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Comprehensive Analysis Details 

This material is supplementary to:  

Impact of Radiofrequency Ablation Treatment of Barrett’s Esophagus on Esophageal 

Adenocarcinoma: A Comparative Modeling Analysis  
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Methods: Model Assumptions and Inputs 

Simulated strategies 

In the ‘Natural History’ (NH) strategy there was no endoscopic screening or surveillance; patients came 

to medical attention only when a clinical cancer was diagnosed. Survival after diagnosis of cancer was 

modeled according to SEER survival data or survival of esophagectomy, depending on the modeling 

group (see Section IV).  The ‘Surveillance’ (S) strategy is based on numerous societal guidelines made 

before the widespread availability of endoscopic eradication therapy. It incorporates no treatment prior to 

the development of cancer. The intervals between surveillance endoscopies were based solely on the 

histological grade of biopsy samples, as in the majority of guidelines.2 Three endoscopic eradication 

treatment strategies were considered. In the ‘HGD’ strategy, patients with BE underwent endoscopic 

surveillance until HGD was detected on endoscopic biopsy, at which point the patient underwent 

treatment. In the ‘LGD’ strategy, patients with LGD detected on biopsy would undergo a second 

confirmatory endoscopy and biopsy; treatment would be offered to patients with confirmed LGD as well 

as to any patients diagnosed with HGD on the initial endoscopy. In the ‘BE’ strategy, all BE patients 

underwent treatment at the start of the simulation regardless of degree of dysplasia.  

Treatment characteristics 

The efficacy, durability, and complications associated with an RFA based endoscopic eradication therapy 

(EET) strategy for BE were based on published data3,4 and expert opinion (Table E1). Initial RFA 

treatment took place over a two-year period. We assumed an average of 3.55 RFA treatment sessions and 

0.55 EMRs were performed during this period. Possible outcomes at the end of the treatment period were 

complete eradication of intestinal metaplasia (CE-IM), complete eradication of dysplasia (CE-D), or 

treatment failure (persistence of IM and/or D). Following treatment failure, patients received endoscopic 

surveillance at pre-treatment intervals and were not given additional treatments. After treatment success 

(CE-IM or CE-D) patients were subject to a modified surveillance regimen that included additional 
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endoscopies in the years immediately after the initial treatment period, with later endoscopies following at 

less frequent regular intervals. Full surveillance schedules for each treatment outcome and pre-treatment 

state are shown in Table E5. Following successful treatment patients could recur to BE, to their pre-

treatment state or to a more advanced disease state. The probability of recurrence was assumed to be 

constant over time and the distribution of post-recurrence states depended on the patient’s pre-treatment 

state as estimated from observed clinical data (Table E1). Patients with recurrences detected during post-

treatment surveillance received “touch-up” RFA treatment (defined as circumferential or focal endoscopic 

RFA performed after the initial treatment period) and were monitored for further recurrences according to 

the post-treatment schedule described above. Patients were limited to a maximum of three touch-ups. The 

model accounted for complications of endoscopy and ablation including perforation and stricture. 

Graphical representations of the HGD, LGD, and ND treatment strategies are depicted in the Section VII 

(Figures). 

Costs and quality of life 

Cost-effectiveness analyses were conducted from a third party payer perspective and therefore do not 

include indirect, time, or patient level costs. The costs for endoscopies and RFA treatments were based on 

reimbursement payments (Table E1). The costs for complications and cancer care were derived from 

literature. We adjusted all costs to reflect the 2015 level using the U.S. Consumer Price Index.5 Data on 

quality of life (utility adjustments) were derived from literature and were used to convert absolute life-

years of each strategy into quality-adjusted life-years (QALYs).  

Outcomes 

The main outcomes were presented for a 60-year-old male cohort – see Table E6 and E7 for outcomes for 

female and age 50 and 70 cohorts. We quantified the effectiveness of each strategy in terms of QALY and 

associated costs, applying the conventional 3% discount rate to both.6  Incremental cost-effectiveness 
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ratios (ICERs) were calculated between strategies as the ratio of incremental cost to incremental gain in 

quality-adjusted life-years.  

Sensitivity analysis 

We performed a sensitivity analysis on the durability of successful EET by repeating all strategy 

simulations with the base case estimate alternately halved or doubled. For the efficacy of the initial 

treatment we derived upper- and lower bound values from literature (Table E4). In addition, we analyzed 

the effect of halting surveillance after a period of observed good health post-treatment (Table E4) 
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Results 

 

EAC incidence and mortality 

Without surveillance, 68-128 EAC cases and 49-98 EAC deaths (ranges reflect variation in results 

between models) are expected to occur in 1,000 60-year old male BE patients (Table E2).  Surveillance 

reduced EAC deaths in all three models via a down-staging effect, with an average reduction of 21%. 

However, there was a 33% average increase in EAC cases due to surveillance-detected EAC that would 

not have been clinically observed during the patient’s lifetime. 

Resources required 

While substantial reductions in EAC incidence and mortality were achieved, resource utilization was 

commensurately high, particularly in the more inclusive treatment strategies. Model results were fairly 

consistent when evaluating the HGD (average 954 treatments needed, range 938-971) and all BE (average 

4,843, range 4,794-4,939) treatment strategies. Treatments included initial RFA sessions, touchup RFA, 

and EMR therapy; surveillance endoscopies were not counted as treatments. The average of 4.8 

treatments per person in the BE treatment strategy reflects the need for repeated ablative therapy sessions 

to prevent recurrence and achieve long-term EAC reduction. There was slightly larger between-models 

variation in the predicted number of treatments needed in the LGD strategy (average 1,840 treatments, 

range 1,593-2,086), though both models which evaluated this strategy predicted a substantial increase 

compared to treatment of HGD alone. 

 Efficiency of treatment 

The significant increase in number of treatment sessions led to diminished marginal returns for the more 

inclusive strategies. We quantified the efficiency of treatment in two ways: NNT/death, and cost per 

quality-adjusted life-year. In terms of NNT/death, HGD treatment was the most efficient, with a mean of 

44 (range 30-56). In this strategy, relatively few treatments were required to achieve a substantial 
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reduction (range 39%-49%). In contrast, the incremental NNT/death for LGD compared to HGD 

treatment was 346 and 166 in the MGH and ERASMUS/UW models, respectively. The incremental 

NNT/death for BE compared to HGD treatment were 253, 518, and 278 in the FHCRC, MGH, and the 

ERASMUS/UW models, respectively (Table E2).  

Cost-effectiveness analysis 

Similar results were reached when the strategies were evaluated within an economic framework. Within 

each model, we measured costs and QALYs relative to the cost of natural history (no surveillance or 

treatment). Natural history costs ranged from $3383 to $6246 with discounted QALYs ranging from 

14.32 to 14.83 discounted QALYs. The ranges reflect inter-model variation, in this case largely 

attributable to differences in the predicted number of EAC diagnoses in the Barrett’s cohort. QALYs vs. 

Costs for each model and strategy are shown in figure 2. ICERs for each model, strategy, and reference 

strategy are computed where appropriate and displayed in Table E3; surveillance is not included as the 

strategy was dominated (i.e., not cost-effective, regardless of societal willingness-to-pay threshold) by 

treatment strategies in all models. 

Relative to the natural history, HGD treatment resulted in an increase in life expectancy of 0.19-0.24 

QALYs and an increase in costs of $3,092-$4,233, resulting in an ICER of $16,475-$21,132 per QALY. 

In each model HGD treatment was the most cost-effective strategy.    

The LGD treatment strategy yielded increases of 0.20-0.22 QALYs and $3,733-$5,255 total costs 

compared to natural history, resulting in an ICER of $18,950-$182,289.  The variation in cost was driven 

by differences in the number of EAC cases prevented, as treatment for EAC is highly costly. Compared to 

the Erasmus/UW model, the MGH model predicted a smaller EAC reduction and thus a greater total cost, 

despite predicting fewer treatments required. Differences in EAC reduction may in turn be attributable to 

model differences including the prevalence of LGD and the progression rate from LGD to EAC. Due to 
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this uncertainty, the models provide ICER estimates on either side of the willingness-to-pay threshold. 

Thus, a consensus conclusion on the cost-effectiveness of LGD treatment could not be reached. 

The BE treatment strategy incurred high costs in all models, with an increase in cost of $7,826-$10,228 

relative to natural history, and an increase in QALYs of 0.22-0.24. The ICER for BE treatment was 

consistently well above the willingness-to-pay threshold of $100,000 per QALY, whether measured 

relative to the HGD or LGD strategy (Table 4). Thus, all models concluded that treatment of BE of 

without dysplasia was not cost-effective. 

Sensitivity analysis 

We conducted multiple sensitivity analyses to evaluate the robustness of our results to uncertainty in key 

model parameters. The analyses were deterministic and based upon model inputs specific to the analysis; 

we varied (using upper and lower bounds for probabilities) annual recurrence rates after RFA, the efficacy 

of the initial treatment, when to stop surveillance after a successful treatment, and sex.   
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Discussion 

Our findings suggest that endoscopic eradication of HGD using an RFA based EET strategy is a cost-

effective means of achieving substantial reductions in EAC incidence and mortality. Although our 

analysis was specific to an RFA centered treatment, our results generalize to any form of endoscopic 

eradication with similar performance characteristics. Extending treatment eligibility to patients with lower 

grades of dysplasia increases the use of eradication therapy with diminishing benefits. For treatment of all 

BE, this results in an unfavorable number needed to treat to prevent one EAC death if a strategy treating 

all patients with BE (including HGD, LGD and NDBE) is utilized; likewise, this strategy is not found to 

be cost-effective in terms of costs per QALY gained. For low grade dysplasia treatment, the situation is 

less clear, as the two models which included this strategy reach conflicting conclusions on its cost-

effectiveness. Current AGA guidelines recommend endoscopic eradication therapy only for patients with 

high grade dysplasia, a recommendation that is strongly supported by the results of our analysis. In 

addition, our findings also highlight the need for better understanding of the LGD health state and its 

associated risks.  

The finding that RFA centered strategy for EET may reduce EAC incidence and mortality is not 

surprising as the efficacy of the treatment is reported to be high and associated complication rates are 

relatively low. However, when considering widespread adoption of this therapy, important questions 

remain regarding over-treatment and appropriate healthcare resource utilization.  Our results indicate 

diminishing returns for treatment of less severe patients, particularly non-dysplastic BE patients, as 

measured both by cost-effectiveness (dollar costs per QALY) and the NNT to achieve additional mortality 

reduction. One important reason for this diminished marginal impact is the likelihood that ND and LGD 

patients will eventually receive treatment if they develop HGD. The additional deaths prevented by 

expansion of treatment result from cases that progress to EAC too quickly to be intercepted by routine 

surveillance, or that are misclassified. For patients with rapidly progressing disease or complications that 
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limit diagnostic accuracy, the HGD may not be diagnosed at endoscopy and it may make sense to offer 

treatment at an earlier stage. 

Previously published cost-effectiveness studies also reported that endoscopic eradication therapy is cost-

effective when offered to HGD BE patients.7-9 Our study similarly showed eradicative treatment is 

effective for all patients, and that treating patients with less severe or no dysplasia demands a major 

investment of resources, whether measured in number of treatments or total costs. Prior studies used a 

single Markov model which was informed by clinical data available at the time of publication but not 

calibrated to US SEER incidence and mortality data. Our study used three simulation models that were 

independently calibrated to SEER data, allowing for a more robust assessment of cancer control strategies 

and patient guidelines. 

A major strength of this study is the comparative modeling approach, which uses results from 

independently developed models with common calibration targets. The comparative modeling approach 

helps to resolve major differences in model outputs and to understand model uncertainties, and has been 

used in other CISNET comparative modeling analyses.10-12 With this approach we were able to not only 

perform sensitivity analyses on the parameter estimates, but also on structural assumptions such as the 

possibility of regression from dysplasia, the incorporation of multiscale elements such as clonal 

expansion and other variations in the natural history of BE and EAC.  Finally, we used the latest RFA 

data available, collaborating with experts to verify the analysis and model inputs.   

Our study is subject to several limitations. First, all of our models depict the biological progression 

following a specific sequence: BE without dysplasia, BE with dysplasia, preclinical cancer, and detected 

cancer.  Although this is the commonly accepted paradigm for EAC carcinogenesis, it is not clear that all 

EACs follow this prescribed sequence in reality; alternative, heterogeneous pathways may exist within 

this paradigm.13,14 Second, the simulated endoscopic eradication results are dependent on assumptions 

about the durability and efficacy of the RFA centered treatment strategy. Recognizing these limitations, 
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we have used the latest and best data available.15,16 Our baseline assumption for efficacy on the initial 

treatment was based on data from ten of the best centers in the US in a highly regulated randomized 

controlled trial; this may raise the question of whether our modeling assumptions are too optimistic. 

However, our sensitivity analysis showed relatively low sensitivity for differing assumptions of efficacy 

of the initial treatment. Although we have used the latest available data regarding RFA, limited 

availability of long-term outcomes necessitated translation of shorter-term data into model inputs to make 

longer-term projections. The accuracy of these projections may impact model outcomes. However, 

sensitivity analyses of these projections using a broad range of parameter values demonstrated our results 

are robust.  Thirdly, we have not incorporated the absolute excess risk of death in the BE cohort. More 

data is becoming available showing that the relative increased risk of all causes death was 21% for BE 

patients compared to the general population.17 The majority of these deaths were actually not due to 

esophageal cancer, which reflects a higher competing risk for other cause mortality in BE patients 

resulting in lower EAC mortality rates. Finally, the definition of LGD is subject to large uncertainty 

because of interpretation bias. The models based the prevalence and progression rate of LGD to best 

available data, mainly from the U.S. Recently, Duits et al18 showed that when LGD is confirmed by 

experts, the risk for malignant progression is significantly higher than generally thought. Were our models 

to assume that LGD is indeed approximating the malignant progression rate of HGD, the conclusions of 

our study would likely become more favorable towards RFA based treatment for LGD patients.   

This study provides clinically important results about the effectiveness of RFA centered EET. A strategy 

focusing only on cancer control with no consideration of cost would mandate treatment of all patients 

with BE given the 68% cancer mortality reduction expected under this approach. However, the primary 

utility of our study is in the projections of resource utilization necessary to achieve this goal. Our analysis 

highlights the large increment in endoscopic treatment numbers necessary to include LGD and especially 

NDBE patients in a population-based treatment program. These results may allow health policy decision 

makers to prioritize the use of this therapy in treatment algorithms based on their willingness to pay for 
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the gains in cancer prevention outlined above, as well as the costs associated with its use in different 

healthcare systems. Furthermore, the large number of repeated endoscopic treatments represents a 

significant burden to individual patients. Lastly, it is expected that there will be a significant increase in 

esophageal stricture complications; however, these strictures are rarely serious and usually amenable to 

endoscopic treatment. 
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Model Profiles and Endoscopic Ablation Modeling 

CISNET-EAC models 

Three distinct models for EAC were used to quantitatively estimate the effectiveness and cost-

effectiveness of the RFA based endoscopic eradication therapies. These models were developed 

independently but have been refined through comparative modeling using common population 

benchmarks such as SEER incidence and mortality within NCI’s CISNET modeling consortium.  The 

models are the Multistage Clonal Expansion for EAC (MSCE-EAC) Model from the Fred Hutchinson 

Cancer Research Center (Seattle, WA) (FHCRC model), the Esophageal AdenoCarcinoma Model 

(EACMo) from the Massachusetts General Hospital (Boston, MA) (MGH model), and the 

Microsimulation Screening Analysis model from Erasmus University Medical Center (Rotterdam, The 

Netherlands) and University of Washington (Seattle, WA) (Erasmus/UW model). The CISNET-EAC 

models differ by modeling approach and structure, but all use a common set of calibration data on EAC 

incidence by age, stage, and calendar year from SEER (1975–2009).  The FHCRC model uses a 

biological cell-based approach combining likelihood and microsimulation methods that focus on cell 

kinetics (mutations, cell division, death or apoptosis) including initiation of cells followed by clonal 

expansion, extinction, and biopsy-based detection of premalignant and malignant clones. The MGH 

model is an individual-level microsimulation model, and the Erasmus/UW model is a discrete-event 

microsimulation model. All three models assume a step-wise progression from ND BE towards dysplasia 

and EAC. The MGH and Erasmus/UW models include two grades of dysplasia: LGD and HGD, whereas 

the FHCRC model includes HGD but not LGD. 

In brief, each model computes the life histories of a population of hypothetical individuals from birth 

(UW-MISCAN and FHCRC) or age 20 (MGH) to death and has a natural history component that tracks 

the progression of esophageal disease or precursor states preceding adenocarcinoma. All three models 

include the following health states: healthy, GERD symptoms, BE without dysplasia, BE with dysplasia, 
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preclinical cancer, clinically diagnosed cancer, and death. The UW-MISCAN and MGH models further 

categorize dysplasia in BE into low-grade dysplasia (LGD) and high-grade dysplasia (HGD). In the 

current study, all EAC models followed a BE cohort. EAC would be diagnosed when no interventions are 

assumed if symptoms prompted endoscopic evaluation (clinical EAC). However, natural history can be 

interrupted by surveillance and/or endoscopic ablative therapy. These interventions allow for early 

detection on cancer, which potentially improves the survival of patients when diagnosed in an early 

malignant state.   

For this study, the EAC CISNET models have been extended to predict the effectiveness and efficiency of 

surveillance and treatment for diagnosed BE patients, focusing on the impact of endoscopic ablative 

treatment on long term EAC mortality, with risk stratification by gender, age and dysplastic grade. 

Additionally, the models evaluate the efficiency of the therapy in terms on surveillance endoscopies and 

treatments required.  

The modeling approach for calculating the survival period after diagnosis of surveillance detected EAC 

and clinical EAC differs between the three models. The FHCRC model explicitly models the number of 

EAC surgeries (esophagectomies), which has more favorable outcomes for surveillance-detected patients, 

and generate a survival probability for these patients. The survival for clinically diagnosed patients is 

determined using calibration of SEER incidence and mortality. The MGH and the ERASMUS/UW 

models use the SEER-9 survival data that differ by cancer stage at the time of diagnosis. For surveillance 

detected EAC patients, the models adjust the survival according to malignant stage.  

MGH Model 

EACMo is a population-level Markov state transition model that depicts the natural history of EAC. A 

detailed description of this model can be found on the CISNET website.19-24 In order to allow for greater 

clinical realism particularly around endoscopic radiofrequency ablation (RFA), a microsimulation module 

was developed to augment the natural history model for this analysis. This section is provided for a 
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detailed description of this module and its implementation of the relevant screening, surveillance and 

treatment strategies.  

A simulation was first run of the entire U.S. population within the population-level natural history model. 

When patients from the 1950 cohort reached the designated age (60 in the base case) for the beginning of 

screening the subpopulation with BE was identified and sequestered from simulation. The characteristics 

of this subpopulation were then used to initialize an individual-level microsimulation, which continued to 

simulate the progression of the disease in the presence of endoscopic surveillance and RFA treatment. 

Individual patients were simulated from the start of screening until death or age 100; the outcomes were 

then aggregated and combined with the output of the population-level simulation to produce the final 

results. 

Prior to RFA treatment patients within the microsimulation could progress each cycle according to the 

transition probabilities of the natural history model. Endoscopy was performed at scheduled intervals 

based on detected health state; patients could receive RFA treatment based on the treatment strategy being 

analyzed, which was contingent on histologic status detected by endoscopic biopsy. The outcome (CE-

IM, CE-D, or treatment failure) at the end of the initial treatment period was determined by a single 

random draw. Endoscopic surveillance schedules post-ablation depended on both the outcome of 

treatment and the pre-ablative health state of the patient. 

In the event of treatment failure, patients remained in their pre-ablative health state, underwent 

endoscopic surveillance according to the same schedule prior to ablation, and received no further attempts 

at RFA treatment, essentially returning to their prior states. These patients could progress to more 

advanced disease states based on the transition probabilities from the natural history model. 

Patients who received successful or partially successful treatment did not progress according to the 

natural history transition probabilities. Instead, there was a constant probability each cycle that a patient 

would undergo a recurrence event. When a recurrence event occurred, a second random draw based on a 
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distribution would be performed to determine the post-recurrence state. Once in a post-recurrence state 

the patient could again progress in the same way as in the natural history model.  If a patient was found by 

endoscopy and biopsy to have progressed beyond their diagnosed post-ablation state – that is, if 

endoscopic surveillance detected that a recurrence event had occurred – but had not yet progressed to 

cancer, the patient could receive touch-up RFA treatment, up to a maximum of 3 touchups after the end of 

the initial 2 year treatment period. Touch-up RFA was implemented in the same way as initial treatment 

in terms of the efficacy of ablation, the schedule of surveillance after treatment, and the modeling of 

recurrence.  

ERASMUS/UW-EAC Model 

The basic assumptions and model profile of the ERASMUS/UW-EAC model can be found on the 

CISNET website.25,26 Additional modules for modeling the characteristics of endoscopic ablation were 

inserted to the model.  For endoscopic ablation, the outcome of the initial two-year endoscopic treatment 

for each individual patient is randomly drawn at the start of the treatment. In case of treatment failure, the 

patient remains in endoscopic surveillance at an interval in accordance to their pre-ablative dysplastic 

grade. In case of treatment success, the patient will be in complete eradication of dysplasia with persistent 

metaplasia (CE-D) or complete eradication of dysplasia and intestinal metaplasia (CE-IM) after two 

years. In the first case, we assume that the patient is in the BE non-dysplastic (ND) phase having the same 

assumptions as our natural history model. In the latter case, the patient stays in the CE-IM state for 

sojourn time randomly selected from an exponential distribution. If the patient transits to the next state 

(recurrence/progression), they will immediately transit to the state of histological recurrence. 

Furthermore, the patient will have a higher probability of recurrence in a higher state if the patient would 

have developed EAC in the natural history model. After generating this new life-history for this 

individual, the model simulated the surveillance according to the inputs after RFA. Surveillance can 

detect recurrent stages of BE and dysplasia and EAC. In the case of recurrent stages of BE, a new 

endoscopic ablation sequence is inserted, and the process as described is started again; generating new life 
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histories for the patient. In this new life history the durations and probability of developing EAC are set. 

After determining this new life history, surveillance is inserted in the model according to post-RFA 

surveillance intervals described in the common input parameters. A maximum number of three touch ups 

is allowed. 

FHCRC: MSCE-EAC Multiscale Screening Model  

The multistage clonal expansion (MSCE) model for EAC includes an initial stochastic transition rate to 

convert a section of the normal squamous epithelium in the esophagus to generate a BE segment, with 

separate transition rates for individuals with or without gastroesophageal reflux disease (GERD). Cells 

within the BE segment are assumed to be at risk for progression through a multistage clonal expansion 

process to develop EAC. The MSCE-EAC model includes two rate-limiting mutations to transform BE 

cells to premalignant cells that undergo a slow clonal expansion process, followed by a third rate-limiting 

mutation to generate malignant cells that also undergo clonal expansion, but at a faster rate. In contrast to 

earlier multistage clonal expansion (MSCE) formulations of the EAC incidence model27,28 the MSCE-

EAC multiscale screening model includes the explicit computation of the number and sizes of 

premalignant (HGD) clones and their spatial appearance within an idealized crypt-structured BE segment 

as a function of how long a patient had BE.29 This description also includes the stochastic development of 

malignant clones representing preclinical cancer, which may be detected on a biopsy as a screen-detected 

cancer case. Symptomatic, incident cancers occur by a stochastic detection process. Biological parameters 

were estimated via likelihood maximization fitting EAC incidence data.10 

The MSCE-EAC model simulates the joint distribution of premalignant and malignant clones sizes before 

cancer is detected in a symptomatic patient. Thus, we are able to predict the potential presence (or 

absence) of malignant cells in biopsies that harbor a sufficiently large number of dysplastic crypts to be 

subjected to closer examination for the presence of malignant cancer. The results presented in the main 

text are based on use of the standard (Seattle) biopsy protocol which requires quadrant biopsies every 1-2 
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cm along the BE segment. Factors contributing to the sensitivity for detection of HGD or cancerous 

lesions include the minimum aberrant tissue fraction in the biopsy necessary for diagnosis, the spacing 

between biopsy samples, and the size of biopsy forceps. The general efficacy of biopsy sampling remains 

highly uncertain due to variability in biopsy sampling between practitioners and due to considerable 

uncertainties in the histological assessment of the biopsied tissues. For the Results in the main text, we 

employed a biopsy detection sensitivity of 70% for HGD and 10% for malignancy (see article29 for details 

on the definition of diagnostic sensitivity). For the 60 year old screened males with BE, this assumption 

yields a prevalence of 2.8% for initial screen-detected cancers and 4.7% for initial HGD cases. 

FHCRC: Surveillance and RFA Treatment 

During surveillance, the MSCE-EAC model explicitly simulates the growth (in numbers) of any and all 

BE crypts, HGD crypts, and malignant crypts as a BE patient ages.  For each patient, given a randomly 

generated size of the BE segment and simulated number and sizes of the neoplastic lesions at any given 

time, we also simulate the biopsy procedure at every surveillance screen to determine a possibly different 

diagnosis based on the highest grade of tissue found on biopsy. After a simulated screen of a BE patient 

for detection of HGD and preclinical EAC at a specified screening age, the MSCE-EAC model also 

allows the explicit modeling of an ablative treatment, such as radio frequency ablation (RFA). 

Specifically, assuming that ablation decimates the number of BE, dysplastic, and malignant crypts by 

specific fractions, the simulation modifies the size of a patient’s BE segment along with any concurrent 

HGD and/or malignant lesions during ablative treatment. For the results shown in the main text, we 

assumed an efficacy of 40% removal of all cell types during an RFA treatment or touch-up based on 

calibration to published recurrence rates during surveillance.3,30 

FHCRC: Survival  

Once a malignant lesion is screen-detected, a BE patient may undergo surgery, whether endoscopic 

mucosal resection or esophagectomy. We utilized data from the Surveillance and End Results (SEER) 
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registry to model cause-specific EAC survival and cure rate trends by stage and age category (ages 50-59, 

60-60, 70-84), using the CANSURV program to fit a lognormal survival model to the data while 

estimating temporal trends on the shape and cure parameters.31 After controlling for age and stage, 

survival for men and women did not differ significantly, but the estimated cure rates for local stage 

diagnosis were significantly higher than for regional or distant diagnoses. The all-stage EAC survival 

curves for each age category were adjusted to account for ablation or surgical resection by fitting the cure 

model parameters based on a study of 430 patients undergoing ablation and 1586 patients undergoing 

esophagectomy that were identified in SEER between 1998-2009.32 Separate models were developed for 

EAC cause specific survival by age group, with or without ablation or surgical resection, while 

accounting for censoring and other cause death by matching cure rates at 2003.5 (midpoint of the 1998-

2009 SEER follow-up data from Wani et al.) at age 63.4 (mean patient age for surgical resection), or age 

70.5 for ablation. 
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Differences in Model Outputs 

While the three models agree in many respects, there are important differences, which are attributable to 

differences in model assumptions and structure. For instance, while the models are calibrated to a 

common target in SEER incidence data, they make different assumptions about BE prevalence and the 

rate of progression to cancer once BE is developed; see figure E2. As our analysis considers a cohort of 

BE patients, this leads to differences between models in the absolute number of cancers developed. 

However, the benefit of RFA relative to surveillance alone (as measured by percentage reductions in EAC 

cases and deaths) is remarkably consistent across models. Likewise, the models reach similar conclusions 

for HGD treatment, BE treatment, and surveillance in the cost-effectiveness. 

The lack of consensus on the cost-effectiveness of the LGD treatment strategy was largely driven by 

variation in the predicted incremental reduction in EAC incidence. This may be explained by differences 

in progression rate in the BE cohort. The progression rate from BE to EAC is higher in the MGH model 

than in the Erasmus/UW model; this limits the EAC reduction achievable by treatment as patients are 

more likely to progress to EAC after a treatment failure, after a recurrence event, or between surveillance 

endoscopies.  Our results suggest that a clearer understanding of the natural history of EAC and its 

precursor states is required before a conclusion can be reached on the cost-effectiveness of treatment for 

LGD.  
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Table E1. Common input parameters  

 
Parameter/Definition Value    Source 

Complication rate from EGD 0.00013    26, 27 
Stricture rate with RFA  0.05    28 
Perforations with RFA 0.0005    6, 29-33 
Bleeding with RFA 0.01    28 
Proportion of patients receiving EMR treatments before RFA 0.55    34 
Success of therapy in pre-treatment HGD patients    
CE – IM and CE-D 68%    28 
Non CE-IM, CE-D 17%    28 
Non-CE-IM and Non-CE-D 15%    28 
Success of therapy in pre-treatment LGD patients    
CE – IM and CE-D 72%    28 
Non CE-IM, CE-D 19%    28 
Non-CE-IM and Non-CE-D 8%    28 
Success of therapy in pre-treatment NDBE patients                                                                   
CE – IM 81%    28 
Non-CE-IM 19%    28 
Recurrence rates by baseline histologic grade and grade of recurrence     
Annual recurrence rates after CE-IM      
Pre-treatment NDBE 7%    22, 23 
Pre- treatment IND/LGD 11%    22, 23 
Pre- treatment HGD 10%    22, 23 
Recurrence histology pre- treatment NDBE      
NDBE 92%    22, 23 
IND/LGD 6%    22, 23 
HGD 2%    22, 23 
IMC/EAC 0%    22, 23 
Recurrence histology pre- treatment LGD      
NDBE 82%    22, 23 
IND/LGD 14%    22, 23 
HGD 2%    22, 23 
IMC/EAC 2%    22, 23 
Recurrence histology pre- treatment HGD      
NDBE 69%    22, 23 
IND/LGD 15%    22, 23 
HGD 10%    22, 23 
IMC/EAC 6%    22, 23 
Costs      
Endoscopy $670    35 
EET Treatment* $5630    35 
RFA Touch Up $1012    35 
Stricture  $1012    35 
Perforation $28553    17 
Stricture complication $8792    17 
Localized Initial care $58997    36 
Localized Terminal care $64704    36 
Regional Initial care $58997    36 
Regional Terminal care $77742    36 
Distant Initial care $57169    36 
Distant Terminal care $85212    36 
Continuous care $4080    36 
Unstaged care Average localized, regional and distant care     
Utilities      
Endoscopy 1 day, 0.7    37 
EET Treatment* 0.7 per treatment per week    37 
RFA Touch Up 1 week, 0.7     37 
Stricture/Stricture complication  1 week, 0.7    37 
Perforation 8 weeks, 0.7    37 
Bleeding 1 week, 0.7    37 
Localized Initial care (yearly) 0.838    38, 39 
Localized Continuous and Terminal care (yearly) 0.96    38, 39 
Regional care (yearly) 0.654    38, 39 
Distant care (yearly) 0.395    38, 39 
Unstaged care (yearly) 0.629    38, 39 

 
BE: Barrett’s esophagus, ND: No dysplasia, LGD: low-grade dysplasia, HGD: high-grade dysplasia, IND: indefinite dysplasia, EGD: 
esophagogastroduodenoscopy, CE: complete eradication, IM: intestinal metaplasia, D: dysplasia, RFA: radiofrequency ablation, EAC: esophageal 
adenocarcinoma.  
Costs of EMR, RFA treatments and Touch ups within the first two years (initial treatment period)- *Within the initial treatment period we assume that 
there are multiple treatments (average of 3.55 RFA sessions and 0.55 EMR treatments) resulting in on average 16 days utility of 0.7. 
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Table E2. Main Results by Strategy and Model 

Results per 1000 BE patients NH S HGD LGD BE 

FHCRC      

Number of surveillance endoscopies 0 5992 7798 -- 8961 
Number treatments 0 0 971 -- 4796 
Number of EAC cases 128 168 90 -- 54 
Number of EAC deaths 98 83 50 -- 35 
Average life expectancy after diagnosis (years) 19.1 19.2 19.5 -- 19.7 
Number of complications 0 0.8 53.3 -- 247.2 
NNT/D relative to S -- -- 30 -- 100 
NNT/D relative to HGD -- -- -- -- 253 
MGH 0     
Number of surveillance endoscopies 0 7177 7629 8381 9840 
Number treatments 0 0 938 1593 4794 
Number of EAC cases 85 109 51 46 35 
Number of EAC deaths 57 42 21 19 14 
Average life expectancy after diagnosis (years) 20.4 20.6 20.8 20.8 20.9 
Number of complications 0 0.9 51.6 86.5 247.3 
NNT/D relative to S -- -- 46 72 173 
NNT/D relative to HGD -- -- -- 346 518 
NNT/D relative to LGD -- -- -- -- 577 
Erasmus/UW 0     
Number of surveillance endoscopies 0 8430 6165 5587 6293 
Number treatments 0 0 952 2086 4939 
Number of EAC cases 68 94 43 31 20 
Number of EAC deaths 49 38 22 15 7 
Average life expectancy after diagnosis (years) 20.5 20.6 20.8 20.8 21.0 
Number of complications 0 1.1 50.0 106.6 246.8 
NNT/D relative to S -- -- 56 88 158 
NNT/D relative to HGD -- -- -- 166 278 
NNT/D relative to LGD -- -- -- -- 381 

EAC: esophageal adenocarcinoma, Strategies: NH: Natural History strategy; S: Surveillance strategy, HGD: RFA for patients diagnosed with HGD 
strategy; LGD: RFA for patients diagnosed with dysplasia strategy; BE: RFA for all patient diagnosed with BE strategy; NNT/D: Number Needed to Treat 
to Prevent One Death   
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Table E3. Incremental Cost Effectiveness Ratios by Strategy and Model 

Model 
Reference 
Strategy 

HGD ICER LGD ICER BE ICER 

MGH 

NH $21,132 $25,661 $47,471 

HGD  $182,289 $344,238 

LGD   $422,526 

FHCRC 
NH $17,288 N/A $30,905 

HGD  N/A $182,093 

Erasmus/UW 

NH $16,475 $16,853 $32,312 

HGD  $18,950 $86,838 

LGD   $198,000 

NH: Natural History strategy; S: Surveillance strategy, HGD: RFA for patients diagnosed with HGD strategy; LGD: 
RFA for any patient diagnosed with dysplasia strategy; BE ND: RFA for all BE diagnosed patients strategy; ICER: 
Incremental Cost Effectiveness Ratio 

Strategies are arranged in order of increasing benefit and resource utilization. Surveillance strategy is excluded as 
it is dominated in all models. Values in bold correspond to segments along the efficiency frontier. 
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Table E4. Input and Sensitivity Parameters 

 
 

 Base values Lower value Upper value 

Durability of successful treatment 

 Pre-treatment histology Pre-treatment histology Pre-treatment histology 

 NDBE IND/LGD HGD NDBE IND/LGD HGD NDBE IND/LGD HGD 

Annual 
recurrence 
probability 
 

7.0% 10.7% 10.0% 3.5% 5.4% 5.0% 14.0% 21.5% 20.0% 

Efficacy of the initial treatment  

Success of therapy in pre-treatment HGD patients 

CE – IM and CE-D 0.680 0.644 0.889 

Non CE-IM, CE-D 0.171 0.178 0.037 

    

Success of therapy in pre- treatment LGD patients 

CE – IM and CE-D 0.724 0.678 0.981 

Non-CE-IM, CE-D 0.194 0.211 0.000 

    

Success of therapy in pre- treatment n NDD patients 

CE – IM 0.811 0.685 0.984 

Non CE-IM 
0.189 0.315 

0.016 
 

Halting surveillance after a period of observed good health post-treatment 

 Until death or age 80 (follow 
patients up to age 100) 

STOP surveillance when 
5 year remained CE-IM, 
after achievement CE-IM 
of initial endoscopic 
therapy 

STOP surveillance when 10 
year remained CE-IM, after 
achievement CE-IM of initial 
endoscopic therapy 

 

 
EAC: esophageal adenocarcinoma, CE: Complete eradication, IM: intestinal metaplasia, D: dysplasia, ND: no dysplasia, BE: Barrett’s 
esophagus, IND: indefinite dysplasia, LGD: low-grade dysplasia, HGD: high-grade dysplasia 
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Table E5. Post-Treatment Surveillance Strategies 
 

Patient characteristic Surveillance interval   Source 

Surveillance endoscopy interval after CE-IM of 
HGD patient (state = NORMAL) 

Q3 months for one year then q6 months 
for one year then annual 

33 

Surveillance endoscopy interval after CE-IM of 
LGD patient (state = NORMAL) 

Q6 months for 2 years then annually for 2 
years, then every three years 

Expert 
consensus*  

Surveillance endoscopy interval after CE-IM of 
NDBE patient (state = NORMAL) 

every three years 
 

Expert 
consensus* 

Surveillance endoscopy interval after CE-D, 
none CE-IM of HGD patient (state=IM/BE ND) 

Q3 months for one year then q6 months 
for one year then annual 

Expert 
consensus* 

Surveillance endoscopy interval after CE-D, 
none CE-IM of LGD patient (state=IM/BE ND) 

Q3 months for one year then q6 months 
for one year then annual 

Expert 
consensus* 

Surveillance endoscopy interval after non CE-
D, none CE-IM of HGD patient (state = HGD) 

Every three months Expert 
consensus* 

Surveillance endoscopy interval after non CE-
D, none CE-IM of LGD patient (state = LGD) 

q6 months for one year then annual Expert 
consensus* 

Surveillance endoscopy interval after none CE-
IM of ND patient (state = ND) 

Every three years Expert 
consensus* 

BE: Barrett’s esophagus, ND: No dysplasia, LGD: low-grade dysplasia, HGD: high-grade dysplasia, IND: indefinite dysplasia, EGD: 
esophagogastroduodenoscopy, CE: complete eradication, IM: intestinal metaplasia, D: dysplasia, RFA: radiofrequency ablation, EAC: esophageal 
adenocarcinoma 
*Expert consensus: panel of experts NS; SS; JI; CH; JR 
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Table E6. All Female Results: Incremental Numbers Needed to Treat to Prevent One EAC  

Death per Strategy and Model 

 

Incremental NNT/Death FHCRC MGH ERASMUS/UW  

Reference Strategy: S HGD LGD S HGD LGD S HGD LGD 
 HGD vs. Reference  35     69    79    
 LGD vs. Reference     107   931    138  325   
 BE vs. Reference  131   308    292   2,537  3,927   278  587   837 

 
EAC: esophageal adenocarcinoma, Strategies: NH: Natural History strategy; S: Surveillance strategy, HGD: Endoscopic 
ablative therapy for HGD diagnosed patients strategy; LGD: Endoscopic ablative therapy for dysplasia diagnosed patients 
strategy; BE: Endoscopic ablative therapy for all BE diagnosed patients strategy 
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Table E7. All Male Surveillance Start Age 50, 60, and 70: Incremental Numbers Needed to Treat to Prevent One 

EAC Death per Strategy and Model 

Incremental NNT/Death 

Age 50-100 FHCRC MGH ERASMUS/UW 

 Reference strategy Reference strategy Reference strategy 
Strategy: S HGD LGD S HGD LGD S HGD LGD 
 HGD   33     41     26    

 LGD      54   105    39   73   

 BE   68   104    110   265   465   73   147   251  

Age 60-100 FHCRC MGH ERASMUS/UW 

 Reference strategy Reference strategy Reference strategy 
Strategy: S HGD LGD S HGD LGD S HGD LGD 
 HGD  30    46     56    

 LGD      72   346    88   166   

 BE  100 253   173   518   577   158   278   381  

Age 70-100 FHCRC MGH ERASMUS/UW 

 Reference strategy Reference strategy Reference strategy 
Strategy: S HGD LGD S HGD LGD S HGD LGD 

HGD  40     45     49    

LGD     64   123    69   103   

BE  169   402    197   399   623   117   168   223  

 
EAC: esophageal adenocarcinoma, Strategies: NH: Natural History strategy; S: Surveillance strategy, HGD: Endoscopic ablative therapy for HGD 
diagnosed patients strategy; LGD: Endoscopic ablative therapy for dysplasia diagnosed patients strategy; BE: Endoscopic ablative therapy for all BE 
diagnosed patients strategy 
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Figure E1: Cost-effectiveness by Model and Strategy 

 

Incremental QALYs and costs relative to natural history, for each model and strategy. Ellipses are 

included as a visual aid to help illustrate the spread of model outcomes. 
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Figure E2: Progression Rates from BE to EAC in Natural History  

 

Progression rates in each model. The figure shows the development from BE to EAC in terms of 

progression rates in case of no interventions, which is, in the natural history of the disease. The 

cumulative progression rates towards EAC are shown following patients from age 60. 
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Figure E3: Incremental NNT and Deaths Averted per Model in Sensitivity Analyses 

 

 

 
 

The incremental number of treatments and EAC deaths averted per model for the various sensitivity analyses. The 

incremental outcomes of two strategies are shown: the additional treatments and deaths averted for HGD treatment 

compared to the natural history and the additional treatments and deaths averted for BE compared to natural history. The 

dotted lines represent base case values. 
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Figure E4: Mortality Reduction and Total Number of Treatments per Model and Strategy 

 

 
 

 

Mortality reduction compared to the total number of treatments per model and strategy (no discounting). 
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