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Abstract

Background/Objectives: Lung cancer exhibits substantial international variation in inci-
dence that cannot be fully explained by established individual-level risk factors alone.
Although tobacco smoking remains the principal cause of lung cancer, international eco-
logical associations may also be influenced by differences in socioeconomic development,
epidemiological transition, healthcare infrastructure, diagnostic capacity, and cancer reg-
istration systems. This study examined country-level associations between behavioral,
environmental, occupational, dietary, metabolic, socioeconomic, and healthcare indicators
and lung cancer incidence across 183 countries. Methods: An ecological cross-sectional
study was conducted across 183 countries. Lung cancer incidence estimates for 2024 were
obtained from the International Agency for Research on Cancer (IARC) Global Cancer
Observatory, Cancer Today platform, using GLOBOCAN 2024. Exposure and contextual
indicators were obtained from international databases, with reference years varying across
indicators. Incidence was evaluated for the total population, males, females, and individuals
aged 15-64 years. Country-level associations were assessed using exploratory Spearman
correlations, exploratory receiver operating characteristic (ROC) analyses, and multivari-
able linear regression models. Analytical sample sizes varied according to data availability.
Results: Indicators associated with socioeconomic development, including expected years
of schooling (p = 0.664-0.728), personal health expenditure (p = 0.656-0.706), meat con-
sumption (p = 0.640-0.732), and tobacco consumption (p = 0.492-0.677), showed consistent
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positive ecological associations with lung cancer incidence. Occupational silica exposure
showed small positive ecological correlations (p = 0.194-0.278). Conversely, unsafe water
sources (p = —0.729 to —0.786) and unsafe sanitation (p = —0.661 to —0.763) exhibited strong
inverse ecological associations. Multivariable regression models explained 55.4-66.1% of
the international variability in lung cancer incidence, with tobacco consumption showing
positive associations across all demographic groups after adjustment for the other covariates
included in the models. The inverse ecological associations observed for unsafe water and
sanitation indicators may reflect differences in socioeconomic development, epidemiological
transition, diagnostic capacity, and cancer registration systems; however, these explana-
tions were not directly evaluated and should not be interpreted as evidence of biologically
protective effects. Conclusions: Selected country-level indicators were associated with
international variation in lung cancer incidence. Tobacco consumption showed positive
associations across all demographic groups after adjustment for the covariates included in
the models. The inverse ecological associations observed for unsafe water and sanitation
indicators may reflect contextual differences between countries, but these explanations were
not directly evaluated. The findings remain susceptible to residual confounding and do not
establish individual-level causal relationships.

Keywords: lung cancer; ecological epidemiology; ecological associations; socioeconomic
development; epidemiological transition; cancer registration; diagnostic capacity

1. Introduction

Lung cancer remains one of the leading causes of cancer incidence and mortality
worldwide, representing a major public health challenge despite substantial advances in
prevention, diagnosis, and treatment. According to the Global Burden of Disease (GBD)
Study and international cancer surveillance systems, cancers of the trachea, bronchus, and
lung account for a considerable proportion of the global cancer burden and exhibit marked
geographic variation in incidence across countries and regions [1,2]. These pronounced
international differences cannot be fully explained by biological susceptibility alone and
suggest that broader population-level determinants contribute substantially to the observed
global patterns [3].

International ecological comparisons consistently demonstrate that countries with
higher socioeconomic development generally report substantially greater lung cancer inci-
dence than low-income nations. Although part of this variation reflects historical differences
in tobacco consumption and other established carcinogenic exposures, important contextual
factors—including demographic aging, epidemiological transition, healthcare infrastruc-
ture, diagnostic capacity, and the completeness of population-based cancer registration
systems—also influence the observed incidence burden [4]. Consequently, reported inci-
dence represents not only the occurrence of disease but also the ability of health systems to
detect, diagnose, and register cancer cases.

This complexity creates an important challenge in ecological epidemiology. Country-
level analyses frequently identify associations that appear contradictory when interpreted
using an individual-level causal framework. For example, adverse environmental indicators,
such as unsafe water and sanitation, may exhibit inverse ecological associations with lung
cancer incidence. Such patterns may reflect differences in socioeconomic development,
historical exposures, diagnostic capacity, and cancer surveillance rather than protective
effects [5,6]. Such paradoxical findings do not imply protective biological effects but rather
illustrate how ecological associations may reflect the broader socioeconomic context in
which exposures occur.
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Although the individual-level determinants of lung cancer have been extensively inves-
tigated, considerably less attention has been devoted to understanding how socioeconomic
development shapes the interpretation of international ecological associations. Most previ-
ous studies have focused on quantifying the contribution of specific risk factors, whereas
relatively few have examined how differences in development modify the ecological relation-
ships observed between countries. As a result, ecological associations are often interpreted
without adequately considering the influence of epidemiological transition, healthcare
access, life expectancy, diagnostic intensity, and cancer registration quality, all of which may
substantially affect the reported incidence of lung cancer [7].

Ecological studies provide valuable insights into population-level disease patterns, but
their findings should not be interpreted as evidence of individual-level causality because
they are inherently susceptible to ecological fallacy [8-10]. Instead, ecological indicators
frequently function as markers of broader contextual characteristics, integrating multiple di-
mensions of socioeconomic development rather than representing isolated biological effects.
Recognizing this distinction is essential for the appropriate interpretation of international
comparisons involving complex chronic diseases such as lung cancer.

To address this knowledge gap, the present study investigated how socioeconomic
development may influence the ecological interpretation of global associations between be-
havioral, environmental, occupational, dietary, metabolic, sanitation-related, and healthcare
indicators and the incidence of tracheal, bronchial, and lung cancer using publicly available
international databases [11,12]. Specifically, we sought to (i) identify ecological indicators
consistently associated with lung cancer incidence across demographic groups, (ii) assess
the consistency of ecological discrimination using exploratory receiver operating character-
istic analyses, and (iii) estimate their country-level associations after adjustment for the
covariates included in multivariable regression models. Rather than inferring causality,
this study aims to provide a comprehensive ecological framework for interpreting interna-
tional differences in lung cancer incidence and to better understand how socioeconomic
development shapes global patterns of disease burden.

2. Materials and Methods
2.1. Study Design and Data Sources

An ecological cross-sectional study was conducted to examine country-level associa-
tions between behavioral, environmental, occupational, dietary, socioeconomic, sanitation-
related, and healthcare indicators and lung cancer incidence across 183 countries.

Lung cancer incidence estimates for 2024 were obtained exclusively from the Interna-
tional Agency for Research on Cancer (IARC) Global Cancer Observatory, Cancer Today
platform, using GLOBOCAN 2024. Age-standardized incidence rates were expressed per
100,000 population using the Segi—-Doll world standard population. GBD/IHME and the
other international databases supplied exposure and contextual indicators rather than
the dependent variable [13,14]. The outcome reference year was distinguished from the
database publication and access dates. Incidence estimates were extracted for the total
population, males, females, and individuals aged 15-64 years. The incidence estimates
refer to 2024; database publication and access dates are reported separately. Exposure and
contextual indicators were obtained from publicly available international sources, including
the Global Burden of Disease (GBD) Study through Institute for Health Metrics and Evalu-
ation (IHME) platforms, the World Health Organization (WHO), the Food and Agriculture
Organization of the United Nations (FAO), the United Nations Development Programme
(UNDP), and the World Bank. Some indicators were accessed through Our World in Data
(OWID) [15]. The original data producer and access platform are identified separately in
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Supplementary Table S1. GBD/IHME sources supplied the relevant exposure indicators
rather than lung cancer incidence estimates [16,17].

Candidate indicators were initially considered across several domains. The study
dataset comprised 183 countries [18]. Data availability varied across indicators and in-
cidence outcomes, resulting in different numbers of paired observations for individual
correlation analyses [19]. Supplementary Table S1 documents the candidate indicators, their
reference years, definitions, sources, and analytical availability. Supplementary Table S2
presents selected exploratory correlations and the number of countries included in each
analysis. Countries or territories with substantial missing information across the candidate
indicators, or for which only substantially outdated indicator data were available, were
excluded during dataset assembly. The resulting study dataset comprised 183 countries.
Within this dataset, analytical sample sizes varied according to the availability of paired
observations for each indicator and incidence outcome.

2.2. Study Variables

The dependent variables were age-standardized incidence rates of trachea, bronchus,
and lung cancer in the total population, males, females, and individuals aged 15-64 years.

The ecological indicators evaluated represented behavioral, socioeconomic, environ-
mental, dietary, occupational, metabolic, and sanitation-related characteristics at the country
level rather than individual-level exposures. Among the evaluated variables were tobacco
consumption per person, nitrogen dioxide (NO,) concentration, sulfur dioxide (SO,) con-
centration, occupational exposure to silica, expected years of schooling, personal health
expenditure, caloric intake from meat consumption, body-mass index, fasting plasma glu-
cose, systolic blood pressure, sanitation indicators, water access indicators, and selected
dietary factors (Table 1) [1,2,4,5,20-23].

Table 1. Description of Variables Included in the Global Ecological Analysis of Lung Cancer Incidence.

Category

Variable Definition/Unit Source

Cancer outcome

Trachea, bronchus and lung cancer
incidence (Total)
Male lung cancer incidence
Female lung cancer incidence

Age-standardized incidence rate per

100,000 population [13]

Lung cancer incidence (15-64 years)

Age-standardized prevalence of

Lifestyle Tobacco consumption per person current tobacco use among persons [16,24]
aged >15 years (%).
) Nitrogen dioxide (NO,) concentration ~ Annual mean concentration (pg/m?)
Environmental Sulfur dioxide (SO,) concentration Annual mean concentration [1.25]
Occupational Occupational exposure to silica Exposure index (%) [1,25]
Soc , Expected years of schooling Years [16,26]
ocroeconomic Personal health expenditure Current international dollars per capita
Calories from meat consumption
Calories from eggs
Dietary Calories from fats and oils kcal/person/day [23]
Sugar-derived kilocalories
Vegetable consumption
High body-mass index
Metabolic High fasting plasma glucose Prevalence (%) [1,25]

High systolic blood pressure
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Table 1. Cont.
Category Variable Definition/Unit Source
o Unsafe water source . o
Water and sanitation Unsafe sanitation Population exposed (%) [27-29]
Dietary risk Dietlow in seafood omega-3 fatty acids Exposure prevalence (%) [16,24]

Diet low in milk

Description of the variables included in the global ecological analysis of trachea, bronchus, and
lung cancer incidence. Variables were selected to represent behavioral, environmental, occupational,
socioeconomic, dietary, metabolic, and sanitation-related determinants potentially associated with
lung cancer burden. Lung cancer incidence estimates were obtained from IARC’s Global Cancer
Observatory, Cancer Today, using GLOBOCAN 2024. Exposure and contextual indicators were
obtained separately from the sources specified in Supplementary Table S1.

Country-level records were assembled into a common analytical matrix, retaining
each indicator’s source-specific definition, unit, and reference year. Integration did not
establish temporal alighment or measurement equivalence. Supplementary Table S1 reports
sources, reference years, definitions, available observations, and missingness within the
183-country dataset. Missing percentages used 183 as the denominator. No missing values
were imputed. Correlations used available paired observations, with analytical sample
sizes reported in Supplementary Table S2. Absence from this selected table does not imply
exclusion from all exploratory analyses.

2.3. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics version 27.0 (IBM Corp.,
Armonk, NY, USA) and Python version 3.13 [30].

Spearman’s rank correlation was used to characterize the direction and magnitude
of monotonic country-level associations between incidence and indicators measured on
different scales. This rank-based approach does not require normally distributed variables
and is less sensitive to extreme values than Pearson correlation. Its use was therefore
justified by the analytical objective rather than solely by statistical tests of normality [31].

Because the unit of analysis was the country, all variables were treated as ecological
indicators rather than individual-level exposures. Consequently, the associations identified
in this study were interpreted as population-level relationships and should not be considered
evidence of causal effects at the individual level. The analytical objective was to characterize
international ecological patterns of lung cancer incidence rather than estimate individual
disease risk.

2.3.1. Correlation Analysis

Associations between lung cancer incidence and each explanatory variable were as-
sessed using Spearman’s rank correlation coefficient (p). Correlation analyses were per-
formed separately for total incidence, male incidence, female incidence, and incidence
among individuals aged 15-64 years [31].

The strength of correlations was interpreted according to the absolute value of Spear-
man’s coefficient as follows: negligible (<0.20), weak (0.20-0.39), moderate (0.40-0.59),
strong (0.60-0.79), and very strong (>0.80). Positive coefficients indicated direct associa-
tions, whereas negative coefficients indicated inverse associations [32,33].

The original correlation output included substantially more indicators than those
presented in the summary table. Sample sizes varied between analyses according to the
availability of paired observations. Supplementary Table S2 reports selected correlations
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with their corresponding sample sizes. The analyses were exploratory and hypothesis-
generating, and no adjustment for multiple comparisons was applied.

Spearman correlation coefficients are reported with 95% percentile bootstrap confi-
dence intervals based on 10,000 resamples, two-sided p-values, and the number of available
paired observations. p-values below 0.001 are reported as p < 0.001; other values are re-
ported to three decimal places. No adjustment for multiple comparisons was applied across
indicators and the four incidence outcomes. Accordingly, p < 0.05 was treated as a nominal
threshold, and the analyses were interpreted as exploratory and hypothesis-generating.

2.3.2. Descriptive Comparison of Consistently Associated Ecological Indicators

Indicators showing nominally significant correlations and consistent directions of
association across the four demographic groups were summarized as consistently associated
ecological correlates for descriptive, exploratory comparison. To characterize their global
distribution, countries were ranked according to the values of each selected indicator [34,35].

For each selected variable, the five countries with the highest exposure values and
the five countries with the lowest exposure values were identified. Corresponding age-
standardized incidence rates of trachea, bronchus, and lung cancer were extracted and
compared descriptively to explore whether countries at the extremes of exposure exhibited
distinct incidence patterns [34,35].

This approach was used to provide epidemiological context for the observed correla-
tions and to evaluate the consistency of associations across geographically and socioeco-
nomically diverse settings. Results were summarized in Supplementary Tables reporting
exposure values and corresponding lung cancer incidence rates for countries with the
highest and lowest levels of each determinant [36]. No formal hypothesis testing was
performed in this comparative analysis, as its purpose was descriptive and exploratory
rather than inferential.

2.3.3. Receiver Operating Characteristic (ROC) Analysis

Receiver operating characteristic (ROC) analyses were conducted to evaluate the ability
of the principal determinants identified in the correlation analyses to discriminate between
countries with high and low lung cancer incidence.

For each demographic category (total population, males, females, and individuals
aged 15-64 years), countries were classified into high- and low-incidence groups according
to the median age-standardized incidence rate. Countries with incidence values above the
median were categorized as high-incidence, whereas those with values at or below the
median were categorized as low-incidence.

Receiver operating characteristic (ROC) analyses were not intended to develop predic-
tive models or establish diagnostic thresholds. Instead, they were used as a complementary
exploratory approach to evaluate whether variables consistently associated with lung cancer
incidence could distinguish countries with relatively higher versus lower incidence burdens
at the population level [37,38]. Therefore, ROC analyses should be interpreted as measures
of ecological discriminatory capacity rather than tools for individual-level prediction [37].

The area under the ROC curve (AUC), corresponding 95% confidence intervals (95%
CI), sensitivity, and specificity were calculated for each determinant. AUC values were
interpreted as follows: <0.70, poor discrimination; 0.70-0.79, acceptable discrimination;
0.80-0.89, good discrimination; and >0.90, excellent discrimination [39-41]. These analyses
were secondary and exploratory. Median dichotomization discards information from the
continuous outcome, and selection and evaluation of indicators in the same dataset do
not constitute independent validation and may overestimate discrimination. Confidence
intervals were estimated using a non-parametric approach implemented in SPSS.
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2.3.4. Multivariable Regression Analysis

To estimate the adjusted country-level associations between selected ecological in-
dicators and lung cancer incidence, multiple linear regression models were constructed
for each demographic category (total population, males, females, and individuals aged
15-64 years) [42,43].

Regression coefficients were interpreted as country-level associations conditional on
the other covariates included in each model. They were not interpreted as causal effects or
as associations independent of unmeasured contextual factors.

Predictor selection combined exploratory correlation findings, conceptual relevance,
representation of behavioral, environmental, dietary, educational, and healthcare domains,
data availability, and avoidance of redundant indicators. The final models included tobacco
use prevalence, NO, concentration, SO, concentration, meat availability, expected years of
schooling, and out-of-pocket health expenditure. Because correlation findings informed
selection and alternative models were explored, these models were considered exploratory
rather than confirmatory. Candidate variables were initially identified through Spearman
correlation analyses and were considered eligible only if they fulfilled three complementary
criteria: (i) statistically significant and directionally consistent ecological associations across
multiple demographic groups; (ii) biological and epidemiological plausibility supported
by the previous literature; and (iii) representation of distinct conceptual domains relevant
to lung cancer epidemiology, including behavioral, environmental, dietary, healthcare, and
socioeconomic indicators.

When multiple variables represented similar constructs (e.g., correlated metabolic or
socioeconomic indicators), only the most representative variable was retained to minimize
redundancy, improve model interpretability, and reduce multicollinearity. Final predictor
selection also considered data completeness across countries and model parsimony. Several
alternative multivariable models were explored during model development, and the final
models were selected based on explanatory performance, epidemiological plausibility, statis-
tical stability, and interpretability rather than solely on statistical significance [42,44]. Multi-
collinearity was assessed using variance inflation factors (VIFs) and tolerance statistics. VIF
values < 5 and tolerance values > 0.20 were considered indicative of acceptable collinearity.

Standardized regression coefficients (), corresponding p-values, adjusted coefficients
of determination (adjusted R?), and overall model significance were reported.

Adjustment was limited to the covariates included in each model. Life expectancy,
population age structure, cancer-registration quality, diagnostic capacity, urbanization,
and historical smoking exposure were not directly included. Therefore, the estimated
coefficients represent adjusted country-level associations and remain susceptible to residual
confounding by these contextual factors.

Additional analyses expanded the six-predictor models to include the natural log-
arithm of GDP per capita at purchasing power parity for 2020. Complete information
was available for 140 countries. The six-predictor models were also refitted to this same
sample to distinguish GDP adjustment from sample restriction. No missing values were im-
puted. Unstandardized coefficients, HC3 robust standard errors, 95% confidence intervals,
standardized coefficients, and two-sided p-values were calculated. Diagnostics assessed
heteroscedasticity using the Breusch-Pagan test, multicollinearity using variance inflation
factors, and influential observations using Cook’s distance. Sensitivity analyses refitted the
expanded models after excluding observations with Cook’s distance > 4/N.

2.4. Ethical Considerations

This study was based exclusively on publicly available, de-identified secondary data
obtained from international databases. No individual-level information was accessed, and
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no interaction with human participants occurred. Therefore, according to international
guidelines for secondary analyses of publicly available data, institutional ethics committee
approval and informed consent were not required [45,46].

2.5. Study Limitations

As an ecological study, the findings represent population-level associations and should
not be interpreted as evidence of causal relationships at the individual level.

1. The ecological design precludes causal inference and is inherently susceptible to eco-
logical fallacy. Consequently, associations observed at the country level may not reflect
individual-level risk relationships.

2. Differences in cancer registration quality, diagnostic infrastructure, healthcare ac-
cess, and reporting systems across countries may have influenced the incidence
estimates analyzed.

3. Lung cancer develops after prolonged latency periods. Therefore, contemporary indi-
cators of tobacco consumption, environmental pollution, dietary patterns, and socioe-
conomic conditions may not fully reflect the historical exposures that contributed to
current incidence rates.

4. Residual confounding by life expectancy, population aging, healthcare access, cancer
surveillance quality, and broader indicators of socioeconomic development cannot
be excluded.

5. Information regarding smoking duration, cumulative tobacco exposure, occupational
history, genetic susceptibility, histological subtypes, and other individual-level risk
factors was not available in the international databases used.

6.  Ecological associations may be strongly influenced by differences in epidemiological
transition across countries. Nations with greater socioeconomic development often
have longer life expectancy, older population structures, more comprehensive cancer
registries, and greater diagnostic capacity, which may modify the direction and mag-
nitude of ecological associations independently of the biological effects of individual
risk factors.

Finally, although multiple international databases were integrated, variations in data
completeness and availability across countries may have influenced the number of observa-
tions included in specific analyses [45,47,48].

3. Results
3.1. Global Patterns of Lung Cancer Incidence According to Sex and Age Group

Figure 1 presents radar plots comparing the countries with the highest incidence
rates of trachea, bronchus, and lung cancer across the total population, by sex, and among
individuals aged 15-64 years. Overall, Hungary consistently ranked among the countries
with the highest incidence rates across all analyzed groups, highlighting a persistent and
disproportionate burden of lung cancer. In the total population, elevated incidence rates
were also observed in New Caledonia, China, Serbia, and French Polynesia, whereas several
African countries, including Niger, Sierra Leone, Mozambique, and the Republic of Congo,
showed comparatively lower incidence values.

Among males, the highest incidence rates were concentrated in Tiirkiye, Hungary,
Serbia, Bosnia and Herzegovina, and New Caledonia, suggesting a marked geographic
clustering in Eastern Europe and selected Pacific regions. Male incidence rates were sub-
stantially higher than those observed in females, consistent with the well-recognized global
sex differences in lung cancer incidence.
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Figure 1. Radar plots showing the countries with the highest incidence rates of trachea, bronchus,
and lung cancer globally according to demographic groups: (A) total population, (B) males, (C)
females, and (D) individuals aged 15-64 years. Hungary and other Eastern European countries
consistently exhibited the highest incidence rates across multiple groups, whereas several African
countries showed comparatively lower incidence values. Source: IARC Global Cancer Observatory,
Cancer Today, GLOBOCAN 2024. Rates are expressed per 100,000 population.

In females, Denmark, Hungary, the Netherlands, Canada, and China exhibited the
highest incidence rates. Compared with males, female incidence patterns appeared more
heterogeneous, with representation from both high-income European countries and selected
regions in Asia and North America. Conversely, lower incidence rates in females were
observed in countries from Sub-Saharan Africa, including Chad, Niger, Mozambique, and

the Republic of Congo.

For the population aged 15-64 years, Hungary, Serbia, Montenegro, Bosnia and Herze-
govina, and France demonstrated the greatest incidence burden, indicating that lung cancer
remains highly prevalent even within economically active age groups. In contrast, countries
such as Cape Verde, the Republic of Congo, and Benin maintained the lowest incidence

estimates in this age category.

Collectively, these findings demonstrate substantial geographic heterogeneity in lung
cancer incidence worldwide. Countries with the highest incidence were predominantly
located in economically developed regions of Europe, North America, and Oceania, whereas
many low-income countries in Sub-Saharan Africa consistently reported substantially lower
incidence rates. These global patterns suggest that international differences in lung cancer
burden occur within distinct socioeconomic and epidemiological contexts that warrant

further ecological investigation.
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3.2. Correlation Between Socioenvironmental Factors and Lung Cancer Incidence

Spearman correlation analyses identified two distinct ecological patterns across coun-
tries (Figure S1). Indicators commonly associated with socioeconomic development, in-
cluding expected years of schooling, personal health expenditure, meat consumption, and
tobacco consumption, showed consistent positive associations with lung cancer incidence.
Occupational silica exposure showed small positive correlations across demographic groups.
In contrast, unsafe sanitation and unsafe water sources exhibited strong inverse ecological
associations. These opposing patterns suggest that international ecological associations
are likely influenced by broader country-level socioeconomic and epidemiological contexts
rather than solely reflecting the isolated effects of individual exposures.

The strongest positive associations were observed for expected years of schooling and
personal health expenditure, particularly in females and the total population. Tobacco
consumption also demonstrated moderate-to-strong positive correlations across all groups,
especially among males and individuals aged 15-64 years. Occupational silica exposure
showed positive correlations of small magnitude: p = 0.227 for total incidence, 0.194 for
males, 0.278 for females, and 0.211 for individuals aged 15-64 years.

3.3. Common Ecological Factors Associated with Lung Cancer Incidence Across
Demographic Groups

Unsafe sanitation and unsafe water sources displayed strong inverse ecological correla-
tions, whereas occupational silica exposure showed small positive correlations. The inverse
ecological correlations observed for unsafe sanitation and unsafe water sources warrant
further discussion in relation to country-level contextual factors.

Additional dietary factors, including calories from eggs, fats and oils, vegetable con-
sumption, sugar-derived kilocalories, and diets high in red meat, also demonstrated mod-
erate positive associations. Among all variables, the strongest positive correlations were
identified for expected years of schooling (p ~ 0.66-0.73), personal health expenditure
(p = 0.65-0.71), calories from meat consumption (p = 0.64-0.73), and tobacco consumption
(p =~ 0.49-0.68) (Figure 2).

Unsafe water sources and unsafe sanitation consistently exhibited strong inverse cor-
relations with lung cancer incidence across demographic groups. Negative associations
were also observed for diets low in seafood omega-3 fatty acids and low milk consumption.
Occupational silica exposure, in contrast, showed small positive correlations across all four
outcomes (p = 0.194-0.278).

The coexistence of positive correlations for tobacco use and occupational silica exposure
with inverse correlations for unsafe water and sanitation illustrates the complexity of country-
level comparisons and the need to consider contextual factors.

3.4. Characteristics of Countries with the Highest and Lowest Exposure to Common
Associated Factors

To better characterize the observed correlations, countries with the highest and lowest
exposure levels for the most relevant common determinants were compared. Countries
exhibiting the highest tobacco consumption, educational attainment, health expenditure,
and meat consumption were predominantly located in Europe, North America, and Oceania,
and generally presented elevated lung cancer incidence rates. In contrast, countries with
the lowest levels of these indicators were mainly located in Sub-Saharan Africa and South
Asia, where lung cancer incidence remained comparatively low (Table 2).
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1.00
Tobacco consumption per person
NO: concentration 075
SO: concentrations
Expected years of schooling 0.50
Personal health expenditure
F0.25

Calories from meat consumption

High body-mass index

High fasting plasma glucose

High systolic blood pressure

Occupational exposure to silica

Unsafe water source

Unsafe sanitation

Diet low in seafood omega-3 fatty acids

Diet low in milk

r0.00

r—0.25

Spearman correlation (rho)

—-0.50

-0.75

-1.00

Total Male Female 15-64 years

Figure 2. Heatmap showing common Spearman correlation coefficients between socioeconomic,
environmental, dietary, and metabolic factors and trachea, bronchus, and lung cancer incidence
across demographic groups: total population, males, females, and individuals aged 15-64 years.
Green tones indicate positive correlations, whereas red tones indicate inverse correlations, with
color intensity representing the magnitude of the correlation coefficient (p). Tobacco consumption,
educational attainment, personal health expenditure, and meat consumption showed the strongest
positive associations, while unsafe water sources and unsafe sanitation demonstrated strong inverse
correlations across all groups. Occupational silica exposure showed small positive correlations.

Table 2. Representative countries with the highest and lowest exposure levels for common determi-
nants of trachea, bronchus, and lung cancer incidence.

Factor

Lung Cancer
Incidence Range

Lung Cancer

Highest Exposure Countries Incidence Range

Lowest Exposure Countries

Tobacco consumption
Expected years of schooling
Health expenditure
Meat consumption
Occupational silica exposure
Unsafe water source

Tiirkiye, Hungary, Serbia 32.0-40.7 Niger, Nigeria, Benin 0.8-1.1
Australia, Belgium, Austria 14.6-22.8 Chad, Burkina Faso, Afghanistan 1.7-6.1
Armenia, Austria, Belgium 20.8-22.8 Burundi, Benin, Burkina Faso 1.1-25

Argentina, Australia, Belgium 14.4-22.8 Burundi, Chad, Bangladesh 1.7-7.1
Cambodia, Bangladesh, Burundi 2.5-13.8 Australia, Belgium, Austria 14.6-22.8
Afghanistan, Burundi, Burkina Faso 1.7-6.1 Australia, Austria, Belgium 14.6-22.8

Countries with the highest and lowest exposure levels for selected determinants consistently associated
with trachea, bronchus, and lung cancer incidence in the global ecological analyses. The table
summarizes representative countries exhibiting extreme exposure values for factors showing either
positive or negative correlations with lung cancer incidence. Incidence ranges correspond to age-
standardized incidence rates (per 100,000 population) observed among the countries with the highest
and lowest exposure levels for each determinant.

https://doi.org/10.3390/epidemiologia7060151


https://doi.org/10.3390/epidemiologia7060151

Epidemiologia 2026, 7, 151

12 of 20

Similarly, the highest values for occupational exposure to silica, unsafe water sources,
unsafe sanitation, low seafood omega-3 intake, and low milk consumption were concentrated
in low- and middle-income countries. These comparisons demonstrated that countries with
the highest exposure to indicators of socioeconomic development consistently exhibited
higher reported lung cancer incidence. Selected countries with poorer sanitation and unsafe
water generally reported lower incidence rates. These descriptive comparisons do not
establish the direction of association across the full dataset. In particular, the overall silica
correlations were positive despite the contrasting profiles of some selected countries.

3.5. Secondary Exploratory ROC Analyses

Secondary exploratory ROC analyses assessed within-sample discrimination between
countries above and at or below the median lung cancer incidence within each demographic
group (Table 3; Supplementary Figure S2). The evaluated indicators were tobacco use
prevalence, expected years of schooling, out-of-pocket health expenditure, meat availability,
and NO, concentration.

Table 3. Secondary exploratory AUC estimates for selected country-level indicators across lung cancer
incidence outcomes.

Variable

Total Population
AUC (95% CI)

Male AUC
(95% CI)

Female AUC
(95% CI)

15-64 Years AUC
(95% CI)

Tobacco consumption
Expected years of schooling
Personal health expenditure

Meat consumption
NO, concentration

0.778 (0.701-0.856)
0.753 (0.678-0.828)
0.754 (0.680-0.829)
0.739 (0.663-0.815)
0.719 (0.643-0.796)

0.791 (0.715-0.867)
0.759 (0.684-0.833)
0.760 (0.686-0.834)
0.744 (0.669-0.820)
0.721 (0.644-0.797)

0.716 (0.632-0.801)
0.771 (0.698-0.844)
0.725 (0.648-0.803)
0.767 (0.694-0.841)
0.693 (0.615-0.771)

0.777 (0.700-0.855)
0.782 (0.711-0.854)
0.760 (0.686-0.834)
0.733 (0.656-0.809)
0.721 (0.644-0.797)

AUC, area under the receiver operating characteristic curve; CI, confidence interval. Countries
were classified as having incidence above or at or below the median within each demographic
group. Confidence intervals were calculated using a non-parametric approach. All reported AUC
estimates differed from 0.50 at nominal p < 0.001, without adjustment for multiple comparisons.
These secondary analyses used the same dataset for indicator selection and evaluation and do not
constitute independent validation.

AUC estimates ranged from 0.693 to 0.791. Tobacco use prevalence had the highest
AUC for total incidence (0.778, 95% CI: 0.701-0.856) and male incidence (0.791, 95% CI:
0.715-0.867). Expected years of schooling had the highest AUC for female incidence (0.771,
95% CI: 0.698-0.844) and incidence among individuals aged 15-64 years (0.782, 95% CI:
0.711-0.854). All reported AUC estimates differed from 0.50 at nominal p < 0.001.

These AUC estimates describe within-sample discrimination between countries above
and at or below the median incidence. Median dichotomization discards information
from the continuous outcome, and the indicators were selected and evaluated using the
same dataset. Therefore, these secondary exploratory analyses do not provide indepen-
dent validation of the correlation or regression findings and should not be interpreted as
demonstrating individual-level predictive performance.

3.6. Multivariable Analysis of Adjusted Country-Level Associations with Lung Cancer Incidence

Multiple linear regression analyses were performed to estimate adjusted country-level
associations between selected ecological indicators and the incidence of trachea, bronchus,
and lung cancer within each demographic group (Figure 3, Table 4). The evaluated pre-
dictors included tobacco consumption per person, nitrogen dioxide concentration, sulfur
dioxide (SO,) concentration, caloric intake from meat consumption, expected years of
schooling, and personal health expenditure. For total lung cancer incidence, the model
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(A)
Personal health expenditure
Expected years of schooling
Meat consumption
SO, concentration
NO, concentration

Tobacco consumption

(C)

Personal health expenditure
Expected years of schooling
Meat consumption
SO, concentration
NO, concentration

Tobacco consumption

demonstrated strong explanatory performance (adjusted R* = 0.661, p < 0.001). The multi-
variable regression models explained between 55% and 66% of the international variability
in lung cancer incidence across demographic groups, indicating that a relatively small
set of country-level ecological indicators accounted for a substantial proportion of global
differences in incidence. Indicators representing different dimensions of socioeconomic
development, particularly expected years of schooling, together with dietary characteristics
represented by meat consumption, remained associated with lung cancer incidence across all
demographic groups after adjustment for the other included covariates. Tobacco consump-
tion showed positive adjusted associations in every model, with the largest standardized
coefficient observed among males.

(B)
Personal health expenditure
Expected years of schooling
Meat consumption
SO, concentration
NO; concentration

Tobacco consumption 0.474

(D)

Personal health expenditure

0.310 Expected years of schooling
0.310 Meat consumption
SO, concentration

NO, concentration

Tobacco consumption

Figure 3. Standardized regression coefficients () derived from multivariable linear regression models
evaluating adjusted country-level associations between socioeconomic, environmental, and dietary
factors and trachea, bronchus, and lung cancer incidence. Panels represent (A) total population,
(B) males, (C) females, and (D) individuals aged 15-64 years. Positive coefficients indicate direct
associations with lung cancer incidence after adjustment for all covariates included in the models,
whereas negative coefficients indicate inverse associations. Tobacco consumption expected years of
schooling, and meat consumption showed the largest standardized coefficients among the predictors
included in the fitted models across demographic groups. The vertical black line indicates the null
value (B =0).

Collectively, these findings indicate that international ecological variation in lung can-
cer incidence is explained by multiple interconnected country-level characteristics rather
than by any single ecological indicator, emphasizing the importance of interpreting global
ecological associations within their broader socioeconomic context. No evidence of relevant
multicollinearity was detected (all VIF values < 2.5). Collinearity diagnostics demon-
strated acceptable levels of multicollinearity among all predictors included in the final
models. Tolerance values ranged from 0.437 to 0.859, whereas VIF values ranged from
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1.164 to 2.287. All values remained well below the predefined threshold of 5, indicat-
ing that multicollinearity was unlikely to materially influence the regression estimates
(Supplementary Tables S4 and S5).

Table 4. Multivariable linear regression models for trachea, bronchus, and lung cancer incidence
according to demographic group.

Variable

Total
(p-Value)

Male B
(p-Value)

Female B
(p-Value)

15-64 Years p
(p-Value)

Tobacco consumption per person
Nitrogen dioxide concentration
SO, concentration
Calories from meat consumption
Expected years of schooling
Personal health expenditure

Adjusted R?
Model p-value

0.367 (<0.001)
—0.017 (0.774)
0.078 (0.164)
0.276 (<0.001)
0.313 (<0.001)
0.100 (0.160)
0.661
<0.001

0.474 (<0.001)
—0.025 (0.683)
0.075 (0.207)
0.226 (0.003)
0.273 (0.001)
0.050 (0.505)
0.616
<0.001

0.131 (0.033)
—0.003 (0.966)
0.052 (0.414)
0.310 (<0.001)
0.310 (<0.001)
0.167 (0.042)
0.554
<0.001

0.442 (<0.001)
—0.025 (0.699)
0.112 (0.070)
0.249 (0.002)
0.238 (0.004)
0.056 (0.474)
0.584
<0.001

Multivariable linear regression models estimate adjusted country-level associations between so-
cioeconomic, environmental, and dietary factors and trachea, bronchus, and lung cancer incidence.
Standardized regression coefficients (B) are shown for each predictor. Adjusted R* values represent
the proportion of variability in incidence explained by each model. Positive B coefficients indicate a
direct association with lung cancer incidence after adjustment for all covariates included in the model.

Additional GDP-adjusted models included 140 countries (Supplementary Table S6).
Compared with the six-predictor models refitted to the same sample, adjusted R? changed
from 0.664 to 0.668 for total incidence, 0.615 to 0.616 for males, 0.558 to 0.562 for females,
and 0.584 to 0.584 for individuals aged 15-64 years. With HC3 robust inference, tobacco
use prevalence remained positively associated with all four outcomes. Meat availabil-
ity and expected years of schooling retained positive coefficients but reached nominal
significance only for total and female incidence. GDP per capita did not reach nominal
significance in the primary expanded models. Heteroscedasticity was detected in all four
models, and the maximum VIF was 4.69. Sensitivity analyses retained positive tobacco
associations across all outcomes, whereas several other associations varied after exclusion
of influential observations.

4. Discussion
4.1. Principal Findings

The present global ecological analysis identified substantial geographic heterogeneity
in the incidence of trachea, bronchus, and lung cancer, with the highest incidence rates
concentrated in Eastern Europe and other highly developed regions, whereas substantially
lower reported incidence rates were observed in many low-income countries. The most
important finding of this study was that international ecological associations followed a
clear socioeconomic gradient. Indicators associated with socioeconomic development—
including educational attainment, healthcare expenditure, and dietary patterns—were
consistently associated with higher reported lung cancer incidence, whereas several indica-
tors concentrated in lower-income settings exhibited inverse ecological associations. Tobacco
consumption remained associated after adjustment for the other included covariates across
all demographic groups, a finding consistent with established epidemiological evidence
on tobacco, although this consistency does not constitute independent validation of the
ecological models [12,49].

Expected years of schooling and meat consumption showed positive associations in
the primary models, although their significance was less consistent in the additional GDP-
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adjusted analyses. Schooling may represent broader socioeconomic conditions rather than
a direct biological risk factor [50,51]. Personal health expenditure showed positive bivariate
correlations but less consistent adjusted associations [52,53].

Meat consumption should be interpreted as an ecological correlate that may capture
broader dietary and lifestyle patterns [54]. Previous studies have examined associations
between meat intake and lung cancer, but the present analysis cannot distinguish specific
foods, biological mechanisms, or individual-level effects [55,56].

Occupational silica exposure showed small positive ecological correlations with lung
cancer incidence across all demographic groups (p = 0.194-0.278). Crystalline silica is
an established human lung carcinogen, and occupational studies have documented in-
creased lung cancer risk [57,58]. However, these country-level correlations do not quantify
individual risk or establish causality. The indicator may inadequately represent cumula-
tive exposure, occupational histories, and latency, and the observed associations remain
susceptible to contextual confounding [57].

Environmental indicators showed more complex patterns. NO, and SO, concentrations
were positively correlated with lung cancer incidence in the ecological analyses; however,
these associations lost statistical significance after adjustment for tobacco consumption
and socioeconomic variables [59]. NO, and SO, did not show statistically significant
adjusted associations in these models. This finding does not establish their relative causal
contributions compared with smoking and may reflect confounding, exposure measurement
limitations, or temporal mismatch. The attenuation of these associations in multivariable
models highlights the importance of considering multiple determinants simultaneously
when evaluating population-level cancer burden [60,61].

4.2. Ecological Interpretation of the Findings

The inverse correlations observed for unsafe water and sanitation should not be inter-
preted as protective effects. They may reflect contextual differences in historical exposures,
socioeconomic conditions, diagnostic capacity, and cancer surveillance. These explanations
remain hypotheses because their contributions were not directly evaluated [10]. Occupa-
tional silica exposure showed small positive correlations and therefore does not exemplify
an inverse ecological association in this dataset.

The secondary exploratory ROC analyses describe within-sample ecological discrimina-
tion but do not independently validate the correlation or regression findings [37]. Their AUC
estimates should not be interpreted as individual-level predictive performance [38,62,63].

Additional adjustment for GDP per capita supported the stability of the tobacco as-
sociation while indicating greater uncertainty for meat availability and schooling. Dif-
ferences from the primary models reflect GDP adjustment, restriction to a complete-case
sample, and the use of robust standard errors. GDP per capita provides partial adjust-
ment for national development but does not directly measure diagnostic capacity or
cancer-registration completeness.

4.3. Potential Influence of Diagnostic Capacity and Cancer Registration Systems

Differences in diagnostic infrastructure, healthcare access, and cancer registration
systems may have contributed to the geographic variation observed in this study. Several
low-income countries, particularly in Sub-Saharan Africa, reported substantially lower inci-
dence rates despite exhibiting a high prevalence of adverse environmental and occupational
exposures. This pattern may partly reflect underdiagnosis, limited access to imaging and
pathology services, shorter life expectancy, and incomplete cancer registration systems.
Consequently, the inverse ecological associations observed for unsafe sanitation and unsafe
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water sources may partly reflect differences in disease detection and reporting rather than
protective effects.

Differences in access to imaging, pathology, and population-based registries may affect
case ascertainment. Although age-standardization accounts for differences in population
age composition, historical exposures, competing mortality, and survival patterns may still
differ across countries.

Previous GBD studies have characterized lung cancer burden and attributable
risks [10,12,18]. The present analysis provides a complementary examination of country-
level associations; however, explanations involving socioeconomic development and surveil-
lance remain hypotheses rather than mechanisms demonstrated by this study [7,19,35].

4.4. Strengths and Limitations

The study’s strengths include its broad geographic scope across 183 countries, the
evaluation of indicators from multiple domains, and analyses of incidence in the total
population, males, females, and individuals aged 15-64 years. These analyses character-
ize country-level patterns, although overlapping demographic groups do not constitute
independent replication.

Several limitations warrant consideration. The ecological cross-sectional design pre-
cludes causal inference, and country-level associations may not reflect individual-level
relationships. Differences in diagnostic capacity, healthcare access, and cancer-registration
completeness may influence incidence estimates. Exposure indicators also represent dif-
ferent reference periods and may poorly capture the historical and cumulative exposures
relevant to lung cancer latency. Their integration into a common dataset does not eliminate
temporal or measurement heterogeneity.

Residual confounding remains despite additional adjustment for GDP per capita.
Life expectancy, population age structure, urbanization, diagnostic intensity, registration
quality, and historical smoking exposure were not directly controlled. Individual smoking
histories, occupational exposure histories, genetic susceptibility, and histological subtypes
were unavailable. Occupational silica indicators should therefore not be interpreted as
evidence against its established carcinogenicity.

Correlation and ROC analyses were exploratory; median dichotomization reduced
information, and selection and evaluation of indicators in the same dataset may have
inflated apparent discrimination. Multiple testing without adjustment and correlation-
based predictor selection increase the possibility of chance findings and uncertainty beyond
that represented by model p-values. ROC results do not establish individual-level predictive
performance. Additional complete-case models excluded 43 countries (23.5%), potentially
reducing representativeness and introducing selection bias. Sensitivity analyses also showed
that some regression findings depended on influential observations.

4.5. Future Studies and Perspectives

Future studies should incorporate longitudinal designs, historical exposure data, and
more granular regional assessments to better disentangle the complex interactions among
tobacco use, environmental pollution, socioeconomic development, healthcare access, and
dietary patterns [35,64,65]. Additionally, integrating mortality, disability-adjusted life years,
and temporal trend analyses may provide a more comprehensive understanding of the
evolving global burden of lung cancer.

International ecological comparisons should be interpreted within their developmen-
tal and surveillance contexts. Tobacco-control policies remain supported by established
evidence, alongside investments in diagnostic access and cancer registration.
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5. Conclusions

Lung cancer incidence varied substantially across the countries included in this ecolog-
ical analysis. Tobacco use prevalence showed positive adjusted country-level associations
across all demographic groups, including additional GDP-adjusted models and sensitivity
analyses. Meat availability and expected years of schooling also showed positive associ-
ations, although their statistical significance was less consistent under robust inference.
Adjustment for GDP per capita produced only small changes in model fit and did not
eliminate potential confounding by historical exposures, diagnostic capacity, or cancer-
registration completeness. These findings should be interpreted as exploratory ecological
associations rather than individual-level causal effects.
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