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Abstract

AIM: To investigate the visceral response to acute
retrograde gastric electrical stimulation (RGES) in healthy
humans and to derive optimal parameters for treatment
of patients with obesity.

METHODS: RGES with a series of effective parameters
were performed via a bipolar mucosal electrode implanted
along the great curvature 5 cm above pylorus of stomach
in 12 healthy human subjects. Symptoms associated with
dyspepsia and other discomfort were observed and graded
during RGES at different settings, including long pulse
and pulse train. Gastric myoelectrical activity at baseline
and during different settings of stimulation was recorded
by a multi-channel electrogastrography.

RESULTS: The gastric slow wave was entrained in all
the subjects at the pacing parameter of 9 cpm in
frequency, 500 ms in pulse width, and 5 mA in amplitude.
The frequently appeared symptoms during stimulation were
satiety, bloating, discomfort, pain, sting, and nausea. The
total symptom score for each subject significantly increased
as the amplitude or pulse width was adjusted to a higher
scale in both long pulse and pulse train. There was a wide
diversity of visceral responses to RGES among individuals.

CONCLUSION: Acute RGES can result in a series of
symptoms associated with dyspepsia, which is beneficial
to the treatment of obesity. Optimal parameter should be
determined according to the individual sensitivity to
electrical stimulation.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION
Motility is one of the most critical physiological functions
of the stomach. Coordinated gastric contractions are
necessary for the emptying of  ingested food, and impairment
in gastric motility may result in delayed gastric emptying.
Gastric motility (contractile activity) is regulated by the
myoelectrical activity of the stomach, called slow waves[1].
The gastric slow wave originates in the proximal stomach,
propagates distally toward the pylorus, and dominates the
maximum frequency, propagation velocity and propagation
direction of  gastric contractions. Abnormalities in gastric
slow waves including uncoupling and gastric dysrhythmia
lead to gastric motor disorders and are frequently observed
in patients with functional disorders of the stomach, such
as gastroparesis, functional dyspepsia, anorexia, etc.
Gastric myoelectrical abnormalities are believed to be the
fundamental factors for gastric hypomotility[2-5]. Gastric
prokinetics are used to treat patients with gastric hypomotility
and cisapride has been proved to be effective on both gastric
hypomotility and myoelectrical abnormality[6]. But there are
still a lot of patients who are refractory or could not tolerate
these drugs.

Gastric electrical stimulation is used to affect gastric
motility with the rationale as a forward gastric pacing to
trigger the gastric myoelectrical propagation from proximal
towards pylorus of stomach. It has been accepted as a
therapy for chronic gastroparesis associated with drug
refractory nausea and vomiting secondary to diabetic or
idiopathic etiology[7,8]. Researchers adopt its mechanism with
converse effects and have developed implantable gastric
stimulation (IGS) to treat obesity that is attributed to rapid
gastric emptying or hypermotility[9-11].

IGS for weight loss is an exciting new concept for the
treatment of obesity[12]. It is unique in that it relies on
neither gastric restriction nor intestinal malabsorption but
instead induces early satiety. IGS is also a relatively invasive
procedure that does not alter the gastrointestinal anatomy.
The system comprises an electrical pulse generator similar
to a cardiac pacemaker and a serosal lead implanted in the
muscular layer of the distal gastric wall. Both animal[13] and
human studies[14-18] revealed that it results in decreased food
intake and a substantial weight loss.

Up to now, whether there is responsive diversity among
individuals to gastric electrical stimulation is unknown. An
optimal parameter, which should be of high efficiency, low
energy expenditure and acceptability, has not been
determined. This study aimed to investigate the visceral
response to RGES with mucosal electrode, and to derive
optimal parameter for therapy of obesity.
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MATERIALS AND METHODS

Subjects
Twelve healthy volunteers were recruited in this study,
including six males and six females, with their age being
29.4±8.6 years, body weight being 62.63±8.29 kg (48-80 kg)
and body mass index being 23.18±2.62 kg/m2. None of
the subjects had gastrointestinal diseases or symptoms or a
history of gastrointestinal surgery. All women were studied
during their follicular phase of the menses to minimize
possible hormonal influences[19]. No medications were used
by any of the participants except for oral contraceptives
2 wk prior to the study. Organic diseases of stomach, such
as erosive gastritis, gastric ulcer, esophagitis, etc., were ruled
out by endoscopy. Subjects with swallowing disorders such
as dysphagia, achalasia, and hypersensitivity to nasal
intubation were excluded. Females in pregnancy, or nursing
period were also excluded. Written consent form was signed
by each subject before the study, and the protocol was
approved by the Ethical Committee of the University Hospital.

Implantation of mucosal electrodes
The subjects were fasted for 8 h or more before implantation
of the electrodes. A temporary transvenous cardiac pacing
lead system (Model 6416, Medtronic, Netherlands) composed
of an active fixation, a lead with bipolar electrodes and a
soft-tipped, lubricated guide catheter was used (Figure 1).
This lead was intubated into the stomach through a nasal
cavity before endoscopy. At a good exposure of the antrum
under endoscopy, the distal electrode was screwed into the
mucosa along the greater curvature 5 cm above the pylorus
and fixed with a titanium clamp. The proximal electrode
was affixed to the surface of the gastric mucosa with one
or two titanium clamps (Figure 2). After the placement, the
guide catheter was pulled out of the stomach. An X-ray
picture was taken once daily to ensure that the electrodes
were located at the original positions in the stomach.

A multi-channel electrogastrograph (POLYGRAM
NETTM, Medtronic Functional Diagnostics A/S, Denmark)
was used to record gastric myoelectrical activity. Two
channel gastric myoelectrical recordings were obtained by
connecting each of the mucosal electrodes to a common
reference electrode placed on the leg of the subject. These
myoelectrical recordings were used to further confirm the
attachment of electrodes to the gastric mucosa. A recording
of rhythmic 3 cpm gastric slow waves would be indicative

of a good attachment of the electrodes. The entrainment
of  gastric myoelectrical activity by RGES was also observed
to assess its electrophysiological effectiveness.

Experimental protocol
After a baseline recording of gastric slow waves for 30 min,
symptomatic responses to gastric electrical stimulation with
various parameters were assessed in the fasting state.
Visceral sensation (symptomatic response) to gastric electrical
stimulation was assessed by three parameters: initial sensation,
maximum tolerance, and the symptom score. The initial
sensation was defined as the stimulation with which the
subject first reported one or more of any symptoms. The
maximum tolerance was defined as the stimulation with
which the subject reported the maximally tolerable symptoms.

Symptoms, including satiety, bloating, discomfort (the
character and location of a symptom could not be described
clearly and precisely), upper abdominal pain, sting, belching,
nausea, vomiting, were recorded and graded during RGES
at different settings. Each symptom was graded from 0 to
3 (0: no symptom; 1: mild symptoms, requiring intention to
feel the symptoms; 2: moderate symptoms, being aware of
the symptoms, but not interfering with daily activities; 3:
severe symptoms, interfering with daily activities). The total
symptom score in each subject was derived and its correlation
with the stimulation energy was determined.

Retrograde gastric electrical stimulation
RGES was performed via the bipolar electrodes attached
to the mucosa/submucosa of the distal antrum using a
universal pulse generator (Acupulser, model A310, World
Precision Instrument, Inc., Sarasota, FL, USA). Two models
of electric stimulation, long pulse and pulse train, were
applied to the pacing electrodes in the constant current
mode. The long pulse was composed of periodic rectangular
pulses with a frequency of 9 cpm, pulse width of 500 ms,
and adjustable pulse amplitude (current) consisting three
settings of 5, 10, and 15 mA. The pulsed train was on for a
period of 2 s and off for 3 s. The pulse frequency was 20 Hz,
an adjustable pulse width consisting three settings of 5, 10,
and 20 ms. The amplitude was adjusted from 10 to 15 mA.
If maximal intolerable symptom did not appear, the
amplitude was adjusted to 20 mA. Each session of

Figure 1  Model 6416 temporary transvenous pacing lead system.
Figure 2  Placement of mucosal electrode. Arrow 1 indicates the distal electrode;
arrow 2 indicates the proximal electrode.
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stimulation lasted for about 20 min and there was a 10 min
or more resting period between consecutive stimulation
sessions. For all tests, the subject was blinded about the
stimulation and stimulation parameters.

Stimulation energy was calculated for each stimulation
session. The stimulation energy was defined as t×I2R, where
t is stimulation time, I is stimulation current and R is the
impedance between two stimulation electrodes. In this study,
R was ignored since it was constant for various stimulation
sessions, I was the pulse amplitude and t was the total
on-time of  pulses within a minute. For long pulses, t = pulse
frequency (pulses/min)×pulse width. For pulse trains,
t = number of trains/min×number of pulses/train×pulse
width. The unit of  stimulation energy used in this study
was s (mA)2 or simply smA2.

Statistical analysis
Results of specific symptom scores and total symptom score
in each subject to different parameters were expressed as
mean±SE. Statistical analysis was performed by one-way
ANOVA. Pearson’s linear correlation and regression method
was used to assess the correlation between responsive severity
and stimulation energy. P<0.05 was considered statistically
significant.

RESULTS

All the 12 subjects completed the study with good compliance.
Regular gastric slow waves were recorded from stimulation
electrodes attached to the gastric mucosa at baseline.
Typical tracings are presented in Figure 3. The dominant
frequency of the gastric slow waves was 2.71±0.16 cpm.
The gastric slow waves in all the subjects were completely
entrained by the signal of RGES at the frequency 9 cpm,
pulse width 500 ms and amplitude 5 mA (112.5 smA2,
Figure 4).

Frequently appeared symptoms during stimulation were
satiety, bloating, discomfort, upper abdominal pain, sting,
and nausea. The sum of these six symptoms was used as an
overall total symptom score. The severity of specific
symptoms to different parameters is shown in Table 1.

The output energy of  electrical stimulation for inducing
initial sensation showed a wide distribution among individuals.
The initial sensation appeared in three subjects at 112.5 smA2

(long pulse: 9 cpm, 500 ms, 5 mA), six subjects at 240 smA2

(pulse train: 2 s-on, 3 s-off, 20 Hz, 5 ms, 10 mA), one subject
at 450 smA2 (long pulse: 9 cpm, 500 ms, 10 mA), and two
subjects at 480 smA2 (pulse train: 2 s-on, 3 s-off, 20 Hz,
10 ms, 10 mA). The maximal energy for inducing initial
sensation was more than four times that of the minimum.
The initial sensation occurred as different symptoms. Bloating
appeared in three subjects, satiety in two, discomfort and
pain in five, sting and nausea in one, respectively.

The output energy for inducing maximal tolerable
sensation also showed a wide diversity among individuals.
The maximal tolerable sensation was recorded at 480 smA2

in two subjects, at 2 160 smA2 (pulse train: 2 s-on, 3 s-off,
20 Hz, 20 ms, 15 mA) in nine subjects and at 3 840 smA2

(pulse train: 2 s-on, 3 s-off, 20 Hz, 20 ms, 20 mA) in one
subject. The maximal energy for maximal tolerable sensation
was eight times that of the minimum. The major symptoms
resulted from the maximally tolerable stimulation included
upper abdominal pain in nine subjects, nausea in two subjects,
and both pain and nausea in one subject. Some mild to
moderate symptoms were simultaneously noted with the
maximally tolerable stimulation, including satiety, bloating,
discomfort, belching, and nausea.

The most common symptomatic response to stronger
RGES was upper abdominal pain. It appeared synchronously
with stimulus signals, such as 9 cpm at long pulse, and became

Table 1 Symptom scores at different parameters (mean±SE)

                 Long pulse       Long pulse         Long pulse             Pulse train                   Pulse train    Pulse train        Pulse train
                 112.5 smA2        450 smA2       1 012.5 smA2                           240 smA2  480 smA2      960 smA2        2 160 smA2

Satiety 0.08±0.08             0           0.08±0.08              0.08±0.08 0.17±0.17      0.25±0.18          0.42±0.23

Bloating 0.08±0.18        0.21±0.17           0.33±0.19              0.25±0.18 0.50±0.19      0.58±0.26          1.00±0.31

Discomfort 0.38±0.18          0.5±0.27           0.67±0.28              0.75±0.12 0.50±0.19      0.50±0.23          0.42±0.26

Pain 0.33±0.18          0.8±0.26           1.54±0.27              0.16±0.21 1.33±0.19      1.92±0.24          2.50±0.27

Sting 0.17±0.17        0.17±0.17           0.25±0.18              0.08±0.17 0.25±0.21      0.25±0.18          0.33±0.22

Nausea 0.17±0.17        0.21±0.21           0.25±0.25              0.08±0.08 0.21±0.17      0.29±0.22          0.75±0.35

Figure 3  Intrinsic myoelectrical activities from mucosa/submucosa electrodes
in stomach.
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persistent in three subjects when the maximal stimulation
was applied. It disappeared immediately as the stimulation
terminated in seven subjects and gradually ceased within 4
min in five subjects. Other symptoms, such as bloating,
discomfort, nausea, etc., also disappeared as soon as the
stimulation ended.

During stimulation with long pulse, the severity of the
symptoms including bloating, discomfort, and pain
significantly increased when the pulse amplitude was
adjusted to a higher scale (P<0.01, Figure 5A). The severity
of symptoms including satiety, bloating, pain, and nausea
also significantly increased when the pulse width or amplitude
was set to higher scales during pulse train (P<0.05, Figure 5B).
The mean total symptom score for the seven settings of
gastric electrical stimulation was linearly correlated with
stimulation energy (r = 0.96, P<0.001, Figure 6). That is,
the total symptom score for each subject significantly
increased as the output energy was adjusted to a higher
scale in both long pulse and pulse train.

DISCUSSION
Obesity, defined by an excess of body fat, is a highly
prevalent disorder in the Western world. In the USA, it has
been estimated that one of three adults is obese[20]. Obesity
predisposes to or aggravates many clinical conditions,
such as hypertension, hyperlipidemia, diabetes, gout,
atherosclerotic heart disease, etc.[21]. Obesity is of a
multifactorial pathogenesis. The basic mechanism is believed
that obesity results from food intake greater than energy

needs. The quantity of  food intake is directly determined
by sensory and motor function of stomach, i.e., gastric
accommodation (capacity) and emptying. Previous studies
using an intragastric balloon to assess proximal stomach
capacity showed that it is larger in both moderate and severe
obese individuals[22,23]. In the studies of gastric capacity in
obese people, distal gastric volume is also found larger in
obese individuals in the fasting state from imaging with single
photon emission computed tomography[24], suggesting that
the increased gastric volume causes changes in the sensation
of satiety with a consequent increase of food intake in
these subjects.

In addition to stomach capacity, the retaining time of
food in stomach also influences mechano- and chemosensitive
satiety signals and it is a reasonable hypothesis that an
enhanced rate of gastric emptying predisposes to overeating.
Although the contribution of changes in gastrointestinal
motility to the pathogenesis of obesity is unclear, several
noteworthy changes in gastrointestinal motility have been
observed in obesity[25]. For example, some studies suggest
more rapid gastric emptying in obesity[9-11], although
normal[26-29] or even slower[30-32] emptying has also been
reported in other studies. But in a better designed study
of 77 subjects including 46 obese and 31 age-, sex-, and
racematched nonobese individuals, obese subjects are found
to have a more rapid emptying rate than nonobese subjects[9].

Based on the pathogenesis of obesity, great efforts
from different fields have been tried to conquer obesity.
Medicines and neuroendocrine agents or analogs are found
to be able to inhibit appetite or to delay gastric emptying[33,34].
Surgical approaches can weaken the gastric capacity, as
implantation of balloon in the stomach[35-37]. By doing this,
symptoms associated with dyspepsia, such as satiety,
bloating, anorexia, discomfort or pain of upper abdomen,
are duplicated in fasting state or postprandial. The
occurrence of these symptoms results in reduction of food
intake, eventually loss of body weight, which is the goal for
the treatment of obesity.

As the stomach contractility is controlled by gastric
myoelectrical activity, electrophysiological approaches can
alter stomach motility. A recent preliminary study indicates
the potential of gastric electrical stimulation for weight
loss[13]. The first human study using a gastric stimulator for
the treatment of  morbid obesity was performed in 1995,
which results in decreased food intake and a substantial

Figure 6  Correlation of total symptom score with output energy of stimulation.
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weight loss[14]. IGS for human obesity has been investigated
in different institutes in the world since then[15-18].

Recently, we have proposed retrograde gastric electrical
stimulation (RGES). In this method, electrical stimulation
is performed at a tachygastrial frequency and via a pair of
mucosal electrodes placed in the distal antrum, mimicking
an ectopic pacemaker generating tachygastria. Experiments
in dogs have revealed a successful inhibition of antral
contractions in the fed state and a delayed gastric emptying
of  liquid[38,39]. This study was designed to observe the acute
symptomatic responses induced by RGES via bipolar
mucosal electrodes. During seven settings of RGES, the
frequently appeared symptoms were satiety, bloating,
discomfort, pain, sting, and nausea, which are all associated
with dyspepsia. These symptoms were typically seen during
initial sensation by less energy. Even during maximum
stimulation, the frequently appeared symptom was pain of
upper abdomen, which is the key symptom of dyspepsia.
Furthermore, some mild to moderate symptoms simultaneously
occurred such as bloating, discomfort, nausea, satiety, and
belching. These symptoms are all associated with dyspepsia.
When these symptoms are present with activation of gastric
stimulation, the subjects will change their eating behavior
and ingest less food, eventually leading to their weight loss.
All these are expected for the treatment of obese patients.

In this study, we found that the severity of some
symptoms, such as bloating, discomfort and pain,
significantly increased when the output energy of  stimulation
was adjusted to a higher scale. The total symptom score for
each subject also simultaneously increased with the increase
of  energy, suggesting that there is a linear correlation
between symptom score and stimulation energy, which is
consistent with that of  dosage-efficacy seen in pharmacology.
In this sense, RGES meets the essential qualification for a
potential therapy of obesity.

IGS can induce weight loss in patients with morbid
obesity, but its mechanism remains largely unknown. Recent
animal studies suggested that this increased satiety is attributed
to gastric distention induced by gastric stimulation[38].
Gastric distention contributes to the feeling of fullness or
satiety. The mechanism is unclear, but distending the stomach
stimulates gastric stretch receptors, thus triggering vagal
discharges that activate hypothalamic neurons[40] and induce
the feeling of satiety[41]. The stimulation-induced gastric
relaxation or distention is mediated by the intrinsic nitrergic
pathway, as the inhibitor of nitric oxide synthase blocks the
effect whereas vagatomy does not[42].

Satiety as a signal of reduction of food intake is also
regulated by endocrine system especially the peptides in
gastrointestinal tract[43]. Peptides like cholecystokinin (CCK),
glucagon-like peptide (GLP)-1, leptin and ghrelin have been
shown to evoke satiety, thereby reducing food intake[43,44].
Cigaina and Hirschberg[16] have investigated the mechanism
behind the changed eating behavior in patients treated with
IGS. Gastric electrical stimulation can lead to significant
weight loss and decrease in plasma levels of CCK,
somatostatin, GLP-1, and leptin. Weight loss correlates
significantly with decreased leptin levels. In this study, RGES
induced a series of symptoms associated with dyspepsia,
suggesting that the stimulation results in gastric distention

via neuroendocrine pathways. As gastric electrical stimulation
is a novel and promising therapy for morbid obesity, more
studies are necessary to elucidate the correlations between
satiety, weight loss, and digestive neuro-hormone changes.

The results of our study reveal a wide diversity of visceral
sensitivity to RGES among individuals and we should
determine the optimal parameters according to the individual
responsive severity. However, we should not select the pulse
amplitude that is more than 15 mA, at which it would induce
intolerable symptoms to most human subjects. The subjects
who get initial sensation with low stimulation energy may
be expected to get desirable therapeutic effect from RGES,
but those insensitive to RGES may not. As for those
insensitive subjects, we should include them in this therapy
with deliberation. They may take other effective option such
as bariatric surgery.
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