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EPIGRAPH

The important thing is to not to stop questioning. Curiosity has its own reason for existence.
One cannot help but be in awe when he contemplates the mysteries of eternity, of life, of the
marvelous structure of reality. It is enough if one tries merely to comprehend a little of this

mystery each day.

— Albert Einstein, "Old Man's Advice to Youth: 'Never

Lose a Holy Cutiosity." LLIFE Magazine, 2 May 1955, pp. 64
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ABSTRACT OF THE DISSERTATION

ESOPHAGEAL BIOMECHANICS:
WORK, POWER, AND MODULUS USING
IMPEDANCE-MANOMETRY

by

Melissa M. Ledgerwood-Lee

Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2022
Professor Ravinder K. Mittal, Chair

Professor Robert L. Sah, Co-Chair

The esophagus is a vital gastrointestinal organ that transports food and liquid from
the mouth to the stomach. When its function is disrupted, swallowing issues can result,
which can lead to serious degradation in quality of life, malnutrition, and starvation if not
properly treated. The aim of this work was to examine the mechanical function of the

esophagus during swallowing in patients with clinically relevant dysphagia.
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Two steps were taken to achieve this: In Chapter 2, a new test was developed based
on standard clinical High Resolution Impedance Manometry (HRIM). A new swallow
testing material is introduced which allows for the electrical impedance signals to be used
to estimate the cross-sectional area (CSA) of the esophagus while material is traveling
through it. Then in Chapter 3, both the pressure and CSA information from the new
HRIM test is used to calculate the work, power, and elastic modulus of the esophagus
during a swallow. This investigation was performed on patients with dysphagia and two
groups without dysphagia (controls). In summary, it was found that the esophagi of the
patients with dysphagia generated a lower amount of work and power than the controls.
There also were differences in the elastic modulus, which were distinct per disease groups.
These results are reflective of the decreased esophageal motor function seen in patients

with dysphagia.

This work adds to our understanding of esophageal physiology and pathophysiology
by developing a mechanical model of the esophagus during primary peristalsis. Here the
esophagus is assessed as a cylinder using standard engineering metrics of Work (in units of

Joules) and Power (in units of Watts) during a swallow cycle.

These advancements could lead to sophisticated and complex models of the
esophagus, which could play an important part in esophageal diagnostics and targeted

therapeutics.

xvil



Chapter 1: Introduction

1.1 Esophageal Anatomy

The esophagus is a major organ in the gastrointestinal tract. It serves as the transport
passage for chewed food, drink, or other consumed items (called the bolus) between the mouth
and stomach (Fig. 1.1). It functions by peristalsis, a series of muscle relaxations and
contractions which propels the bolus along the esophagus (Fig. 1.2).

The esophagus as shown in Figure 1.3 is a long tube approximately 18—22cm in length,
connecting the oropharynx in the throat to the stomach. It is guarded by two sphincters: the
upper esophageal sphincter (UES) on the oral (proximal) side, and the lower esophageal
sphincter (LES) on the stomach (distal) end. These sphincters act as valves - remaining shut
with an active tone at rest, then relaxing to open and allowing contents go through, such as a
bolus or gas.

Within the esophagus there are two distinct regions, the proximal and distal. The
proximal refers to the striated skeletal muscle region making up one third of the esophagus on
the oral end. This is followed by a transition zone, which leads into the distal esophagus that is
the remaining two thirds of smooth muscle section. The proximal region produces a weaker
pressure contraction, while the distal smooth muscle produces a stronger pressure contraction.

There are two muscle layers in the esophagus, the inner circular and outer longitudinal,
with the names of each muscle layer referring to the orientation of the muscle fibers within.
The inner of the two layers is the circular muscle, which spirals around the esophagus from the
proximal to distal end. The longitudinal layer is oriented almost perpendicular to the circular,

traversing in the up/down or long axis of the esophagus from upper sphincter to lower



sphincter. The fibers of the circular and longitudinal muscles intertwine and continue into the
stomach muscle fibers at the distal end.

It also should be noted that one anatomical structure not considered in this thesis is the
mucosal layer. The mucosal tissue boarders the inner circular muscle layer from the esophageal

lumen, and is the structure that makes direct contact with the bolus as it passes.



The Esophagus

Large intestine

Figure 1.1: The Esophagus. The esophagus, framed in red dashed lines, is the anatomical
tube structure in the gastrointestinal (GI) tract that acts as the conduit for food bolus or other
materials ~ between  the  oropharynx  and  the  stomach.  Modified  from
https://www.cancer.gov/publications/dictionaries/cancer-terms/def/esophagus


https://www.cancer.gov/publications/dictionaries/cancer-terms/def/esophagus

Esophageal Peristalsis
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Figure 1.2: Esophageal peristalsis. The esophagus functions by peristalsis, which is a
sequence of relaxations and contractions that pass the bolus to the stomach. Reprinted from

Mittal RK, Am | Physiol Gastrintest Liver Physiol, 2016."



Esophagus Length: 18-22 cm long

1. Upper Esophageal
Sphincter

| 3. Proximal Esophagus H
5. Circular Muscle L

6. Longitudinal Muscle 4. Distal Esophagus

2. Lower
Esophageal
Sphincter/
Esophagogastric
Junction

Figure 1.3: Important anatomical features of the esophagus.

Items noted are 1. the upper esophageal sphincter, 2. lower esophageal sphincter, 3. proximal
striated muscle regions, 4. the distal skeletal muscle regions, 5. the inner circular muscle layer,
and 6. the outer longitudinal muscle layer. Modified reprint from Mashimo H, GI Motility
online, doi:10.1038/gimo3


https://www.nature.com/gimo/contents/pt1/fig_tab/gimo3_F1.html

1.1 a) Lower esophageal sphincter (LES)/Esophagogastric Junction (EGJ)

Lower Esophageal Sphincter (LES) /
Esophagogastric Junction (EGJ)

Phrenoesophageal
Ligament

Diaphragm

N\

— — / -
Squamocolumnar ) —J
Junction

Esophagogastric
Junction

Figure 1.4. Lower Esophageal Sphincter (LES)/ Esophagogastric Junction (EGJ). The
region of interest for EGJ obstruction-based dysphagia. The LES or EG]J is the sphincter that
joins the esophagus and the stomach. It remains tonically closed at rest and actively relaxes
during swallow to allow substance through. In patients with EG]J disorders, this region has an
elevated pressure during bolus passage, which is used as a diagnostic criterion based on High
Resolution Manometry. Reprint from Vaezi MF, Clinical Publishing Oxford, 2006.

The lower esophageal sphincter (LES) region (Fig 1.4) is the transition point from the
esophagus in the thoracic cavity to the stomach in the abdominal cavity. The LES sits within
the zone referred to as the esophagogastric junction (EG]J), which more generally refers to the
region not only including the LES, namely the diaphragm. When healthy, the EGJ remains

tonically closed at rest, then actively opens to allow contents through.



The diaphragm is an important contributor to EGJ health because boarders the LES
and aids in the valve function. When the diaphragm and LES are out of alignment, this results
in what is called a sliding hiatal hernia. Depending on the size of hernia, the LES and a small
section of the stomach will slip past the diaphragm into the thoracic cavity. This can lead to
weak and abnormal sphincter pressure. Lower pressures are taken to be a sign of an insufficient
EG]J and source of acid reflux; it is typically corrected by surgery.

The EGJ is an anatomical zone of high importance clinically because it is thought to be
the source of disease for some dysphagia patients, namely Achalasia and Esophagogastric

Junction Outflow Obstruction (EGJOO), which will be discussed later.

1.2 Physiology of Esophageal Peristalsis

Peristalsis was described in the intestine by Bayliss and Starling at the turn of the 19"
century from their observations in dog intestines.>” This “law of intestine” as they termed it,
contained both an initial inhibition phase followed by a contraction phase.

The skeletal and smooth muscles of the esophagus are controlled by the nucleus
ambiguous and dorso-motor nucleus of the vagus nerve respectively. The myenteric plexus,
which contains excitatory neurons (containing acetylcholine and substance P) and inhibitory
neurons (containing nitric oxide and vasoactive intestinal peptide), is located between the
circular and longitudinal muscle layers of the esophagus. These provide the local control
mechanisms.'

In the esophagus, each swallow actuates relaxation of upper and lower esophageal
sphincter together. Sequential esophageal relaxation (inhibition) is followed by sequential or

peristaltic contraction (excitation). Lin recognized 4 phases to swallowing *. Phase I (loading



phase): the bolus is propelled by oropharyngeal (pharyngeal pump) into the esophagus. Phase
IT (compartmentalization phase): the UES closes, and the peristaltic contraction wave initiates.
Phase III (esophageal emptying phase): the peristalsis contraction wave progresses the bolus
along the length of esophagus’. Phase IV (ampulla emptying phase): the bolus passes the EGJ
and empties into the stomach.

During Phase I1I esophageal emptying, the bolus is advanced through the esophagus by
peristalsis, a series of relaxations (inhibitions) and contractions (excitations). On ultrasound
images, the circular and longitudinal muscles are seen contracting in a synchronous pattern,
which allows for the liquid bolus to travel the esophagus in the shape of an “American Football”
with uniform intrabolus pressure.® The latter implies that similar to contraction, the distension
of esophagus also moves sequentially along the length of the esophagus.

Electrophysiology of peristalsis has reported hyperpolarization and depolarization of
the smooth muscle resting membrane potential, which are equivalent to the inhibition and
excitation phases of peristalsis, respectively.” ® The inhibition phase is the time of receptive

relaxation during which the contraction wave can propel bolus with minimal resistance.



1.2 a) Biomechanics of the Esophagus

Free-body Diagrams

S [T

() (b)

Figure 1.5: Cylindrical Tube Mechanical Model.
A pressurized cylindrical tube. (a) An infinitesimal element of the longitudinal and
circumferential cylindrical tube showing the radial directions. (b) A free-body diagram of half
of the tube cut parallel to the central axis. From Gregersen 1996°. B. Stress-strain diagram of
the esophagus which demonstrates a non-linear viscoelastic curve. From Ren 2021"
Mechanics is the study of the motion of matter and the forces that cause motion.
Biomechanics is mechanics applied to biology. When external forces are applied to a segment
of a biological organ, it deforms as it balances the forces. Stress is the force per unit cross-
sectional area. At any point in the body, the state of stress consists of three normal stresses and
six shear stresses. Normal stresses can be either compressive or tensile. Modeling the esophagus
as a tube, the normal stresses in cylindrical coordinates are in radial (1), circumferential (0), and

longitudinal (z) directions’ as depicted by a free-body diagram (Fig 1.5). When the esophagus

is stretched by internal fluid, the pressure of the fluid primarily distends the esophagus in the



radial direction, while the major stress in the esophagus wall being tensile in the circumferential
direction. Esophageal stresses in longitudinal direction (e.g., during peristaltic contractions)
and external stresses applied by tissues surrounding or attached to the wall of the esophagus are
assumed to be negligible.

During luminal pressure loading, equilibrium condition requires that the forces in the
esophageal wall are balanced with the force of the internal bolus pressure. This balance of

forces gives the average circumferential wall stress as:
o= 7 (1.1

where P is the pressure, r is the internal radius, and h is the wall thickness. Since wall thickness

information is not available in in-vivo experiments, we will use the wall tension'":
Tension = Pr (1.2)

Strain is a measure of deformation of a material and is expressed as the change in length

divided by the original length (Lagrangian strain, &). It may also be defined in terms of stretch

ratio, A, being the final length divided by initial and A = 1 + €. The stretch ratio can be useful
in the assessment of an incompressible materials because the product of the three principle
stretch ratios is equal to 1. Therefore, knowing the stretch ratios in two directions allows for
calculation of the third.

In contrast to stress, strain is dimensionless. A tensile stress on a material will lead to
elongation, or positive strain, while a compressive stress leads to shortening, or negative strain.
Like stress, strain is a tensor with corresponding components. For the wall of a cylinder, the
components are radial (r), circumferential (0), and longitudinal (z). There are also six additional

shear strains, three of which are independent.
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Figure 1.6: Stress-Strain Curve from Ex-Vivo Pig Esophagus.
Stress-strain diagram of the esophagus which demonstrates a non-linear viscoelastic curve.
From Ren 2021"

The relationship between stress and strain gives the elastic material properties. For a
linear Hookean material (Figure 1.6) this ratio is the Young’s modulus according to the
constitutive equation for a Hookean elastic material. However, in biological tissues including
the esophagus, the relationship between stress and strain is non-linear and often exponential-
like' *.  Physiological functions of soft tissues operate in the elastic region of the curve,
stretching and rebounding without permanent damage. Overstretching beyond the yield point
will result in plastic deformation, where the tissue can no longer return to its original state when

unstressed. Continued stretching will result in tissue fracture. Because of the non-linearity of
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the biological material curves, it can be convenient to compute an incremental elastic modulus
for small stresses superimposed on a prestress’, which is done in this thesis; the modulus of the
distension phase of the swallow is considered.

The esophageal tissue, like other biological tissues, is viscoelastic.'>'* The stress depends
on both the amount of strain, like in a solid, and the strain rate, like in a viscous fluid. In other
words, the response is time-dependent: the stress-strain response changes over time. If there is
a sudden constant strain applied to a material, the corresponding stresses in the wall decrease
with time. This phenomenon is called stress relaxation. Creep is the opposite, where a material
will continue to deform after a sudden constant stress is applied and maintained. If the stress-
strain curve presents a different trend on the loading path versus the unloading path, this
phenomenon is called hysteresis. The viscoelastic behaviors of biological tissues are sometimes
described by models (such as the Maxwell model) based on the idea of a series of strain and
strain rate material properties.'" "> !¢

The esophageal wall is like other biological tissues in that it has complex three-
dimensional structures which have material properties that depend on direction. This important
feature is called anisotropy and it implies that a set of material constants must be specified to
completely describe the mechanical behavior.'” These constitutive equations relate stress and
strain through such a set of material constants.

This thin-walled cylindrical tube model is most appropriate for the esophagus when it
is fully collapsed or fully expanded; that is when the esophageal geometry most resembles a

cylinder. For the intermediate points of a swallow, the esophagus may not have cylindrical

shape and may be better represented by a model for an ellipse.’
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To simplify this model, external forces around the esophagus are considered negligible.
That is, I assume the esophagus is allowed to deform freely without prevention or contribution
of its neighbors, which are the lungs and heart. The longitudinal stress is neglected, however it
should be noted that peristalsis is known to induce longitudinal shortening during muscle
contraction'. Additionally, anisotropy is ignored; the muscles are considered isotropic, that is
the material properties the same in every direction.

This biomechanical model is applied to HRIM data, which is the technology investigated
in this thesis and further explained in Section 1.5. With modification to HRIM, both the
pressure and radius information in the circumferential direction are attainable. From HRIM,
the muscle thickness (h) cannot be determined, therefore a stress-strain curve cannot be
formulated. However, by knowing the pressure and radius, we can apply LaPlace’s Law to
examine the tension in the wall of the esophagus during a swallow.

Here I present that the tension and area change information can be used to examine the
mechanical work performed by thelocal region of esophagus during a swallow (Fig
1.7). The local work is taken as integral of the tension-area curve, or the area under the curve

from the tension-area plot during the swallow cycle:

CSA,
Work = f T(CSA)dCSA (1.3)

CSA;

The rate of work performed overtime is the power of the swallow cycle:

Work
time

Power = (1.4)
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Figure 1.7: Tension-CSA Graph and Metrics.

The phases of peristalsis are presented: (A) First the esophagus is at rest. (B) Then the bolus
arrives, and the esophagus distends. (C) Finally, the muscle contraction arrives.

(C) Cross-
section of the esophagus as fully distended state with variables pressure (P), radius (r), wall
thickness (h), and stress (o) noted. (E) Example Tension-CSA graph. The work, power, and
modulus values are noted.
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Calculations like these have been performed using an alternative impedance manometry
technology called Functional Lumenal Imaging Probe (FLIP) technology, which is explained
more in section 1.6c."”*

This information may be insightful to our understanding of esophageal
pathophysiology; FLIP has demonstrated the work, power, and stiffness measurements to be
different between patients with esophageal conditions and healthy subjects. One study
demonstrated that patients with systemic sclerosis (SSc) have a stiffer tissue and reduced work
output™. A separate study demonstrated reduced work output in patients with SSc and achalasia,
suggesting it was because of fibrosis in the esophagus®.

Here the stiffness of the tissue is evaluated using a new modulus metric called the
Modulus of Distension. This is the slope of the graph in the distension section, which
represents when the bolus is entering, and the esophagus expands to its maximal point. As
mentioned before, these are the points when the cylindrical tube model best fits. These points
in the tension-area curve best represent the stress-strain material properties and the slope may
be similar to a classical stress-strain slope, representing the stiffness of the tissue.

Most studies using FLIP present a different metric of stiffness called the distensibility
index (DI), which is the cross-sectional area of the distended area over the pressure. These
studies have found that patients with a conditions called Esophagogastric Junction Outflow
Obstruction (EGJOO) present mixed DI results®, though patients with a low DI respond well

to traditional achalasia treatments™. Thus, FLIP may be useful in further evaluation of EGJOO

patients™.
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In this thesis, calculations of work, power, and modulus are presented through the utility
of modified HRIM technology. This assessment is performed in patients with esophageal
dysphagia to elucidate the mechanism of the disease. Application of these metrics to HRIM
adds to our understanding of the material properties and mechanical functionality of the

esophagus, and may be useful in assessing our understanding of pathophysiology.

1.3 Esophageal Pathophysiology

When this peristaltic function is disrupted, swallowing issues including food impaction
and pain can ensue. Difficulty swallowing in general is referred to as dysphagia.”® Swallowing
and esophageal function play an important part of our daily lives; when it malfunctions, it can
have a serious implication on the quality of life and health. In a United States based survey in
2018, it was found that 1 in 6 adults have reported experiencing dysphagia, with only half secking
medical care for their symptoms.”” In a separate survey, it was found that dysphagia causes a
significant psychosocial burden with approximately 41% of dysphagia patients reporting anxiety
during mealtimes and 36% avoiding meals with others because of their condition.”®

In clinical GI practice, endoscopy and barium swallow fluoroscopy are the first exams
performed to investigate dysphagia of the esophagus. However, if an esophageal motility
disorder (EMD) is suspect, high-resolution manometry (HRM) is the gold standard for
diagnosis. HRM utilizes closely spaced pressure sensors to display colored topographical plots.
The vigor of esophageal contractions, latency of distal esophageal contraction and impaired

LES relaxation are key criteria used in the Chicago Classification of primary EMDs”.

Esophageal Motility Disorders (EMD)
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Major motility disorders are achalasia esophagus (types 1, 2 and 3), distal esophageal
spasm (DES), nutcracker (jackhammer) esophagus and esophagogastric junction outflow
obstruction (EGJOO). Hypo-contractile LES and hypo-contractile esophagus (ineffective
esophageal peristalsis) are examples of minor esophageal motility disorders. The classification
scheme of EMDs is not based on the histology; whether these disorders represent a spectrum
of the same or different diseases remains unknown. FLIP, a relatively new technique can also
diagnose EMDs at the time of upper endoscopy in a sedated patient, reducing catheter related
patient discomfort associated with HRM. FLIP measures distensibility (opening/compliance)

function of the LES and esophagus, and direction of peristalsis (antigrade or retrograde)™.

Gastroesophageal reflux disease

Reflux is a normal physiologic event in which gastric contents rise past the LES into the
esophagus. There are generally 3 mechanisms for reflux: transient LES relaxation (TLESR),
low LES pressure, and sliding hiatus hernia. TLESR is the major mechanism of belching and
reflux in healthy subjects and in patients with gastroesophageal reflux disease (GERD) without
hiatus hernia.”® TLESR is accompanied by longitudinal muscle contraction of the distal
esophagus and inhibition of the crural diaphragm®. Gastric distension is the predominant
stimulus of TLESR.

Esophageal peristalsis is important for the clearance of refluxate volume, reducing the
duration of esophageal exposure to gastric contents”. GERD patients have been reported as

33,34

having a high distensibility index (sphincter distensibility) and reduced work generation®.

Pathology of GERD involves reflux occurring when the distensibility of the EGJ increases.”””
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However, another study demonstrated controversies surrounding the usefulness of distensibility
measures in GERD patients.”

Abnormalities of esophageal peristalsis can result in prolonged exposure of the
esophagus to aggressive gastroduodenal contents, i.e., acid, pepsin, bile acids and trypsin.”
Following a reflux event, restoration of esophageal pH occurs through neutralization by saliva
and bicarbonate-rich secretions of esophageal submucosal glands. The upper esophageal
sphincter (UES) is the final bartier against reflux into the oropharynx and possible aspiration®’.
Esophageal exposure to gastroduodenal contents results in dilated intercellular spaces and
increased epithelial permeability to noxious agents, which leads to symptom generation by
activation of subepithelial nerve endings*'.

Obesity is a major risk factor of GERD symptoms, erosive esophagitis, Barrett’s
esophagus, and esophageal adenocarcinoma®. The mechanism is increased gastric pressure
that results in more TLESRs". Central obesity, that being waist to hip ratio, is more important

than body mass index in association with GERD*.

1.4 Overview of the Clinical approaches

Diagnosis of esophageal pathologies aims to identify the nature and origin of the
disorder or problem. The clinical evaluation of dysphagia begins with a clinical history aiming
at differentiating between oropharyngeal and esophageal dysphagia. For esophageal dysphagia,
the clinical history may suggest mechanical or motor causes, although ultimately objective
testing is needed to make that assessment.*” The diagnostic tests performed vary, depending on
the suspected cause of dysphagia, access to equipment, and appropriateness for the patient’s

situation. A few of the common diagnostic technologies are upper endoscopy, barium swallow
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x-ray fluoroscopy, high resolution impedance manometry (HRIM), and functional luminal

imaging probe (FLIP).

Upper Endoscopy

The most common procedure ordered in GI practice is upper endoscopy using a light
and camera. While the patient is under anesthesia, a long tube catheter is passed from the mouth
into the esophagus, stomach, and duodenum. The investigator advances the camera into the
Gl tract to visually inspect for abnormalities and take anatomical measurements. Inspection by
upper endoscopy will provide information on anatomical abnormalities (such as hiatal hernia)
ot tissue abnormalities visible to the eye (tissue erosion or cancer). If there is an apparent tissue
abnormality, biopsy may be performed for further pathological investigation of the tissue.

Some of the conditions diagnosed by endoscopy include esophagitis, cancer,
eosinophilic esophagitis (EoE), and Batret’s esophagus. However, endoscopy is generally
normal in patients with motility disorders of the esophagus because nature of abnormality is
functional and not apparent on visible inspection. If motility disorder is suspected, endoscopy

is complemented with a different test to increase overall diagnostic sensitivity. ***

Barium Swallow X-ray Fluoroscopy

A timed barium swallow x-ray fluoroscopy test is an imaging study that uses barium
contrast agent and X-rays to create images of the GI tract during swallowing. A series of x-ray
images are taken during the progression of the barium contrast of different thicknesses through

the esophagus. It provides serial information about the progression of the bolus. The test is
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timed, and if the bolus is not cleared with in a set amount of time the result is considered
abnormal.”

From a timed barium swallow test, an investigator is able to identify anatomical
abnormalities and add confidence to the diagnosis of motility disorders such as achalasia
esophagus. However it should be noted that a timed bariums swallow test is not able to
differentiate Achalasia from the EGJOO.” Instead of liquid barium, if one uses a 12.5mm
diameter barium pill as the swallow bolus, it’s passage through the EGJ] may be delayed in

patients with EGJOO.

High-resolution impedance manometry

The gold-standard for diagnosis of esophageal motility disorders is high-resolution
manometry (HRM) or its successor high-resolution impedance-manometry (HRIM). The
HRIM includes both pressure and electrical impedance sensors. While the patient is awake,
following local anesthesia to nose and throat, the HRIM catheter is passed from the nose and a
test bolus is swallowed. Impedance tracks the bolus as it moves through the esophagus and is
used in evaluation of bolus clearance. The pressures are used to determine the strength of the
muscle contraction. Diagnostic standards have been set for HRIM by a consensus based
system, ie., the Chicago Classification (CC).”' The CC provides a standard terminology for

5

description of esophageal motility disorders,” establishing a standard diagnostic criteria for

esophageal motility disorders based on the HRM data.”’
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Functional Luminal Imaging Probe

Functional luminal imaging probe (FLIP) uses impedance technology to measure
esophageal luminal dimensions (cross-sectional area and diameter) and esophageal distensibility,
ie., the CSA/pressure relationship, in response to controlled, volumetric distension of the LES
and esophagus. The FLIP study is typically performed during sedated endoscopy. FLIP provides
simultaneous evaluation of the distal esophageal body and EGJ. Furthermore, FLIP displays
the esophageal diameter changes along a space-time axis with associated pressure. FLIP is used

to assess EGJ opening mechanics, esophageal body distensibility, and secondary peristalsis.*

1.5 High Resolution Impedance Manometry (HRIM)

Esophageal water perfused manometry was developed in the 1970s utilizing volume-
displacement pressure transducers with a multichannel water perfusion catheter, which is placed
into the luminal cavity of the esophagus. Pressurized water perfuses through individual catheter
channels to exit pores placed along the length of the catheter. When the water channels are
occluded (e.g. by the esophageal contraction during a swallow), the resistance to flow of water
increases and pressure builds in the channel. This pressure build up is read by a pressure
transducer located outside of the body on the equipment set-up. The data is read out as line
tracings. >

The intraluminal solid-state pressure transducers and topographical HRM plots that are
popular currently, were conceived in the early 1990s by Dr Ray Clouse.”> These advancements

are credited to having a major impact on clinical and research advancements within

esophagology.5 6
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Electrical impedance technology was developed to track the movement of a conductive
bolus as it moves past a pair of impedance electrodes.””™ In the eatly 2000’s, impedance and
high resolution manometry were merged in a single catheter (HRIM or HRMZ).” Though
manometry still stands as the gold standard for motility assessment, this combined information
has been particularly helpful in assessment of characteristics of bolus flow.

The technology used in this thesis is the Medtronic ManoScan™ High Resolution
Impedance Manometry System (Model A120) using a standard catheter used routinely in clinical
practice (Fig 1.8). This contains interdigitated pressure and impedance sensors along the length
of the catheter.

HRIM tracings from the simultaneous pressure and impedance readings are displayed
as overlaid color heatmap plots. The y-axis represents the sensors along the length of the
esophagus, with the UES and proximal esophagus at the top of the display, and LES and
stomach at the bottom of the y-axis. The x-axis represents the tracing through time. The tracing
reads from left to right with the oldest event on the left and the newest event on the right.

The pressure and impedance recordings are overlaid with different heatmap patterns.
The high-resolution manometry (HRM) represents pressures, in units of mmHg;, as a color scale.
Low pressures are blue, grading through green, yellow, red to black which represent the highest
pressures. The impedance tracing, in units of kOhms, are displayed as a pink color overlay.
The darker the pink color, the lower the impedance value.

In a normal swallow, a conductive bolus with a low impedance value will be traceable
from the top of the esophagus to the stomach by its pink color indicator. The colorful rainbow
peristaltic contraction pressures follow closely behind. The scale of colors displayed for both

technologies can be adjusted by the viewer.
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Figure 1.8: High Resolution Impedance Manometry. (A) Schematic of the HRIM catheter
noting the pressure and impedance sensors with labels in units of cm. (B) Photo of the catheter
highlight the pressure and impedance sensors. (C) The blue line represents the catheter inserted
from the from the nose, through the esophagus, with the tip placed in the stomach, allowing
for an assessment along the entire length of the esophagus. Modified figure from
https://sofmedica.com/wp-content/uploads/2017/03/5-000-946-manoscan-eso-brochure-
a4.pdf. (D) The data is displayed as overlaid color topograph plots, with the pressures as the
rainbow background indicating the strength and direction of the peristalsis. The impedance in
pink indicates the presence or passage of a conductive bolus.
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The tracings are prepared for review by applying a pressure drift compensation tool to
the data. The pressure sensor drift is a known issue with this system; it spuriously increases the
pressure reading with time and exposure to body heat. The system comes with a manufacture
provided thermal compensation tool. At the end of each study, the catheter is held in ambient
air outside of the patient’s body to record pressure drift. These ambient values are linearly

subtracted back throughout the study period.

1.6 BioIlmpedance Foundations and Implications

1.6 a) How electrical charges flow in the body, and its relationship to electrical potential

In the human body, ions in the biological fluids are the main current conductors. These
ionic fluids, particulatly rich in sodium and potassium, are present both inside and outside of
cells allowing current to flow throughout both intracellular and extracellular fluids. The
electrical charge movement within the living tissues is more like that of ions floating in seawater,
and less like electrical charge flow in wires. In wires, the charge carrying electrons move along
the metallic structure, not through the insulation into the surroundings of wire.”'

Structures that conduct electricity are commonly characterized in terms of their
resistance, or its reciprocal, conductance. Conductance is a parameter that characterizes the ease
of movement of electrical charge flowing through a conducting medium. The net rate of flow
of electric charge through a surface or into a control volume is the electric current. Resistance
measures the magnitude of voltage for a given flow across the element when passing the
electrical current, as expressed in Ohm’s law V = IR. For a cylindrically shaped rod with
uniform current flow across its cross-section, the resistance can be evaluated by dividing the

total voltage across the element by the cutrent, using R =V /L.
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Biological materials have resistive properties which are often reported as resistivity,
denoted by p, in units of Ohm-cm. In the case of an inhomogeneous material, which is
common in biological applications, p will vary with position, making it often more convenient
(and established practice) to use conductivity, denoted o, instead of resistivity. Conductivity is
simply the reciprocal of resistivity, i.e., 6 = 1/ p. The units of o are Siemens/cm. If the object
considered is cylindrical in geometry with uniform electric field and current density, then the
resistance of that particular material can be calculated as R = A/Lo, where A is the cross-
sectional area through which current is flowing, and L is the length through which current flows.

61

The equation for a spherical spreading resistance is:

1

k= dntoa (1.5)

Where o is the conductivity and a is the electrode radius (from where the current starts to
spread, out to infinity). For the spherical shell region from the electrode surface at radius re to

a radius 12, the spreading resistance becomes:

1

- 4rto(ry, —1,) (1.6)

Where 1, is the radius of the outer cylindrical shell and 7, is the radius of the electrode. The
electric field spreads out, decreasing in strength as it moves further away from the electrode.
This implies that the solution conductivity close to the electrode will have a greater effect than
the solution further away. Thus, if there are insulating interferents, such as air bubbles, those
close to the electrode will have a greater effect than the same volume of bubbles far away from

the electrode.
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1.6 b) How electric field lines are displayed
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Figure 1.9: HRIM Bolus with Electric Field Lines. (a) The HRIM catheter in the esophagus
at rest. (b) A conductive bolus is introduced in the proximal esophagus. The electric field lines
present the current flowing within the bolus from positive to negative impedance electrodes.
(c) As the bolus and peristaltic contraction progresses, the catheter continues to cycle through
taking pair-wise impedance readings from the top to bottom of the catheter in cycles. Note:
Average size of the esophagus at rest and during bolus passage are noted. These were taken
from ultrasound in healthy subjects.

Impedance is the opposition to the flow of AC current because of any three

components: resistive, inductive, or capacitive. Impedance is a combination of both resistance
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and reactance in a circuit. At low frequencies, less than 1-3 MHz, which is relevant to the
technology considered, the phase angle is considered insignificant, and the magnitude can be
presented as resistance R with little error.®>®

The schematic in Figure 1.9 presents the Medtronic Manoscan™ HRIM system with
a impedance-manometry HRMZ catheter used for this thesis. The catheter diameter is 4.2 mm.
There are 36 pressure sensors spaced lcm apart, and 19 impedance electrodes each 2mm in
length and spaced 2cm apart. This system operates an alternating current that is held at YuA
RMS and 1kHz frequency. The average voltage is measured on each sine wave every Ims and
divide that by the 9uA RMS to get the resistance. The voltage is operated at 2V plus or minus
1V.

The system measures the resistance between two electrodes at a time, cycling through
electrode pairs at a rate of 50Hz, i.e., reading one full set of catheter data (18 readings) every
20ms ot so. The resistance is measured between electrodes 1 and 2, then switches to electrodes
2 and 3, then 3 and 4 and so on. The impedance data value reported for channel 1 represents
the resistance between electrodes 1 and 2 (proximal/oral end of the catheter) while the 18" and
final reading is between electrodes 18 and 19 (distal/stomach end).

The electric field lines in Figure 1.5 present the current flowing from the positive (+) to
the negative (-) impedance electrodes. In this model, the bolus is seen as an “American football”
shape with the electric field lines contained within the bolus. This model does not present
potential current leakage into the surrounding esophageal tissue. Though there have been
reports of correcting for potential leakage® and mucosal baseline impedance values,”* the
effect of the current leakage on these types of impedance readings has not been reported, to

this authors knowledge.
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1.6 c) Relationship of the principles to the current methods HRIM and FLIP
HRIM

In current clinical practice, HRIM uses impedance as a way to trace a conductive bolus
through the esophagus, indicating the motility (movement) of the esophagus. When the bolus
contacts the catheter, it is indicated by a dramatic drop in impedance value. As the bolus
progresses down the catheter during a swallow, the low impedance values associated with the
bolus also progress, making the bolus traceable by its impedance values, from the top of the
esophagus until it is cleared into the stomach.

The first attempts to use impedance to characterize GI motility were performed using
external surface impedance electrodes around the abdomen to investigate the stomach® and
intestine”. Intraluminal esophageal impedance measurements were first reported by Fisher et
al. 1978 " measuring the effect of bolus size on swallow velocity. Then in the 1980’s and 90’s
several studies were performed by Silny, verifying that the impedance technique was able to
detect the bolus moment and promoted its popularity in GI technologies.”® "7

The bolus impedance pattern can be used as a diagnostic indicator of esophageal motility
and bolus clearance™. Additionally, HRIM can detect conductive gastroduodenal contents® in

their retrograde progression up the esophagus. Thus, HRIM can be used to identify and

characterize reflux events, which aides in identifying gastroesophageal reflux disease (GERD).

28



FLIP

30 B. C.
Ohm's Law
Impedance- Electrode
— 2 g ¥ Area |5 preq— . Lemgth
El manometry. W ~ Resistance * o
EL catheter\j
s o 3
s [ 20 3
= 3
RS g — Length (L)
[ 8 7
gf 3 Conductivity
E I 15 3 .
R , 3
g |
s [ 10 u,
2 )
°t / @ O
L € > >

23.7 mmH o3

Figure 1.10: Impedance Planimetry (Endoscopic Functional Lumen Imaging Probe,
EndoFLIP®) A. Traditional representation of the EndoFLIP of the EGJ with simulation of
the sphincteric region as a three-dimensional profile of estimated diameters indicated by changes
in color from blue (smaller diameter) to red (larger diameter). Oral direction is upward. Intrabag
pressure (mmHg) is indicated. B. Picture of the EndoFLIP catheter itself, showing the 8-cm
balloon with 16 electrodes positioned each 5 mm along the probe. C. EndoFLIP uses principles
of Ohm’s law to calculate the area of the esophagus. Combination of original and reprinted
figure from Desprez C, Neurogastroenterol Motil, 2020.”

Presented in Figure 1.10 is Functional Luminal Imaging Probe (FLIP), an alternative
impedance-manometry technology, quickly gaining popularity as an adjunct diagnostic test to
HRIM. While both HRIM and FLIP use impedance and pressure elements, the application of
these technologies is different. HRIM characterizes peristalsis and bolus clearance. On the other
hand, FLIP can characterize peristaltic patterns’, however, its primary utility clinically is to
characterize the tissue stiffness of the EGJ during balloon dilation.

FLIP takes origin from urodynamics. In 1971 Harris et al. used impedance sensors to
measure urine flow””. Colstrup added to the above by introducing a pressure sensor and a bag
around the collective catheter. ™" This bag is filled with saline and the electrical readings are

taken within bag, versus taking measurement of a moving stream. By adding a bag, the electrical
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signals are controlled and sufficiently noise-free to apply principles of Ohm’s law for a resistance

in a uniform cylinder conductor:

A= RLo (1.7)

Where A is the area of the cylinder, R is the resistance measured, L is the length between
the electrodes, and o is the electrical conductivity of the cylinder. The area is measured from
resistance The pressure and area information are the parameters used for biomechanical analysis
with the FLIP.

Using FLIP technology in the esophagus, Gregersen in 1988 presented the
biomechanical properties of the rabbit esophagus after portal vein banding and variceal
sclerotherapy.”®' In 1993, the biomechanical properties of the healthy human esophagus were
reported in terms of the circumferential wall tension and pressure elastic modulus as measures
for tissue stiffness. They reported that distension of the balloon elicits secondary peristalsis
which may corresponds to the smooth muscle’s ability to respond to stretch.*” The first patient
studies to use this technology were reported by Rao et al. in 1996, investigating patients with
functional chest pain. Their findings indicated that patients had a lower sensory threshold and
reduced esophageal compliance.”

The current popular technology is the EndoFLIP EF-322 catheter (Medtronic Inc,
Minneapolis, Minn, USA) which is 240cm in length and 3mm in diameter catheter with a 16cm
measuring zone. Note: different catheter sizes are available by the manufacturer. This catheter
measures 16-sequential CSAs, 1cm apart and one intraballoon pressure, simultaneously at a
10Hz sampling rate during volume-controlled distension of the balloon.*>* Typically, the FLIP
study is performed during endoscopy with conscious sedation and pressure referenced to

atmospheric pressure. The FLIP device is placed across the EG]J and inflated with saline (0.3%
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NaCl concentration) to different test volumes. Stepwise, volume-controlled distentions are
performed in 10 mL increments. Various procedural protocols have been published, and a
standardized testing algorithm has been recently proposed by an international consensus.”

In the EndoFLIP 2.0 software, the data are displayed as a topographic plot with a color
scale referencing the diameter values. A historical graph of the diameter allows for assessment
of diameter changes over time. The presentation of the diameter data in this fashion is
analogous to data presentation of pressures with HRM. Analysis based on FLIP topography,
relies on detection of distension-induced secondary peristalsis.*

The primary metric FLIP uses to characterize the EGJ stiffness is the Distensibility

Index (DI):

minimum CSA ( mm?)
DI = — (1.8)
median intraballoon pressure (mmHg)

The DI is the ratio of the minimal cross-sectional area (CSA, mm?) during contraction
and the median pressure in the bag (mmHg).”>**" The DI is considered to be an indicator of
tissue stiffness and several diagnostic thresholds have been established.*

Several studies have reported a characteristically low EGJ DI in untreated patients with
achalasia esophagus.**® FLIP’s DI metrics have started playing a role in surgical planning and
decision making.”””" GERD patients have been reported to have high distensibility index.””*

However, another study demonstrated controversies surrounding the usefulness of distensibility

measures in the GERD patients.38
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Figure 1.11: Tension-CSA Curve Generated using FLIP technology. The work output is
calculated as the area under the curve of the tension-CSA graph. Reprint from Liao D,
Neurogastroenterol Motil, 2013"

In research, additional biomechanical metrics have been explored. FLIP has been used
for evaluation of the mechanical work generated by the esophagus (Figure 1.11). For this
evaluation, the tension in the esophageal muscle is calculated as pressure times the radius, T=Pr
and is shown on the Y axis. The cross-sectional area (CSA) during the distension invoked
swallow is shown on the X axis, thus generating length-tension graph over time. The area inside
the curve represents the work performed by the esophagus during a contraction cycle."” "
FLIP investigations present an interesting way of viewing the esophagus in terms of its

mechanical properties. By enclosing the impedance-manometry in an electrically non-

conductive bag, the impedance signals are accurate enough to use for estimation of the size
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organ. The CSA and pressure information allows one to perform analyses of the biomechanical

properties of the esophagus, which were not possible before.

1.7 Ultrasound foundations and implications

1.7 a) Ultrasound Foundations

In physics the term “ultrasound” applies to all acoustic energy with a frequency above
human hearing (20,000 hertz or 20 kiloHertz). Typical diagnostic sonographic scanners operate
in the frequency range of 2 to 70 megaHertz, hundreds of times greater than the limit of human
hearing. Diagnostic ultrasound (sonography) uses ultrasound to visualize subcutaneous body
structures including tendons, muscles, joints, vessels and internal organs, for possible
determination of pathology or lesions. Sonography is primarily used for imaging soft tissues of
the body.

In the late 1800’s, Pierre and brother Jacques Curie reported that an electric potential
was produced when mechanical pressure was exerted on a quartz crystal. *”> When a mechanical
stress is applied to a piezoelectric material, deformation of the material decreases the spacing
between cations and anions producing a potential difference.”” The reciprocal behavior of
achieving a mechanical response to a voltage difference was mathematically deduced by
physicist Gabriel Lippman in 1881”7 and quickly verified by the Cutie brothers. The piezoelectric
crystal effect is one of the foundational principles of ultrasound.

Conventional ultrasound can trace its roots to military SONAR developed between
World War I and II by Floyd A. Firestone, as an alternative to RADAR for detecting submerged
vehicles.” Ultrasound was not considered a medical diagnostic technique until George Ludwig

demonstrated its utility in detecting hard objects in the body. At the Naval Medical Research
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Institute, Dr Ludwig, embedded hard gallstones in canine muscles to determine the feasibility
of detecting them ultrasonically.” '

Ludwig measured the speed of sound through arm, leg, and thigh muscles; reporting the
average value for speed of sound in soft tissue is c=1540 m/s, which is still the standard used
today. The sound speed, ¢, can be determined from ¢ = d/t. Where t, is the time taken by the
sound to pass through tissue of known thickness, d. The sound speeds were seen to be
remarkably similar, only varying by a few percent between most soft tissues.""

The remarkable consistency among sound speeds for human soft tissues enables the
estimation of tissue depths, d, from their round trip (pulse—echo) time delays, t,;, and an
average speed of sound, ¢, from d = ct,;/2. Ludwig also measured the characteristic acoustic
impedances of tissues. He found that the soft tissues and organs of the body have similar
impedances because of their similar high-water content. The characteristic acoustic impedance,

Z, is defined as the product of density, p, and the speed of sound, ¢, or Z = pc. The amplitude

reflection factor of acoustic plane waves normally incident at an interface between two tissues

Z2=Z1 42
Zy+Zy

of impedances Z; and Z, can be determined from the relation, RF =

Diagnostic medical ultrasound has matured into becoming the primary diagnostic
method for identifying the size, location, and pathology of muscles, tendons, and most internal
organs. The ultrasound echoes, resulting from reflections and scattering, are used to
differentiate tissues and objects in the body. These early findings triggered enormous interest in

diagnosis, which became the most important reason for the application of ultrasound to

medicine.

1.7 b) Ultrasound Gels
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In the 1950’s, Dr D.H. Howry and his group presented highly detailed pulse—echo
tomographic images of cross-sections of the body correlated well with known anatomical

featuresl()S, 104

. They demonstrated that ultrasound could show soft tissue structures that could
not be obtained with the X-ray images. Howry transformed part of a World War II B-29
bomber gun turret into a water tank body imager. The subject was immersed in the water and
the transducer revolved around the subject on the turret ring gear."” The 1950s were a period
of active experimentation with both imaging methods and ways of making contact with the
body. Many versions of water-bath scanners were used.

Dr John J. Wild and John M. Reid, made one of the earliest handheld contact scanners.
It consisted of a transducer enclosed in a water column and sealed by a condom. Oils and
eventually gels were applied to the ends of transducers to achieve adequate coupling to the body.
106

With the introduction of the handheld scanner, there was quick recognition that an
adequate signal transmission fluid was needed.'” The transmission medium between the
transducer and patient allows for improved propagation of sound waves from the transducer
into the body to the target anatomic structure. Ultrasound waves are not able to transfer
through air because of its low acoustic impedance. Without such a contact medium, a large
fraction of the ultrasound energy is reflected from the surface of the transducer an imaging is
currently not possible.'”

Acoustic impedance describes how reflections occur at interfaces, large compared to

wavelength of sound, between two mediums of different acoustic impedance. The reflection

factor (RF) is the ratio of acoustic impedances of two mediums. The greater the difference in
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acoustic impedance between the two media, the greater the reflection. Ultrasound energy is lost
in tissue due also to absorption and scattering processes.

Air with its high acoustic impedance prevents ultrasound wave propagation, and is
usually avoided in ultrasound studies. Small air bubbles in the transmission fluid act as tiny
scatterers, causing localized signal spikes at those points. Speckle results from diffraction effects
due to scatterers smaller than the wavelength of sound. These are considered artifacts in tissue
imaging and interfere with the ultrasound signal quality, image visualization and
interpretation.'”> ">

At present, the standard clinical practice for hand-held transducers is to couple to the
skin with a water-based commercial gel. In general, commercial gels are preferred to self-made
gels because of their reliable acoustic properties, anti-microbial properties and storage shelf life.
However, when commercial gel is not available or not preferred, there have been several
attempts to make ultrasound transmission fluid from local items. Olive oil, corn starch, hand
lotion, liquid detergent, baby shampoo, hairstyling gel, and hand sanitizer have been considered

as ultrasound gel alternatives.'!'"!1*

Glucomannan gel is one alternative coupling agent.'”

Glucomannan powder is a water-
soluble, bulk-forming fiber derived from Konjac root. It is primarily used in Asian cuisine, as
an ingredient in noodles or other food dishes. In the USA, it is available in Asian markets or
specialty food retailers. Glucomannan has good acoustic tissue mimicking characteristics'"” and
acoustic characterization for ultrasound. ''¢

In summary, ultrasound coupling fluid is an important part of ultrasound imaging.

Failure to couple the transducer to the tissue adequately leads to signal disruptions and possible

data interpretation issues. Air should be minimized between the transducer and tissue because
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of its high acoustic impedance which causes these interfaces. Finding an appropriate coupling

agent is an essential part of performing an adequate ultrasound study with usable results.

1.8 Clinical Classification of Patients

Inspired by the work of Clouse on high resolution manometry (HRM), the Chicago
Classification (CC) was formed in Paris 2007 by John Pandolifino, Arjan Bredenoord, and Mark
Fox as an international collaboration to promote advancement in the HRM diagnostics. """ The
CC aimed to categorize esophageal motility disorders using metrics from esophageal high-
resolution manometry (HRM). This collaboration led to the formation of the International
High-Resolution Manometry Working Group and its inaugural meeting in San Diego 2008. The
first full version of the Chicago Classification was published in 2009 with three subsequent
versions, we are now on the fourth version (CCv4.0) released 2021.77% 17118

The key metrics used in the CC assessment include relaxation across the EGJ measured
as the integrated relaxation pressure (IRP), the vigor of esophageal body contraction using distal
contractile integral (DCI), contractile wavefront integrity at 20 mmHg isobaric contour setting,
and latency of deglutitive inhibition using distal latency (DL). The most relevant metric to this
thesis is the integrated relaxation pressure (IRP), a metric intended to aide in the understanding
and quantification of EG]J relaxation.

The IRP is defined as the average pressure during the 4 s of maximal relaxation within

the 10 s relaxation window after a swallow .

The threshold for median IRP in the supine
position is 15 mmHg for Medtronic systems and 22 mmHg for Laborie/Diversatek systems."”

' The threshold for median IRP in the upright position is 12 mmHg for Medtronic systems

and 15 mmHg for Laborie/Diversatek systems'*'* Solid bolus swallows have been reported
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with the Medtronic system with upper normal IRP limit at 25 mmHg."”

Temporal association
of ineffective contractions in dysphagia patients during solid bolus challenge supports abnormal
peristaltic function.””®'*" The thresholds for median IRP are higher in the supine position
compared to the upright position. The thresholds for DCI and DL are the same for both supine
and upright positions.

CC v4.0 classifies esophageal motility disorders on HRM as either disorders of EGJ
outflow or disorders of esophageal peristalsis. The EG]J outflow obstructive disorders include
Achalasia and EGJOO. Disorders of peristalsis are absent contractility, DES, hypercontractile
esophagus, and IEM.

The definition of EGJOO was majorly revamped from CCv3.0 to CCv4.0 because of
issues with over diagnosis. The criteria became stricter and required elevated IRPs in both the
supine and upright positions; stating that isolated elevations in the supine IRP or upright IRP
are inconclusive. More-so, a manometric diagnosis of EGJOO is always clinically inconclusive,
requiring that there also be relevant symptoms of dysphagia, non-cardiac chest pain and
supportive evidence of obstructive physiology from a non-HRM test such as a barium swallow
fluoroscopy test, preferably with a tablet, or functional luminal imaging probe (FLIP) study.
Response to provocative maneuvers, such as solid test meal also support diagnosis of
EGJOO." Furthermore, it is emphasized in the CC v4.0 that HRM diagnoses do not always
equate to pathology, supportive data beyond HRM (e.g. provocative maneuvers and/or
adjunctive diagnostic tests) increase diagnostic confidence and should aide in clinical decision

making,
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1.9 Statement of the Issues to be Resolved and Aims

In the early 2010’s Dr. Mittal and his team began investigating the use of impedance
from HRIM to measure the distension of the esophagus during swallow. Pressures from HRM
or HRIM had been well studied, and yet using these pressure evaluations, many patients with
dysphagia had no finding, or a negative test result. These patients were classified as functional
dysphagia, as in functionally having dysphagia without a known etiology. It was hypothesized
by Dr. Mittal that the issue could be in the distension of their esophagus, not the contraction
phase of peristalsis. The pressure data only provides information on the contraction phase of
peristalsis, the amplitude of distension that happens prior to contraction is unknown. We began
taking the electrical impedance values from HRIM and correlating them to the cross-sectional
area of the esophagus measurements by the ultrasound images.

In 2014, we published the first paper using intraluminal impedance to infer the luminal
CSA of the esophagus during bolus transport (Fig 1.12)."* By attaching an ultrasound catheter
to the HRIM catheter, we performed simultaneous ultrasound imaging of the esophagus during
swallowing. The US and HRIM catheter were fastened together so that the US transducer was
placed in-between the two electrodes and correlated to a particular set of impedance electrodes,
thus spatially aligning the two signals. The two systems are synchronized by the operator with
simultaneously markings (annotations) on both recordings systems at the same time. These
marking are used for time alignment during processing. The area of the esophagus was

measured from the US images and correlated with the impedance values.
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Figure 1.12: Correlation of Nadir Impedance Values and Luminal CSA. A. M-mode
ultrasound image displayed above aligned tracings of pressure, impedance, and luminal CSA
measured by ultrasound. B. Impedance values (Ohms) plotted against luminal cross-sectional
area (CSA, mm?) and C. The inverse impedance value plotted again luminal CSA. There was a
high R value between the inverse impedance and the luminal CSA indicating that this follows
Ohm’s law as predicted. Modified reprint from Kim JH, Neurogastroenterol Motil, 2014.

We found that the impedance value had an inverse correlation with the area of the
esophagus as predicted by Ohm’s Law. This was a good indicator that it might be possible to
use the impedance values to measure the area of the esophagus as seen in FLIP.

Even though the results were suggestive that it would be possible to predict luminal
CSA based on Ohm’s law, as predicted, the signals were just not reliable enough to make

accurate measurement. The issue was clear when one viewed the ultrasound images from a

study. Here is an example (Fig 1.13):
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Figure 1.13: Example Ultrasound Image taken during a HRIM study. This is an
ultrasound image from a HRIM swallow study. The shape of the saline bolus is outlined with
a yellow dashed line. Outside of that margin is the esophageal tissue. The bolus of saline is
dark gray, speckled with white dots from air bubbles. Red arrows point out a couple of the air
bubbles. There are air bubbles in the saline solutions during swallow which are evident with
ultrasound imaging. Unpublished figure.

The ultrasound images from that study were difficult to evaluate since they were covered
with white spots from air bubbles. These bubbles had been mixed into the saline bolus during
the swallowing process. The bubbles were interfering with not only the ultrasound imaging, but
also possibly interrupting our electrical signals for impedance readings.

In our next study, we addressed the air bubble issue by introducing Trendelenburg (TB)

position for HRIM procedure (Figure 1.14). By slightly inverting the subject upside down, the
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air, which is lighter than liquid, travels ahead of the bolus. This reduces air artifact in the

impedance signals.64

Trendelenburg

Figure 1.14: Trendelenburg Position Reduces Air Bubbles in Bolus. Effect of posture on
the separation of liquid and air in the swallowed bolus, (A) subject in the supine position where
air and liquid surround the electrodes, (B) subject in the Trendelenburg position where air is in
the caudal and liquid is in the cranial part of the bolus. The electric field through the bolus,
esophageal wall and structures outside the esophagus are displayed. Modified Reprint of Figure
from A. Zifan et al, NGM 2016.

This above technique was effective, in that the CSA’s obtained by ultrasound and
impedance measures were similar in the TB position, and this correlation was better in the TB
position than in the supine position. The TB position does reduce air noise, however, for

practical reasons, the use of this TB position may not be acceptable to all patients. The inversion

of the patient presents concerns about patient comfort and risk of aspiration. It became of
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interest to find a different method of keeping air out of the bolus which would allow for the
studies to be performed in the supine position.

From my experience working with ultrasound gels, I began to explore the possibility of
creating an electrical signal transmission gel for HRIM studies. Like with ultrasound, electrical
impedance studies might also benefit from a gelled coupling agent to improve signal
transmission. This change in consistency of the transmission fluid would potentially make the
bolus more resilient to air penetration during its passage through the esophagus.

Many materials were explored, including agar, gelatin, carrageenan, xanthan gum, and
glucomannan. FEach of these items were prepared into a gel formation and was inspected by
look and touch, as potential gelling agent for the new gel. The results of this exploration are
not presented in this thesis, but was concluded that glucomannan was the best one to start with.
It presented a texture and consistency like other ultrasound gels I have worked with.

It was mixed with salts, primarily sodium chloride, but in the interest of shelf-life, other
preservatives were also added. The conductivity was designed to be the same as the liquid saline
used in the previous studies, which would allow comparison between the two modalities. The
salts provide the ions necessary for electrical signal transmission through the bolus, which allow
for the impedance measurements to be taken. The glucomannan gel base has a similar acoustic
impedance as the body tissue which allows for it to be used for ultrasound imaging.'”™""® The
viscosity of a bolus is known to affect the pressure readings, with an increase in viscosity being
associated with a higher pressure.”” The conductivity and viscosity of this new transmission gel
are reported in Appendix A. Next, was to test the above in subjects during swallow to see if
the new test bolus could keep the air out and present usable impedance signals estimates of

CSA. The results of this study are presented in Chapter 2.
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Then once we knew that this gel in the supine position was able to estimate the CSA
of the esophagus as well as with the saline TB swallows in the TB position, it was time to use
them to investigate the biomechanical properties of the esophageal wall. The metrics used for
the biomechanical evaluation were based on the FLIP assessments of distensibility and
mechanical work. These metrics have been adapted to fit the HRIM modality. Chapter 3
presents the results from the biomechanical evaluation in group of patients with dysphagia and

control subjects.

Aims:

For Aim 1: to measure the cross-sectional area of the esophagus during a bolus passage
using a new conductive gel, instead of saline for HRIM studies. The conductive gel bolus is
designed to have a higher viscosity, minimizing air to enter the esophagus, and enhancing
electrical impedance signal measurements. With clear impedance signals it can be used to
measure the area of the esophagus during a bolus passage.

For Aim 2: to compute the work, power, and modulus of the esophagus during a
swallow using the new area information. This analysis was performed on patients with
dysphagia and in control subjects. These metrics are examined as a potential diagnostic test for

the evaluation of dysphagia.
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Chapter 2: Novel Gel Bolus to Improve Impedance-based
Measurements of Esophageal Cross-Sectional Area During Primary
Peristalsis

2.1 Abstract

Introduction: Intraluminal esophageal impedance (ILEE) has the potential to measure
esophageal luminal distension during swallow induced peristalsis in the esophagus. A potential
cause of inaccuracy in the ILEE measurement is the swallow-induced air in the bolus.

Aim: Compare a novel gel bolus to the current alternatives for the measurement of impedance-
based luminal distension (cross sectional area, CSA) during primary peristalsis.

Methods: 12 healthy subjects were studied using high resolution impedance-manometry
(HRMZ) and concurrently performed intraluminal ultrasound (US) imaging of the esophagus.
Three test bolus materials were use: 1) novel gel, 2) 0.5N saline, and 3) commercially available
Diversatek EFTV viscous. Testing was performed in the supine and Trendelenburg (-15°)
positions. US imaging assessed air in the bolus and luminal CSA. The Nadir impedance values
were correlated to the US measured CSA. A custom MATLAB software was used to assess the
bolus travel times and impedance based luminal CSA.

Results: The novel gel bolus had the least amount of air in the bolus during its passage through
the esophagus, as assessed by US image analysis. The novel gel bolus in the supine and
Trendelenburg positions had the best linear fit between the US measured CSA and nadir
impedance value (R* = 0.88 & R* = 0.90). The impedance based calculation of the CSA

correlated best with the US measured CSA with the use of the novel gel bolus.
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Conclusion: We suggest the use of novel gel to assess distension along with contraction during

routine clinical HRM testing.

2.2 Introduction

Inhibition/relaxation followed by contraction ate the two essential elements of
peristaltic reflux throughout the gastrointestinal tract'. During the relaxation phase, the
esophageal lumen distends; the degree of luminal distension can be a surrogate of the degree of
esophageal inhibition. The current gold standard to diagnose esophageal motility disorders is
high resolution manometry, which measures only the contraction phase of esophageal
peristalsis. Therefore, the picture of peristalsis provided by HRM is incomplete. Esophageal
distension during peristalsis can be measured from the impedance (Z) recordings of the high
resolution manometry impedance (HRMZ) systems™*, with few simple modifications to the
testing protocol and signal analysis.

Electrical impedance was introduced as a means to measures bolus flow by Fisher in
1978 ® and later by Silny in 1991 °. As an electrically conductive bolus moves past the string of
impedance electrodes, the impedance signal indicates the direction of bolus flow in the
esophagus. The above information can be helpful in identifying complete/incomplete clearance
of a bolus’, gastroesophageal reflux events®, and EGJ opening’. Based on the Pouillet’s Law of
electricity, impedance recordings have the potential to reveal the cross-sectional area (CSA) of
conductive materials, which has been used successfully in the impedance planimetry' and

functional luminal imaging probe 1,12

. Kim et al found significant correlation between the Nadir
(minimum) impedance values and esophageal luminal CSA during swallow induced peristalsis.

One of the challenges in measuring luminal CSA accurately from intraluminal impedance
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measurements is the presence of air in the swallowed liquid saline that may have variable effects
on Nadir impedance values along the length of the esophagus". Zifan et al addresses the above
issue by introducing Trendelenburg position during HRMZ recordings, in which air travels
ahead of the bolus thus reducing air artifact in the impedance signal. The other issue is leakage
of current through the esophagus wall (parallel conductance), which was addressed by Zifan et
al by double saline methodology’. However, for practical reasons, the use of Trendelenburg
position during manometry may not be acceptable to all patients and possibly pose aspiration
risk.

The goal of our study was to determine the characteristics of viscous gel bolus flow
through the esophagus during primary peristalsis. We wanted to determine whether gel bolus
might provide a better methodology to measure luminal CSA from impedance recordings than
the saline bolus. We designed and studied a novel gel with the same conductivity as 0.5N saline
to determine the characteristics of gel bolus transport, and its ability in measuring luminal cross

sectional area during swallow-induced primary peristalsis.

2.3 Methods

Study Population:

12 healthy subjects (4 males), mean age 39.3 years (range 21-65), with no history of
gastrointestinal disease or surgery were studied. None of these subjects had symptoms
pertaining to the esophagus. The study was approved by the Human Research Protection
Program of the University of California, San Diego and all subjects signed an informed consent

prior to participation in the study.
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Swallow Materials:

Three swallow bolus fluids were used for our study: 1) A saline solution was prepared
to a concentration of 0.45% NaCl in DI water, which is equivalent to half concentration (0.5N)
of normal saline. 2) A custom-made novel gel was prepared from a food substitute and diluted
with saline to have the same conductivity as 0.45% NaCl. 3) A commercially available EFTV
viscous (From Diversatek Healthcare, WI, USA) was also studied. Conductivities of all swallow
materials were measured in-vitro using an Omega model CDH221 conductivity meter (Omega,
CT, USA). The pH of each swallow fluid was measured using a pH meter (A1423 PC400S Apera
Instruments LLC, OH, USA) and the viscosities were measured using the NDJ-8S Viscometer

(Zhengzhou, Henan Province, China). All materials were tested at 25°C.

Manometry Catheter Assembly and Data Collection:

All subjects were studied using a catheter assembly that consisted of a high-resolution
manometry-impedance (HRMZ) catheter and an ultrasound (US) catheter. The HRMZ catheter
(4.2mm diameter; Manoscan, Medtronic Inc.,, MN, USA) was equipped with 36 pressure
transducers (1 cm apart) and 19 impedance electrodes (2 cm apart). The ultrasound equipment
(Catheter: Ultra ICE Plus, 9MHz, 2.82mm diameter Boston Scientific; US machine: il.ab,
Boston Scientific, MA, USA) was taped to the HRMZ catheter in a manner such that the US
transducer was positioned in the middle of two impedance electrodes, the seventh pair of
impedance electrodes from the tip of the HRMZ catheter. The ultrasound video images were
transmitted into the Manoscan system through the A400 video box that time synchronized with

the HRMZ. data.
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After administration of viscous lidocaine (2% lidocaine hydrochloride topical solution,
USP) orally and nasally for local anesthesia, the HRMZ-US catheter assembly was inserted
through the nose. The catheter unit was placed such that the ultrasound transducer was located
at approximately 7cm above the lower esophageal sphincter (LES). Testing was first performed
in the supine position, with the medical stretcher horizontal to the floor (supine) and then in
the Trendelenburg position, with the stretcher tilted -15 degrees head down. The swallow fluids
wete pre-heated to 37°C before administration. Eight to ten swallows of 10ml bolus volumes
were performed for the 5 test conditions being 1) Diversatek viscous in supine position, 2) 0.5N
saline in supine position, 3) 0.5N saline in Trendelenburg position, 4) 0.5N novel gel in supine

position, and 5) 0.5N novel gel in Trendelenburg position.

Data Analysis:

For both, the impedance and ultrasound analyses, 5 swallows for each of the 5 test
conditions were used for analysis in each subject. Hence, a total of 60 swallows (total of 12
subjects) were analyzed for each of the 5 test conditions, for a grand total of 300 swallows.

Assessment of Air in Ultrasound Images: The ultrasound B-mode image, corresponding
with the lowest impedance value (Nadir Impedance) during the transit of the bolus was selected
for the analysis. The CSA of the esophageal lumen was measured using the NIH Image]
computer software program. Using the MATLAB (R2020a, MathWorks, MA, USA), a region
of interest (ROI) corresponding to the lumen of the esophagus was demarcated in the image.
The assumption here is that the presence or absence of air in a US image will cause visual
quantifiable differences in US images. In other words, if two images of air flow in the esophagus

were compared (e.g., using saline or viscous), there would exist significant differences between
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the features extracted from the two images. We employed textural features to make the
comparison. We used second order texture features. In the second order, measures consider the
relationship between neighbor relationships. A statistical method of examining texture that
considers the spatial relationship of pixels is the gray-level co-occurrence matrix (GLCM), also
known as the gray-level spatial dependence matrix. The GLCM functions characterize the
texture of an image by calculating how often pairs of pixel with specific values and in a specified
spatial relationship occur in an image.

The GLCM assesses the relative frequencies of two neighboring resolution cells of an

image '*.

Three properties of the GLCM, that are commonly used in ultrasound image
assessment are included in this paper'™"*: 1) Homogeneity represents the gray-tone transitions,
presented as 1 for a homogeneous image; 2) Uniformity (or orderliness) is presented as 1 in an
orderly image; and 3) Correlation which is a measure of the linear-dependency of gray level of
a pixel to its neighbors, presented correspondingly as either 1 or -1 for a perfectly positively or
negatively correlated image.

Assessment of Impedance & Bolus Flow Patterns: HRMZ data was visualized on
Manoview (version 3.1, Medtronic Inc., MN, USA) as well as on a custom-made MATLAB
graphical user interface (Dplots, Motilityviz, La Jolla, CA). The swallows were selected and the
data were exported as text files. The data files were analyzed using Excel (Microsoft, WA, USA)
and MATLAB. Dplots automatically extracts several features from pressure and impedance
values of HRMZ recordings as well as it calculates the average impedance-based luminal CSA.
The important features described in this paper are, 1) Average Time to Peak Distension, which

is the time from the swallow onset to the Nadir impedance and 2) Peak Distension Value

averaged over each of the 4 segments of the esophagus between the lower border of the upper

61



esophageal sphincters and upper border of the LES. Segment one (S1) is the proximal

esophagus and segment 4 (84) is the distal most esophageal segment.

Statistical Analysis:

Data are reported as Mean = SD. Bonferroni adjustment and repeated measures
ANOVA was used for statistical analysis. Normality of distributions was checked using the
Shapiro—Wilk test and correlations were assessed by using Spearman correlations. The
significant level of this study was p < 0.05. One of the shortcomings of using (linear) correlation
methods (e.g., Pearson’s correlation coefficient) as a surrogate measure for agreement is that it
primarily estimates a linear correlation between two methods, rather than agreement. Moreover,
the correlation coefficient is sensitive to the range of values and cannot differentiate between
systematic or random difference in two measurements. For agreement between the two

measurement systems, we employed Bland-Altman Analysis'.

2.4 Results

2.4 a) In-vitro Characteristics of Swallow Materials

The conductivities of saline and custom-made novel gel were 8.6 mS/cm at 25°C. The
conductivity of commercial viscous bolus from Diversatek viscous was 6 mS/cm 25°C. The
pH of the gel was 6.5. The viscosities of the gel and the Diversatek viscous were 82,000 mPa

sec and 150,000 mPa sec, respectively, with rotor 3 at 0.6 RPMs.
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2.4 b) Air in the Swallowed Bolus

(A) Ultrasound Images of the Bolus in the Esophagus
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Figure 2.1: Ultrasound texture analysis.

(A) Ultrasound images of the bolus from 5 different swallow conditions. 1) Diversatek viscous
in the supine position, 2) saline the supine position, 3) saline in the Trendelenburg position, 4)
novel gel in the supine position, and 5) novel gel in the Trendelenburg position. Within the
esophagus, the bolus is seen as a dark shadow. The white dots/speckles within the dark shadow
are the air bubbles. The most air bubbles are seen in the Diversatek supine (1) and the Saline
supine (2) conditions. The fewest air bubbles are seen in the novel gel supine (4) and
Trendelenburg (5) positions. (B): Tone and texture analysis of the ultrasound images of the
esophageal lumen for the 5 different test conditions. There is a decrease in the intensity tone
and texture, proceeding from the Diversatek to the gel swallows, which represents a decrease in
air in the image region of interest. There was no difference between the gel swallows in the
supine and TB positions (p > 0.05)
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The esophageal lumen, mucosa, circular and longitudinal muscle layers of the esophagus
are easily identified in the US images. On ultrasound, the fluid bolus is seen as a black ovoid in
the lumen of the esophagus. On the other hand, air is seen as white, which either obscures the
layers of the esophagus completely or is mixed with liquid bolus presenting as white speckles
mixed within the black. Figure 2.1.A displays representative ultrasound images from the same
subject under the 5 different test conditions. The US images with the most air in the bolus are
with the saline and Diversatek viscous administered in the supine position. The condition with
the least air was the novel gel in the supine and Trendelenburg positions. The quantitative
analysis of the air in the esophageal lumen was performed by scoring the gray level values and
texture analysis of gray level co-occurrence matrix; the results are displayed in Figure 2.1.B. It
supports what is seen visually in Figure 2.1.B, ie., the novel gel bolus has the most
homogeneous, uniform image, with the lowest correlation between neighbors indicating a
strong margin between the dark bolus and the lighter gray esophageal tissue. There is a
significant difference (p < 0.5) for all of the features representing tone and texture when
comparing the novel gel to the Diversatek viscous. There was no difference in the measured

parameters between novel gel in the supine and Trendelenburg positions (p>0.05).
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2.4 c) Bolus Flow Pattern

1) Diversatek 2) Saline Supine 3) Saline TB 4) Gel Supine 5) Gel TB

Figure 2.2. Bolus flow pattern per category (A) The standard Manoview image of the
impedance-manometry data. Note that the saline swallows move more quickly from the
oropharynx to the LES, while the gels move slower and closer to the peristaltic wave. The gels
move in a similar manner as the Diversatek viscous. (B) Distension—contraction plots made
using a custom software. The gel bolus has a smooth curve appearance likely because of reduced
air noise in the bolus

Figure 2.2, panel A displays the HRMZ recordings seen with the commercially available
Manoview software. The multi-colored topograph represents pressures (mmHg) and pink color
displays the impedance topograph; a lower impedance value has a more intense pink color.
Panel B shows the distension-contraction plot of the corresponding swallows produced by the

custom-built software program (Dplots). In these images, the pressures are displayed as color

topographs and impedance-based CSA (mm?2) is displayed as line waveforms.
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(A) Time from Swallow Onset to Distention (B) Peak Distention of Bolus
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Figure 2.3: Graphs of time to distension onset and peak CSA by esophagus segment
(A) Presents the average time from swallow onset to the point of peak distension for four
segments of the esophagus. Segment 1 is the proximal esophagus and segment 4 is the distal.
Note, divergence of the bolus travel times as one gets further down in the esophagus. The gels
and the Diversatek viscous travel at similar velocities, which are slower than the saline bolus.
The saline in the Trendelenburg travels slower than the saline in the supine position, (B)
Demonstrates the CSA at the point of peak distension in the 4 segments mentioned. The two
gels show a similar amount of distention across all 4 segments. For Saline TB, the distention
begins at a lower value than the gels but converges to a similar amount by segments 3 and 4.
With saline swallows, the bolus arrives in the distal esophagus quickly after the onset of
swallows. On the other hand, the gel moves slowly along the length of the esophagus, travelling
closer to the contraction wave, in both, supine and Trendelenburg positions. The Diversatek
viscous also moves slowly along the length of the esophagus close the contraction wave. The
distension line plots demonstrate smooth line waveform with the novel gel compared to the

saline swallow which has a more jagged plateau. The time from the swallow onset to the point

of peak distension in four segments along the esophagus are displayed in Figure 2.3 panel A.
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The saline in the supine and TB positions moves more rapidly along all for four segments. Panel
B displays the average peak distension CSA in four segments from the four test conditions. It
demonstrates that the two gels also have similar distention value along the esophagus. The saline
in the TB has a smaller distension value in the upper esophagus, but by segments 3 and 4 the
distension value are similar to gel (p > 0.05). The saline in the supine has a smaller distension
throughout (p < 0.05). The Diversatek is not included in this panel due to its lower conductivity,

which makes it incompatible with the Dplots assessment.

2.4 d) Relationship between CSA measured by the Inverse Nadir Impedance and
Ultrasound

Here, we studied the linear relationship of admittance (inverse of impedance) at
minimum impedance (Nadir) with CSA estimated from US images in the same posture and
bolus volumes. Table 1 shows the mean Nadir impedance value in ohms and the average CSA
values measured from the US images, with the 5 test boluses. Although, Divesatek viscous has
the highest Nadir impedance value, it has different conductivity than the other boluses; hence
were not compared. The lowest Nadir values are seen with the gel, for the supine (195 = 17
Ohms) and TB (199 * 20 Ohms) positions. There is no difference in the novel gel Nadir
impedance value in the supine and Trendelenburg positions (p = 0.97). Saline in the supine
position had the highest Nadir impedance, significantly higher than the saline TB (251 £ 35 vs
222 * 26 Ohms). There was no difference between viscous supine and saline TB (p = 0.12).

Viscous supine resulted in lower impedance values compared to saline supine (p = 0.047).
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Table 2.1: Average nadir impedance values and US CSA. The Nadir impedance values of
the saline are significantly different from each other and from the gel swallows. For the US
CSA values, the saline and gel in the supine position were found to be insignificant, and the
other three conditions were significantly different from the others. significant p < 0.05. Note
that the Diversatek viscous has a different solution conductivity; therefore, the Nadir
impedance value could not be compared to the other conditions.

Diversatek Saline Supine Saline TB Gel Supine Gel TB
Nadir Impedance (€2) | 283.58 +60.18 ** 250.93 +71.58* 222,43 £55.16* 194.83 £ 35.22 200 +38.17
US CSA (mm?) 169.59 £ 43.67* 151.46 £57.12 132.99 +20.36* 151.93 +26.30 139.33+22.97*

Based on Pouillet’s law, the Nadir impedance value should be inversely proportional to
ultrasound CSA1. The results of this linear relation are displayed in Figure 2.4. Saline in the
supine position was found to have the poorest linear fit (R* = 0.0008) and novel gel had the
best fit in the supine and Trendelenburg positions, R2 = 0.88 and 0.90 (i.e., smaller differences
between the observed data and the fitted values), respectively. The Diversatek (R2 = 0.0089)
and saline bolus in the supine position had the largest spread and variance, therefore, the lowest

R2 values.

68



US CSA (mm?)

Relationship of Impedance Value to Ultrasound CSA
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Figure 2.4: Relationship of impedance values to US CSA. The ultrasound measured CSA
and the nadir impedance values from the 5 different conditions are plotted with trendlines and
R2 values displayed. They demonstrate that there is a higher correlation between ultrasound and
impedance values using the gel than the saline or the Diversatek viscous
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2.4 e) Reliability and Validity of Non-US based methods on esophageal CSA

estimation

(A) Saline in Supine

M,: Dplot calculated CSA (mm?)
M,: US measured CSA (mm?)

(B) Gel in Supine
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Figure 2.5: Bland and Altman plots of Dplots calculated CSA to the US measured CSA
Bland and Altman plots showing the bias (mean difference) of average of Dplots calculated
CSA to the US measure CSA in the (A) saline supine, (B) gel, (C) saline TB, gel supine-US CSA,
and (D) gel TB. The dashed lines show the 95% LLOA defined as Tta, n—1 *SD, where ta is the
t-value corresponding to n—1 degrees of freedom at an « error of 0.05, n is the sample size and
SD = standard deviation. Bars around each line, represent the 95% confidence intervals around

mean y = {M,+M2)/2

the limits of agreement and the bias.
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Bland Altman (B-A) analysis was carried out between the saline solution (in supine and
TB positions) and gel solution in comparison to the CSA estimated from US B-mode image (5
swallows) at peak distension (Figure 2.5). The CSA estimated from the impedance
measurements are calculated by Dplots. The best performing approaches were using 10cc
viscous in supine, followed by 10cc saline solution in TB. Bland—Altman analysis showed that
the bias between the two methods is negligible (9 mm2 for viscous supine and 10 mm?2 for
saline TB). For viscous supine, 95% limits of agreement were -17 mm2 to 35 mm2, which
indicates that the viscous supine method may measure as much as -17 mm2 below and 35mm?2
above the US estimated CSA. For saline TB, the LOA was a bit higher, ranging from -19 mm?2
to 40 mm2. No proportional bias was present, and the biases were normally distributed, and the

95% LOA were not wider than our desired clinical equivalence cut-off.

2.5 Discussion

In summary, our result show that, 1) the swallowed air with the saline bolus in the supine
position results in higher Nadir impedance values, which underestimates the CSA calculated by
the impedance methodology. 2) Saline bolus swallows in the Trendelenburg position reduces
air in the swallowed saline bolus, which improves the CSA calculated by the impedance
methodology. 3) Novel gel bolus in the supine alongside saline in the TB provide CSA values
that approximate closely with the CSA measurements from the US images. This is achieved
further by reducing the speed of bolus flow. 5) The characteristics of saline bolus flow in the
esophagus is influenced by posture (supine vs. Trendelenburg position) but not that of the

viscous bolus. We propose that above observations have significant implications for studying
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esophageal distension during peristalsis, when performing routine clinical esophageal motility
studies.
We recently reported the effect of bolus volume, bolus viscosity and posture in a large

number of healthy subjects”

. Our findings in this study are similar to what we reported in our
earlier study, ie., the bolus viscosity and subject posture have significant influence on the
distension waveforms. Our novel gel acts similar to other viscous boluses, i.e., in the supine
position it travels the esophagus in a manner similar to the saline bolus in the Trendelenburg
position. The focus of the current study was to determine the accuracy of CSA measurements
by single saline impedance methodology with different bolus solutions. In the current study, we
used ultrasound imaging along with the HRMZ recordings to visualize the effect of posture and
bolus viscosity on the amount of air present in the bolus and luminal CSA measured by the
impedance methodology and US image analysis. We have used US imaging in our previous
studies to validate impedance methodology to calculate the luminal CSA*?'. This is the first
study to determine textural analysis of the bolus in the esophagus, which considers the spatial
relationship of a pixel with its neighbors. Liquid and air in the US images casts black and white
color respectively and therefore spatial texture analysis is ideally suited to assess air in the
swallowed bolus. The extracted features indicate that the Trendelenburg position slows the
bolus motion, separating it with the fast traveling air with the swallowed saline bolus, which is
similar to our finding in an earlier study where we found that the air being lighter than liquid
travels ahead of liquid bolus during peristalsis in the Trendelenburg position3. Moreover,
texture analysis also indicated that air and liquid are not entirely separated in the Trendelenburg
position. The novel gel bolus, on the other hand, visually has the least amount of air in the

bolus. Commercially available viscous bolus from Diversatek also showed significant amount
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of air in the bolus. The difference between novel gel bolus and Diversatek bolus are likely related
to the differences in the bolus viscosity, preparation methodology and constituents used in the
preparation of viscous bolus.

Our ultimate goal is to use impedance methodology to measure the luminal distension
during peristalsis in routine clinical esophageal motility testing, which depends upon the
accuracy of recorded impedance values. Ultrafast CT scan imaging shows that normal subjects
swallow significant amount of air along with the liquid bolus", which we also find based on the
US image analysis. Impedance planimetery" and functional luminal imaging probe (FLIP)'" '
are two validated techniques to measure the luminal CSA of the balloon, based on the
impedance methodology. Two conditions have to be met in order for the impedance
methodology to measure the luminal CSA accurately, 1) the conductive medium around the
electrodes has to be uniform and of known conductivity, and 2) there should be no leakage of
current to the outside of the balloon®**. Both conditions are met in impedance planimetry and
FLIP. Saline of known concentration and thus a homogeneous medium surrounds the
electrodes and the balloon is made of an electrically non-conductive material. In the case of
esophagus during peristalsis, even though the liquid bolus for swallows is of known conductivity
(8.6 mS/cm) but the swallowed air with the liquid bolus results in a non-homogeneous material
around the electrodes. Our finding that the novel gel bolus contains less air than saline bolus is
of crucial importance in measuring the luminal CSA accurately using the impedance
methodology. In an earlier paper we addressed the current leakage through the esophageal wall
using swallows of 0.5N and 0.1N and using mathematical calculations’. In the current study, we
find that the peak CSA calculation using novel gel bolus provides values comparable to the US

image analysis. Small differences in the impedance measured CSA and US measured CSA
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observed in our study are most likely related to the fact that Dplots measures average CSA
values over a segment. On the other hand, the US measured CSA values at a given location,
usually 6-7 cm above the LES.

Distension-contraction plots reveal that the saline bolus and gel bolus travel through
the esophagus differently. With saline, the pharyngeal pump can propel the bolus rapidly into
the distal esophagus, much ahead of the contraction wave. On the other hand, in the
Trendelenburg position, saline bolus travels in close temporal correlation with the contraction
wave. In our earlier study, we reported that the viscous bolus in the supine position travels like
liquid bolus in the Trendelenburg position, ie., in close temporal correlation with the
contraction wave®. In the current study, for the first time, we compared gel bolus in the supine
and Trendelenburg positions and surprisingly found no significant difference. The significance
of above observations is that one can use either saline bolus swallows in the Trendelenburg
position or novel gel bolus swallows in the supine position for clinical HRMZ studies to build
plausible distension contraction plots. Obviously, the supine position is likely to be better
tolerated by the patients and perhaps poses less risk of aspiration, even though we have not
observed that to be the case in large number of studies we have conducted in normal subjects
and patients with esophageal motility disorders (except for patients with achalasia esophagus).
Our preliminary studies show that patients with nutcracker esophagus and functional dysphagia
have abnormalities of the distension phase of peristalsis. We propose that the novel gel bolus is
ideally suited for routine clinical esophageal motility testing. Studies are in progress to determine
the distension-contraction abnormalities in patients with various motility disorders using novel

gel bolus.
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Chapter 3: Work, power, and modulus of the esophagus during

swallow induced primary peristalsis using HRIM in patients with

dysphagia

3.1 Introduction

High resolution impedance-manometry (HRIM) has demonstrated to be a powerful
diagnostic tool in the assessment of esophageal dysphagia. HRIM measures the pressure along
the length of the esophagus and presents a useful diagnostic metric - the integrated relaxation
pressure (IRP). The IRP is an integrated pressure reading from the EG]J zone as it opens to
allow a bolus through during a swallow (Fig 3.1). The IRP sets the quantitative diagnostic

threshold used in the assessment of esophageal motor disorders (EMDs).
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a swallow

High IRP

Figure 3.1: Example of Integrated Relaxation Pressure (IRP) Zone. Example of
Integrated Relaxation Pressure (IRP) zone in a normal (A) and abnormal swallow. (B) The
yellow and red boxes highlight the region of the EGJ used for the IRP calculation. The IRP is
the main diagnostic metric of HRIM. Modified figure from Czako 2022'.

One issue with IRP is that it is potentially sensitive to body weight. It was found that
some obese patients undergoing HRIM as a part of bariatric surgery work-up, were found to
have an elevated IRP past the diagnostic threshold; despite not having dysphagia.”® It was
presumed that the extra belly weight puts pressure on the catheter in the supine position,

sometimes raising it past the diagnostic threshold.> This was addressed in the latest version of

the Chicago Classifications (CC) diagnostic rubric by increasing the diagnostic strictness to not
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only include an elevated IRP in the supine position, but also requiring an elevated IRP in the
upright position as well.”

In addition to the increase in manometric strictness, GI practice is now looking at a new
technology to further assess EG]J health called functional luminal imaging probe (FLIP). The
main metric that FLIP reports is the distensibility index (DI), which provides a clue to EG]J
stiffness. The key to FLIP’s distensibility measures, that traditional HRIM cannot do, is measure
the size of the esophagus during distension. With that and the pressure information, there are
several ways to examine the function of the esophagus.

One way is by examining the mechanical work (units of Joules) exerted by the local

regions of the esophagus.”"’

Work is the amount of force applied times the amount of
displacement performed. In this evaluation, the esophagus is assumed to be a thin-walled
cylinder and a mechanical model is applied in the form of Laplace’s Law (Equation 1.2).

The amount of work done locally by the esophagus on a bolus can be calculated in
several ways. Considering the work done by the esophageal wall, the wall tension and cross-
sectional area (TT72) are treated as force and displacement. Alternatively, the work done on the

bolus can be calculated as the product of the bolus pressure and the volume of the bolus,

analogous to the pressure-volume in cardiac energetics. The volume could be estimated locally
4 . . . .
as 0 = 57‘[1'3. Alternatively, for a region of esophagus treated as a cylinder of incremental

length L, the volume would be estimated locally as mr%L. These measurements of work may
be diagnostically useful because FLLIP has demonstrated a reduction in work generated in the
esophagi of patient’s with EMD.* "'

Power is the rate of work performed over the swallow time duration. Evaluations of

esophageal swallow power using FLIP have presented a reduced power output in patients with
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EMDs®. This presents another way of looking at the energy produced by the esophagus, which
considers how long it takes for the work to be performed. Here we present the assessment of
work and power we performed in this investigation and found to be positively correlated to
each other.

In this assessment using HRIM, instead of using the DI for the assessment of the EG]J
compliance as FLIP does, a different parameter is used called the modulus of distension. This
modulus is based on the stress-strain modulus of elasticity. In a traditional material stiffness
evaluation, the relationship between the amount of force per unit area (stress, o) and the
deformation (strain, €) is reported as the modulus. This modulus is a standard engineering
parameter used to represent the stiffness of a material.

In a stress-stain evaluation of a thin-walled cylinder, the thickness of the wall (h) is
necessary to compute the stress of the material (detailed in section 1.2). However, using HRIM
the wall thickness information is not available. Therefore, in this evaluation, we do not consider
thickness of the wall and we leave the stress information embedded in the wall tension (T) which

1s:

T =oh (3.1)

The modulus of distension that I present, relates the tension and the area of the
esophagus during the distension phase of swallowing. The distension phase is the time period
when the bolus enters, and the esophagus expands to its maximal width. The slope between
these two points on the tension-area graph are what I propose as the modulus of distension.
This is an indirect evaluation of the stress-strain modulus and could represent the stiffness of

the material in a similar way.

81



In order to apply Laplace’s law for this evaluation, both the pressure and area
information are necessary. Traditional HRIM provides the pressure information, yet does not
provide the area. Impedance in HRIM is currently used as a bolus detector. As a conductive
bolus passes, the impedance values decrease, indicating the location and clearance of the bolus.
In this investigation, impedance values are converted to area estimations of the esophagus
following the gel supine protocol determined in Chapter 2."

Here I present the work, power, and modulus of the esophagus during swallow induced
primary peristalsis measured using HRIM in both control subjects and patients with esophageal

dysphagia.

3.2 Methods

2.1 Subject Population:

Two main groups were studied in this investigation: A) controls subjects without dysphagia and
B) patients with dysphagia being seen at UC San Diego GI for diagnostic clinical HRIM study.
Within each of these two groups subgroups were investigated which are detailed below and

summatized on Table 1.

82



Table 3.1: List of subject sub-groups. Breakdown of subject groups by HRIM diagnosis.
Items presented are the group’s name, number of subjects, mean age, age range, number of
female subjects, BMI, and criteria for category use.

Mean Age 3 o
Groups N Age Range #F BMI +/ Criteria
Controls - ) Normal subjects without symptoms.
Healthy 21| 34 | 20-69 | 13 25+4.3 BEDQ <2.
Controls - _ Obese subjects without symptoms.
Obese 13| 38 | 2566 | 9 | 445+6.7 BEDQ score <2.

Elevated IRP in the supine, but not
EGJOO 3 10 | 59 | 4581 | 7 24.8+5.8 the upright position. Normal
peristalsis. BEDQ score >= 2

Elevated IRP in the supine AND the

EGJOO 4 5 63 | 3985 | 3 279+4.4 upright position. Normal peristalsis.
BEDQ score >= 2

Elevated IRP and abnormal

Achalasia 5 55 |34-65| 1 309+7.8 peristalsis. BEDQ score >= 2

Ineffective . .
Esophageal | 4 | 62 | 5077 | 2 | 31.5+9.2 Normal IRP with ineffective
Motility peristalsis. BEDQ score >= 2
Functional Normal IRP and normal peristalsis.
Dysphagia 28 | 54 |18-81| 13 | 28.5+4.3 BEDQ score >= 2
Total 86

The study was approved by the Human Research Protection Program of the University of
California, San Diego and all subjects signed an informed consent prior to participation in the
study (protocol # 182156). FEach subject completed the Brief Esophageal Dysphagia
Questionnaire (BEDQ) which is a 10-item self-reported measure of dysphagia symptom
frequency (5 items), severity (3 items), and impaction (2 items) with a maximum score of 25."
A. Control Groups:

A total of 34 control subjects were studied. All subjects in the control group did not have

dysphagia, requiring a BEDQ score of <2.
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1. Healthy Controls (n=21, Age 34116, 13F, BMI 25+ 4.3). Subjects recruited from
Craigslist advertisement and the university student population.

2. Obese Controls (n=13, Age 38*11, 9F, BMI 44.5% 6.7). Subjects were recruited
from the UCSD GI Function Laboratory prior to clinical HRIM study. These obese
subjects were being seen for HRIM as a part of bariatric surgery work-up and do
not have dysphagia symptoms.

In part of this investigation, we combine these groups to form a combined control groups

without dysphagia.

B. Dysphagia Patient Groups:

A total of 52 patients with dysphagia were recruited at UCSD GI prior to standard clinical

HRIM study and diagnosis. All subjects in this group have clinically relevant dysphagia requiring

a BEDQ score of >/=2.

Investigation was performed on the combined patient groups, being anyone with clinically

relevant dysphagia, then further broken down into specific diagnostic groups. The diagnosis

was assigned by the GI specialist. The categories follow the CC 4 for achalasia and ineffective

esophageal motility diagnosis, but special notes are made about EGJOO and functional

dysphagia (FD).

A. EGJOO: During the time of this investigation the diagnostic criteria changed for

EGJOO. Here we investigate both patient groups, patients who have EGJOO based
on CC3 criteria, but do not qualify as EGJOO based on version CC4, as well as the

patients that only fit the new criteria.
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a. EGJOO 3 (n=10, Age 59110, 7F, BMI 24.8 £ 5.8). EGJOO based on CC3, but
not CC4. Elevated IRP > 15mmHg in the supine position with 5ml saline
swallows.

b. EGJOO 4 (n=5, Age 63%18, 3F, BMI 27.9 £ 4.4). EGJOO based CC4.
Elevated IRP in the supine and upright positions.

B. Achalasia (n=5, Age 55116, 1F, BMI 30 *+ 7.8). Elevated IRP with abnormal peristalsis.
We note, that 2 of these patients had been pre-treated with myotomy ptior to study.

C. Ineffective Esophageal Motility (n=4, Age 62112, 2F, BMI 31+ 9.2). Normal IRP
with ineffective peristalsis.

D. Functional Dysphagia (n=28, Age 54116, 13F, BMI 28.5 * 4.3). No finding on
HRIM despite having dysphagia. These patients are categorized as “normal” or having
no finding using the Chicago Classification. Rome classification classifies these patients

into the category of functional dysphagia (FD)."

2.2 Study Protocol:

Each subject underwent standard clinical HRIM procedure’, which included
administration of 2% viscous lidocaine orally and nasally as a local anesthetic, and placement of
the HRIM catheter. Then 10 swallows were performed using 5ml 0.5N saline (conductivity
8.6mS/cm) in both the supine and upright positions. Following this standard protocol, 10
additional research swallows of 10ml gel bolus (conductivity 8.6mS/cm) were performed in the
supine position (Figure 3.2). The gel bolus was pre-heated to body temperature (37 °C) to
reduce thermal drift effects on the gel conductivity. The HRIM catheter was 4.2 mm in diameter,

with 36 pressure transducers (1 cm apart) and 19 impedance electrodes (2 cm apart) (Medtronic
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Inc.).

Tonsion ve Ares

Figure 3.2: Procedure set-up. HRIM was performed in the conventional manner, catheter
positioned below the epigastric line through the pharynx. Conductive gel bolus was swallowed
in the supine position. HRIM data was exported as a csv file. The impedance and pressure data
were processed in MATLAB to perform mechanical calculations along the length of the
esophagus.
2.3 Data Analysis
Five gel swallows from each subject were used for analysis (total of 430 swallows, 170
control and 260 patient swallows). Data was visualized and extracted with ManoView Software
(Medtronic Inc). ManoView thermal pressure compensation was applied prior to data export.
Data was imported and analyzed with a custom MATLAB script (MathWorks, MA,
USA). Each of the 18 impedance readings was paired with the locally corresponding proximal

pressure sensor between the pair of impedance electrodes. The impedance data was converted

to area. The following were examined:
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Figure 3.3: Normal tension-area cutve. Line tracing of a tension-area curve from a swallow
from a healthy subject. The swallow starts at the bottom left of the curve with the esophagus
at rest. As the bolus enters, the area in the esophagus increases with a small increase in tension.
The esophagus reaches its maximum point of distension when the bolus is at its largest size. As
the bolus passes the esophageal area decreases and the muscle contraction begins. The
contraction demonstrates very little amount of area change with a large increase in muscle
tension. The cycle returns to the origin as the esophagus relaxes. The work is calculated as the
area under the curve of the swallow cycle. The power is the work over the time of the swallow

cycle. The modulus is the slope of the distension phase from the origin to the point of
maximum distension.
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A. Tension in the esophageal wall = Pressure x Radius

B. Tension - Area Curve Graph

C. Work = Area under the Tension - Area Curve

D. Power = Work / Time

E. Modulus of Distension = Slope of the distension section of the Tension - Area Curve

from the minimal resting point to the maximal point of distension.

Max Tension — Min Tension

Modulus of Distention = >
odulus of Distention Max Area — Min Area G2

Then the work, power, and modulus along the length of the esophagus from the upper
esophageal sphincter UES to EGJ were calculated. The sensor locations for the UES and EJG
were selected manually selected by identifying the high-pressure bands. Then an investigation
was performed at 4 sensor locations in the esophagus, that being (UES), 4cm below the UES
representing the proximal esophagus, 4cm above the EGJ representing the distal esophagus,
and the EG]J.

Additionally, the IRP values were generated by the ManoView Software from the three
testing conditions: 1) saline swallowed in the supine position, 2) saline swallowed in the upright
position, and 3) novel gel swallowed in the supine position. Because of inconsistent collection
of healthy data in the upright position, these data has been removed for part of the investigation
and is noted.

Statistics
Each data set was checked for normality based on Lilliefors test. Significance (P<<0.05)

was determined either using a t-test or Wilcoxon Rank Sum as appropriate. Either mean +/-
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SD or median +/- IQR ate reported as appropriate. The ROC AUC was used to determine the

diagnostic performance of the test in relation to dysphagia symptoms.

3.3 Results

3.1. Evaluation of the work, power, and modulus of the esophagus
3.1.a. Tension-Area Curves

The procedure above was performed, and tension-area graphs were generated at each
location along the esophagus during the swallow cycle for each swallow. Figure 3.3
demonstrates a tension-area curve for a healthy subject.

The origin of the curve starts when the esophagus is at rest and the tension and area in
the esophagus are at their lowest points. As the bolus enters, the esophagus expands to its
maximal point of distension. The bolus then begins to exit, and the muscle contraction begins.
The muscle contraction is marked with sharp increase, then decrease in tension with little change
in area. The contraction passes and the loop returns to the origin at rest.

3.1.b. Total Work, Power, and Modulus

From the tension-area curve the work, power, and modulus values were calculated and
summed from the UES to LES to represent the total value along the length of the esophagus.
The average total values for this evaluation are presented in as a table of corresponding values

broken down by subgroup (Table 3.2).
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Table 3.2: Total work, power, and modulus along the esophagus. Table of the mean values
and SD per patient groups with a color heatmap of the average value intensity relative to the
others. The larger values are in red, scaling down through orange and yellow, to green which
are the lowest values. Notably, we find that the obese subjects and healthy controls had the
greatest amount of work and power generated by the esophagus. The patient groups had a
lower work and power, with FD groups being significant. There were differences seen in
modulus of the obese subjects compared to the normals. Achalasia patients also had a different
modulus compared to combined controls.

Work (J) Power (Watts) Modulus (N/m?)
Mean SD Mean SD Mean SD
_| W C-Obese 7.221 3.149 0.359 0.153 0.626" 0.243
B C - Healthy 6.649 1.635 0.355 0.077 0.437 0.334
® EGJOO 4 6.506 2.334 0.321 0.103 0.852 0.368
*7 | B EGJOOS 5.906 2343 0.292 0.113 0.537 0.301
® rD 5.053* 2.721 0.251* 0.131 0.483 0.3
B IEM 4.883 2.097 0.296 0.168 0.529 0.299
| ® Achalasia 4.36 3.097 0.281 0.204 1.245* 0.267

* Significant when compared to combined control group.(P<0.05) Note: Table is color coded with value intensity.
** Significant when compared to healthy control group. (P<0.05) Red - high, Green - low

The control groups (both the healthy and obese) generated the greatest amount of work
and power and were not significantly different from each other (P>0.05). The obese subjects
surprisingly, had a significantly greater modulus than the healthy controls (P<0.05). All of the
dysphagia patient groups exhibited the trend of reduced work and power compared to the
combined control group, however, only the FD group was significant (P<0.05). The modulus
of the achalasia groups was significantly higher than the combined normals.

When comparing the groups as a whole, that being all the patients with dysphagia
compared to all the subjects without dysphagia, we find that the patients with dysphagia had a
significantly lower work and power (P<0.05). However, there was not a significant difference
in modulus values between the groups (P>0.05). This is further supported by a post hoc power

analysis based on the group means, SD and sample size which resulted with a power above 0.85
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for work and power. Modulus had a power of 0.25 and sample size of 271 is expected to have

a significant effect.

3.1.c. Multivariable comparison of work, power, and modulus
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Figure 3.4: Multivariable comparison of work, power, and modulus. (A) The work,
power, and modulus are plotted together on a 3D scatter plot with the data points representing
an average value for a subject. The colors represent the different diagnostic groups. (B) The
power and work have a linear correlation (R*=0.839). (C & D) When modulus is considered
with either work or power, clusters of different patient groups begin to stand out from the
control groups. The controls tend to have a higher work and power than the dysphagia patients.
The achalasia patients stand out with high modulus values.

Figure 3.4 presents the subject data points from the three variables plotted together to

demonstrate the group trends.
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The healthy controls data clusters to the higher end of the work and power spectrum
with a mixed range of modulus. The obese subjects had a mixed range of work and power
values as well with a moderately high modulus. The patient groups are intermixed, but there
are many FD patients that fall on the lower end of the work and power spectrum. The achalasia
patients stand out with a higher modulus than the other groups. The EGJOO 4 also have a
higher modulus, which approach the range of achalasia patients.

3.1.d Evaluation at 4 Locations in Esophagus

We further break down this investigation into 4 representative locations of the
esophagus: 1) The UES, 2) proximal esophagus, 3) distal esophagus, and 4) LES/EG] which is
presented in order from top to bottom in the funnel plots on Figure 3.5.

Looking at the esophagus at four points, we can begin to identify differences based on
diagnostic category. Control subjects have a characteristic pattern for their work, power, and
modulus. In both control groups, the work and power are greater in the LES and distal
esophagus than the UES and proximal esophagus. The modulus has an umbrella on a stand
shape with the UES having the greatest modulus, then the LES/EJG, distal esophagus, and
proximal esophagus in descending order.

The distal esophagus of the obese controls generated a significantly greater amount of
work compared with the healthy. Other regions of the esophagus are not significant.

EGJOO 3 patients demonstrated a reduced work and power, and an increase in
modulus in the LES, however this was not significant. The EGJOO 4 patients also have reduced
work and power, particularly in the distal esophagus, with the power in the UES being
significantly lower than control. The modulus of the distal esophagus was significantly greater

in the EGJOO 4 patients compared to control.
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# Significant p<0.05. Specific regions in the patient groups were compared to the
corresponding location in the combined control groups.

A Significant p<0.05. The work in the distal esophagus of the obese subjects was found
to be significantly greater than healthy controls.

Figure 3.5: Work, Power, and Modulus Evaluation at 4 Locations in Esophagus. The
work, power, and modulus are presented as heat mapped funnel plots. The four locations
presented are the 1) UES, 2) proximal esophagus, 3) distal esophagus, and 4) EG]J in that order
from top to bottom. The color indicates the intensity of that value relative to the same location
in other subject groups. A green indicates a low intensity value, while red is a high intensity
value. The asterisk indicates the points that are significant. The notable findings were that the
FD group had a significantly lower regional work and power in the proximal esophagus & UES,
while having the lowest modulus values in the EGJ. The achalasia and EGJOO subject groups
had regional differences as well. The obese controls had a significantly higher work in the distal
esophagus compared to healthy controls. (Significant P<0.05)



Achalasia presents a particularly low amount of work generated in the distal esophagus
and LES. The modulus was significantly greater in the UES. The modulus was also greater,
but not significant, possibly because of range of values. We also note that in their groups 2 of
the 5 subjects were pretreated with myotomy prior to investigation, which may have altered
their results.

IEM patient had a lower but not significant work and power, and a normal modulus.
The FD present a significantly lower amount of work and power in the UES and proximal
esophagus. The modulus in the LES was also significantly lower than the controls.
Significance was P<0.05 in the above.

3.2 Consideration of IRP

Using the ManoView software the IRPs for the swallows were generated and evaluated
under three conditions: 1) 5ml saline in the upright position, 2) 5ml saline in the supine position,
and 3) 10ml gel in the supine position.

In the first part of the investigation, we exclude the healthy controls (Figure 3.6 A &
B) because of inconsistent collection of upright data in this groups. The healthy controls are
considered in the rest of evaluation (Fig 3.6 C, D, E).

We find that IRPs from the three categories were significantly different from each other
(paired t-test, P<0.05). The gel provides IRP values had median value between the saline
upright and supine values, with the smallest range in values. (Fig 3.6A).

The parallel plots (Fig 3.6B) trace the average IRP values per subject between different
categories. The saline in the supine positions demonstrates delineation between the patient

groups, as expected per diagnostic standard. However, this resolution between groups was lost
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in the saline upright swallows. 80% of subjects had a decrease in IRP from the saline supine to
upright position. The 20% that had an increase in IRP did not fall in any specific diagnosis
category, it seemed interspersed between groups. The gel swallows also provided the same
diagnostic resolution as the saline supine (Fig 3.6C).

When looking at the relationship between gel IRP and BMI, we do not see a correlation
(Fig 6D). Additionally, the dysphagia symptom questionnaire (BEDQ) score was considered
against the gel IRP and the there is not a clear trend between the two (Fig 6E). We further

investigate the BEDQ) score in the next section.
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Figure 3.6: IRP Evaluation. (A) The boxplots of the IRP values from saline in the upright
and supine positions, and the gel in the supine position. The mean = SD and median = IQR
are presented in the table of Fig 6A. (B) Parallel plots tracing the average IRP value per subjects
from each of the three conditions. They demonstrate that the saline in the supine position are
good at discriminating between diagnosis better than the saline in the upright position. (C) The
gel swallows also provides good resolution for discriminating between patient groups. (D) IRP
and BMI did not appear correlated. (E) The gel IRP values did not appear correlated with the
BEDQ dysphagia score.

96



3.3 Evaluation of BEDQ Dysphagia Questionnaire Score

In this section we investigate the subject completed Brief Esophageal Dysphagia
Questionnaire (BEDQ) Score (0-25, with 25 being the most severe dysphagia) in relation to
each of the variables and their diagnostic utility. In Figure 3.7.A, BEDQ scores are widely
spread among diagnosis groups. The IEM groups had the lowest BEDQ scores, but overall a
greater or lesser BEDQQ score was not associated with any particular diagnosis.
The ROC curve analysis is presented in Figure3.7.B. The lowest performers were the work
and modulus with AUCs of 0.57 and 0.58, respectively. The best performers were the IRP
values from the gel and saline in the supine position, 0.78 and 0.79 respectively. This indicates
that the IRP was the best indicator of diagnosis based on the dysphagia score. However, we
again note that IRP was not able to discriminate the obese non-dysphagic subjects from the

patients with dysphagia.
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A. BEDQ Score and Diagnosis
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Figure 3.7: Evaluation of Dysphagia Score and ROC Diagnostic Test. (A) We consider
the BEDQ score and diagnosis and do not see a pattern in dysphagia severity and diagnosis.
(B) The ROC evaluations demonstrate that the poorest test for indication of dysphagia were
the work and modulus. The IRP saline and gel in the supine position were the strongest
performing tests.
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3.4 Discussion

In this Chapter, the work, power, and modulus of the esophagus during swallow induced
primary peristalsis is presented from subjects with dysphagia and controls. Our primary finding
was that the work and power generated by the esophagi of patients with dysphagia was
significantly lower than the control groups. This finding of reduced work and power output are
consistent with results in FLIP in EMDs.>"!

There was a trend of decreasing intensity of work and power in patients with EGJOO
and achalasia with some regional significances. We note that the sample size for these groups
was small, but the findings are thought-provoking and possibly worth further investigation with
a larger study cohort. The results should be interpreted with the consideration of the methods
used for assessing work, power, and modulus. Work and power were computed for local
spherical regions. Thus, when adding together these quantities to assess overall esophagus work
and power, it is assumed implicitly that the local measurements, 2cm apart, and scaled by "t"
are effectively considering a volume of O~t? presumed independent from other boluses.
However, given the volume of fluid and CSA of the esophagus, the effective length would be
somewhat more than the radius r, so that the assumption that values can simply add is not
strictly true.

The most interesting finding was with the functional dysphagia (FD) patients, who
ordinarily have no finding with HRIM. We found that these patients had a lower amount of
work and power generated by their esophagi, and a lower EGJ modulus which may indicate a

compliant tissue. Though no other reports of these metrics in HRIM, our finding are consistent

with functional abnormality in FD.""”
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The most similar reports of this pattern have been seen using FLIP in patients with

8,18, 1

gastroesophageal reflux disease (GERD).>'>" The proposed mechanism for GERD based on
these results is a compliant sphincter, that cannot prevent gastric contents from refluxing into
the esophagus. Then the reduced work generated by the esophagus would reduce the efficiency
of refluxed contents back into the stomach. To confirm GERD pathology, 24-hour pH testing
or endoscopic examination of esophagitis would be needed.

Additionally, the IRP values obtained using gel supine swallows were compared to the
conventional saline in the supine and upright positions. We found that the IRP values obtained
from each of these categories were different from each other. The saline and gel in the supine
position had the best discriminatory ability between the patient groups. The gel appears to
perform as well as the saline for IRP calculations.

In regards to obese subjects that do not have dysphagia, we again see the pattern of an
elevated IRP consistent with reports using saline.>* Therefore, though we found that IRP was
the best at discriminating dysphagia based on ROC, we note if obesity is a factor, IRP alone is
not a reliable indicator of dysphagia related abnormality.

However, despite the IRP being indistinguishable between the obese subjects and
dysphagic patients, we have demonstrated that the obese subjects still generate a normal amount
of work and power by their esophagus. Which may help to explain how their esophagi functions
despite having some abnormality in the IRP and modulus values.

In this analysis, we assume a cylindrical geometry with a thin wall for the esophagus as
the model to compute the tension in the wall. We also assume that the tissue surrounding the
esophagus does not exert a significant stress on its wall. During specific stages of a swallow, as

the bolus passes, the esophagus may not be a perfect cylinder and external tissues may exert a
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stress, especially when it is in a distended state. As a first mechanical analysis, the thin-walled
cylinder model represents a dominating feature, particularly at the point of maximum distension
and when the esophagus is fully closed. More complex geometries and the stress field by the
tissue surrounding the esophagus should be considered in the future, especially with the use of
imaging tools that provide a full three-dimensional picture of its shape. Further refined
mechanical models will have to be integrated into direct clinical observations, as proposed in
this report, to advance understanding how the esophagus works to generates an effective
peristalsis and bolus passage.”*

In conclusion, we present an alternative approach to quantify the function of the
esophagus using HRIM. This is the first presentation of the mechanical properties of work,
power and modulus during primary peristalsis. This may be useful in assessing the effectiveness
of peristalsis in patients with dysphagia. The development of a mechanical diagnostic test could

be easily added into the conventional HRIM protocol. These cutting-edge parameters could

provide new insight into esophageal motor function.
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Chapter 4: Discussion

4.1 Summary of Finding

In this thesis, I present a new way of investigating the function of the esophagus using
biomechanical principles applied to modified HRIM technology. This is made possible in
Chapter 2 with the introduction of an edible gel which is designed to improve electrical signal
readings. Using a gel instead of the traditional saline, helps to prevent air from entering the
bolus during a swallow, thus minimizing signal noise. With clear signals, the impedance values
from HRIM can then be translated to cross-sectional area (CSA); telling us the size of the bolus
as it passed through the esophagus.

Then in Chapter 3 the impedance derived cross-sectional area (i.e. size, CSA) values are
used with the inbuilt HRIM pressure technology values to perform a biomechanical analysis.
This analysis applies the thin-walled cylindrical tube mechanical model to the esophagus in the
form of LaPlace’s Law, which tells us the tension in the esophageal wall based on the pressure
and radius within the lumen. The tension in the esophageal wall is examined as it expands and
contracts to perform a swallow. The relationship between the wall tension and the luminal CSA
are plotted for each sensor point in the esophagus. Work and power are calculated from the
integral of the tension-CSA graph. We note that this is not strictly true, since the cylindrical
nature of the esophagus (with the food bolus) was not considered in the analysis above.

This evaluation was performed on a group of patients with dysphagia and controls. The
major finding was that the dysphagic patients had a significantly reduced generation of work
and power by their esophagi than normals. This is consistent with the reduced functionality

and inability to clear a bolus from the esophagus.
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There also were interesting findings in the EG] modulus values for different patient
groups. The modulus values in the achalasia and EGJOO patient groups was increased, which
is consistent with the decreased FLLIP DI values'. Surprisingly, the FD patients, that is patients
with dysphagia, but without an HRIM finding, had a lower than normal EGJ modulus, which
indicates a compliant EG]J.

This pattern of a reduced work, power, and compliant EGJ stiffness seen in the FD
group most resembles results presented using FLIP technology on patients with
gastroesophageal reflux disease (GERD).** The possibility of GERD etiology was surprising
because this study focused on HRIM and follows the Chicago Classification diagnostic criteria
for EMD - on which GERD is not listed as a diagnosis. We did not initially consider GERD
as the source of dysfunction. However, given the patient demographic of Dr. Mittal’s GI clinic,
it is possible that these patients have reflux with mild dysphagia. Further investigation would
be needed to confirm GERD as the disease etiology. This confirmation could be done with 24-
hour pH testing and/or endoscopic evidence of esophagitis.

The proposed mechanism for GERD given these study results would be a compliant
sphincter (EGJ/LES) which cannot prevent gastric contents from being refluxed into the
esophagus. This is consistent with prior reports that GERD involves reflux occurring when the
distensibility of the EGJ increases.”” Esophageal peristalsis is important to clear reflux materials
and reduce the duration of esophageal exposure to gastric contents®. The reduced work and
power generated during peristalsis would reduce the esophagus’ ability to push the refluxed
contents back into the stomach. In summary, I speculate that this FD patient groups presented

in Chapter 3 suffer from GERD.

106



The modulus values, which represent the stiffness in the tissue, may represent tissue
level changes in the esophagus. Achalasia esophagus is associated with an increase in tissue
fibrosis, particulatly in the EGJ and cricopharynx.”"" Fibrosis refers to fibrous connective tissue
that forms as a reparative response to injury or disease, and is commonly thought of as scar
tissue. It could be that the increase in stiffness reflected in the achalasia patient’s modulus values
are caused by fibrotic scar tissue as a response to disease or damage. However, fibrosis has not
been reported in patients with GERD to this authot’s knowledge. The tissue level changes that
could result in a compliant tissue have not been proposed for GERD.

These findings were interesting and demonstrate that there is still a lot to be learned
about the mechanics of the different disease pathologies. Investigations such as these will
further our understanding of the mechanical behavior of the esophagus in either health or
diseased state. With further confirmation, this assessment of work, power, and modulus may

be insightful to more diagnostic information than HRIM alone.

Main Contributions:

This work presents a new way to assess the function of the esophagus using
HRIM. It presents a modification of the technology, which adds a new conductive gel bolus to
the procedure to perform measurements on instead of the traditional saline. By using the gel,
it allows for the electrical impedance signals to be used to estimate the CSA of the esophagus,
which is then can used for further mechanical assessment of the esophagus. Specifically, this is
the first presentation of the work, power, and modulus of the esophagus using HRIM during
swallow induced primary peristalsis. These metrics as assessed as a potential diagnostic tool in

the evaluation of dysphagia.
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The gel bolus improves on the traditional liquid bolus because it uses the fluid viscosity
to keep air out of the bolus when swallowed. This principle of air noise removal could be
applied to other bolus forms, such as something even more viscous to emulate a solid food
challenge.

This HRIM gel swallow study could be used as an alternative to the conventional
diagnostic saline swallow study. Currently, the saline based IRP values set the diagnostic
threshold for EMDs, but in this thesis, I demonstrate that the gel IRP can be used for diagnostic
assessment. Therefore, the gel can be used instead of the saline while still maintaining the use
of the IRP as the diagnostic standard for EMD diagnosis. Then in addition to the IRP, the gel
study also provides information about the work, power, and modulus of the esophagus. This
adds more information that is potentially useful in the determination of a diagnosis and
treatment plan.

The biomechanical principles applied in this thesis were inspired by an alternate
impedance-manometry technology called FLIP. In clinical practice, FLIP is performed as a
secondary diagnostic procedure to HRIM, adding confidence to a physician’s diagnosis and
therapeutic plan. *'* This thesis presents the possibility that HRIM could provide similar
information independently. In particular, the modulus values could present a reasonable
alternative to the FLIP DI metric. Adding gel into a clinical HRIM procedure may reduce the
need for an extra diagnostic procedure: decreasing the time to a satisfactory diagnosis and
reducing the need for secondary procedures, such as FLIP.

A biomechanical analysis such as this could also direct future therapies. Biomechanical

modulation therapies using collagenolytic enzymes or stem cell therapies have been suggested
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to soften pathogenically stiffened tissues.'>'

These findings may present alternative therapeutic
options to the current limited list of treatments and surgeries.

In summary, this research presents the foundations for a new diagnostic test based on
HRIM which allows for the assessment of esophageal function and compliance. This is a new
and substantively different approach to esophageal function testing that will allow us to better

understand the esophagus and swallowing in a way never possible before. It will thereby open

new horizons for better diagnosis and treatments for EMDs.

4.2 Future Directions

Electrical Model —

The electrical model used in Chapter 2 uses impedance values to predict the cross-
sectional area of a cylinder. During different phases of the swallow cycle, the esophagus may
not be a perfect cylinder, instead taking an elliptical tube shape. The equation created for the
conversion of impedance to cross-sectional area could be refined with larger sample number or
a closer look at the intermediate area points. The effects of current leakage into the tissue were
also not considered.

Another point to note is that the electric field spreads out from the electrode, decreasing
in strength as it moves further away. This implies that the bubbles close to the electrode will

have a greater effect than bubbles further away.

Edible Electrical Signal Transmission Gel —

The edible signal transmission gel was created with glucomannan as a gelling base with

salts added to increase the conductivity. This recipe can be refined to obtain different
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viscosities, conductivities, better bubble reduction characteristics, or palatability. Batch cooking

and shelf-life are also areas for future development.

Catheter sensors and signals —

One of the major issues with the HRIM equipment is that the pressure sensors drift
with time and exposure to body heat. In this thesis, the standard manufacture thermal
compensation is applied to the sensors, however other methods of addressing pressure drift
could be investigated.

Additionally, not all of the pressure sensors are considered for this evaluation. Each
impedance channel was paired with the locally corresponding proximal pressure sensor that falls
in-between the impedance electrode pair. This means that only half of the pressure sensors
were used in this evaluation. Further investigations can explore using all of the pressure sensors.

The catheter could be improved by changing the sensor spacing. Currently, the
impedance electrodes are placed every 2 cm with two pressure sensors placed in-between the
impedance electrodes. A better design for this test would include more impedance electrodes,
with closer spacing, and only a single pressure sensors placed at the center point between the

impedance electrode pairs.

Biomechanical Model —

In the current analysis, we assume a cylindrical geometry with a thin wall for the
esophagus as the model to compute the tension in the wall. This model is most appropriate for
the fully closed or fully opened state, when the esophagus is nearly a perfect cylinder. For the

intermediate states, the geometry may not be a perfect cylinder and an ellipse shaped model may
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be more appreciate. The external forces around the esophagus are considered negligible — the
esophagus is allowed to deform freely without prevention or contribution of its neighbors,
which are the lungs and heart. The longitudinal stress is also neglected, however it should be
noted that peristalsis is known to induce longitudinal shortening during muscle contraction'’.
Additionally, anisotropy of the muscle is ighored. Relaxing some of the assumptions could pave
the way for a more accurate material model that could better mimic the response of the
esophagus and elucidate information on disease pathophysiology.

An alternative way used to calculate the mechanical work of a cylinder is by evaluating
a pressure-volume graph. This type of assessment has been performed in the heart and
pressure-volume graph can be generated for the esophagus. An evaluation such as this can be
performed to either validate the current values generated from the tension-CSA curves or can

be used as an alternative method to the one proposed.

Stress-Strain Curve —

When I initially set out on this investigation, I wanted to obtain the stress-strain curve
of the esophagus during peristalsis. As mentioned in Chapter 1 and 3, in order to obtain the
stress within the wall of the esophagus, the wall thickness is necessary for the computation.
With HRIM we do not have access to the wall thickness information. However, it is possible
to obtain the wall thickness information using ultrasound.

In Chapter 2, simultaneous ultrasound and HRIM were performed. I set out to obtain
the wall thickness from ultrasound and align it with the HRIM pressure and area information,
to obtain the stress-strain curve. However, when I performed this data alignment, the results

did not make sense. I believe that the issue with the stress-strain curve generation was the
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alighment of the data from two different sources. There may have been both spatial and
temporal alignment issues. These I believe can be resolved with a more careful and targeted

investigation.

Diagnosis and Clinical Investigations —

This research looks at a broad group of patients with dysphagia, however targeted
studies could be performed on specific diagnosis groups to provide refined details of the disease.
Some conditions that could be further investigated are achalasia, EGJOO, IEM,
hypercontractile esophagus, functional dysphagia, and GERD. A more directed investigation
could look at the results along the entire length of the esophagus more carefully, pin-pointing
the exact location of dysfunction instead of just from a few representative points. Also, the
EG]J region was the focus of this investigation, and the UES was not carefully examined. The
UES may be an important contributor to dysphagia symptoms and worth further investigation.
Location targeted investigations may give rise to more of the nuances of the disease that are not
apparent here.

The modulus could be further validated by investigating the tissue components. As
mentioned before, Achalasia esophagus is associated with an increase in tissue fibrosis,
particularly in the EGJ and cricopharynx.”!! The fibrosis in the tissue could be causing the
increase in tissue stiffness. However, fibrosis has not been reported in tissue of patients with
GERD to this author’s knowledge. The tissue level changes that could result in a compliant

tissue have not been proposed for GERD.
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Therapeutics -

The material tissue properties invested in this thesis could also direct future therapies.
Biomechanical modulation therapies using collagenolytic enzymes or stem cells have been
suggested to soften pathogenically stiffened tissues.'>'® This may present alternative therapeutic
options to the current limited list of treatments and surgeries.

Additionally, when traditional surgery fails for patients with achalasia, an esophagectomy
may be performed - surgically removing the esophagus and LES. For these patients we may
hope for a future with engineered and artificial esophageal tissues to replace the removed tissues.
These tissues will need to be created to patticular specifications.” The work presented here,

may add to the foundations of the specifications needed for an artificial esophagus.
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Appendix A: Properties of electrical signal transmission gel

5.1 Recipe: Edible Electrical Signal Transmission Gel

Introduction:
This is the recipe for the edible electrical signal transmission gel used in chapter 2 and
3. The goal of this gel is to create a viscous fluid that will act as an electrical transmission fluid
for HRIM studies. This gel is swallowed in specific volumes by the patient while the HRIM
catheter is in the esophagus. This test bolus was designed to have minimal air in the solution
while being swallowed, thus minimizing signal noise from air. Minimizing the air in the signal
allows for the impedance signals to be clear enough to be used for further calculations. In this
thesis, the impedance values are used to estimate the luminal cross-sectional area of the
esophagus during a swallow.
YouTube video of manufacture and package process:
https:/ /www.youtube.com/watch?v=06JRFz30qwPA
Materials:
Chemical -

1. Sodium Chloride: 9.60g

2. Sodium Citrate: 12.0g

3. Potassium Sorbate: 1.50g

4. Citric Acid: 0.48g

5. Lemon Extract: 5.10g

0. Splenda: 4.20g

7. DI H20: 3000mL
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8.

9.

Food Coloring: 0.05g (1 drop - as needed)

Glucomannan: 24.0 g

Equipment -

Spoons, beaker, graduated cylinder, weigh boats, scale, stir bar, whisk, hot plate, thermometer,

aluminum foil

Methods:

Time to prepare: ~60 minutes

Directions:

1.

Weigh out NaCl, sodium citrate, potassium sorbate, citric acid, lemon extract, and
Splenda and record values.

Measure 3L of DI water.

Mix ingredients in a beaker, taking care to rinse the weigh boats for traces of ingredients.
Stir with a stir bar on stir plate until combined. Turn off the stirring function once
ingredients are fully dissolved.

Record conductivity and pH values.

Measure out glucomannan powder. Add one drop of yellow food coloring.

While whisking the solution vigorously and continuously, slowly shake in small amounts
of the glucomannan powder, making sure that the powder is incorporated before it
clumps together. If clumping, stir harder and add powder more slowly.

Cover the beaker with aluminum foil and poke the thermometer through the center.

Turn on the stir plate and the hot plate, with the stir plate on a moderate setting.
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9. Raise the temperature of the mixture to 70°C, checking the temperature with a
thermometer.

10. Fill 50ml gel into tipped syringes. Place cap on and label syringes.

11. Store syringes upright on rack, with tip pointing up. Let gel sit for minimum 3 days to

allow air bubbles to rise to the top and dissipate.

Note: Check that there are no air bubbles before use. Air bubbles may have risen to the
top of the syringe. If there are air bubbles, dispense and discard the portion of gel with air

bubbles prior to administration to a patient.

Acknowledgements: This gel and the manufacturing were made with the research and
engineering assistance of the UCSD Bioengineering Senior Design Teams.

2019-2020 Team: Alyssa Kim, Nur Mustafa, Michelle Liem, and Erin Songwang.

2020-2021 Team: Marlene Arredondo, Megan DiDomizio, Sarah Klein, Siyi Xi, and Shuyang

Zhou.

With additional research assistance from Westley Van Zant.
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Figure A.1: Edible electrical impedance gel packaged in 50ml tipped syringes.
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5.2 Conductivity Measurements

Introduction

In this study the conductivity of the edible signal transmission gel is investigated. This gel was
designed to have a conductivity of 8.6mS/cm based on the conductivity of 0.5N saline used in
previous studies. Here the gel is prepared and allowed to rest for 4 days prior to testing, which

is the recommended period of time to allow the gel to degases prior to use.

Materials
Conductivity Meters:
1. Extech EC150 Conductivity Meter, China
2. Apera Instruments EC20 Conductivity Meter, China

3. Apera Instruments PC400S pH, Conductivity, and TDS meter, China

Solution:

4 day old edible electrical signal transmission gel stored in a 50ml jar.

Methods

A batch of edible electrical signal transmission gel was prepared as described in Appendix
section 5.1. This gel was stored in a 50ml jar and rested for 4 days on the counter to degas prior
to testing. The gel was tested at room temperature. The temperature was recorded from the
room on the digital desk clock and from the inbuilt thermometer of the conductivity meters.

Each of the conductivity meters was calibrated per manufacturer specification on the same day
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prior to testing. The results reported have the manufacturer provided automatic thermal
compensation applied.

Each conductivity meter was submerged into the gel past the submersion line with care
to make sure air bubbles were not in-between the electrodes. The conductivities were measured

by each of the three conductivity meters are reported below in a table and as average * SD.

Results:
Room Temp from Digital Clock: 21.4°C
The conductivities measured from the three meters is reported below with the temperature

recorded from the meter:
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Table A.l: Conductivity of edible signal transmission gel measured by three

conductivity meters.

Meter Temperature (°C) | Conductivity (mS/cm)
1|Extech EC150 20.6 8.62
2| Apera Instruments EC20 (21.6 8.68
3| Apera Instruments PC400S(21.4 8.67

The average conductivity between the three meters was found to be 8.67 = SD 0.0321 mS/cm.
Conclusion:

The conductivity of the prepared gel solution that has been degassed by resting was
approximately 8.6mS/cm. Each meter reported a slightly different conductivity value which
may be due normal variation between meters or slight difference in temperature of the solution.
The conductivity was slightly higher than the expected 8.6mS/cm, this could be caused from
evaporation of water during the gel cook process. High gel conductivity can be corrected with

addition of DI water during cooking.
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5.3 Viscosity Measurements

Introduction

In this study the viscosity of the edible signal transmission gel is examined. Three different
batches of gel are tested on different days. The results from the three tests are presented below
as a viscosity graph.

Materials:

Viscometer: NDJ-8S with spindle rotor # 3

Solutions: Three 120ml jars of gel from three separate batches. Three separate batches of gel
were prepared on separate days. From each batch, a 120ml jar of gel was saved and allowed to
rest for 2 days on the counter to degas.

Methods:

The viscometer was assembled with rotor #3. The rotor was submerged into the gel sample
past the submersion line and was permitted adequate clearance of >1lin radius around the
spindle. The viscometer was run at the speeds 0.3, 0.6, 1.5, 3 RPM. Viscosity is reported in
units of mPa-cm. Measurements were made at room temperature, 21°C.

Results:

The results from the three tests are plotted below as viscosity in mPa-cm.
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Figure A.2: Viscosity in mPa-cm plotted against rotor speed. Results of viscosity testing

using rotor #3 on three separate 2 day old samples of edible electrical signal transmission gel.

Conclusion:

This test presents the viscosity curve of the edible electrical signal transmission gel as mPa-cm
plotted against rotor speed. The results of this test demonstrate that the viscosity of this gel is

consistent and reproducible between different samples.
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