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A B S T R A C T

Purpose
Apoptosis pathway, gastroesophageal reflux symptoms (reflux), higher body mass index (BMI),
and tobacco smoking have been individually associated with esophageal adenocarcinoma (EA)
development. However, how multiple factors jointly affect EA risk remains unclear.

Patients and Methods
In total, 305 patients with EA and 339 age- and sex-matched controls were studied. High-order
interactions among reflux, BMI, smoking, and functional polymorphisms in five apoptotic genes
(FAS, FASL, IL1B, TP53BP, and BAT3) were investigated by entropy-based multifactor dimension-
ality reduction (MDR), classification and regression tree (CART), and traditional logistic regression
(LR) models.

Results
In LR analysis, reflux, BMI, and smoking were significantly associated with EA risk, with reflux as
the strongest individual factor. No individual single nucleotide polymorphism was associated with
EA susceptibility. However, there was a two-way interaction between IL1B � 3954C�T and reflux
(P � .008). In both CART and MDR analyses, reflux was also the strongest individual factor for EA
risk. In individuals with reflux symptoms, CART analysis indicated that strongest interaction was
among variant genotypes of IL1B � 3954C�T and BAT3S625P, higher BMI, and smoking (odds ratio
[OR], 5.76; 95% CI, 2.48 to13.38), a finding independently found using MDR analysis. In contrast, for
participants without reflux symptoms, the strongest interaction was found between higher BMI and
smoking (OR, 3.27; 95% CI, 1.88 to 5.68), also echoed by entropy-based MDR analysis.

Conclusion
Although a history of reflux is an important risk for EA, multifactor interactions also play important
roles in EA risk. Gene-environment interaction patterns differ between patients with and without
reflux symptoms.

J Clin Oncol 28:2445-2451. © 2010 by American Society of Clinical Oncology

INTRODUCTION

Esophageal adenocarcinoma (EA) is an aggressive
cancer with 5-year overall survival rates � 15% de-
spite significant advances in treatment strategies.1

The poor prognosis of EA underlines the impor-
tance of prevention for this lethal disease. However,
the incidence of EA has increased approximately
500% in Western countries during the past four
decades.2,3 Although a growing body of epidemio-
logic evidence indicates that gastroesophageal re-
flux symptoms (reflux), obesity, smoking, male
sex, and certain genetic variations are individually
associated with EA risk,4,5 no single factor can
explain the rising prevalence of EA. Previous re-

ports suggest that the development of EA is likely the
result of complex interactions and cross-talk be-
tween environmental factors and genetic variants.6-9

These studies, however, have been limited by analyz-
ing gene-environment interactions based on the cal-
culation of the two risk factors’ product term in a
logistic regression model. It remains to be estab-
lished whether multiple risk factor interactions play
a role in the risk of EA.10 A better understanding of
EA etiology could aid in identification of effective
preventive strategies against the disease.

Apoptosis is a process of programmed cell
death that is essential for cell growth and the main-
tenance of homeostasis.11 Impaired regulation of
apoptosis might lead to uncontrolled cell growth
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and to tumor formation.12 Genes that participate in the initiation or
suppression of apoptosis or induce apoptosis secondary to cell
injury or inflammation include FAS, FASL, IL1B, TP53, and
BAT3.12 Functional single nucleotide polymorphisms (SNPs) in these
apoptotic genes, such as FAS �1377G�A (rs2234767), FASL �844
T�C (rs763110), IL1B �3954C�T (rs1143634), TP53BP1D353E
(rs560191), and BAT3625P (rs1052486) have been shown to mod-
ulate gene expression, protein expression and production, and
apoptosis.13-17 These genetic polymorphisms are also individually as-
sociated with susceptibility to cancer development at individual and
multiple organ sites.17,18-20 However, it is unclear how these polymor-
phisms contribute to EA development.

In this study, we hypothesized that functional apoptotic SNPs are
associated with the development of EA. Since other known EA risk
factors, such as reflux, higher body mass index (BMI), and smoking
are also known to be involved in the apoptosis process,21-23 our sec-
ondary hypothesis was that interactions among apoptotic SNPs, re-
flux, BMI, and smoking will confer an even greater risk of EA. We
used several statistical approaches, including classification and re-
gression tree (CART) and entropy-based multifactor dimensionality
reduction (MDR) in addition to traditional multiple logistic regres-
sion (LR) to explore high-order gene-environment interactions in
EA susceptibility.

PATIENTS AND METHODS

Study Population

Incident patients with newly diagnosed and histologically confirmed EA
were recruited prospectively at Massachusetts General Hospital between 1999
and 2005 and at Dana-Farber Cancer Institute between 2004 and 2005.6 All
patients were age 18 years or older and were diagnosed within 6 months before
study entry. Patients with gastroesophageal junction tumors, but not gastric
cardia, were included as patients. All pertinent clinical data were reviewed by a
team of consultants consisting of a gastroenterologist, medical oncologist, and
thoracic surgeon to ensure the diagnosis. Controls were accrued from healthy
friends and non–blood-related family members in the same hospitals in the
same period, originally recruited for our parallel lung cancer study from 1993
to 1999 and for multiple studies since 2000. All controls had never received a
diagnosis of cancer. Patients and controls were frequency matched for age and
sex distribution. All participants provided informed written consent. The
study was approved by the Human Subjects Committees of Massachusetts
General Hospital, Dana-Farber Cancer Institute, and the Harvard School of
Public Health.

Interview

Immediately after enrollment, a specially trained interviewer adminis-
tered a questionnaire that collected clinical and demographic information.
Patients were interviewed during their hospital/clinic visit. Because controls
were recruited when they accompanied other patients to their hospital/clinic
visits, interviews for the controls took place in the same area as those for the
patients and by the same interviewers. The questions covered demographic
variables (current weight, weight 1 year before diagnosis/interview, weight at
early adult age of 18 years, adult height, age, sex, race/ethnicity, and so on), a
detailed smoking exposure assessment, past medical history (including expo-
sure to radiation for benign conditions), family history, and occupational and
environmental exposure history. Lifetime reflux symptoms (including reflux
frequency and intensity) were assessed up to 1 year before diagnosis (patients)
or 1 year before interview (controls). Chronic reflux was defined as having
heartburn or regurgitation symptoms at least once monthly for at least a
6-month continuous period in one’s lifetime. We chose this definition to
capture a broader set of symptoms and to ensure that individuals defined as
not having reflux were a pure group.7 Participants were considered reflux-free

if they had less than one episode of reflux per month. Smoking status was
defined on the basis of whether the patients and controls smoked 1 year
before diagnosis/interview.

Genotyping

On the basis of previous functional and epidemiologic studies and com-
mon frequency in the population, we selected five functional SNPs in five
apoptotic genes, including FAS �1377 G�A (rs2234767), FASL �844T�C
(rs763110), IL1B �3954 C�T (rs1143634), TP53BP1D353E (rs560191), and
BAT3625P (rs1052486). Genomic DNA was isolated from peripheral blood
with a Gentra Systems/Qiagen Kit (Qiagen, Valencia, CA). Genotyping was
performed using the TaqMan method with a 7900HT sequence detection
system (Applied Biosystems, Foster city, CA). The primer and probe sequences
for each SNP are available on request. Patients and controls were genotyped
blinded to all clinical information and patient-control status in mixed batches.
Two coauthors checked all results independently and a third arbitrated dis-
crepancies. Controls were included in each plate to ensure accuracy of the
genotyping, and a random 15% of the samples were run in duplicates with
100% concordance.

Statistical Analysis

Demographic and genotype information for patients and controls were
compared using �2 test, Fisher’s exact test, t test, and nonparametric Wilcoxon
rank sum test, where appropriate. Hardy-Weinberg equilibrium for genotypes
was tested by a goodness-of-fit �2 test (Appendix Table A1, online only).
Because previous studies have shown that biologic functions differed between
genotypes with major alleles and minor alleles in the SNPs studied,13-17 geno-
types were coded as wild type (major-allele homozygote) and variant genotype
(minor-allele homozygote � heterozygote). Unconditional multivariate LR
was used to estimate odds ratios (ORs) and 95% CIs, adjusting for age, sex,
smoking status, reflux, and BMI. Interaction was tested using a multiplicative
interaction term included in the multivariate model. The independent effects
of individual risk factors on EA susceptibility were analyzed in a stepwise
manner. False-discovery rate (FDR) was assessed to account for multiple
comparison.24 Statistical significances of the interactions were assessed using
likelihood ratio tests comparing the models with and without interac-
tion terms.

CART Analysis

CART analysis was performed by rpart package in R (version 2.8.1,
2008) to build a decision tree via recursive partitioning. Outcome in this
analysis was coded as binary values (patient or control). CART creates a
decision tree that depicts how well each genotype or environmental factor
variable predicts class (eg, patient-control status).25 A splitting rule based on
information index was used to stratify data into subsets of individuals, which
are represented in the CART decision tree as nodes. This process continues
until the classification reaches the lowest cross-validation error in the terminal
node. The higher-order gene-environment interactions identified by the
CART were further analyzed using the likelihood ratio test, comparing the
models with or without interaction terms in the multiple LR and adjusting
for covariates.

MDR Analysis

The MDR software (version 2.0 alpha) and MDR-permutation testing
(MDRPT) software (version 0.4.7) were used to analyze gene-environment
interactions. The MDR is a nonparametric (ie, no hypothesis about the statis-
tical parameter is made), model-free (ie, it assumes no particular inheritance
model) method that selects important combinations of variables on the
basis of entropy measures for evaluating the information gain (IG) associ-
ated with attribute interactions. MDR collapses high-dimensional data into a
single dimensional variable with two levels (high and low risk) using the ratio
of the number of patients to the number of controls, thus permitting
interactions to be detected in relatively small sample sizes. It has been
shown that MDR can identify putative high-order interactions in the
absence of any significant independent main effects in cancers.26,27
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RESULTS

Demographics

The participation rates for eligible patients and controls were
both � 85%. We restricted the analysis to white patients who com-
prised the majority (� 96%) of the study population. A total of 305
patients and 339 age- and sex-matched healthy controls were included
in the analysis. Age and sex distribution were similar for patients and
controls. BMI at age 18 years in patients was significantly higher than

that in controls, and there were greater proportions of ever-smokers
and reflux symptoms in patients than in controls (Table 1).

Associations of Individual Factor or Pair-Wise Factors

With EA Risk (LR analysis)

The genotyping success rate for all selected SNPs ranged from
99.0% to 99.5%. All SNPs in this study population were consistent
with Hardy-Weinberg equilibrium (P � .05) in the controls. In main
effect analysis, reflux, BMI, and smoking were significantly associated
with increased risk of EA, and reflux had the highest individual asso-
ciation (OR, 2.52; 95% CI, 1.81 to 3.52; P � .001). No individual SNP
was associated with EA susceptibility (Table 2). In interaction analysis,
however, there was a two-way interaction between IL1B � 3954C�T
and reflux (OR, 0.06; 95% CI, 0.01 to 0.72; P � .008), even after
adjusting for multiple comparisons (FDR P � .042; Table 3).

Association of Multiple Factor Interactions With EA

Risk (CART analysis)

In the CART analysis, the initial split of the root node was reflux
status, indicating that reflux was the strongest risk factor for EA among
the factors considered. Further inspection of the classification tree
structure suggested distinct interaction patterns for subjects with and
without reflux symptoms (Fig 1). In the absence of reflux symptoms,
BMI was the strongest risk factor, and the combination of ever-
smoking and BMI � 25 exhibited the highest risk of EA with a 62%
patient rate (OR, 3.27; 95% CI, 1.88 to 5.68; P � .001). In individuals
with reflux symptoms, however, the IL1B � 3954 C�T polymor-
phism was the most significant risk factor, and carriers of IL1B � 3954
C�T and BAT3S625P variant genotypes with BMI � 25 in smokers
had the highest risk of EA (patient rate � 74%; OR, 5.76; 95% CI, 2.48
to 13.38; P � .001; terminal node 8; Table 4).

Association of Multiple Factor Interactions With EA

Risk (MDR analysis)

Table 5 summarizes entropy-based measures of IG for all candi-
date risk factors in the etiology of EA. Consistent with the results from

Table 1. Demographic Characteristics of EA Patients and Controls

Characteristic

Patients
(n � 305)

Controls
(n � 339)

PNo. % No. %

Age, years .9545
Mean 62.6 62.6
SD 11.0 10.6

Male sex 271 88.9 294 86.7 .4114
Smoking status, never 66 21.6 94 27.7 .0742
Smoking, pack-years .0115

Median 25.0 18.0
Range 0 to 218 0 to 212

BMI at age 18 years, kg/m2 .0057
Mean 23.5 22.7
SD 3.5 3.3

BMI � 25 at age 18 years 90 29.5 62 18.3 � .001
Reflux, yes 149 48.9 94 27.7 � .001
Stage

I-IIA 88 28.9
IIB-IVB 217 71.1

NOTE. Reflux is defined as gastroesophageal reflux symptom.
Abbreviations: EA, esophageal adenocarcinoma; SD, standard deviation;

BMI, body mass index.

Table 2. Main Effects of Individual Risk Factors on Esophageal Adenocarcinoma Risk by Logistic Regression

Variable

Unadjusted Adjusted

OR 95% CI P ORadj 95% CI P

Environmental factors
Reflux, yes 2.49 1.80 to 3.45 � .001 2.52 1.81 to 3.52� � .001
BMI � 25 at age 18 years, yes 1.87 1.29 to 2.71 � .001 2.00 1.36 to 2.93† � .001
BMI at age 18, kg/m2 1.06 1.07 to 1.11 .0064 1.07 1.02 to 1.12† .0058
Smoking status, ever 1.39 0.97 to 1.99 .0735 1.38 0.95 to 2.01‡ .0940
Smoking pack-years 1.006 1.001 to 1.011 .0120 1.007 1.002 to 1.012‡ .0064

SNPs§
BAT3625P 1.04 0.72 to 1.50 .8375 1.07 0.73 to 1.56 .7425
FAS-1377G�A 1.08 0.33 to 3.58 .8983 1.34 0.38 to 4.68 .6468
FASL-844T�C 0.99 0.65 to 1.51 .9624 1.05 0.68 to 1.64 .8120
IL1B �3954C�T 1.15 0.51 to 2.57 .7310 1.14 0.49 to 2.61 .7626
TP53BP1D353E 0.83 0.50 to 1.38 .4732 0.86 0.51 to 1.46 .5751

Abbreviations: OR, odds ratio; BMI, body mass index; SNP, single nucleotide polymorphism.
�Adjusted for age, sex, smoking status, and BMI category.
†Adjusted for age, sex, smoking status, and reflux status.
‡Adjusted for age, sex, and reflux status.
§Effect of SNP was adjusted for age, sex, smoking status, reflux status, and BMI category.
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LR and CART analyses, history of reflux symptom was the strongest
one-factor risk in the MDR model, with the highest value of entropy
(IG � 3.44) among all variables studied, followed by BMI (IG � 1.26),
smoking (IG � 0.36), TP53BP1D353E (IG � 0.06), and IL1B �3954
C�T (IG � 0.01). In individuals with reflux symptoms, the highest IG
values were observed for IL1B �3954C�T and BAT3625P. In patients
without reflux symptoms, BMI and smoking had the highest IG values
among other factors.

Appendix Figure A1 illustrates the overall and stratified interac-
tion maps of variables based on entropy measures among individual
variables. The patterns of entropy recapitulate the main and/or inter-
action effects for each model. In overall analysis, stronger interaction
effect was found among reflux, BMI, and smoking while reflux had a
clear main effect. In participants with reflux symptoms, IL1B � 3954
C�T and BAT3625P had the highest IG values among other factors,
and strongest interaction was detected among IL1B �3954C�T,
BAT3625P, TP53BP1D353E, and FASL �844T�C and BMI. In
individuals without reflux symptoms, BMI had the highest IG
value, and the strongest interaction was seen between higher BMI
and smoking.

DISCUSSION

In this study, we used multianalytic strategies to systematically exam-
ine the interactions among apoptotic gene polymorphisms, reflux,

smoking, and BMI and their associations with EA development. Al-
though each strategy used different algorithms to define these interac-
tions, results from LR, CART, and MDR consistently showed that (1)
reflux was the most significant single risk for EA development, and (2)
EA risk was substantially associated with multifactor interactions that
differed in individuals with and without reflux symptoms.

Previous studies have found associations of FAS �1377G�A,
FASL �844T�C, IL1B � 3954C�T, TP53BP1D353E, and BAT3625P
with risks of certain cancers, including esophageal squamous cell car-
cinoma and lung, cervical, bladder, breast, brain, and pancreatic
cancers.13-17 But there have been no reports published on the associ-
ations of these polymorphisms with EA risk in white populations.
Unlike previous studies in which apoptosis gene polymorphisms
showed main effects on the risk of cancers, we did not find any overall
associations between SNPs studied and EA development. However,
we observed that apoptosis SNPs were associated with EA risk only in
analyses stratified by reflux status, suggesting that apoptosis gene
variations may exert their effects on EA development in combina-
tion with certain environmental factors, such as reflux or higher
BMI. Our results emphasize the importance of analyzing gene-
environment interactions for revealing the molecular mechanisms of
EA development.

Our results indicated that gene-environment interaction pat-
terns in EA development may depend on reflux status. When reflux
symptoms were present, EA risk was modulated more by genetic

Table 3. Two-Way Gene-Environmental Interactions Detected by Logistic Regression

SNP�

Interaction With Reflux Status Interaction With Smoking Status Interaction With BMI Category

OR 95% CI P† P for FDR ORadj 95% CI P‡ P for FDR ORadj 95% CI P§ P for FDR

BAT3625P 0.63 0.28 to 1.40 .2511 .6278 1.82 0.75 to 4.38 .1840 .3889 0.81 0.34 to 1.95 .6396 .6396
FAS-1377 G�A 0.33 0.02 to 5.56 .4247 .7078 1.50 0.07 to 34.32 .7991 .7991 4.92 0.27 to 87.95 .2682 .6179
FASL-844 T�C 0.98 0.40 to 2.39 .9627 .9627 2.48 0.89 to 6.89 .0816 .3889 1.82 0.66 to 4.99 .2461 .6179
IL1B �3954C�T 0.06 0.01 to 0.72 .0084 .0421 0.39 0.03 to 4.39 .4169 .5211 2.10 0.26 to 16.82 .4798 .6179
TP53BP1D353E 1.34 0.47 to 3.82 .5790 .7238 0.43 0.11 to 1.76 .2333 .3889 1.71 0.37 to 7.82 .4943 .6179

Abbreviations: SNP, single nucleotide polymorphism; BMI, body mass index; OR, odds ratio; FDR, false-discovery rate; ORadj, adjusted odds ratio.
�SNPs were classified as wild type and variant genotype.
†Adjusted for age, sex, smoking status, and BMI category.
‡Adjusted for age, sex, reflux status, and BMI category.
§Adjusted for age, sex, smoking status, and reflux status.

Reflux symptom

The root node:
  305 EA patients
  339 controls

BMI < 25≥ 25

 No 

never ever 

Terminal node 3
  41 patients
  25 controls

Terminal node 2
  13 patients
  17 controls

Terminal node 1
  102 patients
  203 controls

Smoking

IL1BC3954T 
v w

Yes 

BMI

BAT3S625P Terminal node 4
  8 patients
  1 control

Terminal node 6
  78 patients
  59 controlsTerminal node 7

  4 patients
  7 controls

Terminal node 8
  23 patients
  8 controls

Terminal node 5
  36 patients
  19 controls

wv

Smoking never ever

< 25≥ 25

Fig 1. Classification and regression tree
analysis of reflux, body mass index (BMI),
smoking, and genetic polymorphisms in ap-
optosis pathway. Terminal nodes show
number of esophageal adenocarcinoma
(EA) patients/number of controls. Single nu-
cleotide polymorphisms were classified as
wild type (w) and variant genotype (v);
smoking was defined as ever and never
smoking; BMI was categorized as � 25
and � 25; reflux was defined as yes and no.
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variants in apoptosis genes than by environmental factors (BMI,
smoking). In contrast, in the absence of reflux symptoms, EA risk was
more attributable to higher BMI and smoking, two major environ-
mental factors for EA risk. Although reflux symptoms have long been
recognized as a major risk of EA, previous studies have also demon-
strated that 40% or more of EA is found in patients without previous
symptoms of reflux.28,29 Additionally, higher BMI has been strongly
associated with increased risk of EA, even after controlling for the
severity of reflux symptoms.30 Our current observations further sug-
gest that mechanisms leading to EA in patients with reflux may be
different from those in patients without reflux. It is therefore reason-
able to consider that EA prevention strategies should be personalized
according to individual’s exposure to risk factor profiles.

Although statistical interactions do not necessarily imply biologic
interactions, several lines of evidence suggest that our findings are
biologically plausible. Reflux, smoking, and obesity have been proved
to be individually associated with increased risks of EA and other
cancers.4 Obesity is a determinant of acid reflux.31 Reflux is known to
induce cyclooxygenase-2 (COX-2) gene expression that regulates
apoptosis in the progression of Barrett’s esophagus to adenocarci-

noma.21 Apoptosis gene polymorphisms have been consistently asso-
ciated with cancer development at individual and multiple organ
sites.18 Cigarette smoking can induce apoptosis in a number of cell
types.23 Smoking is also known to be associated with obesity.32

Obesity-related growth hormones, such as insulin and insulin-like
growth factor (IGF) and its main binding protein, IGF binding
protein-3 (IGFBP-3), regulate cell proliferation, differentiation, and
apoptosis.22 Previous studies by our group and others showed that the
associations of FASL �844T�C and IL1B � 3954C�T SNPs with
lung cancer were modified by smoking status.21,33 Statistically signifi-
cant interactions were found between polymorphisms in FAS and
FASL and tobacco smoking in esophageal squamous cell carcinoma.19

Interaction between the FASL �844T�C polymorphisms and smok-
ing was also observed in pancreatic cancer predisposition.34 These
observations suggest that gene-environment interactions may be par-
ticularly important for apoptotic genes because their effect on cancer
susceptibility is strongly determined by exposure to smoking and
other environmental factors.

A major strength of our study is that gene-environment interac-
tions were consistently identified by both parametric and nonpara-
metric statistical models. LR analysis has the advantage of controlling
for confounding variables simultaneously. When high-order interac-
tions involving multidimensional factors are considered, there may be
many sparse or empty cells, resulting in large standard errors (SEs) and
an increased type I error.35 The MDR method improves the power by
converting multiple variables to a single attribute to efficiently identify
potential gene-environment interactions in relatively small samples.36

Furthermore, cross validation and permutation testing procedures in
MDR reduce the chances of making type I errors as a result of multiple
testing. CART analysis is an explorative, nonparametric approach that
requires no assumption of a genetic model. It is a decision tree–based
data mining approach to identify specific combinations of genetic and
environmental factors associated with disease risk.37 Recent studies
have suggested that multiple complementary analytic strategies, in-
cluding CART and MDR, improved statistical power to efficiently
identify potential gene-gene and gene-environment interactions.27 In
this study, three analytic methods (LR, MDR, and CART) validate
each other and emphasize the reproducibility of our findings.

Table 4. Risk Estimates of Classification and Regression Tree Terminal Nodes

Terminal
Node

Combinations of Risk Factors

Patient:Control Ratio OR 95% CI P �Reflux Smoking� BMI� SNP�

1 No � 25 102:203 1.00 (reference) —
2 No Never � 25 13:17 1.55 0.72 to 3.34 .2586
3 No Ever � 25 41:25 3.27 1.88 to 5.68 � .001
4 Yes IL1B � 3954C�T (w) 8:1 15.64 1.93 to 26.95 .0101
5 Yes IL1B � 3954C�T (v)

BAT3S625P (w)
36:19 3.80 2.07 to 6.96 � .001

6 Yes � 25 IL1B � 3954C�T (v)
BAT3S625P (v)

78:59 2.64 1.74 to 3.99 � .001

7 Yes Never � 25 IL1B � 3954C�T (v)
BAT3S625P (v)

4:7 1.12 0.32 to 3.91 .8633

8 Yes Ever � 25 IL1B � 3954C�T (v)
BAT3S625P (v)

23:8 5.76 2.48 to 13.38 � .001

Abbreviations: BMI, body mass index; SNP, single nucleotide polymorphism; OR, odds ratio; w, wild type; v, variant genotype.
�Adjusted for age and sex.

Table 5. Entropy-Based Information Gain for Individual Attribute

Variable
Overall
Analysis

In Subjects With
History of Reflux

In Subjects Without
History of Reflux

BAT3S625P 0.00 0.15 0.11
FAS1377G�A 0.00 0.02 0.15
FASL844T�C 0.00 0.00 0.00
IL1B � 3954C�T 0.01 1.06 0.57
TP53BP1D353E 0.06 0.00 0.04
Smoking 0.36 0.01 0.57
BMI 1.26 0.08 2.82
Reflux 3.44 — —

NOTE. Entropy is a measure of the loss of information in a transmitted message
or a measure of the uncertainty associated with the random variable. Information
gain, also known as the relative entropy or the Kullback-Leibler entropy, is a
measure of difference between two random variables. Single nucleotide poly-
morphisms were classified as wild type and variant genotypes. Smoking was
defined as ever and never smoking. Body mass index (BMI) was categorized
as � 25 and � 25. Reflux was defined as yes (1) and no (0).
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One of the limitations of this study is that we used a candidate
polymorphism approach, which allowed us to compare our study
with studies of other disease sites and focus on functional variants but
therefore will not evaluate the entirety of polymorphic variation across
these genes. Our study does, however, provide a guide for future
studies that will replicate these findings, either through association
designs or functional analysis. Second, the sample size of this study is
relatively small because EA is still a rare cancer in whites. However,
based on current sample size, genotype frequency, and prevalences of
smoking, reflux symptoms, and higher BMI, we still have more than
80% power to detect a significant pair-wise interaction using LR or
MDR analyses.38,39 Further studies in larger populations are required
to validate our findings. Third, reflux symptoms were collected on the
basis of self-report only and were not validated by medical record
review or with confirmatory studies such as 24-hour pH monitoring.
In addition, dietary patterns and other environmental exposures were
neither accounted for nor adjusted in the analyses because of missing
or uncollected data. Given the strong interactions detected in this
study, these potential confounders would probably have minor influ-
ence on the results.

In summary, these data confirm that reflux is strongly associated
with EA risk and suggest that gene-environment interactions play more
important roles than individual factors in EA development. More im-
portantly, we observe two distinct reflux-related etiologies of EA, raising
the prospect of research in personalized EA prevention strategies.
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