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ABSTRACT

Background Emerging epidemiological and mechanistic
studies suggest that Helicobacter pylori (H. pylori)
exposure may be associated with colorectal cancer (CRC);
however, the findings remain controversial. We aim to
quantify the CRC burden potentially related to

H. pylori exposure, with the overarching objective to inform
prioritisation and future evaluation of H. pylori control as

a candidate adjunct to existing CRC prevention efforts in
settings with high prevalence and limited resources.
Methods We estimated global and regional H. pylori
exposure and its epidemiological association with CRC
using data from systematic reviews and meta-analyses,
stratified by region, diagnostic method and eradication
status, among others. We derived CRC estimates from

the Global Cancer Observatory (GLOBOCAN). To evaluate
the related CRC burden, we calculated the estimated
related proportion (ERP) with 95% uncertainty intervals
(Uls) and absolute and rate-based burdens using Monte
Carlo simulations. We further examined correlations
between country-level ERPs, H. pylori prevalence and CRC
incidence. Lasty, we used a pseudo-cohort approach to
explore birth cohort-related patterns based on GLOBOCAN
2022.

Results Exposure to H. pylori was associated with a 1.59-
fold increased risk of CRC (95% CI 1.36 to 1.87), consistent
across most subgroups. In limited observational studies,
H. pylori eradication was associated with a reduced risk of
CRC, but only after 10 years of follow-up. Globally, under
the pooled risk-attribution model based on estimates from
43 studies, an estimated 22.0% (95% Ul 14.7% to 29.4%)
of CRC cases were potentially related to H. pylori exposure;
corresponding estimates were lower when restricted to
population-based and cohort studies (n=14). Higher

H. pylori-related burdens were observed in settings with
lower CRC incidence and increased with rising H. pylori
prevalence. Exploratory pseudo-cohort patterns suggested
higher ERPs in later birth cohorts, while absolute case
counts remained relatively stable.

Conclusion H. pylori exposure may meaningfully
contribute to global CRC burden, with the extent of
preventable burden dependent on the causal nature and
other modifying variables related to H. pylori exposure (eg,
timing, duration). This underscores the importance of well-
designed randomised clinical trials and other prospective
investigations evaluating the impact of H. pylori and its

,* Kimberly Ho,®> Cong Qian,’ Yanyan Guo,’
2,6

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Helicobacter pylori (H. pylori) is categorised as a
type | (definitive) carcinogen given its established
causal association with gastric cancer; however, the
related burden of other cancers, including colorectal
cancer (CRC), is incompletely investigated.

= The relationship between H. pyloriand CRC remains
controversial, despite a growing body of supportive
epidemiological and mechanistic evidence.

= The global and regional CRC burden potentially re-
lated to H. pylori exposure remains poorly quantified,
and its associations with countries’ H. pylori expo-
sure and CRC incidence, or birth cohort patterns re-
main insufficiently characterised.

WHAT THIS STUDY ADDS

= Globally, under the pooled risk-attribution model
based on estimates from 43 studies, an estimated
22.0% (95% uncertainty interval (Ul) 14.7-29.4%)
of CRC cases were potentially related to H. pylori
exposure.

= Estimates were lower when analyses were restrict-
ed to population-based and cohort studies only
(n=14 studies) (11.9%, 95% Ul 0.7-22.8%), with
the wider Ul reflecting fewer studies with narrower
evidence.

= We also found regional variation, with the Western
Pacific region carrying the highest burden. Across
countries, higher H. pylori-related burdens were
observed in settings with lower CRC incidence and
burden increased non-linearly with rising H. pylori
prevalence.

= Exploratory pseudo-cohort patterns suggested a
higher estimated related proportion among later-
born cohorts, while absolute case counts remained
relatively stable.

eradication on CRC risk, as well as potential modifying
factors.

INTRODUCTION
Colorectal cancer (CRC) is the second
leading cause of cancer-related death
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Global and regional burden of colorectal cancer potentially related to Helicobacter
pylori exposure: a risk attribution modelling study

Global estimated related proportion (ERP) of CRC potentially

Evidence Input

A Global and regional H.
Q pylori prevalence (1980-
T@m® 2022 systematic reviews

and meta-analyses)

——

Colorectal cancer
incidence and cases
from GLOBOCAN 2022

: 43 studies (14 cohort /
=2 population-based)
48.7 million individuals globally

associated with H. pylori exposure, 22.0% (95% Ul 14.7-29.4% )
[11.9% when restricted to population-based and cohort studies]

Risk Association -
=

*ERP was calculated using an equation derived from population-

Potential study
implications

These hypothesis-
generating findings
support the need for
well-designed
prospective studies
and CRC-endpoint
trials to clarify whether
H. pylori “screen and
eradicate” strategy
may serve as an

= 5 adjunct for CRC
[——— - - preventlon. alongsuge
- established screening
and lifestyle-based
prevention efforts.

attributable fraction, with 95% uncertainty intervals (Ul) estimated
through Monte Carlo simulations.

Bacterial and intestinal images were created with Biorender.com
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Visual abstract Bacterial and intestinal images were created with Biorender.com. The map is based on standard map no. GS
(2016)1666 downloaded from the service website of standard maps, with no changes in the base map. The service website of

standard maps: Map of the World (http://bzdt.ch.mnr.gov.cn/).

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= The findings of this study should be considered exploratory and
motivational, as the true clinical implications hinge on future well-
designed studies aiming to establish a causal association between
H. pylori and CRC.

= Ata minimum, such studies should capture eradication status, have
sufficient latency time (>10 years) and refine country-level esti-
mates where data are sparse.

= These findings are noteworthy in the context of the clear successes
of population-level H. pylori screen-and-eradicate programmes for
gastric cancer prevention and underscore the potential dual benefit
of H. pylori eradication on CRC risk, particularly in high H. pylori
prevalence and resource-constrained settings.

worldwide, representing a significant global health
burden. In 2022, CRC affected approximately
1.9 million individuals and accounted for 903859
deaths.' The aetiology of CRC is multifactorial and
includes both non-modifiable (eg, genetics, age) and
modifiable risk factors, such as those related to life-
style and diet.** According to the Global Burden of
Disease study, in 2021, the population-attributable
fractions (PAFs) of behavioural risks (eg, high
alcohol use, obesity, low physical activity, smoking)
and dietary risks (eg, diet high in red meat, processed
meat) for CRC were estimated at 48.2% and 38.7%,
respectively.”

Helicobacter pylori (H. pylori) is an established gastric
carcinogen,” with a reported PAF of 74.7-89.0%"
for gastric cancer. However, the causal relationship
between H. pylori and CRC remains highly controver-
sial. Accumulating evidence suggests that H. pylori
exposure may be linked to colorectal carcinogenesis
andalignswith several Bradford Hill considerations.”""!
Epidemiological consistency is demonstrated by
multiple epidemiological studies from diverse global
populations, which consistently report a 1.5-2-
fold increased risk of CRC among infected individ-
uals.””"® The modest magnitude of the effect estimate
does not exclude causality but increases susceptibility
to residual confounding. A dose-response pattern
is suggested in some studies, including higher CRC
risk among carriers of virulence-factor—positive
H. pylori strains (eg, cytotoxin-associated gene A
(CagA), vacuolating cytotoxin A (VacA)) or those
with premalignant lesions." '° ' From a biological
plausibility and experimental perspective, Ralser
et al demonstrated that H. pylori infection directly
promotes CRC development by modulating intestinal
and colonic immune responses in mice, resulting in
significant alterations in the gut and colonic micro-
biota and epithelial homeostasis."® Eradicating
H. pylori infection prevented these
promoting effects in mice, independent of anti-
biotic exposure alone. Third, treatment effect

tumour-
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is suggested by a recent nationwide cohort
study among 812736 US Veterans,"” where
H. pylori eradication was associated with a reduced
incidence of CRC and mortality compared with
persistent infection.

To date, evidence for a clear exposure-response
remains incomplete, and definitive evidence from
randomised clinical trials (RCTs) with CRC as the primary
endpoint is still lacking. Although limited in number,
observational studies consistently suggest that the poten-
tial benefit of H. pylori eradication on CRC risk might
require over 10 years of follow—up,w_21 which may be
due to the long latency period of colorectal carcinogen-
esis. This latency hypothesis aligns with RCTs of H. pylor:
eradication and gastric cancer risk, where the protective
benefits of H. pylori eradication become apparent after
prolonged follow-up.***

Our study aims to evaluate the putative burden of
CRC that may be related to H. pylori, a modifiable and
preventable risk factor. We applied a modified PAF risk
modelling framework to estimate the global and regional
burden of CRC potentially related to H. pylori exposure,
fully acknowledging that causality is not definitively estab-
lished. The overarching goal is to provide evidence to
inform public health and research prioritisation, and
to guide infection-targeted cancer prevention strategies
at both global and regional levels that complement and
extend beyond H. pylori eradication for gastric cancer
prevention.

Pooled global H. pylori prevalence derived
from previous meta-analysis

METHODS
The detailed flowchart of study inclusion is shown in
figure 1.

H. pylori prevalence and CRC burden data

We collected and generated the baseline data for the
model from the following sources. We obtained global,
regional and national H. pylori prevalence data from
our previously published systematic reviews and meta-
analyses.”* We further stratified H. pylori prevalence
estimates by diagnostic methods, sex and WHO regions
(Africa, the Americas, South-East Asia, Europe, Eastern
Mediterranean and Western Pacific). Seropositivity may
persist after spontaneous clearance or eradication and
therefore can overestimate current or active infection in
settings with rapidly declining prevalence or widespread
eradication programmes. Accordingly, our prevalence
inputs are interpreted as markers of H. pylor: exposure,
and we present diagnostic-modality-stratified estimates
(serology vs non-serology) to provide complementary
bounds for exposure-based versus active-infection-based
interpretations. We obtained the latest data on global,
regional and country-specific CRC estimates, including
age-standardised incidence rates (ASIRs) and newly
diagnosed CRC cases from Global Cancer Observatory
(GLOBOCAN) 2022.!

H. pylori exposure and CRC association
To assess the risk of CRC related to H. pylori exposure,
we conducted an updated, comprehensive meta-analysis

Pooled risk of CRC after H. pylori exposure
based on observational studies

l

Stratification into subgroups, including regions,
diagnostic methods, study periods, age groups, etc.

l

Estimated related proportion (ERP) using Monte-Carlo
simulation at global, regional, and country levels

l

Estimated related global, regional, and country level
CRC incidence rates and cases

|

Estimated H. pylori related global CRC
burden of different birth cohorts
(based on age-group data in GLOBOCAN
2022: born before 1947, 1948-1962, 1963-1977)

Figure 1

l

Correlation analyses of
national H. pylori prevalence,
CRC ASIR, and estimated
H. pylori related CRC burden

Workflow for burden estimation of H. pylori exposure-related CRC. ASIR, age-standardised incidence rate; CRC,

colorectal cancer; GLOBOCAN, Global Cancer Observatory; H. pylori, Helicobacter pylori.
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building on prior systematic reviews,”* with extension of

the search to 31 July 2025. The detailed literature search
strategy, inclusion and exclusion criteria, data extraction
procedures and risk-of-bias assessment are presented in
online supplemental table 1.

We conducted subgroup analyses to explore potential
effect modifiers of the association between H. pylori expo-
sure and CRC risk, given the heterogeneity across popula-
tions and study characteristics, and recognising that such
factors have been rarely examined in previous studies of
H. pylori and CRC risk. Subgroups were defined by: (1)
study population setting (population-based or hospital-
based); (2) age group stratification, with <60 vs 260 years as
the predetermined cut-off since this was most commonly
used in the included studies; (3) sex; (4) birth cohort
(divided into participants born in 1930s and before, 1940s
and 1950s, 1960s and 1970s, categorised based on available
literature); (5) WHO regions; (6) diagnostic modality for
H. pylori detection (non-serological modalities including
urea breath test, stool antigen test, histology, rapid urease
test and culture; serology; and mixed modalities when
more than one diagnostic modality was used without strat-
ified effect estimates by test type). We grouped ‘mixed’
with non-serology methods because these approaches
typically include tests indicative of current or active infec-
tion; (7) risk of bias was assessed using the Newcastle-
Ottawa Scale (NOS).*” The original NOS was applied to
cohort and case-control studies, while a modified version
of the NOS was used for crosssectional studies®; (8)
study design (case-control study, cross-sectional study and
cohort study); (9) tumour anatomical location (colon vs
rectum); (10) presence of a nationwide CRC screening
programme (yes vs no); (11) H. pylori eradication status
(eradicated vs non-eradicated and subsequent follow-up
time post eradication), where available; (12) presence
of H. pylori virulence factors (primarily CagA, VacA and
GroEL), where available. Effect measures were harmon-
ised prior to pooling. Because the majority of included
studies reported odds ratios (ORs), we used OR as the
primary metric; when studies reported relative risks
(RRs) or hazard ratios (HRs), we treated these as approx-
imations of OR and pooled them on the log scale with
ORs when necessary. We further assessed robustness by
converting the pooled OR to RR using baseline risks
(ASIR-based) for burden estimation.

Estimation of H. pylori exposure-related CRC burden

We used three measures to estimate the H. pylori exposure-
associated CRC burden: (1) estimated related proportion
(ERP); (2) corresponding CRC incidence rate; (3) esti-
mated absolute case numbers. To calculate ERP, we used
the standard Levin formula,®* modified from the PAF
framework, as recommended in the GATHER (Guide-
lines for Accurate and Transparent Health Estimates
Reporting) statement.” ** We favoured using the term
ERP rather than PAF, as ERP enables cautious, descrip-
tive burden estimation rather than intervention-effect

prediction, while simultaneously retaining the PAF-based
computational framework.
Pooled H. pylori prevalence X (Pooled Estimated OR—l)

ERP = Pooled H. pylori prevalence x (Pooled Estimated OR71)+1
. _piX (ORi—l)
ERP; = pix (OR;—1)+1

The H. pylori prevalence p; was drawn from a Beta distri-
bution. The parameters a and f were estimated using the
method of moments™ based on the reported mean and
95% CI of prevalence:

pi ~ Beta (a, ﬂ)

The log-transformed OR log (OR;) was assumed to follow
a normal distribution:
log (ORZ-) ~ N(u, 02)

We estimated ERPs using the Monte Carlo simulation
with 10000 iterations to balance computational effi-
ciency and numerical stability. For each iteration, ERPs
were calculated based on randomly sampled prevalence
and OR values, and the 2.5th, 50th and 97.5th percen-
tiles were used to determine point estimates and 95%
uncertainty intervals (UIs).® %3 When available, country-
specific ORs were used, provided that at least two eligible
studies (including one population-based study with a
sample size 2500) were identified. In countries lacking
sufficient data, regional ORs were used. If regional esti-
mates were unavailable, global pooled ORs were applied.

We estimated the burden at the global and regional
levels, and stratified by sex and diagnostic modality. In
addition to estimates based on all eligible studies, we
performed sensitivity analyses restricted to high-quality
population-based studies and cohort studies, which typi-
cally provide larger sample sizes, longer follow-up and
more rigorous exposure and outcome ascertainment than
case-control and cross-sectional studies. We conducted an
exploratory pseudo-cohort analysis using repeated cross-
sectional age-specific CRC incidence rates from GLOB-
OCAN 2022. Age groups were cross-sectionally aligned
to approximate birth cohorts, and external estimates
of H. pylori prevalence® and pooled RRs were applied
to generate hypothesis-generating patterns of H. pylori-
related CRC burden. Detailed methods and cohort defi-
nitions are provided in the online supplemental table 2.

Statistical analysis
We used random-effects models, employing the DerSimo-
nian and Laird method with inverse-variance weighting,
to perform a meta-analysis of H. pylori exposure and CRC
risk. The Hartung-Knapp-Sidik-Jonkman adjustment
was applied to improve variance estimation accuracy.%
Between-study heterogeneity was assessed using the /2
statistic, with I? 250% indicating significant heteroge-
neity. To assess the robustness of the pooled estimates to
unmeasured confounding, E-values were calculated for
the pooled effect and its lower 95% confidence bound.*
To explore sources of heterogeneity, random-effects
meta-regression was performed using mixed-effects
models implemented in the “metafor” R package.
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Candidate moderators included the midpoint year of the
study period, diagnostic method, study design, screening
programme status and study population setting. Model
selection was guided by the Akaike information crite-
rion (AIC).* Additionally, we conducted an ecological
correlation between country-level ASIRs and ERPs using
Spearman’s rank correlation, and modelled the expo-
sure-response relationship between H. pylori prevalence
and ERP using a generalised additive model (GAM) with
penalised splines (k=5, restricted maximum likelihood).

We applied funnel plots and Egger’s regression test to
assess potential publication bias. To evaluate the robust-
ness of the pooled effect estimates and identify influ-
ential studies, we performed a leave-one-out analysis,
in which each study was sequentially omitted and the
pooled OR and its 95% CI were recalculated. Except
for the estimate based on population-based and cohort
studies only, we conducted additional sensitivity analyses
to evaluate the robustness of global estimation by (1)
increasing the Monte Carlo simulations to 20 000 to assess
the robustness of results against potential simulation
variability; (2) limiting the risk estimates to studies that
reported multivariable-adjusted risk to minimise residual
confounding; (3) we repeated the global, regional and
sex-specified estimation after converting pooled ORs to
RRs using stratum-specific baseline risks according to
the formula*' RR=OR/ [(1-P)+PxOR], where P, denotes
the baseline risk of CRC, approximated by the ASIR per
100000 population as reported in GLOBOCAN 2022; (4)
adopting the global summary estimate with the pooled
OR derived exclusively from countries without estab-
lished national CRC screening programmes.

RESULTS

Association between H. pylori exposure and CGRG risk

Based on 43 included studies involving 48694403 indi-
viduals globally, H. pylori exposure was associated with a
1.59-fold higher risk of CRC (95% CI 1.36 to 1.87), with
substantial heterogeneity (I% 92.6%). The E-value for
the pooled estimated risk was 2.56 (95% lower bound:
2.06). Details of the included studies are shown in online
supplemental table 3. Significant differences by study
setting (Pfor subgroup=0.009) and study risk of bias (Pfor
subgroup=0.013) were noted. There was some regional
variation in risk estimates, but most Cls overlapped or
crossed 1 (p=0.428). No statistically significant subgroup
differences were observed across sex, age group, diag-
nostic method or presence of a national CRC screening
programme (all P for subgroup >0.05; table 1). Detailed
subgroup analysis results are shown in table 1 and online
supplemental figures 1-12.

Only four studies,'™" ** including one study that set
CRC as a secondary endpoint,” reported data on the
impact of H. pylori eradication on CRC risk. Two cohort
studies'?*’ conducted subgroup analyses over a follow-up
period of more than 10 years and demonstrated that
H. pylori eradication was associated with reduced risk of

CRC (RR: 0.90 (95% CI 0.84 to 0.96)). This benefit was
not demonstrated in shorter-term follow-up (<5 years:
RR=1.01 (0.78-1.30); 5-10 years: RR=0.92 (0.81-1.05)).
The bestfitting model (lowest AIC=64.2) retained four
covariates from the prespecified set of potential study-
level factors listed in the methods section above: study
midpoint year, study population setting, study risk of
bias and H. pylori diagnostic methods. These covariates
were identified as the most informative predictors. The
selected model reduced between-study variance (12) to
0.2 and accounted for 6.8% of the observed heteroge-
neity. Results of the random-effects meta-regression are
presented in online supplemental table 4.

Global and regional CRC burden related to H. pylori exposure
Overall, under the pooled risk-attribution model based
on all 43 included studies, H. pylori exposure was poten-
tially related to 22.0% (95% UI 14.7% to 29.4%) of global
CRC burden (table 2). The corresponding ERP restricted
solely to high-quality population-based and cohort studies
(n=14 studies; median follow-up 14 years, IQR: 8.7 years)
was lower (11.9%, 95% UI 0.7% to 22.8%); the wider Ul
is an expected statistical consequence of the modelling
approach, as the Monte Carlo framework jointly prop-
agates uncertainty from both prevalence and RR esti-
mates. ERP varied according to the WHO region. The
Western Pacific Region had the highest related burden
(ERP: 25.1%, 95% UI 16.4% to 34.1%). Females had a
higher ERP compared with males (24.8%, 95% UT 10.8%
to 38.7% vs 19.9%, 95% UI 8.1% to 31.4%). When strat-
ified by diagnostic method, individuals with confirmed
active H. pylori infection based on non-serology or mixed
methods had higher ERP versus individuals diagnosed
based on serology only, but with overlapping UI (ERP
25.4%, 95% UI 14.9% to 35.8% vs ERP of 19.9%, 95% UI
8.9% to 30.5%). The latest (based on GLOBOCAN 2022
data) estimations of the global CRC burden related to
H. pylori exposure across subgroups are shown in table 3.
Country-specific ERPs and H. pylorirelated CRC burden
are illustrated in figure 2 and online supplemental table
5. In 2022, Mongolia had the highest ERP (36.1%, 95%
UI23.3% to 47.5%). Regarding CRC ASIR, Japan (9.0 per
100 000), Portugal (8.4 per 100 000) and South Korea
(7.8 per 100 000) showed the highest CRC ASIR poten-
tially related to H. pylori exposure. From an absolute case-
count perspective, China had the highest number of CRC
cases potentially linked to H. pylori exposure (139 619;
95% UI 87908 to 186158). Figure 3A shows an inverse
correlation between country-level CRC ASIR and the ERP
of H. pylorirelated CRC (Spearman p = -0.57, p<0.001).
Countries such as Japan, China, Portugal, South Korea
and Russia are clustered in the upperright quadrant,
indicating both high ERPs and high CRC incidence. In
contrast, European countries, depicted in the lower-right
quadrant, exhibit high CRC incidence but lower ERPs.
The exposure-response relationship showed that the ERP
increased steeply with rising H. pylori prevalence up to
approximately 60.0%, beyond which the curve plateaued.
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Table 1 Summary of global, regional and other subgroups of pooled effect estimates for the association between H. pylori
exposure and colorectal cancer risk
P value
No. of Total Pooled estimated P value (subgroup
studies  participants risk (95% CI)*t 12 (%) (heterogeneity) difference)
Global 43 48694403 1.59 (1.36 to 1.87) 92.6  <0.001
WHO regions 0.429
Eastern Mediterranean region 4 329 2.31(0.46t011.54) 57.8 0.069
European region 17 71765 1.38 (1.06 to 1.79) 64.8 <0.001
Region of the Americas 6 48537 802 1.36 (0.76 to 2.42) 98.8 <0.001
South-East Asian region 1 90 1.73 (0.72 to 3.93) NA
Western Pacific region 15 84417 1.73 (1.40 to 2.14) 71.7  <0.001
Anatomical location 0.681
Colon cancer 10 21957 1.35 (1.00 to 1.80) 64.0 0.003
Rectal cancer 8 11879 1.23 (0.84 to 1.81) 75.8  <0.001
Detection methods 0.392
Serology 26 47749364 1.48 (1.19 to 1.85) 94.2  <0.001
Non-serology/mixed 17 945039 1.79 (1.41 to 2.29) 84.0 <0.001
Histology 4 13596 2.08 (0.81 to 5.36) 232 0.272
RUT 2 40575 1.54 (0.13t0 17.74) 62.8  0.101
UBT 4 22275 2.35 (1.13 t0 4.88) 458 0.136
Mixed 7 868593 1.59 (0.99 to 2.55) 90.4  <0.001
Study design 0.240
Case—-control study 26 29101 1.41 (1.18 to 1.69) 75.1 <0.001
Cohort study 5 48607243 1.63 (0.82 to 3.23) 99.0 <0.001
Cross-sectional study 12 58059 1.92 (1.35t0 2.73) 61.2 0.003
National screening programmest 0.147
Yes 27 48630852 1.47 (1.19 to 1.80) 949  <0.001
No 16 63551 1.84 (1.42 to0 2.38) 719 <0.001
Age groups 0.966
<60 years 889 1.46 (0.89 to 2.38) 453 0.140
>60 years 2153 1.45(1.16 to 1.81) 0 0.495
Sex 0.364
Male 4 1303 1.52 (1.19 to 1.94) 0 0.619
Female 4 735 1.70 (1.25 to 2.30) 0 0.448
Risk after eradication 4 1039993 1.02 (0.84 to 1.23) 0.667
Follow-up <5 years & 1.01 (0.78 to 1.30) 93.7  <0.001
Follow-up 5-10 years 3 0.92 (0.81 to 1.05) 64.6 0.037
Follow-up >10 years 2 0.90 (0.84 to 0.96) NA 0.416
Study setting 0.009
Hospital-based 29 67305 1.84 (1.51 to 2.25) 65.7 <0.001
Population-based 14 48627098 1.27 (1.01 to 1.59) 97.2  <0.001
Study risk of bias 0.012
Low 14 48627098 1.27 (1.01 to 1.59) 97.2  <0.001
Moderate 20 62295 1.86 (1.43 to 2.44) 745  <0.001
High 9 4928 2.04 (1.42 10 2.92) 8.1 0.368
H. pylori virulence factors positive 0.765
CagA* 16 29854 1.26 (1.08 to 1.47) 67.5 <0.001
Continued
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Table 1 Continued

P value
No. of Total Pooled estimated P value (subgroup
studies participants risk (95% Cl)*t 12 (%) (heterogeneity) difference)
VacA* 5 13844 1.15(0.92 to 1.43) 75.2  0.003
GroEL* 6 15010 1.15 (1.07 to 1.26) 0 0.744
Study periods§ 0.331
<2000 7 2687 1.24 (0.83 to 1.85) 38.4 0.140
2001-2010 14 48565160 1.57 (1.12 to 2.21) 97.2  <0.001
After 2011 18 117847 1.68 (1.30 to 2.17) 79.1 <0.001
Birth cohortq] 0.861
1930s and before 4 5052 1.17 (0.98 to 1.40) 0 0.690
1940s and 1950s 3 23912 1.22 (0.98 to 1.52) 6.1 0.370
1960s and 1970s 2 20531 1.44 (0.15t0 13.90) 59.7 0.084

*Random-effects meta-analysis was conducted using the DerSimonian and Laird estimator with HartungKnapp-Sidik—-Jonkman adjustment.
TPooled estimates are based on log-transformed ORs or relative risks and back-transformed for presentation.

FCountries (or territories) involved that have established national colorectal cancer screening programmes include the USA, Israel, the UK,
Poland, Finland, Ireland, Germany, Spain, Turkey, Japan, South Korea and Taiwan (Province of China). The US programme is not organised at
a national level; however, it has established national initiatives and guidelines to encourage screening. The US Preventive Services Task Force
recommends screening for adults aged 45-75. The National Colorectal Cancer Roundtable aims to achieve an 80% screening rate among
adults aged 45-75.

§Determined by the midpoint year for the participants’ enrolled periods.

{IDetermined by the studies’ reported age-group risk and the participants’ enrolled period.

CagA, cytotoxin-associated gene A; GroEL, heat shock protein 60; H. pylori, Helicobacter pylori; NA, not available; ORs, odds ratios; RUT,
rapid urease test; UBT, urea breath test; VacA, vacuolating cytotoxin A.

Table 2 ERP of colorectal cancer related to H. pylori exposure, overall and by subgroups

H. pylori prevalence (%) ERP estimate (%) (mean,

(95% CI)* 95% Ul)t AERP (%) (95% Ut

Global (based on all eligible studies)

Global (based on population-based
studies and cohort studies only)

48.0 (45.7 to 50.3) 22.0 (14.7 to 29.4)
50.3 (47.3 to 53.3) 11.9 (0.7 to 22.8)

Sex (overall) -4.9 (-22.6 to 13.3)

Male
Female

Diagnostic methods (overall)

Serology test

Non-serology and mixed test
WHO regions (overall)
Western Pacific region

African region

Region of the Americas

48.3 (43.7 to 52.9)
47.9 (43.8 to 52.0)

52.2 (48.5 to 55.9)
43.3 (40.4 to 46.2)

46.3 (43.1 to 49.4
57.1 (46.6 to 67.6
44.6 (41.3 10 47.8

19.9 (8.1 to 31.4)
24.8 (10.8 to 38.7)

19.9 (8.9 to 30.5)
25.4 (14.9 to 35.8)

25.1 (16.4 to 34.1)
24.1 (15.5 to 33.8)
13.7 (0 to 38.6)

-5.4 (-20.6 t0 9.9)

Ref
-1.0 (-14.8 to 12.7)
-11.5 (-38.4 to 15.0)

—_ = = =

Eastern Mediterranean region 49.1 (42.0 to0 56.2
40.0 (27.4 10 52.8)

45.7 (40.9 to 50.5)

-2.8 (-15.0 t0 9.5)
-6.2 (-18.6 10 6.7)
-10.6 (-26.1 to 4.6)

South-East Asia region
European region

19.0 (11.2 to 27.6)

(
(
(
22.4 (14.5 t0 30.2)
(
14.8 (2.6 t0 26.9)

*Estimates of H. pylori prevalence are derived from previously published meta-analysis, involving studies with sample collection midpoint
years ranging from 1990 to 2022.

TCalculated using Monte Carlo simulations based on uncertainty distributions with 10000 iterations.

ERP, estimated related proportion; H. pylori, Helicobacter pylori; Ul, uncertainty interval.
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Table 3 Estimated global and regional CRC burden related to H. pylori exposure in 2022

Related CRC
H. pylori CRC ASIR New CRC ERP estimate = Related CRC  ASIR (per 100
Estimation of burden prevalence (%) in 2022 (per casesin (%) (mean, 95% cases (mean, 000; mean,
in 2022 (95% CI)* 100 000)} 2022 (n)t unt 95% Ut 95% Ul)t
Global 42.6 (37.2t048.3) 18.4 1926425 22.3 (11.1to 429593 4.1 (2.1t06.1)
33.6) (214755 to
647872)
Sex*
Male 44.2 (26.9t0 58.5) 21.9 1069446 18.7 (7.4 t0 29.7) 199986 (79130 4.1 (1.6 t0 6.5)
to 347655)
Female 441 (21.9t059.5) 15.2 856979 23.5 (9.9 to 36.6) 201390 (84055 3.6 (1.5 t0 5.6)
to 313004)
Diagnostic methods
Serology test 54.6 (47.0t062.2) - — 20.7 (9.3 to 31.8) 398770 3.8(1.7t05.9)
(179158 to
612603)
Non-serology/mixed 38.0 (33.7 to 42.4) - - 23.0 (12.9 to 443078 4.2 (2.4 10 6.0)
test 32.8) (248509 to
631867)
WHO regions
Western Pacific 46.4 (44.5t048.3) 22.1 766180 25.2 (15.4 to 193077 5.6 (3.4t07.7)
region 34.7) (117992 to
265864)
African region 53.3 (42.4t064.2) 8.2 53786 23.8 (15.2 to 12801 (8175to0 2.0 (1.2t02.7)
32.5) 17480)
Region of the 32.8(19.3t0 46.4) 21.0 328680 10.9 (8.4 to0 33.1) 35826 (27609 2.3 (1.8t0 7.0)
Americas to 108793)
Eastern 56.1 (37.3t0 74.9) 8.9 53941 24.8 (149 to 13377 (8037 to 2.2 (1.3 to 3.1)
Mediterranean region 35.0) 18 879)
South-East Asia 39.2 (24.3t054.2) 6.9 148288 18.7 (10.7 to 27730 (15867 1.3 (0.7 to 1.9)
region 27.8) to 41 224)
European region 44.2 (29.51t0 58.9) 28.8 574953 14.2 (2.8 t0 27.0) 81643 (16099 4.1 (0.8t07.8)
to 155237)

*Estimates of H. pylori prevalence are derived from previously published meta-analysis, involving studies with sample collection midpoint

years ranging from 2011 to 2022.
TFrom GLOBOCAN 2022.

FCalculated using Monte Carlo simulations based on uncertainty distributions with 10000 iterations.
ASIR, age-standardised incidence rate; CRC, colorectal cancer; ERP, estimated related proportion; GLOBOCAN, Global Cancer Observatory;

H. pylori, Helicobacter pylori; Ul, uncertainty interval.

The GAM confirmed a significant non-linear association
between H. pyloriprevalence and ERP (edf=2.79, p<0.001)
(figure 3B).

Birth cohort trends in CRC burden related to H. pylori exposure
Based on the limited pseudo-cohort data derived
from GLOBOCAN 2022, H. pylori prevalence showed a
declining gradient across successive pseudo-cohorts, from
the earliest (<1947) to the most recent (1963-1977) group
(figure 4A). In contrast, the exploratory ERP appeared
higher in later-born pseudo-cohorts, rising from 9.5% in
those born before 1947 to 10.2% in 1948-1962and 15.0%
in 1963-1977. Across later pseudo-cohorts, the overall
CRC ASIR showed a more pronounced decline, whereas
the H. pylorivelated CRC ASIR declined more modestly.

In contrast, absolute CRC case counts remained relatively
stable, with a modestly higher burden observed in the
1948-1962 group (figure 4B).

Publication bias and sensitivity analysis

Studies assessing the association between H. pylori
exposure and CRC risk showed no apparent asym-
metry on the funnel plot, indicating low concern
for publication bias (online supplemental figure
13). Egger’s regression test yielded a non-significant
result (p=0.230), with a bias coefficient of 0.3. The
leave-one-out analysis indicated that no single study
had a disproportionate impact on the overall pooled
estimate. Sequential omission of individual studies
yielded pooled ORs ranging from 1.52 to 1.73, with all
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Figure 2 Global burden of CRC related to H. pylori exposure. (A) Global distribution of ERP of CRC related to H. pylori
exposure; (B) Age-standardised incidence rate (per 100000 population) of H. pylori-related CRC. (C) Estimated number of
CRC cases related to H. pylori exposure in 2022. Data of Taiwan (Province of China) was not documented in GLOBOCAN 2022
and was therefore derived from the Taiwan Health Promotion Administration. Given the differences in estimation methodology
compared with GLOBOCAN, these data were not included in the primary analysis but were used for supplementary estimation
and reference purposes only (2022 H. pylori-related ASIR: 10.8; H. pylori-related CRC cases: 2526). The map is based on
standard map no. GS (2016)1666 downloaded from the service website of standard maps. Source: The service website

of standard maps: Map of the World (http://bzdt.ch.mnr.gov.cn/). The map was used only for data visualisation, and no
geographical boundaries or territorial designations imply any expression of opinion by the author. ASIR, age-standardised
incidence rate; CRC, colorectal cancer; ERP, estimated related proportion; GLOBOCAN, Global Cancer Observatory; H. pylori,

Helicobacter pylori; NA, not assessed.

estimates remaining statistically significant (p<0.001)
and in the same direction as the primary analysis.
Altering the number of iterations to 20000 in the
Monte Carlo simulation yielded an ERP of 22.7%
(95% UI 11.6% to 33.6%), with comparable global
estimates for H. pylori-related CRC ASIR (4.2 per 100
000 (95% UI 2.1 to 6.2)). Applying a multivariable-
adjusted pooled OR of 1.53 (95% CI 1.30 to 1.87)
produced a slightly lower ERP of 18.3% (95% Ul
11.4% to 25.2%), corresponding to a global H. pylori-
related ASIR of 3.4 per 100000 (95% UI 2.1 to 4.6).
Similarly, re-estimating ERPs after converting pooled
ORs to RRs using stratum-specific baseline risks
showed minimal changes (<1 percentage point differ-
ence) across global, sex and regional strata. Using
the OR derived from countries without national CRC
screening programmes (OR: 1.82; 95% CI 1.40 to
2.41) resulted in an ERP of 26.5% (95% UI 15.6% to
37.8%) and an ASIR of 4.9 per 100 000 (95% UI 2.9
to 6.9). These estimates, however, are primarily based
on hospital-based studies with limited sample sizes
and should be interpreted with caution.

DISCUSSION
In this risk-attribution modelling study, we estimated
that H. pylori exposure may have contributed to approx-
imately 22.0% of global CRC cases, which is lower than
attribution from other common modifiable factors. This
proportion decreased to 11.9% when risk estimates were
derived from population-based and cohort studies. We
noted regional variations, including a higher burden in
the Western Pacific. Across countries, potential H. pylori-
related CRC burden was higher in settings with lower
overall CRC incidence and increased non-linearly with
rising H. pylori prevalence. We also observed country-level
heterogeneity and an inverse correlation between overall
CRC ASIR and ERP. Across pseudo-cohorts, the corre-
sponding CRC burden related to H. pylori exposure was
higher in later-born groups. Taken together, our findings
provide an integrated view of the magnitude, regional
heterogeneity and birth cohort dynamics of CRC burden
potentially related to H. pylori exposure.

In a nationwide cohort study in the US through 15-year
follow-up, H. pylori eradication was associated with an
absolute risk reduction of 0.23-0.35%, which is on par
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with the 0.15-0.30% absolute risk reduction in fatal
CRC afforded by colonoscopy (colonoscopy yields 0.84—
1.22% absolute reduction in incident CRC).'"” A recent
pragmatic RCT in Changhua County, Taiwan (Province
of China), demonstrated that co-screening for gastric
cancer and CRC with H. pylori stool antigen and faecal
immunochemical testing (FIT) versus FIT alone also
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suggested potential added reduction in CRC incidence.
However, follow-up was short, and treatment uptake
. CL . 43
varied, limiting causal inference.™ Several factors can
bias the observable benefit after eradication. A recent
cluste-RCT* conducted in Linqu County, China, imple-
mented community-based H. pylori screen-and-treat
primarily to prevent gastric cancer, enrolling adults aged
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Figure 4 Birth cohort trends in H. pylori prevalence and H. pylori-related CRC burden. (A) H. pylori prevalence by birth cohort
(<1947, 1948-1962, 1963-1977), acquired from previously published meta-analysis; (B) Overall CRC ASIR and total CRC
cases, together with estimated CRC ASIR and case numbers of CRC related to H. pylori exposure by birth cohort. ASIR, age-
standardised incidence rate; CRC, colorectal cancer; H. pylori, Helicobacter pylori.
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25-54 years and using gastric neoplasia endpoints as the
primary outcomes. CRC was not the primary endpoint,
and the estimated effect on CRC incidence was not signif-
icant (HR: 1.02,95% CI 0.78 to 1.34). This finding should
be interpreted cautiously, as trials designed and powered
for gastric cancer prevention may be underpowered to
detect CRC effects, which may require longer follow-up
given the prolonged adenoma—carcinoma sequence, as
well as require concurrent colonoscopy to detect asymp-
tomatic early-stage CRC; this particular trial also enrolled
a relatively young population. Differences in the timing
of intervention and prevention windows between gastric
cancer and CRC should therefore be considered.** *
Moreover, it is plausible that in many real-world settings,
patients undergoing H. pylori testing or eradication might
have upper gastrointestinal endoscopy and colonoscopy
performed at the same encounter, enabling same-day
detection and removal of colorectal polyps.*® Such proce-
dural overlap may contribute to a positive association
between H. pylori exposure and CRC.

The Western Pacific region demonstrated the highest
estimated H. pylorirelated CRC burden. This finding may
reflect multiple factors, including high background prev-
alence of H. pylori infection (such as China, Mongolia
and Vietnam),” * limited population-wide eradica-
tion programmes,” as well as rising CRC incidence
due to rapid urbanisation,” dietary shifts® and ageing
demographics. By contrast, despite similarly high H.
pylori prevalence levels in the African, South-East Asian
and Eastern Mediterranean regions, the related CRC
burden was comparatively lower. Indeed, there is a well-
documented epidemiological observation known as the
‘African enigma™' and the ‘Indian enigma’,”® which
describes the paradoxical phenomenon where popula-
tions exhibit high H. pylori prevalence but low rates of H.
pylorirelated gastric cancer. Understanding the complex
interactions among host genetics, H. pylori genetics and
environmental factors that may plausibly contribute to
the observed trend is beyond the scope of this work, but
should motivate future research. Notably, we did not
observe differences in the H. pylori-CRC association by
national CRC screening programme status, suggesting
that screening intensity alone might not account for the
regional profile. The relative contribution of H. pylori in
these regions may be diluted by competing behavioural
risks (eg, diet, sedentary lifestyle, obesity, alcohol), which
are more prominent risk factors for CRC in Western
countries.” ™

The rise in CRC incidence is partly driven by ‘contem-
porary’ risk factors, such as dietary changes (eg, high-fat,
low-fibre diets), increasing rates of unhealthy living
habits and enhanced screening efforts that improve
detection, which may dilute the relative impact of
H. pylori. Indeed, across successive pseudo-birth cohorts,
H. pylori prevalence declined markedly, yet the ERP for
CRC increased, rising from 9.5% to 15.0%. This discor-
dance might reflect a latency effect, whereby the carcino-
genic consequences of early-life infection manifestdecades

later, combined with reduced competing mortality and
improved longevity that allow individuals to reach ages at
which CRC typically develops.” This latency effect is also
consistently observed for gastric cancer.

In our subgroup analyses, ERP point estimates were
slightly higher when H. pylori exposure was defined
using non-serology or mixed modalities compared with
serology-only definitions, but Uls overlapped. Non-
serology tests capture current or active infection, which
may indicate a longer duration of infection, whereas
serology also includes individuals with prior but not
current infection (eg, eradicated). Non-concordance
between seroprevalence and active infection might be
amplified in settings undergoing rapid epidemiolog-
ical transition (eg, countries with rapid socio-economic
development), in countries with organised endoscopic
screening for gastric cancer (eg, Japan, Korea) and/
or with population-level ‘screen-and-treat’ strategies, as
recommended by the International Agency for Research
on Cancer (IARC)/WHO, with concurrent high
H. pylori eradication treatment uptake. Accordingly,
serology-based prevalence may overestimate the prev-
alence of current infection. Diagnostic modality may
also be a proxy for healthcare setting and study context,
and contribute to residual confounding or selection
bias that influence observed effect sizes. It is also rele-
vant to acknowledge that studies of the PAF of gastric
cancer related to H. pylori include both serological and
non-serological diagnostic modalities, given that prior
exposure is still associated with increased cancer risk. All
points considered, we did not observe statistically signifi-
cant differences in our estimates based on detailed anal-
ysis according to diagnostic modality (non-serology or
mixed vs serology; invasive vs non-invasive).” *®

This study has several strengths. First, it is compre-
hensive synthesis to date quantifying the global
and regional burden of CRC potentially related to
H. pylori exposure, incorporating data from studies glob-
ally and the latest GLOBOCAN data. The inclusion of
diverse study designs, populations and detection methods
enhances the generalisability of our findings. Second, we
applied robust statistical methods, such as Monte Carlo
simulation, to jointly account for uncertainty in both
exposure prevalence and RR estimates, thereby gener-
ating more reliable estimates of attributable fractions;
it is acknowledged, though, that this also has the conse-
quence of inflating uncertainty when study numbers are
limited, as in some of our sensitivity analyses. A recent
policy-focused analysis by Mulder et al suggested that
approximately 18% of CRC burden might be related to
H. pylori exposure when considering outcomes beyond
gastric cancer alone.”” While broadly consistent in magni-
tude, that estimate was derived from a single previously
published pooled association and did not incorporate
stratification by region, sex or diagnostic modality, and
did not consider study quality as we did here to further
assess the robustness of the estimates and reasons for
heterogeneity. Third, we conducted multiple subgroup
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and sensitivity analyses to assess the robustness of our
estimates.

Nevertheless, the limitations need to be acknowledged.
First, the ERP estimates are structurally sensitive to the
assumed prevalence and pooled RR, which may lead to
overestimation or underestimation of the H. pylorirelated
burden; however, this limitation is not unique to H.
pylori and applies to other CRC risk factors as well. Data
gaps exist for specific areas in the relationship between
H. pylori and CRC risk. For instance, in the African and
Southeast Asia regions, we used average values derived
from broader WHO regions or global estimates, which
may introduce bias and reduce the specificity of country-
level estimates.

Second, our comprehensive subgroup analyses and
meta-regressions were able to explain only a modest
proportion of the observed heterogeneity (6.8%).”%"
The potential sources of residual heterogeneity might
originate from exposure assessment variability, CRC
ascertainment, study population risk and follow-up dura-
tion across the individual studies, which we cannot fully
address in this meta-analysis. In addition, overall hetero-
geneity and pooled risk estimates were largely influ-
enced by the Region of the Americas, which contributed
the majority of participants despite a limited number
of studies, and by the predominant use of serological
assays for H. pylori diagnosis. Moreover, the evidence
base underlying the pooled risk estimates is dominated
by case-control and cross-sectional studies (n=38), with
comparatively fewer prospective cohorts (n=5). Hospital-
based designs may be more susceptible to selection
bias and differential healthcare-seeking and testing
patterns than population-based samples, which could
partly contribute to the stronger associations observed
in some settings and to residual confounding. Accord-
ingly, we also conducted sensitivity analyses restricted to
high-quality population-based and cohort studies (n=14)
and observed a lower ERP, which provides a conserva-
tive lower bound. It should be emphasised, though, that
interpretation of the UI is limited for this sensitivity
analysis, since the wide interval is a primary statistical
consequence of the modelling approach propagating
uncertainty based on the lesser number of studies versus
the primary analysis. Our birth-cohortrelated findings,
derived from cross-sectional age-specific data in GLOB-
OCAN 2022, should therefore be interpreted as pseudo-
cohort patterns rather than evidence from longitudinal
follow-up. This pragmatic approach was adopted because
harmonised, age-specific CRC incidence series using
comparable methods with coverage across multiple
historical years are not consistently available at the
global scale. Accordingly, the 2022 estimates provide
a standardised snapshot of age patterns rather than
the full life-course burden across birth cohorts. These
results may be affected by survivor bias, period-specific
screening intensity and other unmeasured confounders
and should therefore be viewed distinctly as exploratory
and hypothesis-generating.

Third, evidence directly evaluating H. pylori eradi-
cation and subsequent CRC risk remains sparse and
largely observational. Existing eradication studies are
often limited by short follow-up durations and potential
confounding factors, such as variations in endoscopy
indications, antibiotic exposure, concomitant colonos-
copy with upper endoscopy and disparities in healthcare
access, all of which may influence the apparent associa-
tion between H. pylori exposure and CRC. Therefore, our
findings should be interpreted as hypothesis-generating,
and further prospective and interventional studies are
needed.

Regarding the public health implications, population-
level H. pylori control may help prevent gastric cancer and,
if the link with CRC is causal, could reduce CRC burden
in high-prevalence areas. However, success depends on
local epidemiology, healthcare capacity and integration
with existing CRC screening. As with primary gastric
cancer prevention, large-scale H. pylori eradication raises
concerns about antibiotic stewardship and resistance,
treatment side effects and population versus individual
CRC risk modulation, which also considers the latency
effect of H. pylori eradication on cancer. Therefore,
H. pylori control should be implemented based on local
context, prioritising high-prevalence, resource-limited
settings. Prospective studies and trials with predefined
CRC outcomes are needed to confirm benefits and guide
integration into current cancer prevention programmes.

CONCLUSION

H. pylori exposure may be related to an estimated 22.0%
of global CRC cases under a causal assumption, with
regional, sex and birth cohort variability. These findings
may inform primary CRC prevention strategies, particu-
larly in regions with high H. pylori prevalence and limited
resources. However, high-quality, prospective studies with
long-term follow-up are warranted to clarify whether
H. pylori eradication causally reduces CRC risk.
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