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NOMENCLATURE

€ tube occlusion

A wavelength

L tube length

T tension

P pressure

H wall geometry

t time

X axial direction

C wave speed

a average wave radius
7! viscosity

T wall thickness

Q volume flow rate

r radial direction

u axial velocity

v radial velocity
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ABSTRACT

In this thesis we applied basic principles and numerical models to study the
mechanical function of the human esophagus during normal swallowing. The
primary aim is to characterize and understand the mechanics of the human
esophagus. To reach this goal, three interconnected study have been carried out: (1)
analysis of biological data to quantify the relationship among bolus motion, motions
of anatomical features and normal swallowing, (2) a fluid and solid mechanics study
to find out relationship between flow and tension in the muscle wall of the esophagus

of normal swallowing, (3) to predict wall geometry from tension in the muscle wall.

ecorded manometrical data, which is

collected during swallowing. We find out several functions of the human esophagus
from this analysis. To interpret only manometrical data without radiographic images

have lots of difficulties. Limited information can be from manometry.

We attempted to combine fluid and solid mechanics. There is not enough study about
combination of fluid and solid mechanics in the literature. We developed a
mathematical model for this purpose. This model gave us ability to calculate tension

in the muscle wall directly from wall geometry.
In the last part of this study, we attempt to predict wall geometry during swallowing.

We predicted wall geometry from tension. This study gives us opportunity to
interpret and understand in detail esophageal functions in the absence of radiography.

xiii



OZET

Bu tezde, temel prensipleri ve niimerik yontemleri, insan yemek borusunun normal
yutma boyunca mekanik fonksiyonlarini arastirmak i¢in uyguladik. Asil amacimiz,
insan yemek borusunu karakterize etmek ve anlamaktir. Bu amaca ulasmak icin 3
ayn birbirleriyle baglantili caligma yaptik; (/) biolojik data analizi, normal yutma
boyunca kaydedilen manometrik datadan lokma hareketini, yemek borusunun
duvarlarinin hareketini ve normal yutmay: inceledik, (2) normal yutma boyunca
yemek borusunun igindeki akigla kaslardaki gerilme arasinda bir iligki aramak igin
akigkanlar ve kati mekanigini birlestirdik, (3) kaslardaki gerilmelerden yemek

borusunun duvarlarinin aldig: sekli hesapladik.

Akigkanlar ve kati mekanigini birlestirmeyi denedik. Bu konuda yeterli ¢alisma
literatiirde bulunmamaktadir. Bu amag i¢in bir matematik model gelistirdik. Bu
model bize yemek borusu duvarlarindaki (kaslardaki) gerilmeyi hesaplama imkani

vermektedir.

Son kisimda kaslardaki gerilmelerden yola gikarak yemek borusunun yutma boyunca
aldigr sekli hesapladik. Bu yolla, radiolojik resmin olmamasina ragmen sadece
manometrik datalan kullanarak yemek borusunun fonksiyonlarni yorumlama ve

daha iyi anlama firsatini elde ettik.
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CHAPTER 1. INTRODUCTION

Swallowing is the transport of an ingested "food bolus" through the esophagus from
the mouth to the stomach by peristaltic contractions. Swallowing can be initiated
voluntarily, but thereafter it is almost entirely under reflex control. The swallowing
reflex is a rigidly ordered sequence of events that propels food from the mouth to the
stomach. At the same time it inhibits respiration and prevents the entrance of food
into the trachea. The afferent limb of the swallowing reflex begins with touch

receptors, most notably those near the opening of the pharynx.

The swallowing process can be divided into three phases: oral, pharyngeal, and

—— esophageal.The-oral phase of swallowing-is-initiated by separating a botus of food

from the mass in the mouth with tip of the tongue. The bolus to be swallowed is
moved upward and backward in the pressing first the tip of the tongue and later the
more posterior portions of the tongue as well against the hard palate. This forces the
bolus in to the pharynx, where it stimulates the tactile receptors that initiate the

swallowing reflex.

The pharyngeal phase of swallowing involves the following sequence of events,
which occur in less than 1 second: (a) The soft palate is pulled upward, and the
palatopharyngeal folds move inward toward one another. This prevents reflux of
food into the nasopharynx and provides a narrow passage through which food moves
into the pharynx. () The vocal cords are pulled together. The larynx is moved
upward against the epiglottis. These actions prevent food from entering the trachea.
(c) The upper esophageal sphincter (UES) relaxes to receive the bolus food. Then the
pharyngeal superior constrictor muscles contract strongly to force the bolus deeply
into the pharynx. (d) A peristaltic wave is initiated with contraction of the pharyngeal
superior constrictor muscles, and moves toward the esophagus. This forces the bolus

of food through the relaxed UES.



The esophageal phase of swallowing is controlled mainly by the swallowing center.
After the bolus of food passes the UES, the sphincter reflexly constricts. A peristaltic
wave then begins just below the UES and traverses the entire esophagus in about 10
second. This initial wave of peristalsis, called primary peristalsis, is controlled by the
swallowing center. The peristaltic wave travels down the esophagus at 3 to 5 cm/s.
When the bolus reaches the lower esophageal sphincter (LES), intrabolus pressure is
increased by muscle contractions until it equals the pressure in the stomach. The LES

then opens and the bolus is forced into the stomach.

1.1 Anatomy of the Esophagus

The esophagus lies posterior to the trachea in the neck, and passes along the dorsal

wall of the mediastinumin the thoracic cavity. The human esophagus has a length of

approximately 20-22 cm and diameter of about 2 cm. Figure 1.1 shows the

longitudinal anatomy of the upper portion of the gastrointestinal tract. Also
—iltustrated in this figure are the vagus nerve, which carries sensory (afferenty amd— —

motor (efferent) signals to and from the brain, and the trachea which runs next to the

esophagus in the throat. The epiglottis, which serves in "‘airway protection,” ensures

that swallowed material enters the gastrointestinal system rather than the lungs.

The proportion of each muscle type is species-dependent but, in humans, the
proximal 5 % including the UES, is striated, the middle 35 — 40 % is mixed with an
increasing proportion of smooth muscle as one moves distally, and the distal 50 — 60
% is entirely smooth muscle. The bundles of the outer, longitudinal muscle arise
from the cricoid cartilage receiving slips from the cricopharyngeus and pass
dorsolaterally to fuse posteriorly approximately 3 cm below the cricoid cartilagé.
This arrangement results in a posterior triangular area - Laimer's triangle - which is
devoid of longitudinal muscle. Distal to Laimer's tiangle the longitudinal muscles

form a continuous sheaths of uniform thickness about the esophagus.
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Both the striated and smooth muscle portions of the esophagus contain a nerve
network, known as the myenteric plexus, situated between the longitudinal and
circular muscle layers. In the smooth muscle portion, these enteric neurons are
generally considered the relay neurons between the vagus and the smooth muscle;
function in the striated muscle esophagus is obscure. A second nerve network, the
submucosal or Meissner's plexus, is situated between the muscularis mucosa and the
circular muscle layer. Except during swallowing, normal muscular tone keeps the
lumen closed, and the mucosa and the submucosa are thrown into large folds. The
muscularis mucosae consist of an irregular layer of smooth muscles medial to the
mucous esophageal glands of the submucosa. The muscularis externa has inner
circular and outer longitudinal layers. The ganglia of the myenteric plexus are more
numerous in the smooth muscle region than in the striated muscle region of the
esophagus but, throughout, they are far less dense and smaller than in other region of
gut. The submucous plexus of the esophagus is exceedingly sparse; a few ganglion

cells are present in the human esophagus. Figure 1.2 (from Guyton [23]) illustrates a

typical cross-section of the gut and esophagus.

The extrinsic innervation of esophagus is via the vagus nerve. Fibers innervating the
striated muscle are axons of lower motor neurons with cell bodies situated in nucleus
ambiguous, whereas innervation of the smooth muscle esophagus is provided by the
dorsal motor nucleus of the vagus. Efferent nerve fibers reach the cervical esophagus
by the pharyngoesophageal nerve, and histologic studies show that vagal afferents
snapse directly on striated muscle neuromuscular junctions. The vagus nerves also
provide sensory innervation in the cervical esophagus. This is via the SLN with cell
bodies in the nodose ganglion, whereas in the remainder of the esophagus sensory
fibers travel via the recurrent laryngeal nerve or, in the most distal esophagus, via the
esophageal branches of the vagus. Histologic studies demonstrate many free nerve
endings in the mucosa, submucosa and muscular layers. Additionally, a few
encapsulated structures resembling spindles have been described in humans. These

vagal affrents are strongly stimulated by esophageal distension [30].
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Figure 3.2. A typical cross-section of the gut, showing the layered structure of the wall. Reproduced

from Guyton [23]. The structure of the esophagus is essentially the same.



The circular muscle ring that functions as the lower esophageal sphincter (LES)
angles obliquely upward from the lesser to greater curvature of the stomach and is
contiguous with the circular muscle of the esophageal muscle of the esophageal
body. The maximal thickness of the LES occurs at the greater curvature of the
stomach. Towards the stomach, the LES is split into two segments: one forms short
transverse muscle clasps around the esophagus, and the other forms long oblique
loops in the stomach (gastric sling fibers). The LES is normally situated within the
esophageal hiatus of the diaphragm which, in its most common configuration, is

formed entirely by fibers of the right diaphragmatic crus [29].
1.2. Physiology of Esophagus
The basic function of esophagus is to provide a coordinated pathway for swallowed

material. After food is swallowed, the esophagus functions as a conduit to move the

food from the pharynx to the stomach. It is important to prevent air from entering at

the upper end of the esophagus and to keep corrosive gastric contents fromrefluxing
back into the esophagus at its lower end. Reflux is particularly problematic because
the pressure in the thoracic esophagus is close to intrathoracic pressure, which is less

than atmospheric pressure and thus less than intraabdominal pressure.

Esophageal peristalsis becomes evident shortly after the pharyngeal contraction
traverses the UES. The peristaltic contraction moves from the proximal striated
muscle to the distal smooth muscle of the esophagus at a speed of 2-4 cm/s. The
longitudinal muscle of the esophagus also contracts at the onset of peristalsis. The
net effect is a transient shortening of the structure by 2-2.5 cm [14, 19]. The
mechanical correlate of peristalsis is a stripping wave that milks the esophagus clean,

from its proximal to its distal end (figure 1.3).
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Another property of the peristaltic mechanism is deglutitive inhibition. A second
swallow, initiated while the earlier peristaltic contraction is still progressing in the
striated muscle esophagus, causes rapid and complete inhibition of the contraction
induced by the first swallow (valuntary swallowing). If the first swallow has reached
the smooth muscle esophagus, it may be proceed distally for a few second after the
second swallow (esophageal distention), but its peristaltic amplitude diminishes
progressively until it disappears. Inhibition of basal LES tone induced by swallowing
occurs concurrently with the deglutitive inhibition that traverses the smooth muscle
esophagus. The LES relaxation commences well before onset of the peristaltic

contraction in the proximal esophagus [29].

Distinct physiologic control mechanisms govern the striated and smooth esophageal
musculatures. The striated-muscle esophagus receives exclusively excitatory vagal
innervation, and the peristaltic contraction of this segment results from the sequential

activation of motor units in a craniocaudal sequence. There is convincing evidence

that the organization of peristalsisin the striated-muscle esophagus is—subjectto— — ——
control from within the swallowing center of the medulla in much the same way as

the oropharyngeal musculature [29].

Vagal control of the smooth-muscle esophagus is more complex than that of the
striated-muscle esophagus. Vagal fibers synapse on neurons of the myenteric plexus
rather than directly at neuromuscular junctions, and vagal stimulation can either
excite or inhibit the esophageal musculature, depending on which myenteric plexus
neurons are activated. Furthermore, although facilitated by vagal fibers, the
myenteric plexus neurons are able to organize peristalsis themselves, as indicated by
the absence of vagal activity during secondary peristalsis. A second population of
vagal efferents is activated with a sort latency and probably represents central
mediation of deglutitive inhibition. Thus, the activity of neurons in the dorsal motor
nucleus of the vagus reflects several properties of primary peristalsis in the smooth-
muscle esophagus, including deglutitive inhibition and the speed and vigor of

peristaltic contractions,



The esophagus has an intramural nerve network, the myenteric plexus, located
between the longitudinal and circular muscles that can generate peristaltic
contractions. Although the relationship between the morphology and function of the
nerve plexuses has yet to be determined, it is apparent that there are two main types
of effector neurons within the esophageal myenteric plexus [30]. Excitatory neurons
mediate contraction of both longitudinal and circular muscle layers via cholinergic
receptors. Inhibitory neurons predominantly affect the circular muscle layer via nitric
oxide neurons. Cholinergic excitation of the excitatory neurons is nicotinic as well.
Both types of neurons innervate the entire smooth-muscle esophagus, including the
LES. The process that mediates LES relaxation is identical to the process that
mediates the inhibitory front along the esophagus; indeed, the smooth muscle of the
sphincter should be viewed as identical to the adjacent circular muscle, except that it

maintains a tonic contraction at rest via a myogenic mechanism.

1.2.1 Normal esophageal motility

The esophagus is stripped clean of all bolus fluid by the contraction wave in normal
swallowing. When the bolus fluid completely passes through the UES and UES
closes, esophageal peristalsis begins. Then the bolus is propelled downwards towards
the stomach by a combination of gravitational forces and peristalsis. The effect of
gravity on bolus motion depends on the viscosity of the bolus. Liquids travel faster
than the peristaltic wave when the subject is in the upright position. In fact, when
water is swallowed, it reaches the LES a few seconds earlier than the peristaltic wave
[61]. As a consequence, to study peristaltic transport of low viscosity fluid, it is
common to place the subject in a supine position. However, the viscosity of normal
boluses is high and the effect of gravity is not significant. Figure 1.3 is a good

example to normal swallowing.



10

oo
..-...l -
LI N

Intraboin:
pressure

1 s bl o

Figure 1.4. Superimposition of a schematic diagram of normal esophageal bolus transport with

radiographic images of barium swallow [7].
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The arrival of the tail at a manometric port precedes the contraction wave so that the
peristaltic wave keeps the bolus ahead of it at all instances. The relationshop between
the manometrically recorded contractile wave and movement of the bolus at a fixed
time is shown in figure 1.4. As the main body of the bolus sweeps past a
measurement port, manometric pressure will initially increase gradually. Then, as the
tail and contraction zone pass over the manometric port, a rapid rise in pressure to a
large maximal value will occur, followed by a decrease in intraluminal pressure on
the proximal side of the pressure peak. As shown in figure 1.3, a gradual increase in
pressure within the main body of the bolus followed by a rapid increase near the tail
is typical in manometric measurements of esophageal bolus transport. The place
where bolus fluid ends (the bolus/no-bolus transition point) is somewhere on the
rapid rise in pressure, before the peak amplitude; from that point on, the manometer
records purely contractile pressure [7]. Maximum bolus pressure P, is much less
than contractile pressure P,m, in the normal swallowing. P, and Pug are
biologically independent. Mechanically contractile pressure does not affect bolus
motion directly. P, must be less than P,,, to prevent retrograde leakage of bolus
fluid through the contraction zone. The speed of the bolus can be correlated to the
speed of the maximum peak in pressure. The wave can take about 10 seconds to
reach the LES. The wave in the striated muscle region is moved slower than in the

smooth muscle region.

Motility studies have shown that the speed and force of the esophageal contractions
are also dependent on the size and viscosity of the bolus. Increasing the size of the
bolus reduces its velocity and increases the contraction forces. Similarly, increasing
the bolus viscosity increases the force of the contractions and reduces the velocity of
the bolus [62]. The temperature of the bolus also affects peristalsis. Dooley et al. [16]
have shown that warm boluses increase the speed of the contraction wave while cold

boluses slow down the peristaltic wave.
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1.2.2 Esophageal motility disorders

Normally the esophagus is successful in transporting all of the bolus into the stomach
without any pain or discomfort felt by the subject. However, there are number of
conditions which can cause the esophagus to perform poorly. These disorders are
classified as either primary or secondary. In primary motility disorders the esophagus
is the major organ involved, whereas in secondary disorders, organs within the body
cavity affect the esophagus. In either case, the esophagus loses its ability to function

normally and the subject experiences pain while swallowing.

Any extrinsic or intrinsic changes to esophageal wall can potentially cause it to
dysfunction. Intrinsic changes to the wall shape are caused by inflammation of the
wall due to the prescience of tumors or ulcers on the inner lining. Extrinsic structural
changes are be caused when other organs in the body cavity press against the
esophagus. A common example is the aorta pressing against the esophagus in the
aortic arch region. In either case, the esophagus loses its ability to distend fully and a
stricture created. The degree of dysphagia caused is proportional to the severity of
the constriction caused by the stricture and also its size. Typically strictures caused
by the aorta pressing against the esophagus are "“functional" because they do not
severely occlude the esophagus. Severe constrictions, caused by lesions and ring
formations, usually lead to dysphagia. Figure 1.5 shows concurrent manometric and
videofuoroscopic data of a case study in which bolus fluid is retained as the
peristaltic contraction wave passes through the intraluminal segment adjacent to the
aortic arch [28]. The accepted explanation for bolus retention is that the contraction
wave propagates through the aortic arch region in this excessively weakened state
allowing the lumen to open and bolus fluid to leak in a retrograde direction. The
contraction wave then strengthens and seals the lumen, once again distal to the aortic
arch segment. Once sealed by the advancing peristaltic wave, bolus fluid is again
transported toward the stomach, leaving behind the bolus fluid retained in the aortic
arch region [15]. Chronic retention of bolus fluid in the aortic arch region is an

indication of esophageal dysfunction.
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Figure 1.5. Tracings from the video images on the right depict the distribution of the barium bolus at
the times indicated by arrows on the manometric record. In this example, a single swallow transported
the majority of barium through the peristaltic contraction was evident at the 8 s mark in the aortic arch
region. The peristaltic amplitude associated with this escape phenomenon was 13 mmHg, inscribed

from the second most orad recording site [28].
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Lesions, like ulcers, tumors and abscesses, on the esophageal wall are a common
cause for inflammation of esophageal walls. They can affect the entire length of the
esophagus but are usually found in the distal end of the esophagus. 'Lye' strictures
[39] are formed when corrosive agents like caustics are swallowed. Corrosive
materials are capable of destroying the mucosal layer in the esophagus and in the
process of healing fibrotic tissue forms on the wall. The esophageal wall thickens
and narrows the lumen to form a stricture. Similarly 'peptic’ strictures are formed
when there is persistent vomiting and ulcers develop on the esophageal wall [39].
Tumors are also types of lesion which protrude into the lumen and impart a rounded
smooth bulge to the esophageal wall. Both benign and malignant tumors have been
found in all parts of the esophagus. Some other conditions like achalasia, observed
when a portion of the esophagus fails to relax, and generalized muscular hypertrophy
are known to effect the esophageal wall intramurally so that the esophageal wall is

greatly thickened and the lumen becomes narrowed [60].

In all cases of lesions, the strictures are not rigid obstructions within the esophagus.
They allow partial distension of the esophageal only when sufficient pressure is
exerted on the esophageal wall. The constricted wall offers definite resistance to the
advancing bolus and in severe cases may even block the esophagus. All patients with
strictures of any kind complain about dysphagia and present themselves in poor
nutritional health. Endoscopic observation has shown a conical narrowing of the

esophagus which gives the stricture the shape of an hourglass [54].

Severe constrictions in the esophagus are also caused by ring structures. The ring is a
membranous structure in the shape of an annulus. It is usually found very close to the
lower esophageal sphincter which makes differentiating them difficult. The ring is
distinguishable only because it remains fixed and does not change its locations. On
the other hand, the sphincter undergoes transient contractions as the bolus fluid
passes by. The ring is a passive structure observed only when the lumen proximal
and distal to it is distended more than its maximal diameter. An 'annular indentation'
located about 4-5 cm from the lower esophageal sphincter. The thickness of the ring

is about 2-4 mm and its inner radius can vary from 10-20 mm [17].
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Since the lower esophageal ring is so close to the lower esophageal sphincter, there is
a lot of speculation about whether it is caused by the thickening of the epithelium in
the esophagus or whether is caused by a herniation of the diaphragm into the thoracic
cavity. Eckardt et al. [18] used potential difference measurements and manometric
data in patients exuhibiting mucosal rings and concluded that the rings are due to

thickening of longitudinal and circular muscles in the esophagus.

Most patients with lower esophageal ring complain of violent pain when trying to
swallow solid food because the food cannot pass and produces a complete
obstruction at the site of the ring. The passage of fluid also slows down tremendously
near the ring. Severity of dysphagia is dependent on the diameter of the ring and the
size of bolus swallowed. Schatzki et al. [49] has reported that ring diameters of 20
millimeters or more seldom cause dysphagia. However if the diameter is less than 13

millimeters then almost always there is dysphagia.
1.2.3 Active and passive tension of esophageal muscle

The role of circular muscle in esophageal peristalsis has been stressed, whereas the
longitudinal musculature has been neglected. The circular and longitudinal
esophageal musculature, however, act in concert during bolus transport. Sequential
circular--muscle contraction serve to push the bolus toward the stomach.
Longitudinal peristaltic contraction causes the esophagus to engulf the bolus; to
shorten, thereby decreasing the length of bolus travel; to pull the bolus toward the

stomach; and contributes to the LES opening mechanism [15].

Manometrically measured intraluminal pressure and wall muscle tension, acting on
the bolus, are directly related. The source of the intrabolus pressure is active
compressive tension within the circular muscle of the esophageal wall, plus any
passive elastic tension that would exist in the absence of active muscle squeeze [7].
To define more precisely “‘active" and *‘passive,” one must understand some basic
principles of smooth muscle physiology. There is considerable heterogeneity among
smooth muscles from different organs [42] and because esophageal smooth muscle is

rarely studied, much of the following discussion necessarily extrapolates from
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studies using smooth muscles from other organs (vascular, tracheal or other

gastrointestinal smooth muscle).

Although terminology applied to striated muscle physiology is often used to describe
smooth muscle, there are important differences between the two muscle types. One
such difference is the specification of a '‘resting" state. Because striated muscle
contraction follows from the removal of inhibition (i.e., the exposure of active sites
along the actin filament by the movement of the tropomyosin filament [55]), there is
an unambiguously defined resting state characterized by the absence of neural
stimulation. Striated muscle tension can therefore be unambiguously separated into

active and passive components.

Although control of smooth muscle contraction is not fully understood, the
mechanisms involved are more complex than in striated muscle. Smooth muscle
contraction is controlled through chemical modification (phosphorylation /
dephosphorylation) of certain regulatory proteins attached to the myosin head.
Phosphorylation increases the affinity of the myosin head for the actin filament,
leading to the contraction cycle. Because different inhibitory mechanisms may lead
to different inhibited states (i.e., different levels of decreased phosphorylation), an

unambiguously defined “*passive" state cannot be defined in smooth muscle.

Furthermore, quantifying a *‘zero-stress” state of passive tension for a particular
preparation (striated or smooth muscle) is not straightforward. When soft biological
tissue is near its resting length, relatively small tensile changes can lead to large
tissue deformations [3]. Because there is no unambiguous way to relate the in vitro
muscle strip length with in vivo dimensions, the in vivo resting state is unknown and
the in vitro data cannot be used to parameterize the model without guessing the
resting state. Given the sensitivity between elongation and stress, however, the
model becomes very sensitive to the guess. Even more importantly, the
neuromuscular physiology of a denervated excised segment of esophageal smooth

muscle is fundamentally different from a fully innervated esophagus in vivo.
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Given the fundamental differences between the in vivo and in vitro esophagus, the in
vivo physiological system guides the parameterization of *'passive" tension. Because
a peristaltic contraction wave is preceded by a wave of inhibition in the circular
muscle, and because local contraction of longitudinal muscle is correlated spatially
with the peristaltic contraction wave, the “passive” tensile state is defined as that
inhibited state which exists along the distal-most portion of the liquid bolus. The
muscle tension within the esophageal wall at the bolus head, in this state of
inhibition, is labeled T,. Although there are certain chemical and electrical events
associated with this state (the release of an inhibitory neurotransmitter and the
resulting membrane hyperpolarization, respectively), 7, reflects the physiological

base state which we shall define as “passive”. Total tension is then given by

T=T,+T,. (1.1)

Where, T, is “‘active" or “'contractile" muscle tension.



CHAPTER 2. BIOLOGICAL DATA ANALYSIS

In this chapter, we wanted to understand in detail the spatial structure of circular
muscle contraction along the esophagus in relationship to the movement of bolus
fluid locally in different esophageal segment and find out the differences in this

relationship between dry and bolus swallowing.

The local structure of peristaltic muscle contraction is investigated along the
esophagus, which transports a bolus. The change in local structure of contraction is
characterized as the peristaltic waves pass through the transition zone (pressure
trough region) from the upper to the lower esophagus. We searched for structure in
the contraction characteristics that are intrinsic to an individual's esophagus,

especially local region of segmental contraction.

Manometry and videofuoroscopy are the two primary tools used to study esophageal
motility, both in clinical and research setting. These two modalities provide
fundamentally different information concerning bolus transport. Intraluminal
manometry, which measures pressure at several fixed locations along the esophagus
as a function of time, provides quantitative information regarding the forces applied
to an ingested bolus by the esophageal musculature. Intraluminal manometric
pressure can be recorded using the conventional infused-catheter system,
intraluminal strain gauges and conventional pull--through techniques. High fidelity
intsrumentation, valid recording condition must be provided to obtain accurate
measurement. Accurate determined intraluminal pressure values is enable
identification of individuals with hypotensive or hypertensive peristalsis. The
contraction wave is seen as a positive pressure on manometry which traverses the
entire length of the esophageal body. On the other hand, videofuoroscopy records the
geometry and motion of the esophageal wall in response to these forces. The

peristaltic contraction wave imparts an inverted V configuration to the tail of the
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barium bolus on videofluoroscopy. A precise relationship exist between the tail of
barium bolus as observed radiographically and the manometric tracing of the
peristaltic wave (see figure 1.4). Studies which track the barium bolus tail by cine
during simultaneous manometric recording of intraluminal esophageal pressure
demonstrate that passage of the bolus tail past a pressure sensor corresponds

precisely to the upstroke of the peristaltic pressure complex recorded by the sensor

[15].

The manometric evaluation of esophageal motility has focused on the peristaltic
pressure waveform that results from the aborad sequence of esophageal muscle
contraction and relaxation [47]. Ren et al. has obtained concurrent esophageal
videofluoroscopic and intraluminal manometric recordings in supine normal
volunteers using different bolus volumes and viscosities and abdominal compression.
[t was found that intrabolus pressure has increased with bolus volume, viscosities,
and abdominal compression. Esophageal diameter has increased with larger bolus
volumes. Intrabolus pressure was highest in the bolus tail and is affected significantly
by factor resisting bolus transport and, as such, has the potential to be an important

indicator of the presence of the abnormal resistive forces [47].

Brasseur et al. has studied interpretation of manometric data with and without
concurrent radiographic image. An interpretation of manometric recording in terms
of motions of the swallowing apparatus and the muscle activity leading to those
motions is of obvious importance for clinical analysis and for basic motility research
[7]. An appreciation of the mechanics of the swallowing process and bolus transport
is necessary for proper interpretation of manometric intraluminal pressure

measurements in terms of the temporal changes in lumen geometry.

Interpretation of manometric signals has been sought for situations in which
peristalsis is weak, or absent, failure of the closure segment occurs, or muscle
contractions exist with or without peristaltic contractions. In the absence of bolus
motion, the existence of isobaric pressure waves might suggest localized muscle
contractions in one or more locations along a fluid bolus, or they might suggest that a

segment of the esophagus is contracting as a unit. If peristaltic contraction exist
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which progresses distally while, at the same time, nonspecific muscle contractions
occur along the esophageal wall, one would assume that a bolus is being transported
distally past the manometric port. However, the nonspecific muscle contractions are
of sufficient strength to mask the gradual increase in intraluminal pressure typical of
normal bolus transport, and make it impossible to estimate the time at which the
bolus head passes any manometric port. Therefore, the origin of these nonspecific
pressure waves is uncertain. However, after the peak in the manometric signal passes
a given manometric port, one might argue that the bolus has likely passed that port

and therefore the luminal segment above that port is devoid of bolus fluid [7].

To better understand spatial relationships of peristaltic contraction, topographic plots
have constructed from conventional esophageal manometric waves. Using
computerized gridding and plotting system, it has seen that typical postdeglutitive
waves are spatially interconnected. This technique has used to make observations
about esophageal motility in normal subject that had not been made using
conventional method [11]. Ray and Staiano has also constructed topographic plots
from esophageal manometric tracings in asymptomatic volunteers and symptomatic
patients with high amplitude peristaltic contraction waves to identify segmental
contraction difference between two groups. Three amplitude troughs dividing the
peristaltic contraction into four sequential segments have noticed in volunteers. Only

first and third throughs had been identified in the other group [12].

Manometric pressure has analyzed in the axial direction in order to describe the
peristaltic pressure wave as it propagates through the esophagus in the direction of
the bolus and to determine what sampling interval along the esophageal length is
required for accurate representation. The appearance of the contraction wave as it
propagates in the axial direction has importance because of the interface of this wave
with the bolus and additional appeal for understanding the coordination of underlying

neuromuscular events responsible for transit [13].
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Esophageal bolus transport is inherently a mechanical process. However, there has
not been enough study to apply basic principles of mechanics and dynamic modeling
to determining the esophageal function. The primary mechanical variable used to
quantify bolus transport is peak intraluminal pressure or pressure amplitude. The
aortic arch region demarcates the transition from the striated to smooth muscle
dominated regions of the esophagus. The accepted explanation for the reduction in
pressure amplitude through this region is the smooth transition of a single peristaltic
wave as it passes from the upper to the lower esophagus. Although the physiology
and histology of striated and smooth muscle are known to be very different, and
although characteristics of peristaltic transport change significantly between the two
segments, the transition is regarded as a relatively smooth one [5]. The transiton
between striated and smooth muscle in cases of bolus retention must be associated
with a spatially "double peaked" pressure characteristics along the esophageal lumen
which manometrically gives the impression of decrease in peristaltic wave speed
[33]. These decreases in pressure amplitude and wave speed are actually a
consequence of two separate contractile waves, one in the upper esophagus, above
the transition zone, and one in lower esophagus, below the transition zone. The
manometrically observed decrease in amplitude and wave speed are reflections of the
deceleration and decrease in amplitude of the upper wave while, at the same time, a
lower wave forms somewhat distally. The transition from distinct upper to lower
peristaltic waves creates a double--peaked pressure characteristic along the lumen

over a short period of time [5].

The studies from past to date have aimed to understand esophageal bolus transport,
neurol contro of esophagus and behaviors of esophageal muscles. However, they
could not be completely understood. Manometry and videofluoroscopy do not
provide all information about esophageal function. Therefore it is very difficult to
determine all features of esophagus in detail using these tools. And locations of
contractile activity cannot be determined in the bolus surface using only manometry
[7]. The manometric measurement does not provide any information without
concurrent radiographic data on where muscle wall compression is applied to the
bolus. The bolus/no-bolus transition point cannot be determined from manometric

measurement alone [7].
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We aimed in this analysis: (/) to understand manometric pressure variation in detail
in entire esophagus, (2) to find out peristaltic pressure waves and segments, (3) better

interpretation of manometry.
2.1 Method
2.1.1 Biological protocol and manometry

Manometric and videofluoroscopic data were obtained at the Medical College of
Wisconsin. By inserting a catheter into the esophagus via the nasal cavity,
intraluminal manometric pressure has obtained. The water perfused catheter which
has 4 mm outer diameter and 10 ports spaced 1.5 cm with proximal port has placed
as first port at the UES. A tantalum marker placed adjacent to each recording orifice
showed its location on videofluorocopy. Videofluoroscopy was recorded at 30
frame/s with a videocassette recorder. A modified dual timer encoded time in
hundredths of a second on each video frame while sending a pulse signal at 1 s
intervals to a channel on the polygraph tracing. Pressure data is often available along
the entire length of the esophagus. Lead markers are incorporated in the tube to
facilitate radiologic identification of the ports. Manometry gives the time history of
pressure at each port during the swallowing sequence. While the measuring port is
within the bolus, intrabolus pressure is recorded. After the bolus fluid passes the port,
the esophageal wall completely covers the port and pressures measured are a direct

indications of the force of muscle contraction per unit area of the esophagus.

Barium, water and dry swallowings are obtained on manometry and
videofluoroscopy. Standard low and high viscosity barium preparation [made by
mixing powdered E--Z--EM barium with Knott's Berry Farm strawberry syrup] was
swallowed by subjects during videofluoromanometry. Water was also swallowed.
Dry swallowing was obtained only doing swallowing motion without bolus. Bolus

volume is 5, 10, 15 or 20 ml for barium and water swallowing.
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Figure 2.1. Pressure wave in raw manometric data. Recorded manometric data at each port is shown
on time vs. pressure plot (thin lines). Space between each port is 1.5 cm. Thick line show converted

data.
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Manometric data can be recorded for barium, water and dry swallowing. But
videofluoroscopy can be recorded only for barium swallowing. Because barium

preparation is visible on video screen and others are invisible.

Manometric data consist of temporal variations in pressure at fixed axial locations.
We require the spatial distribution of intraluminal pressure at fixed intants in time.
The methodology of Li et al [33] was used to transform the raw manometric data into
the full-space time pressure distribution. The method makes use of the observation
that the peristaltic wave changes little when viewed from a reference frame moving
along with the peak in pressure. First, the raw data are transformed to this coordinat
system and spline interpolations are applied to estimate the pressure between ports.

The interpolated data are then transformed back to the original coordinates.

2.1.2 Data analysis

We analyzed intraluminal esophageal pressure data in detail for 77 swallowing in 4
subjects. Of the 77 swallows, 13 were dry and 64 were wet with 5 and 10 ml boluses
of barium and water. The spatial variations in intraluminal pressure along the
esophagus were plotted at closely spaced fixed instants in time. Using these plots,
pressure distribution at a fixed time is obtained in esophagus. Every time step can be
obtained with same technique. Characteristics of pressure wave, transition zone etc.
can be determined along the esophagus for every time step. Figure 2.1 shows
temporal distribution of the pressure, which is recorded manometrically, and spatial
distribution, which is converted using raw data of intraluminal pressure. Thin lines
represent variation of pressure in time at each port location. Thick line corresponds
of variation of pressure along the esophagus at a fixed time. Existence of pressure
waves can be seen on both plots. But pressure data in spatial distribution, which is
converted from raw data, is more detailed than temporal distribution, which is raw

data.
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Figure 2.2. Trajectory of appearance of subpressure waves and segments in the axial direction along

the esophagus. P, P, P; and P, corresponding of subpressure waves. A, B and C represent segment,

Arrows show directions of subpressure waves. These figures can be seen as animation, if plots are

followed in time order.
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The temporal evolution of these spatial pressure distributions were then animated on
the computer to reveal details by which the axial distribution in pressure (and
indirectly, muscle tone) evolved in time. Figure 2.2 shows an instant animation of a
swallowing. Animation method is applied all swallowing of subjects. Intraluminal
pressure vs. distance (beginning of the axes is first port location) along the

esophagus.

Along the animation, manometric pressure waves are propagated in the axial
direction in the esophagus. It is noticed that several subpressure waves appear during
a single swallowing. P, P, P; and P, represent subpressure waves. A, B and C
represent segment. Subpressure wave is a small pressure wave, which occurs in a
small region of esophagus. Amplitude of peak pressure begins to increase and then
decrease in time. Finally it stops increasing or decreasing. From beginning to the
ending of variation of peak pressure is defined as beginning and end of subpressure
wave. Segment is a transition between two subpressure waves. These subpressure
waves are interconnected each other by segmental contractions along the esophagus.
The appearance of the subpressure waves and segments in a swallowing of one
subject, which has 4 subpressure waves and 3 segments, is seen in the 2.2 during
swallowing. Each subpressure wave appears in different locations of the esophagus

and traces each other in time.

In order to determine subpressure wave and segment in detail; maximum peak
pressure value, its time and location are collected in the every subpressure waves.
Similarly, average pressure value, its time and location are collected in the every
segment. Namely, to obtain subpressure waves and segments, pressure amplitude and
location of every subpressure wave and segment collected for every time step during
every single swallowing. Pressure amplitude is a peak pressure of subpressure waves

and corresponds P, P, P; and P4 in figure 2.2.

Maximum peak pressure and its location of subpressure waves is determined using
collected peak pressure. Average value of pressure, length and temporal duration of

subpressure waves and segments calculated.
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2.2 Results
2.2.1 Subpressure wave and segment in the esophagus

Contractile waves, which govern esophageal bolus transport, are reported in previous
studies. Brasseur and Dodds have studied bolus/no--bolus transition point and two
distinct contractile waves [7]. Clouse et al. has found several contractile waves in
their topographic plots studies and propagating pressure wave [11, 12, 13]. Our

results correlate their findings and also our studies more detailed.

The animation method of analyzing and viewing data from standard esophageal
manometry provided better information about esophageal peristalsis. From the
animated axial intraluminal pressure distributions the existence of "subpressure
waves" riding over and between peristaltic pressure waves observed in every

swallow.

Findings of detailed analysis of animation are that there are 4 subpressures and 3
segments in one subject, 3 subpressure waves and 2 segments in 3 subjects. Pressure,
time and location of a single swallow, which have 4 subpressure waves and 3

segments, are shown in figure 2.3.

The first subpressure wave began with a low amplitude (~30 mmHg) in the proximal
esophagus, smootly increased a high amplitude (~120 mmHg) and disappeared after
decreased a low amplitude (~25 mmHg). Before first subpressure wave completely
disappeared, second subpressure wave began with high amplitude and finished
similar first subpressure wave. Third and fourth subpressure waves occured as first
subpressure wave. First and second subpressure waves occur in the striated muscle
region while third and fourth subpressure waves in the smooth muscle region for a
subject which has 4 subpressure wave. However, first supressure wave appears in the
striated muscle region while second and third subpressure waves in the smooth

muscle region for other 3 subjects which have 3 subpressure wave.
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Figure 2.3. Subpressure waves and segments of a instant swallowing are shown on; (a) distance vs.
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2.2.2 Locations and lengths of subpressure waves and scgments

Locations and axial lengths of subpressure waves and segments are determined along
the esophagus by applying statistical method and shown in figure 2.4. In the figure,
thin and thick lines represent subpressure waves and segments with *SD,
respectively. Range of axial length (duration) of subpressure waves and segments are
1.1-3.8 cm and 2-4 cm along the esophagus, respectively. In general, first and last
subpressure waves appear 0.5-3.2 cm and 10.5-14 cm of esophagus. However,
second and third subpressure waves appear between 4-5.8 cm and 7-9.2 cm on one
subject which has 4 subpressurewave, while second subpressure wave appear
between 4-9 cm on other subjects. Consider, total length of esophagus is
approximately 21-22 cm. Our manometric data covers first 15 cm. We do not have
data for other part of esophagus. Investigators are reported existing of contraction

waves in the LES region.

According to results of this study, appearance of subpressure waves and segments are
well organized along the esophagus. They do not occur randomly. Furthermore,
subpressure waves and segments appear approximately in the same place in the

esophagus for every swallowing of each subject.

Appearance of subpressure waves and segments in the same location along the
esophagus independent on types of swallowing (barium, water and dry) and bolus
volume. Althogh there is not bolus in dry swallowing, dry swallowing shows same
characteristics as bolus (barium and water) swallowing. Explanation of this situation

will be considered in discussion section.
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2.2.3 Pressure amplitude of subpressure waves and segments

Average pressure amplitude of subpressure waves and segments are determined by
applying statistical method on collected data. Average pressure distribution of 4
subjects along the esophagus is shown in figure 2.5. Solid and dashed lines represent
subpressure waves and segments, respectively. Error bars shows standard deviation.

To provide better comparison between cases, labels are kept same for all subjects in

the figure.

Average pressure is high in first subpressure waves of subjects A, B and C (110, 90
and 100 mmHg respectively). But first subpressure wave of subject D is lower (55
mmHg). Last subpressure waves of subject A, B and C lower than first subpressure
waves, but this is opposite for subject D. Second subpressure waves of 4 subjects are
lower than last subpressure waves. Segment is basically low pressure region and its

average amplitude is between 30-50 mmHg.

We did not consider location and shape of bolus, because of we studied only
interpretation of manometric data in this chapter. However, pressure, which is talked
about here, corresponds bolus/no-bolus transition point, bolus tail region and
contractile zone behind the bolus tail. This pressure is produced behind the bolus tail
by muscle contraction. Although dry swallowing does not have bolus, pressure is still

produced in the esophagus.
2.2.4 Spatial and temporal duration of subpressure waves and segments

Spatial and temporal duration of subpressure waves are shown in figure 2.6. Ax and
At are corresponding of spatial and temporal duration, respectively. Spatial duration
of subpressure waves are between 2.5-3.5 cm and temporal duration is between 2-3 s
in the esophagus. The number of swallows used for average is given in the bracket
and error bars show the standard deviation. 1, 2, 3 and 4 represent subpressure waves

in order.
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Spatial and temporal duration of segment are shown in figure 2.7. Ax and At are
corresponding of spatial and temporal duration, respectively. Spatial duration of
segments is between 2-3 cm and temporal durations are between 0.5-0.8 s in the
esophagus. The number of swallows used for average is given in the bracket and
error bars show the standard deviation. 1, 2, 3 and 4 represent subpressure waves in

order.
2.2.5 Wave speeds

Average primary and subpressure wave speeds are calculated for all swallowing of
each subject and shown in figure 2.8. Primary wave speed is between 2-3 cm/s. And

subressure wave speed is between 1-2 cm/s. Error bars show + standard deviation.

Pressure distribution of a single swallowing along the esophagus and subpressure
waves of this swallowing are shown together on a contour plot in figure 2.9. Contour
plot shows pressure distribution from beginning to end of a swallowing along the
esophagus. In this figure, dashed line, solid lines and dotted line corresponding of
primary wave, subpressure waves and linearized form of primary and subpressure

waves, respectively.
2.2.6 Pressure trough

Dodds [15] has obtained a pressure through at the level of aortic arch during
peristalsis. Clouse et al. [11] has confirmed in their studies, and additionally they
have reported existence of second pressure through in the distal esophagus. Findings
of our analysis confirm their results. On the other word, we found two pressure
troughs along the esophagus on each swallowing of 4 subject. Location of pressure
trough does not change swallow to swallow on each subject. Pressure troughs appear
approximately same at location in the esophagus for all swallowing of a subject.
Pressure troughs are independent on sort of swallowing (barium, water and dry) and

bolus volume. Figure 2.10 shows location of pressure trough of 4 subject.
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2.3 Discussion

Interpretation of intraluminal manometric data alone in human esophagus during
swallowing is the purpose for understanding features of esophagus and phase of
swallowing without radiographic images. However, analysis of in vivo data is
difficult for several reasons including noisy data and uncertainty in material
parameter. To confidently draw conclusions concerning the physiology of peristaltic
transport from manometric data analysis it is necessary to understand behavior of the

esophageal parameters.

Conventional manometric analysis has relied on examination of the pressure
measurements over time at discreet sites within the esophagus. Although this
approach provides essential data concerning occlusive contraction events produced
by the muscle fibers (primary circular) at the site, the ability to infer a relationship of

these events to bolus movement is limited.

The intraluminal pressure wave propagates in the axial direction during esophageal
peristalsis. The wave covers approximately 74% of the esophageal length at one
time, and the front proceeds with two distinct periods of acceleration and
deceleration through the striated and smooth muscle regions of esophagus,
respectively. The wave characteristically has three sequential components; one in the
proximal, striated muscle region and two in the remainder of the esophageal body
[13]. We demonstrate the appearance of subpressure waves and segments during
esophageal peristalsis as they propagate in the axial direction. The subpressure waves
and segments are broad, covering as much as entire esophageal length in time. Firts
subpressure waves (first and second on subject A) appear in the proximal esopheal
(striated muscle) region, second and third subpressure waves (third and fourth on

subject A) appear in the distal esophageal (smooth muscle) region.



39

o -]
-] o o a
[+ a [ ] -]
o a s=cond o o
first wough o L
gough Q a o e
o o / o
\ a -] Q o
o a
a [ -] [+ o
o Q o a
< m =] ]
N -] o 3 @ -]
g_, (-4 ] 3. o [ ]
o o
a [ L] g ° a
[+] a o a
o -} ] a
[+] a
o ] o o
o a [+ ]
(-] -]
Q a o -
Q o o ]
a o
M L)
- ——
Ll o Lot ot L T o) NENEFENN TS FERNES S NS N AR
0 1 2 8 4 5 6 7 8 9 10 11 12 13 14 1§ 01 2 8 4 3 6 7 8 9 10 11 12 13 14 15
distance from first port (cm) distance from first pert @&m)
o ]
Q a o a
o a o a
c ] [ |
o o © &
-} o s
s o a
-] [} o 8
-] -] o )
9 o o a Q a
3 o o 3 o a
8 &
2 @ a 2 ° d
-] a -] a
o -] Q a
o a -] a
a a -] o
] -]
o ] ° -
o o o a
- a4 (-] W
SESINENE SN SE NS S ST N W L d o e B ot B atad bt it il
0 1 2 3 4 3 6 7 & 9 10 11 12 13 14 15 0 L 2 3 4 5 ¢ 72 8 9 10 11 12 11 14 15
distance from first port {cm) distance from first port {cm)

Figure 2.10. Pressure troughs along the esophagus. Circle and square represent first and second

pressure trough location, respectively.



40

An anatomic explanation for separation of the esophagus into several contraction
regions (subpressure waves, segments) is less easily available. Physiological studies
of esophageal peristalsis in the oppossum have shown both cholinergic and
noncholinergic intramural neurons are present in the distal esophagus, and both
likely participate in peristalsis. A gradient of influence by these neurons on smooth
muscle control is present so that cholinergic influence is greatest in the more
proximal segments of this region, and noncholinergic influence is greatest more
distally. A similar gradient may be present in humans, as atropine affects speed of
peristalsis, contraction amplitude, and contraction duration in the proximal segment
of the smooth muscle esophagus. At present it is unknown whether this gradient is
related to changing proportions of cholinergic and noncholinergic neurons or to a

gradient of neurotransmitters within the same nerve ternimals [11].

The existence of pressure trough at level of the aortic arc during peristalsis is
determined in the previous studies [12, 15]. Pressure trough separates proximal
esophageal contraction from the distal region. A second trough of less depth has
observed to divide the distal esophageal body into two esophageal contractions [11].
Our findings about pressure trough correlate previous studies. We observed pressure
troughs at aortic arch region and distal esophagus, too. Furthermore, our results show
that location of each pressure trough is approximately same on all swallowing of
each subject along the esophagus. Pressure trough at aortic arch region is deeper than
other. An anatomic explanation for the first pressure trough is generally accepted.
Esophageal circular muscle is entirely striated muscle for only the first 4% of
esophageal length. A mixture of striated and smooth muscle fibers is found over the
next third of esophagus, and the transition midpoint occurs at 4.7 +0.6 cm below
cricopharyngeus [37]. This transition corresponds almost precisely to the location of
the first trough in our subjects. A similar anatomic explanation for the second trough
is lacking. A plausible explanation is that two distinct contraction units are present in
the smooth muscle esophagus. These units may reflect transition from cholinergic to
noncholinergic neurons, as has been demonstrated in the opossum, or other
unrecognized neural variation in the control of peristalsis, as intimated by a gradient

in neuron density through this region [12].
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The pressure configuration in the subpressure wave and segment are mechanically
independent, yet only the latter is relevant to bolus transport [47, 5]. Nevertheless,
examining the entire contractile segment may provide information not directly
related to bolus movement that is useful in understanding motility and motor
disorder. For example, the analysis shows that subpressure waves and segments
approximately appear in the same location along the esophagus. Esophageal
contraction is realized as regional and these regions consist of subpressure waves and
segments along the esophagus. These contracting segments can be affected by
pharmacologic manipulation. Consequently, studying the contracting regions may
provide information concerning the physiologic basis for esophageal peristalsis.
Likewise, the contraction region may have contribution to symptoms (e.g. chest pain)

that is independent of bolus transport [13].

During esophageal peristaltic transport, esophageal manometric recording sites
record from two distinct pressure domains. First from within the intraluminal
esophageal bolus and then the pressure distribution from within the segment of
esophageal closure caused by the circular peristaltic contraction wave that seals the
esophageal lumen proximal to the bolus and pushes the bolus aborally toward the
stomach. Alterations in intrabolus pressure do not alter pressures within the
peristaltic closure segment and, conversely, the pressure wave within the closure
segment is not reflected into the esophageal bolus [46]. We focused only manometry,
therefore this study does not include bolus geometry. Although we surveyed all
pressure domains, because of subpressure waves and segments sit generally behind
the bolus tail, we observed second pressure domains, which is mentioned above.
Average pressure distribution of subpressure waves and segments for all subjects
along the esophagus are shown in figure 2.4. High pressure amplitude generally
exists 0-2.5 cm of esophagus. A modest decreasing follows along the esophagus and

again increases, but not as high as before.
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Spatial and temporal duration of subpressure waves and segments of all subject is
shown in figure 2.6 and 2.7. Subpressure waves occur in 2-3 s and 2.5-3.5 cm and
segments occur in 05-0.8 s and 2-3 cm along the esophagus. Segments are a

transition period between subpressure waves.

Primary and subpressure wave speeds are illustrated in figure 2.8. Primary wave
covers entire esophagus and subpressure wave covers its length. Velocity of
peristalsis has been measured with different methods. We applied least square

method to calculate both primary and subpressure wave speeds.

Dodds [15] has reported that the precise study conditions during manometry will
affect the pressure values obtained. For example, peristaltic amplitudes are partially
determined by manometric assembly diameter and swallowing modality.
Consequently, these conditions should always be specified and preferably
standardized. The incidence of a normal peristaltic sequence is significantly lower
following a dry swallow compared to wet swallow. Further, peristalsis associated
with a wet swallow is associated with greater peristaltic wave amplitude and slower
wave speed than peristalsis elicited by a dry swallow [15]. We analyzed wet (barium
and water) and dry swallowing in this study. Our findings show that there is not a
significant difference between peristaltic sequence of dry and wet swallowing. Dry
swallowing shows almost same characteristics as wet swallow. Subpressure waves

and segments exist in dry swallow without exception.

Primary and subpressure waves are shown on the contour plot (figure 2.9). This
figure gives detail information about pressure distribution along the esophagus,
primary wave and subpressure waves. In summary, esophageal peristalsis occurs as a
series of interconnected segmental contraction. The location of segmental regions
appear to be stereotyped to an individuals esophagus; there are subpressure waves
and segments along the esophagus and each subpressure wave and segment located
approximately same place for different swallowings within a subject. Segmental
contraction in the upper half of the esophagus appear to be of two types; (a) cover
the upper and lower contraction waves, (b) cover the transition zone. Subpressure

wave sits on side of transition zone (segment straddles the transition zone). This
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observation appears to be independent of muscle type, suggesting pre-programmed
neuromuscular control of peristalsis embedded either within the CNS or the enteric

nervous system within the esophageal wall.



CHAPTER 3. NUMERICAL MODEL

3.1 Introduction and Literature Review

Peristalsis is a mechanism for pumping fluid in a tube by means of a moving
contractile ring around the tube, which pushes the material onward. This analogous
to constricting a distensible tube with one’s fingers and moving the occlusion
forward along the tube. The peristaltic wave generated along the flexible walls of the
tube provides an efficient transport of fluids in living organism and in industrial
pumping. It is an inherent property of many syncytial smooth muscle tubes, since
stimulation at any point causes a contractile ring around the tube. Peristalsis
generates propulsive and mixing fluid movements. The peristaltic propulsive
movement is observed in the gastrointestinal tract, the transport of a food bolus
through the esophagus, the ureter and other ducts throughout the body. Peristalsis is a
mechanism used in blood pumps and is commercially applied in the transport of
materials which must be kept uncontaminated or which are corrosive and must be
separated from the pump machinery. Two interesting phenomena associated with
peristaltic flows are fluid trapping and material reflux. The former describes the
development and downstream transport of free eddies, called fluid boluses. The latter
refers to the net upstream convection of fluid particles against the traveling boundary
waves. From the fluid mechanics point of view, these phenomena demonstrate the

complexity, but also motivate the fundamental study of peristaltic flow [43].

Even though peristalsis is a well-known pumping phenomenon observed in
biological systems for many decades, the first attempt to study the fluid mechanics of
peristaltic transport by Latham [31]. Burns and Parkes [9] have developed a
mathematical model for homogeneous fluids in a channel idealized under the
assumption of inertia free motion due to an infinite train of peristalsis waves.

Peristaltic pumping assumed trains of periodic sinusoidal waves in infinitely long
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two-dimensional channels or axisymmetric tubes by Shapiro [50], Fung and Yih
[21], Yih and Fung [63], Shapiro, Jaffrin and Weinberg [51]. These models, which
were applied primarily to characterize the basic fluid mechanics of the pumping
process, turn out two classes. First, the model developed by Fung and Yih which is
restricted to small peristaltic wave amplitudes but has no restrictions on Reynolds
number. Second, the lubrication theory model introduced by Shapiro et al [51] in
which effects of fluid inertia and wall curvature are neglected but no restrictions are
placed on wave amplitude. The effect of inertia and streamline curvature on
peristaltic motion was investigated for a two dimensional channel by Jaffrin [27] and
for axisymmetric tubes by Manton [36]. The effect of the intensity of the Poiseuille
flow on the peristaltic motion was studied by Mittra and Prasad [38]. Liron [34]
examined the efficiency of peristaltic pumping. The lubrication theory model is
applicable globally in the limit of totally occluding peristaltic waves and is found to
be a reasonably accurate approximation of global pumping characteristics at a small
Reynolds number and wall curvature [27, 57, 58]. For many biological system,
especially for peristaltic transport through the esophagus and small bowels, the fluid
bolus is sufficiently viscous, and the peristaltic wavelength sufficiently long, to

justify application of the lubrication theory approximation [32].

The classical lubrication theory model of peristaltic pumping has been extended by
several authors to include effects of non-Newtonian fluids [52, 53, 4] and different
cross-sectional shapes [26, 45]. Studies of pressure within the ureter showed that the
pressure signature within the fluid bolus near the contraction region is very sensitive
to wall shape [35, 7]. Roos and Lykoudis [48] studied the effects of an inserted
catheter on the fluid mechanics of uretheral peristaltic transport. To explore the
effects of a mucous layer in the gastrointestinal tracts, Brasseur et al. [6] studied the
effects of a peripheral layer of different viscosity adjacent to the tube wall during
peristalsis. Numerical calculations [59, 8, 56, 57, 58] which have appeared in the
literature mainly as extensions to the two dimensional wall models, have been used
primarily to explore basic fluid mechanics issues rather than to describe a

physiological flow.
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The classical lubrication theory model of peristaltic transport has generalized to
allow for arbitrary wave shape, arbitrary wavenumber and finite tube length by Li
and Brasseur [32). They studied basic fluid mechanical issues of the non-stcady
effects associated with finite tube lengths and the inherent difference between single
and multiple wave transport, and the application of the generalized model to the
simulation and biological study of esophageal bolus transport. Pressure and shear
stress were also considered in addition to volume flow rate and pressure difference

between the end of the tube.

Besides these investigations, Rath [44] studied the interaction of the elastic wall and
the fluid. Rath was developed a theoretical model for peristaltic flow through circular
cylindrical tubes with elastic walls. The model was consisted of an elastic pipe
connecting with two fluids filled rigid vessels. The peristaltic motion has produced
by an external peristaltic pressure along the axis of tube. It has assumed that the
walls of the pipe are sufficiently thin, so that the circumferential stress has taken to
be constant over the wall thickness. It has assumed that the flow is laminar. The
nonlinear partial differential equations had been solved numerically. Carew and
Pedley [10] developed a model for coupled problem of wall deformation and fluid
flow for peristaltic pumping in ureter. The model has based on thin shell and
lubrication theories, and driven by a propagating wave of smooth muscle activation.
It made use of the available experimental data on the mechanical properties of
smooth muscle and accounted for the soft material between the muscle layer and
vessel lumen. The main input was the activation wave of muscular contraction.
Equations for the time-dependent problem in tubes of arbitrary length have derived
and applied to the particular case of periodic activation waves in an infinite tube.
Predictions on phase-lag in wall constriction with respect to peak activation wave,
lumen occlusion due to thickening lumen material with contracting smooth muscle,
and the general bolus shape have observed as in qualitative agreement. Some
modifications to the mechanical, elastic, and hydrodynamic properties of ureter that
has made peristalsis less efficient, due for example disease, were identified. In

particular, the flow rate-pressure rise relationship was linear for weak to moderate
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activation waves, but as the lumen was squeezed shut, it was seen to be nonlinear in

a way that was increase pumping efficiency [10].

Useful mathematical models of organ level muscle mechanics have been developed
for the cardiovascular system and limited portions of the gastrointestinal tract.
Several early investigators developed models to analyze average stresses within the
in vivo myocardium based on experimental measurement of pressure versus volume
and cineradiography in both human and animal studies. The first models used a thin
wall static force balance in simple geometries (the Laplace equation) but were
subsequently generalized to include thick wall approximations for spherical and
ellipsoidal cavities. Eventually, more sophisticated models using classical elasticity

theory and numerical methods emerged [40].

Previous investigators have estimated total muscle tension within the human
esophageal wall by combining the Laplace equation with in vivo measurements of
intraluminal pressure. Biancani et al. [2] measured maximum intraluminal pressure at
fixed axial locations during a swallow of luminal radius by using different size
manometric catheters. “Resting” luminal radius and wall thickness were estimated
from human cadavers and conservation of volume was used to estimate thickness in
the “deformed” state (i.e., as the collapsed esophageal lumen was stretched by
different sized catheters). They found that at each axial location, maximal
intraluminal pressure and wall tension increased with increasing catheter diameter.
Orvar et al. [41] measured esophageal pressure versus radius characteristics using an
impedance planimeter by distending the esophageal wall using a balloon filled to
known volume. The equilibrium intraluminal pressure was measured and used to

estimate circumferential wall tension and esophageal compliance.

In this chapter, lubrication theory and Laplace equation are combined, and a model is
developed between esophageal geometry and muscle tension. The Laplace equation
is often applied to relate wall tension to transmural pressure differences. This
equation is simplified for our model. Our first objective is to calculate pressure from
lubrication theory and tension from combined equation by applying numerical

method. Our second objective is to predict esophageal wall geometry from known
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pressure and tension, and we will explain its method and results in next chapter.
Once complete, however, we have a numerical system from which an algorithm can
be designed to predict esophageal wall geometry from manometric data obtained

from the esophagus during normal and abnormal transport of fluid boluses.

3.2 Lubrication Theory Approximations

We analyze the lubrication theory using well-known solution for an infinitely long
elastic walled tube whose walls are moving sinusoidally in the transverse direction,
creating peristaltic wave speed. Application of the lubrication theory approximations
to the non-steady problem requires that the flow dynamics be dominated by a single
peristalsis driven timescale and highly disparate single axial vs. radial lengthscales,
and that the flow be driven by frictional force. Consider the schematic illustration of
peristaltic transport in figure 3.1, which illustrates a single wave moving along a
finite tube. The lubrication theory approximation is applied to peristaltic transport
driven by arbitrarily shaped deformations of the tube wall with pressure boundary
conditions at the tube ends. Axisymmetric flow in a tube of circular cross-section is
assumed with a single-phase Newtonian incompressible fluid of uniform viscosity

4. The characteristic velocity of the incompressible peristaltic wave is ¢, the
wavelength of the peristaltic wave is A, the length of tube is L and minimum tube
radius, or “tube occlusion”, is &. The shape of the tube wall is given by H(x,¢).
Each material point on wall moves only radially with velocity &H(x,t)/ot. The

problem is formulated in the “laboratory frame”, whereby the observer is fixed

relative to the tube ends as peristaltic waves move past [32].
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Figure 3.1. A single contraction wave of peristaltic transport is illustrated. The fluid bolus is

transported from left to right by contraction waves along the tube. The contraction wave speed,
wavelength, tube length and tube occlusion are defined respectively as ¢, A, L and &. The fluid

viscosity and average bolus radius within one wavelength are £ and g, respectively.

To apply lubrication theory to general non-steady problem, the dominant axial scale
A is assumed to be large relative to the dominant radial scale, a, where a is taken to
be the average radius of the bolus. In peristaltically driven flows the appropriate
timescale is the wave period, 4/c, and k is a wave number and given by k=a/A.In
the general non-steady case, A, a and ¢ are average values over time.

Correspondingly, the only appropriate Reynolds number is given by
peal a
Re=—| — 3.1
( /1) (3.1)

To simplify the problem, the lubrication theory approximations of infinitesimally
small wall curvature (k — 0) and Reynolds number (Re — 0) are introduced. The

approximations assume that inertial effects are negligible and that the dominant axial

scale is much larger than the dominant radial scale.
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In this limit, we can write the equation of conservation of momentum in an

axisymmetric coordinate system moving with the wave shape at speed ¢ as follows:

Qfl:ﬁ_ai(ra_“) (3.2)
Ox ror\ oOr
P_por p=p(x) (3.3)
or
The continuity equation is given by
ia_("_v_) + ou _ 0 (3.4)

r or ox

where u and v are the axial and radial velocity components, respectively. Boundary

conditions are:

r=0——>iu—=0,v=0 (3.5
or
r=H—>u=O,v=Qf—I (3.6)
ot

The lubrication theory approximations lead to local Poiseuille flow at every cross-
section which communicates with its neighbouring sections through continuity. The
limits £k —> 0 and Re — 0 provide reasonably good global approximations even

when the curvature and the Reynolds number are finite but small [27, 57, 58].

Since the pressure is only function of x, equation (3.2) can be directly integrated

twice using the boundary conditions. We obtain the axial velocity field as follow:

1 op
Ea(ﬁ ~H?) 3.7)
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Radial velocity field is obtained as follow by substituting (3.7) into (3.4) and

integrating twice:

=1_[Hzf19a_a_’£(1,z _Lﬁzﬂ, (3.8)

Equation (3.7) gives the axial velocity of the fluid in the moving system in terms of
the local pressure gradient. Evaluating equation (3.8) at the wall produces a

relationship between the motion of the tube and the axial pressure gradient dp/dx :

3 2 2
H 6§7+H OH op _ OH (3.9)
16u 0x* 4u 0x ox Ot
Analytic solution of equation (3.9) has obtained for single and train wave in finite

length tube by Li and Brasseur [32].
3.3 Laplace Equation

Laplace equation (force balance) is applied across an esophageal cross-section to
relate intraluminal pressure, thoracic cavity pressure, tension in muscle wall, wall
geometry and wall thickness. Figure 3.2 illustrates a force balance across an

esophageal cross-section.
Force balance across the esophageal wall is

_Tr+P(R+1)
=

P

Substitute H instead of R into equation. For simplicity, we assumed P,=0 and

equation is decreased to:

P=—. (3.10)
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thoracic cavity pressure, Py

V\\ intraluminal
pressure, P

T T

Figure 3.2. A force balance across an esophageal cross-section. P, T, Py, R and t represent

intraluminal pressure, tension in muscle wall, thoracic cavity pressure, radius of tube and muscle

thickness, respectively.

From conservation of volume relationship between wall thickness and tube radius is
7(R+7) —7R? = constant

A, =7,R, is cross-section area of undeformed state of esophagus. Because of

—% <<1, equation (3.11) becomes as

Substitute H instead of R in the equation, then
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=20 (3.11)

By substituting equation (3.11) into equation (3.10), final form of force balance is

obtained as:

(3.12)

Here, T is essentially the average tension <7> (force/area) within the muscle.
Equation (3.12) shows that, for same H, increased muscle thickness produces higher

intraluminal pressure, and therefore, higher contractile force.
3.4 Combination of Lubrication Theory with Laplace Equation

Lubrication theory approximation gives a relationship between intraluminal pressure
and wall geometry. Our simplified Laplace equation gives a relationship between
intraluminal pressure, tension in wall, wall geometry and wall thickness. To obtain a
direct relationship between tension in wall and wall geometry, we combined equation

(3.9) with equation (3.12).
First derivative of equation (3.12) in x direction is

oP _ 4, OT 24,T oH

—_—= —-— . 3.13
& H*ox H' ox G.13)

Second derivative of equation (3.12) or first derivative of equation (3.13) in x

direction is

0'P _-24T 9°H 64,7 (g_ﬂ_)z 44, 8H 8T _ 4, &'T

= e S AT
& B o B \ax) B omax a0
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First and second derivatives of P according with x direction are obtained from
Laplace equation. By substituting equation (3.13) and (3.14) into equation (3.9),

relationship between tension and wall geometry in absence of pressure is obtained as

follow:

OH
T=uyu— 3.15
Py (3.15)

-4, OH . AHOT A (aHJ’
8 ox’ 16 ax’ 8H\ ox

There is not enough study in literature for interaction between flow in tube and tube
wall. In living organs, it is important to understand interaction between flow and wall
geometry mechanically and physiologically. Equation (3.15) provides interaction for
sinusoidal wall geometry. Tension can be calculated from known wall geometry.
Wall geometry can also be calculated from known tension. Numerical solution is

given in next sections.

In this section, the shape of the tube is sinusoidal, described by

H(x,)=¢+ 0.50{1 —cos 27{";“ D (3.16)

Here, a is the wave amplitude and & =2(a—¢). Li and Brasseur [Li&Brasseur93]

have considered integral numbers of train waves propagating with constant speed

through a tube of finite length with fixed equal pressure at the inlet and the outlet of

the tube. In our case, integral number is constant and % =1.

3.5 Numerical Solution

Equation (3.15) is solved numerically by using a finite-difference technique on the
peristaltic flow induced by an infinite train of sinusoidal waves in a axisymmetric
channel. Simple and appropriate oblique lattice coordinates are introduced and
equation (3.15) represented by the difference equation. For proper comparison with

analytic solution of equation (3.9) which is obtained by Li and Brasseur [32], the
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magnitudes of wave amplitude, wavelength and Reynolds number are chosen same

with their study.

Ax
D C
A 123 i-1 1 i+1 N-1N B

Figure 3.3. Calculating region and oblique coordinates, which are employed in the numerical analysis.

The flow induced by an infinite train of peristaltic waves is expected to be the same
as the periodic flow that appears at the central part of the finite calculating region,
where no influences of the boundary conditions at the leading and trailing end
section are found. We consider the finite region ABCD in the wave frames, as shown
in figure 3.3. The domain of AB is divided into smaller intervals separated by N
nodes with spacing Ax. At represents time intervals. Following finite difference

schemes are used to discrete derivative terms.

For first order derivative, second order forward difference method is applied in axial
direction.

oH H!, —H/,

1+

“ 3.17
ox 2Ax ( )

First order forward difference method is applied for time induced term.



56

0H H!"' - H!

- 3.18
ot At ( )

Higher order finite difference approximation is applied to second order derivatives to

obtain accurate solution.

T.,+16T’

i+2 i+l

o°T 1 : \ :
pw =sz—z(— ~ 30T + 16T/, ~TZ,) (3.19)
Substituting finite difference approximation of differential terms in equation (3.15),

finite difference scheme can be written as

- AD 2 HijTl‘ZZ + AO ) Hij]':'{l

192 4x 124x

Jo_pri )

i . H,{z—16H,’_,+15H,’—16H,{;,+H,’;2—@f’—g—“’—)} T/ (3.20)

96 Ax 3H)

4, o A y H g

+ TS — O _HIT/ =i 77i

]ZAXZ i “isl 192Ax2 i *i+2 ,l.l At

In the present calculations, the integral number of meshes are chosen asi =1, 2, 3,
..Nand j=1, 2, 3, ...... , M. From numerical results, it is ascertained that the
sensitivities of numerical solutions to the variations of N and M are always very
small. This fact indicates that the numerical results are independent of the local
Reynolds number of the mesh size. Therefore, the truncation error and the artificial
viscosity do not appear for this range of N and M. In the case of the calculation to be

compared with the Li and Brasseur’s results, and accuracy will be discussed later.

A linear equation system is obtained from equation (3.20). Simply, equation (3.20)

can be rewritten as

d'T!, +e/T!, + f'T! +g/T, +h/T], =w]. (3.21)

1 Ll
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Where, d, e, f, g and h represent coefficients and their values are as follow:
Ay
192407
J

el = 4, - H/
124x

I =

AO

— (HJ "Hzl-l))
" 964x° '

y] 1+
+ Hl+2 - 3H'}

1

! [H,J_ ,~16H!, +15H' ~16H,
N
24x*
Jeeth g
1924x
w; = _i_—'—.
P T H A

J

8i

We need boundary conditions to obtain tension, 7, from equation (3.20). Boundary
conditions are given in following section. The studies of Rath concentrated on the
relationship between intraluminal pressure and thin wall geometry. We relate wall
geometry directly with tension. Here, tension represent average tension as pointed
out before. All analyses of peristaltic transport are based on a model in which the
shape of the peristaltic wave is assumed. Physiologically, peristaltic contractions
arise from active tensile forces originating within the tube wall. Not all commonly
assumed sin-wave shapes are compatible with physiologically realizable contractile
forces. The commonly assumed sin-wave shape is associated with active
compression at the proximal end of the wave, but active extension at the distal end of
the wave; active extension can not occur in the physiological system. This issue was

discussed in Li and Brasseur [32] study.

Because of the peristaltic wave is periodic, boundary conditions are written as

follow:
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H!,=H;_ ,ati=1
T!,=Ty,ati=1
H! ,=Hj_  ati=1
T, =Ty, ati=1
H/,=Hj_  ati=2
T/, =T) , ati=2

HJ

i+2

=Hjati=N-1] (3.22)

Tj

i+2

=T/ ati=N-1

H/ =HJjati=N

T!, =T/ ati=N
H/,=H]ati=N
T!,=T/ ati=N

H/Y=H!at j=M

We introduced viscosity as u=I-—. A linear equation system is obtained from
m

equation (3.20) and solved using boundary conditions. N*N square coefficients
matrix appears from linear system and finding inverse of coefficients matrix, tension
T, is calculated directly. We can apply our numerical method to single wave and
train wave. Both of them give excellent solution. We can also solve non-integral

numbers of waves problem using this technique.

To compare our results with Li and Brasseur [32], we calculated pressure from

tension using Laplace equation.
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3.6 Analysis of Tension in the Muscle Wall

Numerical calculations are performed for an axisymmetric tube. The flow in the
region of finite tube obtained by the analysis in previous section involves the
periodic flow in the tube. Smooth muscle possesses passive elastic properties that
come into play only when the muscles react to a stimulus. When a muscle length
changes, the tension generated depends on both the length of the muscle fiber and its
speed of contraction and lengthening [10]. To quantitatively analyze the function of
an internal organ, one must understand its properties in both resting and active states.
In the case of the esophagus, where the bolus in the organ moves in response to the
contraction of the esophageal wall, a complete analysis of the peristalsis requires a
combination of fluid mechanics, solid mechanics and physiology of the contraction
of the esophagus. Yin and Fung [64] studied the passive and length-tension
properties of the dog ureter. For the length-tension relationship in active contraction,
Zupkas and Fung [65] have reported that the maximum level of active tension was
found to develop at a stretch level at which the resting tension exceeds the active

tension.

g/a and L/ are varied by altering the tube occlusion and the length of the tube
relative to the wave. Figure 3.4 shows tension variations at six specially chosen times
during one wave period with one waves existing in the tube (L/A = I). In this figure,
the solid lines are the tension distributions along the tubes and the dashed lines are
the corresponding wall shapes. In the calculation the initial location of the peristaltic
wave is chosen with the point of minimum radius positioned at the inlet of the tube.
All variables are dimensional. Note from figure 3.4 that within each peristaltic wave
there exist two peaks in the tension distribution with a gradual tension ramp in
between. The transition from a large negative peak to a large positive peak takes
place at the point of minimum radius within the contraction zones. To the right of

this point the tube wall is moving radially inward (8H/dr <0), creating a large

gradient in tension there.
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Figure 3.4. Tension distributions along the tube at six time instants in one wave period with one wave
in the tube (L/A = I). Here, (a) =0 s; (b) 0.4 5; (c) 0.8 5; (d) 1.2 5; (€) 1.6 5; (/) 2 5. The solid lines
are tension distributions along the tube, and dotted lines are the corresponding sinusoidal wall shapes.

In the calculation, £/a = 0.0523, Re=0.00457.
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In the esophagus, for example, this radially inward motion of the tube wall is
produced by the contraction of circular muscles within the esophageal wall. To the
left of the point of maximal occlusion the tube wall is moving radially outward
leading to a corresponding drop in tension. Note that at the point of maximal
occlusion the axial tension gradient is positive and the local instantaneous flow is to
the left. In all other regions of tube, however, the axially tension gradient is negative
and the local instantaneous flow is to the right — in the direction of the peristaltic
wave. When averaged over one wave period, the net effect is transport in the

direction of peristaltic wave motion.

It is typical for highly occluded peristaltic pumps to have large tension gradient near
the points of maximal occlusion, but a relatively small tension gradient within the
main body of the peristaltic wave. Less highly occluded pumps show a similar
tension distribution but lower peak tensions, lower tension gradients in the
contraction zones, and a larger tension gradient within the main body of the
peristaltic wave relative to that within the contraction zone. Figure 3.5 shows the

time-varying tension distribution for a larger &/aof peristaltic wave in the tube,

where all other variables are the same as in figure 3.4 except €. Note that the spatial
and temporal distributions of tension magnitudes in these two cases are different.

Larger ¢ causes significant decrease on tension magnitude.

Although the mechanical and pharmacological properties of the different organs do
differ [1, 20, 22], some features found in esophagus can be observed in other smooth
muscle organs. Hellstrand [24] has reported that in quick releases of portal vein
segment, a peak plateau of velocity of contraction was observed late in the rising
portion of the contraction cycle. An explanation of this phenomena in a framework
such as Huxley’s sliding element theory is lacking as the mechanics of contraction is
smooth muscle is not clearly understood. A lack of understanding of the mechanisms
for contraction in the esophagus does not forbid defining the organ function from

interpreting in vivo observations in terms of in vitro experiments, or vice versa [65].
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Figure 3.5. As figure 3.4 but different €. Here, (a) =0s; (0) 0.4 5; (¢) 0.8 s; (d) 1.25; () 1.6 5;(f) 2 s.

The solid lines are tension distributions along the tube, and dotted lines are the corresponding

sinusoidal wall shapes. In the calculation, e/ a=0.523, Re=0.00457.
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3.7 Comparisons of Numerical Solution with Analytical Solution

In human body, propagating contraction waves often transport single boluses of
physiological fluid from one place to another. We explore here the basic fluid
dynamics of single wave peristaltic transport in tubes of finite length. In previous
section, we calculated tension directly from the known bolus shape. Li and Brasseur
[32] have obtained the pressure from the analytical solution of equation (3.9). For

comparison, we calculated pressure distribution using Laplace equation.

In figure 3.6, the pressure distributions from the analytic and numerical method are
plotted along the x direction. In figure, solid lines show pressure distributions of our
numerical solution. Dashed lines represent pressure distributions of analytic solution
(reproduced from Li and Brasseur [32]). Dotted lines are the corresponding
sinusoidal wall shapes. In calculation, L/A =1 and &/a =0.0523. Note from figure
that pressure distributions along the tube are similar tension distributions as in figure
3.4. Tube characteristics are exactly same in figure 3.6 with figure 3.4. But, we can
see easily from the comparison two figures, locations of peak pressures are different

than locations of peak tensions. Because of the low &/a, pressure gradients are large

near the points of maximum occlusion.

Results from numerical solution have excellent match with analytic solution as seen
in figure 3.6. There are only very little difference in the some part of the pressure
gradients. This difference in the pressure does not change with time. The peak
pressure locations are not at the beginning and end of the tube (figure 3.6 (a)). The
pressure at these point and center of tube are zero. So first half of the tube have
positive pressure gradients and other half have negative pressure gradients. We
applied periodic boundary conditions in numerical method. Li and Brasseur [32] has
kept pressure zero at the beginning and end of tube. And they have obtained
fluctuations on the pressure gradients. We obtained perfectly periodic pressure

gradients in our solutions.
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Figure 3.6. Comparison the pressures between the analytic and numerical solutions. Here, (a) =0 s;
(b)0.45;(c) 0.8 s; (d) 1.2 5; (€) 1.6 5; (f) 2 5. The solid lines are pressure distributions from numerical

solution, dashed lines are pressure distributions from analytic solution of [32], and dotted lines are the

corresponding sinusoidal wall shapes. In the calculation, £/a = 0.0523, Re=0.00457.



65

pressure (mmHg)

pressure (mmHg)

pressure (mmHg)

Figure 3.7. Same as figure 3.6, but different 8/ a . Here, (a) =0s; (b) 0.4 5;(c)0.8s;(d) 1.25;(e) 1.6

s; () 2 s. The solid lines are pressure distributions from numerical solution, dashed lines are pressure

distributions from analytic solution of [32], and dotted lines are the corresponding sinusoidal wall

shapes. In the calculation, 8/ a=0.103, Re=0.00473.
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Figure 3.7 shows pressure distributions along the tube for different £/a. Pressure
gradients change with tube occlusion as tension gradients, which is mentioned
before. The little difference at pressure distributions along the tube between

analytical and numerical solution still exists as seen in figure.
3.8 Effect of the Tube Occlusion on the Pressure Field

The limit of complete occlusion, where no bolus fluid is leaked, is of interest in
esophageal transport. In this limit, it is of interest to determine the variations in
pressure. The maximum pressure, P, is plotted against £ in figure 3.8. P
becomes infinitely large as £ — 0. This singularity in pressure is felt to be associated

with the small slope approximation.

It is clear when the tube is totally occluded, as in figure 3.9a all fluid is trapped
between the occluded points and moves to the right with the peristaltic wave.
However, with partial occlusion (larger tube occlusion, € as in figure 3.9b), some of
the fluid within a wave can be expected to leak backward through the contracted
region into the proximal wave. This is fluid left behind and is analogous to bolus
fluid left behind an esophageal contraction wave. This situation causes bolus
retention in the esophagus. Figure 1.5 shows concurrent manometric and
videofluoroscopic data, in which the peristaltic stripping wave fails to progress after
radiographically normal progression to the distal esophagus. The radiographic
images indicate that most of the bolus fluid is retained in the distal esophagus after
the contraction wave fails. The manometric pressure signatures indicate that the
initial esophageal stripping action is associated with feeble peristaltic contraction.
The contraction wave appears to increase in strength beyond the aortic arch before
weakening and coming to rest as the LES opens, exposing the bolus to the higher,
gastric, pressure and causing a simultaneous rise in intrabolus pressure at the distal
three manometric ports. Because active contractile forces at the bolus tail have
weakened considerably as the LES opens, when intrabolus pressure rises to
sufficiently high values, the contraction wave fails completely and high intrabolus
pressure forces the bolus fluid retrograde. When the LES closes, most of the original

bolus fluid remains within the esophagus.
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Figure 3.8. Maximum pressure in the flow domain (in the occlusion region) from numerical model as
a function of the tube occlusion. As & — 0, the pressure in the occlusion region increases without

bound.
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Figure 3.9. An infinite series of periodic sine waves, produced by the lateral motions of the wall. (a)
The totally occluded tube transports the trapped fluid within the peristaltic wave. (b) Incomplete

occlusion allows some fluid to leak proximally into trailing waves.
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The extent to which fluid is lost from a peristaltic wave is expected to depend not
only on the degree to which occlusion is incomplete but also on the difference in

pressure between one wave and the next and on the viscosity of fluid. If the bolus
pressure greater P, is greater than the proximal pressure P, for example, more bolus

fluid will likely be forced into the proximal wave than if the pressures were the same.

Figure 3.10. Fluid motions with incomplete occlusion. The observer is moving to the right with the
traveling peristaltic waves. A region of fluid trapped relative to the moving wave is shown,

surrounded by fluid that leaks proximally into the trailing wave.



70

The numerical model corroborates this line of reasoning. Figure 3.10 illustrates the
fluid motions that occur with incomplete occlusion, depicted as if the observer were
moving to the right along with the peristaltic wave. In this frame of reference the
tube wall does not change in shape, in contrast with figure 3.9 where the peristaltic
wave moves to the right past the observer. The fluid motions are therefore observed
relative to the moving wave. What is calculated from the model is a central
recirculating bolus in which the fluid is trapped and moves along with the peristaltic
wave. Outside this trapped bolus, however, the fluid moves around and leaks into the

proximal wave.
3.8.1 Effects of the number of grid points of the tube length

Calculations are obtained for different grid size along the tube length from both our
numerical model and analytic solution of lubrication theory approximation. We

calculated error between two solutions using following equation:

error = \/——————Z(P’“;}—)zp”"”' y . (3.23)
Pus, Pum represent pressure from lubrication theory approximation and numerical
model, respectively. Figure 3.11 shows error between two calculations. Expectation
is that lower grid size gives more error than higher grid size. But calculations do not
agree with expectation, and error shows interesting behavior. As seen in the figure,
error is around 0.2 for grid sizes 100 and 200. It increases to 0.4 for grid size 300,
and decreases 0.2 for grid size 400 and 500. And for grid size 600 and 700, error

increases 0.65 and 0.8, respectively.

These calculations are performed for wavelength 6 cm, tube occlusion 0.01 cm,

Reynolds number 0.00457.
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Figure 3.11. Error is plotted as a function of grid size. For same grid size pressure is calculated from

our numerical method and analytic solution of lubrication theory approximation.
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3.9 Peristaltic Pumping Performance

In the analysis of peristaltic transport as a mechanical pump, pumping performance is
measured as the average pumping flow rate for given pressure head against which the

pump operates. The relationship between the pressure difference AP = P, — F, and

the flow rate averaged over one wave period, Q, is linear in the infinite tube

lubrication theory model [51], but nonlinear when a Newtonian peripheral layer

exists adjacent to the tube wall [6]. In the finite tube homogenous lubrication theory

model, the relationship AP and Q is given below. When an integral number of

waves exists in the tube, the pumping performance is that of the infinite tube model.

The trajectories of fluid particles are obtained by carefully integrating particle
velocity in time using second-order quadrature. Local wall shear stress at r = H is

given as

oU 1P
not)=—==c—H (3.24)

How volume flow rate, O(x,), depends on the characteristics of the peristaltic
pump. For a periodic train of peristaltic waves moving at a constant speed, flow rate

is given by

i 10pP
Olx,t)=2 (Urdr = ——=—H"*. (3.25)
Jordr =%

Pumping performance is characterized by the relationship between a time-averaged

volume flow rate,
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hh+l

=[Oy,

I

0

and the pressure difference between the ends of the tube. With periodic train wave

peristaltic pumps, the average volume flow rate Q is defined over a single wave

period, ¢, =1. In this case, the average volume flow rate O is independent of ¢, and

x. With single wave transport, however, the average is taken over the time that the

wave travels the length of the tube, ¢, = %, and Q(x) depends on the position in the

tube there the average is taken. The relationship between Q and AP is obtained as

follow
Q=Qo[1——A—5], (3.26)

where

- 2 x

0, "TI - (3.27)

e fH"‘(s,t)ds

0
-1
1% d

AP, =80y — [ ! (3.28)

10 _[H"‘dx

Q, is the ‘maximal’ flow rate at x, the averaged flow rate when AP = 0. AP, is the
pressure difference required to maintain zero net flow rate at x.



74

In the infinite tube model Q is invariant with the axial position where the time

average is carried out. In the infinite model, the average volume flow rate Q is,
generally dependent on axial position x. However, if the peristaltic waves are
periodic in x(F(x,t)= H(x-1t)), the average volume flow rate may be shown to be

independent of x regardless of L/A.

3.10 Comparison of Single Peristaltic Waves with Train Waves

3.10.1 Particle trajectory and reflux

‘Reflux’ here refers to the presence of fluid particles that move, on average, in a
direction opposite to that of the peristaltic wave. The phenomenon was first
elucidated by Shapiro et al [51] where it was found, in the infinite tube model, that
particle reflux occurs under conditions of partial occlusion and adverse net pressure
difference across one wavelength. Brasseur et al [6] found that the existence of a
peripheral layer of fluid with different viscosity strongly influences the extent and
degree of particle reflux. Only periodic waves in infinitely long tubes were
considered in these studies. The effect of wave shape, non-integral numbers of
peristaltic waves in the tube, and the differences between single and train wave
peristaltic transport in the backward migration of fluid particles are studied in this

section.

The basic geometry of single wave peristaltic transport was illustrated in figure 3.1.
To study the effects of wave shape, the sinusoidal wave shape of (3.16) is compared
with the ‘tear-drop’ shape shown in figure 3.12, which is a more realistic model of
bolus geometry in the esophagus and other physiological systems. Particle
trajectories of the following four cases are compared in figure 3.13 when an adverse
pressure head is placed across the tube: (a) a single sinusoidal peristaltic wave, ()
train waves with sinusoidal shape and (c) train waves with a tear-drop shape, where
L/A =5 in all three cases; and (d) train waves with a sinusoidal shape but with a
non-integral number of waves in the tube. All other conditions — fluid volume per

wave, tube occlusion and length, wave speed, adverse pressure difference, fluid
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_ viscosity, and the initial positions of the fluid particles ~ are the same in the four
calculations. The single bolus case begins with the bolus centrally located in the tube.
In all cases the trajectories of eight fluid particles are calculated, where the particles
are initially placed on both sides of the peristaltic wave at the most highly occluded
point as shown in figure 3.13. The fluid particle trajectories are shown in figure 3.13
over three wave periods. Note that the radial scale has been highly stretched relative

to the axial scale in these figures to better observe the radial motions of the fluid

particles.

(8
—_—

L
\

LA

Figure 3.12. A single contraction wave which has ‘tear drop’ shape. Similar as in the figure 3.1, the
fluid bolus is transported from left to right against a pressure difference by peristaltic contraction

wave along the tube.
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Figure 3.13. Trajectories of fluid particles for different cases of peristaltic transport: (a) a single
sinusoidal wave (L/ A =15); (b) train of sinusoidal waves with integral L/ A=5; (¢c) train of
sinusoidal waves with non-integral L/A =4.76. In all calculations a non-dimensional adverse
pressure difference of 18.85 was applied across the tube. Initially the fluid particles are located at x =

12and 18 cm. &/a = 0.354 inall cases.
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Figure 3.13(b) is the classical case of periodic sinusoidal wave contractions in an
infinite tube with adverse pressure head. Whereas most of the fluid particles move,
on average, in the direction of the peristaltic wave, the fluid particles nearest to the
wall of the tube migrate in the opposite direction. Shapiro et al [51] found that the
thickness of the region near the wall in which reflux occurs, and the relative flow rate
in the reflux region, are strongly dependent on the degree of occlusion and the
magnitude of the adverse pressure difference across the end of the pump.
Comparison between figures 3.13(b) and 3.13(c) suggests that reflux is also strongly
affected by the shape of the peristalsis wave. None of the fluid particles in figure
3.13(b) with 3.13(d) indicates that only minimal differences exist between non-

integral and integral numbers of peristaltic waves in the tube.

The most interesting observation from figure 3.13 is in the comparison of particle
motions between the single peristaltic wave of figure 3.13(a), and the train waves of
figures 3.13(b) and 3.13(d). Whereas in figures 3.13(b) and 3.13(d) only the fluid
particles closest to the tube wall move in a direction opposite to the peristaltic wave,
in the single bolus case all fluid particles initially in the occlusion zone ultimately
move to positions to the left of their starting point during the time that the wave has
traveled through the tube outlet. It is found that, in general, significantly more fluid
particle reflux occurs with single waves than with corresponding train wave
peristaltic transport during the same time period, and that the distance over which the

refluxed particles migrate is much greater with single waves.

The observations above are further quantified in figure 3.14 where the trajectories of
451 particles, initially distributed over 41 uniformly spaced cross-sectional areas
within the tube, are shown. In each of these cross-sections 11 particles are evenly
spaced from the wall to the tube centre at the initial time. In the single wave case, the
peristaltic wave, initially located in the middle on the tube, passes the tube exit after
three wave periods. The locations of each fluid particle relative to its starting point
are recorded in all cases after three wave periods. Figure 3.14 shows the normalized

distributions of relative particle motion for the four cases on figure 3.13.
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Figure 3.14. Distributions of the distance that fluid particles travel relative to their initial positions for
the four cases of figure 3.13. The abscissa is the distance a particle has traveled, non-dimensionalized
with the wavelength, after the three wave periods. The distributions are normalized to unity. In all
cases, a non-dimensional adverse pressure difference of 18.85 was applied across the tube ends, and
the trajectories of 451 particles are calculated. At the initial time, the 451 particles are distributed at 41
uniformly spaced cross sections, in each of which 11 particles are evenly placed from the wall to

centre of the tube. The hatched bars correspond to refluxed particles. Single wave peristaltic transport

leads to substantially greater reflux than train wave peristaltic transport. £/a = 0.354 in all cases.
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It is immediately apparent from figure 3.14 that single wave peristaltic transport
(figure 3.14a) leads to substantially greater reflux than train wave peristaltic transport
(figure 3.14b). In fact, 77% of the fluid particles migrated to a position to the left of
where they started with single wave transport, whereas only 26% migrated to the left
with periodic sinusoidal peristaltic waves over three wave periods. Consistent with
the observations of figure 3.13, there is relatively little difference in the distributions
of fluid particles between integral and non-integral numbers of peristaltic waves in
the tube. On the other hand, tear-drop shaped peristaltic waves (figure 3.14c) are
considerably more effective in resisting particle reflux and enhancing forward
motion of fluid particles than sinusoidal peristaltic waves (figure 3.14b). Only 2% of
the 451 fluid particles moved in a retrograde direction with the tear-drop wave shape,

as compared with 26% with sinusoidal peristaltic waves.

It is interesting to note one fundamental difference between cases with integral and
non-integral numbers of peristaltic waves. We observed in discussing figure 3.13(b)
that particles near the wall tend to move against the peristaltic wave, whereas
particles near the centre of the tube move with the peristaltic wave. Between these
two regions lie fluid particles which do not move in either direction, but move
around closed loops. For example, the particles indicated with symbol O in figure
3.13(b) are following such closed paths. No closed paths exist, however, when a non-
integral number of waves occupy the tube. This is because the flow is inherently non-
steady when L/A is non-integral in all frames of reference, and periodic fluid motions
do not occur. However, the global differences between integral and non-integral
numbers of train waves are relatively minor, as observed by comparing 3.14(b) and

3.14(d).
3.10.2 Net loss of refluxed fluid from the tube inlet

In the classical train wave model, reflux can occur with an adverse pressure
difference across the tube. Consequently, net retrograde flow is caused by a pressure-
driven component induced by the net increase in pressure along the peristaltic pump.

Fluid continually leaves the tube inlet during single wave peristaltic transport.
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Figure 3.15. Pressure-volume flow rate characteristics of single wave peristaltic transport with

different relative tube occlusion &a and different tube-to-wave lengths L/A. The average volume flow

rate at the tube inlet Qinlet is plotted against pressure difference AP = P, — P, in groups for

different &a, where L/A is varied within each group from 3 to 2 in the direction indicated by the arrow.

A negative vakue of volume flow rate 0, implies fluid reflux from the tube inlet.
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To quantify the net loss of fluid from the tube in single bolus peristaltic transport, we
average the volume flow rate at the inlet of the tube over the time that the peristaltic

wave travels from the inlet to the outlet of the tube. In figure 3.15 the average flow

rate leaving the inlet, 0,,, <0, is plotted against a favourable pressure difference

between the outlet and inlet of the tube. Groups of curves with fixed &a but different
L/ are given, showing that the influence of L/A on flow rate is much weaker than the
influence of &/a. A number of interesting observations can be made from figure
3.15. Net fluid reflux takes place in the presence of a favourable pressure gradient.
Indeed, a favourable pressure gradient is required to prevent reflux from the inlet to
the tube. This circumstance is very different from the classical train wave model
where no reflux occurs unless an adverse pressure difference exists across the tube
ends. Note from figure 3.15 that loss of fluid from the inlet of the pump cannot be

prevented when AP =0.

Note that, as the level of occlusion increases, the magnitude of the favourable
pressure difference required to prevent reflux form occurring increases, although the

amount of the reflux at fixed AP eventually becomes small for small enough £/a.

An interesting observation from figure 3.15 is that, for fixed negative pressure

difference AP, the level of refluxed fluid does not diminish monotonically with

decreasing &/a. In figure 3.16 Q,,, is plotted against &/a for different fixed
pressure difference AP . Observe that, at fixed AP, a critical occlusion exist at
which the magnitude of refluxed fluid from the inlet to the tube is maximal. This
critical occlusion shifts to smaller &/a as the favoruable pressure difference
increases. Only as ¢/a approaches 0 (complete occlusion) or 1 (no peristalsis) does

reflux of fluid from the pump cease when AP =0.
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Figure 3.16. Average volume flow rate at the tube inlet Q imiee 85 @ function of tube occlusion &/a

for fixed favourable pressure difference AP . A negative value of volume flow rate Q,,, implies
fluid reflux at the inlet. At fixed AP a critical occlusion & exists at which the amount of refluxed

fluid from the inlet to the tube reaches a maximum. This critical occlusion shifts to smaller 6/ a as

the favourable pressure difference increases.
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Figure 3.17. Pressure-volume flow rate characteristics of single wave peristaltic transport with

different relative tube occlusions &/a and different tube-to-wave lengths L/ A . The average volume

flow rate at the tube outlet Qm,‘,, is plotted against pressure difference AP = P, — P, in groups for

different £/a, where L/ is varied within each group from 3 to 2 in the direction indicated by the

arrow.
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3.10.3 Pumping performance in single wave peristaltic transport

The pumping performance of single wave peristaltic transport is shown in figure

3.17, where AP is plotted against Q,,,, in different groups of fixed &/a, L/A is

varied between 2 and 3 within each group. Note that O, and Q,, are averages

over the period that the wave travels from the tube inlet to the tube outlet, and that

during this period the fluid volume in the tube changes.

Pumping performance with single waves is qualitatively similar to that with train

waves. With single waves, however, the ‘maximal’ flow rate Qo is slightly less than

with train waves, whereas the pressure difference required to maintain zero net flow
rate is significantly greater than with train-wave peristaltic transport. Note also that

pumping performance continuously increases with increasing L/A ; this is not the

case in the train-wave peristaltic transport.



CHAPTER 4. PREDICTION OF THE WALL GEOMETRY

We developed a numerical model in previous chapter, which gives us ability to
calculate muscle tension from known wall geometry. As mentioned earlier, two
different data can be recorded in the human esophagus; manometry and radiography.
Manometry provides information about pressure signature, however, radiography
provides information about bolus shape (wall geometry). There are lots of difficulties
to interpret esophageal functions by looking only one of the recorded data. Some
information may be obtained from each data alone, but it is also difficult to decide if
the interpreted data is true. The best method to obtain esophageal function is to

combine manometry and radiography.

Because of esophageal bolus transport is inherently mechanical in nature, basic
principles of mechanics underlie descriptions of the process by which a fluid bolus is
transported from the pharynx to the stomach. These principles may be used to
advantage in the analysis and characterization of esophageal function and esophageal
dysfunction. Li et al [33] have studied the relationship between muscle squeeze,
parameterized by axial variations in intraluminal pressure, and the deformation
characteristics of the esophageal wall. Because manometric data are obtained at fixed
spatial locations within the esophagus and videofluoroscopic data at fixed points in
time, they have sought a methodology with sufficient spatial and temporal resolution
to allow axial variations in pressure to be related in detail to axial variations in
luminal geometry. The methodology involves combining mathematical modeling
with biological data. The concept is to embed the essential dynamical principles
required to properly characterize esophageal bolus transport into a mathematical
model from which intraluminal geometry variations may be directly related to

intraluminal pressure variations.
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Figure 4.1 illustrates raw radiographic image and intraluminal pressure distribution
along the esophagus. Solid line represents intaluminal pressure distribution.

Horizontal dotted lines corresponding of bolus tail and pressure value at this point.

Dodds et al [14] radiographically recorded the motion of tantalum wires inserted into
feline esophageal longitudinal muscle in response to secondary peristalsis. Their
results are shown in figure 4.2. Upon bolus injection in the proximal esophagus,
markers first moved proximally as the bolus head passed over the marker, then
distally just before the arrival of the circular muscle contraction wave, passing
through their rest position near the time of peak intraluminal pressure. The marker
continued to move distally before returning proximally to its rest position well after

the passage of the tail.

Nicosia [40] has studied the estimation of active and passive components of human
esophageal muscle tension during swallowing. For this purpose, the geometry of the
deformed esophageal wall has computed to calculate stresses within the esophageal
wall. Because the esophagus undergoes large deformations during swallowing, this
calculation is non-trivial. Classical large deformation solutions exist for simple
geometries, such as straight walled circular cylinder, a model which was recently
extended by Humphrey and Yin [25] in a large deformation analysis of the heart. The
geometry was still specified as a straight walled circular circular cylinder but the
deformation included both radial variations in torsion and the influence of muscle
fibers. Nicosia [40] has employed a relaxed Kirchhoff-type hypothesis in which
normals to the undeformed reference surface remain on a straight line which is not
necessarily normal to the deformed reference surface. The angle, which the deformed
normal makes with the reference surface, has computed based on a balance of forces
at the inner wall. Nicosia has also studied the affect of elastic strains have on the
computed circular muscle tension. Although some of these elastic effects are
absorbed into the parameterization of passivle muscle elasticity, shear stress terms

arising through curvature changes still remain.
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4.1 Numerical Method

To calculate bolus geometry along the esophagus from known tension in the muscle
wall, we developed a fully explicit finite difference method based on numerical
model, which is developed in chapter 3. The model was an application of finite
difference scheme on the combined form of the lubrication theory approximations

and Laplace equation.

The method is restricted to sinusoidal peristaltic deformations of the tube wall. The
mathematics, however, can be applied more generally to arbitrary (but still periodic)
peristaltic wave shapes. Because the motions of the wall are related directly to the
tension within the fluid, the theory may be applied to study the relationship between
the deformations of the esophageal wall as recorded radiographically and the
intrabolus pressure as measured manometrically during bolus transport. Normal
esophageal peristalsis involves a single wave of active muscle contraction preceded
by a single wave of muscle relaxation. Because the theory requires periodic
peristaltic waves, the bolus shall be isolated within a single peristaltic wave, with

both extremities having the same degree of occlusion.

Finite difference schemes of first and second derivative terms were given in previous

chapter. Equation (3.20) is changed as follow

(4 A _
— 0 - '.I i{-Z +__A_0_2_H‘J ,i] +
192Ax 12Ax
. . . . . ‘ Iy f’ .
Hj" = H) +2L] Aoz H,.f_z—mH,f_,+15H,/—16H,1,+H,12—(H'+' Bi) lps s
4 | 96Ax 3H/
AO 2 il :-{-l - AO 2 Hrl :12
([12Ax 192Ax

(4.1)

~—~—
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First derivative of A according to time includes j+1, when its finite difference
scheme is written. We applied fully explicit finite difference method to calculate wall
geometry for next time step when the proper initial conditions (boundary conditions)

are given.
4.2 Results

Calculations are performed for different ¢/a. Bolus volume is calculated for every

time step. Following equation is applied to calculate bolus volume

V =nia®. 4.2)

In figures 4.3, 4.5, 4.7, 4.9 and 4.11, predicted wall geometries (bolus shapes) are
shown and compared with analytic wall geometries. However, figures 4.4, 4.6, 4.8,
4.10 and 4.12 show volume change and comparison with original bolus volume.
Because of time dependent solution is obtained in this section, small error at the
beginning increase in next time steps. Therefore, final error is sum of the errors

during calculation.

Convergence of the numerical solution to the analytic solution is very good at initial
time steps. While time increases, error gets larger. Therefore, convergence gets
worse a little. Figure 4.3 shows calculation for &/a=0.1, which is the largest
occlusion rate in this section. Larger occlusion rate presumably gives better solution

according with smaller occlusion rate. Qur results confirm this hypothesis.

Figure 4.4 shows volume as a function of time. Volume from the numerical
calculation should remain constant as dotted line. Because of the error in the
calculation, there is some fluctuation on volume. As seen in figure, volume almost
stays constant till t=0.3 s, then small fluctuation exists between t=0.3 — 0.6 s. After

t=0.6 s, there is large error on volume.
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Figure 4.3. Comparison of predicted bolus shape with analytic bolus shape for different time steps.

Solid and dotted lines represent predicted and analytic bolus shape, respectively. Here, 8/ a=0.1,

c=3cm/sand A =L =6 cm.
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Figure 4.4. Variation of bolus volume, which is obtained from calculations as seen in figure 4.3, is

shown in time. Dotted and solid lines represent calculated and analytic bolus volume.
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Figure 4.5. Similar to figure 4.3, comparison of predicted bolus shape with analytic bolus shape for

different time steps. Solid and dotted lines represent predicted and analytic bolus shape, respectively.

Here, s/a =0.08,¢c=3cm/sand A =L =6 cm.
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Figure 4.6. Similar to figure 4.4, variation of bolus volume, which is obtained from calculations as

seen in figure 4.5, is shown in time. Dotted and solid lines represent calculated and analytic bolus

volume.
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Figure 4.7. Similar to figure 4.3, comparison of predicted bolus shape with analytic bolus shape for

different time steps. Solid and dotted lines represent predicted and analytic bolus shape, respectively.

Here, €/a =0.06,c=3cm/sand A =L =6 cm.
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Figure 4.8. Similar to figure 4.4, variation of bolus volume, which is obtained from calculations as
seen in figure 4.7, is shown in time. Dotted and solid lines represent calculated and analytic bolus

volume.
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different time steps. Solid and dotted lines represent predicted and analytic bolus shape, respectively.

Here, £/a =0.04,c=3cm/sand A= L =6 cm.
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Figure 4.10. Similar to figure 4.4, variation of bolus volume, which is obtained from calculations as

seen in figure 4.9, is shown in time. Dotted and solid lines represent calculated and analytic bolus

volume.
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Figure 4.11. Similar to figure 4.3, comparison of predicted bolus shape with analytic bolus shape for

different time steps. Solid and dotted lines represent predicted and analytic bolus shape, respectively.

Here, £/a =0.02, c=3cm/sand A =L =6 cm.
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Figure 4.12. Similar to figure 4.4, variation of bolus volume, which is obtained from calculations as

seen in figure 4.11, is shown in time. Dotted and solid lines represent calculated and analytic bolus

volume.
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Effects of £/a on calculation and volume change are seen following figures.

Variation on the wall geometries for different calculations are similar each other, but

variation on the volumes are different from each other. The biggest difference appear

in £/a=0.04.



102

CHAPTER 5. CONCLUSIONS

Underlying this thesis is the application of basic mechanical principles to the analysis
of biological data in studying the physiology of human swallowing. Although
swallowing is seemingly simple process, there are complex interactions between
esophageal muscle, the nerves which signal them to contract and the resulting
esophageal deformations which occur to successfully transport a bolus to stomach.
We have utilized two different diagnostic modalities, which are used to study
esophageal motility in both clinical and research settings; concurrent manometry and

videofluoroscopy.

Temporal and spatial change of intraluminal pressure in the esophagus during normal
human swallowing were recorded using a catheter. Intraluminal pressure alone gives
some information about swallowing process. We analyzed intraluminal pressure to
interpret esophageal functions in the absence of radiography. We found from these
analyses that several sub-pressure waves and segments appear along the esophagus
during swallowing. Locations and lengths of each sub-pressure waves and segments
are almost same in the esophagus. Average magnitude of pressure along the each
sub-pressure wave and segment show similar behavior. Location of the pressure
trough is more-or-less same in the esophagus for different swallowing of each
subject. Our findings confirm existing existing of more than one pressure through
along the esophagus. We obtained 3 pressure troughs on a subject and 2 on other

subjects.

We developed a numerical model to combine fluid mechanics with solid mechanics.
Tension in the muscle wall of the esophagus can be calculated using this numerical
model. Lubrication theory approximation and Laplace equation are combined to

obtain the numerical model. The equation is solved using finite difference
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approximation. It is found that we are able to calculate tension in the muscle wall

from known wall geometry.

Prediction of the wall geometry from known tension is an important problem, which
we solved in this study. To predict wall geometry in the absence of radiography helps
us to interpret esophageal functions correctly. We applied a numerical method to

calculate wall geometry, and wall geometry is calculated successfully.

In summary, this thesis has studied the physiology of human swallowing through an
engineer’s eyes. Only through the true marriage of basic engineering principles with

physiology were these analyses possible.
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