisphere

and Heartbeat Perception were investigated. The respective

results are only reported when significant effects were obtained.

For all the results reported, the Huynh–Feldt correction was

appliedwhen sphericity assumptions were violated. In these cases

corrected probability levels are reported.

The relation between heartbeat perception and the HEP was

examined with bivariate nonparametric correlation analyses

(Spearman rho) between the heartbeat perception score and the

mean HEP amplitude in the latency range of 250–350ms.

ECG amplitudes were calculated as the mean of all data

points in the time window of 250–350ms. Between-group

differences in ECG amplitudes were investigated by submitting

the data to an univariate ANOVA with the factor Heartbeat

Perception (good/poor heartbeat perceivers).

Analysis of heartbeat perception. A heartbeat perception

score was calculated according to the following equation:

Perception score ¼1=8
X

ð1� ðjrecorded heartbeats�
counted heartbeatsjÞ=recorded heartbeatsÞ

High scores (maximum 1) indicate absolute accurate heartbeat

perception ability. A cutoff score of .85 was used to categorize

subjects either as good or poor heartbeat perceivers. This is in

accordance with the cutoff selected byMontoya et al. (1993) and

Weitkunat and Schandry (1995).

Results

Heartbeat Perception

The mean heartbeat perception score was .79 (SD .14, minimum

.42, maximum .98). No significant differences in the heartbeat

perception scores occurred between men and women (univariate

ANOVA: F(1,42)5 1.03, p5 n.s.).

A total of 18 subjects (14 female, 4 male) were identified as

good heartbeat perceivers (cutoff score: .85, mean .92, SD .04,

minimum5 .88, maximum5 .98). Twenty-six subjects (18 female,

8 male) were classified as poor heartbeat perceivers (mean .71,

SD .12, minimum .42, maximum .84).

HEP Morphology and Scalp Distribution

Grand averages of all electrode positions for good and poor

heartbeat perceivers are depicted in Figure 1. At most electrodes,

a relatively broadwaveformwas registered in the latency range of

250–500ms. The polarity of the peak of this waveform varies

across electrode locations. However, in the latency range from

250 to 350ms, which has repeatedly been shown (Leopold &

Schandry, 2001; Schandry et al., 1986) to be closely related to

heart activity, the picture becomes more unequivocal. The

distribution of the mean HEP amplitude for the latency range of

250–350ms is depicted in Figure 2. The ANOVA performed for

the latency range of 250–350ms revealed a significant main effect

for the factor Aggregated Scalp Sectors, F(6,252)5 24.44,

po.001, Z25 .37, e5 1.00). The HEP was most pronounced

over central and frontocentral electrode positions, appearing as a

positive mean activity in this latency range.

Differences in the HEP between Good and Poor Heartbeat

Perceivers

In Figure 3, the scalp distribution of the groupmeans of the HEP

amplitude of good versus poor heartbeat perceivers is depicted

for the latency range of 250–350ms. As a main effect, the mean

HEP activity of good heartbeat perceivers was significantly larger

than that of poor heartbeat perceivers (mean HEP activity of

0.06mV as compared to � 0.04mV, F(1,42)5 5.89, po.05,

Z25 .12, e5 .66). A significant interaction effect between the

factors of Aggregated Scalp Sectors, Hemisphere, and Heartbeat

Perception, F(6,252)5 3.09, po.05, Z25 .07, e5 .86, indicated
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significant differences between good and poor heartbeat

perceivers at specific scalp areas. Separate two-way analyses of

variance (ANOVA), conducted for all Aggregated Scalp Sectors,

showed that the HEP amplitude for good heartbeat perceivers

(N5 18, mean 0.73 mV, SD5 0.84) was significantly larger at the

right central electrode site than for poor heartbeat perceivers

(N5 26, mean 0.15mV; SD5 0.52; F(1,42)5 8.30, po.01,

Z25 .17, e5 .80).

ECG Analysis

ECG mean scores did not differ significantly between good and

poor heartbeat perceivers in the latency range of 250–350ms,

F(1,42)5 .01, p5 n.s.

Correlation Analyses

Taking into account the observed maximum HEP activity over

the right central electrode position (i.e., at C4), we calculated the

correlation between the mean HEP amplitude at C4 and the

heartbeat perception score. This resulted in a significantly

positive correlation of r5 .28 (N5 44, po.05).

Discussion

A heartbeat-evoked potential was observed as a broad waveform

in the latency range later than 200ms post-R-wave. The mean

HEP activity was higher in the group of good heartbeat

perceivers as compared to poor heartbeat perceivers. Moreover,

a significantly positive correlation was observed between the

mean HEP amplitude in the time window of 250–350ms and the

accuracy of heartbeat perception.

Concerning the observed frontocentral scalp distribution of

the HEP, our data is in accordance with the work by Montoya

et al. (1993), Riordan et al. (1990), Schandry et al. (1986) and

Schandry and Montoya (1996). Dirlich et al. (1997, 1998),

however, reported a HEP activity over the parietal cortices.

Following the reasoning of Aziz et al. (1995), for instance, this

frontocentral activity pattern may reflect sources in the insular

cortex and/or the somatosensory cortices. In our opinion, the

insular cortex is a most probable source of brain activity being

triggered by cardio-afferent signals. It is a well-established
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Figure 1. HEP morphology contrasting good (black line) and poor

(dashed line) heartbeat perceivers.

Figure 2. Mean HEP activity in the latency range of 250–350ms.

Figure 3. Mean HEP activity for good and poor heartbeat perceivers in

the latency range of 250–350ms.



finding that this region plays an important role for the regulation

of cardiovascular activity (Augustine, 1996; Bennarroch, 1993;

Hanamori et al., 1998; Oppenheimer, Saleh, & Cechetto, 1992).

Using functional imaging, it could be demonstrated that

increased neuronal activity in the insular cortex is associated

with cardiovascular arousal (Critchley et al., 2000; King et al.,

1999). The importance of the insular cortex for processing

visceroafferent signals is underlined by studies of esophageal-

evoked potentials (Aziz et al., 1995, 2000; Franssen, Weusten,

Wineneke, & Smout, 1996; Furlong et al., 1998; Schnitzler et al.,

1999). Aziz et al. showed that the early components (N100)

evoked by stimulation of the distal esophagus were distributed

predominantly over central areas (C3 and C4), whereas longer

latency components (N200, P200) showed maximal distribution

over frontal (F3, F4, FZ) and central locations. As probable

sources for esophageal-evoked potentials, Franssen et al.

reported dipoles in the cingulated gyri and the insular cortex.

Within this context, it should not be overlooked that there is

growing evidence that the autonomic and sensory innervations of

the esophagus and of the heart are closely related (Bajwa et al.,

1997; Fallen, Kamath, Tougas, & Upton, 2001; Hollerbach

et al., 1997, 2001; Tougas et al., 1997).

In the present study, HEP activity was seen to be strongest

over the right hemisphere. This observation is in accordance with

former studies (Leopold & Schandry, 2001; Riordan et al., 1990;

Weitkunat, Cestaro, &Katkin, 1989) demonstrating higher HEP

amplitudes over the right than the left hemisphere. From the

work of Hari et al. (1993) it is known that the insular cortex as

well as the secondary somatosensory areas reveal a higher

activity on the side contralateral to the stimulation. Within this

context, one has to consider that the heart is not symmetrically

oriented relative to the vertical body axes, but points with the

apex of the left ventricle to the lower left side. As a consequence

of this, the transfer of mechanical energy from the heart to the

mechanosensitive tissue of the thorax is more pronounced on the

left side of the thorax and triggers stronger somatosensory signals

from here as compared to the right side. Due to a predominantly

contralateral projection of the afferent fibers from the thorax, the

cortical representation of cardiodynamic activity should be more

pronounced in the right hemisphere. The importance of the right

hemisphere for heart-related brain processes is further supported

by data from Yoon, Morillio, Cechetto, and Hachinski (1997)

and Ahern et al. (2001). Yoon et al. showed that a pharmaco-

logically induced reduction in heart rate variability and an

increase in heart rate was observed only when the substance was

applied in the right hemisphere. Ahern et al. demonstrated that

the right hemisphere plays a greater role in cerebral regulation of

cardiac function when investigating changes in heart rate and

heart rate variability in 73 subjects.

The result of higher HEP amplitudes in good heartbeat

perceivers than in poor heartbeat perceivers is consistent with

former studies. Weitkunat and Schandry (1990) demonstrated an

enhancement of the HEP amplitude following cardiac awareness

training. They observed the most pronounced effects on the HEP

amplitude at frontal electrodes in the time window of 250–

400ms. Montoya et al. (1993) found an interaction between the

factors of Group (good/poor heartbeat perception) and Atten-

tion (attention directed to the heart activity vs. distraction): The

two groups differed in the HEP amplitude (higher amplitude in

good perceivers), but this effect was only significant in the

distraction condition. Katkin et al. (1991) demonstrated a

significant relationship between the amplitude of an ‘‘N1’’ (not

further described in their publication), evoked by the heartbeat

recorded at F8 and the heartbeat detection accuracy. As Katkin

et al. used a different methodology for measuring cardiac

awareness and rejection of cardiac artefacts, their results are not

directly comparable to ours.

Further evidence for a direct relationship between visceral

awareness and viscerally evoked brain activity merges from

recent studies with esophageal evoked potentials. Electrical

stimulation of the esophagus with stimuli of varying intensity

showed that an increase in sensory perception was associated

with a reduction in the latency and an increase in amplitude of the

evoked potential components (Hobson et al., 1998; Hobson,

Sarkar, Furlong, & Thompson, 2000). Hollerbach et al. (2001)

investigated the effects of cognitive factors involved in visceral

perception using esophageal-evoked potentials. Their data

indicate that the event-related potential (P300) observed was

associated with the attention to and awareness of the actual

stimulus. Other studies (Knafelc & Davenport, 1997; Webster &

Colrain, 2000) with the respiratory-related-evoked potential

demonstrated that the perceived magnitude of the respiratory

load was related to the amplitude of the P100 and P300

components of the evoked response. Bloch-Salisbury, Harver,

and Squires (1998) showed that perceptual sensitivity to

inspiratory, flow-resistive loads was significantly correlated with

the amplitude of the parietal P300 response, reporting correla-

tion coefficients of up to .57 for stimuli at a near-threshold level.

Congruent results pertaining to a reflection of perceptual

accuracy in the evoked potential are derived from studies using

visual and auditory stimuli (Devrim, Demiralp, Kurt, &

Yükcesir, 1999; Hillyard, Squires, Bauer, & Lindsay, 1971;

Picton, Hillyard, Krausz, & Galambos, 1974; Trejo, Kramer, &

Arnold, 1995). Trejo et al., for example, found that the detection

of visual stimuli at sensory threshold is positively related to the

P300 amplitude.

Other studies using external, near-threshold, somatosensory

stimuli have shown that evoked potential amplitudes following

detected stimuli are higher than those following missed stimuli.

Kekoni, Hämäläinen, McCloud, Reinikainen, and Näätänien

(1996) used vibration stimuli and showed that the N250 of the

SEP was positively related to the detection of target stimuli.

Hashimoto, Yoshikawa, and Kimura (2000) demonstrated that

the late P300 of the somatosensory-evoked potentials could

correctly predict the perception of a threshold air stimulus: A

P300 late component occurred only in response to detected

stimuli and was not found in response to undetected stimuli.

We observed a significantly positive correlation between the

HEP amplitude and the heartbeat perception score. It may be

assumed that the common factor influencing the HEP amplitude

as well as the heartbeat perception score is the intensity of the

eliciting stimulus. A strong relation between cardiodynamic

parameters and heartbeat perception has been shown by

Schandry, Bestler, and Montoya (1993) and Schandry and

Bestler (1995). They reported significant correlations (up to .83)

between the heartbeat perception score and different cardiody-

namic parameters, that is, stroke volume, blood ejection velocity,

momentum of the ejected blood mass, and contractility. For

external stimuli (visual, auditory, somatosensory), it is a well-

established fact that the stimulus intensity influences the

amplitudes of the evoked potentials (e.g., Carrillo-de-la-Pena,

Rodriguez Holguin, Corral, & Cadaveira, 1999; Cass & Polich,

1997; Covington & Polich, 1996; Nakajima & Imamura, 2000;

Shimojo, Svensson, Arendt-Nielsen, & Chen, 2000). Also recent
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studies with esophageal-evoked potentials showed that an

increase of stimulus intensity was associated with an increase in

the amplitude of the esophageal-evoked potential components

(Fallen et al., 2001; Hobson et al., 1998, 2000).

As a general conclusion, we state that the HEP is a valid

reflection of brain processes related to cardiac perception. It may

serve as a model phenomenon for further research in the area of

viscerocortical interactions.
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Verlag Peter Lang, Europäischer Verlag der Wissenschaften.

Jaening, W. (1996). Neurobiology of visceral afferent neurons:
Neuroanatomy, functions, regulations and sensations. Biological
Psychology, 42, 29–51.

Jones, G. E. (1994). Perception of visceral sensations: A review of recent
findings, methodologies, and future directions. In J. R. Jennings, P.
K. Ackles, & M. G. H. Coles (eds.). Advances in psychophysiology
(Vol. 5, pp. 55–192). London: Jessica Kingsley Publishers.

Jones, G. E., Leonberger, T. F., Rouse, C. H., Caldwell, J. A., & Jones,
K. R. (1986). Preliminary data exploring the presence of an evoked
potential associated with cardiac visceral activity [Abstract]. Psycho-
physiology, 23, 445.

Katkin, E., Cestaro, V. L., & Weitkunat, R. (1991). Individual
differences in cortical evoked potentials as a function of heartbeat
detection ability. International Journal of Neuroscience, 61, 269–276.

Heartbeat-evoked potential and heartbeat perception 481
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Näätänien, R. (1996). Is the somatosensory N250 related to deviance
discrimination or conscious target detection? Electroencephalography
and Clinical Neurophysiology, 100, 112–125.

King, A. B., Menon, R.S, Hachinski, V., & Cechetto, D. F. (1999).
Human forebrain activation by visceral stimuli. The Journal of
Comparative Neurology, 413, 572–582.

Knafelc, M., & Davenport, P. W. (1997). Relationship between resistive
loads and P1 peak of respiratory-related evoked potential. Journal of
Applied Physiology, 83, 918–926.

Leopold, C., & Schandry, R. (2001). The heartbeat-evoked brain
potential in patients suffering from diabetic neuropathy and in
healthy control persons. Clinical Neurophysiology, 112, 674–682.

Montoya, P. (1993). Herzwahrnehmung und hirnelektrische Aktivität.
Frankfurt am Main: Peter Lang-Verlag.

Montoya, P., Schandry, R., & Müller, A. (1993). Heart-beat evoked
potentials (HEP): Topography and influence of cardiac awareness and
focus of attention. Electroencephalography and Clinical Neurophysiol-
ogy, 88, 163–172.

Mussgay, L., Klinkenberg, N., & Rüddel, H. (1999). Heart beat
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