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Abstract

Objective: Cross-sectional data indicate that systemic inflammation is important in oesophageal 

adenocarcinoma. We conducted a prospective study to assess whether prediagnostic circulating 

markers of inflammation were associated with oesophageal adenocarcinoma and to what extent 

they mediated associations of obesity and cigarette smoking with cancer risk.

Design: This nested case-control study included 296 oesophageal adenocarcinoma cases and 296 

incidence-density matched controls from seven prospective cohort studies. We quantitated 69 

circulating inflammation markers using Luminex-based multiplex assays. Conditional logistic 

regression models estimated associations between inflammation markers and oesophageal 

adenocarcinoma, as well as direct and indirect effects of obesity and smoking on risk of 

malignancy.

Results: Soluble tumor necrosis factor receptor 2 (sTNFR2) (odds ratioquartile 4 vs 1=2.67, 95% 

confidence interval: 1.52–4.68) was significantly associated with oesophageal adenocarcinoma. 

Additional markers close to the adjusted significance threshold included C-reactive protein, serum 

amyloid A, lipocalin-2, resistin, interleukin (IL)3, IL17A, soluble IL6 receptor, and soluble 

vascular endothelial growth factor receptor 3. Adjustment for body mass index, waist 

circumference, or smoking status slightly attenuated biomarker-cancer associations. Mediation 

analysis indicated that sTNFR2 may account for 33% (p=0.005) of the effect of waist 

circumference on oesophageal adenocarcinoma risk. Resistin, plasminogen activator inhibitor 1, 

C-reactive protein and serum amyloid A were also identified as potential mediators of obesity-

esophageal adenocarcinoma associations. For smoking status, only plasminogen activator inhibitor 

1 was a nominally statistically significant (P<0.05) mediator of cancer risk.
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Conclusion: This prospective study provides evidence of a link between systemic inflammation 

and oesophageal adenocarcinoma risk. In addition, this study provides the first evidence that 

indirect effects of excess adiposity and cigarette smoking, via systemic inflammation, increase the 

risk of oesophageal adenocarcinoma.

Keywords

Esophageal Neoplasms; Inflammation; Prospective Studies; Adipose Tissue; Serum; Cigarette 
Smoking

Introduction

Inflammation is a hallmark of cancer [1] and cross-sectional data indicate that it is of key 

importance in the development of oesophageal adenocarcinoma [2, 3]. With regards to 

oesophageal adenocarcinoma, inflammatory mechanisms are inferred from the risk factor 

profile which includes gastroesophageal reflux disease (GERD) [4], obesity [5], and 

cigarette smoking [6]. While GERD is understood to have direct carcinogenic effects on 

oesophageal mucosa, it is unknown whether systemic inflammation may partly explain 

associations of obesity and smoking with oesophageal adenocarcinoma. The direct 

mechanical effect of central obesity on oesophageal adenocarcinoma risk is widely accepted; 

central adiposity amplifies intra-gastric pressure and disturbs normal sphincter function, 

culminating in a higher propensity for GERD and subsequent increased risk of malignant 

transformation [7, 8]. However, evidence is accumulating for an indirect inflammatory effect 

of central (android) adiposity in relation to the risk of oesophageal adenocarcinoma [9]. 

Body mass index (BMI, kg/m2) and waist circumference are strong correlates of visceral 

adipose tissue [10], a highly metabolic fat type that has the potential to have far-reaching 

systemic effects [11]. Mechanisms underlying the association between cigarette smoking 

and oesophageal adenocarcinoma possibly include genotoxic effects [12], promotion of 

GERD [13], and promotion of systemic inflammation and immune dysfunction [14–17]. 

Elucidating whether systemic inflammation is a mechanism that underlies these exposures 

on cancer risk is important so that we can have a clearer picture of pathogenesis providing 

knowledge for risk reduction strategies and highlighting molecular pathways for therapeutic 

intervention.

There have been many case-control studies of systemic inflammation markers and 

oesophageal adenocarcinoma risk [2, 3], but interpreting this literature is difficult due to 

reverse causation as well as cancer treatment and survivorship factors. One prior prospective 

study assessed a small number of inflammation-related biomarkers in relation to 

oesophageal adenocarcinoma within a cohort Barrett’s oesophagus patients[18, 19]. Because 

oesophageal adenocarcinoma is a rare malignancy, most cohort studies to date have accrued 

fewer than 100 cases. Therefore, we designed a nested case-control study using data from 

seven prospective cohorts within the National Cancer Institute (NCI) Cohort Consortium to 

evaluate whether pre-diagnostic circulating biomarkers of inflammation are associated with 

risk of oesophageal adenocarcinoma and to what extent they mediate carcinogenic effects of 

obesity and smoking.
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Methods

Study Population

This nested case-control study was designed within seven prospective cohort studies: the 

Cancer Prevention Study-II Nutrition Cohort (CPS-II) [20], the Carotene and Retinol 

Efficacy Trial (CARET) [21], the European Prospective Investigation into Cancer and 

Nutrition (EPIC) [22], the Multiethnic Cohort Study (MEC) [23], the Prostate, Lung, 

Colorectal, and Ovarian Cancer Screening Trial (PLCO) [24], the Prostate Cancer 

Prevention Trial (PCPT) [25], and the Women’s Health Initiative (WHI) [26]. All cohorts, 

apart from EPIC, were conducted within the US population. We refer the reader to the 

citations provided for cohort-specific details. Each cohort identified all individuals with a 

first cancer diagnosis (excluding non-melanoma skin cancer [NMSC]) of oesophageal 

adenocarcinoma (International Classification of Diseases (ICD)-10: C150–159 with 

histology codes consistent with adenocarcinoma, ICD for Oncology-3: 8140–8575) 

identified during follow-up and after serum collection. Each cohort used incidence-density 

sampling with replacement to match 1 control per case based on sex, race/ethnicity, date of 

birth (+/− 1 year), date of entry (+/− 1 year), exit date (>=date of diagnosis of index case and 

defined as diagnosis of cancer [exc. NMSC], death, loss to follow-up, or end of follow-up), 

and number of freeze-thaw cycles of serum available for analysis. Unthawed serum samples 

were preferred and all sera were stored at a minimum of −70°C between initial collection 

and laboratory analysis. Sequential relaxation rules for the matching criteria were: expand 

date of entry criterion in increments of +/−1 year until a control is matched or until date of 

entry +/−3 years is reached; expand date of birth criterion in increments of +/−1 year until a 

control is matched or until date of birth +/−3 years is reached; expand freeze-thaw cycles 

criterion in increments of +/−1 cycle until a control is matched with no maximal limit. 

Additional minor study-specific matching criteria were also used pertinent to the design of 

each study. All studies provided questionnaire data on participant characteristics and 

exposures including BMI. CPS-II, EPIC, MEC, PCPT, and WHI also provided data for 94% 

of participants on waist circumference, which was either measured by study staff or self-

measured with provision of a tape measure and instructions from the study (CPS-II, MEC).

Laboratory methods

We measured 69 unique biomarkers of inflammation, immunity and metabolism using seven 

Luminex bead-based multiplex assays (EMD Millipore Corp., MA) and 235 μl of 

prediagnostic serum per subject (395 ul for quality control subjects analyzed in duplicate). 

These assays provided a broad scope of markers that have been implicated in metabolic 

dysfunction or disease and require a minimal amount of serum, hence our previous 

application of such assays to a range of hypotheses [27–33]. The Luminex assay is 

comprised of analyte-specific capture antibodies conjugated to beads of defined spectral 

properties. After binding and washing, analyte-specific, biotinylated detector antibodies 

were added which were used in combination with a streptavidin-conjugated fluorescent 

protein and a detection system (Bio-Plex 200 Analyzer, Bio-Rad Laboratories, Hercules, 

CA / FLEXMAP 3D, Luminex, IL, Chicago) to provide quantitation. Concentrations of 

biomarkers were estimated using a four- or five-parameter standard curve, depending on the 

panel, using Bioplex Manager 6.1 software (BioRad, Hercules, CA). Within each cohort, 
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10% of cases and/or controls were assessed in duplicate for estimating coefficients of 

variation and intraclass correlation coefficients. Individually matched cases and controls, and 

duplicate quality control samples, were assayed in the same batch, sequentially.

Statistical analysis

Pearson pairwise correlations were estimated for each biomarker pair. This correlation 

matrix was used to estimate the effective number of independent variables through 

matSpDlite [34] and the corresponding adjusted statistical significance threshold for 

alpha=0.05. Odd ratios (OR) and 95% confidence intervals (CI) were estimated by 

conditional logistic regression models based on the matched sets to assess biomarkers in 

relation to oesophageal adenocarcinoma. Each biomarker was assessed categorically 

according to the percentage of values above the lower limit of detection: biomarkers 

detected in 75% or more of subjects were categorized into quartiles; biomarkers detected in 

50–<75% of subjects were categorized into tertiles; and biomarkers detected in <50% of 

subjects were dichotomized (above versus below the lower limit of detection). Cut-points 

were determined using the entire study population.

We conducted crude models (inherently adjusted for matching factors of study, sex, race/

ethnicity, date of birth, date of entry, exit date, and number of freeze-thaw cycles of serum 

available for analysis), and then assessed whether education and marital status altered 

associations between inflammation markers and oesophageal adenocarcinoma risk. Next we 

assessed whether adjustment for, or stratification by, BMI, waist circumference, smoking 

status and cigarettes per day altered associations.

Effect modification was assessed using a likelihood ratio test comparing models with and 

without an exposure-modifier cross-product interaction term. We estimated the marginal 

effects of potential mediators in relation to oesophageal adenocarcinoma risk, before 

conducting formal mediation analysis to estimate direct effects of these exposures (e.g., 

obesity) and indirect effects via categorized inflammation markers on oesophageal 

adenocarcinoma risk [35]. Models restricted to men were assessed (there were too few 

women for women-only models). Models stratified by time between blood draw and 

oesophageal adenocarcinoma diagnosis and models excluding cases diagnosed within 3 

years of blood draw were conducted to assess reverse causation or time-dependent effects. 

Biomarkers showing strong associations (low p values and monotonic/threshold effects) with 

oesophageal adenocarcinoma were modeled together to assess for independence of 

association. All statistical analyses were conducted using Stata v14 (StataCorp LLC, College 

Station, TX).

Results

There were 296 cases and 296 controls included in this study (Table 1). The mean age of 

participants with oesophageal adenocarcinoma was 63 years, the male-to-female ratio was 

3.4:1, and 92% self-identified as white. The incidence-density matched control population 

was very similar. Non-matching characteristics of mean BMI and mean waist circumference 

were slightly higher in cases (28.7 kg/m2 and 97.1cm) compared with controls (27.2 kg/m2 

and 93.5cm). Median time between blood draw and cancer diagnosis was 6.5 years (inter-
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quartile range: 3.6–9.5). Matched sets were perfectly matched on number of freeze-thaw 

cycles, and 58% of serum samples were previously unthawed with the remaining 42% 

having undergone a single freeze-thaw cycle prior to analysis.

The heat map in Supplemental Table 1 shows all pairwise Pearson correlations using the full 

dataset. Although these correlations are pairwise, there were clear patterns of association 

within the correlation matrix that demonstrated the complex relationships of the circulating 

biomarkers of inflammation. The effective number of tests based on the correlation matrix 

was 42.2 with a corresponding Sidak adjusted statistical significance threshold of 0.00125.

Soluble tumor necrosis factor receptor 2 (sTNFR2, ORQ4 vs Q1=2.67, p=0.0006) surpassed 

this threshold for statistical significance in relation to oesophageal adenocarcinoma risk 

while C-reactive protein (CRP, ORQ4 vs Q1=2.28, p=0.0014) was borderline (Table 2, 

Supplemental Table 2, and Figure). Additional notable biomarker-cancer relationships with 

low p values that did not surpass the specified threshold for statistical significance included 

serum amyloid A (SAA), lipocalin-2, resistin, interleukin (IL)3, IL17A, soluble IL6 receptor 

(sIL6R), and soluble vascular endothelial growth factor receptor 3 (sVEGFR3). All nine of 

these inflammation markers were included in a single multivariable model to assess the 

degree of independence in their associations with oesophageal adenocarcinoma. Estimates 

for lipocalin-2, resistin, and CRP in relation to oesophageal adenocarcinoma were attenuated 

while estimates for the other biomarkers in the model were unaffected (Supplemental Table 

3). Eleven biomarkers had coefficients of variation greater than 30% (Supplemental Table 4), 

yet only one of these was among the top nine biomarkers associated with oesophageal 

adenocarcinoma shown in Table 2 (lipocalin-2).

Adjustment for education (categorical) or marital status (categorical) did not alter estimates 

of associations of biomarkers in relation to oesophageal adenocarcinoma (results not 

shown). Adjustment for BMI, waist circumference or smoking status slightly attenuated 

effects in some of these relationships (Table 2) when compared with models restricted to, but 

not adjusted for, participants with the covariate under examination (results not shown). 

Meanwhile, adjustment for cigarettes per day had negligible effects whether modeled as a 

continuous or categorical metric. Given these results, we conducted formal mediation 

analyses to estimate direct effects of BMI, waist circumference and smoking status on 

oesophageal adenocarcinoma risk and indirect effects via circulating inflammation markers. 

Given little evidence of effect modification by BMI, waist circumference and smoking status 

(results not shown), we did not assess higher-order interactions within the mediation models. 

We estimated marginal effects of cigarette smoking (ORever vs never=3.57, 95%CI:2.20, 

5.79), BMI (ORper 5 kg/m2=1.51, 95%CI:1.23, 1.85), and waist circumference 

(ORper standard deviation (SD) [11.76 cm]=1.54, 95%CI:1.18, 2.01) on risk of oesophageal 

adenocarcinoma using univariate conditional logistic regression models. Next, from the 

mediation analyses we tabulated the top ten inflammation mediators ranked by percentage of 

indirect effect on oesophageal adenocarcinoma risk (Table 3, Supplemental Tables 5 & 6). 

sTNFR2 accounted for 33% (p=0.005) of the effect of waist circumference on oesophageal 

adenocarcinoma risk. Resistin (13.6%, p=0.04) was also a significant (p<0.05) mediator of 

the waist circumference-esophageal adenocarcinoma association, while plasminogen 

activator inhibitor 1 (PAI1, 17.7%, p=0.02), CRP (16.8%, p=0.02) and SAA (12.3%, 
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p=0.045) were significant mediators of the BMI-esophageal adenocarcinoma association. 

PAI1 (7.7%, p=0.03) was the sole significant mediator of the smoking effect on cancer risk. 

Five of the top ten mediators for waist circumference and BMI were the same (C-C motif 

chemokine 19 [CCL19], CRP, PAI1, resistin, sTNFR2), while the smoking status analysis 

had IL12 (shared with BMI) and sTNFR1 (shared with waist circumference) among its top 

ten mediators.

Restriction to men did not affect the relationships between circulating biomarkers and risk of 

oesophageal adenocarcinoma (data not shown).

Analyses stratified by time between blood draw and cancer diagnosis indicated that 

associations of lipocalin-2, resistin, SAA and sVEGFR3 with cancer risk were stronger 

closer to cancer diagnosis; all other circulating biomarkers (IL3, CRP, IL17A, sIL6R, 

sTNFR2) did not differ by time between blood draw and cancer diagnosis (Supplemental 

Tables 7 and 8). Similar observations were evident when excluding the 67 matched pairs in 

which the oesophageal adenocarcinoma case was diagnosed within three years of blood 

draw, while other biomarker-cancer relations strengthened, specifically IL1B 

(ORQ4 vs Q1=2.51, p=0.009), IL6 (ORQ4 vs Q1=2.00, p=0.033), adiponectin 

(ORQ4 vs Q1=0.45, p=0.018), and PAI1 (ORQ4 vs Q1=2.09, p=0.041) (Supplemental Table 9).

Posthoc analyses in which sTNFR2 and TNFA were modelled together caused an 

attenuation of TNFA’s effect (ORQ4 vs Q1=1.06, 95%CI:0.58, 1.96) while sTNFR2’s relation 

with oesophageal adenocarcinoma strengthened (ORQ4 vs Q1=2.81, 95%CI:1.54, 5.12; 

results not tabulated). When tertiles of the metabolites sTNFR2 and TNFA were cross-

classified, the strongest risks were observed for sTNFR2-high/TNFA-medium (OR=2.66, 

95%CI:1.29, 5.47) and for sTNFR2-high/TNFA-high (OR=1.95, 95%CI:1.01, 3.76), when 

each was compared with sTNFR2-low/TNFA-low (results not tabulated).

Discussion

In this study, sTNFR2 was significantly, positively associated with risk of oesophageal 

adenocarcinoma and partly mediated the association between BMI and this malignancy. 

There was also evidence for other biomarker-esophageal adenocarcinoma associations, as 

well as biomarkers acting as mediators between inflammation-associated exposures (excess 

adiposity/smoking) and cancer risk. This study highlights the importance of systemic 

inflammation in the etiology of oesophageal adenocarcinoma.

There have been only two previous prospective analyses of inflammation-related biomarkers 

and oesophageal adenocarcinoma [18, 19], both of which were conducted within the Seattle 

Barrett’s Esophagus Study (SBES) comprised of almost 400 Barrett’s oesophagus subjects. 

Hardikar et al [18] assessed CRP, IL6, sTNFR1 & 2, and F2-isoprostanes in relation to 

oesophageal adenocarcinoma risk and found weak evidence for positive associations of CRP 

(hazard ratio (HR)= 1.98, 95%CI:1.05, 3.73), IL6 (HR=1.95, 95%CI:1.03, 3.72) and 

sTNFR2 (HR= 1.90, 95%CI:0.98, 3.67) with cancer risk when comparing these exposures as 

dichotomized variables based on median splits. Although tests for trend across quartiles 

were not statistically significant, statistical power was limited due to accrual of just 45 
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oesophageal adenocarcinomas cases. These tentative findings from Hardikar et al support 

some of the associations we describe herein from our study of seven prospective cohorts.

Potential biologic mechanisms underlying our primary association between sTNFR2 and 

oesophageal adenocarcinoma risk are not obvious due to the complexity of TNFRs and their 

roles in multiple cellular processes. The central characteristic of ligands in the tumor 

necrosis factor-alpha (TNFA) superfamily is the ability to promote pro-inflammatory 

signaling. TNFA is the primary ligand for TNFR2 and is found in soluble as well as 

membrane-bound forms. TNFA can induce a variety of downstream pathways with a 

complex biology that may include apoptotic and/or cell stimulatory signals [36–38]. Soluble 

TNFRs are shed forms of the extracellular portion of these receptors which can bind and 

sequester circulating TNFA, reducing its bioavailability, resulting in an altered 

endocrinological state. The posthoc cross-classification results—in which the strongest 

associations with oesophageal adenocarcinoma were observed for subjects with high TNFR2 

and high/medium TNFA—may point to the importance of uncontrolled chronic 

inflammation in this disease process. TNFR2 protein is found at low concentrations on 

oesophageal stratified squamous epithelium [39] while evidence from the Gene Expression 

Omnibus (GEO) Profiles database [40] is indicative of TNFR2 gene expression in Barrett’s 

oesophagus (GEO accessions GDS1321 [41], GDS4350 [42], GDS3472 [43]). TNFR2 is 

also present on stimulated T lymphocytes [44] which, from cross-sectional data, have been 

proposed to be a prominent tissue infiltrate throughout oesophageal adenocarcinogenesis 

[45, 46]. In addition, bile acids have been suggested to elicit a proinflammatory response 

(including upregulation of TNFA) [47, 48] which could induce oxidative damage and further 

increase risk of malignancy.

Estimates of association between anthropometric variables and smoking status with 

oesophageal adenocarcinoma risk from this prospective study are largely in-line with those 

of prior studies [5, 6], albeit with a slightly stronger association with smoking status. The 

underlying mechanisms that link these key exposures with cancer risk remain largely 

unexplored, but this study has begun to reveal a systemic inflammatory link, particularly 

with central adiposity. Central adiposity is a strong correlate of visceral adipose tissue—a 

highly metabolic fat type that is linked with oesophageal adenocarcinoma and has an efflux 

of proinflammatory cytokines, including TNFA [11, 49, 50]. The TNF-signaling pathway is 

also implicated by the main finding of this study—sTNFR2, which also has a major role in 

the adipocytokine signaling pathway [51]. Further investigations of these pathways and other 

inflammation markers associated with oesophageal adenocarcinogenesis by this study are 

clearly warranted to help further elucidate biological mechanisms underlying these 

observations.

Strengths of this analysis included the use of prediagnostic specimens, the relatively large 

sample size, and the broad scope of this initial discovery study enabled by multiplex assays. 

Limitations included the lack of data on gastroesophageal reflux exposures (which has not 

been collected by most prospective studies), and the availability of only BMI and waist 

circumference as proxies of adipose patterning and composition. The sample size and sex 

ratio of this malignancy precluded assessment of women-only. Additional limitations, which 

would be expected to be non-differential and thus usually attenuate estimates towards the 
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null, include use of a single blood specimen which precluded a deeper assessment of how 

these biomarkers were associated with malignancy, and the fact that some assays had less 

than the desired level of reproducibility.

In conclusion, this study is the first broad, well-powered prospective assessment of 

inflammation markers and oesophageal adenocarcinoma. It highlights the importance of a 

heightened systemic inflammatory state in the etiology of oesophageal adenocarcinoma and 

provides the first evidence that indirect effects of excess adiposity and cigarette smoking, via 

systemic inflammation, increase the risk of oesophageal adenocarcinoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

BMI body mass index

CARET Carotene and Retinol Efficacy Trial

CCL19 C-C motif chemokine 19

CI confidence interval

cm centimeter

CPS-II Cancer Prevention Study-II Nutrition Cohort

CRP C-reactive protein

EPIC European Prospective Investigation into Cancer and Nutrition

GEO Gene Expression Omnibus

GERD gastroesophageal reflux disease

ICD International Classification of Diseases

IL interleukin

MEC Multiethnic Cohort Study

NCI National Cancer Institute

NMSC non-melanoma skin cancer

OR odds ratio

PAI1 plasminogen activator inhibitor 1

PCPT Prostate Cancer Prevention Trial

PLCO Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial

SAA serum amyloid A

SBES Seattle Barrett’s Esophagus Study

SD standard deviation

sTNFR soluble tumor necrosis factor receptor

sVEGFR3 soluble vascular endothelial growth factor receptor 3

TNFA tumor necrosis factor alpha

WHI Women’s Health Initiative
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Summary

What is already known about this subject?

• Cross-sectional data indicate that systemic inflammation is an important 

component of oesophageal adenocarcinoma.

• Mechanisms of how obesity and cigarette smoking are related to risk of 

oesophageal adenocarcinoma are not well understood.

What are the new findings?

• Prediagnostic circulating soluble tumor necrosis factor receptor 2 (sTNFR2) 

was significantly associated with oesophageal adenocarcinoma and did not 

vary with time between blood draw and cancer diagnosis.

• C-reactive protein, serum amyloid A, lipocalin-2, resistin, interleukin (IL)3, 

IL17A, soluble IL6 receptor, and soluble vascular endothelial growth factor 

receptor 3 also provided evidence of associations with oesophageal 

adenocarcinoma.

• Formal mediation analysis indicated that sTNFR2 may account for 33% of the 

effect of waist circumference on oesophageal adenocarcinoma risk. Resistin, 

plasminogen activator inhibitor 1, C-reactive protein and serum amyloid A 

were also identified as potential mediators of obesity-esophageal 

adenocarcinoma associations.

• Plasminogen activator inhibitor 1 was identified as a mediator of the smoking-

esophageal adenocarcinoma relationship.

How might it impact on clinical practice in the foreseeable future?

• Elucidating mechanisms of how excess adiposity and cigarette smoking 

increase risks of oesophageal adenocarcinoma may provide foundational 

evidence for the development of risk triage strategies and clinical 

interventions.
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Figure. Summary plot of associations between circulating markers and oesophageal 
adenocarcinoma risk comparing the highest with the lowest quantile.
Each circle represents an odds ratio estimate and the width of the intersecting horizontal line 

the 95% confidence interval. Circulating markers are ordered by class and the quantile 

comparison is shown for each given marker.
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