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BACKGROUND AND
AIMS:
Abbreviations used in this pap
esophagus; BMI, body mass in
ageal adenocarcinoma; EC, eso
ageal reflux disease; HGD, high
grade dysplasia; NDBE, nondy
ratio; PPI, proton pump inhibito
Obesity is a risk factor for both Barrett’s esophagus (BE) and esophageal adenocarcinoma (EAC).
However, it is unclear whether obesity drives the malignant progression of BE. We aimed to assess
whether obesity is associated with high-grade dysplasia (HGD) or cancer in patients with BE.
METHODS:
 We searched MEDLINE and EMBASE from inception through April 2024 for studies reporting
the effect of body mass index (BMI) on the progression of nondysplastic BE or low-grade
dysplasia (LGD) to HGD or EAC. A 2-stage dose-response meta-analysis was performed to es-
timate the dose-response relationship between BMI with malignant progression. Study quality
was appraised using a modified Newcastle-Ottawa scale.
RESULTS:
 Twenty studies reported data on 38,565 patients (74.4% male) in total, of whom 1684 patients
were diagnosed with HGD/cancer. Nineteen studies were considered moderate to high quality.
Eight cohort studies reported data on 6647 male patients with baseline nondysplastic BE/LGD,
of whom 555 progressed to HGD/EAC (pooled annual rate of progression, 0.02%; 95% confi-
dence interval [CI], 0.01%–0.03%), and 1992 female patients with baseline nondysplastic BE/
LGD, with 110 progressors (pooled annual rate of progression, 0.01%; 95% CI, 0.01%–0.02%).
There was no significant difference in pooled annual rate of progression between males and
females (P ¼ .15). Each 5-kg/m2 increase in BMI was associated with a 6% increase in the risk
of malignant progression (adjusted odds ratio, 1.06; 95% CI, 1.02–1.10; P < .001; I2 ¼ 0%).
CONCLUSION:
 Our meta-analysis provides some evidence that obesity as measured by BMI is associated with
malignant progression of BE with a dose-response relationship. This finding requires confir-
mation in future high-quality cohort studies. Future risk prediction models could incorporate
measures of obesity to potentially improve risk stratification in patients with BE. PROSPERO,
Number: CRD42017051046.
Keywords: Barrett’s Esophagus; EAC; Risk Factor; Obesity.
Esophageal adenocarcinoma (EAC) is an aggressive
cancer with a poor prognosis.1 The 5-year overall

survival rate of patients with EAC is below 20%.2 Bar-
rett’s esophagus (BE), the only recognized precursor
lesion to EAC, is associated with a 30-fold increase in
the incidence of EAC.3 Patients with BE are at a 4.5-
fold relative increase in death from esophageal cancer
er: AO, abdominal obesity; BE, Barrett’s
dex; CI, confidence interval; EAC, esoph-
phageal carcinoma; GERD, gastroesoph-
-grade dysplasia; IL, interleukin; LGD, low-
splastic Barrett’s esophagus; OR, odds
r; WHR, waist-to-hip ratio.
compared with the general population.4 Malignant pro-
gression of BE is characterized by a metaplasia-
dysplasia-adenocarcinoma sequence, whereby nondys-
plastic BE epithelium progresses through dysplasia
(low-grade dysplasia [LGD] then high-grade dysplasia
[HGD]) to invasive adenocarcinoma.5–7 Current guide-
lines advocate endoscopic surveillance to aid prevention
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What You Need to Know

Background
Obesity is a well-recognized risk factor of both Bar-
rett’s esophagus (BE) and esophageal adenocarci-
noma. The role of obesity in the malignant
progression of BE is yet to be established.

Findings
There is a dose-response relationship between body
mass index and malignant progression of BE.

Information for patient care
Body mass index should be considered as a variable
in future risk prediction models of malignant pro-
gression of BE.
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and the early detection of adenocarcinoma in patients
with BE.8–10 However, it is well established the majority
of patients do not progress to cancer.11,12 There may be a
marked rise in the population prevalence of BE in the
future with the emergence of effective screening mea-
sures, such as the Cytosponge-trefoil factor 3 test.13 It
is therefore important to establish the relevant clinical
risk factors for malignant progression in this cohort to
enable risk stratification and facilitate a personalized
approach to the long-term management of patients
with BE.

Obesity has been implicated in the pathogenesis of
many reflux-related esophageal disorders such as
gastroesophageal reflux disease (GERD), BE, and
EAC.14–18 Guidelines advocate obesity as a criterion for
targeted screening for BE in patients with chronic reflux
symptoms.8,10 While obesity is a recognized risk factor
for both BE and EAC,19–22 it is unclear whether obesity
per se is a risk factor for progression to HGD or EAC in
patients with BE. This systematic review and meta-
analysis aimed to assess whether anthropometric mea-
sures of obesity are associated with risk of HGD or EAC
in patients with BE.

Materials and Methods

This systematic review was conducted and reported
in accordance with the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) 2020
guidelines.23 The protocol was registered on PROSPERO
(CRD42017051046).

Information Sources and Search Strategy

We identified relevant articles and abstracts by
searching MEDLINE and EMBASE databases from
inception to March 2024 by using the OVID interface (the
search strategy is detailed in Supplementary Table 1).
We used the following search terms (including related
terms) to construct the search strategy: “Barrett’s
esophagus,” “dysplasia,” “cancer,” “esophageal adeno-
carcinoma,” “progression,” “overweight,” “obese,” “body
mass index,” and “risk factor.” No language restrictions
were applied on the searches. Following this, reference
lists of retrieved articles were reviewed to identify any
additional studies for inclusion.

Eligibility Criteria

Observational studies (case-control and cohort
studies) meeting the following eligibility criteria were
included: (1) adults (�18 years of age); (2) either
documented nondysplastic BE at entry for cohort studies
or as a control group (who did not progress to HGD or
EAC) in case-control studies or documented BE (a
mixture of nondysplastic BE, either indefinite for
dysplasia or LGD or unknown dysplasia status) at entry
for cohort studies or as a control group (who did not
progress to HGD/EAC) in case-control studies; (3) re-
ported outcome of HGD, EAC, or esophageal cancer (EC);
or (4) measure of obesity presented (body mass index
[BMI] or waist-to-hip ratio [WHR]) with effect size data
(or sufficient data provided for its estimation) for each
category of exposure or on a continuous scale. Studies
were ineligible if they (1) included the baseline popula-
tion with HGD, or pure LGD or indefinite for dysplasia; or
(2) did not report the effect size or values necessary for
its calculation. In the event that multiple publications
arose from the same population, we included the study
with the most relevant and contemporaneous cohort.
Two reviewers (L.A. and M.T.K.) independently screened
abstracts and selected full-text articles for inclusion
based on the eligibility and exclusion criteria. Discrep-
ancies were resolved through discussion between
reviewers.

Data Extraction and Quality Assessment

Two reviewers (M.T.K. and E.H.) independently
extracted data from each selected article for study
characteristics (study design, location, setting, recruit-
ment period, definition of BE used, number of patients
with nondysplastic BE or LGD at baseline, percentage of
patients with LGD at baseline, number of patients that
progressed to HGD or EAC, definition of progression,
measure of obesity, time period measured for BMI,
follow-up duration, method of ascertainment for BMI and
the variables adjusted in multivariable analyses) and
patient characteristics (age, sex, ethnicity, smoking sta-
tus, use of statins, proton pump inhibitor [PPI], and
aspirin at baseline).

The methodological quality of included studies was
assessed by 2 independent reviewers (M.T.K. and E.H.)
using a modified Newcastle-Ottawa scale for quality
assessment of case-control and cohort studies24 adapted
for the purpose of this systematic review
(Supplementary Tables 2 and 3). Using this scale, studies
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were scored across 3 domains: selection (4 questions),
comparability (3 questions), exposure for case-control
studies (3 questions), and outcome for cohort studies
(3 questions). Therefore, for each individual study, the
highest possible score was 10 points. We categorized the
quality of the studies based on their total score: low
(0–4), moderate (5–7), and high (8–10). Discrepancies
were resolved through consensus between reviewers.

Statistical Analysis

Characteristics of eligible studies were tabulated and
coded according to BMI categories, outcomes, and com-
parators to determine the studies eligible for each syn-
thesis. We performed all statistical analyses using STATA
version 18 (StataCorp LP).

The Stata command glst was used to estimate trends
across different categories of exposure. Considering that
malignant progression of BE is a relatively rare outcome,
effect sizes from odds ratios (ORs), relative risks, or
hazard ratios would be expected to approximate one
another. A 2-stage dose-response random-effects meta-
analysis was performed to estimate the dose-response
relationship between the anthropometric measure of
interest (BMI) on a continuous scale with malignant
progression.25,26 In the first stage, the generalized least-
squares method was used to estimate the linear trend for
each included study that provides category-specific effect
sizes. In the second stage, the linear trends derived from
the first stage were combined and studies reporting as-
sociations on a continuous scale were also included, us-
ing a random-effects dose-response meta-regression
model. A 2-sided P value of .05 or less was considered
statistically significant. For studies that reported BMI in a
categorical range, the midpoint of the cutpoints of that
category was assigned as the dose value. For open-ended
categories (eg, BMI >35 kg/m2), we assigned the esti-
mated median BMI from previous observational studies
as the dose value, according to whether the studies were
population-based or primarily hospital-based.27,28 For
studies that do not provide the distribution of cases and
controls (or progressors and nonprogressors), pseudo-
counts were calculated from the estimated covariance
of the published effect sizes.29 The possible nonlinear
relationship was modeled using restricted cubic splines
(with 3 knots).

Heterogeneity between studies was assessed using
the inconsistency index (I2) statistic. I2 values of <30%,
30%–59%, 60%–75%, and �75% were considered to
represent low, moderate, substantial, and considerable
heterogeneity, respectively.30,31 We also conducted sub-
group analyses to explore the potential between-study
sources of heterogeneity for the following characteris-
tics: study design, study setting, baseline dysplasia, study
outcome, exposure ascertainment, concurrent medica-
tion use, definition of BE, follow-up duration, period
excluded until the diagnosis of HGD/EAC, and study
quality. The results of subgroup analyses were
considered statistically significant if P value for subgroup
differences was <0.1.32 It was not possible to stratify the
effect of obesity on malignant progression of BE ac-
cording to sex. Therefore, a post hoc analysis was un-
dertaken to assess the influence of study level proportion
of men (%) on the association between BMI and malig-
nant progression using meta-regression. Small study ef-
fects were assessed visually using a funnel plot and
Egger’s regression for comparisons with at least 10
estimates.33
Results

Search and Selection of Studies

Among 1187 articles identified from the literature
search, 65 full-text articles were assessed for eligibility,
with 20 ultimately selected for inclusion
(Figure 1).28,34–53 Forty-five articles were rejected
because the baseline population did not have established
BE or included patients with HGD (n ¼ 4), the reported
outcome was not HGD/EAC or EC (n ¼ 2), measures of
obesity were not presented with effect sizes or there was
insufficient data for their estimation (n ¼ 38), and 1
study included overlapping data from a study with a
larger cohort (Supplementary Table 4).
Study Characteristics

Twenty studies reported data on 38,565 patients in
total, of whom 1684 patients were diagnosed with HGD/
EAC/EC. Study characteristics are shown in Table 1. These
studies were published between 2005 and 2022, and the
enrollment period ranged from 1976 to 2019. Thirteen
were from Europe,28,34–38,41,42,46,47,49,50,52,53 5 were from
the United States,39,40,44,45,51 and 2 involved cohorts from
multiple countries.43,48 Five were population
based,35,38,39,43,44 9 were multicenter,28,36,41,42,46,48–50,52,53

and 6 were single-center studies.34,37,40,45,47,51 Twelve
were cohort studies,38–42,45–48,50–52 4 were case-control
studies,34,36,37,49 and 4 were nested case-control
studies.28,35,43,44,53 BE was defined as the presence of
endoscopic appearance of columnar lined esophagus
confirmed by the presence of intestinal metaplasia on
histology in 16 studies.28,34,36,37,39–42,45–53 In the remain-
ing 4 studies, the definition of BE was based on clinical
codes (Read code, International Classification of
Diseases–Ninth Revision code, etc.).35,38,43,44 Progression
was defined as development of HGD in 1 study,37 EC in 1
study,38 EAC in 4 studies,34–36,44 and HGD/EAC in 14
studies.28,39–43,45–53 The majority of the patients had
nondysplastic BE as baseline (78.8% in cohort studies).
Baseline dysplasia status was not reported in 4 database
studies due to the absence of detailed histopathology data
in these studies.35,38,43,44 Twelve cohort studies reported
data on 19,223 patients with baseline nondysplastic BE



Figure 1. PRISMA flow chart.
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(NDBE)/LGD, of whom 816 progressed to HGD/EAC/EC
(with a pooled annual rate of progression of 0.03%; 95%
confidence interval [CI], 0.02%–0.03%).38–42,45–48,50–52

BMI was used as a measure of obesity in all studies.
Although there is a slight variation in the cutoff points for
BMI between studies, the World Health Organization
international classification of obesity was used in the
majority of studies (ie, below 18.5 kg/m2 is considered
underweight, 18.5–24.99 kg/m2 normal weight,
25–29.99 kg/m2 overweight, and 30 kg/m2 or higher
obese).28,34,37,40,41,43–45,49,53 Three studies categorized
BMI using a single threshold (BMI <25 kg/m2 vs >25
kg/m2; BMI >30 kg/m2).36,46,48 Six studies reported BMI
on a continuous scale.35,39,42,47,50,52 BMI was measured
at baseline or closest to the index endoscopy in 14
studies.35–42,44–46,50–52 The time point at which BMI was
measured in relation to baseline was not specified in 4
studies.28,43,47,48,53 BMI data were extracted directly
from medical records or population datasets in 13
studies24,28,35,37–40,43–47,51,53 and they were self-reported
in 6 studies.34,36,41,42,49,50 Effect of measures of abdom-
inal obesity was reported in only 2 studies.37,40 The
median follow-up duration in cohort studies was 4.5
years (range, 2.1–7.9 years).

Participant Characteristics

The baseline characteristics of the patients included
in the studies are shown in Table 2. Of all participants,
74.4% were male. Eight cohort studies reported data on
6647 male patients with baseline NDBE/LGD, of whom
555 progressed to HGD/EAC (pooled annual rate of
progression, 0.02%; 95% CI, 0.01%–0.03%) and 1992
female patients with baseline NDBE/LGD with 110 pro-
gressors (pooled annual rate of progression, 0.01%; 95%
CI, 0.01%–0.02%).40–42,45,46,48,50,51 There was no signif-
icant difference in the pooled annual rate of progression
between males and females (P ¼ .15). The number of
male and female progressors was not reported in the
remaining 4 cohort studies. Nine studies reported the
ethnicity of participants,34,36,37,40,44,45,48,49,51 in which
90% were Caucasian. Smoking status was recorded in 16
studies in which more than half of the participants (53%)
were smokers (current/ex-smokers).28,34–36,38–45,48–50,52

Concurrent medication usage was recorded in 16
studies,34–36,38–45,47–50,52 in which 33.7% of participants
were statin users, 84% were PPI users, and 28% were
aspirin users.

Association Between BMI and Risk of
Malignant Progression of BE

Based on our meta-analyses, obesity as measured by
BMI (per 5-kg/m2 increase) was associated with a 4% in-
crease in the risk of malignant progression in patients with
BE (unadjusted OR, 1.04; 95% CI, 1.00–1.07; I2 ¼ 57.23%;
P < .001) (Figure 2, Supplementary Figure 1). This asso-
ciation persisted using adjusted risk estimates reported in
individual studies, with a 6% increased risk of developing
HGD and/or EAC for every 5-kg/m2 increase in BMI

mailto:Image of Figure 1|tif


Table 1. Characteristics of Selected Studies

Study Design Location Setting
Recruitment

Period
Definition
of BE

Patients With
NDBE/LGD at

Baseline
With Proportion

of Patients
With LGD

Patients With
HGD/EAC

Progression
Definition

Measure of
Obesity

Time Period
Measured
for BMI

Median
FU (y)

Measure
Ascertainment

for BMI
Variables

Adjusted fora

FU Period
Excluded in

Cohort
Studies
(mo)b

Alexandre (2017)28 NCC United Kingdom MC 2000–2013 IM, CLE, at least
3 cm

217 NDBE 100% HGD 24, EAC 55 HGD/EAC BMI NR 3.9 Medical records 1, 2 6

Beales (2012)34 CC United Kingdom SC 2009–2011 IM, CLE, at least
3 cm

Control 170 EAC 85 EAC BMI 1 y before index NR Self-administered
questionnaire

1–3, 6, 7, 10 CC

Cooper (2014)35 NCC United Kingdom PB 1988–2006 Read code 3749 EAC 55 EAC BMI Closest to first
coded entry
of BE

4 Health Registry 1–3 12

De Jonge (2006)36 CC The Netherlands MC 2003–2005 IM, CLE >2 cm Control 244 EAC 91 EAC BMI Baseline NR Self-administered
questionnaire

1–3, 9, 10–12 CC

Di Caro (2006)37 CC United Kingdom SC 2011–2013 IM, CLE at least 3
cm

249 HGD 84 HGD/EAC BMI, WHR Baseline NR Medical records Unadjusted CC

Krishnamoorthi
(2016)38

Cohort United Kingdom PB 1991–2010 Read code 9660 EC 103 EC BMI Closet to index
EGD

4.8c Health Registry 1–3, 5, 7, 9 12

Jung (2011)39 Cohort United States PB 1976–2006 IM, CLE 355 LGD 17% EAC 7, HGD 12 HGD/EAC BMI Baseline 7.8 Medical records Unadjusted 6

Kambhampati
(2020)40

Cohort United States SC 1992–2013 IM, CLE at least
1 cm

460 LGD 4% HGD 132, EAC 62 HGD/EAC BMI, AO Baseline 7.78c Medical records 1, 3, 4, 7–9, 13 6

Kastelein (2011)41 Cohort The Netherlands MC 2003–2009 IM, CLE at least
2 cm

570 LGD 14% HGD 26, EAC 12 HGD/EAC BMI Baseline 4.5 Self-administered
questionnaire

Unadjusted 9

Klaver (2021)42 Cohort The Netherlands MC 2003–2017 IM, CLE at least
1 cm

985 LGD 7.9% HGD 28, EAC 39, HGD/EAC BMI Baseline 7.9 Self-administered
questionnaire

Unadjusted 12

Masclee (2015)43 NCC United Kingdom PB 1996–2011 Read code 12,312 EAC 40 HGD/EAC BMI NR NR Medical records Unadjusted 12

Masclee (2015)43 NCC The Netherlands PB 1996–2013 ICPC code 1383 EAC 5, HGD 12 HGD/EAC BMI NR NR Medical records Unadjusted 12

Nguyen (2015)44 NCC United States PB 2004–2009 ICD-9 code 856 EAC 311 EAC BMI Index EGD NR Medical records Unadjusted NR

Nguyen (2022)45 Cohort United States SC 1990–2019 IM, CLE 608 HGD/EAC 24 HGD/EAC BMI Index EGD 4.1c Medical records 1–4, 8 NR

O’Byrne (2020)46 Cohort United Kingdom MC 2008–2011 IM, CLE 2244 LGD 7% HGD 87, EAC 38 HGD/EAC BMI Index EGD 2.7c Medical records Unadjusted 3

Oberg (2005)47 Cohort Sweden SC 1979–1999 IM, CLE at least
2 cm

140 NDBE 100% HGD 4, EAC 3 HGD/EAC BMI NR 5.8 Medical records Unadjusted 12

Parasa (2018)48 Cohort United States,
the Netherlands

MC 1985–2014 IM, CLE 2697 LGD 14% HGD 106, EAC 48 HGD/EAC BMI NR 6 Medical records Unadjusted 12

Pohl (2013)49 CC Germany MC 2005–2009 CLE 162 LGD 6.8% HGD/EAC 100 HGD/EAC BMI At age 40 y NR Self-administered
questionnaire

1–7, 9, 11 NR

Sikkema (2011)50 Cohort The Netherlands MC 2003–2004 IM, CLE at least
2 cm

713 LGD 16% HGD/EAC 26 HGD/EAC BMI Baseline 2.1c Self-administered
questionnaire

1,2 6
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(adjusted OR, 1.06; 95% CI, 1.02–1.10; I2 ¼ 0.01%;
P < .001) (Figure 3, Supplementary Figure 2). Moderate
heterogeneity was observed in the overall unadjusted
analysis (I2 ¼ 57.23%). This was primarily seen in the
magnitude of the effect and not in the direction of the
effect and was partially explained by differences in study
design (see Subgroup Analysis).

Association Between Abdominal Obesity and
Risk of Malignant Progression of BE

Only 2 studies assessed the role of abdominal obesity
(AO) on the risk of malignant progression.37,40 One study
used WHR as a measure of AO,37 while the other did not
specify the measure used to define AO.40 A case-control
study conducted by di Caro et al37 demonstrated that
AO as measured by WHR was significantly associated
with an increased risk of malignant progression in pa-
tients with BE (OR, 2.44; 95% CI, 1.2–4.9; P ¼ .01). There
were insufficient studies for meta-analyses that exam-
ined the effect of AO on malignant progression of BE.

Subgroup Analysis

We performed subgroup analyses based on study
design, study location, baseline dysplasia status,
outcome, study quality, definition of BE, follow-up
duration, period excluded until the diagnosis of HGD/
EAC, and exposure ascertainment. Significant heteroge-
neity was explained at least in part by study design in
unadjusted analysis (OR of case-control studies vs
cohort: 1.08 [95% CI, 1.03–1.14; I2 ¼ 0; 4 studies] vs
1.02 [95% CI, 0.98–1.06; I2 ¼ 56.18%; 16 studies];
Pinteraction ¼ .08) (Table 3, Supplementary Figure 3). The
association remained consistent across other subgroups
(Table 3, Supplementary Figures 4–11). Similarly,
consistent associations were observed across all sub-
groups in adjusted analysis (Table 3, Supplementary
Figures 12–21).The results of the post hoc analysis
suggested that there is no significant association be-
tween study-level proportion of men and the risk of
malignant progression in both unadjusted and adjusted
analyses (unadjusted OR vs adjusted OR [per % increase
in men]: 0.999 [95% CI, 0.997–1.002; P ¼ .75] vs 0.999
[95% CI, 0.995–1.004; P ¼ .91]).

Study Quality and Small-Study Effects

Study quality, as assessed using the modified
Newcastle-Ottawa scale, is summarized in
Supplementary Table 5. The included studies scored
between 4 and 8 (maximum 10). One scored 4 (low
quality), 14 scored between 5 and 7 (moderate quality),
and 5 scored 8 (high quality). No studies were excluded
from meta-analysis as a consequence of quality assess-
ment. There was no evidence of small-study effects, such
as publication bias, based on visual inspection of funnel



Table 2. Baseline Characteristics of Patients in the Included Studies

Study Age (y)
Male
(%)

Caucasian
(%)

Smoking
(%)

Statin at
Baseline (%)

Aspirin at
Baseline (%)

PPI Use
at Baseline (%)

Alexandre (2017)28 67.9 � 10.3 86.1 NR 55.8 22.8 24.7 67.1

Beales (2012)34 67.3 � 12.0 80 100 59.4 35.3 27.1 NR

Cooper (2014)35 63 (52–72) 63 NR 55 30 32 97

De Jonge (2006)36 62 � 11.7 67 99 74 NR NR 93

Di Caro (2016)37 52.03 � 16.44 41.1 97.20 NR NR NR NR

Krishnamoorthi (2016)38 63 � 13.5 62.6 NR 51.91 27.62 NR 84.65

Jung (2011)39 63 � 14 72 NR 62 NR NR NR

Kambhampati (2020)40 67.01 � 12.99 64 91 49 38 30 93

Kastelein (2011)41 60.4 72 NR 66 37 28 NR

Klaver (2021)42 57 � 11 74 NR 63.7 NR NR 89.5

Masclee (United Kingdom)
(2015)43

70.2 � 9.0 91 NR 51 36 26.4 86.9

Masclee (the Netherlands)
(2015)43

66.4 � 8.8 70 NR 49.5 16.3 6.2 51.7

Nguyen (2015)44 64.5 � 9.1 100 83.70 13.4 54 1.3 80.4

Nguyen (2022)45 61.6 � 8.6 95.9 79.90 74.3 NR NR 69.4

O’Byrne (2020)46 60 (50–69) 68.7 NR NR NR NR NR

Oberg (2005)47 57.3 (47.6–67.5) 74.3 NR NR NR NR 60.7

Parasa (2018)48 55.4 � 20.1 84.1 87.60 54.1 58.2 NR 96.5

Pohl (2012)49 63.4 � 11.4 72 100 64 31 51 78

Sikkema (2011)50 60.5 (20–86) 74 NR 65 NR 14 90

Thota (2016)51 60.6 � 13.0 75.7 94.70 NR NR NR NR

Timmer (2016)52 60 (51–67) 81 NR 69 NR NR 99

Values are mean � SD or median (interquartile range), unless otherwise indicated.
NR, not reported; PPI, proton pump inhibitor.
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plots or with Egger’s regression test (P ¼ .57)
(Supplementary Figure 22). Meta-regression was per-
formed to assess the effect of study quality on the as-
sociation between BMI and malignant progression of BE.
The association was not statistically significant in both
unadjusted and adjusted analyses (unadjusted OR vs
adjusted OR [per 1-unit increase in study quality]: 1.01
[95% CI, 0.98–1.04; P ¼ .52] vs 0.99 [95% CI, 0.94–1.05;
P ¼ .7]).
Discussion

Our systematic review suggests there is some evi-
dence of a dose-response relationship between obesity
as measured by BMI on the malignant progression of BE.
Adjusted and unadjusted analyses demonstrate a 6% and
4% relative increase, respectively, in risk of progression
for every 5 kg/m2 increase in BMI. Associations were
most pronounced in case-control studies that relied on
self-reported BMI, and the effect of obesity on the ma-
lignant progression of BE seemed to be consistent across
all other subgroups.

To the best of our knowledge, our study is the
largest and most comprehensive assessment of the
literature on the association between obesity and risk
of malignant progression of BE. Our results are
compatible with the findings from the previous meta-
analysis by Krishnamoorthi et al,54 which in addition
to BMI, investigated a host of demographic, clinical, and
endoscopic predictors for malignant progression. This
study reported a 4% increase in the risk of malignant
progression for each unit increase in BMI based on
adjusted estimates; however, it did not reach statistical
significance (OR, 1.04; 95% CI, 0.93–1.17; I2 ¼ 53%; 6
studies; 14,532 participants with 275 progressors). We
did not include 1 prospective study by Hardikar et al55

included in the previous analysis, as the baseline pop-
ulation included patients with HGD, which therefore
did not meet our eligibility criteria. Our meta-analysis



Figure 2. Unadjusted meta-analysis assessing the risk of EAC and/or HGD in patients with baseline BE (purely NDBE), a
mixture of nondysplastic and LGD or BE based on diagnostic codes) per 5-kg/m2 increase in BMI.

Figure 3. Adjusted meta-analysis assessing the risk of esophageal adenocarcinoma(EAC) and/or high-grade dysplasia (HGD)
in patients with baseline BE (purely NDBE, a mixture of nondysplastic and LGD or BE based on diagnostic codes) per 5-kg/m2

increase in body mass index (BMI).
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Table 3. Subgroup Analyses

Groups Category Studies
Odds Ratio
(95% CI)

Heterogeneity
Within Groups

(I2) (%)

Heterogeneity
Between Groups
(P for interaction)

Unadjusted analysis
Study design Case-control 4 1.08 (1.03–1.14) 0 .080

Cohort 16 1.02 (0.98–1.06) 56.18
Study setting Hospital based 14 1.03 (0.99–1.08) 63.50 .290

Population based 6 1.07 (1.02–1.11) 0
Baseline dysplasia Nondysplastic 3 0.96 (0.86–1.07) 0 .160

At most LGD 12 1.04 (0.99–1.08) 67.13
Unknown 5 1.07 (1.02–1.12) 0.01

Study outcome HGD/EAC 18 1.04 (1.00–1.08) 59.77 .790
EC 2 1.01 (0.83–1.20) 46.68

Study quality Higher (Newcastle-Ottawa
scale score �7)

10 1.03 (1.00–1.06) 26.03 .750

Lower (Newcastle-Ottawa
scale score <7)

10 1.04 (0.97–1.12) 62.03

Exposure ascertainment Medical records 14 1.03 (0.99–1.07) 56.98 .620
Self-report 5 1.06 (0.98–1.13) 52.19

Definition of BE Length specified (at least 1 cm) 10 1.03 (0.98–1.08) 62.90 .610
Length not specified 10 1.05 (0.99–1.11) 36.59

Study follow-up period Follow-up <3 y 2 1.06 (0.91–1.22) 68.87 .10
Follow-up more than 3 y 13 1.01 (0.96–1.06) 37.31
Not reported 5 1.08 (1.04–1.12) 0.02

Period excluded until the
diagnosis of HGD/cancer
in cohort studies

12 mo 7 1.02 (0.94–1.10) 44.59 .12

3 mo 1 1.01 (1.00–1.01) NA
6 mo 5 1.04 (0.94–1.13) 40.76
9 mo 1 0.94 (0.84–1.05) NA
Not reported 2 1.08 (1.02–1.15) 0.00

Adjusted analysis
Study design Case-control 3 1.07 (1.01–1.12) 0 .72

Cohort 6 1.05 (1.00–1.11) 0
Study setting Hospital based 7 1.06 (1.01–1.1) 0.01 .89

Population based 2 1.04 (0.86–1.23) 33.54
Baseline dysplasia Nondysplastic 1 1.01 (0.86–1.16) NA .8

At most LGD 6 1.06 (1.02–1.11) 0
Unknown 2 1.04 (0.86–1.23) 33.54

Study outcome HGD/EAC 8 1.05 (1.01–1.10) 0 .45
EC 1 1.09 (1.00–1.18) NA

Study quality Higher (Newcastle-Ottawa
scale score �7)

8 1.05 (1.01–1.10) 0.02 .37

Lower (Newcastle-Ottawa
scale score <7)

1 1.10 (1.00–1.21) NA

Exposure ascertainment Medical records 5 1.06 (1.00–1.11) 0.01 .78
Self-report 4 1.07 (1.01–1.12) 0.01

Definition of BE Length specified (at least 1 cm) 3 1.06 (1.00–1.12) 0.02 .93
Length not specified 6 1.06 (1.01–1.11) 0.01

Study follow-up period Follow up <3 y 1 0.95 (0.45–1.45) NA .86
Follow up more than 3 y 5 1.06 (1.00–1.11) 0.01
Not reported 3 1.07 (1.01–1.12) 0.00

Period excluded until the
diagnosis of HGD/cancer
in cohort studies

12 mo 2 1.04 (0.86–1.23) 33.54 .64

6 mo 3 1.02 (0.95–1.10) 0.00
Not reported 1 1.14 (0.91–1.37) NA

Concurrent medication use Adjusted for 4 1.06 (1.01–1.10) 0.02 .83
Not adjusted for 5 1.07 (0.99–1.15) 0

BMI, body mass index; BE, Barrett’s esophagus; CI, confidence interval; EAC, esophageal adenocarcinoma; EC, esophageal carcinoma; HGD, high-grade
dysplasia; LGD, low-grade dysplasia; NA, not applicable.
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included a further 14 studies. Our meta-analysis also
adds to the previous meta-analysis in that we investi-
gated several potential important sources of hetero-
geneity, and investigated both linear and nonlinear
associations. Previous research has demonstrated a
strong association between BMI and BE, with the risk
increasing by 12% per kg/m2 increase in BMI (OR,
1.12; 95% CI, 1.00–1.25).56 A meta-analysis of pro-
spective cohort studies demonstrated a strong dose-
response relationship between BMI (per 5-kg/m2 in-
crease) and EAC in both men and women (relative risk
in men vs women: 1.52 [95% CI, 1.33–1.74; I2 ¼ 24%; P
< .0001; 5 studies] vs 1.51 [95% CI, 1.31–1.74; I2 ¼
0%; P < .0001; 3 studies]).20 These effects are much
stronger than those observed in our study. This may
suggest that obesity (as determined by BMI) may play a
more important role in the etiology of BE than in ma-
lignant progression.

Interestingly, some studies suggest that the pattern of
fat distribution plays a more important role than general
obesity in esophageal carcinogenesis.16,21 There were
only 2 studies identified from the literature search that
explored the effect of abdominal obesity on the malig-
nant progression of BE.37,40 It was demonstrated in both
studies that AO is significantly associated with malignant
progression of BE. A meta-analysis by Singh et al16 re-
ported that central obesity, independent of BMI, was
strongly and consistently associated with the develop-
ment of esophageal inflammation, metaplasia and
neoplasia.

Although the exact mechanisms by which obesity
promotes esophageal carcinogenesis is not fully un-
derstood, several possible mechanisms may explain
this association. The most obvious pathologic link is via
GERD, with the mechanical effect of visceral obesity
promoting the GERD directly, and hence the sequence
of Barrett’s dysplasia–cancer indirectly.18,57 It has
been demonstrated in experimental studies that gastric
acid and bile acid drive malignant changes in esopha-
geal epithelium through stimulation of proliferation,
inhibition of apoptosis, and generation of free
radicals.58,59

In addition, the role of systematic inflammatory and
metabolic pathways has been implicated in obesity-
induced carcinogenesis.57 Visceral adipose tissue has
been recognized as a complex metabolically active tissue,
which secretes cytokines such as tumor necrosis factor a,
interferon b, and interleukins (ILs) such as IL-1 and
IL–6.59,60 Furthermore, adiposity is associated with
increased production of adipocytokines such as leptin
and reduced secretion of adiponectin, which may play a
pivotal role in cancer progression through promotion of
cell proliferation and angiogenesis.61,62 Whereas relative
adiponectin deficiency may exacerbate the preneoplastic
signaling of these growth factors,62 another potential
mechanism that can explain the association is the state of
insulin resistance induced by obesity associated chronic
inflammation.57 This drives an increased plasma levels of
insulin and insulin growth factors, which in turn leads to
activation of insulin growth factor receptors, resulting in
signaling pathways that stimulate carcinogenesis.63

Our systematic review has a number of strengths. The
study protocol was preregistered. We used a robust and
contemporaneous search strategy with well-defined in-
clusion criteria. Study quality was rigorously assessed.
Additionally, studies were selected from a range of lo-
cations including Europe and the United States, and as
such the results are broadly generalizable to Western
populations. We also performed a detailed subgroup
analysis, allowing better assessment of the magnitude of
associations based on important study and patient
characteristics. Adjusted and unadjusted risk estimates
were evaluated and enabled analysis of the potential
influence of measured confounders on the summary es-
timate. Use of aspirin, PPIs, and statins did not appear to
confound the association between obesity and malignant
progression (assuming that they exert a chemo-
preventive effect), as suggested by a post hoc analysis
that demonstrated effect sizes were similar between
studies that did and did not adjust for the use of these
medications. Pooled annual rates of malignant progres-
sion in cohort studies were broadly consistent with the
literature, supporting generalizability of this research.64

There are some limitations in our study. First, our
meta-analysis included both cohort (including nested
case-control designs) and case-control studies. There is a
possibility of reverse causation bias, and the strength of
the association between obesity and risk of malignant
progression may be underestimated. This is particularly
pertinent in case-control studies, in which weight was
recorded close to cancer diagnosis. However, it is un-
likely that reverse causation bias would explain the
positive association seen with the dose-response rela-
tionship. Second, we considered whether recall bias
might explain the observed associations, a limitation
applicable to case-control studies. The results of sub-
group analyses demonstrated the association was more
pronounced in case-control studies compared with
cohort studies in unadjusted analyses. Interestingly, 3
out of 4 case-control studies included in the analyses
relied on self-reported BMI. Recall bias could operate if
cases systematically overestimated their weight (and/or
underestimated their height) or controls systematically
underestimated their weight (and/or overestimated
their height). However, each of these scenarios seems
unlikely. Subgroup analyses comparing the method
ascertainment of BMI (self-reported vs based on medical
records) demonstrated no significant differences in
either for unadjusted or adjusted effect sizes. Further-
more, in adjusted analyses, effect sizes were similar in
both case-control and cohort studies. Third, despite our
efforts to mitigate the possible influence of confounding
factors on the summary estimate, the presence of resid-
ual confounding factors which were not routinely
adjusted for in most studies cannot be excluded. Fourth,
baseline histopathology data were not available in some
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studies. This limited the authors’ and our ability to assess
the grade of dysplasia at baseline. This is applicable to
population-based studies reliant on diagnostic codes for
BE. However, the majority of patients would be expected
to be nondysplastic at a population level.46 Fifth, simi-
larly, it is not possible to verify whether all patients with
BE included in population-based studies using diagnostic
codes were strictly defined by the presence of columnar-
lined esophagus of at least 1 cm as recommended by the
guidelines. However, the results of a post hoc subgroup
analysis revealed no significant difference in overall ef-
fect sizes between studies that strictly used the definition
of BE as recommended by the guidelines and those that
did not specify the length of BE or used diagnostic codes.
Sixth, there were limited published data available that
assessed the association between measures of abdominal
obesity (such as abdominal circumference and WHR) and
malignant progression of BE. Most studies included in
the meta-analysis used BMI as a measure of obesity and
only 2 studies incorporated other measures of obesity
such as abdominal obesity. Although BMI is widely used
in large scale studies, it is a crude form of measurement
of body composition and cannot differentiate between
lean and fat mass. Seventh, although we acknowledge the
potential role of the differences in hormonal profile and
fat distribution between males and females, we could not
directly estimate the effect of BMI on the malignant
progression of BE through stratification by sex. This is
because BMI values were not provided separately for
men and women in all included studies. Eighth, similar
BMI categories (eg, World Health Organization classifi-
cation of obesity) were used in most studies, which
limited assessment of nonlinear associations and in-
ferences from extremes in BMI.

The findings of this review have implications for
clinical practice and future research. Our study has
highlighted the paucity of research on the impact of
measures of visceral obesity on the malignant progres-
sion of BE. Future high-quality observational studies that
incorporate anthropometric measures of AO and so-
phisticated body composition parameters will help
elucidate the relationship between obesity and malignant
progression of BE. High-quality cohort studies that
examine the linear and nonlinear associations between
measures of obesity and malignant progression of BE are
also required. Additionally, future studies that examine
the role of diet, lifestyle, and bariatric interventions in
modulating the risk of EAC in obese patients with BE are
required. Furthermore, there is a need for the develop-
ment and validation of simple risk prediction models
which incorporate BMI or measures of central obesity
alongside other recognized risk factors, to allow targeted
surveillance of higher-risk groups.

In conclusion, this research provides some evidence
obesity as measured by BMI is associated with malignant
progression of BE with a dose-response relationship. The
association remained broadly consistent across subgroup
analyses. The findings from our study are consistent with
mechanistic evidence, which suggests the carcinogenic
effect of obesity. The research has implications for risk
stratification of patients with BE and supports future
mechanistic and interventional research in the role of
obesity in malignant progression.
Supplementary Material

Note: To access the supplementary material accom-
panying this article, visit the online version of Clinical
Gastroenterology and Hepatology at www.cghjournal.org,
and at http://doi.org/10.1016/j.cgh.2024.07.041.
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Supplementary Figure 1. Cubic spline model to assess the possible nonlinear relationship between obesity and risk of
malignant progression of Barrett’s esophagus (unadjusted). Number of contributing studies ¼ 20.

Supplementary Figure 2. Cubic spline model to assess the possible nonlinear relationship between obesity and risk of
malignant progression of Barrett’s esophagus (adjusted). Number of contributing studies ¼ 9.
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Supplementary Figure 3.
Subgroup analysis based
on study design (unadjusted
analysis). CI, confidence in-
terval; REML, restricted
maximum likelihood.
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Supplementary Figure 4. Subgroup analysis based on study setting (unadjusted analysis). CI, confidence interval; REML,
restricted maximum likelihood.
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Supplementary Figure 5. Subgroup analysis based on baseline dysplastic status (unadjusted analysis). CI, confidence in-
terval; LGD, low-grade dysplasia; REML, restricted maximum likelihood.
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Supplementary Figure 6. Subgroup analysis based on study outcome (unadjusted analysis). CI, confidence interval; EAC,
esophageal adenocarcinoma; EC, esophageal carcinoma; HGD, high-grade dysplasia; REML, restricted maximum likelihood.
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Supplementary Figure 7. Subgroup analysis based on study quality (unadjusted analysis). CI, confidence interval; REML,
restricted maximum likelihood.
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Supplementary Figure 8. Subgroup analysis based on exposure assessment (unadjusted analysis). CI, confidence interval;
REML, restricted maximum likelihood.
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Supplementary Figure 9. Subgroup analysis based on definition of Barrett’s esophagus (unadjusted analysis). CI, confidence
interval; REML, restricted maximum likelihood.
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Supplementary Figure 10. Subgroup analysis based on study follow-up period (unadjusted analysis). CI, confidence interval;
REML, restricted maximum likelihood.
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Supplementary Figure 11.
Subgroup analysis based on
the period excluded until the
diagnosis of high-grade
dysplasia/cancer (unadjusted
analysis). CI, confidence inter-
val; REML, restricted
maximum likelihood.
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Supplementary Figure 12. Subgroup analyses based on study setting (adjusted analysis). CI, confidence interval; REML,
restricted maximum likelihood.
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Supplementary Figure 13. Subgroup analyses based on study design (adjusted analysis). CC, case-control; CI, confidence
interval; REML, restricted maximum likelihood.
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Supplementary Figure 14. Subgroup analyses based on baseline dysplastic status (adjusted analysis). CI, confidence in-
terval; LGD, low-grade dysplasia; REML, restricted maximum likelihood.
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Supplementary Figure 15. Subgroup analyses based on study quality (adjusted analysis). CI, confidence interval; REML,
restricted maximum likelihood.
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Supplementary Figure 16. Subgroup analyses based on study outcome (adjusted analysis). CI, confidence interval; EAC,
esophageal adenocarcinoma; EC, esophageal carcinoma; REML, restricted maximum likelihood.
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Supplementary Figure 17. Subgroup analyses based on exposure ascertainment (adjusted analysis). CI, confidence interval;
REML, restricted maximum likelihood.
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Supplementary Figure 18. Subgroup analyses based on definition of Barrett’s esophagus (adjusted analysis). CI, confidence
interval; REML, restricted maximum likelihood.
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Supplementary Figure 19. Subgroup analyses based on adjustment of concurrent medication usage (adjusted analysis). CI,
confidence interval; REML, restricted maximum likelihood.
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Supplementary Figure 20. Subgroup analysis based on study follow-up period (adjusted analysis). CI, confidence interval;
REML, restricted maximum likelihood.
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Supplementary Figure 21. Subgroup analysis based on the period excluded until the diagnosis of high-grade dysplasia/
cancer (adjusted analysis). CI, confidence interval; REML, restricted maximum likelihood.

Supplementary Figure 22. Funnel plot
to assess publication bias. Egger’s
regression test: P ¼ .57. CI, confidence
interval.
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Supplementary Figure 23. Directed acyclic graph: the assumed causal relationships between obesity and malignant pro-
gression of Barrett’s esophagus. Given that gastroesophageal reflux disease (GERD) and proton pump inhibitor (PPI) use are
included in the causal pathway, studies that adjusted for these variables might have led to an underestimation of effect sizes.
Furthermore, if PPIs are prescribed as part of the routine care for symptoms of undiagnosed high-grade dysplasia (HGD)/
esophageal adenocarcinoma (EAC) reverse causation may operate. Under this circumstance, adjustment for PPI use would
open a biasing pathway as PPI use would become a collider. Diagram generated using DAGitty.e66
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Supplementary Table 1. Search Strategy

Ovid MEDLINE(R) ALL (from 1946) and Embase (from 1974) were searched via OvidSP. The most recent database search was in March 2024.

1. ((barret$ or columnar) adj1 (esophag$ or oesophag$ or metaplasia)).ab,hw,kw,ti.

2. ((columnar adj1 lined) and (esophag$ or oesophag$)).ab,hw,kw,ti.

3. Barrett Esophagus/

4. or/1–3c

5. (dysplasia or cancer or carcinoma or adenocarcinoma or neoplas$ or malignan$ or progression or progressor$).ab,hw,kw,ti.

6. (observational or epidemiologic$ or case-control or cohort$ or cross-section$ or retrospective or prospective$).ab,hw,kw,ti.

7. and/4–6

8. (overweight or obese or adiposity or body mass index or BMI or waist or WHR).ab,hw,kw,ti.

9. (genetic or biomarker or risk factor or smoking or drug or proton pump or PPI or statin or aspirin).ab,hw,kw,ti.

10. or/8–9

11. 7 and 10

12. (conference abstract or editorial or erratum or note or news).st,mp. or (case report or expert review or case series or consensus).ti. or (letter
or review).pt.

13. 11 not 12

14. Remove duplicates from 13

BMI, body mass index; PPI, proton pump inhibitor; WHR, waist-to-hip ratio.
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Supplementary Table 2. Adapted Newcastle-Ottawa Quality Assessment Scale for Case-Control Studies

Selection
1) Is the case definition adequate?

a) yes, with independent validation (HGD or EAC confirmed on histology)
b) yes, for example, record linkage (eg, confirmed in cancer registry)
c) self-report
d) no description

2) Representativeness of the cases
a) consecutive or obviously representative series of cases with a prior history of Barrett’s esophagus
b) No previous history of Barrett’s esophagus
c) potential for selection biases or not stated

3) Selection of controls
a) community controls
b) hospital controls
c) no description

4) Definition of controls
a) no history of disease (endpoint)
b) no description of source

Comparability
1) Comparability of cases and controls on the basis of the design or analysis

a) study controls for sex
a) study controls for age
b) study controls for smoking

Exposure
1) Ascertainment of exposure

a) secure record (eg, prior record in medical notes or primary/secondary care dataset [recorded at least 3 y before the outcome of
interest])

b) structured interview blind to case/control status
c) interview not blinded to case/control status
d) written self-report or medical record only
e) no description

2) Same method of ascertainment for cases and controls
a) yes
b) no

3) Nonresponse rate
a) same rate for both groups
b) nonrespondents described
c) rate different and no designation

EAC, esophageal adenocarcinoma; HGD, high-grade dysplasia.
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Supplementary Table 3. Adapted Newcastle-Ottawa Quality Assessment Scale for Cohort Studies

Selection
1) Representativeness of the exposed cohort

a) truly representative of the average Barrett’s population in the community
b) somewhat representative of the average Barrett’s population in the community
c) selected group of users (eg nurses, volunteers, veterans)
d) no description of the derivation of the cohort

2) Selection of the nonexposed cohort
a) drawn from the same community as the exposed cohort
b) drawn from a different source
c) no description of the derivation of the nonexposed cohort

3) Ascertainment of exposure
a) secure record (eg, prior record in medical notes or primary/secondary care dataset)
b) structured interview
c) written self-report
d) no description
e) secure record but period of exposure not long enough for the outcome of interest (ie, <3 y) or uncertain exposure period

4) Demonstration that outcome of interest was not present at start of study
a) yes
b) no

Comparability
1) Comparability of cohorts on the basis of the design or analysis

a) study controls for sex
a) study controls for age
b) study controls for smoking

Outcome
1) Assessment of outcome

a) with independent validation (HGD or EAC confirmed on histology)
b) record linkage (eg, confirmed in cancer registry)
c) self-report
d) no description

2) Was follow-up long enough for outcomes to occur
a) yes (select an adequate follow-up period for outcome of interest—3 y)
b) no

3) Adequacy of follow-up of cohorts
a) complete follow-up—all subjects accounted for
b) subjects lost to follow-up unlikely to introduce bias—small number lost (<10%)
c) follow-up rate <90% or differential loss to follow-up between BMI categories
d) no statement

BMI, body mass index; EAC, esophageal adenocarcinoma; HGD, high-grade dysplasia.
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Supplementary Table 4. Studies Selected for Full Text Review That Did Not Meet Eligibility

Study Reason Excluded

MEDLINE and Embase Search
Allen (2021)e1 Inclusion criteria 4 not met
Anaparthy (2023)e2 Inclusion criteria 4 not met
Akiyama (2009)e3 Inclusion criteria 3 not met
Bani-Hani (2005)e4 Inclusion criteria 4 not met
Bird-Lieberman (2012)e5 Inclusion criteria 4 not met
Brown (2018)e6 Inclusion criteria 3 not met
Coleman (2012)e7 Inclusion criteria 3 and 4 not met
Dong (2007)e8 Inclusion criteria 2 and 4 not met
Duggan (2013)e9 Inclusion criteria 2 and 4 not met
Duits (2019)e10 Inclusion criteria 4 not met
Duits (2019)e11 Inclusion criteria 4 not met
El-Serag (2004)e12 Inclusion criteria 4 not met
Gatenby (2009)e13 Inclusion criteria 3 and 4 not met
Gatenby (2014)e14 Inclusion criteria 4 not met
Gatenby (2016)e15 Inclusion criteria 4 not met
Hardikar (2013)e16 Inclusion criteria 2 not met
Hillman (2008)e17 Inclusion criteria 4 not met
Hillman (2004)e18 Inclusion criteria 4 not met
Holmberg (2019)e19 Inclusion criteria 4 not met
Hvid-Jensen (2014)e20 Inclusion criteria 4 not met
Hvid-Jensen (2011)e21 Inclusion criteria 4 not met
Iyer (2022)e22 Inclusion criteria 4 not met
Kantor (2012)e23 Inclusion criteria 2 not met
Katz (1998)e24 Inclusion criteria 4 not met
Kunzmann (2019)e25 Inclusion criteria 4 not met
Lastraioli (2016)e26 Inclusion criteria 4 not met
Monardo (2019)e27 Inclusion criteria 4 not met
Murray (2006)e28 Inclusion criteria 4 not met
Nelson (2012)e29 Inclusion criteria 3 (4 not met
Nguyen (2009)e30 Inclusion criteria 4 not met
Nguyen (2010)e31 Inclusion criteria 4 not met
Nguyen (2010)e32 Inclusion criteria 4 not met
Peleg (2021)e33 Inclusion criteria 4 not met
Peleg (2023)e34 Inclusion criteria 4 not met
Peters (2019)e35 Inclusion criteria 4 not met
Redston (2022)e36 Inclusion criteria 4 not met
Rubenstein (2021)e37 Inclusion criteria 4 not met
Vaughan (2005)e38 Inclusion criteria 4 not met
van Olphen (2016)e39 Inclusion criteria 4 not met
Thrift (2012)e40 Inclusion criteria 2 not met
van Olphen (2015)e41 Inclusion criteria 4 not met
Tan (2018)e42 Inclusion criteria 1–4 met, met but overlapping population with more contemporaneous

cohort

Citation searching
Bhat (2011)e43 Inclusion criteria 4 not met
Sato (2008)e44 Inclusion criteria 4 not met
Dong (2018)e45 Inclusion criteria 2 not met
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Supplementary Table 5. Study-Level Risk of Bias

Study Location Selection Comparability
Exposure/
Outcome Total Quality

Alexandre (2017)e46 United Kingdom 3 2 2 7 M

Beale (2012)e47 United Kingdom 2 3 2 7 M

Cooper (2014)e48 United Kingdom 3 3 2 8 H

de Jonge (2006)e49 The Netherlands 2 3 1 6 M

di Caro (2016)e50 United Kingdom 3 2 2 7 M

Krishnamoorthi (2016)e51 United Kingdom 3 3 2 8 H

Jung (2011)e52 United States 4 0 2 6 M

Kambhampati (2020)e53 United States 4 2 2 8 H

Kastelein (2011)e54 The Netherlands 3 0 2 5 M

Klaver (2020)e55 The Netherlands 3 0 2 5 M

Masclee (2015)e56 United Kingdom, The Netherlands 3 3 0 6 M

Nguyen (2015)e57 United States 3 1 1 5 M

Nguyen (2022)e58 United States 3 3 2 8 H

O’Byrne (2020)e59 United Kingdom 3 2 2 7 M

Oberg (2005)e60 Sweden 3 3 2 8 H

Parasa (2018)e61 United States, The Netherlands 3 0 2 5 M

Pohl (2013)e62 Germany 3 3 1 7 M

Sikkema (2011)e63 The Netherlands 3 2 2 7 M

Thota (2016)e64 United States 4 0 1 5 M

Timmer (2015)e65 The Netherlands 3 0 1 4 L

Abbreviations: H, high; L, low; M, moderate.
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