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Although cardiac sensation, such as palpitation or chest pain, is common and is sometimes a malignant 
sign of heart diseases, the mechanism by which the human brain responds to afferent signals from the 
heart remains unclear.  In this study, we investigated whether electrical stimulation of the heart provokes 
brain responses in humans.  We examined 15 patients (age: 65.4 ± 3.1 years old, 11 males and 4 females) 
implanted with either a cardiac pacemaker or cardiac resynchronization therapy (CRT) device.   
Electroencephalogram (EEG) was simultaneously recorded from the vertex during right ventricular pacing 
at 70-100 beats/min at baseline (1.5 V) and intense (6-8 V) stimulation sessions.  We evaluated brain 
responses to cardiac electrical stimulation by measuring cerebral potentials that were obtained by 
subtracting the average of 100 EEG waves triggered by cardiac pacing during baseline stimulation from 
those during the intense stimulation.  Intense stimulation of the cardiac pacemaker or CRT device  
reproducibly induced cardiac sensation in 6 out of the 15 patients; namely, the remaining 9 patients showed 
no reproducible response.  Brain responses were evident by averaging cerebral potentials from all of the 15 
patients and those from 6 patients with reproducible cardiac sensation.  To the best our knowledge, this is 
the first report that demonstrates the brain responses to cardiac electrical stimulation in humans.  This new 
method should be useful for examining pathophysiology of cardiac diseases with pathological cardiac 
sensation, including cardiac anxiety and silent myocardial ischemia.
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Cardiac sensation such as palpitation or chest pain is 
one of the most frequent complaints among patients and 
sometimes a sign of heart diseases.  However, it remains 
unclear how cardiac sensation is felt.  Indeed, sensitivity to 
cardiac sensation varies among individuals.  In general, 
females and patients with psychiatric disorders are more 
prone to palpitation and/or chest pain without organic heart 
disease (cardiac anxiety) (Serlie et al. 1995; Barsky et al. 
1996; Ehlers et al. 2000; Barsky 2001).  In contrast, 
arrhythmias are often asymptomatic (Barsky 2001), and 
painless cardiac ischemic events (silent myocardial isch-
emia), which are associated with poor prognosis (Canto et 
al. 2000; Gutterman 2009), are common.  Therefore, it is 
clinically important to elucidate the mechanisms of cardiac 
sensation in order to improve the quality of life of patients 
with complaining of cardiac sensation, as well as to 
improve the prognosis of cardiovascular disease.

Analysis of cerebral evoked potentials (CEPs), 
obtained by averaging electroencephalogram (EEG) waves 

triggered by specific events or stimuli, is a standard method 
to examine brain processing of sensory neuronal activity.  
Electrical stimulation induces CEPs as well as sensation via 
activation of somatosensory (Dawson 1947; Lesser et al. 
1979) and visceral afferent nerves in various organs, includ-
ing the esophagus (Frieling et al. 1989a; Hollerbach et al. 
1997a, 1997b, 2000; Kanazawa et al. 2000, 2001; 
Dimcevski et al. 2007), stomach (Dimcevski et al. 2007), 
duodenum (Dimcevski et al. 2007), rectum (Frieling et al. 
1989b; Sinhamahapatra et al. 2001; Watanabe et al. 2007), 
and bladder (Sarica et al. 1986).  We have previously dem-
onstrated that stimulation of the rectum induces brain acti-
vation by using CEPs (Watanabe et al. 2007) and brain pos-
itron emission tomography (PET) (Suzuki et al. 2009).  
However, it remains unclear whether CEPs are induced by 
direct stimulation of the heart.

Cardiac pacemaker and cardiac resynchronization 
therapy (CRT) device are widely used to treat patients with 
bradyarrhythmia and heart failure with cardiac dyssyn-
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chrony, respectively, both of which cause electrical stimula-
tion of the heart and thus could potentially induce CEPs.  
However, there are 3 problems in examining CEPs associ-
ated with examining electrical stimulation by a cardiac pac-
ing device.  First, from clinical and ethical points of view, it 
is difficult to stop a cardiac device already in use.  Second, 
since electrical stimulation synchronously contracts the 
heart, it could also activate afferent receptors outside the 
heart, such as the great vessel baroreceptors and somatosen-
sory receptors of the chest.  Third, the results of heart cycle-
related EEG averaging are substantially contaminated by 
the cardiac electrical field (Dirlish et al. 1997, 1998; 
Pollatos and Schandry 2004; Pollatos et al. 2005) (Fig. 1).  
Despite these problems, cerebral responses to stimulation of 
the heart with continuous cardiac pacing can be assessed by 
increasing the stimulation intensity, which augments CEP 
amplitudes (Lesser et al. 1979; Hollerbach et al. 1997a).

In this study, we aimed to develop a new method for 
examining brain activation in response to cardiac electrical 
stimulation by increasing the stimulation intensity of car-
diac pacemaker or CRT device.

Materials and Methods
Patients

We recorded EEGs from 15 patients (age: 65.4 ± 3.1 years old; 
11 males, 4 females) with cardiac pacemakers (n = 13) or CRT 
devices (n = 2) (Medtronic Inc. in 11 and Lifeline Inc. in 4) (Table 1).  
All patients provided their written informed consents for their partici-
pation.  This study was approved by the Ethics Committee of Tohoku 
University School of Medicine (#2006-67).

Study protocol (Fig. 2)
All studies were performed during patient hospitalization (4.6 ± 

0.6 days after the device implantation).  For all patients, the device 
setting was changed before examination to baseline stimulation in 
VVI mode (Inter-Society Commission for Heart Disease Resource) 
with an intensity of 1.5 V at 70-100 (80.0 ± 2.6) beats/min to main-
tain right ventricular (RV) pacing throughout the study.  Examination 
was conducted with the patient in the spine position in the EEG room 
of our hospital.  EEGs and ECGs were recorded for 2 min during the 
baseline stimulation (1.5 V) and during the intense stimulation (6-8 V) 
session, which occurred 30 min after stabilization of the baseline 
stimulation.  Once EEG and ECG recordings of the intense stimula-
tion had been performed, the stimulation intensity was returned to 
that of the baseline stimulation.  EEGs and ECGs were re-recorded 
during a 2nd session with the baseline and intense stimulation sepa-
rated with a 10-min interval.  All the participants were asked about 
any chest symptoms that occurred during the sessions by the same 
investigator after each EEG and ECG recording session.  After com-
pletion of the study, the device settings were returned to their original 
state.

EEG and ECG recordings
An EEG electrode was placed on the vertex (Cz, international 

10-20 system) and ECG electrodes were placed on the midline of the 
right clavicle and the midline of the left 6th intercostal space.  An 
electrode was also placed on the tip of the nose.  EEGs and ECGs 
were recorded with a digital EEG recorder (EEG-1714 Neurofax, 

Nihon Kohden, Tokyo, Japan) and were digitized at a sampling rate 
of 1,000 Hz.  EEGs and ECGs were band-pass-filtered at 0.01-100 Hz 
and 0.01-500 Hz, respectively.  All activity was referenced to elec-
trodes of the both ear lobes and grounded with an electrode on the 
forehead.  An electro-oculogram was also recorded with 2 electrodes 
placed lateral to the outer canthus of each eye.  Electrode resistance 
was maintained below 5 kΩ.  Recorded EEGs and ECGs were divided 
into each epochs lasting 600 ms each defined as an interval between 
100 ms before and 500 ms after each ECG spike of pacemaker stimu-
lation that served as a trigger (Vital Tracer, Kissei Comtec, Nagano, 
Japan).  All epochs with an electro-oculogram activity above 50 μV 
were excluded.  One hundred epochs from the beginning of record-
ings were averaged using EP Lyzer II-A, Kissei Comtec.  Epochs 
recorded after the 101 were abandoned.  Cerebral responses to cardiac 
electrical stimulation were obtained by subtracting the average of 100 
waves recorded during the baseline stimulation (1.5 V) from those 
during the intense stimulation (6-8 V) (Fig. 1).

Cardiac pacemaker and CRT device
Electrical stimulation of 0.35-0.50 (0.45 ± 0.02) ms duration 

was provided by a bipolar electrode that was attached to the right 
ventricle (RV).  Pacing threshold and resistance of the RV were 0.45 
± 0.02 V and 1001 ± 90 Ω, respectively.

Statistical analysis
All results were analyzed by the Student’s t-test or Fisher’s 

exact test and are expressed as mean ± SEM.  A value of P < 0.05 was 
considered to be statistically significant.

Results
Cardiac sensation induced by cardiac electrical stimulation

Cardiac electrical stimulation repeatedly induced car-
diac sensation in 6 of the 15 patients.  In the remaining 9 
patients, 3 subjects showed inconsistent sensation and 6 did 
not feel any sensation (Table 2).  All patients reported the 
sensation as tolerable and painless.  Although the number 
of patients was small (n = 15), patients with reproducible 
cardiac sensation tended to be younger than those without it 
(59.8 ± 5.6 vs. 71.5 ± 1.8 years, P = 0.076) and all 4 female 
and only 2 of the 11 male subjects had cardiac sensation 
(Tables 1 and 2).

CEPs induced by cardiac electrical stimulation
The averaged 100 epochs were contaminated with car-

diac electrical field at Cz and at the tip of the nose during 
both the baseline and intense stimulation sessions (Fig. 1).  
Since the shapes of the cardiac electrical fields were similar 
in the baseline and intense stimulation, pure EEG compo-
nents associated with cardiac electrical stimulation were 
obtained by subtracting the average of 100 epochs recorded 
during the baseline stimulation from those recorded during 
the intense stimulation (Fig. 2).  CEPs were reproducibly 
noted at Cz in the averaged waves of all 15 patients (the 
first negative peak (N1), 65/64 msec; the first positive peak 
(P1), 127/141 msec; the second negative peak (N2), 
166/213 msec; the peak-to-trough amplitude of the N1 and 
P1 waves (N1/P1), 1.67/1.19 μV and the peak-to-trough 
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amplitude of the P1 and N2 waves (P1/N2), 1.45/0.99 μV 
expressed as the results of the 1st and 2nd session (Fig. 3).  
The shape of the CEPs was more evident in the averaged 

waves of the 6 patients who repeatedly felt cardiac sensa-
tion (N1, 66/114 msec; P1, 126/169 msec; N2, 183/186 
msec; N1/P1, 2.98/1.77 μV and P1/N2, 2.49/1.84 μV 

Fig. 1.  Measurement of CEPs in response to cardiac electrical stimulation.
 EEG and ECG recordings of a patient (No.8) during the 1st session.  Electrical waves at the vertex (Cz) contain both 

EEG and ECG components, while those at the nose and chest contain only ECG components.  Since the ECG compo-
nents were not significantly different between the baseline and intense stimulation sessions, pure EEG components 
(CEPs) at Cz were obtained by subtracting averaged waves recorded during the baseline stimulation from those record-
ed during the intense stimulation.  CEPs, cerebral evoked potentials; ECG, electrocardiogram; EEG, electroencephalo-
gram.

Table 1.  Patient characteristics.

Diagnosis Pacemaker Age Sex SBP DBP HR DM HF NYHA History

No. 1 SSS VVI 74 Male 104 65 60 + + 2 chronic Af
No. 2 AVB DDD 66 Female 140 60 61 − − 1 no history
No. 3 AVB DDD 62 Female 104 69 72 + − 1 sarcoidosis
No. 4 AVB VVI 70 Male 120 60 50 − + 2 chronic Af
No. 5 SSS DDD 79 Male 113 71 70 − − 2 aortic stenosis, paroxysmal Af
No. 6 AVB DDD 56 Male 99 58 62 + − 1 dilated cardiomyopathy
No. 7 AVB DDD 66 Male 120 60 60 − − 1 no history
No. 8 SSS DDD 37 Male 129 72 55 − − 1 sarcoidosis
No. 9 SSS DDD 70 Male 165 88 60 − − 1 abdominal aortic aneurythm, paroxysmal Af
No. 10 SSS DDD 70 Male 103 65 60 − − 1 no history
No. 11 AVB DDD 59 Female 134 87 53 − − 1 no history
No. 12 AVB CRT 79 Female 85 38 72 − + 2 dilated cardiomyopathy
No. 13 SSS DDD 77 Male 122 68 52 − − 1 no history
No. 14 CLBBB CRT 71 Male 114 77 93 + + 1 myocardial infarction, chronic Af
No. 15 SSS DDD 45 Male 125 77 60 − + 2 aortic & mitral valve replacement, chronic Af 

History of DM and HF expressed as with (+) or without (−).
VVI and DDD are quoted from the Inter-Society Commission for Heart Disease Resource.  Af, atrial fibrillation; AVB, advanced 

ventricular block; CLBBB, complete left bundle branch block; CRT, cardiac resynchronized therapy; DBP, diastolic blood pressure; HR, 
heart rate; SBP, systolic blood pressure; SSS, sick sinus syndrome; DM, diabetes mellitus; HF, heart failure.
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expressed as the results of the 1st and 2nd session) compared 
with the 6 patients with no reported session (Fig. 3).

Discussion
In this study, we were able to document CEPs in 

response to cardiac electrical stimulation by increasing in 
the stimulation intensity of a cardiac pacemaker or CRT 
device.  To the best of our knowledge, this is the first dem-
onstration of CEPs in response to cardiac stimulation.  This 

new method could be useful for examining the interactions 
between the heart and brain mediated by cardiac afferent 
nerves.

Validation of the present methods
Cardiac electrical stimulation can activate not only 

cardiac afferent nerves but also cardiac contraction and 
humoral secretion (e.g., brain natriuretic peptide).  In this 
study, the stimulation site was localized at the tip of the 

Table 2.  Cardiac sensation in response to cardiac electrical stimulation.

Patient 1st time 2nd time

No. 1 − −
No. 2 anything uncomfortable in the chest a little uncomfortable
No. 3 itching at the apex beating on the stomach
No. 4 − −
No. 5 − −
No. 6 beating lightly on the chest beating vessels of the whole body
No. 7 − −
No. 8 heartbeats did not match the heart palpitation became relieved
No. 9 − −
No. 10 − −
No. 11 palpitation became stronger palpitation became weaker after returning to baseline stimulation
No. 12 palpitation seemed to be stronger palpitation became stronger
No. 13 seemed to itch at the apex −
No. 14 felt uncomfortable on the heart −
No. 15 − palpitation became stronger

Cardiac electrical stimulation repeatedly induced cardiac sensation in 6 patients (Nos. 2, 3, 6, 8, 11, and 12), while other 6 patients 
(Nos. 1, 4, 5, 7, 9, and 10) had no sensation.  Three patients (Nos. 13, 14 and 15) did not show consistent cardiac sensation.  “−” repre-
sents no sensation.

Fig. 2.  Study protocol.
 The device setting for baseline stimulation was right ventricular pacing of VVI (Inter-Society Commission for Heart 

Disease Resource) with an intensity of 1.5 V at 70-100 beats/min.  ECG, electrocardiogram; EEG, Electroencephalogram.
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bipolar electrodes and no obvious change in the cardiac 
electrical field was noted between the baseline and intense 
stimulation sessions, indicating that the increase in cardiac 
electrical stimulation intensity caused no significant hemo-
dynamic changes.  Cardiac hormones or cytokines may not 
induce CEPs within a few minutes of cardiac stimulation, 
although brain natriuretic peptide could inhibit inflamma-
tory pain via nociceptive sensory neurons (Zhang et al. 
2010).  Thus, CEPs obtained in this study are considered to 
specifically reflect brain activation mediated by cardiac 
afferent nerves.

Implications of CEPs with cardiac stimulation
In this study, the latency of CEPs in response to car-

diac stimulation (N1, 64-114 msec; P1, 126-169 msec and 
N2, 166-213 msec) was comparable with that of CEPs in 
response to esophageal stimulation (N1, 65-121 msec; P1, 
89-194 msec and N2, 128-253 msec) (Frieling et al. 1989a; 
Hollerbach et al. 1997a, 1997b, 2000; Kanazawa et al. 2000; 
Dimcevski et al. 2007), which reflect the similar distance 
between the brain, heart and esophagus.  Moreover, similar 
brain areas may be involved in the sensation of both the 
heart and esophagus.  Patients without organic heart disease 
occasionally feel angina-like chest pain (non-cardiac chest 
pain, NCCP) and half of them are subsequently found to 
have gastrointestinal reflux disease (Bautista et al. 2004).  
Chest pain induced by gastrointestinal reflux or acid infu-
sion of the esophagus is indistinguishable from angina in 

patients with symptomatic coronary artery disease (Mellow 
et al. 1983; Singh et al. 1992).  Indeed, a feeling of painless 
cardiac sensation is mediated by the insula and somatosen-
sory cortex (Critchley et al. 2004; Khalsa et al. 2009), both 
of which are also activated during esophageal stimulation 
(Aziz et al. 1997, 2000; Kobayashi et al. 2010).  Thus, it is 
highly possible that CEPs in response to esophageal and 
cardiac stimulation share the same afferent neuronal path-
way to the brain.

CEPs associated with cardiac sensation were first 
examined as heartbeat evoked potentials (HEPs) which are 
CEPs triggered by an R wave of the ECG and show a posi-
tive potential shift of about 250-600 ms after the R wave 
(Jones et al. 1986; Schandry et al. 1986; Montaya et al. 
1993; Dirlish et al. 1997, 1998; Pollatos and Schandry 
2004; Pollatos et al. 2005; Gray et al. 2007).  HEPs are 
associated with cardiac sensation as evidenced by the fact 
that HEP amplitudes are greater in subjects with good 
heartbeat perception compared with those without it 
(Pollatos and Schandry 2004; Pollatos et al. 2005).  There 
may be 2 differences between HEPs and CEPs in this study.  
First, HEPs lack stimulation selectivity to the heart, because 
heart contractions followed by R waves activate not only 
cardiac sensory receptors (Sleight and Widdicombe 1965; 
Malliani et al. 1973) but also the great vessel baroreceptors 
(Bronk and Stella 1932; Bloor 1964; Coleridge et al. 1973) 
and the somatosensory nerves of the chest (Khalsa et al. 
2009).  Cardiac sensation originates from the heart as well 

Fig. 3.  Cerebral evoked potentials (CEPs) in response to cardiac electrical stimulation.
 Electrical waves averaged from all patients (n = 15, left), patients with reproducible cardiac sensation (n = 6, center) and 

patients without it (n =6, right) at the vertex (Cz) and the nose.  Patients with inconsistent sensation between the 1st and 
2nd sessions were excluded (n = 3).  CEPs were only noted at the Cz were averaged from all patients as well as from 
those with cardiac sensation.  The peaks of the cerebral responses were designated as the first negative wave (N1), the 
first positive wave (P1) and the second negative wave (N2).  The “0 msec” indicates the stimulus point.
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as from other organs/tissues (Barsky et al. 1998; Kobayashi 
et al. 2010).  Indeed, one-third of patients with cardiac 
transplants can perceive their heartbeat correctly (Barsky et 
al. 1998).  Somatosensory receptors of the chest wall are 
also involved in heartbeat perception (Khalsa et al. 2009).  
Neurons of the great vessel baroreceptors in the aortic arch 
and carotid and pulmonary arteries as well as cardiac recep-
tors are activated in a synchronized manner with heartbeat 
(Bronk and Stella 1932; Bloor 1964; Sleight and 
Widdicombe 1965; Coleridge et al. 1973; Malliani et al. 
1973) and thus could potentially be associated with heart-
beat perception.  To understand the mechanism of cardiac 
sensation, it is important to distinguish between cardiac 
sensation originating from the heart and that originating 
from the other organs.  Second, the positive potential shift 
of 250-600 msec in HEPs is slower than the latency of the 
CEPs with cardiac electrical stimulation.  Neuronal activa-
tion of cardiac receptors and great vessel baroreceptors is 
followed by R waves with a time delay (Bronk and Stella 
1932; Bloor 1964; Sleight and Widdicombe 1965; Coleridge 
et al. 1973; Malliani et al. 1973).  The delay in HEP latency 
compared with that observed in this study, can be explained 
by the time gap between ECG R waves and heart cycle-
related neuronal activation that involves cardiac receptors, 
great vessel baroreceptors, and chest sensory receptors.  
Thus, CEPs with cardiac electrical stimulation may be more 
selective to cardiac afferent neuronal activity than HEPs.

Study limitations
There are several limitations to this study.  First, we 

only enrolled patients with an implanted cardiac device.  
There is an upper limit of stimulation intensity in cardiac 
devices (6-8 V in the pacemakers used in this study).  
Patients complained of pain in the chest or at the site of 
pacing at 15-25 mA (Schwedel and Escher 1964).  
Stimulation of greater intensity could induce cardiac feeling 
and clear triphasic waves in the patients without cardiac 
sensation.  Electrical stimulation of the heart can potentially 
be applied to all subjects who can tolerate it using a tempo-
rary pacing catheter with greater stimulation intensity than 
a cardiac device.  Thus, the method in the present study 
should be examined using a temporary pacing catheter.  
Second, in this study, we only examined cerebral responses 
to RV stimulation.  Patients with anterior or inferior myo-
cardial infarction often present different clinical manifesta-
tions (Kapa and Somers 2008).  Indeed, neuronal innerva-
tion is different among the RV, left ventricles (LV), and 
both atria (Marron et al. 1994).  Thus, cerebral responses 
evoked by atrial and LV stimulation remain to be examined.  
Third, the increase in pacing stimulation intensity is only 
one of the many stimuli of the heart, and the effects of other 
many stimuli (such as ischemia, changes in contraction, and 
heart rate) remain to be examined in future studies.  Fourth, 
it has been questioned whether verbal reporting of sensation 
during visceral stimulation is a reliable and unbiased 
method for the assessment of visceral sensitivity in man 

(Van Oudenhove et al. 2008).  In addition, in the present 
study, all female patients showed reproducible cardiac sen-
sation, suggesting the involvement of psychological factors.  
Thus, objective markers of visceral sensitivity, such as 
nociceptive flexion reflex (Sabaté et al. 2008; Van 
Oudenhove et al. 2008), should be examined in future stud-
ies.

Possible application of CEPs in response to cardiac electri-
cal stimulation

The CEPs in the present study can be useful for exam-
ining cardiac diseases with pathological cardiac sensation 
such as cardiac anxiety and/or silent myocardial ischemia.  
Indeed, CEPs in response to gastrointesitinal stimulation 
have already been used to examine the pathophysiology of 
functional gastrointestinal disorders (Hollerbach et al. 2000; 
Kanazawa et al. 2000, 2011; Sinhamahapatra et al. 2001).  
Cerebral responses in association with visceral sensation 
are pathologically altered in functional gastrointestinal dis-
orders such as irritable bowel syndrome (IBS), functional 
dyspepsia and NCCP (Hollerbach et al. 2000; Kanazawa et 
al. 2000, 2011; Mertz et al. 2000; Sinhamahapatra et al. 
2001; Van Oudenhove et al. 2007, 2008; Watanabe S et al. 
2007; Tillisch et al. 2011).  They are considered to play an 
important pathogenic role in functional gastrointestinal dis-
orders (Van Oudenhove et al. 2007).  We have previously 
developed a method for examining CEPs and brain PET 
during rectal stimulation (Watanabe S et al. 2007; Suzuki et 
al. 2009) and have suggested that the patients with IBS 
showed aberrant cerebral responses during rectal stimula-
tion as compared with healthy subjects (Kanazawa et al. 
2011).  Our finding has been supported by other studies 
(Silverman et al. 1997; Mertz et al. 2000; Sinhamahapatra 
et al. 2001; Tillisch et al. 2011).

Since many patients without organic heart disease also 
complain of cardiac symptoms (Serlie et al. 1995; Barsky et 
al. 1996; Ehlers et al. 2000; Barsky 2001), there may be 
some similarities in aberrant cerebral responses between 
functional cardiac and gastrointestinal disorders.  
Furthermore, cerebral responses have been shown to be dif-
ferent between patients with angina and those with silent 
myocardial ischemia during systemic dobutamine infusion 
(Rosen et al. 1996), although silent myocardial ischemia 
may be associated with both functional and organic abnor-
malities (Canto et al. 2000; Gutterman 2009).  Therefore, 
CEPs in response to selective electrical stimulation of the 
heart could be useful for examining the pathophysiology of 
cardiac anxiety and/or silent myocardial ischemia.

In conclusion, we were able to develop a new method 
of recording CEPs in response to cardiac electrical stimula-
tion, which could be useful for examining cardiac sensation 
in health and disease.
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