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Abstract

Background: Helicobacter pylori infection is recognized as a Group I carcinogen and a pri-
mary driver of the gastric precancerous cascade. Andean populations in Peru experience
disproportionately high rates of gastric cancer, yet data characterizing the association
between H. pylori colonization and intestinal metaplasia remain limited in this setting.
Methods: A cross-sectional analytical study was conducted among 169 patients under-
going upper gastrointestinal endoscopy at Hospital II EsSalud Abancay, Apurímac, Peru,
between January and August 2025. Histopathological assessment determined H. pylori
status, colonization intensity (negative, +, ++, +++) and intestinal metaplasia presence using
the Updated Sydney System. Binary logistic regression estimated adjusted odds ratios
(aORs) with 95% confidence intervals. Results: H. pylori infection was detected in 71 pa-
tients (42.0%), and intestinal metaplasia was present in 78 (46.2%). A dose–response pattern
was observed: metaplasia prevalence increased from 18.4% in uninfected patients to 70.0%,
87.0%, and 92.9% across increasing colonization intensities (Cochran–Armitage p < 0.001).
In multivariable analysis, colonization intensity (aOR = 10.19; 95% CI: 4.38–23.71), smoking
(aOR = 11.70; 95% CI: 1.98–69.03), and alcohol consumption (aOR = 6.32; 95% CI: 1.74–22.95)
remained independently associated with metaplasia. The primary binary logistic regres-
sion model demonstrated excellent discrimination (AUC = 0.921). Conclusions: H. pylori
colonization intensity is strongly associated with intestinal metaplasia in this Andean
population, with a clear dose–response gradient. These findings support prioritizing H.
pylori screening and eradication strategies for gastric cancer prevention in highland Peru.

Keywords: Helicobacter pylori; precancerous conditions; stomach neoplasms; dose–response
relationship; risk factors; alcohol drinking

1. Introduction
Gastric cancer remains a major global health burden, ranking as the fifth-most common

malignancy and the fourth leading cause of cancer-related mortality worldwide, responsible
for approximately 668,000 deaths annually [1,2]. The International Agency for Research on
Cancer has classified Helicobacter pylori as a Group I carcinogen, recognizing its fundamental
role in gastric carcinogenesis [3]. The distribution of this disease is notably uneven, with
particularly elevated incidence and mortality rates observed across Latin America, with
approximately 97,000 deaths annually across the region [4]. Within Peru, highland regions
exhibit some of the highest gastric cancer rates in the Americas, a pattern that has persisted
for decades despite advances in diagnosis and treatment [5]. The prevalence of H. pylori
infection in Peruvian populations is among the highest globally, ranging from 70% to
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90% in urban and rural settings, with indigenous Andean communities demonstrating
near-universal infection rates [6,7]. This geographic disparity suggests that regional factors,
whether environmental, infectious, or genetic, may contribute to the heightened risk
observed in Andean populations.

The pathogenesis of gastric adenocarcinoma of the intestinal type follows the well-
characterized Correa cascade, progressing sequentially from chronic non-atrophic gastritis
through atrophic gastritis, intestinal metaplasia, dysplasia, and ultimately invasive carci-
noma [8,9]. Within this multistep model, intestinal metaplasia represents a critical inflection
point where reversibility diminishes substantially and malignant transformation risk in-
creases significantly [10]. The annual progression rate from intestinal metaplasia to gastric
cancer has been estimated at 0.0121 per 100 person-years, with incomplete metaplasia
subtypes conferring a markedly elevated risk compared to complete metaplasia [11,12].
Furthermore, a dose–response relationship between H. pylori colonization density and his-
tological severity has been documented, whereby higher bacterial burden correlates with
more extensive mucosal damage and accelerated progression through the precancerous
cascade [13,14].

H. pylori exhibits remarkable genomic diversity, which substantially modulates its
pathogenic potential and clinical outcomes [15]. This bacterium possesses several well-
characterized virulence factors that contribute to gastric epithelial damage and influence
progression through the precancerous cascade. The cytotoxin-associated gene A (cagA),
located within the cag pathogenicity island (cag PAI), encodes an immunodominant onco-
protein that is translocated into host gastric epithelial cells via a bacterial type IV secretion
system [16]. Following intracellular delivery, CagA undergoes tyrosine phosphorylation
at specific EPIYA motifs and interacts with multiple host signaling molecules, including
SHP-2 phosphatase, thereby disrupting cellular proliferation, polarity, and intercellular ad-
hesion [17]. The CagA protein has been demonstrated to upregulate β-catenin-dependent
cdx1 transcription and intestinal-differentiation markers such as MUC2, both of which are
characteristic of gastric intestinal metaplasia [18].

The vacuolating cytotoxin A (vacA) gene exhibits significant allelic diversity, with
polymorphisms in the signal (s1/s2), middle (m1/m2), and intermediate (i1/i2) regions
determining cytotoxic activity [15]. Strains harboring the vacA s1m1 genotype demonstrate
enhanced vacuolating activity and are associated with more severe mucosal inflammation,
epithelial damage, gastric atrophy, and intestinal metaplasia compared to s2m2 variants [19].
Additional virulence determinants, including the blood group antigen-binding adhesin
BabA2, outer inflammatory protein OipA, and duodenal ulcer-promoting gene DupA,
further modulate host–pathogen interactions and disease outcomes [15,20]. The interplay
between these virulence factors and host immune responses creates a complex pathogenic
milieu that determines whether infection results in asymptomatic carriage, peptic ulceration,
or neoplastic progression. Notably, the geographic distribution of virulent genotypes varies
considerably, with cagA-positive and vacA s1m1 strains predominating in East Asian and
Latin American populations characterized by elevated gastric cancer burden [21–24].

Despite substantial advances in understanding H. pylori-associated gastric pathology,
significant knowledge gaps persist regarding disease dynamics in Andean populations.
The “altitude enigma” describes the paradoxical concentration of gastric cancer burden
in mountainous regions of Pacific Latin America, suggesting that factors beyond infec-
tion prevalence alone modulate carcinogenic risk [25,26]. Recent evidence indicates that
disrupted host–H. pylori coevolution, wherein European-lineage bacterial strains infect
hosts with predominantly Amerindian genetic ancestry, may contribute to the exceptional
disease burden observed in highland populations [27,28]. The Apurímac region of Peru,
situated at 2378 m altitude with socioeconomically disadvantaged communities, presents a
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unique epidemiological context requiring locally derived evidence to inform prevention
strategies [5,29].

The present study was therefore designed to address three objectives. First, to de-
termine the prevalence of H. pylori infection and intestinal metaplasia among patients
undergoing upper gastrointestinal endoscopy at a regional hospital in the Peruvian high-
lands. Second, to evaluate whether a dose–response relationship exists between colo-
nization intensity and metaplasia. Third, to identify sociodemographic and behavioral
factors independently associate with metaplasia after adjustment for colonization status.
These findings are intended to inform gastric cancer prevention strategies tailored to this
vulnerable population.

2. Materials and Methods
2.1. Study Design and Setting

A cross-sectional analytical study was conducted at Hospital II EsSalud Abancay, a
secondary referral center located in the Apurímac region of the Peruvian Andes at an
altitude of 2378 m above sea level. This facility serves as the primary gastroenterology
reference center for the region, attending patients from predominantly rural, Quechua-
speaking communities. Data collection occurred between January and August 2025. The
study followed the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines for cross-sectional studies.

2.2. Study Population

The source population comprised 300 adult patients who underwent upper gastroin-
testinal endoscopy with gastric biopsy during the study period. Sample size was calculated
using the standard formula for estimating a proportion in a finite population:

n =
N × Z2 × p × (1 − p)

d2 × (N − 1) + Z2 × p × (1 − p)

where N = 300 (source population), Z = 1.96 (95% confidence), d = 0.05 (margin of error),
and p = 0.50 (expected prevalence).

The use of 50% expected prevalence was adopted because no prior local data existed
on intestinal metaplasia prevalence in the Apurímac region of Peru; this conservative
assumption maximizes the variance term p(1 − p) = 0.25, yielding the largest required
sample size for any true prevalence value [30–32]. Based on these parameters, the minimum
required sample size was 169 participants.

Inclusion criteria were (1) age of 18–80 years old; (2) clinical indication for upper
endoscopy; (3) availability of histopathological results from gastric biopsy; and (4) complete
medical records. Exclusion criteria included the following: (1) prior H. pylori eradication
therapy; (2) history of gastric surgery; (3) confirmed gastric malignancy; (4) use of proton
pump inhibitors, antibiotics, or bismuth compounds within 4 weeks prior to endoscopy;
and (5) incomplete or illegible clinical documentation. Consecutive patients meeting
eligibility criteria were enrolled using simple random sampling from the gastroenterology
service registry.

Gastric biopsies were obtained exclusively from the antral mucosa during upper gas-
trointestinal endoscopy. Two biopsy specimens were collected from the gastric antrum
(lesser and greater curvature) following the Updated Sydney System protocol [33,34]. The
antrum was selected as the target sampling site based on established evidence that this
region represents the preferential site for H. pylori colonization and the initial development
of intestinal metaplasia in the context of antral-predominant gastritis, which character-
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izes most of the H. pylori-associated pathology in high-prevalence populations [35,36]
(Figure S1).

2.3. Variables and Measurements

The primary outcome was intestinal metaplasia, defined as presence or absence based
on histopathological examination. A secondary outcome classified the metaplasia subtype
as absent, complete, or incomplete. The main predictor variable was H. pylori colonization
intensity, measured as an ordinal variable with four categories: negative (0), mild (+),
moderate (++), and severe (+++).

Covariates included sociodemographic and lifestyle factors extracted from medical
records: age (continuous, years), sex (male/female). Family history of cancer was recorded
as the presence of any malignancy in first-degree relatives (parents, siblings, or children) as
documented in the patient’s medical record. This variable was captured dichotomously
(yes/no) without specification of cancer type or anatomical site, reflecting the manner
in which family history data were routinely collected in clinical documentation at the
institution. Current smoking status (yes/no) and alcohol consumption (yes/no) were also
included. All variables were operationalized according to standardized definitions prior to
data extraction.

2.4. Histopathological Evaluation

Gastric biopsies were obtained during upper endoscopy following the Updated Syd-
ney System protocol, with specimens collected from standardized anatomical sites includ-
ing antrum and corpus. Tissue samples were fixed in 10% buffered formalin, processed
using standard techniques, and stained with hematoxylin–eosin for morphological assess-
ment and Giemsa for H. pylori identification.

H. pylori colonization density was graded semi-quantitatively according to Sydney
System criteria: negative (no organisms identified), mild (+; scattered organisms), moderate
(++; clusters of organisms in multiple high-power fields), and severe (+++; confluent
dense colonies). H. pylori colonization density was graded semi-quantitatively according
to the Updated Sydney System criteria as described by Dixon et al. [33] and standardized
by Stolte and Meining [34]. Using the combination of hematoxylin–eosin (H&E) and
modified Giemsa staining, colonization intensity was classified into four categories based
on examination at 400× magnification:

• Negative (Grade 0): No organisms identified after examination of all available tissue
• Mild (+; Grade 1): Scattered organisms, difficult to find, requiring careful searching

across multiple high-power fields
• Moderate (++; Grade 2): Organisms readily identifiable, dispersed in several areas,

with small clusters on surface epithelium
• Severe (+++; Grade 3): Large clusters or confluent layers of organisms covering

extensive portions of the mucosal surface and within gastric pits

These grading criteria correspond to the visual analog scale anchors provided in the
Updated Sydney System, which has demonstrated acceptable interobserver reproducibility
in validation studies [33,34]. Representative histopathological images illustrating each
colonization grade are provided in Supplementary Figure S2.

Intestinal metaplasia was classified histologically as complete (type I), characterized
by absorptive enterocytes with brush border and goblet cells secreting sialomucins, or in-
complete (types II/III), featuring intermediate or colonic-type epithelium with sulfomucin-
secreting goblet cells. All histopathological evaluations were performed by experienced
pathologists blinded to clinical and endoscopic findings (Supplementary Figure S2).
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Intestinal metaplasia subtype classification was based on morphological criteria us-
ing H&E staining, following established histological patterns [37]. Complete (type I)
intestinal metaplasia was identified by the presence of mature absorptive enterocytes with
well-defined brush border and Paneth cells at the crypt base, in addition to goblet cells. In-
complete intestinal metaplasia (types II/III) was characterized by the presence of irregular
goblet cells distributed throughout the epithelium, absence of Paneth cells, lack of mature
absorptive cells, and distorted glandular architecture with intermediate features between
gastric and colonic epithelium.

All histopathological assessments were performed by a single board-certified patholo-
gist with more than 15 years of experience in gastrointestinal pathology, who was blinded
to clinical and endoscopic findings at the time of microscopic evaluation. Standardized
Updated Sydney System criteria were applied to minimize subjectivity in grading.

2.5. Statistical Analysis

Descriptive statistics were calculated for all variables. Continuous variables were
expressed as mean (standard deviation) or median [interquartile range] according to distri-
bution normality assessed by the Shapiro–Wilk test. Categorical variables were presented
as absolute frequencies and percentages.

Bivariate associations between H. pylori status and intestinal metaplasia were evaluated
using Pearson’s chi-square test. Crude odds ratios (ORs) with 95% confidence intervals
(CIs) were calculated for each potential risk factor. The dose–response relationship between
colonization intensity and metaplasia prevalence was assessed using the Cochran–Armitage
test for trend.

The primary analysis employed binary logistic regression with intestinal metaplasia
(present vs. absent) as the outcome. The full model included colonization intensity (coded
0–3), sex, age, family history, smoking, and alcohol consumption. Model selection was
performed using backward elimination based on Bayesian Information Criterion (BIC). A
parsimonious model retained only variables with p < 0.05 in the primary model.

As a secondary exploratory analysis, multinomial logistic regression was conducted
with metaplasia subtype (absent/complete/incomplete) as the outcome. Given the low
events per variable (EPV = 3.5) for the incomplete metaplasia category, these results are
reported with appropriate caution regarding precision and stability of estimates.

As a sensitivity analysis, Firth’s penalized likelihood regression was applied to address
potential bias from quasi-complete separation observed in the data (e.g., zero cases of
complete metaplasia among patients with + colonization intensity). This method adds
a penalty term to the likelihood function that reduces small-sample bias in maximum
likelihood estimates. For the multinomial subtype analysis, separate penalized binary
logistic regressions were fitted for each comparison (complete vs. absent and incomplete
vs. absent), as recommended when standard multinomial models cannot accommodate
Firth’s correction [38].

Pre-model assumptions were verified: linearity in the logit was assessed using the
Box–Tidwell test, and multicollinearity was evaluated using variance inflation factors
(VIFs), with values < 5 considered acceptable. Model fit was assessed using the Hosmer–
Lemeshow goodness-of-fit test and discrimination was quantified by the area under the
receiver operating characteristic curve (AUC). Influential observations were identified
using Cook’s distance, and sensitivity analyses excluding outliers were performed to assess
estimate stability.

Post hoc statistical power was calculated based on observed effect sizes. All analyses
were conducted using R software version 4.5.2 (R Foundation for Statistical Computing,
Vienna, Austria). A two-sided p-value < 0.05 was considered statistically significant.
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2.6. Ethical Considerations

This study was approved by the Institutional Committee of Ethics and Scientific
Integrity of Universidad Privada Norbert Wiener (Protocol No. 1324-202, approved on
10 September 2025) prior to data collection. Given the retrospective nature of the study
utilizing de-identified medical records, a waiver of individual informed consent was
granted by the ethics committee.

Patient confidentiality was rigorously maintained throughout the study. All partici-
pants were assigned unique alphanumeric codes, and personal identifiers were removed
from the dataset prior to analysis. Data were stored securely in password-protected files
with access restricted exclusively to the study investigators. Participant selection followed
principles of equity, ensuring fair inclusion without discrimination or exploitation.

The research was conducted in accordance with the Declaration of Helsinki and
applicable Peruvian regulations governing human subject research. Scientific integrity was
upheld through rigorous data collection and analysis procedures, ensuring that all findings
accurately reflect the observed data.

3. Results
3.1. Participant Characteristics

A total of 169 patients met the inclusion criteria and were enrolled in the study. The
mean age was 55.9 years (SD = 9.9), with 49.7% males. H. pylori infection was detected in
71 patients (42.0%), while 98 (58.0%) were negative. Table 1 presents baseline characteristics
stratified by H. pylori status. Patients with H. pylori infection showed significantly higher
rates of smoking (52.1% vs. 8.2%, p < 0.001) and alcohol consumption (69.0% vs. 30.6%,
p < 0.001) compared to H. pylori-negative individuals. Male sex was more prevalent among
H. pylori-positive patients (63.4% vs. 39.8%, p = 0.003). No significant differences were
observed in age (p = 0.217) or family history of gastric cancer (p = 0.132) between groups.

Table 1. Baseline characteristics of the study population (n = 169).

Characteristic Overall (n = 169) 1 H. pylori Negative
(n = 98) 1

H. pylori Positive
(n = 71) 1 p-Value 2

Age, years 55.6 (9.9) 57.6 (9.7) 52.9 (8.8) 0.001
Male sex <0.001
Female 85 (50.3%) 62 (63.3%) 23 (32.4%)
Male 84 (49.7%) 36 (36.7%) 48 (67.6%)

Family history of cancer 59 (34.9%) 37 (37.8%) 22 (31.0%) 0.455
Current or former smoking 45 (26.6%) 21 (21.4%) 24 (33.8%) 0.105
Alcohol consumption 79 (46.7%) 50 (51.0%) 29 (40.8%) 0.249

1 Mean (SD); n (%); 2 Wilcoxon rank sum test; Pearson’s chi-squared test.

Regarding H. pylori status, 71 patients (42.0%) tested positive on histopathological
examination, while 98 (58.0%) were negative. Among H. pylori-positive cases, colonization
intensity was graded as mild (+) in 20 patients (11.8%), moderate (++) in 23 patients (13.6%),
and severe (+++) in 28 patients (16.6%).

Intestinal metaplasia was identified in 78 patients (46.2%), while 91 patients (53.8%)
had no metaplastic changes. Among those with metaplasia, 57 (33.7% of total) had complete
metaplasia (type I) and 21 (12.4% of total) had incomplete metaplasia (types II/III).

Established risk factors were prevalent in this population: 59 patients (34.9%) reported
a family history of cancer, 45 (26.6%) were current or former smokers, and 79 (46.7%)
reported alcohol consumption. The complete demographic and clinical characteristics of
the study population are presented in Table 1.
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3.2. Bivariate Associations

Bivariate analysis revealed strong associations between H. pylori infection and the
presence of intestinal metaplasia (Table 2). Binary H. pylori status was profoundly associated
with metaplasia, with infected patients demonstrating 24.24-fold higher odds of metaplasia
compared to uninfected patients (OR = 24.24; 95% CI: 10.66–55.12; p < 0.001). Similarly,
when analyzed as an ordinal variable, each incremental increase in colonization intensity
level was associated with a 4.90-fold increase in odds of metaplasia (OR = 4.90; 95% CI:
3.17–8.30; p < 0.001).

Table 2. Bivariate associations between potential risk factors and intestinal metaplasia (n = 169).

Variable OR 95% CI p-Value

H. pylori (Positive vs. Negative) 24.24 10.66–55.12 <0.001 *
Colonization intensity (per level) 4.90 3.17–8.30 <0.001 *

Age (per year) 0.98 0.949–1.011 0.203
Sex (Male vs. Female) 2.44 1.31–4.54 0.004 *

Family history (Yes vs. No) 2.53 1.32–4.85 0.005 *
Smoking (Yes vs. No) 3.63 1.75–7.51 <0.001 *

Alcohol consumption (Yes vs. No) 2.80 1.50–5.22 0.001 *
OR: odds ratio; CI: confidence interval. * statistically significant at p < 0.05. Colonization intensity coded
as ordinal (0 = negative, 1 = +, 2 = ++, 3 = +++) OR for colonization intensity represents odds increase per
one-level increment.

Among sociodemographic factors, male sex was significantly associated with meta-
plasia (OR = 2.44; 95% CI: 1.31–4.54; p = 0.004). A positive family history of cancer also
conferred elevated risk (OR = 2.53; 95% CI: 1.32–4.85; p = 0.005). Lifestyle factors demon-
strated notable associations: smoking was strongly associated with metaplasia (OR = 3.63;
95% CI: 1.75–7.51; p < 0.001), as was alcohol consumption (OR = 2.80; 95% CI: 1.50–5.22;
p = 0.001).

Notably, age as a continuous variable did not demonstrate a significant association
with metaplasia in bivariate analysis (OR = 0.98; 95% CI: 0.949–1.011; p = 0.203), suggesting
that within this population age range, infection status and lifestyle factors may be more
influential determinants.

3.3. Sex-Stratified Analysis

Intestinal metaplasia prevalence differed significantly by sex, with higher rates ob-
served in males (57.1%, 48/84) compared to females (35.3%, 30/85; crude OR = 2.44, 95%
CI: 1.31–4.54, p = 0.004). This difference was consistent across age strata: in patients aged
<50 years, metaplasia prevalence was 47.8% in males vs. 22.7% in females; in those aged
50–59 years, 61.3% vs. 37.0%; and in those ≥60 years, 61.3% vs. 48.0% (Figure S3).

Sex differences in lifestyle factors were marked. Smoking prevalence was substantially
higher among males (45.2%) than females (8.2%, p < 0.001), as was alcohol consumption
(67.9% vs. 25.9%, p < 0.001). H. pylori positivity also differed by sex (52.4% in males vs. 31.8%
in females, p = 0.006). These differences in exposure profiles likely explain the attenuation
of sex as an independent predictor in the adjusted model (aOR = 0.22, 95% CI: 0.04–1.20,
p = 0.081), suggesting that the crude association between male sex and metaplasia is largely
mediated through lifestyle-related confounders.

Formal interaction analysis between sex and colonization intensity was not performed
due to limited statistical power with the observed number of events in each subgroup
(30 in females, 48 in males). The stratified dose–response relationship appeared consistent
in direction for both sexes, though sample sizes preclude definitive conclusions about
effect modification.
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3.4. Dose–Response Relationship

A striking dose–response relationship was observed between H. pylori colonization
intensity and metaplasia prevalence (Table 3, Figure 1). Among patients without H. pylori
infection (negative), only 18.4% (18/98) had metaplasia. This prevalence increased sharply
with increasing colonization intensity: 70.0% (14/20) in the mild (+) colonization group,
87.0% (20/23) in the moderate (++) colonization group, and 92.9% (26/28) in the severe
(+++) colonization group.

Table 3. Dose–response relationship between H. pylori colonization intensity and intestinal metaplasia
prevalence.

Colonization Intensity Total (n) Metaplasia (n) Prevalence (%)

Negative 98 18 18.4
+ (Mild) 20 14 70.0

++ (Moderate) 23 20 87.0
+++ (Severe) 28 26 92.9

Cochran–Armitage test for trend: χ2 = 68.67, p < 0.001.

Figure 1. Dose–response relationship between H. pylori colonization intensity and intestinal meta-
plasia prevalence. Metaplasia prevalence increased progressively from 18.4% in H. pylori-negative
patients to 70.0%, 87.0%, and 92.9% in patients with mild (+), moderate (++), and severe (+++)
colonization, respectively. The Cochran–Armitage test for trend: χ2 = 68.67, p < 0.001.

The Cochran–Armitage test for trend confirmed that this progressive increase in
metaplasia prevalence across colonization intensity categories was statistically significant
(χ2 = 68.67; p < 0.001). This robust dose–response gradient strongly supports a causal
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relationship between bacterial colonization burden and the development of intestinal
metaplasia, consistent with the chronic inflammatory cascade proposed by Correa [8].

3.5. Multivariate Analysis (Primary Model—Binary Logistic Regression)

To identify independent predictors of intestinal metaplasia while controlling for poten-
tial confounders, we constructed a multiple logistic regression model including colonization
intensity as the primary exposure variable, along with sex, age, family history of cancer,
smoking, and alcohol consumption as covariates. The primary binary logistic regression
model included 169 patients with 78 events (metaplasia present), yielding an adequate
events-per-variable ratio (EPV = 13) (Table 4, Figure 2).

Table 4. Multivariate binary logistic regression analysis: independent predictors of intestinal meta-
plasia (n = 169).

Variable aOR 95% CI p-Value Sig.

Colonization intensity (per level) 10.19 4.38–23.71 <0.001 *
Sex (Male) 0.22 0.04–1.20 0.081

Age (per year) 1.00 0.96–1.05 0.839
Family history (Yes) 1.18 0.36–3.86 0.778

Smoking (Yes) 11.70 1.98–69.03 0.007 *
Alcohol consumption (Yes) 6.32 1.74–22.95 0.005 *

aOR: adjusted odds ratio; CI: confidence interval; Sig.: statistical significance. * p < 0.05. Model information:
outcome = metaplasia (present vs. absent); events = 78; AUC = 0.921; BIC = 157.46; Hosmer–Lemeshow p = 0.21.

After adjustment for all covariates, three factors remained independently and signifi-
cantly associated with intestinal metaplasia. H. pylori colonization intensity demonstrated
the strongest association, with each incremental increase in colonization level associated
with a 10.19-fold increase in the odds of metaplasia (aOR = 10.19; 95% CI: 4.38–23.71;
p < 0.001). Smoking was independently associated with an 11.70-fold increase in odds
(aOR = 11.70; 95% CI: 1.98–69.03; p = 0.007). Alcohol consumption conferred a 6.32-fold
increase in odds of metaplasia (aOR = 6.32; 95% CI: 1.74–22.95; p = 0.005).

Notably, several factors that demonstrated significant bivariate associations lost statis-
tical significance after multivariate adjustment. Male sex, which showed a crude OR of 2.44,
was no longer significant in the adjusted model (aOR = 0.22; 95% CI: 0.04–1.20; p = 0.081).
Age remained non-significant (aOR = 1.00; 95% CI: 0.96–1.05; p = 0.839), and family history
of cancer also lost significance (aOR = 1.18; 95% CI: 0.36–3.86; p = 0.778). This attenuation
suggests that the apparent associations observed in bivariate analysis were confounded by
the strong effects of colonization intensity and lifestyle factors.

Events per variable (EPV) is a critical metric for assessing the reliability of logistic
regression estimates, calculated as the number of outcome events in the smallest category
divided by the number of predictors in the model [39]. For the binary primary model, EPV
was 13.0 (78 events/6 predictors), exceeding the conventional threshold of 10 required for
stable coefficient estimation. However, for the multinomial model analyzing metaplasia
subtypes, the EPV differed substantially between categories: 9.5 for complete metaplasia
(57 events/six predictors) and 3.5 for incomplete metaplasia (21 events/six predictors).

The low EPV for the incomplete metaplasia category carries important implications
for result interpretation. Simulation studies have demonstrated that EPV below 10 can lead
to (1) biased regression coefficients, typically with inflation of effect estimates; (2) inflated
standard errors and unreliable confidence intervals; (3) failure of the Wald test and likeli-
hood ratio test maintaining nominal Type I error rates; and (4) poor model convergence,
particularly in the presence of sparse data patterns [39,40].
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Figure 2. Forest plot depicting adjusted odds ratios and 95% confidence intervals from the pri-
mary multivariate binary logistic regression model. Colonization intensity (aOR = 10.19), smoking
(aOR = 11.70), and alcohol consumption (aOR = 6.32) emerged as independent predictors of intestinal
metaplasia. Sex, age, and family history were not statistically significant after adjustment. Hori-
zontal lines represent 95% confidence intervals; squares represent point estimates, with square size
proportional to statistical weight. aOR, adjusted odds ratio; CI, confidence interval.

These limitations are evident in our multinomial results. The confidence interval for
alcohol consumption in the complete metaplasia comparison spanned nearly two orders of
magnitude (OR = 65.27; 95% CI: 7.28–585.07), reflecting substantial uncertainty in the point
estimate. Similarly, the OR for smoking in complete metaplasia (11.80; 95% CI: 1.37–101.85)
exhibited wide confidence bounds characteristic of sparse data. These patterns confirm that
the multinomial subtype analysis should be interpreted as hypothesis-generating rather
than confirmatory, with validation required in larger cohorts before definitive conclusions
can be drawn about differential risk factor associations by metaplasia subtype.

Firth’s penalized regression was applied as sensitivity analysis to assess the impact of
sparse data patterns on model estimates. For the primary binary model, Firth-corrected OR
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estimates showed changes ranging from 0% to 23% compared to standard ML estimates,
with the largest changes observed for colonization intensity (−21.6%), smoking (−22.2%),
and sex (+23.1%). Importantly, the direction and statistical significance of all associations
remained unchanged, supporting the robustness of the main findings. For the complete
metaplasia subtype, the standard ML model showed evidence of quasi-complete separation
(extremely large OR estimates for colonization intensity and alcohol consumption), which
was substantially corrected by Firth’s penalization. For incomplete metaplasia (EPV = 3.5),
the penalized estimates demonstrated greater divergence from ML estimates (up to 41%
change for smoking), supporting the interpretation of this subtype analysis as exploratory
(Supplementary Table S1).

3.6. Metaplasia Subtype Analysis

To explore differential associations with metaplasia subtypes, a multinomial logistic
regression model was constructed with metaplasia subtype (absent/complete/incomplete)
as the outcome variable. This analysis should be interpreted as exploratory due to limited
events per variable, particularly for the incomplete metaplasia category (EPV = 3.5, below
the recommended minimum of 10).

For complete metaplasia versus absent (n = 57 events), colonization intensity demon-
strated an exceptionally strong association (OR = 24.55; 95% CI: 8.01–75.27; p < 0.001). Alco-
hol consumption showed the most pronounced effect among lifestyle factors (OR = 65.27;
95% CI: 7.28–585.07; p < 0.001), and smoking was also significantly associated (OR = 11.80;
95% CI: 1.37–101.85; p = 0.025).

For incomplete metaplasia versus absent (n = 21 events), colonization intensity re-
mained significantly associated but with attenuated magnitude (OR = 6.35; 95% CI: 2.49–
16.19; p < 0.001). Smoking showed a significant association (OR = 11.10; 95% CI: 1.48–83.23;
p = 0.019), while alcohol consumption was not significantly associated with incomplete
metaplasia (OR = 2.54; 95% CI: 0.57–11.43; p = 0.224).

The differential effect of alcohol consumption across metaplasia subtypes is notewor-
thy: alcohol demonstrated a strong, highly significant association with complete metaplasia
(OR = 65.27) but showed no significant association with incomplete metaplasia (OR = 2.54,
p = 0.224). This divergent pattern suggests potential subtype-specific pathogenic mecha-
nisms that warrant further investigation in adequately powered studies.

3.7. Model Performance and Validation

The primary binary logistic regression model demonstrated excellent discriminative
ability, with an area under the receiver operating characteristic curve (AUC) of 0.921 (95%
CI: 0.883–0.960), indicating outstanding capacity to distinguish patients with metapla-
sia from those without (Figure 3). Model calibration was adequate, as assessed by the
Hosmer–Lemeshow goodness-of-fit test (p = 0.21), indicating no significant departure from
observed outcomes.

Additional model fit indices supported the adequacy of the primary model. The
McFadden pseudo-R2 was 0.479 and the Nagelkerke pseudo-R2 was 0.646, indicating
substantial explanatory power. The Brier score of 0.1168 confirmed good calibration and
discrimination combined. Model assumptions were verified: the Box–Tidwell test con-
firmed linearity in the logit (p > 0.05), and variance inflation factors (maximum VIF = 3.63)
indicated acceptable multicollinearity.

Sensitivity analysis excluding an influential outlier (patient with age 89 years, H. pylori
negative, no metaplasia) demonstrated model stability, with all coefficient changes below
10% (maximum relative change: 5.6% for the intercept). This confirms that model estimates
are not unduly influenced by extreme observations.
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Figure 3. Receiver operating characteristic (ROC) curve for the primary binary logistic regression
model predicting intestinal metaplasia. The model demonstrated excellent discriminative ability
with an AUC of 0.921 (95% CI: 0.883–0.960). Model calibration was adequate as assessed by the
Hosmer–Lemeshow goodness-of-fit test (p = 0.21). AUC, area under the curve; CI, confidence interval.

The multinomial model for metaplasia subtype analysis achieved an overall accuracy
of 81.7%, with AUC values of 0.955 for complete metaplasia versus absent and 0.771 for
incomplete metaplasia versus absent. The lower discriminative performance for incom-
plete metaplasia is consistent with the limited events in this category and reinforces the
exploratory nature of subtype-specific findings.

Statistical power analysis confirmed that the study was adequately powered (calcu-
lated power > 99%) to detect the observed effect sizes, with an event rate of 46.2% (78/169)
and a Cohen’s h effect size of 1.287.

4. Discussion
The results of this study demonstrate a strong and statistically significant association

between H. pylori infection and intestinal metaplasia in an Andean population from Apurí-
mac, Peru. The primary multivariate logistic regression analysis revealed that colonization
intensity was the strongest independent predictor of metaplasia, with an adjusted odds
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ratio of 10.19 (95% CI: 4.38–23.71; p < 0.001) per incremental grade increase. This indicates
that each stepwise elevation in bacterial density—from negative to mild, mild to moderate,
or moderate to severe—confers approximately a ten-fold increase in metaplasia risk. The
dose–response gradient was particularly striking: metaplasia prevalence escalated from
18.4% among uninfected individuals to 70.0%, 87.0%, and 92.9% in patients with mild
(+), moderate (++), and severe (+++) colonization, respectively (Cochran–Armitage trend
test χ2 = 68.67; p < 0.001). Furthermore, smoking (aOR = 11.70; 95% CI: 1.98–69.03) and
alcohol consumption (aOR = 6.32; 95% CI: 1.74–22.95) emerged as significant independent
modifiable risk factors, while demographic variables including sex, age, and family history
lost statistical significance following multivariate adjustment, suggesting these associations
were substantially confounded by lifestyle exposures.

The magnitude of association observed in our Andean cohort markedly exceeds that
documented in most published literature from other geographic regions. The ORs of 24.24
(95% CI: 10.66–55.12) for H. pylori positivity are substantially higher than the pooled esti-
mate of OR 3.65 (95% CI: 2.79–4.55) reported in comprehensive meta-analyses encompassing
diverse global populations [20], and considerably surpass the OR of 11.5 documented in
large Japanese multicenter studies [21]. Our colonization intensity-specific adjusted risk
(aOR = 10.19 per grade) also exceeds findings from Middle Eastern and North African
studies; Basir et al. reported significant but more modest correlations between bacterial
density and histological severity in Iranian patients [13], while Souissi et al. documented
associations with inflammation (p < 0.001) and atrophy (p = 0.049) but noted that metaplasia
frequency remained relatively stable at 10–15% regardless of bacterial load [14]. In contrast,
our population demonstrated a near-linear escalation from 18% to 93% across coloniza-
tion grades. This exceptional effect magnitude likely reflects the convergence of multiple
risk-amplifying characteristics inherent to Andean populations: ultra-high endemic H.
pylori prevalence exceeding 80% with infection acquisition during early childhood [6],
predominance of highly virulent bacterial genotypes with cagA positivity and vacA s1m1
alleles documented in 67–89% of highland isolates [22,23], and the well-characterized host–
pathogen evolutionary “mismatch” wherein European-lineage (hpEurope) bacterial strains
infect hosts with predominantly Amerindian genetic ancestry [16,17]. This phylogeographic
discordance has been demonstrated to amplify inflammatory responses and epithelial DNA
damage compared to ancestrally matched host–pathogen combinations [18].

We did not assess H. pylori virulence factors—including cagA genotype, vacA allelic
variants (s1/s2, m1/m2, i1/i2), and babA2 adhesin status—which substantially modulate
pathogenic potential and may confound the observed colonization–metaplasia relation-
ship [21–23]. This limitation merits particular emphasis given the established mechanistic
pathways by which these factors influence gastric carcinogenesis. CagA-positive strains
amplify pro-inflammatory responses and induce epithelial DNA damage through sustained
activation of NF-κB and β-catenin signaling pathways [16,41]; the vacA s1m1 genotype is
associated with enhanced cytotoxicity, more severe mucosal inflammation, and accelerated
progression through the precancerous cascade compared to less virulent allelic combina-
tions [19]. Critically, these virulence factors may confound our findings through correlation
with colonization density: highly virulent strains potentially achieve greater bacterial loads
due to enhanced mucosal adherence and immune evasion capacity, meaning that the ob-
served effect of colonization intensity on metaplasia risk could partially reflect unmeasured
virulence profiles rather than bacterial burden per se. Prior studies in Peruvian populations
have documented high prevalence of virulent genotypes, with cagA positivity ranging from
67% to 89% and vacA s1m1 alleles predominating among highland isolates [21]. Without
virulence factor characterization, we cannot determine whether the dose–response rela-
tionship observed in our study is independent of the pathogenic genotype profile, nor can
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we assess potential effect modification by virulence status. Future studies incorporating
molecular characterization of infecting strains would enhance mechanistic interpretation
and clarify whether colonization intensity exerts effects on metaplasia risk independent of
virulence factor expression.

The clear dose–response relationship between colonization intensity and metapla-
sia prevalence constitutes compelling evidence supporting a causal association, fulfilling
the biological gradient criterion—one of the most persuasive elements—of the Bradford–
Hill framework for causal inference [24]. This gradient is biologically plausible given
established pathogenic mechanisms: higher bacterial burden amplifies pro-inflammatory
cytokine cascades (IL-1β, IL-8, TNF-α), increases reactive oxygen species generation and
oxidative DNA damage, accelerates epithelial cell turnover rates, and enhances delivery of
bacterial virulence factors including the CagA oncoprotein through the type IV secretion
system [25,26]. Chuang et al. demonstrated that H. pylori strains with stronger CagA
phosphorylation intensity—a marker of effector protein delivery—conferred substantially
elevated metaplasia risk with odds ratios reaching 15.26 [27]. Our findings extend previ-
ous observations by demonstrating that the dose–response relationship persists robustly
through the metaplasia stage of the Correa cascade, suggesting that bacterial load remains
pathogenically consequential even after substantial histological transformation has oc-
curred. This challenges the traditional view that bacterial density diminishes in relevance
to metaplastic epithelium, which lacks native H. pylori receptors, progressively replacing
gastric mucosa [28].

The identification of smoking and alcohol consumption as independent risk factors
after adjustment for colonization intensity carries substantial clinical and public health
implications. The synergistic interaction between smoking and H. pylori infection has been
extensively documented in European and Asian populations. Peleteiro et al. demonstrated
that the combination of high-virulence bacterial strains and active smoking produced
multiplicative effects on incomplete metaplasia risk, with odds ratios reaching 9.81 in
Portuguese males [29]. Our finding of aOR = 11.70 for smoking, while characterized by
a wide confidence interval (1.98–69.03) reflecting the limited number of smoking events
in this cohort, aligns with established pathophysiological mechanisms whereby tobacco
constituents compound H. pylori-induced oxidative stress, impair mucosal prostaglandin
synthesis and bicarbonate secretion, reduce gastric blood flow, and compromise epithelial
regenerative capacity [30]. The persistent significance of smoking after adjusting for
colonization intensity suggests that tobacco exerts effects on metaplasia risk through
pathways at least partially independent of bacterial density modulation.

Alcohol consumption demonstrated particularly intriguing patterns in our exploratory
multinomial analysis distinguishing metaplasia subtypes. While alcohol was strongly as-
sociated with complete (type I) metaplasia (OR = 65.27; 95% CI: 7.28–585.07; p < 0.001),
no statistically significant association was observed for incomplete (types II/III) meta-
plasia (OR = 2.54; 95% CI: 0.57–11.43; p = 0.224). This differential effect warrants careful
interpretation given the wide confidence intervals and low events per variable for the
incomplete subtype (EPV = 3.5) yet remains biologically intriguing. Incomplete metapla-
sia, characterized by colonic-type mucin expression and substantially higher malignant
transformation potential [12,31], may arise through distinct molecular pathways less sus-
ceptible to alcohol-mediated promotion. Alternatively, the progression from complete to
incomplete metaplasia may involve factors beyond those driving initial metaplastic trans-
formation. These observations merit investigation in larger cohorts adequately powered
for subtype-specific analyses.

The attenuation of associations for sex, age, and family history following multivariate
adjustment merits mechanistic consideration. In bivariate analysis, male sex (OR = 2.44; 95%
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CI: 1.31–4.54), family history of cancer (OR = 2.53; 95% CI: 1.32–4.85), and age demonstrated
statistically significant associations with metaplasia presence. However, these variables
lost significance (p > 0.05) after inclusion of colonization intensity and lifestyle factors in
the multivariate model. This pattern suggests that the observed bivariate associations
were substantially confounded by or mediated through modifiable exposures. Males
in Andean Peruvian communities typically exhibit higher prevalence of both smoking
and alcohol consumption compared to females, potentially explaining the sex differential
through behavioral rather than purely biological mechanisms. Similarly, family history may
capture shared household environmental exposures—including dietary patterns, water
sources facilitating H. pylori transmission, and intrafamilial lifestyle behaviors—rather than
exclusively genetic susceptibility. The attenuation of the family history association may be
partially attributable to our variable definition, which captured any malignancy in first-
degree relatives rather than gastric cancer specifically. A more targeted assessment of gastric
cancer family history might have yielded different results, given established evidence that
gastric cancer aggregates in families through both genetic and shared environmental
mechanisms [42,43]. The variance inflation factors remained within acceptable limits
(maximum VIF = 3.63), confirming that multicollinearity did not compromise the validity
of adjusted estimates.

These findings carry significant implications for gastric cancer prevention strategies in
high-risk Andean populations. Current Maastricht VI/Florence consensus guidelines rec-
ommend population-based H. pylori screening and treatment in regions with gastric cancer
incidence exceeding 20 per 100,000 person-years [32]. The Apurímac region, characterized
by endemic H. pylori infection exceeding 80% prevalence, exceptional precursor lesion
burden, and mortality patterns placing gastric cancer among leading causes of cancer death,
unequivocally meets criteria for high-risk designation. Our results specifically support
targeted surveillance, prioritizing individuals demonstrating heavy bacterial colonization
on index endoscopy, active smoking history, and regular alcohol consumption. The ex-
cellent discriminative capacity of our primary model (AUC = 0.921) suggests potential
clinical utility for risk stratification, though external validation would be required before
implementation. Furthermore, the modifiable nature of both smoking and alcohol con-
sumption presents opportunities for behavioral interventions as cost-effective adjuncts to
pharmacological H. pylori eradication. Population-based cost-effectiveness analyses consis-
tently demonstrate that screen-and-treat strategies are economically favorable in endemic
settings, with incremental cost-effectiveness ratios well below standard willingness-to-pay
thresholds [33,34]. Integration of smoking cessation and alcohol reduction counseling into
H. pylori eradication programs may enhance preventive impact while leveraging existing
healthcare infrastructure.

Several methodological strengths support the internal validity and robustness of our
findings. The sample size of 169 patients with 78 metaplasia events provided 100% statisti-
cal power for detecting the primary association, eliminating concerns regarding type II error.
The primary binary logistic model demonstrated excellent discrimination (AUC = 0.921;
95% CI: 0.883–0.960), indicating strong capacity to distinguish patients with and without
metaplasia based on the included predictors. Model calibration was adequate as evidenced
by a non-significant Hosmer–Lemeshow goodness-of-fit test (p = 0.21), suggesting predicted
probabilities aligned well with observed outcomes across risk strata. Events per variable for
the primary model (EPV = 13) met conventional adequacy thresholds, supporting reliable
coefficient estimation. Sensitivity analysis excluding an identified age outlier (89-year-old
patient) confirmed remarkable estimate stability, with maximum coefficient change of only
5.6%—well below the 10% threshold typically considered indicative of influential observa-
tions. Furthermore, convergent results across multiple analytical approaches—including
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the primary full model, backward BIC-selected model, and parsimonious model retaining
only significant predictors—strengthen confidence in the robustness and reproducibility
of the identified associations. Multicollinearity diagnostics confirmed acceptable variance
inflation factors for all predictors.

Despite these strengths, several limitations should be acknowledged. The cross-
sectional design fundamentally precludes causal inference regarding the temporal sequence
of colonization intensity escalation and metaplasia development; prospective cohort studies
would be required to establish whether high bacterial density precedes and predicts subse-
quent metaplastic transformation. Hospital-based sampling from a single EsSalud facility
may introduce selection bias, as patients referred for upper gastrointestinal endoscopy
represent a symptomatic population that differs systematically from the broader Apurímac
community. Specifically, this referral-based cohort likely exhibits higher prevalence of
both H. pylori infection and intestinal metaplasia compared to the general asymptomatic
population, potentially inflating our point estimates. Patients undergoing endoscopy for
dyspeptic symptoms, alarm features, or surveillance indications typically harbor greater
disease burden, more advanced histological changes, and higher cumulative exposure to
risk factors than population-based samples would capture. Consequently, our findings
regarding the colonization–metaplasia association, while internally valid for risk stratifi-
cation among symptomatic patients undergoing diagnostic evaluation, may not directly
generalize to asymptomatic individuals who might be identified through population-based
H. pylori screening programs. This limitation is inherent to endoscopy-based studies and
consistent with comparable literature examining precancerous gastric lesions [44,45]. The
clinical relevance of our findings for secondary prevention strategies—identifying high-
risk individuals among those already presenting for evaluation—remains undiminished,
though extrapolation to primary screening contexts should be approached with appropriate
caution. We did not assess H. pylori virulence factors—including cagA genotype, vacA allelic
variants (s1/s2, m1/m2, i1/i2), and babA2 adhesin status—which substantially modulate
pathogenic potential and may confound or mediate the observed colonization–metaplasia
relationship [21–23]. Given the documented predominance of high-virulence genotypes in
Peruvian highland populations, virulence factor assessment would enhance mechanistic
interpretation. Furthermore, formal analyses of statistical interactions (for example, be-
tween colonization intensity and smoking status, or between colonization and unmeasured
virulence profiles) were not performed due to insufficient statistical power; detecting multi-
plicative interactions typically requires sample sizes substantially larger than our cohort of
169 patients, with approximately 650–700 subjects needed for the observed effect sizes.

Additionally, the distinction between complete and incomplete intestinal metapla-
sia was based on morphological criteria using H&E staining without Alcian blue pH 2.5
histochemical confirmation. Although Alcian blue staining provides more precise mucin
characterization by differentiating sialomucins from sulfomucins, this technique was not
available at our institution during the study period. This limitation may have resulted
in some degree of misclassification between metaplasia subtypes. However, the primary
outcome of our analysis—presence versus absence of intestinal metaplasia—remains un-
affected by this limitation, and the morphological criteria employed have been validated
in previous studies and are commonly used in clinical practice settings where specialized
histochemical staining is unavailable [46].

The family history variable captured any malignancy in first-degree relatives rather
than gastric cancer specifically. This broad definition may have attenuated the potential
association with intestinal metaplasia, as only gastric cancer family history would be
expected to confer increased risk through shared genetic susceptibility (such as CDH1
germline mutations), common H. pylori strain transmission within households, or similar
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environmental exposures [42,43]. The lack of cancer type specification precluded analysis of
site-specific familial aggregation and may partially explain the loss of statistical significance
for this variable in the adjusted model (aOR = 1.18; p = 0.778).

Molecular quantification of H. pylori density by quantitative PCR was not performed;
colonization intensity was assessed by histological grading according to the Updated Syd-
ney System, which remains the internationally accepted standard for this purpose [33,34].
While qPCR would have provided continuous rather than ordinal bacterial load data [47],
our histological approach aligns with current diagnostic practice and enables direct com-
parison with the majority of published studies utilizing Sydney System grading.

Histopathological assessment was performed by a single pathologist, precluding
formal evaluation of interobserver reliability. While this represents a methodological
limitation, the use of standardized Updated Sydney System criteria with explicitly defined
visual analog anchors minimizes subjective variation in grading [33,34]. Furthermore,
the pathologist was blinded to clinical findings, reducing potential bias in histological
interpretation. Future studies should consider dual independent review with formal kappa
agreement assessment.

The single-center design limits generalizability to other Andean communities, coastal
Peruvian populations, or highland regions of other Latin American countries, each charac-
terized by distinct genetic, environmental, and microbiological profiles. For the exploratory
multinomial regression distinguishing complete from incomplete metaplasia subtypes,
events per variable were critically low (EPV = 3.5 for incomplete metaplasia), necessi-
tating designation of these findings as hypothesis-generating rather than confirmatory.
The ordinal proportional odds model was invalidated due to violation of the propor-
tional odds assumption, precluding its use for ordered categorical inference; this suggests
that predictors exert differential effects across outcome categories rather than uniform
effects amenable to ordinal modeling. Finally, residual confounding from unmeasured
variables—including dietary patterns (salt intake, fresh vegetable consumption), specific
socioeconomic indicators, water source quality, and host genetic polymorphisms (IL-1β, IL-
1RN variants)—cannot be excluded. Despite these constraints, the present study provides
valuable epidemiological data for an understudied Andean population.

5. Conclusions
This study demonstrates a strong association between H. pylori colonization intensity

and intestinal metaplasia in a highland Peruvian population, characterized by a clear
dose–response relationship. The magnitude of the association observed here exceeds
that reported in most comparable studies, a finding that may reflect the convergence of
hyperendemic infection, virulent circulating strains, and prolonged mucosal exposure
characteristic of this Andean setting. Smoking and alcohol consumption were identified as
additional independent risk factors, highlighting the contribution of modifiable behaviors
to gastric precancer risk.

From a public health perspective, these findings support the prioritization of H. pylori
screening and eradication programs in high-risk Andean communities as a strategy for
gastric cancer prevention. Future research should evaluate the cost-effectiveness of such
interventions, assess the role of bacterial virulence determinants and host genetic factors in
mediating disease progression, and employ longitudinal designs to characterize the natural
history of preneoplastic lesions in this population.

Additionally, future studies incorporating molecular techniques such as quantitative
PCR may provide additional insights into the relationship between precise bacterial load
and metaplasia risk, potentially revealing threshold effects or non-linear relationships not
captured by semi-quantitative histological grading.
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