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Objectives: To identify the long-term spatiotemporal trend of ozone-related chronic obstructive pulmonary disease (COPD) burden by sex and country and to explore potential drivers.Methods: We retrieved data of ozone-related COPD death and disability adjusted life year (DALY) from the Global Burden of Disease 2019. We used a linear regression of natural logarithms of age-standardized rates (ASRs) with calendar year to examine the trends in ASRs and a panel regression to identify country-level factors associated with the trends.Results: Global ozone-attributable COPD deaths increased from 117,114 to 208,342 among men and from 90,265 to 156,880 among women between 1990 and 2019. Although ASRs of ozone-related COPD death and DALY declined globally, they increased in low and low-middle Socio-demographic Index (SDI) regions, with faster rise in women. Elevated average maximum temperature was associated with higher ozone-attributable COPD burden, while more green space was associated with lower burden.Conclusion: More efforts are needed in low and low-middle SDI regions, particularly for women, to diminish inter-country inequality in ozone-attributable COPD. Global warming may exacerbate the burden. Expanding green space may mitigate the burden.Keywords: chronic obstructive pulmonary disease, ozone, GBD, global warming, green space
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) led to over three million deaths and 74 million disability-adjusted life years (DALYs) lost in 2019 worldwide, which was the third and fourth most common cause of death or disability, respectively [1]. Population growth and population ageing may further exacerbate the heavy burden of COPD.
Although smoking, occupational exposures and indoor air pollution are identified as major contributors to COPD, ambient air pollution, particularly ozone [2–4], has been increasingly reported to play an important role in the progression of COPD [2, 5–10]. Ozone is a type of gaseous pollutant formed by atmospheric chemical reactions of nitrogen oxides and volatile organic compound precursor under the conditions of high temperature and strong solar radiation. It is therefore the air pollutant that is most sensitive to meteorological factors [11]. Urbanization, industrialization, and together with global warming in the coming decades may aggravate the health impacts of ozone pollution [12]. Despite global efforts to control emissions of ozone precursors, the concentration of ozone remains high, particularly in East Asia where its concentration presents a significant upward trend [13, 14]. In some countries such as China, the concentration of ambient particulate matter has dropped with the stringent control measures, but the ambient ozone pollution remains serious [15–17]. Moreover, unlike particulate matter, which can reduce atmospheric visibility, ozone pollution is more difficult to detect and protect against.
As a strong oxidant, ozone exposure leads to COPD progression through lung inflammation and alveolar epithelial damage [18–20]. A meta-analysis on the relationship between air pollution and COPD showed that pooled relative risk associated with ozone was higher than other air pollutants, and the estimations on ozone-COPD relationship had the highest level of heterogeneity [21]. Disparities in climate, environment, demographic characteristics, and socioeconomic level in different studies may partly explain the heterogeneity of the results. Revealing the spatial and temporal variations of ozone-associated COPD at the national level, and identifying nation-specific factors that modify the effect of ozone exposure will help understand the drivers behind the variations and facilitate interventions for COPD.
However, the existing studies on ozone-related COPD burden have been either carried out in a certain country or region [22, 23], have failed to compare the sex disparity in different countries and regions [24], or have not examined the modification effect of various country-specific characteristics [24–26]. The global burden of disease study (GBD) 2019 uses a unified method to estimate ozone-related COPD burden by sex at the levels of country and region, which allows us to compare the trend in the burden by sex across countries and regions, and to evaluate influencing factors at the level of country by further incorporating socioenvironmental factors [1, 27].
This study aimed to use data from the GBD 2019 to investigate the spatiotemporal trends in COPD mortality and DALY associated with ozone by sex at the regional and national levels. We also aimed to assess whether country-level environment, demographic characteristics, and socioeconomic variables have modified the observed trends.
METHODS
Data of Ozone-Related COPD Burden
We collected the annual numbers, age-standardized rates (ASRs), and the proportions (accounting for the total burden from COPD) of death and DALY of ozone-attributable COPD by country, region, and sex for the period 1990–2019 from the GBD study results [28]. The GBD 2019 covered 21 regions and 204 countries. Countries were categorized into five groups (high, low, middle, high-middle, and low-middle) according to the Socio-demographic Index (SDI). The SDI was a synthetic metrics that reflected the degree of development associated with health conditions. A higher value in SDI meant a higher level of development [1].
The full details of the GBD methodology had been reported elsewhere [1, 24, 26]. In terms of mortality, data used for estimation included vital registration and surveillance from the cause of death database. COPD deaths were coded as J41-J44, J47 by the International Classification of Diseases, 10th version (ICD-10) and 491–492, 496 by the ICD-9. The standard Cause of Death Ensemble model approach was applied to develop mixed effects or spatiotemporal regression models for COPD mortality estimation [5, 24].
In terms of non-fatal health loss, the estimation was based on the data from representative surveys, prevalence studies, and medical claims. COPD was defined by expiratory volume in one second/forced vital capacity (FEV1/FVC) <70% (post-bronchodilator) as per the recommendation of the 2022 Global Initiative for Chronic Obstructive Lung Disease (GOLD) [10]. Data using alternative case-definitions of COPD prevalence (i.e., FEV1/FVC<0.7 pre-bronchodilator) were crosswalked to this definition. The severity of COPD was classified as mild, moderate, and severe according to the GOLD criteria. A DisMod-MR 2.1 model was employed to estimate COPD prevalence and the proportions of three GOLD severity groups. These proportions were mapped into the three COPD health states for which disability weights (DWs) were available using the Medical Expenditure Panel Survey data from the United States. The prevalence of each COPD health state was multiplied by its DW and was then adjusted for comorbidity to obtain the years lived with disability (YLD) [5, 25].
Years of life lost (YLLs) were calculated by multiplying the number of deaths at a given age by the standard life expectancy at the corresponding age. DALYs were the sum of YLDs and YLLs [5, 25].
A comparative risk assessment method was used by the GBD 2019 to quantify the burden of disease related to ozone pollution. Population-attributable fraction (PAF) was calculated through exposure data of ambient ozone, relative risk for COPD, and a theoretical minimum risk exposure level (TMREL) for ozone. A chemical transport model based on satellite data was used to estimate ozone exposure. Relative risk was pooled from meta-analysis of cohort studies. The TMREL for ozone was set to a uniform distribution between the lowest and fifth percentile measured by the Cancer Prevention Study-II of American Cancer Society [5, 25]. Ethical approval was not required because we used pre-existing and de-identified data in this study and we did not have any contact with the subjects.
Data of Potential Country-Level Modifiers
The following country- and year-specific factors that might modify ozone-related COPD were included in the present study according to previous studies [29–33]. Age-standardized prevalence of smoking tobacco use by sex was derived from the GBD 2019 [34]. Demographic and socioeconomic factors including average years of schooling (average number of years people aged 25 years or older participated in formal education), population density, proportion of population aged 65 years or older, proportion of urban population, and gross domestic product (GDP) per capita were collected from the Our World in Data [35]. Data in this platform have been widely used in previous studies [36, 37]. We also included environmental factors including average temperature, average maximum temperature, average minimum temperature, rainfall, and Normalized Derived Vegetation Index (NDVI) (the values ranged from 0 to 1 with greater value presenting a higher vegetation coverage). Daily temperature and rainfall were collected from the National Oceanic and Atmospheric Administration of the United States [38]. In consistent with other epidemiological studies [39], we calculated average annual temperature, average annual maximum temperature, and average annual minimum temperature during summer months for each country (June to August for northern hemisphere and December to February for southern hemisphere). We collected NDVI from the National Aeronautics and Space Administration [40] and calculated the annual average.
Statistical Analysis
We conducted three-step analyses. Step 1: we presented the numbers, ASRs, and proportions of COPD death and DALY attributable to ozone by sex, country, and region with 95% uncertainty intervals (UI). We used maps to show their spatial distributions. Step 2: we fitted the natural logarithm of ASR of ozone-related COPD death and DALY to the calendar year by linear regression with the equation [image: image]. We calculated annual percentage change (APC) with [image: image] to identify the trend of ASR. If the APC was significantly higher than 0, we considered that there was a significant increment trend [41]. Step 3: we applied panel regression model to assess the modification effect of country-level factors on ozone-related COPD burden [42]. Because the NDVI data were only available from 2000 to 2018, the panel data analysis was constrained to this period. The model was defined as follows:
[image: image]
where [image: image] is the mortality or DALY rates (all ages) for country i in year t, [image: image] is the matrix of country-level factors for country i in year t, β is the vector of the parameters, [image: image] represents the composite error. Panel data analysis contains three types of models including pooled model, fixed effect model, and random effect model. A pooled model assumes that there is no individual effect and produces consistent parameter estimates as the ordinary least squares (OLS). In fixed effect model, the parameter estimate for the unobserved individual effect (or time effect) is a part of the intercept, while in a random effect model, its estimate is an error component [43, 44]. We used the F test and Hausman test to determine the applicability of the three models and found that the fixed effect estimator was the most suitable for this study [39, 44]. We estimated β value and 95% confidence interval (CI) for each country-level factor.
We performed all analyses with R (version 4.1.0, package of plm). A p-value < 0.05 was viewed as statistically significant.
RESULTS
COPD Deaths and DALYs Associated With Ozone by Region
Percentage of COPD Deaths and DALYs Associated With Ozone
Ozone pollution contributed to 11.07% and 11.20% of all deaths from COPD among men and women worldwide in 2019, respectively. Across regions with different SDIs, the proportion attributable to ozone pollution increased among both men and women from 1990 to 2019, with the exception of high-SDI region. Among 21 GBD regions, the decrease in the proportion only occurred in seven regions [Central Asia, Eastern Europe, Central Europe, Oceania, High-income North America, Caribbean, and Central Latin America (Figure 1)].
[image: Figure 1]FIGURE 1 | The proportions of chronic obstructive pulmonary disease deaths attributable to ozone among total chronic obstructive pulmonary disease deaths by sex and region (Global, 1990 and 2019).
Contribution of ozone pollution to DALYs from COPD was on the rise globally in both men and women during the study period. In addition to the GBD regions where the percentage of ozone-related COPD deaths decreased, a decline in the percentage of ozone-related COPD DALYs occurred in East Asia, North Africa and Middle East, and Western Europe as well (Supplementary Figure S1).
Number and ASR of COPD Death Associated With Ozone
The global number of ozone-related COPD deaths increased from 117,114 (95% UI, 51,903 to 187,913) to 208,342 (95% UI, 96,725 to 327,371) among men during the study period. The age-standardized mortality rate (ASMR) of ozone-attributable COPD among men decreased globally, from 8.05 (95% UI, 3.58–12.86) to 6.20 (95% UI, 2.88–9.68) per 100,000 person-years, with an APC of −1.07% (95% CI, −1.34% to −0.80%). However, the ASMR increased in the regions with low [APC 0.74% (95% CI, 0.55, 0.94)] and low-middle SDI [APC 0.61% (95% CI, 0.45, 0.77)]. Among 21 GBD regions, the ASMR among men increased in six regions (Table 1A).
TABLE 1 | Death numbers and age-standardized mortality rates of chronic obstructive pulmonary disease attributable to ozone by sex and region (Global, 1990 and 2019).
[image: Table 1]The number of ozone-related COPD deaths in women was constantly lower than that in men across regions with different SDIs. The death number among women increased from 90,265 (95% UI, 40,644 to 146,693) to 156,880 (95% UI, 73,265 to 249,792) globally from 1990 to 2019. The ASMR of ozone-attributable COPD in women also decreased globally, from 4.56 (95% UI, 2.06–7.42) to 3.57 (95% UI, 1.67–5.68) per 100,000 person-years, with an APC of −1.15% (95% CI, −1.41% to −0.89%). Women in the regions with low [APC 1.30% (95% CI, 1.11, 1.49)] and low-middle SDI [APC 0.71% (95% CI, 0.52, 0.90)] also experienced an increased ASMR, with the APC higher than men in corresponding regions. Among 21 GBD regions, the ASMR among women increased in eight regions [Table 1B].
Number and ASR of COPD DALY Associated With Ozone
Global numbers of ozone-attributable COPD DALYs increased among both men and women from 1990 to 2019, whereas the age-standardized DALY rates (ASDRs) decreased significantly among both sexes. Nevertheless, the ASDR still increased in the regions with low and low-middle SDI. Among 21 GBD regions, the increments in ASDR in men and women were observed in four and five regions, respectively (Supplementary Table S1).
COPD Deaths and DALYs Associated With Ozone by Country
Percentage of COPD Deaths and DALYs Associated With Ozone
The percentages of ozone-attributable COPD deaths increased in both men and women in 118 countries of 204 countries (57.8%, n = 118/204). The highest increase occurred in Bangladesh, Maldives, and India (Figure 2; Supplementary Table S2). The percentages of ozone-attributable COPD DALYs in men and women increased in 109 (53.4%, n = 109/204) and 107 countries (52.5%, n = 107/204) out of 204 countries, respectively. The highest increase occurred in India, Bangladesh, and Nepal among men, and in India, Maldives, and Bangladesh among women (Supplementary Figure S2; Supplementary Table S3).
[image: Figure 2]FIGURE 2 | The change in the proportions of chronic obstructive pulmonary disease deaths attributable to ozone among total chronic obstructive pulmonary disease deaths by sex and country [(A): Men; (B): Women] (Global, 1990 to 2019).
Number and ASR of COPD Death Associated With Ozone
Among 204 countries and territories, Nepal, India, and Pakistan had the highest ASMR of ozone-attributable COPD in men in 2019, and Nepal, India, and Bhutan had the highest value in women (Figure 3; Supplementary Table S2). The number of COPD-related deaths in men was the highest in India, China, and Pakistan in 2019, while the number in women was the highest in India, China, and United States (Supplementary Table S2).
[image: Figure 3]FIGURE 3 | The age-standardized death rates of chronic obstructive pulmonary disease attributable to ozone by sex and country [(A): Men; (B): Women] (Global, 2019).
Among 204 countries, the ASMR of ozone-attributable COPD in men significantly increased in 59 countries out of 204 countries (28.9%, n = 59/204), with Madagascar, Mozambique, and Kenya having the highest annual growth. The ASMR in women significantly increased in 71 countries (34.8%, n = 71/204), with Madagascar, Seychelles, and Kenya having the highest annual growth (Figure 4; Supplementary Table S2).
[image: Figure 4]FIGURE 4 | Annual percentage change in the age-standardized death rates of chronic obstructive pulmonary disease attributable to ozone by sex and country [(A): Men; (B): Women] (Global, 1990 to 2019).
Number and ASR of COPD DALY Associated With Ozone
The DALY numbers and ASDRs of ozone-attributable COPD by sex and country are shown in Supplementary Table S3. The distribution (Supplementary Figure S3) and trend of (Supplementary Figure S4) ozone-attributable COPD DALY were similar to the death.
Country-Level Factors Associated With Ozone-Related COPD
The patterns of the significant associations between country-level factors and ozone-attributable COPD burden were similar in terms of death and DALY in both men and women (Table 2; Supplementary Table S4). Smoking prevalence was positively associated with the rate of the burden. With regards to demographic factors, average years of schooling was negatively associated with the burden. A higher population density and a higher percentage of population aged ≥65 years old were associated with a higher ozone-related COPD burden. In terms of socioeconomic factors, countries with a higher percentage of urban population were more likely to have a lighter ozone-attributable COPD burden. Among meteorological factors, average maximum and minimum temperature and rainfall were positively associated with ozone-related COPD burden. In contrast, NVDI was associated with significantly decreased ozone-attributable COPD deaths and DALYs in both men and women.
TABLE 2 | Association between country-level factors and mortality rate of chronic obstructive pulmonary disease attributable to ozone pollution (Global, 1990 to 2019).
[image: Table 2]DISCUSSION
Ozone is a worldwide threat to COPD, but there is limited evidence detailing how ozone-related COPD burden changed spatially and temporally by sex at the national level and what the underlying drivers were. In this study, we reported that the trends in the ASRs of ozone-attributable COPD death and DALY showed a great spatial variation, with low and low-middle SDI regions having a significant increasing trend. It’s worth noting that such increasing trend was more marked among women than men. More importantly, we found that such variation could be related to a variety of country-level environmental and socioeconomic characteristics, suggesting that tailored strategies taking into account these characteristics are crucial for ozone-attributable COPD prevention and control.
The GBD study 2015 reported that 254,000 deaths from COPD were associated with exposure to ozone worldwide in 2015, representing 8.0% of total COPD deaths [45]. Our study found that more than 364,000 COPD deaths (over 208,000 for men and 156,000 for women) were associated with exposure to ozone in 2019, accounting for around 11.0% of total COPD deaths. This raise may be due to the increases in both levels of ozone and COPD mortality and the updated estimation method. Although some studies have initially described ozone-related COPD burden based on the GBD 2019 [24–26], our study further detailed the spatial and temporal trends in the number, percentage, and ASR of ozone-related COPD death and DALY by sex in each country, and for the first time assessed the modifying effects of a variety of country-level environmental and socioeconomic factors on such trends [24].
Our study found that although the ASRs of ozone-attributable COPD death and DALY declined worldwide, the ASRs in regions of low SDI and low-middle SDI were still on the rise. Nepal, India, Pakistan, and Bhutan in particular showed the highest ASMR attributable to ozone pollution. With rapid economic development, these regions are experiencing the most severe ambient air pollution in the world [46]. Relatively low socioeconomic level may be another reason for the higher ASMR in these regions because poverty has been reported to be associated with airflow obstruction [47, 48]. Moreover, the relatively poor treatment and health service may further aggravate the mortality burden from COPD in less developed countries as health resources have been mainly allocated to infectious diseases rather than non-communicable diseases such as COPD. In this study, we also found that country-level socioeconomic indicator, i.e., proportion of urban population, was negatively associated with the mortality rate of COPD through panel analysis, which is able to reflect, to some extent, the negative relationship between socioeconomic level and COPD mortality. These findings revealed a huge inequity in the ozone-attributable COPD burden among countries with different SDI levels. Due to limited resources, countries with low and low-middle SDI were facing the dilemma of economic development and air pollution control. More international efforts are needed to decrease ozone pollution exposure and related health disparities.
We found that the absolute numbers and ASRs of COPD burden were higher among men than women, which is consistent with previous studies [5]. However, it is worth noting that the increase in ASMR among women (34.8% of all countries) was observed in more countries compared to men (28.9% of all countries) from 1990 to 2019. The ASMR in low and low-middle SDI regions increased more rapidly among women than men (higher absolute values of APC in women than men), and the ASMR in high SDI region decreased more slowly among women than men (lower absolute value of APC in women than men). This may indicate that women are more susceptible to the process of air quality deterioration. Physiological differences in hormone, lung volume, deposition, and reactivity may partly explain the disparity in susceptibility between men and women [49, 50]. Another possible examination is the disparity in the trend of smoking prevalence between men and women. It has been reported that smoking among men decreased more dramatically than that among women in high-income countries from 2007 to 2019 [51]. Smoking and ozone exposure may have joint effect on COPD mortality. Our finding suggests that more attention should be paid to women in preventing the influence of ozone on respiratory system. More refined data collection and analysis is needed to discern the reasons for the disparity in response to ozone between men and women.
We further evaluated potential modifiers on ozone-related COPD death and DALY at the national level using panel analyses. Countries with a higher smoking prevalence were found to have higher rates of COPD mortality and DALY, suggesting that smoking may have synergistic effect with air pollution [52]. With the implementation of multiple tobacco control initiatives such as the World Health Organization Framework Convention on Tobacco Control (WHO FCTC) and the MPOWER measures, smoking prevalence had decreased worldwide during the last three decades, but the absolute number of smokers continued to increase [51, 53]. Moreover, a wide implementation gap for tobacco control policies still existed among countries and only two countries (Brazil and Turkey) have fully applied all MPOWER measures [46, 53]. Strong and extensive implementation of evidence-based interventions is needed to speed up reduction in health influence of smoking.
Our results show population density and percentage of population aged ≥65 years old were positively related with ozone-attributable COPD mortality and DALY rates, which indicates that COPD burden will continue to elevate with global population growth and population ageing. Average years of schooling and proportion of urban population that reflect the socioeconomic levels were found to be negatively associated with the rates of ozone-attributable COPD mortality and DALY. The possible explanation is that countries with higher socioeconomic levels tend to implement better early warning and protective measures against air pollution and be able to afford better healthcare services [32].
Our study found that countries with higher average maximum and minimum temperatures were likely to have higher ozone-attributable COPD mortality and DALY rates. Previous studies also discovered that temperature synergistically modified the ozone-mortality [54]. Our study provides the evidence of this synergistic effect through analysis across multiple countries worldwide. The ozone-attributable COPD burden is predicted to surge further as climate change becomes more fiercer and heat waves become more frequent. The coordinated efforts in early warning and protection against climate change and ozone pollution are needed to reduce the synergistic effect.
It is noticeable that our study found increased greenness could attenuate the susceptibility of COPD death and DALY related to ozone pollution. Most previous studies on green space and respiratory diseases focused on its direct protective effect [55–58]. Only two studies revealed a favorable modification effect of greenness on the association between ozone pollution and respiratory diseases [59, 60]. The underlying reasons for the modification effect may include the differences in health behaviors and stress reduction in regions of different greenness. For example, people live in a greener space may be more likely to take protection measures against ozone pollution and lead a healthier lifestyle (i.e., less likely to smoke), and may be more likely to be able to recover from psychological stress [61, 62]. This finding suggests the importance of enlarging green space in improving resiliency from the health influence of ozone pollution. It also indicates that future studies on the health effect of air pollution should take the modification effect of greenness into account.
Our study has several novel findings with public health significance. First, the marked disparity in the trend of ASR of ozone-attributable COPD death and DALY across regions with different SDI underscores the urgency to allocate more resources in regions with low or low-middle SDI to mitigate health inequality. Second, the discrepancy in the trend of ASR of ozone-attributable COPD death and DALY between men and women indicates that women may be more vulnerable to the deterioration of air quality and should receive more attention. Third, our panel analyses identified that smoking and high temperature may aggravate ozone-related COPD burden, whereas greenspace may alleviate the burden, providing an essential basis for identifying susceptible countries and formulating policy to mitigate the health effect of ozone pollution.
Our study has several limitations. First, in addition to COPD, other respiratory diseases such as asthma may also be associated with ozone pollution. Further studies are needed to assess the asthma burden attributable to ozone. Second, some potential modifiers (e.g., solar radiation, occupational exposures and indoor air pollution), were not included in panel analysis because of the lack of long-term continuous data at the national level. Third, as an ecological study, our estimates at the country-level could not fully rule out the potential for bias. Further studies about the modification of socioenvironmental factors on ozone-attributable COPD at the individual level are warranted. Fourth, there are a few ineluctable limitations in the GBD study. For instance, some countries lack relevant data or have data with low quality. To compensate for this, the GBD study used data processing and modelling methods to constantly improve the estimation [1].
Conclusion
The ASR of ozone-attributable COPD death was increasing in regions with low or low-middle SDI, urging that more resources need to be invested in these regions to diminish ozone-related health inequalities between countries. Such increase was faster in women than man, which indicates women need more attention to reduce the respiratory effect of ozone. Increasing ambient temperature was associated with a higher burden of ozone-related COPD, and more green space may help alleviate the burden. These findings provide crucial basis for reducing the ozone-related COPD burden through urban design and coordinated control of ozone pollution and climate change.
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