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SUMMARY. Barrett’s esophagus (BE) is the precursor and the biggest risk factor for esophageal adenocarci-
noma (EAC), the solid cancer with the fastest rising incidence in the US and western world. Current strategies to
decrease morbidity and mortality from EAC have focused on identifying and surveying patients with BE using
upper endoscopy. An accurate estimate of the number of patients with BE in the population is important to inform
public health policy and to prioritize resources for potential screening and management programs. However, the
true prevalence of BE is difficult to ascertain because the condition frequently is symptomatically silent, and the
numerous clinical studies that have analyzed BE prevalence have produced a wide range of estimates. The aim of
this study was to use a computer simulation disease model of EAC to determine the estimates for BE prevalence
that best align with US Surveillance Epidemiology and End Results (SEER) cancer registry data. A previously
developed mathematical model of EAC was modified to perform this analysis. The model consists of six health
states: normal, gastroesophageal reflux disease (GERD), BE, undetected cancer, detected cancer, and death.
Published literature regarding the transition rates between these states were used to provide boundaries. During the
one million computer simulations that were performed, these transition rates were systematically varied, producing
differing prevalences for the numerous health states. Two filters were sequentially applied to select out superior
simulations that were most consistent with clinical data. First, among these million simulations, the 1000 that best
reproduced SEER cancer incidence data were selected. Next, of those 1000 best simulations, the 100 with an overall
calculated BE to Detected Cancer rates closest to published estimates were selected. Finally, the prevalence of
BE in the final set of best 100 simulations was analyzed. We present histogram data depicting BE prevalences for
all one million simulations, the 1000 simulations that best approximate SEER data, and the final set of 100
simulations. Using the best 100 simulations, we estimate the prevalence of BE to be 5.6% (5.49-5.70%). Using our
model, an estimated prevalence for BE in the general population of 5.6% (5.49-5.70%) accurately predicts
incidence rates for EAC reported to the US SEER cancer registry. Future clinical studies are needed to confirm our
estimate.
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INTRODUCTION AND BACKGROUND world." Although the absolute number of EAC cases

per year remains too low to screen the general
Esophageal adenocarcinoma (EAC) has the fastest population,” targeted screening of high-risk indivi-
rising incidence of a solid cancer in the Western duals may be appropriate. Heartburn, the primary
symptom of gastroesophageal reflux disease
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times) of developing EAC.* Because of the significant
number of individuals affected by GERD and BE, the
management of these patients has become a signifi-
cant public health issue.

The incidence of BE is debated, partially because it
is symptomatically silent and the potential impact of
publication bias.> An accurate estimate of the number
of patients in the population with BE is important to
aid in the prioritization of medical resources and to
inform public health policy. Also, a better estimate
of BE prevalence would help to assess the feasibility,
effectiveness, and cost-effectiveness of a screening
and management program for BE; the ultimate goal
of such a screening program would be to prevent
EAC morbidity and mortality.

Numerous studies have analyzed the prevalence of
BE but with a wide range of results.®!> The two
largest (approximately 1000 patients) and more meth-
odologically rigorous studies have also produced
widely divergent results. A Swedish study attempted
to recruit patients from a community sample and
found 1.6% of those who had endoscopic screening
had histologically confirmed BE.® A second study had
a similar number of subjects, but a potentially biased
group, as patients were recruited to undergo upper
endoscopic screening for BE among individuals
who were undergoing screening colonoscopies. This
analysis was performed in the US and found a BE
prevalence of 6.8%,” which is more consistent with
other recent US studies. The discrepancy between
these two studies’ findings has been discussed with
possible suggested etiologies including differences in
the populations studied and endoscopy and biopsy
techniques'®; however, the true prevalence continues
to be debated.

Simulation models can be useful in various sce-
narios, including this particular circumstance, where
clinical studies that provide more conclusive data are
not feasible and/or the existing data are conflicting.
A model can synthesize and integrate the data that
are available and can be used to perform various
analyses. This includes using the model to make
projections by extrapolation, or increasing the under-

standing or ‘filling in” areas of the natural history of
a disease that are lacking data by interpolation.

The aim of this study was to use a mathematical
simulation model of the natural history of EAC
(Esophageal Adenocarcinoma Model, EACMo) to
estimate the BE prevalence that best aligns with pub-
lished clinical data, particularly, National Cancer
Institute (NCI) Surveillance Epidemiology and End
Results (SEER).

MATERIALS AND METHODS
Model structure

In order to gain a better understanding of EAC, and
specifically BE prevalence, a mathematical model was
developed. The Markov model used in our analysis is
a scaled-down version of a larger population model
of EAC that was constructed to explore and analyze
the rising incidence of EAC.!" The model consists
of six health states: Normal, GERD Symptoms, BE,
Undetected Cancer, Detected Cancer, and Death (see
Fig. 1). The model was programmed in C# using the
Microsoft. NET Version 2.0 Framework (Redmond,
WA, USA).

Fundamentally, the model is composed of two
primary components: the model structure or the
various health states; and the transition rates or prob-
abilities between them. The rectangles in Figure 1
represent the various health states and the arrowed
lines connecting them represent transition probabili-
ties, or the chance or probability that a simulated
patient in a specific health state would leave one state
to enter the other state.

Approximately a million simulations were per-
formed, each using a different set of transition
probabilities. The simulation would begin with the
hypothetical cohort of patients at age 0 and track
them as they aged from birth to age 80 or death,
whichever came first. After each cycle, or time incre-
ment, the simulation model would keep track of the
fraction of patients in each health state. Because each
simulation had a different and unique set of transi-

Model Structure of the Natural History of Esophageal Adenocarcinoma

Mo Symptoms

Mormal :
Population =

Barrett's
Esophagus

........................ +  Progression

Fig.1 The flow diagram above depicts the different health states and transition probabilities used in the simulation model. All of these

states may also transition to death from natural causes.

© 2010 Copyright the Authors

Journal compilation © 2010, Wiley Periodicals, Inc. and the International Society for Diseases of the Esophagus

20z udy || uo 3sanb Aq 02262€2/1G1/9/€2/31911e/2)0p/ W02 dNo0lWapede//:sdRy Wolj papeojumoq



The prevalence of Barrett’s esophagus 453

tion probabilities, the number (or percentage) of indi-
viduals in each health state by cycle would reflect
these differences and also be unique. Using this
method, our million simulation produced a wide
range of BE prevalences.

Model inputs and assumptions

Several assumptions were made in the construction of
our model. Details of many of the assumptions follow
below and also refer to a summary table (Table 1)
which presents model input estimates and references
to publications upon which they are based.

LSBE versus SSBE

Although not depicted in the figure, the health state
representing BE was further subcategorized as long-
segment Barrett’s esophagus (LSBE) and short-
segment Barrett’s esophagus (SSBE). The prevalence
of LSBE compared with SSBE was fixed at a 3:1
ratio.*™!* The progression rates from LSBE versus
SSBE to cancer were assumed to be 2 : 1 based on a
surface area rationale.”

BE prevalence

Additionally, the BE prevalence was assumed to
increase with age.!” This was achieved by having the
transition probabilities that governed entry into the
BE health state (Normal to BE and GERD to BE)
increase with age.

Undetected cancer

As with any cancer, many cases of EAC may be
dormant or asymptomatic for many years prior to
detection. Accordingly, an undetected cancer state
was included in the model. Because an undetected
state is by nature unobservable, transitions surround-
ing it are intrinsically difficult to quantify. We esti-
mated that the sojourn time, which we defined as the
time for an undetected cancer to become detected,
was in the range of 3—6 years.%

Select population

Our model simulated only white males in the US as
this is the group with the greatest risk for both BE

Table 1 Model inputs: selected parameters estimates

Parameter Value Range References
GERD symptom prevalence 18.6 17-20 3,6,18-26
Prevalence ratio, 3:1 n/a 6,714

SSBE : LSBE
Progression to CA Ratio, 1:2 n/a 2

SSBE : LSBE

Sojourn time: Undetected B2

CA to Detected CA

3-6 years 3-9 years

This table summarizes input parameter assumptions used in the
simulation model.

© 2010 Copyright the Authors

and EAC, and as a consequence, also the group most
studied with the most published data.

Parameter search for transition probabilities

There are limited published data regarding the tran-
sition probabilities between the health states that
precede EAC. However, even if ‘optimal’ clinical data
were available (e.g. a large, representative cohort
of patients with BE followed over a long period of
time with intensive or relatively frequent endoscopic
surveillance), the exact time of transition from one
health state to another within the surveillance interval
would be difficult to determine; the inaccuracies asso-
ciated with health state determination by endoscopic
biopsies (false negative and false positive diagnoses)
add additional uncertainty. These factors make
estimating the five transition probabilities between
health states within the natural history model
challenging.

In an attempt to address the significant uncer-
tainty in transition probability estimation, a para-
meter search process was performed where the five
transition probabilities within the model are varied
systematically while constrained to a plausible
range guided by the literature (parameter space grid
search®*) to produce a large number of distinct
parameters or transition probability sets. Each dis-
tinct transition probability set was used to perform
a single run of the model or a simulation, produc-
ing unique model outputs or distributions of health
states. For our model, the outputs were GERD
symptom, BE, and undetected cancer prevalences,
and detected cancer incidences. Restated from a ‘big
picture’ perspective, each simulation represents a
distinct potential depiction for the natural history
of EAC (including the prevalence of BE), and by
systematically varying the transition probabilities,
a comprehensively exhaustive range of possibilities
are covered.

Additional details of parameter search and other
technical details of model constructions can be found
in our esophageal adenocarcinoma policy model
manuscript, which focuses on model development,
calibration, and validation."

Criteria used for superior simulation selection

After running approximately a million simulations
using the numerous distinct transition probability
sets, a systematic process to select the superior
simulations was necessary. Two sequential filters
or criteria were applied to determine the superior
simulations among the large pool of samples. The
purpose of these filters was to identify those simula-
tions that were more consistent with specific pub-
lished data and reality. The first and primary filter
used to assess simulation quality was how well simu-
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lation results approximated or reproduced NCI
SEER reported EAC incidences by age in 2005.> The
second filter was based on a published meta-analysis
that estimated the progression rate from BE to EAC
at approximately 0.5% per year, after attempting to
adjust for publication bias.’

As described, when running the simulations,
the transition probabilities were systematically varied
(grid search pattern) producing a comprehensive
range of model results. To quantitatively assess which
simulations (based on the particular transition prob-
ability sets) best approximated SEER data, a chi-
squared Goodness of Fit (GOF) test was performed
and a score calculated for each simulation. The simu-
lations with the best GOF scores (top 0.1% or 1000
simulations) were chosen for further analysis.

Of these 1000 selected simulations, the second cri-
terion or filter was applied. The BE to cancer progres-
sion rates were calculated for each of the remaining
simulations and those that were closest to the pub-
lished rates of 0.5% (top 10% or 100 simulations) were
selected to produce the final group that were deemed
to be the best by our described selection process.

The final group of superior or the 100 best simu-
lations were then analyzed to determine the BE
prevalences that were estimated by each simulation;
averages and ranges were calculated.

RESULTS

As previously described in the Methods section, the
first selection criterion was to assess each simulation’s
fit to SEER cancer incidence and choose the superior
1000 among the pool of a million simulations.
Figure 2 is a plot of the model’s projected cancer
incidence versus SEER cancer incidence presented
by age group; the model data corresponds to the
simulation with the best fit to SEER data (best GOF

score). On inspection, the model output or projected
EAC incidence approximates SEER cancer incidence
well.

Figure 3 depicts the distributions of BE prevalence
for all and selected simulations. Figure 3a is a histo-
gram representation of the distribution of BE preva-
lences for all one million simulations prior to any
filtering. The range is quite broad, from 0.4 to 24.5%,
but is consistent with the wide range found in clinical
studies.®

Figure 3b graphs the superior 1000 simulation
after the first filter of best fit to SEER data is applied.
The results appear to have a bimodal distribution
with one peak at a BE prevalence of 5.9% and a
second peak at 11.6% with an overall range between 5
and 12%. The bimodal distribution or peaks are most
likely an artifact of the granularity of the grid search
(i.e. if the grids in the search had been smaller or
finer in granularity then the distribution would have
appeared flatter). This explanation also applies to
the numerous peaks seen in Figure 3a.

The distribution of BE prevalences for the best 100
simulations are graphically displayed in Figure 3¢
and demonstrates a narrow single peak. The mean
average BE prevalence was 5.57% (SD = 0.10 while
the median value was 5.49%). A total of 95% of the
distribution was within the range of 5.488-5.700%
(see Table 2).

DISCUSSION

The incidence of EAC has been rising dramatically
and much of the efforts to date have focused on iden-
tifying and surveying patients with BE, which is the
greatest risk factor for developing EAC.* The number
of individuals in the US with BE is difficult to esti-
mate because a substantial proportion of patients
do not have symptoms®? and a consensus regarding
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Fig. 2 This plot compares the Model versus SEER cancer incidences for the simulation with the top Goodness of Fit score.
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Fig. 3 The top graph (a) depicts the BE prevalences of all the simulations prior to any filtering. The middle graph (b) show the BE
prevalences of the 1000 simulations that best fit SEER data. The bottom graph (c) shows the BE prevalences for the final, best 100
simulations.

screening guidelines does not exist.** Clinical studies  yses have produced widely divergent estimates. A
that have analyzed the prevalence of BE have pro- Swedish study which attempted to approximate a
duced a wide range of estimates.!> Among these = community sample by recruiting volunteers for endo-
numerous studies of varying design and populations, scopic screening estimated BE population prevalence
the two largest and methodologically rigorous anal-  at 1.6%.° A similar sized study performed in the US.
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Table 2 BE prevalence distributions

Mean (SD) 5.571 (0.10)

Median 5.49

Ranges Min prevalence Max prevalence
50% 5.489 5.698

75% 5.488 5.699

90% 5.488 5.700

95% 5.488 5.700

The above table depicts the BE prevalence value’s mean, median,
and ranges after both of the filters were applied to the simulations.

that was performed in patients who were undergoing
screening colonoscopies found a substantially higher
prevalence of 6.8%.” Our millions simulations were
comprised of BE prevalences ranging from 0.4 to
25%, but our final set of the best 100 simulations
produced a precise range between 5.49 and 5.70%,
with a mean value of 5.57%. Additionally, our esti-
mates for BE prevalences were calculated across the
entire population from birth to age 80 in our simula-
tions, where BE prevalence was assumed to increase
with age; if our simulations had used a population
that excluded younger patients (published studies
were performed in older patients), our estimates for
BE prevalence would presumably have been higher.

Because of the acknowledged uncertainties in the
model (see limitations below), we do not believe that
the final estimate produced by our exploratory anal-
ysis of ~5.6% should be considered the definitive
prevalence. A more reasonable interpretation of our
findings might interpret them in the context of prior
clinical data, specifically the divergent estimates of
1.6 and 6.8%. Our analysis, which was performed
independently of both studies, is quite close to the
6.8% estimate. Furthermore, our model’s estimate
would be higher than 5.6% if it were restricted to an
older patient group similar to the one in which this
clinical study was performed. The true prevalence of
BE may lie closer to 6.8% rather than 1.6%.

Limitations

A limitation to our analysis is the uncertainty in both
the model structure, which is a simplification of the
natural history of EAC, and the limitation of avail-
able data that we based model inputs upon. Our
analysis attempted to determine which estimates of
BE prevalence were most consistent with the better
clinical data that were available (e.g. SEER). An
inherent limitation to this methodology is that our
estimates were biased or constrained to those esti-
mates that have been published. We acknowledge the
exploratory nature of our analyses.

We attempted to synthesize and integrate the
available data to produce a model that was clinically
realistic. However, as with all disease models, this

model was a simplification of reality. For example,
our model did not include dysplasia states within BE
(e.g. low-grade and high-grade dysplasia) and did
not include regression between health states. We did
not believe that these clinical realities were directly
relevant to the goal of our analysis, which was to
determine an estimate for BE prevalence, and so they
were not included. The primary benefit of maintain-
ing simplicity was model transparency. This allows
the model and the analysis performed to be more
comprehensible to both the investigators and readers.
However, future analysis may include dysplastic
states, particularly if they are directly relevant to the
aims or hypothesis of the study.

Our analysis used the most recent SEER data from
2005 for white males. SEER data are based on a
sample that represents 26% of the US population,
while not perfect, is a significant strength of our anal-
ysis. We did not try to incorporate the secular trends
and potential cohort effects that factor into the sig-
nificant rise witnessed in EAC incidence over the
past three decades. This simplification was necessary
to perform our relatively simple and exploratory
analysis.

Additionally, we chose to focus on white males as
the majority of published data focused on this group
and analyses on nonwhite and females would have
introduced even more uncertainty into the analyses.

In conclusion, we performed an exploratory anal-
ysis where a simulation model of EAC was used to
estimate the prevalence of BE. Our result of 5.6% is
more consistent with the 6.8% estimate from the
analysis by Rex er al.” than the 1.6% estimate by Ron-
kainen et al.® BE prevalence is central to determining
the effectiveness and cost-effectiveness of current and
future screening and management programs for BE
and EAC. Consequently, our results could be useful
to inform clinical and policy decisions. Future clinical
studies are necessary to confirm the prevalence of BE
in the population, but our results provide additional
support to the 6.8% estimate.
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