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The antrum, pylorus and duodenum form a dynamic segment of the upper gut that plays a cen-
tral role in digestion. If the segment fails to function in a normal manner, it may lead to motility
disorders causing diseases such as functional dyspepsia (FD), gastroparesis, dumping syndrome
and intestinal pseudo-motility; which affects both the children and adolescents. These disor-
2 K d ders markedly impair the quality of life of an individual. Rise in the epidemics of functional GI
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manage the symptoms. Treatment options have their own challenges such as difficulty in dietary
control and life style changes, side-effects of prokinetic drugs, and surgical intervention. Electri-
cal stimulation as a treatment modality is debatable. Developing an effective treatment option
has been a challenge, possibly due to the lack of clear insights into the mechanisms involved.
The purpose of this review is to critically assess the reasons as to why the treatments were inef-
fective, what are the underlying mechanisms involved in the etiology and how to facilitate the

development of an effective treatment modality for the motility disorders of the APD segment.

3. Abbreviations: AP: Antro-Pylorus; APD:Antro-Pyloro-Duo-
denal; BER: Basic Electrical Rhythmicity; CNS: Central Nervous
System; DBP: Duodeno-Biliary-Panceratic; EGG: Electrogas-
trography; ENS: Enteric Nervous System; Functional Gastroin-
testinal Disorders; FODMAP: Fermentable, Oligosaccharides,
Disaccharides, Monosaccharides and Polyols; GLP: Glucagon-
Like Peptide; HRM: High Resolution Manometry; IBS: Irritable
Bowel Syndrome; IPPW: Isolated Pyloric Pressure Waves; MRI:
Magnetic Resonance Imaging; MMC: Multichannel Intralumi-
nal Impedance; MII: Multichannel Intraluminal Impedance; PD:
Pyloro-Duodenal; SBS: Short Bowel Syndrome; SIBO: Small In-
testinal Bacterial Overgrowth; PD:Pyloro-Duodenal; SBS: Short
Bowel Syndrome; SIBO: Small Intestinal Bacterial Overgrowth

4. Introduction

Antro-Pyloro-Duodenal (APD) segment is a part of the gastro-
intestinal tract that plays a key role in the digestion. They par-

ticipate in the digestive process such as- 1) grinding of meal in
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antrum (the distal part of the stomach), valvular mechanism to
control the flow of luminal contents through pylorus, and, mix-
ing and transit of the contents in the duodenum. Studies indi-
cate that the APD performs such complex task by interacting
with a milieu of systems such as Central Nervous System (CNS),
Enteric Nervous System (ENS), neurohormonal cues and other
factors (such as stress). However during diseased condition they
happen to demolish such integrity. It has been found that the
motility disorders of the APD segment can lead to various dis-
eases such as Functional Dyspepsia (FD), gastroparesis, dump-
ing syndrome and intestinal pseudo-motility; which affects both
the children (prevalence of 3-27% for FD) [1] and adolescents
(10-30% for FC) [2]. These disorders markedly impair the qual-
ity of life of an individual. For example, in functional dyspepsia,
the patient suffers from an early satiation, postprandial fullness,
epigastric pain and epigastric burning without any organic, sys-

temic or metabolic disease [3,4]. Due to limited treatment op-
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tions for functional dyspepsia, as no drugs were effective, the pa-
tients have to continue with the symptoms for the rest of life[5].
Managing such patients continues to be a challenge. According
to the Boronat et al. ‘during the last years, the burden of FGIDs
is rising, but no biomarkers or gold standard tests are available
to date for diagnosing gastrointestinal (GI) disorders without an
established etiology” [6]. It is believed that the FD is associated
with the abnormalities in the GI motility patterns such as the
impaired accommodation to a meal, antral hypomotility, gastric
and duodenojejunaldysmotility [7-10]. This suggests that there
exists an interaction between the motility and GI physiology. Ya-
mawaki et al. emphasizes the role of gut-brain axis in his article
as follows, “Rome IV criteria defined that the diagnosis of func-
tional dyspepsia required bothersome clinical symptoms, and the
brain-gut axis was acknowledged as an important factor in the
etiology of functional GI disorders” [11].

Considering the complex regulating mechanisms involved in
the APD physiology, we review the state of art in the area with
specific focus on the exploring the underlying mechanisms to
devise better treatment modalities. The review is structured as
follows, 1) firstly we first discuss the digestive function of the
APD segment from a biomedical perspective; emphasizing the
necessity of engineering principles involved in digestion. Con-
sidered next is the role of gut-brain axis in the APD physiology,
where, we discuss as to how the gut and brain communicates
with each other through various channels such as neural, hor-
monal and others. Since the meal is known to be major deter-
minant of the gut motility, we explore the state of art in the meal
specific responses of the motor patterns that are elicited during
various experiments performed by the authors. In conclusion,
we describe the current perspectives on the patient management

and treatment modalities of the APD motility disorder.
4.1.The Digestion: The Biomechanical Perspective

The Antro-Pyloro-Duodenal (APD) segment of human gastro-
intestinal tract performs a series of complex processes which
help in breakdown of food (antrum), control of flow into the
duodenum (pylorus), mixing with the Duodeno-Biliary-Pan-
creatic (DBP) secretion and chemical breakdown, absorption,
and transport to the lower segments of the intestine (duode-
num) [12]. The process is mechanical in nature and driven by
the APD motility. In physiology, the APD segment is known to
elicit different types of contraction pattern upon duodenal meal
infusion that includes - gastric peristalsis/antral contraction
wave, segmental contraction of the antrum, pyloric contrac-
tion, intestinal peristalsis, retroperistalsis of the intestine or an-
tiperistalsis, standing contractions/ stationary waves, stationary

segmental contraction of the small intestine/ cluster stationary
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contractions, migrating segmental contraction of the small intes-
tine/ cluster migrating contractions, sleeve contraction/pendular
movements, and Migrating Motor Complex (MMC). The char-
acteristics and physiological function of these contractions are
mentioned in the (Table 1).

In physiology, the transport of food occurs from the stomach to
the duodenum (gastric emptying), however, due to reasons un-
known, it can also lead to the backward flow of Duodenal Con-
tent (DGR). The process can be visualized from a biomechanics
point of view as follows. The transport of fluid is a effect that is
driven by the movement of the APD wall. As the wall moves, it
bears an amount of momentum that is ready to be transferred to
an adjacent fluid particle. With wall a motion, the momentum is
dissipated continuously to the nearby fluid that later on transfers
to its adjacent fluid particles. The process gradually leads to the
generation of flows patterns that can cause transport (forward or
backward) or mixing. Here we establish that the physiological be-
haviour of the APD segment, that is, APD motility is intertwined
to the APD physiology. This suggests that the digestive capacity of
the APD is driven by the flows developed in the lumen that are a
reflection of the APD motility.

4.2. How Motility Disorder Affects the Digestion?

Contractions of the stomach, pylorus and upper intestine have
direct influence on the physiological process of digestion that
include -grinding and churning of the contents with gastric se-
cretions in stomach and the Duodeno-Biliary-Pancreatic (DBP)
secretions in duodenum. They also influence the absorption and
transit to lower bowels. For the gut to perform its normal physi-
ological function it needs to elicit appropriate contractions; oth-
erwise, it can lead to abnormalities in digestion. For example,
motility disorders of the stomach can lead to Gastroparesis (de-
layed gastric emptying), Dumping syndrome (rapid gastric emp-
tying), and Functional dyspepsia (abdominal discomfort arising
from functional loss of sensory and motility abnormalities) [13].
Similarly, the motility dysfunctions of the small intestine can
lead to disorders such as the duodenal ulcer, intestinal pseudo-
obstruction, Small Intestinal Bacterial Overgrowth (SIBO), Irri-
table Bowel Syndrome (IBS), and Short Bowel Syndrome (SBS).
Pathologies of the small intestine do not arise directly but they
occur in an indirect way that happens to change the normal mo-
tility patterns. If one assumes that contractions are the driving
factors responsible for causing digestion in normal physiology,
then, when they are abolished (due to some reasons) they will
lead to stagnation of the contents over a gastrointestinal segment
which increases the chance of bacterial colonization. For e.g., the
low volumes of the bicarbonate secretion can influence the viscos-
ity of the small intestinal luminal contents which in turn slows the

transit and facilitate for bacterial overgrowth [14]. Using a wire-
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less motility capsule it has become possible to study dynamics of
pH profile in the proximal intestine and the nature of gastroin-
testinal transit profile [15]. Depending on the buffering capacity
of the pancreas, pH in the duodenal lumen is directly influenced
and part from the duodenal motility; stagnation increases the
chances of duodenal ulceration. Further, if the contractions are
abolished then it may also lead to the occurrence of duodenal ul-
cers which in turn can result in improper flushing of the duode-
nal lumen with alkaline secretions. Abnormalities can also result
from motility disorders of the small intestine showing its influ-
ence right up to the stomach, the esophagus and the pharyngeal
region. Failure of the motility patterns of the small intestine to
clear the bile can result in backflow of the duodenal secretions of
toxic chemical (bile salts) to enter the stomach. When this hap-
pens regularly they can have a damaging effect on the mucosal
layers of the stomach, the esophagus and the pharyngeal regions.
Bile salts have a dramatic impact upon its exposure to mucosa,
causing the mucosa to transform from a normal epithelial like
cells to those of an intestinal mucosal type (known as intestinal

metaplasia) and can eventually lead to cancer [17].

The interaction between the food sensing and the motility pro-
vides further insights into the APD physiology. In patients suf-
fering from Irritable Bowel Syndrome (IBS), it is advised to
have a diet with low-FODMAP so as to reduce the chances of
recurrence of the functional symptoms[17]. Fermentation of the
FODMAPs leads to generation of gases in the lumen causing dis-
tension; which in turn may also affect the small intestinal motil-
ity[18]. According to Depoortere, the chemosensory pathways of
the gut are amenable to change leading to the disturbances in the
metabolic responses and the endocrine secretions [19]. Although
these effects may not influence the motor patterns directly, how-
ever, channelize its effect through distension related [20], those
mediated by CNS [21], or other unknown mechanisms [22,23].

4.3. Diagnosis

Measuring the motility of the APD segment has been a challenge
for the given spatial and temporal resolution due to its anatomi-
cal location and the small opening of the pylorus [24,25]. Techni-
cal advances in ultrasound [26], scintigraphic method[27], High
Resolution Manometry (HRM) [28], Impedance Measurement
(MII) [29], Electro GastroGraphy (EGG) [30], Magnetic Reso-
nance Imaging (MRI) [31] and bile measurement (using Bilitec
spectrophotometer) have allow us to investigate the physiology
and/or pathological conditions of the APD segment [32]. The
Wireless Motility Capsule (WMC) is a relatively newer technique
for measuring pH, pressure, transit time and contractile activity
of the antroduodenal segment [33-35]. The WMC is a pill-sized
device that travels through the length of the gastrointestinal tract

and records the measurements taken for analysis purpose. The
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technology holds promising in therapeutics by capturing global
gut motility profile of the patients to help diagnose effectively
[36,37].

4.4. Why is it Difficult to Treat Motility Disorders of the Apd

Segment?

Motility disorders pose numerous challenges in treatment modal-
ities. Due to dynamic nature of the APD segment which responds
differentially to various inputs/ stimuli, the etiological reasoning
could not be established. Therapeutics options include regula-
tion of meal intake, nutrition, and life style changes. The patients
suffering from motility disorders of the stomach and duodenum
have reduced digestive capacity. It is preferable to provide meals
that are low in fat so as to prevent delays in the gastric empty-
ing. Further, it is easier to digest liquids meal and regulate the
symptoms in comparison to the solid food that necessitates for
increased demand for peristaltic activity. Use of prokinetic agent
(such as metoclopramide, erythromycin, domperidone and tega-
serod) is an alternative strategy to help facilitate the peristalsis
activity by participating in the neurohormonal control of the gut
motility patterns. They are used in the treatment of gastroparesis
with the objective of increasing the gastric emptying and help
improve the symptoms. However, due to their side effects and
limited understanding of the therapeutic action of these drugs,
the use has been limited [38-40]. New therapeutic drugs design
are in progress to address the side-effects of the use [41]. Surgi-
cal options include resection and electrical stimulation (gastric
or intestinal). Electrical stimulation of the gut segment can be a
pliable option in regulating the symptoms that does not affect the
tissue and does not involve the resection procedures [42]. The
studies on the electrical stimulation have been a topic of inter-
est due to their minimally invasive procedure and their flexibility
to help regulate the motility patterns. However, due to incom-
plete understanding on the effects of external stimulation on the
physiology, the procedure continues to be debatable. Electrical
stimulation aims at reconstructing the natural electrical stimula-
tion of the neurons that are provided by the vagus nerve. The
process of electrical impulse generation is a complex process that
involves sensing of the gastric contents, interacting with various
cues and communicating with the CNS/ENS. Unless we learn as
to how these components are interacting, deducing as to what
patterns of electrical stimulation would be required to generate
the desired motility will be a challenge. The following sections
discuss various control strategies of the gut motility that were in-

vestigated experimentally by various authors.
4.5. Complex Control of Motility: Gut-Brain Axis

Generation of motility patterns is in some way hardwired into

sensors which are present and it is because of this reason that
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the APD segment has acquired its ability to control and allow
for a wide variation in its motility patterns[43]. The anatomical
studies report that the Enteric Nervous System (ENS) comprises
of hundreds of a million neurons that are spread across the walls
of the alimentary canal [43]. The small intestine is innervated
through the formation of a myenteric plexus that encroaches
in the intramural regions of the intestinal wall [45]. From a set
of few neurons controlling a specific function such as the acid
secretion in stomach to ganglia in small intestine for functions
such as the motility control, the neural innervations are an es-
sential component of the control. They help communicate with
the CNS via afferent and efferent nerve fibers of the vagus nerve
to establish the function. About 90% of vagal fibres that inter-
acts with CNS are afferent and an enteric nervous system spends
significant effort in sending information to the CNS besides per-
forming its own function [46,43]. It is through this channel that
the gut-brain axis is established which can induce sensations of
nausea, bloating, hunger, anxiety and depression [47], and other
cognitive functions. Neural sensing of the intestinal contents
for establishing the relationship between the gastrointestinal
responses and cognitive functions is a challenge. The APD seg-
ment employs various strategies to help establish the physiologi-

cal function that are discussed as follows.
4.5.1. Control through Neural Sensing

The information relating to the physiological condition of
the APD segment is passed on to the CNS by the neurons. It
is through this mode of communication that the APD segment
is able to serve its physiological function by sensing pH [48],
osmolarity [48-50], lipid (also ileum) [51,52], carbohydrates,
proteins and other factors (mechanical factor like size of bolus)
[49]. Based on the level of these parameters, the CNS/ENS com-
municates via the efferent neurons to help generate appropriate
motor patterns to ensure proper digestion. The nature of com-
munication that takes place has direct significance to physiologi-
cal function. They help in mediating various functions such as
vago-vagal reflexes (receptive relaxation), gastro-gastric (accom-

modation) and duodenal brake reflexes [53].

To support the relevance of sensory-motor integrity, Peter Holzer
suggested that prevention of acid damage to the mucosal tissues
are carried out by an ‘elaborate network of acid-governed mecha-
nisms” that help protect the tissue from acidosis and maintain
homeostatis [54]. The pH distribution of the gut lumen follows a
particular trend, having lowest at the stomach (pH: 1-3) and then
goes on increasing from proximal duodenum (pH: 1.7-5), distal
duodenum (pH: 5-6) [55] to terminal ileum (pH : 7-9) [56,57].
On exposure of the duodenum to acidic contents they stimulate
various defence mechanisms which include; increase in muco-

sal secretions, bicarbonate secretions and blood flow [58]. To-
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gether with this, hormones also play a major role in acid secre-
tion at the stomach which in turn may contribute to the overall
homeostasis. The pylorus, a tissue that connects stomach to the
intestine, also plays a significant role in regulatory the digestive
mechanisms. They primarily function as a valve to regulate the
rate of flow of contents from the stomach to the duodenum (gas-
tric emptying). Besides being a muscular tissue it also has sensors
embedded within its mucosal layers which are involved in some
control related activities; since they also share the neural tracts
and the circular muscle layer with the terminal antrum and the

proximal duodenum [59].
4.5.2. Control by the Endocrine System

Besides neuronal control, the gut also has its own hormonal con-
trol. Prior to the discovery of the gut hormones, Brown et al [60]
speculated the involvement of some kind of molecule in elicit-
ing motor activity upon alkaline infusion into dog’s duodenum.
Later, they isolated a new polypeptide that they speculated is re-
sponsible for the motor activity and hence named it as “Motilin”.
Motilin is involved in eliciting strong gut contractions that are
secreted by endocrine cells of duodeno-jejunal mucosa [61,62].
It has been reported in literature to be involved in the regulation
of migrating motor complexes (MMC; also referred to as the in-
terdigestive motor contractions). This finding was supported by
the cyclic changes in plasma motilin concentrations which peak
with strong contractions and disappear with meal ingestion and
reappear during fasting [63]. The manner in which the motilin
achieves such regulation is by directly binding to the motilin re-
ceptors present throughout the ENS (Enteric Nervous System)
and gut smooth muscles; revealed through immunohistochem-
istry studies. The receptors are distributed differentially along
the GI tract with higher density in the duodenum followed by
ileum, jejunum, proximal colon, antrum, and colon(He et al.). It
is reported that the contractions due to motilin are mediated by
the cholinergic neural pathways of the myenteric system. Motilin
are also found in the cortex which helps in the central regula-
tion of gut motility [64]. Role of motilin and ghrelin (another GI
hormone involved in hunger) [65] and their association with the
hunger and feelings of satiety that are driven by the brain and GI
function is a subject of interest to help devise drug therapies [66]
for gut dysmotility and better management of patients [67-70].
For example, in patients with motility dysfunctions, the use of
prokinetics can help regain their intestinal motility, reduce the
symptoms of poor transit of the digesta and regulate the prolif-
eration of bacteria in the intestine [71,68, and 39]. Post-surgical
interventions as in gastrectomy(Buzga et al.) and non-surgical
interventions of dieting and exercise [73], the physiological
changes affecting regulation of GI hormones and their relation to

hunger and satiety play an important role in the curing process
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[74-76].

Gut hormones also mediate other activities such as appetite or
hunger control and feeding behaviour by participating in the
gut-brain axis [78]. The gut-brain axis is a framework through
which the central nervous system (CNS) and enteric nervous
system (ENS) communicate with each other via the afferent and
efferent neurons for achieving regulation of various processes
such as feeding, appetite control, and control of food intake. Be-
sides motility and hunger control, the gut-brain axis also plays
a significant role in digestion of fatty meals via bile secretion, a

prerequisite for preparing the meal to be digested by the lipases.

Literature suggests that the APD motility is under neuronal con-
trol, which helps facilitate the digestion by stomach and intestine
(Browning & Travagli). The APD motility in course of time gets
modulated based on the type of food reaching the duodenum
and through sensing via neuro-hormonal mechanisms. At any
given point of time there are several hormones circulating in the
blood, whose role and significance are not fully established. For
example, ghrelin (hunger hormone - found in higher concentra-
tions during fasting), motilin (for causing contraction), CCK
(for causing gall bladder contraction and motility) [79], peptide
YY (for satiation modulation), amylin (for glucose homeostasis),
glucagon-like peptide-1 (GLP-1)[80] and glucagon-like pep-
tide-2 (GLP-2 for motility) (Wu, Rayner, Young, & Horowitz,
2013) is not fully understood. These hormones are a result of se-
cretion from endocrine cells which help in the regulation of acid
release in the stomach, for example, the gastrin secreting G-cells
help stimulate the acid secretion and pH-sensitive somatostatin
secreting D-cells at the antrum inhibits the acid secretion. These
hormones modulate the acid secretion mechanism by targeting
the parietal cells of the gastric pit. The endocrine cells all togeth-
er comprise of 1.2% of the total gastric epithelia which in turn
contains 30% of histamine secreting ECL cells and 22% of D-cells
[81]. In order to get a clear understanding as to how the digestive
mechanisms are regulated, we need to recognize the neuro-hor-
monal regulation of the contractions together with the feedback

mechanisms provided by the gastrointestinal system.
4.5.3. Pacemaker in the Stomach and the Duodenum

Is it necessary to correlate our understanding on motility pat-
terns with the smooth electrical potentials of the muscles that are
origins of various contractions? Yes, it is necessary because the
nature of contraction, the amplitude and frequency of the waves
are closely related to smooth muscle activity. In general, it is ob-
served that the smooth muscles in both the stomach and duode-
num exhibit electric potential; also known as the Basic Electrical
Rhythmicity (BER). These potentials change in a periodic fash-

ion, rising to their peak value and lowering to their minima in a
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cyclic fashion with a characteristic frequency. Contractions are
evoked when the electric potential rises well above the threshold
in BER of the APD segment, which are characterized by hav-
ing different frequency of oscillations across the segments. The
source of excitation for the BER comes from a pacemaker, which
is responsible for such predefined oscillations that vary from one
segment to the other (antrum/pylorus /duodenum). Like the car-
diac pacemaker in heart and a pacemaker in the stomach, there
is one such pacemaker available in the intestine. It is considered
that the pacemaker is located somewhere between the duode-
num and ileum or at the mid-duodenum [82]. Localization of a
pacemaker near the ampulla of vater (approximately at the mid-
duodenum region) is based on the following criteria: there is BER
discontinuity between the antrum and the duodenum, presence
of 1-1.5cm long hypomuscular isolation segment in canine duo-
denum aboral to pylorus, detection of highest intrinsic frequen-
cy by the conduction-ligation method, and change in BER due to
cooling or warming of duodenal surface. It is reported that the
contractions occurring in the upper intestine propagate from the
duodenum to the upper jejunum without interruption [82]. BER
and mechanical contractions travel from the pacemaker area of
duodenum, i.e. near the ampulla of Water to a region as far as the
first frequency decrease occurs. The pacemaker does not exist
at the duodeno-jejunal flexure. The mechanism involved in the
generation of intestinal motor patterns by ENS is thought to be
resulting from sequence of inhibition and excitation of smooth
muscle fiber [83,84].

Research in the gastric arrhythmia studies has provided insights
into the slow wave conduction patterns [85-87]. Using high-res-
olution electrical mapping, the spatiotemporal dynamics of wave
front propagation in the stomach is suggested to have a circum-
ferential propagation near the pacemaker region and at a distal
location it changes from circumferential conduction to a more
longitudinal conduction which is followed by elliptical wave
front patterns [88]. The slow wave propagation is more anisotro-
pic near pacemaker region due to higher conduction along the
circumferential direction (2.5 times) in comparison to the longi-
tudinal direction. Arrhythmia is a non-synchronous conduction
pattern that alters the physiological functions of the stomach and
intestine; such as those resulting from ectopic event, blockade or
those due to the tissue which does not couple [89-92]. Incisions
in the APD wall can disturb the propagation of the slow waves
which can have an impact on the gastric emptying and digestions
[93]. Incisions of the gastric wall spanning about 2-3cm by Du
et al. have demonstrated occurrence of a localized and inhomo-
geneous propagation of the slow waves [94]. Their study reports
that the incision has an effect of altering the conduction patterns

or conduction blockade. One of the abnormalities that can affect
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the physiology is by changing the pacing activity or dysrhyth-
mia of ICC; leading to gastric or intestinal dysfunctions resulting
from a change in the coordination of the adjacent segments [95].
A pathological condition such as the gastroparesis (character-
ized by a delayed gastric emptying) has been recently associated
with the gastric arrhythmia and the loss in the structural integrity
of the ICC network [89,92]. Altered gastric arrhythmia leads to
changes in the contraction pattern which can affect the normal
mechanical function of the stomach, that is, the grinding, mixing
and transport; indicated by the in silico studies of the stomach
[96]. A similar damage (surgical procedure) to the intestinal ICC
networks and the vagal innervations to the intestine may change
the innate slow wave conduction pattern and the intestinal motil-
ity patterns that can affect the physiological functions of mixing
and transport [97,98]. The concept that the physiological func-
tions of the gut are associated to the pacing activity of the seg-
ments concerned has reinvigorated the arrhythmia studies of the

gut(Lammers).
4.5.4. Coordination of the APD Motility

Contractions in the antrum, pylorus and duodenum are not
independent of each other; however they share some degree of
coordination. The antral contractions are known to have some
relation to the onset of the pyloric and duodenalcontractions.
Antral contractions which are initiated at one side of the pyloric
segment generate antral pressures and the duodenal contractions
on the other end generate duodenal pressure leading to
the development of a pressure on both sides of the pylorus.
Therefore the antrum and the duodenum behave like a dual
pump where each tries to push the contents to the other side of
the pylorus. Depending upon the degree of pressure difference
there is a proportional flow rate occurring across the pylorus.
Further, degree of pyloric opening can also modulate the flow
rate and the volumes of flow. When APD contractions are well
coordinated they lead to normal gastric emptying, however,
when they lose coordination they can lead to abnormal flow.
Little is known about the coordination between antral, pyloric
and the duodenal contractions and their effect on transpyloric
flow and the consequences resulting from a lack of coordination.
More precisely, what remains to be understood is the following
question, that is, how are the contractions in duodenum related
to the antral and the pyloric contractions and how do they help
in normal transport and under what circumstances they lead to

pathology or reflux?

Control of gastric emptying is achieved by the coordinated con-
traction of the APD smooth muscles. The process is first initiated
by neurons that signal the smooth muscles to undergo contrac-
tion and ultimately transfer the momentum from wall to the fluid

underneath leading to the generation of flow patterns and trans-
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port. Thus, APD motility is under the influence of the enteric
nervous system, the central nervous system, gut hormones, nu-
trient type and other factors. Given that there is built-in sensory-
motor coordination it is not surprising to observe that the APD

exhibits a complex behaviour in transport regulation.

The AP (antro-pylorus) and the PD (pyloro-duodenal) segments
do not work in isolation rather they interact, however, the type
and extent of this interaction has not been well studied. It seems
logical to state that the overall coordination of the APD segment
is necessary to perform normal physiological function at the pre-
vailing state irrespective of whether it is the fasting or following
a meal. The relationships among various segments of the gut are
generally studied in terms of the relative incidence of motor ac-
tivity across these segments. Motor responses of the APD to meal
ingestion are complex and hence various definitions of APD mo-
tility have been used for their analysis. Brook et al observed that
antral contractions during the fasted state had - 1) burst of con-
tractions appearing at three numbers per min with each lasting
for 5 min, 2) sporadic antral contractions and, 3) antral motor
quiescence lasting at least 5 min [100]. Isolated duodenal con-
tractions were defined as those that did not occur within 10sec
of the preceding antral contraction. The presence or absence of
the antral or the duodenal contractions within 2sec of the pyloric
opening or closure activity or state was considered to understand
the relationship between the pylorus, antrum and duodenum.
The pyloric contractions occurring in absence of antral or duo-
denal contraction are referred to as the isolated pyloric pressure
waves (IPPWs).

4.5.5. Role of Pylorus in the Coordination of the APD Segment

The pylorus can be thought as a conveyor that passes the food
from stomach to the duodenum. It regulates the supply of nutri-
ent meal to the duodenum through coordination of motor activi-
ties of adjacent segments. Let us consider that the antral contrac-
tions lead to a generation of higher antral pressure (Pa) relative
to the duodenal pressure (Pd). Then according to the basic prin-
ciple of mechanics, flow should occur from stomach to duode-
num; however, if at that instant the pylorus were to be closed
then it will completely block the transport of contents within the
stomach. The same also holds true when Pd is greater than Pa.
Therefore, in such a context the coordination of pylorus with the
antral and duodenal activity becomes necessary for performing
the physiological function of gastric emptying. It is necessary to
note that the regulatory action of the pylorus in transport of food
across the compartments relies on the APD motor coordination
and also on the feedback mechanism - a switch relayed by neuro-
nal and hormonal pathways exerting its influence by either con-

tracting the pyloric muscles or by relaxing them. Such a control
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is relayed via the sensors present on the duodenal mucosa, which,
on activation by nutrients can cause the modulation of prevailing
motility patterns of the stomach and the pylorus; thus influenc-

ing gastric emptying [54, 100,101].
4.5.6. Apd Motility is also Affected by the Nature of Meal

The contractions following a meal remain as long as the food is
present inside the stomach, since these contractions grind the
food, mix contents and finally empty it into the bowels. Depend-
ing on the type of meal or more specifically the nutrient content
of the meal, the food can stay in the stomach from 1 to 4hrs [102-
104]. Non-nutrient meals empty faster since they have zero calo-
rific value and therefore the bowels do not need to be engaged
in the digestion and absorption process. In the following section
the motor activity of the APD segment during the fasting and
following a meal are discussed with an emphasis on the motor

responses elicited upon meal ingestion.
4.5.7. Migrating Motor Complexes

MMC or inter-digestive motility patterns are the contractions
that prevail during fasted state. These inter-digestive motility pat-
terns have been broadly classified into three types namely, phase
1, 2 and 3. The 1* phase is a quiescent phase, which after a long
gap, make transition to phase-2 marked by irregular contraction
and finally ending in phase-3, which lasts, for about 7min where
the contractions are very regular. MMC is used as reference for
performing experimental studies relating to the segment. For
example, IV (intra-venous) injections for performing clinical
studies are provided at the onset of meal ingestion and duodenal
infusion of various substances (isotonic, saline solution, hydro-
chloric acid) is provided at the terminal MMC phase-3. Although
sufficient manometry-based data for both controls and patients
are available, attempts to distinguish the motility patterns of the
patients and controls was a challenge [105]. The problem being
the heterogeneity of the APD motor responses due to multiple
factors including differences in meal type used for the study. The
duodenal motor responses of meal are highly irregular and de-
pending on the type of meal different kinds of motor patterns are
elicited which together with pyloric segment show differential

patterns that are reflected on manometry charts [106].

4.5.8. Switch from the Fed State Contractions to the MMC Pat-

tern

Changes in MMC pattern following a meal are well reported in
literature [107]. On infusion of a nutrient meal, the prevailing
MMC pattern travelling through the duodenum to the terminal
ileum changes to peristaltic contraction following a meal. Stud-
ies on nutrient infusion in duodenum show that changes in mo-
tor activity are dependent on the calorific content of the infused

liquid meal and such motor patterns are modulated accordingly
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[108]. While MMC patterns continue to persist for low calorific
meal (<0.5 kcal/min), amplitude and frequencies of the con-
traction wave do not show significant changes at low calorific
meal infusion. However, the MMC is significantly suppressed at
higher caloric load in comparison to controls with no-infusion
[109]. The frequency and amplitude of contractions normally
increase on duodenal infusion and a significant decrease in duo-
denal motility upon jejunal infusion, suggesting involvement of
a feedback mechanism (the ileal brake) [110,111].

4.5.9. Motor Responses of theMeal

Nature of contractions elicited by a specific meal has not been
well understood. Though there have been studies that shed some
light on the conundrum responses, they have been unsuccessful
in understanding the exact response of the duodenum upon infu-
sion of nutrient directly into the duodenum [112-114]. Because
the duodenum shares some kind of feedback control with the
pylorus, the antrum and other segments of the intestine through
complex pathways, deducing the nature of coordination and the
luminal transport of contents has been a challenge [115,116]. In
physiology, the contractions reported are a combination of vari-
ous elementary contractions that consist of basic contractions
such as antegrade or retrograde propagating wave and standing
contractions that appear at low/high frequency which are also
referred to as cluster contractions. It should be noted that the
cluster contractions can also be propagatory in nature. Investi-
gations into the variability of wave nature have been performed
by Kwiatek et al [117] for the antral segment. They analyzed a
sequence of MR scans obtained by dynamic imaging taken over
the entire stomach for total gastric volume and meal volume
calculation. By marking the contours of the gastric segment ob-
servable in the scans they were able to measure the shape and
propagation details of each antral wave. For a 500mL glucose
solution with a calorific value of 200kcal as a standard meal they
reported regular antral motor patterns which were character-
ized by a periodicity of 23+2sec having amplitude of 0.7+£0.08cm
and a wavelength of 6+2cm travelling at 0.27+0.01cm/sec. Such
quantification details have not been studied for the duodenal
segment probably due to the irregular motor patterns that make
it difficult to study. Although quantification details are not avail-
able, there are a few studies that report manometry data relevant
for understating the normal physiological functions of the duo-

denum and its relationship with antrum and pylorus.

There are numerous literatures available on the motor responses
of the meal when infused with various nutrients and its compar-
ison with controls. Infusion of zero calorific meal or an isotonic
solution had a minimal effect on the prevailing motility patterns,
while 1pH HCI or 5%NaCl resulted in a significant increase in

pressure events of large amplitudes along with propagatory con-
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tractions. While acid infusion has been the primary choice in
most studies, there have been studies which demonstrate that
infusion of 5%NaCl solution also evokes contractions that have
characteristics patterns of segmental, isolated and propagatory
nature in duodenum[118,48]. Studies involving nutrient meal
containing sodium oblate have shown contractions bearing low
amplitude, isolated or short cluster of non-propagatory pres-
sure waves and at times interspersed with propagating pressure
waves. With acid infusion, the following changes in motility
patterns occur - 1) there is a decrease in antral contractions, 2)
lack of coordination of duodenal motility with development of
random patterns, and 3) an increase in isolated pyloric pressure
wave (IPPW) rates [115]. While it is not clear as to how these
segments are related to each other in terms of coordination, evi-
dence suggest that the contractions of antrum, pylorus and duo-
denum are in some way linked. When changing the saline infu-
sion to 0.1M HCl acid it was found that antral contractions were
suppressed, thereby, allowing phasic contractions of the pylorus
and a reduction in the coordination among duodenal contrac-
tions [115]. Changes resulting in the inhibition of antral motility
and an elevation in the IPPW have been found with meal infu-
sion (10% lipid emulsion, 10% dextrose, hyperosmolar glucose,

fat emulsion and amino acids infusions).

Rao et al conducted experiments with controlled injection of
meal with variable calorific, osmotic contents and varying vol-
umes in healthy individuals to study the meal response in the
duodenum. Contractions were monitored by a 6-channel mano-
metric catheter containing one channel each for terminal an-
trum and pylorus and the rest spanning the C-loop of duodenum
[118]. While a 0.9%NaCl meal was used as the control or isotonic
solution, a 5%NaCl meal was chosen to study the effects of osmo-
larity [119,50]. Bolus of sizes 10, 20 and 30ml at infusion rates of
20mL/min were administered at intervals of 5min while a 15min
gap was introduced before switching to a different solution. The
results showed that infusion of 0.9%NaCl caused generation of
discrete and isolated contractions, whereas, the 100mmol/L HCI
infusion generated high amplitude aboradpropagatory waves of
the order of 40mmHg. 5%NaCl infusion showed a similar trend
to that of HCI infusion with contractions being prevalent across
all duodenal ports except for D3 (channel) where the incidence
and amplitude were diminished for both infusions. Infusion of
fats (Sodium oleate) resulted in generation of low frequency
pressure waves of low amplitude, isolated and occasionally prop-
agating type contraction. Further, IPPWs were also seen having
a near phasic profile. Bile infusions were also performed with
the notion that fatty contents stimulated bile secretions and in
turn facilitated lipid metabolism. Motor responses to fats showed
isolated contractions of small amplitude with occasional propa-

gatory waves. Mean frequency and motility index obtained by
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multiplying pressure wave amplitude, duration and frequency
of occurrence per minute were significantly higher for HCI and
5%NaCl infusion in comparison to sodium oleate and 0.9%NaCl
infusion. This suggested that highly acidic and osmolar constitu-
ents of the chyme entering the duodenum elicits higher incidence
of contractions. This was further supported by a study where
HCl infusion evoked MMC-3 activity. In addition, APD has been
shown to have a volume dependent motor response with signifi-
cant motor activity for a 20ml bolus against 10ml bolus for HCI

and 5% saline infusion.

Fats that are twice as calorific as proteins or carbohydrates show
differential motor response. Previous studies have speculated
that oleic acid infusion has an effect of increasing segmentation
of the duodenum and decreasing the propulsive nature of the
waves [120]. Therefore, such behaviour can only slow down gas-
tric emptying which is a consequence of reduced duodenal clear-
ance and increased resistance to flow. It is still unclear as to how
coordination between segments is lost upon nutrient infusion
and the mechanism involved in the development of irregularity
of duodenal contractions upon infusion of various substances.
Flushing out the duodenal lumen with HCI can have a damag-
ing effect on the duodenal mucosa and increase the chances of
ulceration. However, there are other events that cause the mo-
tion of the luminal content which mixes up and homogenize it
so that the overall pH can be increased. Some relations can be
drawn between poor duodenal clearances (which can be attrib-
uted to the disordered motility) with the amount of mixing (i.e.
with bicarbonate secretions and thereby buffering the acid) that
can result from the contractions [115]. Oleate resulted in isolated
pyloric phasic contractions suggesting that such events are prob-
ably evoked by the presence of lipids in the duodenum along with
small amplitude waves. In addition to this, motor responses are
also found to be volume dependent. During the first 10min phase
upon nutrient infusion no significant differences were observed
in the motility patterns between non-nutrient cellulose meal and
nutrient meal. However, in the later phase, local contraction with
length of spread less than 4cm were found to be more predomi-
nant with 73.6% occurrence for nutrient meal, whereas, for the
cellulose it lay at 55.7% occurrence with length of spread between
4 and >16cm suggesting that the local contraction of short length
span help in processing nutrient meals [121].

The duodenum can also cause a brake to gastric outflow through
chemical, osmotic, and nutrient sensing. Duodenal distension
triggered by an increase in the volume also influences the mo-
tor activity. Infusion of hyperosmolar solution has been shown
to increase duodenal contractions in a dose dependent manner
by activating local osmo-receptors, located within 10cm of the
proximal duodenum [122, 50]. Whereas, HCI and lipid infusion
caused antral suppression and initiation of coordinated duodenal
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motor activity with the motor response being faster for acid infu-
sion[123]. On the other hand, iso-osmolar saline and relatively
hyper-osmotic dextrose do not induce motor response. The rea-
sons for instantaneous response for acid infusion can be attribut-
ed to the short lived motor response that rapidly spreads the acid
across the duodenal mucosa and subsequently helps in buffering
with the bicarbonates released from pancreas. The slower motor
response for lipid infusion is likely to cause spread of nutrients
across the surface of the duodenum to facilitate emulsification,

digestion and absorption.

The duodenum makes use of the chemosensory systems, neural
and endocrine mediators to perform the task of nutrient sens-
ing [124-126] and homeostasis (such as in glycemic regulation
[94] through feedback mechanisms involving the gut-brain com-
munication). The intestine also contains stretch sensors which
help in detecting events causing distension [127]. The sensory
information is then relayed by the vagus nerve from the sensors
present in the gastrointestinal tract or vagal sensory neurons
in the mucosal or near lamina propria endings, intraganglionic
laminar endings and intramuscular arrays [128-130]. Such sens-
ing mechanism enables the APD segment to possess a chemo-
specific antroduodenal motor response [131,44]. To understand
the mechanism we consider a well-studied example of CCK in-
duced DBP secretion by fat. CCK has been known to drive the
biliary secretion to cause the fat emulsification and metabolism
in response to detection of fat in the duodenum [44]. In order to
establish such task our digestive system contains I-cells (present
in the duodenum) which upon sensing fat in the lumen secrets
CCK. This hormone then binds to the CCK receptors present at
the mucosal endings of vagal afferent neurons. The information
relating to the presence of fat is conveyed to via the vagal affer-
ents to the nucleus tractussolitarius (NTS) in the brain stem for
further processing. As a response to the fat detection in the meal
the brain send its response through vagal efferent pathways to
stimulate DBP secretion by gallbladder and the pancreas. Like-
wise there are numerous transduction pathways which operate
in sensing the nutrient contents and initiating a specific response
[132].

4.5.10. Why Clinical Assessment of APD Motility is a Chal-

lenge?

There are no detailed studies on the quantification of contrac-
tion waves and understanding the nature of contractions elic-
ited on meal ingestion. In one of the studies, a high resolution
manometer was used to understand the spatiotemporal changes
of pressure over the entire length of the human duodenum (ap-
proximately 1.5cm port spacing on manometer catheter) [133].
Their results indicated that, numerous propagating waves (PWs)

observed during the fasting state were found to be suppressed
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with Intra Duodenal (ID) lipid infusion. Of these pressure waves,
about 87-90% traversed a distance of 1.5-4.5cm, 5-10% traversed
about 6-9cm and only 2-4% accounted for longer distances. Re-
gardless of site of origin of the contraction and type of nutrient
infused, most of the PWs travelled only a short distance of 3cm.
Another important observation was that most of the contrac-
tions were predominantly antegrade than retrograde. In another
study, Castedal et al have reported PWs containing bidirectional
components rather than unidirectional travelling waves. Mano-
metric and video-fluoroscopic studies in humans have shown
that stationary, antegrade and retrograde type of contractions
can occur in normal physiology. Antegrade and retrograde flow

have also been reported both during the fasted and fed state.

Literature on the direction of propagation of duodenal contrac-
tions is contradictory. Some studies suggest that the direction
of contractions can be only antegrade [134,135] during fast-
ing and postprandial, whereas, other studies have reported the
occurrence of retrograde peristalsis as well [135]. Retro-peri-
stalsis (peristalsis contraction moving in reverse direction and
towards the orad) is a prominent feature, whose occurrence co-
incides with phase-3 of MMC and more specifically during late
phase-3 as per the high resolution manometry (HRM) study on
duodenum [136]. Significant proportion of antegrade and ret-
rograde contractions were also found in a study that made use
of a manometric catheter which had four consecutive pressure
ports placed over the duodenum [137]. Retro-peristalsis can also
occur during postprandial state, originating at 2-4cm distal to
the pylorus. The relative occurrence of antegrade contractions
at four distinct duodenal segments is higher in comparison to
the retroperistalsis during postprandial state. Percentage occur-
rences of retrograde movement of the contractions were found to
constitute ~20% of all pressure waves event (pressure signature

of the contraction captured through manometry) [135].

An ambulatory manometry recording shows that duodenal con-
tractions occur with relatively higher amplitude and persist for
longer duration against jejunal contractions during postpradial
state [138]. There is a higher incidence of cluster contractions
in the duodenum, whereas, the propagatory contractions are in-
creased during the fed state in the duodenum and the jejunum
suggesting that these contractions are involved in both mixing
and propulsive activities. However, the differences in duration
of individual contractions occurring at the duodenum and the
jejunum are 0.3sec with 3mm Hg pressure difference and the in-

cidence of propagating contractions differs by nearly 2.4%.

Inferring the enteric activity based on the activity of the mus-
cles, that is spatio-temporal mapping of the intestinal contrac-
tion is currently being investigated and is considered to be the
cutting edge of the field [84,139,140]. However, such studies are
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performed only in animal. By combining the spatiotemporal
details of diameter changes of the intestine, intraluminal pres-
sure and impedance measurements for capturing bolus transit,
authors were able to deduce the state of excitation or inhibition
of smooth muscle fibres of the intestine [141]. Such analysis have
allowed for capturing the dynamics of the small intestinal muscle
such as isometric contraction/relaxation, auxotonic contraction/
relaxation, isotonic contraction/relaxation, passive dilation/
shortening, passive isometric pressure increase/decrease, oc-

cluded quiescence and distended quiescence.
4.5.11. Current Perspectives on Managing Motility Disorders

Managing the motility disorders of the APD and lower bow-
els can be done by regulating meals, use of prokinetic drugs
and electrical stimulation [142-148,39]. Gastroparesis is one
of the major motility dysfunctions of the APD segment where
the gastric contents are emptying at a slower rate. As a result of
meal retention in the stomach for a long duration, the patient
becomes susceptible to malnutrituion, erratic glycemic control
and decreases in the quality of life. In order to re-establish the
healthy condition, dietary control can be adopted which includes
frequent intake (4-5 times a day) of small meal that is low in fat
and fiber content [149].

Gastric emptying, one of the physiological function of the APD
segment, is a highly regulated process which involves coordina-
tion among the APD segments for generating pressure differenc-
es that is higher in the antral side compared to the pylorus[98].
It is through the coordinated activity that the gastric contents
are emptied into the duodenum at a controlled rate. The pylo-
rus, a tissue interconnecting the antrum and duodenum, acts as
a primary regulator of the flow since it can directly suppress the
flow by reducing the luminal diameter and completely occlude
by closing the valve [150,98]. Increased resistance due to abnor-
mal functioning of the pylorus has been indicated in the diabetes
gastroparesis [151]. Botulinum toxin (an inhibitor of cholinergic
transmission in neurons) has been used to improve both gastric
emptying and symptoms [152]. Surgical procedures for pylorus
such as pyloromyotomy for reducing the pyloric resistance have
been reported to increase the risks for developing gastric dump-
ing symptoms [153]. These procedures suppress the contractility

of the segment which damages the integrity of the tissue.

Drugs such as prokinetics (e.g. metoclopramide, domperidone,
and erythromycin) have been used for managing the motility
dysfunctions of the gut [39]. They act by binding to the recep-
tors and in the process can either enhance or strengthen the gut
motility. By facilitating gut motility they also help to transit the
luminal contents and improve the symptoms of various motil-
ity dysfunctions [154]. For example, in diabetes gastroparesis,

erythromycin can be used as a potent agent to induce contrac-
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tion by acting similar to the motilin [155]. Erythromycin induc-
es phase III of the MMC by binding to the motilin receptors of
smooth muscle cells of the antrum and duodenum [156]. Litera-
ture data indicating the side effects of the prokinetic agents are
numerous. For example the erythromycin has been found to be
involved with cardiovascular complications (torsade de pointes
and cardiac arrest) [157], metoclopramide has been indicated in
tardive dyskinesia [158], and domperidone in the QT prolonga-
tion and sudden cardiac arrest [159-161]. Due to these side ef-
fects and complications, the use of prokinetics has been restricted
[162,163]. A potential drug therapy that targets various tissues
(M1/M2, 5HT,, D2 and Ghrelin receptors) of the APD segment
with minimal side effects is under trials [164-167,66].

Use of electrical stimulation has received increasing attention in
the recent years for managing obesity [168-170], gastroparesis
[171-173] and other gastrointestinal dysmotility disorders [174-
176]. Electrical stimulation of the stomach has been reported to
be beneficial in gastroparesis. In this method, the gastric electri-
cal stimulation delivers an electric current (in the form of pulses)
through the electrodes to the smooth muscle of the stomach.
There are two method of providing the therapy, one which uses
high-frequency stimulation (12 cycles/min) at low energy signal
having pulse width of 330 micro seconds (also referred to as the
Enterra therapy) and the other method involves delivering a high
energy signals (or long duration pulse of ~300 milli seconds)
at a lower frequency (matches to the slow wave of stomach ~3
cycles/min) [177]. Studies have been performed in both animal
and humans to assess the treatment benefits for various motility
disorders of the lower bowel motility disorders [178,179]. Duo-
denal electrical stimulation using intraluminal ring electrodes
fitted to the feeding tube have been reported by Liu et al. to study
the gastric emptying in humans [180]. The stimulation includes
the application of pulses at 13 cycles/min of 4-10mA peak having
pulse width of 100-500ms for 10min duration. Results indicate a
delay in gastric emptying and decrease in water intake, suggest-
ing a potential therapy for obese patients without surgical resec-
tion procedures. A “First-in-Man Study” of duodenal electrical
stimulation as an alternative strategy for surgical intervention of
various motility dysfunctions of the gastrointestinal system, has
demonstrated feasibility of incorporating the duodenal stimula-
tion system without adverse effects [181]. The method is found to
be safe for improving the glycemic control in the patients. Elec-
trical stimulation of the pylorus using long pulses at a 30 cycles/
min reduces food intake capacity without development of notice-
able symptoms; suitable for treating the patient suffering from
obesity [182]. Animal studies of the electrical stimulation suggest
the mechanisms of action of the therapy through impairment of
the myoelectrical activity of the stomach [182]. Studies also indi-

cate that the therapy can also be adapted to treat the symptoms of
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intractable nausea and vomiting over a long run [183-185]. In re-
gard to the success rate, the mortality rate was found to 12.7% in
patients suffering from diabetic gastroparesis at 1 year of follow-
up study [186,3] and 24% after 9 years of follow-up study [188].

To ensure effective therapy [168,42] through electrical stimula-
tion of the gut segments one has to understand the underlying
principles of generation of slow wave and its propagation. The
interstitial cells of cajal (ICC) are also referred to as a pacemaker
[189] which generate and sets the bioelectrical slow wave potential
and its frequency which are responsible for initiating the smooth
muscles contractions of the gut. Besides this, the ICC acts as a
mediator by transmitting excitatory and inhibitory signals from
ENS to smooth muscles of the gastrointestinal tract[190,191].
ICC is a highly organized network, arranged in different layers
that are sandwiched between muscles layers of the gastrointesti-
nal walls. There are network of ICC within the muscles layers of
circular and longitudinal muscles, in the myenteric plexus region
(between the circular muscle and longitudinal muscle layer), and
in septa between muscle layer bundles [192,193]. The ICC helps
generate the slow waves in the cells which acts as a trigger for ini-
tiating the contraction wave in the gastrointestinal segment. The
frequency of the slow waves are specific to the gut segments such
as 3Hz in stomach and 12Hz in duodenum and decreases ab-
orally as one move to the ileum (8-9Hz) and colon (3-4Hz). ICC
also helps to coordinate contractile activities of the gut segments,
which are an essential part of the physiological activity of the GI
tract, in order to perform its function. Loss of ICC or damage
due to surgery can affect the slow wave setting in the gut segment
and the coordination of the gut motility patterns [194, 195 and
65]. In order to re-establish the normal slow wave generation in
the pathology, gastric pacing has been introduced as a therapy to
help regain the physiological function of the stomach (i.e. nor-
mal gastric emptying). The methods of generation of slow wave
entrainment is an active area of research to help address the ques-
tion of what kind of gastric pacing can be effective in the thera-
peutic efficacy of the implants (esp. location of the gastric pacer,
and the nature of stimulation such as continuous/pulsed signal,
amplitude, frequency, and pulse width) [196-199]. Numerous
authors have performed mathematical modelling of slow wave
propagation. However, the model fails to predict the slow wave
propagation behaviour to closeness due to anisotropic property
[65,85] of the tissue and non-consideration of the physiology, the
modelling remained a challenge [200,85]. A recent multiscale 3D
stomach model by Sathar et al. that incorporates the anisotropic
conduction of the tissue shows better prediction of the slow wave
conduction and therefore can be potential tools for devising and

analyzing the gastric pacers.

In view of the fact that the contraction drives the flow in the gas-

trointestinal segments, it is necessary to understand as to how
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the flow is developed due to the prevailing motility patterns.
The dynamics of trans-pyloric flow has direct significance to
the pathophysiology - if the flow is forward and slow it leads to
gastroparesis, and if the flow happens more often in the reverse
direction it leads to DGR [201]. Measurement of gastric empty-
ing and duodenogastric reflux rates has technical limitations, as
it is difficult to capture the flow dynamics with good spatial and
temporal resolution. Hausken et al.[202,203] while studying duo-
denogastric reflux using ultrasound report the occurrence of du-
odenogastric reflux both in the middle of antral peristalsis as well
as at the end of antral peristalsis before the closure of pylorus.
However, in another study duodenogastric reflux was found to
be caused by retrograde peristalsis and segmental contraction of
the duodenum in the presence of open or opening pylorus. These
observations suggest that the control of flow is complex in nature
and require coordination among the APD segment. Conundral
responses of APD motility to meal and complex neuro-hormon-
al controls make the system more complex. Simulation studies
performed using a 2D geometry approximated as a channel flow
provide clues but not sufficient enough to elucidate the mecha-
nism that underlie the DGR[204]). A 3D in silico study of the
APD segment modelled as close to the physiology using the MR
images indicate that the nature of duodenal contractions play a
major role in the digestive process[98]. Some of the contractions
were found to be inducing duodenogastric reflux whereas some
appear to facilitate emptying [98]. The frequency of contraction,
wavelength, luminal occlusion, and speed of propagation affects
the flow patterns and the trans-pyloric flow rates[98]. Computa-
tional methods can be valuable tool in this context where, using
the Newton’s laws of motion, one can do predictions of the na-
ture of flow patterns emerging due to the prevailing contractions
in APD segment; similar to those analyzed by Pal and Brasseur
[205-214,96] and others[215-219]. Recent studies on the duo-
denal contraction provide details as to how the contractility can
impact the formation of luminal flows that are crucial to the in-
testinal physiological function[220]. Studies on advancing local
longitudinal shortening indicate that they work in coordination
with circular contraction to help improve the propulsion of bolus
at higher occlusion optimally; suggesting economical means of

intestinal pumping [220,221].
5. Conclusion

The state of art review suggests that the APD segment is a com-
plex tissue that interacts with various cues such as ICC, ENS/
CNS, and hormones to perform the digestion. If the tissue fails
to undergo contractions in a normal manner then it may lead
to pathology. Opting for surgical resection does not recover the
motility patterns of the APD segment since the underlying neu-
ral connections are broken and the structural integrity is lost.

Dietary control is a natural way to evade the symptoms and help
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improve the quality of life, however, does not serves to cure the
disease. Although pharmaceutical method suffers from side ef-
fects, new developments offer better treatment options by selec-
tively targeting the receptors. However, they provide temporary
solution to the problem and necessitates for administering drugs
on a regular basis. Electrical stimulation is a relatively newer
method and relies on the neuromodulation of the gut motility
by delivering pulses of current. Despite the recent trials of suc-
cessful implantation of electric pacers in alleviating symptoms
and the pathophysiology, and lack of large-scale studies, the
procedure necessitates for further studies and standardization.
They need reconsideration on the specificity of the target tissue.
Since the APD motility is highly meal dependent, treatment pro-
cedures may have to be modulated in accordance with the APD
responses to the stimuli. They should be able to develop appro-
priate motility patterns to perform the digestion of a meal (that
is, differentially for liquid and solids) and help in the transit. In
addition to this, they should be able to regulate the sensations
of nausea, bloating, hunger, anxiety and depression. Finally we
conclude that by understanding the complex regulatory mecha-
nisms regulating the APD digestion, we may be able to manage
the patient suffering from motility disorders and provide better

treatment modalities.
References

1. Ganesh M, Nurko S. Functional dyspepsia in children. Pediatr Ann.
2014; 43(4): 101-5.

2. Mahadeva S, Goh KL. Epidemiology of functional dyspepsia: a global
perspective. World ] Gastroenterol. 2016; 12(17): 2661-6.

3. McCallum RW, Snape W, Brody E, Wo ], Parkman HP, Nowak T. Gas-
tric electrical stimulation with Enterra therapy improves symptoms
from diabetic gastroparesis in a prospective study. ClinGastroenterol-

Hepatol. 2010; 8(11): 947-54.

4. Tack J, Talley NJ, Camilleri M, Holtmann G, Hu P, Malagelada JR,
Stanghellini V. Functional gastroduodenal disorders. Gastroenterology.
2006; 130(5): 1466-79.

5. Ang D, Talley NJ, Simren M, Janssen P, Boeckxstaens G, Tack J. End-
points used in functional dyspepsia drug therapy trials. Alimentary

pharmacology & therapeutics.2011; 33(6): 634-49.

6. Boronat AC, Ferreira-Maia AP, MatijasevichA, Wang YP. Epidemiol-
ogy of functional gastrointestinal disorders in children and adolescents:

A systematic review. World J Gastroenterol. 2017; 23(21): 3915-27.

7. Salet GA, Samsom M, Roelofs JM, van Berge Henegouwen GP, Smout
AJ, Akkermans LM. Responses to gastric distension in functional dys-

pepsia. Gut. 1998; 42(6): 823-29.

8. Stanghellini V, Ghidini C, Maccarini MR, Paparo GE, Corinaldesi R,

Barbara L. Fasting and postprandial gastrointestinal motility in ulcer

United Prime Publications: http://unitedprimepub.com

Research Article

and non-ulcer dyspepsia. Gut.1992; 33(2): 184-90.

9. Tack J, Piessevaux H, Coulie B, Caenepeel P, Janssens J. Role of im-
paired gastric accommodation to a meal in functional dyspepsia. Gas-

troenterology. 1998; 115(6): 1346-52.

10. You CH, Lee KY, Chey WY, Menguy R. Electrogastrographic study
of patients with unexplained nausea, bloating, and vomiting. Gastroen-

terology.1980; 79(2): 311-4.

11. Yamawaki H, Futagami S, Wakabayashi M, Sakasegawa N, Agawa
S, Higuchi K, Iwakiri K. Management of functional dyspepsia: state of
the art and emerging therapies. TherAdv Chronic Dis. 2018; 9(1): 23-32.

12. Malagelada JR, Azpiroz E Determinants of gastric emptying and
transit in the small intestine. In W. J. Schultz SG (Ed.), Handbook of
Physiology Gastrointestinal System. 1989; 6: 909-38.

13. Parkman HP. Motility and Functional Disorders of the Stomach: Di-
agnosis and Management of Functional Dyspepsia and Gastroparesis.

GI Motility, A series from the AMS. 2006.

14. Chen EY, Yang N, Quinton PM, Chin WC. A new role for bicar-
bonate in mucus formation. Am J Physiol Lung Cell Mol Physiol. 2010;
299(4): 542-9.

15. Gelfond D, Ma C, Semler ], Borowitz D. Intestinal pH and gastroin-
testinal transit profiles in cystic fibrosis patients measured by wireless

motility capsule. Dig Dis Sci. 2013; 58(8): 2275-81.

16. Roman S, Petre A, Thepot A, Hautefeuille A, Scoazec JY, Mion E,
Hainaut P. Downregulation of p63 upon exposure to bile salts and acid
in normal and cancer esophageal cells in culture. American Journal of

Physiology-Gastrointestinal and Liver Physiology. 2007; 293(1): 45-53.

17. Shepherd SJ, Parker FC, Muir JG, Gibson PR. Dietary triggers of ab-
dominal symptoms in patients with irritable bowel syndrome: random-
ized placebo-controlled evidence. ClinGastroenterolHepatol. 2008; 6(7):
765-771.

18. Tazoe H, Otomo Y, Kaji I, Tanaka R, Karaki SI, Kuwahara A. Roles
of short-chain fatty acids receptors, GPR41 and GPR43 on colonic func-
tions. ] PhysiolPharmacol. 2008; 59(2): 251-62.

19. Depoortere I. Taste receptors of the gut: emerging roles in health and

disease. Gut. 2014; 63(1): 179-90.

20. Di Stefano M, Bergonzi M, Miceli E, Klersy C, Pagani E, Corazza
GR. In irritable bowel syndrome, postprandial abdominal distention is
associated with a reduction of intestinal tone. Neurogastroenterol Mo-
til.2017; 29(10): 1-8.

21. Browning KN, Travagli RA. Central nervous system control of gas-
trointestinal motility and secretion and modulation of gastrointestinal

functions. Compr Physiol.2014; 4(4): 1339-68.

22. Barshop K, Staller K, Semler ], Kuo B. Duodenal rather than antral

12



Volume 1 Issue 2-2019

motility contractile parameters correlate with symptom severity in gas-

troparesis patients. NeurogastroenterolMotil. 2014; 27(3): 339-46.

23. Masuy I, Van Oudenhove L, Tack J, Biesiekierski JR. Effect of in-
tragastric FODMAP infusion on upper gastrointestinal motility, gastro-
intestinal, and psychological symptoms in irritable bowel syndrome vs

healthy controls. NeurogastroenterolMotil. 2017; 30(1):13167.

24. Berstad A, Hausken T, Gilja OH, Hveem K, Nesje LB, Odegaard S.
Ultrasonography of the human stomach. Scand J Gastroenterol Sup-

pl.1996; 220: 75-82.

25. Nylund K, Odegaard S, Hausken T, Folvik G, Lied GA, Viola I, Gilja
OH. Sonography of the small intestine. World J Gastroenterol.2009;
15(11): 1319-30.

26. Atkinson NSS, Bryant RV, Dong Y, Maaser C, Kucharzik T, Maconi
G, Dietrich CE How to perform gastrointestinal ultrasound: Anatomy

and normal findings. World ] Gastroenterol. 2017; 23(38): 6931-41.

27. Kubo TT, Moraes ER, Secaf M, Troncon LE. A novel dynamic scin-
tigraphic technique for assessing duodenal contractions during gastric
emptying in humans: a feasibility study. Nucl Med Commun. 2015;
36(1): 95-101.

28. LindbergG. High-resolution manometry changes our views of gas-

trointestinal motility. NeurogastroenterolMotil. 2013; 25(10): 780-2.

29. Poscente MD, Wang G, Filip D, Ninova P, Yadid-Pecht O, Andrews
CN, Mintchev MP. Real-time gastric motility monitoring using transcu-
taneous intraluminal impedance measurements (TIIM). Physiol Meas.
2014; 35(2): 217-229.

30. Du P, Hameed A, Angeli TR, Lahr C, Abell T L, Cheng LK, O’Grady
G. The impact of surgical excisions on human gastric slow wave conduc-
tion, defined by high-resolution electrical mapping and in silico model-

ing. NeurogastroenterolMotil. 2015; 27(10): 1409-22.

31. Gopirajah R, Raichurkar KP, Wadhwa R, Anandharamakrishnan C.
The glycemic response to fibre rich foods and their relationship with
gastric emptying and motor functions: an MRI study. Food Funct. 2016;
7(9): 3964-72.

32. Eldredge TA, Myers JC, Kiroft GK, Shenfine J. Detecting Bile Reflux-
the Enigma of Bariatric Surgery. Obes Surg. 2018; 28(2): 559-66.

33. Brun R, Michalek W, Surjanhata BC, Parkman HP, Semler JR, Kuo B.
Comparative analysis of phase III migrating motor complexes in stom-
ach and small bowel using wireless motility capsule and antroduodenal

manometry. Neurogastroenterol Motil.2012; 24(4): 332-e165.

34. Cassilly D, Kantor S, Knight LC, Maurer AH, Fisher RS, Semler J,
Parkman HP. Gastric emptying of a non-digestible solid: assessment
with simultaneous SmartPill pH and pressure capsule, antroduodenal
manometry, gastric emptying scintigraphy. Neurogastroenterol Mo-

til.2008; 20(4), 311-319.

United Prime Publications: http://unitedprimepub.com

Research Article

35. Kloetzer L, Chey WD, McCallum RW, Koch KL, Wo JM, Sitrin M,
Kuo B. Motility of the antroduodenum in healthy and gastroparetics
characterized by wireless motility capsule. Neurogastroenterol Mo-

til.2010; 22(5): 527-33.

36. Arora Z, Parungao JM, Lopez R, Heinlein C, Santisi J, Birgisson S.
Clinical utility of wireless motility capsule in patients with suspected
multiregional gastrointestinal dysmotility. Dig Dis Sci.2015; 60(5): 1350-
57.

37. Barshop K, Kuo B. Connecting the dots between gastrointestinal
motility and symptoms using wireless motility capsule testing. Digestive

Diseases and Sciences. 2015; 60(5): 1120-2.

38. HellstromPM, Al-Saffar A. Gastroparesis: pharmacotherapy and car-
diac risk. Scand ] Gastroenterol, 2017; 1-6.

39. Quigley EM. Prokinetics in the Management of Functional Gastroin-
testinal Disorders. ] NeurogastroenterolMotil. 2015; 21(3): 330-6.

40. Quigley EMM. Prokinetics in the Management of Functional Gas-
trointestinal Disorders. CurrGastroenterol Rep. 2017; 19(10): 53.

41. Lomeli LD, Gaumnitz EA, Reichelderfer M. Top 10 Drugs Most
Commonly Used for GI Motility Disorders. Gastrointestinal Motility
Disorders. 2018; 415-26.

42. Lal N, Livemore S, Dunne D, Khan I. Gastric Electrical Stimulation
with the Enterra System: A Systematic Review. Gastroenterol Res Pract.

2015; 762972.

43. Furness JB, Callaghan BP, Rivera LR, Cho H]J. The enteric nervous
system and gastrointestinal innervation: integrated local and central

control. AdvExp Med Biol. 2014; 817: 39-71.

44.John B, Furness Leni RR, Cho HJ, Bravo MD, Callaghan B. The gut as
a sensory organ. Nature Reviews Gastroenterology & Hepatology. 2013;

10: 729-40.

45. Powley TL, Wang XY, Fox EA, Phillips R], Liu LW, Huizinga JD. Ul-
trastructural evidence for communication between intramuscular vagal
mechanoreceptors and interstitial cells of Cajal in the rat fundus. Neuro-

gastroenterol. Motil. 2008; 20(1): 69-79.

46. Forsythe P, Bienenstock ], Kunze WA. Vagal pathways for microbi-
ome-brain-gut axis communication. AdvExp Med Biol. 2014; 817: 115-
33.

47. Foster JA, Neufeld KA. Gut-brain axis: how the microbiome influ-
ences anxiety and depression. Trends in Neurosciences. 2013; 36(5):

305-12.

48. Rao SSC, Safadi R, Lu C, SchulzeDelrieu K. Manometric responses
of human duodenum during infusion of HCI, hyperosmolar saline, bile

and oleic acid. Neurogastroenterology and Motility. 1996; 8(1): 35-43.

49. Dooley CP, Valenzuela JE. Duodenal volume and osmoreceptors in

the stimulation of human pancreatic secretion. Gastroenterology. 1984;

13



Volume 1 Issue 2-2019

86(1): 23-7.

50. Thompson DG, Wingate DL. Effects of osmoreceptor stimulation on
human duodenal motor activity. 1988; 29(2): 173-80.

51. Spiller RC, Trotman IF, Higgins BE, Ghatei MA, Grimble GK, Lee
YC, Silk DB. The ileal brake--inhibition of jejunal motility after ileal fat
perfusion in man. 1984; 25(4): 365-74.

52. Welch IM, Cunningham KM, Read NW. Regulation of gastric empty-
ing by ileal nutrients in humans. Gastroenterology. 1988; 94(2): 401-4.

53. Travagli RA, Anselmi L. Vagal neurocircuitry and its influence on

gastric motility. Nat Rev GastroenterolHepatol. 2016; 13(7): 389-401.

54. Holzer P. Taste receptors in the gastrointestinal tract. V. Acid sens-
ing in the gastrointestinal tract. Am J PhysiolGastrointest Liver Physiol.

2007; 292(3): 699-705.

55. Ovesen L, Bendtsen F, Tage-Jensen U, Pedersen N'T, Gram BR, Rune
SJ. Intraluminal pH in the stomach, duodenum, and proximal jejunum
in normal subjects and patients with exocrine pancreatic insufficiency.

Gastroenterology.1986; 90(4): 958-62.

56. Fallingborg J. Intraluminal pH of the human gastrointestinal tract.

Dan Med Bull. 1999; 46(3): 183-96.

57. Nugent SG, Kumar D, Rampton DS, Evans DF. Intestinal luminal pH
in inflammatory bowel disease: possible determinants and implications
for therapy with aminosalicylates and other drugs. Gut. 2001; 48(4): 571-
7.

58. Montrose MHAY, Takeuchi K, Kaunitz]D. Gastroduodenal mucosal
defense. In: Physiology of the Gastrointestinal Tract.In J. LR. (Ed.). 2006;
1259-91.

59. Komuro T. Structure and organization of interstitial cells of Cajal in

the gastrointestinal tract. ] Physiol.2006; 576(3): 653-8.

60. Brown JC, Cook MA, Dryburgh JR. Motilin, a gastric motor activity
stimulating polypeptide: the complete amino acid sequence. Can ] Bio-

chem. 1973; 51(5): 533-7.

61. Ohno T, Mochiki E, Kuwano H. The roles of motilin and ghrelin in
gastrointestinal motility. Int J Pept. 2010.

62. Poitras P, Peeters TL. Motilin. CurrOpinEndocrinol Diabetes Obes.
2008; 15(1), 54-57.

63. Deloose E, Janssen P, Depoortere I, Tack J. The migrating motor com-
plex: control mechanisms and its role in health and disease. Nat Rev Gas-

troenterol Hepatol.2012; 9(5): 271-85.

64. Depoortere I, Peeters TL. Demonstration and characterization
of motilin-binding sites in the rabbit cerebellum. Am ] Physiol.1997;
272(5): 994-9.

65. O'Grady G, Angeli TR, Du P, Lahr C, Lammers W, Windsor JA,

Cheng LK. Abnormal initiation and conduction of slow-wave activity in

United Prime Publications: http://unitedprimepub.com

Research Article

gastroparesis, defined by high-resolution electrical mapping. Gastroen-

terology. 2012; 143(3): 589-98.

66. Sanger GJ, Furness JB. Ghrelin and motilin receptors as drug tar-
gets for gastrointestinal disorders. Nature Reviews Gastroenterology and

Hepatology.(2015; 13(1): 38-48.

67. Hansen MB. Neurohumoral control of gastrointestinal motility.

Physiol Res, 2003; 52(1): 1-30.

68. Quigley EM. Microflora modulation of motility. ] Neurogastroen-
terolMotil. 2011; 17(2): 140-7.

69. Anger GJ, Wang Y, Hobson A, Broad J. Motilin: towards a new un-
derstanding of the gastrointestinal neuropharmacology and therapeutic
use of motilin receptor agonists. British Journal of Pharmacology.2013;

170: 1323-32.

70. Tack ], Deloose E, Ang D, Scarpellini E, Vanuytsel T, Van Oudenhove
L, Depoortere 1. Motilin-induced gastric contractions signal hunger in

man. Gut.2016; 65(2): 214-24.

71. Buzga M, Zavadilova V, Holeczy P, Svagera Z, Svorc P, Foltys A, Zon-
ca P. Dietary intake and ghrelin and leptin changes after sleeve gastrec-

tomy. WideochirInne Tech Maloinwazyjne.2014; 9(4), 554-561.

72. Quigley EMM. Prokinetics in the Management of Functional Gas-
trointestinal Disorders. CurrGastroenterol Rep.2015; 19(10): 53.

73. Cummings DE, Weigle DS, Frayo RS, Breen PA, Ma MK, Dellinger
EP, Purnell JQ. Plasma ghrelin levels after diet-induced weight loss or

gastric bypass surgery. N Engl ] Med.2002; 346(21): 1623-30.

74. Chen CY, Tsai CY. Ghrelin and motilin in the gastrointestinal system.
Curr Pharm Des.2012; 18(31): 4755-65.

75. Deloose E, Janssen P, Lannoo M, Van der Schueren B, Depoortere
I, Tack J. Higher plasma motilin levels in obese patients decrease after
Roux-en-Y gastric bypass surgery and regulate hunger. Gut, 2016; 65(7):
1110-8.

76. Mans E, Serra-Prat M, Palomera E, Sunol X, Clave P. Sleeve gastrec-
tomy effects on hunger, satiation, and gastrointestinal hormone and
motility responses after a liquid meal test. Am J Clin Nutr.2015; 102(3):
540-7.

77. diabetic gastroparesis. Diabetes Care. 22(3): 503-7.

78. Konturek SJ, Konturek JW, Pawlik T, Brzozowski T. Brain-gut axis
and its role in the control of food intake. ] Physiol Pharmacol.2014;
55(1): 137-54.

79. Steinert RE, Landrock ME, Horowitz M, Feinle-Bisset C. Effects of
Intraduodenal Infusions of L-phenylalanine and L-glutamine on Antro-
pyloroduodenal Motility and Plasma Cholecystokinin in Healthy Men. |
Neurogastroenterol Motil.2015; 21(3): 404-13.

80. Halim MA, Degerblad M, Sundbom M, Karlbom U, Holst JJ, Webb
DL, Hellstrom PM. Glucagon-Like Peptide-1 Inhibits Prandial Gastro-

14



Volume 1 Issue 2-2019

intestinal Motility Through Myenteric Neuronal Mechanisms in Hu-

mans. ] ClinEndocrinol Metab.2018; 103(2): 575-85.
81. Color Atlas/Text of Human Anatomy, Internal Organs. 1991; 2.

82. Rinecker H, Chaussy C, BrendelW. The propagation of contractile
waves from duodenum to jejunum. Pflugers Arch. 1969; 305(3): 210-8.

83. Chambers ] D, Bornstein JC, Thomas EA. Insights into mechanisms
of intestinal segmentation in guinea pigs: a combined computational
modeling and in vitro study. Am ] PhysiolGastrointest Liver Physiol,
2008; 295(3): 534-41.

84. Huizinga JD, Chen JH, Zhu YFE, Pawelka A, McGinn R], Bardakjian
BL, Chen D. The origin of segmentation motor activity in the intestine.

Nat Commun. 2014; 5: 3326.

85. O’Grady G, Du P, Cheng LK, Egbuji JU, Lammers W], Windsor JA,
Pullan AJ. Origin and propagation of human gastric slow-wave activ-
ity defined by high-resolution mapping. Am J PhysiolGastrointest Liver
Physiol. 2010; 299(3): 585-92.

86. Lammers W], al-Kais A, Singh S, Arafat K, el-Sharkawy TY. Multi-
electrode mapping of slow-wave activity in the isolated rabbit duode-

num. ] Appl Physiol. 1985; 74(3): 1454-1461.

87. Du P, O’'Grady G, Cheng LK, Pullan AJ. A multiscale model of the
electrophysiological basis of the human electrogastrogram. Biophys
J.2010; 99(9): 2784-92.

88. Cheng LK, Du P, O’'Grady G. Mapping and modeling gastrointestinal
bioelectricity: from engineering bench to bedside. Physiology (Bethes-
da).2013; 28(5): 310-7.

89. O'Grady G, Abell TL. Gastric arrhythmias in gastroparesis: low- and
high-resolution mapping of gastric electrical activity. GastroenterolClin
North Am.2015; 44(1): 169-84.

90. Egbuji JU, O’Grady G, Du P, Cheng LK, Lammers W], Windsor JA,
Pullan AJ. Origin, propagation and regional characteristics of porcine
gastric slow wave activity determined by high-resolution mapping. Neu-

rogastroenterolMotil. 2010; 22(10): 292-300.

91. O'Grady G, Du P, Paskaranandavadivel N, Angeli TR, Lammers W],
Asirvatham SJ, Cheng LK. Rapid high-amplitude circumferential slow
wave propagation during normal gastric pacemaking and dysrhythmias.

Neurogastroenterol Motil.2012; 24(7): 299-312.

92. O'Grady G, Wang TH, Du P, Angeli T, Lammers W], Cheng LK.
Recent progress in gastric arrhythmia: pathophysiology, clinical sig-
nificance and future horizons. ClinExpPharmacolPhysiol, 2014; 41(10):
854-62.

93. Lammers WJ. Inhomogeneities in the propagation of the slow wave

in the stomach. Neurogastroenterol Motil.2015; 27(10), 1349-53.

94. Duca FA, Bauer PV, Hamr SC, Lam TK. Glucoregulatory Relevance

of Small Intestinal Nutrient Sensing in Physiology, Bariatric Surgery, and

United Prime Publications: http://unitedprimepub.com

Research Article

Pharmacology. Cell Metab.2015; 22(3), 367-380.

95. Huizinga JD, Lammers WJ. Gut peristalsis is governed by a multitude
of cooperating mechanisms. Am ] PhysiolGastrointest Liver Physiol,
2009; 296(1): 1-8.

96. Pal A, Indireshkumar K, Schwizer W, Abrahamsson B, Fried M, Bras-
seur JG. Gastric flow and mixing studied using computer simulation.

Proc. R. Soc. of Lond. B.2004; 271(1557): 2587-94.

97. Nguyen HN, Winograd R, Domingues GR, Lammert F. Postprandial
transduodenal bolus.2006.

98. Ravi Kant A. Bio-mechanics of the distal stomach and duodenum:
An insight into mechanisms of duodenogastric reflux and duodenal

mixing. (Ph.D.), IIT Kanpur, Kanpur. 2015.
g p p

99. Eyre-Brook IA, Smallwood RH, Linhardt GE, Johnson AG. Timing
of pyloric closure in man. Studies with impedance electrodes. Dig Dis

Sci.1983; 28(12): 1106-15.

100. Houghton LA, Read NW, Heddle R, Maddern GJ, Downton J, Toou-
1iJ, Dent J. Motor activity of the gastric antrum, pylorus, and duodenum
under fasted conditions and after a liquid meal. Gastroenterology.1988;

94(6): 1276-84.

101. Tougas G, Anvari M, Dent J, Somers S, Richards D, Stevenson G.
W. Relation of pyloric motility to pyloric opening and closure in healthy
subjects. Gut. 1992; 33(4), 466-71.

102. Camilleri M, Colemont L], Phillips SE, Brown ML, Thomforde GM,
Chapman N, et al. Human gastric emptying and colonic filling of solids
characterized by a new method. Am J Physiol. 1989; 257(2 Pt 1): G284-
90. doi: 10.1152/ajpgi.

103. Feldman M, Smith HJ, & Simon TR. Gastric emptying of solid radio
paque markers: studies in healthy subjects and diabetic patients. Gastro-

enterology. 1984; 87(4): 895-902. doi: S0016508584002584 [pii].

104. Vasavid P, Chaiwatanarat T, Pusuwan P, Sritara C, Roysri K, Nam-
wongprom S, Gonlachanvit S. Normal Solid Gastric Emptying Values
Measured by Scintigraphy Using Asian-style Meal: A Multicenter Study
in Healthy Volunteers. ] NeurogastroenterolMotil. 20(3): 371-8. doi:
jnm13114 [pii.

105. Quigley EM, Donovan JP, Lane MJ, Gallagher TF. Antroduodenal
manometry. Usefulness and limitations as an outpatient study. Dig Dis

Sci. 1992; 37(1): 20-8.

106. Quigley EMM. Gastric and small intestinal motility in health and
disease. Gastroenterology Clinics of North America. 1996; 25(1): 113-&.

107. Miyano Y, Sakata I, Kuroda K, Aizawa S, Tanaka T, Jogahara T, et al.
The role of the vagus nerve in the migrating motor complex and ghre-
lin- and motilin-induced gastric contraction in suncus. PLoS One. 2013;

8(5): e64777. doi: 10.1371/journal.pone.0064777.

108. Defilippi C. Canine small bowel motor activity in response to in-

15



Volume 1 Issue 2-2019

tra duodenal infusion of nutrient mixtures of increasing caloric load in

dogs. Dig Dis Sci. 2003; 48(8): 1482-6.

109. Ehrlein HJ, Schmid HR, Feinle C. Characteristic motor patterns of
phase II and behavior of phase III in the fed state. Neurogastroenterol-
ogy& Motility. 1992; 4(4): 317-27.

110. Behrns KE, Sarr MG, Hanson RB, Zinsmeister AR. Canine small
bowel motor patterns and contractions are not neurally regulated dur-

ing enteric nutrient infusion. Am J Physiol. 1998; 274(5 Pt 1): G912-22.

111. Spiller RC, Trotman IF, Higgins BE, Ghatei MA, Grimble GK, Lee
YC, et al. The Ileal Brake - Inhibition of Jejunal Motility after Ileal Fat
Perfusion in Man. Gut. (1984b); 25(4): 365-74.

112. Carrasco M, Azpiroz F, Malagelada JR. Modulation of gastric ac-
commodation by duodenal nutrients. World J Gastro enterol, 2005;
11(31): 4848-51.

113. Chapman M, Fraser R, Vozzo R, Bryant L, Tam W, Nguyen N,
et al. Antro-pyloro-duodenal motor responses to gastric and duode-
nal nutrient in critically ill patients. Gut. 2005; 54(10): 1384-90. doi:
gut.2005.065672 [pii].

114. Feinle C, Grundy D, Read NW. Effects of duodenal nutrients on
sensory and motor responses of the human stomach to distension. Am J
Physiol. 1997; 273(3 Pt 1): G721-6. doi: 10.1152/ajpgi.1997.273.3.G721.
L.

115. Houghton A. Read. Effect of Intra duodenal Infusion of Acid on
the Antropyloroduodenal Motor Unit in Human Volunteers. Journal of

Gastrointestinal Motility. 1990; 2(3): 202-8.

116. Pallotta N, Cicala M, Frandina C, Corazziari E. Antro-pyloric con-
tractile patterns and trans pyloric flow after meal ingestion in humans.
Am ] Gastro enterol.1998; 93(12): 2513-22. doi: S0002-9270(98)00479-1
[pii].

117. Kwiatek MA, Steingoetter A, Pal A, Menne D, Brasseur JG, Heb-
bard GS, et al. Quantification of distal antral contractile motility in
healthy human stomach with magnetic resonance imaging. ] MagnRe-

son Imaging. 2006; 24(5): 1101-9. doi: 10.1002/jmri.20738.

118. Rao SS, Lu C, Schulze-Delrieu K. Duodenum as a immediate brake
to gastric outflow: a video fluoroscopic and man metric assessment.

Gastroenterology. 1996; 110(3): 740-7.

119. Fordtran JS, Locklear TW. Ionic constituents and osmolality of gas-
tric and small-intestinal fluids after eating. Am J Dig Dis. 1966; 11(7):
503-21.

120. Keinke O, Ehrlein HJ. Effect of oleic acid on canine gastro duodenal
motility, pyloric diameter and gastric emptying. Q J ExpPhysiol 1983;
68(4): 675-86.

121. Buhner S, Ehrlein HJ, Thoma G, Schumpelick V. Effects of nutri-
ents on gastrointestinal motility and gastric emptying after Billroth-I

gastrectomy in dogs. Dig Dis Sci. 1988; 33(7): 784-94.

United Prime Publications: http://unitedprimepub.com

Research Article

122. Lin HC, Elashoff JD, Kwok GM, Gu YG, Meyer JH. Stimulation of
duodenal motility by hyperosmolar mannitol depends on local osmore-

ceptor control. Am J Physiol. 1994; 266(5 Pt 1): G940-3.

123. Schwartz MP, Samsom M, Smout AJ. Human duodenal motor ac-
tivity in response to acid and different nutrients. Dig Dis Sci. 2001; 46(7):
1472-81.

124. Akiba Y, Kaunitz JD. Luminal chemosensing in the duodenal mu-

cosa. ActaPhysiol (Oxf). 2011; 201(1): 77-84. doi: APS2149 [pii].

125. Ronnestad I, Akiba Y, Kaji I, Kaunitz JD. Duodenal luminal nu-
trient sensing. CurrOpinPharmacol. 2014; 19: 67-75. doi: S1471-
4892(14)00085-X [pii.

126. Tolhurst G, Reimann E, Gribble E M. Intestinal sensing of nutri-
ents. HandbExpPharmacol. 2012; 209: 309-35. doi: 10.1007/978-3-642-
24716-3_14.

127. Williams EK, Chang RB, Strochlic DE, Umans BD, Lowell BB, Liber-
als SD. Sensory Neurons that Detect Stretch and Nutrients in the Diges-
tive System. Cell. 2016; 166(1): 209-21. doi: 10.1016/j.cell.2016.05.011.

128. Berthoud HR, Blackshaw LA, Brookes SJ, Grundy D. Neuro anat-
omy of extrinsic afferents supplying the gastrointestinal tract. Neu-
rogastroenterolMotil, 16 Suppl. 2004; 1: 28-33. doi: 10.1111/j.1743-
3150.2004.00471.x.

129. Fox EA, Phillips R], Martinson FA, Baronowsky EA, Powley TL. Va-
gal afferent innervations of smooth muscle in the stomach and duode-
num of the mouse: morphology and topography. ] Comp Neurol. 2000;
428(3): 558-76. doi: 10.1002/1096-9861.

130. Zagorodnyuk VP, Chen BN, & Brookes §J. Intraganglionic laminar
endings are mechano-transduction sites of vagal tension receptors in the
guinea-pig stomach. J Physiol. 2001; 534(Pt 1): 255-68. doi: PHY_11858
[pii].

131. Blackshaw LA, Brookes SJ, Grundy D, Schemann M. Sensory trans-

mission in the gastrointestinal tract. NeurogastroenterolMotil. 2007;

19(1 Suppl): 1-19. doi: NMO871 [pii].

132. Berthoud HR. The vagus nerve, food intake and obesity. RegulPept.
2008; 149(1-3): 15-25. doi: S0167-0115(08)00062-1 [pii].

133. Andrews JM, Doran SM, Hebbard GS, Malbert CH, Horowitz M,
Dent J. Nutrient-induced spatial patterning of human duodenal motor

function. Am J Physiol Gastro intest Liver Physiol. 2001; 280(3): G501-9.

134. Ahluwalia NK, Thompson DG, Barlow J, Heggie L. Human small
intestinal contractions and aboral traction forces during fasting and af-

ter feeding. Gut. 1994; 35(5): 625-30.

135. Kerrigan DD, Read NW, Houghton LA, Taylor ME, Johnson AG.
Disturbed gastro duodenal motility in patients with active and healed
duodenal ulceration. Gastroenterology. 1991; 100(4): 892-900. doi:
S0016508591001397 [pii].

16



Volume 1 Issue 2-2019

136. Bjornsson ES, Abrahams son H. Inter digestive gastro duodenal
manometry in humans. Indication of duodenal phase III as a retroperi-

staltic pump. ActaPhysiol Scand. 1995; 153(3): 221-30.

137. Castedal M, Bjornsson E, Abrahams son H. Postprandial peristalsis
in the human duodenum. Neurogastroenterol Motil.1998; 10(3): 227-
33.

138. Wilmer A, Andrioli A, Coremans G, Tack J, Janssens J. Ambula-
tory small intestinal manometry. Detailed comparison of duodenal and

jejunal motor activity in healthy man. Dig Dis Sci. 1997; 42(8): 1618-27.

139. Lammers W. J, & Cheng L. K. Simulation and analysis of spatio-
temporal maps of gastrointestinal motility. Biomed Eng Online, 2008; 7:
2. doi: 1475-925X-7-2 [pii].

140. Swaminathan M, Hill-Yardin E, Ellis M, Zygorodimos M, Johnston
LA, Gwynne RM, et al. Video Imaging and Spatiotemporal Maps to
Analyze Gastrointestinal Motility in Mice. J Vis Exp. 2016; (108): 53828.
doi: 10.3791/.

141. Costa M, Wiklendt L, Arkwright JW, Spencer NJ, Omari T, Brookes
SJ, Dinning PG. An experimental method to identify neurogenic and
myogenic active mechanical states of intestinal motility. Front SystNeu-

rosci. 2013; 7: 7. doi: 10.3389/fnsys.2013.00007

142. Chen JD, Yin J, Wei W. Electrical therapies for gastrointestinal mo-
tility disorders. Expert Rev Gastro enterolHepatol. 2017; 11(5): 407-18.
doi: 10.1080/17474124.2017.1298441

143. Enweluzo C, Aziz E Gastro paresis: a review of current and emerg-
ing treatment options. ClinExp Gastro enterol. 2013; 6: 161-5. doi:
10.2147/CEG.S50236.

144. Homko CJ, Dufty F, Friedenberg FK, Boden G, Parkman HP. Effect
of dietary fat and food consistency on gastro paresis symptoms in pa-
tients with gastro paresis. NeurogastroenterolMotil. 2015; 27(4): 501-8.
doi: 10.1111/nmo.12519.

145. Marsh A, Eslick EM, Eslick GD. Does a diet low in FODMAPs re-
duce symptoms associated with functional gastrointestinal disorders? A
comprehensive systematic review and meta-analysis. European Journal

of Nutrition. 2016; 55(3): 897-906.

146. Roe NA, Sakaan S, Swanson H, Twilla JD. Evaluation of prokinetic
agents used in the treatment of gastro paresis. ] Drug Assess. 2017; 6(1):
6-9. doi: 10.1080/21556660.2016.1278546.

147. Soffer E, Abell T, Lin Z, Lorincz A, McCallum R, Parkman H, et al.
Review article: gastric electrical stimulation for gastro paresis-physio-
logical foundations, technical aspects and clinical implications. Aliment

PharmacolTher. 2009; 30(7): 681-94. doi: APT4082 [pii].

148. Stein B, Everhart KK, Lacy BE. Gastro paresis: A Review of Current
Diagnosis and Treatment Options. ] Clin Gastro enterol. 2015; 49(7):
550-8. doi: 10.1097/MCG.0000000000000320.

United Prime Publications: http://unitedprimepub.com

Research Article

149. Camilleri M, Parkman HP, Shafi MA, Abell TL, Gerson L. Clinical
guideline: management of gastro paresis. Am ] Gastro enterol. 2013;

108(1): 18-37; quiz 38. doi: ajg2012373 [pii].

150. Haba T, Sarna SK. Regulation of gastro duodenal emptying of sol-
ids by gastropyloroduodenal contractions. Am J Physiol. 1993; 264(2 Pt
1): G261-71. doi: 10.1152/ajpgi.

151. Mearin F, Camilleri M, Malagelada JR. Pyloric dysfunction in
diabetics with recurrent nausea and vomiting. Gastroenterology. 1986;

90(6): 1919-25. doi: 0016-5085(86)90262-3 [pii]

152. Miller LS, Szych GA, Kantor SB, Bromer MQ, Knight LC, Maurer
AH, Parkman HP. Treatment of idiopathic gastro paresis with injection
of botulinum toxin into the pyloric sphincter muscle. Am J Gastro en-

terol. 2002; 97(7): 1653-60. doi: 10.1111/j.1572-0241.2002.05823.x

153. Tack ], Arts ], Caenepeel P, DeWulf D, Bisschops R. Patho physiol-
ogy, diagnosis and management of postoperative dumping syndrome.
Nat Rev Gastro enterolHepatol. 2009; 6(10): 583-90. doi: nrgastro.148
[pii]

154. Acosta A, Camilleri M. Prokinetics in gastro paresis. Gastro en-
terolClin North Am. 2015; 44(1): 97-111. doi: S0889-8553(14)00139-3
[pii].

155. Maganti K, Onyemere K, Jones MP. Oral erythromycin and symp-

tomatic relief of gastro paresis: a systematic review. Am J Gastro enterol.
2003; 98(2): 259-63. doi: $0002927002058355 [pii]

156. Nasr I, Rao SS, Attaluri A, Hashmi SM, Summers R. Effects of tega-
serod and erythromycin in upper gut dysmotility: a comparative study.
Indian ] Gastro enterol. 2009; 28(4): 136-42. doi: 10.1007/s12664-009-
0048-6.

157. Berthet S, Charpiat B, Mabrut JY. Erythromycin as a prokinetic
agent: Risk factors. Journal of Visceral Surgery. 2010; 147: e13 - el8.

158. Parkman HP, Camilleri M, Farrugia G, McCallum RW, Bharucha
AE, Mayer EA, et al. Gastro paresis and functional dyspepsia: excerpts
from the AGA/ANMS meeting. Neuro gastro enterolMotil. 2010; 22(2):
113-33. doi: NMO1434 [pii].

159. Makari J, Cameron K, Battistella M. Domperidone-associated sud-
den cardiac death in the general population and implications for use
in patients undergoing hemodialysis: a literature review. Can ] Hosp
Pharm. 2014; 67(6): 441-6.

160. Morris AD, Chen J, Lau E, Poh J. Domperidone-Associated QT
Interval Prolongation in Non-oncologic Pediatric Patients: A Review of

the Literature. Can ] Hosp Pharm. 2016; 69(3): 224-30.

161. Rossi M, Giorgi G. Domperidone and long QT syndrome. Curr
Drug Saf. 2010; 5(3): 257-62. doi: CDS ABS-45 [pii].

162. Scarpignato C. Pharmacological stimulation of gastrointestinal

motility: where we are and where are we going? Dig Dis. 1997; 15: 112-

17



Volume 1 Issue 2-2019

36. doi: 10.1159/000171626.

163. vanZanten AR, van der Meer YG, Venhuizen WA, Heyland DK.
Still a Place for Metoclopramide as a Prokinetic Drug in Critically Il
Patients? JPEN ] Parenter Enteral Nutr. 2015; 39(7): 763-766. doi:
0148607114567711 [pii]

164. Chedid V, Camilleri M. Relamorelin for the treatment of gastro-
intestinal motility disorders. Expert Opinlnvestig Drugs. 2017; 26(10):
1189-1197. doi: 10.1080/13543784.2017.1373088

165. Ohno T, Mochiki E, Kuwano H. The roles of motilin and ghrelin
in gastrointestinal motility. Int ] Pept. 2010b. doi: 10.1155/2010/820794

166. Tack J, Janssen P. Emerging drugs for functional dys-
pepsia. Expert OpinEmerg Drugs. 2011; 16(2); 283-292. doi:
10.1517/14728214.2011.558502

167. Zala AV, Walker MM, Talley NJ. Emerging drugs for function-
al dyspepsia. Expert OpinEmerg Drugs 2015; 20(2): 221-233. doi:
10.1517/14728214.2015.1009827

168. Cha R, Marescaux J, Diana M. Updates on gastric electrical stimula-
tion to treat obesity: Systematic review and future perspectives. World

] GastrointestEndosc. 2014; 6(9): 419-431. doi: 10.4253/wjge.v6.i9.419

169. Chiu JD, Soffer E. Gastric electrical stimulation for obesity. Cur-
rGastroenterol Rep, 2015; 17(1): 424. doi: 10.1007/s11894-014-0424-y

170. Mintchev MP. Gastric electrical stimulation for the treatment of
obesity: from entrainment to bezoars-a functional review. ISRN Gastro-

enterol. 2013; 2013: 434706. doi: 10.1155/2013/434706

171. Brody E Zettervall SL, Richards NG, Garey C, Amdur RL, Saddler
A, Ali MA. Follow-up after gastric electrical stimulation for gastropa-
resis. ] Am Coll Surg. 2015; 220(1): 57-63. doi: S1072-7515(14)01715-3
[pii]

172. Islam S, McLaughlin J, Pierson J, Jolley C, Kedar A, Abell T. Long-
term outcomes of gastric electrical stimulation in children with gastro-
paresis. ] Pediatr Surg. 2016; 51(1): 67-71. doi: S0022-3468(15)00624-7
[pii]

173. Wo JM, NowakTV, Waseem S, Ward MP. Gastric Electrical Stimula-
tion for Gastroparesis and Chronic Unexplained Nausea and Vomiting.
Curr Treat Options Gastroenterol. 2016; 14(4): 386-400. doi: 10.1007/
s11938-016-0103-1

174. Lebovitz HE. Interventional treatment of obesity and diabetes: An
interim report on gastric electrical stimulation. Rev EndocrMetabDis-

ord. 2016; 17(1): 73-80. doi: 10.1007/s11154-016-9350-7

175. Moore ]S, Gibson PR, Burgell RE. Neuromodulation via Inter-
ferential Electrical Stimulation as a Novel Therapy in Gastrointestinal
Motility Disorders. ] NeurogastroenterolMotil. 2018; 24(1); 19-29. doi:
jnm17071 [pii]

176. Teich S. Electrical Stimulation of the GI Tract. Pediatric Neurogas-

United Prime Publications: http://unitedprimepub.com

Research Article

troenterology. 2016; 499-505.

177. Gonzalez HC, Velanovich V. Enterra Therapy: gastric neurostimu-
lator for gastroparesis. Expert Rev Med Devices. 2016; 7(3): 319-332.
doi: 10.1586/erd.10.4

178. Lin Z, Chen JD. Advances in gastrointestinal electrical stimulation.

Crit Rev Biomed Eng. 2002; 30(4-6): 419-457.

179. Zhang ], Chen JD. Systematic review: applications and future of gas-
tric electrical stimulation. Aliment PharmacolTher. 2006b; 24(7): 991-
1002. doi: APT3087 [pii]

180. Liu S, Hou X, Chen JD. Therapeutic potential of duodenal electri-
cal stimulation for obesity: acute effects on gastric emptying and water

intake. Am J Gastroenterol. 2005; 100(4): 792-796. doi: AJG40511 [pii]

181. Aberle J, Busch P, Veigel, ], Dupree A, Roesch T, zuEulenburg C, et
al. Duodenal Electric Stimulation: Results of a First-in-Man Study. Obes
Surg. 2016; 26(2): 369-375. doi: 10.1007/s11695-015-1774-8

182. Xu X, Zhu H, Chen JD. Pyloric electrical stimulation reduces food
intake by inhibiting gastric motility in dogs. Gastroenterology. 2005;
128(1): 43-50. doi: S0016508504017482 [pii]

183. Gourcerol G, Leblanc I, Leroi AM, Denis P, Ducrotte P. Gas-
tric electrical stimulation in medically refractory nausea and vomit-
ing. Eur ] GastroenterolHepatol. 2007; 19(1): 29-35. doi: 10.1097/01.
meg.0000250584.15490.b4

184. Ray K. Therapy: Gastric electrical stimulation relieves nausea and
vomiting in the long term. Nat Rev GastroenterolHepatol. 2012; 9(5):
243. doi: nrgastro.2012.59 [pii]

185. Yin J, Abell TD, McCallum RW, Chen JD. Gastric neuromodula-
tion with Enterra system for nausea and vomiting in patients with gas-
troparesis. Neuromodulation. 2012; 15(3): 224-231; discussion 231. doi:
10.1111/j.1525-1403.2012.00429.x

186. Callum RW, Sarosiek I, Parkman HP, Snape W, Brody F, Wo J, et al.
Gastric electrical stimulation with Enterra therapy improves symptoms
of idiopathic gastroparesis. NeurogastroenterolMotil. 2013; 25(10): 815-
€636. doi: 10.1111/nmo.12185

187. Kong MF, Horowitz M, Jones KL, Wishart JM, Harding PE. Natural
history of Arrhythmias in the gut. NeurogastroenterolMotil. 1999; 25(5):
353-357.

188. Kong ME, Horowitz M, Jones KL, Wishart JM, Harding PE. Natural
history of diabetic gastroparesis. Diabetes Care. 1999; 22(3): 503-507.

189. Sanders KM, Koh SD, Ward SM. Interstitial cells of cajal as pace-
makers in the gastrointestinal tract. Annu Rev Physiol. 2006; 68: 307-
343. doi: 10.1146/annurev.physiol.68.040504.094718

190. Blair PJ, Rhee PL, Sanders KM, Ward SM. The significance of inter-
stitial cells in neurogastroenterology. ] NeurogastroenterolMotil. 2014;

20(3): 294-317. doi: jnm14060 [pii]

18



Volume 1 Issue 2-2019

191. Klein S, Seidler B, Kettenberger A, Sibaev A, Rohn M, Feil R, et al.
Interstitial cells of Cajal integrate excitatory and inhibitory neurotrans-

mission with intestinal slow-wave activity. Nat Commun. 2013; 4: 1630.

192. Takaki M. Gut pacemaker cells: the interstitial cells of Cajal (ICC).
J Smooth Muscle Res. 2003; 39(5): 137-

193. Torihashi S, Horisawa M, Watanabe Y. c-Kit immunoreactive inter-
stitial cells in the human gastrointestinal tract. ] AutonNerv Syst. 1999;

75(1): 38-50. doi: S016518389800174X [pii]

194. Bashashati M, McCallum RW. Is Interstitial Cells of Cajalopathy
Present in Gastroparesis? ] NeurogastroenterolMotil. 2015; 21(4): 486-
493.

195. Farrugia G. Interstitial cells of Cajal in health and disease. Neuro-
gastroenterolMotil. 2008; 20 Suppl 1: 54-63. doi: NMO1109 [pii]

196.Li S, Chen JD. Pulse Width-Dependent Effects of Intestinal Electri-
cal Stimulation for Obesity: Role of Gastrointestinal Motility and Hor-
mones. Obes Surg. 2017; 27(1): 70-77. doi: 10.1007/s11695-016-2238-5

197. Lin ZY, McCallum RW, Schirmer BD, Chen JD. Effects of pacing
parameters on entrainment of gastric slow waves in patients with gas-

troparesis. Am J Physiol. 1998; 274(1 Pt 1): G186-191.

198. Song GQ, Lei Y, Xu X, Chen JD. Gastric electrical stimulation
with long pulses in humans and animals: can data obtained in animals
be replicated in humans? Neuromodulation. 2010; 13(2): 87-92. doi:
10.1111/j.1525-1403.2009.00241.x

199. Zhang J, Chen JD. Pacing the gut in motility disorders. Curr Treat
Options Gastroenterol. 2006a; 9(4): 351-360.

200. Corrias A, Pathmanathan P, Gavaghan DJ, Buist ML. Modelling
tissue electrophysiology with multiple cell types: applications of the ex-
tended bidomain framework. IntegrBiol (Camb). 2012; 4(2): 192-201.
doi: 10.1039/¢2ib00100d

201. Pauwels A, Blondeau K, Mertens V, Farre R, Verbeke K, Dupont L],
Sifrim D. Gastric emptying and different types of reflux in adult patients
with cystic fibrosis. Aliment PharmacolTher. 2011; 34(7): 799-807. doi:
10.1111/j.1365-2036.2011.04786.x

202. Hausken T, Li XN, Goldman B, Leotta D, Odegaard S, Martin RW.
Quantification of gastric emptying and duodenogastric reflux stroke
volumes using three-dimensional guided digital color Doppler imaging.

Eur J Ultrasound. 2001; 13(3): 205-213. doi: S0929826601001343 [pii]

203. Hausken T, Odegaard S, Matre K, Berstad A. Antroduodenal motil-
ity and movements of luminal contents studied by duplex sonography.
Gastroenterology. 1992; 102(5): 1583-1590. doi: S0016508592001963
[pii]

204. Dillard S, Krishnan S, Udaykumar HS. Mechanics of flow and

mixing at antroduodenal junction. World J Gastroenterol. 2007; 13(9):

1365-1371.

United Prime Publications: http://unitedprimepub.com

Research Article

205. Brasseur JG. A fluid mechanical perspective on esophageal bolus

transport. Dysphagia. 1987; 2(1): 32-39.

206. Pal A, Brasseur JG, Abrahamsson B. A stomach road or “Magen-
strasse” for gastric emptying. ] Biomech. 2007; 40(6): 1202-1210. doi:
$0021-9290(06)00228-4 [pii]

207. Pal A. Motility of the pharynx analyzed using lattice Boltzmann
simulation. (Ph.D), Pennsylvania State University, University Park. 2000.

208. Pal A, Abrahamsson B, Schwizer W, Hebbard GS, Brasseur JG. Ap-
plication of a virtual stomach to evaluate gastric mixing and breakdown

of solid food. Gastroenterology. 2003; 124(4): A673-A674.

209 . Pal A, Brasseur JG. The mechanical advantage of local longitudinal
shortening on peristaltic transport. ] Biomech Eng. 2002; 124(1): 94-100.

210. Brasseur JG, Nicosia MA, Pal A, Miller LS. Function of longitudinal
vs circular muscle fibers in esophageal peristalsis, deduced with math-

ematical modeling. World J Gastroenterol. 2007; 13(9): 1335-1346.

211. Pal A, Indireshkumar K, Schwizer W, Hebbard GS, Faas H, Dent J,
et al. Pressure-geometry relationships in the stomach analyzed through

computer stimulation. Gastroenterology. 1999; 116(4): A1057-A1057.

212.Pal A, Verma D. Local longitudinal muscle contraction of the stom-
ach during gastric peristalsis in Wistar rats (abstract). Neurogastroen-

terol and Motility. 2008; 20(Suppl 2): 47.

213. Pal A, Williams RB, Cook IJ, Brasseur JG. Intrabolus pressure gradi-
ent identifies pathological constriction in the upper esophageal sphinc-
ter during flow. Am J PhysiolGastrointest Liver Physiol. 2003; 285(5):
G1037-1048. doi: 10.1152/ajpgi.00030.2003

214. Pal A, Williams RBH, Cook IJS, Shaker R, Brasseur JG. Applica-
tion of computer simulation to the evaluation of pathophysiology of the
pharyngo-esophageal (PE) segment. Gastroenterology. 2001; 120(5):
A221-A221.

215. Faas H, Hebbard GS, Feinle C, Kunz P, Brasseur JG, Indireshkumar
K, et al. Pressure-geometry relationship in the antroduodenal region in
humans. Am ] PhysiolGastrointest Liver Physiol. 2001; 281(5): G1214-
1220.

216. Indireshkumar K, Brasseur JG, Faas H, Hebbard GS, Kunz P, Dent
], et al. Relative contributions of “pressure pump” and “peristaltic pump”
to gastric emptying. Am. J. of Physiol. Gastrointest. Liver Physiol. 2000;
278(4): G604-G616.

217. Pallotta N, Cicala M, Frandina C, Corazziari E. Antro-pyloric con-
tractile patterns and transpyloric flow after meal ingestion in humans.

Am. J. Gastroenterol. 1998b; 93(12): 2513-2522.

218. Pallotta N, Cicala M, Frandina C, Corazziari E, Torsoli A. Antro-
pyloro-duodenal common chamber (APDCC) and antral contractions
in the regulation of gastric emptying of liquid and solid meals. Gastro-

enterology. 1996; 110(4): A728-A728.



Volume 1 Issue 2-2019

219. allotta N, Cicala M, Frandina C, DAmbra G, Paoletti M, Berto-
lotti A. Active duodenal ulcer is associated with prolonged opening of
the pylorus, increased retrograde transpyloric flow and delayed gastric

emptying. Gastroenterology. 1998; 114(4): A817-A817.

220. Avvari RK. Effect of local longitudinal shortening on the trans-
port of luminal contents through small intestine. ActaMechanicaSinica,

2019b; 35(1). doi: 10.1007/510409-018-0809-5

221. Avvari RK. Biomechanics of the Small Intestinal Contractions. In

D. X. Qi (Ed.), Management of Digestive Disorders: Intech Open. 2019a

United Prime Publications: http://unitedprimepub.com

Research Article

20



