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ABSTRACT

The aim of this project was to develop an automated system capable of
monitoring intraesophageal pressures for prolonged periods of time, and to evaluate the
clinical relevance of this system. Stationary esophageal manometry s, at present, the
cornerstong of assessing esophageal motor function, 1t’s shortcomings, related to the
brevity of the test and the unphysiologic environment in which it is performed, have
limited our understanding of esophageal motility abnormalities. The goal of this study
was to overcome these shortcomings.

The thesis first describes the development of the hardware and software required
to continuously monitor, and then analyze, pressures and pH from the esophagus in the
ambulatory individual over a 24-hour period. Validation of the automated analysis and
establishmeny of normal values are then described. The system was ther used to
evaluate patients with functional esophageal disorders in the esophageal laboratory at the
University of Southern California fUSC), Las Angeles.

Many patients with gastroesophagea! reflux disease were found to have a
profound motility defect of the esophageal body as evidenced by an inability to improve
propulsive function during meals. This defect was not apparent on stationary
manometry and has important implications for anti-refiux surgery. The increased
sensitivity of ambulatory manometry in detecting poor motor function is now being used
to tailor surgery in those requiring operative repair at USC,

Patients with primary esophageal motor disorders such as diffuse esophageal
spasm, achalasia, nutcracker esophagus and hypertensive lower esophageal sphincter
were found ‘o have many overlapping features which inspired a new classificaiion based
on the finctional defect as seen on ambulatory manometry. The basis and value of this
is discussed.

The added advantage of combining & pH probe with the pressure manometer is

the ability to detect clearance mechanisms in normal subjects and patients with



x
gastroesophageal reflux disease. The ability to record pharyngeal pressures using this
system demonstrated the importance of pharyngeal induced peristatsis in clearing the
esophagus of refluxed acid., Clearance mechanisms were found to be related to the state
of consciousness and provided an explanation for the severe mucosal complications seen
in patients with excessive nocturnal reftux. The clearance mechanisms of patients with
Barrett’s esophagus were shown to be compromised because of an alteration in the
sensitivity of the columnar nucosal feedback mechanisms resulting in delayed and
phlegmatic pharynges! swallowing after the onset of a reflux episode.

This thesis describes the new insights afforded by ambulatory manometry and the
benefits of having this intormation prior to instituting therapy in patients with esophageal
disorders, The developed system can be performed with little added discomfort to the
patient undergoing pH monitoring. It is hoped that the ease of performing tie test and
the added insight provided by the study will encourage the use of ambulatory manomeiry
as the gold-standard for evaluating esophageal motor disorders.
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A complete list of definitions of terms used for developing the software in this
thesis is included in Appendix D. It is suggested that this be read prior to reading the
chapter non software development. The following is a list of abbreviations used in the
thesis.

DES - diffuse esophageal spasm

GERD - gastroesophageal reflux disease
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LES - lower esophageal sphincter

NSEMD - non-specific esophageal motor disorders
UES - upper esophageal sphincter

USC - University of Southern California



xxvid

PREFACE

The work for this thesis was begun in 1991 in the esophageal function laboratory
at the University of Southern California (USC), Los Angeles. The goal was to develop an
ambulatory esophageal monitoring system to overcome the shortcomings of stationary
manometry. The system has provided insight into esophageal motor function in normal and
dysfunctional states beyond that which was originally envisaged. The application of the
system fo disease states as described in this thesis, however, reflects only a beginning in
our understanding of esophageal motor disorders and, like much research, has produced a
lot more questions than answers.

The first half of the thesis describes the development of the system and the
computer software required for automated analysis, Validation and establishment of normal
ranges is then described. All human studied were performed with the approval of the
Institutional Review Board of the University of Southern Calift -nia. The second half of
the thesis discusses the application of the system to patients with gastroesophageal reflux
disease and to patients with esophageal motor disorders. A new classification based on
functional disturbances is proposed. The last section of the thesis addresses the esophageal
acid clearance mechanisms in normal subjects, in piatients with gastroesophageal reflux

disease, and in patients with Barreit’s esophagus.



CHAPTER 1:  HISTORY OF ESOPHAGEAL MANOMETRY
AND DEFINITIONS OF MOTILITY DISORDERS

1.1 HiSTORY OF MANOMETRY

"When the open end of a stomach fube is connected with a Marey’s tambour,
the lever of which writes on a revolving kymograph, while g small rubber balloon is
atrached around the opening of the other end of the tube, any pressire exerted upon
the balloon will increase the pressure in the tambour and raise the lever, this
producing a curve upon the revolving drum.... Now if the balloon end of the
stomach tube is placed within the esophagus, the bailoon will be compressed by the
contraction qf the vesophagus, thus producing a characteristic curve on the revolving
kymograph....

I shall not mention all the difficulties which had to be avercome; it will be
sufficient to state that 1 finally learned to place both tubes in my own pharynx and
oesophagus and keep them there continually for hours while drinking liguids or
swatlowing soft food...”

Samuel J Melizer, 18341

As early as the mid ninefeenth centory scientists were asking questions regarding
the mechanism of food transport from the mouth to the stomach. Volkman postulated in
1841 that a pharyngeal contraction elicited a reflex movement of the esophagus which
aided in bolus transport,? Wild, in 1846, thought that the important stimulus for
esophageal contraction was local mucosal excitation independent of pharyngeal
contractions.” In an experiment in which he diverted the passage of food by cervical
esophagostomy, he noted that the propagation of the peristaltic contraction from the
pharynx to the distal esophagus was terminated. A few decades later Mosso reported

evidence in suppott of a central nervous system control theory.* Mosso was probably
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also the first to attempt to quantitate the peristaltic "power* of the esophagus by
attaching a wooden ball introduced through an incision in the cervical esophagus to a
weight, and recording the movement of the weight with esophageal peristalsis. He noted
that the thoracic esophageal peristaltic contraction could lift a weight of 250 grams,
whereas the cervical esophagus could lift as much as 450 grams.

The manometric experiments of Hugo Kronecker and his student Samuel Meltzer
shed light on the apparent controversies of the time, and as a result, Kronecker and
Meltzer are now acknowledged as the fathers of esophageal manometry, Meltzer
himself was probably the first human subject to undergo esophageal manometry as
recorded above,! Melizer, in 1899, summarized many years of experimentation in a
paper entitfed "On the causes of the orderly progress of the peristaltic movements in the
esophagus."® He had repeated the experiments of Wild and Mosso and explained the
difference between the previous conclusions on the contro! of esophageal movements o
the different parts of the esophagus studied: Wild had studied the cervical (striated
muscle) esophagus, and Mosso the thoracic (smooth muscle) esophagus. Melézer also
noted a difference in the anesthetic techniques used, and showed that esophageal
peristalsis could b~ abolished under conditions of deep anesthesia.

Kronecker and Meltzer used a dog model which involved plucement of an olive
shaped body of hard rubber through a cervical esophagostomy. A silk thread wo.
attached to the ofive body. Peristalsis was recorded when the esophagus contracted and
the olive body descended into the stomach. Important contributions to our
understanding of peristalsis were made from these experiments, Firstly, a distinction
between primary and secondary peristalsis was made. The former was defined as being
initiated by a pharyngeal swallow, and the latter as initiated in the esophageal body in
the absence of a pharyngeal contraction. This distinction is still used today. Secondary
peristalsis was not studied further until some sixty years fater when Hwang repeated
many of these experiments with more modern equipment.® Secondly, it was noted when
the dog swallowed rapidly, that the esophagus only responded with a sequence, or wave,
of peristaltic contractions at the end of the train of swallows, This phenomenon formed
the basis of much discussion on the nervous control of the gut at the time, and is known

today as deglutitive inhibition, Kronecker and »eltzer’s concepis of a central control
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mechanism responsible for inhibition of contractions in the esophagus preceded Bayliss
and Starlings "law of the intestine”.” Thirdly, theit experiments with the ofive helped
further elucidate the contribution of the central and the intrinsic nervous systems to the
organization of motility.

Meltzer, along with his teachers, Falk and Kronecker, developed a theory of
"squirting” of liquids from the mouth through the esophagus and into the stomach
without the aid of peristalsis.'® Davenport believed that the liquid used was beerl® Two
other observations at the time seemed to reinforce their theory: firstly, it was noted that
cold liquids could be felt (and heard with a stethoscope) in the epigastric region almost
immediately after being swallowed, and secondly, when strong corrosives were
swallowed only some areas of the esophageal mucosa were noted to be damaged. This
would not have been the case were the acid propagated by peristalsis alone,

In 1896 W.B Cannon, then a first year medical student, began a long interest in
esophageal motility when he was directed to apply the newly discovered technique of X-
ray imaging to study the "squirt" theory of liquid swallowing.® To do this he needed a
radio-opaque medium that could be swallowed. Knowing that heavy metals weare
reportedly radio-uvpaquc he tested Bismuth subcitrate on a frog given & bismuth filled
gelatin capsule. Bismuth subcitrate was freely available at the time for the treatment of
"pyrosis and gastralgia®.!® His discovery of the medium was then used for the next two
decades in imaging studies until barium sulfate became the preferred contrast medium,
The early use of Barium had had disastrous results when the sulfide, instead of the
sulfate salt, had poisoned and killed a few subjectz.’

Cannon’s first experiments were performed on a goose which had its head
extended and fixed to a boa, . to prevent movement of the neck.'* He fed the poose
bismuth subcitrate mixed with cornmeal mush and imaged its passage into the esophagus
using their newlv acquired Crookes tube. His experiments harmonized the findings of
Kronecker and Meltzer by imaging the stow and regular movement of the bolus into the
stomach by peristaltic contractions, He noted that it took approximately 12 seconds for
the food bolus to pass through the length of the esophagus. Liquids did indeed pass
more quickly than solids but they were accompanied by peristaltic movements. The

"squirt® only occurred in the upper part of the esophagus and only in animals such as
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dogs and cats. His goose did not display this phenomenon as "the parts forming the
mouth are tco hard and rigid.” Later Hwang confirmed the conclusions of Cannon in
the dog, but noted the importance of gravity in food transport in the upright position.®

At the beginning of this century the methods of studying contractions in the
esophagus were limited to Cannon’s X-ray studies and to esophageal balloon intubation
studies as used by Melizer. It was then realized that the presence of the balloon itself
could affect the esophageal contractions. This may have been the reason for Meltzer's
observations that some balloons tended o “smear” the peristaltic progression of
esophageal contractions.? Kinderman, in 1902, used a modified manometric system
using much smalier batloons, and was able to time the onset of esophageal contractions
with respect to the onset of swallowing.”* However, his smaller balloons did not
achieve popularity,

Little progress was made over the next two decades although Payne made some
important contributions in the early 1920°s.* By using a water filled balloon connected
to an external water manosmeter he confirmed the regular nature of peristalsis, He also
reported esophageal peristalsis after very slight movements of the farynx in the absence
of voluntary swallowing.

The decades of the 194™'s and 1950"s saw a revolution in the interest of
esophageal motility, possibly stimulated by the fascination of the phenomenon of
refaxation of the cardia on swallowing. This had been reported in Cannon’s and
Meltzer’s time but little attention was directed to it until Burget and Zeller reported the
results of their animal studies in 1936.) In the late 1940's Charles Code, whose work
had been tempoprarily postponed by the second world war, resumed his activity in his
physiology laboratory and set about devising a befter methad to study intraesophageal
pressures. He initially tried smaller balloons attached to flexible catheters to which a
glass spoon manometer was connected, (figure 1.1).!® This manometer was made by
blowing a glass bulb on the end of a glass rod, This bulb was fashioned into the shape
of a spoon with a *U” shaped internal curvature. The glass spoon changed shape
sfightly when subjected to different internal pressures. A mirror was connected fo the
end of the spoon and light was reflected onto a moving strip of silver bromide,

This system, however, did not overcome the problem of the unreliable results of
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Fignre 1.1 The early apparatus used by Charles Code in the 19407 for
measuring intraesophageal pressures.

~ondom balloons which were now well recognized to cause secondary esophageal
contractions.”™® With this in mind Code then experimented with a new miniature
electromagnetic transducer. This new technology was described in 1930 by Gauer but
was initially designed as an intravascular pressure <atheter,'® Butin and Code
recognized the possibility of using the transducer in the esophagus and published their
early work with the catheter in 1953, (figure 1.2)."® Unfortunately, owing to the size of
the transducer, it was not possible to intubate the esophagus with more than one
catheter, and in order {0 measure pressures from multiple sites in the esophagus, he
needed yet another system, This came in the form of a bundle of smali polyathylene
tubes with openings five centimeters apart with each tube filled with water and
connected to its own external fransducer.®

Independenily, Franz Ingelfinger began developing a recording system and
eventually came to use a catheter assembly that was similar to that which Code was
using. Ingelfinger published a landmark treatise on esophageal motility in 1958 which
summarized all that was known on the subject at the time.?* In this paper he discussed
the fact that the peristalsis closely following a second swallow will have different
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Figure 1.2 The solid state pressure transducer used by
Charles Code as early ag 1953,

=

characteristics to the peristalsis from the first swallow. Although this was noted by
Meltzer™, Ingelfinger suggested that this was a phenomenon of the esophageal muscle
itself, and called it the "refractory phase of the esophagus".

In the early 1950’s Brody and Quigley began experimenting with the behavior of
1luid filled elastic catheters.” It was demonstrated that in order to record pressures
accurately the catheters needed to be perfused at a constant rate. With this information,
the concept of water perfused catheters for the study of esophageal contractions was
adopted, and such catheters have been used to the present day. The development of this
systern stirred an interest in esophageal manometey, The description of the manometric
characteristics of the lower esophageal sphincter by Fyke and Code in 1956 added fuel
to the fire,

Although infusion catheters were noted to produce a great improvement in
recording fidelity™, it was later noted that the catheters needed to be perfused at a rate
of approximately 6-10 cc/min for accurate recording of pressures.”® There was concern
that the volume of infused fquid would affect esophageal contractions, or cause
spontaneous activity.”’ Wylie Dodds published extensively in the early 1970s on
esophageal manometry and its methods, but noted in a review article in 1976, that the
performance of the infused catheter system was determined by the "rise rate” value of
the system and that the rate of pressure rise should ideally be greater than 300
mmMHg/sec.” He suggested that this may be improved by 1) decreasing compliance of
the system by greasing the moveable parts such as the syringes and 2} increasing the
infusion rate, Just a year later Ronald Arndorfer and Wylie Dodds published the results
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Figure 1.3 The low compliance perfusion system of Arndorfer and Dodds which ba:  ecome
the gold standard for esophageal manometry today

of a low compliance hydraulic-capillary infusion system which allowed low infusion
rates (0.6 cc/min) with rise rates of approximately 300-400 mmHg, (figure 1.3).* In
fact they had been working on this for a number of years and had first introduced their
new concepts in 1974." The system is based on the principle that fluid flow from the
catheter is proportional to the pressure diffevence across a capillary (p,-p, in figure 1.3).
The pressure at the end of the capillary tubing approximates zero as the dimensions of
the tibing (length 61 cm and internal diameter (.2 om) cause a high resistance to flow.
Because the reservoir pressure is kept at high pressures (1000 mmHg) compared to the
pressure generated by ssophageal contractions ( < 200 mmHg), pressure changes in the
catheter result in an almost negligible reduction in flow, This system has become the
gold standard for esophageal manometry, and while solid state transducers with high
response rates are now available, many esophageal function laboratories still use the

prneumchydraulic system, or "Arndorfer pump,* as it has become known,
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1.2 IDENTIFICATION AND CLASSIFICATION OF ESOPHAGEAL MOTOR.
DISORDERS

1.2.1 What is Normal?

The normal progression of peristalsis and the characteristics of "primary” and
"secondary” esophageal contractions were described at the end of the last century but it
was not until a few decades later that any attempt at defining normality was made. In
order to compare the radiologic features of achalasia and scleroderma of the esophagus,
Templeton first described the passage of barium in normal subjects.*® He noted that in
many of his "number ¢ hundreds" of patients studied, most contractions were organized
into peristaltic waves, but that occasional asymptomatic tertiary or segmental
contractions occurred. The term “tertiary" was applied to the radiologic phenomenon of
disorganized spontaneous confractions not related to a pharyngeal swallow. These
tertiary waves were seen more frequently in the older age groups. He noted the
similarity of these contractions to those seen in diffuse spasm, a condition known also as
"non-sphincteric spasm” and, since his subjects were asymptomatic, he questioned their
significance.

Kramer used a balloon system to quantitate pressures at the different levels of
the esophagus and compared the results of normal controls with scleroderma and
achalasia patients.” In 1954 Dorn --rst and colleagues approacted the problem of
normality by using water filled polythene tubes, and measured pressures simulianeously
with barium radiography.® They performed snudies on 6 normal volunteers and
characterized "normal” swaliowing. Esophageal contractions produced regular wave
forms of 20-50 mmHg amplitude, were propagated at 4 cm/sec, and usually follow. . a
pharyngeal contraction. Later when the perfused catheter systems were designed, Cude
and Ingelfinger quantified normal values and noted that the amplitude of contractions
ranged from 40 to 80 mmHg, "but with occasional extremes of 20 and 140 mmHg.

Since the development of low-compliance systems only a few reports have

addressed tne question of normal vatues. Clouse and Staiano reported values for
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esophageal manometry from 40 volunteers but contraction parameters for different levels
"ie esophagus were not noted.** Richter er al published normal values for esophageal
" i petry in 95 volunteers in 1987 using the standardized water perfused Arndorfer
system.> Motility parameters for different levels of the esophagus were reported which
can be used by other centers using the same technique. Costantini ef a, in a study of
136 normal subjects, have defined normal ranges by using 5th and 95th percentiles for
each contraction parameter,®® This large study also enabled a comparison of esophageal
function for sex and age. No difference in contraction parameters were found in the
different age groups or between sexes with the exception of older patients exhibiting a
greater percentage of simultaneous contractions. These iwo studies have more clearly

defined *normality” for stationary manometry.

1.2.2 Achalasia

The first description of achalasia v-as by Thomas Willis in 1672, He also
performed the first dilatation on this patient using a whalebone. An interesting account
of this case is translated from Latin by Major and recounted by Ellis™;

"A strong Man, and otherwise he: [tli, enough,...was wont, very gften to cast
up whatsoever he had eaten...That growing aungry he would ear until the
Oesophagus was filled to the Throat... und he languished away in hunger, and every
Day was in Danger gf Death. I prepared an instrument for him itke a Rod, of whale
Bone, with a little round Buston of Sponge fixed to the top of it; the sick Man having
taken down meat and drink into his Throat, presently putting this down in the
Oesophagus, he did thrust down info the Ventricle, irs Orifice being opened, the
Food which otherwise would have come back again; and by this means he hatl taken
daily his sustenance for fifieen Years and doth yet use the same Machine, and is yet
alive, and well, who would otherwise perish for want of Food. "

Kramer notes that Hoffman, as long ago as 1733, believed "cardiospasm" was
caused by “irrational love" and “uncontroliable desires”, reflecting the popular view of

the time that the disorder was of psychogenic origin.® In 1821 Purton gave an account
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of an overly distended esophagus found at autopsy of a patient of his that had suffered a
lifetime of dysphagia. He described the cardiac or.fice of the autopsy specimen as
"much contracted”,*

Tnitially the disorder was known as "cardiospasm”, a term given by ven
Mikulicz, as it was supposed that the cause was spasm at the lower end of the
esophagus.*™* In fact, some years earfier, Binhorn® and later Rolleston*? had thought
that the condition was secondary to an inability of the cardiac sphincter to open. In
1898, Russels reported the first batloor dilatation of five cases of cardiospasm.* A few
years later von Mikulicz described the surgical dilatarion of the cardia through a
gastrotomy.*! Alfred Jordan of Guy's hospital in London described the features of the
disease in 1913 along with the treatment which he deseribed as "typically American”,
although originally described by Russell, a fellow countryman.* Jordan noted that
accompanying the cardiospasm was a grossly distended esophagus which could harbor a
bismuth meal "for as long as six days". This had already been recognized by surgeons
of the era as reflected by the plication operation of the dilated esophagus described by
Reisinger.*® The "typically American” treatment of Jordan consisted of dilatation by a
balloon pulled back from the stownach across the narrowing of the lower

esophagus.(Figure 1.4) The positioning of the balloon was aided by a string attached to
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Figure 1.4 The dilators of Alfred Jordan used in 1913 for the treatment of cardjospasm.

a metallic "acorn" which was swallowed some days previously and allowed to be passed
through the anus. By holding the string taut at both the oral and anal ends the dilating
bougie was passed over the string into the stomach. Interestingly, he notes that repetitive
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dilatations at intervals of a week or fortnight were usually required before "cure” could
be claimed, and that refapse often occurred within 6 months. He made no mention of
how jong the string remained in position.

Plummer and Vinson published extensively on "cardiospasm" and reported their
large series of 301 cases in 192}, but it was Hurst who first coined the term
"Achalasia” (after the Greek, "does not refax") ®%°, Hurst had moved from Germany to
England as a young man and his initial papers were published under the name A.F.
Hertz. Hurst believed that the abnormality was not “spasm” but rather an inability of
the lower esophagus to relax, Rake and Etzel, students of Hugs' later described
changes in the Auerbachs plexus of t* 2 esophageal body.5%! Templeton, after studying
the loss of peristalsis associated with the condition, and well aware of the associated
pathelogy, concluded that achalasia was a disease of the smooth muscle portion of the
esophagus.®® He hypothesized that the sphincter could not relax because there were no
peristaltic contractions that reached the cardia to stirnulate relaxation.

It was not umtil the late 1940°s that manometric studies of achalasia were
undertaken, Kramer and Ingelfinger described the manumetric features of the disease in
four patients and noted 1) decreased esophageal tone, 2) lack of propulsion of
contractions and 3) an abnormal wave pattern.® These changes were noted in the mid
and lower esophagus and were contrasted to the changes seen in scleroderma by the
complete absence of peristalsis. Butin, in Charles Code’s laboratory, used & new
catheter containing a Gauer transducer for measuring esophageal pressures in 10 patients
with cardiospasm.'® They noted a high occurrence of spontaneous esophageal activity in
these patients which was reduced after dilatation of the cardia.

The diagnosis of achalasia, although often suggested by barium radiography, is
now best made manometrically.®> A manometric pattern consistent with achalasia can
also be secondary to carcinoma of the lower esophagus and endoscopy should be
performed to exclude matignancy, The manometric features have been clearly described
by Castell and others and include; 1) a total absence of peristalsis in the body of the
esophagus, 2) an elevated esophageal resting pressure, 3} a hypertensive LES, and 4)
incomplete relaxation of the sphincter with swallowing.™* The presence of low

amplitude simultaeous . “~vhageal contractions were said to be compatible with the
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diagnosis and was thought by some to ve an earlier form of the disease.”? The LES
resting pressures, however, are not always increased, and Wong as well as Meshkinpour
have found a poor correlation between LES pressure and esophageal emptying.5**

A subclassificatinn of achalasia, cailed "vigorous achalasia", has been made to
include patients with higher amplitude sirnultaneous contractions thought to be related to
the symptom of chest pain,* However, the clinical significance of this entity is
controversial. Bondi and colleagues in 1972 reported 3 patients with "vigorous"
achalasia and found both symptomatic improvement and a decrease in esophageal
contraction amplitude following myotomy.” They surmised that the contractions
decreased not because of progression of the disease, but rather that "the esophagus no
longer had to contract with such vigor to overcome the reduced sphincteric resistance
preduced by myotomy"”. Thev concluded that the vigorous form of achalasia represents
an early stage of the disease and should be treated early with myotomy. Goldenburg
and colleagues studied the manometric and radiclogic findings of patients with classic
achalasia and with vigorous achalasia, defined by amplitude of contractions,® They
found no difference in symptoms nor cuicome following dilatation, and concluded that
use of amplitude as a criterion for classifying achalasia is arbitrary and of dubious
value. The controversy continues in this area.

A non-relaxing lower esophageal sphincter and an "aperistaltic" esophageal body
are thus the classical features of the disease. However, there appears to be some
manometric overlap with other motor disorders of the esophagus such as diffuse

esophageal spasm which may make the diagnosis difficult in some patients.

1.2.3 Diffuse Esophageal Spasm (DES)

The symptoms of diffuse csophageal spasm were first described by Osgood in
1889 in 6 patients who had intermitient episodes of intense pain and dysphagia while
eating.™ The radiologic characteristics were outlined sometime later by Moersch and
Camp in 1934.% Moersch and others had noted the radiologic picture of "curling" or
"eorkscrewing” of the esophagus in patients with dysphagia and chest pain. The
features included; 1) diffuse irregular spasm of the lower half of the esophagus, 2)

narrowing of the lower esophagus, and 3) multiple spastic segments of concentric
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narrowing. In two of their 8 patients the character and extension of the pain was such
that a previous diagnosis of angina pectoris had been made. They feit that the origin of
the disorder originated from "intra-abdominal pathalogy conditions of highly nervous
individuals.” I is interesting that Plummer and Vinson’s report of 301 cases of
"cardiospasm” noted psychoneurotic behavior in those patients with an undilated
esophagus.”? Ellis, commenting on the "tendency for diffuse spasm to develop in
individuals with a highly nervous temperament”, believes Plummer was discussing a
subset of patients with diffuse esophageal spasm.”

Schmidt, in Charles Code’s laboratory at the Mayo Clinic, attempted to study the
manometry of a patient with esophageal spasm. He noted that the balloon itself
stimulated spasm of the lower half of the esophagus.®! Pressures in excess of 150
mmHg were measured. Creamer then detailed the manometric characteristics of the
disorder® and Gillies described the frequently associated thickened esophageal muscular
wall,®® Changes in the Auerbachs plexus were not seen as in achalasia, and no muscular
ultrastructural abnermalities were noted on specimens taken at myotomy of six patients.

The exact diagnostic features of the disease have always been a subject of
controversy. Simultaneous contractions, or so-called "spasm®, may be seen occasionally
in asympromatic subjects and have been noted in increased frequency in older
subjects, 356485 Tha syndrome as defined by Fleshler of chest pain, dysphagia, or both,
with a radiclogic picture of non-progressive or tertiary contractions, and an increased
incidence of simultaneous or non-peristaltic contractions on mancmetry, probably best
defines the disease in terms of a clinical entity.% The exact manometric picture has
been difficult to define. Eypasch and DeMeester have defined the disease in terms of a
stationary manometric picture of more than 20% but less that 90% simultaneous
contractions after 10 wet swallows.® Richter and Castell reviewed most of the
published manomeiric data and found that the presence of simultansous waves in more
than 10 % of wer swallows with intermitient normail peristalsis in symptornatic patients
was the most consistently described abnormality.5® This also concurred with the data on
normal subjects studied by Richter, in which none of 95 subjects exhibited more than
10% simultaneous contractions.* Achem and Benjamin have recently defined the

manometric abnormalities in terms of "required” abnormatities and "associated"
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findings. The required criteria include 1) greater than 10 % <imultaneous contractions,
and 2) intermitent normal peristalsis. The associated findings include 1) contractions
with more than two peaks, 2) prolonged duration of contractions, 3) high amplitude
contractions, 4) frequent spontaneous contractions, and 5) either incomplete relaxation
or high resting pressures of the lower esophageal sphincter.®

A further problem with the diagnosis stems from the apparent overlap of the
disease with achalasia, and with other manometric abnormalities that cannot be classified
into either diffuse spasm or achalasia. Furthermore, it has been suggested that one may
progress to the other. Kramer, in 1967, described a patient who showed a transition
from symptomatic DES to achalasia with time™, and since then other publications have
suggested that this may be g real entity.”™ Narducci has also described the transition
from nurcracker esophagus to DES.™ Meliow has reported that the manometric findings
of DES are reiatively stable but the manometric foilow up in this study was limited to
only § months,”

The term "vigorous achalasia" was developed to categorize those achalasia
patients with a DES-like pattern of esophageal motility®, although the clinical
significance of this entity has been questioned as discussed above™, Moersch and Code
coined the term "dyschalasia” to describe an incomplete picture of achalasia.™ Frieling
et gl have also reported on the familial occurrence of achalasia and diffuse spasm and
have suggested that the shared familial coincidence suppotts a close relationship between
the two diseases.”

Vantrappen has noted the frequent occurrence of intermediate types of motility
disorders and the transition from spasm to achalagia, and has suggested that the two
diseases are rather part of a spectrum of relsted motor disorders.™ Castell, in an
editorial on Vanirappen's article, discusses his perception that achalasia and DES
consiitute two ends of a spectrum, with predominant sphincter dysfunction and
aperistalsis at one end (achalasia) and predominant spastic activity of the esophageal
body at the other (DES),”™ Further experimental evidence supports a primary defect in
the relaxation of the lower esophageal sphincter, Little er af used a cat morc} it which
a loose band was applied to the lower esophageal sphincter area,” This band allowed

manometric relaxation but still produced an outflow obstruction. The obstruction
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resulted in the development of high amplitude simuitaneous contractions in the lower
esophagus, suggesting that outflow obstruction of the lower esophageal sphincter may be
the primary abnormality in this disease.

Simultaneous contractions may also be secondary to other disease states such as
diabetes, connective tissue diseases, amyloidosis, alcoholism and gastroesophageal
reflux.’®® In fact, it has been suggested that the diagnosis of DES in the presence of
increased esophageal acid exposure cannot be made, since the spasm may be solely acid
induced,* On the other hand, the prolonged acid exposure may be a consequence of the
poor clearance of non-peristaltic contractions of physiclogic reflux in these patients and
DES may be the primary disease.®’

One of the major problems with the diagnosis of these disorders is that the
manometric picture is defined on only 10 wet swallows of 5 cc of room temperature
water performed during stationary motility testing. However, motor abnormalities are
frequently episodic and may not be zegn during this limited period of study.
Characterizing motility disorders with sespect to symptoms is conjectural, at best, when
the symptoms are not experienced during the study period. Furthermore, the symptom
of dysphagia, the predominant symptom in DES, cannot be studied unless the patient is
eating 2 meal. There are thus strong arguments for the application of a manometric
system that can measure esophageal pressures for a prolonged period in an ambulatory
subject. Opportunities for examining metility during reflux, during eating or during
sympiomatic episodes would be possible. Barly studies have indlcated that monitoring
the esophagus for prolonged periods of time holds promise for better defining these

abnormalities, %

1.2.4 Nutcracker w.ophagus

1he finding #at high amplitude esophageal contractions are more conmenon in
patients with non-cardiac chest pain has led somne authors to suggest a causal relationship
of the former to the latter.”%® Benjamin and Castell described the entity and proposed
the name "nutcracker esophagus” to draw attention to the prevalence of the manometric
finding.**®° Tt was not their intention to attrit.ute the high amplitudes as a specific

disease process respongible iur symptomatology. The term is applied to the manometric
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finding of a mean amplitude of contractions greater than 180 mmHg on stationary
motility testing. This figure is generated from the upper limit of normal of contraction
amplitudes. This correlates well with the normal limits in other studies. Costantini et gl
found the upper limit of normal to be 164, 180, 190 nmHg respectively for the three
lowest levels in the esophagus.® Katz found that almost 50% of patients who were
evaluated for non-cardiac chest pain met the criteria for this disorder.”” However,
Achem et al have also found that the majority of patients with "nutcracker esophagus”,
as defined by manometric criteria, had increased ssophageal acid exposure.® Since it is
known that some patients with GERD may have increased amplitudes of contractions,
reflux disease should be excludad, or treated, prior to making the association of
nutcracker esophagus with chest pain,  Other manometric abnormalities have also been
described with "nutcracker esophagus”, Castell has noted the occasional association
with a hypertensiv lower esophageal sphincter® and thers have found a striking
feature of prolonged duration of contractions.*** The clinical significance of these
findings is unclear as no definite functional disturbance in terms of bolus transport has
been demonstrated in this disorder, and the asscciation with chest pain has been largely
conjectural,”” There has been a further debate as to whether the high amplitudes are
found diffusely or are confined to a specific segment.®*%-% Achem, however, found
that with long-term follow up, only 53% of patients with a diffuse picture, and 20%
with a segmental disorder, retained their diagnosis, suggesting that the spectrum of high
amplitude contractions constitutes an intermittent disorder.” They conciuded that, at
best, high amplitude contractions are a labile marker associated with noneardiac chest
pain. Cohen and others have questioned the presence of high amplitude esophageal
contractions as the source of pain in these patients since Nifedipine reduced the
amplitude of contractions but had ne « ffect on the symptom of pain,'®'®* Kahrilas has
questioned whether "nutcracker esophagus® should even be considered a distinct entity,”
while others are confident that the entity is a soutce of significant symptoms and are
applying the new technology of thoracoscopy to perform a long esophageal myotomy for
the disease, !

Like DES, e manometric finding of nutcracker esophagus may change with
follow up. Daiton and Castefl found after long term follow up that only 50% of patients
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retained the diagnosis of nutcracker esophagus.™ Others have reporied an evolution
from nutcracker esophagus to DES or to achalasia,™ 95193107,

To date, the best that can be concluded from all the research in this area is that
high amplitude contractivns found in a patient with chest pain or dysphagia and no
evidence of GERD, may indicate either a developing motor disorder or a disorder with

episodic manometric characteristics,

1.2.5 Scleroderma and Other Secondary Motility Disorders

Esophageal motility may be affected by a number of systemic disorders, the most
well known being progressive systemic sclerosis. The esophagus s involved in up to
85 % of patients with this disease.'%1%!% The changes are secondary to progressive
degeneration and orosis of the smooth muscle of the esophagus and are characterized
by profound loss of peristalsis and an incompetent lower esophageal sphincter, 2119112
Involvement of the esophagus is common in polymyositis and dermatomyositis,*** The
~sophagus may also be involved in systemic lupus erythematosus and rheumatoid
asthritis althcugh the severity of involvement is usually mild,!"*

Diabetics commonly have abnormalities of the esophageal body when tested
manometrically, but the functional significance of this Is not known since most are
asymptomatic, Those with a peripheral or autoromic neuropathy are most commoniy
affected and the pathophysiology is thus believed to be neurologic and not secondary to
smooth muscie dysfunction. ¢ Variable abnormaiities have been described and
include a decrease in peristalsis, an increase in repetitive and spontaneous contractions,
and an increase in multipeaked contractions.!'®!"* Egophageal motor abnormalities have
also been noted in amyloidosis, stroke and other nenromuscular diseases, chronic

idiopathic intestinal psevdo-obstruction and in Chaga’s disease.'*?

1.2.0 Non-specm esophageal motility disorders (NSEMD)

The previous discussion indicated that it is not always possible to categorize
maniometric abnormalities into achalasia, DES, nutcracker esophagus, or scleroderma,
The widespread use of manometry has shown that there is a large group of patients with

motor abnormalities that do net meet the criter’a for any of the primary motor disorders.
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These abnormalities have been termed "non-specific esophageal motor disorders®.’
Patients with gastroesophageal reflux disease with changes in the esophageal body
motility form a large part of this group. The group of patients with NSEMD coustiiute
the largest group of esophageal motility disorders.

Dodds noted almost 20 years ago after developing the low compliance system
with Arndorfer:

*After peristalfic pressure values in normal subjects are established,
manometric diagnosis of subtle esophageal motility disturbances featuring
hypotensive or hypertensive peristaltic pressures may become commonplace "™

Unfortunately, we have yet to understand the group of padents with NSEMD and
the clinical significance of subtle abnormalities, Katz and colleagues have reported the
association of NSEMD with symptoms.®® In 2 manometric study of 251 patients with
the principle symptom of dysphagia, 30% met the criteria for DES, nutcracker
esophagus and achalasia, while a further 30% were diagnosed with NSEMD.

Clouse and Staiano have attempted to reclassify manometric disorders on the
basis of manometric findings of the esophageal body and the lower esophageal
sphincter,*i2! Their system allows for recognition of the spectium of distal contraction
ahnormalities without reliance on current nomenclature. Unfortunately the classification
system has not been used widely,

Achem et gf have studied 23 patients with NSEMD over a 3 year period and
found that the NSEMD persisted in 57% of patients, while 29% were found to be
normal on subsequent evaluation, and 14% developed DES.'® Symptoms correlated
poorly with the manometric findings suggesting that the esophageal dysmotility was not
the origin of the problem.

The association of esophagitis and motor abnormaiities was noted first by Olsen
and Schlegel in 19637, The motility changes seen in gastroesophageal reflux disease
are muitiple and inciude an increase in the number of dropped and interrupted
contractions, and a decrease in the amplitude and duration of contractiong,'2+126

Increased simuftaneous contractions, mimicking a picture of diffuse esophageal spasm,
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may also be seen.® Peristaltic dysfunction appears to be more prevalent with increasing
severity of esophagitis.'*'*® Qverall, about 50% of patients with GERD will be
classified as haying a non-specific motor abnormality after stationary motility testing.™
The functional significance of the NSEMD in GERD patients is unclear. Recently, Hsu
has noted a delayed emptying of semisolids using radioscintigraphic techniques, so it
appears the disorder is an entity worthy of further study.'*® How this translates to
esophageal function during eating will only become clear with the application of

ambulatory manometry.
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1.3 HISTORY OF AMBULATORY MANOMETRY

Ambulatory esophageal pH monitoring has become the gold-standard with which
to measure increased esophageal exposure to acid. It’s present day form was developed
in the early 1970°s by Johnson and DeMeester who believed the standard acid reflux test
or SART was merety a "dip-stick” test and could not reflect accurately the physiological
state.’ It took more than 2 decade for their methad to be accepted, but today
ambulatory pH monitoring is used world-wide in a standard form as a test for
gastroesophageal reflux disease. I’s value has been found in the ability of the test to
measure what normaily happens to the patient in their day-to-day life and enables
documentation of symptomatic episodes which can be correlated with changes in
intraesophageal pH.»**** Naturally oceurring reflux episoies are episodic and
prolonged monitoring is necessary to detect unprovoked events.

1t is not surprising that some of the earliest work in ambuiatory esophageal
manometry was also carried out in DeMeester’s laboratory.'™ The impetus was the
same: that the "dip-stick" test of stationary manometry has limitations. These include the
non-physiological environment of the esophageal laboratory in which the test is
performed, and the supine position the patient assumes for the duration of the study.
Studies have now shown that the position of the patient, as well as anxiety and mental
state affect esophageal contractions.'*®!*" Similarly, esophageal function is usually
agsessed on the resuits of only 10 swallows of small amounts of water, usually 5
milliliters, This does not give an accurate account of the physiological esophzageal
function as it is known that temperature, size, and consistency of a swallowed bolus
affect manometric resuits.'®$!*%¥ There are profound differences in esophageal
contractions following wet and dry swallows, and following different intervais of time
between swallowing, 31421145 The limited number of controlled swallows in an
unfamiliar environment may be very different from the situation of the patient eating a
meal in the comfort of his or her home.

The short duration of standard stationary motility gives [ittle opportunity for
studying the patient with episodic symptoms of dysphagia or chest pain.'* Kahrilas has
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discussed the probability of dete iing episodic disorders with stationary manometry.!*?
Expressed mathematically, the probability of detecting an episodic shaormailzy (P) can
be expressed as P = 1-(1-p)* in which p is the frequency with which the abnormal
contraction occurs and n is the number of swallows in the study. If an abnormality
occurs 10% of the time the likelihood of detecting it with stationary manometry
performing 10 swallows is only 0.65. The probability, using this equation, approaches
certainty if the thousand or more swallows occurring during a circadian cycle are
analyzed.

The mechanisms of esophageal clearance of refluxed gastric juice are also of
pathophysiologic significance, but have only been studied in artificial environments.

The only means of studying clearance in the physiologic environment would be with
simuitaneous ambulatory pH and manometty recordings, This provided further impetus
for developing the technique,

The concept of ambulatory motility is consequently a natural progression from
ambulatory pH monitoring. Unfortunately, at the time of conception, available
technology was limited. Wallin et af performed some of the first prolonged
measurements of intraesophageal pressures. %% Twelve hour studies were performed
with water perfused catheters and the data was stored on analogue tape recorders, The
water perfusion systen: of the catheters demanded that the patient was kying flat in the
laboratory so that calibration of the external pressure transducers would not be affected.
Computer software at the time "vas unavailabie for automated analysis and measurements
had to be made manuaily, Solid state pressure transducers mounted onto fide cathuters
were then developed. These overcame the stationary position requirement, but a problem
arose with how to store the resuits, Clouse was one of the first to use the solid state
technology and to recognize the potential fo long-term monitoring.'*® He measured
intraesophageal pressures for periods of three or more hours in patients with non-cardiac
chest pain. The catheter and pneumograph transducer were connected to a chart
recorder by a 30 ft cable so that the recording could stay out of view of the patient.

The idea that esophageal dysmotility could cause non-cardiac chest pain becrme
the stimulus for development of ambulatory manometry in the late 1980's, It soon

became apparent that the problem with measuring esophageal pressures for proionged
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periods was how to deal with the largs amount of data recorded. A number of
techniques were used to overcome this, Firstly, as mentioned above, the data could be
stored in an .nalogue form on tape recorders and then random "samples” from the
recording could be printed and analyzed manually."’** Secondly, the technology of
analogue to digitel conversion and storage of digital data, as used by pH monitoring,
could be applied to ambulatory manometry. Solid state pH systems used the technology
of solid state complimentary metal oxide semicenductor (CMOS) dataloggers for storage
of data during prolonged studies. Unfortunately these had inadequate memory
capabilities for the purposes of ambulatory manometry, Motility datz needed to be
sampled at much greater sampling rates than for pH monitoring, The amount of data
recorded is in the order of 32 times that of pH monitoring (8 Hz vs 0.25 Hz) for a
single level of the esophagus. This had implications on both the method of storing d:.ta
and the method of analyzing the recording. Data needed to be reduced either by
sampling digital data at a lower frequency, or by storing selected data such as pressure
rises greater than a defined value. Selected data storage was initially perfor ned by
Smout, one of the European pioneers in aiubulatory manonictry.'* The problem of data
reduction during recording, however, is that the original tracings can not be recovered
for later investigation.

Early work in DeMeester’s laboratory utilized the new technology of a portable
solid state CMOS memory logger with greate: memory capabilities than the earlier pH
dataloggers, The 192 kilobyte capacity of the datalogger unfortunately still did not
enable continuous monitoring for 24 hours. To overcome this, a catheter with only 2
pressure transducers was used, and data were sampled ° rmittently, i.e., for 28
seconds every 17 minutes. This was validated by comparison with continuous
monitoring in a few subjects and it appeared to rorrelate well, This system was used as
a research tool to study the motor changes oceurring in primary motility disorders, in
gastroesophageal reflux disease, and in patients wlth noncardiac chest pain,'2146.1%

There were, however, limitations of these early systems. Intermiitert monitoring
may m.ss important episodic motility changes. Catieters containing only two
transducers may not identify segmental disorders which can occur in spasm syndromes,

nutcracker esophagus and in reflux disease,®%1571% Rurthermore, the early systems
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did not incorporate simultaneous analysis of pH data, and analysis of motility related to
oflux events was 1ot possible,

In 1990 the recently developed dataloggers with memory capacities of greater
than 2 megabytes became available for testing in the laboratory at the University of
Southern California (USC). Together with the solid-state microtransducer technology
the hardware for continuously monitoring pressures from three or more levels of the
esophagus in an ambulatery individual became possible for the first time. However,
storing data for 24 hours provided recordings of more than 1000 contractions from
multiple levels of the esophagus. The need for automated analysis of the stored data
became apparent.

The probiem of analyzing the large amount of stored data was overcome by
making use of the advances in computer technology. Troxell et af showed that it was
feasible to write a software program to make reliable measurements of esophageal
contractions recorded during prolonged monitoring periods.’® Two groups in Europe
developed software to measure amplitude and duration of contractions as well as the
peristaltic nature of one pressure change in relation to a second pressure channel, 'S8
These were validated and shown to correlate well with manual analysie. Unfortunately
the systems were not available commercially and did not enable analysis of more than 2
pressure channels in the esophagus. Consequently, any center developing an ambulatory
manometry system using more than two pressure iransducers also needed to develop the
software for analysis. The development and validation of a new soitware program for
automated analysis of these recordings in discussed in this thesis.

The evolution of the simultaneous ambulatory pH and manometry system
presented in this thesis was possible because of the interaction between the laboratory at
the University of Southern California and Synectics Medical Incorporated, (Dallas,
Texas) a gastrointestinal bivmedical development corporation. Necessary changes in the
dataloggers and catheters suggested by the results of my research in the laboratory, and
presented in this thesis, were performed in Texas and in Sweden by Synectics medical.
The development of the software to analyze the large volume of data stored using
multichannel monitoring was performed in ‘he USC esophageal laboratory with the co-

operation of Hebret Shibberu, a computer programmer from Gastrosoft Incorpotated, a
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subsidiary of Synectics Medical. The software development constitutes a major part of
this thesis. More than 46 versions of the software were developed and tested by myself
in order fo obtaln a computer program that could reliably analyze the 5 megabytes of
data recorded from each 24 hour study. The software developed has multiple unique
features which will be discussed. The system was then validated against manual
analysis and found to be accurate, Application of the system in asymptomatic volunteers
was used to establish ranges of normality during eating, sleeping and during awake
interprandial pericds. The system was then applied to patients with primary and non-
specific motility disorders as will be discussed. Integration of pH monitoring and a
swallowing probe enabled evaluation of the normal and pathological mechanisms of
clearance of refluxed acid from the esophagus.

The system has now been incorporated into the clinical workup of patients
being studied with benign esophageal disorders at the University of Southern California,
and ambulatory manometry assists in ¢linical decision-making affecting patient

management, The system is now also available for use by other centers,



CHAPTER 2: DEVELOPMENT OF THE HARDWARE

2.1 HARDWARE REQUIREMENTS
The hardware requirements for ambulatory motility are:
1. A catheter containing solid-state micro-transducers,
2, A portable solid state data recordes,

3. A personal computer for transferring and analyzing recorded data.

inter .
Personal Erinter

Computer

Solid-state
catheter

{cantaining
pressure
1 duce
_Port_ab.le ransducers)
Microdigitrapper
{Solid state
datalopger)

Figure 2.1 Graphical representation of the ambulatory manomeiry system.

A graphical representation of the complete system is shown in figure 2.1. The
catheter containing the solid state pressure transducers Is connected to the datalogger
which is known as the "Microdigitrapper”, This portable device stores the pressure
readings continuously for the 24 hours of study after which the stored data is transferred
to a perschal computer. The personal computer allows visualization of the recording on

screen, analysis of the data, and a hardcopy printout by a connected printer,
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2.1.1 Data Recorders

Figure 2.2 Photograph of the new generation 4 megabyte memory recorder,

The nistory of the development of CMOS (Complimentary Metal Oxide
Semiconductor) memory storage devices is outlined in the first chapter. The value of
the CMOS systems is that they operate with a very low power consumption and can be
run with portable battery packs. At the outset of this project a new generation 2
megabyte Microdigitrapper was available for testing in the esophageal laboratory at the
University of Southern Callfornia (USC). Initial bench-top tests were carried out using
this machine and two different catheters. A newer generation 4 megabyte
microdigitrapper was then refeased for testing (figure 2.2}, and this machine overcame
many of the problems of inadequate battery life, pre-amplifier failure, unreliable
calibration, and cortupt memory storage that troubled the early generation machine.
These modifications and improvements were performed in Texas and in Stockholm using
input from Beta lest sites of which USC was one. While the 2 megabyte generation
machine was useful for the initial testing of the system. clinical use was unreliable and
all the studies in this project made use of the newer generation 4 megabyte machine.
Specifications of the device are listed in Appendix A,

The Microdigitrapper is housed in & leather case with a shoulder strap for easy
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carrying. Figure 2,3 shows an ambulatory subject with the solid state manometry
catheter placed transnasally into the esophagus and connected to the Microdigitrapper,

Figure 2,3 The ambulatory esophageal manometry system
in an ambulatory subject.

2.1.2 Catheters

In order to record esophageal pressures in the ambulatory individual, a catheter
system that maintains a calibrated baseline independent of the subject’s position was
needed. The standard stationary manometry system of Arndorfer * makes use of a
catheter with water perfused fine calibre tubes which are connected to exterral pressure
transducers. The catheter is calibrated af the level of the transducers. For the purposes

of measuring pressures the catheter must remain in this position to maintain the
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calibrated baseline. The subject must consequently lie in the supine position and not
move during the study, The advent of solid state microtransducers enabled development
of catheters containing the pressure transducer in the catheter assembly itself (figure
2.4). Consequently, with the transducer in the esophagus there is n - equirement for the
subject to be stationary as the catheter witl always maintain its "own" calibrated
baseline.

et v D s - . . 2, ...
Figure 2.4 Photograph of the glasy pH probe, the Sentron catheter, the
Konigsberg catheter, a-d the standard water perfused manometry catheter
from above, down.

The solid state transducers that were available for incorporatien into esophagesl
catheters were either the piezoelectric crystal or the semi-conductor strain gauge type.
The former could be made smaller but had the disadvantage of being fragile and sharp
bumps e.g. against 3 table top, could shatter the transducer crystal. The piezo-electric
transducer is the type used in the 7 French Sentron catheter which was custom made by
Sentrun, the Netherlands. The 2ernate catheter available for testing in the laboratory at
USC, was the Konigsberg catheter manufactured by Konigsberg Inc. Pasadena, Ca. The
proximity of the Konigsberg development site to the University of Southern California,

altlowed close interaction between myself and thi direcior ¢f Konigsberg instruments,
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Efe Konigsberg. The Konigsberg catheter used transducers in the form of a micro-strain
gauge array, and had the advantage of being far more durable than catheters containing
piezoelectric crystals. The disadvantage of these catheters was the size of the transducer
itself and the catheter diameter that housed the transducers. The assembly of
transducers was contained in a catheter of 4.65 mm diameter (figure 2.4). The technical
apecifications of the two catheter systems and the design of the Sentron catheter used in

this thesis are shown in appendix B.

2.1.2.1 Cardiac Interference

Inijtial testing on normal volunteers showed the occasional appearance of high
frequency background noise in the channels 5 cm and 10 cm above the LES, This
phenomenon appeared to be episodic, was not present in all studies, and usually affected
only one channel at a time. However, when it occurred it raised the baseline and
affected the recording of esophageal pressures. This appeared to occur almost
exclusively with the Konigsherg catheter. A study was then performed using both
catheter systems at the same time in the same subject (figure 2.5).

The catheters were positioned so that the transducers of one were each at exactly
the same level as the other. Prolonged recording for 5 hours was performed and the
data then uploaded onto a personal computer. Several periods of background "noise”
were recorded on the Kor. . berg catheter, whereas this did not appear on the Sentron
recording. By expanding the recording on the x-axis it was possible to determine that
the frequency of the "noise” was approximately 60 Hz which matched the heart rate of
the subject studied.

Figure 2.6 shows the same time frame, i.e., the sama esophageal contractions of
the two recordings, and illustrates the *noise” in the middle channel of the Konigsberg
catheter, This resulted in an artificial increase of the amplitudes of contractions in that
channel, In figure 2,6 the amplitude of the measured contraction in the middle channel
was recurded as 66 mmHg using the Sentron catheter and 92 mmHg with the
Konigsberg catheter affected by cardiac pulsations. Occasionally the "noise* resulted in
gross pressure changes as seen in figure 2.7 on the lowermost channel of the

Konigsberg catheter, This might have been construed as spasm of the esophagus if the
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Figure 2,5 Diagram to show the position of the
Konigaberg and Sentron catheters for
comparison.

Sentron catheter did not show a regular smooth tracing.

An attempt to modify the Konigsberg catheter was made to limit this problem.
This is discussed in appendix C. The costs, however, to modify the catheter to
completely overcome the problem were toc great and a decision was made to use the
Sentron catheter. The single disadvantage of the Sentron catheter was its fragility, but
although transducers occasionally did break, careful handling of the catheter overcame
this preblem,

2.1.2.2 Development of a Swallow Channel

The categorization of waves into simultaneous and peristaltic, as is discussed in
the next chapier, prompted the question of which esophageai waves were stimulated by =
pharyngeal swallow and which occurred in the absence of a swallow. Nearly a century
3g0, Meltzer recognized that contractions may be initiated either in the pharynx, or in
the esophageal body in response to local distension. He made a distinction between
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Figure 2.6 An example of the simultaneous recordings of the two catheters in the same esophagus
at the same time. Note the cardiac interference in the middle channel of the Konigsberg tracing,
these waves and called the former "primary" peristalsis, and the latter "secondary”
peristalsis.’® Kahrilas, recognizing that the terms may cause some confusion has
suggestad that the "secondary™ waves be called "autonomous" which more correctly
defines their nature.'® The characteristics of these types of waves are discussed in a
later chapter, but it is appropriate to describe the development of the swallow channel
here. This was only implemented one year after the beginning of this project and
consequently not all subjects (and not all normal volunteers) were studied with the
catheter containing the swallow channel. In this thesis graphical representations of the

ambulatory recordings may or may not show the swallow tracing,
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Figure 2.7 Gross artefact introduced by cardiac interference in the lower most channel of the
Konigsberg tracing. The two catheters are recordirg the same presseres at the same time,

Ambulatory recording of pharyngeal swallowing was difficult. The swailow
transducer that was applied to the external neck in the supine subject during stationary
manometry could not be used in the ambulatory subject as it is sound-gensitive and
would record talking and movement. Electromyography of the mylohyoid muscle would
register swallowing but would also register movements that occurred with talking and a
system to record swallowing in this way was not available to us. The ideal way would
be to have a small pressure transducer positioned just above the cricopharyngeus

muscle. This would have to be part of the esophageal manometry caheter as a
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transducer on a separate catheter with a free-floating tip in the pharynx would be too
irritant to the patient. The transaucer would be. used merely to flag the occurrence of
swallows and not to provide information on the characteristics of the pharyngeal
contractiun as it is known that pressure changes in this area are far oo rapid to be
accurately recorded by a system sampling at 4-8 Hz.'$ ' Aliso the pherynx is
asymmetrical with respect to contraction amplitvde which is greater in the antero-
posterior direction than in the lateral direction.'®® Thi- is aot the case with the
esophageal body which has been shown to exert equai pressures in all directions, so
unidirectional transducers as used in this thesis accuratcly reflected pressures in the
esophageal body.!s” A transducer placed above the cricopharyngeus muscle would,
however, be able to flag contractions in the pharynx whenever 1 swallow occurred. The
sampling frequency would only have to be rapid enough to detect a rise in pressure in
the pharynx.

A catheter was designed to contain 4 transducers, the lower three each five
centimeters apart and the most proximat transducer 10 cm above the second transducer
(figure 2.8}. This provided some flexibility as the high pressure zone that occurs in the
pharynx during a swallow is 5-6 cm long.'®'% Placing the catheter with the distal mast
transducer 5 cm above the LES would place the most proximal transducer just above the
upper esophageal sphincier in most subjects. Unfortunately the length of the esophagus
between sphincters is variable in different people, as is the lengta of the upper
esophageal sphincter itself. In subjects with a short esophagus the swallow channel is too
high and is affected by movement of the posterior tongue. In those with a longer
esophagus the pharyngea! transducer is too low and moves into the cricopharyngrus
muscle with movement and with swallowing. This is discussed in the next chapter.

In order to design the optimal catheter for recording pressures from both the
esophageal body and the pharynx, it became necessary to measure the manometric
tength of the normal esophagus and the esophagus in patients with GERD and hiatal
hernia, in whom esophageal shortening was known to occur.'® To cvercome the
diffarences in esophageal length 2 catheters were later designed, one with a distance of
12 cir and the other of 8 cm between the pharyngeal transducer and the most proximal
esophageal transducer. The catheter to be used for the ambulatory manometry was
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Figure 2.8 Diagram to show the position of the
catheter containing four tramsducers, The
uppermost transducer is placed just proximal to
toe upper esophageal sphincter,

chosen based on the esophageal length as measured by stationary manometry.

2.1.3 Personal Computer

Onee the data was recorded In a digital format for the 24 hour period of study, it
was transferred from the Microdigitrapper to a personal computer, a process catled
"uploading’. This was necessary to display the recording on the computer screen and to
enable computerized analysis of the recorded data. The minimal computer requirements
for the upload and analysis were a 386 micropracessor with 540 Kilobytes of RAM
(Random Access Memory). The rapid technical advances in persenal computing over
the last 5 years overcame any problems with early limitations of personal computing.
Initially the automated computer analysis of a single recording took maore than 20
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minutes since more than 5 megabytes of data were generated. However, current
compater technology reduced this to under 3 minutes. A dot matrix, deskjet or laser

printer was necessary for hardcopy printouts of summaries and reports.

35
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2.2 ESTABLISHING OPTIMAL SAMPLING FREQUENCIES'

2.2.1 Background

The advent of portable dataloggers with larger memory capabilities allowed 24
hours of continuous recording of esophageal pH and esophageal motility monitoring in
the ambulatory setting, However, in order to record data for 24 hours some form of
data reduction was required as the memory of the datalogger, while much larger than
previous prototypes was still limited. The new prototype dataloggers which were
available to our laboratory were capable of storing 4 megabytes of data. The
manageability of the stored data by the analysis softwarz also needed to be considered.
The larger the amount of data the more complex the software would have to be and the
greater the potential for software errors,

One of the systems developed in Europe used an on-line method Yor data
reduction.' The system utilized a microprocessor incorporated in the digitrapper which
stored only pressure increases greater than 2 kPa (13 mmHg) which fasted longer than
0.8 seconds. The system utilized a catheter with only two pressure transducers which
were 10 cm apart, The problem of data reduction during recording is that the original
tracings can not be recovered for later investigation.

Arnother method of data reduction is to store data at lower frequencies. For
example, if a condraction lasts two seconds then the storage of data at 60 Fz (optimal
storage frequency for digital data collection for stationary manometry), would result in
120 data points for the entire contraction. On the other hand, if the data were stored at
2 Hz, then only 4 data points would be stored for that contraction. This method is
illustrated in figure 2.9 which shows the potential for inaccurate data collection as the
sampling frequency decreases.

A compromise between the amount of data that can be stored, the fidelity of the
reproduced recording, and the analytic ability of the stored data by curvent software,

! This study was published in abstract form in Gastroenterology 102(4):A430, 1992.{1729}



Hardware Development 37

60 Hz \ 6 Hz

SECONDS SECONDS

mmig
mmHg

mmkg

mmHg

SECONDS SECONDS

Figure 2.9 Comparison of the recopstruction of a contraction when the original
pressure data is sampled and stored at different frequencies. The dotted line shows
the original contraction.

needed to be reached.

In order to quantitate the effect of data compression by decreasing sampling
rates, the amplitude of esophageal contractions from normal subjects and patients with a
variety of motility disorders recorded at 60 Hz were compared to the amplitudes
recorded at frequencies of 15, 10, 6, 4, 2 Hz.

Four normal volunteers also underwent dual 24 hour ambulatory esophageal
monitoring using a storage frequency of 4 hz on one catheter assembly and 8 Hz on the

ather,

2.2.2 Methods

The stationary manometric records of 19 subjects studied in the esophageal
laboratory at the University of Southern California were uszd. Two patients met the
manometric requirements of nutcracker esophagus, two had diffuse esophageal spasm,

seven had a non-specific esophageal motor Jisorder which inciuded low amplitude
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contractions, and eight had normal escphageal motility. All subjects underwent
esophageal manornetry according to a the pratocol described in chapter 4. Esophageal
body function was assessed by a series of 10 "wet™ swallows using 5 cc of water. A
duration of 30 seconds separated each swallow.

The manometric data was recorded continucusly in an analogue form with a
Gould 2000 recorder and data underwent analogue to digital conversion with storage of
digital data at a frequency of 60 Hz. This frequency accurately reficcts the original
analogue tracing when digital data is displayed on a computer screen in a graphical
mode. It is the standard digital storaze frequency for stationary manometry. This
digital data was then reduced by sampiing data from the originai 60 Hz recording at
different frequencies. This was done by taking every fourth data point (30 Hz), then
every 6th data point (10 Hz), every 10th {6 Hz), 15th {4 Hz), and every 30th (2 Hz) for
storage (figure 2.9). These data points were used to reconstruct contractions, and the
amplitudes of the contractions for the data sets from different frequencies were
compared. Data was used from all five levels of the esophagus providing 50
contractions for analysis for each of the 19 subjects. Amplitudes from these 950
controctions were measured for the 6 different sampling frequencies providing a total of
5700 measurements. The contractions chosen for analysis comprised a spectrum of
abnormalities which included high and low amplitudes. A few mmHg difference for
high amplitudes would be less significant than the same absolute pressure change for
low amplitude contractions. For this reason a percentage difference from the true
amplitude was chosen to reflect the difference of the reconstructed contractions for the
different frequencies,

In the second part of the study 4 normnal volunteers underwent 24 hour
ambulatory metility using two identical catheters bonded together, and linked to two
microdigitcappers. One microdigitrapper was set up to record data at 8 Hz while the
second stored data at 4 Hz. These two frequencies were chosen because hardware
limitations pracluded 6 or 10 Hz sampling. Ambulatory manomeiry was performed as
described in detail in chapter 4. Briefly, after placement of the solid state manometry
catheter the subjects were allowed home and encouraged to perform normal daily

activities.'™ Two meals were eaten and diaries were completed of all activities.
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Patients returned the next day and data was uploaded onto a personal computer for
aralysis. The recorded data was analyzed using the software program developed and
validated in our laboratory and discussed in chapter 5.'" Parameters of amplitude,
duration, contraction recegnition, and prevalence of peristaltic wave forms were

compared for the two frequencies.

2.2.3 Results

Figure 2.10 shows the average difference in amplitudes as a percentage of the
"true contraction” recorded at 60 Hz.

N
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Figure 2.10 The difference in recorded amplitudes of contractions for the different
sampling frequencies expressed a percentage of the true amplitudz (60Hz).

Analysis of volunteers with simultaneous recordings at 4 and § Hz showed no
significant difference in the detection and measirement of esophageal contractions.
(Table 2.1). Propagation analysis of waves showed no difference between the 4 Hz and
8 Hz recordings for prevalence of peristalsis (80.1 + 3.7% vs 79.6 + 2.84%, p=NS}.
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Table 2.1 Comparison of the ambulatory recording using 4 and 8 Hz sampling frequencies
for the total 24-hour period. (Channel 4, 5, and 6 are 15, 10, and 5 ¢m above the lower
~ esophageal sphincter respectively)

VARIABLE CHANNEL 4 Hz 8 Hy SI1G.
(MEAN 1+ SEM} (MEAN1SEM)
AMPLITUDE 4 317+ 62 295 + 4.1 NS
28.8 + 2.9 31.9 £ 2.9 NS
3.0 £ 53 1 35.6 £ 5.2 NS&
|| PURATION 4 1.3 £ 0.2 1.2 4 0.2 NS
1.7+ 0.1 1.6 £ 0.1 NS
6 18 £ 0.3 1.6 £ 0.3 N&
]

2.2.4 Discussion

he need for data reduction can be accomplished by sturing data at lower
frequencies. Unfortunately, the optimal sampling frequency for this purpose is not
known. In this study this was evaluated from two perspectives. The first part of the
sidy examined the effect of decreasing the sampling frequencies on the amplitude of
contractions. The amplitude was chosen as this is the most important characteristic of a
contraction in terms of its functicnal significance, and in terms of contraction
recognition by available software programs. The manometric tracings from patients
with different disorders were chosen in order to examine the whole spectrum of
esophageal contractions from multipeaked high amplitude contractions of DES to low
amplitude contractions of non-specific motor disorders. Overall the difference in
amplitude of contractions between 4 Hz and 60 Hz was 4.2 percent, This is equal to
about 2 mmHg for the average amplitude of contractions for normal volunteers which is
52 mmHg (see chapter 7). This is insignificant when one considers that transducer drift
of up to 5 mmHg over the twenty-four hour period of study is considered acceptable.’™
By increasing the sampling frequency to 10 Hz the difference decreases to 1.7 percent
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but this would be at the expense of storing 2.5 times the data for recording and for
sofiware analysis. Sampling, then, at a frequency of at least 4 hertz is adequate for
ambulatory manometry.

The second part of the study examined the effect of two different sampling
frequencies on the ambulatury recording from four voluntesrs. In this study the
amplitudes and duration of caatractions and the peristaltic nature of contraction waves
were examined. This was done to ascertain the difference in the clinical situation and to
examine parameters other than amplitnde. No differences were found betwesn the
sampling frequencies of 4 and 8 Hz either for individuals or taken as a group,
confirming the previous conclusion that 4 hertz is adequate.

‘We can expect that technology will continue to advance and provide larger
memeory storage devices and more efficient computer software programs., However, for
the purposes of ambulatory esophageal manometry, sampling data at a frequency of at
least 4 Hz is optimal in terms of preserving fidelity of the data, complying with memory
limitations of dataloggers, and meeting the analytic abilities of available software. Later
it was found that 8 Hz was necessary to reliably flag pharyngeal swallows because of
the rapid contractions of the pharyngeal muscles, For this reason, the equipment was
modified to store data at 8 Hz for all the pressure channels,



Hardware Development 42

23 THE EFFECT OF EXTRA TUBES IN THE ESOPHAGUS?

2.3.1 Background

The new generation digitrappers with larger memory capabilities provided the
opportunity not only to measure esophageal pressures over 24 hours, but also to
integrale esophageal and gastric pH monitoring. Combined esophageal and gastric pH
had been used in the Esophageal Iaboratory at USC for some time and was performed
with two catheters each containing a glass pH electrode with built-in reference
electrodes.'™'" It was policy tw always use glass pH electrodes as these are considered
superior to antimony probes.’*1”® By protocol, one pH catheter was placed 5 cm
proximal to the upper border of the LES for esophageal monitoring, and the other was
placed 5 cm below the LES for gastric monitoring. As the length of the LES varies
between individuals (Normal range 2.6 - 5.0 cm)® it was not possible to construct a
single catheter containing two pH electrodes which could be placed with the same
position with respect to the LES in all studied subjects.

With the advent of ambulatory manometry a further catheter was needed for
integration of 24-hour manometry with gastric and esophageal pH (figure 2.11). While
the catheters are only 7 Fr in size, a potential for interference of the pressure monitoring
by the pH probes was considered. It has been reported that the greater the diameter of
the catheter used for statiorary motility, the greater the amplitude of esophageal
contractions,'” Furthermore, a question arose as to whether abutment of the pH
catheter apainst the pressure transducers woulu dampen the recording of esophageal
contractions. This study aimed to determine the effect of extra esophageal pH catheters
on the pressure recording of the ambulatory manometry catheter in five normal subjects

and five patients with gastroesophageal reflux disease.

2.3.2 Methods
Five normal asymptomatic volunteers and five patients with gastroesophageal

? This study was published in abstract form in Gastroenterology 102(4):A430, 1992.{1727}
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Figure 2,11 Iptegrated monitoring of ambulatory

esophageal pH, gastric pH, and esophagea] manometry.
reflux disease proven by 24 hecur pH monitoring were studied. All subjects had
stationary manometry performed as described in chapter 4.'” Three 7 French diameter
catheters, {one three channel Seniron manometry catheter and two glass Ingold pH
probes) were introduced transnasally into the esophagus using 2% lidocaine jelly for
topical anaesthesia. The catheters were placed so that one of the pH probes was 5 cm
below the LES and the other 5 ¢r: above the upper border of the LES. The manometry
catheter was placed so that the distal transducer was at 3 cm above the upper border of
the LES, i.e., at the same level as the escphageal pH probe, These are the standard
positions for pH and motility studies. At Ieast one hour was allowed for the esophagus
to accommodate ta the probes before starting the recording. Patients v.eve placed in the
supine position as for stationary manometry. Ten swallows with > ru boluses of water
were performed with ali three catheters in situ. Twenty seconds were allowed to elapse
between each swallow. If the patient inadvertently swallowed during the 20 second
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interval a further 20 seconds were allowed to pass before the next swallow. This was to
negate the influence of the refractory period of the esophagus from the study. One of
the pH catheters was then removed and 5 minutes were allowed for the patient to
accorumodate. A second set of ten wet swallows were performed in the same manner as
before. The second pH catheter was then removed and a third set of 10 swallows was
performed. Contraction amplitudes were recorded 5, 10, and 15 cm above the LES for
all swallows, Cullectively, a total of 1125 contractions were analyzed. Statistical
analysis was performed with the aid of & computer program., Multifactor analysis of
variance and the Kruskall Wallis test for non-parametric data sets were used to assess
the effect of the number of catheters on contraction amplitude.

2.3.3 Resulis
Table 2.2 shows the means and standard error for the amplitudes (in mmHg) of
contractions for the different number of tubes in the different levels of the esophagus.

Table 2.2 The mean + SEM of the amplitudes of contractions for 1, 2, 3 catheters
respectively.

.. 0 amplitude (MmMHAg) * SEM.

cM AMPLITUDE" AMPLITUDE’ AMPLITUDE" SIG.
ABOVE 1 CATHETER 2 CATHETERS 3 CATHETERS
LES n=125 n=125% n=125
15 57 + 2.6 60 + 2.6 60 + 2.6 p=N3S
10 72421 T34+ 22 70+ 24 p=NS
5 68 + 2.7 64 + 2.4 a4 + 2.7 p=NS§

Multifuctor analysis of variance confirmed that the mimber of catheters in the

esophagus eansed no difference in the amplitude of contractions (p=0.85), but that a
large variation in amplitude occurred hetween patients and between swallows within any
single patient. Similarly, when taken collectively, the overall mean aniplitude for all
contractions was similar for 3 tubes (64.5 & 1.5 mmHg) and 2 tubes (65.3 £ 1.4

mmHg) and for 1 tube (65.5 £+ 1.5 mmHg), p=0.91 by Kruskal-Wailis test.
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2.3.4 Discussion

Monitoring pressures at the same time as monitoring esophageal pH provides
the opportunity to ohserve the interaction between the two. Similarly, integrating
esophageal pH with gastric pH has been shown to be usefu] for detecting
duodenogastroesoplhiageal reflux.'™* Also, the pH probe would be 1 cm below the
lowest pres. "wre transducer, and not at exactly the same level, To preserve the fidelity
of each test when integrating the three it was necessary to use three separate catheters
since a single catheter containing all transducers and probes was not avaiiable. Because
the tubes were narrow they were well tolerated by patients as is discussed in chapter 4,
However, it was necessary to study the effect of the extra pH probes on the manometry
catheter to . ke sure that the presence of the pH catheters did not affect the recording
of pressures. The study of 10 wet swallows is the standard for stationary manometry and
we chose to study 10 swallows with three catheters, then two catheters, then only the
manometry catheter in situ. The results show that there is no difference in the recording
of the contraction amplitudes with the presence of the pH probes in the esophagus. This
is probably because the transducers are recording the intraluminal pressure and not the
pressure exerted by direct "squeeze” of the esophageal muscle on the pressure
transducer, This is in keeping with the previous observation by Dodds that the
intraluminal pressures are radially symmetrical in the esophageal body.'%’ It also appears
as if the increase in the combined diameter of the three tubes does not affect the
amplitude of contractions.'”” This appeers to contradict the findings of Lydon e af that
contraction amplitude increases with increasing diame.er of the manometry catheter.'™
However, the catheters used in Lydon’s smdy were up to 6.7 mm diameter which is
larger than the combined diameter of the three 7 Fr catheters in this study (4.45 mmy).
In Lydon's study a difference in contractior amplitude on the smooth muscle of the
esophagus was only found between the 4,8 mm diameter catheter and the 6.7 mm
diameter catheters. There was no difference in amplitude between the 3.3 and 4.8 mm
diameter catheters. It is possible that an effect of additional pH catheters may be seen if
combined with a Konigsberg manometry catheter, which is 4.65 mm in diameter, in
place of the Sentron catheter (2,23 mm diameter) as used in this study.

The presence of pH probes in the esophagus at the same time as the Sentron 7
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Prench manometry catheter did not affect the recording of pressures in this study,
Consequently, integrated moanlitoring of esophageal pH, gastric pH, and esophageal
manometry iz possible ugii z three separate probes without affecting the integrity of each
separate test.



CHAPTER 3: SOFTWARE DEVELOPMENT

3.1 OVERVIEW

Definitions of terms developed in this chapter and used throughout the thesis are
listed in appendix D.

Once each 24-hour ambulatory recording was completed, the stored data was
loaded onto a personal computer for analysis, Early development of ambulatory
manometry was limited by the lack of comprehensive software for automated analysis of
the large amount of data acquired from the 24-hour record. Complex software was
required to analyze the amplitude, duration and morphalogy of contractions, and the
resulting wave form derived from three or more levels of the esophagus. This chapier
outiines the development of the software at USC and the basis for the algorithms used,
The rapid advances in technology in the area of personal computing facilitated both the
graphic screer. display and the software analysis of the recorded study. The release of
the IBM pentium processors with 16 megabytes of RAM (Random Access Memory) in
1995, enabled analysis of a 24-hour manometry study in less that 3 minutes whereas this
took more than 20 minutes with the personal computers available at the beginning of the
study. While the minimal requirements for running the suftware program are a 386
microprocessor with 840 kilobytes RAM, the newer model computers enabled more
rapid analysis.

Figure 3.1 shows an algorithm depicting the .l.ree aspects of the software
development and the features considered under each aspect: 1} the graphical display of
stored raw data, 2) analysis of the data, and 3) a hardcopy report summarizing the
analysis., The user-friendly interface of the graphical display was the product of
Gastrosoft, Inc, Dallas Texas and was developed for the most part prior to the start of
this study. Maodifications were made during the software development to enable easier
access to the data at any point in the recording. The largest part of the development

was in the area of data analysis which included algorithm development and testing, and
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QUTLINE FOR SOFTWARE DEVELOPMENT

Recorded Raw Data
v + v
Graphical display Analysis Reports
of raw data
Contraction parameters
Screen Bassline Peristaltic wave analysis
Channels, Axes Calculation Norinal ranges
Baselines Graphs
Contractions Co v A.r+1.fa
ntraction tifact
Calculate Recognition Discrimination  Coughs
Compress, Go To agd Sncezes
Diary Descriptors Sniffs
Printoyt (amp. dur, etc) Straining
Cardiac impulse
Temporal Simultaneous
Comparison and —_E
Wave Analysis Peristaltic

Figure 3.1 The algorithm for development of the software for analysis of the recorded
ambulatory manometry data.

validation of the fully automated analysis. Forty-six versions of the program were
tested and, in each, errors were identified and corrections made for incorporation into a
newer version for further testing. The final version was validated by comparison wiih
manual analysis and is discussed in chapter 5, This final version has been released by
Gastrosoft for commerci-! use with the Microdigitrapper described in the previous
chapier. Here we discuss the concepts and definitions developed for the analysis of the
24 hour manometry data, highlighting the difficultics encountered in the ambulatory
setting compared to stationary manometry.

3.2 GRAPHIC DISPLAY

In order to display the stored digital data it was necessary to convert digital
information (transferred from the microdigitrapper) inte an anzlogue format to be
displayed on screen or printed out as a hardcopy. Certain functions were needed to
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display the data in a user-friendly environment. The goals for the graphic display as
definied at the outset are listed below:

1. The screen display should show contractions in a way which is
familiar to the physician. This was done by using the stationary
manometry format. Different colors were used for different channels.

2. The program should have the ability to display simultaneous pH data.
3. Baselines and axes should be shown, the scales of which should be
user determined and flexible,

4, There should be a facility to move to a paricular part of the recording
eg. "GO TO" a certain page or time.

5. A compression mode should enable variable durations of the recording
to be displayed on screen at any one time. This would ensble the full 24
hour of study to be displayed on screen or any part thereof.

6. There should be a function that facilitates insertion of diary times from
the graphic screen display (review mode), This allows accurate insertion
of meal times as well as tiw ability to "IGNORE" certain periods or enter
a new diary period.

An example of the screen display of part of a recording is shown in fignre 3.2,
The top channel shows the esophageal pH (5 em above the LES), The other three
channels show esophageal pressure at 5, 10, and 15 cm above the LES. The Y-axis
provides a scale in mmHg for each channel, The interval between "dots” for the X-axis
is shown in the lower right hand corner where the time of the beginning of the displayed
page is also shown. At a sanipling frequency of 8 Hz, 2 seconds between dots is
possible for the fully "uncompressed” or expanded mode. In the uncompressed mode,
approximately 2000 pages, rr screens, make up the entire 24 hour study. The tntal
number of pages for twt compression is shown in the bottom left hand corner of the
sereen. The entire recording (2000 screens) could be “paged” through on computer
screen. The screen divplay could be variably compressed te includa progressively larger

durations of the recording all the way to depiction of the fall 24 hours of smdy (figure
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Figure 3.2  An example of the sereen display of the ambulatory esophageal pH and
manometry recording (right) next to a graphical representation of the position of the
transducers (left).

3.3). The vertical cursor on screen could be placed at any point of the recording and
can be "decompressed” at this point of the study for further on-screen evaluation,
Caleunlations for individual contractions could be performed on screen by use of the
function keys. Further channels such as a swallow channel can be represented as is
discussed later,

An additional on-screen feature was the display of the analyzed contractions after
am omated analysis of the entire recording was completed. This provided the ability to
display the contractions as recognized by the computer. This is discussed later.

3.3 DATA ANALYSIS
The accumulation of pressure data at a frequency of 4-8 times per second from

multiple levels of the esophagus for prolonged periods of time resulted in 2 large body
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Figure 3.3 An example of the 24 hour pH and manometry recording in the compressed
mode showing the fuli 24 hours of study,

of data for analysis. It has been estimated that manual analysis of the 10 wet swallows
cbtained from stationary manometry takes 60 - 90 minutes #'. Manual analysis of more
than a thousand contractions, by extrapolation, would take approximately 250 hours.
This was obviously not practical and computer assistance was required. Fortunately, a
rapid advancement in personal computer and software technology occurred in tandem
with the development of miniature pressure transducers and solid state portable
dataloggers. Consequently, the concept of automated computer analysis became
feasible. In order to do this, definitions and algorithms for computer recognition of the
desired pressure eveats had to be developed. Early use of computer technology had been
used by Castell for analysis of stationary manometry and showed that computer analysis

correlated well with manual analysis,’®?
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For the purposes of ambulatory motility analysis the analysis of the recorded

contractions was broken down into three main areas:

I, Contraction analysis and recognition of artifacts.

II, Propagation analysis using a temporal comparison between

contractions of different levels of the esophagus. This enabled a

distinction between peristaltic and simultaneous waves,

IIL. Efficacy analysis which relates manometric data to propulsive

function,

3.3.1 CONTRACTION ANALYSIS

Standardized parameters as used to define esophagea! contractions by stationary
manometry were used in order to develop computer algarithms. These inciuded
contraction amplitude, duration, area under the curve, slope of contraction i.e,, rate of
rise of pressure, and the morphology of the contractions in terms of double or multi-

peaked and repetitive contractions.

3.3.1.1 Baseline
In order to measure contraction amplifude, it was necessary to define .. baseline
from which to take measurements. In order to minimize the effect of minor transducer
drift oceurring over the 24 hour period a dynamic baseline was used. This was done by
resefting the baseline every sixiy seconds based on the mode value for that period.
This aiso facilitated accurate baseline settings to account 1vr the slight negative
intrathoracic pressure with respect to atmospheric pressure in normal subjects' and the

esophageal pressurization that accurs in patients with achalasia.

3.3.1.2. Threshold
There are physiclogic intrathoracic fluctuations in pressure that constitute a
"background noise” with respect to esophageal contractions. Respiratory excursions are
the most ubiquitous intrathoracic pressure changes recorded. Figure 3.4 shows a
graphical representation of a typical esophageal contraction on the background of these

respiratory fluctuations. Because the respiratory fluctuations can result in pressure
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changes of up to 15 mmHg with deeper breathing, it was necessary to define a threshold
with which to measure the contraction parameters. This thr .shold was defined as an
amplitude (pressure) that had to be exceeded before consideration of a contraction was
made. Once a pressure event exceeded this value, a further criterion of a sp~ ed
duration above the threshold value was made. Defining the optimat thresholds required
comparison of compuier analysis using different thresholds to manual analysis by
physicians experienced in analysis of stationary manometry.'”! The optimal threshold
values provided by the validation study were 15 mmHg for a duration of 1 second.
While it was important ic standardize this for the purpose of defining normal ranges the

option of changing these parameters was still included in the software program.,

Contraction
-------- ﬂ (>15 mmHg for >1s)

dP{dt (Slope)

Threshold

./
Baseline E/L \_MA//__

\

Respiratory variation

- Duration -

Figure 3.4 Graphical representation of an esophageal coniraction superimposed
an the oscillating pressure changes of respirations. dP/dt = the rate of change of
the pressure increase.

3.3.1.3 Artefact Recognition
Besides respirations, coughing, sneezing, nose blowing, and sniffing cause
intrathoracic pressure changes that are recorded from the intragsophageal catheter (figure

3.5). It was necessary to develop algorithms to detect these pressure changes to ensure
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Pigure 3.5 An example of the ambulatory recording showing the intrathoracic
pressure changes with coughing, nose-blowing and sniffing.

accuracy of recognition of valid contractions and exclusion of the "artifacts® from the
contraction analysis. The application of the criteria for valid contractions excluded most
of the artifacts from being recognized as contractions but further criteria for coughing
and sneezing were necessary. Coughing and sneezing have similar characteristics,
namely a rapid rate of rise in pressure (dP/dt), a simultaneous nature of the pressure
change, and a similar amplitude in all levels of the esophagus. The algorithm developed
to recognize these pressure changes included these characteristics in the following way:
When a contraction wave was recognized as simultaneous (see later) the dP/dt of the
pressure change was noted. If this exceeded a certain value (later defined as 100
mmHg/sec) then the amplitude of all contractions was compared. If the amplitude of all
three pressure changes was within 10% of each other, then the *wave" was labelled “c¢'
{for cough) on the screen and was excluded from the contraction analysis, Coughing

and nose-blowing were categorized together.

3.3.1.4 Contraction Descriptors
Figure 3.6 depicts the computer algorithms for recognition of coniraction
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duration and amplitude, If a pressure increase exceeded the threshold value for a period
of 1 second, the pressure increase was recognized as a valid contraction. Derivation of
threshold values is discussed in chapter 5. The amplitude was then measured as the
maximum pressure with respect to the baseline. Duration was defined as the time that
the pressure exceeded the threshold level. These measuvements were then saved for that
particular contraction along with exact times that each of these parameters occurred.
This was important for later analysis of peristaltic progression of contraction waves.
Measurement of the amplitude of contractions with respect to the baseline was
standard for stationary manometry. The measurement of duration was more complex.
Castell had used a computer algorithm for measuring contraction duration for antomared
analysis of stationary manomeiry based on the beginning of the rapid upstroke of the
wave.® Duration of the contraction was measured from this point to the point where the
downslope reached the baseline. There were two problems with this in the ambulatory
setting, both related to the background respiratory fluctuations (figure 3.6). The
measurement of duration of the contraction was dependent in part on the onset of the
contraction with respect to the phase of the respiratory oscillations (x1 and x2}.
Similarly, the return to haseline was affected by the respiratory escillations, y1 and y2.
The figure shows that by using this definition, the recorded duration of the contraction
di is very different from the recorded duration of the contraction d2, even though these
are identical contractiens occturing at different times of the respiratory cycle. The
transducer only records the highest pressure at any point in time and therefore records
the respiratory pressure if this is greater than the start or end of a contraction.
Consequently a different definition for measuring duration was necessary. The
threshold, which had aiready been used for contraction recognition was used, and the
contraction duration was defined as the time that the pressure in the esophagus was
greater than the threshold pressure of the “valid" cort: ~ction (d3). While this
underestimated the true duration of muscular contri i of the esophagus it represents a
reliable and objective measurement. As can be seen from the figure, the measured
duration of both contractions using this definition is the same, d3, regardless of the
phase of respiration. Correlation of computer measurement of duration using this

algorithm with manual analysis was better than previously reported even for stationary
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Figure 3.6 The calculation of wave duration by different definitions. Note
the respiratory fluctuations superimposed on the same contraction at
different phases of the respiratory cycle.

3.3.1.5 Multi-.2aked Contractions and JIfive contractions
A "double-peaked” wave was defi one with two definite peaks while
"multi-peaked” waves have more than tw. ¢s. Repetitive contractions are
contractions that recur after a single stimulus, i.e., a pharyngeal swallow. There iz no
universal definition multi-peaked or repetitive contractions and their functional relevance
is nov clear, A discussion of these contraction forms and the algorithms developed to

recognize them is included in appendix E.

3.3.2. PROPAGATION ANALYSIS
An analysis of the temporal relationship of the propagation of contractions down
the length of the esophagus allowed a definition of the concepts of peristalsis and
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simultaneity. The sequence, or train, of contractions that are propagated down the
length of the esophagus was called a "wave". This term was used to embody the
concept that contractions, as seen on manometry, are part of a single event, i.e.,
propagation of the impulse from the pharyngeal swallow down the esophagus. A
contraction at a particular level of the esophagus should not initially be regarded in
isolation. The mechanical equivalent of peristalsis is the "stripping wave that milks the
esophagus clean from its proximal to its distal end."'® Figure 3.7 shows the algorithm
used for classification of contractions into waves.

CONTRACTIONS

WAVES ISOLATED
PERISTALTIC SIMULTAN EOT.IIS
Complete Incomplete l

Dropped  Interrupted i

|
@
———— POSSIBLY EFFECTIVE
EFFECTIVE

Figure 3.7 ‘The algorithm for classification of contractions and waves.

The software was programmed to relate a valid contraction in one channel to any

other pressure changes in the other two levels of the esophagus. A contraction was
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there. ore either part of a wave, or it bore no relation to any other pressure event and
was called "isolated". As the normal propagation speed of contractions is between 1
and 4 cm/sec, it was specified that the time interval for recognition should be less than 5
seconds between consacutive channels (Scm apart) and less than 10 seconds between the
uppermost and lowest channels (10 cm apart).

The analysis by the software program began with the upper channel. When a
valid contraction was recognized the contraction was related to the other two channels,
If another contraction was rec £d then a wave, or sequence, was recorded, Figure
3.8 shows the definition of the pes of peristaitic waves recognized by the software, If
valid contractions were recognized in afl channels and they were peristaltic then a
"complete peristaltic wave" was recorded, If a contraction was not recognized in either
the uppermost or the middle channel, but was recognized in the other two channels, then
an "interrupted" wave was recorded. If a contraction was nol recognized in the lowest
channel, but was recognized in the other two channels, a "dropped" wave was recorded.
The distinction between "dropped” and “interrupted" was made to differentiate between
a loss in peristalsis in the lower esophagus as was seen frequently in end-stage
gastroesophageal reflux disease, and motor abnormalities that may affect other parts of
the esophagus. The software then performed the same temporal comparisans for the
second channel so that if a wave was interrupted in the first channel] (proximal
esophagus) the wave could be recognized by virtue of its propagation more distally.

This demonstrates how an increase in the number of channels in the esophagus increases
the complexity of the analysis. Applying the concept of wave recognition to the
automated analysis also increased the sensitivity for contraction recognition and
decreased the percent of "isolated” contractions which were feit to be part of a "wave"
when analyzed manually,'™

Once the s " ~rare program recognized the relationship between contractions in
different channels it defined the relationship as elther peristaitic or simultaneous. If
contractions in two different levels of the esophagus occurred at the same time the
contractions were: said to be simultaneous with respect to one another. As a corollacy,
if the wave of contractions progressed in an orderly sequential manner with a definite

period of time between the proximal contraction and the distal contraction, then the
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contraction wave was defined as peristaltic. However, defining numerical parameters to

the definition was more difficult. ‘There is a controversy concerning the definition of

"suatilfaneous” and the way the propagating measurements should be made.

Richter™ defined simultancous contractions as those with a propagation speed

greater than 10 cm/sec.® It has also been noted using fluoroscopic studies that a

propagation speed of greater than 6.23 cinfs was associated with occasional escape of
barium proximally ‘n the supine subject.'™ Supine swallowing of barium, however,

does not recessarily reflect swallowing of food or liquid in the upright period. It had

been the policy in the laboratory of Tom DeMeesicr at USC to err an the side of
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Figure 3.9 Graphical representation of simultaneovs waves

specificity when defining spastic motor disorders that are defined by the prevalence of
simultaneous contraciions. For this reason a rapid progression speed of 20 cm/sec had
been the defining limit at USC to discriminate between simultaneity and peristalsis using
stationary manometry and this definition was adopted for the analysis of ambulatory
recordings, It has been observed that spasm of the esoph: gus may be diffuse or
segmental,® and bolus propagation of barium is usually impeded by simultaneous
contractions even at the segmental level. Consequentiy it was decided to classify a wave
in which either two or three contractions were simultaneous as a simultaneous wave
(figure 3.9). Data regarding the position of simultaneity was preserved for later analysis
so that the level of "spasm® could be determined.

Another controversy concerned the reference point with which to measure the
propagation speed. The manoflucroscopic observation that bolus movement coincides
with the onset of the contraction, prompted Richter and colleagues to use the coniraction
upslope as the reference point with which to measure simultaneity,™ For the purposes
of ambulatory manometry this definition had to be modified because the onset of
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contractions was difficult to define from a standpoint of computer analysis. This point
has been dealt with above in the discussion on the measurement of the duration of
contractions and is related to the respiratory fluctuations. The cumputer analysis of
peristalsis, using onset or peak of contractions, was compared to manual analysis and
found to be more accurate when peak-to-peak propagation was used.'” This study is
discussed in chapter 5.

An important modification of the sofiware program was made utilizing the wave
analysis which improved the sensitivity of contraction recognition. It was noticed during
manual analysis that occasionally contractions of low amplitude were recognized by
virtue of their relationship to contractions in other channels. However, being of low
amplitude, the contraction did not meel the criteria for a valid contraction (of sufficient
amplitude but not sufficient duration) and was consequently labelied as a "missed”
coniraction for that channel by the computer (X in figure 3.10 A). The software was
then modified to accept pressure changes in any one channel if they met the threshold
amplitude alone (and not the duration threshold), if valid contractions (meeting both
amplitude and duration criteriz)} were recognized in the other channels (Figure 3.10B).
This changed the "I,X, X" (isolated, no contraction, no contraction) to "P,P,P*
(peristaltic, peristaltic, peristaltic) which correlated with manual recognition of lower
amplitude contractions. The increase in sensitivity from this modification iz discussed in
chapter 5.

3.3.3. EFFICACY ANALYSIS

Elegant studies performed by Kahriias defined the amplitude and propagation
speed necessary to adequately move a bolus down the esophagus.’® He performed
videoesophagography simultaneously with manometry using liquid barium in the supine
subject. Contractions invariably had to be peristaitic and required amplitudes of
approximately 20, 25. 30 mmHg in the upper, mid and lower esophagus to prevent
escape of barium proximally. If contractions were of lower amplitude, were
simultaneous with another level of the esophagus, or were dropped or interrupted, then
residual barium was left in the esophagus at the end of the wee. Unortunately no
work has been done in subjects in the upright position or in subjects eating solid food.
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Figure 3,50 Graphical representation of the detection of low amplitude contractions by the
modified program.

The physiologic require. ents for adequate bolus transport had, therefore, yet to be
studied. Nonetheless, using criteria to define efficacy was useful to define manometric
function. Using Kahrilas® findings, an effective wave we« defined as a peristaltic waw.
with contractions exceeding 20, 25, and 30 mmHg for the upper, mid and lower
esophagus respectively. As a corollary, an ineffective wave was one in which
simultaneity was identified between 2 or 3 channels, or in which the waves were
dropped or interrupted, There remained, then, the peristaltic waves with contractions
recognized in all levels of the esophagus but with insufficient amplitudes to qualify as an
effective wave. These waves were considered possibly effective, since the abitity of
these waves to move a bolus, with the aid of gravity in the upright position, was
unknown. The summarized "efficacy" analysis was stored in a separate computer file

for the purposes of printed reports and for viewing on screen,
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3.4. SCREEN DISPLAY OF ANALYSIS IN REVIEW MODE
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Figure 3.11 An example of the sereen display of the recognized contractions after the
analysis. This enables on screen viewing of the analysis of individual contractions and
waves,

In order to view which waves had been recognized by the analysis on the
computer screen, the program was modified to superimnose a band of light blue on each
analyzed contraction - the width of which indicated the recognized duration of the wave,
This feature, called the automati. .vent insertion, also displayed the propagation analysis
(Figure 3.11). A "P" (peristaltic) or an "S"(simultaneous) was placed above the
contraction if the contraction wes recognized to bear a relationship to a contraction in
another channel, or an "I" (isolated), if not related (o a recognizable contraction in any
other channels. The wave analysis enables identification of dropped and interrupted
waves on screen by placing an "X" at the channel of the "missed" contraction. This
enabled the person analyzing the recording to visualize the computer’s recognition of

contractions and propagation. A similar feature was incorporated in the pH analysis
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which also displayed on screen the automated recognition of reflux episodes (R =

reflux),
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Figure 3.12 An example of the screen display of the pharyngo-escphageal
manometry. The pharyngesl transducer is used to flag swallows.

3.5 SOFTWARE ANALYSIS OF THE SWALLOW CHANNEL

As discussed in the previous chapter the pharyngeal transducer was used only for
recognizing the occurrence of a pharyngeal contraction and not for providing descriptive
information on the nature of the contraction itself. To this end it was necessary only to
provide a threshold amplitude with which to flag the swallow (Figure 3.12), This was
user defined and could be set at any level depending on the recording for any particular
subject. The pharynx did not show the background "noise” of respirations as was seen
in the esophageal recordings but movements of the head did cause movements of the
catheter in the pharynx. This changed the character of the swallow from high amplitude

contractions to low amplitude contractions since the contraction amplitudes recorded in
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Figure 3.13 An example of the pharyngo-esophageal manometry with the pharyngeal
transducer in the region of the cricopharyngeus muscle.
the pharynx are positional. Occasionally the swallow analysis was complicated by the
movement of the catheter into the cricopharyngeus muscle which resuited in rapid
changes in high amplitude pressures (figure 3.13). The later development of two
different catheters with different distances between the pharyngeal and esophageal

transducers overcame these problems.

3.6 HARGCOPY OF REPORTS OF THE FINAL ANALYSIS

Summaries of the results of the analysis arxl graphic representations of motility
patterns were presented on screen and could be printed in hardcopy form. The report
was flexible and could be user defined so that reports could be customized. As there was
a large body of data concerning contraction forms for the different channels as well as
the propagation and efficacy analysis, a brief summary report containing tables with
values and graphs with superimposed normal values was designed.
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3.7 INCORPORATING ESOPHAGEAL pH ANALYSIS.

The integration of pH analysis with the ambulatory manometry data became
possible with the advent of the larger memory capacity dataloggers. One of the input
channels on the digitrapper could be set up to receive pH data while the others received
pressure data. The idea was to have a single system able to analyze both pH and
manometry data, as well as provide the ability to correlate one with the other.
Correlating pH with manometry would allow assessinent of esophageal clearance of
refluxed acid as welt as the ability to identify the effects of esophageal acidification on
esophageal motility,

"EsopHagram" {Gastrosoft, Inc. Dallas, Tx) was the computer program used for
automated analysis of 2d-hour pH studies in the USC esophageal laboratory. The
program was a product of Gastrosoft but the software was written in a different
language to that of Multigram. Incocperation of the pH analysis into the software
reguired that the pH analysis software be re-written in Turbo Pascal. This required a
comparison of the newly written program in Multigram with the EsopHagram program
50 as to be certain that both programs were analyzing pH tracings in exactly the same
way. One of the problems that had to be overcome was that the motility data was
being sampled at § Hz while the old pH programs utilized systems that sampled data
only at 0.25 Hz. The normal values for pH monitoring had been established using
systems sampling data at this lower frequency.'® The single parameter most affected by
a higher frequency sampling rate was the number of reflux episodes detected when the
pH hovered around pH 4. The analysis of this situation was previously examined in
detail by Johnson and Deleester and the conclusion reached wus to register each drop
below pH 4 as a reflnx episode,'™ The total number of reflux episodes was an
important parameter in the generation of the DeMeester score and an artificially raised
fncrease in the number of episodes increased the reflux score. When sampling at 8 Hz
it was found that the total number of episodes was greater than when sampling only at
0.25 Hz. When 8 Hz was used any small change below pH 4 during clearance of a
reflux episode was recognized as a separate refiux episode (figure 3.14). It was not
possible to change the sampling frequency for a single channel on the digitrapper so this

problein was overcome by adding a feature in the software during analysis. Extraction
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of every 32nd data point stored for the pH channel was equivalent to storing data at only
0.25 Hz. Comparison of Multigram wiv. EsopHagram subsequently was shown to be
the same for the pH analysis. Reports of the pH analysis as previously shown in the
EsopHagram prograt were incorpors ed in the final report of the ambulatory analysis.

pH pH~
Sampling = 0.25 Hz "\ Sampling = 8 Hz
4 F4Wa | // 4§ ] \‘{ ﬂ!mjﬂf
VA A ’..-"'"-"“. Lk
- 1 refiux -] ;? 5 reflux
o episade 4 spisodes
!
Time = Time =

Figure 3.14 An example of how an increased sampling frequency increases the
recognized number of reflux episodes {arrows). Dot = sampled data point.

3.8 INCORPORATION OF GASTRIC FH ANALYSIS

Gastric pH monitoring had been used for the indirect detection of duodenogastric
reflux by Fuchs and others,'™ "% and to detect a hypersecretory state.'®” Dual
monitoring of gastric pH with esophageal pH monitoring had also been used to assess
the presence of duodenogastroesophageal reflux.”™¥ In order to preserve the protocols
for gastric and esophageal pH monitoring and include ambulatory manometry at the
same time ag the pH studies, it was necessary to include the software used for analysis
of gastric pH. This was incorporated in the Multigram program and validated against
the EsopHagram program. The calculation of the Fuch’s score and the graphic
representation of the pH profile of the recording were included in the analysis. While
this was incorporated in the program so that gastric analysis could be performed, further
analysis of gastric pH was beyond the scope of this thesis. ¥ ' armore, the gastric pH
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study has been replaced by a new spectrophotometric device (Bilitec 2000) which

measures the presence of bilirubin in the stomach.



C A" "R4: METHOD OF PERFORMING THE 24-HOUR
AMBULATORY pH AND MANOMETRY STUDY

4.1 INTRODUCTION

It was necessary to standardize the 24-hour test so that it was performed in the
same way for all subjects. Important aspects in this regard included medications
permitted before and during the study, calibration and positioning of the catheters,
optirnal duration of the study, and lifestyle limitations necessary to minimize any
variables that may adversely influence the results. In order to comply with the protocols
of pH monitoring the same limitations were applied in this study, since pH and motility
monitoring were performed simultaneously, Ambulatory esophageal manometry is a
new test and little has been written about how to perforin the study. Consequently it
was necessary to address all factors that may have had an etfect on both the recording of
pH and motility. The methods discussed in this chaprer were used in all the studies
presented in the subsequent chapters.

4.2 MEDICATIONS PERMITTED DURING THE STUDY

All drugs that affected gastric acid output were discontinued long enough before
the test for normal gastric acid output to return. Omeprazole was discontinued for at
least 2 weeks prior to the study as the non-competitive nature of the binding of the drug
to the proton pump inhibits acid output for the life of the parietal ceil. It had been
reported thar some patients show a decreased basal acid output for up to 2 weeks after
discontinuing omeprazole.'® H,-teceptor antagonists were stopped for 48 hours prior to
the sturly.'®® Those patients on omeprazole were allowed to substitute an Hy-blocker for
up to 2 days prior to the study if necessary. Antacids were permitted up to the night
before the study.

Medications that potentially had an effect on gasirointestinal motility were also

stopped well in advance of the study. Thegs included Cisapride which has been shown
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to have an effect on esophageal contraction amplitude, ™ and Erythromycin, a motilin
agonist which has been shown to have ah effect in inureasing motility throughout the
gastrointestinal tract although its effect on the esophagus is questionable.'"* Similarly
other prokinetic agents such as metoclopramide were discontinued, Benzodiazepines
(especially those taken to assist sleep) have been shown to have an effect on the motility
and acid exposure of the esophagus' and were also stopped before the study.

4.3 RADIOLOGY

All radiological studies were performed at USC. The normal subjects and
patients underwent radiological assessment according to the standard protocol of the
USC Swallowing Center, Studies were performed on normal subjects to exciude the
presence of anatomical abnormalities, Videoesophagography was recorded during 5
swallows of 10 cc liquid barium performed in the prene oblique position at intervals of
30 seconds. Rapid swallowing to produce full column films were performed on atl
patients. Upright swallows were again assesscd with 2-5 swallows of liquid barium,
Patients were also assessed with solid bolus swallows. Solid boluses congisted of
cooked minced beef mixed with liquid barium. Bite sizes were determined by the

patient.

4.4 STATIONARY MANOMETRY

All normal subjects and patients underwent stationary manometry prior to
the ambulatory studies. This was done to assess the position of the lower esaphageal
sphincter for later placement of the catheters, to establish the competency of the LES,
and to assess the esophageal body function.**!® Standard manometry was performed
after an overnight fast, A single catheter assembly was used consisting of five
polyethylene tubes bonded together with five lateral openings placed at 5 cm intervals
from the distal end of the catheter and oriented radially around *he circumference. The
diameter of the iateral openings was 0.8 mm, The catheter was perfused with distilled
water at a constant rate of 0.6 ml/min using an Arndorfer pneumohydranlic low
compliance perfusion pump (Arndorfer Medical Specialties, Greendale, Wisconsin).

Overall fength, abdominal length, i.e., length below the respiratory inversion
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point, and resting pressure of the lower esophageal sphincter were measured with a
standardized station pull through technique as previously described.’™ The catheter was
withdrawn one centimeter every 20 seconds and measurements taken at each station.
Relaxation of the lower esophageal sphincter was assessed by a series of five wet
swallows with 5 cc room temperature water w ith one pressure transducer positioned
within the sphincter, the distal side hole within the stomach and the proximal side holes
within the esophageal body. Relaxation was expressed as the percentage of resting
sphincter pressure,

The function of the esophageal body was assessed by placing the most proximal
side hole 1 cm below the cricopharyngea” sphincter and the remaining 4 side holes
trailing at 5 cm intervals aver the whole length of the esophageal body. The reason for
placing the catheter with respect to the cricopharyngeus muscle is the ease of
identification of the high resting pressures of this sphineter. The lower esophageal
sphincter frequently has a low pressure (especially in patients with gastroesophageal
reflux disease) and determination of its position while performing stationary manometry
is difficult. This unfortunately placed the lowermost side hole at a variable distance
from the lower esuphageal sphincter in different patients.'® Nonetheless, this was the
convention gt USC for stationary manometry, The rationale for placume.t of the
ambulatory manometry catheter is discussed shortly.

Ten wet swallows with 5 cc room temperature water were performed at 30
second intervals to assess esophageai body function, The median amplitude and
durzation of contractions from the different levels of the esophagus were calculated from
the 10 swallows performed. Amplitude and duration were calculated with respect to the
baseline,

The time delay between the peak of esophageal contractions at various levels
of the esophagus was used to calculate the speed of propagation. According to this
informatinn, the esophageal contraction wave following a swatlow was classified ax
peristaltic (speed < 20 cm/sec), simultaneous (speed > 20 cm/sec), or interrupted
{contraction amplitude falling to < 10 mmHg in any of the distal recording channels
following a pharyngeal swallow). The 5th and 95th percentiles of historical normals
were used to establish normal ranges for the measured parameters, '™
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The classification of the motor disorders discussed in chapter I, based on

stationary manometric results at the University of Southern California, is shown in table

4.1,

Table 4.1. Diagnostic categories based on stationary manou.etry

DISORDER SPHINCTER ESOPHAGEAL BODY
CHARACTERISTICS CHARACTERISTICS
Achalasia Incomplete relaxation Ne peristalsis

Diffuse esophageal spasm

Incomplete or co.nplete
relaxation

Greater than 20 % simultaneous
cuntractions

Nutcracker esophagus

Normal

Amplitudes > 180 mmHg and
> 190 mmHg in the lower 2
lavels of the esophagus,
respectively”

Hypertensive lower esophageal
sphincter

Pressure > 26 mmHg',
normal relaxation

Not meeting the eriteria for
achalasia or diffuse spasm

Non-specific motor disorder

Variable

Not meeting the criteria for any
of the above named disorders but
outside the normal range

* Above the 95th percentile of normal subjects®> 7

4.5 CALIBRATION OF THE CATHETERS

4.5,1 Calibration of the pH Electrodes
The probes in this study were calibrated in standard solutions of known pH

which were compatible with the glass electrodes used (Ingold, Sweden). In this study

only glass pH electrodes were used as were considered more reliable and more accurate

than antimony probes.®!% Fresh batteries were used for each study and were inserted

just prior to calibration. Calibration was performed in solutions of pH 1, 4 and 7 at

room temperature, Since the recorded pH of a known solution changes with increasing

temperature, a correction factor for this temperature difference was incorporated in the

software program used for analysis. At the end of the study the catheter was advanced
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into the stomach to record the gastric pH. This was done to ensure an acidic gastric pH
as a few patients have achlorhydria and may have a false negative pH study despite
significant reflux disease. The probes were re-calibrated in the same pH solutions (pH
1, 4 and 7) at the end of the study to exclude any drift in the recording over the 24-hour
period. Studies with an electrode drift of greater than 0.2 pH units were discarded and
the test was repeated where possible.

4.5.2 Calibration of the Manometry Catheter

Soaking the catheters in sterile water was necessary prior to calibration because
of the hygroscopic potential of the silicone coating of the pressure transducers. As
water is absorbed into the silicone lattice an increase in pressure is recorded until
saturation is reached. The Konigsberg catheter required longer pericds of pre-
calibration soaking {> 1 hour) because of a thicker silicone coating than the Sentron

catheter which reached saturation within 5 minutes.

Tigure 4.1 A method of calibrating the manometry catheter. The catheter is
placed in & scaled glass tube which is connected to a bulb and a pressure
gauge,
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The manometry catheter was calibrated in a known pressure environment using
pressures similar to those likely to be encountered during the recording of esophageal
contractions. A tube with a baumanometer bulb was initially destgned for calibration of
the transducers (figure 4.1). However, this was found io be inaccurate because of a
diffculty in maintaining a seal on the tube during calibration. An alternative method
was desiphed which entailed placing the catheter in a calibration column containing
water of known depth (figure 4.2). The catheter was placed so that the middle
transducer was at a depth of 68 cm (equal to 50 mmHg). The software for the upioad
was programmed to accept the calibration pressures so that all measurements were made
with respect to this, At the end of the study the catheter was again ihserted into the
calibration column to exclude transducer drift. Studies in which a transducer drified
more that 5 mmHg were discarded and were repeated where possible. The calibration
wnrnn was cleaned after each use, In each study the Microdigitrapper was set to record
during the calibration so that this could be confirmed on screen at the beginning and end
of the 24 hour period. The Microdigitrapper clock was set prior to the start of each
study, The liquid crystal display of the time on the Microdigitrapper ensured that
accurate recordings of events were made by the studied subjects.

4.6 PLACEMENT OF THE PROBE

4.6.1 Anesthetizing the Nasopharynx

A number of local anesthetic agents were avail: sle for nasp-esophageal
intubation, Topical cocaine does not anesthetize the csophageal body mucosa and
shrinka the nasal mucosa to aid in the passage of the probe, The disadvantages of
ocaine is that it is a controlled substance and application to the nasopharynx is
unpieasant. Spraying the nasopharynx with topical xylocaine is effective but the
spraying itself causes a "burning" sensation. An alternative was to use 2% Lidocaine
jelly. In this study the jelty was placed in a 5 cc syringe and given to the patini. The
patient, in his or her own time, injected the jelly into the nose and sniffed it imw the

nasopharynx while lying supine. This maneuver was easily done with minimal
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Figure 4.2 The caiibration column containing water in
which the manometry catheter is placed. This was the most
srourale means of calibration and was the way it was
performed in this study.

discomfort to the patieat. The ¢theter was then introduced into the nosiril and the
patient was asked w oatere’ tus or her neck in order to straighten the angle hetween the
nose aud the aropharynx, This facilitated passage of the catheter tip past the soft palate
int~ the back of the moath. The patient was then given small sips of water and asked to
swallow with the head fully flexed with the chin on the chest, This facilitated passage
through the cricopharynx into the upper esophagus. Difficulty passing the catheters was
only experienced in patients with a Zenkers divecticulum. The effect of lidocaine Jasted

approximately 15 minutes, so its effect on phary ngnesophageal motility was mimmal.
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4.6.2 Positioning the pH Probe in the Esophagus.

The results of pH monitoring have been shown to be affected by the distance of
the probe from the LES. Significantly less acid is refluxed higher in the
esophagus,’™1% Also, the LES has been shown to move upward with swallowing and
respiration.’****® K has also been noted that the lower esophageal sphincter moves into
the chest transiently during peristalsis and it is estimated that the sphincter can move
cephalad 2 to 2.5 cm.* There is also movement of the catheters with respect to the
sphincter when the patient flexes or extends the head. In order to exclude the possibility
of the electrode advaneing t1rough the sphincter and thereby being exposed to gastric
Jjuice which has not refluxed, it was necessary to place the electrode well above the
upper border of the manometrically defined LES. By convention, and with regard to the
studies just mentioned, the pH probe was positioned 5 em above the upper border of the
manometrically defin. . LES in this study,'” The alternate techniques used to determine
correct positioning of the pH probe have been found to be inaccurate and were not used
in this project,232%

4.6.3 Design and Piacement of the Ambulatory Manometry Catheter

in order to evaluate the entire esophageal body it was felt that sufficient
transducers to span the length of the esophagus should be used. At least three
transducers have been recommended for the use of stationary manometry ™  As
mentioned, the problem of increasing the number of transducers is the increase in the
amount of memory required on the datalogger, as well as the complexity of the software
needed for analysis. Other systems developed in Europe used only two transducers but
this fimited the amount of information obtained from the sudy, @27 In this thesis a 7
French Sentron catheter (Sentron, Amste-dam, The Netherlands) with three transducers
placed 5, 10 and 15 centimeters above the lower esophageal sphincter was used. This
enabled evaluation of the body of the esophagus in terms of peristaltic function, with a
manageable amount of data as discussed in the previous chapters, Later development of
the swallow channel placed 25 cm above the LES enabled sampling of pharyngeal
pressures,

The lowermost transducer w~s placed at the same level as the pH elecirode.
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This ensured that the transducer did not move into the LES during the study and enabled
evaluation of esophageal motility with esophageal acidification. It afso enabled
recording of pressures in the lower esophagus in a similar position with respect to the
LES in ali patients,

4,7 THE DIARY

Patients wore asked to keep as accuarate a diary as possible during the 24-hours
of study. The sheet that was given to patients explaining the diary and providing a place
to record events is included in apnendix F. Subjects were asked to document, to the
nearest minute, the start and finish of a meal and the occurrence and nature of any
symptoms. Recording exact times was important as the characteristics of esophageal
contractions were fc ad to be very different during meals, between meals, and during
sleep. Accurate diary keeping by the patient was also important for exclusion of the
meal peripds from the analysis of the pH study, and for discrimination between upright
and supine reflux,'® The Microdigitrapper had event "markers" which could be used by
the patient during the study. These were used to mark the beginning and end of meals,
the time of lying down for sleep at night and the occurrence of any symptoms.
However, patients were reluctant to use these and a hand written diary was found to be
more reliable. A questionnaire to assess the accuracy of the diary and the tolerance of
the patients to the tubes is discussed in chapter 4.13.

4.8 DIET

The patients were allowed to eat normal sized meals during the course of the
study. These were usually lunch and dinner if the study was initiated in the morning,
and dinner and breakfast if the study was initiated in the afternoon. The only
restrictions were the times of eating and the pH of the foods earen to comply with the
protocols for pH w.  ring.™2% Patients were given a list of foods with a pH of
between 5 and 7 (Appendix G). Only water was allowed between meals and subjects
were asked to document times of drinking on their diaries. Carbonated beverages were
forbidden because of their acidic pH and their potentiai to encourage belching and

augment reflux. Patients were asked not to eat within four hours of lying down to sleep
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as eating prior to lying down may precipitate reflux.

In order to understand the patterns of motor activity in different physiological
seftings the circadian cycle was divided into different physiological periods for analysis.
These were 1) the eating of meals, 2) the awake interprandial period, and 3) the supine
or sieeping period. Reasons for this were based on previous studies which showed that

ophageal motility is affected by the nature of the swallowed bolus, by body position,
and by slesp, 3435137 14LUAN02N Thege are discussed in subsequent chapters.

Subjects were asked to eat their meals in one sitting so that motor activity could
be assessed without the interruption of pericds of "dry-swallowing", However, patients
were asked not to rush their meals. An increase in swallowing frequency has the
potential to affect the amplitude and organization of contractions because of neural
inhibition and the refractory period of the esophageal muscle.

Langevin has noted that although the characteristics of a swallowed bolus affect
irdividual wave forms, the nature of a whole meal does not affect the overall analysis of
esaphageal function with prolonged monitoring.®* In this study meals were not
"standardized" and patients were encouraged to 2at whatever they liked with the only
limitation being the abstinence of acidic fnods and ice-cream. Patients were asked only
to drink water between meals and that these events should be noted on the diary, These
periods were included with the meal period in the final analysis.

Assessment of the early recordings revealed that during the eating of ice-cream,
the amplitude of contractions and the prevalence of complete peristalsis was decreased.
Castell previously noted that when cold liquids are swallowed rapidly that esophageal
contractions are diminished in amplitude.®® This has not previously been reported in
the ambulatory setting. Figure 4.3 shows an example of a compressed recording during
a meal. The uppermost channel shows the pH recording. The pharynx, upper, middle
and lower esophageal pressure recordings are shown in the next four channels from
above, down. At the arrow, the patient documented precisely the start of eating a bowl
of ice-cream. The recording shows that from this point, there was continued
pharyngeal swallowing but a marked decrease in the esophageal body response. The
amplitudes of contractions were decreased and the esophageal baseline pressure

increased. It is possible, in this situation, that the same mechanisms responsible for the
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depression of normal peristalsis cause inadequate relaxation of the sphincter resulting in
esophageal pressurization. Research is presently in progress in this area at USC.
Nonetheless, for the purpose of this thesis, the patient diets were modified to exclude
ice-cream (Appendix G). All previous studies in which the patient ate ice-cream were
re-analyzed to exclude this effect from the meal period.

Figure 4 3 A compressed axple of the 'imbu]a.tory recordlng showing the effect of ice-
cream on esophageal motility. The arrow marks the time the patient started eating ice-cream.

4.9 ACTIVITY

The patients were asked to slesp only at night since slesping during the day,
especially after lunch, can alter the motility patterns. During sleeping esophageal
activity is markedly decreased and contractions have different characteristics from either

the upright or the meal periods as is discussed later.?'%*'" Bsophageal clearance of acid
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is also markedly diminished when sleeping,!"21%217 ‘The subjects were asked to
document on the diary the times of retiring for the night and the time of rising in the
morning, A more accurate means of documenting actual sleeping times was difficult.
DeMeester had previously used a "supine” period during pH monitoring to represent
reflux occurring at night. This included time spent asleep and time supine but awaks.'™
The ambulatory records revealed that the onset of sleep was accompanied by a marked
decrease in both swallowing and esuphageal motor activity and this was used to more
accurately define the "sleep” period. If the patient managed to document periods of
being awake and upright then these periods were included in the upright and not the
supine analysis,

4.10 SMOKING AND ALCOHOL

Some centers allow patients to smoke and drink alcolol during pH monitoring if
they normally do so. However, most evidence suggests that smoking and aicohol
increase esophageal exposure to gasiric juice over a 24-hour period. Ethanol has been
shown to acutely decrease the LES pressure in healthy volunteers with an associated
increase in nocturnal reflux.*® It also has a chronic effect on the body of the
esophagus.™219% Smoking decreases the LES pressure, at least for the time of active
smoking and increases the number of reflux episodes.Z*® Smoking is also associated
with increased coughing which increases gastroesophageal reflux and makes analysis of
ambulatory motility more complex.™ For these reasons smoking and alcohol were not

permitted during the 24 hour period in this study.

4,11 EXERCISE

Although 3 was felt important to evaluate the patient in the most physiological
conditions, subjects were asked to avoid excessive exercise during the study period.
There is evidence that certain forms of exercise may increase the esophageal exposure to
acid and affect the esophageal body activity. Clark and colleagues showed that reflux
was increased significantly in running subjects.™® Soffer et af found that the number of
gastroesophageal reflux episodes and the duration of esophageal acid exposure was

significantly increased in trained cyclists during exercise.” The duration, amplitude
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and frequency of esophageal contractions also declined with incieasing exercise

intensity. No subjects in this study were studied under strenuous exercise conditions,

4,12 DURATION OF MONITORING

Experience with ambulatory pH monitoring revealed that the longer the duration
of study the more chance of correlating patients symptoms with reflux episodes.!?:208,223
Monitoring during actual sleep was also biaportant to document "nocturnal” reflux which
has a different pattern to upright reflux.> Similarly, it was felt that ambulatory
manometry should record motor patterns from the periods of eating, awake
interprandial, and sleeping. In this study subjects were studied for a complete circadian
cycle with at least 12 hours of upright awake time, two full meals, and a full nights
sleep. This prolonged period also provided the optimal period for detecting episodic

motility abnormalities such as conld occur with non-cardiac chest pain.

4.13 INPATIENT VERSUS OUTPATIENT MONITORING

Schlesinger and colleagues found that inpatient monitoring greatly underestimated
the reflux which occurs in the outpatient ambulant subject.”*” When ambuiant outpatient
monitoring was compared to inpatient monitoring, DeMeester found that in 18 normal
subjects ouipatient monitoring revealed a greater number of reflux episodes only in the
upright position.”™ This was not so in 10 patients with GERD.*® The greatest
advantages of outpatient monitoring are the decreased cost and convenience to patient
and physician. While ambulatory manometry was not compared for inpatients and
outpatients in this study, the conclusions reached by ambulatory pH monitoring were
applied here. The patient is more likely to eat, drink and sleep more "normally” in his
or her home environment, and assessment of esophageal motor function in this situation

is probably a more accurate reflection of physiological motor activity.
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4.14 PATIENT TO? ERANCE AND COMPLIANCE OF 24 HOUR PH AND
MOTILITY MONITORING.?

4.14,1 Background

During ambufatory pH and motility monitoring nasc-esophageal intubation was
necessary. It was not known whether the presence of the catheters limited the patients
ability to eat or sleep or perform other tasks of daily living. Furthermore, accuracy of
patient diary keeping was not known, In order to assess these aspects for the purposes
of ambulatory manometry a post-study questionnaire was performed on 50 consecutive
patients who underwent simultaneous pH and manormetry testing.

4.14.2 Methods

Fifty consecutive subjects undergoing ambulatory pH and motility testing for
workup of foregut symptotms comprised the study group, Stationary mancmetry
followed by simulianeous ambulatory pH and motiliy monitoring was performed as
described above.

Before the 24 hour study patients were informed about the importance of
accuracy of the diary, This was also stressed in the diary sheet given to the patient on
which the patient docwmiented daily events (Appendix F), Patients were unaware,
however, that they would be asked o complete a questionnaire after the study was
completed.

Patients returned from the 24-hour study the next mornir~ 1 the catheters were
removed, re-calibrated, and then uploaJed onto an IBM personal desktop computer for
analysis, Each patient was then asked to complete the post-study questionnaire
(Appendix H) in their own time prior to leaving the laboratory. Patients were informed
that the results of the questionnaire would in no way compromise their future care and

that ti.e results of the questionnaire were for research purposes only.

* yhis study was published in abstract form in Gastroenterology, 1994: 106(4), part 2:A471.
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4.14.3 Results

Forty six (92%) of patients noted that they wete able to mark events accurately
at the ime of occurrence. Forty six (92%) were able to eat the stipulated 2 meals and
only 4 (%) felt restricted oy the suggested menu. Forty nine patients (96%) who
admitted to eating or drinking between meals documented these times on the diary.
Thirty subjects (60%) slept at some time during the day, but only 15 (50%) documented
this on their diaries. Forty-three (86%) woke at some time during the night, but 31
(72.%) failed to document these times accurately. Most patients described the test as
uncomfortable but bearable and only 5 (10%) said they would not repeat the test shouid
this be necessary.

4,14.4 Discussion

It is important to agcertain how reliable patients are in documenting occurrences
during the 24-hour period of study since the analysis depends in part on the patient
diary. It has previously been noted that the motility parameters during meal periods
differ markedly from the interprandial period which is also different from the motility
during the supire period. In order to accurately analyze these periods the patient diary
needs to be accurate and, for this reason, the importance of the diary was emphasized
the subjects prior to the study. In reality it was usvally evident from the recording
when normal subjects &te and drank, and when they fell asleep (see chapter 3, figure
3.%), but this war not always obvious in patients with motility a“normalities, This study
showed, however, that patients were reliable in documenting various accurrences when
awake. On the other hand documentation of nighttime events was poor. Seventy-two
percent of patients who woke in the aight failed to document this on the diary. The
implication of this is that some patients may have an increase in nocturnal motor activity
that is due to periods of being awake and not to abnormal motor function, The poor
documentation at night is also ralated to the poor correlation between symptoms and
reflux episodes during this period.®

The fact that maay patients slept during some part of the interprandial "awake"
period has important implications. Decreased esophageal motor activity and
compromised esophageal clearance function are characteristics of sleep. '™ Long reflux
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episodes that occur during a post prandial "nap” may be a result of these factors.
Whether these reflux episodes should be considered as part of the supine period or not is
debatable, but in some patients a single long reflux episode in this setting may make the
difference befween a normal and an abnormal reflux score, (see chapter 8). In this
study daytime sleeping was inciuded in the supine period only if it was clearly
documented by the patient.

The recording of snacking and drinking liquids ouwside of meal times was well
documented. For the same reasony as above it is important to be able to know this prior
to analysis, as the increased amplitude and organization of esophageal contractions that
occurred with eating may sway an otherwise grossly abtiormal interprandial period
toward normal if te snacking is included as a non-meal period, When patients clearly
documented these periods of snacking they were included in the analysis for the meal
period in this thesis,

The need to intubate the esophagus through the nose is not ideal. Most patients
found the study uncomfortable. However, almost all the patients described the test as
bearabie an. *aly § patients said they would not repeat the test if it was necessary.
Ninety-two percent of patients were able to eat the stipulated two meals. Overall the
test was well tolerated and most patients carried out near normal lifestyles during the
period of study. When the importance of an accurate diary was stressed to the patients at
the start of the study the compliance was high during the day but relatively poor at
night.



CHAPTER 5: MANUAL VERIFICATION OF THE COMPUTER
ANALYSIS OF 24-HOUR ESOPHAGEAL
MANOMETRY"

5.1 BACKGROUND

Prior to clinical application, it was necessary to validate the software program
used for automated analysis. The aim of this study was to compare the automated
computer analysis of ambulatory esophageal manometry with the accepted goid standard
of manual analysis,

52 METHODS

The 24-hour ambulatory motility reccrdings from two normal volunteers (subject
1 and subject 2) and three patients (subjects 3-5) were used for manual and computer
analysis. The patients were chosen for their variety of esophageal motor patterns to
represent the spectrum of esophageal motility disorders that are likely to be encountered
in clinical practice; subject 3 had high amplitude contractions, subject 4 had a
hypomotile esophagus and subject 5 showed featuzres of a non-specific esophageal motor
disorder with an increased prevalence of multi-peaked contractions and simultaneous

waves.

5.2,1 Ambulatory Manometry

After standard stationary esophageal manometry '*® the subjects underwent 24~
hour ambulatory motility monitoring according to the protocols outlined in chapter 4.
The recordings were uploaded onto an IBM compatible personal computer and the
software described in the previous chapters was used to automatically analyze each of
the recordings.

The comparison between manuat and computer analysis was divided into three

parts: ') Contraction recognition, i.e., which pressure rises were considered to be valid

4 This study was published in Blomedical Instrumentation and Technology, 1993;27:49-55
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esophageal contractions, 2) Measurement of the contraction parameters of amplitude and
duration, 3) Characterization of the propagation of the contraction sequence down the
esophagus as either simultaneous (occurring in two different channels at the same tims)

or peristaltic (contractions in two channels separated by a certain time interval).

5.2.2 Manual Analysis

Since twenty-four hours of recording provides approximately 1000 contractions
for each of the three levels of the esophagus, only a representative subset of these
contractions were chosen for manual analysis. Six 10 minute periods were randomly
chosen from each 24 hour recording: two from each of the upright, supine, and meal
periods. This provided a to.al of 1407 contractions for characterization. Three hundred
and eighty eight of these contractions were randomly selected for the measurements of
duration and amplitude, Randomization was performed with the aid of a computer
program. The tracings of the data for these periods were then printed cat and a copy
from each subject was given to 4 physicians experienced in esophageal motility studies.
The tracings were analyzed separately by each physician with regard to the progression
of the contractions from one channel to the next (peristaltic or simultaneous), and for
amplitude and duration of each contraction. Amplitude was measured as the distance
from the baseline to the peak of the contraction. Duration was measured as the time
from the major upstroke of the contraction to the time the pressure returned to baseline.
If the pressure wave did not return to baseline because of superimposed respiratory
fluctuations the major downslope of the contraction was extrapolated to baseline as
suggested by previous studies.®® The results of the manual measurements were pooled
and the means of the amplitudes and duration for each contraction were used for
comparison with computer analysis. In order to assess the intra-observer variation, the
duration of the same contractions was measured by each expert on separate occasions, 4
days apart. The progression characteristics of the contractions was uitimately decided
by committee based on the individual expert's results.

5.2.3 Computer Analysis
Contraction recognitlon was basad on an algorithm which defined a contraction
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as a rise in pressure of greater than a certain value for a specified period of time (sec
chepter 3). Such a threshold is necessary because of the background pressure
fluctuations that occur with respiration. The sensitivity of the program in recognizing
true contractions, i.e, contractions recognized by manual analysis, was assessed by using
5 different threshold criteria for amplitude and duration; 10 mumHg and 1.0 seconds, 10
mmHg and 1.5 seconds, 13 mmHg and 1.0 seconds, 15 mmHg and 1.5 seconds, and
20 mmHg and 1.0 seconds. In order to increase the sensitivity, and decrease the false
positive contraction recognition by the computer, the program was modified as
previously discussed. An algorithm based on simultaneity and rate of rise in pressure
{dP/dt) was developed for detection of coughs and sneezes. Low amplitude contractions
(i.e., not meeting both duration and amplitude criteria) were recognized by relating
small changes in pressure with valid contractions in either of the cther two channels as
deseribed previously., The sensitivity and false positive rate of the modified program
was assessed for the threshold of 15 mmHg and 1 second.

The baseline from which contractions parameters were measured was set every
60 seconds according to the mode value for that time period. The amplitude of
contractions was measured from pesk to baseline while the duration was measured as the
time during which the pressure was abov- the threshold (Figure 3.4).

Contractions occurring in sequi . in two channels were defined as simuitaneous
if the speed of propagation exceeded 20 cmi/sec, and peristaltic if the propagation speed
was less than 20 cm/ses, as previously described. Contraction onset and contraction
peak were each used as points with which to measure the speed of propagation to

compare with manual analysis.

5.2.4 Statistics

A commercially available computer program (SAS, SAS institute, Cary, North
Carolina) was used for statistical analyses. Pearson’s correlation co-efficient was used
for amplitude and duration comparison, and Wilcoxon signed rank test was used for

compating accuracy of peak vs onset for propagation analysis.
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5.3 RESULTS

The sensitivity of contraction recognition and the false positive computer
detection of contractions is shown in Table 5.1, The threshold of 15 mmHg :. - 1
second was found to give the best sensitivity while resulting in an acceptable number of
false positives. Deficiencies in sensitivity were due to low amplitude =nn: ~actions that
were unable to fulfill the amplitude and duration criteria, while the fals. uw tive
contractions resulted from recognition of pressure increases from coughs and sneezes as
esophageal contractions, and from the recognition of multipeaked and repetitive
contractions as separate and distinct contractions when manua! analysis considered these
part of the same contraction complex, To overcome these shortcomings the program
was modified. Application of the modified program to the threshold of 15 mmHg and 1
second increased the sensitivity from 88 to 93.8% while reducing the nu. nf false
positives from 23.4 to only 2.2 for the period considered. The latter re- i5

approximately 1 percent of all computer recognized contractions.

Table 5.1: Sensitivity of computer analysis for contraction recognition in each subject using
different thresholds, The number of false positive contractions detected by the computer is
also represented (in parentheses).

' SUBJ'EC'.I‘. lﬂlﬁmHg 18mmHg | 13minHg | 15mmHg | 20mmHg | 15mmHg
- [# of evaluated | 1.0 s 15s 1.0s 15« i0s 108 +
contractions] _ _ _ Algorithm
1 98.7% 96% 95 % 9% 88% 95%
[237) (26} {13) (19) (12} (9) )
2 97.9% 92% D1.8% 88.5% 84.4% 7%
[340] {54) (40) (19 (12) (12) (3}
3 08% 38% 91% 87% 80% 95%
[351] (72) (40) (21) (16) {5) (10)
4 94% 92% 76% 1% G6% 9%
[218] (63) (54) (15) (8) (3 (11}
5 56.4% 0l% 86.1% 75.2% 67.2% 94.2%
[261] (88) (54) (43) (25) (33) (20)
Average 1% 2% B33% &3.55 17.1% 4%
[1407] (60.6) (40.2) (23.4) | (i4.6y 1{ 12,4} (9.2)
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Drift from the ambulatory catheter did not exceed 4 mmHg in any pressure
channe} for the duration of the study. Comparison of computer calculated and manuaily
measured amplitude showed an excellent correlation (r=0.996) while the correlation was
less good for duration (r=0.73) (Figure 5.1, 5.2). Correlation for duration between
experts wes similar to this, (r=0,73-0.77) ss was the correlation for duration
measurements of the same expert on the sar e contractions performed 4 days apart
(r=0.79-0.88). Comparison of each expert with each other and witit computer analysis is
depicted in Table 5.2.

Computer analysis of wave propagation was more accurate when contraction peaks
were used than when measurements were made relative to contraction onset (Figure 5.3).
Overall the accuracy of propagation classification was 93.3% when using contraction
peaks and 84.3% when using contraction onset (p<0.05). This pattern was simila. for
each of the subject analyses.

Table 5.2: Correlation coefficietn. for comparison between experts, and between experts
and the computer for contraction duration.

EXPERT i | EXPERT 2 | EXPERT3 | EXPERT 4 | AVERAGE
EXPERT2 | 073
EXPERT 3 0.75 0.73
EXPERT 4 0.77 0.73 0.6
COMPUTER 0.71 0.65 0.62 0.66 0.7

5.4 DISCUSSION

Validation of an automated computer analysis program is ¢ssential prior to its use
in cither the research or clinical setting.'612%2%7 The ideal computer program for
automatic analysis of ambulatory esophageal motifity requires three distinct features.
First, the program should recognize what constitutes a contraction as recognized

manually, so that any measurements are performed only on those intraesophageal pressure
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Figure 5.3 Comparison of accuracies of propagation characteristics based on

peek and on onset for the five subjects studied.
increases that are due to esophageal contractions. Second, the program should be able to
measure characteristics such as amplitude and duration as accurately as marnial analysis.
Finally, the program should be able to classify the relationship of the esophageal
contractions as either peristaltic or simultaneous. These features are not only essential to
describe the manometric function of the esophagus but are the basis for the established
classification of esophageal motor disorders. This study compared the accuracy of the
automated analysis to the gold standard of manual analysis. To minimize the inter-
individual variation in the manual analysis of esophageal motility *°, the standard was
based on the results obtained from 4 different physicians experienced in esophageal
manometry. Because of the background "noise" of respiratory variations (see chapter 3) a
threshold for recognition of increases in intrathoracic pressures due to esophageal
contractions needed to be defined. The threshold needed to be set high enough to avoid
recognition of respiratory fluctuation as contractions (i.e., minimize false positives), but
low enough to detect as many low amplitude esophageal contractions as possible (i.e.,
have high sensitivity). The latter was especiafly important in patients with low ampiitude

contractions (as occurs in severe gasiro-esophageal reflux disease) which explains the
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inctusion of subject 4 in this study.™ While specificity cannot be meaningfuily described
in terms of a percentz, . (there are infinite true negatives, i.e., "a no contraction”
recognized by computer, and *a no contraction” recognized manually), a false positive
rate was chosen as an indication of computer recognition of contractions which were not
true contractions as described by manual analysis. The decrease in the false positive rate
of the modified program was due {o the recognition of multipeaked and repetitive
contractions which were previously recognized as multiple separaie esophageal
contractions by the carly versions of the program, and which are considered by manuai
analysis to be part of the same contraction complex, The increased sensitivity of the
madified program was a consequence of the ability of the program to recognize low
amplitude contractions that did not mest both amplitude and duration criteria by relating
these small pressure changes to valid contractions i the other 2 channels (Figure 3.10).
The threshold of 15 mmHg for a duration of 1 second was found ta be the most
accurate for all subjects studied. For the subject with high amplitude contractions and for
the 2 normal volunteers a higher threshold could be used as nearly all of the contractions
were greater than 30 mmHg in amplitude. In these subjects a higher threshold did not
decrease the sensitivity but did decrease the false positive rate. The threshold of 15
mmHg and i second is the best compromise in order to have a standard threshold to be
used for normal subjects for construction of a database with which to compare patients.
As could be expected, the correlation of the manual with computer analysis for
amplitude of contractions was excellent. A defined baseline with which to measure the
peak of the wave allows this, and the peak of the contraction is easily recognized by the
computer. Measurements of duration are, hawever, more complex. The duration cannot
always be measured relative to baseline because of the respiratory flectuations.
Furthermore, contractions are described by a variety of wave forms with varying upslopes
which makes it difficult to know when the esophageal contraction actualty begins and
ends, Consequently, for contraction analysis, the duration was defined as the time the
contravtion amplitude was above our chosen threshold (> 15 mmHg and >1 second).
Comparison of the duration measured in this way with manual analysis demonstrated that
the correlation was as good as computer programs that measure only the 10 swallows of

stationary motitity."* The difficulty in measuring duration is well demonstrated by the
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correlation co-efficients for the comparison between the single experts, as seen in table
5.2, as well as tor the same expert when the same coniractions were measured blindly a
few days later, The computer analysis does have the added advantage, however, of
eliminating the interindividual variation since the same algorithin is always used.

Of interest, measurements relative to contraction peak were shown to be more
accurate for characterization of propagation than wave onset, _his is contrary to the
physiologica: finding that movement of the bolus coincides with the onset of the
contraction (i.e., the contraction upsiope) and not the contraction peak. The reason for
the increased accuracy for peak to peak measurements is the imprecision in identifying the
onset of the contraction. Compounding this problem is the fact that pr .rding the
contraction an intra-bolus pressure is often seen (especially during meals), which
sometimes exceeds the threshold of 15 mmHg in separate channels, In this situation the
onset of the contraction is recognized as the start of the bolus pressure and not the sto~ of
the contraction,

In this stady we evaluated and validated the software program designed for
analysis of continuous intraesophageal motility monitoring, The software was found to
provide an accurate automated analysis of this very large body of data.

5.5 CRITICAL EVALUATION AND COMMENT

The validation of a software program against manual analysis for the large number
of contractions recorded by ambulatory esophagea! motility monitoring is arduous, but
esseatial. In the present era of rapidly advancing comuuterization, a greater number of
techriques are becoming available for research and diaghostic purposes. It is hinperative
that the accuracy of such systems be evaluated before they are put into clinical practice, I

am indebted to those physicians who made time to help with the validation study.'™



CHAPTER 6.  ASSESSMENT OF ESOPHAGEAL MOTOR
FUNCTION DURING MEALS

6.1 MONITORING PRESSURES DURING EATING

This chapter outlines aspects of ambulatory manometry from the meal periods
that shoul# be borne in mind when interpreting the recordings. Direct comparisons
befween smtionary manometry and ambulatory manometry in terms of amplitudes and
durations of contractions cannot be made because of the differences that occur during
eating in a physiologic environment.

The nature of the food swallowed and the interval between swallows have a
profound ef ¢t on the measurements of contractions. Posture, bolus size, and _
temperature and consistency of the swallowed food have ali been shown to éffgi:f’ttwu;j‘__
amplitude and propagation speed of recorded contractions.*"’“”"“"39"““"“3"“"3‘“""5?7""‘:’
Keren,'® found that the velocity of propagation is significantly slower and the
amplitudes of contractions are higher witn soft food than with water boluses. Dooley has -
noted that boluses with high viscosities cause an increase in contraction duration,®? Ina
separate study he found that the esophagus responds to increments in consistency (solid o
boluses) by increasing the contraction amplitude.'®

There are neuromuscular mechanisms that alter the esophageal contractios =™ ...
characteristics when swallowing occurs with different intervals. It was mentioned in tl:lc"'-
introduction that "deglutitive inhibition" was recognized almost a century ago by
Melizer.® This phenomenon refers to the inhibition of transmission of an esophageal
contraction wave when a second swallow follows the first after a short interval. Ifa
glass of water is drunk rapidly, the pharyngeal contractions are not followee oy -
esophageal body contractions until the end of the train of swallows, at w~" % time a
normal peristaltic wave progresses through the esophagea body. An example during
ambulatory monitoring is shown in chapter 8, figure 8.4. On the other hand it has behén
noted when a wave of contractions closely follows a previous wave, but at an interval
long enough to overcome the effect of deglutitive inhibition, that the second wave will
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be characterized hy contractions of lower amplitudes and shorter durations. This was
termed the refractory period of the esophJagus by Ingelfinger® and further evaluated later
ot B R I A D et 1 MBS 2ot SR s W TR B A
For these reasons, the esophageal motor pattern seen durin;, eating as recorded
with amialatory manometry does not seem as organized as the motility recorded during
statio=ry manometry, which is performed under strictly controlled conditions, An

example of a recording of a patient in the supine pdsition; swallowing water at regular
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Normal Subject: Interval = 5 secs

Esophagus
Upper

Middle

Lower

L o
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Figure 6.3 An example of a recording of esophageal pressures in a normal
subject during the ealing of a meal. Note the variation in the amplitudes of
contractions.
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Figure 6.3 is an example of & recording of pressures in the same subject as in
figures 6.1 and 6.2 during a normal meal, Only some of the contractions are
transmitted from the pharynx to the esophageal body (degiutitive inhibition) and the
amplitudes of some of the contractions are depressed (muscle refractory effect). X1 isa
normal wave, X2 shows evidence of the muscle refractory period with decreased
amplitudes of contractions. This effect is exaggerated in X3 so that almost no
esophageal pressures are generated. The esophagus has recovered by the following
swallow. X4 is an example of deglutitive inhibition. There is a peir of swallows with a
short interval and the esophageal peristaltic wave only follows the second swallow,

The results of the ambulatory manometry, therefore, can be expected to be
significantly different from statiohary manometry, especially with respect to some of the
measured parameters, such as contraction amplitude. Direct comparisons of measured
values should not, therefore, be made between stationary and ambulatory manometry in
this. thesis.. Rather, the yalue of gn}bulator'y manometry should be looked on as its
woility by monitos-pressureasuhen the 2sqphagus is functioning i.e., during normal
eating. Comparisons of the ambulatory manometric parameters in this thesis are made
between groups of patients and between patients and normals for the physiologic settings
of meals, the upright interprandial per’ 4, and the supine period.



CHAPTER 7: NORMAL CIRCADIAN ESOPHAGEAL BODY
FUNCTION

7.1 INTRODUCTION

Prior to interpreting ambulatory recordings from symptomz ™ natients it is
necessary to establish normal values with which to compare patient data, In this smdy
the previously validated software program was utilized to study 25 normal asymptomatic

volunteers in order to establish normal esophageal motor function over a circadian cycle.

7.2 METHODS

Twenty five healthy volunteers {mean age 30, range 22-48) were studied. Study
protocols were approved by the institutional review board of the University of Southern
California, All subjects completed a questionnaire to exclude any foregut symptoms or
previous upper abdominal surgery, and all underwent video esophagrams to exclude any
anatomical abnormality. Stationary and ambulatory manometry were performed afier an
overnight fast as previously described in chapter 4.  Simultaneous 24-hour pH studies

were done to exclude the presence of increased esophageal acid exposure.

7.2.1 Data Analysis

The subjects returned to the laboratory after 24 hours and the catheters were
removed and recalibrated. If the drift of a transducer exceeded 6 mmig the records
were excluded. The datalogger was downloaded onto a personal computer and the data
was analyzed with the previously mentioned software program.'”! The threshold for
contraction recognition was set at 15 mmHg dor  duration of | second. Contraction
amplitude was measured from the baseline to the contraction peak and duration was
measured at the threshold of 15 mmHg as previously discussed. Contraction
morphology and wave analysis was performed as described in detail in chapter 3.
Peristaltic waves were classified as "effective” if the amplitude of contractions in the
upper, middle and lower esophagus were greater than 20, 25 and 30 mmHg,
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respectively.’?1%¥ Waves with interrupted or dropped contractions, or simultaneous
vaves were classified as "ineffective”.

7.2.2 Statistics

Results are expressed as medians, and the 5th and 95th percentiles were used to
define upper and lower limits of normal. The Wilcoxen test and Friedman two way
anova test were used for comparison where appropriate, Statistical analysis was
performed with the aid of a computer program (SPSS for Windows v6.1.3, Chicago,
Iﬂimis). Significance was estimated at the 0.05 level.

7.3 RESULTS

The contraction characteristics are shown in tables 7.1 and the prevalence of
wave forms in table 7.2. The circadian record showed a variability in frequency and
amplitude with different physiclogic states (see chapter 3, figure 3.2). The frequency of
confractions was lowest during sleep, irtreased when awake, and was highest during
meals. Contraction amplitude increased when the esophagus was used during eating.
Similarly, the prevalence of peristaltic waves varied accoreing to different physiologic
states, i.e., meals, upright and awake, and during sleep. OF importance was the ability
of the esophagus to increase the prevalence of peristaltic waves during meals. The
increased amplitude and prevalence of peristaisis accounted for the increase in efficacy
during eating. When compared to stationary manometry the normal range for
contraction amplitude was less using ambulatory manomesry (Figure 7.1),
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Table 7.1 Normal ranges for coniractions characteristics (Medians with 5th and 95th
percentiles). (Level 1 = [5cm, Level 2 = 10cm, and Level 3 = Scm above LES)

PARAMETER LEVEL MEAL UPRIGHT SUPINE SIGNIF.”
AMPLITUDE 1 43 (33-62) 31 (2549 34 (21-50) p«0.001
2 53 (31-82) 3% {30-60) 45 (28-72) p<0,001
3 63 (34-39) 43 (25-59) 52 (29-73) p<0.001
DURATION 1 2.4 (1.6-3.00 L6 (1.4-2.3) L9 (1.4-2.5) p<0.00L
2 2.2 (1.5-3,2) 2.0¢1.52.3) | 23931 p<0.001
3 2,2(1.53.1) 2.0 {1.4-2.5) 2.7 (1.73.5) p<0.001
HLMULTIPEAKED 1 1.0 (0-4.3) 0.2 (0-0.6) 0.0 (6-1.9) p=0.02
(morphology) 2 0.0 {0-2.2) 0.2 (0-1.4) 0.0 (0-5.4) NS
3 0.0 (0-2.7 0.4 (0-2.T) 1.1 {0-5.4} p=0.006
FREQUENCY 1 2.4 (1.53.7 1.0 (0.7-1.7) 0.2 (0.1-0.4) p<0.001
{Contract./min} 2 2.5 {1.6-3.5) 1.1 (0.7-1.9) 0.3 (0.20.6) p<0.001
3 2.5 {1.5-3.6) 1.1 (0.7-2.0} 0.3 (0.1-0.6) p<0.00}
%ISOLATED 1 4.0 {0.7-16.8) 4.1 (1.7-12.2) | 7.8 (2.6-28.8) p=0.003
(not part of & wave) 2 2.6 10.0-6.8) 3.6 (0.3-7.5) 8.9 (1.1-22) p<0.00L
3 2.9 (0.1-8,3} 4.7 {1.2-11.5) 13.2 (5.039.1) p<0.001

= Friedman 2-way anova test.
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Table 7.2 Normal Ranges for wave analysis (Medians with 5th and 95th percentiles)

PARAMETER PERIGD VALUE SIGNIFICANCE

% PERISTALTIC Mesl 88 (81-97) p=0.007"
Upright 84 (59-94) p=0.002"
Supine 71 (51-93)

% SIMULTANEQUS | Meal 11 (3-19) p=0.0007"
Upright 15 (6-41) p=0.0002"
Supine 29 {6-48)

% EFFECTIVE Meal 54 (36-72) p=0.0001"
Upright 32 (14-60) p=N§"
Supine 32 (8-53)

% INEFFECTIVE Meal 32 (12-44) p=0.0013"
Upright 37 (16-62) p=0.0001"
Supine 58 (32-83)

"= Meal vs Upnight, = =Upright vs Supine

7.4 DISCUSSION
Studies on normal ambulatory esophageal motor function over a circadian cycle
are limited. Previous reports used water perfused catheters, nsed catheters with only 2
solid state pressure transducers ailowing monitoring of only part of the esophageal body,
or were based on intermittent monitoring, 15620723323 The current study measured
pressures continuously from ihree levels of the esophagus, which improved the quality
of the recording. This Is important as many esophageal diseases may be segmental, 2™
The contraution amplitudes measured in this study are similar to other
reports, 3156253t the durations were less because of the different reference point
used to measure duration, The 15 mmHg threshold was previously shown to be more
accurate than measurement at the baseline, because of the artefact induced by respiratory

fluctuations.'”™ Multipeaked contractions were uncommen and tended to occur at might.
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Figure 7.1 The normal ranges of contraction amplitude from ambulatory manometry (black)
versus stationary manometry (grey). The shaded areas represent the 5th and 95th percentiles.

Richter also noted that multipeaked contractions were uncommeon on stationary
manometry and suggested that their presence should raise the possibility of a motility
disorder.

Ambulatory manometry has been criticized because of the interindividual
variation of the contraction characteristics. Most have accepted stationary manometry as
a reliable tool. In this regard this study has shown that there is less inter-individual
variation for ambulatory manometry than stationary manometry as evidenced by the
comparison of normal ranges for contraction amplitude (figure 7.1). This is a result of
the larger number of contractions analyzed and shows that monitoring for prolonged
periods enhances the assessment of esophageal motor function.

The initial problem with ambulatory manometry was the acquisition of large
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amounts of data without a means for effective analysis. Consequently the benefit of
monitoring over a circadian cycle during different physiologic states was lost. This has
been rectified with the use of the sofiware program utilized in this study. Unique to this
software was the sensitivity of detecting low amplitude contractions, and the ability to
relate contractions in three levels of the esophagus in terms of waves. This enabled
more accurate analysis of contractions and wave forms. ™™

The observation of an increased efficacy of waves during meals reflects the
culmination of previous observations,***72% T¢ is known that there is a higher
proportion of ineffective waves, i.e., dropped, interrupted, or simultaneous waves, for
"dry® as opposed to "wet" swallows on stationary manometry, 21 It has also been
shown that there is a difference in contraction characteristics depending on the size,
temperature, and viscosity of the swallowed bolus; the larger, warmer, and more
viscous the swallowed bolus, the greater the contraction amplitude,35-136.198-143,1452352 g
may be secondary to bolus feedback either at the level of the pharynx where peristalsis
is initiated, or by local reflexes during bolus transport,

There are problems associated with monitoring of esophageal pressures during
meals as mentioned in the previous chapter. An increased swallowing frequency affects
contraction amplitude and the prevalence of peristaltic waves due to deglutitive inhibition
anJ the muscle refractory period.>'** This is prevented during stationary manometry by
limjting swallows to every thirty seconds. An unrestricted swallowing frequency makes
interpretation of the ambulatory recordings more complex, but gives a physiologic
assessment ol motor function a1 a time when the esophagus is being used.

Esophageal contractions are disorganized at night when subjects are sleeping.}™
During this period we recorded a higher prevalencs of simultancous waves and isolated
contractions. Castiglione er al showed that nocturnal esophageal motor activity is
dependent of the stage of sleep.®® Qvernight esophageal miotility monitored with
simultaneous electroencephalography detected an increased frequency i spontaneous
activity during stage IV or REM (rapid eye movement) sleep. O.liors have recorded,
during the night, bursts of simultaneous contractions associated with phase III of the
migrating motor complex,™ This indicates that resting esophageal body activity can be

influenced by the centraf nervous system and emphasizes caution in performing
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ambulatory manometry when the patient is taking central nervous system depressants
such as benzodiazepines.'™ It has been noted that the manometric findings are also
affected by body position in that contractions amplitudes and durations are greater in the
supine versus the upright position which also explains some of the differences between
the upright and supine contraction characteristics in this study.'”  This study provides
normal ranges for contraction characteristics for three levels of the esophagus as well as
the normal ranges for prevalence of various wave forms during different physiologic
states. Further, it emphasizes the importance of assessing the esophagus when it is
performing its function, i.e., during eating.

7.5 CRITICAL EVALUATION AND COMMENT

A new concept evolves from the data above; that not all contraction waves need
to be "effective" to adequately propel food into the stomach in the upright asymptomatic
individual. While one may be tempted to change the thresholds fo conform with the
conception that "nearly all" contraction waves are “near perfect” in asymptomatic
individuals, this would merely camouflage the data. The fact remains that during meals
up to 44% of contraction waves may be ineffective in normal asymptomatic subjects,
whereas in the supine period up to 83% is normal. While these numbers have confused
some of the critics in the laboratory at USC, they remain valid normal values with
which to compare abnormal, or symptomatic patients, as is seen in the following

chapters.



CHAPTER 8:  ASSESSMENT OF ESOPHAGEAL MOTOR
FUNCTION IN PATIENTS WITH
GASTROESOPHAGEAL REFLUX DISEASE
(GERD)

8.1 BENEFITS OF MEASURING PRESSURES SIMULTANEQUSLY WITH pH
MONITORING

Additional information is offered by simuitanecus recording of pressures during
ambuiatory pH monitoring which help to interpret the pH study. These are 1) the
relationship. .f respiratory symptoms such as coughing to reflux episodes, 2)
interpretation of the effect of "napping” on reflux, 3) idemification of periods of
drinking acidic liquids as an artefactual cause of reflux. While a formal study on these
aspects has not been performed in this thesis, examples of these are included here
because awareness of such patterns is important in the interpretation of simultaneous
studies, and because they open areas for further research in the future. The main

objective of this chapter is presented in section 8.2,

8.1.1 The temporal relationship betwesn coughing and refinx

There is an increasing awareness of the relationship between reflux disease and
respiratory symptoms such as asthma and chronic cough.**® The detection of an
association of acid refiux and respiratory symptoms during standard pH testing depends
on the patients documentation of symptoms, from which a correlation with the pH
record is made. The limitations of this method are related to the compliance of patients
in reporting all symptoms, and to the inability to relate coughing as a cause or effect of
the reflux event. In chapter 3 it was demonstrated that coughing episodes have a
characteristic morphology as recorded by the ambulatory manometry cath:ater. The
simultaneous, isobaric pressure increases have a steep upslope (dp/dt) which can be
recognized visually and by the computer (figure 3.5). This provides a means of relating
the coughing to the drop in intraesophageal pH with precision.
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Figore 8.1 An example of a simultaneous pH and manometry record
showing coughing preceding a reflux episode.
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Flgure 8.2 An exariple of the simultaneous record showing coughing
following the onset of a reflux episode.
Figure 8.1 shows an episode of coughing preceding a reflux event, In this
situation the reflux may have been precipitated by the increase in intra-abdominal
pressure caused by coughing. The coughing episode was not caused by the reflux

episode. On the other hand when the coughing follows a reflux episode, the reflux may
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have precipitated the coughing (figure 8.2).

8.1.2 Interpreting the effect of "napping" on esophageal acid exposure.

Figure 8.3 A comprossed recording showing a post-prandial reflux
episode. The addition of manometry shows that the long episode is
related to the patient falling asleep after lunch.

During sleep esophageal motility is quiescent because of a decreased swallowing
rate. This has important implications on acid clearance in that it provides an explanation
for the longer eflux episodes that occur at night (Chapter 11), It was noted in chapter
4 than many patients "doze” during the post-prandial period after lunch. This is
important «s reflux is more common in the post-prandial period. % The addition of
ambulatory manometry provides a mechanism to identify sleep periods because of the
remarkable decrease in esophageal activity. Figure 8.3 shows a compressed record of
the simuitaneous study, Seen in isolation, the pH record (top channel) reveals a long
reflux episode (+70 minutes) in the afternoon, soon after lunch. The meal period is
characterized by the period of increased esophageal activity, The ambulutory
manometry record shows that this post-prandial episode is refated to sleep when the
activity of the esophagus is dramatically decreased. This was later confirmed by direct
questioning of the patient who remembered falling asleep in an armchair after lunch,

The long episode is consequently a result of poor arousal by the reflux event with no
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initiation of swallowing to clear the reflux. It is not related to poor esophageal body
function per se.

8.1.3 Artefactieat reflux

It was discussed in chapter 4.7 that some soda beverages such as Coca-Cola have
an acidic pH. Drinking these liquids causes a drop in intraesophageal pH would could
be interpreted as a reflux event if the patient does not follow dietary instructions. An
example of this is shown in figure 8.4. Seen in isolation, the pH record would be
interpreted as a reflux episode. Even the addition of esophageal manometry {lower
three channels) does not dispute this as the contractions of the esophageal body appear
ic be a normal clearing peristaltic wave in response to the reflux event. The addition of
the pharyngeal channel, however, shows that this is not a reflux event at all. Rather,
the rapid swallowing indicates drinking. The drop in esophageal pH occurs immediately

Figure 8.4 An example of how drinkiang acid drinks can cause a drop
in egophageal pH which, in the absence of simultaneous manometry,
would be construed as reftux.

after the first swallow. This is confirmed by the slight elevation in the baseline seen in
the esophageal channels, as liquid fills the lumen. The end of the train of swallows is
followed by a peristaltic wave, providing, in this instance, a good example of deglutitive
inhibition in the physiological setting.
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8.2 ESOPHAGEAL MOTOR DYSFUNCTION IN PATIENTS WITH GERD

8.2.1 Background

The clearance of gastroesophageal reflux is dependant on gravity, sativation, and
on the motor function of the esophageal body.?**?*®* Defective esophageal body function
has been found in some patients with GERD and it is thought that this defect contributes
to further exposure of the esophageal mucosa to gastric juice, resulting in a vicious
cycle,’* The association between compromised esophageal body function and
gastroesophageal reflux disease has been based on findings from provocative testing and
resnlts of stationary manometry, There are only few reports on esophageal function
using prolonged monitoring in patients with GERD, and it is unclear what abnormalities
occur in the phyaiologic serting of ambulatory monitoring. In this chapter the
ambulatory system was applied to a group of patients with proven GERD to elucidate

the motor abnormalities associated with this disease,

8.2.2 Methods

Forty-five patients (mean age 55, range 22-88) with GERD proven by pH
monitoring were studied. All patients underwent video esophagrams and endoscopy to
establish the presence of mucosal injury which was classified according to table 8.1,
Patients with grade O and I were categorized as "no mucosal injury”, and grades II and
I were categorized as "mucosal injury®,  Statlonary manometry and ambulatory
simultaneous pH and motility monitoring wore performed on all subjects according to
the protocols previously outlined. Patient data was compared to historical normal values
for stationary manometry 3% A defective sphiacter was defined when one or more of
the following were present: 1) an abdominal length of less than 1 cm, 2) a total length
of less than 2 em and, 3) a riiting pressure of less than 6 mmHg.'™® Defective motility
on stationary manomeatry was defined as abnormally low contractions in the distal
esophagus (less than 30 mm¥g) or an increase in the prevalence of interrupted or
dropped peristalsis (greater than 10% of ten swatlows).™ This was based on the 5th
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percentile of the normal volunteers and giw:roreer by studies using
manofiourography.®>'?7

Table 8.%. Endoscopic classification of mucosal injury

Grade of Injury Endescopic Findings

Grade Naoimal

Grade T Erythema

Grade I Linear ulcerations

Grade I Confluent ulcerations, "Cobblestoning™

The ambulatory data from the two groups of patients were compared to the
results from the 23 healthy volunteers (see in chapter 7). Defective motility was defined
on ambulatory manometry when the percentage of ineffective contractions exceeded the
95th percentile of the normal volunteers, i.e., greater than 44% during the meal periods.
Definitions of ineffective waves are discussed in chapter 3 and include simultanzous

waves, or dropped or interrupted peristaltic waves.

8.2.2.1 Statistics

Standard non-parametric tests were used. The Mann-Whitney U test und the
Wilcoxon matched-pairs siyned rank test were used to compare medians and the Fisher
exact test was used to compare proportions. Unless otherwise stated the data are

presented as means 4 standard error of the mean.

8.2.3 Resulis

There was no difference in age or sex between the two groups of reflux patients.
Table 8.2 shows the stationary manometric data for the two groups and from normal
volunteers for comparison. Thirteen of tenty-six (50%) patients with no injury and
eight of nineteen (74 %) patients with mucosal injury had a defective lower esophageal
sphincter. Four of twenty six patients (15%) with no Injury and 8/19 (42%) with
mucosal injury had defective motility on stationary manometry.
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The esophageal acid =xposure was greaier in patients with mucosal injury than in
those with no injury in terms of percent of the time the esophagus was exposed to a pH
of less than 4 (10.3+1.03%. no injury, vs 22.2343.13%, injury, p<0.001) and in
terms of the DeMeester score (34.743.32 vs 85.25.411.42, p<0.001),'"

The resulis of the ambulatory manometry are shown in table 8.3, Ambulatory
manometry demonstrated that contraction amplitude decreased with increasing severity
of injury in the middle and lower esophagus while contractions in the upper esophagus
were similar for all groups of subjects (figure 8.5). The ability w increase the
amplitude of contractions in the lower esophagus duting meals was profouns™
comproemised in pstients with mucosal injury compared to normal subjects ak. yatients
with no injury (Figure 8.6). Of interest were the similar amplitudes of contractions in
the interprandial periods of all patient groups,

Table 8.2 Stationary manometric data for normal subjects and patients with GERD.

PARAMETER NORMALS NO INYURY INJURY
LES
Total Length 3.654+0.1 2,534+0.19 2,53:+0.28"
(cm)
Abd. Length 2.1440.1 1.1340.13" 0.8240.13"
(ema)
Prussure 14.8440.,5 8.8440.8" 6.67+1.13"4
(mmHeg)
BODY
Amplitude (mmHBg)
Level I 9143.3 834-5.8 75+46.8"
Level 11 4542.1 32325 2443,
Level I 8043.3 63+6.6° 4346.7%
Level IV 9543.5 85489 42456
Level V 1034355 534+9.4" 37+5.7"4

" p<0.03 vi normal, ¢ p<0.03 vs No Injucy
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Twelve of the 45 patients (26 %) had defective motility on stationary manometry,
Five of these twelve (42%) showed improvement of contractility duting meals to within
the normal range on the ambulatory study. On the other hand, 21 patients {(46%) had
defective motility during meals on ambulatory manometry, These included twelve of
nineteen (63 %) with mucosal injury and nine of twenty-six (35%) with no injury). Only
7 of these patients were suspected of having poor motility based on stationary
manometry alone.

Two patients with non-cardiac chest-pain were noted to have ahnormal
morphology and progression of contractions similar to those seen in DES, bul only
during episodes of reflux (figure 8.7). This "reflux-induced spasm” was abolished after

Nissen fundoplication with coficomitant resolution of the chest-pain.

CINermal
EINo Injury
M Injury

Upper

Middle

\ n 10 b1 ki 48 s 11} 70

Amplitude (mmHg)

Figure 8.5 The amplitudes of contractions for the upper, middle, and lower
esophagus for normal subjects and patients with GERD during mealtimes,
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Table 8.3. Ambulatory motility characteristics of normal subjects and patients with GERD,

PARAMETER NORMAILS NO NJURY IN:JRY
(n=25) (a=26) m=19)
AMPLITUDE
(mmHg)
Lorjght
Channe] 1 # 3442 3312 3142
Channel 2 40+2 4042 3243%,°
Channel 3 4242 4544 3242%.%
Meal
Channel 1 47432 4143 41+4
Channel 2 5443 5144 37442
Channel 3 6214 586" 373
Supine
Channel 1 3542 3342 2742
Channel 2 4743 4743 3249°,F
Changnel 3 3143 5445 3243%"°
MULTIFEAKED %
{Distal Esophagus)
Upright 0.440.2 0.6+0.1 0.7+0.1*
Meal 0.740.3 0.730.3 2.240.68°,7
Supine 1.7+0.5 1.240.3 1.5940.4
PERISTALTIC
WAVES.(%)
Upright 82423 73+1.8 7242.8"
Meal 894-1.0 Bd41.6 79427
Supine T1+2.6 39120 6943.3
EFFECTIVE (%)
Upright 351+3.2 3043.1 1842.8°,5
Meal 5342.6 414-3.3" 204-4.3°F
Supine 3143.0 254247 154+2.4°,¢
INEFFECTIVE (%)
Upright 40429 52427 60+£3.00,*
Meal 30+1.9 434+2.4" 52:44.5°,%
Supine 574+3.0 6842.3" 67+3.2"

* = p<(.0f vs normals, ® = p<0.01 vs no injury.

#F Channel 1, 2, and 3 are 13, 10, and 3 om above fhe LES respectively. (Chanoel 3 = distal)
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Figure 8.6 The mean amplitude of contractions for the upright and meql
periods in normal subjects and patfents with GERD. "p<0.05 vs upright.

Figure 8.7 An examgple of a recording demonstrating the reflux indueed
"spasm” sean in two patients in this study.

[
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8.2.4 Discussion

The association of GERD and motility abnormalities was first made by Booth
whei he reported an increased acid clearance time in patients with symptomatic GERD
compared to normal subjects.*® Stanciu and Bennett later recognized that not all
patients with GERD had poor motility with respect to clearance times,®™! Olsen and
Schlegel later recognized an increasing prevalence of poor esophagal body motility with
increasing severity of mucosal injury.'® This was confirmed by Kahrilas who showed
that 25% of patients with mild esophagitis and 50 % of patients with severe esophagitis
had defective body moitility.’” In the present study the results from stationary
manometry are in keeping with earlier reports. The finding of an increasing prevalence
of a defective sphincter and an increased esophageal acid exposure in patients with
mucosal injury has also been previously reported and serves to underscore the
importance of an incompetent lower esophageal sphincter in this disease.®?

Previous studies on esophageal motor function in patients with GERD have
predominantly been performed in the laboratory environment using stationary
manometry, Esophageal motor function in the setting of ambulatory monitoring is
unclear. Stein used an intermittent ambulatory device with two pressure transducers to
monitor escphageal motor function in patients with GERD and noted an increased
prevalence of low amplitude (<30 mmHg) contractions in the lower esophagus in
patients with severe nucosal injury.’® Timmer found no difference in motility
characteristics in patients with no injury compared to normal volunteess, but this study
did not examine manometric function durir g meals.'™ In a separate study of eleven
patients there was 1 trend toward lower contraction amplitedes in the distal esophagus in
patients with esophagitis, but this did not reach statistical significance.™ It was
previously demonstrated in chapter 7 that the esophageal response to eating in normal
subjects is an increase in the amplitude and prevalence of effective peristaliic waves,
The present study showed that this normal response was - nificantly depressed in
patients with mucosal injury, Since optimal esophagr  fuaction occurs when it is being
used, i.e., during eating, it is probably most accurate to assess function in this
physiologic situation. When assessing esophageal function during meals fourteen

patients overall were found to have a severe motility defect not found on stationary
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manometry. On the other hand, five of the twelve patients with low amplitude
contractions on stationary manometry improved to normal during meals suggesting a
significant functional reserve not apparent on stationary manometry.

Other motor abnormalities have been associated with GERD such as acid
induced spasm and nutcracker esophagus.®*2%* As a group, the patients with esophagitis
had an increased prevalence of multipeaked contractions in keeping with studies that
have suggested that mucosal irritation with acid can induce non-specific

abnormalities, 12427

These multipeaked contractions were peristaltic with respect to
contraction upslope, and did not exceed 10 % in any patient, and consequently were
unlikely to have any functional effect. Only 2 patienis were seen to have simultaneous,
multipeaked waves after the onset of the drop in intraluminal pH (figure 8.7). This
picture of "acid induced" spasm was not the predominant motor pattern, and the overall
manometric picture was not consistent with diffuse esophageal spasm, Interestingly,
anti-reflux surgery resulted in resolution of both reflux, "spasm" and chest-pain,

The predominant uefect seen in the patients with GERD was hypomotility
characterized by a progressive decrease in amplitude and efficacy of contractions with
mucosal damage, The reasons for this are unclear, but it is possible that the

inflammation of esophagitis interferes with normal afferent feedback which occurs with

the passage of a food bolus. An alternative explanatio st continued reflux across a
defective lower esophageal sphincter results in mural which directly affects the
contractility of the esop.. geal muscle. The fact the nanges were more marked in
the lower esophagus supports the hypothesis that fect is secondary to mucosal

damage and is not the primary problem in this

There are important surgical implications of these findings. The presence of
defective body motility should caution the surgeon against performing 2 full
fundoplicati - as this may result in an outflow obstruction in the face of poor body
motility,?*** Certainly post-operative dysphagia is a recognized complication following
fundoplication. In a recent series in our laboratory (unpublished data) the average post-
operative resting sphincter/fundoplication pressure was 17 mmHg, but reached 28
mmHg in some patients. It stands to reason that esophageal contraction pressures

greater than this would be required to effectively transport a bolus through the



Gastroesophageal Reflux Disease 117

reconstructed valve. In a previous study at USC, it was shown that although the
amplitude of distal esophageal contractions improved in patients with mild abnormalities
following fundoplication, this did not occur when the mean amplitudes were below 30
mmHg.™ For these reasons it is felt to be prudent to avoid a full fundoplication in
patients with a severe hypomotility disorder. Evidence on ineffective motility during
meals cantiot be predicted by stationary manomeiry alone. Rather, manometric
assessment in the physiologic environment ot ambulatory manometry should be
performed.

8.3 CRITICAL EVALUATION AND COMMENT

The rationale at USC for performing a partial fundoplication in patients with
compromised motility was based on experience and extrapotation from available data.
Some authors believe that a full fundoplication can be done on all patients as long as the
fundoplication is “floppy”.**® No randomized studies have yet been performed
comparing a full fundoplication to a partial fundoplication in patients with defective
contractility. Furthermore, no retrospective analysis of post-operative outcome was
possible at USC since the finding of hypomotility always mandated the performance of a
partial fundoplication. Because of the sensitivity of ambulatory manometry in detecting
motor abnormalities during meals, patients with any suspicion of a motor disorder on
history or on stationary manometry are how routinely evaluated with ambulatory
manometry prior to surgical intervention. If defective contractility is found, a partial
fundoplication is performed. The evolving data suggests that this is inl d a practical
method of avoiding post-operative dysphagia in patients undergoing anti-reflux surgery.
The new technology conseyuently contributes significantly to patient management in this

regard.



CHAPTER 9: CIRCADIAN ESOPHAGEAL MOTOR
FUNCTION IN PATIENTS WITH TREATED AND
UNTREATED ACHALASIA

BRI W

9.1 BACKGROUND

Achalasia has been defined as a motility disorder of the esophagus characterized
by an incompletely relaxing lower esophageal sphincter (LES) and an aperistaltic
esophageal body,*##1-%" The definition is based on stationary manometric findings
although the diagnosis is often suggested or confirmed on videoesophagography which
demonstrates a dilated aperistaltic esophagus with a "bird-beak" deformity at the distai
end. 328 A number of other manometric features have been described. The resting
pressure of the sphincter may be normal or high,*® The intraluminal pressure of the .
esophageal body may be increased above gastric baseline despite being contained in the « »--*"
relatively negative pressure environment of the thorax. This is presumed to be
secondary to swallowed substances which are propelled into the dilated esophageal body
which has a closed distal end. Secondary to the non-relaxation of the LES, the
esophageal body becomes a "common cavity”, in which pressure exerted at one location
of the lJumen is transmitted to another. This accounts for the “simultanecus” nature of
contraction waves in achalasia. By definition the presence of peristaltic progression ofa. .- -
contraction wave on stationary manometey ig not compatible with the diagnosis of )
achalasia.

In this study, ambulatory manometry was used to study the circadian motor
patterns in patients with classic achalasia. The characteristic ambulatory manometric
patterns are described and the influence of surgical myotomy on these patterns is

discussed.

9.2 METHODS - .
Twenty six patients with a stationary manomatric diagnosis of classic achalasia

were studied. All patients presented with the primary symptom of dysphagia or were
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referred to the center with the diagnosis of achalasia, Al patients had barium
videoesophagrams, stationary manometry and ambulatory esophageal manometry
performed, Nine patients had undergone previous balloon dilatation and twelve had no
previous therapy. Nine of these patients then underwent surgical myotomy and
volunteered for post-operative studies at the first anniversary of their operation. A
further 5 patients had ambulatory manometry after a LES myctomy had been performed
but on whom no pre-operative ambulatory manometry was available. The effect of a
myotomy on esophageal motor function was assessed by examining the pre and post-
operative ambulatory studies on nine patients who volunteered for post-operative
evaluation,

9.2.1 Stationary and Ambulatory Manometry
Stationary and ambulatory manometry were performed according to the

protocols in chapter 4. The ambulatory catheter was placed so that the transducers were
at 5, 10, 15, and 25 cm above the lower esophageal sphincter. This ensured that the
uppermost transducer was in the pharynx so that pharyngeal swallows could be flagged.
Data was analyzed as previously described. Repetitive contractions were defined as
non-swal.ow induced contractions occurring within 2 seconds of a swallow induced
contraction (see appendix E). The swallow-induced contractirn wave with the repetitive
contractions following it were considered part of a single repetitive contraction complex,
Effective waves were defined as peristaltic, with contractions meeting amplitudes greater
than 20, 25, 30 mmHg for the three levels of the esophagus as previously discussed.
Ineffective waves were defined as either simultaneous, or incomplete (dropped or
interrupted) waves.’® The normal subjects studied in chapter 7 were used to compare
the results of the achalasia patients.?*

The increase in baseline pressure during meal periods was used as an indicator
of esophageal pressurization. The baseline for this calculation was measured with
respect to the pre-prandial esophageal baseline. A mean of the baseline pressure

reached for the two meals in each subject was used.
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9.2,2 Statistics

Statistical analysis was performed with the aid of a computer program (SPSS for
Windows v6.1.3, Chicago, Illinois). The Wilcoxon matched-pairs signed rank test was
used to compare pre-operarive and post-operative data, The Mann-Whitney U test and
Kruskal-Wallis tests were used to compare differences between the different groups.

2.3 RESULTS

On stationary manometry all patients met the manometric criteria of "classic
achalasia”. All had an aperistaltic esophageal body and an incompletely relaxing LES.
Videoesophagography confirmed the diagnosis. In untreated patients a dilated lower
esophagus with a "bird-beak™ narrowing of the LES was seen in all patients.

Patients who had previously undergone balloon dilatation presented with
persistent or recurrent dysphagia as the primary symptom, and were considered to have
failed dilatation. Stationary manometry results for the LES for the three groups of
patienis are shown in table 9.1 and contrasted with normal values. Patients studied
after myotomy had a significanily lower LES pressure than patients with no treatment
(p<0.05).

All patients exhibited characteristic low amplitude simuitaneous contractions in
the interprandial period Figure 9.1 shows the isobaric low amplitude pressure
responses of the esophageal body (lower three channels) to a pharyngeal swatlow (top
channel), The meal periods in untreated patients and in patients with failed dilatation
were characterized by an increase in esophageal baseline pressure (figure 9.2). and
simultaneous contractions which were symmetrical and of identical morphology in
different channels, i.e., so-called “isobaric waves", These contractions wete frequently
repetitive after a single swallow but this occurred in association with an increase in the
esophageal baseline pressure (figure 9.3). As shown in figure 9.2, a delay in return to
baseline pressure was seen in the untreated group. An increase in baseline pressure
during meals was also seen in the failed dilatation group In concordance with the
manometric results of a high resting pressure and incomplete relaxation of the sphincter.

The amplitudes of contractions of the lower esophagus for the three groups of patients in
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the different physiologic settings are shown in figure 9.4. The number of repetitive

contractions occurring during the meal periods are shown in figure 9.5.

Table 92.1: Comparison of the LES features by stationary manometry.

TREATMENT TOTAL LENGTH | ABDOMINAL LES RESTING

GROUP LENGTH PRESSURE
NORMALS? 3.640.06 2.1:40.06 14,2840.5
{(n=136}
NO TREATMENT 3.46+0.22 2.2540.18 28.3543.58
n=11}
DILATATION 2.640.31 1.2940.24 24.4942.79
(o =9
MYOTOMY 2.94+0.23 [.844-0,23 8.79+1.21°
(n=14)

* p<0.05 vs no treatment

Figure 9.1 An example of the typical low amplitude isobaric esophageal

pressure response after a pharyngeal swallow. Time on abscissa = 2 secs

between dots,
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Figure 9.2 Aan example of a compressed record (80 minutes) showing an
elevaiion in the baseline pressure that nccurs with eating, The black bar It
the bottom channel indicates the meal peciod.

Figure 9.3 An example of the repetitive low amplitude isobaric contractions
seen in the esophagus during meals, Note the levation in baseline pressure.
Time = 2 secs between dots,
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Figure 9.4 The mean contraction amplitude for the lower esophagus for the different
physiologic periods for normals and the three patient groups.
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Figure 9.5 A praphic representation of the mean number of
repetitive contractions in the lower esophagus during meals.
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The pre-operative and post-operative LES resting pressures and the mealtime
baseline pressures for the nine patients with pre-operative and postoperative studies are
shown in figure 9.6, The amplitudes of contractions during the meals for the upper,
middle, and lower esophagus are shown in figure 9.7. The prevalence of incomplete
and complete peristalsis, and the prevalence of effective waves before and after
myotomy for each subject is shown in table 9.2, Figure 9.8 shows an example of an
incomplete peristaltic wave following myotomy, Overall an increase in peristalsis
(complete plus incomplete) was seen after myotomy (medians: 14% pre-op vs 48% post-
op, p=0.028), however, there was no significant increase in efficacy. In one patient a
significant return of complete and effective peristalsis was noted post-operatively, This
patient was noted on ambulatory manometry to have some pre-operative peristaltic
contractions but otherwise had all the typical features of achaiasia: aperistalzis on
stationary manometry with an incompletely relaxing lower esophageal sphincter, a
dilated lower esophagus with a "bird-beak" LES on videoesophagography and an
increase in mealtime baseline with repetitive contractions on ambulatory manometry.
Post-operatively a decrease in esophageal diameter with free flow of barium inte the
stomach was seen associated with peristaltic waves. An example of the pre-operative
and postoperative ambulatory manometry in this patient is shown in figure 9.2, In one
other patient a slight improvement in complete peristalsis and efficacy was seen after
myotomy. This patient was noted to have a higher contraction amplitude than the
others, although all contractions maintained an isobaric pattern, and on stationary
manometry was felt to have a "vigorous” component.

In none of the 26 patients studied besides the 2 mentioned above was the
prevalence of complete peristalsis or efficacy greater than 4%.
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Figure 9.6 'The pre and postoperative LES resting pressures and the mealtime baseline
pressures for the nine patients studied before and after myotomy.
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Figure 9.7 The mean amplitudes of contractions during the meal period for
the upper, middle and lower esophagus for normals and achalasia patients
before and after surgery,
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Table 9.2; Ambulatory manometry wave analysis of meal periods before and after surgical
myotomy in individual patients. The numbers are given as a percentage of all recognized
waves.

PAT. | INCOMPL | INCOMPL COMP, COMP. EFFICACY || EEFICACY
PERIS PERIS PERIS PERIS PRE-OP % { POST-OF %
PRE-QOP % | POST-OP% | PRE-OP % | POST-OP %
1. 4 48 1 0 0 0
2. 19 6 1 1 0 0
3. 12 1 0 0 0
4. 5 9 0 2 0 0
5. 14 59 0 10 0 2
6. 10 42 3 5 1 3
7. 17 51 2 4 0 2
8. 28 58 9 20 5 13
9, 42 80 21 44 18 38"
Ave, 17 40 4 10 3 6. 6

* lower limit of normal = 35% {5th percentile of 25 normal volunteers)®™

!?‘iguré—é.su ‘An example of the return of incomplefe peristalsis thai was seen
occasionally after myotomy. Note that the peristaitic wave does not reach the
lower esophagus.
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Figure 9.9 An example of the recording from a patient before myotomy (A} showing no
peristalsis and, (B), afier myotomy with retum of some peristaltic waves. Complete peristalsis
a8 seen in B was unusual. More frequently incomplete peristalsis seen only in the upper
esophagus was observed afler  -;ical myotomy.
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9.4 DISCUSSION

The diagnosis of classic achalasia is made by the finding of an aperistaltic
esophageal bou  /ith an incompietely relaxing lower esophageal sphincter as measured
with stationary manometry. In this study the esophageal body function of all patients
with a stationary manometric diagnosis of achalasia was assessed over a complete
circadian cycle using the new technology of ambulatory manometry. No comparison
should be made regarding treatment with dilatation and myotomy since only patients
with persistent dysphagia and presumed unsuccessfis* dilatation were referved for further
study. The sphincter data in table 9.1 is in concordance with previous studies that have
shown that myotomy reliably reduces the LES pressure which enables gravity assisted
passage of food into the stomach despite the absence of peristalsis.

The increase in baseline pressures during meals is typical of achalasia and
corresponds to the retention of food in the esophageal body as discussed in previous
reports,”® This increase in pressare was minimal in patients who had undergone
myctomy but was present in patients who had undergone previous unsuccessful
dilatation, The relationship between the resting pressure of the sphincter preoperatively
and the increase in mealtime baseline pressure (figure 9.6) it possibly related to the non-
relaxing hature of the LES; a certain "head" of pressure is needed in order to enable
passage of food into the stomach.

The high prevalence of repetitive contractions during meals appears related to the
increase in esophageal pressurization, although this has not previously been described.
In this study pharyngeal contractions were flagged by a pharyngeal transducer which
allowed azcurate documentation of swallows and enabled analysis of contractions which
did not follow pharyngeal contractions. These isob.+ic repetitive contractions indicate
that the esophageal body is not a flaccid tube, but th.t some contractile activity is
oceurring. These contractions cannot be explained in terms of a bolus of food being
propelled into the esophagus by the pharynx since the repetitive contractions occurred in
the absence of further swallowing. It is possible that the distended esophagus
predisposes to muscular irritability with local reflexes stimulating contractions. This is

1n keeping with a denervation hypersensitivity which is the basis for the mecholyl test,
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The decrease in these repetitive contractions after myotomy may be refated to the
decrease in esophageal pressurization as was seen during the meal periods.

The similar amplitudes of contractions in the three levels of the esophagus and
the similar amplitudes in the different groups of patients studied reflects the coramon
cavity phenomenon, Whereas normal subjects increase the amplitude of contractions in
the lower esophagus tire isobaric pressure changes in achalasia showed the same
amplitude at all levels of the common chamber.

Recent publications have suggested that "vigorous" achalasia should be
abandoned as a distinct clinical diserder because of similar findings on further study to
classic achalasia and similar outcomes after treatment, 572" Although the findings of
higher amplitude contraciions may not define a separate clinical entity, they may be an
indicator of earlier disease, reflecting preservation of some contractile activity. In this
study the two patients who had return of effective peristalsis had higher amplitudes of
contractions during meals than those that had no return of function. This is in keeping
with the finding that patients with vigorous achalasia have less esophageal dilatation than
those with classic achalasia,®®

The resul s 1.t the computerized analysis of the ambulatory recordings showed
that in all groups ovcasional peristalsis was observed. When using new technology it is
important to understand its limitations. The algorithms for computer automated analysis
of esophageal contractions were writien to recognize normal contraction morphology
with the exception of a feature of recognizing multipeaked and repetilive contractions,'”
The increases in intraluminal pressure in achalasia are associated with the common
cavity effect, and often have a bizarre morphology. The automated program, in an
attemnpt to recognize "contractions”, can produce numbers suggestive of normal
peristalsis but which are artefactual. This stresses the importance of visualizing the
comtractions and the results of the automated analysis on scieen, Software programs
that do not have this facility are likely to result in accepted numbers that have not heen
authenticated visually. Although this is a fimitation of currently available software
programs, new technology in the field of neurai networking holds promise for
recognition of more complex contraction morphology.”™ Despite the software

limitations, true peristaitic progression of contractions was or~s<ionally observed in
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untreated patients. Complete peristalsis, however, was uncommen. Incomplete
peristalsis was more frequent as seen in figure 9.8, Peristaltic progression from the
upper-most channel to the second channel may be understood in terms of possibie
preservation of the upper striated muscle from the disease process of achalasia. This
explains, in part, the higher prevalence of partial peristalsis observed in the patients
post-surgery. The myotomized lower esophagus relieves the outlet obstruction, the
esophagus becomes less distended during meals, and the common cavity phenomenon is
minimized. Consequently contractions are only seen in the upper esophagus and the
overall prevalence of partial peristalsis is greater in the absence of the common cavity
phenomenon.

It is probably more important when analyzing peristalsis to analyze the
prevalence of complete and effective peristalsis as this gives functional meaning to the
pressure observations. In this study the prevalence of complete and eifective peristalsis
was negligible in all the groups of patients, including the post-operative group. The two
exceptions to this showed a1 improvement in efficacy to 13 and 38% respectively.
These two patients may have had an earlier form of the disease.

The finding of a return of normal effective peristalsis in one patient supports the
theory that the sphincter dysfunction is primary and that the loss of peristalsis is
secondary to esophageal distention. In this patient only the lower esophagus was dilated
on videoesophagography. During the barium study, partial peristalsis could be observed
in the upper esophagus, but this disappeared as e wave reached the distended lower
end. It Is of interest that the pre-operative increase in mealtime baseline (18 mm¥Hg) was
not as marked as in the other patients., This is in keeping with Bielefeldt and colleagues
who noted a return of some perigtalsis after myotomy in those in patients with a minimal
increase in resting esophageal pressures on pre-operative stationary manometry

Although indentations of the luminal image of barium suggesting "tertiary"
contractions were seen in many patients, the contractions did not appear to be organized
as has been suggested by Zaninotio er al.*” They have suggested that the esophagus
retains its peristaltic ability in many patients with achalasia but that the dilatation of the
esophagus precludes luminal occlusion which is necessary to detect pressure uhanges

with a manometry catheter.
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There are now many emerging reports on post-dilatation and post-operative
return of peristalsis.”**” Closer examination of these reports reveal that peristalsis
returning to the whole length of the esophagus (complete peristalsis) is very uncommon.
In the few reports where the data is available, the patients with significant return of
peris.alsis had a minimally dilated esophagus at the outset or only a marginally increased
esophageal resting pressure pre-operatively **2? Thig could be explained in terms of
an early stage of disease as discussed above. As in this study significant refurn of
functional peristaisis in terms of "efficacy" is very unusuat. The growing body of data
that suggests return of funcion by quoting only partial peristalsis should be regarded

vith caution. This view is consistent with the morphologic studies of Goldblum and
colleagues on resected esophageal specimens from patients with achulasia,®®® Their
finding of a loss of ganglia together with muscular degeneration and fibrosis in the
dilated lower and mid-esophagus suggests permanent loss of function. Some ganglia
were found in the upper, less-dilated portion of the esophagus.

If the outflow obstruction of the LES is relieved at an early stage before
significant esophageal diiatation has occurred, it is possible that loss of esophageal body
function can be diminished. While long-term follow-up is needed, the advent of
ambulatory manomeiry has provided a more detailed means of examining esophageal
motor function in this disease. Possibly the presence of some peristaisis pre-operatively
is predictive of return of function post-operatively as was indicated in the two patients in
this study.

Ambulatory manometry is more sensitive in detecting some normal motor
activity in patients with achalasia and suggests that the presence of occasional peristalsis
does not preclude the diagnosis, Rather, the typical motor patterns as described above
help clarify the confusion that may arise occasionally from the limited number of
swallows performed during stationary manometry. The increase in esophageal baseline
during meals associated with repetitive isobaric contractions is diagnostic and reflects the
outflow obstruction and esophageal distention associated with the disease. Once
significant esophageal distention has occurred return of function after treatment is

uniikely.



CHAPTER 10: THE HYPERTENSIVE LOWER ESOPHAGEAL
SPHINCTER: A MARKER OF A MORE SEVERE
MOTILITY DISTURBANCE

10.1 BACKGROUND

The diagnosis of a hypertensive lower esophageal sphincter (HTLES) is made
when the lower esophageal sphincter (LES) pressure on manometry is abnormally high
but relaxe. normally on swallowing. The original description by Code®! included a
group of patients with diffuse esopha.eal spasm but more recently patients with diftuse
spasm have been excluded from the diagnosis,®>™3 The finding of an isolated HTLES
is uncommen, oceurring with a prevalence of 2.3 to 4.8% of manometries
performed, 2583228428 Pagiants usually complain of dysphagia or chest pain and with the
exception of the high pressure sphincter have normal manometric findings, The clinical
significance of the disorder has been questioned since the manometry findings do not
appear to provide an explanation for the symptomatology . 28224386

More detailed study of the LES has shown that the apparent refaxation of the
LES may not be as complete as seen in normal subjects.™ Some authors have shown
that the post-relaxation contraction is abnormally high and have called this entity a
hypertensive hypercontracting sphincter.™* Other investigators have found a
shortened duration of relaxation and have attributed symptoms to this manometric
finding,”* In the current study ve have assessed the esophageal body function in
patients with a hypertensive lower esophageal sphincter with ambulatory esophageal
manometry in an effort to explain the complaint of dysphagia common'y encountered in

these patients.

10.2 METHODS
10,2,1 Patient Papulation

Over a three year period thirteen patients diagnosed with a hypertensive lower
esophageal sphincter at the esophageal motility laboratory at the University of Southern
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California underwent ambulatory manometry, The diagnosis was made on the basis of a
resting pressure of the lower esophageal sphincter of greater than the 95th percentile of
previously published normal volunteers, and normal relaxation on manometry, All
patients had a video-esophagram and endoscopy to exclude a structurai abnormality such
ag stricture or carcinoma. All underwent stationary manometry and simultaneous
ambulatory pharyngo-esophageal manometry and pH monitoring. Patients with a
diagnosis of diffuse esophageal spasm or achalasia on stationary manometry were
excluded.

Twenty normal asymptomatic volunteers were used as controls, Normal subjects
were screened by questionnaire to exclude foregut symptomatology and by

videoesophagram to exclude any structural abnormalities as previously described,

10.2.2 Moetility and pH studies

Stationary manometry was performed according to the protocol previously
discussed. Standard diagnostic categories were made according to table 4.1 in chapter
4, The resting pressure of the lower esophageal sphincter was calculated as a mean of
five pull-throughs with the side hole oriented radially so that the asymmetry of the
sphincter was taken into account. The resting pressure of the sphincter was measured at
mid-inspiration at the respiratory inversion point.'™ Relaxation was assessed with the
side holes of the catheter located just above the respiratory inversion point to avoid
possible artefact from descent of the catheter into the stomach on swallowing. ¥ The
completeness of relaxation was measured from the baseline and expressed as a
percentage of the resting pressure. The function of the esophageal body was assessed
by 10 wet swallows performed every 30 seconds as previously described,

Ambulatory manometty and the analysis of recordings were performer as
described in chapters 4 and 5. ‘The amount of esophageal acid exposure (pH<4) was
quantitated using a composite scoring system.'” A patient was congldered to have
increased esophageal exposure to gastric juice if the composite score for pH < 4
exceeded the 95th percentile of 50 normal healthy volunteers, i.e., a score value of
14,718

An assessment of the outflow resistance through the relaxed lower esophageal
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sphincter was based on measuring the intrabolus or "ramp® pressure measured in the
lower esophagus during mealtimes, The pressure was measured at a point on the
contraction wave just prior to the upslope and was related to esophageal baseline
pressure (Figure 10.1). The intraesophageal pressure dynamics as measured by a
transducer in the lower esophagus during a contraction wave are shown in figure 10.2.
"A*® represents the resting intra-esophageal press. . which is recording only the
baskground respiratory fluctuations. "B" shows the peristaltic wave progressing down
the esophageal body. The intraluminal pressure recorded by the transducer is a function
of the oncoming wave and the outflow resistance at the LES, In the normal situation the
LES relaxation provides minimal resistance. If incomplete anatomical relaxation occurs
the resistance to outflow increases and the transducer records a higher "ramp” or
intrabolus pressure. When the contraction wave reaches "C", the transducer records the
contraction at that level. At "D", the wave has moved distally and the luminal pressure

again falls to baseline.
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Figore 10.1 Graphical representation of the measurement of the intrabolus
pressure (X) during the meal periods

10.2.3 Statistics
Statistical analysis was performed with the aid of a computer program (SPSS for
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Windows v6.1.3, Chicago, Hlinois). The Mann-Whitney U test was used to compare
differences for ambulatory data, Significance was estimated at the 0,05 level. The

amplitudes of contractions were related to the intrabolus pressures by using the Pearson
correlation analysis.

Time (sees)

Figure 10.2 The pressure dynamics in the lower esophagus during a
peristaltic contraction wave. See text for description.

.3 RESULTS

Thirteen patients (six men, seven women) met the criteria for HTLES. The
median age was 50 years (range 42-85). Ten patients presented with dysphagia, one
with a sensgtion of tightness in the throat onty, and two with chestpain and heartburn
with no dysphagia. Five patients with dysphagia also complained of heartburn, and
three of them had chestpain.

The manometric data for the LES is shown in table 10.1 with previously

published values of normal #bjects from our laboratory for reference.
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Table 10.1. Lower esophageal sphincter characteristics of normal subjects and patients with

HTLES
GROUP %RELAXATION | TOTAL ABDOMINAL LES RESTING
LENGTH LENGTH PRESSURE
NORMALS® 93.1£1.6 3.6£0.06 2.140.06 14.840.5
{n=136)
HTLES 94,6317 3.54:£0,19 2.05:4:0.24 29.04 0,56
@=13)

The ambulatory manometric data for the patients with HTLES and the 20 normal
subjects are shown in table 10.2. The results of ambulatory manometry reclassified
eight of the thirteen patients (62 %), (Figure 10.3),
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Figure 10.3 The disgnoses of the thirteen patients as assessed with
stationary and ambulatory manometry.

Four patients had abnormal exposure to pH < 4 as measured by the DeMeester

score (Scores, 15, 26, 40, 46). However only ore patient had an increase in upright

reflux. Al subjects had a long nighttime reflux event which contributed significantly to
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the overall exposure.

Table 10.2. Ambulatory motility characteristics of normal subjects and patients with
HTLES

PARAMETER NORMALS HTLES SIGNIFICANCE
AMPLITUDE
{mmHg}
Upxight
Channpel 1* 3543 4245 NS
Channel 2 4042 5847 p=0.006
Channel 3 4343 62+6 p=0.001
Meal
Channel 1 4343 5044 NS
Channel 2 57+4 T+7 NS
Channel 3 6844 85+8 p=0.039
Supine
Channel 1 4043 3543 NS
Channel 2 5043 6149 NS
Channel 3 5343 6617 NS
DURATION
{seconds)
Meals
Channel 1 2.4140.13 2,2840.17 NS
Channel 2 2.2840.15 2.T1+0.15 p=0.04
Channel 3 2.3840.11 2.98+0.21 p=0.01
PERISTALTIC
WAVES.(%)
Upright 81+2.7 60-+4.2 p=0.0002
Meal 88+1.4 78+3.8 NS
Supine 681+2.5 51453 p=0.015
EFFICACY (%)
Upright 36+4.0 304+5.3 NS
Meal 564+2.7 5346.3 NS
Supine 324-3.2 15+3.4 p==0.003

% Channel 1, 2, and 3 are 15, 10, and 5 cm above the LES respectively. {Channel 3 = distal)
The mean intrabolus pressures for the normal subjects and the patients with
HTLES during meals are shown in figure 10.4. No intrabolus pressures were detectable
in either patients or normal subjects in the interprandial periods. An example of the
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intrabolus pressures in a patient with HTLES during a meal and between meals is shown
in figure 10.5,
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Fignre 10.4 The mean + smndard error for the intrabolus pressures in
normal subjects and patients with HTLES.

10.4 DISCUSSION

The diagnosis of a hypertensive lower esophageal sphincter poses an enigma
since the functional abnormalities in relation to the symptoms have remained elusive.
The thirteen patients with hypertensive lower esophageal in the current study inctuded
patients with high amplitude contractions, the so-called nutcracker esophagus, since
these patients retain normal peristaltic wave progression of contractions and
consequently do not have a motility abnormality that can easily explain the symptom of
dysphagia.

‘When monitored for prolonged periods of time 5/13 (38%) of the patients had
motility abnormalities significant enough to diagnose diffuse esophageal spasm that was
not apparent on stationary manosmetry. Since the ambuiatory study provides information

from more than 100{ contraction waves occurring over a full circadian cycle, its
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Figure 10.5 An exampie of the ambulatory recording of a patient with

HTLES during a meal {A) and during the interprandial period (B). Note the

prominent intrabolus pressures in A (Arrows).
diagnostic accuracy exceeds that which can be achieved from the 10 swallows obtained
on statiopary manometry. On the basis of these findings a HTLES occurs uncommonly
in isolation and is usually associated with a more diffuse esophageal body disorder.

The presence of an intrabolus pressure was referred to as the "second positive
deflection” on stationary manometry by Vantrappen in 1967.%® More recently, Ren
and colleagues used simultaneous manofluorography to study the dynamics of a bolus as
it traverses the esophageal body, and noted that the intrabolus pressure is a complex of
forces from above produced by the squeeze of an oncoming puristaltic wave, the
compliance of the esophageal segment surrounding the bolus, and the resistance to
outflow. The resulting pressure in the bolus is a sum of these forces. An increase in
the outflow resistance provided by increasing the intra—abdominal pressure elevated the
intrabolus pressure in normal volunteers.®' This effect was also noted by Vantrappen
when a large bore catheter partially obstructed the LES.?" Consequently, it appears that
the magnitude of the intrabolus pressure can be used as a measure of outflow resistance.

Cook has defined the pharyngoesophageal pressure dynamics in patients with
cricopharyngeal dysphagia.”** He noted that patients with evidence of an increased

outflow resistance from incomplete radiologic relaxation of the cricopharyngeus, ar a
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cricopharyngeal bar, showed a profound "ramp* pressure in the pharynx prior to the
pharyngeal contraction. This correlated with the syrnptom of transfer dysphagia, Of
importance was the finding that manometric relaxation still nccurred despite inadequate
anatomic relaxation, in which case the only manometric abnormality was an increased
"ramp" pressure.

In the present study the intrabolus pressure was used to measure outflow
resistance during eating, Although on stationary manometry the relaxation was normal,
the significantly increased bolus pressure recorded in patients with a HTLES supports
the concept of an. increased outflow resistance. This provides a pathophysiologic
explanation for the patients symptoms who otherwise have normal findings, While it
could be argued that the increased intrabolus pressure was a result of a greater pump
pressure from the oncoming esophageal contraction, this was unlikely since the
amplitudes of contractions in the patients with HTLES were not significantly different
from the normal subjects af a level 5 cm above the pressure transducer used ta record
intrabolus pressure, i.e., 10 cm above the LES. Neither was there a correlation
beiween the intrabolus pressure and the contraction ampiitude at this level. The other
possible contributing factor is poor compliance of the lower esophageal muscle
secondary to muscle hypertrophy as has been found in patients with DES and nutcracker
esophagus.

The associated higher contraction amplitude in the lowest segment of the
esophagus (3 cm above the LES) in patients with HTLES suggests a possible feedback
mechanism whereby the increased outflow resistance results in an increases in the force
of propulsive contractions. This hypothesis which was originally suggested by Kaye **
and reinforced later by Freidin®?, explains why the lower esophageal muscle
hypertrophies in animal modeis with controlled outflow obstruction.” 1t also provides
an explanation, in part, for the successful treatment of many of these patients with
pneumatic dilatation or LES myotomy, 5%

A high pH score was found in four of the thirteen patients in keeping with
previous reports,”® In one of these the score was only 15.2 (normal < 14.8). Two
others had abnormai scores because of a single long nocturnal episode suggesting that

failed clearance rather than "sphincter incompetence” was responsible.
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The common finding of mitcracker esophagus and DES an ambulatory
manometry in patients with HTLES suggests a common eticlogy of these disorders. Tt
has been postulated that they may be part of a spectrum of motor disorders and there
have been reports of one HTLES progressing to DES or achalasia. 5707174 75.104,106,107.387
the finding of HTLES seems to be a marker of a rnore significan motor disorder than is
suspected on stationary manomefry. Measurement of the intrabolus pressure Jduring
meals alse provides information of the outflow resistance and provides a explanation for
the symptomatology in these patients for the first time.

16.5 CRITICAL EVALUATION AND COMMENT,

It could be argued that the assessment of intrabolus pressures is inaccurate since
patients were not eating a standardized meal with standardized bite sizes.
Standardization may prove to be the most accurate means of quantifying this
measurement in the future. In the present study the identification of the increased
intrabolus pressures was made retrospectively, but the measurements of intrabolus
pressures were made in the same way for both patients and normal subjects and

consequently the comparisons are valid.



CHAFTER 11: AMBULATORY ESOPHAGEAL MANOMETRY
IN PATIENTS WITH CLASSIC DIFFUSE
ESOPHAGEAL SPASM

11.1 BACKGROUND

Diffuse esophageal spasim is defined by an increased prevalence of simultaneous
contractions on stationary manomeiry, with preservation of a degree of normal
peristalsis, in patients presenting with dysphagia and/or chestpain.®® Associated
abnormalities such as high amplitude, long duration and multi-peaked contractions hove
been described, but these are not consistent findings,5-90:6253:86.75 Thare i3 also 1 marked
overlap with the manometric features of many of the named motor disorders and non-
specific motor disorders as previously discussed. An explanation for the confision in
this area is the episodic nature of spastic abnormalities and the limited number of
swallow responses recorded during standard stationary manometty. In an effort to
understand these disorders better, the ambulatory manometric system was applied to 14
patients with classical diffuse esophageal spasin, and are presented in thie chapter, The
results of the ambulatory studies from patients with classic motor disorders are then
applied to a group of paiients with unclear diagnoses and discussed in the next chapter.

11,2 METHODS

During a three year period 14 patients v -'iffuse esophageal spasm were
studied, All patients presented with symptoms of dysphagia and/or chest pain and
completed a questionnaire regarding the severity of their symptoms according to table
11.1. One patient was unable to eat at all and was fed via gastrostomy tube., Meal
periods for this patient, therefore, could not be assessed on ambulatory manometry.
Patients had endoscopy and video esophagography followed by stationary manometry
and ambuiatory simultaneous pH and motility monitoring as described in chapter 4. All
patients had greater than 20% simultaneous waves in at least the distal 2/5 of the
esophagus on 10 wet swallows according to the accepted definition of DES at USC.”
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The results of stationar; manometry ware compared to histrrical normals from the
laboratory at USC.

Abnormalities on ambulatory manometry were defined when values exceeded the
951h percentile of 25 normal subjects. The prevalence of high amplitude contractions,
defined as greater than 15(: mmHg, was used to provide an indication of the episodic
nature of these contractions. The intrabolus pressures of peristaltic waves were measured
as described in the previous chapter,

Table 11.1, Severity scoring of patients symptoms.

SYMPTOM GRADE

DYSPHAGIA

—

Occasional with course foods (meat sandwich, hard roll)
lasting for a few seconds

Requiring clearing with liguids

Severs - semi-liquid diet or history of meat impaction
Por liquids

Minimal or oecasional episodes
Moderate, Reason for visit
Severe, interfering with daily activities

& L b

CHEST FAIN

W b e

REGURGITATION Mild, after straining and/or after large meals
Maderate ~ predictable with position change, straining or
lying down

3 Severs ~ constant regurgitation, pressnce of aspiration

HEARTBURN 1 Minimal, identifiable symptoms, occeasional episodes, no
prior medical vigH*
2 Moderate - primary reason for visit
3 Severe - constant marked disability in activities of daily life

N oma

11.2.1 Statistics

Statistical aralysis was performed with the aid of a computer program (SPSS for
Windows v6,1.3, Chicago, Iflinoig). The Mann Whitney U test was used to compare
differences between medians for the two non-parametric data sets. Significance was

estimated at the 0.05 level, Data is expressed as means + standard €iror of the mean.
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11.3 RESULTS

Fourteen patients (six males, eight females) with a mean age 73 years (range 46-
90) were studied. The severity of symptoms is shown in table 11.2. All patients
complained of grade 2 or greater dysphagia, five patients with grade 2 or greater chest
pain, and five with grade 2 or greater heartburn.,

Table 11.2. Severity scores for the patients with DES

Symptoms Dysphagia Chest Pain Heartbum Regurgitation
(DES pts,
n=14)
Y4zan score + 2.5710.2 1.0710.3 0.86+0.3 2.140.3
| SEM

Table 11.3. Stationary manometric data

! PARAMETER NORMALS DES SIGNIFICANCE
I LEs
Total Length 3.6540.1 3.610,24 N3
(em)
Abd, Length 2.1440.1 2.0150.2 NS
(em)
Pressure 14,34 +0.5 23.442.8 p=0,0004
{mmHg)
BODY
Amgplitude (mmHe)
Level I 9143.3 7549.3 NS
Level II 4521 4148.3 NS
Level II 8043.3 09418,0 NS
Level TV 9543.5 95416.6 NS
Level . 10345.5 106421, NS

Videoesophagography demonstrated abniormalities ranging from “corkscrew
esophagus” to mild tertiary contractions with retrograde escape cf bartum. The
stationary manometry results are shown in table 10.3. Only two patients had bordcrline
competency of the LES by virtue of a short abdominal length in each patient. Only one
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patient had an abnormal pH study with an esophageal acid exposure of 8.3% the total
time (DeMeester Score 25.2).

The resuits of the ambulatory manometry study are shown in table 11,4, All
patients exhibited episodes of high amplitude, long duration, and muitipeaked
contractions (figure 11.1). The meal periods were characterized by repetitive
simultaneous contractions not related to swallowing. The episodic nature of high
amplitude conwactions was refiected by the greater prevalence of contractions of more
than 150 mmHg. Al patients but one with grade 2 or 3 chest pain, and none of the
patients who had no chest pain had an increased prevalence of contractions greater than
150 mmHMg, Of note, the overall amplitude or duration of contractions for the patients
with DES was not significantly different to the normal subjects during mealtimes,
However, abnormally high intrabolus pressures were detected in 10 of eleven patients
(Figure 11.2). In three patients ‘ntrabolus pressures could not be measured because the
prevalence of simultaneous contractions during meals was too high. Eight of thirteen
patients (62%) had an increased prevalence of multipeaked contractions. Overall, the
prevalence of multipeaked contractions increased from the upright to the meal period
(2.3% to 4.4+1.2%, p<0.01). In addition, the prevalence of isolated contractions in
the lower esophagus (i.e., not related to contractions in the other levels) was greater for
the DES patients in the upright and meal perjods (5.641 vs 14.8+3.4 normal vs DES,
Upright, p<0.01; 3.540.6 vs 9.0+2.8, Meal, p«<0.01). The inability to increase the
peristaltic natyre of contraction waves during meals is depicted in figure 11.3. As a
consequence, the prevalence of ineffective contractions remained high during meals
(Table 11.4).

Six patients had greater than 50% simultaneous waves during meals. Of these,
ali but one underwent esophageal myotomy or have been offered the option of
myotomy. Only one of the patients with less than 50% simultanecus waves required

myoctomy for relief of symptoms.
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Table 11.4. Ambulatory motility characteristics of normal ubjects and patients with DES.

PARAMETER NORMALS DES SIGNIF
_ (n=25) n=14" (p value}
AMPLITUDE (mmHg)
Upright
Chennel 1 # 3442 4245 NS§
Channel 2 4042 6247 2.015
Channpel 3 4242 6847 0.002
Meal
Channel 1 4112 5246 NS
Channel 2 5443 6448 NS
Channel 3 6244 6818 NS
Supine
Chennel 1 3542 41+4 N8
Channe! 2 | 4743 69x11 0.03
Channel 3 5143 7348 0.01
% CONTRACTIONS
> 150mmHg
(lower esophagus)
Upricht 0.740.2 14.143.6 0.0001
Meal 1.940.7 15.943.9 <0.0001
Supine 2.441.0 15.444.5 0.0001
DURATION (gsecs)
Meal
Changel 1 2.340.1 2.140.2 NS
Channe] 2 2.240.1 2.840.4 N&
Chennel 3 2.340.1 5.0+0.4 NS

MULTIPEAKED %
(Distal Esophagus)

Upright 0.4:£0.2 2.340.4 0.001
Meal 0.740.3 4.441.2 <0.0001
Supine 1.740.5 1.740.7 0.075
PERISTALTIC
WAVES.(%)
Upright 82423 46+3.5 <0.0001
Meal 89:4:1.0 5145.0 <0,0001
Supine T142.6 50%3.9 <0.0001
INEFFECTIVE (%)
Upright 4042.9 8442.9 <0.0001
Meal 30:1.9 B014.6 <0.0001
Supine 5743.0 86:+2.3 <0.0001

~—# Channel 1, 2, and 3 are 13, 10, and 3 cm above the LES respectively.
* Values for meal periods are for 13 patients.
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Figure 11.1, An example of the recording from a normal volunteer, A, and from one
of the patients, B, showing the characteristic spastic coniractions of the esophageal
body. The channels reflect recordings from the pharynx and the upper, middle and
lower esophagus from above, down, The contractions in the patient with DES show
typical mulitipeaked contractions of high amplitude (greater than 200 mmHg), and long
duration (greater than 8 seconds). The time interval between dots on the abscissa is 2
seconds.

NN

B: Patient with DES
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Figure 11,2 Example of the increased intrabolus pressure in the
lower esophague in a patient with DES (her . vw). Naote also

the esophageal pressurization between swaue sible arrow)
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Figure 11.3 The prevalenre of pe:iaelsis diring the different periods in
pormal subjects and DES retients, ' - | < (.05 vs Supine, ¥ = p<0,05 vs
Upright
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11.4 DISCUSSION

There is currently no precise definition of DES. The most consistently used
definition is an increase in simultaneous contractions with preservation of a degree of
normal peristaisis in a patient with chest pain and/or dysphagia.®®* The thresheld of
increased simultaneous waves required to make the diagnosis is comtroversial. In our
laboratory more than 20 percent of the 10 wet swallows on stationary manometry are
required to be simultaneous before the diagnosis can be made. The argument for this
threshold is that the diagnostic criteria should err in favor of specificity, especially if these
patients are to be considered for surgical therapy.

The higher resting pressure of the sphincter in this report is in keeping with
previous observations, and with the finding of only one patient with an abnormal esophageal
acid exposure, %7 1t is interesting that five patients complained of heartburn while none
had an increased esophageal acid exposure, 1t is possible that these patients have a
heightened sensitivity of the esophagus and that disorganized esophageal contractions were
experienced as heartburn,

When monitored for prolonged petiods the patients exhibited similar characteristics
to those on stationary manometry, and no patient was reclassified as having another
manomettic disorde. Two patients, however, were noted to have an elevation of the
baseline pressure during meals suggesting esophageal pressurization as in achalasia. These
patients did have intermittent peristalsis and typical high amplitude, multipeaked spastic
contractions which definied the disorder as DES rather than achalasia. This finding does,
however, lend support to the hypothesis that these disorders may be related.” ™ In all
patients, the "spastic” element of intermittent high amplitude, multipeaked contractions, was
more evident with prolonged monitoring, but overall the simuitaneous nature of the
contractions, i.e., the hallmark of DES, was consistently increased. Although, the
amplitudes of contractions overall were not different in DES patients compared to the
normal subjects, a finding in keeping with previous work,?® the epis ‘ic nature of high
amplitude contractions was reflected by the increased prevalence of contractions greater
than 150mmHg,

Nou previously described, however, was the inability of the patients to improve the
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prevalence of peristalsis or increase the amplitude of contractions during meals, as is typical
for normal subjects. Rather, in 8 of 13 patients (62%) the efficacy of contraction waves
deteriorated during eating, This is in concordance with the description of swallow
independent contractions in DES patients®®, and with work that has shown that manometry
during eating increases the diagnostic yield in these patients,2!'*® Sifrim et aP™ have also
noted that the presence of a balloon in th 2 esophagus, even under low pressure, stimulates
repetitive secondary contractions in patients with DES. In effect the esophagus appears to
be hypersensitive to the presence of a bolus perhaps secondary fo a defect in the normal
inhibitory mechanisms.®® It is conceivable that in this situation the simultaneous waves
impede propagation of the bolus, the uncleared bolus stimulates more simultanecus waves,
and a vicious cycle results,

The interesting finding of an increased intrabolus pressure in 10 of 11 patients
suggests significant resistance to outflow in these patients. This may be secondary to
decreased compliance of the lower esophagus or an inability of the lower esophageal
sphincter to relax anatomically even if manometric relaxation has been recorded (see
chapter 10). This is in keeping with others who have noted inadequate or short duration
relaxation of the LES in many patients with DES.®*** It could be argued that the LES
dysfunction is primary and that the body abnormalities are secondary to the increased
outflow resistance. Support for this is given by animal studies in which a loose band
surgically placed around the LES of the cat resulted in high amplitude diserganized
contractions.”™ In this thesis further evidence is provided to support the cutflow obstruction
theory, by the finding of an increased prevalence of simultaneous waves and high amplitude
contractions in patients with a stationary manometric diagnosis of hypertensive lower
esophageal sphincter. The HTLES may represent an early stage of u.e disease process.
Long-term follow up using ambulatory manometey will answer this question. The high ramp
pressures do, however, give a further argument for extending the myotomy across the

sphincter in patienis undergoing long esophageal myotomy for DES.

In summary, the ambulatory manometric characteristics in these patients are
1) An increased prevalence of simultaneous waves in all periods, meals, upright

awake, and supine. This is associated with an inability to improve thc prevalence
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of peristaltic waves, and consequently wave efficacy, during the meals periods.
2) An increased amplitude of contractions in the upright and supine periods, but
normal amplitudes during meals.

3) An increase in episodic high amplitude contractions (150 mmHg) and
multipeaked contractions.

4) An increase in the intrabolus pressure in the lower escphagus, indicating
increased compliance or incomplete LES relaxation resulting in increased outflow
resistance.

Surgical therapy in this disease is directed toward improving the symptom of
dysphagia and the ability to eat. The symptom of pain is less often relieved by
myotomy.5*™3% The ability of a bolus to move through the esophagus is normally
dependent on the effect of gravity and on propulsive esophageal contractions. Bffective
propulsion is a function of contraction amplitude and peristaltic progression.'® In DES,
the bolus transport is impeded by the functional obstruction resulting from simultaneous
contractions and decrzased muscle compliance. A long esophageal myotomy rzduces the
simultaneous contractions and improves the compliance of the esophagus, but at the expense
of abolishing normal peristalsis and reducing contraction amplitude.”’ In order for a long
myotomy to relieve dysphagia, the degree of functional obstruction causing dysphagia needs
to outweigh the existing propulsive activity since after the long myotomy, bolus transport
will be gravity dependent. Consequently, it is difficult for the surgeon to decide when to
perform a myotomy. In the present study an effort was made to estimate the severity of
the disorder by dividing patients into those with greater than and those with less than 50%
simultaneous waves during meals, Of those with more than 50% simultaneous waves the
intractibility of symptoms, and failure to respond to medical therapy, had encouraged the
decision for surgical treatment, In thoge with less than 50% simultaneous contractions only
one patient had symptoms severe enough to warrant surgery. This may be the threshold
at which the gain realized by the loss of the simultaneous wave forms exceeds the detriment
incurred from the loss of the peristaitic waves. This is currently under prospective

evaluation with ambulatory manometry at USC,
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11.£ CRITICAL EVALUATION AND COMMENT

Classic diffuse esophageal spasm is uncommon, and only 14 patients were diagnosed
on the stationary mancmetry over a three year period. Variants, i.e, an increased
prevalence of simultaneous contractions but insufficient to classify as DES, are included in
the following chapters, as are patients who were diagnosed as DES oaly by ambulatory
manemetry,

The higher severity scores for dysphagia compared to chestpain is probably related
to a referral bias and not to he namre of symptoms in patients with DES in general.

The algorithms for deection of multipeaked contractions are discussed in appendix
E. Co. fractions with three or more peaks meeting the algorithm criteria are uncommon in
normal subjects, with the upper li.iit of normal in the lower esophagus during meals being
2.2 %, The algorithm for triple or more peaks detects only the extreme and obvious
rultipeskad contractions and therefore probably underestimates the prevalence of bizarre
shaped contractions. Nonetheless the same algorithm was used for normais and patients and
consequently comparison between them is valid.

The obvious question is one of ouicome after surgical therapy. This is presently
being studied at USC and is beyond the scope of this thesis, but it is felt that the insight
provided by ambulatory manometry will prove to be useful in selecting patients for surgical

therapy and evaluating them post-operatively,



CHAPTER 12 THE VALUE OF AMBULATORY MANOMETRY
IN PATIENTS WITH UNCLEAR DIAGNOSES

12,1 BACKGROUND

The episodic nature of esophageal motor disorders and the limitations of
stationary manometry do not always enable classification of the manometric recording
into one of the named esophageal motor disorders, This has resulted in a number of
sub-classifications and the large subgroup of patients w~tth non-specific esophageal motor
disorders (NSEMD). The diagnostic difficulties may, at least in part, account for the
less than satisfying resuits of surgical or medical therapy of functional disorders of the
esophagus. The underlying esophageal body abnormality responsib! ‘or dysphagia or
chest pain frequently cannot be determined on stationary manometry.”® To do so,
requires assessment of the physiology of esophageal function and identi%cation of
abnormalities associated with the complaint rather than categorization of motor disorders
based on the morphology of esuphageal contractions,

The ability to monitor the esophagus throughout different physiologica.
circumstances has enabled the study of motor function during symptoms and during
eating. The previous chapters have discussed the pathophysiological insight that
ambulatory manometry has provided in patients with named motor disorders. The
predominant motor abnormality in patients with GERD is hypomotility a1d an inability,
in some, to organize contractions during eating. Patients witn achalasia have a typical
mealtime pattern and may exhibit occasional peristaltic activity outside of meals.
Diffuse esophageal spasm is characterized by an increased prevalence of simultaneous
wave forms and intermittent "spastic® activity of high amplitude, long duration,
multipeaked contractions. The symptom of pain appears to be related to these episodic
phenomena and the ability of the esophagus to generate high contraction amplitudes,
while dysphagia is related to the prevalence of simultaneity which causes a functional
impedance to the passage of a bolue during eating. A previous chapter has shown that
me y patients with a hypertensive lower esophageal sphincter (HTLES) exhibit a motor



Funciional Classification 154

pattern consistent with a miore severe abnormality thar is appreciated on stationary
manometry. Purthermore, the increased ramp, or intrabolus pressure, provides a
means of juanometrically assessing the resistance to the outflow of the lower esophagus
during normal esophageal function,

In this study ambulatory manometry was performed on a group of patieats with
non-organic dysphagia and/or chest pain with an unknown or unclear diagnosis after
standard investigation. in an attempt to find a functional reason for the patients
symptoms. A new classification system based on the functional disorder is proposed as
a means to direct therapy.

12.2 METEODS

During a three year period 40 patients were investigated in the esophageal
laborator; at USC for sympioms of dysphagia and/or chest pain which was felt to be
functional in nature but in whom no specific diagnosis could be made. There were 21
females and 19 males, (mean age 53 years, range 25-85), Patients had been studied by
videcesophagography, endoscopy, stationary manometry and 24-hour pH monitoring.
Excluded from this group were patients with achalasia, diffuse sophageal spasm,
connective tissue diseases, severe hypomotility, and patients with GERD. Patients with
GERD were excluded because reflux induced injury is often associated with the
symptom of dysphagia even in the absence of motor abnormalities.'”® Patients with high
amplitude contractions with normal progression (the "nutcracker esophagus™) were
included because of the controversial cause of symptoms in these patients.®® Endoscopy
excloded any obstructive lesion as a cause of dysphagia. Stationary manometry was
performed as described in chapter 4 and diagnostic classifications were made according
to table 4.1,

The ambulatory manometric results for the meal periods provided a means to
classlfy patients into the following groups:

1) No abnormalities - NORMAL

2) Iricreased prevalence of ineffective waves resulting from low amplitude

or incomplete peristalsis
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k)] Increased intrabolus pressures indicating outflow obstruction

4) Incrensed prevalence of simultaneous waves

These g .ups were classified te provide a functional assessment in an effort to explain
the p~ients symptoms. Dysphagia can be explained in terms of inadecuate vropulsion,
functional obstruction at the level of the LES, and a functional obstruction from
esophageal body spasm, for groups 2, 3, and 4 respectively.

12.3 RESULTS

Forty patients, mean age 53 years (range 25-85) were studied. Four of these
had no dysphagia. Two of these patients had chestpain and no dysphagia and
ambulatory manometry was consistent with a diagnosis of nutcracker esophagus, i.e.,
high amplitude contractions with normal peristaltic progression, but with no evidence of
an increased intrabolus pressure, Another patient with the complaint of chestpain
without dysphagia was normal on ambulatory manometry but the patient experienced no
pain during the study. The iast of these patients had nutcracker esophagus and normal
intrabolus pressures. On ambulatory monitoring, the patient was noted to have high
amplitude contractions of normal pronression, but had episodes of reflux induced
"spasm” which correlated with the patients symptoms {an example of this phenomenon
is shown in another patient in chapter 8, figure 8.7).

The thirty six patients with dysphagia were reclassified into the functional
categories as shown in figure 12,1, Five of these patients (14%) had no abnormalities
on ambulatory manometry and no cause for their symptoms could be ascertained. In
one patient with intermittent dysphagia an inereased intrabolus pressure was the only
abaormality found after all investigations. Expectant therapy was advised but the
dysphagia progressed and seven months later stationary manometry revealed severe
deter ation of function with hypomotility as well as increased simultaneons waves
consi* .nt with DES,
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Figure 12.1 Classification of patients w. non-obstructive dysphagia based on the fonctional

defect,

i2.4 DISCUSSION

This study applies the results of ambulatory manometry to patients with

dysphagia and’or chest pain In whom no clear diagnosis was possible on standard

investigations. The patients were classified according to functional abnormalities on the

basis of the ambulatory manometry resulits, in an attempt to provide an explanation for

the patients symptoms. Previous attempts at functional classification systems have been

based on stationary manometry and, although innovative, suffer the same limitations
35121

prescribed by performance of only 10 swailows.
Non-obstructive dysphagia, the symptom associated with impedance of the

nermal progression of a foad bolus into the stomach, can be conceived to result from

three functional defects. Firstly, low amplitude contractions, incomplete (failed)

peristalsis, or the non-iransmission of pharyngeal swallows to the esophageal body result
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in failure of the propulsive mechanism of the esophageal body. Second, a defect in the
normal progression of peristalsis results in simuitaneous waves which impede the bolus
in the esophageal body as in diffuse esophageal spasm, Third, an increased resistance to
outflow because of incomplete anatomical relaxation of the sphincter results in
impedance of the bolus at the LES. Using this classification system the ambulatory
esophageal manometry provided a functional basis for dysphagia in all but 5 patients,
Viewed in another way, the addition of ambulatory manometry provided an explanation
for dysphagia in 31 of 36 patients (86%), in whom no diagnosis before ambulatory
manometry could be made. The frustration in attributing patients symptoms based vn
stationary manometry alone is demonstrated by the conclusions of some that the
symptoms may not be related at all to esophageal motor disturbances,!™

This study substantiates the findings of others that patients with NSEMD have a
selective irpairment of semisolid emptying when studied with radioscintigraphic
techniques.™3% In the present study, ambulatory manometry enabled all of the patients
with NSEMD to be classified into one of the functional abnormality groups. It also
underscores the importance of circadian monitoring in patients in whom the diagnosis is
unecertain after standard investigations, since it provides insight into the pathophysiologic
mechanism responsible for the patier . symptoms. Furthermore, since the study can be
performed at the same time as pH monitoring, it would be prudent to perform
ambulatory manometry in all patients with non-obstructive dysphagia while undergoing
pH studies,

Using the criteria described in the previous chapier on DES, 14 of 36 (39%)
patients in this group with dysphagia exhibited characteristics of diffus~ esophageal
spasm. Three of these patients underwent Jong esophageal myotomy on the basis of the
ambulatory manomeiric results alone. All had a good to excellent symptomatic
outcome,

In this study, all patients with chest pain but without dysphagia were found to
have nutcracker esophagus on ambulatory manometry, and all had normal intrabolus
pressures, On the other hand, all patients with DES on ambulatory manometry had
dysphagia. This suggests that patients preseniing without dysphagia are unlikely to be

diagnosed ag DES even after ambulatory manomeiry. This reinforces the concept that
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simultaneous waves impede propagation. The patients with nutcracker esophagus and a
delayed esophageal transit recently reported,®® may in fact have had diffuse esophageal
spasm which would only have been detected on ambulatory studies. In the present study
four of the ten patients (40%} with nutcracker esophagus had an abnormal prevalence of
simultaneous waves in keeping with the diagnosis of DES. This is consistent with
reports of transition from nutcracker esophagus to DES.™ The normal intrabolus
pressures in the patients without dysphagia, supports the theory that an increased
intrabolus pressure is indeed related to an increased outflow resistance.

This classification is currently being applied prospectively at USC, since it
provides a rational approach to therapy which is directed at improving the functional
defect as seen on ambulatory manometry. It is believed that ambulatory manometry will
become a valuable tool to assist with management decisions for this previously enigmatic

group of patients.



"HAPTER 13: ASSESSMENT OF ACID CLEARANCE USING
SIMULTANEOUS AMBULATORY
PHARYNGOESOPHAGEAL MANOMETRY AND
pH MONITORING®

13.1 BACKGROUND

Esophageal expiosure to gastric juice is a function of both the number of reflux
episodes and the ability of the esophagus to clear the refluxed material rapidly and
restore a normal luminal pH. While much work has been done concernir, the barrier
Tunciion of the lower esophageal sphincter, relatively little is known about the clearance
function of the esophageal body. The earliest work was done by Meltzer in the
beginning of this century, who made the distinction between nrimary and secondary
peristalsis.®!? The former was initiated by a pharyngeal swallow, and the latter
owntred "spontaneously” in the absence of a pharyngeal contraction. Rapid distention of
the esophagus with a balloon, or instillation of hydrochloric acid was subsequently
shown to initiate secondary peristaltic contractions.’'!*"* Consequently, secondary
peristalsis was assumed to be a mechanism whereby the esophagus cleared refluxed
acid.** Subsequently, secondary contractions were found not to be as organized as
previously thought.®® Helm and Dodds have also emphasized the importance of
swallowed saliva in restoring normal luminal pH.*%%'7 These concepts have been based
on studies performed in an unphysiologic laboratory environment over short time
periods, wilizing a limited number of swallows and provocative maneuvers, The actual
response to naturally oceurring refiux episodes over a circadian cycle outside of the
laboratory is unknown. By using the technology to simultanecusly record intraluminal
pH and pressures in the ambulatory subject, the mechanisms responsible for clearance of
naturally occurring reflux episodes from the esophagus could be studied for the first

time.

§ This study was published in Annals of Surgery, 1993;213,364-370
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13,2 PATIENTS AND METHODS

13.2.1 Study Population

Ten normal subjects (median age 34, range 26-38) and fourteen patients (median
age 51, range 15-83) with gastroesophageal reflux proven by 24-hour pH monitoring
were studied. Normal volunteers were agymptomatic and had a video esophagram to
exclude the presence of an anatomic abnormality, All patients had increased esophageal
acid exposure by criteria previously described.™ Normal subjects and patients
underwent stattonary manometry using the station puli-through technique to identify the
position of the lower esophageal sphincter for the placement of the ambulatory pH and
motility catheters.

13.2.2 Ambulaftory pH and motility monitoring

Simultaneous pH and manometry was performed with a glass Ingold pH probe
and a 7 French Sentron Catheter according to the protocols outlined in chapter 4 on all
subjects. The 7 Prench ambulatory motility catheter contained a pharyngeal transducer
so that pharyngeal swallows could be flagged.

13.2.3 Analysis

The pH and motility records were analyzed for the upright interprandial and the
supine periods. Reflux periods were analyzed separately. The start of a reflux episode
oceurred when the pH of the esophagus fell to below pH 4 and ended when it returned
to 4, Standard criteria for the classification of waves and propagation as outlined
previously were used. Swallows were recognized by a repia rise in the pressurc in the
pharyngeal channel and were called non-transmitted if they were not followed by a
contracticn wave in the esophageal body (figure 13.1). Waves were called primary if
they followed a pharyngeal swallow and secondary if they occurred unrelated to a
pharyngeal swatlow (figure 13.2). Clearance «.i 2 reflux episode from the esophagus
occurred when the pH rose to above 4. The pharyngo-esophageat activity just prior to

the return of esophageal pH to normal_i.e., above pH 4, was assumed to be responsible
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The frequency of swallows was calculated for the refiux periods during the day
and night. and for the non-reflux baseline period during the day. The latter was
obtained by calculating the swallowing frequency for six random 10 minute interprandial
periods that were not related to reflux episodes. The first two hours were excluded o
allow for accommodation to the catheter and to minimize any increased swallowing
frequency that may have accompanied the sensation of the tubes in the nasopharynx.

Statistical analysis was performed with the aid of a commercially available
software program (SAS 6.04, SAS institute Inc. Cary, NC). The Fisher exact test was
used io compare proportions and the Wilcoxon rank sum test was used for comparisons

of means.

13.3 RESULTS

A total of 1288 reflux episodes were analyzed. Of these, 173 occurred in normal
subjects, 168 during the day and 5 during the night; 1115 occurred in the patients, 840
during the day, and 274 during the night, During reflux episodes, the pharyngeal
swallowing frequency increased (figures 13.3, 13.4) and a total of 2781 esophageal
contraction waves cccurred. Three hundred and four of the waves occurred in the
normal subjects; 296 during daytime and 8 during night-time reflux episodes. In
palients, 2477 waves oceurred, 1615 during daytime and 862 during night-time reflux
episodes. During the cumuiative reflux period, primary waves, i.e., waves that
followed a pharyngeal swaliow, predominated, whereas secondary waves i.e.,
spontaneous waves unrelated to a pharyngeal swallow, were uncommen (figure 13.5).
‘When the secondary wave was peristaltic it almost always occurred as the first motor
event of a reflux period, otherwise it occurred in a random order. Only 19% (74/386)
of the secondary waves were peristaltic.

Figure 13.6 shows the effectiveness of the various wavee in clearing the
esophagus of acid in normal subjects and patients. Primary peristalsis was responsible
for clearance of the majority of reflux episodes in normal subjects and patients. Overall,
94% of reflux episodes were cleared by 3 pharyngeal swallow followed by a primary
peristaltic wave or a non-transmitted pharyngeal swallow. Secondary peristaltic waves
were responsible for clearing only 9 of the 1288 episodes.
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Figure 13.3 An example of the recording which has been compressed to
show an 80 minute period. Note the Increased frequency of pharyngeal
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Figure 13.4 The frequency of swallowing during the baseline non-reflux and
the teflux periods for normal subjects and patients with reflux disease.
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Figure 13.6 The types of contractions that resulted in acid clearance from the
esophagus. Most reflux episodes were cleared by a pharyngeal swallow
followed by a primary wave.
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The effect of gravity on clearance was assessed by comparing, in the patients,
night-time with daytime reflux episodes. Normal subjects were excluded because night-
time reflux was an uncornmon event, Of interest, some refiux episodes were cleared by
non-transinitted swailows during the daytime when the patient was upright (figure 13.7).
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Figure 13,7 Types of contractions respensible for clearing daytime and
nighttime reflux episodes in patients with reflux disease.

Night-time reflux episodes were of longer duration and required a greater number of
primary waves per episode for clearance (figure 13.8). The swallowing frequency
during a night-time reflux episode was lower than a daytime episode, and the response

was frequently delayed (figures 13.9, 13.10),
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Figure 13.8 The mean duration of reflux episodes and the number of primary
waves per reflux episode in patients during the day and during the night
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Figure 13.9 An exampie of a recording showing a reflux episede oceurring
at night. The swallowing response to reflux is delayed, resultiug in a

prolonged reflux episode.
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Figure 13.10 The swallowing frequency in patients during the baseline
period, and during daytime and nighttime reflux.

13.4 DISCUSSION
Observations that the infusion of acid, or the distention of the esophageal lumen,

can stimulate esophageal contractions, have led to the widely-held view that refluxed
gastric juice is cleared from the esophagus without the aid of pharyngeal swallows,
Contrary to this view, we have found that secondary peristaltic waves are uncommon
and do not play an important role in esophageal acid clearance. Bven when stimulated,
80% of the secondary waves were simultaneous in character and ineffective in clearing
the esophagus of acid. This is in agreement with Paterson and colleagues, who noted
that with balloon distention, secondary waves were less often peristaltic than previously
thought.3!?

It is important to make the distinction between chemical and volume esophageal
clearance. The former is the restoration of esophageal pH to normal, i.e., to above pH
4, while the latter refers to clearance of a bolus of food or llquid. While peristalsis,
whether primary or secondary, may clear the volume of refluxed acid from the
esophageal body, pharyngeal swallowing is all-important in chemical clearance. This is
due to the nentralizing effect of swallowed saliva, as documented by Helm and
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colleagues.®®*" The finding in our study that non-transmitted pharyngeal swallows can
result in chemical clearance in a significant number of instances supports this view. An
example of this is seen in figure 13.1, In this situation, saliva, after being transported
from the pharynx into the upper esophagus by a swallow, flows down the esophagus
aided by gravity. This is supported by the observation that non-transmitted swallows
rarely result in the clearance of night-time reflux episodes, since in the supine position,
the movement of saliva down the esophagus is not assisted by gravity, These findings
are in concordance with a recent report that patients with xerostomia have longer reflox
episodes and more severe esophagitis than patients with normal salivation.?

It is interesting that the frequency of swallowing increases during reflux
episodes. This may represent 2 learned, protective mechanism that depends on mucosal
sensitivity. Two of our patients failed to increase the swallowing frequency during
reflux episodes, and both had severe mucosal damage, which may have destroyed their
mucosal sensitivity. Also, sleeping may dull the response of the esophagus to
acidification, as seen in figure 13.9. This may explain why there is a fower swallowing
frequency during night-time than daytime reflux. Similarly, sleeping also reduces
salivation, and this may further contrivute to the prolonged duration of night-time reflux
episodes, Consequently, night-time reflux is particularly injurious, since the esophagus
is less protected by the mechanism of increased swallowing, salivation is reduced, and
the beneficial effects of gravity are [ost. A common argument against esophageal
intubation studies is that the findings can be explained solely by increased swallowing
frequency caused by catheter irritation of the pharynx. The observation that swallowing
frequency was iricreased during reflux episodes goes against this argument. Further,
others have shown that naso-esophageal intubation increases salivation, but not
swallowing, and its effect on salivation lasts for only two to four hours.”! To minimize
the effect of the initial increased salivary flow that may be related to catheter frritation,
the first two hours of each study were excluded from analysis.

The important clinical implication of these findings is that normal subjects and
patients clear the esophagus of refluxed gastric juice using the same mechanism -—
pharyngeal swallowing, followed by primary esophageal peristalsis. It is unlikely,
therefore, that medical therapy, aimed at improving contractioni amplituce and
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frequency, will improve this protective mechanism. This is probably why prokinetic
agents, when used alone, are unable to give satisfactory results in the treatment of
patients with gastroesophageal reflux disease. Rather, the focus should be on reducing
the number of reflux episodes and the volume of refluxed material. This may be
accomplished by surgicatly reconstructing the barrier hetween the esophagus and the
stomach. The loss of this barrier has been repeatedly idemtified as a common finding in
patients with severe refux disease. The re-establishment of a nigh pressure zone with
an antireflux procedure has been an effective and lasting long-term therapy for this
disease. This should be done, however, before the protective clearance mechanisms of

the esophageal body have been lost from repetitive inflammatery injury.

13.5 CRITICAL EVALUATION AND COMMENT

In this chapter only 10 normal subjects were stindied with a pharyngeal
transducer for flagging swaflows. In the following chapter 12 normal subjects were
studied. ‘The number of subjects was not changed in this chapter since the study has
been published with the data presented above from 10 normal subjects.



CHAPTER 14: MECHANISMS OF ESOPHAGEAL ACID
CLEARANCE IN PATIENTS WITH BARRETT’S
ESOPHAGUS®

14.1 BACEKGROUND

The exposure of the esophagus to gastric juice is dependant on the amount
refiuxed and on the ability of the esophagus to recognize the presence of gastric juice
and to clear it with active contractions, The quantity of refluxed juice over time is
dependant on the mumber of reflux episodes and on the volume of each episode. These
have been shown to be a function of the competency of the lower esophageal sphincter,
and of various gastric factors such as hypersecretion, gastric distention, and a persistent
gastric reservoir, 78220319323

The duration of contact of gastric juice with the esophageal mucosa depends on
the clearance funciion of the esophageal body. In the past, attention has been focussed
on the contribution of salivation and esophageal body function to the clearance ability of
the esophagus. Helm has shown that clearance usually takes place in a two-step
process.’1 3% First, a peristaitic wave clears the volume of the refluxed material, and
swallowed saliva then neutralizes the remaining acid. The two elements of salivation
and motility are consequently both necessary, but depend on the initiation of peristalsis
by a swallow. This is an area that has not previously received much attention.

In the previous chapter it was shown that the normal response to naturally
occurring reflux episodes is to increase the frequency of swallowing.'™ This acts to
clear the esophagus of refluxed gastric contents quickly, so that the contact time of the
esophageal mucosa with gastric juice is minimized. Acid clearance in patients with
Barrett's esophagus is known to be compromised but the reasons for this are not clear.
The aim of this study was to examine for the first time the physiologic esophageal acid

clearance mechanisms in patients with Barrett’s esophagus using the technique of

¢ This study was presented at the American Gastroenterology Association in San Prancisco, 1956
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simultaneous ambulatory pH and pharyngo-esophageal motility monitoring,

14.2 METHODS

Twelve normal volunieers and 14 patients with Barrett’s esophagus were studied.
Volunteers were screened by questionnaire and were inciuded only if asymptomatic and
without a history of previous ugper abdominal surgery. They underwent
videoesophagography in order to exclude the presence of anatomical abnormalities.
Consecutive patients with Barrett’s esophagus were selected from a pool of patients
presenting to the University of Southern California Swallowing O~ = with foregut
symptomatology. Barrett’s esophagus was determined by endosce, illy directed biopsy.
Only patients with specialized epithelium were included. For the purposes of this study
the endoscopically measured length of the Barrett's segment was used to group the
patients into those with a shorter columnar segment (SCS, 3-5 cm, nine patients) and
those with a longer columnar segment (LCS, 9-13 cm, five patients). There were no
patients with columnar segments of between 5 and 9 cm.

After an overnight fast all subjects underwent standard n.anometry as previously
described. Abnormal body motility was defined by the 95th percentile of normal
volunteers.3*%* Amplitudes of contractions, peristaltic nature, and prevalence of
interrupted or dropped contractions were used to determine normal or abnormal motility
as these parameters have previously been found to correlate with esophageal volume
clearance.™™ After stationary manometry simultaneous ambulatory pH monitoring and
pharyngoesophageal manometry were performed according to the protocols outlined in
chapter 4. Ambulatory manometry parameters were defined as abnormal if they fell
outside the 5th and 95th percentiles of the 25 normal volunteers discussed in chapter 7,

Measurements of swallowing during reflux episodes were made according to
figure 14.1;

1) The time from the onset of the reflux episode to the first swallow, (&)

2) The duration of the reflux episode (a-+b)

3) The total number of swallows (X) during the episode.

From this analysis the average swallow frequency for each reflux episode was

calculated, The reflux episodes were further categorized as occurring during the day or
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during the night. The baseline swallowing frequency was calculated from six randomly
chosen 10 minute periods for both the daytime and the nighttime periods that were not
within 10 minutes of a reflux episode.
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Figure 14.1 Graphical representation of a portion of the ambulatory
recording showing the measurements made during reflux episodes. £ ze text
for explanation.

14.2.1 Statistics
Data are expressed as means + SEM. The Mann-Whitney U test was used to
compare differences between groups. Statistical studies were performed with the aid of
a computer program (SPSS for windows version 6.01, Chicago, Iilinois). Significance
was determined at the 3% level (NS denotes not significant),

14.3 RESULTS

Table 14.1 shows the stationary manometric data, As expecied, patients with
Barrett’s esophagus had defective sphincter characteristics and lower contraction
amplitudes in the distal esophagus compared to normals, Bight patients, however, had
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normal esophageal body characteristics by stationary manometric criteria. Table 14.2
shows the ambulatory manomeiric results, By ambulatry manometric criteria only 2
patients had normal motility, Strikingly, the Barrett’s patients were unable to increase
the overall prevalence of effective contraction waves during meal perioc- . hen
compared to the upright interprandial period as was characteristic of the ..ormal
volunteers (normals 32+3.3% upright vs 58+3.8% meals, p=0.015, Barreit’s
26£4.3% upright, vs 294 4.0% meais, p=N8),

Table 14.1 Lower esophageal sphincter and esophageal body characteristics by stationary

manemetry.
PARAMETER NOBRMALS BARRETT'S SIGNIFICANCE
| LES

Overall Length 3.38+40.97 2.43+0.36 p=0.003
Abdominal Length | 1.9140.55 0.9340.11 p=0.001
Pressure 16.84+4.86 | 6.89+1.33 p=0.0G1

Esophageal Body*

Amplitudes (mmHg)

Channs} 1 9048 92414 NS
Channel 2 5149 4246 NS
Channel 3 9448 6249 p=0.01
Channe! 4 11248 56+7 p=0.001
Channel 5 995413 4443 p=0.02

[
* Channel 1 = proximal, channel 5 = distal

QOverall, the Barrett’s patients had a greater number of reflux episodes than
normal subjects (49.0+5.41 vs 17.75+4.13, p=0.0005), longer reflux episodes than
normal subjects (mean duration in minutes 4,35+0.67 vs 0.56+0.12, p<0.0001), and
as a consequence, a greater percent time the pH was less than 4 for the 24 hour period
(21345 % vs 1.243:0.33, p<0.0001).

Swallow responses to daytime reflux episodes in patients with Barrett's were
compared to responses in normal subjects, Nighttime reflux episodes were compared to
daytime episodes in the same patient. This was done because normai subjects had few
nocturnal reflux episodes, Baseline swallowing frequency during reflux free perieds
was the same for normal subjects and patients with Barrett’s esophagus (1.124+0.1 V§



Clearance in Barret’s esophagus 174

1.14-0.07 swallows/min). Patients with Barrett’s esophagus had a diminished swaliow
response to daytime reflux episodes characterized by a longer time to the first swaliow,
and a lower swallow frequency (Figures 14.2, 14.3). Nighitime reflux episodes in
patients with Barrett’s esophagus were characterized by a further bluating of the swallow
response (frequency: 2.39+0.18 swallows/minute for the day, vs 1,4440,27 night,
p=0.02}. The number of swallows per reflux episode was increased in patients with
Barrett’s esophagus (1.740.14 vs 3.84£0.5, p=0.001).

Table 14.2. Ambulatory motility characteristics of normal gubjects and patients with
Barrett's esophagus.

- PARAMETER NORMALS BARRETT’S SIGNIFICANCE
AMPLITUDE
{mmHg)
Upright
Channel 1* 3442 4245 NS
Chaunef 2 4043 36+3 NS
Chaniel 3 4314 3613 NS
Meal
Chagnel 1 5143 55+8 NS
Chamnel 2 5945 38312 p=0.0008
Channel 3 7247 3843 p=0.0003
Supine
Channel 1 3814 3844 NS
Chagnel 2 4714 3945 N3
Channel 3 5214 3614 p=0.022
PERISTALTIC
WAVES.(%)
Upright 81:4+4.0 Ti+4.5 N&
Meal 89117 TI+4.5 p=0.03
Supine 72429 6613.9 Ns
% DROFPED
Upright 742.2 17433 N§
Meal 5+1.2 184-3.5 p=0.0002
Supine 0+2.5 1542.7 p=0.02
EFFICACY (%)
Upright 3943.3 W43 p=0.013
Meal 58+3.8 29+4.0 p=0.0002
Supine 3314.8 2144.5 NS

S Channel 1.2, and 3 are 13, 10, ad 5 om above the LES respectively, (Chanmal 3 = distal)
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Figure 14.2 The average time (mean + SEM) to the first
swallow for the normal subjects and patients with Barrett's
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Figure 14.} The mean + SEM of the swallowing frequency during daytime
reflux episodes for normal subjects and patients with Barrett’s esophagus.
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Acid exposure time was greater in patients with LCS than SCS (time below pH

4,39.243.2 % vs 12.342.46, p=0.005) despite similar ambulatory motility

measurements for amplitude, peristalsis and efficacy (Table 14.3). Patients with LCS
had a longer delay from the start of a reflux episode to the first swallow than those with

SCS (figure 14.4) and a lower swallowing frequency during reflux episodes (figure

14.5) Despite this, the number of swallows per reflux episode was similar for patients
with LCS and SCS (3.1430.36 vs 5.141.1, NS).

Table 14.3 Ambulatory motility characteristics of patients with SCS and LCS.

PARAMETER 8Cs CS SIGNIFICANCE
AMPLITUDE
{mmHg)
Upright
Channe] 1% 4246 4449 NS
Channel 2 3244 3644 NS
Channel 3 3044 3043 NS
Meal
Channel 1 57+11 52410 NS
Channel 2 3842 3942 NS
Channel 3 4244 3043 NS
Supine
Channel [ 3945 NS
Channel 2 4046 Ns
Chan. 3 4146 . NS
PFERISTALTIC
WAVES.(%)
Upright T0+6.6 72+4.9 NS
Meal 72464 861+2.9 NS
SBupine T3+5.9 62+3.5 NS
EFFICACY (%)
Upright 2845.4 20+7.2 NS
Meal 31+4.6 24477 NS
Supine 26:£6.3 11+1.8 Ns

distal}

* Channel 1, 2, and 3 are 13, 10, and 3 cm above the

[ES respectively, (Channel 3 =
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Figure 14.4 The average time (mean 1 SEM) to the first swallow
for patients with short (SCL) and long (LCS) columnar segments.
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Figure 14.5 The mean + SEM swallowing frequency during
daytime reflux for patients with short (5CS) and [omg (LCS)
columnar segments.
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14.4 DISCUSSIGN

The overall iength. abdominal lengib. and sphincter pressure were all markedly
decreased in Barrcti’s patients when compared to normal subjects, supporting previous
findings, and the paradigm, that iower esophageal sphincter incormpetence is the main
explanation for the increased episodes of reflux.'¥*#1522 Further, the long duration of
the reflux episodes in patients with Barrett’s esophagus compared to normal subjects
indicates that their clear: Junction is also deficient and is an important contributor to
the increased esophagesl « .posure to gastric juice.

Kahrilas has made a distinction between chemical and volume clearance,'®
Chemical clearance takes place by initially clearing the volume of the refluxed material
and then neutralizing the remaining acid with swallowed saliva.™’ The neutralizing
capacity of swallowed saliva is minimnal when compared to the concentration of the
refluxed gastric acid, Helrt found that an intubated subject producing 1.2 ml of saliva
per minute would reguire 5§ minutes to titrate T cc of 0.1 N HCI from a pH 1.2 to pH
4% Saliva, then, can only neutralize small volumes of remaining acid. Consequeatly
deficient esophageal body function resulls in poor volume clearance resulting in
proionged exposure of the esophagus to refluxed gastric juice, P47 1582493132 Oy the
other hand, inadequate salivation, as is found in xerostomia foliowing radiation, also
results in longer reflux episodes and overall greater esophageal acid exposure.”® Helm
has also shown that continuous aspiration of saliva after acid has been instiiled into the
esophagus results in prolonged clearance times, despite adequate swallowing.™ This
would indicate that the complete neutralization of the mucosal surface is dependant on
salivary function,

In the past most attention has been focussed on the manometric parameters of the
esophagus witk regard to clearance, >3 Booth's originai study on clearance found
that subjects with poorer motor function of the esophrgus required more swatlows to
clear the esophagus than pormal volunteers, ™ Patients with Barrett’s esophagus, as a
group, are k:own to have poorer esophageal body motility compared to normal
volunteers.*® As a consequence, the number of reflux episodes fasting longer than §

minutes and the duration of the longest episode exceeds that measured in normal
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subjects or patienis with esophagitis, In the present study the ambulatory manometry
enabled a detailed assessment of esophageal motor function by analyzing more than 1000
contraction waves in a physiologic environment, This has provided insight into the
mator function in patients with Barrett’s esophagus that was not evident on stationary
manometry. It showed that there is a profound defect in the ability of the esophageal
contractions to be organized into effective peristaltic wave forms. Normally the
amplitude of contractions, and the prevalence of peristaltic waves are increased during
meals. This may be due to the stimulus of increased viscosity and volume of the
swailowed food,'* 1422 Neuronal feedback from mucosal afferents in response to the
bolus of food travelling down the esophageal body may be responsible for this
phenomenon, ¥

The contribution of compromised motility to the prolonged reflux episodes is,
however, difficult to ascertain, Previous studies using the standard acid clearance test
were performed by infusing acid into the esophagus of the supine subject and having the
subject swallow at specific intervals. In this situation abnormal motility has been shown
tc affect clearance times.**!, But whether esophageal motility plays a similar role to
clear refluxed juice in the upright position is not known, In this regard, it has been
shown that non-transmitted swallows cun result in chemical clearance of reflux episodes
in the upright position.'™ In the upright position the relaxation of the LES that occurs
with swallowing would allow gravity to assist the return of refluxed gastric juice to the
stomnach without the assistance of the propuisive action of the esophageal bady.
Swallowed salive presumably assisted by gravity, neutralizes remaining acid adherent to
the esophageal mucosa, This is in concordance with whservations that the wpright
position is associated with shorter acid clearance iir.cs when compared with the supine
or head down position®?’, Consequently, it is likely thar the importance of esophageal
body function for clearing acid in the upright individual has been overplayed in that it
has been indiscriminately applied to the upright position as well,

The clearance mechanistas involved in restoring esophageal pH to normal after
naturally ocew.ring refiux episodes in the upright position has not previously been
studied in detail, The new technique of simultaneous ambulatory pH and pharyngo-

esophageal manometry has enabled the investigation into the influence of swallowing
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frequency on clearance in the upright position. Using this technology we have shown
that the normal response to naturally occurring reflux episodes is to increase the
frequency of swallowing,® Presumably this response is secondary to afferent feedback
from receptors in the esophagus which are sensitive to the noxious quality of the
refluxed material. This concept is based on cbzervations showing that aciu infusion is
associated with greater swallowing rates than water infusions.*'

In the present study we examined three other aspects of the clearance of a reflux
episode, i.e., the time to the first swallow after the start of the reflux episode, the
frequency of swallowing during the episode, and iue number of swallows required for
clearance. Patients with Barrett’s esophagus exhibited a delayed time to the first
swallow compared to normal subjects and an overall decreased frequency of swallowing
during the reflux episode. This suggests that the reflex io swallow after esophageal
acidification is somewhat depressed in ti.ese patients. Rodrigo has described afferent
nerve endings that are found at variable depths of the stratified squamous epithelium,*?
When the stratified squamous epithelium has been destroyed by reflux the mucosal
afferents are presumably also destroyed. When the epithelial lining is replaced by
columnar epithelium the afferent system may not regenerate, or the new epithelial cells
may provide a barrier between the lumen of the esophagus and the deeper neuronal
afferents.®™ This barrier, or the loss of mucosal afferents, may also account for the
decreased subjective pyrosis reported previously in natients with Barrett’s
esophagus.®*%? The fact that even patients with Barrett’s esophagus with normal
motility had a blunted response, underscores the importance of the swallowing
mechanism to esophageal acid clearance.

It has been shown that instillation of acid into the esophagus of normal subjects
results in increased salivation.®® The response, however, occurs only with the
conscious experience of heartburn. The normal volunteers in the present study did not
experience heartburn and presumably, did not increase salivation, Consequently the
increased clearance cannot be explained solely on this basis, Similarly, decreased
salivation cannot be entirely excluded as a contributing mechanism to clearance in
patients with Barrett's esophagus, since it has been shown that salivary flow may be

decreased in patients with severe reflux disease.*>*¥
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Mittal recently showed that reflux can occur from a herniated stomach inte the
esophagus with the onset of LES relaxation after a swatlow.” This to-and-fro reflux
could also explain, in part, the delayed clearance observed 'n patients with Barrett’s
esophagus. It has also been noted that a hiatal hernia may result in compromised body
function because the lower esophagus is no longer anchored.’™ A picture consistent
with the concept of to-and-fro reflux was occasionally observed in the present study
although this was not a common event, Whether the to-and-fro reflux came from the
hernia or the stomach proper cannot be ascertained. It seems probable that this would
be a more common phenomenon at night when the subject is supine without the effect of
gravity. It is possible that this to-and-fro reflux may contribute to reflux episodes of
long duration in patients with large hernias, small crural openings, and defective
sphincters. It cannot, however, be the only explanation for the decreased time to the
first swallow, which is likely to be a more accurate indicator of acid mucosal sensitivity.

We postulated that if acid sensitivity is due to mucosal receptors, then the
amount of esophageal mucosal replacement with Barrett’s mucosa should be related to
the degree of loss of acid sensitivity, Por this reason we chose to categorize patients
into those with a short columnar segment (< Scm) and those with a long columnar
segment (> 9 cm). The LCS patients had a longer time to the first swallow and a
lower swallow frequency during reflux, This supports the hypothesis of a progressive
destruction of mucosal afferents by the metaplastic process. The ambulatory metility
characteristics were similar for the SCS and the LCS although the latter had a tendency
toward poorer mtility in the lower esophagus.

The swallow response to reflux at night was further depressed in the Barrett's
patients. This is in concordance with Orr et af who have shown that swatlowing during
sleep is related to the state of arousal as measured by EEG.** Tn his siudies the arousal
response in normal subjects was significantly greater with esophageal infusions of acid
than with water infusions. This arousal response has also been shown to be modified by
neuroleptic drugs.'® The insensitivity of patients with Barreit’s esophagus to nocturnal
reflux results in a mucosal exposure to gastric juice for even Jonger periods than when
awake.

If the swallow response to gastro-esophageal reflux is dependant on acid
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sensitive nociceptors, the current ubiguitous use of acid suppression therapy has
important implications. The reflux of atkalinized gastric juice would not initiate the
normal clearance response. This may result in an even greater exposure time of the
esophageal mucosa to gastric inice which may be noxious despite having a move neutral
pH.

This study shows for the first time that there is an additional mechanism
responsible for the prolenged esophageal acid exposure seen in patients with Barrett’s
esophagus. In these patients the swallow response tu reflux episodes is defective, In
addition, the lower esophageal sphincter is mechanically defective which results in more
frequent refluy episodes of probably greater volume than normal subjects. The
compromise in sphincter and clearance function results in excessive exposure of the
mucosa to noxious substances in the refluxed juice, Recent studies have shown that the
presence of duodenal juice in the refluxed juice is associated with a greater prevalence
and severity of mucosal injury, particularly dysplasia, in patients with Barrett’s
mucosa.®® The only sure way of improving the situation would be to correct the
defective sphincter. This is the defect that anti-reflux surgery is designed to correct.
This would ease the burden on an already defective clearance function. Trying
improve the defective clearance with prokinetic agents in patients with Barrett’s
esophagus is likely to have little benefit since the problem appears to be one of  .or

recognition that a reffux episode has occurred.



CHAPTER 15: CONCLUSIONS

Advances in computer technology has stimulated the development of an
autornated system for monitoring and analyzing intraesophageal pressures and pH for
prolonged periods of time, This thesis has described the development of the hardware
and software necessary for the task, and the application of the system to normal subjects
and to patients with a spectrum of motor disorders.

15.1 HARDWARE AND SOFITWARE DEVELOPMENT

The early bench testing of catheters and recorders, methods of data sampling and
data reduction, and a description of the software development used for data analysis
consiitute the first part of the thesis. The developed system was capable of monitoring
pressures from the pharynx and three levels of the esophagus, while simultaneously
recording lower esophageal pH, for a full circadian cycle. Subjects were monitored in
the physiologic environment of their own homes while performing norroal activities of

daily living which included eating and sleeping.

15.2 VALIDATION AND ESTABLISHMENT OF NORMAL VALUES

Prior to application to the clinical setting, the system was validated by comparing
the automated analysis to the manual anatysis by four physicians experienced in
manometry. The system was found to be accurate and vrovided the advantage of
objective, rapid, and automated analysis. Normal values were then established by
studying 25 healthy volunteers sanctioned by the Institutional Review Board of the
University of Southern California, Nermal patterns of esophageal function during
eating, sleeping nd during normal activities of daily living were noted. ‘The motor
function of the normat esophagus was shown to improve significantly during eating, and
to be relatively guiescent during sleeping. These pafterns were shown to be altered

early in many disease processes.
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15.5 GASTROESOPHAGEAL REFLUX DISEASE

The use of ambulatory manometry in patients with gastroesophageal reflux
disease demonstrated that contraction amplitudes in the middle and lower esophagus
decreased with increasing severity of mucosal injury. The ability to increase the
amplitude of contractions in the lower esophagus during meals was profoundly
compromised in patients with mucosal injury compared to normal subjects and patients
with no mucosal injury, a finding not predicted by stationary manometry. These
patients may require tailoring of anti-reflux surgery to avoid post-operative dysphagia.
The ability of ambulatory manometry to assist in this regard is now being prospectively
evaluafed at USC.

15.4 ACHALASIA

Patients with achalasia were found to exhibit occasional peristaltic contractions
when monitored by ambulatory manometry. This phenomenon was uncorunor and of
little functional significance. A characteristic pattern of an increase in mealtime baseline
pressure with repetitive isobaric contractions in the esophageal body was seen in patients
with achalasia. Adeguate myotomy reduced the mealtime baseline to normal and
abolished the repetitive contractions. Postoperative ambulatory manometry could be
used as a measure of the relief of outflow obstruction. Return of postoperative
peristalsis was uncommon although this appeared to be related to the prevalence of pre-

operative mealtime peristalsis,

15.5 HYPERTENSIVE LOWER ESOPHAGEAL SPHINCTER (HTLES)

Sixty two percent of the 13 patients with HTLES were found to have a more
severe motor abnormality when studied with ambulatory manometry. This, together
with th, averlap of motility characteristics of diffuse esophageal spasm (DES) suggests a
common etiologic origin between these two disorders. Study of the pressure dynamics
during eating enabled quantitation of the intrabolus pressure as a measure of lower
esophageal outflow obstruction. The increase in this intrabolus pressure in patients with
HTLES has not previously been described and suggests an inadequate anatomic
relaxation of the LES. This provides a possible strategy for future therapy in these
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patients for the first time,

15.6 DIFFUSE ESOPHAGEAL SPASM

Motor abnormalities in patients with DES were characterized by:
1) An increased prevalence of simultaneous waves during all periods (mealtimes,
upright awake, and supine). This was associated with an inability to improve the
prevalence of peristaltic waves, and consequently wave efficacy, during the meal
periods.
2) An increased amplitude of contractions in the upright and supine periods, but normal
amplitudes during meals.
3) An increase in episodic high amplitude contractions (> 150 mmHg) and multipeaked
contractions.
4) An increase in the intrabolus pressure in the lower esophagus, indicating increased
compliance or incomplete LES relaxation resulting in increased outflow resistance,

Most of these characteristics have been deseribed in part previously, but
ambulatory manometry has enabled clarification of these functional defects. It has also
provided a guide as to when & long esophageal myotomy may alleviate symptoms in

patients with this disease.

15,7 FUNCTIONAL CLASSIFICATION

The information provided by ambulatory manometry made it possible to
categorize patients with an unclear diagnosis into a functional abnormality of either the
esophageal body or the sphincter. Application of this new classification using
ambulatory manometry provided an explanation for dysphagia in 86% of studied patients
in whom no explanation was possible on stationary manometry alone, This has enabled
therapy to be directed to the functional defect in this enigmatic group of patients. This
is currently under prospective study at USC.

15.8 CLEARANCE
The ability to monitor esophageal pH simultaneously with pharyngoesophageal
manometry enabled the study of gastroesophageal clearance mechanisms in the
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ambulatory subject for the first time. Pharyngeal swallowing was found to be afl
important in clearing the esophagus of refiuxed acid and was related to the state of
consciousness at the tinie of reflux. Secondary peristalsis in the absence of pharyngeal
swallowing was very uncommon and did not result in clearance. The frequency of
swallowing increased during reflux episodes in both patients and normal subjects but
was profoundly compromised in patients with Barrett's esophagus. Patients with
Barrett’s were also noted to have a delayed onset of the first swallow following the
beginning of & reflux episode providing a further mechanism for the long duration of
reflux episodes seen in these patients. These findings have important implications for
therapy in patients with severe gastroesophageal reflux disease.

159 AMBULATORY MANOMETRY IN THE FUTURE: ONGOING
RESEARCH

The established system of ambulatory manometry is currently being evaluated
prospectively as a tool to direct therapy in patients with GERD, HTLES, and DES. The
long-term effects of antireflux surgery and esophagea! myotomy on the function of the
esophageal body are currently under investigation in the department of Surgery at USC,

The system is available for use by other centers interested in esophageal
manometry. The opportunity to study the effect of medications on esophageal body
function is apparent but has not, as yet. been undertaken at USC. There are many other
avenues open for research in the arena of primary motor disorders as the studies in this
thesis have only begun to scratch the surface of this complicated area. It is believed that
the ability of ambulatory manometry to evaluate esophageal motor function over a
complete circadian cycle will provide the means for understanding the spectrum of

disorders of esophageal body function.



CHAPTER 16. APPENDIX

APPENDIX ..

SPECIFICATIONS OF THE MICRODIGITRAPPER VER. 5.0
Weight: 416 grams (14.7 oz},
Dimensions: 150 x 72 x 28 mm.
Power: Run by a 9 V alkaline battery and typically consumes 45 mA of
current.
Memory: 4 megabytes
Display: 32 character liquid crystal displs -

Technical Outling
Catheter
] [t ——
-
—— Clock
Adapter — I LCD I
display
Preamplifier t - - -
Micro-processor Decoders
{analogue to digital Memory banks

cooversion)
Sampling frequency

Figure A.1 Diagrammatic representation of the microdigitrapper.

The system contains preamplifiers which amplify and determine the frequency

response and tmpedance of the analogue signal from the fransducers (Figure A.1). The
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~reamplifiers relay the analogue signal to the microprocessor which contains the
analogue to digital converter (ADC), This  iverts the continuous analogue signal into
digital daia which is transferred to the microprocessor. This enables data reduction by
using a decreased frequency sampling as discussed. The signal is then sent to the
memory banks where it is stored as a charge. The banks are also associated with an
operating system and an internal clock. These are connected to a display so that
incoming data for storage can be displayed on the screen of the Microdigitrapper

In the Microdigitrapper ver 5.0, pseudostatic random access memories are used
for data storage as these have a very high memory capacity per capsule. The
Microdigitrapper can address 128 banks (0-127) each containing 32 kilobytes of
memory, It has a total storage capacity of up to 4.194394 megabytes. It is equipped
with a single permanent memory capsule of 32 kilobytes, Twenty four kilobytes are
used for the operating system and 8 kilobytes are used for the stack pointer and other
necessary registers. The memory is mapped into banks where 1 bank equals 32 kbyte
anei is divided into 128 "pages" where 1 page equals 256 bytes.
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it ANICAL SPECIFICATIONS OF THE SOLID STATE
CATHETERS

The Konigsberg and the Sentron catheters have a rate-response of greater than
500 mmHg per second which is superior to the infusion systems used for stationary
mancmeiry, Table B.! shows the differences in the technical specifications of the two
catheters.

Table B.1 Technical Specifications of the Sentron and Konigsberg catheters.

SPECIFICATION SENTRON KONIGSBERG
Diameter 2.7 mm 4.65 mm
Maierial Ducer soft polyurethane Medical grade silicone
Sensor Piezo-resistor bridge Micro strain gauge ar.y
Stability 3 mmHg/2 hrs < 2.5 mmHg/hour

5 mmHg/24 hrs
Temperature shift < 1 mmHg/°C < 1 mmHg/°C
Seasitivity SpViVimmHg & 2 % S5uV/VimmHg + 2 %
Pressure operating range | -50 to 4430 mmmHg -50 to +450 mmHg
Max gllowable pressure 1000 mmHg 1000 mmHg

Tests run in a calibration column showed that both the catheters had negligible
drift over 24 hours and that minor drift of up to 5 mmHg could easily be accommodated
by utilization of a dynamic baseline in the software program used for analysis (Chapter
3). The Konigsberg catheter did require pre-test soaking in sterile water because the
silicone coating of the transducer is hygroscopic. If not saturated with water the
baseline can be affected by up to 20 mmHg as the catheter reaches saturation during the
study in the lumen of the esophagus. The different signal from the two transducers
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required different preamplifiers in the Microdigitrapper, so for testing purposes, one
microdigitrapper was configured for the Konigsberg and one for the Seniron catheter.

side hole

Flush lumen

Figure B.1 Diagram of the design of the Sentron catheter.
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Figure B.2 Cross-sectio. of the Sentron catheter pressure iransducer.
P=pressure, S=siress

The design of the sentron catheter is shown in figure B.1 and a cross section of the

comypressible membrane covering the pressure transducer is shown in figure B.2,
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MODIFICATIONS OF THE KONIGSBERG CATHETER

Comparison of the Konigsberg catheter with the Sentron catheter revealed two
major differences; dimensions of the transduce; and catheter, and the recession of the
transducer surface from the catheter surface on the Sentron catheter. A modified
catheter acddressing the latter was then manufactured and tested, Figure C.1 shows how
the surface of the transducer was recessed slightly from the surface of the rest of the
catheter. However, further studies on normal volunteers showed tha: the cardiac
interference still occurred although this w, - less common than with the original catheter.
The larger surface area of the Konigsberg transducer resuited in detection of the heart

beat and mortic pulsations, while the far smaller Sentron transducer did not.

Figure C.1 Photograph to show the recessed silicone membrane covering the
transducer on the modified Konigsberg catheter (above) compared to the
ariginal catheter (below).
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Further modifications aimed at reducing the surface area of the Konigsberg transducer
were discussed, but the cosi of making the changes was very high. Consequently a
decision was made to use the Sentron catheter only, accepting the risk of the fragility of
the transducers. Use of the Sentron catheter ensured reliable recording of pressures for
the 24 hours of the study. Transducer breakage did occasionally oceur which
necessitated replacement from Amsterdam, The Netherlands, as the catheters were
custom manufactured. All of the studies in this project made use of the Sentron catheter

and cardiac interference was not subsequently seen.
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DEFINITIONS OF TERMS

Esophageal level/channel
The esophagus is spanned by a catheter that measures pressures at three levels of
the esophagus. These are referred to as levels and the transducers measuring
these pressures are referred to as channels; an upper channel, a middle channel,
and a lower channel.

Baseline
The mode value of datapoints calculated for each 60 second sector of the
recording.

Threshold
A value which is set by the user which defines the level at which pressure
changes should be considered for further evaluation,

Amplitude

The height of the pressure increase in mmHg measured from the baseline.

Duration
The period of time that a pressure increase exceeds the threshold.

Contraction
A pressure increase that is a cor.sequence of esophageal muscle contraction. The
pressure increase from an esophageal contraction has a certain morphology

which enables computer recognition.
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Valid contraction
A pressure increase that exceeds the set threshold value for a determined
period of time. The optimum threshold and duration criteria were
calculated to be 15 mmHg and 1 second, respectively.

Recognized contraction
By virtue of the temporal relationship of low amplitude contractions to
valid contractions in other levels of the esophagus, it was possible to
establish computer algorithms to enable recognition of low amplitude

contractions by "wave" analysis (see below).

Miilipeaked confraction
A contraction that has more that two peaks. Contractions with two peaks are
zalled double-peaked. Secondary peaks are recognized by virtue of the trough
before the peak, the amplitude of the peak with respect to the amplituae of the
highest peak, and the duration between the trough and the secandary peak (see
Appendix E).

Repetitive contraction
A consraction that follows a previous coniraction within a short period of time
(less than 1 second). These coniractions are considered part of the flrst
contraction in that they are not stimulated by a pl aryngeal swailow (zee text).

Artifact
A pressure increase that exceeds the threshold but not for the required duration
to establish it as a contraction, and, has no temporal relationship to valid
contractions in the other levels of the esophagus, i.e., a pressure increase which

is neither a valid nor a recognized contraction,
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Cough
A wave of simultaneous coniractions where the amplitudes and durations are the

same in all levels i.e., isobaric contractions, and the slope of the contractions
(dP/dt) exceeds 100 mmHg/sec.

Isolated contraction
A valid contraction that bears no refation to another contraction in other levels of
the esophagus.

Wave
A series, or sequence, of contractions that are recognized in different levels of
the esophagus within a certain time frame {defined as 5 seconds between 2
channels which are 5 em apart). This i3 an Important concept as it enables
analysis of peristaitic progression, Contractions only need to be recognized in

two levels of the esophagus in order for a wave to be recognized.

Peristaltic wave
A wave in which the progression of contractions is sequential and orderly. The
progression of contractions must be less than 20 cm/sec and greater than 1

cm/sec.

Simultaneous wave
A wave in which I~ ¢ mtractions occur at the same time at different levels of
the escphugus. The progression of contractions is defined as greater than 20

cm/sec.
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Complete wave

A wave which has contractions recognized in all three levels of the esophagus.

Interrupted wave
A wave which has two recognized coniractions but a "missed" or "skipped"

contraction in either the upper or middle esophageal channels,

Dropped wave
A wave in which a contraction is not recognized in the lowest level of the

esophagus.

Effecfive wave
A complete peristaltic wave in which the contractions at each level meet a
defined amplitude. These amplitudes were defined as 20, 25, and 30 mmHg for
the upper, middie and lower esophageal levels respectively (see text), based on

previous work dene concerning bolus propagation using manoflourography.

Ineffective wave

A wave which is either simultaheous, interrupted or dropped.

Possibly effective wave
A complete peristaltic wave in which contractions in any of the levels of the
esophagus do not meet the criteria for an eflective contraction (i.e., less than 20.
25, ard 30 mmHg for the three lexsls o.c the esophagus). This category was
defined because it was unknown how gravity affects bolus movement of food in
the upright position (see text),
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ALGORITHMS FOR MULTIPEAKED AND REPETITIVE
CONTRACTIONS

I. Multipeaked contractions

Clouse’s definition™ of a multipeaked contraction was used by Castell'® for tue
development of a software program for computer analysis of stationary esophageal
manomeltry. A contraction way defined as having multiple peaks when additional peaks
had an amplitude of at least 10% of the maximum peak for a period of at least 1 second.
This definition was designed to exclude background noise from clinically refevant
aberrations in contraction morphology, Muitipeaked contraciions are usually considered
abnormal as they are exceedingly uncommon in normai volunteers., Richter found in a
study of 95 normal volunteers that double-peaked waves were seen in approximately
11% of contractions on stationary manometry, but that triple peaked contractions
cons'ituted less than 1% of all contractions.* In the study by Costantini er af, no
multipeaked contractions were found in 134 normal volunteers.*® Multipeaked
contractions have been associated with DES, but do not constitute a criterion for
diagnosis.*?1%% Castell notes that multi-peaked contractions may "indicate an underlying
motility disorder”.3® Kahrilas and Jacob have noted multipeaked contractions when
studying patients with reflux esophagitis and non-reflux related dysphagia with combined
synchronous videofluoroscopy and motility, but noted that they were not associated with
any clearance dysfunction when they were not simultaneous or of low amplitude. 2"
This is probably because the bolus of barium was propagated with the onset of the
upslope of the manometric contraction as seen on manoflourography.'® How this
relates to the swallowing of sofid food in the upright position is not known.

In order to better understand what is meant by these terms we studied the
tracings of these contractions manually. The morphology f multipeaked waves on
stationary motility tracings and on printed ambulatory tracings from patients with a high

number of bizarre wave forms was examined by four physicians with experience in
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esophageal manometry. Contractions were chosen at random and the physicians made
independent decisions on what constituted multipeaked or repetitive contractions. Based
on these contractions, definitions of secondary peaks were made and compared to

previous definitions of these forms of contractions.”!

Contraction Morphology

)|

Threshold Puz A\ ,j / ‘{1;
Baseline/ | \\ /; \_._ /l U U \
Double Peaked Multi-peaked Repetitive

Figure E.1 Graphical representation of muitipeaked and repetitive contractions.

The uncertain functional significance of the presence of multiple peaks made it
difficult to define parameters for the computer to recognize such wave forms. There
were two possible problems with Clouse's definition of multiple peaks as defined above,
Firstly, the definition did not take into consideration the trough between peaks and could
potentiatly register small pressure changes ("blips”) in the descent of the contraction
which were due to background noise (cardiac, respiratory fluctuations etc.) as
secondary peaks. Secondly, in our expetience, the first peak was not always the highest
peak and if 2 wave had many peaks all with increasing amplitude the wave would not be
recognized as a multi-peaked wave,

The computer program written for analysis of the stationary manometry in onr
laboratory used the concept of a significant trough prior to the onset of a second
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upslope, This was done to avoid minor changes (eg. 1 mmHg) in the downslope of the
contraction as being considered a secondary peak. Using this concept, and the criteria of
Clouse and Stajano, a new definition was made. A secondary peak was identified if it
had "significant” amplitude, "significant® duration, and occurred after a "significant”
trough. These were defined as a trough of > 10% of the amplitude of the secondary
peak, with a secondary peak amplitude of > 10% of the highest peak (P2 > 0.1 x P1,
in figure E.1), and a trough to peak duration (X) of > 0.5 seconds. While these
numbers were somewhat arbitrary they were designed to identify bizarre contractions as
recognized by physicians with extensive experience with stationary manometry,

I, Repetitive Confractions

Richter™ used Clouse's ** definition of repetitive contractions to include those
contractions which have a peak of greater than 10% of the initial contraction with an
interval of more than 1 second from the previous contraction. Lesser intervals were
noted as multipeaked contractions although these contraction forms were not clearly
defined. Repetitive contractions are those where one contraction follows another in the
absence of a second peristaltic wave originating in the pharynx and implies conclusion
of one contraction prior to the onset of another. It has been used to describe the
“irritability" of the esophagus seen in motility disorders and with reflux episodes. We
chose to modify Clouse’s definition for the purposes of ambulatory motility to pressure
events that met the eriteria for valid contractiuns occutring within a defined period from
the conclusion of the previous contraction (Y, in figure B.1). This duration was defined
as greater than 0.5 seconds but less than 2 seconds at the threshold. This was based on
the fact that for pharyngea! swallows to be transmitted to the lower esophagus, at least
3-5 seconds must elapse between swailows,'#*# Deglutitive inhibition will inhibit
transmission of the first wave if the swallow interval is less than this. Repetitive
contractions therefore Ao not occur in response to a swallow except by their relationship
to the preceding contraction. The distinction between this type of contraction and

multipeaked contractions was made as the two types of contractions seemed to occur
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occasionally in different individuals and under different circumstances. It was decided
that a repetitive contraction, even if it had more than one repetition should bs analyzed
as 2 single contraction for that wave sequence. This was done to avoid confusion should
the circumstance arise of "irritability” of a segment of the esephagus leading to many
repetitive contractions. In this situation, if each peak was considered a separate
contraction then an unmsually high pereentage of "isolated” contractions would be found.
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DIARY FOR 24 HOUR STUDY
USC ESOPHAGEAL FUNCTION LABORATORY

DATE

AGE:

WEIGHT

HEIGHT

We have explained to yon the purpose of the diary. It is imperative that you be as accurate as yon
can with the recording of events such as meals, sleep periods, and symptoms. (eg. heartburn,
coughing, sneezing, abdominal or chest pain, belching, difficulty swallow ing, regurgitation). We
have given you guidelines as to what, and when you should ear, and that. you should lie down only at
night to sleep. Eowever, if for some reason you need to deviate from tie guide lines, (for example,
you drink an extra glass of water during the night, you fall asleep after lunch, or you take some
tylenol} we ask you please to mark this on your diary as it will aid us in our analysis of your study.
Furthermore, if you do not know the exact time of an event (say you forgot to record lunch but it was
about 2pm to 2:30 pm) then document that it is an approximate time on your diary, We do realize
that it is difficult to keep an accurate diary, but we ask that you try to remember to document as
much as you can. No diary is too detailed. Was your watch set with the machine?

Start Time Finigh Time Event Comment
exzmple Potatoes, chicken, bread
12:48 pm L:1llpm Luynch {difficulty with bread)

* A second page providing space for extra information is provided.
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UES ER 24 HO Y
USC UNIVERSITY HOSPITAL
ESOPHAGEAL FUNCTION LABORATORY

NAME DATE
In order to evaluate patient telerance to the "tubes” and to help us with the analysis of

your study we would like you to fill out the foflowing questionnaire as best you can. We
realize that keeping a diary over 24 hours is difficult but we would appreciate it if you could be
as accurate as possible with questions regarding meals and sleep patterns.
1, D)d you manage to maintain a relatively normal lifestyle duiing the test?

Yes No__ ___ If not, why?
2. Regarding the diary:

Did you mark down times of meals, sleep, symptoms etc.....
a) Al the time,
b) A few hours later,
¢) The next morning.
3. Do you have any comuments about the diary?

3, Did you manage to eat two meals? Yes, No

4. How were you able to eat?
a) Normally
b) Slightly limited amounts
c) Very limited amounts
d} Unable to eat at alt
5. Please list any foods that you had difficulty eating,

6, How many tylenol tablets did you need to take?{eg. Zuabs 3x)
7. Did you document these times on your diary? Yes No

8. Did you eat or drink anything outside of these two meals?
Yes No

If yes, give approximate times and content of these meals/beverages,
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9, How difficult was it to keep to the menu?

a) Very easy

b) Relatively easy

¢). Difficult

d) Unable to keep to menu.
10. Were you able to record accurate meal times (within 2 minutes) on your diary?

Yes No
11. Did you nap at any time during the study? (Even for § minutes)

Yes No .
12, If yes, did you document these times on the diary?

Yes____ No
13, If you did nap could you please list approximate times of your

nap/s?

14. How would you desecribe your nights sleep?
a) Normal
b} Slightly restless
) Very resiless
d) Did not sleep at all,
15, Were you able to record fairly accurately the times of your gleep (within 5 minutes)?
Yes No .
16. Did you sleep through the nignt? Yes  No___
17. If not, how many times did you wake?

18, If you woke, did you manage to record accurately on your diary (within 2 minutes) the
times that you were awake?

Yes Ne .
19, If you woke, did you eat o drink anything at these times?
Yes No

20. If yes, did you record these accurately on your diary?
Yes No
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21. What was the most difficult time over t.e last 24 hours?

a) Eating

b) Slesping

¢} Travelling

d} Being seen by people, family or friends,

€) Being restricted to a certain diet and to limited meals.

f) Other
22, Overall, how would you describe your experience with the "tubes"?

2} Barely noticed them.
b) Uncosufortable but bearable,
¢} Very difficult to tolerate at times but genersily bearable,
d) Extremely uncomfortable,
e) The worst experience of your life.
23, If you had 3 tubes, do you think that 2 tubes would have been....,
@) v I3t easier to tolerate,
b) not much different to 3 tubes,
¢) no different to 3 tubes,
24. H you had 2 tubes, do you think that 1 tube would have been...
a) z lot easfer to toferate.
b) not much different te 2 tubes,
¢) no different to 2 tubes,
25. Knowing that the test is providing valuable information about your problem, would you
have the test if given the choice again. Yes No Possibly
26, Occasionally, becar  of technical errors in the equipment, the test does not always provide
us with all the information we need. Would you do the test again if it needed to be repeated.
Yes Ne Possibly
27. Did you smoke or drink any alcohol during the study? Yes _ No ____

If yes please give details

28, Other comments:
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