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Introduction
!

Over the last decade, significant advances have
been made in our understanding of the natural
history of Barrett’s esophagus and the subsequent
risk for progression to advanced neoplasia. In ad-
dition, the endoscopic ablative treatment of ad-
vanced neoplasia has improved markedly. How-
ever, the management of nondysplastic Barrett’s
esophagus (NDBE) continues to be based primari-
ly on conservative endoscopic surveillance [1].
The assumptions that endoscopic surveillance
can accurately detect progression to high grade
dysplasia (HGD) and esophageal adenocarcinoma
(EAC) and that early interventionmakes a positive
impact on survival have not yet been demonstrat-
ed in any large controlled prospective trials. Lo-
gistical, cost, and ethical issues severely limit the
feasibility of such trials. However, a series of
well-conducted economic analyses looking into

the most cost-effective management of NDBE
have consistently demonstrated that expectant
periodic endoscopic surveillance is costly and in-
effective [2,3]. Our earlier work indicated that an
aggressive strategy of endoscopic ablation in all
patients with NDBE is generally not cost-effective
and would be cost-effective only if targeted to a
high risk subset of patients [4]. Therefore, addi-
tional management strategies, particularly ones
that include risk stratification, need to be devel-
oped and evaluated.
Molecular biomarkers of genomic instability, in-
cluding loss of heterozygosity (LOH) mutations
near genes encoding tumor suppressor proteins
(TP53 and CDKN2A), are associated with neoplas-
tic progression in patients who have NDBE [5–7].
Panels of such biomarkers have the potential to
provide a longer detection window and, subse-
quently, early intervention in patients with NDBE
based on their risk for neoplastic progression. Un-
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Background: The surveillance of patients with
nondysplastic Barrett’s esophagus (NDBE) has a
high cost and is of limited effectiveness in pre-
venting esophageal adenocarcinoma (EAC). Abla-
tion for NDBE remains expensive and controver-
sial. Biomarkers of genomic instability have
shown promise in identifying patients with
NDBE at high risk for progression to EAC. Here,
we evaluate the cost-effectiveness of using such
biomarkers to stratify patients with NDBE by risk
for EAC and, subsequently, the cost-effectiveness
of ablative therapy.
Methods: A Markov decision tree was used to
evaluate four strategies in a hypothetical cohort
of 50-year old patients with NDBE over their life-
time: strategy I, natural history without surveil-
lance; strategy II, surveillance per current guide-
lines; strategy III, ablation for all patients; strate-
gy IV, risk stratification with use of a biomarker
panel to assess genomic instability (i. e., mutation-
al load [ML]). Patients with no ML underwent

minimal surveillance, patients with low ML un-
derwent standard surveillance, and patients with
high ML underwent ablation. The incremental
cost-effectiveness ratio (ICER) and incremental
net health benefit (INHB) were assessed.
Results: Strategy IV provided the best values for
quality-adjusted life years (QALYs), ICER, and
INHB in comparison with strategies II and III. Re-
sults were robust in sensitivity analysis. In a
Monte Carlo analysis, the relative risk for the de-
velopment of cancer in the patients managed
with strategy IV was decreased. Critical determi-
nants of strategy IV cost-effectiveness were the
complete response rate, cost of ablation, and sur-
veillance interval in patients with no ML.
Conclusion: The use of ML to stratify patients with
NDBE by risk was the most cost-effective strategy
for preventive EAC treatment. Targeting ablation
toward patients with high ML presents an oppor-
tunity for a paradigm shift in the management of
NDBE.



til fairly recently, this molecular testing was limited to academic
and research efforts in which fresh tissue was used. However,
testing can now be performed on formalin-fixed, paraffin-em-
bedded tissue slides in a central laboratory, obviating the need
for fresh tissue. These advancements have led to the development
of a commercially available biomarker panel for assessing geno-
mic instability that can be used in the clinical management of pa-
tients with Barrett’s esophagus.
Mutational load (ML) is a summary measure of genomic instabil-
ity across a panel of biomarkers often mutated in EAC [5,7]. ML
assesses the presence and extent of genomic instability by meas-
uring the number and clonality of LOH mutations in tissue with
Barrett’s esophagus–related histology. Mutations interrogated
include LOH in 17p (TP53), 9p (CDKN2A), 1p (CMM1, L-myc), 3p
(VHL, HoGG1), 5q (MCC, APC), 10q (PTEN,MXI1), 17q (NME1), 18q
(DCC), 21q (TFF1, PSEN2), and 22q (NF2) genomic loci. ML also as-
sesses the presence of microsatellite instability (MSI) at these
loci. In cross-sectional studies, a small percentage of NDBE-de-
rived histological tissue had ML similar to that of higher risk his-
tological tissue (i. e., HGD or EAC), suggesting thatMLmay be pre-
dictive of impending, higher risk morphological changes [5,7].
Findings from a longitudinal study further demonstrate that pa-
tients who have NDBE that eventually progresses to HGD or EAC
have elevated ML before the onset of histological progression [8].
Thus, ML assessment has the potential to improve patient man-
agement by providing a measure of genomic instability that
could signal increased risk for future progression to EAC.
Herein, we update and build upon our previous analysis of the
cost-effectiveness of Barrett’s ablation strategies. We compare
the current American College of Gastroenterology (ACG) guide-
line-recommended standard of care for patients who have NDBE
with one in which ablation is indicated only for patients with
NDBEwho have a high risk for progression based on overall levels
of genomic instability [1,9]. We report cost savings and incre-
mental gains in quality-adjusted life years with the use of ML-
based risk stratification and subsequent selective endoscopic ab-
lative therapy for the preventative treatment of EAC.

Methods
!

In this decision analysis, we considered a hypothetical cohort of
white male patients with a mean age of 50 years in whom NDBE
had recently been diagnosed during esophagogastroduodeno-
scopy (EGD) based on the ACG definition [10].

Model
We used commercially available decision analysis software (Tree-
Age Pro; TreeAge Software, Williamstown, Massachusetts, USA)
to develop a hybrid model of a linear decision tree terminating
in a Markov model to compare different strategies for the man-
agement of NDBE (●" Supplementary Fig.1) [11]. Various health
and disease states (e.g., healthy, NDBE, Barrett’s esophagus with
low grade dysplasia (LGD), esophageal cancer, postoperative
state, and finally death), each associated with a different set of
costs and utilities (●" Supplementary Fig.2), were used to model
the natural history of patients with Barrett’s esophagus. At entry
into the model, it was considered that all members of the cohort
had already undergone the index EGD confirming the diagnosis
of Barrett’s esophagus without surface nodularity or masses and
on biopsy would have only NDBE. At the end of each 1-year cycle
of the model, they would be redistributed to different states de-
pending on the estimated transitional probabilities among the
various health states. Death was considered an absorbing state.
The time horizon of the model was the lifetime of the cohort.
The analysis was conducted according to the recommendations
of the Panel on Cost-effectiveness in Health and Medicine for
conducting and reporting a reference case analysis with a societal
perspective [12].

Strategies compared
Four strategies were compared (Supplementary Methods):
Strategy I. “Natural history” of NDBE: No surveillance or inter-
ventions were used for NDBE with this strategy.
Strategy II. “Guideline-recommended surveillance” of NDBE: This
strategy followed the ACG treatment guidelines for NDBE.
Strategy III. “Ablate all” patients with NDBE: Preventative endo-
scopic ablation therapy for NDBE was modeled primarily after a
stepwise ablation procedure with the HALO Ablation System
(Barrx Medical, Sunnyvale, California, USA).
Strategy IV. “ML-based risk stratification” according to levels of
genomic instability: ML was assessed with BarreGen and Path-
FinderTG (Interpace Diagnostics, Pittsburgh, Pennsylvania, USA;

Low ML Risk Factor

Frequency of EGD-Based Surveillance

Probability of Low ML

Probability of Complete Response to Ablation

Total Cost of Ablation

High ML Risk Factor

Probability of High ML

Cost of ML Test

18.60 18.65 18.70 18.75
Net Health Benefit

Fig.1 Tornado diagram for a series of one-way
sensitivity analyses showing the impact of various
clinical and cost variables on the net health benefit
of the two most competitive strategies: a strategy
based on standard surveillance (strategy II) and a
strategy based on risk stratification with mutational
load (strategy IV). These particular variables were
examined because they were supported by the
most limited available data. Although the incre-
mental cost-effectiveness ratio changed signifi-
cantly as the variables changed, the overall con-
clusion of the model that strategy IV yields the
highest NHB at a willingness to pay of $50,000 was
unchanged. The relative impact on the NHB is
signified by the width of the horizontal bars. ML,
mutational load; EGD, esophagogastroduo-
denoscopy.
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formerly RedPath Integrated Pathology) in esophageal biopsy
specimens from patients with NDBE, and preventative ablation
was performed based on each patient’s risk for progression to
EAC.

Clinical probabilities
Clinical probabilities, including transitional probabilities and
performance characteristics of endoscopy and biopsy in identify-
ing different Barrett’s esophagus–related health states, were de-
rived from the published literature. Literature references for clin-
ical probabilities are presented in the Supplementary Methods
and●" Supplementary Table1.

Cost estimates and utilities
Costs, not charges, were considered in this analysis, and a third-
party payer’s perspective was taken (Supplementary Methods
and●" Supplementary Table2). Only direct costs were consid-
ered, and all costs were adjusted to 2013 U.S.dollars. Costs were
estimated based on the national average reimbursement allowed
for each coded procedure by the Centers for Medicare &Medicaid
Services (CMS) during the fiscal year 2013.

Sensitivity analysis
Model robustness was evaluated with sensitivity analysis based
on important clinical probabilities and cost estimates. A second-
order Monte Carlo simulation was performed in the hypothetical
cohort of 10,000 patients with NDBE for a probabilistic sensitivity
analysis. This simulation recalculates a model multiple times, in-
corporating uncertainties into an analysis consistent with real-
life situations [13]. Using tracker variables, we compared the
number of patients in whom EAC developed with the different
strategies.

Outcomes compared and statistical methods
The incremental cost-effectiveness ratio (ICER) and incremental
net health benefit (INHB) were the primary outcomes compared
among the four strategies. ICER is the difference in costs be-
tween strategies divided by the difference in outcome (life
years) between strategies: for example, ICER=(Cost Strategy I –
Cost Strategy II)/(Effectiveness Strategy I – Effectiveness Strategy
II)]. The ICER is a measure of the added cost for each additional
life year gained with a given strategy relative to another strate-
gy.
The net health benefit (NHB) has been increasingly used in the
economic evaluation of health care intervention as an alternative
to the ICER. The NHB is a function of effectiveness (E), cost (C),
and willingness to pay (WTP; i. e., the decision maker’s threshold

ICER) according to the following formula: NHB=E – C/WTP) [14,
15]. The NHB is the health effect of a treatment minus the benefit
that onewould have obtained by investing the resources spent on
a marginally effective treatment. INHB) is the difference between
two NHBs. INHB is emphasized here because it is often preferred
to ICER as ameasure of cost-effectiveness as it is a direct interpre-
tation of the average health gained per patient who takes the dif-
ferent treatment adjusted for cost and WTP. Also, the INHB, as a
monotonic function of both health and cost, tends to be easier to
interpret; higher values are always better. Health policy makers
would favor a strategy for which the INHB takes the greatest po-
sitive value in relation to values of WTP that seem reasonable
with respect to known public policy.
To evaluate the results of the Monte Carlo analysis, relative risk
(RR) with 95% confidence intervals (CIs) and number needed to
treat (NNT) were calculated. NNT was defined as the number of
patients that needed to be treated per a selected strategy to pre-
vent one case of esophageal cancer.

Assumptions
This model was based on several well-accepted, published as-
sumptions used in decision analysis models for the management
of Barrett’s esophagus (Supplementary Methods).

Results
!

Baseline analysis
In our baseline analysis, 50-year old subjects with NDBE who re-
ceived no preventative intervention and followed the natural his-
tory of NDBE progression to HGD (strategy I) had an average of
17.567 quality-adjusted life years (QALYs) at a cost of $12,294
per patient (●" Table1). Compared with patients managed under
strategy I, those managed with guideline-recommended endo-
scopic surveillance (strategy II) gained an additional 0.656 QALY,
but at an incremental cost of $9068 (●" Table1). Endoscopic abla-
tion for all patients with NDBE (strategy III) had a slightly lower
cost per patient than strategy II. Regardless, this cost remained
incrementally higher than strategy I ($7033) with only a small
gain in QALYs (0.616) (●" Table1). Compared with strategies II
and III, risk stratification with ML (strategy IV) was the preferred
strategy from a cost, QALY, and ICER perspective, with the highest
yield of QALYs and lowest average cost per patient. Strategy IV re-
mained the best strategy with the lowest cost and highest num-
ber of QALYs in a modified baseline analysis with the lowest ML-
based risk stratification threshold (i.e.,“low ML”) as an indicator
for ablation (●" Table1). In this modified analysis, any positive

Table 1 Results of baseline analysis comparing all management strategies for patients with nondysplastic Barrett’s esophagus.

Strategy Cost, $* QALYs

gained, y

ICER ($/QALY)

vs. strategy I

ICER ($/QALY)

vs. strategy II

ICER ($/QALY)

vs. strategy III

I. Natural history 12,924 17.567 – 13,823 11,417

II. Guideline-recommended surveillance 21,992 18.223 13,823 – 2031

III. Ablate all 19,957 18.183 11,417 2031 –

IV. ML-based risk
stratification

Patients with “high ML”
undergo ablation.

17,234 19.081 2847 –5545 –3032

Patients with “high ML” and
“low ML” undergo ablation.

16,461 18.763 2957 –10,243 –6,028

QALYs, quality-adjusted life years; ICER, incremental cost-effectiveness ratio; ML, mutational load.
* Direct costs of care per patient (listed in●" Supplemental Table2) from a third-party perspective accrued over the lifetime of patients as they transition from one health state to
another based on the different transitional probabilities in yearly cycles, as modeled in the decision tree.
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level of ML (i. e., both “low ML” and “high ML”) was considered an
indication for ablation (patients with “no ML”were excluded).

Monte Carlo analysis
In the Monte Carlo simulation, a total of 831 esophageal cancers
developed in the natural course of NDBE (strategy I) over a calcu-
lated period of 174,853 person-years, for an average risk of 0.47%
per person-year. The numbers of esophageal cancers that were
diagnosed under each strategy during the lifetime of this cohort
were estimated at 831, 819, 596, and 402 for strategies I, II, III and
IV, respectively. Thus, compared with a strategy of no preventa-
tive intervention (strategy I), the RR for the development of can-
cer with ML-based risk stratification (strategy IV) remained low
(0.48%, 95%CI 0.43–0.54); the NNT for preventing cancer with
this strategy was only 23 (95%CI 20–28). Similarly, compared
with guideline-recommended endoscopic surveillance (strategy
II), the RR for the development of esophageal cancer with ML-
based risk stratification (strategy IV) was low (0.49%, 95%CI
0.44–0.55), with an NNT of only 24 (95%CI 21–28).
●" Supplemental Fig.2 shows the proportions of iterations in the
Monte Carlo analysis (y-axis) that are acceptable as cost-effective
for each strategy against increasingWTP (x-axis). For all levels of
WTP, a strategy of ML-based risk stratification (strategy IV) was
the most cost-effective strategy in terms of incremental NHB
(INHB), particularly when compared against the currently prac-
ticed guideline-recommended strategy of endoscopic surveil-
lance (strategy II).

Sensitivity analysis
When a one-way sensitivity analysis was performed by varying
important clinical probability and cost estimates, the model was
sensitive to several clinically important model parameters.
●" Fig.1 is a Tornado diagram of a series of one-way sensitivity
analyses for NHB showing the different clinical and cost variables
that impacted the NHB values of the two most competing strate-
gies (i. e., guideline-recommended surveillance [strategy II] and
ML-based risk stratification [strategy IV]). These particular vari-
ables were examined because they were supported by the most
limited data. It is important to note that although the outcome
values in dollar amounts changed as imputed values changed,
the overall conclusion of the model with respect to NHB was un-
changed; strategy IV yielded the highest NHB across awide range
of WTPs including a WTP of $50,000, which is routinely consid-
ered the threshold for an intervention to be cost-effective
(●" Supplementary Fig.3). Other important clinical parameters,
such as the rate of complications with ablative therapy, frequency
of endoscopic surveillance after complete ablation, annual prob-
ability of progression of HGD to cancer, quality of life after eso-
phagectomy, andmortality rate after esophagectomy, did not sig-
nificantly impact the conclusion of the baseline analysis (data not
shown).

Discussion
!

In this cost-effectiveness analysis, we show that among compet-
ing strategies for managing patients with NDBE, risk stratifica-
tion according to levels of genomic instability, with an ML-based
approach, is superior to other strategies of patient management.
Most importantly, this approach dominates the ACG [1,9] and
other [16] guideline-recommended strategies for endoscopic
surveillance. ML-based risk stratification not only yields the

highest number of QALYs for patients but also costs less, resulting
in comparatively lower costs per QALYgained (ICER). Moreover, it
yields the highest INHB to patients, which remains robust when
important cost and clinical variables are varied in sensitivity a-
nalysis. We used a modified version of a previously published de-
cision analysis model, the internal validity of which was corrobo-
rated by the estimated lifetime risk of approximately 0.5% per
person-year for the development of EAC in the natural history
arm. Such risk is supported by population-based studies of the
natural history of actual patients with Barrett’s esophagus de-
monstrating an incidence of malignancy of approximately 0.5%
per year
Recent prospective studies have shown the safety, tolerability,
and efficacy of endoscopic ablative therapy specifically in pa-
tients with NDBE [17–19]. With well-designed studies showing
high rates of complete elimination of intestinal metaplasia and
eradication of pre-ablation oncogenetic abnormalities following
ablation, concerns about the recurrence of metaplasia and the
durability of post-ablation neo-squamous epithelium are de-
creasing [20,21]. Recently, in another economic analysis, we
studied the cost-effectiveness of a strategy based on preventative
endoscopic ablative therapy in all patients with NDBE [4]. Al-
though the strategy yielded a higher number of QALYs compared
with a guideline-recommended strategy of endoscopic surveil-
lance, the cost-effectiveness of such a strategy was borderline,
given the high cost of endoscopic ablation. Thus, ablation for all
patients with NDBE could not be recommended for clinical prac-
tice from a health economics perspective. Of note, this economic
analysis clearly called for a risk stratification strategy to identify
and selectively perform ablation only in patients with NDBEwho
are at high risk for progression to advanced neoplasia. Consis-
tently, the management strategy that included ML-based risk
stratification of patients with NDBE, which is examined herein,
was more cost-effective than ablation for all patients with NDBE.
Several biomarkers, such as DNA content abnormality (aneuploi-
dy, tetraploidy), abnormalities at tumor suppressor gene loci (17
p and 9p LOH), epigenetic changes (CDKN2A methylation), cell
cycle markers (cyclin D1 expression), and proliferation markers,
have been associated with progression from NDBE to EAC [5–7].
In a landmark longitudinal study, Galipeau et al. [6] showed that
a panel of abnormalities including 17p LOH, DNA content irregu-
larities (tetraploidy and aneuploidy), and 9p LOH was the best
predictor of esophageal cancer in comparison with individual
biomarkers examined (RR 38.7, 95%CI 10.8–138.5, P=0.001). Pa-
tients with no baseline abnormality had a 10-year cumulative
esophageal cancer incidence of 12%, whereas patients with three
abnormalities (17p LOH, DNA aneuploidy, and 9p LOH) had a 10-
year cancer incidence of at least 79.1% [6].
Additional studies have shown that risk for progression to EAC
increases as the clonal expansion of cells with such mutations in-
creases [22–24]. Khara et al. recently reported the presence and
extent of genomic instability by using ML in patients with NDBE
and other, higher histological grades of disease [7]. ML incorpora-
ted the presence and clonality of LOHmutations next toTP53 and
CDKN2A, as well as eight additional genomic loci in proximity to
other tumor suppressor genes. MSI mutation at these loci was
also included in ML. Although some LOH and MSI damage was
detected in NDBE, much more was accumulated in advanced
stages of Barrett’s histology. A “high ML” level was present in up
to 95% and 96% of patients with HGD and EAC, respectively,
whereas only 8% of patients with NDBE had a similar “high ML”
level [7]. In another, related longitudinal study of 69 patients
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with Barrett’s esophagus, Eluri et al. showed that patients with
Barrett’s esophagus who had no or low levels of dysplasia but
“high ML” levels were more likely to progress to HGD or EAC at a
mean follow-up period of 4 years (adjusted odds ratio [OR] 166, P
<0.0001) [8].
A concern regarding the risk stratification of patients with NDBE
based on biomarker panels has been the perceived high cost of
biomarker testing, which led us to perform this economic analy-
sis. Two previous decision analyses incorporated biomarker-
based risk stratification strategies for the management of pa-
tients with NDBE [25, 26]. Both studies considered hypothetical
biomarkers and were limited by significant assumptions regard-
ing the performance characteristics and cost of these hypotheti-
cal tests. The earlier study did not consider endoscopic ablative
therapy at all because it was not clinically available at the time
of analysis [26]. The recent study by Gordon et al. focused on the
ability of biomarkers to modify NDBE surveillance intervals but
did not incorporate endoscopic ablative therapy as a primary in-
tervention [25]. In our earlier work, we have shown that blanket
endoscopic ablative therapy for NDBE is only borderline cost-ef-
fective [4]. We have now furthered such analysis to show that
limiting preventative endoscopic ablative therapy to those pa-
tients with NDBE at high risk for progression to HGD or EAC
makes ablation convincingly cost-effective compared with cur-
rent guideline-recommended endoscopic surveillance manage-
ment.
Although our model shows promising cost-effectiveness for pre-
ventative ablationwhen it is limited to high risk patients with the
use of biomarkers, it does have limitations. We did not account
for any indirect costs and considered only stepwise radiofrequen-
cy ablation as the method of endoscopic ablation, although other
ablation techniques are available. For patients with “lowML,” the
endoscopic surveillance intervals were arbitrarily decided based
on expert opinion, given the lack of robust long-term data on the
risk for progression in these patients. However, sensitivity analy-
ses showed that even ablation in all patients at lower risk for pro-
gression (i. e., those with “low ML”) was cost-effective and im-
proved QALYs. The model also assumed that all specimens for
ML analysis represented the worst Barrett’s-related histology
present in the patient, which is a strong assumption, given the
sampling variability associated with biopsy in these patients.
In summary, this economic analysis examined a strategy of using
ML-based risk stratification with a commercially available panel
of DNA markers to assess overall genomic instability in patients
with NDBE. When endoscopic ablative therapy was selectively
applied in patients at high risk for progression, the management
of patients with NDBE was superior to the current guideline-re-
commended management strategy of conservative surveillance.
Larger longitudinal studies of the use of biomarkers, such as ML,
in combination with established clinical and endoscopic predic-
tors to enhance risk stratification are urgently needed to con-
vince clinicians and policy makers to change the current costly
and ineffective practice of endoscopic surveillance.

Supplemental methods
!

Strategies compared
Four strategies were compared:
Strategy I. “Natural history” of nondysplastic Barrett’s esophagus
(NDBE): No surveillance or interventions were used for NDBE
with this strategy. Patients underwent esophagogastroduodeno-

scopy (EGD) only if a symptom suggestive of cancer, such as dys-
phagia or weight loss, developed. If cancer was discovered, pa-
tients with unresectable disease received palliative care (e.g.,
endoscopic therapy, chemoradiotherapy, hospice care). For those
with resectable disease, the model accounted for surgery-related
morbidity and mortality; it also accounted for the risk for recur-
rence. In addition to rates of mortality related to esophageal can-
cer, the U.S. life table mortality rates were incorporated into the
model to account for age- and gender-specific annual mortality
from all other causes.
Strategy II. “Guideline-recommended surveillance” of NDBE: This
strategy followed the American College of Gastroenterology
(ACG) treatment guidelines for NDBE. Patients with NDBE under-
went surveillance every 3 years. If low grade dysplasia (LGD) was
discovered, the frequency of surveillancewas increased to annual
until no dysplasia could be detected. If high grade dysplasia
(HGD) was discovered, patients underwent ablation as detailed
in strategy III. Patients with focal/nodular HGD underwent repeat
EGD and endoscopic mucosal resection followed by ablation. Eso-
phagectomy was considered for patients with esophageal adeno-
carcinoma (EAC) or persistent, diffuse, or multifocal HGD. When
indicated, endoscopic therapy was performed for patients with
nodular HGD or EAC. The possibility of misdiagnosis of histologic
specimens, a common problem in Barrett’s esophagus, was in-
cluded in the model based on published false-positive and false-
negative rates. Surveillance continued to age 80.
Strategy III. “Ablate all” patients with NDBE: Preventative endo-
scopic ablation therapy for NDBE was modeled primarily after a
stepwise ablation procedure with the HALO Ablation System
(Barrx Medical, Sunnyvale, California, USA). All patients who had
NDBE underwent preventative endoscopic ablation up to three
times. Each time, patients incurred a risk for complications. Pa-
tients with perforations as a result of ablation were assumed to
undergo esophagectomy. As noted for strategy I, the model
accounted for surgery-related morbidity and mortality. Patients
who had esophageal strictures as a result of ablation were as-
sumed to undergo dilation; risks associated with dilation were
included in the model. When ablation was successful, patients
underwent surveillance annually for 3 years and then every 10
years in baseline analysis, with a range of 3 to every 10 years for
sensitivity analysis. When ablation was incomplete, patients un-
derwent surveillance as in strategy II and were considered to
have the same risk for progression as at baseline.
Strategy IV. “Mutational load (ML)–based risk stratification” ac-
cording to levels of genomic instability: ML was assessed with
BarreGen and PathFinderTG (Interpace Diagnostics, Sunnyvale,
California, USA; formerly RedPath Integrated Pathology) in
esophageal biopsy specimens from patients with NDBE, and pre-
ventative ablation was performed based on each patient’s risk for
progression to EAC. Patients with NDBE andminimal risk for pro-
gression to HGD or EAC (i.e., those with “no ML”) were followed
as in strategy II, except that they underwent endoscopic surveil-
lance every 10 years. Patients with a low risk for progression to
HGD or EAC (i. e., those with “low ML”) were followed as in strat-
egy II, although the model incorporated a second decision node
to examine the possibility of managing these patients with an ag-
gressive strategy in which they underwent endoscopic ablative
therapy. Patients with a high risk for progression to HGD or EAC
(i.e., those with “high ML”) underwent ablation as in strategy III.
All patients with “high ML” underwent endoscopic surveillance
once a year indefinitely, even if complete eradication of intestinal
metaplasia was achieved.
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Clinical probabilities
The MEDLINE database and abstracts frommajor gastroenterolo-
gy meetings were searched for all relevant articles published
from 1996 to 2015 by using the terms Barrett’s esophagus, esoph-
ageal cancer, gastroesophageal reflux disease, economic analysis,
radiofrequency ablation, and photodynamic therapy. Also, the re-
ferences of selected publications were searched manually. When
specific published information was not available, expert opinion
was obtained by consensus.●" Supplementary Table2 lists the
clinical probabilities imputed into the model.
Literature exists on the prevalence of ML in patients with NDBE,
HGD, and EAC, as well as on the relative risk for progression from
NDBE to EAC based on levels of genomic instability. Prevalence
data for ML were primarily obtained from a recent study that as-
sessed ML in 427 patients with NDBE; in this study, 30% had “no
ML,” 62% had “low ML,” and 8% had “high ML” [1]. The ML-based
risk for progression from NDBE to HGD was obtained from a re-
view of the cumulative published literature citing genomic in-
stability as a risk factor in progression of NDBE to EAC. To assess
genomic instability, ML measures both loss of heterozygosity
(LOH) and microsatellite instability (MSI) mutations at 9p
(CDKN2A) and 17p (TP53), as well as at 8 additional genomic
loci: 1p (CMM1, L-myc), 3p (VHL, HoGG1), 5q (MCC, APC), 10q
(PTEN, MXI1), 17q (NME1), 18q (DCC), 21q (TFF1, PSEN2) and 22q
(NF2) [27, 28]. In a longitudinal study, 243 patients with NDBE
were evaluated at baseline for genomic instability by examining
DNA content abnormalities (tetraploidy, aneuploidy) and TP53
(17p) and CDKN2A (9p) alterations (methylation, point muta-
tions, and LOH). At 10 years, all abnormalities, except CDKN2A
point mutation and methylation, significantly contributed to
risk for progression to HGD and EAC, with relative risk by univari-
ate analysis ranging from 2.6 (for 9p LOH) to 10.6 (for 17p LOH)
[3]. A panel of abnormalities associated with genomic instability,
including 17p LOH, DNA content irregularity, and 9p LOH, was
the best predictor of esophageal cancer, with a relative risk of
38.7 [29]. Additional studies have shown that risk for progression
to EAC also increases with the increased clonal expansion of cells
that have such cumulative DNA damage 30]. ML assesses both the
presence and extent (i. e., clonality) of suchmutations in Barrett’s
tissue [27,28]. Consistently, in a recent longitudinal study of ML,
the presence of “high ML”was highly predictive of progression to
HGD or EAC, with an adjusted odds ratio of 166 for progression at
a mean follow-up of 4 years (P<0.0001) [31].
Numbers extrapolated from the above studies were used in our
cost analysis study to evaluate the impact of biomarkers of geno-
mic instability assessed by ML-based risk stratification methods.
In our baseline analysis for calculating annual rate of progression
based on ML-associated risk, we used a conservative baseline risk
ratio of 10 (range 0–25) for patients with low risk (i. e., those
with “low ML”) and of 25 (range 5–50) for patients with high
risk (i.e., those with “high ML”) for progression of NDBE to HGD
or EAC. All risk was relative to that of patients with minimal risk
for progression (i. e., those with “no ML”). A wide range of risks
was examined in sensitivity analysis.

Cost estimates and utilities
Costs, not charges, were considered in this analysis, and a third-
party payer’s perspective was taken (●" Supplementary Table3).
Only direct costs were considered, and all costs were adjusted to
2013 U.S.dollars. Costs were estimated based on the national
average reimbursement allowed for each coded procedure by
the Centers for Medicare & Medicaid Services (CMS) during the

fiscal year 2013. Inpatient medical, surgical, and diagnostic servi-
ces were assigned CPT (current procedural terminology) or DRG
(diagnosis-related group) codes to identify the health care re-
source utilization. Outpatient data were based on ambulatory
payment classification and CPT (●" Supplementary Table3). For
sensitivity analysis, the range of the cost estimates was obtained
from published information [32–37].
For baseline analysis, the cost of ML testing was estimated at
$3100; this figure was extrapolated from CMS reimbursement
data for a similar assay related to integrated molecular pathol-
ogy testing of pancreatic cystic neoplasm. The total cost of the
endoscopic ablative therapy included the total cost of all pro-
cedures (performed up to 3 times) including professional fees
and facility fees, which were assumed to be accrued in the
first year of the model. The costs of ablation-related complica-
tions were accounted for separately.
Quality-adjusted life years (QALYs), which were the measure of
effectiveness in this model, were estimated by adjusting the life
expectancy of each health state by a weight or utility reflecting
patient preferences for that health state. Utility values were ob-
tained from published information (●" Supplementary Table3).

Assumptions
The model and assumptions used were based on well-accepted
and published decision analysis models for the management of
Barrett’s esophagus [6–11]. All patients with NDBEwere consid-
ered potential candidates for surgical esophagectomy, if needed,
and in the baseline analysis, the postoperative complication rates
for esophagectomy were modeled by using data from high-vol-
ume academic centers. Any benefit in terms of reduced risk for
cancer was presumed to be accrued only in the case of complete
ablation of specialized columnar epithelium; patients with par-
tial ablation had no reduction in their risk for cancer although
they incurred the costs associated with endoscopic ablative ther-
apy. Also, as previously mentioned, even patients with complete
ablation continued to accrue the cost of periodic endoscopic sur-
veillance.
We used conservative estimates in modeling the strategy based
on endoscopic ablation because of the dearth of published data
on Barrett’s ablation with the stepwise ablation procedure. For
example, although the published article on the ablation of Bar-
rett’s esophagus with the stepwise procedure reported a rate of
complete ablation of 70% at 1 year and of 98% at 2.5 years, and
no serious adverse event in 100 patients, in our baseline scenario
we used amuchmore conservative estimate of 50% as a complete
response rate and did incorporate an overall complication rate of
10% [38]. These estimates of complete response in Barrett’s
esophagus and safety with ablative therapy have since been con-
firmed in other trials of ablation in patients who have Barrett’s
esophagus with andwithout dysplasia [39–45]. In other assump-
tions, only direct costs were considered. In our experience, pa-
tients undergoing the stepwise ablation procedure for Barrett’s
esophagus on an outpatient basis tolerate the procedure quite
well, and no forms of short-term disutility related to uncomplica-
ted endoscopic ablation were considered in this model. Because
the patients being managed according to each strategy would be
receiving acid-suppressive therapy for gastroesophageal reflux
disease (GERD), the cost of such treatment was not considered
in the model. For the ML-based risk stratification strategy, we as-
sumed that biopsy specimens were of sufficient quantity and
quality for ML processing.
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Supplementary Fig.1 The hybrid model of the
linear decision tree terminating in Markov models.
In the decision tree, a square node represents the
decision node at entry, the filled circles are chance
nodes, and the circles with the letter M represent
Markov nodes. In strategy I, after the diagnosis of
nondysplastic Barrett’s esophagus (NDBE) was es-
tablished, the natural history of this condition was
modeled without any specific intervention. In
strategy II, all patients with NDBE underwent peri-
odic endoscopic surveillance according to the cur-
rent guidelines of the American College of Gastro-
enterology. In strategy III, all patients with NDBE
underwent endoscopic ablation. In strategy IV, all
patients with NDBE underwent risk stratification for
esophageal adenocarcinoma, and subsequently ab-
lation, based on mutational load (ML); Patients with
no ML underwent minimal surveillance, patients
with low ML underwent standard surveillance or
ablative therapy (another decision point), and
patients with high ML were treated selectively with
endoscopic ablation.
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Supplementary Fig.2 Health and disease state
transitions in the Markov model. The natural history
of patients with nondysplastic Barrett’s esophagus
(NDBE) was modeled for various health and disease
states, each associated with a different set of costs
and utilities. A single arrowhead indicates transition
from one state to another in the direction of the
arrowhead; double arrowheads indicate that transi-
tions in both directions are allowed in the model.
Half-circle arrowheads represent states in which a
patient can remain indefinitely. The light blue area
represents stages associated with endoscopic ab-
lative therapy (EAT), if allowed in the model. Nor-
mal, no Barrett’s esophagus; LGD, low grade dys-
plasia; HGD, high grade dysplasia; EAC, esophageal
adenocarcinoma; AEAC, advanced esophageal ade-
nocarcinoma; S/P Surgery, status post surgery.
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Supplementary Fig.3 The proportions of iterations in the Monte Carlo
analysis (y-axis) that are acceptable as cost-effective for each strategy against
increasing willingness to pay (x-axis). A strategy of risk stratification based on
mutational load (strategy IV, blue) was the most cost-effective strategy in
terms of incremental net health benefit, particularly when compared with
the currently practiced strategy of endoscopic surveillance (strategy II,
green).
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Supplemental Table 1 Estimates of key clinical variables in the management of nondysplastic Barrett’s esophagus.

Input variable Reference case estimate Range References

Annual rate of progression in an average cohort of patients with NDBE, %

HGD to cancer 0.07 0.001–0.3 [35, 46–48]

NDBE to HGD 0.01 0.0028–
0.083

[35, 46, 49, 50]

NDBE to cancer 0.005 0.001–0.1 [35, 51–55]

NDBE to LGD 0.05 0.01–0.078 [35, 47, 49, 53, 56,
57]

LGD to HGD 0.05 0.001–0.078 [35, 36, 47, 50, 56]

LGD to cancer 0.01 0.005–0.05 [36]

Risk factor expressed as multiple of annual rate of progression in patients with [27–31]

No ML 0.1 0.05–1

Low ML 1 0.5–5

High ML 2.5 1–10

Prevalence of ML in patients with NDBE, % [27, 28]

Low ML 30 5–75

High ML 8 1–25

Annual rate of regression, %

HGD to NDBE 0.1 0.01–0.15 [35, 47, 50]

HGD to LGD 0.07 0.05–0.1 [35, 46–50]

NDBE to normal 0.0175 0.001–0.02 [35, 58, 59]

Efficacy of surgical treatment

Probability of surgical resectability [35, 46, 60–64]

Diagnosis by surveillance 0.8 0.5–1.0

Diagnosis by symptoms 0.5 0.1–0.7

Probability of curative resection

Diagnosis by surveillance 0.7 0.6–0.9

Diagnosis by symptoms 0.2 0.1–0.43

Efficacy of ablative therapy

Probability of complete ablation after three sittings 0.5 0.1–1.0 [35, 38, 65, 66]

Probability of complications with ablation [35, 38, 65, 66]

Total 0.1 0–0.25

Perforation 0.05 0–0.15

Stricture 0.05 0–0.15

Mortality, %

From esophagectomy 0.04 0.02–0.20 [67–71]

From endoscopy 0.00002 0–0.00005 [72–76]

From surgery for repair of esophageal perforation 0.08 0.05–0.15 [77]

From advanced esophageal adenocarcinoma (annual probability) 0.6 0.3–1.0 [34], Assumption

Misdiagnosis rates

Cancer called HGD 0.175 0.01–0.0.2 [35, 78–81]

Cancer called LGD 0.05 0.01 –0.10 [35, 78–81]

HGD called cancer 0.11 0.01–0.20 [35, 78–81]

HGD called LGD 0.115 0.01–0.20 [35, 78–81]

LGD called cancer 0.05 0.01–0.10 [35, 80, 81]

LGD called HGD 0.083 0.01–0.10 [35, 80–82]

NDBE called HGD 0.01 0.0–0.02 [32, 81]

NDBE called normal 0.01 0.0–0.0.01 [32, 81, 83]

Normal called NDBE 0.01 0.0–0.005 [34]

Patient preferences (utilities) for health states

NDBE 1 0.8–1.0 [35, 81]

LGD/HGD 0.99 0.8–1.0 [37]

After esophagectomy 0.97 0.8–1.0 [34, 36, 37, 81, 84]

Early cancer 0.9 0.8–1.0 [81]

Late cancer 0.34 0–1 [81, 84]

Stricture related to ablative therapy 0.97 0.85–1.0 [81]

HGD, high grade dysplasia; NDBE, nondysplastic Barrett’s esophagus; LGD, low grade dysplasia; ML, mutational load.
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Supplemental Table 2 Estimates of key costs for the management of nondysplastic Barrett’s esophagus.

Aspect of management Reference case cost, US$ Range, US$ References

Esophagectomy 19,000 10,000–40,000 [34, 35, 37, 80]

EGD with ablation 10,000 5000–25,000 [37], Assumption

EGD with biopsies 830 350–1200 [34, 35]

Treatment for ablation-related stricture 2500 1000–3000 [35, 80]

Chemotherapy 10,750 ±25% [32, 37]

Radiation 5400 ±25% [32, 37]

Annual follow-up after surgery for early cancer (first 5 years) 1500 500 –2000 [37]

Hospice 6228 4600–7800 [37]

Discount rate, % 3 0–7 [85]

ML assessment 3100 2500–7500 CMS

US, United States; EGD, esophagogastroduodenoscopy; ML, mutational load; CMS, Centers for Medicare & Medicaid Services.
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