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Chapter 1

Distal Esophageal Adenocarcinoma
and Gastric Adenocarcinoma: Time
for a Shared Research Agenda

Marnix Jansen and Nicholas A. Wright

What we had for dinner today would sound very odd in England,
Charles Darwin (September 18, 1832)

It remains unclear when and where Charles Darwin had his transformative idea of
species evolution through random variation and selective retention. The legend goes
that the first inklings of the idea came to him on board the Beagle during the ship’s
visit to the Galapagos Islands in the Eastern Pacific. Here he beheld finches with
differently shaped beaks, which suggested local adaptations to varying diets. However,
there are clear indications that the idea came to him several years before. Three years
before to be exact. Over dinner. Along the eastern coast of what is now Argentina.

The notebook entry above dates from the first year of the Beagle’s voyage when
the ship was anchored near Bahia Blanca, an outpost some 700 km south from
Buenos Aires. The explorers ate whatever the hunters brought back from the fertile
Argentine Pampas, mostly deer, agoutis, armadillos, and rhea (which the budding
naturalist called “an ostrich™). At these sites Darwin and a helper set to work on the
soft rock to uncover fossils. At the first site (Punta Alta) he recovered the remains of
no less than nine great mammals. Most of these Pleistocene giant mammals are
unique to the Americas, the most famous of which was a huge sloth called
Megatherium, and were hardly known at the time to science. In this setting Darwin
also recovered specimens of animals that reminded him of the armadillos that he
had had for dinner (reputed to taste terrible).

M. Jansen, M.D., Ph.D., M.Sc. (i)
UCL Cancer Institute, University College London, London, UK
e-mail: m.jansen@qmul.ac.uk

N.A. Wright (3<)
Barts Cancer Institute, Barts and the London School of Medicine and Dentistry, London, UK
e-mail: n.a.wright@qmul.ac.uk

© Springer International Publishing Switzerland 2016 1
M. Jansen, N.A. Wright (eds.), Stem Cells, Pre-neoplasia, and Early Cancer

of the Upper Gastrointestinal Tract, Advances in Experimental Medicine and

Biology 908, DOI 10.1007/978-3-319-41388-4_1


mailto:m.jansen@qmul.ac.uk
mailto:n.a.wright@qmul.ac.uk
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About a month later at Monte Hermoso he unearthed the fossilized remains of
several gnawing creatures, which reminded him of a capybara, an agouti, and a
tuco-tuco (a smaller rodent native to South America). In each case, however, the
resemblance between fossil and living species was close, although not identical. At
this time he also unearthed a complete set of bones, which suggested an extinct form
of camel because it resembled the guanaco (the wild form of the llama). Again
Darwin had shot one himself just days earlier.

All of these analogies, similar in form but not exact copies, between fossils that
he had unearthed from the ground and those that he observed daily on the plains of
the Argentinian Pampas (and on his dinner plate) fermented in Darwin’s imagination.
Meanwhile Darwin prepared the fossils for shipping back to England to his long
time mentor John Stevens Henslow. In a letter to Henslow he wrote: “I have been
lucky with fossil bones [...]. Immediately I saw them I thought they must belong to
an enormous Armadillo, living species of which genus are so abundant here.” Ever
the gentleman he added: “If it interests you sufficiently to unpack them, I shall be
very curious to hear something about them.”

Several months went past as the Beagle sailed further south along the coastline
and finally reached Northern Patagonia (Fig. 1.1). This landscape is very different
from the Pampas further up north. It is wild and rugged, mountains rise straight
from the ocean and glaciers can be seen streaming down the Andes, which quite
literally mold the landscape and carve out isolated green plains surrounded by
almost insurmountable peaks. Darwin had been a geology student and it is not
difficult to imagine how in this landscape he first witnessed what had till then
seemed merely an intellectual abstraction: that over time landscapes slowly change
and, sometimes quite abruptly, alter habitats for extant species. Here Darwin
befriended a group of gauchos who told him of a rare form of “ostrich.” This bird
was apparently smaller (and easier to kill), but otherwise similar to the rhea, which
lived further up north. One night his shipmates returned with a specimen, which
they had caught for dinner. At first Darwin paid little attention, likely assuming the
bird was a juvenile of the larger rhea and the animal was prepared for dinner as per
usual. However, suddenly that evening it seems Darwin remembered the relationship

Fig. 1.1 Stunning landscapes of the Los Glaciares National Park close to El Calafate in Southern
Argentina (private collection). Charles Darwin sailed up this river on the Beagle in 1834 collecting
specimens for his research
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with the larger rhea. In his notebook he recorded: “The bird was skinned and cooked
before my memory returned, but the head, neck, legs, wings, many of the larger
feathers, and a large part of the skin, had been preserved.” He rescued whatever was
left and prepared this for shipping to England.

It seems Darwin was particularly struck by the fact that although both species of
rhea clearly resembled one another, they overlapped very little in geographic
distribution. Darwin’s observations on rhea diversity and distribution now finally
started to blend with his earlier observations on morphologic relatedness of fossils
and living animals, into a singular story. The sloths and armadillos seemed to have
succeeded earlier such forms in time, but inhabiting roughly the same terrain during
different geological chapters of Earth’s history. By contrast, the two rheas, again
similar but not identical, likewise seemed to succeed each other—but in this case the
two species succeeded each other in space. This succession in time and space
therefore suggested that these animals had descended, with modification, from
common ancestors: smaller rheas from larger rheas, sloths from earlier sloths, and
armadillos from an armadillo(-like) precursor.

From his vivid descriptions of the food onboard the Beagle, it is clear how Darwin’s
culinary experiences on the Pampas and in Patagonia played a tremendous part in his
evolutionary thinking. And although the finches on the Galapagos Islands have taken
much of the public credit for igniting the idea of descent with modification in Darwin’s
reasoning, it seems more likely that these ideas took root years before —the finches
only cemented the idea by confirming the general principle. Indeed the first lines of
“On The Origin Of Species” read: “When on board H.M.S. 'Beagle,’ as naturalist, 1
was much struck with certain facts in the distribution of the inhabitants of South
America, and in the geological relations of the present to the past inhabitants of that
continent. These facts seemed to me to throw some light on the origin of species.”

Research into the molecular evolution and approach to clinical management of
early gastric and distal esophageal cancer has accelerated tremendously in recent
years. Endoluminal resection and disease staging can now be considered standard of
care for patients with early stage disease. In patients with neoplastic change of the
distal esophagus, these excisions can be complemented (or in selected cases even
supplanted) by ablative treatment [1, 2]. Likewise where several years previous we
only had a superficial understanding of the spectrum of molecular “driver” events in
early gastric and distal esophageal cancer evolution, we now know the culprit
genetic alterations in great detail. Genomic profiling of gastric cancer has shown
that gastric cancer can be subclassified in several core molecular subtypes and,
importantly, these subtypes show vastly different clinical behaviors [3, 4]. Recent
research in esophageal adenocarcinoma has shown that at least two progression
pathways can be discerned; whether these molecular subtypes also show a different
clinical behavior remains unclear [5, 6].

The definition of disease subtypes at these earlier stages may allow us to define
molecular biomarkers, which facilitate prognostication and risk stratification of
individual patients [7]. These biomarkers ideally guide tailored treatment, which
may improve clinical care by avoiding overtreatment of patients with limited risk of
progression while allowing intensive surveillance or more aggressive treatment in
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those with greatest risk of progression. Biomarkers may also allow us to make
rational choices and weigh therapeutic intervention against current clinical status
and expected gain. These studies provide a basis for understanding progression
pathways in patients struck by early esophageal or gastric cancer and made it clear
that the heterogeneity in clinical disease behavior is reflected in the molecular
underpinnings of these diseases.

Importantly, most of these studies have been performed in patients who present with
late-stage disease, but this heterogeneity is seen across the disease spectrum, even at
preneoplastic stages [8]. For example, some patients with extensive metaplastic
changes never develop progressive lesions, whereas others present with lethal, bulky
disease with minimal metaplastic background change. Fundamentally, we do not
understand what underlies this clinical heterogeneity; however, slowly we are now
beginning to discern disease subtypes in esophageal and gastric cancer progression.

This volume takes an interdisciplinary approach to the problem of clinical het-
erogeneity in upper GI cancer. We aimed to bring together leading authorities in the
fields of clinical medicine and translational research of gastric and esophageal ade-
nocarcinoma. We selected the topics of interest and recruited a series of authors
based on recent publications that have particularly advanced our understanding of
cancer progression in upper GI cancer. Where possible we aimed to include several
(possibly opposing) viewpoints to further stimulate discussion.

The 22 chapters in this volume are divided into three sections: one section on
esophageal adenocarcinoma, one section on gastric adenocarcinoma, and one
introductory section detailing several basic concepts pertaining to both fields. We
asked our authors to take this opportunity to write argumentatively about outstanding
questions in their field as we felt that rather than collating a series of reviews on the
current state of the field, it would be rather stimulating to discuss future directions.

Following this introduction Juergen Fink and Bon-Kyoung Koo recapitulate fas-
cinating studies conducted in recent years on the clonal evolution of stem cell niches
in the GI tract. These studies have shown us that stem cell niches in the GI tract
demonstrate a stereotypic modular makeup. By studying the clonal evolution of
individual stem cell niches we may able to understand the earliest steps toward GI
cancer, which underscores the translational importance of their work. Mutations
expand in the epithelium through the duplication of mutant stem cell niches. James
Evans and Stuart McDonald discuss studies which have investigated this early
(“pretumor”) phase of cancer formation. Finally, Parakrama Chandrasoma and
Tom DeMeester discuss our current understanding of the development of possibly
the most contentious topic of all in upper GI cancer, the gastric cardia. Chandrasoma
and DeMeester propose a novel and an attractive theory for the ontogeny of the
gastric cardia, which states that the cardia is an esophageal “damage zone” which is
remodeled over time from tubular esophagus to saccular proximal stomach.

Part 2 of this volume is on cancer progression in the distal esophagus. First,
Anne-Fré Swager, Wouter Curvers and Jacques Bergman discuss the state of the art
in the endoscopic detection of Barrett’s neoplasia. Their guiding principles are as
follows: always use your best endoscope available; perform a systematic endoscopic
inspection; and lastly, “you do not detect what you see, you detect what you
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recognize.” Their manuscript on the detection of Barrett’s neoplasia is followed by
a paper by Oliver Pech, who discusses the extensive experience that has been
gathered over the recent years in their impressive Wiesbaden cohort. Oliver Pech
focuses specifically on the immediate need for biomarkers that will allow us to
understand in greater detail which patients with deeper penetrating T1b lesions can
be safely treated endoscopically. These twinned manuscripts on the endoscopic
detection and treatment of early Barrett’s neoplasia are followed by a pair of
manuscripts on the histopathology of Barrett’s esophagus and its dysplastic cancer
precursor lesions: Hannah Lowes, Thusitha Somarathna, and Neil Shepherd discuss
histopathological perspectives on the definition, derivation, and diagnosis of
Barrett’s esophagus, while Myrtle van der Wel, Marnix Jansen, Michael Vieth, and
Sybren Meijer examine the histopathology of Barrett’s dysplasia. The final clinically
oriented manuscript in this part of the volume comes from Oli Old, Martin Isabelle,
and Hugh Barr. These authors discuss surgical and oncological perspectives to the
clinical staging of patients with esophageal cancer and focus on the exciting prospect
of novel imaging techniques such as optical coherence tomography and Raman
spectroscopy which may allow endoscopic staging in real time. We then focus on
the development of Barrett’s esophagus. Although many tissue sources have been
proposed as stem cell compartments from which metaplastic Barrett’s epithelium
may originate (including the proximal stomach, the submucosal esophageal gland,
the bone marrow, and even a niche of specialized embryonic precursor cells located
at the gastro-esophageal junction), the exact origin remains unknown. David Wang
and Rhonda Souza discuss recent data from their laboratory demonstrating how
squamous epithelium—ill protected against the caustic impact of acid-biliary
reflux—may switch to a mucin-producing columnar phenotype. Tom Paulson
discusses studies from one of the longest running longitudinal cohorts investigating
clonal evolution to cancer in Barrett’s esophagus. Their cohort has provided many
fascinating insights into the dynamics of cancer progression of Barrett’s esophagus
and this manuscript focuses on elegant studies, which have shown that, quite
remarkably, genetic progression to cancer in Barrett’s esophagus occurs within a
relatively narrow timeframe of only 3—4 years. His manuscript also deals with some
of the problems in setting up these large-scale studies. Mark Pusung, Sebastian
Zeki, and Rebecca Fitzgerald discuss the genomics of cancer progression in the
distal esophagus. The Fitzgerald laboratory is one of the leading working groups in
deciphering the genomic driver events that provoke cancer progression in the distal
esophagus. This important chapter provides a broad overview of their work and
others and also addresses the search for predictive clinical biomarkers in Barrett’s
esophagus. Finally, Claire Palles, John M Findlay, and Ian Tomlinson recapitulate
their work on germline variants that mediate susceptibility to the development of
Barrett’s esophagus. Their studies have provided fascinating data showing that
susceptibility to the development of Barrett’s esophagus is linked with variants in
patterning genes associated with esophageal development (such as BARX1 and
TBXS5) and with variants in the major histocompatibility complex suggesting that
response to injury may similarly play a role.
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Part 3 of this volume on cancer progression in the stomach in many ways mir-
rors the layout of part 2 on cancer progression in the distal esophagus. First,
Noriya Uedo and Kenshi Yao discuss the endoscopic detection of early gastric
cancer and its precursors. This chapter is followed by work from Ichiro Oda,
Harushisa Suzuki, and Shigetaka Yoshinaga who discuss their extensive experi-
ence in the endoluminal treatment of early gastric cancer through endoscopic
submucosal dissection. Japan has long been a frontrunner in the development of
endoscopic treatment algorithms of early gastric (and esophageal) neoplasia.
These manuscripts are lavished with beautiful illustrations (and some videos),
which capture essential diagnostic criteria. These chapters on the endoscopic
detection and treatment of early gastric cancer are followed by a chapter by
Shigeki Sekine, Hiroshi Yoshida, Marnix Jansen, and Ryoji Kushima on the his-
topathology of early gastric cancer. There is a great deal of debate (and confu-
sion) surrounding the issue of early invasion in the neoplastic stomach between
Western and Japanese histopathologists. Staging systems that were originally
meant to bridge these differences (such as the Vienna system) in retrospect
appear to have only cemented the idea that the differences are irreconcilable.
This chapter aims to tackle this issue by underscoring the commonalities and the
need for further research into (objective molecular) biomarkers. The following
two chapters focus on cancer progression in familial context. Lodewijk Brosens,
Frank Giardiello, Johan Offerhaus, and Elizabeth A. Montgomery discuss the
histopathology of precursor lesions which may be found in patients at increased
risk for gastric adenocarcinoma. Interestingly, development of these lesions can
be accelerated by environmental risk factors, which elegantly illustrates how
genetic background and environment interact to mediate cancer risk. Next,
Rachel van der Post, Irene Gullo, Carla Oliveirar Laura Tang, Heike Grabsch,
Maria O’Donovan, Rebecca Fitzgerald, Han van Krieken, and Fdtima Carneiro
discuss the latest research on hereditary diffuse gastric cancer. The exact mode
and tempo of the progression of diffuse gastric adenocarcinoma remains very
much unclear. Importantly, these authors present important original data, which
may help risk stratify early lesions in these patients. In future this may help us
understand differences in diffuse gastric cancer progression in familial versus
sporadic patients. We then turn our attention on the gastric microbiome. Lydia
Wroblewski and Richard Peek provide us with an overview of fascinating recent
data indicating that alterations to the composition of the gastric microbiota fol-
lowing Helicobacter infection may determine the risk of progressing the gastric
neoplasia. This chapter is followed by clinically oriented chapter in which
Marino Venerito, Riccardo Vasapolli, and Peter Malfertheiner discuss our cur-
rent understanding of the impact of Helicobacter eradication, in particular with
regards to the timing of eradication. Lastly, we focus on the genetics and genom-
ics of gastric adenocarcinoma. Siu Tsan Yuen and Suet Yi Leung discuss elegant
data from their laboratory which has investigated the genomics of a large cohort
of gastric adenocarcinoma patients. Their results indicate that gastric adenocar-
cinoma can be subclassified into several molecular subtypes. Importantly, this
classification is also predictive of clinical outcome. Finally, Lin Ding, Mohamad
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El Zaatari, and Juanita Merchant provide us with a broad overview of studies
that have been conducted toward developing animal models, which reflect gas-
tric cancer initiation and pathogenesis. These models provide us with excellent
systems to test the impact of genetic alterations on cancer progression as well as
the effect of treatment strategies.

Ultimately, with the tools now at our disposal to dissect esophageal and gastric
cancer evolution in great detail the time is now to ask the right questions. The
majority of patients struck by upper GI cancer are still diagnosed at incurable
stages. It is hoped that our increased understanding of the genetics and genomics
of upper GI cancer progression will translate to earlier diagnosis and greater sur-
vival. For those patients who are diagnosed at earlier stages, we must now couple
the availability of elegant endoscopic imaging and treatment techniques to effec-
tive and objective clinical biomarkers, which predict aggressive disease and a
poor outcome in patients with limited disease such that these patients may be
offered further treatment while others are spared such aggressive treatment.
Finally, and most tantalizingly, our understanding of the early, precursor stages
should materialize into clinical biomarkers, which predict disease progression
before neoplastic derailment.

These problems are not unique as they are also faced by researchers working
on other (gastrointestinal) cancers [9, 10]. However, one ace up our sleeve is the
fact that gastric and esophageal adenocarcinoma share many histopathological
and genetic characteristics of disease progression, morphologically as well as
genetically. The key insight that sparked Darwin’s theory of descent with modifi-
cation was that he compared and contrasted differences between species across
time and space. We feel that further integration of research into gastric and esoph-
ageal adenocarcinoma may benefit both fields. For example, we lack a complete
understanding of the cellular and genetic processes leading to intestinal metapla-
sia. Although the environmental trigger differs between intestinal metaplasia of
the stomach and distal esophagus, we feel that there are many important lessons
still to be learned from comparing these precursor stages. The grand challenge
moving forward will be to connect evolutionary changes in (cancer) genomes
with particular evolutionary changes in phenotypes, and from this analysis to
determine which phenotypic and functional alterations are driven by selection.
This analysis will absolutely require detailed sampling across and between spe-
cies (esophageal and gastric adenocarcinoma) and across time and space. Most
importantly, we need higher resolution clinical phenotyping to relate genomic
differences to morphologic evolution. In the end, this may provide us with a new
phylogeny showing key differences between esophageal and gastric adenocarci-
noma which will supersede previous classifications.

We are deeply indebted to all contributing authors for their time and energy in
creating this collection of superb articles with figures and tables. We hope that
readers of this volume will find new insights and enjoy the approach of this work
and we anticipate that further interdisciplinary research will allow us to accelerate
translation of research findings “across anatomic borders.”
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Part I
Introduction



Chapter 2
Clonal Evolution of Stem Cells
in the Gastrointestinal Tract

Juergen Fink and Bon-Kyoung Koo

The intestine is one of the fastest renewing tissues in our body. Its epithelial layer
renews every 3-5 days in the adult. This rapid turnover is sustained by a small num-
ber of tissue-specific stem cells. Previous studies aimed to identify a rare population
of long-lived cells by conventional means such as electron microscopy, DNA label
retention, and staining with several rare cell markers [1-5]. Nevertheless, these
studies were not sufficient to definitively identify the true potential of these adult
stem cells in tissue homeostasis and regeneration. In 2007, Barker et al. reidentified
crypt base columnar (CBC) cells as the stem cell of the intestine using elegant lin-
eage tracing of Lgr5* cells [6]. These Lgr5* cells proliferate every day to produce a
sufficient number of progenitors to fill up the pocket-like structures known as crypts
(Fig. 2.1). Proliferating progenitors migrate upward while differentiating into nutri-
ent-absorbing enterocytes as well as secretory cells that produce mucins (goblet
cells) or hormones (enteroendocrine cells). These three cell types comprise the epi-
thelium of the villus, a digit-like protrusion toward the gut lumen. Paneth cells
migrate downward and stay together with CBC cells. They play a key role in the
secretion of antibacterial compounds and in stem cell maintenance by providing
growth factor signals (e.g., Egf, Notch, and Wnt ligands) [7].

Lineage tracing experiments have become the gold standard for investigating the
longevity and differentiation potential of adult stem cells in vivo. Currently, lineage
tracing experiments mostly rely on the tamoxifen-inducible Cre-Recombinase
enzyme and transgenic reporter mice (e.g., Rosa26-reporter) [8—18]. In this system
the Cre DNA recombinase is linked to a fragment of the estrogen receptor (ER),
generating a fusion protein called CreER [19]. The Cre activity of this artificial
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Fig. 2.1 Epithelial layer of the small intestine (adapted from Koo et al. [51]). The epithelial barrier
of the small intestine is comprised of a single cell layer that forms protrusions, called villi, and
invaginations, called crypts. Crypt base columnar (CBC) cells can be found in the crypt base
intermingled with Paneth cells. Stem cell proliferation drives cell migration upward to replace the
functional cell types within the intestinal epithelium. CBC cells mainly generate transit amplifying
cells that are located just above the crypt base. During their upward migration these cells proliferate
and differentiate to nutrient absorbing enterocytes, secretory enteroendocrine, or goblet cells.
Microfold cells (M cells), involved in antigen presentation to the immune system, and tuft cells of
unknown function are also generated during this process. Paneth cells remain in the crypt base to
provide crucial niche factors for the CBC stem cell population

fusion protein is often under spatial control as it can be placed under a tissue-specific
promoter. Its activity can also be regulated temporally as it enters the nucleus only
if it binds to its ligand estrogen or the synthetic analog tamoxifen, which can be
provided via a direct intraperitoneal injection to the mouse. Once it moves into the
nucleus, CreER can facilitate recombination between LoxP sites. When combined
with a Cre reporter, tamoxifen-activated CreER can excise a LoxP-flanked “stopper”
cassette of the reporter to induce the expression of B-galactosidase or a fluorescent
protein. Placing the CreER enzyme under the control of a stem cell gene-specific
promoter, this enzyme can permanently mark a stem cell by genetically removing
the stopper. Once activated, this genetic change is inherited by all progeny from the
marked stem cell (Fig. 2.2).

As explained, the heart of this method lies in the identification of a specific marker
gene of the target cell type [20]. The stem cell nature of CBC cells was not well under-
stood until the Wnt target gene Lgr5 was identified as a specific stem cell marker.
Employing this novel marker, lineage tracing experiments proved CBC cells are long-
term adult stem cells in the gut epithelium [6]. Technically, an Lgr5-eGFP-ires-
CreERT2 knock-in mouse was designed to express both eGFP and CreERT2
simultaneously under the control of the endogenous Lgr5 promoter. In this way, the
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Fig. 2.2 Lineage tracing in Lgr5* CBC cells of the small intestine. In a mouse model expressing
eGFP and the tamoxifen-inducible CreERT2 enzyme under the transcriptional control of the Lgr5
promoter, all Lgr5* cells express GFP and CreERT2. Upon tamoxifen administration the Cre
recombinase relocates into the nucleus. In combination with reporter alleles (e.g., RosaR26-LacZ),
the recombinase induces the expression of the reporter gene by excision of a stop signal.
Subsequently, Lgr5* CBC cells are labeled both with Lgr5-promoter-controlled eGFP and with the
constitutively expressed reporter gene. Labeled stem cells self-renew and generate functional cell
types of the intestinal epithelium without losing the reporter label, resulting in complete labeling
of the entire crypt-villus axis

CBC cells could be visualized by eGFP and they also expressed tamoxifen-inducible
CreERT?2 in a stem cell-specific manner [6]. By administering tamoxifen to Lgr5-
eGFP-ires-CreERT2;Ro0sa26-reporter mice, a single Lgr5* CBC cell could be labeled
to express a reporter gene (e.g., f-galactosidase) under the control of the constitutively
active Rosa26 promoter. One day after the induction, X-gal staining revealed specific
induction of p-galactosidase in cells at the crypt base. Within 5 days, the progeny from
this single cell formed a longitudinal blue ribbon in the epithelium, suggesting that all
cells within the ribbon are derived from a single Lgr5* cell [6] (see also Fig. 2.2).
Immunohistochemical analysis revealed the existence of all known intestinal epithelial
cell lineages of the intestine in this ribbon [6, 21, 22]. Most importantly, these ribbon-
shaped whole crypt-villus axis tracings were readily detectable at time points of more
than 1 year posttamoxifen injection, proving that Lgr5* CBC cells indeed represent a
long-lived adult stem cell population of the intestinal epithelium [6].

Lgr5 marks not only intestinal stem cells but also stem cells in the pylorus glands
of the stomach and in colonic crypts [6, 23]. Other genes that are specifically
expressed in CBC cells are Tnfrsf19 (Troy) as well as Olfm4, Ascl2, and Smoc?2 [24].
Troy lineage tracing experiments revealed a slowly cycling stem cell population in
the gastric corpus glands [25]. With these two markers, we have now identified many
endodermal adult stem cells from stomach to colon. In this book chapter, we will first
describe clonal behavior of intestinal stem cells in homeostasis, regeneration, and
tumorigenic alteration. We will then summarize our recent understanding of the
clonal behavior of gastric stem cells. Finally, the relationship between novel Troy*
corpus stem cells and conventional gastric isthmus stem cells will be discussed.
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How Many Stem Cells Are in the Intestinal Crypt?

The number of stem cells needs to be strictly regulated to avoid the generation of too
many transit amplifying or differentiated cells within the intestinal epithelium.
Lgr5* CBC cells divide once a day, generating new CBC cells which reside at the
base of each gland as stem cells [26]. The location of these CBC cells deep within
the pocket-like crypts is key to the tight control of the stem cell population. As there
is limited space for stem cells in the crypt base, only a fixed number of stem cells
can fit into this stem cell zone. Consequently, each stem cell clone competes for this
limited space with other stem cell progeny and only the winning stem cell clone of
this competition can occupy the whole crypt with its clonal descendants. As all stem
cells initially have the same chance to be the winner, this process is described as
“neutral competition.” Under homeostatic conditions, the winning stem cell clone in
the crypt base gives rise to all the functional cell types of the intestinal epithelium.
The cellular hierarchy under these conditions is strictly regulated, so that cells that
are pushed out of the stem cell niche are first committed to a transit amplifying
progenitor fate before differentiating to the various terminally differentiated cell
types (e.g., enterocytes, goblet cells, enteroendocrine cells, and Paneth cells).

So how many stem cells are in the crypt? Initially, the number of stem cells was
deduced from the number of Lgr5* stem cells in the crypt. Using flow cytometric
analysis of Lgr5™ intestinal stem cells, Snippert et al. [26] carefully set the threshold
of Lgr5-GFP intensity that determines a defined population of Lgr5* cells in their
flow cytometry data. Based on this GFP intensity level, the authors counted the
number of Lgr5-GFP* cells in the crypts of the duodenum, jejunum, and ileum. On
average, each small intestinal crypt contains around fourteen Lgr5* cells. Only
crypts from the ileum displayed slightly higher numbers. In this case, the authors
regarded all Lgr5* cells as functional stem cells in the crypt, since Lgr5* stem cells
were found to be a single population coexpressing various other stem cell markers
(e.g., Olfm4, Ascl2, and Smoc2). However, the effect of crypt structure and the
limited niche space were not fully taken into consideration in this analysis. A few
years later, another group developed a novel strategy —continuous clonal labeling.
Using this method, they noticed increasing numbers of fully labeled crypts as well
as stable fractions of partly labeled crypts. With a given mutation rate, the group
predicted the actual number of working stem cells in the crypt to be only 5-6 in the
small intestine [27], which is much fewer than initially predicted [26]. Despite
accurate modeling of stem cell behavior, all approaches that aimed at understanding
how stem cell populations compete with each other are based on the analysis of
multiple independent stem cell clones at various time points and the retrospective
development of models that can fit the observed clonal expansion data. To catch a
glimpse of the actual clonal competition within the intestinal crypts, the group of
van Rheenen established a sophisticated in vivo live-imaging technology to study
intestinal stem cell behavior. This revealed heterogeneous clonal behavior of Lgr5*
cells, with cells located close to the center of the crypt having a much higher
probability of generating a clone that could occupy the entire crypt, suggesting that
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the physical position of each stem cell could be a major determinant of stem cell
potential, even if each stem cell has the same biological properties [28].

What Factors Determine Stem Cell Number in the Crypt?

It is thought that mainly Paneth cells and underlying mesenchymal cells are
responsible for the niche formation crucial for stem cell maintenance and regulation.
Both Paneth cells and the underlying, yet unidentified, mesenchymal cells produce
the most potent growth factor of the intestinal epithelium— Wnt ligands. These cells
also produce other growth factors supporting Lgr5* stem cells. Currently, the Paneth
cell is the best characterized support cell for Lgr5* stem cells. Paneth cells reside
together with Lgr5* stem cells at the crypt base (Fig. 2.3a). The basal membrane of
Paneth and stem cells shows icosidodecahedron-like geometry, where the large
Paneth cells occupy pentagons and the small Lgr5* stem cells are squeezed in
between the Paneth cells as triangles. This structure maximizes the shared membrane
between Lgr5* stem cells and Paneth cells while minimizing isologous interactions,
suggesting the importance of the heterologous interaction between stem cells and
Paneth cells [7, 26]. Indeed, Paneth cells provide growth factor signals such as EGF,
Wnt3, and Notch ligands [7], which have been shown to be crucial for stem cell
maintenance both in vivo and in vitro.

Paneth cells have been identified to at least partially provide the niche required
for stem cell regulation. Depletion of Paneth cells via loss of Sox9 resulted in
Olfm4*+ CBC stem cell loss, illustrating the close functional relationship between
Paneth cells and intestinal stem cells. Paneth and other secretory lineage precursors
in the crypt express the Notch ligands D114 and D111, respectively. Removal of both
ligands caused stem cell exhaustion [29]. Ablation of Wnt3 from the intestinal
epithelium failed to show its importance in stem cell maintenance in vivo due to
redundant Wnt ligands being secreted by the underlying mesenchyme [30].
Nevertheless, the indispensable role of Wnt3 for stem cell maintenance has been
shown in Wnt3-null intestinal organoids, which were unable to survive in vitro as
the organoid stem cell population, lacking alternative Wnt sources, is fully dependent
on the paracrine Wnt source provided by Paneth cells [30]. Interestingly, Mathl
mutation in the intestinal epithelium liberates Lgr5* stem cells from their requirement
for Paneth cells and Notch activation [30-32]. However, in vitro organoid culture of
Mathl mutants again proved the importance of Paneth cells, the paracrine Wnt
source for intestinal stem cell maintenance [30, 32]. An accurate management of
stem cells by Paneth cells was reported in normal and fasting status [33]. Calorie
restriction leads to attenuation of the mTORCI signaling pathway in Paneth cells
resulting in production of cyclic ADP ribose, which in turn stimulates the self-
renewal of intestinal stem cells. Taken together, while a stromal niche has an
influential effect on intestinal stem cell maintenance, the Paneth cell is a major
player in the generation of the epithelial niche, which delicately controls the
behavior of stem cells through their close contact.
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Neutral Competition and the Rules of the Game

As described earlier, in neutral competition stem cells compete for the limited niche
space within the crypt. Stem cell-derived clones can undergo (1) expansion, (2) con-
traction, or (3) irreversible extinction (Fig. 2.3b) [34, 35]. Although every stem cell is
predicted to have the same potential to win this competition, we now have evidence
that stem cells residing close to the center have a higher chance of being the winner.
Under homeostatic conditions, we postulate that this neutral competition among stem
cells is largely affected by the physical environment rather than by biological differ-
ences among individual stem cells. For instance, the proximity to the center of the
crypt base, contact area between stem cells and Paneth cells, and the strength of

Fig. 2.3 Neutral competition illustration in intestinal crypts. Stem cells (green) of the small
intestine are intermingled with Paneth cells (red) at the base of intestinal crypts (a). Clonal labeling
illustrates the possible neutral competition-mediated outcomes for each clone (1): Expansion; (2):
Contraction; (3): Extinction (b). The blue clone is located in the center of the crypt base tightly
associated with Paneth cells whereas the orange and the purple clone are located toward the edge
of the stem cell zone. Clonal expansion (1) of the blue clone results in Reduction (2) of the orange
clone and Extinction (3) of the purple clone [28]
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attachment to the basal matrix determine the chance of a stem cell staying within the
stem cell zone. Thus, a stem cell located more centrally, with a larger area of contact
with Paneth cells and basal matrix has a physically firm location that eventually
proves advantageous to the stem cell toward being the victor of neutral competition
(see Fig. 2.3b). However, all these physical conditions change in a dynamic manner
such that a clone can only be the sole victor if it fills all stem cell niches in the crypt
with its own daughter stem cells. It is important to keep in mind that the beginning of
this neutral competition between stem cells is arbitrarily defined by the time point at
which lineage tracing is induced. Clonal competition has occurred before this labeling
event and will still continue after one clone has taken over the entire crypt.

In the neutral competition model it is assumed that all players are equally com-
petent. However, in the actual biological context, this fair play can be biased by
genetic alterations in each stem cell player. For example, tumorigenic mutations can
provide a clonal advantage to stem cells. Both APC loss and K-Ras activation
improve the clonal survival rate during clone competition [36, 37]. Interestingly,
p53 mutation provides a similar clonal advantage only in specific contexts, such as
inflammatory colitis. In other words, a stem cell having tumorigenic mutations has
an advantage in filling up a whole crypt with its own daughter cells that carry the
same mutation. As K-Ras activation and p53 loss alone do not cause an obvious
morphological change, it is possible to accumulate these phenotypically invisible
mutant cells with genetic lesions in crypts under homeostatic (K-Ras mutation) and
inflammatory (p53 mutation) conditions.

What about stem cell players that are in danger of losing, or that are already out
of, the competition? It is not the end for these “losers.” Under specific conditions,
certain cell types were shown to reacquire stem cell properties. Two special cell
types have been identified by two groups: Lgr5* label-retaining cells [38] and DI11*
secretory progenitors [39]. Both cell types are not proliferative, or less proliferative
than Lgr5* stem cells or other fast-dividing transit amplifying cells. These cells are
committed early progenitors for the secretory lineages. Thus, they will mainly
differentiate into terminally differentiated cells such as goblet cells, enteroendocrine
cells, and Paneth cells. When the mouse intestinal stem cell compartment is
perturbed by sublethal irradiation, rapidly dividing Lgr5* stem cells die and are
quickly depleted from the stem cell zone. In this situation, both Lgr5* label-retaining
cells and DI11* secretory precursor cells can enter the stem cell zone, restore close
contact with niche cells, and undergo dedifferentiation to regain stemness. Therefore,
even after losing the game, an early committed progenitor can still rejoin the clonal
competition as a stem cell.

These findings demonstrate not only the cellular plasticity of lineage restricted
cells under tissue regeneration, but they also illustrate the importance of niche
space-mediated stem cell maintenance. In this context, the limiting factor is again
the number of Paneth cells providing niche space for the intermingled Lgr5* stem
cell population. When all Lgr5* stem cells are depleted by y-irradiation, a committed
progenitor can enter into close contact with Paneth cells again. Niche factors from
this Paneth cell are thought to help the committed progenitor to reacquire stem cell
properties. Among other factors, the Wnt ligand was first found to be an important
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niche factor that can allow DII1* secretory progenitors to revert back to a stem cell
fate, as sorted DII1* cells were able to generate intestinal organoids containing
Lgr5* cells if they were cultured in Wnt3a-containing media [39].

Taken together, the number of stem cells and clone dynamics in the stem cell
zone of the crypt are believed to be tightly regulated by Paneth cells providing the
niche space. Under normal homeostatic conditions, all stem cell players compete
with the same chance to be the winner, yet the physical environment around each
stem cell can affect the survival chances of individual stem cell clones. Lastly, a
tumorigenic mutation can endow a significant clonal advantage to the mutant stem
cell, whereas damage-induced stem cell loss may recall the losers of this competition
(e.g., committed secretory progenitors) to play again as a dedifferentiated stem cell
player in the game of neutral competition.

Dynamics in the Pyloric Glands of the Stomach Epithelium

The mouse stomach can be subdivided into three distinct zones. While the
forestomach is comprised of a stratified epithelium, the corpus and the pylorus
display a glandular epithelial organization (Fig. 2.4). Both pyloric and corpus glands
can be subdivided into distinct zones: (1) pit, (2) isthmus, (3) neck, and (4) base.
While glands of the pylorus consist primarily of mucous secreting cells, corpus
glands show a distinct cellular composition in each of the four zones. The uppermost
segment, the pit, contains mucus-secreting pit cells. The adjacent isthmus zone
contains proliferative, undifferentiated cells. The next segment, the neck, is
composed of mucous-secreting neck cells. The base is populated by pepsinogen-
secreting chief cells. Hydrochloric acid-secreting parietal cells and hormone-secret-
ing enteroendocrine cells are scattered throughout entire glands [40]. The highly
specialized cell types that comprise the majority of pyloric and corpus glands have
to be constantly replenished in order to maintain tissue function. This demand for
differentiated cells requires a tightly controlled stem cell compartment at the base of
the epithelial hierarchy, as previously described for Lgr5* stem cells of the intestine.
Although pylorus and corpus glands are derived from the same embryonic origin,
adult tissue homeostasis of the two regions appears to be differentially controlled.
For both pylorus and corpus, undifferentiated cells located in the isthmus have
been proposed to represent a multipotent stem cell population that gives rise to all
cell lineages of the adult epithelium [41-47]. In 2002, Bjerkens and Cheng applied
a chemical mutagenesis-induced lineage tracing strategy to show that the adult
gastric epithelium harbors functional multipotent stem cells [48]. In this approach,
mice expressing p-galactosidase (LacZ) under control of the Rosa26 promoter are
treated with the chemical mutagen N-ethyl-N-nitrosourea, resulting in mutation-
mediated inactivation of the LacZ allele in some cells. If progenitor or multipotent
stem cells are labeled by this approach, all their descendants will inherit the
nonfunctional allele and will therefore not be labeled following LacZ staining. The
group found evidence for the existence of long-term, self-renewing stem or
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Fig. 2.4 Stomach structure and epithelial organization of the glandular corpus and pylorus. The
mammalian stomach is divided into three parts: stratified forestomach and glandular corpus and
pylorus. The glandular part shares a common organization, with glands being subdivided into four
zones. Directly adjacent to the stomach lumen is the gastric pit, comprised of mucous pit cells. The
cellular composition of the gastric pit is similar in corpus and in pylorus with the main function
being secretion of mucous and subsequent protection of the stomach epithelium. Further within the
gland is the isthmus zone, which harbors proliferative, granule-free, undifferentiated cells. In the
corpus, at the bottom of the gland is the neck and the base, two distinct zones comprised mainly of
mucous-secreting neck cells and zymogenic chief cells, respectively. In the pylorus, the zone at the
base of the gland is comprised of cells that share mucous secreting and zymogenic features.
Hormone-secreting enteroendocrine cells can be found in both corpus and pylorus, whereas
parietal cells, responsible for the production of hydrochloric acid, are only found in the corpus.
While in the pylorus Lgr5* stem cells in the gland base have been identified to be responsible for
long-term tissue maintenance, in the corpus the isthmus is believed to harbor the long-term self-
renewing stem cell population. Troy* chief cells, located at the corpus gland base, have been shown
to respond to injury with rapid proliferation in order to regenerate the gastric epithelium

progenitor cell populations in the adult gastrointestinal epithelium. However, the
exact position and identity of the tissue stem cells governing the homeostatic
turnover of the entire gland were still unclear. The development of more sophisticated
lineage tracing strategies using a putative marker for the pyloric stem cell was nec-
essary to address this problem.

In 2010, the group of Hans Clevers was able to show that in the pylorus of the
adult stomach, Lgr5* stem cells, residing at the bottom of gastric units, are respon-
sible for long-term maintenance of the epithelium [23]. Long-term lineage tracing
experiments revealed that Lgr5* stem cells are responsible for the homeostatic tissue
turnover of the pylorus. In these experiments the clone size of Lgr5* stem cell-
derived progeny was analyzed at various time points after labeling. Directly (2d)
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after induction of lineage tracing, only Lgr5* cells in the base of glands are labeled.
These labeled clones expand in the following days and result in fully labeled gastric
units 10 days postinduction, highlighting the role of Lgr5* stem cells in short-term
tissue homeostasis. Samples were taken up to 620d after the induction of lineage
tracing and fully labeled gastric units could be readily observed, so proving the long-
term self-renewal potential of the Lgr5* stem cell population in the pylorus. The
combination of traditional lineage tracing strategies with mathematical modeling
approaches allowed scientists to generate hypotheses about the exact mechanism of
adult stem cell-mediated tissue homeostasis. As with Lgr5* cells in the small intes-
tine, the Lgr5* stem cell population of the pylorus follows a neutral competition
model for long-term self-renewal of the Lgr5* population rather than stringent asym-
metric cell division-mediated self-renewal of each individual stem cell [49]. In this
model, Lgr5* pyloric stem cells constantly self-renew and excess numbers of stem
cells compete for the restricted niche space at the base of the glands. Consequently,
over time, only one clone can survive and occupy the entire niche space of an indi-
vidual gland. At this point this stem cell clone will occupy the entire axis of the gland
with its own progeny. However, due to the joint restrictions of niche size and gland
structure, the total number of stem cells does not increase indefinitely.

Interestingly, single Lgr5-expressing cells can form long-lived gastric organoids
when plated into a 3-dimensional matrix and cultured in medium containing EGF,
Noggin, R-spondinl, Wnt, and Fgf10. Under these culture conditions the Lgr5*
stem cell population maintains its self-renewal potential and can generate various
cell types of the gastric epithelium as shown by the expression of marker genes for
chief cells and mucous neck cells (Gastric Intrinsic Factor, Pepsinogen-C, or Muc6).
Slight changes of the culture conditions can direct differentiation toward
Muc5ac-expressing pit cells, Periodic Acid Shift (PAS)- and Tff2-expressing
mucous neck cells, and immature Chromogranin A-expressing enteroendocrine
cells, suggesting that the cultured pyloric Lgr5* stem cell retains its multipotency as
well as its self-renewal activity. In terms of population dynamics, this culture system
suggested an intriguing aspect of the adult pyloric Lgr5* stem cells, in that these
stem cells can self-renew indefinitely, albeit in vitro, when there is no restriction of
niche components. This suggests that pyloric stem cells, as well as other gut stem
cells from the intestine and colon, have no intrinsic limit to the number of cell
cycles. Moreover, the culture conditions (e.g., basement matrix and growth factors)
define the absolute niche requirement for this type of stem cells. Harnessing this
unlimited self-renewal activity of adult stem cells will enable us to cultivate a large
amount of adult stem cells for future cell-based therapy.

Clone Behavior in Corpus Glands of Stomach Epithelia

Despite the shared embryonic origin of the corpus and pylorus, Lgr5* stem cells could
be found in the corpus only up until early postnatal stages and so appear to play no
significant role during homeostasis of the adult tissue [23]. As described earlier and
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similar to the pylorus, the gastric units of the corpus can be divided into pit, isthmus,
neck, and base regions. Nevertheless, in contrast to the pylorus, the neck region of
corpus gastric units displays a very different cellular composition, with multiple pari-
etal cells and mucous neck cells physically separating the Isthmus from the base.
Additionally, cycling cells can only rarely be found in the base of corpus glands,
whereas Lgr5* cycling cells are a common feature of gastric units in the pylorus. Early
labeling studies in combination with the description of cycling, immature cells located
in the Isthmus lead to the assumption that the stem cell population responsible for tis-
sue homeostasis of the corpus is located in the Isthmus zone [44—46, 48]. Nevertheless,
the lack of a definitive marker of this putative stem cell population and the limitations
of the chosen tracing strategies have hindered the exact identification and the conclu-
sive proof of long-term self-renewing, multipotent stem cell populations.

In 2013, Stange et al. identified Tumor Necrosis Factor Receptor Superfamily
Member 19 (Tnfrsf19 or Troy) as a potential marker that closely follows the
expression pattern of Lgr5 in the small intestine [25]. In the corpus of the stomach,
but not in the pylorus, Troy* cells have been identified in the base of gastric units. In
this location Troy* cells were shown to be either chief or parietal cells. Lineage
tracing analysis of both Troy* and chief cells revealed that Troy* chief cells but not
Troy* parietal cells possess the ability to slowly repopulate entire glands, so
highlighting their role as a reserve stem cell population. Labeled clones were shown
to consist of all the epithelial cell types found in the corpus, illustrating the
differentiation potential of Troy* stem cells. Additionally, labeled glands persisted
in the epithelium for at least 1.5 years after the induction of lineage tracing, clearly
illustrating the long-term self-renewing characteristics of this newly identified
reserve stem cell population.

This study further emphasized how certain “fully differentiated” cells have a
higher cellular plasticity than originally assumed (see also previously discussed
label-retaining Lgr5* or DII1* secretory precursor cells). Troy* stem cells share their
primary role with other chief cells—pepsinogen production. Moreover, the turnover
of the gastric isthmus and pit regions is very fast, supporting the idea of additional
multipotent stem cells around the isthmus region. In support of this hypothesis,
these slowly cycling Troy* stem cells can react to 5-fluorouracil-mediated depletion
of proliferative isthmus cells with increased proliferation and rapid gland
repopulation. Based on this observation, Troy* corpus stem cells were termed to be
reserve stem cells in the gastric corpus unit (Fig. 2.5). Unfortunately, the exact
identity of the predicted isthmus stem cells is yet to be determined. Sox2-lineage
tracing experiments have demonstrated the existence of multipotent stem cells that
do not exhibit any chief cell characteristics [50]. If there are two or even more stem
cell populations in the gastric corpus gland, it will be interesting to understand how
multipotent stem cell populations located in the Isthmus and Troy* reserve stem cell
populations located in the base act together to govern tissue homeostasis and injury
response of the gastric epithelium.

Like the Lgr5* pyloric stem cells, single Troy* chief cells are able to give rise to
gastric organoids when cultured under specific culture conditions [25]. These Troy*
stem cell-derived gastric corpus organoids contain multiple other corpus epithelial
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Fig.2.5 5-FU-mediated activation of reserve stem cells in the corpus. Troy* chief cells (genetically
labeled by lineage tracing at dO in blue) are long-lived, fully differentiated cells located at the base
of corpus glands. These cells have been shown to represent a reserve stem cell population that is
mainly quiescent during homeostasis (fop panel), but that can be reactivated if proliferative cells
of the isthmus are experimentally depleted by 5-FU administration (bottom panel). Under these
conditions Troy* reserve stem cells start cycling and generate all the cell types of the corpus gland
within several weeks

cell types (mucous neck cells and pit cells) under various culture conditions, sug-
gesting a well-retained multipotency. However, unlike their quiescent counterpart
in vivo, cultured Troy* cells proliferate rapidly while maintaining Troy expression
as well as chief cell characteristics. This implies that Troy* stem cells also have no
intrinsic limit to their proliferation. The quiescent behavior of Troy* stem cells
in vivo must be due to an unknown niche signal. By relieving this restriction, we can
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now culture this interesting type of adult stem cells for many passages in vitro.
Alternatively, if there is no such repressive signal in vivo, then one of the growth
factors in the specific culture medium might be an activating factor for this otherwise
quiescent stem cell population. Studying the exact molecular nature of the switch of
this stem cell behavior (quiescence vs. active cell cycle) will help to understand the
complex clone dynamics in the corpus gland of the stomach.
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Chapter 3
The Complex, Clonal, and Controversial
Nature of Barrett’s Esophagus

James A. Evans and Stuart A.C. McDonald

Introduction

Barrett’s esophagus (BO) is a common preneoplastic condition, affecting approxi-
mately 1.5 million people in the UK [1]. The condition is classically described as the
replacement of the stratified squamous epithelium of the distal esophagus with a
distinctive columnar epithelium rich in goblet cells, so-called specialized intestinal
metaplasia (IM). The presence of IM is just one possible histological finding with a
diverse mixture of metaplastic glands resembling either gastric or intestinal-type
enterocyte-bearing epithelium being recognized to occur in BO. It is the increased
risk of malignant progression associated with the presence of goblet cells that has
until recently been considered key to diagnosing BO. However, opinion on this is
divided and unlike in the Unites States where goblet cells are essential for a diagnosis
of BO to be made, this is not a prerequisite for BO diagnosis according to UK and
Japanese guidelines [1, 2]. BO is the major precursor condition to esophageal adeno-
carcinoma (OAC), which is the 6th commonest cause of death in Western males [3].
OAC has a bleak 12 % survival at 5 years in the UK [1]. Although the worldwide
incidence of OAC may be starting to plateau, obesity and alcohol consumption, espe-
cially in Caucasian middle-aged men, are thought to underlie an epidemic of BO in
the Western hemisphere. Estimates suggest that patients with BO have a 15- to
30-fold increased relative lifetime risk of developing OAC, but only 0.12-0.3 % of
BO patients per annum will actually go on to develop OAC [2, 3]. This leaves the
vast majority of patients who will never develop OAC undergoing regular testing
that is invasive to the patient and a financial burden on healthcare resources.
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Research in the field of Barrett’s has historically focused on identifying the early
cellular and genomic changes that underpin the formation of BO in the hope that
this will enable better risk stratification tools for focused screening of BO patients.
Typically, this involved the identification of mutations in biopsy specimens from
patients undergoing surveillance for Barrett’s. Historically these methods have
demonstrated early inactivation of CDKNZ2A [4, 5] and further expansion of sub-
clones with TP53 inactivation and frequent copy number alterations and genomic
doublings [6, 7]. Advances in molecular methods, particularly the development of
next-generation sequencing (NGS), have permitted a deeper understanding of the
epigenetic and genetic changes occurring across the genome in the evolution of BO
to OA [8-10]. This review aims to examine the process by which clones of mutated
stem cells expand to populate stretches of Barrett’s mucosa and how this process
can be studied in preneoplastic BO.

The Basic Unit of the Human GI Tract Mucosa Is the Gland

Analogous to the glands or “crypts” in the colon and small intestine, the basic stem
cell unit of Barrett’s epithelium is the individual gland [11]. To better understand the
development of BO and its progression to OAC, researchers have sought to establish
the type and location of stem cells in BO epithelium [12, 13]. While the cell of ori-
gin from which BO glands develop remains elusive, research has suggested that
unlike in the colon where the stem cell marker Leucine-rich repeat-containing
G-protein coupled receptor 5 (LGRS) is seen at the base of the crypt [14], in Barrett’s
glands LGRS expression is seen about one-third up the Barrett’s glandular axis at
the glandular neck (or isthmus) [13]. Cellular proliferation, as demonstrated by
Ki67 labeling, is also found in this region of the gland, again supporting the notion
that proliferative progenitor cells reside at the Barrett’s gland isthmus [13].

An in vivo cell labeling study was carried out wherein Iododeoxyuridine (IdU)
was given intravenously to patients scheduled for esophagectomy. IdU (like BrDU)
is incorporated into DNA during S phase of the cell cycle and thus labels dividing
cells throughout the body. Patients underwent their resection anywhere between 1
and 10 weeks after IdU labeling. This made it possible to review the migration of
labeled cells after IdU incorporation in the surgical resection specimen of these
patients. Labeled foveolar cells migrating upward were noted to have shed to the
lumen by 11 days, whereas labeled cells migrating to the gland base were much
slower and still visible at 67 days postlabeling [15]. This bidirectional pattern of
migration was also demonstrated in gastric corpus glands, suggesting that bidirec-
tional cell flux is a unifying feature of Barrett’s glands and gastric glands.
Functionally, Barrett’s glands mimic the stem cell organization of pyloric and
cardia-type stomach glands. This resemblance supports the concept that Barrett’s
esophagus may originally be of proximal gastric epithelial origin.

Mature Barrett’s glands classically contain both foveolar cells and goblet cells
that descend from the luminal surface in complex, often rotated and branched
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SPECIALISED BARRETT'S EPITHELIUM
(MUCSAC/TFF1 and MUCZ/TFF3)

Fig. 3.1 The canonical Barrett’s gland. H&E photomicrograph of nondysplastic Barrett’s glands
demonstrating abundant goblet cells and foveolar cells. Note the stem cell zone and mucous glands
arranged as small acini at the base of these Barrett’s glands. Labeling studies demonstrate bidirec-
tional flow from the stem cell compartment. MUCS5A*/TFF1* foveolar cells and MUC2*/TFF3*
goblet cells (shown in pink) migrate toward the luminal surface, while MUC6*/TFF2*mucous cells
(shown in blue) migrate toward the glandular base at a much slower rate. This functional compart-
mentalization replicates pyloric-type gastric epithelium

invaginations with mucous glands arranged as small acini at the gland bases as seen
in Fig. 3.1. The mucin core proteins shown are reliable markers of intestinal and
gastric differentiation [13, 16]. Both intestinal (MUC2-expressing goblet cells) and
gastric differentiated cell types (MUCSAC-expressing foveolar cells at the gland
surface and MUC6-expressing mucous secreting cells at the gland base) are found
in specialized Barrett’s glands.

Gland Phenotypes in Barrett’s esophagus

Genotypic changes during BO progression have been extensively studied, but how
these changes relate to changes in phenotype is unknown. BO is classically described
as a “specialized” metaplasia, where metaplastic glands abundant in goblet cells
resembling IM of the stomach have replaced the stratified squamous epithelium of
the distal esophagus. However, this is an oversimplification, with histological mate-
rial taken from BO segments exhibiting a phenotypic spectrum of at least five dis-
tinct gland phenotypes. Figure 3.2 shows the five different gland phenotypes and the
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Fundic-type Oxynto-cardiac Non-goblet Specialised Barrett's gland
gland gland columnar gland Barrett’s gland with Paneth cells

CD24 — - — _ -}
MUC2 - - +
MUC5AC + +
MUC6 = +
H*/K*-ATPase —+ +
MIST +

Fig. 3.2 The diversity of gland phenotypes in Barrett’s esophagus. H&E photomicrographs from
left to right: mature corpus glands display chief cell and parietal cell differentiation; oxyntocardiac
glands (atrophic corpus glands) demonstrating parietal cells with pyloric-like gland bases, chief
cells are absent; cardia-type glands are nongoblet cell-containing columnar glands with pyloric
bases; specialized Barrett’s glands with goblet cells and foveolar cells in the same gland; mature
intestinal metaplasia complete with goblet cells and Paneth cells. Adapted from [16]. Each gland
phenotype can be immunolabeled by specific cell lineage antibodies. CD24—Paneth cells,
MUC2 —goblet cells, MUCS5AC foveolar cells, MUC6—mucous secreting cells, H'K*ATPase —
parietal cells and MIST1— Chief cells

lineage differentiation markers that identify them. These phenotypes encompass
glands that contain mature gastric body-type differentiated cells (such as acid-
secreting parietal cells and pepsin-secreting chief cells) through to mature intestinal
glands that exhibit Paneth cells. Biopsies from “Barrett’s segments” may also show
mature (i.e., non-atrophic) corpus-type mucosa; however, in practice, these biopsies
almost invariably derive from the hiatus hernia.

The distribution of these 5 different phenotypes has been studied in patients. A
random distribution of gland phenotypes with a lack of zonation has been reported
in the literature [17, 18]. In contrast to this random mosaic of gland phenotypes,
Going et al. [19] revealed a proximo-distal gradient of goblet cells along the seg-
ment with significantly greater numbers of goblet cells found in the proximal
Barrett’s segment, cardiac-type mucosa being found throughout the segment, and
oxyntocardiac-type glands being found more distally. There are a range of possible
relationships between phenotype and clonal expansion in BO. Phenotype may
remain fixed and independent of clonal evolution, or demonstrate a plasticity of
phenotype where environmental signals alter phenotype over time as the genotype
evolves. There is evidence of how these phenotypes develop over time with a
sequence of phenotypic evolution being hypothesized. Following esophagectomy
where the proximal stomach is anastomosed to the remaining proximal esophagus,



3 The Complex, Clonal, and Controversial Nature of Barrett’s Esophagus 31

columnar mucosa develops in the squamous-covered esophageal remnant. The first
phenotype to develop within 1-2 years is a cardiac type where simple mucinous
glands lacking parietal cells are seen. After 3—5 years postsurgery phenotypic evolu-
tion to goblet cell differentiation occurs with expression of CDX2 and MUC?2. It has
been demonstrated that CDX?2 and Villin expression have a key role in signaling
intestinal differentiation and subsequent goblet cell metaplasia in BO. Hahn et al.
studied 89 BO cases of which 59 cases contained goblet cells. Ninety-eight percent
of cases with goblet cells showed CDX2 expression, whereas only 43 % of patients
without goblet cells expressed CDX2 [16]. Villin expression occurred in 17 % of
these nongoblet cell cases. This study however suggests that in spite of the absence
of goblet cell differentiation metaplastic esophageal columnar epithelium can show
“fruste” intestinal differentiation [16].

To summarize, a phenotypic sequence can be proposed with initial nongoblet
columnar-lined mucosa, leading to glands acquiring intestinal gene expression and
finally to “specialized” metaplastic glands. This phenotype may extend proximally
in response to bile salt-induced CDX2 expression. Although clear anatomical and
mechanistic differences exist, evidence of a proximally migrating columnar epithe-
lium has been provided in a study utilizing transgenic p63™" mice. Investigators
demonstrated the progressive replacement of eroded squamous epithelium with
proximal shift in the level of the squamocolumnar junction by stomach-derived
columnar epithelium [20]. Thus, it is suggested that the effects of acid reflux erode
the squamous epithelium allowing proximal expansion of columnar epithelium.
This proximal expansion may facilitate clonal expansion of preexistent oncogenic
mutations.

However, regardless of the definitive clonal origin of Barrett’s epithelium, this
phenotypic spectrum of glands in BO as it appears in clinical specimens is rarely
appreciated. We therefore submit that there is a paucity of research coupling pheno-
typic to genotypic changes during BO progression.

The Stem Cell Niche and Niche succession in Barrett’s

The stem cells in BO, like other GI epithelia, exist in a conceptual physical space
often described as the stem cell “niche.” The niche encapsulates all resident stem
cells and the mesenchymal cells that surround the dedicated epithelial stem cells
and it cooperatively regulates how stem cell proliferation takes part in tissue gen-
eration, maintenance, and repair. Consequently, the niche has both functional and
anatomical dimensions [21]. Stem cells can divide either asymmetrically producing
one daughter and one stem cell, or symmetrically producing either two daughter
cells or two stem cells. These two types of stem cell divisions will eventually result
in one stem cell and its progeny becoming dominant in the stem cell niche in a pro-
cess known as “niche succession” [22]. Applying this concept to Barrett’s glands,
through a process of niche succession the progeny of a single stem cell will come to
populate an entire Barrett’s gland. This process is termed monoclonal conversion as
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Fig. 3.3 Monoclonal coversion. (a) New stem cell lineage arising in the gland base. (b) Through
neutral drift this clone expands to occupy the gland base, (¢) via niche succession further expan-
sion occurs until (d) all cells in the gland share the same mutation. This is when monoclonal con-
version has occurred

every cell in the gland has arisen from the same original stem cell, with the gland
becoming a single clonally derived unit [23] (Fig. 3.3).

Clonal labeling methods used to identify colonic crypt stem cells have shown
that only few functioning stem cells actively cycle at the crypt base [24, 25]. The
term “neutral drift” is used to describe the dynamic of stem cell loss and subsequent
replacement. It allows small populations of neighboring stem cells to compete to
allow progenitor cells (clones) to expand or contract at random, either becoming
established and surviving through monoclonal conversion or undergoing clonal
extinction. Mutations that give a survival or growth advantage alter the niche
succession rate and this effect is termed “biased drift.”” The genetic mutations that
provoke biased drift are often described as “driver mutations,” whereas neutral
mutations have been described as “passenger mutations.” Understanding how driver
and passenger mutations affect the stem cell dynamics in BO first requires a better
grasp of the stem cells that give rise to the lesion itself. To answer this question we
must first ask: what is the clonal architecture of the Barrett’s gland?; how do clones
in Barrett’s glands arise and expand and what methods do we have to measure this
process?; finally, what dynamics underpin the fixation and competition between
clones within a Barrett’s gland?

Tracing Clonal Lineages in Barrett’s

Attempts to study clonal conversion in normal human epithelial tissues have utilized
a range of methodologies for lineage tracing, including inactivation of X-linked
genes [26], microsatellite markers in UC patients who progress to cancer [27], DNA
methylation signatures [28, 29], mitochondrial DNA (mtDNA) mutations, and most
recently whole genome sequencing [9]. The dynamics and differentiation of somatic
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stem cells in BO has been studied by exploiting the inheritance of nonpathogenic
mutations in mtDNA [30]. Each cell contains multiple mitochondria with each
mitochondrion containing numerous copies of its genome. Oxidative phosphoryla-
tion and a functioning electron transport chain require mitochondrial respiratory
chain proteins that are both nuclear and mtDNA encoded. The mitochondrial
genome contributes to all protein complexes in the mitochondrial respiratory chain,
except for Complex II, which is entirely encoded by the nuclear genome. Tumor-
associated genomic mutations may influence clonal expansion rates, but mtDNA
mutations are considered useful lineage markers as they are felt to be neutral in their
effect on clonal expansion. Spontaneously occurring mutations in mtDNA can
slowly expand within stem cell populations allowing the dynamic behavior of long-
lived stem cells within the niche to be traced. Through mitochondrial duplication
and attrition mutations may expand to a state of “fixation,” whereby either some
mitochondria (heteroplasmy) or potentially all of the mitochondria within a cell
(homoplasmy) contain the same mutation.

The mitochondrially encoded Cytochrome ¢ Oxidase gene (CCO) forms the last
stage of the electron transport chain in respiratory Complex IV. When over 80 % of the
mitochondrial genomes in a cell contain the same CCO mutation the enzymatic func-
tion of CCO is abolished. Identification of CCO-deficient clones or groups of CCO-
deficient cells is achieved through the use of a dual color enzyme histochemistry
staining. The dual color staining protocol facilitates brown and blue staining in a tissue
section, where brown staining indicates CCO substrate conversion and retention of
Complex IV function—the absence of brown staining (i.e., loss of CCO substrate con-
version due to loss of Complex IV enzymatic function) is highlighted by the blue
counterstain. This blue counterstain reveals succinate dehydrogenase (Complex II)
activity. Together the blue staining thus demonstrates a loss of function of the mito-
chondrial enzymes of the chain, because the succinate dehydrogenase complex II
activity is fully nuclear encoded. These blue CCO-deficient groups of cells (or patches)
can be laser capture microdissected and subjected to mtDNA sequencing. If the same
mutation is: (1) present in all CCO-deficient cells in a patch and; (2) absent in all brown
(CCO-proficient) patches then the epithelial cell population is clonal in origin.

Studies of the clonal architecture of the human stomach utilizing CCO mutations
as clonal markers have shown that the gastric gland behaves as a clonal unit. In the
stomach the gland neck and foveolus were defined as the gastric unit analogous to
the entire crypt in the human colon. The same CCO mutation was found throughout
an entirely CCO-deficient gastric unit [31]. Thus, all differentiated progeny in the
gastric unit were shown to arise from the same stem cell. Furthermore, intestinal
metaplasia (IM) glands from patients undergoing resection for gastric adenocarci-
noma were entirely CCO deficient, supporting the concept that human gastric epi-
thelial units undergoing intestinal metaplasia are clonal units. Partially CCO-deficient
glands were identified as mixed brown and blue glands thus demonstrating that
multiple (or, at least two) stem cell populations are present in the niche. In the same
study wholly CCO-deficient Barrett’s metaplasia glands were shown to contain all
the differentiated cell lineages, including goblet, foveolar, and neuroendocrine cells,
supporting multilineage differentiation arising from a clonally derived population



34 J.A. Evans and S.A.C. McDonald

of Barrett’s gland stem cells. Further use of CCO lineage labeling by Lavery et al.
[13] utilizing intestinal and gastric lineage markers (including mucin core proteins
and trefoil factor peptides) combined with CCO lineage labeling demonstrated that
different lineages throughout the entire length of Barrett’s glands are clonally
related as they all harbored the same mitochondrial mutation. Collectively, this
demonstrates that BO glands contain multiple stem cells and share a common pro-
genitor cell that is capable of giving rise to all differentiated cell types within the
Barrett’s gland [32].

Clonal Expansions in Non-dysplastic Barrett’s Esophagus

In the context of reduced lower esophageal tone, often related to hiatus hernia for-
mation, the mucosal lining of the distal esophagus is chronically exposed to bile and
acid reflux. It is intuitive that this harsh acidic environment provides a selective
advantage to a protective mucin-producing columnar epithelial cell type over the
native stratified squamous epithelium. So how do we explain (at a clonal level) what
has occurred when endoscopically, as is seen in some cases, very long 10-14 cm
segments of columnar lined mucosa are discovered? As discussed earlier, through a
process of survival of the fittest, a clear fitness advantage inferred by the columnar
cell type over the squamous cell type has allowed a clone (or multiple distinct
clones) of columnar cells to expand over the length of the Barrett’s segment with the
squamous epithelial cell population being driven to extinction.

But how does this physical expansion occur? If we look back to consider how the
GI tract develops, the crypts of the colon, glands in the stomach, and the glands of
the metaplastic esophagus are established via the same process of crypt fission [31—
33]. This process allows division (or bifurcation) of a gland initiated at the gland
base, which then separates lengthways giving rise to two separate glands (Fig. 3.4).

These basal gland divisions lead to lateral expansion via fission, but this occurs
very slowly. Rates in BO are still unknown, but the average colonic crypt cycle is 36
years equating to only one or two crypt fission events per lifetime [24]. The highly
complex glandular structure of BO glands has so far hindered clonal labeling stud-
ies. Unpublished 3D modeling studies of our group utilizing computer-rendered 3D
imaging demonstrate a highly complex structure unique to the GI tract. The crypt-
like branching bases lead up to the gland neck, often surrounded by other rotating
glands that extend up to a superficial compartment opening to the lumen (our
unpublished data).

Fission has been demonstrated in the stomach [31], whereby gastritis-induced
IM can lead to dysplastic changes and eventually lead to gastric adenocarcinoma.
Although thought to occur at a very slow rate in the normal epithelial setting, the
driving effects of chronic inflammation such as that seen in ulcerative colitis or BO
may speed up fission events. In the context of colonic inflammation, upregulation of
the rate of crypt fission in ulcerated epithelium of patients with UC has been shown
to increase over 40-fold [34]. So reflux in the context of BO is a potential means by
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Normal colon crypt

Barrett gland

Fig. 3.4 Gland fission in GI epithelium. Stem cells in the colonic crypt base (fop) divide with
bifurcation of the crypt base and longitudinal separating upward resulting in two crypts in a pro-
cess of crypt fission. Analogous bifurcation is seen in the Barrett’s gland (bottom)

which gland fission may drive the establishment of clonal segments of Barrett’s
epithelium.

Although the expansion rate at which Barrett’s segments are established has not
been demonstrated there is some recent data on segment length. In one study, 763
patients were followed over 20 years with no significant change in length of Barrett’s
segment seen [35]. In a larger and more recent study, 3635 patients were followed
with no significant change in segment length regardless of age [36]. These studies
confirm that segment length is established by the time of initial endoscopic assess-
ment and remains constant from thereon. The establishment of a new segment of
columnar-lined esophagus in response to gastric reflux-driven inflammation may
provide the opportunity for the establishment of a clonal field of which a subset of
clones in a small proportion of patients may go on to evolve to OAC. Interactions
between competing clones may be the significant factor driving cancer formation
via clonal competition, cooperation, or other interactions between clonal
populations.

Clonal Dynamics and Expansion in Barrett’s Esophagus

First suggested by Nowell in 1975, mutations accumulating in a single tissue stem
cell may infer a fitness advantage to promote enhanced growth and survival that is
passed on to all progeny of this cell allowing a mutant clone to be established within
a tissue [37]. This led to the hypothesis that the majority of cells within a Barrett’s
segment were derived from a single founder cell. Indeed, early studies reinforced
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this hypothesis; Barrett et al. used LOH analysis to show that genetic variation
occurred after a founder clone had expanded throughout the entire lesion [38].
Further studies were also able to demonstrate this by showing that purified biopsy
specimens taken at different levels within the esophagus were clonal [5, 6]. It was
therefore thought that BO progressed to cancer through a number of clonal selective
sweeps, where mutations spread throughout a segment to “fixation” with all glands
containing the same mutation. Against this theory are the findings by Leedham et al.
who sampled resection specimens and individual glands from biopsies rather than
purified biopsy specimens [39]. This study demonstrated that rather than a single
founder mutation sweeping through an entire Barrett’s segment, marked clonal het-
erogeneity with multiple independent clones exist in BO. Newer high resolution
whole genome sequencing utilizing NGS methods have further confirmed this het-
erogenous landscape in nondysplastic BO. Utilizing paired samples of BO and OAC
samples from 23 patients multiple clones were shown to be present in nondysplastic
biopsy samples [8].

If clonal expansion underlies the early events in driving nondysplastic Barrett’s
to cancer then the promotion of which clone (or clones) rises to the top of the evo-
lutionary fitness peak is certainly impacted upon by the diversity between clones
within the Barrett’s segment. Even when taking into account known genetic risk
factors, including lesions in TP53 and copy number abnormalities, diversity has
been shown to be a strong predictor of risk of progression in BO [40]. Maley et al.
utilized diversity measures from studies in evolutionary biology to measure the
number of clones present in biopsies from 268 affected individuals over at least two
time points [40]. These measures of clonal diversity could even predict which
patients were most likely to progress to OAC.

Li et al. prospectively compared somatic chromosomal alterations in 169 “non-
progressors” and 79 “progressors” who went on to develop OAC. Genomes of non-
progressors remained relatively stable. However in progressors, sudden punctuations
and large clonal expansions involving catastrophic genomic doubling were found to
be occurring in a relatively short window only 2—4 years prior to OAC development
[7]. One note of caution when interpreting this data is the high progression rate of
37/268 cases over 4.4 year time period, which is very much higher than current
estimated progression rates (<0.2 %/year). With most progressors in this study being
recruited less than 48 months before the development of OAC from endoscopy per-
formed between 1988 and 2009, it cannot be excluded that some of these cases
reflect missed “interval” cancers where the first endoscopy was falsely negative.
Significant developments in optical enhancement and chromoendoscopy developed
in the last 5 years allowing previously missed flat dysplasia to be detected will cer-
tainly ensure that neoplastic clones are detected at earlier stages. In future studies
this will further reduce the progression rate. These considerations notwithstanding,
it is suggested that a situation of relative stasis and equilibrium exists with abrupt
chromosomal alterations occurring in those patients who progress to OAC. Dysplastic
precancer clones may not necessarily confer a competitive advantage. Longitudinal
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studies in the colon have shown that many neoplastic precursor lesions (tubular
adenomas) will regress at some point after initiation [33, 41], indicating that the
ratio of dysplastic precursor clones to clinically relevant OAC may be greater than
1:1. We would need similar longitudinal follow-up studies in Barrett’s patients to
trace the dynamic behavior of dysplastic clones. It is not inconceivable that many of
these clones are driven to extinction before one clone “successfully” progresses to
OAC. This could provide important new insights on the development of chemopre-
ventive strategies.

Combining Clonal Labeling with Phenotype

Employing the mtDNA CCO mutational labeling approach to trace clonal ancestry
combined with somatic point mutation analysis, Lavery et al. have recently demon-
strated that clonal expansion and progression to cancer in BO is not exclusive to
intestinal metaplasia [42]. Utilizing a longitudinally frozen esophagectomy speci-
men spanning the squamocolumnar junction to the stomach, a focus of OAC was
shown to have evolved from nondysplastic cardia-type columnar mucosa with the
same CCO mutation and somatic 7P53 mutations found in the OAC and nongoblet
cell epithelium and distant liver metastases. These mutations were not found in the
goblet cell epithelium in this Barrett’s segment (Fig. 3.5). This data is the first dem-
onstration that expansion of nongoblet cell epithelium can give rise to OAC.

A Macroscopy opened specimen B 2 HE&E cryostat section = C Phylogenetic tree
e \ e, /
i ‘“ 1 Oesophageal  Metastastic
N - H“L adenacarcinoma clone
i S ¢ Cand TP53LOH
- i A
x TP53 mutation

Barrett’s initiation

Barrett’s segment

Melnculas time

Intestinalised clone

Fig. 3.5 Spatial sampling of a Barrett’s segment and associated esophageal adenocarcinoma
(OAC). Adapted from [40] (a) Longitudinal opened resection specimen (rectangle) with columnar
metaplasia across the gastro-esophageal junction (arrows) and nodular OAC (arrowhead). (b)
H&E-stained cryostat section (leff) of the longitudinal strip across the gastro-esophageal junction
reveals columnar metaplasia of the distal esophagus (arrows) and an OAC at the squamocolumnar
junction (arrowhead). Submucosal gland complex (asterisk) confirms the esophageal origin. (c)
Phylogenetic tree of the clonal evolution of this OAC from metaplastic columnar epithelium with-
out goblet cells in BO. From a common progenitor two metaplastic clones are detected within this
Barrett’s segment. Expansion of clones is associated with further subclonal evolution. One sub-
clone within the metaplastic columnar epithelium without goblet cells acquired a 7P53 mutation
and eventually gave rise to metastatic esophageal adenocarcinoma
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Clonal Expansion Postradiofrequency Ablation (RFA)

Another factor governing the rate of clonal expansion in BO are the iatrogenic
effects of endoscopic mucosal resection (EMR) and radiofrequency ablation (RFA
Patients who progress to nodular Barrett’s dysplasia are typically offered EMR fol-
lowed by RFA of the entire Barrett’s lesion [1]. The ablation of columnar mucosa is
designed to allow reepithelialization with squamous mucosa. While these proce-
dures are effective in eliminating Barrett’s related dysplasia, there is a demonstrable
failure rate with recurrence of Barrett’s metaplasia in up to 20—45 % over time. Zeki
et al. showed that 5 of 19 patients who had undergone EMR followed by RFA
therapy were found to harbor de novo mutations in nondysplastic Barrett’s epithe-
lium and greater clonal diversity [43]. The use of RFA may thus initiate a potential
genetic bottleneck and provoke dysplasia progression in a clone independent from
the original dysplastic clone.

Conclusion

In summary, measuring clonal dynamics in Barrett’s remains more elusive than the
studies of native intestinal stem cell dynamics in, for example, the colon due to the
complexity of the Barrett’s gland itself and the range of phenotypes that exist.
Further research aims to tackle these issues and improve the detection and subse-
quent treatment of OAC and its precursor lesion BO. What has now been conclu-
sively demonstrated is that Barrett’s glands, like other glandular units in the GI tract
are clonally derived units. In Barrett’s glands a single stem cell lineage can give rise
to all the differentiated epithelial cell types seen within the stereotypical Barrett’s
gland. Lineage tracing analysis has revealed that Barrett’s glands are capable of
bifurcation and that BO in some patients is a complex, oligoclonal lesion. BO is
phenotypically diverse with a range of glandular phenotypes. Recent work now
shows the development of OAC from a nongoblet cell epithelium with potential
implications for diagnostic and surveillance policy. Life-long follow-up of patients
who have undergone RFA is also important due to the potential recurrence of dys-
plasia from novel clones attributed to the clonal bottleneck effect induced by the
ablation of the Barrett’s field.
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Chapter 4

A New Pathologic Assessment

of Gastroesophageal Reflux Disease:
The Squamo-Oxyntic Gap

Parakrama Chandrasoma and Tom DeMeester

Introduction

Gastroesophageal reflux disease (GORD) is regarded as a progressive disease.
When defined by the presence of symptoms, most people in the population
never develop GORD. Twenty to forty percent of the population develops
symptomatic GORD. Approximately 70 % of these patients are well controlled
throughout life with empiric treatment with proton pump inhibitors (PPI).
Their disease does not seem to be progressive although some dose escalation is
frequently needed for control.

From this perspective, progression is limited to the approximately 30% of
GORD patients in whom PPI therapy fails to control symptoms (Fig. 4.1). There is
no ability or attempt to prevent the entry of GORD patients into this stage of treat-
ment failure. Patients who are not well controlled with PPI live a life whose quality
is compromised to varying degrees by their symptoms. It is only when they reach
this stage defined by failure of PPI to control symptoms or develop alarm symptoms
such as dysphagia that endoscopy is indicated [1].
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From the perspective of endoscopy, GORD progresses from no recognized endo-
scopic change to erosive esophagitis of increasing severity (Los Angeles grade A to
D), to visible columnar lined esophagus (vCLO) and adenocarcinoma.

Biopsy is not recommended in patients who do not have an endoscopic
abnormality [1]. Biopsy of the normal squamous epithelium may show histo-
logic changes such as intraepithelial eosinophils and basal cell hyperplasia, but
these are not sufficiently sensitive or specific to have practical value. Biopsy of
the normal squamocolumnar junction is not recommended, although it is known
that a small but significant number of patients will have intestinal metaplasia if
biopsies are taken [2].

Endoscopy in the patient who has failed PPI therapy has practical value only in
the detection of Barrett esophagus (Fig. 4.1). In patients without Barrett esophagus,
endoscopy provides little if any useful information that improves symptom control
with PPIL. The detection of Barrett esophagus has value only to place patients on a
surveillance protocol to detect early neoplastic change. Barrett esophagus has no
effective medical treatment. Progression to dysplasia and adenocarcinoma cannot
be effectively prevented [3].

Symptoms and endoscopic findings of GORD are not concordant. A person
without symptoms of GORD can have long segment Barrett esophagus or present
with the clinical expression of an advanced GORD-induced adenocarcinoma.
Conversely, a patient with symptoms can be endoscopically normal (nonerosive
reflux disease or NERD). Treatment of GORD with PPI can heal erosive esopha-
gitis without completely resolving GORD symptoms [1]. Patients with NERD are
commonly more resistant to symptom control with PPI than those with erosive
esophagitis [1].

There is no symptom complex that can accurately predict who will progress
to failure of medical therapy in the future. As a result, all patients receive empiric
acid suppressive treatment with the sole objective of symptom control. Failure is
recognized only when maximum PPI therapy fails to control symptoms. There is
no symptom complex or endoscopic finding short of Barrett esophagus that can
predict adenocarcinoma in the future. Screening for Barrett esophagus is not rec-
ommended [3].

This treatment algorithm therefore precludes any method that can prevent the
progression of GORD to its severe end points. When the end point of severe GORD
is compromised quality of life, antireflux surgery offers the only hope of control.
However, surgery has its own problems and is relatively rarely performed. Many
patients continue to live a life that is compromised by fear of eating, sleep depriva-
tion, and loss of productivity at work. When the end point of severe GORD is
advanced adenocarcinoma, hope exists for very few people and too commonly for a
very short period of time (Fig. 4.1).

This is a sad commentary of our present management of GORD. We have aban-
doned the hallowed principles of early diagnosis in favor of an illogical and unreal-
ized hope that PPI will cure the disease. We simply permit the development of
severe GORD and then struggle with few good answers to impaired quality of life
and progression to adenocarcinoma.
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Fig. 4.1 The failure of the present treatment algorithm of GORD to prevent mortality from esoph-
ageal adenocarcinoma. Endoscopy is limited to patients who fail medical therapy and surveillance
is limited to those patients who have Barrett esophagus at endoscopy. Ninety percent of adenocar-
cinomas occur in asymptomatic people, patients well controlled by PPI, and people that do not
have Barrett esophagus at endoscopy. Only 10 % are found in early stages of cancer and can be
treated effectively with a mortality of <30 % compared to 90 % for advanced cancer

Progression of GORD with Empiric PPI Therapy

The best available scientific prospective study of long-term outcomes associated
with treating symptomatic GORD with acid suppressive medical therapy is the Pro-
GERD study [4]. A total of 6215 patients over 18 years old with the primary symp-
tom of heartburn were enrolled into this prospective multicenter open cohort study
in Europe. The study was largely conducted under the auspices of Astra-Zeneca,
which makes any result that suggests a negative effect of PPI therapy highly credi-
ble. All patients underwent an index endoscopy done in selected centers by endos-
copists who received special training. Endoscopic findings were recorded and the
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patients given 4—8 weeks of PPI therapy with assessment of symptoms control and
repeat endoscopy to assess healing. They were then sent back to their primary care
physicians for continuation of empiric acid suppressive treatment at their discretion.
Treatment used during follow up and symptom control were monitored by question-
naires. A total of 2721 of this cohort of patients reported to the study centers for
repeat endoscopic assessment at 5 years.

At the initial endoscopy, the distribution of endoscopic changes of these 2721
patients was as follows: nonerosive disease, 1224; erosive disease LA A/B, 1044;
erosive disease LA C/D, 213; 240 (8.8 %) patients had vCLO (note: vCLO was
reported as “Barrett esophagus, endoscopic” and “Barrett esophagus with histologic
confirmation”). The patients with vCLO at the initial endoscopy were not included
in this study.

Reversal and prevention of progression of erosive esophagitis at 5 years was
impressive. Of the 1041 patients with nonerosive disease at baseline, 784 remained
nonerosive, 248 progressed to LA A/B, and nine to LA C/D erosive disease. Of the
918 patients with LA A/B erosive disease at baseline, 578 had reversed to nonero-
sive disease, 331 remained LA A/B, and nine had progressed to LA C/D erosive
disease. Of the 188 patients with LA C/D erosive disease at baseline, 94 now had
nonerosive disease, 78 had LA A/B, and 16 stayed at LA C/D erosive disease. Over
a period of 5 years, the number of patients with severe erosive esophagitis had
decreased from 188 to 34. Regular intake of PPI reduced the likelihood of progres-
sion compared with on demand PPI or other therapy. The severity of symptoms at
baseline was not a predictor of progression to severe erosive esophagitis. It could
reasonably be concluded that PPI therapy was highly effective in healing erosive
esophagitis.

In contrast, 241 (9.7 %) patients who did not have vCLO initially had developed
this at 5 years. These patients who progressed included 72/1224 (5.9 %) who origi-
nally had NERD, 127/1044 (12.1 %) with LA grade A/B, and 42/213 (19.7 %) with
LA grade C/D erosive esophagitis. The factors significantly associated with pro-
gression to VCLO at 5 years were as follows: (a) female gender, which had a nega-
tive association (p=0.041); (b) alcohol intake (»p=0.033); (c) erosive esophagitis
compared with NERD (p<0.001); (d) regular PPI use (p=0.019).

This data shows that empiric PPI therapy titrated to control symptoms in the
primary care setting results in an endoscopic progression to vCLO with and without
intestinal metaplasia. Whether PPI therapy causes this conversion is unproven.
However, the fact that PPI use does not prevent progression to vCLO is proven
because regular PPI use had a significantly higher conversion rate than no PPI use.

This study shows, by performing endoscopy that would not have been recom-
mended in most of these patients by the present treatment algorithm, that empiric
PPI therapy for GORD results in the conversion of nearly 10% of patients with
symptomatic GORD to vCLO in 5 years. When one considers that 2040 % of the
population has symptomatic GORD, 10 % translates to an absolute number that eas-
ily explains why GORD-induced adenocarcinoma has increased sevenfold in the
past four decades [5].
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Definition of Irreversibility in GORD: vCLO

The best criterion for defining a significant point in any disease is the point where a
pathologic change cannot be reliably reversed with any nonablative treatment. In
GORD, at this point in time, that point of irreversibility is the occurrence of vCLO
at endoscopy. In the United Kingdom, vCLO defines Barrett esophagus. In the USA
and Europe, intestinal metaplasia is required for the diagnosis of Barrett esophagus.
Medical treatment and antireflux surgery cannot reverse vCLO or reliably prevent
its progression to intestinal metaplasia, increasing dysplasia and adenocarcinoma.

The definition of irreversibility in GORD has changed with the increasing effec-
tiveness of acid suppressive therapy from 1950 onward with acid neutralizers, H,
receptor antagonsists, and PPI coming into the market. Before this time, erosive
esophagitis was irreversible, progressing to severe ulcers and strictures that were the
major complications of GORD [6]. PPI therapy is highly effective in reversing ero-
sive esophagitis [4]. In the Pro-GERD study, the number of patients with high-grade
erosive esophagitis after 5 years of empiric therapy was 34/2481 (1.4 %).

However, at the same time as PPI therapy healed erosive esophagitis, it resulted
in a nearly 10 % induction of vCLO in 5 years in the same patient population. The
presently recognized end point of vCLO, which is esophageal adenocarcinoma, has
replaced intractable ulcers and strictures as the main complication of GORD. In
1950, despite the fact that vCLO existed esophageal adenocarcinoma was rare; the
first case was reported by Morson in 1952 [7].

The advantage with defining irreversible GORD by the presence of vCLO is that
there is no established evidence that any patient who does not have vCLO pro-
gresses to adenocarcinoma. There can be argument about this. It can be argued that
the person who is endoscopically normal that is found to have intestinal metaplasia
at the normal squamocolumnar junction is at risk. However, present management
guidelines recommend that patients who are endoscopically normal should not
undergo biopsies because the risk of cancer in patients who have intestinal metapla-
sia is unknown [1]. The argument, therefore, has no practical merit at this time. It
may change in the future if an increased cancer risk is defined in this group.

Unfortunately, the detection of vCLO requires endoscopy. In the Pro-GERD study,
the only nonendoscopy findings that were significantly associated with progression to
vCLO in the 5-year period were male gender, alcohol use, and regular PPI use.

If endoscopy is performed soon after the onset of symptoms without waiting for
treatment failure, as was done in the Pro-GERD study, 240/2721 (8.8 %) patients
would already have vCLO. In addition, the following endoscopic findings were pre-
dictive of progression to vCLO in 5 years: (a) presence of erosive esophagitis with
risk increasing with grade of esophagitis; and (b) presence of intestinal metaplasia in
a biopsy taken from the junction of an endoscopically normal patient. In another arm
of the Pro-GERD study, patients who were endoscopically normal who had intestinal
metaplasia at the squamo-columnar junction had a 25 % risk of progression to vCLO
within 5 years [8].
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If the presence of vCLO is recognized as the point of irreversibility in GORD,
there can be a new objective of management of the GORD patient, i.e., the preven-
tion of progression to vCLO. This would then provide an incentive for early endos-
copy in the patient with GORD. Early endoscopy before failure with empiric
treatment with PPI has the ability to recognize both irreversible GORD by the pres-
ence of vCLO and predict its occurrence within the next 5 years. There is a high
probability that successful repair of the damaged lower esophageal sphincter (LOS)
in the patient without vCLO has a high probability of preventing vCLO.

If we are successful in the objective of preventing vCLO, there is the strong
likelihood that we will substantially prevent GORD-induced adenocarcinoma.
Surely, this is a noble objective.

Cause of GORD: Lower Esophageal Sphincter Damage

The esophagus is a tubular structure that is approximately 25 cm long. It begins in
the neck, traverses the posterior mediastinum, and passes through the diaphragmatic
hiatus into the abdomen where it enters the stomach at the gastroesophageal junc-
tion (GOJ). In its normal resting state, it is closed at both ends by two sphincters.

When a food bolus enters the pharynx, the deglutition reflex is initiated, causing
both sphincters to relax and a propagative peristaltic wave to develop. This propels
the food bolus into the stomach. When the food enters the stomach, both sphincters
regain their resting high pressure state.

The LOS acts as a barrier that prevents reflux of gastric contents into the esopha-
gus [9, 10]. Its design is beautifully adapted to perform this function. The LOS
pressure is normally >15 mmHg, exceeding the baseline luminal pressure in the
esophagus (normally around —5 mmHg) proximally and the baseline luminal pres-
sure in the stomach (normally around+5 mmHg) distally. The LOS therefore acts
as a valve that effectively prevents reflux along the natural pressure gradient that
exists from the stomach into the esophagus (Fig. 4.2).

The Normal LOS and Consequence of Abdominal LOS Damage

The functional state of the LOS can be defined manometrically by three separate
components [9, 10]: its mean pressure, its total length, and the length of its abdomi-
nal segment. Manometric studies of “normal” subjects indicate that the “normal”
LOS pressure is >15 mmHg, the total LOS length is 40-50 mm, and the length of
the normal abdominal segment is 25-30 mm with some outliers.

Unfortunately, the LOS is not easy to define by pathologic study. While careful
study of the smooth muscle in the region of the GOJ has identified arrangements
of muscle fibers that could represent the LOS [11], routine pathologic study of



4 A New Pathologic Assessment of Gastroesophageal Reflux Diseases.... 47

resected specimens and at autopsy cannot define the LOS either in its functional
or damaged state.
Manometric definition of the LOS has two problems:

(a) The measurement is imprecise. Present high resolution manometry uses a cath-
eter with pressure sensors placed at 10 mm intervals. This is accurate in defin-
ing mean pressure, but relatively imprecise in defining small changes in the
length of the sphincter (Fig. 4.2). The older motorized pull-through manometry
system, though less patient-friendly, provided more accurate data on length, but
is rarely used today.

(b) Manometry only defines the functional LOS. When the LOS is damaged, it
loses its resting high pressure. If this occurs at the distal end, the pressure in the
damaged part of the abdominal segment of the LOS becomes equal to gastric
luminal pressure and cannot be detected at manometry.

A largely unappreciated normal function of the abdominal segment of the LOS
is to maintain the tubular shape of the abdominal esophagus by resisting the positive
(around +5 mmHg) intraluminal pressure. When the abdominal LOS is damaged,
the protection provided by the tonic contraction of the LOS is lost. The part of the
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Fig. 4.2 High resolution manometry showing the esophageal pressure tracing during three swal-
lows. The lower eosphageal sphincter relaxes during the swallow and regains its resting pressure
between swallows. The pressures and ends of the sphincter are less precisely defined than in the
stationary pull-through method



48 P. Chandrasoma and T. DeMeester

distal abdominal esophagus that has lost sphincter tone will be subject to the dila-
tory positive resting intraluminal pressure, which will be exacerbated during meals
when the stomach distends and the intragastric pressure increases.

The distal abdominal esophagus that has lost LOS pressure will therefore dilate
to form the dilated distal esophagus [12]. The tubular esophagus shortens, the dam-
aged esophagus dilates and takes up the gastric contour and becomes part of the
reservoir, and the angle of His becomes more obtuse. Mucosal rugal folds, which
are a feature of all reservoir organs, develop in this dilated distal esophagus that
results from loss of abdominal LOS function.

Damage to the abdominal LOS with loss of its resting pressure therefore results
in “gastricization” of the distal esophagus to the length that the abdominal LOS is
shortened. This gastricization occurs at a manometric, endoscopic, and gross ana-
tomic level, leading to confusion that has created error in this region from the begin-
ning of time and continues to the present [13]. The only modality that can solve this
puzzle is the correct interpretation of histology of this region.

Mechanism of LOS Damage

LOS damage is the result of pressure exerted from below as a result of a heavy meal
that causes gastric over-distension [14]. Robertson et al. [15] showed elegantly that
gastric over-distension causes “taking up” or “effacement” of the distal part of the
LOS into the gastric contour, resulting in a temporary decrease in LOS length. The
squamous epithelium lining the effaced LOS is exposed to gastric juice because
effacement of the LOS causes the pH transition point to move proximally (Fig. 4.3).

There is a pocket of strong acid at the height of the food column during a meal
[16]. Repeated and frequent exposure of the squamous epithelium to this acid pocket
during gastric over-distension during heavy meals results first in reversible injury to
the distal esophageal squamous epithelium followed by permanent columnar meta-
plasia of the squamous epithelium.

If LOS damage occurs because of pressure from below, it must follow that LOS
damage begins at its distal end and progresses upward. Loss of length therefore
begins in the distal abdominal segment of the LOS. Robertson et al. [15] showed
that early LOS shortening associated with asymptomatic volunteers with central
obesity was entirely in the abdominal segment and did not affect the thoracic LOS.

GORD can therefore be considered to be basically the result of an eating dis-
order. Viewed in this light, each person can be regarded as having a unique rela-
tionship between his/her eating habit, the response of the LOS to this over-eating,
and the damage caused to the esophageal squamous epithelium by exposure to
gastric juice.

At one extreme, the patient’s LOS is not damaged by the effect of his/her eating
habit on the LOS. This patient does no damage to the LOS and never gets GORD. At
the other extreme, the patient’s LOS is damaged early in life by an excessive eating
habit and progresses rapidly to LOS incompetence, severe reflux, and damage to the
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Fig. 4.3 Mechanism of exposure of the squamous epithelium of the distal esophagus to acid.
When the stomach over-distends with a heavy meal, the LOS shortens, the distal LOS becomes
effaced, i.e., moves down into the contour of the gastric fundus and the squamous epithelium
becomes exposed to gastric contents of the full stomach. There is, at the top of the food column, an
acid pocket that meets the descending squamous epithelium

squamous epithelium of the esophageal body at a relatively young age. This damage
includes erosive esophagitis and becomes irreversible when vCLO occurs. Between
these two extremes is the entire clinicopathologic spectrum of GORD. Progression
of GORD can therefore be defined theoretically by the rate of progression of LOS
damage resulting from a person’s eating habit.

Relationship Between LOS Damage and GORD

While there is a certainty that failure of the LOS is the cause of GORD, there has
never been any ability to correlate LOS damage with the severity of GORD. At
present, manometry is a rarely used diagnostic test in the assessment of manage-
ment of GORD until antireflux surgery is being considered. It is not useful in the
diagnosis of early GORD.
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Kahrilas et al. [17] demonstrated the close relationship of the LOS length to
GORD. He measured baseline total LOS length in three groups with increasing
severity of GORD: patients who had no GORD (“normal”), patients with GORD
without a hiatal hernia, and patients with GORD who had a hiatal hernia. There was
a significant shortening of baseline LOS length from normal to nonhernia GORD to
hernia GORD. This correlated with an increase in baseline reflux as measured by a
pH electrode placed 5 cm above the upper border of the LOS.

In this study, Kahrilas et al. [17] infused air into the stomach at 15 ml/min,
causing progressive gastric distension. This caused an additional shortening of the
LOS of 5-7 mm from baseline in all three groups as distension increased. The
additional temporary shortening of the LOS was similar in the three groups, sug-
gesting that gastric over-distension caused LOS exposure to damage in a linear
manner. There was no vicious cycle phenomenon where a more damaged LOS was
more susceptible to gastric over-distension. During the temporary shortening of
the LOS with gastric distension, reflux episodes in the esophagus increased signifi-
cantly and most prominently in the hernia-GORD group. This showed that a dam-
aged LOS was more susceptible to failure when exposed to gastric distension.

The criteria of the LOS that correlate with the presence of sufficient reflux into
the esophagus and clinical GORD are [10]: (a) a decrease in the mean LOS pressure
to <6 mmHg, (b) a decrease in total LOS length to <20 mm, and (c) a decrease in
abdominal length to <10 mm. At these levels of LOS damage, sphincter failure
occurs so frequently that it results in an abnormal pH test and significant exposure
of the squamous epithelium in the body of the esophagus to reflux. LOS damage
defined by these criteria correlates with the presence of regurgitation, severe grades
of erosive esophagitis, and vCLO.

There is a significant gap between the criteria that define a normal LOS and a
defective LOS that is associated with abnormal reflux into the esophagus as
defined by an abnormal pH test and the presence of clinical GORD. The mean
LOS pressure must decrease from a normal of >15 to <6 mmHg; the total LOS
length must decrease from a normal of 40-50 mm to <20 mm; and the abdominal
LOS length must decrease from 25 to 30 mm to <10 mm before it becomes a
criterion of LOS failure.

Part of this gap between normal and defective represents the reserve capacity of the
LOS. As LOS damage increases, its reserve capacity is progressively reduced, but as
long as it is not exhausted, the LOS maintains its competence (Table 4.1). This early
LOS damage cannot be recognized by any present criterion for the diagnosis of GORD:
the patient has no symptoms, endoscopic abnormality, or manometric criteria of a defec-
tive LOS or an abnormal pH test. This state where the LOS is damaged within its reserve
functional capacity can be called “preclinical GORD.” We will show that the histologic
squamo-oxyntic gap can define and measure this early LOS damage.

The analogy of this progression of GORD is similar to the progression of isch-
emic heart disease. This is caused by progressively increasing coronary artery nar-
rowing by atherosclerosis. In the 1960s, there was no clinical method of detecting
coronary artery disease. Most patients had coronary atherosclerosis that progressed
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Table 4.1 Length of abdominal segment of LOS, result of damage (shortening), and its correlation
with LOS failure and severity of GORD

LOS(a) length
LOS(a) Residual LOS(a) with a meal Probability of LOS Severity of
shortening length (mm) (mm) failure GORD
Zero 25-30 15-30 Near zero Zero
0—<5 mm 20-30 10-30 Near zero Near zero
5-<10 mm 15-25 5-25 Postprandial only Mild
10—<15 mm 10-20 0-20 Postprandial mainly Moderate
>15 mm <10-15 0-15 Frequent Severe
>20 mm <5-10 0-<10 Incessant Very severe

The normal abdominal LOS measures 25-30 mm. Shortening <5 mm is within the reserve capacity
of the LOS, which is still competent even with a 5-10 mm shortening associated with a heavy
meal. At 5-15 mm shortening, postprandial reflux which can likely be controlled by modifying
eating habits and/or PPI is likely. With greater LOS shortening, the likelihood of LOS failure pro-
gressively increases, resulting in increasing severity of reflux. The correlation of severity of reflux
with symptoms is inexact; its relationship to erosive esophagitis and Barrett esophagus is stronger.
Patients with LOS damage >15 mm are those at greatest risk for failing medical therapy, progress-
ing to visible columnar lined esophagus and adenocarcinoma

LOS(a)=abdominal segment of the lower esophageal sphincter

Residual LOS length=0Original LOS(a) length—LOS(a) shortening

LOS(a) length with a=temporary LOS(a) shortening of 5-10 mm with a heavy meal. There is no
shortening with a meal that causes no gastric overdistention

Probability of LOS failure increases as the LOS(a) length decreases to <10 mm

Severity of GORD =frequency of LOS failure

Postprandial LOS failure can be controlled by dietary modification that can control that amount of
LOS(a) shortening associated with a meal between 0 and 10 mm

slowly and remained within the reserve capacity of the vessels without causing
ischemic heart disease. A few narrowed their vessels sufficiently to cause angina of
effort. Some progressed to severe ischemic heart disease with myocardial infarction
and death. Preclinical LOS damage, clinical GORD, and progression to vCLO and
adenocarcinoma have an eerie similarity to this progression.

PPI therapy is to GORD what nitroglycerin was to ischemic heart disease: a
method of controlling symptoms without addressing the cause of a disease that was
present in most people, but that progressed to severe disease and a fatal outcome in
a significant minority of patients. In ischemic heart disease, this was myocardial
infarction. In GORD, it is Barrett esophagus and esophageal adenocarcinoma.

There is one important difference. Coronary atherosclerosis was easily detect-
able at autopsy. The relationship between coronary artery narrowing and ischemic
heart disease was easily correlated in autopsy studies. All that was needed was for
technology to advance to permit clinical detection of coronary arterial disease. In
contrast, LOS damage cannot be detected at autopsy by presently accepted criteria
of histologic normalcy of this region. The presence of vCLO and adenocarcinoma
cannot be attributed at autopsy to a defective LOS.

We will show that the correct use of histology permits definition of LOS damage
with exquisite accuracy if interpreted correctly. When this is recognized, we will
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have a method of study of GORD that is similar to that which propelled advances in
the management of ischemic heart disease. GORD will be defined by its cause, LOS
damage, defined by histology at endoscopy with appropriate specimens.

We hope that from this platform will emerge a method of scientific study of GORD
based on its etiology. The technology needed exists today. It is simply not used or, when
used, completely misunderstood. Once the early diagnostic criteria of LOS damage that
predict progression to vCLO are defined, it will hopefully become a relatively easy step
to identify patients destined to progress to vCLO and intervene early in these patients to
prevent this progression.

Mechanism of Maintenance of LOS Pressure

The high pressure in the LOS is maintained by the tonic contraction of the smooth
muscle in the entire length of the LOS. There is evidence that this is a function
of the smooth muscle of the esophagus that is largely controlled by the intrinsic
nerves. The tone of the LOS is retained even when the external neural connec-
tions of the esophagus are completely divided. However, destruction of the
intrinsic neural fibers by administration of a neurotoxin results in loss of LOS
tone, suggesting the existence of a local neuromuscular reflex mechanism for
maintenance of LOS pressure.

There is limited data about the intrinsic neuromuscular connections in the esoph-
agus. Rodrigo et al. [18], in an elegant study of the innervation of the normal squa-
mous epithelium of the esophagus, showed the presence of afferent nerve endings at
varying depths of the epithelium. These traversed the basement membrane of the
epithelium and connected with a subepithelial nerve plexus that was derived from
submucosal ganglion cells. The connections between the submucosal and myenteric
plexus ganglion cells are poorly understood. It is believed that the effector fibers of
the myenteric plexus play a role in normal smooth muscle contraction in the esopha-
gus. This likely includes peristaltic muscle contraction in the esophageal body and
the tonic contraction and relaxation of LOS muscle.

Elsewhere in the body, tone in skeletal muscle is maintained by local reflex arcs.
Afferents from stretch receptors in tendon and muscle relay information to the alpha
and gamma motor neurons in the spinal cord that produce muscle contraction that
maintains normal tone. Loss of tone results when this reflex arc is interrupted in
lower motor neuron lesions. Upper motor neuron and extrapyramidal lesions can
increase muscle tone. If there is an analogous mechanism responsible for maintain-
ing LOS tone, it would explain loss of tone when the local reflex is interrupted.

Possible afferents for such a local reflex arc include yet undiscovered receptors
in the smooth muscle and the documented intraepidermal nerve endings in the squa-
mous epithelium. If the afferent arm of the reflex arc is dependent on afferents nerve
endings in the squamous epithelium, the occurrence of columnar metaplasia will
necessarily interrupt the reflex arc and result in loss of LOS pressure.
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In this chapter, we will explore the relationship of columnar metaplasia of the
squamous epithelium in the LOS region and loss of LOS pressure. We will pro-
vide evidence that the length of columnar metaplasia of LOS squamous epithe-
lium is concordant with the degree of shortening of the LOS. This suggests that
replacement of squamous by columnar epithelium possibly changes the afferent
input from the epithelium. Our goal is to use this relationship to introduce a
potential new test that provides a measure of LOS shortening using targeted
endoscopic mucosal biopsies.

In Search of Accurate Definitions

Precise and accurate definition is critical in forming a basis for scientific study.
Precision requires simplicity and ease of application of the definition such that there
is the lowest possibility of interobserver variation.

The present scientific study of the esophagus, and particularly the changes in the
esophagus that occur when the esophagus is exposed to gastric acid, is compro-
mised by lack of precise and accurate definition of many things that are critical. It is
almost as if our faith that the treatment of GORD with PPI would make GORD be
a disease of the past has prevented us from scientific study of GORD.

In fact, even the definition of gastroesophageal reflux disease (GORD) itself,
lacks precision. The Montreal consensus definition states [19]: “GORD is a con-
dition that develops when the reflux of stomach contents causes troublesome
symptoms and/or complications.” This definition suggests that pathologic
changes resulting from GORD cannot occur without reflux of gastric juice into
the esophagus. Is this really true? What if the esophageal mucosa becomes
exposed to gastric juice and undergoes damage without reflux from the stomach
to the esophagus? Is this not also the equivalent of GORD? The mechanism of
exposure of esophageal squamous epithelium to gastric juice is surely less
important than the fact of that exposure.

We suggest that a more precise definition of GORD is that “GORD is a patho-
logic condition resulting from exposure of the esophageal epithelium to gastric
juice.” Converting the basis of definition from its dependency on relatively nonspe-
cific and insensitive symptoms to a histologic basis is a positive step if accurate
histologic changes of GORD can be defined.

This would mean that GORD can occur without any symptoms or abnormality
in the tests that are commonly used for measuring reflux of gastric juice into the
esophagus. These tests, which include pH and impedance testing, have the basic
flaw that the measuring device is placed high in the esophagus, usually 5 cm
above the upper end of the lower esophageal sphincter (LOS). Given a mean
LOS length of 4-5 cm, the measuring device is 9-10 cm above the end of the
esophagus. Using the presence of reflux by these tests is surely at risk of missing
early changes of GORD. In fact, we know this to be true. There are patients with
troublesome symptoms of GORD who have a normal pH or impedance test.
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From an anatomical standpoint, it is very important to have a precise and
accurate definition of the gastroesophageal junction (GOJ). The most widely
used definition of the GOIJ is the proximal limit of rugal folds [1, 3, 20]. This is
a reasonably precise endoscopic landmark and can usually be seen in gross spec-
imens. However, there is absolutely no evidence that it accurately represents the
GOl. The basis of the definition is the opinion of experts [3, 21]. For an opinion-
based definition for which evidence is lacking, this definition of the GOJ has
powerful international acceptance.

The absence of an evidence base for the universally accepted definition of the
GOJ raises the question as to whether all interpretations that are accepted about the
findings in this region are correct. We suggest that errors resulting from incorrect
definition of the GOJ are indeed the reason why GORD is such a poorly managed
disease [22].

In this chapter, we will develop a precise definition of the GOJ. When this is done,
GORD changes from being a confusing entity to one that can be accurately defined
with micrometer precision and complete understanding of its pathophysiology.

Histologic Definitions of Epithelia in the Esophagus
and Stomach

It is remarkable that GORD, a disease that results from damage to esophageal epi-
thelium by gastric acid, has no histopathologic criteria that have practical value in
present diagnosis. Squamous epithelial changes that include dilated intercellular
spaces, basal cell hyperplasia, papillary elongation, and intraepithelial eosinophils
have such low specificity and sensitivity to have no predictive value. A significant
number of patients with clinically “proven” symptomatic GORD are normal by
present endoscopic and histologic criteria. These patients are designated as having
nonerosive reflux disease (NERD).

Before we accept the fact that histology does not play a role in the diagnosis of
early GORD, it is important to ask the right questions: Is there any possibility that we
are overlooking something obvious? Is there some histologic change that is diagnostic
of GORD that we are missing? Are we looking at the right things? Is there any pos-
sibility of error in our definitions? Could we be calling the distal esophagus damaged
by GORD something else? Like the proximal stomach? Is it possible that we are so
wrong? The simple answer to all these questions is a vehement “yes.”

To begin to answer these questions and explore histologic criteria for defining
early GORD, it is important to first define the epithelial types seen in the esophagus
and stomach. There are only five epithelial types that occur from the proximal end
of the esophagus to the pyloric antrum [23, 24]. These are as follows:

(a) Stratified squamous epithelium. This is limited to the esophagus in the human.
It is always present.
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(b) Gastric oxyntic mucosa. This is limited to the proximal stomach and not found
in the esophagus. It is always present.

(c) Three columnar epithelial types that are not always present. When present, how-
ever, they are always interposed between the distal limit of esophageal squamous
epithelium and the proximal limit of gastric oxyntic epithelium. These are (1)
cardiac epithelium composed of only mucous cells; (2) cardiac epithelium with
parietal cells admixed with mucous cells in the glands, an epithelium that we have
designated as oxyntocardiac epithelium; and (3) cardiac epithelium with goblet
cells, which we call esophageal intestinal epithelium. The prevalence of these
three columnar epithelial types is variable. Intestinal epithelium is the least com-
mon and oxyntocardiac epithelium the most prevalent.

The four columnar epithelial types can be precisely defined by simple histologic
criteria based on the presence or absence of mucous cells, parietal cells, and goblet
cells (Table 4.2). The definition of the epithelial type is applied to every unit of the
epithelium, which is defined as a single foveolar-gland complex. Multiple epithelial
types can therefore be present in a small area.

The diagnosis of these four epithelial types has high precision with minimal
training and experience. More important than training though is an understanding in
the pathologist that differentiating between these epithelial types indeed has merit.

Careful study of routine sections stained by hematoxylin and eosin is adequate
for accurate diagnosis in most cases. The only recommended special stain is digested
periodic acid Schiff stain (diastase-PAS or D-PAS) if there is a question between
oxyntocardiac and gastric oxyntic epithelium. D-PAS highlights neutral mucin con-
taining mucous cells in the glands and facilitates differentiation of gastric oxyntic
epithelium from oxyntocardiac epithelium with a predominance of parietal cells in
the glands (Fig. 4.4). Alcian blue stain is strongly discouraged. Intestinal epithelium
is defined by the presence of goblet cells visible on routine stained sections. It is not

Table 4.2 Histologic criteria for diagnosis of four different columnar epithelial types that are
encountered in the esophagus and proximal stomach

Mucous cells in glands® Parietal cells | Goblet cells
Gastric oxyntic epithelium - + b
Cardiac epithelium + - -
Oxyntocardiac epithelium + + -
Intestinal epithelium + - +

Gastric oxyntic epithelium lined the entire proximal stomach. Cardiac, oxyntocardiac, and intesti-
nal epithelia are, when present, interposed between the squamous epithelium and gastric oxyntic
epithelium (i.e., form the squamo-oxyntic gap)

Note: There is no epithelium defined in this scheme that has both parietal and goblet cells in one
foveolar-gland complex. This is an extremely rare finding; when found, goblet cells take prece-
dence and the epithelium is designated as intestinal

aMucous cells are present at the surface and foveolar pit in all epithelial types; it is the presence of
mucous cells in glands below the foveolar pit that are relevant to the definitions

Gastric oxyntic epithelium with atrophic gastritis can have goblet cells. This is gastric intestinal
metaplasia and different than cardiac epithelium with intestinal metaplasia
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Fig. 4.4 D-PAS stain aids
in the distinction of gastric
oxyntic epithelium (a)
where the positive deep
magenta staining of
mucous cells is limited to
the surface foveolar region
(arrowhead). The glands
below the foveolar pit are
PAS negative (asterisk).
(b) Oxyntocardiac
epithelium shows an
admixture of mucous cells
(deep magenta, arrow)
round parietal cells
(negative for PAS,
asterisk) in the glands
under the foveolar pit
(arrowhead)

defined as the presence of blue staining acid mucin, which can be found in cardiac
epithelial cells. The use of alcian blue stain has a high risk of overdiagnosis of intes-
tinal metaplasia.

The Squamo-Oxyntic Gap

The squamo-oxyntic gap is a new concept that we introduced in 1997 and named in
2010 [25, 26]. Most pathologists and gastroenterologists do not use the concept
despite the strong evidence that exists that it has value in the diagnosis of GORD
[22]. The relatively small number of groups that have embraced the concept have
produced data that have uniformly shown that the presence of a squamo-oxyntic gap
correlates with the presence of GORD, its length with the severity of GORD, and its
composition with the risk of adenocarcinoma.
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The squamo-oxyntic gap is defined histologically. Its relationship to the tube and
pouch, as well as its relationship to the rugal folds in the region of the GOJ is of
secondary relevance. It must be used without preconceived ideas of anatomy and the
recognition that these may be incorrect [13].

The best way to assess the squamo-oxyntic gap is by a vertical section taken with
its proximal end at the squamocolumnar junction extending distally till the proximal
limit of gastric oxyntic epithelium is reached. In resection specimens and autopsies,
this vertical section should extend 30 mm beyond the end of the tube to ensure that
gastric oxyntic epithelium is reached.

Its length can be assessed at endoscopy by measured biopsies taken from the
squamocolumnar junction, extending distally to a point 30 mm distal to the point of
flaring of the esophagus. For practical purposes, 15-20 mm is sufficient; to be thor-
ough, 30 mm is optimal although it is likely that all biopsies taken 30 mm distal to
the end of the tube will be composed of gastric oxyntic epithelium. The intervals of
the measured biopsies can be 5 or 10 mm with the understanding that precision of
measurement increases as the biopsy interval decreases. Ideally, someone should
develop a new biopsy instrument that can obtain a 20 mm vertical biopsy of the
mucosa. This will provide a measurement that is accurate at a micron level and
identical to a vertical section taken from a resection specimen.

A study of the variations in the length and composition of the squamo-oxyntic
gap and finding reasons for these variations provides a unique method of elucidating
the pathologic changes of GORD. The study of the relationship of the squamo-
oxyntic gap to endoscopic and gross anatomic landmarks permits accurate defini-
tion of the GOJ and removes the existing false dogmas that cloud the study of
GORD at the present time.

Definition of the Squamo-Oxyntic Gap

Because cardiac, oxyntocardiac, and intestinal metaplastic epithelia are always
found between the distal end of the squamous epithelium and the proximal limit of
gastric oxyntic epithelium, it is possible to define a histologic entity called the
squamo-oxyntic gap. This is the gap between the distal limit of squamous epithe-
lium (always esophageal) and the proximal limit of gastric oxyntic epithelium
(always gastric).

The ability to define and measure the squamo-oxyntic gap provides a histologic
springboard for the scientific study of the esophagus and proximal stomach. Its defi-
nition is easy, precise, and without any controversy. No one can argue with the fact
that the gap lies between squamous epithelium and gastric oxyntic epithelium.

Care must be taken when evaluating the literature to recognize that there are two
different gaps in this region based on criteria used for definition:

(a) The squamo-oxyntic gap [26-28], as defined earlier, which includes oxyntocar-
diac epithelium and cardiac epithelium with and without intestinal metaplasia;
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(b) The gap between the distal limit of squamous epithelium and the first parietal
cell that is encountered [15, 29]. This is NOT the squamo-oxyntic gap. It is the
length of cardiac epithelium. This is always less than the squamo-oxyntic gap
because oxyntocardiac epithelium is invariably present distal to cardiac epithe-
lium in patients who have cardiac epithelium. The measured length of the gap
between the distal limit of squamous epithelium to the first parietal cell (i.e., the
length of cardiac epithelium) does not bear a constant relationship to the length
of the squamo-oxyntic gap. As such, it cannot be used to calculate the total
length of the squamo-oxyntic gap.

The Length of the Squamo-Oxyntic Gap

The length of the squamo-oxyntic gap varies in published reports from zero to over
20 mm (Fig. 4.5). A gap of less than 2 cm is usually not recognized at endoscopy. A
gap exceeding 3 cm is recognized as vCLO at endoscopy. Visible CLO at endos-
copy, when present, is always significantly shorter than the total length of the histo-
logic squamo-oxyntic gap, usually by 10-25 mm.

There is a present controversy as to the normal length of the gap. We believe that
the normal gap is zero. It is easy to establish this positive. We [27], and other groups
[30], have illustrated a squamocolumnar junction with a direct transition of squa-
mous to gastric oxyntic epithelium without a gap (Fig. 4.5). If a zero squamo-
oxyntic gap is present in anyone without any detectable abnormality, this must be
the normal state. We have also seen a near zero squamo-oxyntic gap in an esopha-
gectomy specimen of a 77-year-old patient with squamous carcinoma.

By our viewpoint, any squamo-oxyntic gap is abnormal and results from colum-
nar metaplasia of esophageal squamous epithelium caused by exposure to gastric
juice, i.e. GORD. Glickman et al. [31] showed that pediatric patients who had
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Fig. 4.5 A section across the squamocolumnar junction at autopsy showing direct transition of
squamous epithelium to gastric oxyntic epithelium, characterized by the typical straight tubular
glands containing only parietal and chief cells below the foveolar pit
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>1 mm of cardiac epithelium distal to the squamocolumnar junction had more reflux
than children with <1 mm. Increasing length of the gap correlates very well with
increasing severity of GORD. Chandrasoma et al. [32] showed that patients with
>20 mm of a squamo-oxyntic gap had more reflux than those with <20 mm.

The opposing viewpoint is that a gap of “up to 4 mm” composed of cardiac epi-
thelium normally exists in the proximal stomach (“the gastric cardia”) [29, 33]. This
is not a tenable viewpoint with data showing that 1 mm of cardiac epithelium cor-
relates with GORD in children. There is also no pathologic entity at the present time
that explains why the gap can extend up to 30 mm into what is called the proximal
stomach, 26 mm greater than what is deemed normal. The 1-4 mm normal cardiac
mucosa in the proximal stomach is associated with GORD and its expansion into
30 mm is associated with more severe GORD. The belief presently held by most
pathologists and gastroenterologists of the concept of a “normal squamo-oxyntic
gap” consisting of “normal cardiac epithelium” in the proximal stomach (“gastric
cardia”) is dying, albeit very slowly.

When defining normalcy, it is an error to equate normalcy with universality. A
finding that is present in everyone is not necessarily normal. For example, athero-
sclerosis of the abdominal aorta is present in almost all people in the Western world.
The reason why this is not normal is that a person with atherosclerosis is more likely
to develop ischemic vascular disease than one without. Similarly, the presence of a
squamo-oxyntic gap is not “normal,” because its presence is more likely to indicate
GORD than its absence.

The Epithelial Composition of the Squamo-Oxyntic Gap

The epithelial composition of the gap varies greatly. All patients with a gap will
have oxyntocardiac epithelium at the distal end of the gap. The majority of people
with a gap length of <5 mm have only oxyntocardiac epithelium separating squa-
mous from gastric oxyntic epithelium [27].

The majority of patients with a gap length >1 cm will have a mixture of cardiac
and oxyntocardiac epithelium [34]. Intestinal metaplasia is present in a minority
(5-10 %) of people. Its prevalence increases with increasing length of the squamo-
oxyntic gap [34]. At the present time, nearly 100 % of patients with a gap length
>5 cm will have intestinal metaplasia [34].

Surprisingly, the distribution of the three epithelial types, when all are present, is
remarkably constant [35]: intestinal metaplasia is found proximally adjacent to
squamous epithelium, oxyntocardiac is found distally adjacent to gastric oxyntic
epithelium, and cardiac epithelium is found in the intermediate zone by itself and
admixed with the other two epithelia proximally and distally.

The prevalence of intestinal metaplasia increases with increasing length of the
gap and it is predominantly present in the more proximal region of the gap. The
only logical explanation for these findings is that the occurrence of intestinal meta-
plasia in cardiac epithelium is favored by the more alkaline environment of the
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more proximal esophagus in a patient with GORD. This would explain the dra-
matic increase in Barrett esophagus with intestinal metaplasia in the past four
decades. Acid suppressive drug therapy has resulted in increasingly effective alka-
linization of gastric juice and therefore the esophagus during a reflux episode.
Modern PPI therapy can maintain gastric pH at >4 for >18 h of the day [36].

The Location of the Squamo-Oxyntic Gap

Localization of the gap is entirely dependent on the definition of the GOJ. Error in the
definition of the GOJ will result in incorrect localization of the gap. The fact that the
presently used definitions of the GOJ (the point of flaring of the tubular esophagus and
proximal limit of rugal folds) has no evidence base to support them [1, 3, 21], should
make us keep an open mind to the possibility that they are inaccurate. The reported
location of the squamo-oxyntic gap varies from purely esophageal to purely gastric, to
straddling the GOJ and involving both esophagus and proximal stomach. In the litera-
ture, the squamo-oxyntic gap extends into what is called the proximal stomach to a
maximum of 30 mm. By presently accepted criteria, this is the “gastric cardia.”

It is remarkable that the original description of the squamo-oxyntic gap by
Allison and Johnstone in 1953 [37] was the same as the concept that we have devel-
oped with much sweat and controversy over the past two decades. Allison and
Johnstone’s perspective was based on esophago-gastrectomy specimens [37]. At the
time, the GOJ was defined externally by the point of transition of the esophageal
muscle to gastric muscle and the location of the peritoneal reflection. There were no
internal definitions of the GEJ. The pathologist, Dr. D. H. Collins, who reported the
best described case, divided the specimen horizontally at the peritoneal reflection,
essentially separating the stomach from the esophagus at the GOJ as defined in
1953. He then took a long vertical section that traversed the entire specimen for
histologic examination. There was no need to differentiate tube from sac or to define
the rugal folds; these were irrelevant at the time. The epithelium at and distal to the
peritoneal reflection was gastric oxyntic epithelium. The epithelium proximal to the
GOJ was cardiac epithelium with scattered parietal cells. Two of eleven cases had
goblet cells; there was one patient with adenocarcinoma. No gastric oxyntic epithe-
lium was present in the esophagus.

By the definitions of the GOJ used in 1953, the entire squamo-oxyntic gap was
located in the esophagus with its distal end at the GOJ. The stomach distal to the
GOJ was lined by gastric oxyntic epithelium [37].

The increasing use of endoscopy in the next decades created the need for defini-
tion of the GOJ from the mucosal aspect. The external markers of the GEJ used by
Allison and Johnstone in resected specimens were not visible at endoscopy. The
landmarks that can be identified with reasonable precision at endoscopy are the
squamocolumnar junction (Z-line), the diaphragmatic impression, the point of flar-
ing of the tubular esophagus, the distal end of the palisading longitudinal vessels,



4 A New Pathologic Assessment of Gastroesophageal Reflux Diseases.... 61

and the proximal limit of rugal folds. While recognizable as landmarks, none of
these have been shown to correspond accurately to the GOJ in both normal and
GORD-damaged esophagus.

A good example of the desire to use a mucosal landmark to define the GOJ is
Norman Barrett’s statement in 1950 [38]: “the oesophagus is that part of the fore-
gut, distal to the cricopharyngeal sphincter, which is lined by squamous epithe-
lium...” Barrett incorrectly defined the GOJ as the squamocolumnar junction. By
Barrett’s original definition, the entire squamo-oxyntic gap in the tubular esophagus
was gastric and called the “tubular intra-thoracic stomach”. Barrett, in 1957 [39],
changed his mind when he agreed with Allison and Johnstone that what he had
called the tubular intrathoracic stomach was esophagus, an entity which he named
the columnar lined esophagus that bears his name.

In 1961, Hayward [40] defined the GOJ as the end of the tube where it flared into
the saccular stomach. He gave no reason or evidence to support this except to opine
that the function of the esophagus is to transmit food from the pharynx to the stom-
ach and this function must require a tube. Using this definition of the GOJ, Hayward
defined the normal histology of this region. According to this, there was normally a
squamo-oxyntic gap of approximately 5 cm [40]. The normal squamocolumnar
junction was 2 cm proximal to the end of the tube. Cardiac epithelium extended
from that point across the GOJ (the end of the tube) into what he called the proximal
stomach to a distance of 3 cm before gastric oxyntic epithelium was encountered.
According to Hayward, this 5 cm of a mucous cell containing epithelium acted as a
buffer that prevented acid digestion of the esophageal squamous epithelium.
Hayward produced no data to justify his edicts. These definitions of the GOJ and the
5 cm normal extent of cardiac epithelium that was found both in the distal esopha-
gus and proximal stomach were accepted by the entire pathology and gastroenterol-
ogy world for the next 3 decades. Five centimeters of a squamo-oxyntic gap had, by
the power of Hayward’s edict, become a normal structure located in both distal
esophagus and proximal stomach [40].

In 1994, Spechler et al. [2] provided data that led to the definition of short-
segment Barrett esophagus. This resulted in the recognition that the concept that
columnar epithelium normally lined the distal 2-3 cm of the esophagus was not
correct. The endoscopic definition of the normal state was that squamous epithelium
extended all the way to the end of the tube where the horizontal squamocolumnar
junction met the proximal limit of rugal folds. The normal squamo-oxyntic gap had
now become limited to the proximal 3 cm of the stomach.

Autopsy Studies of the GOJ

All the studies that had produced data regarding the normal structure of the GOJ
came from the study of resection specimens and endoscopy in patients with
GORD. The first detailed autopsy studies of the GOJ in patients who had no clinical
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evidence of GERD were published in 2000 from our unit [27]. This presented a new
perspective that was remarkably different than the accepted dogma of normal his-
tology in this region. Complete circumferential histologic examination of the 2 cm
distal to a grossly normal squamocolumnar junction in 18 patients revealed the fol-
lowing [27]:

(a) A squamo-oxyntic gap was present in all patients but not in the entire circum-
ference of the squamocolumnar junction. In 50 % of patients, there was a direct
transition from esophageal squamous epithelium to gastric oxyntic epithelium
in some part of the circumference (Fig. 4.5).

(b) Intestinal epithelium was not present in any patient.

(c) Cardiac epithelium was absent in 56 % of patients.

(d) Oxyntocardiac epithelium was present in some part of the circumference in all
patients.

(e) The length of the squamo-oxyntic gap ranged from a minimum of zero to a
maximum of 0.805 cm in the 18 patients.

(f) The person with the shortest gap had only oxyntocardiac epithelium to an extent
of zero to 0.048 cm.

In an almost simultaneous study of pediatric autopsies in 2000, Kilgore et al.
[29] confirmed that cardiac epithelium was much shorter than previously thought
(0.1-0.4 cm) but found it to be present in all patients. Kilgore et al. did not report
the length of oxyntocardiac epithelium. It is well established that cardiac epithelium
can be present more than 2 cm distal to a normal squamocolumnar junction in
patients with GORD [28, 41]. The critical information in these autopsy studies
relates to the minimum, not maximum extent of cardiac epithelium. This is zero in
the Chandrasoma et al. [27] study and 0.1 cm in the Kilgore et al. study [29]. The
common interpretation of these two studies in the pathology and gastroenterology
literature was that cardiac epithelium was normally present “up to 0.4 cm” as a
normal epithelium in the proximal stomach [33]. This erroneous conclusion has
been repeated as fact by all major authorities despite the fact that the conclusion is
obviously flawed [13, 22].

Until this misconception that the most distal 1-4 mm of the squamo-oxyntic gap
is normal gastric epithelium is corrected, the argument will always be whether
1-4 mm of cardiac epithelium is a normal proximal gastric epithelium in addition to
being the epithelium that constitutes vCLO. Derakhshan et al. recently showed that
the <2.5 mm of cardiac epithelium found in asymptomatic volunteers showed
inflammation and immunohistochemical features that were similar to nonintestinal-
ized vCLO [42]. Spechler, in an editorial opinion of this paper suggested that this
data provided strong support for our concept that cardiac epithelium is always a
metaplastic epithelium resulting from squamous epithelial damage caused by expo-
sure to gastric juice.
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The Squamo-Oxyntic Gap in Different Populations

The length of the squamo-oxyntic gap correlates with the severity of GORD in a
manner that is highly predictable.

People Without GORD Symptoms

People without symptoms of GORD are reported in (a) autopsy studies (see
earlier), (b) studies of asymptomatic volunteers, and (c) screening upper endos-
copy. In autopsy studies, the squamo-oxyntic gap is <5 mm in the majority and
range from zero to 10 mm [27, 29]. Robertson et al. [15], in a study of asymp-
tomatic volunteers, measured the length of cardiac epithelium distal to the nor-
mal squamo-columnar junction in two groups of patients defined by the presence
and absence of central obesity. Taking biopsies across the squamocolumnar
junction with jumbo biopsy forceps permitted measurement of the length of
cardiac epithelium distal to the junction. Cardiac mucosa was significantly lon-
ger in persons with central obesity compared to those without (2.5 mm vs.
1.75 mm). This is not the squamo-oxyntic gap because oxyntocardiac epithe-
lium is excluded, but it shows that asymptomatic persons have cardiac epithelial
lengths that are similar to those at autopsy.

Unfortunately, there is almost no other screening data in asymptomatic people.
There is an opportunity to study the squamo-oxyntic gap at every upper endoscopy
that is performed. Unfortunately, present understanding of GORD and the histopa-
thology of this region has resulted in the general recommendation by all gastroen-
terology societies that biopsies should not be taken in the person who is
endoscopically normal, whether or not they have symptoms of GORD [1, 3, 21].

GORD Patients with No Endoscopic Abnormality

There are very few studies that have reported systematic biopsies taken distal to a
normal squamo-columnar junction that permit estimation of the length of the
squamo-oxyntic gap. Even fewer studies provide data that allow correlation between
the estimated length of the gap with evidence of GORD. Jain et al. [41] performed
multilevel biopsies distal to the squamocolumnar junction in 31 patients. In 25
patients, the squamocolumnar junction was at the same level as the endoscopic
GOJ; in the other six, it was >10 mm proximal to the GOJ. Four-quadrant biopsies
were taken at the GOJ and 10 and 20 mm distally. The prevalence of cardiac epithe-
lium was 11/31 (35 %) at the GOJ, 4/29 (14 %) 10 mm distal, and 1/30 (3 %) 20 mm
distal. This data suggests that the cardiac epithelial length was >10 mm in 14 % and
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>20 mm in 3 %. The authors did not report the presence of oxyntocardiac epithe-
lium. As such the length of the entire squamo-oxyntic gap is unknown. Ringhofer
et al. [43] reported the findings of multilevel biopsies at the endoscopic GOJ and on
both sides of it at intervals of 0.5 cm. The level of the proximal limit of rugal folds
was designated 0 and biopsies proximal to this were labeled +0.5 and those distal to
it were designated —0.5, —1.0. All patients had a squamo-oxyntic gap. In no patient
did squamous mucosa transition directly to gastric oxyntic mucosa. The gap con-
sisted of only oxyntocardiac epithelium in 12 (11.8 %) patients, cardiac and oxynto-
cardiac epithelium in 71 (69.6 %) patients, and had intestinal metaplasia in 19 (18.6)
patients. In 81 % of patients, the squamo-oxyntic gap extended to the biopsy taken
5 mm distal to the GOJ and in 28 % the gap extended to the biopsy taken10 mm
distal to the GOJ. The relationship of the gap length to any criterion of severity of
GORD was not reported.

The earlier studies show that, in patients with GORD, the squamo-oxyntic gap
extends distal to the end of the tubular esophagus to a distance that is very com-
monly >5 mm, commonly >10 mm, and rarely >20 mm. The squamo-oxyntic gap is
longer in patients with GORD than in people without symptoms of GORD at
autopsy [27, 29] or study in asymptomatic volunteers [15]. This variation in length
is easily measured by multilevel biopsies at endoscopy. It is never done. To most
gastroenterologists, the gap is irrelevant. Being distal to the endoscopic GOJ, they
define this as “normal” epithelium of the gastric cardia.

There are very few studies that report the correlation between the presence of a
squamo-oxyntic gap and evidence of GORD. Glickman et al. [31], in a study of
children who had a biopsy that straddled the squamocolumnar junction, measured
the gap between the distal limit of the squamous epithelium and the first parietal
cell, i.e. the length of cardiac epithelium (not the squamo-oxyntic gap). The showed
that 52 % of children with a length of cardiac epithelium >1 mm had evidence of
esophagitis, significantly more than 21 % of children who had a cardiac epithelial
length <1 mm. This study proves that, in children, the presence of cardiac epithe-
lium has a quantitative association with GORD at the miniscule length of 1 mm.
Any cardiac epithelium in this region indicates columnar metaplasia resulting from
squamous epithelium damage from exposure to gastric juice. Oberg et al. [44], from
our unit, reported 334 patients with no endoscopic abnormality. A 2—4 sample ret-
roflex biopsy was routinely taken within 10 mm from the squamocolumnar junc-
tion. Two-hundred and forty-six (74 %) had cardiac and/or oxyntocardiac epithelium;
88 (26 %) had neither of these epithelia. There was no exact measurement of the
gap. However, it is highly likely that the 88 patients had a gap that was likely to be
<10 mm and the 246 patients a gap >5 mm. The 246 patients had significantly
higher 24-h pH study (6.0 vs. 1.1), lower mean LOS pressure (8.0 vs. 15.2), shorter
length of abdominal segment of the LOS (10 vs. 16 mm), and higher percentage of
a defective LOS (62.3 vs. 27.2) [44].
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Patients with a vCLO at Endoscopy

Endoscopically visible CLO is universally accepted as being caused by GORD-
induced metaplasia of the squamous epithelium of the esophagus. The change is
absolutely specific for GORD; it is not seen in any other esophageal disease.
Endoscopic biopsies taken at the proximally displaced squamocolumnar junction
always show cardiac epithelium with or without intestinal metaplasia [34]. In these
patients, the distal end of the columnar lined segment is endoscopically defined as
the proximal limit of rugal folds. Biopsies taken at the proximal limit of rugal folds
almost always show intestinal, cardiac, and/or oxyntocardiac epithelia. They are
almost never composed of gastric oxyntic epithelium [43]. The squamo-oxyntic gap
extends to a variable length distal to the end of the tubular esophagus and the proxi-
mal limit of rugal folds [13].

In the patients who have vCLO, therefore, the squamo-oxyntic gap consists of
two components (Fig. 4.6):

(a) The part of the gap above the proximal limit of rugal folds in the tubular esopha-

gus, which is equivalent to the endoscopically visible CLO.

(b) The part of the gap distal to the proximal limit of rugal folds in the saccular
structure distal to the tubular esophagus. This part will be regarded at endos-
copy as proximal stomach (“gastric cardia”) because it is distal to the proximal
limit of rugal folds, which is the endoscopic definition of the GOJ.

Stomach

Fig. 4.6 Progression of the squamo-oxyntic gap. (a) Normal state with no squamo-oxyntic gap.
Dashed line is the anatomic and endoscopic GOJ. (b) Squamo-oxyntic gap limited to the dilated
distal esophagus. This is presently called proximal stomach (gastric cardia) because it is distal to
the end of the tubular esophagus and the proximal limit of rugal folds. The endoscopic GOJ
(dashed line) has moved proximally. (¢) Final phase of progression where LOS damage has led to
sufficient reflux into the esophageal body to cause vCLO. Note: As LOS damage progresses, the
tubular esophagus shortens and the angle of His become more obtuse. The dilated distal esophagus
functionally becomes part of the gastric reservoir and develops rugal folds
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The squamo-oxyntic gap is, in reality, the full histologic extent of the columnar
lined esophagus. It is always longer that the endoscopic vCLO [13, 28]. Recognition
that its distal part, which is distal to the tube and in mucosa that has rugal folds, is
esophageal rather than gastric permits accurate definition of the full extent of the
CLO [13]. The full extent of the CLO cannot be measured endoscopically because
the point of transition of metaplastic oxyntocardiac epithelium to gastric oxyntic
epithelium (the true GOJ) cannot be seen. It must be measured by multilevel biop-
sies that measure the squamo-oxyntic gap distal to the endoscopic GOJ [43].

The Distal Part of the Squamo-Oxyntic Gap Correlates
with Damage to the Abdominal Los

There is evidence that the presence of a squamo-oxyntic gap is associated with
shortening of the abdominal LOS, beginning distally and extending proximally at a
rate of progression that varies in different people. Robertson et al. [15], in their
study of asymptomatic volunteers with and without central obesity reported find-
ings in high resolution pH metry (using 12 sensors) and manometry (36 sensors).
There was no evidence of excessive reflux 5 cm above the LOS in either group. The
persons with central obesity had shortening of the LOS, attributable to loss of the
distal (abdominal) component. Derakhshan et al. reporting the histopathological
characteristics of the cardiac epithelium in Robertson et al. asymptomatic volun-
teers showed that cardiac epithelium had similar intensity of inflammation and
immunohistochemical features to vCLO without intestinal metaplasia. They con-
cluded that expansion of cardiac epithelium in healthy volunteers resulted from
columnar metaplasia of the squamous epithelium of the distal esophagus and that
this was greater in persons with central obesity than those without. Their data essen-
tially proves that even the small squamo-oxyntic gaps seen in this region are similar
to nonintestinalized columnar metaplasia in vCLO. Other studies have shown a
marked difference in the amount of inflammation in the mucosa between cardiac
epithelium at the junction and immediately adjacent gastric oxyntic epithelium [45].
Oberg et al. [44] showed that patients who had a squamo-oxyntic gap in a retroflex
endoscopic biopsy taken from within 10 mm from a normal appearing squamoco-
lumnar junction had a greater likelihood of having a shortened abdominal LOS
compared to patients who did not have cardiac and/or oxyntocardiac epithelium.

Definition of the Gastroesophageal Junction (GOJ)

The evidence presented provides strong evidence that the squamo-oxyntic gap,
however small its extent, is associated with evidence of GORD and an abnormal
LOS. It can therefore not be part of the stomach. The end of the esophagus must be
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the distal limit of the squamo-oxyntic gap or the point where the squamo-oxyntic
gap meets the proximal limit of gastric oxyntic epithelium. This is the true GOJ. It
is only concordant with the endoscopic definitions of the GOJ (end of the tubular
esophagus and proximal limit of rugal folds) only in normal patients with a zero
squamo-oxyntic gap. This is extremely uncommon. GORD is an extremely com-
mon human disease in the USA, like coronary atherosclerosis.

The proof that the true GOJ is the junction between the distal limit of the squamo-
oxyntic gap and the proximal limit of gastric oxyntic epithelium is the presence of
esophageal submucosal glands underlying metaplastic columnar epithelia. Chandrasoma
et al. [13] reported the findings of ten esophagectomy specimens that had a sharp transi-
tion from the tube to the sac at the exact location of well-defined proximal rugal folds.
Eight patients had adenocarcinoma of the esophagus secondary to Barrett esophagus
and 2 had squamous carcinoma without visible columnar metaplasia in the tubular
esophagus. In the 8 patients with adenocarcinoma, the squamo-oxyntic gap extended
10.3-20.5 mm distal to the end of the tubular esophagus (Fig. 4.7a). In the 8 patients
with adenocarcinoma who had columnar metaplasia in the tubular esophagus, the entire
squamo-oxyntic gap consisted of the visible part in the tubular esophagus (vCLO) plus
the 10.3-20.5 cm that was in the sac distal to the end of the tubular esophagus and proxi-
mal limit of rugal folds (Fig. 4.7a). In the two patients with squamous carcinoma with-
out any columnar metaplasia in the tubular esophagus, the total squamo-oxyntic gap
was 3.1 and 4.3 mm and entirely in the pouch distal to the end of the tubular esophagus.
Squamous carcinoma has no association with GORD; these gaps are similar to those
seen in asymptomatic people at autopsy. In all patients, the distribution of columnar
epithelia was indicative of a single gap with intestinal metaplasia in the proximal region
adjacent to the squamocolumnar junction and oxyntocardiac epithelium distally adja-
cent to gastric oxyntic epithelium [34] (Fig. 4.7a).

One of the advantages of the resected specimens used in this study is that it per-
mits examination of the full thickness of the esophagus. In the ten specimens stud-
ied [13], we mapped the submucosal glands and compared their distribution to the
overlying epithelia (Fig. 4.7b, ¢). Submucosal glands were concordant within 5 mm
of the squamo-oxyntic gap, i.e. they extended to the gap or within 5 mm proximal
to the gap, irrespective of the length of the gap. Submucosal glands were never seen
under gastric oxyntic epithelium.

Submucosal glands develop in the fetal esophagus only after squamous epithe-
lium has replaced fetal esophageal columnar epithelia [46]. As such, it is limited to
the esophagus, never being seen in the normal stomach. The finding that the squamo-
oxyntic gap and submucosal glands are concordant in length essentially proves that
the sac distal to the end of the tubular esophagus is a dilated, GORD-damaged,
distal esophagus to the extent that it is lined by the squamo-oxyntic gap.

Sarbia et al. [28], in a similar study of esophagectomy specimens in 36 patients
with squamous carcinoma where all patients had the entire tubular esophagus lined
by squamous epithelium, i.e. there was no vCLO. They sectioned the entire area
distal to the squamocolumnar junction and measured the epithelial types. Cardiac
epithelium was present along the entire circumference of the squamocolumnar
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End of tubular
esophagus

Fig. 4.7 (a) Esophagectomy specimens in 8 patients with adenocarcinoma arising in Barrett
esophagus. The squamo-oxyntic gap extends into the dilated distal esophagus for 10.3-20.5 mm
and is associated with a variable segment of vCLO in the tubular esophagus. Blue =intestinal meta-
plasia; red=cardiac epithelium; black =oxyntocardiac epithelium; yellow = gastric oxyntic epithe-
lium; black vertical lines indicate rugal folds. (b, ¢) Esophagectomy specimen of patient at right
end of (a) showing 5.5 cm of vCLO and 2.0 cm of dilated distal esophagus (LOS shortening).
Black dots=submucosal glands; red line =squamocolumnar junction; green; distal limit of intesti-
nal metaplasia; black line=proximal limit of gastric oxyntic mucosa (distal limit of squamo-
oxyntic gap/true GOJ

junction in 20/36 patients, part of the circumference in 15 and completely absent
in 1. The combined length of cardiac and oxyntocardiac epithelium in the squamo-
oxyntic gap was a minimum of 1-12 mm (median 4 mm) and the maximum length
was between 5 and 28 mm (median 11 mm). In 8 (25 %) patients, cardiac and/or
oxyntocardiac epithelium was situated over submucosal glands and in a ninth case
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these epithelia were found overlying squamous lined ducts of these submucosal
glands. This study showed that all patients with squamous carcinoma had a dilated
distal esophagus composed of cardiac and oxyntocardiac epithelium separating the
squamous epithelium from gastric oxyntic epithelium. The low (25 %) percentage
of submucosal glands in this study is likely due to the fact that, in this non-GORD
population, the median maximum length of the gap was 11 mm. Submucosal
glands were never seen underlying gastric oxyntic epithelium.

The true GOJ cannot be seen at endoscopy because the dilated distal esophagus
and proximal stomach both have rugal folds. With standard endoscopy, it is not pos-
sible to differentiate oxyntocardiac and gastric oxyntic epithelium. It is possible that
newer endoscopic modalities, such as optical coherence tomography, can do this. At
present, though, only histologic examination is capable of identifying the true GOJ.

Genesis and Progression of the Squamo-Oxyntic Gap

We can now explain the genesis of the squamo-oxyntic gap and how it relates to
GORD. The gap always results from columnar metaplasia of the esophageal squa-
mous epithelium by its exposure to gastric juice. Exposure of esophageal squamous
epithelium to gastric juice occurs in two distinct ways and by two completely differ-
ent mechanisms, clearly separated in time with some overlapping in the middle.

Columnar Metaplasia Due to LOS Effacement Without Reflux

In a patient with a normal LOS at the onset of disease, usually in early life, the LOS
is placed under pressure from below during episodic over-eating [14, 15]. The
effacement of 5—7 mm of the distal LOS that occurs during a heavy meal causes a
proximal migration of the pH transition point within the LOS causing the distal
5-7 mm of esophageal squamous epithelium to be exposed to the acid pocket in the
stomach [15]. This causes squamous epithelium injury, which is reversible. Over the
years, however, repeated damage of the squamous epithelium ultimately results in
irreversible columnar metaplasia. This happens very slowly, one cell at a time, usu-
ally 1-5 mm per decade with rare outliers. Those with slower rates of columnar
metaplasia are closer to a zero squamo-oxyntic gap. Those with >5 mm/decade of
columnar metaplasia progress to severe LOS damage early in life.

Replacement of the squamous epithelium with columnar (cardiac) epithelium
results in loss of LOS function by a mechanism that is unknown. This results in
LOS shortening, beginning at the distal end and progressing cephalad as the
squamo-oxyntic gap increases in length. We have suggested that the loss of loss of
LOS pressure when columnar metaplasia occurs results from disruption of nerve
endings in the squamous epithelium that may be the afferent arc of an intramural
reflex that maintains tonic contraction of LOS muscle.
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In patients who do not develop GORD, the LOS shortening and the squamo-
oxyntic gap never exceeds 10 mm in their lifetime. They have lived within the
reserve capacity of their LOS. This is analogous to a person with <60 % narrowing
of coronary arteries who do not develop ischemic heart disease. With an original
abdominal LOS length of 25-30 mm, 10 mm shortening means there is a residual
abdominal LOS length of 15-20 mm. Even with the shortening of 5-7 mm during a
heavy meal, sphincter failure and reflux is limited if it ever occurs [15, 17]
(Table 4.1). It is only in the patient with no GORD and no LOS damage that the GOJ
is at the junction of the tube and sac and at the proximal limit of rugal folds. Such
patients with a zero squamo-oxyntic gap are rare, analogous to adults with abso-
lutely no coronary atherosclerosis that is also rare. Almost all people in the popula-
tion have a dilated distal esophagus. This is typically <5 mm in people without
GORD (autopsy [27, 29] and asymptomatic volunteers [15]) and increases in length
as the severity of GORD increases [13].

Columnar Metaplasia of the Esophageal Body Due to LOS
Failure and Reflux

As the squamo-oxyntic gap and abdominal LOS shortening increases >10 mm,
sphincter failure begins to occur, usually in the postprandial period where additional
LOS effacement occurs with a heavy meal [13]. The pH test becomes abnormal,
symptoms commonly begin, and the patient requires medical therapy, at least in the
postprandial phase.

At this onset of symptoms of GORD, the patient has reached a critical stage in
the progression of the disease. Even a slight additional decrease in LOS length
results in an exponential increase in the likelihood of LOS failure. Exposure of the
squamous epithelium of the body of the esophagus, all the way to the arch of the
aorta, which is the nadir of intraluminal esophageal pressure [10], increases rapidly.
Increasing erosive esophagitis and vCLO occur in an unpredictable manner at this
stage in the individual patient. There are many unknown factors such as the volume
of reflux, pH of refluxate, and innate resistance of the squamous epithelium to acid
exposure, that determine who develops erosions and who develops vCLO. LOS
shortening >15 mm indicates high risk of sphincter failure and reflux to an extent
that the patient is likely to develop severe symptoms independent of meals with
symptom control needing dose escalation and likely to be incomplete. They are
more likely to have erosive esophagitis and vCLO. Ideally, such patients should
have had an LOS assessment before this stage is reached and a repair already done
to prevent this.

This way of looking at GORD shows that a person can destroy 33—40 % of the
abdominal LOS (i.e., 10 mm of a 25-30 mm sphincter) and still have a competent
sphincter. These patients do not have significant sphincter failure and the body of
the esophagus is spared (Table 4.1). There are no symptoms that result from reflux
of gastric juice into the esophageal body. The only evidence of this early GORD is
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the histologic squamo-oxyntic gap in the dilated distal esophagus. This is misunder-
stood by present endoscopic and pathologic diagnostic criteria as “normal proximal
stomach (gastric cardia)” and completely ignored [12].

The occurrence of the first symptom of postprandial heartburn indicates LOS
shortening that is >33—40 % of its original length. It does not signify early disease.
It is already associated with a considerable amount of LOS damage. Symptomatic
GORD is a late manifestation of GORD in terms of severity of LOS damage. If
endoscopy is performed relatively soon after the onset of GORD symptoms, 5-10 %
of patients already will have vCLO and has entered the phase of irreversibility. In
the Pro-GERD study [4], 240/2721 (8.8 %) of patients had vCLO. These patients are
at risk for progression to adenocarcinoma without any reliable method of preven-
tion. The present problem is that endoscopy is not indicated even in these patients.
Therefore, vCLO will remain undetected in the 8.8 % of patients in the Pro-GERD
study without the special study-driven endoscopy [4].

In the Pro-GERD study, continued empiric treatment with acid suppressive drugs
resulted in the conversion of another 241/2481 (9.7 %) patients from no vCLO to
vCLO within 5 years [4]. The vCLO lengths in these patients ranged from 1 to
>5 cm. This was not the slow increase in the length of columnar metaplasia that was
caused by LOS damage. It was the result of sufficient LOS damage to cause reflux
into the esophageal body. The LOS damage had reached critical mass. Every milli-
meter of further LOS damage increased the number of events of sphincter failure
and episodes of reflux into the body of the esophagus. It is as if the disease exploded
from being limited to the LOS to involve the body of the esophagus en masse. This
resulted in a rapid development of columnar metaplasia in the body of the esopha-
gus adding the second dimension to the dilated distal esophagus, which was the
vCLO.

All patients who have vCLO will have a dilated distal esophagus, commonly
>10 mm long (Fig. 4.7). In Chandrasoma et al. [13], eight patients with vCLO had
a dilated distal esophagus measuring 10.3-20.5 mm. The length of vCLO in the
tubular esophagus varied from 0.5 to 5.5 cm. Patients who do not have vCLO, usu-
ally have a dilated distal esophagus that is <10 mm. The two patients with squamous
carcinoma had no vCLO and a dilated distal esophagus of 3.1 and 4.6 mm.

Unfortunately, symptom severity or duration does not correlate perfectly with
LOS damage. A minority of patients with vCLO, who almost always have severe
LOS damage, may reach that state without significant symptoms. These people with
asymptomatic vCLO will remain undetected unless screening for vCLO becomes
feasible, which is unlikely.

A New Pathologic Test of Los Damage

If the squamo-oxyntic gap and the dilated distal esophagus are concordant in length
in patients whose gap has not extended up into the tubular esophagus, it must follow
that the former is an accurate measure of the latter. We now have a histologic method
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of measuring the length of the dilated distal esophagus, which is equal to shortening
of the abdominal segment of the LOS. Like most histologic measurements, it is
highly accurate if the appropriate specimen is available.

Measurement at Autopsy

We highly recommend that a routine examination of the entire circumference of the
squamocolumnar junction including 25 mm distal to this be added to autopsy exam-
inations in academic centers that have an interest in GORD. If the peritoneal reflec-
tion can be identified, the vertical section from the squamocolumnar junction should
ideally extend to this point. Most of these specimens will have severe autolysis that
precludes accurate definition, but there will be some with adequate histology to
measure the squamo-oxyntic gap. In procuring tissue from organ donors, routine
harvesting of this region, if done, will provide potentially invaluable data. Direct
measurement of the gap between the distal limit of squamous epithelium and proximal
limit of gastric oxyntic epithelium using an ocular micrometer will provide an exact
measurement of the gap. Use of a D-PAS stain will help distinguish oxyntocardiac
from gastric oxyntic epithelium, increasing accuracy of measurement.

Measurement in Esophago-Gastrectomy Specimens

Every esophagogastrectomy specimen that has the junctional region should be care-
fully evaluated for landmarks such as the squamocolumnar junction, point of flaring
of the tubular esophagus, peritoneal reflection, and the proximal limit of rugal folds.
In patients who have no vCLO in the tubular esophagus, the entire circumference of
the 25 mm distal to the squamocolumnar junction should be sectioned vertically to
measure the squamo-oxyntic gap. In patients who have a vCLO, the entire vCLO
segment plus the 25 mm distal to the end of the tubular esophagus should be exam-
ined. These specimens are not uncommon in large academic centers. We and Sarbia
et al. [13, 28] showed the ease with which these studies can be done and the accu-
racy of the measurement of the squamo-oxyntic gap. These specimens also permit
assessment of the correlation between submucosal glands and surface epithelial
type. The lack of interest in such studies is incredible.

Measurement at Endoscopy with Present Biopsy Forceps

We suggest that routine biopsies be taken at every upper GI endoscopy with the
intent of measuring the squamo-oxyntic gap in academic centers that have an inter-
est in GORD. In general, the presence of vCLO at endoscopy means that there is
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severe LOS damage and the need to measure the squamo-oxyntic gap has only
academic value to confirm the relationship between vCLO and the length of the
squamo-oxyntic gap. For this purpose, measured biopsies should be taken from the
proximal limit of rugal folds for a vertical distance of 25 mm distally.

The measurement of the squamo-oxyntic gap is most valuable in patients who
are endoscopically normal. In these patients measuring the gap routinely will pro-
vide the baseline database that will differentiate all people in the population in terms
of the length of the squamo-oxyntic gap (= dilated distal esophagus). There is pres-
ently excellent data that shows that patients without GORD symptoms (at autopsy
[27, 29] and asymptomatic volunteers [15]) have very short (<5 mm) squamo-
oxyntic gaps. As GORD symptoms develop, the length of the gap increases.

Measuring the gap routinely will provide a highly precise basis for correlating
LOS damage with symptom severity, failure of medical therapy, erosive esophagi-
tis, vCLO, vCLO with intestinal metaplasia and neoplasia. Such data will be a plat-
form for making decisions on how best to manage GORD patients in the future.
Without adequate study, the data will never be accumulated and whether measurement
of the squamo-oxyntic gap is a useful test for GORD will never be known. It is not
as if GORD was a disease that is easily diagnosed by any available test at present.
It is not as if GORD is a disease whose treatment is highly effective. The academic
community should be desperately seeking new methods of studying the disease.
They are not.

The biopsy technique in the patient without vCLO with present equipment is as
follows: the area defined proximally by the squamocolumnar junction and distally
by a point 25 mm distally is divided into the following five segments: (a) squamo-
columnar junction to 5 mm, (b) 5-10 mm, (c) 10-15 mm, (d) 15-20 mm, (e)
20-25 mm. It is likely that the only biopsies necessary for practical assessment of
the squamo-oxyntic gap are the first three. This will provide three biopsies:

Specimen A: biopsy (2—4 quadrant) straddling the squamocolumnar junction, aim-
ing to sample the area zero to 5 mm distal to the junction;

Specimen B: biopsy immediately distal to specimen A, aiming to sample the area
5-10 mm from the junction;

Specimen C: biopsy immediately distal to specimen B, aiming to sample the area
10—15 mm from the junction.

Given that the open biopsy forceps measures 4 mm, a reasonably accurate sam-
pling of this region can be performed. The biopsy protocol will permit classification
of patients into the following grades of shortening of the abdominal segment of the
LOS (Table 4.3). Adding another biopsy that samples the area 15-20 mm from the
squamocolumnar junction will permit classification of LOS shortening into two
further grades: 15-20 mm and >20 mm. However, since the objective is to prevent
patients from reaching the critical 15 mm of shortening, this is probably not neces-
sary. Waiting for >20 mm shortening is equivalent to waiting for the patient to
develop uncontrollable reflux and vCLO, which is our definition of failed treatment.
It is the present point in the GORD treatment algorithm that GORD is taken seri-
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Table 4.3 Interpretation of the results of the recommended biopsy protocol

LOS(a)
Biopsy A Biopsy B Biopsy C shortening Likelihood of reflux
Sq+GOM GOM GOM Zero Zero
Sq+MCM+GOM | GOM GOM <5 mm Near zero
Sq+MCM MCM+GOM |GOM 5-10 mm Mild
Sq+MCM MCM MCM+GOM | 10-15 mm Moderate
Sq+MCM MCM MCM >15 mm Severe

Sq squamous epithelium, MCM metaplastic columnar epithelium, consisting of oxyntocardiac epi-
thelium +/— cardiac epithelium +/— intestinal epithelium, GOM gastric oxyntic epithelium
Compare with Table 4.1

ously as a disease and the point at which endoscopy is indicated. Endoscopy must
happen much earlier if early diagnosis by our method is to be effective.

Initially, there should be a phase of assessment (like a phase 1 trial), where these
biopsies should be limited to academic centers with an interest in GORD and where
data relating to symptoms, pH, and impedance studies, and manometry are carefully
documented. This will permit correlation of the biopsy findings with clinical and
objective measurement of reflux into the esophagus. Without these studies, the mea-
surement of the gap will have little meaning. The correlation between LOS shorten-
ing and severity of reflux will not be exact. Sphincter failure depends on the residual
functional LOS length rather than LOS shortening and this in turn depends on the
original LOS length, which varies in different people. When the squamo-oxyntic
gap has been studied and correlations established, the biopsy requirement will move
into the mainstream if the data shows that the assessment is valuable for clinical
decisions. It is also important to follow these test patients. Ultimately, the test will
have greatest value if the test results permit prediction of future progression. This
will allow intervention in a subgroup of patients with GORD before they reach the
critical point of 15 mm shortening.

There is evidence that this biopsy protocol separates GORD patients into 3
groups. Ringhofer et al. [43], using a biopsy protocol that extended from the proxi-
mal limit of rugal folds (endoscopic GOJ) to 10 mm distally, showed that the
squamo-oxyntic gap extended to at least 5 mm distal to the end of the tubular esoph-
agus in 81 % (i.e., 19 % had a gap <5 mm) and to at least 10 mm in 28 % of patients
(i.e., 53 % had a gap of 5-10 mm and 28 % had a gap >10 mm). There is a strong
probability that these three groups will have different severity of GORD.

There is one asymptomatic person who has an accurately measured squamo-
oxyntic gap. One of the authors (PC) had his gastroenterologist add an upper endos-
copy at the time of his screening colonoscopy with instructions to biopsy distal to
the squamocolumnar junction at 5 mm intervals for 20 mm. Endoscopy was normal.
The biopsy taken from O to 5 mm from the squamocolumnar junction consisted of
one focus of cardiac epithelium measuring 0.2 mm (two foveolar complexes), oxyn-
tocardiac epithelium which predominated and gastric oxyntic epithelium. The three
biopsies distal to 5 mm all consisted of normal gastric oxyntic epithelium only. This
led to the conclusion that the squamo-oxyntic gap was 4 mm with a mixture of
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oxyntocardiac epithelium (dominant) and cardiac epithelium. There was no intesti-
nal metaplasia. This correlates with the absence of GORD symptoms and a normal
esophageal body at endoscopy, similar to autopsy population without symptoms
during life [27, 29] and asymptomatic volunteers [15].

Future Ideal Endoscopic Measurement

If studies show that the measurement of the squamo-oxyntic gap in the dilated
distal esophagus (i.e., the length of shortening of the abdominal LOS) has value,
it is likely that more accurate methods of measuring the squamo-oxyntic gap will
be developed. The two possible methods of measurement are as follows: (a) the
development of a new biopsy forceps that can take a vertical biopsy with its
proximal end at the squamocolumnar junction and measuring 15-20 mm. This
will permit a precise measurement of the squamo-oxyntic gap. (b) Optical coher-
ence tomography that can be used at endoscopy. This potentially has the techni-
cal capability of distinguishing between the thinner metaplastic epithelia with
inflammation and disordered glands in the squamo-oxyntic gap from the thicker,
less inflamed, more orderly glandular structure of normal gastric oxyntic epithe-
lium. This would, if successful, provide a measurement of the squamo-oxyntic
gap with micrometric precision.

The technology to measure the squamo-oxyntic gap is available and can be eas-
ily improved to increase accuracy. It is only the will to perform the measurement
that is missing. We suggest that this failure is the result of misunderstanding of
normal anatomy and histology and the blind following of an incorrect definition of
the GOJ that has no evidence in support of it and much evidence to refute it.

Conclusion

We will not progress in the understanding, diagnosis, and treatment of this disease
as long as we continue to define GORD by symptoms and complications, which
represent a relatively late stage of LOS damage [19]. It is equivalent to defining
ischemic heart disease by angina. Like fatal myocardial infarction was the first clin-
ical sign of ischemic heart disease in some patients, the presence of esophageal
adenocarcinoma is the first sign of clinical GORD in some patients.

The path to early diagnosis that will pave the way to identifying high-risk patients
is by measuring LOS damage by its concordance with the histologic squamo-oxyn-
tic gap in the dilated distal esophagus [12, 22].

We must recognize that the dilated distal esophagus is not the normal proximal
stomach; it is the early pathology of GORD that remains unrecognized by present
definitions and diagnostic criteria.
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Introduction

The incidence of esophageal adenocarcinoma (EAC) in the western world has
increased sixfold over the past three decades and has a dismal prognosis when
detected at a symptomatic stage [1]. Adenocarcinoma develops through a precursor
lesion called Barrett’s esophagus (BE) in a sequence of gradually evolving, histo-
logically recognizable steps: intestinal metaplasia, low-grade dysplasia (LGD),
high-grade dysplasia (HGD), intramucosal carcinoma (IMC), and eventually inva-
sive carcinoma. These intermediate grades of dysplasia offer a window of opportu-
nity for curative therapy.

In the last decade, endoscopic therapy has been become the treatment of choice
for early Barrett’s neoplasia (i.e., HGD and IMC), with an excellent prognosis and
safety profile compared to surgical resection [2]. A prerequisite for endoscopic ther-
apy is adequate patient selection; only patients with HGD and IMC have a virtual
absent risk of lymph node metastasis and are therefore amendable for endoscopic
therapy [3].

In patients with known BE, regular surveillance endoscopy with random biop-
sies is recommended to detect early neoplastic lesions at a curable stage [4].
However, these lesions are often small, focally distributed, and endoscopically
poorly visible (Fig. 5.1). Random four-quadrant biopsies may easily miss early
lesions, since only about 5 % of the Barrett’s segment is sampled [5]. Moreover, this
process is laborious and many endoscopists do not adhere to the protocol [6].

Fig. 5.1 Examples of subtle neoplastic lesions in Barrett’s esophagus (a). The neoplastic lesions
are encircled (b). Reproduced with permission from www.endosurgery.eu [75]
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In recent years, many advanced imaging techniques have been developed to improve
the detection of early Barrett’s neoplasia.

In this chapter, we will discuss how to endoscopically diagnose early neoplasia
during BE surveillance and how advanced imaging techniques may affect clinical
management of BE either by improving the primary detection of early neoplastic
lesions, allowing real-time diagnosis and decision making during endoscopy, or
guiding the endoscopic workup and treatment. Parts of this review have been pub-
lished earlier in specific publications on endoscopic workup of early Barrett’s neo-
plasia and advanced imaging techniques by our group [7, 8]. The review was
published in its entirety in Best Practice & Research Clinical Gastroenterology
(published Online: December 03, 2014).

Endoscopic Diagnosis of Early Neoplasia in Barrett’s
Esophagus

The goal of endoscopic surveillance of patients with Barrett’s esophagus is the
detection of early neoplastic lesions. To ensure the detection of early neoplastic
lesions there are three rules that should be followed. These rules relate to the endo-
scopic equipment used; the “detecting eye” of the endoscopist; and a systematic,
meticulous approach.

Use Best Endoscope Available

High-resolution endoscopy using high-definition (HD) systems improve image res-
olution and reduce artifacts. The addition of magnification (zoom) endoscopy opti-
cally magnifies 150-fold without losing image quality, for optimally scrutinizing
fine surface details [9, 10]. Most recent innovation enables the endoscopist to switch
between two focus settings (dual focus, Evis Exera III 190, Olympus Inc., Tokyo,
Japan): normal and near mode featuring close mucosal observation. Since early
Barrett’s esophagus neoplasia often presents as flat lesions with only subtle mucosal
abnormalities, most experts agree that high-resolution endoscopy is the preferred
method for the endoscopic evaluation of Barrett’s esophagus.

You Do Not Detect What You See, You Detect What
You Recognize

Up to 80 % of patients referred for workup of HGD/IMC without visible abnormali-
ties will have at least one visible abnormality detected in their Barrett’s esophagus
upon endoscopic inspection by expert endoscopists [11, 12]. Although early BE
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neoplasia generally presents as subtle flat lesions that may be difficult to detect,
most state-of-the-art endoscopes do show these abnormalities to the experienced
eye. Early neoplasia in BE is, however, relatively rare and most endoscopists do not
encounter these lesions on a regular basis. The lack of familiarity of most endosco-
pists with the appearance of early gastrointestinal neoplasia thus becomes the limit-
ing factor in the detection: “You do not detect what you see, you detect what you
recognize.” Knowledge of the endoscopic appearance of early Barrett’s neoplasia is
thus essential for its diagnosis. Figure 5.1 shows a variety of subtle early neoplastic
Barrett’s esophagus lesions that may help endoscopists to recognize these lesions
better in the future.

Perform a Systematic Endoscopic Inspection

The detection of gross mucosal abnormalities such as elevations, ulcerations, and
nodularities in overview is fairly easy. For the detection of subtle abnormalities, a
more careful and thorough inspection following a systematic approach is impera-
tive. After intubation, the esophagus should be carefully cleaned out to remove any
mucus or saliva. Then, it is important to remove all gastric secretions to prevent
reflux into the esophagus that may interfere with inspection. Subsequently, the
endoscope should be gradually withdrawn to examine the inflated Barrett’s segment
in overview for any mucosal irregularities and to describe the extent of the Barrett’s
esophagus according to the validated Prague C&M classification [13, 14]. After
initial inspection, the inflated esophagus should be gradually deflated to reveal any
irregularities that may have been stretched out during inflation (Fig. 5.2). Special
attention should be paid to the area between 12 and 6 O’clock in the endoscopic
view, since the majority of neoplastic lesions are located there [15]. Finally, it is
important to inspect the transition of the Barrett’s esophagus into the hiatal hernia
in the retroflexed position, since abnormalities in this area are easily overlooked in
the antegrade view (Fig. 5.2). All lesions detected during inspection should be clas-
sified according to the Paris Classification since the macroscopic appearance of
these lesions is associated with the infiltration depth, which predicts the risk of
submucosal invasion and thus the risk of lymph node involvement [16, 17]. Type O-1
and O-IIc lesions carry a greater risk of submucosal invasion than do type 0-1la, type
0-IIb, or combined types [15, 18]. Type O-III lesions always have deep submucosal
invasion and are accompanied by a dense fibrous reaction, and are therefore not suit-
able for endoscopic treatment.

Finally, biopsies should be obtained from each visible abnormality followed by
random four-quadrant biopsies, always starting distally and working upward, so that
the view is not obscured by bleeding. We follow the rule “look longer, biopsy less,”
since in our experience targeted biopsies performed after a thorough inspection con-
tribute 80-90 % of the diagnosis of dysplasia [11, 12, 19]. At the present time, in the
absence of visible abnormalities, random biopsies according to the Seattle protocol
should still be performed [20].
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Fig. 5.2 Images of an early neoplastic lesion in Barrett’s esophagus that is difficult to appreciate
when the esophagus is fully inflated. By alternating inflation and suction, the lesion becomes more
apparent (a, b). By looking in retroflex, lesions at the distal esophagus may be detected that would
have been missed when only antegrade inspection would have been performed (c, d)

Advanced Imaging Techniques in Barrett’s Esophagus

Detection of Early Neoplasia

For primary detection of early neoplastic lesions in BE, wide-field imaging tech-
niques are required that allow detection of lesions in overview: to “red flag” areas
of interest. As stated in current guidelines, advanced imaging techniques should be
superimposed on high-resolution white light endoscopy (WLE) using high-
definition (HD) systems [8, 21, 22].

Chromoendoscopy
In chromoendoscopy, stains are applied to the mucosa to improve the visualization

of neoplastic lesions. Vital stains (e.g., methylene blue) are actively absorbed by the
epithelium. Contrast stains (e.g., indigo carmine) accumulate in pits and grooves
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along the epithelial surface, highlighting the superficial mucosal architecture
(Fig. 5.3). Early studies on methylene blue chromoendoscopy suggested an
increased detection of early neoplasia [23], yet a recent meta-analysis of 9 studies
showed that there is no incremental yield for methylene blue chromoendoscopy
over standard WLE [24]. Acetic acid is an inexpensive agent that increases the con-
trast of the mucosal pattern (Fig. 5.3). Recent publications have suggested that ace-
tic acid may be beneficial for identification of early neoplasia [25, 26]. However, no
randomized (cross-over) controlled studies have been performed comparing acetic
acid to standard practice and other studies have questioned the additional value of
acetic acid over HD-WLE [27].

Chromoendoscopy techniques are not widely used in Barrett’s endoscopy: it is
questionable if they really increase the detection of early neoplasia over HD-WLE,
many endoscopists consider chromoendoscopy a cumbersome procedure, and cor-
rect application of dyes and interpretation of the images are operator dependent.

Fig. 5.3 Image of an early neoplastic lesion in the distal esophagus, (a) with high resolution white
light endoscopy, (b) with narrow band imaging, (c) after indigo carmine spraying, (d) after acetic
acid spraying
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Optical and Digital Chromoendoscopy Techniques

These techniques improve the visualization of mucosal morphology without the use
of dyes. This can be done with preprocessing techniques—optical chromoendos-
copy —such as narrow band imaging (NBI; Olympus, Tokyo, Japan), or blue laser
imaging (BLI; Fujifilm, Tokyo, Japan). The mucosal imaging is enhanced by using
blue light, which only penetrates superficially into the tissue and causes less scatter-
ing. In addition, blue light encompasses the maximum absorption wavelength of
hemoglobin, which results in better visualization of vascular structures [28].

Digital chromoendoscopy techniques that are based on postprocessing (Fujifilm
intelligent chromo-endoscopy (FICE; Fujifilm, Tokyo, Japan) and i-scan (Pentax,
Tokyo Japan)) use normal white light excitation. The reflected image is then repro-
cessed by a proprietary algorithm. In our opinion, preprocessing techniques have a
better signal-to-noise ratio, resulting in images with a higher resolution and bright-
ness compared to postprocessing techniques (Fig. 5.4).

Most studies on optical chromoendoscopy techniques in Barrett’s esophagus
have used NBI. Regular mucosal and vascular NBI patterns have been shown to

Fig. 5.4 Overview and detailed images of a neoplastic lesions in a Barrett’s esophagus: Olympus
high resolution white light endoscopy (a, ¢) and narrow band imaging (b, d); Fujinon white light
endoscopy (e, g) and blue light imaging (f, h); Fujinon white light endoscopy (i, k) and fujinon
intelligent chromoendoscopy (j, 1); Pentax white light endoscopy (m, 0) and iSCAN (n, p)
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correlate with nondysplastic BE, while irregular features are associated with early
neoplasia [28, 29].

The yield of NBI for the detection of early neoplasia has been investigated in
three randomized studies. Kara et al. compared HD-WLE plus NBI to HD-WLE
plus indigo carmine chromoendoscopy in a randomized cross-over design [11]. NBI
and indigo carmine both increased the targeted detection of neoplastic lesions, but
all patients with neoplasia were already diagnosed with HD-WLE. Wolfsen et al.
suggested that NBI increases the detection of patients with early neoplasia over
standard resolution WLE [19]. The tandem endoscopy design of this study, how-
ever, was biased because standard WLE endoscopy was performed by general
endoscopists and compared to HD-WLE plus NBI inspection performed by endos-
copists with experience in the detection of early Barrett’s neoplasia [30]. Finally, a
recent randomized cross-over study compared HD-WLE plus random biopsies to
NBI with targeted biopsies only [31]. The authors conclude that although both
modalities detected a comparable number of patients and lesions with early
neoplasia, NBI may reduce the number of biopsies taken during Barrett’s surveil-
lance and thus add to its efficacy and (cost-) effectiveness. A drawback of this study
was the relative low prevalence of early neoplasia.

Optical chromoendoscopy techniques offer a more detailed inspection of the
mucosal morphology than HD-WLE, but whether this translates into clinically rel-
evant information is yet unknown. After the initial enthusiasm, subsequent clinical
studies have not provided new insights in detection of neoplasia by NBI [32, 33].

Autofluorescence Imaging

Autofluorescence imaging (AFI) is based on the principle that certain endogenous
substances, such as nicotinamide adenine dinucleotide and collagen emit light of
longer wavelengths when excited with light of short wavelength. Spectroscopy
studies have shown that Barrett’s neoplasia has a different autofluorescence spec-
trum compared to nonneoplastic Barrett’s mucosa [34, 35]. These findings led to the
development of wide-field autofluorescence imaging, that was integrated with
HD-WLE and NBI into an “endoscopic trimodal imaging” (ETMI) system (Fig. 5.5).

In uncontrolled studies, AFI increased the detection of early neoplasia, while
NBI reduced the false-positive rate associated with AFI [12]. However, two subse-
quent randomized crossover trials, comparing ETMI to standard resolution WLE,
failed to show superiority of ETMI [36, 37]. In these studies, AFI again significantly
increased the targeted detection of areas with neoplasia that were inconspicuous
with WLE, but the strategy of only obtaining targeted biopsies after ETMI inspec-
tion was found to be inferior to standard WLE plus random biopsies.

The finding that AFI improves the targeted detection of neoplasia may be clini-
cally relevant in two ways. First, there relevance from a diagnostic perspective: if
the AFI detected lesion is the only neoplastic lesion identified during the endoscopy
and all random biopsies are negative, AFI “upstages” the neoplastic status of the
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Fig. 5.5 Three examples
of a neoplastic lesions in
Barrett’s esophagus, with
white light endoscopy
(WLE; a, ¢, e) and
autofluorescence imaging
(AFIL; b, d, f). In (¢, d), the
lesion is hard to detect
with WLE, but can be
clearly appreciated with
AFL. In (e, f) the lesion is
located at the gastric folds,
which makes the AFI
interpretation difficult,
resulting in high false-
positive rates for AFI

patient. Second, there is relevance from a therapeutic perspective. In patients with
an indication for endoscopic treatment, visible lesions should be resected and not
ablated [8, 38]. AFI detected lesions may have therapeutic relevance if endoscopic
resection of the lesion shows histology that changes the management from an endo-
scopic to a surgical approach. A recent study found that AFI detected lesions rarely
lead to diagnostic upstaging of neoplasia or a change in the therapeutic approach.
Neoplastic lesions that direct the choice of therapy are virtually always found with
HD-WLE inspection only [39]. This is in line with previous observations in patients
who were treated with stepwise endoscopic resection of the whole Barrett’s seg-
ment: after endoscopic resection of the most suspicious lesion detected with
HD-WLE, subsequent resections of the remaining Barrett’s segment did not lead to
histological upstaging of the neoplasia [40, 41].

Recently, third-generation AFI was introduced with a dual-band autofluores-
cence algorithm. The hypothesis was that this algorithm specifically targets fluores-
cent changes in neoplastic cells, yet initial feasibility studies have yielded
disappointing results [42].
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Real-Time Diagnosis and Decision Making

After the detection of suspicious lesions, advanced imaging techniques might be
able to confirm the diagnosis of neoplasia without the need for histological evalua-
tion, allowing real-time diagnosis and decision making during endoscopy.

Optical Chromoendoscopy

Optical chromoendoscopy enables detailed inspection of mucosal and vascular
structures. However, multiple studies with different modalities have shown that so
far these techniques do not allow a reliable distinction between neoplastic and non-
neoplastic lesions [27, 36, 37, 43, 44].

Confocal Laser Endomicroscopy

Confocal laser endomicroscopy (CLE) has the potential of real-time histology
during endoscopy. Probe-based CLE (pCLE) and integrated CLE (iCLE) have
been studied in the colon, stomach, and esophagus [45]. Both techniques differ
significantly in a practical sense: pCLE can be performed in combination with
HR-WLE and other red-flag techniques, yet has a lower resolution and frame rate
compared to iCLE. With iCLE, high resolution images can be obtained, while
leaving room in the accessory channel for a biopsy forceps. However, the maneu-
verability of the stiff iCLE scope tip is limited and the system lacks HD-WLE. CLE
has demonstrated good performance in predicting the presence of neoplasia in
Barrett’s esophagus [46, 47]. Moreover, HR-WLE in combination with pCLE was
shown to increase the detection of early neoplasia, compared to HR-WLE alone
[47]. With a sensitivity of 68 %, the performance of pCLE is limited. A promising
benefit of CLE is the possible reduction of the number of random biopsies taken,
by sampling only areas suspicious on CLE [48]. However, obtaining good quality
CLE images is technically challenging, CLE equipment is expensive, and exoge-
nous contrast agents are required. More importantly, the relevance of real-time
diagnosis, risk stratification, and decision making during Barrett’s endoscopies is
questionable. In the presence of visible abnormalities on HD-WLE, few endosco-
pists will withhold taking biopsies based on CLE or another real-time diagnosis
technique: the pretest likelihood of neoplasia is so high that neoplasia cannot be
excluded based on a negative test result [37, 49]. Second, immediate decision
making based on real-time diagnosis is neither practical nor ethical: patients need
to be consented for endoscopic therapy and according to guidelines this should be
centralized in high-volume centers, which generally implies referral to a different
hospital [4, 22].
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Optical Coherence Tomography

Optical coherence tomography (OCT) works analogous to ultrasound utilizing light
waves instead of sound waves to form two-dimensional images based on differ-
ences in optical scattering of tissue structures. OCT is capable of generating cross-
sectional images of tissues in real time with a resolution comparable to low-power
microscopy. This direct optical diagnosis would guide the endoscopist in targeting
suspicious areas and will avoid (numerous) random biopsies. Previous studies have
suggested that OCT may differentiate between normal squamous mucosa, Barrett’s
epithelium, and HGD/EAC [50-55]. The clinical utility of first-generation OCT
systems, however, was hampered by slow acquisition rates and small scanning
areas. With the development of second-generation OCT, termed optical frequency
domain imaging (OFDI), it is now possible to perform high resolution, high-speed
acquisition of large luminal surfaces [56]. Recently, a balloon-based system incor-
porating OFDI was introduced: volumetric laser endomicroscopy (VLE)
(NVisionVLE™, NinePoint Medical, Cambridge, MA, USA). This system provides
a 6 cm long circumferential scan of the esophagus with a depth of 3 mm, in 96 s.
Preliminary studies showed that OFDI provides a clear visualization of anatomic
layers and vascular network of the esophagus and suggested that specific OFDI
characteristics correlate with neoplasia [57-59]. In addition, relevant lesions visible
on OFDI can be marked directly with laser [60]. OFDI, and specifically the VLE
system, therefore has the potential for detection and delineation of early neoplastic
lesions in BE.

Recommendations for Current Clinical Practice

Endoscopic Surveillance

Most surveillance endoscopies are performed in community hospitals. In this set-
ting, the prevalence of early neoplasia is low (i.e., <5 %) and therefore endoscopists
are generally not familiar with the endoscopic appearance of early Barrett’s neopla-
sia [61, 62].

In surveillance settings, detection of early neoplasia can be significantly improved
by the use of HD-WLE and implementation of the three rules for detection of early
neoplastic lesions as abovementioned.

In our opinion, advanced imaging techniques have little clinical relevance for
Barrett’s surveillance, since the use of HD-WLE and adherence to the three rules for
detection will detect the majority of neoplastic cases. The potential value of advanced
imaging techniques is therefore small and with such a low pretest likelihood most
techniques will suffer from unacceptably high false-positive rates [11, 36, 37].
Finally, advanced imaging techniques are costly, not widely available in community
hospitals and require endoscopic expertise that may not be uniformly available.
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Workup and Treatment of Early Neoplasia

Workup and treatment of early Barrett’s neoplasia should be centralized in tertiary
referral centers [4, 22]. Here, the prevalence of early neoplasia is much higher (i.e.,
>25 %) and procedures are performed under optimal circumstances by expert endos-
copists. The workup endoscopy serves the following purposes: (1) confirmation of
the referral diagnosis and indication for treatment; (2) visible lesions requiring
endoscopic resection (instead of ablation) have to be detected and staged.

To confirm the referral diagnosis and indication for treatment, advanced imaging
techniques have limited value: HD-WLE and the “detection essentials” generally
suffice. Compared to surveillance settings, workup endoscopies are performed
under better circumstances. The procedures are generally performed on a dedicated
endoscopy program by an endoscopy team with experience in detection and
treatment of Barrett’s neoplasia. More importantly, the team is aware of the neoplas-
tic status of the Barrett’s segment, based on the referral information.

Advanced imaging techniques have limited value for detection of lesions that
require endoscopic resection. These lesions will virtually always be detected on
HD-WLE by the expert team performing the workup endoscopy. Advanced imaging
techniques may indeed detect additional flat lesions, inconspicuous with WLE, but
these are clinically of limited significance since they harbor only flat mucosal neo-
plasia that will be effectively eradicated by ablation [39].

Staging of early neoplastic lesions implies evaluation of invasion depth.
Advanced imaging techniques have limited value in distinguishing mucosal from
submucosal cancers. Several studies have demonstrated that EUS provides no clin-
ically relevant information over endoscopic inspection with HD-WLE [63-65].
CLE has a limited scanning depth and is therefore not suited for assessment of
depth invasion. Histological evaluation of the resected specimen not only provides
the ultimate proof of invasion depth, but also allows diagnosis of poorly differenti-
ated cancers and lymphatic invasion, features that are virtually impossible to detect
otherwise.

Before endoscopic resection, lesions have to be delineated from the surrounding
mucosa. Advanced imaging techniques may facilitate delineation of lesions prior to
endoscopic resection, but formal studies are lacking for most techniques [46, 60, 66,
67]. Delineation of lesions should meet the purpose of endoscopic resection of
Barrett’s neoplasia: removal of the most involved area to finalize staging and ren-
dering the Barrett’s segment flat for subsequent ablation therapy [8, 68]. In our
opinion, NBI is superior to HD-WLE for this purpose. Detailed inspection with NBI
allows for identification of the demarcation line (Fig. 5.6), separating the area with
an irregular mucosal and vascular pattern from its normal surroundings, like the
delineation performed for resection of early gastric neoplasia [69]. Optical chromo-
endoscopy techniques also have an important role in the follow-up of patients after
ablation, allowing for the detection of small residual islands of Barrett’s mucosa
that are easily overlooked with HD-WLE. Recent studies suggest that detailed
inspection with NBI of the post-RFA neo-squamous epithelium is probably more
useful than obtaining random biopsies [70].
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Fig. 5.6 Narrow band imaging (NBI) not only facilitates the evaluation of the mucosal and vascu-
lar patterns, but also enhances visualization of the mucosal relief, a distinct and recognizable fea-
ture of NBI (¢, f, j, k). This can be observed when comparing to the white light images (a, b, e, i).
While the mucosal and vascular patterns may be regular, the relief can be used to assess the exten-
sion of the lesion to direct the delineation (g) prior to endoscopic resection (d, h, 1)

Future Perspectives

Detection of early neoplasia can be improved by optimizing the endoscopists’ rec-
ognition of “the face of Barrett’s neoplasia” but there are few tools to aid this [8,
21]. The international workgroup for the classification of esophagitis [13, 71] is
working on a training program for “Barrett’s esophagus related neoplasia” (BORN-
project) that will be dispersed to the gastroenterology community.

In the near future, molecular markers may enable us to predict which patients
will develop neoplasia well before morphological changes can be observed
histologically. Advanced imaging techniques may aid this risk stratification by
detecting areas containing relevant biomarkers [72, 73].

Another interesting development is the optical detection of (sub)structural abnor-
malities that may be correlated with an underlying field carcinogenesis [74].
Spectroscopy and OCT may provide quantitative measurements of tissue allowing
direct optical diagnosis of early neoplasia or risk stratification based on the presence
of field carcinogenesis [75].

Practice Points

* The use of advanced imaging techniques does not significantly increase the diag-
nostic yield of early neoplasia compared with high-definition white light endos-
copy (HD-WLE) with random biopsy analysis.
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For the detection of subtle abnormalities in the esophagus, a careful and thor-
ough inspection following a systematic approach is imperative.

For primary detection of early neoplastic lesions in BE, advanced imaging tech-
niques should be superimposed on WLE.

Lesions that require resection are almost always detected by HD-WLE, although
advanced imaging techniques can detect additional flat lesions.

Workup and treatment of early Barrett’s neoplasia should be centralized in ter-
tiary referral centers.

Advanced imaging techniques may facilitate delineation of lesions prior to endo-
scopic resection, but formal studies are lacking for most techniques.

Research Agenda

Advanced imaging techniques may aid the risk stratification of future neoplasia
development by detecting areas containing relevant biomarkers.

NBI features relevant for detection in overview need to be established.

Optical techniques like OCT and spectroscopy providing quantitative measure-
ments of tissue need further investigation to demonstrate the ability of direct
optical diagnosis of early neoplasia or risk stratification based on the presence of
field carcinogenesis.
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Chapter 6

Endoscopic Treatment of Early Barrett’s
Neoplasia: Expanding Indications,

New Challenges

Oliver Pech

Introduction

The incidence of Barrett’s adenocarcinoma has shown a dramatic increase over the
last decades and is still a fatal disease when diagnosed at an advanced stage. Increasing
knowledge and awareness and also the technological development toward endoscopes
with high resolution and excellent image quality lead to more diagnoses of the disease
at an early stage when local treatment can be curative (Fig. 6.1).

Over the last 20 years endoscopic therapy of early Barrett’s neoplasia has
developed from an experimental treatment method that was rejected by many
opinion leaders to a well-established first-line treatment method which is now
recommended over surgery in most international guidelines [1-3]. Local endo-
scopic treatment in these patients is possible because the risk of lymph node
metastases in low-grade, high-grade intraepithelial neoplasia (HGIN) or mucosal
Barrett’s cancer is almost nil.

Endoscopic Treatment Methods
Endoscopic (Mucosal) Resection Techniques

Endoscopic (mucosal) resection (ER or EMR) is usually performed with one of the
“suck-and-cut” methods: Cap-ER (ER-C) or ER with a ligation device (ER-L)
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Cap-ER

The ER-C method was introduced by Dr. Inoue for resection of early esophageal
squamous cell cancer [4]. First of all, the margins of the target lesion have to be
marked with a distance of 5 mm with coagulation marks by using an APC probe or
the tip of the snare. Prior ER-C submucosal injection of the lesion either with a
saline—epinephrine solution or hyperosmotic solution underneath the target lesion
prior resection should be performed in order to prevent perforation of the muscularis
propria. Using the ER-C method a specially developed transparent plastic cap that
is attached to the distal tip of the endoscope and dedicated crescent snare is preloaded
into a rim at the distal end of the cap. It can be useful to tape the cap to the distal end
of the endoscope in order to prevent slipping of the cap.

After injection, the lesion is sucked into the cap with the preloaded snare after
which the snare is closed tightly. The tissue which has been sucked into the cap is
then resected with a blended cutting current. The cap technique can be used for en
bloc resection of lesions up to 15 mm but is also ideal for piece meal resection of
larger lesions. For consecutive resections, the margin of the cap should be placed
exactly at the margin of the previous resection site with only little overlap. This is
done in order to prevent perforation (due to sucking the deeper muscle layer into the
cap) but also to avoid leaving behind residual neoplastic tissue.

ER with a Ligation Device (ER-L)

Another widely used “suck-and-cut” technique is ER-L using either a device
originally used for ligation of esophageal varices or a specially developed multiband
mucosectomy (MBM) resection device where up to 6 rubber bands are preloaded
and a snare can be advanced over the working channel without the need to demount
the ligation device. This allows the endoscopist to perform piece meal resection of
large areas without retracting the endoscope [5].

With the ER-L technique, the target lesion is sucked into the cylinder of the
ligation device and a rubber band is then released to create a pseudopolyp with the
rubber band tightly around its base. In contrast to ER-C, prior submucosal injection
is usually not performed. Afterward the pseudopolyp containing the neoplastic
tissue is resected with a snare. It is important that the snare is placed underneath the
rubber band to achieve large resection specimens.

In a recently published study, the Wiesbaden group reported on the long-term
results of ER in 1000 patients with mucosal Barrett’s adenocarcinoma. After a
follow-up of 57 months, 94 % of patients were in complete remission of HGIN or
cancer. These excellent results clearly demonstrate the safety and efficacy of
endoscopic treatment of early Barrett’s neoplasia [6].



102 O. Pech

Endoscopic Submucosal Dissection

Endoscopic submucosal dissection (ESD) is a resection technique allowing the
endoscopisttoresectlarge neoplasticlesions en bloc. This facilitates histopathological
analysis of the lateral margins of the specimen. ESD was introduced by Japanese
endoscopists several years ago and has been adopted in some expert centers in the
Western world. So far, there is only limited data on ESD in patients with HGIN and
Barrett’s adenocarcinoma. However, the results regarding the RO resection rate—
the ultimate goal of ESD —have been disappointing. Three European expert centers
have published their experience and were able to perform a RO resection defined as
no HGIN or cancer at the lateral of basal margin in only 38.4-82% [7-9]. The
operation time of ESD is significantly longer and the complication rate is significantly
higher than with conventional ER. When we take the excellent results of conventional
ER into consideration, it is clear that currently there is no indication for the use of
ESD in early Barrett’s neoplasia outside of clinical studies.

Photodynamic Therapy

Photodynamic therapy (PDT) has been successfully used to treat early neoplasia in
Barrett’s esophagus for many more years. In the US, PDT had been regarded as the
endoscopic treatment of choice until radiofrequency ablation became available.
PDT has proven its efficacy in many prospective trials [10-17]. However, PDT has
several disadvantages which have led to a dramatic decrease in its use: PDT with
porfimer sodium is expensive and has a high complication rate. Photosensitivity and
stricture formation in up to 30 % of patients are important drawbacks of this method
[14, 16, 17]. Recent studies were able to identify the following risk factors for
stricture formation: multiple PDT courses, longer length of Barrett’s esophagus,
presence of intramucosal carcinoma, ER before PDT, and prior history of esophageal
stricture [16, 17]. The use of 5-aminolevulinic acid as a photosensitizer for PDT was
associated with considerably fewer complications and showed promising short- and
long-term results [10, 12]. In summary, PDT is no longer considered management
option of choice for treatment of early Barrett’s neoplasia.

Radiofrequency Ablation

Radiofrequency ablation (RFA) for treatment of neoplastic Barrett’s epithelium has
replaced PDT in all centers. For RFA a balloon catheter 3 cm in length with circular
electrodes delivering the energy designed for circumferential ablation (HALO-360)
is used for long segments of Barrett’s epithelium. There are several focal devices
available that fit over the tip of the endoscope or that can be advanced through the
working channel and can be used for ablation of smaller areas. In a prospective
randomized sham-controlled multicenter study from the US, it was shown that RFA
of LGIN and HGIN has a significantly higher rate of complete remission of neoplasia
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and intestinal metaplasia compared to proton pump inhibitor PPI treatment and
follow-up alone. Those results were not surprising, but a HGIN eradication rate of
81 % after 1 year is too low to recommend this method alone for treatments of
HGIN [18] (Fig. 6.2).

Like with all ablative methods, histological verification of the treated lesion
(infiltration depth, differentiation grade, lymphovascular invasion, etc.) is not
available. Thus, when treating incipient neoplasia, one potential problem is
“undercalling” a neoplastic lesion after which the endoscopist may unknowingly
ablate a submucosal carcinoma, or superficial lesion showing lymphatic spread.
Therefore, all visible and detectable lesions within the Barrett’s segment should be
treated by endoscopic resection (and be sent for histopathological verification) and
the residual Barrett’s epithelium without visible lesions should be treated by
RFA. The threshold for ER should be low for these patients in order to achieve
histological confirmation.

Fig. 6.2 (a,b)
Radiofrequency ablation of
a long-segment-Barrett’s
esophagus with the HALO
360° catheter after focal
ER of an early Barrett’s
cancer
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Compared to earlier data, recent studies report a disappointing complete
remission rate and high recurrence rate of Barrett’s mucosa after RFA [19, 20]. In a
large series from three experienced US centers, complete remission of intestinal
metaplasia was achieved in 56 % of patients only and recurrences of Barrett’s
mucosa were found in 33 % after complete ablation. Data from an UK registry
report similar suboptimal results with complete remission of Barrett’s mucosa and
dysplasia in 62 and 81 % after 1 year, respectively. According to those data, it seems
that results in daily practice are significantly worse than in rigorous prospective
studies. Therefore, life-long follow-up is required even after complete removal of
all neoplastic lesions and Barrett’s mucosa.

The above described “two-step-concept” consisting of ER (step one) followed by
ablation (step two) was investigated by a recent European prospective multicenter
study where 132 patients with HGIN and early Barrett’s adenocarcinoma were
treated by ER and the residual Barrett’s epithelium was RFA-ablated afterward [21].
The complete remission rates for neoplasia and intestinal metaplasia were 98 and
93 %, respectively. Those excellent results of ER combined with RFA led to the
recommendation in most current guidelines that this is the treatment of choice in
patients with HGIN and early Barrett’s adenocarcinoma [1-3].

Cryoablation

Endoscopic spray cryotherapy either with liquid nitrogen or rapidly expanding
carbon dioxide gas leads to a tissue ablation by cooling down the target mucosa
[22-24]. So far there is limited data on treatment of early Barrett’s neoplasia.
However, complete eradication of dysplasia was observed in 87-96 % and complete
ablation of Barrett’s mucosa in 57-96 % of patients. Cryotherapy was also effective
in patients with early Barrett’s adenocarcinoma with complete remission in 75 %
including patients who had failed other endoscopic treatments.

Cryotherapy remains an experimental treatment until it has demonstrated its effi-
cacy and safety in larger studies with longer follow-up. In addition, this method also
has the problem that the target tissue is destroyed making a histological staging of
the lesion impossible. Therefore, cryotherapy —like all other ablation methods—
should not be used as a primary treatment of Barrett’s neoplasia.

Argon-Plasma-Coagulation

Argon plasma coagulation (APC) is a noncontact thermocoagulation procedure with
the advantage of a limited depth of penetration —minimizing the risk of perforation.
In comparison with RFA or PDT, APC is substantially less expensive. In most cases,
partial or complete remission of Barrett’s epithelium can be achieved [25-30]. A
recently published prospective randomized trial demonstrated that ablation of the
remaining nonneoplastic Barrett’s esophagus after ER of mucosal Barrett’s adeno-
carcinoma can significantly reduce the rate of recurrences or metachronous neoplasia
compared to PPI treatment and follow-up alone [29] (Fig. 6.3).
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Fig. 6.3 (a, b) APC
treatment of a long-
segment Barrett’s
esophagus after focal ER
of a visible lesion with
HGIN

The disadvantages of this procedure are the large number of sessions required to
achieve complete ablation of Barrett’s epithelium and the relatively high risk of
residual islands of metaplasia. In addition, it is possible for Barrett’s mucosa with a
neoplastic potential to remain underneath the neoepithelium and develop to cancer.

Special Indications for Endoscopic Treatment
Low-Grade Intraepithelial Neoplasia

Two recently published studies have shown that low-grade intraepithelial neoplasia
(LGIN) is frequently overdiagnosed by nonexpert pathologists [31, 32]. Therefore,
most current guidelines recommend obtaining a 2nd opinion by an experienced
pathologist in case of a diagnosis of LGIN in Barrett’s esophagus [1-3]. However,
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when the diagnosis is confirmed, patients with LGIN show a high progression rate
to HGIN and adenocarcinoma of up to 13.4 % per year. The high risk for development
of more advanced neoplasia raises the question whether an ablative treatment should
be performed in patients with confirmed LGIN. This was investigated in a prospective
randomized European multicentre trial with 136 patients with confirmed LGIN
[33]. Patients were randomized into a treatment arm where ablation of the Barrett’s
segment with RFA was performed and an observation arm where patients were
followed. RFA was able to reduce the progression risk for HGIN and adenocarcinoma
by 25%. These results suggest that patients with bona fide LGIN do have a
considerable risk of malignant progression. RFA should therefore be discussed as
an alternative to follow-up endoscopies.

Submucosal Barrett’s Adenocarcinoma

Submucosal invasion is associated with an increased risk of concurrent lymph node
metastasis of up to 41 %. The risk seems to be correlated with the depth of infiltration
of the tumor into the submucosal tissue. Adenocarcinoma infiltrating the upper third
of the submucosa (pT1sm1; invasion depth up to 500 um) has a risk varying between
0 and 21 % depending on the presence of further risk factors. Cancer invading the
mid and lower part of the submucosa (pT1sm2/3) has concurrent lymph node
metastasis in 3654 % of patients [34—42]. Besides the infiltration depth, further risk
factors are poor differentiation grade (G3) and lymphatic (L+) and/or vascular
invasion (V+) and all these factors should be taken into account when the patient is
discussed in the multidisciplinary tumor board meeting.

Some data suggest that ER can safely be performed in so-called low-risk submu-
cosal cancer (sml-cancer with invasion up to 500 pm, G1/2, L-, V-) [21, 27]. A
recently published study by the Wiesbaden group included 67 patients with submu-
cosal Barrett’s cancer invading only the upper layer of the submucosa (T1sml;
<500 pm) without the presence of other risk factors [42]. In this large series, all
patients were treated by ER, but only one patient demonstrated metastatic disease on
follow-up. This was detected by EUS 9 months after treatment, resulting in a lymph
node metastasis risk of 1.5 %. Importantly, this risk is still below the usual mortality
rate of esophagectomy ranging from 0.5 to 3 % in experienced centers [35-38].

In most recent guidelines, endoscopic treatment is considered an alternative to
surgery in patients with so-called low-risk T1sm1-Barrett’s adenocarcinoma and
this should be discussed with the patient [1-3].

Conclusions

Endoscopic therapy is the treatment of choice for early Barrett’s neoplasia. In case
of confirmed LGIN without any visible lesion, RFA should be considered, since the
rate of progression to a higher grade lesion is high. In patients with HGD and
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mucosal Barrett’s adenocarcinoma, ER is the first line of treatment. It is not only an
effective method, but also serves as a diagnostic tool enabling an exact assessment
of the tumor infiltration depth and the presence of further risk factors. To avoid
tumor recurrence or metachronous neoplasia ER should always be followed by
ablative treatment of the remaining Barrett’s mucosa. Therefore, successful endo-
scopic therapy of HGIN and early Barrett’s adenocarcinoma is always a two-step
procedure. Step 1: ER of all visible lesions; Step 2: ablation of the remaining flat
Barrett’s esophagus. According to recent data, ER of early Barrett’s adenocarci-
noma with incipient infiltration of the submucosa up to 500 pm (pT1sm1) without
the presence of further risk factors seems to be safe because the risk of lymph node
metastasis is below the mortality rate of radical esophageal resection.
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Chapter 7

Definition, Derivation, and Diagnosis
of Barrett’s Esophagus: Pathological
Perspectives

H. Lowes, T. Somarathna, and Neil A. Shepherd

Introduction

Barrett’s esophagus or columnar-lined esophagus (CLO) is defined as the presence
of metaplastic columnar or glandular epithelium, where squamous epithelium
would be expected, in the distal esophagus, as a result of reflux of gastric and small
intestinal contents into the esophagus. Despite drawing global research attention, a
precise, evidence-based description of the pathological processes involved in the
pathogenesis of CLO has not been achieved and this remains a major research
target. Indeed, there is much divergence among research experts regarding
etiopathogenetic theories. Nevertheless, the research that has been undertaken to
date has progressed our basic understanding of the pathogenesis of CLO dramatically.
Such research, and technological advancements, have also changed the diagnostic
pathologist’s role in the diagnosis of CLO [1].

Notwithstanding uncertainties and disagreements concerning the etiology and
pathogenesis, confusion regarding lexicology continues to bedevil Norman Barrett’s
original characterization of this entity in 1950 [2, 3]. Indeed, Barrett’s esophagus is
known variously as CELLO (columnar epithelium-lined lower esophagus; Europe),
BE (Barrett’s esophagus; USA), EBO (endobrachyoesophage; France), and CLO
(columnar-lined esophagus; UK, a term principally devised to avoid use of the
unfortunate abbreviation of the anglicized spelling of Barrett’s esophagus) [1]. The
term CLO also embraces short segment CLO, which is the appellation given to
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columnar epithelium extending less than 3 cm above the gastroesophageal junction.
Further, so-called ultra-short segment CLO is somewhat of a misnomer, as will be
discussed, as this is essentially a gastric disease.

Approaches to both the diagnosis and management of CLO have progressed
through various developments in the decades following its original description.
Increased recognition of the disease brought a greatly increased workload for pathol-
ogists. The pathological workload has the potential to reduce, in response to increas-
ing validity of endoscopic evaluation and the evolution in endoscopic technology.
So, the sophisticated endoscopic techniques used in current practice have the poten-
tial to largely subsume the pathologist’s role in providing the initial diagnosis of
CLO. Where biopsies are taken with the suspicion of dysplasia or early malignancy,
directed biopsies and EMRs can be taken, rather than the previous laborious Seattle-
type biopsy protocols. In addition to reducing expensive histopathological examina-
tion, endoscopic advances have obvious clinical benefits. Endoscopic mucosal
resections are now widely undertaken in the management of dysplasia and early
malignancy, avoiding the extensive morbidity associated with radical surgery [4].

There is an increasing prevalence and incidence of CLO among patients with gas-
troesophageal reflux disease (GORD) [5-8]. CLO shares many risk factors with GORD
(increasing age, abdominal obesity, male sex, white ethnicity, etc. [9-12]) and, indeed,
reflux disease itself is an independent risk factor for CLO. There is both a temporal
association and an association with GORD symptom severity, with the finding of CLO
at endoscopy [13]. Not unexpectedly, the rising incidence of GORD in Western popula-
tions is accompanied by an increase in the incidence of CLO, specifically beyond that
expected of increasing recognition of the phenomenon, including short segment CLO,
and the rate of upper gastrointestinal endoscopy [14, 15]. Historically, cigarette smok-
ing and alcohol consumption have been associated with CLO, although more recent
research has failed to confirm these as independent risk factors [16, 17].

The key motivation in identifying CLO is due to a well-mapped potential evolution
of gastroesophageal reflux disease to esophageal adenocarcinoma via CLO and glan-
dular dysplasia. A greater risk of adenocarcinoma with a longer length of CLO has
been demonstrated [18]. Further, those patients with glandular dysplasia are obviously
at a greater risk of developing adenocarcinoma. Thus, through the combined use of
endoscopic and histological evaluation, in the future hopefully aided by useful bio-
marker assessment, it is possible to select a subset of patients who are at greater risk
of developing cancer and monitor/survey this cohort accordingly [19].

The Definition of CLO

The recognition of CLO as a premalignant entity gave fresh importance to the
development of a precise definition of the disease, in order to accurately delineate
an “at risk” patient population. Despite this, the incomplete nature of our
understanding of CLO is immediately evident upon comparison of the definitions
used between countries. Further initial definitions of Barrett’s esophagus used
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arbitrary criteria, promoting its designation by a particular length of columnar
mucosa, usually cm, extending above the gastroesophageal junction. This was
introduced after recognition that the squamo-columnar junction could vary
physiologically and could lie up to 2 cm from the true anatomical esophago-gastric
junction. Thus, such a criterion attempted to avoid classifying those cases with
physiological columnar mucosa at the distal esophagus as CLO [20-22]. However,
it was recognized that there was still a risk of adenocarcinoma for pathological CLO
segments that extended less than 3 cm above the anatomical esophago-gastric
junction, and for this reason, the terminology “short segment Barrett’s esophagus”
was introduced [22].

Intestinal metaplasia in Barrett’s esophagus was first observed in the 1950s but it
was Paull and colleagues who championed the three predominant histological
phenotypes of CLO, including intestinal metaplasia, in 1976 [23]. Through the
1980s and 1990s, the presence and identification of goblet cells/intestinal metaplasia
became enshrined in the definition of CLO, as it was recognized that this phenotype
was strongly associated with the development of adenocarcinoma and thus the
histological demonstration of intestinal metaplasia and/or goblet cells became the
defining feature around the world [24]. This was largely because adenocarcinoma
arising in the lower esophagus was “invariably” associated with intestinal metaplasia
in the adjacent vicinity and the risk of adenocarcinoma without intestinal metaplasia
was purported to be “vanishingly” rare [22]. It is our understanding that this was
driven largely by US physicians, with little or no involvement of pathologists, and
that there was a failure, at the time, to recognize the fallacies associated with the
demonstration of IM pathologically (see later) and the difficulties of differentiating,
histologically or by any other means, other conditions at or close to the lower
esophagus that might feature goblet cells, most notably intestinal metaplasia in the
gastric cardia.

Flejou detailed the marked discrepancies in national diagnostic criteria between
different countries in 2007 [25]. In the US, France, Germany, and the Netherlands,
intestinal metaplasia remained as the defining diagnostic feature of CLO. In the UK
and Japan, the requirement for IM had been dropped (in the UK, by national
guidelines published in 2005; see later). However, certainly in the US and Germany,
IM remains as the defining feature of CLO to this day. Further the term specialized
intestinal metaplasia is still used [24, 26-28], despite clear evidence, now, that there
is nothing “specialized” about IM in CLO compared to IM at any other site,
especially, of course, in the stomach. The US viewpoint is that, although there are
data to suggest that cardia-type epithelium is also premalignant, the importance of
IM in the definition of CLO lies in clinical relevance [27]. They argue that there is
established premalignant potential appreciable in mucosa that exhibits intestinal
metaplasia. While new data do raise the possibility of adenocarcinoma arising in
cardia-type mucosa, they maintain that there is insufficient evidence to define the
precise risk associated with this phenotype. This is particularly of relevance in a
private healthcare system, where the label of a “premalignant condition” has signifi-
cant economic implications to the patient.
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Interestingly, Westerhoftf et al have suggested that decreasing the requirement for
goblet cells, in the diagnosis of CLO, could increase the diagnosis of Barrett’s esopha-
gus by up to 147 % [29]. They have suggested that, as follow-up endoscopy in short
columnar segments does not often show goblet cells, the columnar mucosa seen could
just represent proximal stomach, and these patients would be erroneously labeled as
CLO, should the requirement for goblet cells be removed. It could be argued that such
findings merely emphasize the importance of endoscopic correlation, given the preva-
lence of CLO at endoscopy (0.5-2 %) and USSCLO (CIM; 15-32 %) reported in the
West. Westerhoff and colleagues did acknowledge that a part of the argument to
include goblet cells in the CLO definition was financially driven.

In support of the US argument, Spechler has maintained that, on his review of the
evidence to date, goblet cells should be seen in order to diagnose Barrett’s esophagus,
citing recent research by Pereira and Chaves to support Westerhoff’s conclusions, in
which patients with nongoblet cell CLO did not go on to develop IM in subsequent
biopsies [24]. The German viewpoint is less dogmatic. Although current German
national guidelines do require histopathological evidence of IM, they acknowledge
contemporaneously that there is ongoing discussion regarding to what extent
columnar epithelium without goblet cells can be diagnosed as CLO [30].

The current US guidelines are in stark contrast to the current national British
and Japanese positions, whereby it is widely accepted that intestinal metaplasia,
although often seen, is not required for the diagnosis of Barrett’s esophagus [31,
32]. Such conflicting opinions are held for a variety of reasons. Scrutiny of the
evidence for the implications of IM in the diagnosis of CLO casts significant
doubt on the conclusions drawn. Harrison and colleagues have shown that there is
a linear relationship between the number of biopsies taken and the demonstration
of IM in classical CLO [33]. This was reflected in later work in our own UK
Barrett’s Oesophagus Registry (UKBOR) study. In our study, if just one biopsy
from classical CLO is taken, just over 50 % of cases would show IM whereas, if
nine are taken, well over 90 % of classical CLO cases will demonstrate intestinal
metaplasia (Fig. 7.1a).

Chance of finding goblet cells

12 31 4 5 6 7 8B %
HNo. of biopsies

Fig. 7.1 (a) Histogram showing data from an unpublished UKBOR (UK Barrett’s Oesophagus
Registry) study, by Dr T Mandalia and Prof N A Shepherd, of the correlation of the demonstration
of goblet cells with the number of biopsies taken at an index endoscopy for the diagnosis of CLO.
(b, ¢) Pseudo-goblet cells in CLO. Figure (b) shows the H & E appearances. The bloated cells (best
seen at left and indicated by arrows) could easily be passed as goblet cells. However (c¢) shows an
ABPAS preparation and this shows PAS-positive neutral mucin in the cells concerned (arrows),
indicating that they are bloated gastric-type foveolar cells. Background foveolar cells (showing
small apical PAS-positive neutral mucin droplets) are indicated by asterisks for comparison
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A similar and major potential confounding factor for the importance or other-
wise of IM demonstration lies in the method of pathological evaluation of biopsy
material. It has been demonstrated that the number of biopsies showing intestinal
metaplasia increases with the number of levels at which that biopsy is examined
[34]. Many leading British GI pathologists believe that the great majority of long
segment CLO cases will show intestinalization somewhere and that not finding it
merely represents the frustrating yet inevitable result of sampling bias. Further,
there is an embarrassingly high interrater variability, even among leading gastro-
intestinal pathologists, in the detection of IM. A recent study found that the dem-
onstration of IM, thereby “confirming” the diagnosis of Barrett’s esophagus,
among such experts, had a kappa value of 0.15 and the presence of goblet cells a
kappa value of 0.35 [35]. This study underlines the devastatingly poor interob-
server agreement levels, even among expert pathologists, on what actually consti-
tutes intestinal metaplasia/goblet cells, among pathologists, and completely
denigrates the utility of IM in defining and diagnosing CLO. An especial diffi-
culty in this regard is differentiating true goblet cells from so-called pseudo-gob-
let cells, which are bloated foveolar cells with a rounded intracellular mucin
content, mimicking true goblet cells (Fig. 7.1b, ¢). Arguably the subtleties of his-
topathological assessment of biopsy material have been somewhat overlooked
among a research body dominated by clinicians [36].

There is not only uncertainty regarding the quality of evidence supporting the
importance of IM, given such sampling bias and poor interrater agreement. Recent
research suggests that adenocarcinoma may arise from CLO that does not show
intestinal metaplasia. Japanese, German, and British pathologists have shown that
adenocarcinoma can arise from cardia-type mucosa in Barrett’s esophagus,
particularly minute adenocarcinomas [37, 38]. Support is lent to this standpoint by
the reported “marching front” of goblet cells, discussed later in this chapter, whereby
intestinal-type mucosa is seen more proximally within the Barrett’s segment [39]. If
it were only intestinal-type epithelium that gave rise to adenocarcinoma, one would
expect a greater incidence of adenocarcinoma in the proximal aspect of CLO, which
is not observed [40].

These arguments culminated in a seminal paper by two of the world’s top
gastrointestinal pathologists, both based in North America, who have argued that
the demonstration of IM/goblet cells should no longer be required and cited no less
than nine reasons why [41]. Some of these are addressed elsewhere in this treatise
but they also indicated that goblet cells are uncommon in pediatric patients with
CLO, that goblet cells have been shown to wax and wane over the natural history of
CLO, and also, importantly, that background, nongoblet cell epithelium has been
shown to be biologically intestinalized (vide infra) [41, 42]. Other investigators
even report that the presence of goblet cells confers protection against the
development of adenocarcinoma [43].

With such a body of evidence indicating that the enthusiastic assimilation of
intestinal metaplasia into a defining feature of CLO was somewhat premature, many
UK gastrointestinal pathologists have been dissatisfied with specific pathological
aspects of the most recent BSG guidelines, published in 2014 [44]. These define
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Barrett’s esophagus as the replacement of the normal distal esophagus squamous
epithelial lining by metaplastic columnar epithelium [44]. The guidelines state that
this should both be visible endoscopically and identified to be lying at least 1 cm
above the gastroesophageal junction. It includes a vague criterion of
“histopathological confirmation,” although little detail is given regarding precise
histopathological features. This fundamentally shifts the pathological reporting
ethos in Barrett’s esophagus diagnosis. The 2005 guidelines asserted that the role of
the pathologist lay in confirming an endoscopic diagnosis of CLO, with an emphasis
on pathological evaluation as critical in complex cases and cases with suspected
dysplasia. The more recent guidelines advocate a more independent pathological
opinion, a change in practice that we find regressive and unhelpful.

Further, the presence of intestinal metaplasia was reintroduced as a defining
feature in the diagnosis of CLO in these BSG guidelines. This was accompanied by
a critique of the evidence questioning the importance of IM. While previous authors
have raised sampling bias as a potential confounding factor in the investigation of
intestinal metaplasia as the heralding predysplastic event in CLO, the most recent
guidelines advocate extensive sampling to fully evaluate CLO. Promoting more
biopsies to avoid sampling bias in detecting IM is a somewhat flawed argument,
given that the evidence to support the need for IM is, in the first place, compromised
by sampling bias.

The new BSG guidelines have endorsed the histological finding of “multilayered
epithelium” as pathognomonic of CLO [45]. It is our contention that many of the
pathological features, purported to be pathognomonic of CLO and thus defining
features, may be seen in other situations, namely, in the gastric mucosa or at the
esophago-gastric junction, and that the only histological finding capable of
independently providing a diagnosis of CLO is that of columnar mucosa immediately
juxtaposed with native esophageal structures [1]. It is our view that the diagnosis
should not be reliant on the demonstration of IM, not because it isn’t important, but
because many cases of CLO will be excluded if biopsy numbers are low. Further,
relying on the histological demonstration of goblet cells, even without taking into
consideration the inaccuracy with which this is done, creates a significant risk of an
inappropriate diagnosis of CLO when the diagnosis is really cardia IM. Such a risk
is only increased when the importance of endoscopic correlation is actively
discouraged.

The Derivation of CLO

Barrett initially described CLO as a segment of tubular, intrathoracic stomach, due
to “congenitally short esophagus.” This concept was, fortunately, usurped reasonably
swiftly by investigators who asserted that CLO was a metaplastic pathological
process in the native esophagus, based on a variety of observations, including that
the tubular structure macroscopically bears a resemblance to the normal esophagus,
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with no peritoneal covering, and, microscopically, that the segment contains sub-
mucosal glands and squamous islands [46].

Johns described replacement of the embryonic ciliated columnar epithelium
lining the esophagus by squamous epithelium, starting at its mid-point, at the 17th
week of development [47]. Remnants of such epithelium were described in both
infants and older children [48]. A second congenital theory posited that the columnar
epithelium represented a remnant of this embryonic epithelium [49]. Barrett later
renounced this theory, noting that, if this were the case, one would expect to see the
columnar mucosa arising, at least on occasion, throughout the length of the
esophagus, rather than exclusively in the distal portion [50]. Further, congenital
remnants of columnar mucosa are more common in the cervical esophagus [51, 52].

Moersch and colleagues were among the first investigators to propose CLO as an
acquired phenomenon secondary to reflux esophagitis [53]. An acquired origin of
CLO was supported by later studies, citing the acquisition of CLO following surgery
known to induce GORD, such as Heller’s myotomy [54-57]. Although some
claimed reversion of CLO to squamous epithelium after antireflux surgery [58, 59],
others attested that it did not “revert” [60]. Later research described the specific
importance of chronic injury to the esophageal squamous epithelium. Surgical
injury to squamous epithelium in dogs without GORD healed by regeneration of the
squamous epithelium [61]. In contrast, animal models, in which surgical techniques
were employed to induce reflux disease, provided empirical evidence that CLO was
an acquired disease process secondary to GORD and showed that it was a true
metaplasia in the esophagus rather than proximal migration of gastric mucosa into
the esophagus [61-63]. Other factors have been linked to the development of CLO,
including bile reflux, caustic injury by lye, cytotoxic chemotherapeutic agents,
gastric acid hypersecretion, and abnormal esophageal motility [64—67]. All share a
common outcome of chronic lower esophageal mucosal insult.

Current Theories of the Pathogenesis of CLO

While much of the historical research has focused on the principle that CLO arises
as a metaplasia from squamous epithelium following chronic esophageal injury,
there are in fact few firm data to support this theory. Indeed, the precise mechanism
and genetic changes responsible for the initiation of CLO are still largely unknown.
Three main points of contention exist in the theories of derivation of CLO. The first
is whether or not the entity arises as a result of clonal expansion of a stem cell niche
[68], or whether the columnar epithelium is present due to a postmitotic epigenetic
effect inducing transdifferentiation, secondary to gastric refluxate [69]. A second
contentious point is that, if CLO arises as a result of stem cell clonal expansion,
where do the