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Abstract
Background: Body mass index (BMI) has been associated with gastric cancer (GC), though results are conflicting regarding the GC subsites of 
cardia and non-cardia. This study aims to evaluate the associations between BMI and GC risk, focusing on these distinct anatomical subsites.
Methods: We pooled data from seven case–control studies from the Stomach Cancer Pooling (StoP) Project. Pooled odds ratios (ORs) and the 
corresponding 95% confidence intervals (CIs) of GC risk across BMI categories (normal weight, overweight, obesity) were calculated by pooling 
study-specific ORs through random-effects meta-analytic models. The dose–response relationship between BMI and the risk of GC cancer was 
assessed by using a one-stage mixed-effects logistic regression model. Results were stratified according to cardia and non-cardia GC.
Results: The analysis comprised 1478 GC cases, including 511 cardia and 967 non-cardia cases, and 6671 controls. There was an increased risk 
of cardia GC among obese patients (OR 1.57, 95% CI 1.20–2.06), while no association was found for non-cardia GC (OR 0.82, 95% CI 0.66– 
1.01). Restricting the analysis to population-based studies, the association for cardia GC became stronger for obese (OR 1.65, 95% CI 1.09– 
2.48) and overweight (OR 1.62, 95% CI 1.10–2.39) patients. The dose–response meta-analysis showed an increased risk of cardia GC with in
creasing BMI values, ranging from a null effect at a BMI of 21.75 to an OR of 2.06 (95% CI 1.22–3.48) for a BMI of ≥40.
Conclusion: Our results indicate an association between higher BMI categories and the risk of cardia GC, whereas no association was found 
with non-cardia GC.
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Background
Gastric cancer (GC) remains a major global health concern, 
affecting over 1 million people and causing an estimated 
660 000 deaths in 2022. It ranks fifth in incidence and fourth 
in mortality globally [1]. Despite the declining incidence and 
mortality rates in most high-income countries over recent 
decades, GC continues to pose a substantial health chal
lenge worldwide.

The carcinogenesis of GC is influenced by both genetic and 
environmental factors [2]. These risk factors include 
Helicobacter pylori infection, low socioeconomic status, die
tary habits, alcohol consumption, tobacco smoking, gastro
esophageal reflux disease, family history of gastrointestinal 
malignancies, and inherited predisposition [3–5].

Histologically, most GCs are adenocarcinomas, with two 
major histologic types: diffuse and intestinal [5]. 
Topographically, GC is mainly classified into cardia and non- 
cardia stomach cancer, which exhibit different etiological 
and epidemiological patterns [6].

In recent decades, the global prevalence of overweight and 
obesity has escalated, posing a major public health concern 
[7]. This increase in obesity rates is associated with various 
lifestyle changes, including decreased physical activity and 
increased consumption of energy-dense foods. The rise in 
obesity is a critical issue due to its association with several 
clinical conditions and noncommunicable diseases, including 
cancer. Excess body fat is thought to affect cancer risk 
through mechanisms such as insulin resistance, inflammation, 
and alterations in the levels of growth factors and sex hor
mones [8, 9].

Current evidence suggests a potential association between 
GC, particularly the cardia subsite, and high body weight, as 
defined by the body mass index (BMI) [10–15]. However, 
conflicting results between different meta-analyses have been 
noteworthy, especially when cardia cancers and non-cardia 
cancers have been analysed together [10–13, 16, 17].

This study aims at evaluating the associations between 
BMI and GC risk, with a focus on the two distinct subsites of 
cardia and non-cardia GC, by conducting a pooled analysis 
within the Stomach Cancer Pooling (StoP) Project [18, 19].

Methods
Study population
This study is an individual participant data meta-analysis 
based on data collected from studies conducted within the 
StoP Project. The methodology used by the StoP Consortium 
has been previously published and recently updated [19, 20]; 
further details are available in the Supplementary Material.

For the current analysis, a total of 8149 subjects (1478 
cases and 6671 controls) enrolled in seven study centers from 
five countries (Iran, Italy, Russia, Spain, and the USA) were 

included [20–26] (Supplementary Table 1). These studies 
were selected based on the availability of necessary data on 
height and weight. For cases, this information had to date 
back to ≥1 year before diagnosis, while studies collecting 
data on weight at diagnosis of GC were excluded to limit the 
potential role of reverse causation [27]. Participants with can
cer overlapping or for whom the location was not specified 
were excluded from the analysis.

Exposure definition
The BMI of the population under study, defined as the body 
weight divided by the square of the body height (kg/m2), was 
calculated by using data on weight and height as reported in 
the structured questionnaires by the participants. Depending 
on the specific studies and the information requested in the 
questionnaire, the weight for cases was reported as either the 
weight from ≥1 year prior to diagnosis [22–26] or the maxi
mum weight recorded during their lifetime [20, 21] 
(Supplementary Table 1). For controls, the weight was 
reported at hospital admission (for controls in hospital-based 
case–control studies) or recruitment (for controls in 
population-based case–control studies).

Study participants were categorized into BMI categories 
according to the World Health Organization (WHO) catego
ries [28], with individuals having a BMI of between 25 and 
29.9 identified as ‘overweight’, those with a BMI of ≥30 des
ignated as ‘obesity’, individuals with a BMI ranging from 
18.5 to 24.9 classified as ‘normal weight’, and those with a 
BMI of <18.5 considered ‘underweight’.

Statistical analysis
A two-stage model was performed to estimate the association 
between BMI and GC, separately for cardia and non-cardia 
GC. In the first stage, for each study, we estimated the odds 
ratios (ORs) and the corresponding 95% confidence intervals 
(CIs) of GC by comparing individuals across different BMI 
categories to those with a normal BMI, through multivariable 
logistic regression models. The models included terms for 
sex, age at diagnosis/interview as a continuous variable, 
smoking status (never, former, current smoker), socioeco
nomic status (study-specific low, intermediate, high as de
fined in each original study based on education, income, or 
occupation), and alcohol drinking (never, low ≤12 g/day, 
intermediate >12 and ≤47 g/day, high >47 g/day). These ad
justment variables were selected based on their significance in 
univariate analysis (P< .15) and a missing-data percentage of 
<10%. For covariates with ≤10% missing values (smoking 
status, socioeconomic status, and alcohol-drinking status), 
we performed multiple imputations by using full chained 
equations, generating 10 imputed datasets for each study. 
Each imputation model included the same set of covariates 
and outcome as the analysis model, and imputation results 

Key Messages
� This pooled analysis of seven case–control studies investigated the association between body mass index (BMI) and the risk of gastric 

cancer (GC), with a focus on cardia and non-cardia subsites. 
� An increased risk of cardia GC was observed among overweight and obese individuals, whereas no association was found for non- 

cardia GC. 
� These findings support the hypothesis that excess body weight contributes to the development of cardia GC and highlight the 

importance of tailored prevention strategies. 

2                                                                                                                                                                                                                               Pastorino et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/ije/article/54/5/dyaf160/8267113 by U
niversita degli studi di Siena user on 16 M

arch 2026

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyaf160#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyaf160#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyaf160#supplementary-data


were combined by using Rubin’s rule [29]. In the second 
stage, summary (pooled) effect estimates were computed by 
using random-effects models. Heterogeneity between studies 
was quantified by using I2 (%) statistics [30].

In addition, a one-stage analysis with intercept as the 
random variable was performed to estimate the association 
between BMI and GC with a generalized linear mixed model 
with logistic link function estimated by restricted maximum 
likelihood with nine quadrature points for adaptive Gauss– 
Hermite approximation.

Stratified analyses were conducted to evaluate whether the 
effect of the BMI categories on GC varied across subgroups, 
defined by age at diagnosis, sex, education, socioeconomic 
status, smoking status, alcohol-drinking status, fruit-and- 
vegetables intake categorized by study-specific tertiles [31], 
salt intake categorized by study-specific tertiles [32], family 
history, histological type, H. pylori infection status deter
mined by serologic test, history of diabetes, and type of con
trol. For each stratifying variable, Q statistics were computed 
to test the heterogeneity across the strata [33].

We computed the relative excess risk due to interaction 
(RERI) from a one-stage logistic model to assess the occur
rence of additive interaction between the exposure and the 
smoking and alcohol-drinking status in relation to the risk of 
cardia GC, variables for which heterogeneity across the strata 
was detected. Results were presented by following the meth
ods of Knol and Vander Weele [34].

We modeled the dose–response relationship between BMI 
prior to diagnosis and the risk of cardia cancer by using a 
one-stage mixed-effects logistic regression model that in
cluded the same set of covariates as previously described and 
a random intercept for each study. To account for potential 
nonlinearity, we incorporated fractional polynomials to flexi
bly characterize the relationship between BMI and cardia 
cancer risk, selecting the optimal model based on the lowest 
deviance. Additionally, the ORs were specifically chosen for 
values of BMI based on both biological plausibility and statis
tical considerations.

Focusing on obese individuals, we conducted an additional 
analysis, dividing them into Obesity Class I (BMI ¼ 30.0– 
34.9) and Obesity Class II/III (BMI ≥35.0), to investigate the 
association between BMI and GC in these subcategories.

We conducted sensitivity analyses that were restricted to 
studies with population-based controls to assess the potential 
impact of Berkson bias due to the inclusion of hospital-based 
individuals [28]. We also performed a sensitivity analysis by 
using a two-stage model with multivariable logistic regres
sions, additionally adjusting for fruit-and-vegetables intake 
and salt intake, to assess potential residual confounding due 
to these dietary factors. One study (16-USA) was excluded 
because data on these variables were not available.

Statistical analyses were carried out by using Stata software 
version 17 (StataCorp LLC) and RStudio version 4.4.3.

Results
Table 1 presents the main characteristics of 1478 GC cases 
(511 cardia GC and 967 non-cardia GC) and 6671 controls 
(2579 hospital- and 4092 population-based) included in the 
analysis, while detailed information of each study is reported 
in Supplementary Table 2a and b.

The proportions of overweight and obese cases were 
45.2% and 24.1%, respectively, for cardia GC and 45.2% 

and 18.8% for non-cardia GC, while, in controls, these per
centages were 42.4% and 20.2%. Compared with controls, 
cases had higher proportions of current smokers (20.7% con
trols vs 28.6% cardia GC and 25.2% non-cardia GC). 
Cardia GC cases had a higher proportion of males (77.9% vs 
61.6% controls and 60.1% non-cardia GC), whereas non- 
cardia GC cases had a higher proportion of patients with a 
family history of GC (15.1% vs 5.3% controls and 7.0% car
dia GC).

Figure 1 shows the pooled overall ORs and the correspond
ing 95% CIs for the association between BMI and GC, sepa
rately for cardia and non-cardia GC. The pooled ORs for 
overweight individuals compared with those with normal 
weight were 1.28 (95% CI 1.00–1.64) for cardia GC and 
1.06 (95% CI 0.77–1.44) for non-cardia GC. Obese individu
als showed an increased risk of cardia GC (OR 1.57, 95% CI 
1.20–2.06), whereas no association was found for non-cardia 
GC (OR 0.81, 95% CI 0.66–1.01). Due to the limited num
ber of underweight individuals in the dataset (N¼94), their 
association with the risk of GC could not be evaluated.

Substantial heterogeneity was observed among the studies 
in the analysis of non-cardia GC for overweight individuals 
(I2¼68.6%, P¼ .007). The Galbraith plot (Supplementary 
Figure 1) identified the studies conducted in Italy, Iran, and 
Spain [22, 23, 26] as potential sources of heterogeneity. After 
the exclusion of these studies, the heterogeneity decreased 
(I2¼22.4%, P¼ .276) without an appreciable change in the 
results (OR 1.11, 95% CI 0.86–1.43). The pattern of findings 
was similar for the analysis without imputed data (data 
not shown).

The one-stage approach consistently found that overweight 
and obese individuals have an increased risk of cardia GC, 
whereas we did not observe associations for non-cardia GC 
(Supplementary Figure 2).

The stratified analysis is presented in detail in Table 2. 
Regarding non-cardia cases, the analysis showed a similar ef
fect of BMI among the strata of all the variables analysed. 
Regarding the risk of cardia cancer, an increased odds of GC 
for overweight individuals was observed for non-smokers 
(OR 1.92, 95% CI 1.29–2.85) (Q¼69.2%, P¼ .039). 
Similarly, an increased odds of GC for overweight individuals 
was observed among nondrinkers (OR 2.20, 95% CI 1.48– 
3.27) (Q¼80.8%, P¼ .001). An increased risk of cardia GC 
associated separately with smoking and alcohol-drinking sta
tus and overweight/obesity was confirmed in the RERI analy
sis (Tables 3 and 4). However, no positive or negative 
additive interaction was identified for smoking and alcohol- 
drinking status and overweight or obesity (Tables 3 and 4).

The relationship between the value of BMI and cardia GC 
is depicted in Fig. 2. The risk of cardia GC increases with 
higher BMI values, ranging from a null effect when consider
ing the average value of the normal weight category 
(BMI¼21.75) as a reference to an OR of 2.06 (95% CI 
1.22–3.48) for a BMI of 40 (Table 5).

In additional analysis on Obesity Class I and II/III (1290 
and 361 subjects, respectively), the risk of cardia GC 
increases with higher obesity classes: Obesity Class I has an 
OR of 1.53 (95% CI 1.14–2.04) and Obesity Class II/III has 
an OR of 1.81 (95% CI 1.15–2.84) (Supplementary 
Figure 3).

The analyses conducted by using only studies that enrolled 
population-based controls (10-Iran, 21-Spain, and 32-USA) 
report an association between increased BMI and the risk of 
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cardia GC, with ORs of 1.62 (95% CI 1.10–2.39) for over
weight individuals and 1.65 (95% CI 1.09–2.48) for obese 
individuals, whereas the results do not change for the risk of 

non-cardia GC (Supplementary Figure 4). Similarly, the 
analysis conducted on six studies and including adjustment 
for fruit-and-vegetables intake and salt intake confirmed the 

Table 1. Main characteristics of cardia and non-cardia GC cases and controls in the StoP Project Consortium studies included in the analysis.

Control (N¼6671) Cardia (N¼511) Non-cardia (N¼967) Total (N¼ 8149)

n % n % n % n %

Study
03-Italy 523 7.8 10 2.0 91 9.4 624 7.7
09-Russia 504 7.6 78 15.3 165 17.1 747 9.2
10-Iran 390 5.8 114 22.3 81 8.4 585 7.2
16-USA 1322 19.8 158 30.9 2 0.2 1482 18.2
21-Spain 3056 45.8 91 17.8 311 32.2 3458 42.4
23-Spain 397 6.0 28 5.5 213 22.0 638 7.8
32-USA 479 7.2 32 6.3 104 10.8 615 7.5

Sex
Male 4107 61.6 398 77.9 581 60.1 5086 62.4
Female 2564 38.4 113 22.1 386 39.9 3063 37.6

Age (years)
<65 3493 52.4 250 48.9 396 41.0 4139 50.8
≥65 3178 47.6 261 51.1 571 59.0 4010 49.2

BMI
Underweight 81 1.2 2 0.4 11 1.1 94 1.2
Normal weight 2417 36.2 155 30.3 337 34.9 2909 35.7
Overweight 2827 42.4 231 45.2 437 45.2 3495 42.9
Obesity 1346 20.2 123 24.1 182 18.8 1651 20.3

Socioeconomic status
Low 2560 38.4 204 39.9 531 54.9 3295 40.4
Intermediate 2696 40.4 203 39.7 331 34.2 3230 39.6
High 1376 20.6 104 20.4 103 10.7 1583 19.4
Missing 39 0.6 0 0.0 2 0.2 41 0.5

Smoking status
Never 3042 45.6 190 37.2 482 49.8 3714 45.6
Former 2222 33.3 172 33.7 239 24.7 2633 32.3
Current 1383 20.7 146 28.6 244 25.2 1773 21.8
Missing 24 0.4 3 0.6 2 0.2 29 0.4

Alcohol-drinking status
Never 1772 26.6 173 33.9 300 31.0 2245 27.5
Low 1883 28.2 84 16.4 180 18.6 2147 26.3
Intermediate 1524 22.8 89 17.4 225 23.3 1838 22.6
High 962 14.4 140 27.4 174 18.0 1276 15.7
Missing 530 7.9 25 4.9 88 9.1 643 7.9
Fruit-and-vegetables intake
Low 1398 21.0 53 10.4 225 23.3 1676 20.6
Intermediate 1625 24.4 117 22.9 311 32.2 2053 25.2
High 1886 28.3 162 31.7 347 35.9 2395 29.4
Missing 1762 26.4 179 35.0 84 8.7 2025 24.8

History of diabetes
No 5497 82.4 322 63.0 685 70.8 6504 79.8
Yes 761 11.4 41 8.0 91 9.4 893 11.0
Missing 413 6.2 148 29.0 191 19.8 752 9.2

Helicobacter pylori infec
tion status
Negative 522 7.8 70 13.7 84 8.7 676 8.3
Positive 2098 31.4 156 30.5 311 32.2 2565 31.5
Missing 4051 60.7 285 55.8 572 59.2 4908 60.2

Family history of GC
No 4949 74.2 311 60.9 797 82.4 6057 74.3
Yes 351 5.3 36 7.0 146 15.1 533 6.5
Missing 1371 20.6 164 32.1 24 2.5 1559 19.1

Histological type
Intestinal 161 31.5 407 42.1
Diffuse 69 13.5 287 29.7
Mixed/undifferentiated 229 44.8 164 17.0
Missing 52 10.2 109 11.3

Type of control
Population-based 4092 61.3
Hospital-based 2579 38.7

BMI: Body Max Index. GC: Gastric Cancer. USA: United State of America.

4                                                                                                                                                                                                                               Pastorino et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/ije/article/54/5/dyaf160/8267113 by U
niversita degli studi di Siena user on 16 M

arch 2026

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyaf160#supplementary-data


association with cardia GC, with similar results: OR 1.34 
(95% CI 1.01–1.80) for overweight and OR 1.51 (95% CI 
1.06–2.14) for obesity.

Discussion
Our pooled analysis of seven case–control studies from the 
international StoP Consortium showed that obese subjects 
have a around 60% increased risk of cardia GC. When the 
analysis was restricted to the four studies enrolling 
population-based controls, the risk of cardia GC increased 
also among overweight individuals. The dose–response meta- 

analysis confirmed a risk gradient across the range of BMI 
values. Conversely, the risk of non-cardia GC does not seem 
to be affected by the BMI.

The association between an increased BMI and the risk of 
cardia GC is plausible and aligns with previous meta-analyses 
published in the literature [11–13, 18]. Obesity may exacer
bate gastroesophageal reflux disease, potentially leading to 
Barrett’s esophagus, a known precursor to esophageal adeno
carcinoma and cardia GC [35, 36]. Additionally, the accumu
lation of adipose tissue in obesity is thought to increase the 
production of various endogenous hormones such as sex ste
roids, insulin, and insulin-like growth factor-1 [37]. These 

Figure 1. Study-specific and adjusted pooled ORs and corresponding 95% CIs of (a) cardia GC risk and (b) non-cardia GC risk for overweight and obese 
individuals compared with controls, respectively. The number of individuals categorized as underweight (N¼94) is insufficient for the meta-analysis.
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hormonal changes can promote cellular proliferation and 
hinder apoptotic processes, thereby facilitating the growth of 
preneoplastic and neoplastic cells. Furthermore, obesity is 
characterized as a pro-inflammatory state, associated with el
evated levels of pro-inflammatory cytokines, including tumor 
necrosis factor and interleukin-6 [10]. These cytokines con
tribute to cancer development, further supporting the connec
tion between obesity and cardia GC. Obese individuals 
experience an extended esophageal transit time, which 
implies that the esophageal mucosa is exposed to food (which 
may contain potentially carcinogenic components) for a lon
ger duration [38]. This prolonged contact time could poten
tially facilitate the development of cancer. To better 
investigate this hypothesis, it would be helpful to study the 
association with abdominal fat or waist circumference. 
However, these data were not collected by enough studies in 
the consortium, within the predefined criteria for this 

investigation, to perform analyses. Supporting this hypothe
sis, a meta-analysis of six cohort studies conducted by Du 
et al. published in 2017 did indeed observe an association be
tween waist circumference and the risk of both cardia GC 
and esophageal adenocarcinoma [39].

The observed dose–response relationship between BMI and 
cardia GC risk substantiates the hypothesis that excess body 
weight constitutes a risk factor for the development of GC 
and it is consistent with previous studies [13, 40, 41]. This 
consistent escalation in risk with increasing BMI may reflect 
complex interactions between metabolic dysfunction, chronic 
inflammation, and hormonal imbalances, all of which are ex
acerbated by higher adiposity levels and have been implicated 
in oncogenesis [37, 42].

In our study, by restricting the analysis to only studies that 
employed population-based controls, we observed an increased 
risk of cardia GC also among overweight subjects. This suggests 

Table 3. Interaction analysis between BMI (overweight or obesity vs normal weight) and smoking status (current or former vs never smoker) in 
cardia GC.

Cardia GC (N¼251/3514) Cardia GC (N¼ 185/2545)

Normal weight Overweight RERI Normal weight Obesity RERI
OR (95% CI) OR (95% CI) (95% CI) OR (95% CI) OR (95% CI) (95% CI)

Smoking status
Never 1.00 1.92 (1.30, 2.83) –0.86 (–2.10; 0.38) 1.00 2.17 (1.40; 3.37) 0.44 (–1.31; 2.20)
Current 2.46 (1.58; 3.82) 2.52 (1.61; 3.93) 2.17 (1.40; 3.37) 3.78 (2.22; 6.44)

Cardia GC (N¼272/4087) Cardia GC (N¼188/2978)

Normal weight Overweight RERI Normal weight Obesity RERI

OR (95% CI) OR (95% CI) (95% CI) OR (95% CI) OR (95% CI) (95% CI)
Smoking status
Never 1.00 2.06 (1.39; 3.05) –0.66 (–1.85; 0.53) 1.00 2.24 (1.43; 3.49) –0.77 (–2.07; 0.53)
Former 2.41 (1.53; 3.80) 2.81 (1.81; 4.35) 1.85 (1.17; 2.92) 2.32 (1.40; 3.84)

ORs are adjusted for age, sex, study, alcohol-drinking status, and socioeconomic status.

Table 4. Interaction analysis between BMI (overweight or obesity vs normal weight) and drinking status (low or intermediate or high vs never drinker) in 
cardia GC.

Cardia GC (N¼201/2870) Cardia GC (N¼133/2142)

Normal weight Overweight RERI Normal weight Obesity RERI
OR (95% CI) OR (95% CI) (95% CI) OR (95% CI) OR (95% CI) (95% CI)

Drinking status
Never 1.00 2.08 (1.42; 3.06) –1.13 (–2.68; 0.42) 1.00 1.72 (1.04; 2.85) 0.58 (–1.25; 2.41)
Low 2.52 (1.38; 4.58) 2.47 (1.39; 4.36) 1.87 (1.01; 3.47) 3.17 (1.61; 6.26)

Cardia GC (N¼202/2585) Cardia GC (N¼132/1890)

Normal weight Overweight RERI Normal weight Obesity RERI
OR (95% CI) OR (95% CI) (95% CI) OR (95% CI) OR (95% CI) (95% CI)

Drinking status
Never 1.00 2.09 (1.42; 3.08) –0.07 (–0.62; 0.48) 1.00 1.68 (1.02; 2.77) 0.44 (–0.16; 1.05)
Intermediate 1.27 (0.94; 1.73) 2.29 (1.54; 3.41) 1.17 (0.85; 1.61) 2.29 (1.42; 3.71)

Cardia GC (N¼ 244/2099) Cardia GC (N¼ 171/1586)

Normal weight Overweight RERI Normal weight Obesity RERI
OR (95% CI) OR (95% CI) (95% CI) OR (95% CI) OR (95% CI) (95% CI)

Drinking status
Never 1.00 2.04 (1.39; 3.00) –0.29 (–0.61; 0.03) 1.00 1.69 (1.03; 2.78) –0.02 (–0.35; 0.31)
High 1.64 (1.36; 1.96) 2.39 (1.64; 3.48) 1.51 (1.25; 1.83) 2.18 (1.38; 3.45)

ORs are adjusted for age, sex, study, smoking status, and socioeconomic status.
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that the use of hospital-based controls may have introduced selec
tion bias, as these controls were likely affected by clinical condi
tions associated with an increased BMI. Indeed, a high BMI is a 
known risk factor for numerous diseases, particularly cardiovas
cular diseases and cancer [43, 44], and therefore it is necessary to 
take this into account when synthesizing the evidence.

Our stratified analyses revealed that overweight individuals 
had a significantly increased risk of cardia GC among non
smokers (OR 1.92, 95% CI 1.29–2.85) and nondrinkers (OR 
2.20, 95% CI 1.48–3.27), suggesting that the impact of ex
cess body weight may be more pronounced in the absence of 
other major carcinogenic exposures. This finding supports 
the hypothesis that smoking and alcohol consumption, which 
are well-established risk factors for GC, may obscure or at
tenuate the relationship between BMI and cancer risk, a pat
tern also observed in previous studies conducted in Asian 
populations [45, 46]. To the best of our knowledge, the addi
tive interaction between smoking and BMI, as well as be
tween alcohol and BMI, on GC risk has not been explored in 
the literature before. The lack of a significant positive or neg
ative additive interaction may reflect overlapping biological 

pathways or a ceiling effect among individuals already ex
posed to potent carcinogens.

Our study does not support an association between high BMI 
and non-cardia GC. These findings were confirmed in all the 
sensitivity analysis performed and are in line with previously 
published literature [14, 43, 47]. This aligns with the under
standing that the etiological mechanisms of non-cardia GC and 
cardia GC are likely different [6, 7]. Non-cardia cancers are typ
ically caused by chronic gastritis, an inflammation of the stom
ach lining, which can be induced by a range of environmental 
factors [48, 49]. Additionally, the lack of association, and in 
some instances even an inverse association, between BMI and 
non-cardia GC could be attributed to the prevalence of malnu
trition among smokers and alcohol drinkers, who are at an in
creased risk for this cancer, i.e. reverse causation [44].

Our study has several strengths, including the large sample 
size, the pooling of data from multiple studies, and the sensi
tivity analyses performed. The pooled-analysis approach 
enhances statistical power, allows the harmonization of vari
able definitions across studies, and enables a more compre
hensive assessment of potential confounders, effect modifiers, 
and subgroup-specific associations [50]. Moreover, our study 
includes data from European populations, which are typically 
underrepresented in GC research that predominantly focuses 
on Asian populations. However, there are some limitations. 
Firstly, our analysis was based on case–control studies, which 
relied on self-reported data on weight before symptoms of 
the disease and other variables such as smoking, making 
them susceptible to recall bias. This concern may be particu
larly relevant for studies that report the maximum weight 
recorded during an individual’s lifetime. However, we uti
lized the BMI categories defined by the WHO. As a substan
tial change in BMI would be required to alter the 
classification into a different category, this approach helps to 
minimize the risk of misclassification related to recall bias 
and its potential impact on our findings.

Secondly, although we restricted our analysis to studies 
that provided weight data from ≥1 year prior to diagnosis to 

Figure 2. Dose–response relationship between BMI and cardia GC fitted by using one-stage logistic mixed-effects model with a second-order (powers 2 
and 3) fractional polynomial (N¼ 7099). Solid black line: adjusted OR; dashed black line: 95% CI.

Table 5. Results of the dose–response analysis on BMI and cardia GC 
fitted by using one-stage logistic mixed-effects model with fractional 
polynomial (N¼7099).

BMI values OR (95% CI)

18.5 0.82 (0.69–0.97)
21.75 (ref.) 1.00
25 1.21 (1.05–1.39)
26 1.28 (1.08–1.52)
27 1.35 (1.11–1.66)
28 1.43 (1.14–1.79)
29 1.50 (1.17–1.92)
30 1.57 (1.21–2.05)
35 1.90 (1.40–2.59)
≥40 2.06 (1.22–3.48)

ORs are adjusted for age, sex, study, smoking status, alcohol-drinking 
status, and socioeconomic status.
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mitigate the potential influence of the disease on weight, we 
acknowledge that GC is often diagnosed at an advanced 
stage. Consequently, the recorded weight 1 year before diag
nosis may have been partially influenced by the disease onset. 
However, six out of seven studies recorded weight from 
≥3 years before enrollment and any potential influence of the 
disease on weight would likely lead to an underestimation of 
the effect of BMI on cancer risk. Third, BMI neither captures 
body fat distribution nor differentiates between lean mass 
and fat mass. It is also important to note that residual con
founding may be present due to unmeasured factors in the 
studies included in the meta-analysis, such as air pollution or 
other dietary factors, whose role in the etiology of GC 
is uncertain.

Conclusions
Our study provides evidence that overweight and obesity are 
associated with an increased risk of cardia GC, whereas they 
show no association with the risk of non-cardia GC. 
However, certain questions remain regarding potential effect 
modifiers and underlying mechanisms that warrant further 
epidemiological investigation. These findings contribute to a 
better understanding of GC etiology and may inform targeted 
primary and secondary preventive interventions for high-risk 
populations.
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