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Obesity Epidemic

Obesity is routinely defined as an excess of body
weight for height [1]. This is quantified as a body
mass index (BMI), which is calculated by body
weight in kilograms divided by height in meters
squared. In adults, a BMI of greater than or equal
to 25 is considered overweight, and a BMI of 30
is considered obese. Current estimates predict
that that the rapid rise in obesity will continue to
soar and that 3/4 of the American population will
likely be overweight or obese by 2020 [2, 3]. A
report by the Trust for America’s Health and the
Robert Wood Johnson Foundation found, using a
model of population and trends, that half of US
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adults will be obese by 2030 [1]. In 2014, the
National Health and Nutrition Examination
Survey found that more than one-third (36.5%)
of US adults aged 20 and older and 17% of chil-
dren and adolescents aged 2-19 were obese.
These figures are on the rise. The rapid rise in
obesity over the twentieth century is concerning
because obesity is associated with a decrease of
lifespan by 4-7 years, increased risk of nearly
every chronic disease, as well as increased mor-
bidity and mortality [1].

Obesity has been found to contribute to more
than 3 million deaths per year [4]. It is now the
leading cause of morbidity and mortality in
Western societies [5]. It has been found that, in
men aged 25-34 years with a BMI >40 kg/m?,
there is a 10-fold excess mortality compared with
their normal weight counterparts [6]. The current
US generation is predicted to have a shorter life
expectancy than their parents, due to the associa-
tion of obesity and risk of nearly every chronic
disease known [3]. Diseases associated with obe-
sity include metabolic syndrome, diabetes melli-
tus, hypertension, coronary artery disease, sleep
apnea, stroke, gastroesophageal reflux disease,
certain malignancies, and fatty liver disease [5—
7]. Obesity is additionally associated with
increased aging [6]. The increase in obesity and
obesity-related disease is taking a toll on health-
care costs. Obesity currently accounts for 17% of
healthcare costs in the United States. Healthcare
costs are significantly increased for both obese
males and females [8]. The total US healthcare
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spending is estimated at $2.7 trillion [1]. An addi-
tional cost is related to loss of productivity in the
workplace. When examined in 2012, a compa-
ny’s annual healthcare cost and lost productivity
in the highest vs lowest BMI groups was reported
to be $6,313 with an average of 7.5 missed days
versus $4,258 with an average of 4.5 days,
respectively [8].

The question seldom asked is, why is there an
obesity epidemic? After the 1980s, there was a
significant rise in obesity [8, 9]. The increase has
been attributed to “built environment,” which
includes the development of products that reduce
physical activity that is, elevators, escalators,
online entertainment, and television [8]. The built
environment also includes the industrialization of
food production, allowing access to inexpensive,
highly processed, nutrient-poor food, as a major
contribution. The consumption of sugar was rare
prior to 1900, around 4-6 pound per year; cur-
rently, the average person consumes ~160 pounds
per year [8]. It has been shown that added sugar
is not only highly addictive but is also associated
with obesity [8, 10]. Billions of dollars each year
are allocated to advertising calorie-rich and
nutrient-poor foods to children [8].

We now have such high numbers of obese and
overweight people that the perception of “nor-
mal” is being altered. Social networks are con-
tributing to the standardization of this new norm
of being obese or overweight in our population
[11]. Restaurants tend to be valued for large por-
tion sizes, and large sugar-filled drinks are con-
sidered normal. Eating high-calorie food has
been shown to lead to overeating, independent of
macronutrient content or portion size [4, 12].
Also concerning is that the Western diet is meta-
bolically toxic, as studies have shown that high-
fat foods cause damage to regions of the brain
that regulate food intake and can cause insulin
resistance [4, 13—15]. Efforts to address the obe-
sity epidemic as a public health issue in the
United States have been labeled by many as
paternalistic, undemocratic, excessive, and inap-
propriate. The societal expenses of obesity are
considered as acceptable as the cost of personal
freedom and choice [8]. It is imperative that any
current or future treatment for obesity takes his-

torical and etiological factors into consideration
for their innovation to be successful.

Underlying Mechanisms of Obesity

The underlying cause of obesity is disruption of
the homeostatic balance between energy intake
and energy expenditure. When homeostatic mech-
anisms controlling food intake are poorly adapted
to the unique modern environment of “plenty,”
both excess energy and reduced exercise result in
obesity [16]. The intake of calories is controlled
by complex interactions between the gut and cen-
tral nervous system that are mediated by neural
and hormonal signals [7, 16-20]. The brain inter-
prets peripheral signals from the gut and adipose
tissue regarding the need for energy intake and
responds to such signals by increasing or decreas-
ing food intake as needed. Intricate neuronal net-
works are housed within key brain areas such as
the hypothalamus and brainstem; gut hormones
(i.e., ghrelin, leptin, PYY, and GLP-1) act upon
these neural networks which subsequently con-
nect to other areas of the brain involved in feel-
ings of reward and desire. Involvement of such
centers within the brain is crucial to the body’s
response to hunger, satiation, and adjustment of
energy intake [21, 22] (Fig. 19.1). Although such
mechanisms are used to maintain the delicate bal-
ance between energy intake and expenditure, the
reward system located in the ventral tegmental
area (VTA) of the brain can override this homeo-
static mechanism when presented with desirable
food that is not necessary for energy balance, and
the pleasure that is perceived by eating high-calo-
rie foods reinforces the behavior [4]. Studies have
shown the VTA is rich with dopaminergic neurons
that are stimulated by food intake [4, 23, 24].
These are the same areas activated by psychoac-
tive drugs, which tells us that food addiction is
real®. The reward area of the brain also receives
inputs from the brainstem and hypothalamus and
is adjusted by vagal nerve stimulation [4, 23-25].
The drive for food intake is fundamental to sur-
vival [16]. However, the existence of this drive in
the context of a surplus of energy within the mod-
ern environment has led to the obesity epidemic.
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Fig. 19.1 Peripheral signals influence the hypothalamus.
Neural projections between the hypothalamus, brainstem,
cortex, and reward centers influence food intake. (From

Gastric/Brain Axis and Food Intake

The muscular layers of the stomach house intra-
muscular arrays in the outer muscular layer and
act as stretch receptors and likely mediators of
satiation due to their connection with vagal
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afferents [20, 26]. There are myriad neuroendo-
crine and exocrine factors involved in the start
and cessation of a meal [27-29]. One mecha-
nism that is believed to influence meal termina-
tion is via distension of the stomach and
subsequent activation of gastric mechanorecep-
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tors [27]. Mechanoreceptors, once stimulated,
transport their signal along the vagus nerve, and
influence the initiation and termination of a meal
by conveying to the current digestive state to the
nucleus of the solitary tract located in the
medulla of the brain stem [4, 27]. Studies have
shown distension of the stomach does not affect
hunger satiety. However, the limitation of these
studies is distension occurred 10 minutes after
meals, with the average meal only lasting 12
minutes while an individual is alone [30-34].
Distension of the stomach which contains food
will lead to lead to meal termination. The signals
are then relayed to other feeding-related areas of
the brain, including the hypothalamus [4, 35, 36]
and either activate or inhibit orexigenic signals
based on the cumulative effect of the brain and
gastric inputs [27]. This leads to a feeling of
either hunger or fullness in the body, and an
alteration in the consumption of food [18, 19, 27,
36-38]. Neuroimaging that examines gastric dis-
tention provides potentially valuable informa-
tion regarding the vagal afferent pathways to
visceral cortical areas. Studies in these areas
have focused on activation of neural areas asso-
ciated with painful versus not painful gastric dis-
tension [38, 39]. Along with activation of
cerebral networks important for food processing,
stomach distension also interacts with gut-
secreted peptides [22, 40].

During chronic distension of the stomach
wall, levels of ghrelin, a hunger-inducing hor-
mone, initially drop, and contribute to sati-
ety [7]. In experiments with healthy subjects
receiving either an intragastric load or a con-
tinuous intraduodenal infusion of glucose or a
mixed liquid meal, the stomach appears to be
important in the short-term control of appetite
[41]. Results suggest that gastric and intestinal
signals interact to mediate early fullness and
satiation, likely via interactions of the secre-
tion of ghrelin, leptin, glucagon-like peptide-1
(GLP-1), and peptide YY (PYY) [41]. Animal
studies also support these concepts [37-39] and
suggest that a combination of gastric signals
and intestinal nutrient stimulation is necessary
to elicit optimal satiation and adequate control
of eating [41].

Studies dating back 50 years have demon-
strated that the behavioral response to gastric dis-
tension nearly always includes a reduction in
food intake [27, 42], whether this distension is
due to ingestion of food [27, 43], or acute intra-
gastric balloon inflation. Normal weight humans
exhibited a marked decrease in food intake after
acute balloon inflation [34], and studies of obese
humans who received chronic balloons as a
weight-loss therapy showed weight reduction
during the first three months [27]. Modulation of
neural and hormonal feedback signaling has been
suggested as the basis of intragastric balloons for
weight loss, although varying results have been
found for ghrelin and for other peptides that are
modulated [7, 44, 45]. One possible factor con-
tributing to these variations could be the mea-
surement of total ghrelin and the inactive form of
this peptide, as well as changes in body weights
and reduced food intake which affect ghrelin lev-
els [7, 42]. When balloons are placed chronically,
there is at least a short-term weight loss for three
to six months, but there is a lack of long-term
efficacy [7, 46, 47]. This may be due to physio-
logical or behavioral adaptations along with
divergence between gastric pressure and volume
with balloon distension [27, 30].

Weight Loss Strategies and Risks

Recidivism is recognized after all approaches
to weight loss. Failure is seen with dietary,
behavioral, pharmacological, and surgical inter-
ventions for weight loss. A variation of diets,
which includes Mediterranean, low fat, and
calorie restriction (including both low calo-
rie and very low calorie), resulted in a weight
reduction of 5-7.8%, but had a rebound weight
gain of 41-61% [48]. The weight regain is
due to metabolic adaptation and loss of adher-
ence. Pharmacological approaches for weight
loss use medications such as phentermine and
extended release topiramate, lorcaserin, com-
bination of bupropion and naltrexone, liraglu-
tide, and orlistat. These medications result in
only 5-10% loss of body weight in the most
successful patients, and the weight tends to be
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regained once the medication is stopped [49].
A hindrance to adherence to these medications
are the side effects which include, but are not
limited to, dry mouth, paresthesia, constipation,
dysgeusia, insomnia, and disturbances in cogni-
tion, attention, concentration, and memory [48,
49]. Numerous other side effects are associated
with each individual drug.

Bariatric surgery was first described in 1969
and is considered the gold standard for morbid
obesity [50]. Ileal transposition in 1982 removed
a section of the terminal ileum and incorporated
it into the duodenum, which was designed to
allow ingested nutrients to have earlier contact
with ileal cells, to induce the release of GLP-1
and peptide YY, two hormones involved in sati-
ety. Due to associated complications, this is no
longer performed. Current methods of bariatric
surgery include the laparoscopic banding, which
has a mean weight reduction of 15-20%, Roux-
en-Y gastric bypass (mean reduction of 25%),
and vertical sleeve gastrectomy (mean reduction
is 30%) [26]. Complications of these surgeries
can include reflux, anastomotic leaks, internal
bowel herniation, obstruction, and perforation,
nutritional deficiencies, and dumping syndrome.
Removal of lap bands is common due to intoler-
ance of nausea and vomiting. Although bariatric
surgery is considered the “standard of care” for
treatment of severe obesity, long-term efficacy
data have shown that more than 20% of patients
regain weight and have a recrudescence of obe-
sity-related comorbidities [49]. Protein and nutri-
tional deficiencies and their long-term sequelae
in “successful” gastric bypass patients are often
understated. The nutritional deficiencies may
represent kwashiorkor (Fig. 19.2). Protein mal-
nutrition remains the most severe nutritional
complication associated with bariatric surgery
[51]. Protein malnutrition is associated with mal-
absorptive procedures, causing a hospitalization
rate of 1% per year, and leads to significant mor-
bidity and poor outcomes [51]. Due to these fac-
tors, as few as 1% of patients eligible for these
procedures choose to undergo one of them.

Intragastric balloons (IGB) were then devel-
oped as a less invasive way for weight loss.
Intragastric balloons have been explored as a

treatment for obesity since 1985 and were thought
to provide an alternative for patients who declined
or were not fit for bariatric surgery. A Cochrane
review concluded that there are little data to sup-
port intragastric balloons’ efficacy for weight
loss when compared to conventional medical
management [48, 52]. These balloons are filled
with liquid or gas and cause a space occupation
in the stomach to reduce gastric volume and
improve satiety. IGB are endoscopically placed
in the stomach under sedation. Numerous bal-
loons have been developed since the first IGB
was created. Initial reports found some clinical
efficacy, but this was short lived, as the effective-
ness for weight loss decreased over time as a
result of gastric adaptation [53, 54]. Most IGB
have reported side effects such as nausea, vomit-
ing, and gastric mucosal damage, thus IGB have
not been widely accepted and are a second-line
option for patients who are unable to have bariat-
ric surgery [53]. Other methods include Gelesis
pill, vagal nerve stimulation and endoscopic
methods, such as endoscopic sleeve gastroplasty,
Aspire Assist, TransPyloric Shuttle by BaroNova,
and the Full Sense Bariatric Device.

Gelesis is a Boston biotech company that cre-
ated a hydrogel capsule from blend of cellulose
and citric acid. The capsule breaks apart in the
stomach exposing the matrix, which can absorb
100 times its weight to create space occupation in
the stomach. A double-blind placebo-controlled
study found that Gelesis weight loss aid partici-
pants lost 6.4% of their baseline weight versus
4.4% in the placebo group. Side effects include
GI upset such as diarrhea, bloating, abdominal
pain, and gas. The price point has not been estab-
lished [55].

Vagal nerve stimulation was examined in a
clinical trial of 233 patients. After 12 months, the
experimental group lost an average of 8.5% more
excess weight than the control group [56].
However, the experimental group did not meet
the primary outcome of a significantly greater
percentage of excess weight loss, defined as
>10%, compared to the control group. Even
though this standard was not met, the FDA
Advisory Committee found that 18-month data
from the study were supportive of sustained
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Fig. 19.2 Kwashiorkor description (top panel) and bariatric surgery patient (bottom panels)
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weight loss and agreed that the benefits of the
device outweighed the risks in patients who met
the indication criteria [56]. The approval was
based on an FDA-sponsored survey indicating
that patients would accept risks associated with
the device [56].

Endoscopic methods for weight loss include
endoscopic sleeve gastroplasty, which utilized a
full-thickness suture to reduce the size of the
stomach [57]. Complications from the procedure
include nausea, pain, leaks, perforation, peri-
gastric inflammatory fluid collection, splenic lac-
eration, and bleeding [58]. The AspireAssist is a
device that placed a tube into the patient’s stom-
ach to allow for drainage of the stomach contents
after a meal. Drainage of stomach contents is
only possible if the patient chews thoroughly and
eats slowly [59]. Long-term results of this device
are still unknown, and complications include
nausea, leaks, perforation, peritonitis, stoma
infection, gastric ulceration, and bleeding [59].
BaroNova’s TransPyloric Shuttle is placed endo-
scopically and is designed to slow the passage of
food to make the patient feel full sooner and stay
full longer. EndoBarrier is a 65-cm long Teflon-
coated duodenal jejunal bypass sleeve, which
relies on malabsorption for weight loss by allow-
ing undigested food to reach the jejunum. The
device was removed from 10.9% of patients in
one study due to adverse events [59]. Full Sense
Bariatric Device is an esophageal stent connected
to a gastric disk via a strut. It is designed to stay
in the gastric cardia, in theory, to produce feel-
ings of satiety. Additional procedures being stud-
ied include duodenal mucosal resurfacing, to rest
the diseased duodenal enteroendocrine cells and
self-assembling magnets, which are attempting
to divert bile and nutrients to the terminal ileum.

While the aforementioned approaches have
demonstrated short-term results, in the absence
of unintended surgically induced malabsorption
(which is undesirable) or behavioral modifica-
tion, they lack long-term efficacy. This is because
existing techniques do not facilitate noninvasive
postoperative adjustment, due to the body’s natu-
ral adaptation to the surgical and endoscopic
changes made. Furthermore, the cornerstone of
successful treatment (i.e., behavioral therapy and

positive reinforcement) is not incorporated. A
study by Spring et al. supports the need for rein-
forcement and illustrated how mobile technology
was of benefit, by demonstrating that remote
coaching with mobile technology has a positive
impact in overall adoption and maintenance of
multiple healthy behavior changes [60]. As a
result, both current surgical and endoscopic
groups suffer from nonsustained weight loss due
to the body’s natural adaptation to the changes
made, as well as additional complications.

Why There Is a Need for a New
Approach

Considering historical evolution of obesity and
the recent change in the food industry, which pro-
motes high-caloric and highly addictive food
causing failure of the appetite control centers
essentially resulting in food addiction, it is easy
to see why the current treatments for obesity have
been unsuccessful and/or aggressive. An ideal
device for obesity management would utilize the
existing neurohormonal pathways described
above and reinforce the natural physiology of
eating, which is intermittent distension, as
opposed to some of the currently available prod-
ucts which use chronic distension, restrictive, or
obstructive procedures. It has also been theorized
that unless the patient is actively involved with
treatment of their obesity, long-term efficacy
results would be minimal.

These requirements lead to the innovation of
Endoscopic Magnetic Appetite Control System
(EMACS) by Appetec INC. utilizing magnets.
EMACS is an endoscopically placed, free-
floating expandable silicone stent with an inter-
nal magnet that is manipulated by an external
magnet (Fig. 19.3). The external magnet is
manipulated by the patient on demand and super-
vised with an integrated platform. EMACS is
minimally invasive, has the potential for use in
young adults where food addiction potentiates,
and empowers the patient to curb their appetite.
Additionally, the device provides positive rein-
forcement and integrated behavioral therapy that
is not seen in other current weight loss methods.
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Fig. 19.3 Free floating stent balloon with internal magnet

The EMACS is advantageous over existin
technology in three fundamental ways: (I) It is
significantly smaller in size compared to existing
gastric balloons (92 cc, 5.6 cm in diameter), yet
large enough not to pass pyloric channel and is
far less likely to cause symptoms and complica-
tions associated with chronic distention of exist-
ing balloons (750-900 cc). It is comparable in
size to transpyloric shuttle device [44]. (II) It is
used intermittently and on-demand, thereby
reducing the likelihood of adaptation by the body.
(IIT) The external component of the device is
linked with a behavioral modification platform.
Without this platform, the device is inoperable.
This introduces behavioral modification as a
component of treatment and can be used prior to
placement of the device to select patients likely
to be compliant. Furthermore, once the device
has been removed after 6—12 month, patients can
continue to use the behavioral platform to pro-
mote long-term behavioral modification and
efficacy.

There are three major components in EMACS:
an external magnet, an intragastric stent magnet
device, and the platform for a patient to interact
with and to monitor one’s progress. This system
allows the patient to manipulate the stomach
intermittently and on demand, which is unlike
any currently available intragastric balloon.
Secondly, since the intragastric stent magnet
device is controlled by the patient, it minimizes
discomfort to the patient as distension only
occurs when the subject feels hungry or at meal-

times. More importantly, patient control of the
device allows this intragastric balloon to over-
come the challenge of adaptation current bal-
loons face. This makes the device more
sustainable and because it is transient, it is less
likely to cause mucosal damage. Additionally, it
allows the patient to determine which part of the
stomach is best manipulated, for example, the
gastric body versus fundus. Lastly, the patient
interaction with the platform has a significant
opportunity to modify behavior. The platform
introduces behavioral modification which can be
used prior to placement of the device to select
patients likely to be compliant. Furthermore,
once the device has been removed after 6-12
month, patients can continue to use the behav-
ioral platform to promote long-term behavioral
modification and efficacy.

Since the strength required for the external
magnet is quite substantial and can potentially
cause injury if the user is accidentally trapped by
the attraction between the strong magnet and
another magnetic surface, such as steel, we have
developed two design concepts for the external
magnet to minimize the risks (Fig. 19.4). In the
first design, the external magnet is a strong per-
manent magnet enclosed in a plastic case with
magnetic shielding sheet embedded, except for
its operating surface. The operating surface is
covered by force absorbing material, such as
Sorbothane®. The plastic case is designed with a
variable spacer to maintain a safe distance
between the external magnet and the intragastric
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Permanent magnet

Assembled external magnet.
The adjustable spacer is covered with shock
absorbing material to protect users in case
of entrapment.

Adjustable spacer
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Fig. 19.4 (a) External magnet casing and adjustable
spacer. (b, ¢) Designs of electromagnet housing with
emergency shut-down feature for safety. The upper dia-

5-10 minutes of
wall stimulation to
replicate large meal

Fig.19.5 (a, b) The magnet case that houses the EMACS
platform. This diagram presents the design for housing an
electromagnet. For the permanent magnet version, the

device, as well as with other magnetic surfaces
[61]. The second version is an electromagnet. To
achieve the strongest possible electromagnet
with the least required electric current (to increase
battery life and minimize ohmic heating), the
materials used for the core of the electromagnet
need to have high permeability and high satura-
tion field. Electric metals, commonly found in
high power transformers, are often used for this
purpose [61]. When the electromagnet is pow-
ered, it can be equally strong as the permanent
magnet if not stronger. To minimize potential
operational risk, not just a layer of force absorb-
ing material is added to the operating surface, the
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gram (b) is a design for single pole magnet. The lower
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battery pack may be reduced, and power cord replaced by
a spiral cord to attach the magnet to the case

electromagnet is also equipped with an emer-
gency shut-down mechanism in case of acciden-
tal entrapment. A manual reset is required to
power the magnet again.

The platform would be embedded in a small
magnet case, about the size of a personal com-
puter case. The case is designed to carry and
operate a handheld external magnet connected by
a cord to the case for the capture and manipula-
tion of the intragastric magnet (Fig. 19.5). The
magnet case includes an LCD screen to display
system information and monitor patient progress.
The controller unit for the electromagnet moni-
tors the operation time and cuts the power when
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the time limit is reached (in this version of an
external electromagnet). The central platform
will have the ability to incorporate artificial intel-
ligence to optimize diet, exercise, and behavioral
modification and be further managed by a health-
care provider via internet connection. These
added features should significantly enhance the
long-term efficacy of the device.

Developmental Approach of EMACS

EMACS is currently in the prototype develop-
ment and animal testing stage. The developmen-
tal process from rough sketch to prototype
development and experimental design has had to
consider the following:

e Historical use and safety of magnets in the GI
tract [62]

e Practicality and safety of the magnetic forces
required to operate the system

e Ease of endoscopic placement and removal

e Durability and functionality of the system
within the GI tract

e Experimental design in appropriate animal
model to test safety and explore the mecha-
nism of action

Magnets in the Gl Tract

Magnets in cattle have been used since the 1950s.
Two-and-a-half- to three-inch alnico bar magnets
were placed in the stomachs of cattle to control
bovine traumatic gastritis [63]. In humans, mag-
nets were first used in 1957 to safely retrieve for-
eign bodies from the stomach and esophagus
[59]. Magnetically actuated capsule systems have
been extensively studied in the literature [53,
64-67]. These systems utilize permanent mag-
nets in a capsule system and an external magnetic
field, which is used to control the capsule loco-
motion [53]. The development of magnet-assisted
capsule endoscopy (MACE) systems occurred in
2009, with additional experiments in 2010 and
2013. The development of magnetic capsule
manipulation allows capsules to be steered so

areas of the gastrointestinal tract that are being
passed too quickly or large cavities can be thor-
oughly examined [68]. These trials include the
given image system, which creates a maximum
magnetic force between capsule and magnet of
256 g/cm? (25.1 kPa). The Olympus and Siemens
system, developed in 2010, uses a magnetic field
of up to 200 mT, and a MicroCam-Navi, which
has a pressure of 30.3 kPa [66, 67]. These studies
note that magnetic strength drops exponentially
with distance, and that the external magnet can
initiate capsule movement on a vertical plane at
~8cm [69]. The 2013 trial consisted of the use of
a Microcam-Navi device on twenty-six subjects,
a median procedure time of 24 minutes, with five
positions requiring the internal magnet be held in
a stagnant position by the external magnet for
one minute [66]. In these studies, no serious
adverse effects were reported. Nor were there
reports of any evidence of mucosal injury.
Additional magnetic devices include the
Gabriel Blue Tube and the Levita Magnetic
Surgical System, both of which are FDA approved
[70]. The Gabriel Blue Tube consists of three
handheld N42 magnets: 7, 5, and 3 1bs. We calcu-
lated the resultant gastric mucosa pressures to be
up to 150 kPa [71, 72]. There have been no
reports of mucosal damage in published trials or
in postmarketing. The Levita Magnetic Surgical
System utilizes a trocar with a magnetic detach-
able tip and a large magnet controller that is
maneuvered across the abdomen, which applies
pressures of up to 250 kPa based on a standard
N42 magnet [73]. Frequently when magnets are
used in devices, the manufacturer focuses on the
strength of the magnetic field. When two magnets
are used in a system, it is imperative that the mag-
netic force between the two magnets and the
resultant pressure on any tissue is known.

Practicality and Safety
of the Magnetic Forces Required
to Operate the System

Surprisingly, there was scant information in the
literature regarding the variability of the distance
between the skin and the stomach in human sub-
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jects. Given that the size of the introducer needle
for percutaneous endoscopic gastrostomy (PEG)
placement is the same for all subjects, we sus-
pected that there would be small variability
across a wide BMI range.

Trans-gastric magnetic capture is an existing
and utilized concept. In the development of
Microcam-Navi, computed tomography (CT)
was undertaken and estimated the skin surface to
the proximal and distal stomach to be 16.5cm and
9.0cm. These measurements were taken from the
skin to the center of the distal and proximal stom-
ach, not to the stomach mucosa.

Using Human Patients, Our Team
Determined

Variability of the Abdominal Wall Over

a Wide Range of BMI

To create our device, we needed to determine the
distance from the skin surface to the inner gastric
mucosa of the antrum and fundus to determine a
range of operation of the trans-gastric magnetic
device. We analyzed 114 CT scans of the abdo-
men, with and without standard contrast to assess
fundus and antrum measurements with regard to
BMI, contrast status, and sex. The patient charac-
teristics were taken from medical -charts.
Continuous measures were reported as means
and standard deviations (SD) or medians and
interquartile ranges (IQR). Categorical measures
were reported as frequencies and percentages.
Spearman’s rank order correlation was used to
assess the relationship between BMI and fundus
and antrum measurements. The Kruskal-Wallis
test was used to compare fundus and antrum
measurements by BMI categories. The Mann—
Whitney U test was used to compare fundus and
antrum measurements by contrast status and sex.
A p-value < 0.05 was used to define statistical
significance for all tests conducted. SAS software
version 9.4 was used for all analyses.

Among the sample of patients, the mean age
was 50 years, 66% were female, the median BMI
measurement was 29.50 kg/m?, the median fun-
dus measurement was 59.80 mm, and the median

Table 19.1 Descriptive characteristics
(N=113 patients, N=114 procedures®)

of patients

Characteristic
Age (years)

Mean (+SD) 150.01 (+18.48)
Sex, n (%)

Male 38 (33.63)

Female 75 (66.37)
Contrast, n (%)

Yes 53 (46.49)

No 61 (53.51)
BMI (kg/m?)

Median (IQR)
BMI Categories, n (%)

‘ 29.50 (25.00, 35.00)

<30 65 (57.02)
31-39 36 (31.58)
>40 13 (11.40)

Fundus (mm)
Median (IQR)

Antrum (mm)
Median (IQR) ‘ 37.00 (28.10, 47.10)

IOR interquartile range, SD standard deviation

“Note: There were 113 total patients but 114 procedures
because one patient had two procedures. N = 113 for age
and sex results; N = 114 for contrast, BMI, fundus, and
antrum results

159.80 (36.50, 95.00)

Table 19.2 Correlation between BMI and fundus and
antrum measurements (N = 114)

Spearman’s rho p-value*
BMI (kg/m?) and | 0.48 <0.0001
fundus (mm)
BMI (kg/m?) and | 0.58 <0.0001
antrum (mm)

*p-value derived from the Spearman’s rank order correla-
tion test

antrum measurement was 37.00 mm (Table 19.1).
A statistically significant correlation was shown
between BMI and both fundus and antrum mea-
surements (both p < 0.0001, Table 19.2). There
was a moderately positive relationship between
BMI and fundus measurement (rho=0.48) and
BMI and antrum measurement (rho=0.58). When
making comparisons by BMI categories, both the
fundus measurement and antrum measurement
were significantly different by category (both
p<0.0001, Table 19.3). Post-hoc comparisons
revealed that the fundus measurement was sig-
nificantly different between the <30 kg/m*and the
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Table 19.3 Comparison of fundus and antrum measurements by BMI categories (N=114)

BMI < 30 kg/m? BMI 31-39 kg/m? BMI > 40 kg/m?

n =065 n=236 n=13 p-value?

Fundus (mm)

Median (IQR) | 47.80 (32.00, 78.90)

‘ 60.90 (46.85, 92.70)

11540 (110.30, 123.00) | <0.0001°

Antrum (mm)

Median (IQR) |33.00 (25.00, 39.50)

138.70 (30.30, 48.35)

| 67.40 (52.90, 82.50) | <0.0001°

IQR interquartile range
p-value derived by the Kruskal-Wallis test

Post-hoc tests indicate the following pairwise comparisons are significant at the 0.05 level:

BMI <30 kg/m?and BMI >40 kg/m?
BMI 31-39 kg/m?*and BMI >40 kg/m?

‘Post-hoc tests indicate the following pairwise comparisons are significant at the 0.05 level:

BMI <30 kg/m?and BMI 31-39 kg/m?
BMI <30 kg/m*and BMI >40 kg/m?
BMI 31-39 kg/m?*and BMI >40 kg/m?

>40 kg/m’groups, and the 31-39 kg/m?and the
>40 kg/m’groups. It was not significantly differ-
ent between the <30 kg/m?*and BMI 31-39 kg/
m?groups. Post-hoc comparisons revealed that
the antrum measurement was significantly differ-
ent between the <30 kg/m?and the 31-39 kg/
m’groups, the <30 kg/m’and the >40 kg/
m?groups, and the 31-39 kg/m?and the >40 kg/
m2groups.

Fundus and antrum measurements were com-
pared by sex for each BMI category (Table 19.4).
There were no significant differences in measure-
ments between males and females, except for the
antrum measurement in the 31-39 kg/m? cate-
gory (36.30 mm vs. 44.20 mm, p=0.028). Antrum
measurements were also compared by sex for
patients who had a BMI between 20 and 45 kg/
m?, and there were no significant differences
between males and females (Table 19.5).

There was a significant difference in fundus
and antrum measurements by contrast status
(Table 19.6). The median fundus measurement
for those with contrast was smaller than the
median fundus measurement for those without
contrast (42.60 mm vs. 89.60 mm, p<0.0001).
The median antrum measurement was smaller for
those with contrast compared to those without
contrast (33.00 mm vs. 39.50 mm, p=0.033).

In summary, despite the expected positive cor-
relation between the measured distance from the
stomach to the skin surface and BMI, we found
that the change in distance is small in the antrum,
but not in the fundus, across a wide BMI range

Table 19.4 Comparison of fundus and antrum measure-
ments by sex per BMI category (N = 114)

BMI < 30 kg/m?
Male Female p-
n=24 n=41 value?
Fundus (mm)
Median 67.45 (35.50, |44.30(30.30, |0.15
(IQR) 82.60) 60.50)
Antrum (mm)
Median 31.75 (26.70, |34.10(22.80, | 0.57
(IQR) 41.50) 38.90)
BMI 31-39 kg/m’
Male Female p-
n=12 n=24 value®
Fundus (mm)
Median 60.35 (28.25, |60.90 (53.15, | 0.61
(IQR) 99.25) 86.70)
Antrum (mm)
Median 36.30 (22.90, |44.20(31.40, | 0.028
(IQR) 38.70) 52.05)
BMI > 40 kg/m?
Male Female p-
n=2 n=11 value?
Fundus (mm)
Median 142.15 113.60 0.060
(IQR) (137.80 (96.50,
146.50) 122.90)
Antrum (mm)
Median 85.00 (84.00, |56.70 (52.60, |0.12
(IOR) 86.00) 71.80)

IOR interquartile range
*p-value derived by the Mann-Whitney U test

with or without contrast. This provides an ideal
location for capture of intragastric devices that
use trans-gastric manipulation due to the short
and stable distance from the internal gastric
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mucosa to the abdominal wall [74]. Subsequent
to the capture of the intragastric device, the body
and fundus would be readily amenable to stimu-
lation and distension.

Table 19.5 Comparison of antrum measurement by sex
for BMI 2045 kg/m*(N=103)

Male Female
n=36 n=67 p-value®
Antrum (mm)
Median 34.65 (26.70, |38.60 (31.30, | 0.058
(IQR) 41.20) 49.00)

IOR interquartile range
ap-value derived by the Mann-Whitney U test

Table 19.6 Comparison of fundus and antrum measure-
ments by contrast categories (N=114)

Contrast No Contrast
n=53 n=61 p-value?
Fundus (mm)
Median 42.60 89.60 <0.0001
(IQR) (30.40, (71.30,
50.20) 103.80)
Antrum (mm)
Median 33.00 39.50 0.0033
(IQR) (23.50, (31.40,
42.20) 51.50)

IQR interquartile range
p-value derived by the Mann-Whitney U test
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Calculated Pressure Ranges That Would
Be Generated by the Proposed Internal
and External Magnets

To identify and optimize the configuration in
which the external magnet would produce
enough pulling force on the internal magnetic
intragastric device, we employed a theoretical
model called the Gilbert model (Fig. 19.6) to
calculate the expected magnetic force between
the two over a range of distance from 2 to 8 cm
with 0.5 cm interval. The dimension of the inter-
nal device is a cylinder of 9.5mm (OD) x 19mm
(length) and is similar to a PillCam device. The
size of the external magnet is determined by two
criteria. One is to produce a pulling force ~2 N
(equivalent to the weight of roughly 200 g) at
5 cm distance, and the other is to be as light-
weight as possible. Using the physical parame-
ters (surface magnetization, mass density, etc.)
of N42 grade magnets for both the internal and
external magnet, the Gilbert model calculations
suggest the external magnet to be a disk of
6.35 cm (OD) x 1.27 cm (thickness), which is
about the lightest weight possible to produce ~2
N of force. Bench tests were then conducted to
measure the magnetic force between the two
magnets by attaching the internal magnet to a
force sensor while being pulled by the external
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magnet at ¥2-cm intervals for an 8-cm distance.
Reliability of the Gilbert model calculation was
affirmed by the bench test data and the greatest
difference between the two is less than 15%.
Given the nonideal magnetization of the N42
magnets and the uncertainty in distance mea-
surements, this level of discrepancy is expected.

Once the magnetic force profile between 2-cm
and 8-cm distance was established, the induced
pressure was determined by first finding the con-
tact area between the intragastric device and the
gastric mucosa. Since the internal magnet is
located at the center of an intragastric balloon of
diameter 6.5 cm, the area of contact the balloon
makes with the gastric mucosa is similar to a cir-
cle with diameter ~2.5 cm. The magnet-induced
pressure is then calculated by dividing the above-
measured force by this contact area (P = F/A, the
definition of pressure) [75].

160.00
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100.00

80.00

Pressure (kPa)

60.00

40.00

20.00 )

0.00
1 3 5

Compare the Calculated Pressure

Range to Known Gastric Wall Pressure
Profiles Found in Endoscopy, Surgery,

or With Other Medical Equipment

in Clinical Use

In humans, vomiting can produce pressures of
38.65 kPa. In animal studies using rats, pressures
of 50 kPa have been reported as safe on thigh
muscle tissue after compressive loading. Peg tube
bumpers, when tight, are reported to cause gastric
mucosa ulcerations after 7 days, and when mea-
sured in actual patients by us had acute pressures
from 10 to 27 kPa. Similarly, in laboratory tissue
models compressed by peg tube bumpers, we
were able to produce pressures of 30, 70, and 248
kPa with tissue thicknesses of 0.8, 1.05, and 1.3
cm, respectively. Pressures of 19.3-26.2 kPa
were used with the Olympus CV 160 Evis Exera
to open the stomach during endoscopy (Fig. 19.7).

—Pressure between pill magnet and external

magnet
——Pressure between balloon and external

magnet
Peg tube on human (max)
Peg Tube - 42% compress (68.7kPa)

Olympus CLV-160 air processor (Max)

rat skin (thigh)

Intragastric vomit pressure (max)

Peg Tube - 32% compress (28.7kPa)
Olympus CLV-160 air processor (high)
Olympus CLV-160 air processor (medium)
Olympus CLV-160 air processor (low)
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Fig. 19.7 Measured magnet induced pressure between
handheld magnet (63.5mm x 50.8mm) and internal mag-
net (pill magnet 9.5mmx19mm) versus distance as com-
pared to historical and experimental trans-gastric
pressures. The pressure between handheld external mag-

net and a magnet-containing balloon is also shown for
comparison. Note the cutoff at 3 cm which represents the
shortest hypothetical distance between the internal mag-
net positioned inside the balloon and the skin surface
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Also, recent publications show pressures of 200—
600 kPa with graspers on the gastric wall during
laparoscopic surgery [75-77].

Using Gilbert formula and hypothetical mag-
net sizes (cylinder of 3.1 cm in diameter and
19mm in length and external magnet is a disk of
6.35cm in diameter and 1.27cm in thickness), we
calculated the hypothetical gastric wall pressures
between the two magnets in the 114 patients in
which we had CT data (Fig. 19.8). The size and
strength of the magnets were calculated such that
they conformed to anatomical use. As can be seen,
there is a wide range of operability of 20-55.

Due to the large contact area between the
intragastric balloon and the gastric mucosa, it
allows the use of even stronger magnets than cur-
rently proposed to generate larger forces for cap-
ture if needed for patients with larger BMI, but
minimal surface pressures < 20kPa. Our current
prototype consists of an internal magnet 3.1 cm
mm in diameter and 19 mm long and the external
magnet is 3” in diameter and 17 thick. Capture
readily occurs at less than 16 cm (Fig. 19.9). The
pressure profile for this external magnet and an
additional larger magnet are shown in the attached
graph (Fig. 19.10).
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Our balloon stent currently is at a diameter of
6.5cm. The magnetic force and pressures gener-
ated are represented in the diagrams below
depending on the size of the sphere (Fig. 19.11).
It should be noted that the minimum distance
between gastric mucosa and abdominal wall sur-
face is estimated to be ~3cm [73, 78].

Endoscopic Placement and Removal

The intragastric portion of the device has to be
delivered and removed relatively easily and
remain intact in the gastric environment for 6
months or longer. The intragastric device con-
tains the stent, a balloon, and a shaft on which the

internal magnet is housed. Prior to deployment,
the balloon is completely deflated, and the stent
and its delivery components are wrapped in a
cover sheet with a diameter of 18 cm so that it can
easily pass the esophagus into the stomach. The
device is inserted endoscopically through the
esophagus with the help of a guidewire and an
option to use an overtube, if needed. Also accom-
panying the guidewire is an inflation tube that is
inserted into the device through a check valve.
When the device enters the stomach, the device
will first be released from the sheet cover, fol-
lowed by removal of the guidewire. Our current
prototypes have options of bioabsorbable cover
sheet or traditional retrievable cover sheet. Once
the balloon is free from the cover sheet, it will be
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inflated to expand the stent to the full size fol-
lowed by the removal of the inflation tube. The
placement of the intragastric device is now com-
plete and the endoscope will be removed. The
whole procedure is under endoscopic monitoring
to ensure proper placement of the device.

To remove the intragastric device, an endo-
scope is placed. The balloon must be deflated
first. Forceps are inserted through the endoscope
under direct vision and the balloon is captured,
punctured, and air is released. The deflation
could be enhanced with the aid of a suction cath-
eter and a pump. When the balloon is deflated, a
collar on the center shaft will be accessible for
placement of a suture snare to assist in removal
of the device. Then the device will be pulled out
of the stomach by pulling the endoscope, suture
wire, and the deflated stent balloon as a system.
Since the balloon is punctured and no longer
pressurized, as the device exits the stomach and
enters the esophagus, it will collapse and con-
form to the size of the esophagus. Alternatively,
an overtube can also be used in this procedure to
assist removal.

Durability and Functionality
of the System Within the Gl Tract

Since the intragastric device is intended to stay in
the stomach for 6 months to one year, the materi-
als must be durable so that the integrity and the
functionality of the device can be maintained at
all times. To endure the hostile environment in
the stomach, with acid and movements, the mate-
rial used to make the stent and balloon must be
not only biocompatible, but also acid-resistant
and shear-resistant. We choose to use silicon for
this application due to prior approval for usage in
similar conditions. It is also flexible enough to
endure substantial shape change during
implementation (inflated), in-operation (squeezed
and compressed), and removal (deflated).

The internal magnet is slid on a sliding tube
that goes through the center of the balloon and
stent. The tube is joined to the stent/balloon
structure on both ends with check valves allow-
ing the guidewire and inflation tube to go through.

The sliding movement of the internal magnet is
limited to the center third of the tube. This
arrangement is to allow force, when attracted by
the external magnet, to be more uniformly dis-
tributed over a bigger contact area between the
intragastric device and the esophageal surface,
instead of concentrated at the check valve. The
stent frame can be broken apart with endoscopic
tools if needed. This will safeguard against inad-
vertent balloon rupture or deflation with potential
bezoar formation.

Animal Studies

It has been interesting that most interventions in
the field of bariatric surgery or endoscopy have
been made without detailed attention to underly-
ing potential mechanism of action. The potential
mechanisms for neurohormonal pathways that
could be affected and utilized by EMACS have
been discussed earlier. We have proposed the fol-
lowing animal protocol that would not only
establish the safety of the device in an animal
model but at least provide insight into possible
mechanism of action. We are also aware that the
cornerstone of our device, that is, incorporation
of behavior modification to change eating habits,
will not be applicable in an animal model, espe-
cially swine. However, the swine stomach is sim-
ilar in size and shape to a human stomach. The
pig anatomy makes it ideal for magnetic capture
and the distance from skin to gastric wall is
~5 cm [57]. Pigs in the 20-50 kg range have been
used in previous bariatric studies [58]. Mini pigs
will be used to determine feasibility of place-
ment, durability, and removal of the device. Also,
the mini pigs will be used to determine the pro-
posed efficacy of the device by monitoring the
effect of the device on pig growth, weight, and
the impact on GI hormones involved in satiety.
Mini pigs weighing 20 kg at the onset of the
study on a feed to grow diet normally weigh
50 kg after 6 months. The rationale for mini pigs
is shorter stature and shorter distance between
their abdomen and the ground, allowing for the
use of external magnets at the bottom of a special
cage (Fig. 19.12).



238

S.Sedghi et al.

hiige

N

T

Feeding or Stimulation cage for one pig

Stimulation box:

height for different pigs

Placed on a jack stand to adjust

Clear Plexiglas container:
wall thickness: 1 cm

External magnet

Control bar connected
to the external magnet
to slide the magnet

just wide enough for the magnet to slide in
o

Thick block of plastic spacer: 1~2” thick

Fig. 19.12 Animal cage to allow for the use of external magnets during animal studies

Initially, two pigs weighing 20kg and 50kg, 2. At specific hours each day, individual pigs

respectively, will be used. Technical aspects
related to sedation, anesthesia, blood draw,
removal, and magnetic capture will be tested and
practiced on these two pigs, ahead of planned
animal studies. Twelve pigs, six males and six
females, weighing 20kg will be housed in a group
stall.

1. Six male and six female mini pigs will have
anatomical measurements including weight,
height, and distance of the abdomen to ground.
Lab values (CBC, chemistry, and gut pep-
tides) will be obtained. The device will be

placed endoscopically, expanded, and released 3.

in the stomach in eight pigs (four male), with
four non device pigs serving as controls who
will have sham endoscopy. The pigs will be
housed together (flooring will be elevated
such that it will minimize the risk of pica) and
will only have access to water.

will be taken to special individual experimen-
tal cages (Fig. 19.12) where they will be fed
twice daily. The cage is designed so the pig is
relatively immobile. The magnetic simulation
will be done by the technician using an exter-
nal magnet under a clear plexiglass floor. The
size, height, and distance of the external mag-
net will be adjusted according to pig size to
simulate magnetic pressures comparable to a
human subject by rubbing an external magnet
on the surface of the abdomen. Different sized
cages corresponding to different time inter-
vals in the study will be used.

Each month baseline feeding duration in pigs
will be measured and is expected to be 9-11
minutes [4, 60]. Five minutes of gastric stimu-
lation simultaneous with normal feeding time
will be performed at the onset of feeding alter-
nating with the midpoint of feeding in a
counterbalanced crossover fashion with a
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switch at 3 months. The technician will ensure
that the magnet movement corresponds to the
anatomical element of the pig stomach.

4. Food consumption will be measured by the
MBRose individual feed Intake monitor [61],
and the pig will be returned to the group stall.

5. The magnet will be detected weekly in the
experimental group via a metal detector. If not
detected, the pig will undergo further
imaging.

6. At 1, 3, and 6 months, the pigs will undergo
baseline fasting peptide measurement and
then upper endoscopy for visualization of the
GI tract with assessment, by biopsy (H&E
staining) of any damage to the esophagus and
stomach.

7. After endoscopic examination is completed, a
200-cc liquid meal via an OG tube while the
pig is intubated is given and a 5-minute mag-
netic stimulation will be given by a handheld
magnet. Peptide levels will be measured at 0,
15, 30, and 60 minutes.

8. Control pigs will have identical protocols
without the magnetic stimulation using a sim-
ulated nonmagnetic device (placebo). At 6
months, the device is collapsed by air suction
and removed endoscopically.

9. Two weeks after the last endoscopy, the pigs
will be euthanized per IACUC guidelines and
gross and microscopic (H&E) visualization of
the stomach will be done.

Conclusion and Future

Obesity and its complications are now the lead-
ing cause of morbidity and mortality worldwide.
It is unlikely that the food industry will take a
meaningful and active role in combating obesity
anytime soon. New innovations are required to
help modify human behavior with respect to con-
trol of appetite and food. Magnets can provide a
safe and effective way to simulate the pathways
that are activated upon eating in an effort to pro-
vide the patients a tool to help reinforce behavior
modification. The proposed device, EMACS, has
been designed to accommodate this need and in 3
years.
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