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Abstract

Background: Previous studies have evidenced an association between gastroesophageal reflux and esophageal
adenocarcinoma (EA). It is unknown to what extent these associations vary by population, age, sex, body mass index,
and cigarette smoking, or whether duration and frequency of symptoms interact in predicting risk. The Barrett’s and
Esophageal Adenocarcinoma Consortium (BEACON) allowed an in-depth assessment of these issues.

Methods: Detailed information on heartburn and regurgitation symptoms and covariates were available from five BEACON
case-control studies of EA and esophagogastric junction adenocarcinoma (EGJA). We conducted single-study multivariable
logistic regressions followed by random-effects meta-analysis. Stratified analyses, meta-regressions, and sensitivity analyses
were also conducted.

Results: Five studies provided 1,128 EA cases, 1,229 EGJA cases, and 4,057 controls for analysis. All summary estimates
indicated positive, significant associations between heartburn/regurgitation symptoms and EA. Increasing heartburn
duration was associated with increasing EA risk; odds ratios were 2.80, 3.85, and 6.24 for symptom durations of ,10 years,
10 to ,20 years, and $20 years. Associations with EGJA were slighter weaker, but still statistically significant for those with
the highest exposure. Both frequency and duration of heartburn/regurgitation symptoms were independently associated
with higher risk. We observed similar strengths of associations when stratified by age, sex, cigarette smoking, and body
mass index.

Conclusions: This analysis indicates that the association between heartburn/regurgitation symptoms and EA is strong,
increases with increased duration and/or frequency, and is consistent across major risk factors. Weaker associations for EGJA
suggest that this cancer site has a dissimilar pathogenesis or represents a mixed population of patients.

Citation: Cook MB, Corley DA, Murray LJ, Liao LM, Kamangar F, et al. (2014) Gastroesophageal Reflux in Relation to Adenocarcinomas of the Esophagus: A Pooled
Analysis from the Barrett’s and Esophageal Adenocarcinoma Consortium (BEACON). PLoS ONE 9(7): e103508. doi:10.1371/journal.pone.0103508

Editor: Hiromu Suzuki, Sapporo Medical University, Japan

Received April 14, 2014; Accepted June 30, 2014; Published July 30, 2014

This is an open-access article, free of all copyright, and may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for
any lawful purpose. The work is made available under the Creative Commons CC0 public domain dedication.

Data Availability: The authors confirm that, for approved reasons, some access restrictions apply to the data underlying the findings. Data are stored at the NCI
and initial requests for data may be directed to Michael Cook (michael.cook@nih.gov).

Funding: This work was supported in part by the Intramural Research Program of the National Institutes of Health. The US Multi-Center Study was funded by
grants U01-CA57949 (awarded to TLV), U01-CA57983 (awarded to MDG), and U01-CA57923 (awarded to HAR). The Australian Cancer Study was supported by the
Queensland Cancer Fund and the National Health and Medical Research Council (NHMRC) of Australia (Program no. 199600, awarded to DCW, Adele C. Green,
Nicholas K. Hayward, Peter G. Parsons, David M. Purdie, and Penelope M. Webb). The Swedish Esophageal Cancer Study was funded by grant number R01
CA57947-03 (awarded to ON and Hans-Olov Adami). The Los Angeles County Multi-ethnic Case-control Study was funded by grants 3RT-0122 (‘Smoking and Risk
of Proximal Vs. Distal Gastric Cancer’, awarded to AHW) and 10RT-0251 (‘Smoking, microsatellite instability & gastric cancers’, awarded to AHW) from the California
Tobacco Related Research Program and grant CA59636 (awarded to LB) from the National Cancer Institute. The Factors Influencing the Barrett’s Adenocarcinoma
Relationship (FINBAR) study was funded by an Ireland-Northern Ireland Co-operation Research Project Grant sponsored by the Northern Ireland Research &
Development Office, and the Health Research Board, Ireland (All-Ireland case-control study of Oesophageal Adenocarcinoma and Barrett’s Oesophagus, awarded

PLOS ONE | www.plosone.org 1 July 2014 | Volume 9 | Issue 7 | e103508

michael.cook@nih.gov
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0103508&domain=pdf


to LJM and Harry Comber). DAC was supported by RO1 DK63616-01, R21 DK077742. The funders of the individual studies had no role in the design, analysis or
interpretation of the data, or in writing or publication decisions related to this manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: michael.cook@nih.gov

Introduction

The association between gastroesophageal reflux and inflam-

mation of the distal esophageal mucosa was first expounded by

Winkelstein in 1935 [1]. Barrett himself acknowledged that

gastroesophageal reflux may be a cause of the eponymously titled

metaplastic lesion that precedes adenocarcinoma [2], and future

human observations [3] and animal experiments [4] were to

provide evidence for such. Concurrent with these developments

was the proposition, derived from clinical observation, that

gastroesophageal reflux may predispose to cancer of the distal

esophagus [5]. Three studies, completed in the 1990s, provided

strong and seminal epidemiologic evidence for this hypothesis [6–

8], and subsequent studies provided confirmatory evidence for the

association between gastroesophageal reflux and adenocarcinomas

of the esophagus [9–12]. However, it is unknown to what extent

these associations vary by population using harmonized adjusted

models. Furthermore, investigations of whether these associations

differ with respect to age, sex, body mass index (BMI), cigarette

smoking, and anti-reflux medications have been limited due to

small numbers upon stratification. Lastly, the interplay between

duration and frequency of exposure with respect to risk of

esophageal adenocarcinomas is unclear. Therefore, we assessed

whether heartburn and regurgitation exposures were associated

with esophageal adenocarcinoma (EA) and esophagogastric

junction adenocarcinoma (EGJA) by pooling, harmonizing, and

analyzing detailed individual participant data from five case-

control studies in the international Barrett’s and Esophageal

Adenocarcinoma Consortium (BEACON, http://beacon.tlvnet.

net/).

Methodology

Study Population
The BEACON consortium was formed in 2005 with support

from the U.S. National Cancer Institute. It is composed of

investigators from around the world and brings together popula-

tion-based case-control and cohort studies of Barrett’s esophagus,

EA and EGJA. The primary objectives of BEACON are to

facilitate well-powered, combined investigations of risk factors in

relation to these diseases, as well as aid in the development of new

studies of etiology, prevention and survival.

Twelve BEACON studies included in a pooled analysis of

tobacco smoking in relation to adenocarcinomas of the esophagus

have been described previously [13]. Five of these studies were

able to provide information on heartburn and regurgitation

exposures: the nationwide Australian Cancer Study (Esophageal

Cancer Component) [11]; FINBAR (Factors INfluencing the

Barrett’s/Adenocarcinoma Relationship) study, based in Ireland

[12]; Los Angeles County Multi-ethnic Case–control Study [14]; a

nationwide Swedish study of esophageal cancer and esophagogas-

tric junction adenocarcinoma [15]; and the United States (US)

Multi-center Study [16] (See File S1 for further details).

In combination, these five studies provided 1,197 EA cases,

1,317 EGJA cases, and 4,711 population-based controls. We

restricted the analytic population to white non-Hispanics, due to

the relatively small number of non-White, non-Hispanic case

patients (17 Black, 101 Hispanic, 39 other race or ethnic groups).

After these exclusions there remained 1,128 EA cases, 1,229 EGJA

cases, and 4,057 controls for analysis. Data acquisition and data

pooling for each study were approved by the Institutional Review

Board or Research Ethics Committee of the institute(s) sponsoring

each study.

Study Variables
Self-reported questionnaires were administered at or near the

time of cancer diagnosis for case patients and at time of

recruitment for control subjects. The two primary exposures for

the study were symptoms of heartburn and regurgitation.

Heartburn symptoms related to burning or aching pain behind

the breastbone/sternum not due to heart problems, and regurgi-

tation symptoms were commonly specified as a sour taste resulting

from regurgitation of acid, bile or other stomach contents into the

mouth. The questions used by each study to ascertain these

exposures are shown in Table 1 in File S1. Heartburn and

regurgitation symptoms were harmonized as recurrent/not

recurrent (dichotomous using a frequency of weekly or greater

for ‘recurrent’), categories of duration of exposure (0, 1–9, 10–19,

20+ years) and categories of frequency of exposure (never, ,

monthly, monthly to ,weekly, weekly to ,daily, $daily). The

term GERD (gastroesophageal reflux disease) will be used to refer

to the combined exposure of heartburn or regurgitation. This

combined exposure was assessed given that heartburn and

regurgitation symptoms essentially reflect a similar exposure;

namely the exposure of the esophagus to gastric juice.

Other variables included in our analyses were age, sex,

education, BMI (weight divided by square of height [kg/m2]),

cigarette smoking, alcohol consumption, use of proton pump

inhibitors, H2 receptor antagonists, antacids, any anti-reflux

medications (catch-all variable), and non-steroidal anti-inflamma-

tory drugs, as well as study-specific variables (study center for US

Multi-center Study and country of birth for Los Angeles County

Multi-ethnic Case–control Study).

Statistical Analysis
We used a two-step analytic approach. First, we used

multivariable logistic regression models to estimate study-specific

odds ratios (ORs) and 95% confidence intervals (CIs) of the

association between exposure and outcome in each study. Second,

the study-specific ORs were pooled using random-effects meta-

analysis to generate summary ORs [17]. We excluded study-

specific results from a particular meta-analysis if the underlying

model from that study failed to converge.

Study-specific, minimally adjusted logistic regression models

included the covariates age (categorical: ,50, 50–59, 60–69, $70

years), sex, and study-specific variables (where appropriate). In

each study, we assessed whether any of the following variables

changed pooled or study-specific dichotomous exposure estimates

(ORs) by .10%: BMI, height, recent weight, cigarette smoking,

alcohol consumption, non-steroidal anti-inflammatory drugs,

education, fruit consumption, and vegetable consumption. Only

pack-years of cigarette smoking altered estimates of a single study

(FINBAR) by .10%. However, in addition to those variables

included in the minimally adjusted models, we included the

following covariates in all study-specific maximally adjusted

models given previous evidence of associations between these

exposures and adenocarcinomas of the esophagus: BMI (categor-
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ical: ,25, 25–29.9, $30) [18], education (study-specific) [19,20],

alcohol consumption (categorical: ,7, 7–20, $21 drinks per week)

[21], and cigarette smoking (categorical: 0, 1–14, 15–29, 30–44, $

45 pack-years) [13]. Results were not materially different between

minimally and maximally adjusted models, thus we present only

the latter results.

To investigate potential effect-modification (and between-study

heterogeneity) we conducted analyses of recurrent heartburn and/

or recurrent regurgitation stratified analyses by age (,60, 60–69,

$70 years), sex (male/female), cigarette smoking (ever/never), and

BMI (,25, 25–29, $30) as these are known risk factors for

esophageal adenocarcinomas. The statistical significance of

potential effect-modifiers was assessed by a two-step analysis of

product-terms using dichotomous (cigarette smoking, sex) or

continuous (age, BMI) variables combined with the primary

exposures of interest. To further investigate between-study

heterogeneity, we also conducted meta-regressions of anti-gastro-

esophageal reflux medications (e.g., proton pump inhibitors, H2

receptor antagonists, antacids, and any anti-reflux medications)

and mid-year of recruitment using the STATA metareg command

with 5,000 Monte Carlo permutations to generate each p value

[22]. A false-discovery rate method was used to control the type I

error [23]. Lastly, we also conducted sensitivity analyses whereby

each study was omitted in-turn with re-estimation of the

association to determine if any single study dominated a summary

OR. The I2 value and its 95% uncertainty interval were used to

estimate the percentage of total variation across studies due to

heterogeneity [24]. An I2 statistic of 0% indicates no observed

heterogeneity, whereas larger values indicate increasing heteroge-

neity. All analyses were performed using STATA software, version

12 (StataCorp LP, College Station, TX). All statistical tests were

two-sided. P values less than 0.05 were considered to be

statistically significant.

Results

Descriptive statistics of Study Populations
There were 1,128 EA cases, 1,229 EGJA cases, and 4,057

controls available for analysis (Table 1). The cases and controls

were predominantly male (66–87%), with a median age of

approximately 65 years old. Cases were more likely than controls

to smoke cigarettes and, of those who did, total exposure was also

greater, using the exposure metric of pack-years of cigarette

smoking. The proportions that reported recurrent (weekly or

greater) heartburn and/or recurrent regurgitation were greatest in

the EA group, then the EGJA group, and lowest amongst the

controls; anti-gastroesophageal reflux medications displayed a

similar pattern.

Heartburn or Regurgitation Exposures
Table 2 shows the relationship between the presence of

recurrent heartburn and/or recurrent regurgitation and risk of

adenocarcinomas of the esophagus. Recurrent heartburn/recur-

rent regurgitation was associated with an approximate 5-fold

statistically significant increased risk of EA. For EGJA, the

associations were also statistically significant albeit slightly weaker

than those for EA at around 2-fold increased risk. Of note was the

moderate-to-high heterogeneity (I2) associated with each summary

risk estimate, with I2s ranging from 47% to 84%.

Associations between increasing duration and frequency of

gastroesophageal reflux in relation to adenocarcinomas of the

esophagus are shown in Tables 3 and 4, respectively, as well as in

Figure 1. Note that these analyses are not restricted to those with

recurrent (weekly) heartburn/regurgitation. In Tables 3 and 4 it is
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evident that as heartburn or regurgitation exposure increases so

does the strength of the association with EA. For example, ORs for

increasing heartburn duration were 2.80 (95%CI: 1.60, 4.91), 3.85

(95%CI: 2.93, 5.07), and 6.24 (95%CI: 3.37, 11.55) for durations

of exposure of ,10 years, 10 to ,20 years, and $20 years,

respectively, all compared with those not experiencing symptoms.

The associations of increasing gastroesophageal reflux exposures

with EGJA were, relative to those for EA, much weaker, but still

statistically significant in a majority of the highest exposure

categories. Heterogeneity was often moderate (,50%) to high

(,75%), but with wide uncertainty intervals. In joint-effects

models of increasing duration and increasing frequency of

gastroesophageal reflux symptoms, it was clear that both factors

play a role in risk of adenocarcinomas of the esophagus with some

indication that frequency may be slightly more important, given

the categorical cut-points assessed (Table 5 and Tables 2–5 in File

S1).

Sensitivity Analyses
Sensitivity analyses demonstrated that the Swedish study was a

major contributor to the heterogeneity in analyses of heartburn in

relation to EA; excluding this study attenuated associations slightly

and also lowered the heterogeneity (ORrecurrent heartburn = 4.04,

95%CI: 3.13, 5.22, I2 = 39%; ORduration category 2 = 2.45, 95%CI:

1.31, 4.60, I2 = 71%; ORduration category 3 = 3.78, 95%CI: 2.75,

5.19, I2 = 0%; ORduration category 4 = 4.75, 95%CI: 3.18, 7.09,

I2 = 54%; ORfrequency category 2 = 0.91, 95%CI: 0.68, 1.21, I2 = 0%;

ORfrequency category 3 = 2.54, 95%CI: 1.83, 3.53, I2 = 10%;

ORfrequency category 4 = 3.70, 95%CI: 2.30, 5.96, I2 = 66%;

ORfrequency category 5 = 5.70, 95%CI: 4.23, 7.67, I2 = 0%). Exclusion

of this study from the dichotomous recurrent/not recurrent

regurgitation analysis in relation to EA also caused a reduction

in estimated heterogeneity (ORrecurrent regurgitation = 4.16, 95%CI:

3.18, 5.43, I2 = 38%), although its exclusion had minimal impact

on the moderate-to-high heterogeneity detected in the analyses of

regurgitation duration and regurgitation frequency (data not

shown). In analyses of recurrent heartburn and recurrent

regurgitation exposures combined, the US Multi-center Study

was the predominant source of the heterogeneity–although with

exclusion of this study, heterogeneity for a majority of heartburn/

regurgitation results remained at levels considered moderate-to-

high (data not shown) and there was no effect on estimates of

heartburn and regurgitation frequency. Sensitivity analyses of

EGJA did not indicate any predominant source of heterogeneity.

Figure 1. Forest plots of associations between heartburn and regurgitation exposures in relation to case and control groups in
BEACON. A: The association between recurrent heartburn or recurrent regurgitation in relation to esophageal adenocarcinoma. B: The association
between heartburn and regurgitation duration in relation to esophageal adenocarcinoma. C: The association between heartburn and regurgitation
frequency in relation to esophageal adenocarcinoma. D. The frequency of recurrent heartburn or recurrent regurgitation exposure in case and control
groups by study. For each plot each white square represents the study-specific odds ratio (A–C) or prevalence of exposure (D) and the black diamond
represents the overall estimate. The arms of each symbol portray the 95% confidence intervals.
doi:10.1371/journal.pone.0103508.g001
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Effect-modification and Meta-regression Analyses
The only interaction term for effect-modification that was

statistically significant at the nominal level of a= 0.05 was sex

(p = 0.02) in relation to the association between recurrent

heartburn and esophageal adenocarcinoma. Relationships for

EA and EGJA were slightly stronger for women compared with

equivalent estimates for men (Tables 6–11 in File S1). However,

after adjustment for multiple testing using a false-discovery rate

methodology [23], the interaction term was not deemed to be

statistically significant. Although none of the other stratified

analyses provided evidence for effect-modification, the analyses

stratified by BMI suggested some slightly increased risks for the

obese group, relative to normal and overweight groups (Tables

12–20 in File S1). Stratification by age revealed slightly stronger

associations for EA in individuals aged either $60 to ,70 years or

$70 years, compared with individuals aged ,60 years (Tables 21–

29 in File S1). Stratification by cigarette smoking, suggested

slightly elevated associations between recurrent heartburn and EA

for never-smokers (Tables 30–35 in File S1). Meta-regressions of

anti-gastroesophageal reflux medications and of mid-year of

recruitment were not statistically significant after adjustment for

multiple testing. These findings suggest that heterogeneity in the

primary analyses was not solely due to differences in the use of

anti-gastroesophageal reflux medications or to unknown period

effects.

Discussion

This analysis of BEACON data supports a strong positive

association between heartburn and/or regurgitation and increased

risk of adenocarcinomas of the esophagus, as well as positive dose-

response relationships with increasing duration and frequency of

exposure. For EA, all estimates were statistically significant and

suggested that recurrent symptoms of heartburn and/or recurrent

regurgitation was associated with an approximate 5-fold increased

risk of EA. For EGJA the associations were weaker but still

statistically significant. Increasing symptom duration was associ-

ated with greater risk of EA–risks were about 3-fold, 4-fold and 6-

fold higher for symptom durations of ,10 years, 10 to ,20 years,

and $20 years, respectively, all compared with no exposure

(never). Associations between increased frequency/duration of

heartburn/regurgitation with EGJA were weaker, but still

statistically significant for the highest exposed categories. From

joint effects analyses, it was apparent that both increased

frequency and duration of symptoms were associated with higher

risk of EA. Again, equivalent analyses for EGJA exhibited similar,

albeit weaker, associations.

Although statistically significant associations for recurrent

GERD (heartburn or regurgitation) exposure and cancer were

observed separately for each study, there was moderate-to-high

heterogeneity in the magnitude of the observed relative risk

estimates, with the strongest associations often provided by the

Swedish study. This was particularly evident for analyses of

recurrent heartburn in relation to EA. High heterogeneity was also

observed in a recent meta-analysis of gastroesophageal reflux and

EA [10]. The most obvious difference of the Swedish study, which

likely accounts for the more pronounced relationships between

GERD and EA, is the combined consequence of relatively low

recurrent exposure in controls (13%) and relatively high recurrent

exposure in cases (54%) (see Figure 1). The latter is possibly

explained by the fact that the Swedish study was the only study to

define EGJA as adenocarcinoma with its center within 2 cm oral

to, or 3 cm aboral to, the gastroesophageal junction and thus to

exclude cancers ‘‘centered’’ in the most aboral 2 cm of the

esophagus from its definition of esophageal adenocarcinoma [7];

the other included studies defined EA as any adenocarcinoma that

was ‘‘centered’’ above the gastroesophageal junction. Further-

more, the analyses we present here of EGJA suggest these

excluded tumors have a weaker association with GERD. However,

the Swedish study did not provide higher estimates of GERD in

relation to EGJA relative to other studies, although this grouping

of tumors are known to be heterogeneous in their pathogenesis

thus addition of distal EAs to the EGJA case-group may have

limited effects on estimates of association. It is possible that in the

Swedish study population GERD symptoms were differentially

reported, relative to the other included studies, given that the

questionnaire was in Swedish and the word halsbränna refers to a

burning sensation which could occur retrosternally and/or in the

upper throat. When recurrent heartburn and recurrent regurgi-

tation variables were combined, the US Multi-center Study was

the predominant contributor of heterogeneity, although even after

exclusion of this study, heterogeneity remained moderate-to-high

Table 5. Associations between heartburn & regurgitation frequency, duration and esophageal adenocarcinoma and
esophagogastric junction adenocarcinoma.

Heartburn & Regurgitation Frequency

Never ,weekly $weekly

EA

Heartburn
& Regurgitation
Duration (years)

Never Referent - -

0.1 to ,20 - 3.13 (95%CI: 1.49–6.56; I2 = 84) 4.75 (95%CI: 2.66–8.47; I2 = 72)

$20 - 1.51 (95%CI: 0.77–2.96; I2 = 35) 9.27 (95%CI: 5.02–17.10; I2 = 78)

EGJA

Heartburn
& Regurgitation
Duration (years)

Never Referent - -

0.1 to ,20 - 1.92 (95%CI: 0.80–4.59; I2 = 90) 2.20 (95%CI: 1.11–4.37; I2 = 79)

$20 - 1.55 (95%CI: 0.73–3.25; I2 = 59) 2.55 (95%CI: 1.32–4.92; I2 = 76)

Adjusted for age, sex, BMI, education, alcohol consumption, cigarette smoking, and study-specific variables. Abbreviations: CI, confidence interval.
doi:10.1371/journal.pone.0103508.t005
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for most summary estimates. It is conceivable that GERD may

vary in its carcinogenic potency in different populations for

reasons such as genetic background (i.e., gene-environment

interactions) and diet. For example, the composition of refluxate

can affect symptom perception as well as the capacity for mucosal

damage [25] and this may differ geographically.

Associations of heartburn/regurgitation in relation to EGJA

were positive, but not as strong as those observed for EA. A

possible reason for this is that EGJA tumors likely represent a

heterogeneous groups of malignancies–some with a pathogenesis

similar to that of EA and others with a pathogenesis similar to that

of gastric cancer [26,27]. As of yet, there is no method to

differentiate between these two types of cancers with certainty,

although suggestions based on the histology of adjacent stomach

tissue may be useful in future studies of EGJA [26].

Strengths of this analysis include the availability of individual

participant data which enabled harmonization of variables and

statistical models, as well as permitting flexibility of analysis. This

reduces the likelihood that the heterogeneity detected was a result

of differences in inclusion of covariates, modeling of covariates, or

choice of statistical parameters. The consortial approach enabled

generation of the largest dataset yet to permit assessment of the

association between gastroesophageal reflux and adenocarcinomas

of the esophagus. Limitations of this analysis include the moderate-

to-high heterogeneity associated with a majority of summary

estimates presented–cautious interpretation as to the magnitude of

these estimates is therefore warranted. It is important to note that

this pooled analysis assesses self-reported symptoms of heartburn

and regurgitation, yet exposure may not always elicit symptoms.

However, it has been shown that symptoms are indicative of

greater severity of acid reflux exposure [28]. Moreover, to

differentiate between infrequent heartburn/regurgitation, which

is quite common in most western populations, and symptoms

which are more likely to reflect pathologic reflux, we defined

recurrent exposure as being of a frequency of at least weekly.

Related to this point is the fact that the presence of Barrett’s

esophagus–a condition associated with gastroesophageal reflux

and the recognized precursor to EA–is thought to desensitize the

esophagus to such exposures. However, one would expect this to

bias results towards the null, as one would expect a higher

prevalence of Barrett’s esophagus in cases than population-based

controls. It is conceivable that study variability in symptom

exclusion period contributed to the moderate-to-high heterogene-

ity estimated, although the Australian Cancer Study–with the

longest symptom exclusion period–was not a major source of

heterogeneity. A final limitation is that case-control studies may be

affected by recall bias, with esophageal cancer patients more

accurately or possibly over-reporting reflux symptomatology

leading to over-estimated relationships.

In conclusion, our analysis of individual participant data from

the international BEACON consortium provides evidence for a

strong relationship between gastroesophageal reflux exposures and

adenocarcinomas of the esophagus, and indicates that longer

duration and increased frequency of reflux are both associated

with carcinogenic risk. Future studies should aim to ascertain

gastroesophageal reflux exposures across the life-course using

validated exposure assessment tools. In addition, studies are

needed to further elucidate the morphological, functional,

molecular and bacteriological mechanisms that link severe

gastroesophageal reflux disease to cancer.

Supporting Information

File S1 Study and exposure ascertainment information, and

effect-modification and interaction analyses of gastroesophageal

reflux in relation to adenocarcinomas of the esophagus.

(DOC)

Author Contributions

Analyzed the data: MBC. Contributed to the writing of the manuscript:

MBC DAC LJM LML FK WY MDG HAR AGC NDF WHC AHW LB

ON NP DCW TLV. Study concept and design: MBC DAC LJM WY

MDG HAR AGC WHC AHW LB ON DCW TLV. Acquisition of data:

DAC LJM WY MDG HAR AGC WHC AHW LB ON DCW TLV.

Analysis and interpretation of data: MBC TLV. Critical revision of the

manuscript for important intellectual content: MBC DAC LJM LML FK

WY MDG HAR AGC NDF WHC AHW LB ON NP DCW TLV.

References

1. Winkelstein A (1935) Peptic esophagitis. JAMA: The Journal of the American

Medical Association 104: 906–909.

2. Barrett NR (1957) The lower esophagus lined by columnar epithelium. Surgery

41: 881–894.

3. Moersch RN, Ellis FH, McDonald JR (1959) Pathologic changes occurring in

severe reflux esophagitis. Surgery, Gynecology and Obstetrics 108: 476–484.

4. Bremner CG, Lynch VP, Ellis FH Jr (1970) Barrett’s esophagus: congenital or

acquired? An experimental study of esophageal mucosal regeneration in the dog.

Surgery 68: 209–216.

5. Tanner NC (1954) Surgery of peptic ulceration and its complications.

Postgraduate Medical Journal 30: 577–592; contd.

6. Chow WH, Finkle WD, McLaughlin JK, Frankl H, Ziel HK, et al. (1995) The

relation of gastroesophageal reflux disease and its treatment to adenocarcinomas

of the esophagus and gastric cardia. JAMA 274: 474–477.

7. Lagergren J, Bergstrom R, Lindgren A, Nyren O (1999) Symptomatic

gastroesophageal reflux as a risk factor for esophageal adenocarcinoma.

N Engl J Med 340: 825–831.

8. Farrow DC, Vaughan TL, Sweeney C, Gammon MD, Chow WH, et al. (2000)

Gastroesophageal reflux disease, use of H2 receptor antagonists, and risk of

esophageal and gastric cancer. Cancer Causes Control 11: 231–238.

9. Wu AH, Tseng CC, Bernstein L (2003) Hiatal hernia, reflux symptoms, body

size, and risk of esophageal and gastric adenocarcinoma. Cancer 98: 940–948.

10. Rubenstein JH, Taylor JB (2010) Meta-analysis: the association of oesophageal

adenocarcinoma with symptoms of gastro-oesophageal reflux. Alimentary

Pharmacology and Therapeutics 32: 1222–1227.

11. Whiteman DC, Sadeghi S, Pandeya N, Smithers BM, Gotley DC, et al. (2008)

Combined effects of obesity, acid reflux and smoking on the risk of

adenocarcinomas of the oesophagus. Gut 57: 173–180.

12. Anderson LA, Cantwell MM, Watson RG, Johnston BT, Murphy SJ, et al.

(2009) The association between alcohol and reflux esophagitis, Barrett’s

esophagus, and esophageal adenocarcinoma. Gastroenterology 136: 799–805.

13. Cook MB, Kamangar F, Whiteman DC, Freedman ND, Gammon MD, et al.

(2010) Cigarette Smoking and Adenocarcinomas of the Esophagus and

Esophagogastric Junction: A Pooled Analysis From the International BEACON

Consortium. Journal of the National Cancer Institute 102: 1344–1353.

14. Wu AH, Wan P, Bernstein L (2001) A multiethnic population-based study of

smoking, alcohol and body size and risk of adenocarcinomas of the stomach and

esophagus (United States). Cancer Causes and Control 12: 721–732.

15. Lagergren J, Bergstrom R, Lindgren A, Nyren O (2000) The role of tobacco,

snuff and alcohol use in the aetiology of cancer of the oesophagus and gastric

cardia. Int J Cancer 85: 340–346.

16. Gammon MD, Schoenberg JB, Ahsan H, Risch HA, Vaughan TL, et al. (1997)

Tobacco, alcohol, and socioeconomic status and adenocarcinomas of the

esophagus and gastric cardia. J Natl Cancer Inst 89: 1277–1284.

17. Smith-Warner SA, Spiegelman D, Ritz J, Albanes D, Beeson WL, et al. (2006)

Methods for pooling results of epidemiologic studies: the Pooling Project of

Prospective Studies of Diet and Cancer. Am J Epidemiol 163: 1053–1064.

18. Hoyo C, Cook MB, Kamangar F, Freedman ND, Whiteman DC, et al. (2012)

Body mass index in relation to oesophageal and oesophagogastric junction

adenocarcinomas: a pooled analysis from the International BEACON

Consortium. International Journal of Epidemiology 41: 1706–1718.

19. Brown LM, Silverman DT, Pottern LM, Schoenberg JB, Greenberg RS, et al.

(1994) Adenocarcinoma of the esophagus and esophagogastric junction in white

men in the United States: alcohol, tobacco, and socioeconomic factors. Cancer

Causes and Control 5: 333–340.

Reflux and Esophageal Cancer in BEACON

PLOS ONE | www.plosone.org 10 July 2014 | Volume 9 | Issue 7 | e103508



20. Jansson C, Johansson AL, Nyren O, Lagergren J (2005) Socioeconomic factors

and risk of esophageal adenocarcinoma: a nationwide Swedish case-control
study. Cancer Epidemiology, Biomarkers and Prevention 14: 1754–1761.

21. Freedman ND, Murray LJ, Kamangar F, Abnet CC, Cook MB, et al. (2011)

Alcohol intake and risk of oesophageal adenocarcinoma: a pooled analysis from
the BEACON Consortium. Gut 60: 1029–1037.

22. Harbord RM, Higgins JPT (2008) Meta-regression in Stata. Stata Journal 8:
493–519.

23. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical

and powerful approach to multiple testing. Journal of the Royal Statistical
Society B 57: 289–300.

24. Higgins JPT, Thompson SG, Deeks JJ, Altman DG (2003) Measuring

inconsistency in meta-analyses. BMJ 327: 557–560.
25. Woodland P, Sifrim D (2010) The refluxate: The impact of its magnitude,

composition and distribution. Best Pract Res Clin Gastroenterol 24: 861–871.

26. McColl KEL, Going JJ (2010) Aetiology and classification of adenocarcinoma of
the gastro-oesophageal junction/cardia. Gut 59: 282–284.

27. Derakhshan MH, Malekzadeh R, Watabe H, Yazdanbod A, Fyfe V, et al. (2008)
Combination Of Gastric Atrophy, Reflux Symptoms And Histological Subtype

Indicates Two Distinct Aetiologies Of Gastric Cardia Cancer. Gut 57: 298–305.

28. Bredenoord AJ, Weusten BL, Curvers WL, Timmer R, Smout AJ (2006)
Determinants of perception of heartburn and regurgitation. Gut 55: 313–318.

Reflux and Esophageal Cancer in BEACON

PLOS ONE | www.plosone.org 11 July 2014 | Volume 9 | Issue 7 | e103508


