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Oesophageal sensation assessed by electrical
stimuli and brain evoked potentials - a new model
for visceral nociception

O Fr0bert, L Arendt-Nielsen, P Bak, P Funch-Jensen, J P Bagger

Abstract
Sensory thresholds and brain evoked
potentials were determined in 12 healthy
volunteers using electrical stimulation of
the oesophagus 28 and 38 cm from the
nares. The peaks of the evoked potentials
were designated N for negative deflections
and P for positive. Continuous electrical
stimulation (40 Hz) at the 38 cm position
resembled heartburn (five of 12 subjects)
while non-specific ('electrical') sensations
were provoked at 28 cm (10 of 12).
Thresholds of sensation and of pain were
lower at the initial than the second deter-
mination, but did not differ with respect
to stimulation site. The pain summation
threshold to repeated stimuli (2 Hz, 5
stimuli) was determined for the first time
in a viscus. This threshold was lower than
the pain threshold to single stimuli at 38
cm (p<0.02). Evoked potential latencies
did not change significantly over a six
month period while the N1/P2 amplitude
was higher at the first measurement
(p<005). P1 and Ni latencies were signifi-
cantly shorter 38 cm (medians 100 and 141
ms) than 28 cm from the nares (102 and
148 ms) (p=0.04 and p=0.008). Electrical
stimulation of the oesophagus may serve
as a human experimental model for
visceral pain. Longer evoked potential
latencies from the proximal compared
with distal stimulations provide new
information about the sensory pathways
ofthe oesophagus.
(Gut 1995; 37: 603-609)
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Several chronic pain syndromes may originate
from visceral organs: the female reproductive
tract in chronic pelvic pain; the colon in the
irritable bowel syndrome; the heart in angina
pectoris; the oesophagus in angina-like chest
pain. Human visceral experimental pain
models are few, however, compared with the
number of models developed to study
somatosensory pain.

Pain from the oesophagus has been
provoked in chest pain patients and healthy
persons by means of balloon distensionl-6 and
by electrical stimulation.7 In patients with
chest pain several intravenously administered
smooth muscle spasmogenics, for example,
bethnechol,8 ergonovine,9 and edrophonium

chloride'0 as well as direct installation of acid"
have been used to reproduce chest pain of
presumed oesophageal origin. Recent studies
question whether provocative tests only elicit
pain from the oesophagus or also affect the
heart.'2-15 Electrophysiological and psycho-
physical studies of sensations evoked from the
human oesophagus represent new investiga-
tional methods. Both balloon distension'6-'8
and electrical stimulation7 19 20 have been
shown to evoke brain potentials.
The mechanisms of perception related to the

oesophagus need further assessment to under-
stand the pathophysiology of oesophageal pain
syndromes. The aim of this study was to inves-
tigate electrical oesophageal mucosal stimula-
tion with respect to qualitative (sensations)
and quantitative (brain evoked potentials)
responses, regional differences, and repro-
ducibility in healthy volunteers.

Methods

Subjects
Twelve healthy volunteers (six females and six
males, median age 41 range 27 to 57 years)
participated in the study. None of the subjects
had a history of neurological, gastrointestinal,
endocrinological, or cardiological diseases.
None of the subjects were taking drugs at the
time of the study.

Electrical stimulation
Oesophageal stimuli were delivered through a
specially designed bipolar electrode (Fig 1).
The two poles of 04 mm diameter made of
platinum were situated 10 mm apart. Through
a port hole between the poles the electrode was
sucked to the mucosa with a syringe, mounted
on the exterior end of the electrode catheter, to
ensure contact. Two identical oesophageal
electrodes with impedances of 2 kohm
(measured at 1 kHz with the electrode in
isotonic saline) were used. The electrode was
passed transnasally and positioned in the
oesophagus. Two positions were investigated:
28 and 38 cm from the nares. From pre-
viously performed oesophageal manometric
studies these distances were known to
be above the proximal border of the lower
oesophageal sphincter in all subjects.

Oesophageal electrical stimuli were delivered
as short trains of square wave pulses, 5 per
train and each pulse of 1 ms duration, 4 ms
apart from a computer controlled constant
current stimulator. Firstly, the current was
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Figure 1: Bipolar electrode usedfor electrical stimulation in the oesophagus. The complete
electrode is shown and a close up view of the tip. The two poles of04 mm diameter are

situated 10 mm from each other. Through a port hole between the poles the electrode is
sucked to the mucosa with a syringe to ensure contact.

increased from zero in steps of 0. 1 mA until the
person perceived the stimulus (threshold of
sensation). Secondly, the threshold reported as

painful was determined (pain threshold) with-
out respect to the modality of the pain
perceived. Thirdly, we determined the 'pain
threshold of summation' by applying 5 trains
(each of 5 stimuli, 0.5 s between pulses with
the same characteristics as above) during step-
wise increments of 0.1 mA until the subjects
felt that the repeated stimuli became increas-
ingly painful through the series. All thresholds
were measured twice at both positions. The
level of oesophageal stimulation was ran-

domised but the order of threshold determina-
tion was (a) perception, (b) pain, and (c)
summation. An interval of at least three
minutes separated threshold determinations.
At the end of the stimulation series a con-

tinuous 40 Hz (1 ms duration of each pulse)
stimulation was applied firstly at the 28
and secondly at the 38 cm position and the
stimulus intensity was slowly increased until
the subject asked for the procedure to stop
because of discomfort. The subjects were

asked to describe the sensations after single
and continuous stimulation, without prompt-
ing from the investigators.

Evoked potentials. Experiment 1
Evoked vertex potentials were assessed by
stimulating the oesophageal mucosa 28 and 38
cms from the nares at an amperage 1.3 times
the previously determined pain threshold.
The order of oesophageal positions was
randomised between subjects. A 16 stimuli
series was delivered at each level. The evoked
potentials were recorded with a platinum
needle electrode (Disa 25C04, Copenhagen,
Denmark) inserted over the vertex (position
Cz according to the international 10-20
system21) with reference to linked earlobes.
The electroencephalogram was filtered by a
second order filter (0.5-12 Hz), ampli-
fied (Disa Amplifier 5C01, Copenhagen,
Denmark), and sampled by a computer at 64
Hz. Brain potentials with latencies between
100 and 300 ms are referred to as vertex poten-
tials as they have the largest amplitude over the
vertex.22 The average of 16 stimuli is sufficient
to obtain an acceptable signal to noise ratio.23
A test stimulus before each series was used to
minimise variability of the evoked potentials.24
The mean interval between stimuli was 10

seconds (range 8-12). About two seconds
before each stimulus the subject received an
auditory warning stimulus as this stimulus
paradigm gives the smallest variability of the
vertex potential.25 The auditory stimulus itself
generates a vertex potential with a negative peak
(N1) latency of approximately 150 ms and lasts
about 400 ms and does not directly affect the
following electrically evoked potentials.25 The
subjects kept their eyes open, and eye move-
ments that could contaminate the evoked poten-
tial were monitored continuously. The peaks of
the evoked potential signal are designated N for
negative deflections and P for positive. Numbers
1, 2, 3, and so on are given to the peaks in order
of appearance after the stimulus. The P1, Ni,
and P2 peaks were determined independently
by two observers who were blinded to the proce-
dure. The peak to peak amplitudes (P1/NI and
N1/P2) in microvolts and latencies of P1, Ni,
and P2 in milliseconds with respect to stimulus
onset were measured by computer.

Evoked potentials. Experiment 2
In one subject (female, 50 years) evoked
potentials were determined again one month
later. At this time stimulations were applied at
1 cm intervals in the oesophagus going from 38
to 28 cm from nares. Two stimulus intensities
were used and determined 38 cm from the
nares: one series was performed with a stimu-
lus intensity corresponding to the threshold of
pain. The other series used a strong but not
painful sensation corresponding to 4 on a dis-
crete scale where 0 represents no sensation, 5
the threshold of pain, and 10 the worst pain
imaginable in the region.

Evoked potentials. Experiment 3
Seven of the participants in this study (4
females, 3 males, median age 49 range 29 to 57
years) had been investigated six months earlier.
These subjects were investigated again (after
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TABLE I Sensation after nociceptive electrical stimulation of the oesophageal mucosa in 12
healthy volunteers

Catheter Non-specific
distancefrom ('electric') 'Warm,'
nares (cm) Stimulus type sensation Heartburn sensation Projection

28 Single 12 0 0 0
28 Continuous 10 1 1 2
38 Single 8 4 0 0
38 Continuous 7 5 0 6

Results from stimulation 28 and 38 cm from nares with single and continuous stimulation. The
most pronounced sensation is shown for each person in both positions and for single and
continuous stimulation respectively. Projection was only to local areas. Projection was not
considered an independent sensation, but if present ticked in addition to the primary sensation.

experiment 1) with nociceptive stimulus
intensities identical to the initial study. Stimuli
were applied at the 38 cm position. The results
were evaluated graphically by plotting the dif-
ference between the two measurements against
their mean as recommended by Bland and
Altman26 and by testing whether the first and
second measurement differed statistically.

Statistics
Wilcoxon (signed rank sum) and Mann-
Whitney tests were used for comparisons
between thresholds and evoked potential para-
meters. Bivariate associations were evaluated
by least square regression. A p value <0 05 was
considered significant.

Ethics and safety
The study was conducted in accordance with
the Helsinki Declaration and approved by the
local ethical committee. Written informed con-
sent was obtained from each volunteer. A pre-
defined upper stimulus intensity of 70 mA was
chosen. The length of stimulus and size of the
electrode were considerably less than that
known to affect the ventricular myocardium27 28
or to damage the oesophageal mucosa.29
Nevertheless the entire study was carried out in
a cardiac clinic with continuous electrocardio-
graphic monitoring, intravenous access estab-
lished, and resuscitation stand by.

Results

Sensation
All persons were able to describe sensations
after nociceptive single and continuous stimu-
lation (Table I). The most pronounced
sensations could be categorised as non-
specific, 'electrical' (like touching an electric

TABLE II Two determinations ofsensation, pain, and temporal summation in 11 healthy
volunteers in the oesophagus 28 and 38 cm from the nares after electrical stimulation

Thresholds (mA) First Second p Value

Sensation
28 cm from nares 4.0 (4 0-5 5) 6-0 (4 0-7 3) 0.005
38 cm from nares 4.0 (3 5-4 5) 5.0 (4 0-6 5) 0.04
Pain
28 cm from nares 18-0 (8 0-23 0) 25-0 (8 5-27 5) 0-005
38 cm from nares 13-0 (9 2-20.0) 17-0 (11-3-21-5) 0-04
Summation
28 cm from nares 10-0 (51-19-5) 12-0 (60-20.0) 0-06
38 cm from nares 10-0 (7-8-13-5) 10-0 (7-5-12-0) 0.30

First: first detennination; second: second determination. Values are median and (interquartile
ranges).

fence), heartburn, or warmness. In two sub-
jects at 28 cm and in six at 38 cm projection to
local areas were reported during continuous
electrical stimulation. This projection was
towards the neck in six, the throat in one, and
to the back in one. No person described pro-
jection to the arms, left or right side of the
chest, or to jaw or teeth.

After continuous stimulation at 38 cm from
the nares heartburn (five of 12 subjects) and
projection (six of 12) were more likely to occur
than at 28 cm from nares (one and two of 12,
respectively) (Table I).

Threshold determination
One 34 year old man had an excessive pro-
duction of saliva, which made assessment of
threshold difficult probably because of distorted
contact between electrode and oesophageal
mucosa. Values for this subject were there-
fore excluded. Later the salival production
decreased and evoked potentials could be deter-
mined. Because of severe discomfort pain
thresholds of summation could only be deter-
mined in seven subjects at four conditions
(double determinations at the two levels). At
stimuli below this summation threshold
subjects reported that the last stimuli in the
series decreased in intensity. When approach-
ing the pain summation threshold, every single
stimulus in the series was perceived equally in
intensity. At higher stimulus intensities the last
stimuli in the series were perceived stronger
than the first ones and the pain summation
threshold was reached.
For the thresholds of sensation and of pain

the first determination was significantly lower
than the second determination at both 28 and
38 cm from the nares (Table II) whereas there
were no differences between the two deter-
minations of threshold of summation (Table
II). The thresholds of pain were significantly
higher than the thresholds of summation at 38
cm (p=0 02) while there was no difference
at 28 cm (p=0.12). Threshold of sensation,
pain, and summation at 28 compared with
38 cm from the nares were not statistically
different.

Evoked potentials. Experiment 1
Latencies of the P1 and N1 peaks of the
evoked potentials were longer for stimulation
at 28 cm (median 102 and 148 ms, respec-
tively) than at 38 cm (median 100 and 141 ms)
(p=0 04 and p=0-008, Table III). Figure 2
shows individual values of Ni. The difference
was not statistically significant for the P2
peaks. There was no difference between ampli-
tudes at the two positions (Table III).

Evoked potentials. Experiment 2
In one subject re-examined after one month
the Ni latencies decreased with increasing
distance from the nares although reaching
significance only for nociceptive stimuli
(r=-0-66, p=0.04) and not for strong nor
painful stimuli (r=-0 57, p=0-06, Fig 3).
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TABLE iII Latencies and interpeak amplitudes of vertex
evoked potentials (measurements taken at C2) in 12
healthy volunteers after nociceptive electrical stimulation in
the oesophagus 28 and 38 cm from the nares

28 cm from mares 38 cm from nares p Value

Latency (ms)
P1 102 (87-113) 100 (70-102) 0.04
Ni 148 (141-159) 141 (125-146) 0-008
P2 234 (215-246) 227 (211-237) 0-08
Amplitude (/.LV)
P1/N1 31-0 (18-0-45-0) 29-0 (170-39-0) 1.00
N1/P2 68-0 (43-5-103-0) 66-0 (540-72.5) 0.30

N: negative, P: positive. Values are median and (interquartile
ranges).

Evoked potentials. Experiment 3
Figure 4 shows the reproducibility of P1 and
Ni latencies, and N1/P2 amplitudes of the
seven re-examined subjects. The change
(mean (2 SD)) in latency for the P1 peak was
-10 (27) ms (p=0 13) and for the N1 peak it
was 13 (43) ms (p=0O16). For the N1/P2
amplitude the change was 5 (32) ,uV (p<0 05).
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Figure 3: Latencies of the Nl peaks of vertex evoked
potentials in one healthy volunteer after nociceptive (filled
symbols, r= - 0-66, p=0 04) and strong, non-painful
(open symbols, r=-0 57, p=0-06) electrical stimulation in
the oesophagus. Stimuli were applied in 11 positions 1 cm
apart at distances 28 to 38 cm from the nares.

Discussion
Investigation of nociception from the oesoph-
agus is of importance to clarify the oesophageal
contribution to various syndromes accompanied
by thoracic pain: angina-like chest pain,30 non-
cardiac chest pain,31 32 diffuse oesophageal
spasm,33 34 and nutcracker oesophagus.35

Sensations described by the subjects in this
study resembled heartburn after continuous
electrical stimulation in the oesophagus more
often than after single stimuli. Furthermore
heartburn almost exclusively occurred in the
distal oesophagus. This is in accordance with
the early experience that balloon distension
elicits a feeling of pressure in the upper part of
the oesophagus in contrast with a burning sen-
sation in the lower oesophagus.636 Referred
pain was more likely to occur after the con-
tinuous stimulation. This is in line with the
general assumption that projection of visceral
pain depends on intensity and duration of the
nociceptive stimulus.37 As in previous studies
using balloon distension3 38 the sensations
projected to local areas, which is considered a
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Figure 2: Individual latency values of the Nl peak of the
evoked potentials for oesophageal stimulation at 28 cm
(median 148, range 141 to 159 ms) and at 38 cm
(median 141, range 125 to 146 ms) from the nares in 12
healthy volunteers (p= 0-008). ms=Milliseconds.

general characteristic of referred pain.39
Thresholds of sensation and of pain were

significantly higher at the second compared
with the first determination. This could result
from adaptation, as found after consecutive
cutaneous electrical stimulations.40 The period
of time, however, between the first and second
determination was several minutes in this
study, and varied between patients. To have a
catheter in the oesophagus is an unfamiliar
experience. It is possible that subjects were
more aroused at the first determinations than
at the following ones as increased arousal is
known to decrease the pain threshold.4' It is
unlikely that the stimulus regimen caused
sensitisation of the sensory nerves, which
requires 20 minutes of high intensity stimula-
tion at a strength that excites C-fibres.42
Electrical stimulation bypasses the receptor
and is therefore independent of a possible
receptor sensitisation.

Repeated nociceptive stimuli increased in
intensity during a stimulus series and hence
this study showed temporal summation of
experimental pain in the oesophagus. The
neural mechanisms behind temporal sum-
mation are not clarified but a combination of
local and central integration and neuron
recruitment (increased stimulus area increases
the total number of nociceptive neurons
activated) has been suggested.43 Temporal and
spatial summation of pain may help to explain
why patients with angina-like chest pain can be
disabled by repetitive episodes of gastro-
oesophageal reflux and oesophageal motility
disturbances if these act together or even in
concert with a decrease in coronary blood
flow.'2 14 15

In a previous study7 using electrical stimula-
tion of the oesophagus it was shown that
latencies of evoked vertex potentials were
inversely related to intensity of the stimulus.
This was confirmed in this study (experiment
2) and has also been shown in investigations
of electrically elicited somatosensory evoked
potentials.44 45 Subtraction oflatencies ofbrain

1 1~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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P1 Latency balloon distension must therefore, with the
previously applied techniques,'8 46 47 be

----------------------------------------------- regarded as speculative.
In two earlier studies'9 20 using non-noci-

* ceptive oesophageal electrical stimulation to
evoke brain potentials, the stimulus intensities
were the same at two levels. Frieling et al 19
found that Ni, P1, N2, and P2 latencies were

- ) significantly shorter proximally than distally.
Although not reported in the paper20 this was

0 also the case for the N l latencies in the study
by Tougas et al (personal communication). In

o 60 70 80 90 100 110 120 130 140 this study stimulus intensity was also equal at
Average P1 latency of 1st and 2nd measurement (ms) the two different stimulation positions and it

was found that latencies of the P1 and Ni
N1 Latency peaks after stimulation at the distal position

were shorter than latencies from stimulation of
* the more proximal part of the oesophagus. The

only obvious difference between our study and
the two studies previously mentioned is our
use of painful stimuli. We showed that the

g g* increase in latency apparently took place
gradually the more rostrally the stimulus was
applied and that it was statistically significant
for high intensity nociceptive stimuli but not

----------------------------------------------- for lower non-noxious stimulation. There
I could be several explanations for our findings.

)0 110 120 130 140 150 160 170 180 Firstly, different afferents may supply differ-
Average NI latency of 1st and 2nd measurement (ms) ent parts of the oesophagus. Physiological

studies in the opossum show that sympathetic
N1/P2 amplitude pathways may carry nociceptive information.49

The vagus nerve and its branches may also play
a part in oesophageal sensations,20 while its role
in oesophageal nociceptive is disputed.50 51

_0*The superior laryngeal nerve runs to the
cervical oesophagus, while the thoracic and

0 abdominal oesophagus are innervated by the
0 recurrent laryngeal nerves and by oesophageal

branches of the vagus.52 Conduction velocities
are faster proximally as the superior laryngeal

- ----------------------------------------- ------nerve is myelinated. Also the thoracic vagus
I contains small diameter myelinated fibres

o 10 20 30 40 50 60 70 80 while the abdominal vagus contains only
Average N1/P2 amplitude of 1st and 2nd measurement (gV) unmyelinated fibres.53 The distribution of

Reproducibility of evoked potentials after nociceptive electrical stimulation in the afferent output, however, from the oesophagus
us six months apart. Pl and Nl latencies, and N1/P2 amplitudes of seven between sympathetic and parasympathetic
ined subjects. The solid horizontal lines are means while the dotted lines represent
Latencies did not differfrom the first to the second determination (Wilcoxon, P1: n i uw
Nl: p=0 16). N1/P2 amplitudes were higher at the first compared with the latency findings are not only a question of con-
etermination (p<0 05). duction velocity.

Secondly, a distal entrance of many or all
evoked potentials after balloon distension in afferents to the oesophagus. This explanation
two oesophageal positions have been used for is in accordance with the regions innervated by
estimates of nerve conduction velocities.46 47 the recurrent laryngeal nerves resulting in
This implies two reasons for erroneous results. longer afferent pathways in the proximal part
Firstly, stimulus intensity is difficult to stan- of the oesophagus than in the distal.
dardise with balloon distension. In the study Thirdly, latencies of brain evoked potentials
by Devault et al47 median stimulus intensity are dependent on recruitment of nerve fibres.
was 16 ml at the distant position versus 13 ml As suggested previously54 a possible more
at the proximal. Secondly, increasing stimulus dense afferent nerve supply in the distal
duration increases NI and N2 latencies of the oesophagus could result in more intense
evoked vertex potential. 48 Devault et al used a recruitment here than proximally and hence
pump with an inflation rate of 170 ml/sec. shorter latencies distally than proximally.
Inflation time therefore comprised a median of Limitations of this study include the limited
94 ms distally versus 76 ms proximally and number of subjects. Measurements in the
although the evoked potential recorder was not oesophagus were carried out at the same dis-
started until 90% inflation was obtained it is tances from the nares in all subjects irrespec-
probable that a systematic error in the calcula- tive of subject height. This results in the same
tion of latencies was introduced. Estimation of absolute length of the nervous pathways that
nerve conduction velocities on the basis of signals should travel in all subjects but means
evoked potential latencies after oesophageal that not exactly the same oesophageal regions
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were stimulated. When describing the sensa-
tions elicited after oesophageal stimulation
subjects were not provided with help in the
description or a list ofwords. This was to avoid
bias from the investigators. It may be argued
that categorisation of the patients' description
after the study into three classes introduces
bias at another level. Over a six month period a
variation in latency values for the individual
subject similar to that previously reported in
other anatomical areas55 was shown while there
were no systematic differences between the
first and second measurement. This empha-
sises the importance of controlled conditions
when measuring evoked potentials by stimulat-
ing the oesophagus. Whether the change in
latencies over time after proximal and distal
stimulation shows covariance must be consid-
ered in a future study. The significantly higher
amplitude in the first compared with the
second measurement could reflect that sub-
jects were more aroused at their first session.
Evoked potential amplitudes have previously
been found to depend on the level of arousal.55

In conclusion, this study has shown that
electrical stimulation in the oesophagus may
serve as a human experimental model for vis-
ceral pain. Longer latency of evoked potentials
after proximal oesophageal stimulation com-
pared with stimulation in the distal part of the
oesophagus provides new information about
the afferent nerve innervation of the human
oesophagus.
Thomas Frieling, MD, University of Duisseldorf, Germany is
thanked for his kind help in the design of the stimulus probe.
The study was supported by Kirsten Anthonius's Mindelegat,
Direkt0r Jacob Madsens & hustru Olga Madsens Foundation,
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