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Background: Lower respiratory infections (LRIs) remain one of the most deadly infectious diseases in the world, and non-optimal temperature is a risk factor for LRIs. The aim of this study was to analyze the global burden of LRI attribute to non-optimal temperature and its trends from 1990 to 2019, and to project long-term trends.

Methods: Excerpts from the release of the 2019 Global Burden of Disease (GBD) study, which analyses the burden of lower respiratory infections due to non-optimal temperatures from 1990 to 2019 using data on deaths and disability adjusted life years (DALYs); explores differences across regions, populations and seasons, and projects future trends in burden.

Results: Between 1990 and 2019, there is a significant downward trend in the global burden of deaths and DALYs, but it remains high in infants and young children, the older adult, African countries and LOW SDI regions. Differences in geographical risk factors and economic levels lead to heterogeneous disease burdens across regions. In 2019, low SDI regions will have the highest burden, but high SDI regions will have the highest number of deaths. In addition, increasing SDI values were associated with decreasing trends in age-standardized mortality rates and disability-adjusted life years. BAPC model projections suggest a downward trend in the future burden of death and DALYs from the disease, but the improvement in the burden of death for women was not significant.

Conclusion: Our study comprehensively elucidates the distribution and dynamic trends in the burden of lower respiratory tract infections due to non-optimal temperatures from 1990 to 2019 along multiple dimensions. The burden of deaths and DALYs showed an overall decreasing trend, but the improvement was uneven in different regions. In addition, the results suggest that efforts should be made to reduce lower respiratory health losses in infants, young children, and older adult populations. Effective public health policies and interventions to reduce the burden of lower respiratory tract infections should be sustained globally.
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1 Introduction

Lower respiratory tract infections (LRIs) are among the most prevalent infectious diseases, as defined by the Global Burden of Disease (GBD) study, which categorizes them as clinician-diagnosed pneumonia or bronchiolitis. LRIs remain the deadliest infectious disease globally, ranking as the fourth leading cause of death (1, 2). They are particularly significant contributors to mortality in children under 5 years of age and adults over 70, resulting in more deaths than tuberculosis and HIV combined (3). Additionally, LRIs are associated with a range of potential complications and impose a substantial economic burden worldwide (4, 5).

The Lancet Countdown on Climate Change warns that climate change has emerged as a significant challenge to human health in the 21st century that requires urgent attention (6). Current research has extensively characterized the risk factors associated with lower respiratory infections (LRIs) (7). The burden of LRIs exacerbated by climate change, which directly impacts human health, is particularly concerning given the anticipated increase in extreme weather and climate events. Epidemiological studies have demonstrated that exposure to high temperatures poses a substantial threat to global health, with lower respiratory infections ranking among the top three health burdens linked to elevated temperatures (8). High-temperature environments influence the stability and transmission rates of respiratory viruses, thereby increasing the risk of viral transmission (9, 10). Conversely, some researchers have suggested that low-temperature environments may also elevate the disease burden associated with lower respiratory infections (11). To the best of our knowledge, fluctuations in temperature affect the activity of viruses related to these infections, which can subsequently trigger lower respiratory infections (12, 13). Cold stress, resulting from a decrease in body temperature due to the inhalation of cold air, induces a pathophysiological response. This response includes vasoconstriction of the respiratory mucosa and suppression of the immune response, both of which contribute to increased susceptibility to infection (14–16). Available data indicate that exposure to inappropriate temperatures—whether through unsuitable environmental conditions or the induction of abnormal body temperatures—heightens the risk of upper respiratory tract infections and subsequent mortality (7, 17). Therefore, both high and low temperatures may be associated with lower respiratory infections.

To date, research on the effects of high and low temperatures on lower respiratory tract infections has primarily concentrated extreme temperature exposures within individual cities. There are currently no studies that have evaluated the global burden of lower respiratory tract infections attributable to non-optimal temperatures across various regions, countries, age, gender, or socioeconomic statuses. Additionally, long-term trends in the burden of lower respiratory tract infections due to non-optimal temperatures among different age groups and sexes have not been thoroughly examined, and projections regarding these long-term trends are lacking. Assessing the patterns of the global burden of lower respiratory tract infections induced by non-optimal temperatures is crucial for informing prevention and control strategies in the context of climate change. Therefore, the aim of this study was to examine the temporal trend of the burden of non-optimal temperature-induced lower respiratory tract infections from 1990 to 2019 and the effect of age, period and cohort on it using data from GBD 2019, and to further predict the disease burden in the next decade.



2 Methods


2.1 Data source and data collection

The Global Burden of Disease (GBD) represents the most comprehensive epidemiological study conducted to date, providing a powerful resource for researchers to quantify the global health toll of hundreds of diseases, injuries and risk factors. It has epidemiological data on more than 350 diseases and injuries by sex and age for 195 countries between 1990 and 2019 (1). All anonymized data are publicly accessible on the Institute for Health Metrics and Evaluation (IHME) website and can be found online at http://ghdx.healthdata.org/gbd-results-tool. The informed consent form was reviewed and approved by the University of Washington Institutional Review Board.

For the Global Burden of Disease (GBD) 2019 study, the case definition of LRIs was clinician-diagnosed pneumonia or bronchiectasis. The International Classification of Diseases (ICD) 9th edition codes were 073.0, 073.6, 079.82, 466–469, 480–489, 513.0, and 770.0, and ICD 10th edition codes were coded as codes A48.1, J09-J22, J85.1, P23-P23.9, and U04. Mean daily temperatures at each location were obtained from the European Medium-Range Weather Forecasting Center. The Theoretical Minimum Temperature Risk Exposure Level (TMREL) is defined as the temperature estimated to be associated with the lowest risk of death from all included causes for a given location and year. High temperature exposure is defined as exposure to temperatures above the TMREL, and low temperatures are defined as temperatures below the TMREL (18, 19). We extracted estimates of deaths from lower respiratory infections due to unsuitable temperatures, disability-adjusted life-years (DALYs), and the corresponding age-standardized rates for the years 1990–2019 and their 95% uncertainty intervals (UIs) from the GBD 2019. The Sociodemographic Index (SDI) combines mean income, mean education level and total fertility rate to produce a comprehensive profile of the country’s health-related socioeconomic level, with higher SDIs implying better socioeconomic development: according to the SDI, regions are classified into five categories, including low (<0.46), low-middle (0.46–0.60), medium (0.61–0.69), medium-high (0.70–0.81), and high (>0.81) (20).



2.2 Statistical analysis

ASMR and ASDR are reported per 100,000 individuals or person-years, accompanied by a 95% uncertainty interval (UI). The average annual percent change (AAPC) for ASMR and ASDR was calculated using Joinpoint regression software. Time-trend changes in the burden of lower respiratory tract infections due to non-optimal temperatures were estimated from 1990 to 2019. The Joinpoint model is a segmented regression based on the temporal characteristics of the disease distribution, using multiple joinpoints, dividing the study period into intervals, and fitting and optimizing the trend for each interval. This approach addresses the limitations of the traditional modeling method of capturing local changes (21). An average percent change (APC) or AAPC greater than 0 is defined as an upward trend, and vice versa (22). This analysis was conducted using Joinpoint version 5.0.2 regression program software.

Age-Period-Cohort (APC) analysis is widely utilized in sociology and epidemiology. APC models, which are based on the Poisson distribution, can effectively reflect the temporal trends of morbidity or mortality by age, period and cohort (23, 24). To address the problem of non-identifiability due to the linear relationship between age, period, and cohort, some researchers have proposed the intrinsic estimator (IE) approach associated with the APC model. This method allows for the decomposition of the three temporal trends and to provide unbiased and relatively efficient estimates (25, 26). In the APC model using the IE approach, the age-specific rates are appropriately recoded into consecutive 5-year age groups (<5, 5–9, 10–14.., 90–94, >95 years), consecutive 5-year periods (1990–2019), and corresponding consecutive 5-year birth cohorts (1985–1989, 1900–1904.., 2010–2014, 2015–2019) This categorization facilitates the estimation of age, period, and cohort effects on mortality from lower respiratory tract infections and disability-adjusted life years (DALYs). The general expression for the APC model is:
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where Y represents the dependent variable, μ represents the intercept, α, β, and γ are the effect coefficients for age, period, and cohort, respectively, and ε is the random error, age = period - cohort. The R-based APC web tool1 was used for solving identifiable problems, estimating parameters and associated statistical hypothesis testing.

In addition, a Bayesian age-period-cohort analysis (BAPC) model was used to predict overall trends in the global burden of lower respiratory tract infections from 2020 to 2030 and trends by age stratification. The core of the BAPC model lies in its Bayesian framework. Unlike traditional frequentist methods, Bayesian approaches use prior knowledge and observational data to update parameter estimates, offering greater flexibility in the face of uncertainty. By simultaneously considering age, period, and cohort effects, the BAPC model enhances our understanding of the complex dynamics of disease occurrence. It excels in probabilistic forecasting, especially when well-calibrated, resulting in narrower prediction intervals. The model assumes that the influences of adjacent cohorts in age, period, and time are similar, with classifications aligning with those of traditional APC models. Comprehensive visualization of the BAPC model projections was performed based on R version 4.3.2.




3 Results


3.1 Burden of non-optimal temperature-induced lower respiratory tract infections and changing trends

Non-optimal temperature-induced lower respiratory tract infection burden and trends in 2019 are displayed in Table 1, Figure 1, and Supplementary Figure S1. Globally the number of deaths from lower respiratory infections due to non-optimal temperatures decreased to 245.814 (174.760, 342.302) from 359.594 (257.631, 608.180) in 1990, with the ASMR showing a significant downward trend 7.671 (5.647, 12.098) per 100,000 to 3.411 (2.421, 4.775) with an AAPC of −2.839 (−3.096, −2.581). Both DALY and ASDR also showed a downward trend, with ASDR decreasing from 383.147 (268.486, 685.095) to 121.467 (76.078, 203.233) and an AAPC of −3.883 (−4.341, −3.423). After eliminating the differences in population and age structure of the countries, Lesotho, Nigeria, Chad, Argentina, and Afghanistan had the highest ASMR for LRIs attributed to non-optimal temperatures, and Lesotho, Nigeria, Nigeria, Chad, and Tajikistan had the highest ASDR.



TABLE 1 Number and age-standardized rates of deaths (A), DALYs (B) for LRIs attributable to non-optimal temperature in 1990 and 2019, and corresponding temporal trends from 1990 to 2019.
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FIGURE 1
 Spatial distribution of LRIs due to non-optimal temperatures in 2019, (A) for ASMR and (B) for ASDR.


At the SDI regional scale, the High SDI region had the highest number of LRIs deaths (69,216) due to non-optimal temperatures in 2019.The Low SDI region had the highest number of DALYs (3,178,353) and also had the highest ASMR and ASDR, at 5.182 (2.672,10.288) and 224.414, respectively (109.534,472.228). ASMR in the Middle SDI region and ASDR in the High SDI region were the lowest at 2.007 (1.325,2.999) and 44.959 (34.543,56.527), respectively. Between 1990 and 2019, non-optimal temperatures led to a decrease in ASMR and ASDR of LRIs in all five SDI regions showed a decreasing trend that was statistically significant. The Middle SDI region showed the largest decrease with AAPCs of −3.910 (−4.243, −3.576) and − 5.573 (−5.894, −5.251), respectively.

For the GBD region, the top three deaths were in South Asia, Western Europe, and Western Sub-Saharan Africa. Southern Latin America had the highest ASMR of 8.437 (5.507,11.923). The highest DALYs were in South Asia, Western Sub-Saharan.

Africa, North Africa and Middle East with 26.673 (13.211,41.393), 20.901 (6.166,62.637), 6.044 (4.145,8.039), and Western Sub-Saharan Africa has the highest ASDR of 335.901 (96.316,1015.996). Between 1990 and 2019, almost all of the 21 GBD regions show a decreasing trend in ASMR and ASDR, with the most pronounced decreasing trend in East Asia, where the AAPC are −5.582 (−6.343,- 4.185) and − 8.017 (−8.617,-7.413) respectively.

As shown in Figure 2, the overall trends for DALYs and deaths were similar. For both sexes, the majority of deaths from LRIs due to non-optimal temperatures occurred in the 0–5 and > 70 age groups. Globally, the burden of LRIs due to cold temperatures accounted for 64.33 and 52.04% of non-optimal temperature-induced LRI deaths and disability-adjusted life years, respectively. In addition, the burden is generally higher in males compared with females, with more deaths from lower respiratory tract infections in the age-specific group over 70 years.

[image: Figure 2]

FIGURE 2
 Age distribution of deaths (A) and disability-adjusted life years (B) in LRIs due to non-optimal temperatures. Bars show the number of deaths and disability-adjusted life years from lower respiratory infections due to non-optimal temperatures. The line at 95% UI represents the age-specific mortality and DALY rates due to non-optimal temperatures.




3.2 Association of burden of LRIs due to non-optimal temperatures with SDIs

Figure 3 and Supplementary Figure S2 shows the ASMR and ASDR for each GBD region and 204 states and territories for the period 1990–2019 plotted against the SDI for the same years, with the expected burden shown as a black line. Overall, a general downward trend in the expected relationship between SDI and non-optimal temperature-induced ASMR and ASDR is observed. At the regional level, ASMR and ASDR in Central Asia show a significant decreasing trend with increasing SDI. In Western Sub-Saharan Africa, Andean Latin America, Southern Sub-Saharan Africa, Southern Latin America, Central Asia, and High-income Asia Pacific, the observed ASMR estimates for LRIs are higher than expected based on the SDI in 1990–2019. ASDR estimates are higher than expected in Western Sub-Saharan Africa, Southern Sub-Saharan Africa, Central Asia, and High-income Asia Pacific. In 2019, as socio-economic growth in the region increases, ASDR estimates are higher than expected in Western Sub-Saharan Africa, Southern Sub-Saharan Africa, Southern Latin America, Central Asia, and High-income Asia Pacific. Asia Pacific. In 2019, the burden on LRI decreases as socioeconomic development and SDI increase. In many countries and regions, such as Niger, Chad, and Argentina, ASMR and ASDR are higher than expected.

[image: Figure 3]

FIGURE 3
 Correlation of SDI with LRIs mortality due to abnormal temperatures (A) global and 21 GBD regions; (B) 204 countries and territories.




3.3 Age-period-cohort modeling of the burden of LRIs

The results of the age-cycle-cohort model, shown in Figure 4, indicate that the trends are broadly similar globally and across SDI regions. The burden of non-optimal temperature-induced LRIs (Deaths and DALYs) between the ages of 5 and 70 years was low overall, with the burden increasing with decreasing age in the under-five interval, with a significant risk of burden in the Low SDI region, which was much higher than the other regions, followed by the Low Middle SDI region. In contrast, the mortality rate in the 70+ zone shows an increasing trend with age, with a higher global mortality rate. Deaths Rate 95%CI for the under-five group was 23.821 (23.073, 24.594). Because of the increase in mortality in the 70+ interval, the Deaths Rate 95%CI for the 95+ group was as high as 159.650 (150.655, 169.182). Sex-stratified LRIs burden age-period-cohorts are presented in Supplementary Figures S3–S6. The highest mortality rates in the sex-specific trends were in the High Middle SDI and High SDI regions, respectively. The period effect showed a significant downward trend. The risk of death for LRIs declined in the five SDI regions and globally during this period. However, there was limited improvement in the risk of LRIs due to non-optimal temperatures in the High Middle SDI region from 1990 to 2004, particularly in men. In addition, there was an overall downward trend in cohort effects. Globally, the risk of death from LRIs and DALYs was greatest overall and for females born between 1900 and 1904, and for males for the cohort born between 1895 and 1899, with RR of cohort deaths of 2.787, 3.016, and 2.712, respectively, and of DALYs of 2.805, 3.041, and 2.752, respectively. Higher risk for Middle SDI and lower risk for High Middle SDI. Overall, a similar downward trend was observed in both the period effect and the cohort effect, with a more pronounced downward trend observed in the Middle and High SDI regions, where the risk of death in the period decreased from a decrease of 0.701, and the risk of DALYs decreased from 0.727. The risk of death in the cohort decreased from 3.745 to 0.074, and the risk of DALYs decreased from 3.702 to 0.075.
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FIGURE 4
 Age, period, and cohort effects of burden of LRIs, 1990–2019. (A–C) Age, period, and cohort effects of burden of deaths, respectively; (D-F) Age, period, and cohort effects of burden of DALYs, respectively.




3.4 Projected trends in the burden of LRIs, 2020–2029

Figure 5 shows the change in burden from 2020 to 2030 as predicted by the Bayesian Age-Period Cohort (BAPC) model, as well as the change in LRI burden by gender. The results in Supplementary Table S1 show that the model fit accuracies for the full population, male, and female projections are all above 99%, indicating that the model predictions are good. The curves fluctuate slightly, with similar trends for males and females, but with higher age-standardized mortality rates for males. The global age-standardized mortality and DALY rates for males are projected to decline gradually, to about 3.119/100,000 and 86.162/100,000 in 2030 according to the BAPC model, while for females the decline is more gradual, with mortality rates declining almost linearly, and are projected to fall to about 2.852/100,000 and 94.002/100,000 in 2030. For females, the decline is more moderate and almost linear and is projected to fall to about 2.852/100,000 and 94.002/100,000 in 2030.
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FIGURE 5
 Observed and projected trends in the global burden of LRIs due to non-optimal temperatures from 1990 to 2030. (A,B) Observed and projected mortality and DLAY trends for all, (C,D) observed and projected mortality and DLAY trends for males, and (E,F) observed and projected mortality and DLAY trends for females.





4 Discussion

In this work, based on data from the GBD 2019 study, we provide up-to-date information on the burden of LRIs (deaths and disability-adjusted life years) due to non-optimal temperatures for 204 countries and territories from 1990 to 2019, providing a comprehensive picture of the current status and spatial and temporal patterns of the burden of LRIs due to non-optimal temperatures. Our findings indicate that in 2019, there were a total of 245.814 (174.76,342.302) thousand deaths and 85.108 (53.865,141.787) million disability-adjusted life years of LRIs due to non-optimal temperatures globally. Between 1990 and 2019, the APC model showed an overall decreasing trend for the period and cohort. The BAPC model predicts a downward trend from 2020 to 2030 as well, with a flat trend for women. Nevertheless, LRIs continue to pose a significant public health challenge, particularly in low socio-demographic index (SDI) areas, where higher age-standardized mortality rates (ASMR) and age-standardized disability rates (ASDR) are evident, consistent with the findings reported by Kang et al. (3).

Furthermore, LRIs contribute to a significant number of deaths in children under 5 years of age and adults over 70 years of age. Our findings call for targeted and sustained efforts to reduce the burden of LRIs due to unsuitable temperatures.

Prior studies have generally found that the burden due to low temperatures is significantly higher than that due to high temperatures. For example, the GBD 2019 First Estimates and Published Study on Non-Optimal Temperature Exposure and the Burden of Risk for All-Cause Mortality indicates (27) that the burden due to low temperatures is 2.2 times greater than the burden due to high temperatures. Among other things, LRIs are more sensitive to nonoptimal temperatures compared with other diseases. In addition, a report on the global burden of lower respiratory tract infections showed the proportion of DALYs in each GBD region. Among them, the highest percentage of DALY due to low temperature was found in Western Europer (21%).The highest percentage of DALY due to high temperature was found in South Asia and Western Sub-Saharan Africa (7.8%) (28).The present study may reveal regional differences in the burden of lower respiratory infections due to non-optimal temperatures on a global scale. Different climates at different longitudes and latitudes may result in different levels of disease burden. Studies in Canada, Finland, and China have consistently shown that cold is associated with an increased risk of morbidity, exacerbation, mortality, and hospitalization from lower respiratory tract infections, especially for children and the older adult (29–31). The underlying mechanism may be that temperature has a significant effect on viral activity, exacerbating viral infections leading to lower respiratory tract infection burden (32, 33). Although the results showed that almost all GBD regions had a higher ASMR and ASDR decreased, there is still a need for continued attention. Consistent with the World Health Organization report, our study showed that the burden of LRIs was highest in low SDI regions, Africa, in 2019 (34). The results of the analysis of the association between the burden of LRIs due to non-optimal temperatures and SDI showed an overall decreasing trend in burden with higher SDI. Higher burden in low socioeconomic status areas may be associated with incomplete access to health care and lack of resources. Therefore, prevention of the occurrence of LRIs and intensification of treatment should be sustained, focusing on multisectoral actions to reduce the burden in these areas. Notably, LRI deaths due to non-optimal temperatures increased in high SDI areas from 1990 to 2019, mainly due to higher ASMR in the older adult population. And the aging population in high SDI areas continues to rise. In addition, in low-income countries, the low heating rates and widespread use of biomass fuels significantly increase exposure to wood smoke, which is associated with higher rates of respiratory infections. In contrast, in high-income regions, the use of effective heating systems and high-efficiency particulate filters greatly improves indoor air quality and reduces pathogen concentrations, thereby lowering the risk of lower respiratory infections. This may explain the differences in lower respiratory infection rates between the two regions.

Finding susceptible populations is more beneficial in coping with the burden of lower respiratory infections caused by non-optimal temperatures. Because of the intricate interactions between age, period, and cohort factors, we applied age-time-cohort modeling and the IE algorithm to quantify their net effect on the burden of LRIs. Our findings suggest that most deaths occur in the <5 and > 70 years age groups, and APC modeling shows that the burden of LRIs due to non-optimal temperatures (mortality and DALY rates) increases globally with age in the >70 years age group. The burden is highest in low SDI areas in the <5 years age group, especially ASDR. infants, young children, and the older adult are more vulnerable to temperature changes due to underdeveloped or impaired respiratory and thermoregulatory capacities (35, 36). Therefore, the ongoing promotion of children’s health and the reduction of the burden of LRIs in children under 5 years of age need to be accompanied by an attention to the increase in the burden of LRIs due to the aging of the population, especially in high SDI areas. This finding suggests that equal attention should be given to children and older adults to address the burden of LRIs due to non-optimal temperatures. The APC model decomposes the burden information across regions into age, period, and cohort effects. Period effects are changes in medical technology, economic development, and disease classification criteria during a given study period, and the RR for period effects in this study was a continuous decline. The cohort effect represents the long-term trend in the burden of death for people born in the same time period and represents the influence of early socioeconomic, behavioral, and environmental factors on the risk of lower respiratory tract infections. The RR for the cohort effect has a high value domain in the early birth cohort and shows a continuous decreasing trend to the most recent birth cohort as a whole. This is a result of global socioeconomic development, prevention of environmental risks, medical advances, and increased focus on prevention of lower respiratory tract infections. Risks associated with periods and cohorts are decreasing over time, but there is also the problem of uneven improvement in different regions.

Forecasting trends in the burden of lower respiratory infections helps to understand the burden of disease and assists in public health resource allocation decisions. Based on the predictions of the BAPC model in the study, a gradual decline in global age-standardized death and DALY rates is expected in 2030. In terms of trends, there are some gender differences. Males have a high initial burden but a clear downward trend. The projected burden of disease for females is stabilizing, and therefore, a comprehensive strategy of sustained attention to the non-optimal temperature burden of lower respiratory tract infections in females is needed to reduce the burden of disease and achieve better health outcomes for people with LRIs.

The GBD study used in this study is one of the most authoritative databases, using a harmonized and standardized approach to compensate for scarce and biased data on the actual burden of disease. Up-to-date information on the burden of lower respiratory tract infections due to non-optimal temperatures at global, regional and national levels is provided. This study still has some limitations. First, the GBD database has only clinical diagnoses and lacks further laboratory or imaging evaluations, which may lead to recall bias (37).Second, estimates of non-optimal temperatures are time- and space-dependent, and it is difficult to account for both factors at the same time (38). The indicator of the burden of LRIs due to non-optimal temperatures is only an estimate, and there is a lack of comprehensive national data to take into account the impact of modern facilities on lower respiratory tract infections, so the effect of nonoptimal temperatures on LRIs may be underestimated. Finally, the prediction based on the BAPC model did not take into account the occurrence of COVID-19, which may be somewhat different from reality.



5 Conclusion

Our study comprehensively elucidates the distribution and dynamic trends in the burden of lower respiratory tract infections attributable to non-optimal temperatures from 1990 to 2019 across multiple dimensions. While the overall burden of deaths and disability-adjusted life years (DALYs) exhibited a decreasing trend, this improvement was uneven across different regions. Furthermore, the results indicate that targeted efforts should be made to mitigate lower respiratory health losses among infants, young children, and the older adult. To effectively reduce the burden of lower respiratory tract infections, sustained global public health policies and interventions are essential.
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