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Abstract: Afferent signals from the body play an important role for emotional and motivational aspects
of behavior. Nevertheless, little is known about the cortical and subcortical structures involved in
interoceptive processes. Recently, a functional MRI study demonstrated that insula, somatomotor, and
cingulated cortices are activated when subjects focus attention on their heartbeats. Aside from the use of
imaging data, cardiac awareness has frequently been studied by using the heartbeat-evoked potential
(HEP), a brain wave that appears contingent on the heartbeat. The present study aimed at localizing
sources of the HEP. Multichannel EEG was recorded in 44 subjects while they performed a heartbeat
perception task. This task was used to quantify interoceptive awareness and to subdivide the subjects into
good and poor heartbeat perceivers. Analyses showed highest HEP amplitudes over frontal and fronto-
central electrode locations in the time range of later than 200 ms after R-wave onset. By means of a BESA
dipole-source-analysis, four sources of the HEP were identified which were located in the anterior
cingulate, the right insula, the prefrontal cortex, and the left secondary somatosensory cortex. Good
heartbeat perceivers showed both significantly higher HEP amplitudes and higher dipole strength than
poor heartbeat perceivers in all four cortical sources. We conclude that the identified structures are
involved in the processing of cardiac signals, whereby anterior cingulate and right insula seem to serve
as interoceptive centers for cardioception. Hum Brain Mapp 26:54—64, 2005.  © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Afferent signals from the inner organs play a significant
role in the control of a homeostatic milieu. This information
about events in the organism initiates regulatory mecha-
nisms like the reflex control of breathing or blood pressure,
which serve adaptation to actual body needs. Beyond such
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purely physiological processes, afferent signals are also im-
portant for the long-term behavioral regulation of the organ-
ism [e.g., Vaitl, 1996; Zagon, 2001; Craig, 2002].

Little is known about the mechanisms of the interaction
between bodily signals from the periphery and the so-called
higher mental functions. Processing of visceral information
is supposed to be closely related to emotional and motiva-
tional aspects of behavior. In many theories of emotions the
perception of signals arising from the body plays an impor-
tant role: This theoretical approach started with James’
[1884] view of emotions as a result of the perception of
bodily changes subsequent to an emotional stimulus. Re-
cently, Damasio [1999] specified neural networks underly-
ing emotion, feeling, and the consciousness of feelings,
pointing out that the body is the main stage for emotions,
either directly or via its representations in somatosensory
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areas of the brain. Within these theoretical considerations,
the perception of bodily processes—so-called interocep-
tion—and the cortical and subcortical structures involved in
this process are of essential importance for a general under-
standing of emotions and feelings.

Concerning interoception, the most extensively studied
interoceptive process is heartbeat perception, which has un-
dergone investigations concerned with many of its different
aspects. One common observation is the existence of sub-
stantial, interindividual differences in heartbeat perception.
The ability to perceive cardiac activity may depend on such
factors as gender, percentage of body fat, and physical fit-
ness [Jones, 1994; Cameron, 2001]. Significant differences in
heartbeat perception ability were also observed in different
clinical samples: Mussgay et al. [1999] demonstrated a ten-
dency towards lower perception scores in patients with
depressive, somatoform, and personality disorders, whereas
Ehlers et al. [1992, 2000] reported more accurate heartbeat
perception in panic patients. Patients suffering from ar-
rhythmias and benign palpitations [Ehlers et al., 2000], and
patients with diabetic neuropathy [Leopold and Schandry,
2001] showed a decreased heartbeat perception ability com-
pared to healthy controls. Thus, differences in heartbeat
perception are of clinical relevance and may be used for
describing and classifying patients suffering from various
somatoform and psychological problems.

Apart from the investigation of influences of cardiac per-
ception on behavior, a second line of research is concerned
with the cortical and subcortical processes relating to cardiac
awareness. Knowledge of the cortical projection and func-
tional organization of cardiac sensation, compared to that
involving somatosensation, is sparse. It has to be assumed
that signals from the cardiac mechanoreceptors (barorecep-
tors) enter the brain primarily via the vagus nerve. The
majority (80-85%) of vagal fibers are afferent, projecting
viscerotopically to the nucleus of the solitary tract (NTS) of
the brain stem [Jaenig, 1995, 1996]. Axons from cardiovas-
cular structures (carotid body and aortic arch baroreceptors)
terminate within the dorsomedial portion of the NTS. Most
of the fibers from the NTS project to the parabrachial nu-
cleus, which provides projections to multiple higher centers
such as the hypothalamus, thalamus, and cerebral cortex.
Here, the insular cortex plays a major role as a cortical
projection area of viscerosensory input [Saper, 2002;
Cechetto et al., 1990; Bennaroch, 1993; Augustine, 1996;
Craig, 2002]. Correspondingly, the most probable cardioaf-
ferent pathway giving rise to conscious visceral perception
appears to be the NTS-parabrachial-thalamus-insula. Re-
cently, Critchley et al. [2004] performed a functional MRI
study investigating the neural systems supporting the per-
ception cardiac activity. They demonstrated that insula, so-
matomotor, and cingulated cortices are activated when sub-
jects focus attention on their heartbeats. Except for the
mentioned fMRI study, the cortical processing of signals
from the cardiovascular system has frequently been studied
using the heartbeat-evoked potential (HEP), a brain wave
that appears contingent on the heartbeat [Schandry et al.,

1986; Jones et al., 1986; Dirlich et al., 1997, 1998; Montoya et
al., 1993; Riordan et al., 1990; Schandry and Montoya, 1996;
Leopold and Schandry, 2001; Pollatos and Schandry, 2004].
Concerning the scalp distribution of the HEP, congruent
results exist, showing highest HEP activity primarily at fron-
tocentral electrodes [Pollatos and Schandry, 2004; Montoya
et al.,, 1993; Schandry and Montoya, 1996; Leopold and
Schandry, 2001]. This frontocentral activation pattern could
reflect sources in the insular, the anterior cingulate, or the
somatosensory cortices [Pollatos and Schandry, 2004], an
assumption further confirmed by studies of the esophageal-
evoked potentials [Aziz et al., 1995, 2000; Franssen et al.,
1996; Furlong et al., 1998; Schnitzler et al., 1999]. In accor-
dance with this, an fMRI study showed analogous activation
patterns during stimulation of the distal esophagus in the
somatosensory cortices, right insula, anterior cingulated gy-
rus, and the dorsolateral prefrontal gyrus [Aziz et al., 2000].

Although the cortical processing of signals from the car-
diovascular system has been studied using HEP, no data
exists concerning possible sources of the HEP. It is of theo-
retical and clinical relevance to identify anatomical regions
dealing with interoceptive information. These regions may
be involved in emotion and feelings and could be of impor-
tance for understanding the mechanisms underlying panic
and anxiety in clinical samples. The present study aimed at
localizing sources of the HEP using a multichannel EEG.
Since the HEP can be used as an indicator of cardiac aware-
ness, we were interested in interactions between the activity
of HEP and its sources with the accuracy of heartbeat per-
ception.

SUBJECTS AND METHODS
Subjects

The sample consisted of 44 students (16 male, 28 female)
from the University of Munich. Subjects received € 20
(about $20) for their participation. Their age ranged from 18
to 36 years (mean 25.5 years, standard deviation [SD] 4.5
years). Using a heartbeat perception task, about 100 subjects
were screened and, according to the ability to perceive one’s
heartbeats accurately, a total of 22 subjects (eight male, 14
female) with a high degree of interoceptive awareness were
identified and contrasted to 22 subjects with poor interocep-
tive awareness who had been matched with regard to age
and gender.

Experimental Procedure

Upon arrival, subjects were given written information
about the experiment, their informed consent was obtained,
and they filled in a general questionnaire concerning age,
educational level, etc. Subsequently, electrodes were at-
tached. The positions of scalp electrodes and of surface
landmarks (nasion, right/left preauricular points) were dig-
itized using the Zebris Digitizer System. The heartbeat per-
ception tasks were then performed consisting of 11 heart-
beat-counting phases (intervals lasting for 150, 120, 130, 100
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Figure 1.
Pooling of the 12 electrode pools (right and left anterior—superior,
anterior—inferior, medial-superior, medial-inferior, posterior—su-
perior, posterior—inferior).

150, 100, 140, and 110 cardiac cycles as identified by EKG).
During these intervals, 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, subjects should not take their
pulse or attempt to use other manipulations facilitating the
counting of heartbeats. In case the perception of heart activ-
ity was poor or lacking, participants should try to count in
the presumed rhythm of their heartbeats. After the stop
signal, subjects verbally reported the number of heartbeats
counted. Subjects were neither informed about the length of
the counting phases nor about their performance. After ev-
ery two intervals a short break was inserted. The heartbeat
perception tasks lasted for a total of 30 min.

Psychophysiological Recording

During the heartbeat counting phases, EEG activity was
recorded over both hemispheres from 62 leads with DC
amplifiers (bandpass: 0.01-100 Hz; SYNAMPS, NeuroScan,
El Paso, TX) and digitized at a sampling rate of 1,000 Hz.
Electrode positions (see Fig. 1) were determined with an
electrode cap without electrodes (Easy cap, Falk Minow
Services, Germany). The electrode positions and certain
landmarks were digitized using the Zebris Digitizing sys-
tem. All activity was referenced to the tip of the nose and
grounded with an electrode on the left cheek. Offline, EEG
was re-referenced to linked mastoids. For the BESA analysis,
data assessed with the original reference was used.

An electrooculogram (EOG) was recorded with two elec-
trodes placed lateral to the outer canthus of each eye (EOGy;)

and a bipolar montage placed above and below the left eye
(EOGy). Nonpolarizable Ag/AgCl electrodes were used.
Electrode resistance was maintained below 5 k°.

ECG Recording Paradigms

ECG electrodes were placed at the left chest and the right
clavicula. Nonpolarizable Ag/AgCl electrodes were used.
ECG activity was recorded analogous to the EEG using a DC
amplifier (bandpass: 0.01-100 Hz; SYNAMPS, NeuroScan)
and digitized at a sampling rate of 1,000 Hz. The raw ECG
was stored in an analogous manner to that of the EEG.
Additionally, ECG R-waves were detected online and were
stored on a separate trigger channel to be used for later
offline EEG averaging.

Data Analysis
Analysis of heartbeat perception

A heartbeat perception score was calculated according to
the following equation:

Perception score = 1/112 (1 — (Jrecorded heartbeats

— counted heartbeats|) /recorded heartbeats)

High scores (maximum 1) indicate an absolutely accurate
heartbeat perception ability. A cut-off score of 0.85 was used
to categorize subjects either as good or poor heartbeat per-
ceivers. This is in accordance with the cut-off selected by
Pollatos and Schandry [2004], Montoya et al. [1993], and
Weitkunat and Schandry [1995].

Analysis of ERP data

The stored EEG was examined for EOG, muscle, and other
sources of electrophysiological artifacts. The analysis soft-
ware (Brain Vision, Japan) performed EOG correction for
blinks based on the blink correction method suggested by
Gratton et al. [1983]. Epochs were rejected from the analysis
if the scalp EEG exceeded +80 wV in any channel. Trials
contaminated by artifacts were eliminated prior to averag-
ing: these accounted for approximately 8% of the trials. EEG
epochs were computed extending from 200 ms prior to and
up to 824 ms after the R-wave. Data were corrected for
cardiac field artifacts 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 equidistant elec-
trode montage basically as an analogous superposition of
five bipolar derivations, forming a star-like configuration
around each electrode. The weighted activity of the sur-
rounding electrodes is subtracted from each electrode; thus,
cardiac field effects should be removed to a great extent in
the remaining EEG activity. Montoya et al. [1993] described
this method as being sufficient to substantially reduce the
cardiac field.
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For the purpose of statistical analysis, the mean ampli-
tudes of the HEP were averaged for 12 regions, designated
by hemisphere (right/left), horizontal plane (anterior, me-
dial, posterior), and vertical plane (inferior, superior; see Fig.
1). In accordance with former results indicating the highest
HEP amplitudes in the latency range of 250—-450 ms [Polla-
tos and Schandry, 2004; Leopold and Schandry, 2001; Schan-
dry et al., 1986], analyses were performed on the mean
voltage within this time window.

Main effects and interactions, as well as differences be-
tween groups were investigated by submitting the data to
ANOVAs with two levels of hemisphere (right/left), six
levels of region (antero-inferior, antero-superior, medial-in-
ferior, medial-superior, postero-inferior, postero-superior),
and two levels of heartbeat perception (good/poor HP).
Where appropriate, degrees of freedom were adjusted using
the Greenhouse-Geiser method. In the following, uncor-
rected F-values are reported together with the Greenhouse-
Geiser epsilon values and corrected probability levels.

Source analysis

The localization of the dipoles generating the HEP activity
was modeled using the BESA software package [Scherg,
1992]. For a detailed description see, for example, Scherg
[1990, 1992] and Berg and Scherg [1994]. Basically, BESA is a
program that allows spatiotemporal modeling of multiple
simultaneous sources over defined intervals. The first step in
spatiotemporal dipole modeling is to select the interval for
dipole localization. For this reason, a PCA for the whole
curve complex was conducted to identify time intervals of
interest and of the main waveforms, and to establish their
contribution to the total variance. Then, a three-step strategy
for localizing the generators of the HEP was applied inde-
pendently to the waveforms of each subject.

« First, to determine how many sources should be used to
fit the data, a second PCA was carried out in the se-
lected time interval using the grand average of all sub-
jects.

 Second, a source analysis was performed on the grand
average beginning with the amount of dipoles sug-
gested by the results of the PCA (two dipoles for each
principal component). The locations and orientations of
the dipoles were calculated by an iterative, least-squares
method. The goodness of fit (GOF) was expressed as a
percentage of the total variance.

e Third, the model developed on the grand average of all
subjects was applied to the individual data. The dipoles
that presumably reflected cardiac field artifacts were
modeled individually, i.e., they could vary in location
and orientation. The remaining dipoles, presumably
representing brain activity, were fixed in location and
orientation. Their course of activation, their peak laten-
cies, and their dipole strength, as well as the GOF, were
assessed for each subject.

Main effects and interactions as well as differences be-

tween groups were investigated by submitting the data to
ANOVAs with the factors Dipole, Location, and Heartbeat

Perception (good/poor heartbeat perceivers). Where appro-
priate, degrees of freedom were adjusted using the Green-
house-Geiser method. In the following, uncorrected F-values
are reported together with the Greenhouse-Geiser epsilon
values and corrected probability levels.

The relationship between heartbeat perception and the
HEP dipole strength was examined with bivariate, nonpara-
metric correlation analyses (Spearman-Rho) between the
heartbeat perception score and the peak dipole strength in
the latency range of 250—450 ms.

RESULTS
Heartbeat Perception

The mean heartbeat perception score was 0.78 (SD 0.19). In
the group of good heartbeat perceivers, the mean heartbeat
perception score was 0.92 (SD 0.04; minimum 0.87, maxi-
mum 0.98). In the group of poor heartbeat perceivers, the
mean heartbeat perception score was 0.64 (SD 0.16; mini-
mum 0.14, maximum 0.82).

HEP Morphology and Scalp Distribution

Grand averages of all electrode positions for good and
poor heartbeat perceivers are depicted in Figure 2. HEP
polarity varied across electrode locations. Cardiac field in-
fluences are primarily visible at the outermost positions. In
the latency range from 250-450 ms, which has repeatedly
been shown [Pollatos and Schandry, 2004; Leopold and
Schandry, 2001] to be closely related to heart activity, good
heartbeat perceivers showed an enhanced mean activity
(0.69 WV across all electrodes) as compared to poor heartbeat
perceivers (0.39 wV). These differences were most pro-
nounced over anterior and medial electrode positions,
showing a stronger positivity for good heartbeat perceivers
at anterior superior (0.47 pV vs. 0.14 nV), medial superior
(0.67 WV vs. 0.52 wV), medial inferior (0.97 vs. 0.57 wV), and
posterior superior regions (0.98 wV vs. 0.73 V).

After the Hjorth correction method, HEP appeared as a
relatively broad waveform at most electrodes in the latency
range of 250—-600 ms. The polarity of this waveform varies
across electrode locations. However, in the relevant latency
range from 250—-450 ms, the picture becomes more unequiv-
ocal. The scalp distributions of the group means for the HEP
amplitude of good vs. poor heartbeat perceivers are de-
picted in Figure 3 for the latency range of 250-450 ms.
ANOVA performed on the corrected data assessed a signif-
icant main effect of Heartbeat Perception (F(1,42) = 4.74, >
= 0.10, € = 0.57), indicating an enhanced mean activity when
comparing good heartbeat perceivers to poor heartbeat per-
ceivers (cf. Fig. 3).

A main effect of Region (F(5210) = 842, n* = 0.17, €
= 1.00) showed that anterior superior, medial, and posterior
superior sites contributed most to the positive potential in
this latency range.
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EKG Analysis

In the latency range of 250-450 ms (F = 2.48; P = n.s.),
EKG mean scores did not differ significantly between good
and poor heartbeat perceivers.

Spatiotemporal Source Analysis

The PCA of the grand average revealed four principal
components (see Fig. 4: criterion: explained variance
>1%). The first component accounted for 87.8% of the
total variance and showed a waveform very similar to the
ECG, so that it was assumed to represent the cardiac field
artifacts. The following three components explained vari-
ances of 7.3%, 3.0%, and 1.4%, and differed more clearly

-'I|.|‘u’—|—

1 500 me

from the ECG activation pattern: They presumably re-
flected the processing of cardiac information. To select a
relevant time interval, it was essential to consider the
peak latencies of the three components not reflecting car-
diac artifacts. The second PCA component with an ex-
plained variance of 7.3% revealed an activation peak at
about 350 ms and the third component at 260 ms, whereas
no clear activation peak could be identified for the fourth
PCA component. We therefore chose a time interval of
250-450 ms to catch both the main activity of the second
and third PCA component, and to fit in a time interval
with a high goodness of fit. The selected time interval was
also in accordance with the HEP data analysis and with
former studies.

Figure 2.
HEP (uncorrected) contrasting
good and poor heartbeat per-
ceivers at 32 electrode positions.

58 ¢



¢ Sources of cardioafferent processing ¢

Afz

A4
B N
Fz

Fe3
i NN - FE"“"\ ;d;.- :‘Lﬂ e
.-—Lz:._n—. b Fcl| | ' ‘~L&'—
. i} 'JLI"W %vsum
cs c
| : f s
L > s e |
,‘,-t;——' o |C|:l1 : o2 &%‘m
o5 o3 ‘T@‘TZ—I—W - ‘qn o6
A Il TS SR
i _
- P | -

Figure 3.
HEP  (Hjorth-corrected)
trasting good and poor heartbeat
perceivers at 32 electrode posi-
tions.

con-

The subsequent PCA for the time interval of 250-450 ms
showed three components: Again, a first component reflect-
ing the ECG artifact (explained variance 93.0%) and a further
two components (explained variances 5.3% and 1.2%). Based
on the PCA, a model with six dipoles was developed and
fitted in the time interval of 250—-450 ms using the iterative,
least-square algorithm implemented in the BESA software.
This “cardiac model” explained 96% of the total variance in
the whole HEP interval and 97% in the time interval of
250-450 ms; the location of the six dipoles is depicted in
Figure 5. Table I shows the Talairach coordinates and the

-

good HP 05V T

poor HP 0ms

05 V-

orientation and anatomical correlation of the six dipoles
modeling the HEP.

Sources 1 to 2 were located beyond cortical and subcorti-
cal structures. They were characterized by an almost iden-
tical activation curve with an almost coincidental peak la-
tency of 253 and 258 ms (based on the grand average of 44
subjects), so we assumed them to represent the cardiac field
artifact. The remaining four sources (dipoles 3-6) were lo-
cated in the anterior cingulate (dipole 3), the medial frontal
gyrus (dipole 4), the insula (dipole 5), and the associative
parietal cortex (dipole 6).
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Figure 4.
Principal component analysis of the HEP (n = 44).

The model obtained with six dipoles was transferred to
the individual datasets. The two artifact sources were indi-
vidually fitted for the time interval of 250—450 ms, whereas
the four cortical dipoles were fixed in location and orienta-
tion. The dipole peak strength, the peak latencies, and the
goodness of fit were assessed for the four cortical dipoles in
each subject and submitted to repeated ANOVA measures

with the factor’s dipole location (dipoles 3-6) and heartbeat
perception group (good/poor heartbeat perceivers). Table II
shows the averages obtained, separated for both heartbeat
perception groups.

For dipole strength, a significant main effect of Heartbeat
Perception was observed (F(1,42) = 17.75, P < 0.01, n?
= 0.30, € = 0.98), indicating a higher activation in good
heartbeat perceivers (13.54 nAm) compared to poor heart-
beat perceivers (8.15 nAm).

The factor of Dipole Location was also significant (F(3,126)
= 2249, P < 0.01, n*> = 0.35, € = 1.00), with the highest
dipole strength being observed for the anterior cingulate
(15.28 nAm), followed by the medial frontal gyrus (11.84
nAm) and the insula (9.10 nAm). The lowest activation score
was found for the dipole in the somatosensory cortex (7.16
nAm; post-hoc tests, P < 0.05).

A significant interaction effect between Heartbeat Percep-
tion and Dipole Location (F(3,126) = 4.06, P < 0.01, n?
= 0.09, e = 0.76) was observed. Post-hoc ANOVAs showed
that good heartbeat perceivers yielded significantly higher
dipole strengths for all four cortical dipoles, with most pro-
nounced differences for the dipoles lying in the anterior
cingulate and the insula (P < 0.05).

Concerning the peak latencies, only the factor of Dipole
Location was significant (F(3,126) = 202.23, P < 0.001, m*
= 0.83, € = 1.00). Post-hoc tests showed that the latencies of
the sources in the medial frontal gyrus and the anterior
cingulate were significantly shorter than those of the so-
matosensory cortex and the insula (P < 0.05).

Figure 5.
Model of cardiac signal transfor-
mation with six dipoles (n = 44).
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TABLE I. HEP dipoles with coordinates, orientation, anatomical correlate, peak latency and peak dipole strength
based on the grand average (n = 44)

Talairach coordinates Dipole orientation

Anatomical Peak latency Peak dipole

Dipole Xy, 2) X, y, 2) correlate (BA) (ms) strength (nAm)
1 0.8, —59.7, —61.7 -0.7, -0.1, —0.7 Extracortical 258 23.66
2 —6.7, =63, —62.1 0.1, -0.1, —0.2 Extracortical 253 11.70
3 2.2,288,7.4 0, —0.6,0.8 Anterior cingulate (BA 24) 284 10.50
4 4,-16.5,52.0 -0.2,0.9, -04 Medical frontal gyrus (BA 6) 270 8.83
5 —30.9, —42.5,38.5 -0.8,0.4, —0.5 Inferior parietal gyrus (BA 7/40) 354 2.84
6 39.4,-19.9, -3.1 0.4,-04,0.8 Insula (BA 13) 374 5.63

The mean GOF was 94.31% (SD 3.09) in the sample, with
a mean of 94.88% (SD 2.43) in the group of good heartbeat
perceivers and a mean of 93.74% (SD 3.60) for poor heartbeat
perceivers. This difference was not significant (F(1,42)
= 153, P = n.s.).

Correlation Analysis

Nonparametric Spearman Rho correlation analyses were
calculated between the heartbeat perception score and the
dipole strength of the four cortical dipoles. All observed
correlations were positive: The correlation coefficients for
the anterior cingulate (r = 0.34) and the insula (r = 0.33)
reached significance (P < 0.05).

DISCUSSION
HEP Amplitude

The heartbeat-evoked potential was observed as a broad
waveform, with a polarity depending on the latency and the
position of the electrodes. The observed distribution of the
HEP is in accordance with former results [Pollatos and
Schandry, 2004; Montoya et al.,, 1993; Riordan et al., 1990;
Schandry et al., 1986; Schandry and Montoya, 1996], show-
ing highest HEP amplitudes over frontal and frontocentral
electrode locations in the time range later than 200 ms after
R-wave onset.

Source Analysis

We identified sources of the HEP located in the anterior
cingulate, the right insula, the prefrontal cortex, and the left

secondary somatosensory cortex through the use of dipole-
source-analyses. These regions are highly congruent with
functional imaging data by Critchley et al. [2004] obtained
during subjects focusing their attention on their heartbeats:
They reported activation clusters in the anterior cingulate,
the insula, the inferior parietal gyrus, the somatomotor cor-
tex, and the inferior frontal gyrus. The observed sources of
the HEP are also congruent with sources obtained by distal
esophagus stimulation located in somatosensory cortices,
the insula, the anterior cingulated gyrus, and the dorsolat-
eral prefrontal gyrus [Aziz et al., 2000; Franssen et al., 1996].
Although the observed dipoles are located with high con-
gruence to these stated research data, one must keep in mind
that BESA does not offer the optimal tools for modeling the
heart. The incomplete modeling of the heart will lead to
some misallocation of the remaining cortical dipoles; thus,
the exact coordinates of the dipoles must be interpreted with
caution. Future research aiming at a more complete model-
ing of the heart would be of great interest because this
would provide a higher precision when performing the
subsequent source localization. The thus obtained dipoles
and their coordinates could be located with a higher preci-
sion and then compared to the activation coordinates as-
sessed by fMRI. Nevertheless, the present study points out
the general importance of the somatosensory cortices, the
insula, the anterior cingulated gyrus, and the dorsolateral
prefrontal gyrus for HEP.

In the present study, the highest dipole strength occurred
at the anterior cingulate, followed by the medial frontal
gyrus, the insula, and the somatosensory cortex. Concerning
the observed anatomical structures identified as generators

TABLE Il. The four cortical dipoles with coordinates, orientation, anatomical correlate, peak latency and peak
dipole based on the averages of good and poor heartbeat perceivers (n = 44)

Peak dipole strength (nAM)

Latency (ms)

Good HP Poor HP p Good HP Poor HP P
Anterior cingulate 19.99 (9.79) 10.56 (5.54) <0.01 285 (27.84) 295 (30.66) n.s.
Medial frontal cortex 13.86 (7.55) 9.82 (3.55) <0.05 270 (20.87) 269 (17.26) n.s.
Somatosensory cortex 8.39 (4.25) 5.93 (3.39) <0.05 359 (30.80) 362 (27.93) ns.
Insula 11.93 (7.22) 6.26 (3.50) <0.01 390 (35.21) 397 (25.05) n.s.

Values are expressed as mean (SD), unless otherwise indicated.
n.s., not significant.
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of HEP, the dipole in the anterior cingulate, the prefrontal
cortex, and the insula is in accordance with the results of
former studies [Critchley et al., 2000, 2001; Williamson et al.,
1999, 2002; King et al., 1999] demonstrating activation by
cardiovascular arousal.

We found the highest activation for the dipole in the
anterior cingulate that could reflect activity in that part of
area 24 subserving visceromotor control [Vogt et al., 1992]. It
is a fact of interest that the anterior cinguli (ACC) plays an
important role in the regulation of cognitive, emotional, and
visceral processes [Cameron, 2001, 2002; Devinsky et al.,
1995; Bennaroch, 1993; Allman et al., 2001]. The anterior
cingulate is thus a candidate for a possible link between
visceroception and emotion processing.

Interoceptive awareness also correlated with dipole
strength in the right insula. The insula integrates numerous
visceral and somatosensory afferent inputs and is another
essential structure for the processing of cardiovascular sig-
nals [Bennaroch, 1993; Cameron, 2001, 2002; Cechetto et al.,
1990, Augustine, 1996]. The role of insula as a “primary
viscerosensory cortex” [Bennaroch, 1993] is supported by
studies measuring electrical activity evoked by esophageal
balloon distention of visceral regions in humans and ob-
served electrical potential generators in the insular cortex
[Augustine, 1996; Aziz et al., 1995; Furlong et al.,, 1998,
Franssen et al., 1996; Hecht et al., 1999]. The right insula is
especially activated by cardiovascular arousal [Critchley et
al., 2000, 2001; Williamson et al., 1999, 2002; King et al., 1999]
and plays a major role for conscious perception of visceral
signals in the theoretical framework of Craig [2002].

Concerning the dipole located in the prefrontal cortex,
empirical data exists showing interconnections with all sen-
sorimotor systems and also a strong involvement in the
processing of cardiovascular signals [Cameron, 2002; Critch-
ley et al., 2000, 2001; Williamson et al., 1999, 2002; King et al.,
1999]. Besides, it plays a major role in the synthesis of
diverse information needed for complex behavior [Miller
and Cohen, 2001]. In the present studies, the prefrontal
dipole shows the second highest dipole strength, which
could reflect the importance of higher processing centers in
the analyzed time range.

An HEP dipole source was also located in the somatosen-
sory cortex. This source may reflect early stages of informa-
tion processing, as this area is considered to be significant
for providing visceral pain and temperature sensations
[Hendry, 1999; Craig, 2002]. The dipole observed in the
secondary somatosensory cortex could represent early sen-
sory information processing related to the processing of
cardiac signals. This assumption is confirmed by studies
using esophageal stimulations: Schnitzler et al. [1999] could
show that nonpainful, electrical stimulation of visceral affer-
ents in the distal esophagus activated the S2, while the
somatosensory stimulation was associated with the activa-
tion of S1 and S2 as well. Following this result, the authors
postulated that S1 is primarily involved in discriminative
aspects of somatosensory information processing, while vis-
ceral afferents from the distal esophagus are mainly pro-

jected to S2, the activity of which represents the process of
visceral sensation. Similar results were reported by other
authors [Aziz et al.,, 1995, 2000; Furlong et al., 1998], who
also identified sources located in somatosensory areas of the
cortex as demonstrating a reaction to esophageal stimula-
tion.

Concerning the peak latencies, the frontal sources in the
anterior cingulate and in the medial frontal gyrus were
activated earlier than both insula and somatosensory corti-
ces. This observation is in congruence with data by Franssen
et al. [1996] using esophageally evoked potentials, which
described a shorter latency for the source in the anterior
cingulate (about 280 ms) as compared to bilateral sources in
the insula (about 320 ms). Concerning the HEP and taking
into account that heartbeats cause a stimulation curve rather
than a clear, sharply distinguishable stimulus onset, one
would expect that early components of the evoked potential
(e.g., N100) are less prominent than later ones. Besides, the
chosen evaluation time range of 250—-450 ms probably cap-
tures later occurring HEP components, and thus modeled
source activation does not reflect primary sensory activa-
tion, but activity components occurring later in the evoked
response. For this reason, activity in the frontal dipoles
(peaking at about 280 ms) could precede that observed in the
somatosensory and insula dipoles (peaking at about 350 ms).

HEP Amplitude, Source Modeling, and
Interoceptive Awareness

Good heartbeat perceivers revealed significantly higher
HEP amplitudes in the observed latency range, with the
most pronounced differences over frontal and central elec-
trode locations. This result confirms former EEG studies
using fewer than 64-channels [for example, Pollatos and
Schandry, 2004] and points out the importance of frontal
sources attributing to the HEP. When we modeled the HEP,
the dipole strength in all four cortical sources was signifi-
cantly higher for the group of good heartbeat perceivers.
This was most pronounced for the dipoles in the anterior
cingulate and the right insula, whose dipole strength also
correlated positively with the heartbeat perception score.
This result confirms the data of Critchley et al. [2004], who
demonstrated activation in the anterior cingulate and the
insula when subjects focused on their heartbeats. Another
congruent observation is that Critchley et al. [2004] reported
a significantly positive correlation between interoceptive
ability and the BOLD response in the right insula. Compar-
ing the activation in the right insula found by Critchley et al.
[2004] with the exact coordinates of the observed dipole in
the right insula, in the present study a more posterior part of
the insula was activated. As the source localization method
in general does not provide the anatomical precision
reached by fMRI, and keeping in mind that due to the
incomplete modeling of the heart some misallocation of the
remaining dipoles is to be expected, the different methods
used in both studies probably account for the observed
deviance in the activation of the right insula. Thus, the right
insula and anterior cingulate seem to be related to the ability
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of cardiac perception to the highest degree. As cited
above, the work of Craig [2002] suggests that activity of
the right insula reflects the conscious perception of vis-
ceral signals. We propose that in addition to the right in-
sula, parts of the anterior cingulate are also important mod-
ules in the network subserving interoception and cardiac
awareness.
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