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Background: Understanding the effects of demographic drivers on lung cancer mortality trends is critical for lung cancer control. We have examined the drivers of lung cancer mortality at the global, regional, and national levels.

Methods: Data on lung cancer death and mortality were extracted from the Global Burden of Disease (GBD) 2019. Estimated annual percentage change (EAPC) in the age-standardized mortality rate (ASMR) for lung cancer and all-cause mortality were calculated to measure temporal trends in lung cancer from 1990 to 2019. Decomposition analysis was used to analyze the contributions of epidemiological and demographic drivers to lung cancer mortality.

Results: Despite a non-significant decrease in ASMR [EAPC = −0.31, 95% confidence interval (CI): −1.1 to 0.49], the number of deaths from lung cancer increased by 91.8% [95% uncertainty interval (UI): 74.5–109.0%] between 1990 and 2019. This increase was due to the changes in the number of deaths attributable to population aging (59.6%), population growth (56.7%), and non-GBD risks (3.49%) compared with 1990 data. Conversely, the number of lung cancer deaths due to GBD risks decreased by 19.8%, mainly due to tobacco (−12.66%), occupational risks (−3.52%), and air pollution (−3.47%). More lung cancer deaths (1.83%) were observed in most regions, which were due to high fasting plasma glucose levels. The temporal trend of lung cancer ASMR and the patterns of demographic drivers varied by region and gender. Significant associations were observed between the contributions of population growth, GBD risks and non-GBD risks (negative), population aging (positive), and ASMR in 1990, the sociodemographic index (SDI), and the human development index (HDI) in 2019.

Conclusion: Population aging and population growth increased global lung cancer deaths from 1990 to 2019, despite a decrease in age-specific lung cancer death rates due to GBD risks in most regions. A tailored strategy is needed to reduce the increasing burden of lung cancer due to outpacing demographic drivers of epidemiological change globally and in most regions, taking into account region- or gender-specific risk patterns.
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Introduction

Lung cancer is the leading cause of cancer-related death worldwide, with an estimated 1.8 million deaths in 2018 (1). It is estimated that the number of lung cancer deaths worldwide will increase by 67% by 2040 (1). Consequently, reducing mortality from lung cancer, one of the main causes of non-communicable diseases, would help reduce premature mortality from non-communicable diseases by one-third by 2030, which is one of the United Nations Sustainable Development Goals (2).

Several factors are associated with an increased risk of lung cancer. Tobacco use is the leading cause of lung cancer (3). Therefore, lung cancer incidence and mortality are closely related to smoking habits. Other factors, such as air pollution, occupational exposure, and poor diet, may interact with tobacco smoking to influence the epidemiology of lung cancer (4–6). Changes in the lung cancer burden due to these risk factors have contributed the most to the decline in lung cancer ASMR from 1990 to 2019 (7). However, the absolute number of lung cancer deaths is increasing. This increase is due to the combined effects of population growth, aging, and epidemiological changes in lung cancer (8, 9). Approximately 0.38 million lung cancer deaths worldwide are attributable to population aging (8). Additionally, the trends and drivers of lung cancer mortality vary substantially by SDI (9). To plan for the future of the healthcare system, it is important to decipher the impact of population growth, aging, and age-specific lung cancer mortality due to risk factors, individually or in combination, on lung cancer mortality trends.

The GBD study provides a unique opportunity to assess long-term trends in the global, regional, and national burden of lung cancer attributable to specific risks or a combination of all risks included in the GBD (7, 10–12). However, little is known about trends in lung cancer mortality in the context of major demographic changes (13). In this study, we compared trends in all-cause lung cancer and ASMR and decomposed the contribution of demographic drivers and changes in age-specific lung cancer mortality due to risks within and outside GBD 2019. Our goal was to gain a better understanding of the role and relative magnitude of these demographic and epidemiological drivers. We also examined the relationship between changes in these drivers and ASMR in 1990 and SDI and HDI in 2019.



Materials and methods


Overview of GBD 2019

Age-specific, all-age, and age-standardized lung cancer mortality by various risk factors were derived from GBD 2019 (14). The GBD 2019 provides annual burden of disease estimates for 369 diseases and injuries for 87 risk factors and combinations of risk factors in 204 countries and territories from 1990 to 2019. The detailed methodology of the GBD 2019 estimation process, including the risk factor hierarchy, determination of the inclusion of risk-outcome pairs, estimation of the relative risk as a function of exposure for each risk-outcome pair, estimation of the distribution of exposure for each risk, the estimation of the population attributable fraction and burden by age-gender-location-year, and the summary exposure value, has been described in detail elsewhere (14).



Data input

We chose “tracheal, bronchial, and lung cancer” (International Classification of Diseases-10 codes: C33–C34.9, D02.1–D02.3, D14.2–D14.3, and D38.1) as the outcome. The original data on lung cancer burden by site and year in the GBD study were obtained from the individual cancer registry system and the aggregated database of cancer registries, including the Cancer Incidence in Five Continents (CI5), the Surveillance, Epidemiology, and End Results (SEER) database, and the Nordic Cancer Registries database (NORDCAN) (10). Sources of lung cancer mortality data include vital registration, verbal autopsy, and cancer registries (15). This study complies with the Guidelines for Accurate and Transparent Health Estimates Reporting (GATHER) statement (16).



Risk hierarchy for lung cancer

Global Burden of Disease risk factors are classified into a four-level risk hierarchy, ranging from general risk categories (behavioral, environmental, occupational, and metabolic; level 1) to the most specific factors (such as household air pollution from solid fuels; level 4). Level 2 risk factors for lung cancer, in order of attributable fraction from highest to lowest, are tobacco use, air pollution, occupational risks, high fasting plasma glucose, other environmental factors, and dietary risks (17). However, GBD risk factors did not account for all lung cancer deaths. Therefore, this study also analyzed lung cancer deaths due to non-GBD 2019 risks, which were considered risk-deleted deaths (18, 19). The risk-deleted rate is the death rate that would be observed if all risk factors included in the GBD 2019 were removed. It was calculated as the death rate multiplied by 1 minus the proportion attributable to all-risk in the population fraction at each site (17, 18). Changes in risk-deleted rates could reflect changes in risks or risk-outcome pairs that are not included in the GBD 2019, or changes in other factors such as improved treatments. Finally, we combined all GBD risks and non-GBD risks as “all-cause” lung cancer, which fully accounted for all lung cancer deaths.



Geographical units of analysis

A total of 204 countries and territories were grouped into 21 regions. These countries and territories were also categorized into five regions in terms of SDI: low, low-middle, middle, high-middle, and high SDI regions. The SDI is a composite indicator of the level of development, originally constructed for GBD 2015 based on the total fertility rate under age 25, the average educational attainment of those aged 15 and over, and the lagged distribution of per capita income (20).



Statistical analysis

Data on deaths, all ages, and age-standardized mortality from lung cancer were expressed as numbers and 95% UIs. The 95% UIs were calculated by taking 1,000 samples from the posterior distribution of each step in the modeling process and reported as 2.5- and 97.5-values for each estimate. They were obtained directly from the Global Health Data Exchange website. The estimated EAPC and its 95% CI were used to estimate trends in lung cancer mortality for all age groups and ASMR from 1990 to 2019 (12).

To analyze the drivers of lung cancer mortality, we used age- and risk-specific mortality data from the GBD 2019 to perform decomposition analyses using Das Gupta’s method (21, 22). This method develops several counterfactual scenarios and calculates the impact of each factor on changes from current levels, assuming that all other factors except the factor under consideration remain the same over the study period. In this study, two sets of decomposition analyses were performed. First, we decomposed the changes in lung cancer mortality over time into four components: (1) population growth, (2) population aging, changes in the age structures of the population, (3) all risks in the GBD 2019, and (4) non-GBD risks. The second decomposition analysis further divided the changes in all GBD risks into level 2 risk factors: tobacco, air pollution, occupational risks, high fasting plasma glucose, other environmental factors, and dietary risks. The contribution of changes in exposure to each level 2 risk was scaled to the all-risk effect (18). The relative contributions of these drivers to the change in the number of lung cancer deaths were calculated, using the number of deaths in 1990 as a reference. A positive contribution indicated an increase in lung cancer deaths. GBD risks and non-GBD risks present the epidemiological profile of GBD lung cancer risks that cannot be explained by population growth or population aging.

Based on the results of the decomposition analysis at the regional level, hierarchical cluster analysis was used to group the patterns of demographic and epidemiological drivers of lung cancer deaths from 1990 to 2019. Finally, Spearman’s correlation analysis was performed to examine the relationship between the contributions of population growth, aging, all GBD risk, individual level 2 risk, and the ASMR of lung cancer in 1990 and the SDI and HDI in 2019. The ASMR of lung cancer in 1990 reflects the disease reservoir at baseline, and the SDI/HDI in 2019 can serve as surrogates for the development status of each country. The HDI is a measure used by the United Nations and consists of three components: life expectancy, average income per person, and education level (23). The estimated global, regional, and national populations in 1990 and 2019 used for the decomposition analysis were GBD population standards (20). All statistics and visualizations were generated using R software version 4.1.3 and Stata 16.




Results


Global, regional, and national trends in lung cancer mortality

Globally, the number of lung cancer deaths increased from 1.07 million (95% UI: 1.02–1.11) in 1990 to 2.04 million (95% UI: 1.88–2.19) in 2019, corresponding to an EAPC of 0.94 (95% CI: 0.07–1.83) for all-cause mortality (Table 1; Figure 1; Supplementary Table S1). In contrast, the EAPC of −0.31 (95% CI: −1.1-0.49) indicated a non-significant decreasing trend for ASMR. Similar trends were observed for lung cancer due to all GBD risks. In contrast, there was an increasing trend, although not significant, for lung cancer ASMR due to non-GBD risks (EAPC = 0.47, 95% CI: −1.44-2.42).



TABLE 1 Deaths and mortality of lung cancer in 1990 and 2019 by region and risk factor.
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FIGURE 1
 Global and regional EAPC of all-cause and age-standardized lung cancer mortality from 1990 to 2019.


All five SDI regions showed an upward trend in lung cancer mortality for all ages. However, declining trends in ASMR were observed in the high and high-middle SDI regions, with EAPCs of −0.91 (95% CI: −1.61 to −0.2) and − 0.50 (95% CI:-1.22–0.23), respectively. Similar trends were observed for lung cancer mortality due to all GBD risks (Figure 1; Supplementary Table S1). With the exception of the high-middle SDI region, the other four SDI regions showed an increasing trend in the ASMR for lung cancer due to non-GBD risks.

For all-cause lung cancer or lung cancer due to GBD risks, the significantly increasing trends in lung cancer mortality for all ages and ASMR were found only in East Asia, with the corresponding EAPCs of 3.30 (95% CI: 2.56–4.04) and 0.90 (95% CI: 0.20–1.59), respectively. Conversely, significant decreasing trends for both all-cause lung cancer mortality and ASMR were observed in Central Asia and Eastern Europe. In high-income North America, southern Latin America, and Australasia, there was a significant downward trend in the EAPC of ASMR for both all-cause lung cancer and lung cancer due to GBD risks, whereas in Western Europe there was a significant decrease in ASMR only for lung cancer due to all GBD risks. All-cause lung cancer mortality increased significantly between 1990 to 2019 in high-income Asia and the Pacific, South Asia, tropical Latin America, North Africa and the Middle East, the Caribbean, and central Europe, but no significant increase in ASMR was observed in these regions. With the exception of Central Asia, Eastern Europe, and southern Latin America, the other regions showed increasing trends in both all-cause mortality and ASMR for lung cancer due to non-GBD risks (Figure 1; Supplementary Table S1).



Drivers of trends in lung cancer deaths from 1990 to 2019

From 1990 to 2019, the excess number of lung cancer deaths was nearly 0.98 million, an increase of 91.8% (95% UI: 74.5–109.0%), although the number of lung cancer deaths attributable to GBD risks decreased by −19.8% compared with that in 2019 (Table 2; Figure 2A). This increase was driven by the changes in the number of deaths attributable to population aging (59.6% increase compared with 1990), population growth (56.7% increase compared with 1990), and non-GBD risks (3.49% increase compared with 1990). For the SDI region, the middle SDI region had the largest increase in both the number of lung cancer deaths and the percentage change in lung cancer mortality due to changes in age-specific lung cancer mortality from all GBD risks.



TABLE 2 Patterns of demographic and epidemiologic change in lung cancer mortality (1990–2019).
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FIGURE 2
 Contribution of changes in population growth, population aging, and age-specific lung cancer mortality rates from GBD risks and non-GBD risks to changes in lung cancer mortality, 1990–2019, with 1990 as the reference year. (A) Decomposition analysis at the regional level, (B) Hierarchy cluster analysis to group the patterns of demographic and epidemiologic drivers of lung cancer mortality. The regions in the five dotted boxes represent the five groups in Table 2 that had an increase in lung cancer deaths from 1990 to 2019 but had different patterns of demographic and epidemiologic changes in lung cancer mortality.


The combined effects of population growth, population aging, and age-specific mortality from GBD risks and non-GBD risks underlie the divergent trends in total lung cancer deaths observed worldwide. Only two regions, East Asia and Eastern Europe, experienced decreases in lung cancer deaths of 10 and 20%, respectively (Table 2). To better understand these complex interactions, we classified the remaining regions into five general demographic and epidemiological patterns based on a hierarchical cluster analysis in regions with increased lung cancer deaths (Figure 2B; Table 2). Then, all 21 regions were classified into six groups. Group 1 represents regions where GBD risks contributed to a relative decrease in lung cancer deaths. Group 2 represents regions where an increase in lung cancer deaths was due to a significant increase in population growth, aging, and a significant decrease in age-specific lung cancer mortality due to GBD risks. Groups 3–5 represent regions where the increase in lung cancer deaths was mainly due to population growth and/or aging. East Asia was the only group where the number of lung cancer deaths increased due to all four drivers.

As shown in Supplementary Figure S1, 84 and 80% of global lung cancer deaths were attributable to GBD risks (tobacco, air pollution, occupational risks, high fasting plasma glucose, other environmental risks, and dietary risks) in 1990 and 2019, respectively. We further performed the decomposition analysis at the regional level based on six specific level 2 risk factors rather than the overall GBD risks (Figure 3; Supplementary Table S2). The decrease in lung cancer deaths was mainly due to tobacco (−12.66%), occupational risks (−3.52%), and air pollution (−3.47%). Similar to the result for all GBD risks, the regions with the largest decreases in lung cancer deaths from all GBD risks, including Central Asia, Eastern Europe, high-income North America, Australasia, Western Europe, and Southern Latin America, also had the largest decreases in lung cancer deaths from tobacco, air pollution, occupational risks, other environmental risks, and dietary risks. Conversely, these regions experienced the largest increase in lung cancer deaths due to high fasting plasma glucose.

[image: Figure 3]

FIGURE 3
 Contribution of changes in population growth, population aging, and age-specific lung cancer death rates from specific level 2 risk factors to changes in lung cancer mortality, 1990–2019 at the regional level, using 1990 as the reference year.


The contributions of population growth, aging, and age-specific lung cancer mortality due to GBD risks and non-GBD risks at the national level are shown in Figure 4 and Supplementary Table S3. A total of 131 countries/territories showed a decrease in lung cancer deaths due to age-specific lung cancer mortality from GBD risks, including the largest decreases in the United Kingdom (−11026.7%), Switzerland (−3221.7%), Belgium (−1466.3%), the Czech Republic (−1417.6%), and Tajikistan (−1305.4%). These countries also had the highest percentage changes in lung cancer deaths due to population growth and aging. The contributions of tobacco, air pollution, occupational risks, high fasting plasma glucose, other environmental risks, and dietary risks to the changes in lung cancer deaths are shown in Supplementary Figure S2 and Supplementary Table S4.

[image: Figure 4]

FIGURE 4
 Contribution of changes in population growth, population aging, and age-specific lung cancer death rates from GBD risks and non-GBD risks to changes in lung cancer mortality, 1990–2019 at the national level, with 1990 as the reference year. (A) Population growth, (B) Population aging, (C) Risks in GBD 2019, (D) Non-GBD risks for the year 2019.




Gender differences in the drivers of lung cancer deaths from 1990 to 2019

We repeated the decomposition analysis by gender at the global and regional levels (Figure 5; Supplementary Table S5). The magnitude of the increase in lung cancer deaths from 1990 to 2019 was higher in women than in men, globally and in all regions. Compared with the decrease in the number of lung cancer deaths due to all GBD risks and non-GBD risks in men (−40.39% and − 1.03%, respectively), the number of lung cancer deaths due to these two drivers is still increasing in women worldwide (4.79 and 10.63%, respectively). The increase in the number of lung cancer deaths due to population growth and aging was remarkably lower in women (42.49 and 42.09%, respectively) than in men (65.65 and 75.78%, respectively). These patterns were more evident in the high and high-middle SDI regions. Population growth was the main driver of the increase in lung cancer deaths in the low SDI region for both men and women, and this proportion was also higher for men (103.92%) than for women (63.69%). Furthermore, compared with the decrease in lung cancer deaths from 1990 to 2019 in men, 10.63% of the excess lung cancer deaths in 2019 in women worldwide were attributed to non-GBD risks. A similar pattern was observed in most regions, except East Asia and the middle SDI region. Geographical differences in epidemiological and demographic drivers were observed for both men and women.

[image: Figure 5]

FIGURE 5
 Contribution of changes in population growth, population aging, and age-specific lung cancer death rates from specific level 2 risk factors to changes in lung cancer mortality, 1990–2019 at the regional level by gender, using 1990 as the reference year.


As shown in Supplementary Figure S3, when the all GBD risks were divided into six level 2 risks, the contributions of specific level 2 risk factors to lung cancer deaths are higher in women than men worldwide mostly. In general, the contributions of specific level 2 risk factors to lung cancer deaths are higher for women than for men worldwide. This is particularly true for tobacco. Tobacco-related lung cancer deaths decreased by −40.39% in men but increased by 4.79% in women between 1990 and 2019.



Influential factors for different drivers of lung cancer deaths

We examined the relationship between ASMR in 1990, and SDI and HDI in 2019 and the contributions of all GBD risks, population growth, aging, and non-GBD risks (Figure 6) to the change in lung cancer deaths. We found that the contributions of all GBD risks, population growth, and non-GBD risks were all significantly and negatively associated with ASMR in 1990, and with SDI and HDI in 2019. In contrast, there was a significant positive association between the contribution of population aging and ASMR in 1990, and SDI and HDI in 2019. Furthermore, the contributions to age-specific lung cancer mortality from tobacco, air pollution, occupational risks, other environmental risks, and dietary risks were also significantly negatively associated with ASMR in 1990, and SDI and HDI in 2019 (Supplementary Figures S4–S6). However, the contribution of high fasting plasma glucose was significantly positively associated with ASMR in 1990, and insignificantly positively associated with the SDI and HDI in 2019.

[image: Figure 6]

FIGURE 6
 Percentage change in lung cancer mortality due to changes in population aging, population growth, and age-specific lung cancer mortality from all GBD risks and non-GBD risks, by lung cancer ASMR in 1990, SDI in 2019, and HDI in 2019.





Discussion

This study provides a comprehensive and comparative assessment of the epidemiological and demographic drivers of lung cancer mortality by location and gender over the last three decades. Although a decline in ASMR was observed worldwide and in most regions, all-age mortality and the absolute number of lung cancer deaths continued to increase, mainly due to population aging and growth. The epidemiological and demographic drivers varied by region and sex and were negatively correlated with HDI, SDI in 2019 and lung cancer ASMR in 1990.

A decreasing trend in lung cancer burden in terms of incidence/mortality has been reported previously (7, 10, 24–26). Similar to these studies, we observed a decrease in lung cancer ASMR from all-cause or all GBD risks, which varied greatly by region and country. Non-GBD risk factors accounted for one-fifth of the global lung cancer deaths in 2019, and in this study, we observed a non-significant increase in ASMR for lung cancer from non-GBD risks, which has not been reported previously.

In cancer epidemiology, the effects of demographic factors are often removed in order to isolate modifiable risk factors. However, health system planning also requires an understanding of the absolute burden of disease and the impact of demographic factors. Currently, the combined effects of demographic and epidemiological drivers on lung cancer mortality are not well characterized at the global, regional, and national levels. A recent study found that the increase in global lung cancer cases from 1990 to 2019 was mainly attributable to population growth and aging (25). In this study, we observed similar contributions of population growth and aging to the absolute burden of lung cancer deaths. However, compared with the −7.92% decrease in the per capita burden of lung cancer incidence (25), a greater decrease in lung cancer deaths due to the combination of GBD and non-GBD risks was observed in our study. This may be due to advances in targeted treatments and immunotherapy, and to the increasing availability of screening and early detection through low-dose CT in recent years (27–29).

Most regions showed consistent upward or downward trends in lung cancer ASMR and changes in lung cancer deaths due to GBD risks and non-GBD risks. The notable geographical differences in the above two trends may be due to different levels of socio-economic development and changes in the spectrum of risk factors (30). First, and most importantly, effective tobacco control programs (awareness, education, and legal restrictions) have resulted in significant reductions in both lung cancer ASMR and absolute lung cancer deaths relative to age-specific mortality in some high SDI countries (31, 32). Second, with economic globalization, many occupational and environmental risk factors for lung cancer are shifting and becoming increasingly concentrated in lower-income countries. Therefore, exposure to occupational and environmental risks has been higher in low HDI regions (33, 34). Third, advances in early detection and treatment of lung cancer have opened the way to improved lung cancer survival in some high SDI countries, and even in some middle SDI countries, including China (28, 35). In contrast, lower SDI regions do not have the resources to support new treatments, as many are unable to provide widespread access to lung cancer screening and novel types of therapy (7). In general, countries with a higher baseline HDI provide better protective and preventive measures. This is supported by the negative correlation between the contributions to age-specific lung cancer mortality from all GBD risks, individual risk factors (except high fasting plasma glucose), and the SDI and HDI in 2019. Finally, countries with a low ASMR in 1990 are unlikely to have considered lung cancer a high priority in prevention programs because of its limited public health significance compared to other public health issues. Similar results were found for the ASMR for lung cancer (25, 26).

The diverse patterns of demographic and epidemiologic change in risk-specific lung cancer mortality around the world imply that tailored lung cancer control and prevention strategies are needed for individual regions, countries, and territories. Lung cancer is typically preventable because the risk factors are modifiable (36). Accordingly, primary prevention through risk factor mitigation, including the expansion of smoking control programs, and environmental measures to address air pollution, and occupational risks, must remain a priority in lung cancer control. This strategy is also appropriate for high and high-middle SDI regions, where the effectiveness of tobacco control has been demonstrated. In addition, these regions may still need to invest heavily in health promotion and treatment, given the trends in population aging and growth. For example, although the United Kingdom experienced the largest reduction in lung cancer deaths due to GBD risks, the absolute number of lung cancer deaths did not decline in 2019 compared with 1990. Similarly, the number of lung cancer deaths in the United States has increased by about 40% since 1990. In these regions, low-dose CT screening in high-risk populations and early targeted treatment can help further reduce lung cancer mortality.

Middle and low-middle SDI regions face a dual challenge from both demographic and epidemiological drivers (including all level 2 risks except dietary factors), with a typical example from East Asia. First, the smoking prevalence in middle and low-middle SDI countries has remained high in recent decades, suggesting much less progress in curbing smoking initiation or promoting cessation (19). Second, balancing the tradeoff between environmental/occupational protection and economic development is also a challenge for middle and low-middle SDI regions. Third, middle and low-middle SDI countries, similar to higher-income countries, face the challenges of population aging due to economic, infrastructural, and public health improvements (8). As a middle SDI country, China has the largest number of lung cancer deaths in the world, and lung cancer deaths are not only due to all GBD risk factors except dietary factors but also due to population aging and growth. The increase in lung cancer deaths in low SDI regions, including sub-Saharan Africa and Oceania, is mainly due to population growth. In these regions, more than 90% of the excess lung cancer deaths in 2019 were attributable to population growth.

In low, low-middle, and middle SDI regions, strategies to reduce lung cancer mortality in some high-income countries may not always be effective, feasible, or affordable. For example, the implementation of a screening program in low SDI regions may be premature because the limited downstream resources for treatment may be overwhelmed by the expectedly high number of cancer diagnoses in these regions. Instead, resources allocated to cancer control should focus on improvements in risk factor reduction. These include effective smoking control programs, stronger air quality regulations and enforcement, improved access to clean fuel sources, and legislation on the occupational risk factor. In addition, expanded cancer care and control strategies are needed to reduce disparities in lung cancer survival between developed and developing countries with limited resources (37–39).

The GBD risks in the decomposition analysis were further divided into six types of level 2 risks. The contributions to age-specific lung cancer mortality due to GBD risks were mainly from tobacco use, air pollution, occupational risks, other environmental risks, and dietary risks. However, increased lung cancer deaths due to high fasting plasma glucose were observed in most regions and were more pronounced in the regions with the greatest decrease in lung cancer deaths. This underscores the need for the continued worldwide promotion of a healthy lifestyle that includes physical exercise, the avoidance of obesity and hyperglycemia (40).

Lung cancer occurs more frequently in men than in women. While a decreasing trend in lung cancer ASMR in men has been observed in most regions, mainly due to effective tobacco control, an increasing trend has been observed in women worldwide and in most regions (7, 26, 41). Similarly, we found an increasing absolute burden of lung cancer deaths due to age-specific mortality from all GBD risks worldwide and in many regions. These differences between men and women also reflect differences in the stage and extent of the tobacco epidemic (42). In this study, regions such as Central and Western Europe had the highest burden of tobacco smoke-related lung cancer, which may be due to the later onset of smoking (43). In countries where the tobacco epidemic is at an earlier stage, like in China and several African countries, smoking has either recently peaked or continues to increase, and the burden of lung cancer in women due to tobacco smoking will continue to increase in the coming decades (44). In addition, the burden of lung cancer mortality from other level 2 risk factors has also increased in women worldwide because of economic globalization and associated social changes, such as the incorporation of women into the workforce.

The GBD 2019 used a comparative risk assessment approach to quantify associations between risk factors and outcomes. However, some common risk factors were not included in the risk-outcome associations for lung cancer, such as previous lung disease and genetic factors (45–47). In this study, we found a non-significant increase in lung cancer ASMR from non-GBD risks and an associated increase in absolute lung cancer deaths worldwide and in most regions/countries. Therefore, further studies are warranted to quantitatively assess the evidence and risk-outcome associations for non-GBD risks of lung cancer.

To our knowledge, this was the first study to systematically analyze the contributions of epidemiological and demographic drivers to lung cancer mortality at the global, regional, and country levels from 1990 to 2019. Our analysis broadens the perspective on the challenges that population aging, population growth, and epidemiological factors pose to the geographically and socioeconomically diverse lung cancer burden in most regions. However, as highlighted in previous GBD studies, our study has several limitations. First, the accuracy and robustness of GBD estimates are highly dependent on the quality and quantity of the data used for modeling. High-quality mortality data were lacking in some countries, especially in regions with lower SDIs (1). Second, the distribution of pathologic types of lung cancer has changed significantly in recent decades (37), but due to the lack of relevant data, temporal trends in lung cancer incidence by histology were not assessed in this study.



Conclusion

In summary, we found that population aging and growth are responsible for the increase in the number of lung cancer deaths between 1990 and 2019, although age-specific death rates from GBD risks have decreased overall in most regions. The variation in the region- and country-specific demographic and epidemiologic changes in lung cancer mortality underscores the need for targeted strategies to reduce the burden of lung cancer.
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