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ABSTRACT

Gastric electrical stimulation.
Studies in patients with intractable nausea and vomiting.

Stina Andersson
Institute of Medicine, Sahlgrenska Academy and Sahlgrenska University Hospital
University of Gothenburg, Géteborg, Sweden

The most severe cases of gastroparesis are refractory to drugs. In the 1990s gastric electrical
stimulation (GES) was introduced for treatment of nausea and vomiting in patients with diabetic
and idiopathic gastroparesis. The electrodes and neurostimulator are usually placed with
laparoscopy. The mechanism behind the effect of GES is unknown, but seems not to be
correlated to improvement in gastric emptying.

The aims were to develop a simple method to implant gastric electrodes percutaneously
with a minimal invasive technique, to test the clinical feasibility of temporary percutaneous GES
(TPGES) and to evaluate TPGES for selection for permanent GES. Furthermore, to investigate
whether patients with non-approved indications for GES, e.g. post-surgical gastroparesis,
functional dyspepsia and chronic intestinal pseudo-obstruction (CIP), also can benefit from this
treatment. Eventually, to evaluate if increased gastric accommodation is a mechanism behind the
positive effect of GES on the symptoms nausea and vomiting.

A new type of gastric electrode was constructed, for percutaneous insertion into the
muscular layer of the stomach under endoscopic guidance. In initial studies in pigs and in
patients, the percutaneous electrodes could easily be anchored in the gastric submucosa. The
gastric EMG could be recorded in animals and patients and temporary GES decreased patients’
symptoms indicating a proper electrode position.

Totally 30 patients with drug-refractory symptoms of severe nausea and vomiting, but non-
approved indications for GES (13 patients with delayed gastric emptying, 17 normal gastric
emptying), were enrolled for TPGES. The mean implantation time was 14 min. and the electrodes
were in place for up to 60 days. The first patients received open stimulation and the following
were randomized to crossover double-blind stimulation, ON/OFF, when appropriate. Twenty out
of 22 responders to TPGES received permanent GES. At last follow-up (mean 21 months) 90%
were still responders.

In a separate study focusing on GES for the non-approved indication CIP, patients had a
reduction of symptoms comparable to that obtained in patients with diabetic gastroparesis.

To assess gastric accommodation healthy volunteers and patients with temporary or
permanent GES underwent a slow caloric drinking satiety test. The patients had significantly
lower drinking capacity than the healthy subjects. There was no significant difference in drinking
capacity before and during GES, or during stimulation ON vs. OFF. Improvement of symptoms
during GES did not correlate with change in drinking capacity.

Conclusions: Temporary electrodes for GES can easily be implanted percutaneously under
endoscopic guidance. Most patients responded to TPGES with reduction of nausea and vomiting.
The method of TPGES can be used to select patients for permanent GES. Patients with chronic
intestinal pseudo-obstruction, post-surgical gastroparesis and patients with severe nausea but
normal gastric emptying can also benefit from treatment with GES. The improvement in
symptoms of nausea and vomiting is not primarily due to improvement in gastric emptying or an
increased gastric accommodation capacity.

Key words: gastric electrical stimulation, gastroparesis, gastroscopy, vomiting, gastric
accommodation, drinking test, dyspepsia
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ABBREVIATIONS

CIP chronic intestinal pseudo-obstruction

CNS central nervous system

EGG electrogastrography

EMG electromyography

FDA United States Food and Drug Administration

GES gastric electrical stimulation

GET gastric emptying test

GI gastrointestinal

GP gastroparesis

ICC interstitial cells of Cajal

IQR interquartal range

kcal kilocalories

MMC  migrating motor complex

PEG percutaneous endoscopic gastrostomy
PS post-surgical

SD standard deviation

TPGES temporary percutaneous gastric electrical stimulation
TSS total symptom score

VAS visual analogue scale

WNT weekly nausea time (hours)
WVF weekly vomiting frequency
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INTRODUCTION

Vomiting is a defence mechanism of the body and can arise from a variety of
reasons. Chronic delayed vomiting (one hour or more after eating) is indicative of
gastric obstruction or gastric motility disorder such as gastroparesis. Such disorders
can be very difficult to manage pharmacologically. Since vomiting can lead to
volume and electrolyte depletion, acid-base imbalance and malnutrition, other
means to relieve the vomiting are needed in severe cases.

This theses address the use of gastric electric stimulation to minimize
nausea and vomiting in patients with common gastrointestinal disorders, such as
gastroparesis and functional dyspepsia, as well as more uncommon motility
disorders like chronic intestinal pseudo-obstruction. The first part of the
introduction will focus on gastric function in health, and on gastric disorders in
which motor functions are abnormal. The second part will discuss gastric electrical
stimulation and the possible mechanisms behind the reported beneficial effect.

GASTRIC FUNCTION

The primary function of the stomach is to accommodate and store ingested food,
and to initiate the digestion process by grinding and mixing the food with digestive
juices. The stomach gradually releases its content to the duodenum, which has a
much smaller volume capacity. After a meal the stomach volume is about 1.5 1 in
adults. In some patients with functional dyspepsia, gastric accommodation is
impaired and the volume capacity less ', which contribute to symptoms of early
satiety, bloating, epigastric pain and nausea. After a meal, the stomach requires up
to 2 hours to empty half of its content **. Delayed gastric emptying can lead to
symptoms like early satiety, nausea and vomiting.

Gastric wall

The shape and colour of the gastric mucosa are important landmarks during
gastroscopy and interventions like placement of percutaneous endoscopic
gastrostomy (PEG) tubes. On the luminal side the gastric wall forms mucosal folds,
which are varyingly deep in the different regions of the stomach and are
longitudinal in the gastric body. Four layers constitute the gastric wall. The mucosa
lines the gastric lumen. The submucosa contains collagen and elastin fibers that
make up a dense connective tissue skeleton. The muscularis propria is composed of
three muscle layers, the inner circular, the outer longitudinal and the specialized
oblique muscle layer. The serosa is a transparent layer and a continuation of the
visceral peritoneum.



Gastric innervation

The enteric nervous system of the stomach involved in motility regulation is mainly
found between the muscle layers in the gastric wall. The myenteric ganglia have
functional autonomy but also receive input from both the sympathetic and
parasympathetic nerves. The main function of the gastric sympathetic innervation is
to inhibit motility. Parasympathetic innervation is provided via the right and left
vagus nerves. The vagus consists of up to 90 % afferent fibers from the viscera and
1s, consequently, mainly a sensory nerve. One major function is to regulate gastric
motility e.g. via vago-vagal reflexes. During fasting, the stomach has a basal tonus,
which is regulated via excitatory cholinergic input. On meal ingestion, the vagal
excitatory activity increases and the vago-vagal reflexes are triggered. Via
inhibitory nitrergic efferents, relaxation of the gastric body and fundus is induced to
accommodate the stomach to the meal.

Electrical control of gastric motility

By altering smooth muscle membrane potential, control of gastrointestinal motility
can be accomplished. Two types of cells are central in the function of gastric
motility: smooth muscle cells and interstitial cells of Cajal (ICC). Smooth muscle
cells are characterised by phasic and tonic contractions under control of autonomic
and enteric neurons. ICC serves as rhythm generators and interface between nerves
and smooth muscle °. Via electrical coupling, ICC regulate smooth muscle
membrane potential °. Ca** entry via voltage sensitive Ca’ channels trigger smooth
muscle contraction .

Gastric myoelectrical control activity (the slow wave) is a rhythmic and
omnipresent electrical pattern, that occur at a frequency of three cycles per minute.
Gastric slow waves are generated by the ICC ° and thought to originate at a site
along the greater curvature in the proximal to middle corpus. The slow waves alone
usually do not lead to contractions; these are related to spike potentials
superimposed on the most depolarizing portion of the slow waves. Therefore
spikes, and consequently contractions, are phase-locked to slow waves with the
maximal frequency of three cycles per minute.

During fasting, a cyclical motor pattern migrates from the stomach to the
distal ileum. This migrating motor complex (MMC) consists of three different
phases. Phase I has no contractile activity; phase II has irregular contractile activity
and phase III has intense contractions at maximum frequency (3/min in the
stomach; 12/min in the duodenum). Phase III clears the stomach and small intestine
from indigestible particles as well as bacteria. The total MMC cycle lasts 90-120
min. When food is ingested upper GI motility switches to a postprandial pattern.
The MMC 1s suppressed and the vagus-mediated tonic contractile activity during
fasting changes: a relaxation of the proximal stomach occurs, enabling gastric meal
volume to increase without a rise in pressure °. This receptive relaxation allows the
stomach to function as a reservoir for food immediately after swallowing. Adaptive
relaxation or gastric accommodation is the long-lasting relaxation during gastric
filling.



Vomiting mechanisms

During nausea gastric tone is reduced and the gastric peristalsis is decreased or
absent. In contrast, the tone of duodenum and proximal jejunum is increased.
Vomiting occurs as a consequence of forceful and sustained contractions of the
abdominal muscles and diaphragm, at the same time as the cardia is elevated and
open and pylorus contracted °.

Vomiting involves a set of complex and repeated activities, which indicate
control by a “vomiting centre” in the CNS. It has been suggested that a vomiting
centre is located in the dorsal portion of the medulla and that vomiting can be
induced by electrical stimulation of this area (animal studies) '°. However, the
“vomiting centre” is probably associated with other medullary centres controlling
respiration and salivation and should not be regarded as an anatomic entity '
Afferent neural inputs to the vomiting centre are transmitted from the periphery via
the vagus and sympathetic nerves '' and from the vestibular organs. Furthermore,
studies have demonstrated a chemoreceptor trigger zone in area postrema at the
fourth ventricle, responsive to chemical stimuli only, by which nausea and the
vomiting process can be elicited.

GASTROINTESTINAL MOTILITY DISORDERS AND NAUSEA

The spectra of symptoms in GI motility disorders include chronic nausea, frequent
vomiting, abdominal pain, abdominal bloating, early satiety, postprandial fullness
and belching. These symptoms may lead to lack of appetite as well as inability to
keep food. In diabetic patients changes in blood sugar levels may occur and become
difficult to manage. In severe cases the symptoms lead to weight loss, dehydration,
electrolyte 1mbalances and malnutrition. As a consequence feeding via
percutaneous endoscopic gastrostomy (PEG), jejunostomy (PEJ) or intravenous
supply may be required in severe cases.

To exclude organic disease and determine a diagnosis, upper GI endoscopy
and small bowel X-ray should be performed, as well as basic laboratory blood tests.
Tests of gastric motor function may include gastric emptying test and
antroduodenojejunal manometry. Electrogastrography (EGG) ", ultrasound ", and
gastric barostat have so far mainly been performed in research settings. Treatment
for these disorders includes an adjusted diet, and in diabetic patients a good blood
sugar control. Antiemetic and prokinetic drugs may be helpful in some patients, but
other do not respond to these drugs.

Gastroparesis 1s defined as persistently and severely delayed gastric emptying
in the absence of mechanical obstruction '*. Delayed gastric emptying can be
caused by a variety of conditions where the most common are diabetes mellitus and
post-surgical . In many cases no underlying cause is found, and are therefore
classified as idiopathic gastroparesis. Less frequent disorders accompanied by
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gastroparesis are acid-peptic diseases, gastric ulcer and renal/liver failure, as well
as several other disorders that are further described below. Delayed gastric
emptying does not always lead to severe symptoms. In fact, symptoms often
correlate poorly with the degree of the delayed gastric emptying.

Important motility disorders

Diabetic gastroparesis

Gastroparesis is seen in up to 50% of diabetic patients '°. It involves mainly solid
meals and is often associated with the presence of autonomic neuropathy. Motor
abnormalities that have been documented are abnormal intragastric distribution of
food, antral hypomotility, pyloric hypermotility and electrical dysrhythmias.
Hyperglycemia contributes to delayed emptying '” '*, which in itself may impair
glycemic control. Some diabetic patients may instead suffer from accelerated
emptying due to the neuropathy (most often in type 2 diabetes) or hypoglycemia. In
addition to the symptoms mentioned above constipation, diarrhoea and dysphagia
may also be present. Gl symptoms in patients with diabetic gastroparesis are not
stable over time, an episode of severe symptoms may be followed by a relatively
symptom-free period.

Idiopathic gastroparesis

In this group no primary abnormality can be found. In some cases, an acute onset
and the presence of viral antibodies suggest involvement of acute gastrointestinal
infections in the pathogenesis. Spontaneous improvement has been reported '°.

Post-surgical gastroparesis

After vagus damage, receptive relaxation is impaired leading to accelerated early
phase of liquid emptying. However, the later phases of liquid and solid emptying
are prolonged *°. The antral component of the MMC becomes suppressed, which is
often present in patients with symptomatic post-vagotomy gastroparesis. These
patients are often refractory to prokinetic drugs. It should be noted that in patients
with gastroparesis caused by fundoplication with vagal damage, the patient cannot
vomit but only perceive severe nausea.

Chronic intestinal pseudo-obstruction (CIP)

This disorder is characterized by symptoms mimicking intestinal obstruction in the
absence of an occluding lesion of the intestinal lumen. Abdominal pain, distension,
vomiting and reflux are common. The patients have abnormalities of MMC and the
ineffective intestinal propulsion leads to bacterial overgrowth and diarrhoea, or in
some cases constipation *'. The intestine is dilated, which can be verified with plain
X-ray. About 30% of the patients have delayed gastric emptying >*.

Primary CIP is categorized into myopathies and neuropathies. Myopathies are
characterized by muscle cell degeneration and fibrosis of the muscularis propria. In
neuropathies there is usually neuronal degeneration or inflammation of the
myenteric plexus. Intestinal neuropathies and myopathies may remain
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asymptomatic or moderately symptomatic (those cases are not classified as CIP), or
can progress and lead to definite symptoms mimicking obstruction. CIP can also be
secondary to systemic illness like scleroderma and amyloidosis, or to myotonic
dystrophy and Parkinson’s disease.

Drugs have inconsistent efficacy in this disorder. Parenteral nutrition or
feeding tube may be necessary to avoid malnutrition. In selected cases of most
severe CIP, intestinal resections and ultimately intestinal transplantation can be
considered.

Functional disorders

Functional dyspepsia

Functional dyspepsia is defined as symptoms of early satiety, postprandial fullness,
epigastric pain and nausea, in absence of organic disease that explains the
symptoms. Up to 40% of the patients have impaired accommodation of the
proximal stomach '. Furthermore, abnormal intragastric distribution of food has
been reported. Delayed gastric emptying is present in up to 30% of the patients. In
case of persistent and severely delayed emptying, the symptoms should be
classified as gastroparesis. However, the distinction between functional dyspepsia
with delayed gastric emptying and idiopathic gastroparesis has not yet been clearly
defined.

Cyclical vomiting syndrome

This disorder is characterized by recurring attacks of severe vomiting, sometimes at
regular intervals. The attacks may last for up to 10 days. Headache, abdominal pain
and fever may accompany vomiting >. The patients are asymptomatic between the
attacks. EGG abnormalities and rapid as well as delayed gastric emptying have
been reported ** *. Drugs like propranolol, erythromycin, sumatriptan and
ondansetron may be effective.

Eating disorders

Patients with anorexia nervosa often have delayed gastric emptying for solids and
slow colonic transit time when the patient is in an anorectic phase *°. However, the
gastric motility returns to normal after re-feeding.

Irritable bowel syndrome (IBS)

Apart from classical symptoms of abdominal pain, diarrhoea and/or constipation,
about 20% of the patients with IBS also suffer from nausea >"*.
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GASTRIC ELECTRICAL STIMULATION (GES)

Background

Electrical stimulation of the stomach was first reported in 1963, as treatment of
postoperative ileus *°. The hypothesis behind gastric electrical stimulation was to
pace the stomach to improve gastric emptying and thereby decrease gastric
symptoms like nausea and vomiting. The first human studies of electrical
stimulation as treatment of gastric motor dysfunction employed electrical
frequencies similar to the physiological electrical activity frequency **>*. Such low-
frequency GES aims to entrain slow waves. However, these early studies produced
conflicting results as to the efficacy of enhancing gastric motility or not. A few
more recent studies have assessed the effect of low-frequency gastric pacing in
patients with gastroparesis >*>°.

In the 1990s Familioni and co-workers demonstrated superiority of high-
frequency gastric electrical stimulation (i.e. several times the physiological rate)
over low-frequency stimulation (similar to the basal rate) in the canine stomach >’
Several frequencies were tested, however, stimulation at 4 times the physiologic
rate of the canine stomach elicited the largest motility index. In the following case
study of a pilot patient with severe diabetic gastroparesis, a stimulation signal of 12
cycles/min was chosen °°. Furthermore, different stimulation sites were tested.
Electrodes in the pacemaker area in proximal corpus caused discomfort, while
electrodes in proximal antrum and distal corpus were well tolerated. During
stimulation gastric emptying improved in this pilot patient and a marked decrease
in gastrointestinal symptoms was seen. Two international multi-centre studies
followed, where the parameters of high-frequency low-energy GES were applied >
*_ The pulse parameters used allows excitation of neural structures in the tissue, but
does not excite the smooth muscle cells.

Device

The stimulation system used in these early multi-centre studies was the same as
used nowadays. It consists of an implantable pulse generator, two leads and a
programming system with an external programmer. Initially the two leads were
implanted surgically by laparotomy, but in 1995 Lonroth introduced laparoscopy
for lead implantation *” *'. After anchoring the electrodes in the gastric wall, the
leads are connected to the pulse generator, which is placed in a subcutaneous
pocket. Standard stimulation is applied at 5 mA, 12 double-impulses per minute.

In 2000 the Enterra system (Medtronic) received a Humanitarian Use Device
status by United States Food and Drug Administration (FDA), for patients with
severe idiopathic or diabetic gastroparesis for whom no effective therapy is
available **.
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Effect on symptoms with GES

Several studies have demonstrated that GES has a beneficial effect on symptoms in
patients with diabetic or idiopathic gastroparesis > *”**. A few studies have been
performed in post-surgical gastroparesis suggesting that also these patients benefit
from GES ** *'. The main effect on symptoms has been decreased nausea and
vomiting, but also decreased total symptom score (i.e. bloating, early satiety,
fullness, nausea, pain, vomiting) 39. 4348 “Moreover, patients who respond to GES
have reported improved quality of life >+

Objective parameters

GES has shown to improve nutritional status in terms of increased weight and
less need of feeding tubes ** *°. In diabetic patients, reduced HbAlc has been
reported °'>*. Furthermore, GES was found to reduce health care costs > >*.

40, 50

Responders/non-responders

Although effective in most patients with severe diabetic or idiopathic gastroparesis,
some patients have no effect of GES. In an early multi-centre study, including 33
gastroparetic patients, the non-responder rate was 13% *°. In one study, though not
published as a full paper, 35% of the idiopathic patients were non-responders,
compared to 10% of the diabetic patients . Another study, including mostly
idiopathic patients, reported up to 50% non-responders *°. In general, diabetic
patients have had better outcome than patients with idiopathic gastroparesis. Thus,
the etiology and the severity of the gastric symptoms seem, so far, to be more
appropriate criteria for consideration of GES than the degree of gastroparesis.

GES is a relatively expensive treatment and the patient undergoes an invasive
implantation with potential adverse events. Therefore, it is important to lower the
non-responder rate. It has been reported that some non-responders to the above
mentioned standard stimulation may respond to an increase in stimulation strength
and frequency °’. However, the relatively high non-responder rate implies that a
feasible temporary test, to predict responders to GES, would be desirable.

MECHANISMS OF GASTRIC ELECTRICAL STIMULATION

Effect on slow waves

High-energy, low-frequency gastric stimulation can entrain and pace the gastric
myoelectrical activity *°. The presently used low-energy high-frequency GES (5
mA, 12 double-impulses per min) which improves gastrointestinal symptoms, has
not been shown to affect the gastric myoelectrical activity in terms of improving
frequency of gastric electrical rhythm or entraining gastric slow waves, as
measured by EGG in patients with gastroparesis *°.
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Gastric emptying

Though many studies have demonstrated symptom improvement with low-energy
high-frequency GES, reduction of symptoms has not been consistently correlated
with improvement in the gastric emptying time. Some studies have reported an
improvement in the gastric emptying time during GES ***>*° but in other studies
no improvement in gastric emptying has been shown *>>*°'. In one multi-center
study, gastric emptying was normalized in about 50% of the patients after GES.
However, no correlation between improvement in symptoms and gastric emptying
was seen ~ . Several factors may account for these conflicting results. In diabetic
patients an improvement in glycemic control has been observed " >*, which may
contribute to an increased gastric emptying rate. In idiopathic gastroparesis
spontaneous recovery has been reported °. Thus, the effect of GES does not seem
to correlate with an improvement in gastric emptying.

Gastric accommodation

Electrical afferent stimulation of small nerve branches from the stomach elicit
gastric relaxation similar to the vago-vagal accommodation reflex °> °', and can
also increase the gastric volume through nonvagal sympathoadrenergic mechanisms
%2 Clinical GES is believed to act by excitation of nerve structures and autonomic
nerve afferents to CNS. It has been proposed that GES may exert a therapeutic
effect on symptoms in gastroparesis by increasing the gastric accommodation
capacity. One study used a gastric barostat and showed decreased sensitivity to
gastric distention and enhanced gastric accommodation to a meal in 8 patients with
severe idiopathic gastroparesis who had received GES ®. A slow caloric satiety
drinking test has been proposed as a non-invasive way to measure gastric
accommodation capacity *. In a study of 9 patients receiving GES, evaluated by a
caloric satiety drinking test, an improvement in satiety score and an increased
liquid test meal volume was reported ®. However, no full publication has appeared
on these potential effects of GES on gastric accommodation.

Central mechanisms

It has been proposed that the effect of GES is mediated by vagal afferents, but few
human studies have been performed to answer this question. In animal studies, the
anti-emetic effect of GES was prevented by vagotomy . Furthermore, GES had
excitatory effects on neurons of the nucleus of the tractus solitarius in rats °.
However, GES has been shown to improve symptoms also in patients with post-
surgical gastroparesis, of whom some had a vagal disruption *>*’. Thus, there are
indications that GES activate central mechanisms. However, this area needs to be
further explored.
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AIMS

The incomplete understanding of mechanisms behind the beneficial effect of GES,
as well as the fact that some patients are non-responders to GES raised the
following questions:

1.

Is it possible to implant electrodes in the gastric wall with a percutaneous
minimal invasive technique? Can this new technique contribute to selection of
responders to permanent GES? (I, IT)

Can patients with non-approved indications to GES, e.g. post-surgical
gastroparesis, chronic intestinal pseudo-obstruction and functional dyspepsia,
also benefit from treatment with GES? (I, III)

Can non-responders to the standard stimulation parameters respond to
stimulation with increased impulse current? (II)

Is the outcome of permanent GES in patients with chronic intestinal pseudo-
obstruction and vomiting comparable to that obtained in patients with an
approved indication to GES, i.e. diabetic gastroparesis? (III)

Is increased gastric accommodation a mechanism behind the positive effect of
GES on the symptoms nausea and vomiting? If so, can it be measured by a
slow caloric satiety drinking test used to measure gastric accommodation
capacity in patients with GES? (IV)

16



METHODS AND MATERIALS

SUBJECTS

Animals
Three female pigs (body weight 25-30 kg) were implanted with temporary
percutaneous gastric electrodes. (I)

Healthy controls
36 healthy adults performed a slow caloric satiety drinking test. (IV)

Patients (I-1V)

The patients had been referred to our unit 1995-2007, because of severe drug
refractory nausea and/or vomiting for more than one year. All patients had been
refractory to the dopamine antagonists metoclopramide or domperidone.
Erythromycine had been tested in all patients with delayed gastric emptying.
Several patients had also tried cisapride, tegaserod or other antiemetics than
dopamine antagonists, however, with no effect on symptoms. Investigations before
GES included gastroscopy, to exclude outlet obstruction, and a gastric emptying
test. Manometry was performed in most patients. Exclusion criteria included drug
abuse, pregnancy and psychogenic vomiting.

In addition the patients fulfilled the following criteria:
Diabetic or idiopathic gastroparesis: delayed gastric emptying

Post-surgical gastroparesis: delayed gastric emptying after previous upper gastro-
intestinal surgery

Post-surgical vomiting: normal gastric emptying, symptom start after upper
gastro-intestinal surgery

Severe functional dyspepsia: normal gastric emptying, normal gastroscopy, other
diseases excluded

Chronic intestinal pseudo-obstruction: ~ symptoms compatible with CIP, radiologically
demonstrated small bowel dilatation, delayed small
bowel transit but demonstrable transit to the colon,
marked small bowel manometry abnormalities.

Other diagnoses: delayed gastric emptying/
and/or small bowel manometry abnormalities /
pathological findings from small bowel full thickness
biopsy
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COMMENTS: Diabetic and idiopathic gastroparesis were considered approved
indications for GES, based on multi-centre studies *> *’, and according to
approval by FDA (United States Food and Drug Administration, Department of
Health and Human Services) . Other diagnoses were considered non-approved

indications for GES.

Paper I) In the initial part of this study, three pigs were implanted with
percutaneous gastric electrodes during gastroscopy. After implantation gastric
electromyography (EMG) was performed. In the second part, three patients (post-
surgical intestinal pseudo-obstruction [n=1] and severe functional dyspepsia [n=2])
were implanted with percutaneous leads and received gastric electrical stimulation
by an external neurostimulator. The electrodes were kept in place for 7-9 days.
Electrode function was tested and symptoms before and during stimulation were
assessed with symptom questionnaires.

Paper II) Thirty patients, 29 with non-approved diagnoses for GES were implanted
with temporary percutaneous leads, in order to receive gastric electrical stimulation
by an external neurostimulator. The first 3 patients described in detail in paper I
were included. Fourteen patients received open stimulation. Thirteen patients went
through a double-blinded cross-over procedure, randomized to stimulation either
ON or OFF for the first period (12-14 days) and the opposite mode (OFF or ON)
for the second period (12-14 days). Non-responders to the stimulation in either
group (open or blinded stimulation) were offered an immediate extra period of open
stimulation, with increased stimulation current, for 2-3 weeks. In three patients the
blinded ON/OFF test had to be interrupted and the patients could not be evaluated
by temporary percutaneous GES. Responders to temporary percutaneous GES
received permanent GES and were followed for a mean of 21 (range 6-48) months.

Paper III) Four CIP patients, two of them selected from temporary GES, received
permanent GES and were compared to 11 diabetic patients with permanent GES.
Laparoscopy was the surgical first line option. Symptoms before and during
stimulation were assessed. Days of hospital care due to vomiting before and after
GES were compared. For the diabetic patients HbAlc before implantation were
compared to the values at last visit.

Paper IV) 36 healthy adults performed a slow caloric satiety drinking test.
Maximum caloric intake and symptoms after the test were assessed. Patients
receiving temporary or permanent GES (8 and 19 patients, respectively) in the
period 2003-2006 underwent the satiety drinking test. At temporary percutaneous
GES the patients underwent the slow caloric satiety drinking test at the end of each
stimulation period (blinded crossover ON/OFF stimulation). The 19 patients
receiving permanent GES, six of them having undergone temporary percutaneous
GES, performed the drinking test at baseline and at 6 and 12 months follow-up.
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GASTRIC ELECTRICAL STIMULATION

Temporary percutaneous GES (I, 1L, IV)

Lead electrodes

The lead was insulated and had a diameter of 1.2 mm. At the distal end, an
uninsulated cylindrical part of the lead (platinum-iridium), 2.4 mm long, diameter
1.2 mm, served as electrode. The tip of the lead was T-shaped with a pair of
flexible tines, to anchor the lead in the submucosa (Fig. 1). The lead used in the
initial animal experiments had a construction principally similar to the leads used in
patients, but the diameter of the lead was 2.0 mm.

Figure I. Schematic illustration of the gastric wall layers and the location of the temporary
percutaneous lead at insertion. The T-shaped tines of the lead allow anchoring in the gastric
submucosa (s). After retraction of the plastic cannula the uninsulated electrode will be in contact
with the muscle layer (m).

Surgical technique

The implantation of electrodes was performed under gastroscopic guidance. After
transabdominal identification of the gastroscopy light, local anesthesia was
administered and abdominal skin incisions were made. A plastic cannula with an
inner needle was introduced through the abdominal wall into the gastric wall until
the tip of the needle was tenting, but not passing through, the gastric mucosa.
Saline was injected into the submucosal layer, thus creating a liquid filled space
between the mucosal and muscular layers. The lead was then inserted through the
cannula into the submucosa (Fig. 1). The two electrodes were placed in the wall at
the border between corpus and antrum. Any mucosal perforation would have been
detected via the gastroscopic supervision. The gastroscope was then withdrawn, the
leads connected to the impulse generator and electrode impedance measured.
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Comments: Experience from PEG placement was a basis for the
percutaneous implantation procedure. In practice, the first steps are similar to
those of PEG placement, however, the mucosa should not be penetrated. The lead
implanter utilizes the structure of the submucosa and mucosa; due to the
elasticity of the mucosa, the implanter can recognize when the cannula has
penetrated the muscular layer but not the mucosa.

The specially designed electrode has a key role in the success of the
implantation procedure. Since the electrode anchor itself, penetration of the
mucosa is avoided and sutures are not needed. Thus, the invasiveness is minimal.

Possible complications are likely the same as during PEG placement;
bleeding, skin infection and bowel perforation. In case of complicated anatomy,
ultrasound can be performed to identify the gastric wall.

Evaluation of electrode function

The distance between the two electrodes in the gastric wall was measured by
fluoroscopy using an external metal probe on the abdominal skin as reference. The
positions of the electrodes were checked during the implantation procedure, the day
after implantation, at follow-up visits and at the end of the stimulation period.

In the animal experiments and in the two first patients electromyographic
recording was made. In the patients the leads were disconnected from the impulse
generator for about 30 minutes, and connected to the recording device. A
bioamplifier (AD Instruments, Oxfordshire, England) connected to an amplifier and
an AD converter (Powerlab, AD Instruments) was used. The signal was filtered at
50 Hz and 0.03 Hz. After the recording the leads were reconnected to the impulse
generator. The EMG curve was smoothed before printing to eliminate cardiac and
other signals at 0.5 Hz or higher.

Stimulation techniques

The stimulation rate was 14 Hz, though continuously switching from ON mode
(duration 0.1 sec) to OFF mode (duration 5 sec). From this followed that each
stimuli consisted of two discrete impulses, the pulse width was 330 ps and the
interpulse interval 70 ms. Subsequently, the stimulation was 12 double impulses
per minute, applied for 24h/day. The standard stimulation current was set to 5-7
mA, based on measured impedance and appropriate adjustment of the stimulation
voltage.

In patients with no or inconclusive effect of GES during the standard
stimulation 5-7 mA, increased stimulation at 8-10 mA was applied.

Comments: Due to minor fluctuations of the impedance, which is normal in
human tissue, the current can differ somewhat over time. Therefore, the
stimulation parameter mA cannot be an exact setting.

It has been reported that patients with permanent GES, who has not
responded optimally to the standard stimulation 5 mA, may respond to increased
stimulation 8-10 mA °’. In paper II, non-responders to temporary percutaneous
GLES were offered increased stimulation before final evaluation.
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Permanent GES (II-1V)

Surgical implantation technique

Laparoscopy was the first line surgical option. All patients received general
anaesthesia and three ports were placed in the upper abdomen. Two electrodes
(Medtronic Model 4300) were placed on the anterolateral surface of the stomach at
the level of the minor curvature, using the “crow’s foot” of Latarjet’s nerve as
landmark (Fig. 2). A skin needle at the end of the electrode was used to penetrate
the serosal and muscular layer of the stomach and the electrodes were anchored to
the stomach wall. Great care was taken to avoid penetration of the mucosa of the
stomach wall. The proximal end of the leads were extracted and connected to the
neurostimulator. The skin incision of the left upper quadrant port was used for
subcutaneous placement of the neurostimulator (Medtronic Model 7424/7425 or
Enterra). In the cases of open surgery procedure, an upper midline incision was
made and, hereafter, the electrode placements were identical to that performed with
the laparoscopic technique.

Comments - The implantation procedure was open surgery in the first
patients in the 1990s. The laparoscopic surgical procedure of permanent
implantation for GES, was developed in 1995 by Lionroth ** *'. In paper II and
111, laparoscopy was used as the first line option.

Figure 2. Location of implanted electrodes in the human stomach. IPG, impulse generator; L.N.,
Latarjet’s nerve; P, pylorus.

Stimulation techniques
The stimulation parameters were the same as described for temporary percutaneous
GES (se above).
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SYMPTOM ASSESSMENT

Questionnaires (I-1V)

The patients completed daily symptoms in a GI symptom questionnaire. This was
performed during the ON and OFF periods at temporary stimulation or during a
two-week period at baseline and at 3, 6, 12, 24, etc. months after permanent
implantation. Symptoms asked for included vomiting frequency, nausea time
(hours) and severity of early satiety, bloating, epigastric pain, belching,
postprandial fullness (severity score 0-3 were 0 = no symptoms, 1 = mild
symptoms, 2 = moderate symptoms and 3 = severe symptoms).

Responder criteria (I1, IV)

The criteria to be classified as a responder to GES were: a decrease of the main
referral symptom; weekly vomiting frequency (WVF) or weekly nausea time
(WNT), by >50% for a) open temporary percutaneous GES vs. baseline, or

b) stimulation ON vs. stimulation OFF during the blinded TPGES test, or

c) at 6 months follow-up vs. baseline for permanent GES.

The other criterion was the patient’s preference for the period of open
permanent stimulation vs. baseline, or stimulation ON vs. stimulation OFF during
the blinded test. The preference criterion could assess the overall effect of
temporary percutaneous GES, including not only the intensity of nausea/vomiting
but also other predominant symptoms.

Comments: The responder criteria for vomiting was based on a multi-centre
study where 70% of the diabetic patients had a reduction of at least 50% of the
vomiting frequency °°. Patients with post-surgical gastroparesis due to
fundoplication cannot vomit. Therefore severe drug refractory nausea in
gastroparetic patients has now also been adopted as indication for GES %,

GASTRIC FUNCTION

Gastric emptying test (I-1V)
Emptying of radiopaque markers (ROMs) or solid scintigraphic emptying was
performed at baseline.

a) Twenty spheric ROMs (diameter 4 mm, density 1.27 g/mm’), were given
with a meal and emptying was followed with fluoroscopy hourly until all ROMs
were emptied or for a maximum of 8 hrs. The mean retention at fluoroscopy at 4, 5
and 6 hours after the meal was calculated. Upper reference values based on 131
control subjects were for men 25% and for women 65% °* ®. With repeated
fluoroscopy and estimation of the emptying of ROMs from the stomach and
accumulation of ROMs in the small bowel and colon evaluation of small bowel
transit could be made.
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b) A standardized scintigraphic method was used. Imaging with gamma
camera was performed at 0, 60 and 120 min after ingestion of the meal. Upper
reference limits at 120 min based on 160 control subjects were 50% retention for
men, 65% for premenopausal women and 54% for postmenopausal women °.

Comments: Many patients with gastric dysmotility, also have small bowel
pathology. The method of ROMs can measure both gastric emptying time and
small bowel transit time, and was therefore used as the first line option at our
laboratory. All patients included also in international multi-centre studies
underwent the scintigraphic test (n=6).

Manometry (I-II1)

Antroduodenojejunal manometry was performe . The investigation was
performed for five hours during fasting followed by 60 min after a test meal with a
total energy content of 500 kcal. For pressure recording an assembly was used, with
a central lumen for guide wire and eight water-perfused lumens with recording
points in the antrum, the descending part of the duodenum, the distal duodenum
close to the ligament of Treitz and in the proximal jejunum. The assembly was
connected to pressure transducers and recordings made with a polygraph (PC
Polygraph, Synectics, Stockholm, Sweden).

Comments: Manometry was performed in most patients to evaluate
gastroduodenojejunal motility. Particularly in patients with normal gastric
emptying, but with symptoms of dysmotility, manometry gives important
information of the gastroduodenal function. In patients with chronic intestinal
pseudo-obstruction, manometry is one of the investigations that verify the
contractile abnormality in these cases.

70, 71
d

Slow caloric satiety drinking test (IV)

A peristaltic pump filled one of two beakers with a nutrient drink at a rate of 15
ml/min (1.5 kcal/ml) and the patients were requested to ingest the drink at the
filling rate and to cease meal intake when maximum satiety was reached. The
amount of ingested kcal at maximum satiety was recorded. Thirty minutes after
stopping the severity of bloating, fullness, nausea and pain were assessed using a
visual analogue scale (VAS) with 100 mm lines and the words ‘unnoticeable’ and
‘unbearable’ at each end. A composite symptom score was defined as the sum of
the four 100 mm VAS for each symptom (i.e. maximum 400).

Comments: Most studies of gastric accommodation have been performed
using a gastric barostat, however, the procedure is cumbersome for the patients.
A slow caloric drinking test has been proposed as a non-invasive and easy way to
measure gastric accommodation capacity *.
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STATISTICAL METHODS

Due to relatively low number of study participants and non-gaussian distribution
non-parametric methods were used: Wilcoxon signed rank test for comparisons
within groups between baseline and follow-up (II, III, IV) and Mann-Whitney-U
test for comparisons between groups (IV). Spearman’s rank correlation was used
for assessing correlations between two different parameters (IV). Results are
presented as median, interquartal range (IQR) and range (II), mean and range (III)
or mean and SD (IV). In general, significance was accepted at the 5% level.
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RESULTS

TEMPORARY PERCUTANEOUS GES

Animal studies (I)

In the anesthetized pig, injection of saline and insertion of the percutaneous
electrodes into the space between the mucosal and the muscle layers of the stomach
was performed under gastroscopic supervision. No perforation of the gastric
mucosa occurred.

A spontaneous electric activity was recorded in all animals. The slow waves
had a frequency of about 3 cycles/min. The amplitudes of the electrical waves were
about 1.5-2.0 mV. In several sequences the individual gastric slow waves were
followed by a superimposed short lasting potential wave (duration 3-5 sec) with the
character of plateau potential.

At the end of the experiments, after about 1-1.5 hour of recording, the animals
developed bradygastria with a decrease in the frequency of myoelectric activity to
about 2 slow waves/min. However, the shape of the individual slow waves was
unchanged during the period with bradygastria in each experiment. After the
recording period the electrodes were removed by pulling.

Eventually, autopsy was performed and a small lesion was noticed in the
gastric wall at the site of electrode implantation but no other damage. The skin of
the animals displayed only two approximately 5 mm long cuts after the intervention
but no hematoma.

Implantation technique in patients (I, II, IV)
Lead implantation procedure
The abdominal skin was disinfected before the gastroscopic procedure. In all
patients the gastroscope light could be identified through the abdominal wall when
the stomach was insufflated. The cannula was inserted into the stomach wall and
was easily identified via the gastroscope. After saline infusion, local swelling of the
mucosa was observed. No mucosal perforation occurred during the implantation
(Fig. 3).

Implantation time from the start of gastroscopy (including skin anaesthesia
and incisions) to the end of implantation of the two electrodes varied from 8 to 22
minutes (mean 14 minutes) in the 30 patients (II).
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Figure 3. (A) Endoscopic view of the gastric mucosa after saline infusion into the submucosa.
When the local swelling is observed, the lead is placed percutaneously and anchored in the
submucosa. (B) The temporary leads and the external neurostimulator in a patient 7 days after
implantation.

Electrode distance and impedance (1, 1I)

The mean distance between the electrodes, as measured by fluoroscopy, varied
from 5 to 60 mm in 24 patients. Six patients had a monopolar electrode position
(I). Impedance ranged from 300 to 900 Ohm. There was no relation between the
electrode distance or the level of impedance and the clinical outcome of the test.
Marked improvement was seen also in patients with 45 and 60 mm distance
between the electrodes as well as in most patients with monopolar stimulation (II).

Gastric electromyography and manometry (1)

In the first two patients gastric EMG was recorded and compared with the
manometry performed before implantation. In both patients the gastric EMG
showed a regular 2.7-3/minute rhythm. In the antral pressure recording the patients
showed pressure intervals, which were similar to, or multiples of the slow wave-to-
slow wave time. Thus, the frequency of the recorded gastric slow waves was
normal in both patients, although one patient had severely delayed gastric emptying
and abnormal duodenojejunal contractility (Fig. 4).
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Figure 4. Gastric electromyography performed with percutaneous leads and antroduodenaljejunal
manometry in a patient with chronic intestinal pseudo-obstruction. Manometry showed almost
complete absence of contractility in duodenum and jejunum trough out the 6 h recording, but
some sequences with antral pressure waves (recording points A1-A3, 15 mm apart). Gastric EMG
showed a continuous 3 min™' and the distally moving antral pressure waves, when present, had an
interval of 20 s or multiples thereof.

Lead observations and complications (I, IT)

The gastric electrodes and the impulse generator, taped to the abdominal skin, were
kept in place for 7-9 days in the first three patients (I) and 7-60 (mean 26) days in
all 30 patients (II). At the end of the temporary stimulation test the leads could
easily be pulled out without any complication. In most patients this was performed
after anaesthesia (pethidine 25-50 mg i.v.).

Four patients could sense the stimulation as a discomfort, aching or cramping.
However, the stimulation current could be adjusted to a level so that the patient
could easily ignore the discomfort. One patient had a slight skin infection at the
implantation site six weeks after implantation. However, the infection responded
rapidly to oral antibiotics. One patient had an abdominal wall hematoma, which
was due to a previously unknown bleeding disease.
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Monopolar stimulation (I)

In 6 patients, where one temporary electrode was verified to be in the gastric wall,
and one electrode outside the gastric wall but still with the impedance within the
range of 300-900 Ohm, the effect of monopolar GES instead of the conventional
bipolar stimulation could be evaluated. Five out of six patients (83%) were
responders to monopolar stimulation while 17 out of 21 patients (81%) were
responders to bipolar stimulation. Thus, there was no significant difference in the
response rate when bipolar and monopolar stimulation was compared.

Effect on symptoms (I, IT)

Open stimulation (11)

Twenty patients had their final evaluation from results of open stimulation, 13 with
standard stimulation (5 mA) and 7 with high stimulation (8-10 mA) (Fig. 5). 16 of
the 20 patients were considered responders; 15 had a decrease in severity of nausea
and/or vomiting, and one patient had marked reduction in regurgitations (responder
according to the preference criterion). Four patients having their final evaluation
with open stimulation were non-responders to temporary percutaneous GES.
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Figure 5. Vomiting and nausea for 20 patients at baseline and during open temporary
percutaneous GES. Extreme values and outliers are not shown. Median weekly vomiting
frequency (WVF) decreased from 5.8 (IQR 0-18; range 0-129) to 0 (IQR 0-4; range 0-52) and
median weekly nausea time (WNT) (hours) decreased from 21.5 (IQR 13-40; range 0-112) to 6.0
(IQR 0-25; range 0-112).

Blinded ON-OFF stimulation (II)

Seven patients were evaluated under blinded conditions only, with stimulation ON
or OFF for periods of 10-14 days in a randomised order (Fig. 6). From this blinded
test 6 patients were responders; 5 with respect to decreased frequency of nausea
and/or vomiting, and 1 patient in respect to marked reduction of retching
(according to the preference criterion).
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Figure 6. Vomiting and nausea for seven patients during blinded cross-over ON/OFF temporary
percutaneous GES. At stimulation ON compared to OFF the median weekly vomiting frequency
(WVF) was 2.0 (IQR 0-22; range 0-34) vs. 10.0 (IQR 1-36; range 0-162) while weekly nausea
time (WNT) (hours) was 4.0 (IQR 3-12; range 0-33) vs. 12.0 (IQR 6-34; range 0-66).

Outcome of TPGES vs. diagnosis and gastric emptying

All 30 patients enrolled for temporary percutaneous GES underwent a gastric
emptying test at baseline. 13 out of 30 patients had delayed gastric emptying.

Table 1 summarizes gastric emptying, diagnosis and response to TPGES.

Table 1. Outcome of temporary percutaneous GES in 27 patients with mainly non-approved
indications for GES. Proportion of responders with decrease in nausea and/or vomiting related to
gastric emptying and diagnosis. Three patients could not be evaluated by TPGES and are not
shown in table: Ehler-Danlos’ gastroparesis (n=1), intestinal neuropathy (n=1), post-surgical
gastroparesis (n=1). Functional dyspepsia was classified according to Rome II criteria.

Gastric emptying / diagnosis Response rate
Normal gastric emptying 12/16 (75%)
Functional dyspepsia 6/9
Diabetes mellitus 2/2
Post-surgical nausea/vomiting 2/2
Malformation syndrome 1/1
Intestinal neuropathy 1/1
Intestinal ICC deficiency 0/1
Delayed gastric emptying 10/11 (91%)
Post-surgical gastroparesis 7/8

Chronic intestinal pseudo-obstruction — 2/2
Idiopathic gastroparesis 1/1
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PERMANENT GES
Symptoms

(1)

20 patients, initially evaluated by temporary percutaneous GES, were implanted for
permanent GES, 19 of them had a non-approved indication for permanent GES and
one patient had idiopathic gastroparesis. At the last follow-up 18/20 patients were
still considered responders.
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Figure 7. Vomiting and nausea in 20 patients at baseline before temporary GES and during
permanent GES. The median weekly vomiting frequency (WVF) was at baseline 7.0 (IQR 1-25;
range 0-183), at 6 months 1.0 (IQR 0-16; range 0-54) and at last visit 1.5 (IQR 0-19; range 0-
109), the median WNT was at baseline 20.0 (IQR 11-43; range 0-118), at 6 months 6.5 (IQR 0-
17; range 0-58) and at last visit 7.0 (IQR 1-20; range 0-45). Last visit: 6-48 months (mean 21).

(IIT)

In three of the four patients with CIP vomiting reduction was >65 % and 50 % in
one patient at last follow up. Nausea reduction was >95 % in one patient and >30 %
in three patients at last follow up. Last follow up was 33 (12-84) (mean; range)
months after implantation.

The average decrease in vomiting frequency for the patients with diabetic
gastroparesis was 85 % at 12 months, as compared to 71 % for the CIP patients
(Fig. 8). At last follow up the mean decrease in vomiting frequency was 84% for
the diabetic patients. Last follow up was 28 (12-72) months (mean; range) after
implantation.
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Figure 8. Weekly vomiting frequency at baseline and during GES in patients with chronic
intestinal pseudo-obstruction (n=4, solid lines) and diabetic gastroparesis (n=11, dotted lines).
P<0.01.

Upper GI symptoms after 12 months

At the one-year follow-up for the 20 patients selected by TPGES, the referral
symptoms nausea/vomiting were clearly decreased. The median WVF was  2.25
(IQR 0-14; range 0-132) and median WNT 11.5 (IQR 4-19; range 0-58). Compared
to baseline decrease in vomiting and nausea were significant (respectively, p=0.01
and p=0.004). Other symptoms at the one-year follow-up are shown in Fig. 9. The
decrease was significant for fullness and approached significance for bloating and
epigastric pain.
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Figure 9. Daily gastric symptoms at baseline and the one-year follow-up for patients selected for
permanent GES by TPGES. Severity score 0-3 (0 = no symptoms, 3 = severe symptoms). Data
presented as mean and SD.

Aspects on symptom relapses

Temporary relapses of vomiting were related to urinary infection in two patients
and skin infection in two patients. The symptoms of vomiting rapidly improved
when the infection was treated. In one patient relapse of vomiting was time related
to primary hyperparathyroidism.

Surgical results: Laparoscopy success (11, III)

Of 35 patients, 33 could be implanted by laparoscopy (I, III). Markedly dilated
small bowel was seen in all CIP patients, yet three out of four CIP patients could be
implanted with laparoscopy (I11).

Hospital care (I1I)

There was a significant decrease in days of hospital care due to nausea and
vomiting (p=0.02). In the diabetic group the mean yearly hospital care due to
vomiting decreased from 38 days the year before implantation to 12 days the year
after implantation (p=0.07). In the CIP group the mean decrease was from 14 to 0
days. The mean yearly hospital care due to any reason (35 days) did not change
after implantation.
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HbA1lc (IIT)
There was a tendency towards improvement of HbAlc in the eleven diabetic
patients. HbAlc decreased from 8.1 to 7.1 (p=0.09) (baseline vs. last control).

Device and surgery related observations (11, IIT)

Battery duration (111)

All neurostimulator batteries showed OK at the last control. Time in use was up to
90 months (=7.5 years). One neurostimulator (Medtronic, model 7424) switched off
due to external magnetic fields, and had to be exchanged to the magnet insensitive
model 7425.

Electrodes and neurostimulator (I, 111)
Dysfunction of one electrode was detected in one patient, and was corrected by
reprogramming to monopolar gastric stimulation, with the neurostimulator as anode
and the functioning lead as cathode (III). Standard bipolar stimulation in two
patients was followed by epigastric pain. Monopolar stimulation with equivalent
mA was well tolerated and nausea decreased (I1).

In one case the neurostimulator had to be taken out because of skin erosion
and a new stimulator was put in another pocket (III). This was due to marked
reduction of subcutaneous tissue, later shown to be related to lung cancer.

Surgical event and explantation (111

One patient with adhesions after previous peritoneal dialysis required laparotomy
12 hours after laparoscopy, to stop a post implantation bleeding. In one CIP patient
the electrodes caused ileus and a short intestinal resection and explantation had to
be performed 5 months after implant. Due to relapse of severe vomiting a second
permanent implantation was done after 10 months.

SLOW CALORIC DRINKING SATIETY TEST (IV)

Healthy volunteers and untreated patients

The test was well tolerated by the healthy controls (n=36), and the maximum
drinking capacity was 1630+496 kcal (mean+SD). For the 19 patients that
underwent permanent GES the maximum drinking capacity was 887+412 kcal at
baseline, which was significantly lower than the drinking capacity of the healthy
volunteers (p<0.001) (Fig. 10). 26% of the patients had a drinking capacity outside
the total range in the healthy controls.
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Figure 10. Drinking capacity in healthy volunteers and patients at baseline before permanent
GES. Solid lines: mean drinking capacity. Dotted line: the cut off for the normal value, based on

the total range in healthy volunteers.

The healthy volunteers had less symptoms 30 min after maximum satiety than the
patients; the composite score was 128+51 vs. 235+83 (p<0.001). In the patients
there was no significant correlation between the drinking capacity at baseline and

vomiting or nausea frequency at baseline (Fig. 11).
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Figure 11. Drinking capacity at baseline was not correlated with symptom severity at baseline.
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Temporary percutaneous GES

Four out of 8 patients were responders to blinded temporary percutaneous GES.
There was no significant change in drinking capacity during stimulation (stim ON)
compared to the control period (stim OFF). The visual analogue scale (VAS)
measurement for each symptom 30 min after maximum satiety and the composite
score showed no difference during the ON vs. OFF periods.

Permanent GES

For the 19 patients having permanent GES there was no significant difference in
drinking capacity at the 6 or 12 months control compared to baseline, and there was
no significant effect on the visual analogue scale (VAS) measurement of each
symptom or the composite score. There was no correlation between improvement
in drinking capacity and decrease in vomiting or nausea (Fig. 12).
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Figure 12. Change in drinking capacity (baseline to 6-months follow-up) was not correlated with

improvement of frequency of vomiting or nausea time.

There was no difference between responders (n=13) and non-responders (n=6) in

change in drinking capacity at the 6-months follow-up compared to baseline
(p=0.7) (Fig. 13).
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Figure 13. Change in drinking capacity, baseline compared to the 6-months follow-up. There was
no difference between responders to GES (solid lines) and non-responders (dotted lines), p=0.7.

There was no significant difference between the gastroparetic (n=13) and non-

gastroparetic patients (n=6) in maximal drinking capacity or composite score at
baseline or 6 months follow-up.
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DISCUSSION

TEMPORARY PERCUTANEOUS GES

Novel principle

The gastroscopy-assisted implantation technique of percutaneous temporary GES
(TPGES) described in this thesis, is a novel principle to implant lead electrodes to
the stomach. It differs principally from the few other methods to perform temporary
GES in humans that have been reported. The method applied in the first multi-
centre study * demanded general anaesthesia and abdominal surgery to fixate the
leads. Another more recent study published during the course of our study,
suggested a gastroscopy-assisted method where the leads were placed via a stoma
or orally ">. With this technique the electrodes could be kept in place for no more
than 8 days in 78% of the patients in a blinded cross-over test °. The orally placed
leads remain functional for only about one week ’* and might be cumbersome for
many patients. Leads placed via a stoma are functional for up to one month, but
creation of a stoma means a higher risk for complications.

Implantation of TPGES is easy to perform in gastroenterological practice and
do not require general anaesthesia. The procedure usually takes 10-20 minutes, and
can be performed as an outpatient procedure. The patient is instructed to be careful
while showering, but otherwise the device does not restrain daily life. The
percutaneous leads can be left in place for at least 60 days with remained function.
However, there does not seem to be a definite upper limit for the duration of
TPGES. Due to the relatively comfortable conditions and the long duration of the
temporary stimulation, a selection of responders from a test running for several
weeks i1s possible. Thus, compared to previous temporary GES principles TPGES
appears to be more comfortable for the patient, less demanding from a surgical
facility point of view and can be performed over longer test periods.

Implantation technique
The first steps of TPGES have similarities with PEG placement. Gastroscopy is
used to guide the insertion of the percutaneous electrodes. Due to the gastroscopic
control and the elasticity of the mucosa, penetration by the tip of the cannula can be
avoided when the electrodes are implanted. Another potential way to guide the
insertion is by ultrasound.

Apart from endoscopic control at implant, a proper position of the TPGES
leads was verified by other observations. a) During the animal studies, gastric EMG
in the pigs showed a gastric electrical rhythm with a frequency of about 3 min™,
which is very similar to other reports of the gastric electrical rhythm in pigs "*. b)
Gastric EMG performed in the two first patients showed a regular rhythm of about
3 min"'. The findings were supported by the manometry findings just prior to
implantation, were the antral rthythm was similar to that observed in the EMG.
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These recordings indicate that the electrodes had a proper position in the gastric
wall for registration of EMG. Furthermore, the stable intra-individual frequency of
slow waves before and during GES is in accordance with previous studies reporting
that high-frequency low-energy GES does not entrain slow waves °. ¢) The marked
reduction of symptoms in the first two patients also indicated a correct electrode
position from a treatment point of view. d) Fluoroscopy yielded information about
electrode position after the lead insertion. Also in patients where the distance
between the electrodes was verified to be relatively long (4-6 cm), the effect on
symptoms was clear cut (II), which is at variance from the present concept that
distance between leads should be about 1 cm *°. The present results suggest that the
electrode distance is less important for the symptomatic outcome. However, further
observations are needed.

An important aspect of the method of TPGES is the construction of the lead.
The flexible tines at the tip enable the lead to anchor itself in the submucosa. Thus,
the mucosa is kept intact, sutures are not needed and the invasiveness is minimal.
However, in 20% of the patients one electrode was dislodged within one day after
implantation (i.e. 10% of the implanted electrodes). Thus, method improvements
should be considered for the various steps of the implant procedure: the lead
construction, the puncture and retraction of the endoscope. It is notable that the
effect of GES could be evaluated by monopolar stimulation in the patients where
the dislodgement was verified within one day after the implantation. Moreover, the
observations (II) suggest that a cutaneous electrode might be used as anode as an
alternative to the conventional bipolar electrode arrangement.

Clinical feasibility

We have demonstrated the clinical feasibility of TPGES and shown that TPGES
can be used to evaluate the effect of GES before permanent implantation. At
present, there is no other available non-invasive test that can be applied for more
than one week and capable to predict whether a patient will respond to GES. The
simplicity of TPGES makes it applicable even in more complicated cases. The
youngest patient was a two year old child, and the oldest was 81 years old having
scars and complicated anatomy after previous surgery. Both patients were
implanted with no complications and had a positive outcome of the TPGES. Thus,
there seems to be no distinct age limitations for considerations of TPGES.

One main criteria for inclusion of the patients to TPGES was the severity and
duration of the GI symptoms nausea and vomiting. The symptoms should be
refractory to at least dopamine antagonist and, in case of delayed gastric emptying,
also refractory to erythromycine. Patients with diabetic gastroparesis, previously
shown to have a relatively high responder rate, were not considered for TPGES, as
they were considered to be good candidates for permanent GES without prior
responsiveness testing. There were no absolute contraindications with respect to the
underlying gastrointestinal diagnosis. As shown in Table 1 (page 29) patients with
nine different diagnoses, in addition to functional dyspepsia, were enrolled. This
broad spectrum of diagnoses is partly due to the investigation program at our
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laboratory for severely symptomatic patients. The program includes upper GI
manometry, transit assessments and intestinal full-thickness biopsy when
appropriate. Without such investigations patients with intestinal neuropathy would
have been categorized as having 1idiopathic or functional disorders.
Contraindications for TPGES are similar to PEG placement, and include untreated
bleeding diseases.

Given the broad spectrum of GI disorders included for TPGES and the
outcome of the TPGES tests (II) the logistics for TPGES and its present place in
handling of patients with drug refractory nausea and/or vomiting at our laboratory
1s schematically outlined in Fig. 14.

Gastrointestinal disorder with severe nausea and/or vomiting

Exclude outlet obstruction, ulcer etc (GASTROSCOPY etc)

v

Gastric emptying test (GET)

Intestinal manometry/transit (optional)

Gastroparesis (GV NET normal

Dopamine blocker(metoclopramide, domperidon) || Dopamine blocker

Erythromycine Psychotrop.drugs, e.g. mianserin
Drug refractory | | [
Diabetic GP Non-diabetic GP

Temporary percutaneous GES

Responders J/

Implant for permanent GES

Figure 14. Handling of patients with GI disorder and severe vomiting or nausea.
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Open or blinded TPGES?

For safety reasons the first four pilot patients were tested with open TPGES for 7-9
days only, without any technical or physical complication. The following patients
were considered for the blinded crossover test. However, for patients living far
away from the hospital it was impractical to participate in the blinded group, and
these patients were included in the open TPGES group.

Totally, 81% of the patients completing the TPGES test were classified as
responders and considered for permanent GES. All patients selected from blinded
TPGES were considered responders also to permanent GES. Of the patients
selected from open stimulation, two patients (14%) were non-responders to
permanent GES. However, one out of the two non-responders was selected from
only a one-week test with open TPGES. Thus, the available data suggest that the
test should preferably be performed under blinded conditions. If a blinded test is
not possible, we suggest that an open test should run for a minimum of 2 weeks.
Moreover, a longer duration of the test is also important due to a possible carry-
over effect that seems to be about 1-2 days (II). This is in line with another study,
reporting a carry-over effect of 2-3 days . At present we cannot conclude that an
open test is less reliable than a blinded test, provided that the test runs for a
sufficiently long period of time.

PERMANENT GES

New indications

After permanent implant 90% of the responders to TPGES had also a maintained
respond to permanent GES at follow-ups after 6-48 months (II). This is a higher
responder rate than in several other studies where no test stimulation was
performed prior to the permanent implantation #3963 and comparable to that
reported for the hitherto best responding group, namely diabetic gastroparesis >**.

Although we do not know how the non-implanted patients may have done
with permanent GES it is reasonable to assume that the selection done with TPGES
explains the high responder rate. This high response rate may seem surprising as we
studied patients with mainly non-approved indications for GES, i.e. post-surgical
gastroparesis and dyspepsia, functional dyspepsia, intestinal neuropathy, CIP,
malformation syndrome and ICC deficiency. Furthermore, symptoms of vomiting
and nausea were reduced irrespective of the gastric emptying was normal or
delayed.

As we hypothesized, patients with severe symptoms of nausea and vomiting
but normal gastric emptying, e.g. functional dyspepsia, had a beneficial effect of
GES on symptoms (II). The results are supported by other recent studies of GES in
patients with normal gastric emptying, reporting that patients with severe GI
symptoms benefit from GES and that delayed gastric emptying is not a predictive
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" 5-77
factor for a positive outcome P

Since CIP is a disorder that usually is very difficult to manage, the outcome of
GES in these patients is notable. Three of the patients with CIP that were implanted
with permanent GES (IIT) had hereditary CIP with a family history of very severe
disease, and close relatives had died from intestinal failure. One patient with post-
surgical CIP was implanted on vital indication. However, the four CIP patients
were all responders to GES, and irrespective of whether the gastric emptying was
delayed (n=2) or normal (n=2). The effect on nausea and vomiting was similar as
for the patients with diabetic gastroparesis. Furthermore, another patient with
myopathic CIP responded to TPGES (II), but was selected for multi-visceral
intestinal transplantation due to severe lower bowel failure and nutritional problems
and did not receive permanent GES. CIP has previously been an exclusion criteria
in most other studies of GES and, at present, there are no other reports of GES in
this disorder. Although the experience of GES in CIP is limited, the marked long-
term effect in these few but very severe cases, clearly suggests that GES should be
considered as a therapeutic alternative for intractable vomiting in CIP.

Moreover, most patients with post-surgical gastroparesis were responders to
permanent GES (II). This is in line with other studies of GES for PS-GP ** ¥,
Interestingly, since it has been suggested that the effect of GES might be mediated
by vagal afferents, improvement of symptoms was seen also in patients with partial
vagal disruption (II). The same observation has been reported by another research
team *°. This could mean that the vagal disruption in these patients was not
complete, or that the effect of GES is not mediated by vagal afferents only.

Earlier studies on GES in young patients have mainly included adolescents,
but also two children (7 and 8 years old) '® ™. The two years old child (paper II),
tested with TPGES, seems to be the youngest patient implanted with permanent
GES. Although even small children with severe vomiting can benefit from GES,
from an ethical point of view direct implantation of permanent GES without a prior
prediction of the outcome is questionable.

Non-responder aspects

As mentioned above a positive outcome of permanent GES was seen in most
patients (82%) with diabetic gastroparesis having a permanent implant with (n=3)
or without (n=8) a prior temporary test (III). The same was true for the patients
with non-approved diagnoses who had been selected by TPGES to receive
permanent GES (II). However, a maintained absence of response was seen in two
patients with diabetic gastroparesis, as well as in two patients who had shown a
positive response during the initial TPGES test. For patients with gastroparesis it
has recently been suggested that depletion of gastric ICCs may contribute to a
“non-response” to permanent GES **. This explanation seems less likely for our
two patients with non-approved indication for GES since they initially had
responded to temporary GES, although one of them had only a one-week open
TPGES test. An over-consumption of alcohol was disclosed in these two patients
that cannot be excluded to be a negative factor for GES treatment. An analogue
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observation was recently reported, namely that patients taking narcotic analgesics
at the time of implantation had a poorer response compared to patients who were
not *°. Furthermore, eating disorders and anxiety disorders may influence the
outcome of GES ’°. Since there is a relative high co-existence of psychiatric
disorders in for example functional dyspepsia *' and idiopathic gastroparesis *, a
careful exploration of the patient history is of great importance before implantation
of permanent GES. Effort to exclude anxiety disorders and drug or alcohol abuse
also seems necessary.

The mentioned negative predictive factors for GES response, e.g. abuse,
should be taken into consideration early in the evaluation of patients with drug
refractory nausea/vomiting, i.e. even before consideration of TPGES. With respect
to ICC-depletion as a negative factor, it 1s worth noting that in one of the five non-
responders to TPGES (non-gastroparetic) a full-thickness jejunal biopsy had shown
ICC depletion (I1). Although the proportion of non-responders to permanent GES is
small in patients with diabetic gastroparesis future research is of interest to see if
this small proportion could be further reduced with application of TPGES also for
this group (c.f. Fig. 8, page 31).

STIMULATION ASPECTS

Stimulation current at 5 mA with impulses 300 usec has been the most commonly
used stimulation setting since the first report of high-frequency low-energy GES in
humans **. The clinical effect is believed to be due to stimulation of nerve endings
in the gastric wall as the energy used is not sufficient to excite muscle structures.
With the percutaneous lead electrodes we found that in most cases non-responders
to TPGES with 5 mA responded to increased stimulation at 8-10 mA (paper II).
This is in line with observations of permanent GES where non-responders had a
better outcome after modification of the stimulation parameters, e.g. increased
current °” **. Increased energy per pulse can be accomplished by either increasing
the current (mA) or by extending the pulse width. At a given impulse strength, an
increase in impulse frequency will increase the impulse frequency in the nerve
fibers already activated. In contrast an increase of impulse strength (e.g. mA) will
recruit more nerve fibers with higher stimulation threshold. In the present study an
increase of mA was chosen as a mean for stimulation in a range of stimulation
energy above the mentioned 5 mA setting used in earlier studies. It should be noted
that normal fluctuations of the impedance in human tissue leads to some variation
in the mA-value obtained with a given voltage setting. Our results with TPGES
indicate that a current higher than 5 mA should probably be applied as the preferred
TPGES stimulation to minimize the risk for ineffective stimulation. The optimal
TPGES stimulation settings have yet to be determined. Anyhow, our results show
that it i1s important to be aware of the risk of “understimulation” that can lead to
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misclassification of a patient as non-responder.

Interestingly, in the TPGES patients, monopolar GES was as effective as
bipolar stimulation with respect to proportion of responders. After permanent
implant two patients perceived an abdominal discomfort with the conventional
bipolar stimulation. This discomfort disappeared after reprogramming to
monopolar settings.

In the whole group of 20 patients receiving permanent GES after the initial
positive TPGES test 40% had their GES current increased within the first 6 months
after implant. Although the effects of these changes were not analyzed in detail it is
reasonable to assume that the increases of stimulation energy contributed to the
highly significant clinical improvement noted at follow-ups (Fig. 7).

SLOW CALORIC SATIETY DRINKING TEST
AND APPLICATION IN PATIENTS WITH GES (1V)

The slow caloric satiety drinking test has earlier been shown to correlate well with
measurements of gastric accommodation using a gastric barostat, and to predict
impaired accommodation in patients with functional dyspepsia °*. In paper IV
healthy volunteers had a significantly higher drinking capacity than the patients
with severe nausea and vomiting. The results of the healthy volunteers are similar
to other studies using the same method ** . It has been proposed that clinical GES
may exert a therapeutic effect in gastroparesis by increasing the gastric
accommodation capacity. However, we found no effect of GES on proximal gastric
function as evaluated by the slow caloric satiety drinking test. This was the case in
patients with approved as well as non-approved indications for GES, and
irrespective of the effect of GES on symptoms, or whether the patients had normal
or delayed gastric emptying. The results are at variance with some other reports. In
one study, preliminarily reported, six out of totally nine gastroparetic patients had
an improvement in satiety score and an increased liquid test meal volume during
GES, which was independent of any effect on gastric emptying ®. Gastric barostat
was used in another study on eight patients with idiopathic gastroparesis receiving
GES. In that study, decreased sensitivity to gastric distension and enhanced gastric
accommodation to a meal was reported *. A recent study of 10 gastroparetic
patients with GES, in which gastric barostat was used, reported an increase in mean
volume and in the discomfort threshold *°. In that study five of seven patients who
had an increase in gastric accommodation had =50% reduction of the total
symptom score (TSS). However, two patients with increased accommodation had
<50% reduction of TSS. Thus, at present, no definite correlation between the
therapeutic effect of GES on nausea and changes in gastric accommodation has
been demonstrated.
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The drinking tests were originally developed as non-invasive investigations to
assess upper digestive sensations. Most commonly, the drinking tests are performed
in patients with functional dyspepsia and gastroparesis. However, several drug
studies, in healthy volunteers **”° and functional dyspepsia °', have used the slow
caloric satiety test to evaluate the effect of drugs on postprandial symptoms and
time/volume to maximum satiety.

The drinking tests are well tolerated, easy to perform and inexpensive.
However, there are some limitations. Whereas a normal test indicates normal
gastric function, an abnormal test is more difficult to interpret. Central or extra-
gastric factors may play a role in the symptom generation and tolerance. In a study
of patients with functional dyspepsia, the maximal ingested volume at a water load
test was reduced in patients with co-existing depression °*. Furthermore, the
maximal ingested volume has been positively correlated with quality of life in
patients with functional dyspepsia *> °*. To summarize, the drinking tests are
interesting tools to assess important aspects on gastric functions. With respect to
GES, its therapeutic effects on nausea and vomiting seem not to be linked to
changes in the functions measured by these tests.

MECHANISMS OF GES

GES does not seem to improve gastric accommodation capacity (IV), as discussed
above. However, more research on the effect of GES on gastric function is
warranted. Moreover, the positive effect of GES on nausea and vomiting also in
patients with normal gastric emptying (II, III), corroborates the present common
opinion that the effect of GES is not primarily due to increased gastric emptying
rate > °°. An interesting question is the possible effect of GES on the central
nervous system (CNS). As mentioned previously, it has been suggested that vagal
afferents may mediate the impulses to CNS. However, human studies are few, and
the findings are inconsistent also in animal studies. One animal study has shown
that the effect of GES is prevented by vagotomy . In contrast another group
reported that GES could modulate CNS also in vagotomized animals *°. One recent
study on 10 patients receiving GES, reported decreased sympathovagal balance
during GES, which would indicate increased vagal activity ®. The same study
reported an increased thalamic activity in patients with GES compared to controls,
using PET scan imaging. A contradictory finding, is the observation that patients
with vagal disruption may respond favourably to GES (II) **. To summarize, the
mechanisms of the effect of GES are complicated and far from fully understood.
More studies in this area are needed to discover the full usage of GES.
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SUMMARY AND CONCLUSIONS

We have introduced temporary percutaneous GES as a novel principle to
implant gastric electrodes for electrical stimulation. The temporary electrodes
can easily be implanted percutaneously into the stomach muscle wall during
gastroscopic supervision. The first steps of the procedure are similar to PEG
placement, but the gastric mucosa is kept intact.

Temporary percutaneous GES is minimally invasive and can be performed as
an outpatient procedure. The leads can be left in place for at least two months
with remained function and under comfortable conditions, which makes a long
test period for temporary GES possible.

Most patients with drug-refractory GI disorders and severe nausea or vomiting
responded to TPGES with reduction of symptoms, irrespective if the gastric
emptying was delayed or normal. The method of TPGES can be used for
patient selection for permanent GES. Most patients that are responders to
TPGES also respond to permanent GES. There seems to be no age limitations
for TPGES.

Non-responders to standard stimulation settings for GES, can respond to
stimulation with increased impulse strength. Though conventional gastric
electrical stimulation is bipolar, patients with monopolar stimulation also
responded favourable with improvement of symptoms.

Patients with chronic intestinal pseudo-obstruction, post-surgical gastroparesis
and patients with severe nausea but normal gastric emptying (e.g. functional
dyspepsia and post-surgical vomiting) can also benefit from treatment with
GES. The clinical effect of GES for these diagnoses is similar to the effect of
GES in patients with approved indications for GES, 1.e. diabetic and idiopathic
gastroparesis. Permanent implantation can preferable be performed with
laparoscopy.

As evaluated by a slow caloric satiety drinking test, GES has no or little effect
on proximal gastric function. The therapeutic effect of GES in GI disorders is
not primarily due to improvement in gastric emptying or an increased gastric
receptive capacity.
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