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APPENDIX  

Details of Trend Modeling in CISNET Models 

FHCRC Model 

The Fred Hutchinson CISNET modeling group has developed a multiscale model to represent 

the natural history of progression from normal esophageal squamous epithelium to esophageal 

adenocarcinoma (EAC) (Figure A1).  Fundamental scales in the MultiScale EAC (MSEAC) 

model include the cell, crypt, clonal patch, tissue [normal, Barrett's esophagus metaplasia (BE), 

high grade dysplasia (HGD), and EAC], individual, and population levels.   The development of 

BE is recognized as an early step in progression to EAC, with an enhanced risk for BE among 

individuals with gastroesophageal reflux disease (GERD) symptoms.   The model represents age-

dependent development of weekly or more frequent GERD symptoms, with transitions from both 

GERD and non-GERD pathways to develop BE, two additional mutations or epigenetic changes 

for the initiation of HGD, with stochastic clonal expansion of cells comprising HGD, malignant 

transformation, and a more rapid clonal expansion process for EAC.  The transition rate ν from 

normal to BE includes a baseline rate ν0 for individuals without GERD and a faster rate for 

individuals with GERD modeled as ν0*RR, where we assume RR=5 as the relative risk for BE 

given GERD (calibration of the model of GERD prevalence is discussed below).  
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Figure A1- Schematic diagram of MSEAC Model 

 

BE is modeled as a metaplastic tissue with random segment length [drawn from a beta 

distribution B(16/11,4)] containing on average 106 BE stem cells.  These BE stem cells may 

undergo mutation or epigenetic modification, with two successive hits occurring during 

asymmetric cell division (at rates μ0, μ1) that are required to inactivate a gatekeeper or tumor 

suppressor gene (TSG) and generate a premalignant daughter cell with partial loss of tissue 

homeostasis.  (When calibrating to EAC incidence, μ0 and μ1 are not separately identifiable, so 

without loss of generality we set μ0=μ1). Premalignant cells, which we associate with high grade 

dysplasia (HGD) may divide (with rate αp); die, undergo apoptosis or differentiate (at rate βp); or 

mutate during asymmetric cell division (at rate μ2) to generate a malignant cell. Similarly, 

malignant cells may divide (with rate αm); undergo apoptosis or differentiate (at rate βm); or be 

detected through a size-based stochastic observation process based on a per-cell detection rate ρ. 

The difference between the birth and death rates is called the net cell proliferation rate for each 

cell type. Model parameters are calibrated through maximum likelihood fits to EAC incidence 

data from nine registries of the Surveillance Epidemiology and End Results (SEER) database 
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between 1975 and 2010 following the likelihood-based approach described in Luebeck et al. 

(2012) (1), but with secular trends in EAC incidence modeled parametrically via flexible period 

and cohort trends imposed on the biological parameters of the MSEAC model. The best fitting 

model includes a sigmoidal birth cohort effect modifying the growth rates of premalignant and 

malignant cells (calibration of these temporal trends is discussed in more detail below).  Using 

the calibrated model parameters, we use spatial simulations to track clonal growth and extinction 

of premalignant and malignant clones that arise through these stochastic cell birth-death-

mutation processes. Spatial simulations of the growth of premalignant clones (identified with 

HGD) and malignant tumors are mapped to represent two-dimensional localization and growth 

on the BE segment of the esophageal surface, which is represented as a torus.  This spatial 

modeling component of the MSEAC model allows analysis of detection probabilities and 

predictions related to endoscopic surveillance with biopsy sampling or intraluminal imaging of 

HGD and preclinical EAC during screening, as well as results from treatment protocols and 

probabilities for symptomatic cancer detection. This framework is inherently multiscale in that it 

bridges multiple scales from the cellular to the population level. The clinical calibration to 

biopsy screening has helped to firm up model assumptions about parameters specifying the 

number of stem cells per crypt and the crypt-packing in BE and HGD tissues. These parameters 

were then incorporated back into the model for recalibration to SEER incidence followed by 

recalibration to the clinical results to iteratively improve the MSEAC model. 

A clinically important component of the MSEAC model is an underlying gender and age-specific 

model of GERD prevalence, which is generally believed to increase the relative risk for BE (2). 

Calibration of the GERD prevalence model utilized data from incident GERD cases in a cohort 

of 1700 children and adolescents in the Health Improvement Network (THIN) UK primary care 
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database between 2000-2005 (3), and case-control data on adults with a first diagnosis of GERD 

in the UK General Practice Research Database (GPRD), including 7451 cases and 10,000 

controls (4).  GERD was defined as heartburn and/or regurgitation experienced at least weekly in 

these studies (3, 4).  Using this definition, we developed a GERD model with GERD prevalence 

increasing in accordance with the data for age-specific GERD incidence (3, 4).  However, the 

model also includes a parameter representing reversion of GERD symptoms, allowing us to fit 

age-adjusted GERD prevalence between ages 40 to 85 to an approximate target of 20%, 

consistent with population-based studies of GERD prevalence (5-9).  Epidemiological studies 

indicate that most individuals with GERD do not develop BE, but that GERD is a significant risk 

factor for BE but with differing estimates of relative risk (RR) for BE given GERD ranging 

between 2-15%, and also depending on BE segment length, frequency of GERD symptoms and 

other factors (2, 10-14).  A recent meta-analysis of 14 studies found an odds-ratio of at-least 

weekly GERD in relation to long segment BE of 4.92, CI=(2.01-12.0),  and no association with 

short segment BE (14).  Another recent meta-analysis of 5 studies on the association of GERD 

with EAC found an odds ratio of 4.92, CI= (3.92, 6.22) (15).  In attempting to reconcile these 

disparate studies, we note that the primary MSEAC model outcome is EAC and the model 

assumes BE is necessary for EAC, Thus we assume a model relative risk of RR=5 for BE given 

GERD. Using this estimate, we used maximum likelihood methods to calibrate the MSEAC 

model to EAC incidence data from SEER to estimate the remaining model parameters.  The 

model fits to SEER data allow prediction of ν0 and thus BE prevalence, with predictions of 1.5-

5% BE prevalence for males for ages ranging between 40 and 85, and between 0.5-1.0% for 

females.  Population estimates of BE prevalence differ widely (5, 16-21), but given this 
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uncertainty, the model predictions appear generally consistent with the range of estimates in the 

studies.  

As mentioned previously, SEER EAC incidence has increased roughly five-fold since 1975.  To 

identify biological parameters that may be influenced by temporal trends, we compared 

alternative models with period and/or cohort effects influencing GERD development, the 

transition rate to BE, early mutation steps, growth of premalignant lesions, malignant 

transformation, and clonal growth of the tumor.  The best model fit includes a sigmoidal (birth) 

cohort trend on both premalignant and malignant clonal expansion, with rates for malignant 

growth significantly larger than for premalignant growth.  The analytic form of the sigmoidal 

function allows smooth estimation of future trends, with projections until 2030 for males and 

females shown in the Figures A2 and A3 below. The figures show that the five-fold increase in 

incidence can be explained by smaller changes in the net cell proliferation rates of premalignant 

and malignant clones that increase less than three-fold across birth cohorts spanning a century.  

The birth cohort effect that modifies the premalignant (HGD) growth rate explains most of the 5-

fold increase in U.S. incidence since 1975, even though the magnitude of the birth cohort effect 

on malignant cell growth is larger.   Of particular note is the observation that the estimated 

increases in proliferation rates among males are leveling off for recent birth cohorts but continue 

rising for recent females birth cohorts. 
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Figure A2 – Cell Proliferation Rates by Birth Cohort, Males 

 

Figure A3 – Cell Proliferation Rates by Birth Cohort, Females 
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MGH Model 

The transition rates between health states in the MGH model can depend on the age, period, and 

cohort of the simulated hypothetical patients. Since age has the predominant effect on EAC 

incidence and mortality, the transition rates, as function of age, were calibrated first to a 

reference birth cohort born between the years 1925 and 1929. The cohort and period effects are 

applied later to certain transitions to fine-tune the model outputs as indicated by the arrows in the 

Figure A4 below.

 

Figure A4 – Period and Cohort Effects as Applied to Conceptual Model Transitions 

 

Each transition rate is a linear function of age. For some selected transitions, the age-dependent 

rate is then multiplied by a cohort term, a period term, or both. The cohort and period effects are 

implemented as logistic functions of birth year and calendar year, respectively, with four 

parameters determining each such function.  The parameters of the logistic functions are 

determined via a process of model calibration.  The period and cohort effects for males obtained 

from model calibration are shown in Figures A5 and A6 on the next page. 
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Figure A5 – Period Effect Coefficient Values as a Function of Calendar Year for Males 

 

Figure A6 – Cohort Effect Coefficient Values as a Function of Birth Year for Males 
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The period and cohort effects are important drivers of the increase in overall EAC incidence. In 

the MGH model, the increase in EAC can be attributed mainly to two factors: the increase in 

prevalence of BE, and the increase in progression rate from BE to undetected cancer. The 

increase in BE prevalence is driven by a period effect on the transition rates out of the “normal” 

health state (into the GERD symptomatic state, the short segment no dysplasia BE state, or the 

long segment no dysplasia BE state The increase in progression rate is driven by a cohort effect 

on the transition rates from BE (specifically, short or long segment BE with high grade 

dysplasia) to undetected cancer. There is also both a period effect and a cohort effect on the 

transition rates from undetected cancer to detected cancer, but neither plays a significant role in 

driving the EAC incidence increase. 

 

The calibration process consists of first calibrating age-dependent parameters to SEER Incidence 

and Mortality data for the population born between 1925 and 1929. SEER data for the whole 

population is then used to calibrate the parameters determining the logistic cohort and period 

effect functions described above. When the model is used to make projections beyond the end of 

available SEER data, the period and cohort effects to year 2030 are calculated using the 

calibrated parameters in the logistic functions. 

 

In addition to the calibration targets described above, estimates derived from the literature of BE 

and GERD prevalence are used as secondary calibration targets. Currently, the targeted BE 

prevalence increases with age and calendar year while the targeted GERD prevalence increases 

only with age. The BE state can be further divided into no dysplasia, low grade dysplasia, and 

high grade dysplasia. While patients can progress to BE directly from the normal state without 



10 
 

first developing GERD symptoms, it is assumed that GERD symptomatic patients develop BE at 

a higher rate. This is modeled as a constraint on the age-dependent transition parameters.  For 

details of the model methods of GERD symptom and BE, please see previous publication (22). 

 

UW-MISCAN Model 

Model structure 

The UW/MISCAN–Esophagus model is a semi–Markov micro simulation model. The 

population is simulated individual by individual, and each person can evolve through discrete 

disease states (Figure A7). However, instead of modeling annual transitions with associated 

transition probabilities, the UW/MISCAN–Esophagus model generates durations in states. We 

assume that EAC develops through precursor Barrett’s Esophagus (BE). For each individual in 

the simulated population a personal risk index is generated. A minority of the population has 

symptomatic GERD, giving them a higher risk of developing BE during their lifetime. The 

sequence from the onset of BE to EAC diagnosis is continued by sojourn times between the  

 

Figure A7 – Model Structure UW-MISCAN Esophageal Adenocarcinoma Model 
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different states. BE starts in a phase without dysplasia (ND), thereafter dysplasia can develop.  

Two stages of dysplasia are defined: Low Grade (LGD) and High Grade dysplasia (HGD). From 

High Grade dysplasia, malignant cells can arise that can transform from this stage to preclinical 

localized EAC, which can sequentially progress into Regional and Distant preclinical EAC. 

However, there is also a possibility that regression from HGD to LGD and from LGD to ND 

occurs. In each of the three preclinical cancer stages, there is a probability of the cancer being 

diagnosed. The survival after clinical diagnosis depends on the cancer stage, and the year of 

diagnosis (Figure A7). 

 

Modeling GERD symptoms and BE incidence 

The average prevalence rate of GERD in the population is estimated to be around 20% (8, 9, 23, 

24); therefore we have a fixed 20% of the total population that suffer from symptomatic GERD. 

The onset of BE was fitted per age group (i.e. this is a calibration parameter) and differs between 

individuals with and without GERD symptoms. We assume that 40% of total BE prevalence 

comes from individuals without, and 60% from people with GERD symptoms (i.e. a relative risk 

of 6). 

 

Secular trend modeling: age, cohort and period effects 

We assumed that two mechanisms are responsible for the observed trend in Esophageal 

Adenoma Carcinoma (EAC): the decrease in Helicobacter Pylori infection and the introduction 

of Proton Pump Inhibitors (PPI). We assumed that having H. Pylori infection is protective 

against BE and EAC. Based on Sonnenberg et al., we assumed that H. Pylori decreases with 

birth cohort since 1885. Consequently we modeled the disappearing Helicobacter Pylori 
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infection effect as a birth cohort effect increasing the BE incidence rate and the rate of 

progression from BE to EAC (transition parameters). This birth cohort effect is modeled as a 

sigmoid function, in which we assume that the increase in rates occurs between birth cohorts 

1885 and 1985. We have restricted that half of the total birth cohort effect occurs between birth 

cohort 1910 and 1940. We have optimized the point at which the effect increases, t, the height of 

the increase, h (separate for BE incidence and transition parameters), and the slope of the 

increase, s (separate for BE incidence and transition parameters) for the sigmoid function h / (1+ 

exp(-s·(x-t))). 

 

For PPI use, we assume that this has a protective effect against EAC development. Because PPI 

was introduced after a certain period of time, we modeled the protective effect of PPI as a 

sigmoid period effect. We have restricted the period effect to find place between calendar years 

1988–2030.  For the period effect also the point at which the effect decreases t, the height of the 

effect h and the slope of the effect s is optimized for the sigmoid function h / -(1+ exp(-s·(x-t))). 

Age effects are modeled within the BE incidence, where the BE incidence rate is optimized for 

each ten-year age group. 

 

Projection of the trend to 2030  

The projection of the trend from 2009 to 2030 is a result of the birth cohort and period effects 

which are optimized to reach the EAC incidence from 1975 to 2009. The model estimates that 

the birth cohort effect plateaus around birth cohort 1945 for both males and females. As a 

consequence, EAC incidence plateaus after 2009 for age groups born after 1945, and still 

increases for older age groups (Figure A8). Overall, both males and females are predicted to 
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experience an increasing trend after 2010.  The estimated protective effect from PPI’s in our 

model is estimated to be modest for both males and females, resulting in a minimal plateauing 

effect on EAC incidence.  

 
 

Figure A8 – Increasing or Plateauing of the EAC Incidence Trend by Age Group 
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Supporting Figures from Model Output 

All three models were calibrated to SEER EAC incidence data for all men and all women aged 

20-84 years in the United States from 1975 – 2010.  The EAC incidence rates by calendar year 

until year 2010 for each birth cohort from the three independent models appeared to fit SEER 

data well and appeared reasonably consistent with each other as shown in figure A9.  Figure A10 

shows the projected incidence rates for females from all models. These trends show an 

increasing incidence rate by advancing birth cohorts. 
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A) 

 
 
B) 

 
 
 
 

 

 

 

 
Figure A9.  The EAC incidence rates stratified by birth cohorts are shown for all males 
(A) and all females (B). 
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A) 

 
B) 

   
C) 

  
 
Figure A10.  The EAC incidence rates by 10 years birth cohorts for all females. 
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