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MMT Minimum Mortality Temperature 

NCAR National Centre for Atmospheric Research 

NO2 Nitrogen Dioxide 

O3 Ozone 

PM Particulate Matter 

PM10 Particulate Matter with a diameter of 10 µm 
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SSP Shared Socioeconomic Pathway 



General introduction 

6 

 

 

 

I. Introduction summary 

 

1. General introduction 

Climate change is today a global concern, to a greater extent from a health standpoint. With the 

changing climate, there are changes in weather patterns, rising frequency of natural calamities, and 

disrupted ecology; all adversely affecting our health. With climate change, there is a rise in the 

number of atypical weather phenomenon like heatwaves and extreme cold periods. Similarly, 

increased frequency of natural events like wildfires and altered distribution of vectors has been 

commonly observed [1]. Recurrence of these atypical phenomenon are expected to rise even 

sharply in the future [2, 3], whereby, heatwaves and extreme cold periods are noted as a major and 

constant health risk for many regions in the world [4]. With heat, the rate of chemical reaction in 

the atmosphere as well as pollutant transport is altered [5]. Recurring heatwaves escalate the 

emission of biogenic volatile organic compounds and accelerate the photochemical reactions 

forming ozone (O3) and secondary organic aerosols, all leading to a co-occurring rise in pollutant 

concentrations [5-7]. 

 

 

 

Figure 1: Heat-related total mortality in 732 locations around the world [8]. Reproduced with permission from 

Springer Nature on 20 Jan 2023. 
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Furthermore, recurring wildfires contribute to a rise in air pollution. To summarize, heatwaves, 

extreme cold periods, and atmospheric air pollutants are amongst the major climate threat for most 

regions in the world [4, 9]. 

As a consequence of climate change, an additional 125 million people were exposed to heatwaves 

between 2000 and 2016 [10]. According to a WHO report, heatwave alone was attributable to 

about 170 thousand global deaths during the years 1998-2017 [10]. Hotter temperature has been 

well-known to adversely affect health, even leading to fatality [11-13]. Research have linked 

atypical temperature to elevated chances of deaths due to diseases of the cardiovascular and 

respiratory systems [14-16]. Likewise, air pollution, amongst environmental exposures, is a 

leading cause of fatality. WHO 2023 report states that air pollution is associated with yearly seven 

million premature deaths [17]. These environmental hazards affect different organs and systems; 

however, the cardiovascular and respiratory systems are amongst those most affected by the 

changing climate. On the other hand, a recent report lists cardiovascular diseases (CVD) and 

respiratory diseases (RD) as the leading contributors of the global health burden [18]. 

Heatwave and air pollution have been observed to interact and result in amplified health effects 

[19-21]. Studies have found higher risk of temperature-associated fatality on days with an 

increased concentration of air pollutants like O3 or particulate matter (PM) [19-21]. One of the 

many possible mechanisms of the effect amplification includes air pollution increasing the 

susceptivity of the population while being simultaneously exposed to atypical temperature [22, 

23]. Results from a meta-analysis indicated that considering similar air pollution level, the risk for 

CVD-RD fatality was higher during hotter days in comparison to cooler days, with much elevated 

risk for RD fatality compared to CVD fatality [24]. In short, CVD-RD are amongst the most 

climate-triggered health outcomes, foreseen to rise even higher in the future because of climate 

change [25]. 

The biggest challenge of the present century is to build a climate resilient society [26]. In this 

regard, along with climate change alleviation programs, calculated and well-planned acclimation 

policies are crucial [26]. Developing acclimation plans is urgent, especially for countries like 

China, India, and Germany, ranking the highest in terms of heat-related fatality per year [27] and 

yet inadequately equipped for the forecasted health burden and challenges [28]. For this purpose, 

studies looking into the future and predicting the climate-associated consequences have been 

gaining importance as they provide a basis for planning acclimation policies [29]. However, since 

these studies are built on the current-day or baseline interrelation of a given climate risk and the 

associated health consequence [30, 31], a comprehensive investigation of the baseline interrelation 

is essential for reasonable estimation of the climate-associated health consequences [32, 33]. These 
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reasonable predictions would provide a strong basis to stakeholders and public health professionals 

to plan impactful acclimation policies. 

Amongst the growing risk of the changing climate, acclimation programs are of prime importance 

to reduce the growing burden of CVD-RD hospitalizations and fatality. Planning of impactful 

acclimation programs are only possible with comprehensive evidence of the current-day 

interrelation of atmospheric temperature and CVD-RD, the variation of these interrelations in the 

course of time, interaction with air pollution, followed by accurate quantification of the burden of 

these two most climate-triggered health conditions in the future. 

 

 

1.1. Exposure to temperature and cardiovascular-respiratory disease fatality 

 

CVD-RD hospitalizations and deaths have been found to increase with atypical temperature 

conditions [14-16]. Existing studies associate suboptimal temperature to CVD fatality [34-36]. 

Although the interrelation of RD fatality and temperature have been scarcely investigated, similar 

results are observed [37]. However, most of the present studies on CVD fatality are focused only 

on the total CVD fatality [38], or a single subclass of CVD fatality [39] . In the context of studies 

exploring the interrelation of temperature and RD fatality, evidences are limited [37, 40], with a 

focus just on the heat-risk [40] or total RD fatality [37] . Thus, there exist gaps in evidence in the 

interrelation of suboptimal (both high and low) temperature and CVD-RD fatality. These 

interrelations have also not been explored for further subclasses of CVD-RD. 

Several studies have found the temperature-fatality interrelations to vary with time [32, 41]. These 

studies found either reduction (acclimation) or elevation (susceptiveness) in the temperature- 

associated fatality risk with time, depending on the climatic condition of the area [32, 42] or disease 

outcome [41] under study. However, most of the studies investigating time trends in the 

temperature-associated fatality risk have only considered either all-cause [32] or only heat- 

associated [42] fatality. Thus, extensive research on time-associated changes in both high and low 

temperature-associated CVD-RD fatality risk is of prime importance. Furthermore, these 

interrelations are yet to be largely explored for further subclasses of fatality and across various 

demographic subgroups. 
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1.2. Exposure to temperature and air pollution and cardiovascular-respiratory disease 

fatality 

 

Temperature as well as air pollution, both are seen to be adversely impacting human health. 

However, a probable interaction of these two high-risk environmental exposures have not been 

extensively studied [43]. Moving forward, such research is essential for real-life multi-exposure 

conditions. 

Earlier studies have mostly considered air temperature and atmospheric air pollutants separately 

[15, 44]. Some other studies have investigated the effect of one of these exposures controlling for 

the other, i.e. estimating the pollution-adjusted temperature risk [15] and vice versa [44]. However, 

latter-day studies provide evidence of synergism of the two exposures, i.e. amplification of the 

health effect by one of the exposure in the presence of the other [45]. Such studies from various 

locations show a significant increase in the fatality risk for all-cause fatality as well as CVD-RD 

causes with much elevated risk during hotter months [44, 46] or hotter days [23, 24, 47], as 

compared to cooler months or days. Although studies on interaction exist, a large fraction of them 

focus on temperature altering the effect of air pollutants [24, 43, 47, 48], whereas studies on 

alteration of the temperature-associated risk by air pollution are still scarce [23, 49]. In addition, 

such studies either concentrate on all-cause fatality [49] or are limited to specific regions [23]. 

Thus, extensive investigation on the adverse effect of heat and its alteration by various categories 

of atmospheric air pollutants on climate-triggered outcomes is limited. Till date, such studies are 

sporadic and concentrate only on two air pollutants: PM10 and O3 [23, 24, 43, 47-49]; alteration of 

the heat effect by other air pollutants are yet to be explored. This brings us to identify another 

research gap on the impact of heat on CVD-RD and its alteration by major air pollutants in the 

atmosphere. With the growing urgency of climate change, there is a need to assess temperature- 

pollution effect modification in regions with diverse climate, air quality, demography, and health- 

care settings. 

 

 

1.3. Future prediction of temperature-associated fatality 

 

In parallel to the current-day studies, studies looking into the future and predicting future climate- 

caused health consequences should be equally valued as they are the basis to impactful acclimation 

strategies [29]. Prediction studies have been expanding and predicting future temperature- 

associated fatality [50-53]. These studies have also helped us determine demographic subclasses 

that are most prone to climate risk. 
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The field of prediction research is built upon the evidence from the current-day interrelation of a 

given climate risk and the associated health outcome. Most prediction studies till date have 

considered the temperature-fatality interrelation to remain similar in the future [54], i.e. they 

consider the risk of fatality at that particular temperature to remain uniform and do not consider 

population acclimation in the future. This was noted when more studies investigating the time 

trends in temperature-associated fatality risk showed that this risk is not uniform but rather varies 

in the course of time [32, 41]. Populations of any given location might either present differing 

physiological acclimation or susceptiveness to temperature in the course of time [50]. Furthermore, 

much improved health care systems in the future may increase the capacity of the population to 

acclimatize to unfavorable climate [55]. This acclimation of population plays a crucial role in 

determining the future temperature-associated health consequences. However, despite playing a 

major role, future population acclimation has not been well integrated by existing studies. 

To date, there exists no proposed scenarios for population acclimation in the future. Majority of 

the prediction studies do not integrate population acclimation [50, 51, 56], while those integrating 

acclimation, rather consider only heat-acclimation [57, 58]. Given that cold temperature would 

still persist in the future, despite the warming climate, it is evident that understanding the trends in 

cold-fatality relationship and its integration in studies predicting future climate-associated fatality 

is equally essential to produce accurate estimation [59]. Furthermore, future economic changes 

and its influence on population acclimation have gained attention only recently [60]. Considering 

all above-mentioned factors, there exists research gaps in terms of studies integrating both 

physiological acclimation and economic changes while quantifying the future temperature- 

associated fatality. 
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2. Objectives 

 
Amongst the current global climate emergency, this cumulative thesis aims to address the yet to 

be investigated associations and discrepancies in available evidence in the current-day interrelation 

of temperature and CVD-RD fatality, the effects of interaction of temperature with air pollution, 

and the prediction of future temperature-associated CVD-RD fatality. 

Specific objectives of this cumulative thesis are as follows: 

i. To deeply investigate the impact of heat on CVD-RD fatality and alteration of the impact 

by major atmospheric air pollutants. 

ii. To explore the time trends in the interrelation of temperature and fatality among subclasses 

of CVD-RD and among demographic subgroups. 

iii. To systematically develop and propose a set of possible future acclimation conditions and 

methodology for predicting the future temperature-associated fatality under the developed 

acclimation conditions. 
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3. Outline of the publications 

 
The following section provides an outline of the three publications included in this cumulative 

dissertation. 

 

 

Publication 1: Rai M et al. and the MCC consortium. Heat-related cardiorespiratory mortality: 

effect modification by air pollution across 24 countries. Environment International. 2023 

174:107825. 

 

 

The first publication focuses on estimating the impact of heat on CVD-RD fatality and the 

alteration of the impact by four major atmospheric air pollutants: particulate matter with diameter 

 10 µm or less (PM10), particulate matter with diameter  2.5 µm (PM2.5), O3, and nitrogen 

dioxide (NO2), in 482 locations around the world. The investigation period extends up to 18 years. 

The publication reports an overall heat-caused fatality and the heat-caused fatality on days with 

varying levels of each of the air pollutant under investigation. The reporting is for each of the 482 

locations separately, the pooled country-wise estimates and the pooled overall estimates. 

 

 

 

 

Publication 2: Rai M, Breitner S, Zhang S, Huber V, Peters A. Temporal Variation in the 

Association between Temperature and Cause-Specific. Mortality in 15 German cities. 

Environmental Research. 2023. 174:107825. 

 

 

The second publication examines the time trends in the interrelation of temperature and fatality 

among subclasses of CVD-RD and demographic subgroups. For this investigation, the study uses 

data from the 15 largest cities in Germany with a study period of 24 years. The subclasses of CVD- 

RD investigated by this research include ischemic heart disease (including myocardial infarction 

(MI) and chronic ischemic heart disease), cerebrovascular disease, heart failure, and Chronic 

Obstructive Pulmonary Disease (COPD). The interrelation was extensively explored among 

various age and sex groups. 
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Publication 3: Rai M, Breitner S, Wolf K, Peters A, Schneider A and Chen K. Future 

Temperature-related Mortality under Physiological Adaptation Scenarios and Socio-economic 

Adaptive Capacities: A Modelling Framework. Lancet Planetary Health. 2022. 6(10): e784-e792. 

 

 

The third publication systematically develops and proposes a set of possible future acclimation 

conditions and corresponding methodology for predicting the future temperature-associated 

fatality under the developed acclimation conditions. The publication begins with exploring the 

current-day interrelation of temperature and fatality and closely studying the variation in heat- and 

cold-related fatality in the course of time. This evidence is then applied to systematically develop 

future possible acclimation conditions. This developed set of acclimation scenarios incorporates 

possible physiological as well as socio-economic acclimation in the future. The publication 

includes illustration of the methodological framework to project future all-cause and CVD fatality 

under a combination of all proposed acclimation conditions using an example-case dataset from 

five locations in southern Germany. 
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4. Outline of the methods 

 
4.1. Study population and data sources 

 

The datasets used for this cumulative thesis have been summarized in the following sections: 

The multi-country dataset consisting of daily deaths with International Classification of Diseases 

(ICD) codes, temperature, and air pollution values was attained from the Multi-City Multi-Country 

(MCC) Collaborative Research Network database [63]. Furthermore, additional country-wise 

fatality and meteorological databases were used. The study period ranged from 2000 to 2018. 

Daily death counts with ICD codes for the German cities, for the period 1993-2016, was provided 

by the Research Data Centre of the Federal States in Germany┼. Similarly, temperature and daily 

pollutant concentration data for Germany was provided by the German Weather Service* and the 

German Environment Agency†, respectively. 

For illustration of the methodological framework of future prediction, an example-case dataset was 

applied. For baseline setting of the example-case, age-wise daily death counts with ICD codes for 

the period 1990-2006 for the southern German cities was attained from the Bavarian State Office 

for Statistics and Data Processing. Future temperature data was extracted from the Global Climate 

Models (GCMs), established for the sixth phase of the Coupled Model Intercomparison Project 

(CMIP6) [64]. These datasets account for bias and are with 0.5° × 0.5° spatial resolution. From 

these GCMs, temperature data for period 2083-2099 was derived for the locations in the example- 

case dataset. The future conditions considered were: Shared Socioeconomic Pathway (SSP)1-2.6 

and SSP3-7.0. Future population data for the example-case locations under the corresponding 

population conditions were derived from spatial dataset from the National Centre for Atmospheric 

Research (NCAR). This spatial dataset was on 1 km × 1 km grid cell [65]. Additionally, existing 

extensive predictions on future death rate changes for different age groups [66] and causes of death 

[67] were incorporated. 
 

 

 

 

 

 

 

┼ Forschungsdatenzentrum der Statistischen Ämter des Bundes und der Länder 

* Deutscher Wetterdienst (DWD) 

† Umweltbundesamt (UBA) 
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4.2. Statistical analysis 

 

In publication 1, the interaction between high summer temperature and air pollution, for each of 

the 482 locations, was analyzed by a non-parametric three-dimension dose-response model. This 

model predicted the outcome, i.e., fatality, based on the joint alteration of the two environmental 

exposures in the model, i.e. temperature and air pollution concentration. The derived estimates 

from the 482 cities were pooled according to countries and then also to derive an overall estimate 

with the application of multilevel meta-analytical method. This method of meta-analysis considers 

random effects among the nested groups of cities and countries. 

Publication 2 utilizes time-series analysis segregated by different periods to explore changes in the 

interrelation of temperature and various subclasses of CVD-RD fatality. For each of the location 

and each of the subclasses of fatality, a quasi-Poisson regression, with Distributed Lag Nonlinear 

Model (DLNM), was applied. The model integrated calendar days, seasonal trends, and long-term 

trends. For each of the location, a dose-response curve, also termed as Exposure-Response 

Function (ERF), with temperature as exposure and fatality as outcome, was obtained. The analysis 

modelled the cumulative risk over a 14-day lag period in the derived ERF. Subsequently, the 

computed ERFs from different cities were pooled. Similar analysis was performed across various 

demographic stratums. 

In publication 3, the analysis consisted of two phases: framework development and illustration of 

proposed methodology. For the framework development, evidence from baseline observation was 

applied. Initially, ERFs between temperature and fatality for the individual example-case study 

locations was derived with application of the methods similar to Publication 2, considering 21-day 

lag period. In the next step, the ERFs were extrapolated outside the temperature ranges measured 

during baseline. The extrapolated ERFs were used to calculate the relative risk (RR) at every value 

of temperature. A unique ERF was derived and applied for individual locations, considering 

population of any given area to behave uniquely to the same temperature exposure. The RR at 

temperature values above the Minimum Mortality Temperature (MMT) were classified as heat- 

accountable RR, and that below the MMT as cold-accountable RR. MMT is a term widely applied 

for the temperature value at which the least number of deaths are observed, also known as the most 

optimal temperature and can vary according to locations. 

In parallel, a baseline time-stratified sub analysis to explore the changes in the temperature- 

accountable RR in the course of time, was performed separately. Results from this sub analysis 

were applied to define the extent of escalation or decline in the temperature-associated risk in the 

course of time. In addition to physiological changes, a range of possible future socio-economic 
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conditions, which directly impacts the ability of the population to adapt to any given weather 

condition, were derived, which were defined by changes in the Gross Domestic Product (GDP) 

per capita. A framework for future population acclimation based on combination of the derived 

physiological acclimation and susceptivity as well as socio-economic conditions were developed 

and proposed in the publication. 

A methodology for prediction of future fatality and preventable cases under the set of proposed 

future acclimation conditions is developed by this research and illustrated in the publication. Under 

this methodology, heat- and cold-accountable fatality risks in the future were derived separately 

as a function of baseline heat- or cold-accountable RR, intercept of the respective exposure-risk 

regression, and log of future GDP values. Future heat- and cold-risks were derived separately for 

each study area and demographic subgroup, considering population of individual locations and 

each of age-groups to behave uniquely to the same temperature exposure. The methodology also 

accounts for the rate of changes in future population and fatality rate, all specific to the respective 

demographic subgroups. The estimate provided is termed as “adaptable fraction” and defined as 

the number of preventable fatalities under the respective combination of proposed future 

acclimation conditions. 
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5. Key findings 

 
The first publication starts with providing a better understanding of the interrelationship between 

temperature, the major air pollutants, and CVD-RD fatality, across locations with varying climatic, 

geographical, and socio-economic conditions. Both the outcomes under investigation were found 

to increase with heat across all locations. The heat-associated risk of RD fatality was comparatively 

more prominent than of CVD fatality. The effect of heat was found to be escalating significantly 

by increased levels of the major air pollutants for both outcomes, with sharper increase in RD 

fatality risk. For instance, the overall result showed that on hotter days with high° levels of PM2.5, 

there were an additional 14.3 (14.1-14.5┼) RD fatalities per 100 heat-associated RD fatalities. This 

rate was found to be 11.3(11.2-11.3┼), and 7.7 (7.6-7.7┼) on days with medium° and low° levels of 

PM2.5. 

• Key findings 1: There is an increased risk of CVD-RD with hotter temperatures. This heat- 

associated risk is considerably escalated in conjunction with higher levels of air pollutants. 

Among the two outcomes, RD outcomes are comparatively more sensitive to these effects. 

The second publication deeply investigates the changes in the interrelation of air temperature and 

various subclasses of CVD-RD deaths in the course of time. In the course of time, a persistent and 

significant elevation in the heat-associated risk of fatality was observed for most subclasses of 

CVD (like ischemic heart disease, cerebrovascular disease) and RD fatality. The heat-accountable 

RR for RD fatality increased from 1.4 (1.2-1.7┼) during 1993-2004 to 1.8 (1.6-2.0┼) during 2005- 

2016. Similarly, the cold-associated RR for CVD related deaths was found to escalate significantly 

in the course of time [from 0.9 (0.9-1.0┼) to 1.1 (1.0-1.1┼)]. Similar was the observation for cold- 

associated RR for RD deaths. 

The results of the demographic subclass analyses showed an elevated risk of cold-attributable all- 

cause fatality for some of the demographic subgroups. Particularly, males and individuals of and 

between the age of 65 and 74 years were found most at risk. In the course of time, for females and 

elderly above the age of 75 years, a persistent increase in the risk of cold-attributable CVD deaths 

was observed. Similarly, the heat-associated risk of RD deaths escalated significantly in the course 

of time for both sex groups and the younger population of and below the age of 64 years. 

 

 

┼95 % Confidence Interval [CI] 

° low, medium, and high correspond to 5th, 50th, and 95th percentile, respectively, of the respective 

location-specific pollutant concentration. 
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• Key findings 2: For the cities included in the study, the risk of cold-associated risk of 

CVD-RD fatality escalated persistently and significantly over the course of time. Even for 

the younger population of and below the age of 64, usually considered less vulnerable than 

the elderly, heat-associated risk for RD fatality escalated significantly in the course of time. 

COPD, the perceived driver of heat-associated RD deaths, had a uniform heat-associated 

risk. 

The third publication first explored the current-day interrelation of temperature and fatality and 

the changes in this interrelation in the course of time. Analysis of the historical dataset provided 

evidence for declining heat associated risk (physiological heat acclimation) and escalating cold 

associated (physiological cold susceptivity) in the course of time. The results of this analysis in 

the example-dataset showed heat-associated excess RR to reduce from 11% to 9%. Contrastingly, 

the cold-associated excess RR rose from 19% to 35% in the course of time. 

The results of future prediction, under various possible combinations of the proposed acclimation 

conditions, showed that climate-associated deaths can be most avoided in the presence of 

socioeconomic acclimation, maximum resistance of population to heat, and minimum population 

susceptiveness to cold. Under this setting, for the cities in southern Germany, 14.9% (5.1-19.8*) 

of CVD fatality can be avoided in the future under SSP1-2.6 climate setting. With similar setting 

but in absence of socioeconomic acclimation, only 0·4% (12.9-7.3*) of CVD deaths can be 

avoided. Similarly, the largest fraction of climate-associated deaths was observed in the absence 

of socioeconomic acclimation, minimum resistance to heat, and maximum susceptiveness to cold. 

Under this combination, CVD fatality will rise in southern German cities rise by 4.0% (4.3-21*) 

under SSP1-2.6. For SSP3-7.0 climate setting, similar results were observed. 

• Key findings 3: Future climate-associated health outcomes would be dependent mainly on 

socio-economic capacity to acclimatize to suboptimal climate. The number of preventable 

cold-attributable deaths is lower than the heat-associated deaths, under all future 

conditions. Without socio-economic acclimation, population aging would increase the 

proportion of temperature sensitive population, hence, largely increasing the future 

temperature-associated health consequences. 

 

 

 

 

 

*empirical Confidence Interval 
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6. Discussion 

 
This research work substantially fills the existing gaps in the area of the interrelation of air 

temperature, major air pollutants, and CVD-RD fatality. With the most extensive research till date, 

this thesis investigated the impact of heat on CVD-RD fatality and alteration of the impact by 

major atmospheric air pollutants in 482 cities across the globe. It explored the time trends in the 

interrelation of temperature and fatality among subclasses of CVD-RD and demographic 

subgroups in largest German cities. This research work addressed a major research gap in the field 

of climate-epidemiology and systematically developed future acclimation conditions considering 

both physiological climate-acclimation and climate-acclimation through increased economy. 

Several physiological responses are initiated in the human body with exposure to heat. Examples 

of these responses include profuse sweating resulting in dehydration, hyponatremia, hyper 

viscosity, higher cardiac load, enhanced sympathetic reactivity resulting in the activation of the 

sympathetic nervous system, a systemic inflammatory response, consumptive coagulation, and 

microvascular thrombosis [34, 69, 70], all contributing to various CVD outcomes [69]. The 

physiological disturbances in the human body with exposure to heat are yet to be deeply 

investigated. However, it has been observed that the RD outcomes are mostly existing in 

conjunction with CVD outcomes [69]. Specifically, people with pre-existing respiratory conditions 

like COPD are in risk of hyperventilation, possibly leading to dyspnea and followed by various 

CVDs. In addition, increased blood coagulability or vascular events stimulates certain RDs [40, 

69, 71, 72]. 

Apart from the cardiovascular and respiratory outcomes, exposure to extreme temperature is also 

associated with adverse birth outcomes [73]. Newborns, infants, ageing population, and 

individuals with precedent health challenges, especially with underlying CVD or neurological 

diseases, or mental impairments, are amongst the most vulnerable to the adverse effect of extreme 

temperatures. Recent studies show evidence of the impacts of atmospheric temperature on global 

DNA methylation in ageing population [74] and newborns [75]. In addition, telomere length was 

found to be shorted with exposure to extreme heat during gestation [76]. 

Atmospheric air pollution also negatively impacts the health and has been linked to oxidative stress 

and inflammation [77], mitochondrial dysfunction [78], genomic alterations [79], epigenetic 

alterations [80], endocrine disruption [81], altered intercellular communication [82], altered gut 

microbiome [83], and impaired autonomous nervous system function [84]. Air pollution affects 

systemic responses, as well as all of the organ-systems of the human body including the 

cardiovascular, respiratory, reproductive, nervous, and the digestive systems [85]. These effects 
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of air pollution are observed even at low concentrations (e.g., below the current European 

standards of annual PM2.5 concentration: 25 mg/m3 PM2.5) [85]. 

All above facts infer that atmospheric temperatures and air pollutant impair health to a far greater 

extent than currently known [85]. To sum up, suboptimal temperatures and air pollutants are today 

the biggest climate-epidemiological risk to public health. 

Comprehensive results of this cumulative dissertation have been presented and discussed in the 

respective publications. In the following sections, the key public health relevant inference, 

highlights of methodological strengths and shortcomings, as well as outlook for future research 

have been summarized. 

 

 

6.1. Public health relevant inference 

 

In general, this research work calls attention to climate change alleviation, air quality regulation, 

and public health interventions with impactful acclimation programs to lower the number of 

climate-caused health consequences in the future. 

6.1.1. Climate change alleviation 

The results of this thesis showed a higher risk of CVD-RD deaths corresponding to suboptimal 

temperatures. The results from the large multicounty dataset showed significant escalation in 

CVD-RD fatality with heat. Existing hypothesis of possible physiological acclimation of human 

body to heat in the course of time have been explored. Although some studies from limited regions 

showed reduction of heat-associated all-cause fatality with time [42], the results from this research 

on cause-specific fatality showed no physiological acclimation to heat in the course of time. The 

findings rather showed an escalation in the susceptivity to both heat and cold temperature in the 

course of time. Therefore, the findings of this work urge policy makers and the public to contribute 

to climate change alleviation or find ways to help the population to adapt to the changing climate, 

which is the best possible way to reduce current-day as well as future climate-associated health 

consequences. 
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6.1.2. Air quality regulation 

The findings of this thesis provide strong evidence for the heat impact being significantly elevated 

by increased air pollution concentration. As a consequences of climate change, it is expected that 

both average surface temperature and air pollution levels will rise in the future [2]. The rise in the 

level of these two primary environmental hazards is foreseen to cause an even larger impact on 

human health, especially as they interact to amplify the effect of the other. In majority of 482 cities 

under investigation, the air pollution level strikingly exceeded the WHO Air Quality Guidelines 

[86]. Thus, pollution-control measures aligning with the new WHO Air Quality Guidelines, to 

limit the air pollution level, are crucial for public health protection. 

 

 

6.1.3. Public health interventions with impactful acclimatization programs 

The evidence from this dissertation aids in identifying the population most susceptible to climate- 

change health risk. The findings suggest the planners design impactful acclimation programs to 

combat the climate-change health risk. Such calculated and well-planned measures are urgent not 

just for countries predicted to be mostly affected by climate change but for all nations. 

Furthermore, the result of this research shows high risks of temperature-associated fatality 

corresponding to suboptimal temperatures, i.e., both heat and cold. In this regard, it is important 

to note that not just heatwaves, but also cold periods are predicted in the future as a consequences 

of climate change [3]. Although a large proportion of existing evidence on CVD focus on heat- 

associated future impacts [87], the results from the future prediction in this research illustrates that 

susceptivity to cold would largely influence the future temperature-associated health 

consequences. Thus, this research illustrates that acclimation programs to combat climate change 

should not only focus on or be limited to heat-acclimation but should also consider cold- 

acclimation. 
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6.2. Methodological considerations: Strengths and limitations 

 

Major strengths of this cumulative thesis include the application of elaborate multi-country dataset 

and the resulting estimates with substantial statistical power. The analysis in the first publication 

facilitates a uniform method of analysis across numerous global locations and enables valid 

comparison of the results from these climatically and socio-economically diverse locations. To 

date, this publication is the most comprehensive investigation of the interactive impact of hot 

summer temperature and four major air pollutants on CVD-RD fatality. Additionally, it is a pioneer 

study to thoroughly investigate the interaction of heat with PM2.5 and NO2. 

The second publication studying the interrelation of temperature and fatality is a pioneer study to 

investigate the pattern of change in such interrelation in the course of time for subclasses of CVD- 

RD. This is the first study to explore the pattern of change of such association across demographic 

subgroups. An additional strength of this research includes meta-analysis of dose-response 

associations with cumulative risk. 

The third publication on prediction research is the first ever work that developed a set of future 

acclimation settings encompassing both physiological acclimation-susceptivity and acclimation 

through economic capacity changes. The study systematically illustrates the importance of 

adjusting for population acclimation while predicting future climate-associated health 

consequences. The proposed methodology for prediction of future temperature-associated health 

burden addresses most of the existing sources of unpredictability in the field of prediction research. 

The methodology has been illustrated using an example-case dataset. 
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6.3. Outlook: Future research 

 

In summary, the findings of this cumulative thesis indicate an increasing risk for temperature- 

associated health consequences in the future with increasing frequency of heatwaves and higher 

risks of air pollution resulting due to climate change. 

The multi-country dataset used in this study with data from climatically and socio-economically 

diverse locations provides strong epidemiological evidence in the field. However, the dataset is 

not representative of all regions in the world. The availability of such data only from cities did not 

allow investigation of such effects in rural conditions. Further investigations in the remaining 

regions of the world and rural areas are required. Although the study quantifies the amplifying 

impact of heat and air pollution on subclasses of fatality, extensive research on physiological 

responses and investigation on cellular level is needed. 

The results of the study on changes in pattern of temperature-fatality interrelation represent cities 

in Germany and may not be generalizable to other locations. Future research exploring such 

association in other regions are required. 

The developed acclimation framework and modelling choices were proposed with German cities 

as baseline reference. Thus, the framework might not be directly applicable in a setting with a 

different climate, geography, or economy. Systematic investigation of the individual location 

followed by adaptation of the framework and methodology is recommended for future prediction 

studies incorporating the framework and methodology developed in this research. 
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6.3.1. Recommendation for future prediction studies 

 

 

As we stand on the verge of global climate emergency, studies quantifying the foreseen climate- 

associated health consequences are essential to decision-makers to sketch and implement impactful 

acclimation programs. Revising the existing health policies, with evidence from prediction studies, 

will help evade the climate-associated health consequences. However, research in the field of 

climate-epidemiology is still shadowed by large unpredictability. This unpredictability arises from 

several ineluctable factors, existing mostly because of lack of robust findings and large research 

gaps. 

Considering the need of reliable climate-epidemiology evidences as a public health urgency, this 

cumulative thesis extends to incorporate a comprehensive review on achieved accomplishments 

of prediction studies and the missions yet to be accomplished [88]. This narrative review, included 

in the appendix of this dissertation, describes the evolution of prediction methodologies in the 

course of time, presents the existing status of prediction research and the guiding assumptions, 

highlights the existing research gaps, and provides guidance and recommendation to future 

prediction studies. Overcoming the gaps presented in the review would enable climate- 

epidemiology research to move forward, allowing impactful revision of our existing health policies 

to safeguard public health. 
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7. Conclusion 

 
Amongst global climate emergencies, impactful acclimation programs are of prime importance to 

reduce the growing burden of CVD-RD hospitalizations and fatality. Findings from this 

cumulative dissertation provide comprehensive evidence on current-day interrelation of 

temperature and CVD-RD outcomes, and of the interactive associations with air pollution. This 

research work also provides a comprehensive quantification of the future temperature-associated 

CVD-RD deaths. 

Well-planned acclimation measures like early weather alert systems, increased green spaces, and 

others, are the solution to achieve resilience to climate change and promote planetary health. 

Furthermore, pollution-control measures aligned with the new WHO Air Quality Guidelines are 

crucial to safeguard public health. 
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8. Contribution of the PhD Candidate 

 
The thesis encompasses three manuscripts published in Environment International, Environmental 

Research, and Lancet Planetary Health. All the listed journals are international peer-reviewed 

scientific journals. Environment International is enlisted as top 6%, Environmental Research as 

top 12%, and the Lancet Planetary Health as top 1% Environmental Sciences Journals according 

to Journal Citations Reports® 2022. 

The PhD candidate is the first author of all publications included in this thesis. The candidate 

developed the research questions and the statistical analysis plans under the supervision of Dr. 

Susanne Breitner (Publication 1), Dr. Alexandra Schneider (Publication 2), or Dr. Kai Chen and 

Dr. Alexandra Schneider (Publication 3). For all of the three publications, the candidate prepared 

the datasets, developed R software [68] codes for data analysis, performed all the extensive 

statistical analysis, interpreted the results, and coordinated all three studies independently. The 

candidate presented results during the regular Thesis Advisory Committee meetings and 

considered advice from the committee members. The candidate drafted all three manuscripts, 

coordinated communication between co-authors, included the comments from co-authors, and 

selected journals for submission. The candidate organized the submission and publication process 

of all three manuscripts as the corresponding author, incorporated comments from peer-review 

process, revised the publications, and handled proof-reading and post-production responsibilities 

as the corresponding author. 

Additionally, a comprehensive narrative review, published in Frontiers Epidemiology has been 

included in this thesis. The review was conceptualized by the PhD candidate. The candidate 

performed a literature search, drafted the review, included comments from co-authors, and 

organized the submission of the manuscript as a corresponding author. The candidate revised the 

manuscript after peer-review process and handled proof-reading and post-production 

responsibilities as the corresponding author. 
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A  B  S  T  R  A  C  T  
 

Background: Evidence on the potential interactive effects of heat and ambient air pollution on cause-specific 

mortality is inconclusive and limited to selected locations. 

Objectives: We investigated the effects of heat on cardiovascular and respiratory mortality and its modification by 

air pollution during summer months (six consecutive hottest months) in 482 locations across 24 countries.  

Methods: Location-specific daily death counts and exposure data (e.g., particulate matter with diameters ≤ 2.5 

µm [PM2.5]) were obtained from 2000 to 2018. We used location-specific confounder-adjusted Quasi-Poisson 

regression with a tensor product between air temperature and the air pollutant. We extracted heat effects at 

low, medium, and high levels of pollutants, defined as the 5th, 50th, and 95th percentile of the location-specific 

pollutant concentrations. Country-specific and overall estimates were derived using a random-effects multilevel 

meta-analytical model. 

Results: Heat was associated with increased cardiorespiratory mortality. Moreover, the heat effects were modified 

by elevated levels of all air pollutants in most locations, with stronger effects for respiratory than cardiovascular 

mortality. For example, the percent increase in respiratory mortality per increase in the 2-day average summer 

temperature from the 75th to the 99th percentile was 7.7% (95% Confidence Interval [CI] 7.6–7.7), 11.3% (95% 

CI 11.2–11.3), and 14.3% (95% CI 14.1–14.5) at low, medium, and high levels of PM2.5, respectively. Similarly, 

cardiovascular mortality increased by 1.6 (95%CI 1.5–1.6), 5.1 (95%CI 5.1–5.2), and 8.7 (95%CI 8.7–8.8) at low, 

medium, and high levels of O3, respectively. 

Discussion: We observed considerable modification of the heat effects on cardiovascular and respiratory mortality 

by elevated levels of air pollutants. Therefore, mitigation measures following the new WHO Air Quality 

Guidelines are crucial to enhance better health and promote sustainable development. 
 

 

 

1. Introduction 

 

Many epidemiological studies have documented the adverse effects 

of short-term exposure to high ambient temperature and heat waves on 

non-accidental mortality (Roye et al., 2021; Williams et al., 2018; Gas- 

parrini and Armstrong, 2011). The WHO states that from 1998 to 2017, 

heatwaves caused more than 166,000 deaths worldwide (Heatwaves, 

2023). As a result of climate change, population exposure to heat is 

increasing with the number of people exposed to heatwaves increased by 

around 125 million between 2000 and 2016 (Heatwaves, 2023). Simi- 

larly, low ambient air quality is a major environmental risk factor for 

mortality. According to the 2021 WHO report, four million annual 

deaths worldwide were attributable to outdoor air pollution in 2016 (Air 

Pollution, 2021). Studies on cause-specific mortality show an increased 

risk of cardiovascular [CVD] and respiratory [RD] disease mortality 

with both high temperature (Chen et al., 2015; Gasparrini et al., 2012; 

Breitner et al., 2014) and ambient air pollutant levels (Liu et al., 2019; 

Bowe et al., 2019; Loxham et al., 2019). In addition, CVD and RD hos- 

pitalizations have increased with high temperatures in numerous loca- 

tions, increasing the heat-attributable morbidity burden (Bai et al., 

2018; Bai et al., 2016; Sun et al., 2019). 

Previously, air temperature and ambient air pollutants have been 

mostly considered separately (Stafoggia et al., 2010; Turner et al., 

2012). Few of these studies investigated the effect of temperature con- 

trolling for daily air pollution levels (Turner et al., 2012), while some 

analyzed the effects of air pollutants adjusting for daily temperature 

(Stafoggia et al., 2010). However, recent research shows that tempera- 

ture and air pollution might interact, possibly resulting in synergistic 

effects (Burkart et al., 2013). These interactive effects have been, so far, 

explored only by a limited number of studies (Jhun et al., 2014; Scor- 

tichini et al., 2018; Breitner et al., 2014; Li et al., 2017; Chen et al., 2017; 

Stafoggia M, Schwartz J, Forastiere F, Perucci CA, Group S, 2008; 

Anenberg et al., 2020; Pascal et al., 2021). These studies demonstrate a 

significant increase in the risk for total, CVD, and RD mortality, 

providing evidence of the synergistic association between temperature 

and particulate matter [PM] and ozone [O3], with the highest interactive 

effects during the summer months (Stafoggia et al., 2010; Pascal et al., 

2021) or hotter days (Breitner et al., 2014; Li et al., 2017; Chen et al., 

2017), compared to colder periods. A meta-analysis on the interactive 

effects of PM with a diameter of 10 µm or less [PM10] and temperature 

showed a higher risk for total, CVD, and RD mortality, especially during 

high-temperature days, compared to colder days, with the highest risk 

for RD mortality (Chen et al., 2017). The study reports the Relative Risk 

[RR] (95 % confidence intervals [CI]s) for respiratory death per 10 mg/ 

m3 increase in PM10 to be 1.005 (1.000,1.010), 1.008 (1.006, 1.010), 

and 1.02 (1.01,1.03) at low, moderate, and high temperature levels, 

respectively (Chen et al., 2017). 

Only limited studies have explored non-linear interactive effects on 

mortality (Scortichini et al., 2018). Most studies have assessed the 

modification of the air pollutant effects by temperature (Jhun et al., 

2014; Li et al., 2017; Chen et al., 2017; Stafoggia M, Schwartz J, For- 

astiere F, Perucci CA, Group S, 2008). In contrast, studies exploring 

whether air pollution modifies the temperature effects are still limited 

(Scortichini et al., 2018; Breitner et al., 2014) and focused mainly on 

non-accidental mortality (Scortichini et al., 2018) or specific regions 

within a country (Breitner et al., 2014). Evidence on the heat effect and 

its modification by air pollutants on CVD and RD mortality is scarce, 

with few studies focusing only on PM10 and O3 (Jhun et al., 2014; 

Scortichini et al., 2018; Breitner et al., 2014; Li et al., 2017; Chen et al., 

2017; Stafoggia M, Schwartz J, Forastiere F, Perucci CA, Group S, 2008); 

little is known about the effects of other air pollutants. Therefore, a 

research gap still exists on the modification of temperature effects on 

CVD and RD mortality by different key ambient air pollutants. 

Furthermore, in the absence of mitigation, temperature and ambient 

air pollutant concentrations are expected to rise in the future due to 

climate change (Ipcc, 2021), potentially leading to stronger interaction 

effects and, therefore, a higher health burden. Thus, understanding the 

present-day interactive effects of temperature and air pollutants on 

various health endpoints is crucial to combat climate change with 

effective adaptation strategies. 

This analysis aims to explore the effect of heat on CVD and RD 

mortality and its modification by air pollutants, including PM10, PM 
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with a diameter of 2.5 µm or less [PM2.5], O3, and nitrogen dioxide 

[NO2] in 482 locations across 24 countries. To our knowledge, this is the 

first analysis to explore this association on a large-scale multi-country 

dataset. 

 
2. Methods 

 

2.1. Dataset 

 

We obtained daily time-series data from 458 locations in 20 coun- 

tries or regions with available data on CVD and RD mortality, air tem- 

perature, and air pollutants (PM10, PM2.5, O3, NO2) from the MCC 

Collaborative Research Network database covering various periods 

ranging from 2000 to 2018 (Table 1). Furthermore, we included addi- 

tional locations from Germany, Greece, Italy, and Norway within the 

framework of the EU project: Exposure to heat and air pollution in 

Europe – cardiopulmonary impacts and benefits of mitigation and 

adaptation [EXHAUSTION] (EXHAUSTION. EXHAUSTION, 2021). The 

additional locations included 14 from Germany, eight from Italy, four 

from Norway, and five from Greece. This resulted in a dataset of 489 

locations from 24 countries. 

2.2. Statistical analysis 

 
We estimated the location-specific heat effect and the effect modi- 

fication by air pollutants. To estimate the heat effect, we applied an 

over-dispersed Poisson regression model for each location, controlling 

for the day of the week and sub-seasonal trends. The day of the season 

was fitted with a spline with four degrees of freedom per season. Two- 

day moving averages of the same and the previous day (lag 0–1) for 

temperature were incorporated into the model. The lag windows were 

defined based on literature (19, 20, 28) and investigations on the 

dataset. The heat effect was estimated as the percent (%) change in 

mortality per an increase in mean temperature from the 75th to the 99th 

percentile of the location-specific mean temperature distribution. This 

approach accounts for city-specific response or adaptation to air 

temperature. 

The interactive effect of heat and air pollutants was assessed by a 

two-stage approach. In the first stage, we used a non-parametric 

response-surface model, previously applied by Scortichini et al. (Scor- 

tichini et al., 2018), to assess the interactive effect of heat and air pol- 

lutants. The model included two-day moving averages of the same and 

the previous day (lag 0–1), both for temperature and air pollutants. 

For this study, we selected the warmer months, which we define as 

the six consecutive hottest months for each of the selected locations. 

Mortality data were collected from local health authorities in each 

 

Tensor(Tmean, Poll) = 
∑n1 

 

 

i=1 

∑n2  

ail(Poll)αilbi(Tmean) 

country and included daily counts of deaths for cardiovascular (Inter- 

national Classification of Diseases [ICD]-10 I00-I99) and respiratory 

(ICD-10 J00-J99) causes. The mean daily temperature for each location 

was calculated from central monitoring stations, either as the average 

between maximum and minimum values or as the 24-hour average. 

Similarly, we obtained daily 24-hour average concentrations of PM10, 

PM2.5, and NO2, and daily maximum 8-h average O3 concentrations (or 

24-hour average if 8-hour maximum was not available) from fixed air 

quality monitoring stations. We excluded seven cities from China that 

had short periods of data (≤3 years), resulting in 482 cities being 

included in the final analysis. We also excluded seasons with ≥ 50 % 

missing values for temperature and the respective pollutant for the 

pollutant-specific analysis. Country-specific information on data 

collection are presented in the Supplementary material, section S1. 

where bi is the ith basis for temperature and al is the lth basis for air 

pollution. 

This approach was advantageous in exploring the combined effect of 

two risk factors on an outcome by defining a tensor smoother, where a 

tridimensional curve modeled the increases in mortality according to a 

combined variation of the values of temperature and air pollutants. 

Three exposure–response functions were extracted from the tridimen- 

sional surface in each location, along the values of the three air pollutant 

categories: low, medium, and high, defined for each location as the 5th, 

50th, and 95th percentile of the location-specific summer air pollutant 

distributions. Heat effect as % change in mortality was extracted from 

the derived models. Bootstrapping was used to calculate the 95 % con- 

fidence intervals [CI]. A contour plot of the model is included in Sup- 

plementary material S2. 

In the second stage, we pooled the above obtained location-specific 
 

 

Table 1 

Country-specific number of locations, study periods, and descriptive statistics of mortality data. 

Country No. of Locations Study Period Cardiovascular Mortality Respiratory Mortality 

 Total Daily Mean  Total Daily Mean  

Canada 24 2000–2011 410,737 3.9  100,848 0.9  

China 9 2001–2015 371,402 22.5  116,961 7.0  

Colombia 1 2000–2013 109,802 21.5  41,346 8.1  

Czech Republic 1 2000–2015 98,307 16.8  11,118 1.9  

Estonia 4 2003–2018 49,750 2.5  3,336 0.2  

Finland 1 2000–2014 39,840 7.3  6,152 1.1  

France 18 2007–2015 234,503 3.9  62,283 0.9  

Germany 14 2000–2016 1,018,593 8.1  175,094 1.4  

Greece 5 2000–2016 117,257 8.3  27,971 2.0  

Italy 8 2006–2015 74,412 5.3  11,809 0.8  

Japan 47 2011–2015 496,710 5.8  296,015 3.4  

Kuwait 1 2000–2016 35,285 5.7  57,15 0.9  

Mexico 8 2000–2014 651,988 7.5  240,187 2.7  

Norway 4 2000–2018 24,287 1.7  6,971 0.5  

Portugal 5 2000–2018 277,609 8.5  84,655 2.6  

South Africa 6 2000–2013 228,498 7.8  190,746 6.3  

South Korea 7 2000–2015 367,465 10.1  101,472 2.7  

Spain 48 2000–2014 583,407 2.2  214,911 0.8  

Sweden 1 2000–2010 43,295 10.8  7,602 1.9  

Switzerland 8 2000–2013 62,428 1.5  11,201 0.3  

Taiwan 3 2000–2014 199,305 12.1  93,464 5.7  

Thailand 19 2000–2008 154,584 2.6  102,480 1.7  

UK 39 2000–2016 1,031,589 4.3  461,257 1.9  

USA 210 2000–2006 266,6825 5.0  847,430 1.6  



M. Rai et al. Environment International 174 (2023) 107825 

4 

 

 

 

effect estimates using a multilevel meta-analytical model that accounts 

for variations in risk across two nested groups (cities and countries) to 

obtain the country-wise and the overall pooled estimate (Sera et al., 

2019). We assessed heterogeneity using the I2 statistic and Cochran’s Q 

test. Furthermore, we carried out a significance test on heat effect 

modification based on the difference between the heat effect on medium 

and high pollution days compared to the low pollution days and re- 

ported the P-values. A two-sided P-value < 0.05 was considered statis- 

tically significant. 

We performed several sensitivity analyses to examine the robustness 

of the results. For example, we used the three consecutive warmest 

months instead of six. We considered the moving averages lag 0–3 (four- 

day moving averages of the same and the three previous days) for both 

temperature and air pollution. We also used alternative definitions of air 

pollutant levels: 25th, 50th, and 75th percentile instead of 5th, 50th, and 

95th as the low, medium, and high pollutant categories, respectively. 

We also estimated the heat effect as the % change in mortality when the 

mean location-specific temperature increased from the Minimum Mor- 

tality Temperature [MMT] to the 99th percentile. 

All analyses were performed in R 4.1.0 (R Core Team, 2017) using 

the packages mgcv in the first stage and mixmeta in the second stage. 

 

3. Results 

 

3.1. Descriptives 

 

The analysis included 9,347,514 deaths from CVD and 3,221,024 

from RD causes. Table 1 shows the country-specific descriptive statistics 

for cause-specific mortality. Similarly, Figs. 1, S3, and Table S4 include 

the descriptive statistics for the different exposure variables. Country- 

specific averages of daily mean temperatures ranged from 6.1 ◦C in 

Estonia to 27.9 ◦C in Thailand. The locations within this large multi- 

country study encompassed various climatic zones, which can be 

broadly categorized as: cold (Canada, Estonia, Finland, Norway, and 

Sweden), temperate (Czech Republic, France, Germany, Switzerland, 

and the UK), Mediterranean (Greece, Italy, Portugal, and Spain), humid- 

subtropical and temperate (Japan, and South Korea), continental 

(Kuwait), and tropical and subtropical (Colombia, Mexico, South Africa, 

Taiwan, and Thailand) (D K. World Climate Regions, 2020). The nine 

locations from China included in this study were in the humid- 

subtropical and temperate regions. Furthermore, the USA included 

locations with heterogeneous climatic conditions varying largely within 

the same country. The locations in the study also showed varying levels 

of air pollutant concentrations. Countries with the highest levels of air 

pollution (based on the highest 95th percentile) were Kuwait for PM10 

(539.5 µg/m3) and China for PM2.5 (131.0 µg/m3), O3 (177.1 µg/m3), 

and NO2 (84.7 µg/m3). Similarly, countries with the lowest levels of air 

pollution (based on the lowest 5th percentile) were Norway and Finland 

for PM10 (4.6 and 4.7 µg/m3, respectively), Finland for NO2 (2.1 µg/m3), 

Norway and Canada for PM2.5 (2.0 and 2.1 µg/m3, respectively), and 

Germany for O3 (8.3 µg/m3). 

 

3.2. Heat effect 

 

Our overall estimate showed an increase in CVD mortality by 6.4 % 

(95 % confidence interval (CI) 6.3–6.4) and RD mortality by 8.4 % (95 % 

CI 8.4–8.5) per an increase in the 2-day average temperature from the 

75th to the 99th percentile. In general, we found the heat effects to be 

higher for RD when compared to CVD mortality. In particular, heat ef- 

fects on RD mortality in countries like Colombia, Canada, Sweden, and 

Switzerland were almost six to 11 times higher than CVD mortality. 

Similar effects were observed in locations in the Czech Republic, France, 

Italy, Spain, and Kuwait, where the RD mortality was about twice to 

three times higher than the CVD mortality. Although less pronounced 

effects were seen in other countries, the estimates always showed a 

higher proportion of heat-related RD than CVD deaths (Figs. 2 and S5). 

The highest country-specific heat effects on RD mortality were 

observed in the Czech Republic, where mortality increased by 37.1 % 

(95 % CI 18.9–55.3), followed by Sweden with an increase of 36.5 % (95 

%CI 34.9–38.1) (Fig. 2 and S5). 

 

3.3. Effect modification by air pollution 

 

We found an overall consistent increase in the heat effects on CVD 

and RD mortality with elevated PM10, PM2.5, O3, and NO2 levels, with 

estimates highest on high pollution days and lowest on days with low 

pollution levels. We observed an overall higher effect modification for 

RD than CVD mortality (Table 2). 

Exceedingly large modification of the heat effects on CVD mortality 

by high levels of PM10 was seen in Germany, Portugal, Spain, 

Switzerland, and the UK (Fig. 3 and S6). For example, heat effects on 

CVD mortality in Germany were found to be 1.3 % (95 % CI 1.2–1.4), 

 

 
 

Fig. 1. Median air pollutant (particulate matter [PM] with diameter of 10 µm or less [PM10], 2.5 µm or less [PM2.5], ozone [O3], and nitrogen dioxide [NO2]) 

concentrations across study locations. [Country-specific estimates and different percentiles are inlcuded in Supplementary Material section S4].  
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Fig. 2. Country-specific heat effects on cardiovascular and respiratory mortality. Estimates are represented as the percent change in cardiovascular and respiratory 

mortality (with 95% confidence intervals) per an increase in the 2-day mean temperature from the 75th to the 99th percentile of the location-specific temperature 

distribution. [Country-specific estimates were obtained using a multivariate multilevel meta-analysis of the location-specific estimates. Estimates to the figure are 

included in Supplementary Material section S6]. 

 

6.7 % (95 % CI 6.6–6.9), and 20.2 % (95 % CI 20.0–20.3) at low, me- 

dium, and high levels of PM10, respectively (Fig. 3 and S6). Similar re- 

sults were observed for high PM2.5 levels. In contrast, few countries like 

China and Finland showed insignificant or no effect modification with 

varying levels of air pollutants. Considerable modification of the heat 

effects by high O3 and NO2 levels was seen in France, Germany, Japan, 

Spain, Switzerland, and the UK. CVD mortality in Germany increased up 

to 30.0 % (95 % CI 29.8–30.1) with high levels of O3. High levels of NO2 

largely increased the heat effects on CVD mortality, with effects up to 

18.3 % (95 %CI 17.0–19.6) in Estonia. In contrast, in certain countries 

like China and Thailand, the modification by high NO2 levels tended to 

be reversed, however insignificantly (Fig. 3 and S6). 

Substantial heat effect modifications for RD mortality were seen in 

various regions (Fig. 4 and S6), including Switzerland, with mortality 

increases of 3.9 % (95 % CI 3.1–4.8), 13.4 % (95 % CI 12.8–14.1), and 

40.4 % (95 % CI 38.2–42.7) at low, medium, and high levels of PM10, 

respectively. Substantial effect modification by elevated levels of PM2.5 

was observed in Portugal, where RD mortality increased by 13.2 % (95 

% CI 11.9–14.7), 29.4 % (95 % CI 28.7–30.2), 65.1 % (95 % CI 

63.4–66.9) at low, medium, and high levels of PM2.5, respectively (Fig. 4 

and S6). Considerable effect modification by elevated levels of O3 was 

observed in Germany, with RD mortality increases of 3.5 % (95 % CI 

3.2–3.7), 12.8 % (95 % CI 12.6–12.9), and 34.3 % (95 % CI 34.0–34.6) at 

low, medium, and high levels of O3, respectively. In Switzerland, con- 

current elevated NO2 levels increased the heat effects on RD mortality, 

with estimates of 18.6 % (95 % CI 17.6–19.7), 25.8 % (95 % CI 

25.3–26.4), and 43.5 % (95 % CI 42.2–45.0) at low, medium, and high 

levels of NO2, respectively. In contrast, results from countries like 

Colombia and Sweden followed irregular patterns (Fig. 4 and S6). 

Although the pooled estimates of countries with a large number of 

locations, like the US, showed no modification of the heat effects for 

CVD and RD mortality by varying levels of air pollutants, the location- 
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Table 2 

Overall heat effect estimates stratified by the air pollutants.a 

Air Pollutants Cardiovascular Mortality Respiratory Mortality 

 % LCI UCI P-value a  % LCI UCI P-value a  

PM10 l  2.07 2.04 2.10   9.90 9.85 9.95   

 m  4.29 4.26 4.32 <0.0005  12.21 12.15 12.27 <0.0005  

 h  7.33 7.29 7.37 <0.0005  14.62 14.49 14.74 <0.0005  

PM2.5 l  1.53 1.48 1.58   7.65 7.60 7.69   

 m  3.81 3.77 3.85 <0.0005  11.29 11.21 11.38 <0.0005  

 h  7.01 6.94 7.07 <0.0005  14.32 14.18 14.46 <0.0005  

O3 l  1.60 1.58 1.61   4.12 4.09 4.15   

 m  5.16 5.14 5.18 <0.0005  8.34 8.31 8.38 <0.0005  

 h  8.73 8.69 8.76 <0.0005  13.53 13.42 13.65 <0.0005  

NO2 l  6.18 6.14 6.22   13.12 13.06 13.19   

 m  7.09 7.05 7.12 <0.0005  14.89 14.79 14.98 <0.0005  

 h  8.56 8.51 8.61 <0.0005  15.46 15.33 15.58 <0.0005  

[Estimates are represented as the percent change in heat-related cause-specific mortality with the corresponding 95% confidence interval (LCI, UCI) per an increase in 

the 2-day mean temperature from the 75th to the 99th percentile of the location-specific temperature distribution during low, medium, and high air pollution days for 

PM10, PM2.5, O3, and NO2. Low, medium, and high pollution days are represented as days with 2-day mean air pollutant concentration as 5th, 50th, and the 95th 

percentile of the location-specific air pollutant distribution. Overall estimates were obtained by multivariate multilevel meta-analysis of the location-specific estimates. 
a Significance test based on the difference between the estimate at higher or medium levels of air pollution (m or h) and low level of air pollution (l). 

 

specific estimates showed quite heterogeneous effect modifications with 

substantial associations for many locations. In addition, in numerous 

locations, we found significantly higher heat effects on RD mortality 

with concurrent high air pollution levels (S8). 

The results of the sensitivity analysis are included in S7. In general, 

the results increased, for example, when reporting heat effect as % 

change when the temperature increases from the MMT to the 99th 

temperature percentile, showing that our model choices were rather 

conservative. Our results were robust to all other sensitivity analyses. 

 

4. Discussion 

 

To the best of our knowledge, this is the most extensive research 

investigating the modification of the effects of summer temperatures on 

daily CVD and RD mortality by air pollutants in 482 locations across 24 

countries. Further, it is the first-ever study to deeply investigate effect 

modifications by air pollutants such as PM2.5 and NO2. Both CVD and RD 

mortality increased in association with high summer temperatures, with 

a higher risk for RD than CVD mortality. Similarly, considerable modi- 

fication of the overall heat effects by elevated levels of PM10, PM2.5, O3, 

and NO2 was observed for both CVD and RD mortality, with much 

higher heat effect modifications for RD than CVD mortality, for all air 

pollutants considered. This study, thus, provides evidence for the 

interactive association between heat and ambient air pollutants (PM10, 

PM2.5, O3, and NO2). 

The results of our study are consistent with the existing literature on 

the interactive effects on CVD and RD mortality, which suggests effect 

modification by high levels of PM10 and O3 (Breitner et al., 2014; Li 

et al., 2014). Similarly, a study in the US population shows effect 

modification by O3 for CVD mortality (Ren et al., 2008) and a study in 

Australia by PM10 for CVD and RD hospitalizations (Ren et al., 2006). 

When comparing the results of our study to those investigating similar 

associations but on total mortality, we see a similar pattern and esti- 

mates for PM10 and/or O3 effect modification (Scortichini et al., 2018; 

Analitis, 2014). In a study investigating the effect modification by PM10, 

in various locations in Italy, the increase in heat-related total mortality 

was found to increase by up to 7.5 % (95 % CI — 1.6, 17.3), 15.5 % (95 % 

CI 6.8–24.9), and 24.4 % (95 % CI: 17.6–31.6) on days with low, 

moderate, and high PM10 concentration, respectively (Scortichini et al., 

2018). The study reported similar estimates for effect modification by O3 

(Scortichini et al., 2018). Similarly, another study in Greece reported 

total mortality to increase by 54 % during heat wave episodes on high O3 

days compared with low, among people aged 75–84 years and by 36 % 

on high PM10 days compared to low PM10 days (Analitis, 2014). Con- 

trastingly, a study from nine US cities reported no evidence of 

temperature effect modifications by PM2.5 or O3 on total mortality 

(Zanobetti and Schwartz, 2008). 

Our results suggest much higher heat effect modifications for RD 

mortality than the commonly perceived CVD mortality. Much stronger 

heat effects and their modification by elevated levels of air pollutants 

imply that heat or high temperature is a risk factor for RD in addition to 

the commonly observed cold effects. These findings are in line with the 

current limited local studies, which explore the heat effect modification 

by air pollutants simultaneously for CVD and RD outcomes, including 

mortality (Breitner et al., 2014) or hospitalizations (Analitis, 2014), 

which also infer a higher effect modification for RD than CVD outcomes. 

Thus, stronger evidence added by our study, which explores this asso- 

ciation across a large dataset including 482 locations and diverse cli- 

matic conditions, would be beneficial for future health policy design, 

particularly in the context of climate change and the SARS-COV-2 

pandemic affecting the respiratory system (WHO. Coronavirus disease 

(COVID-19), 2023). 

We observed large regional differences in heat effects and interactive 

effects with key ambient air pollutants. Considerably higher heat effects 

with elevated concentrations of air pollutants were observed in coun- 

tries like Portugal, Spain, the UK, Japan, Germany, Thailand, Kuwait, 

and Switzerland. In contrast, results from other countries like Taiwan 

and Colombia followed inconsistent patterns. Similarly, few results from 

countries like China and Thailand tended to follow insignificant reverse 

patterns. One contributing factor for such results might be relatively 

fewer locations included in the analysis or the relative completeness of 

the data from these locations. Similarly, the country-wide estimate for 

large territories like the US also showed minimal heat effects and no 

effect modification by elevated air pollution levels. This could be ex- 

pected, as there were locations from different climatic conditions within 

these large territories. However, when looking at the individual 

location-specific estimates, we observed varying heat effects and mor- 

tality risks with elevated levels of air pollution. Higher risks were 

observed in most locations, whereas less to no associations in a few 

others. Therefore, a country-wide estimate may not represent all loca- 

tions for large countries like the US, with a wide range of climatic di- 

versity. Previous studies in the US showed similar observations with 

patterns of effect estimates across different locations (Zanobetti and 

Schwartz, 2008; Kioumourtzoglou et al., 2016). 

Mechanisms of heat stress on physiology include increased sweating 

causing dehydration, salt depletion, increased blood circulation and 

cardiac work, as well as hemoconcentration, leading to various cardio- 

vascular outcomes like myocardial infarction, heart failure, and stroke 

(Breitner et al., 2014; Schneider et al., 2017). For respiratory mortality, 

the underlying mechanisms are less clear and often occur in combination 
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Fig. 3. Country-specific heat effects on cardiovascular mortality stratified by air pollutant levels.Estimates are presented as the percent change CVD mortality with 

the corresponding 95% confidence intervals per an increase in the 2-day mean temperature from the 75th to the 99th percentile of the location-specific temperature 

distribution by low, medium, and high levels of air pollutants represented by the 5th, 50th, and 95th percentile of city-specific respective pollutant distribution. 

[Country-specific estimates were obtained using a multivariate multilevel meta-analysis of the location-specific estimates. Estimates to the figure with P-values are 

included in Supplementary Material section S6]. 
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Fig. 4. Country-specific heat effects on respiratory mortality stratified by air pollutant levels. Estimates are presented as the percent change respiratory mortality 

with the corresponding 95% confidence intervals per an increase in the 2-day mean temperature from the 75th to the 99th percentile of the location-specific 

temperature distribution by low, medium, and high levels of air pollutants represented by the 5th, 50th, and 95th percentile of city-specific respective pollutant 

distribution. [Country-specific estimates were obtained using a multivariate multilevel meta-analysis of the location-specific estimates. Estimates to the figure with P- 

values are included in Supplementary Material section S6]. 
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with cardiovascular effects (Schneider et al., 2017). It has often been 

noted that people with pre-existing chronic obstructive pulmonary dis- 

ease [COPD] are most affected during unfavorable high ambient tem- 

peratures (Konstantinoudis et al., 2022; Zhao et al., 2019). During an 

(extreme) heat event, subjects with COPD may hyperventilate, which 

increases the possibility of dynamic hyperinflation. This, in turn, leads to 

dyspnea and mechanical and cardiovascular effects. Additionally, 

changes in blood towards a more coagulant state and other vascular 

changes may activate the complement system and thus trigger the res- 

piratory distress syndrome resulting in various respiratory outcomes 

(Schneider et al., 2017; Michelozzi et al., 2009). 

High temperatures and air pollutants might cause synergistic effects 

through various pathways. The first pathway includes the increase in the 

overall concentration of air pollutants during heat waves (Doherty et al., 

2017; Horton et al., 2014); for example, the photochemical reactions 

during hot days, which correspond to high solar irradiance and high 

temperature, facilitate the formation of ground-level O3 in the atmo- 

sphere. O3 has been directly associated with respiratory outcomes like 

airway irritation and inflammation and decrements in pulmonary 

function (Schelegle et al., 2009). In addition, the exposure to air pol- 

lutants increases during warm months, when people spend more time 

outdoors, indicating better exposure assessment (Turner et al., 2012). 

The second pathway includes increased intake of air pollutants into the 

airways due to the activated thermoregulatory mechanisms, such as the 

increase in ventilation rate (Gordon, 2003). Another possible mecha- 

nism includes the reduced ability of the body to detoxify chemicals as a 

result of increased thermoregulatory responses to heat stress (Gordon, 

2003). Air pollutants like PM may share common cellular pathways with 

high temperatures, like increased levels of markers of systemic inflam- 

mation such as C-reactive protein, which then could enhance the effects 

on various cardiopulmonary outcomes. Similarly, NO2 has been known 

to damage the lung cells directly (Institute, 1991). 

A major strength of this study is the extensive dataset and the stan- 

dardized analytical approach for cities across different countries and 

regions, which provides evidence with considerable statistical power 

and allows comparison of the findings across countries and diverse cli- 

matic regions. Additionally, this is the first study to provide such 

extensive evidence on the effect of temperature on cause-specific CVD 

and RD mortality, as well as the interactive effect with various air pol- 

lutants, including PM2.5 and NO2, for which the evidence so far has been 

scarce. 

We acknowledge several limitations of the study. First, our study has 

insufficient coverage of specific parts of the world, namely Africa, Latin 

America, Australia, and parts of Asia. Furthermore, our findings should 

be interpreted as the pooled estimates of the locations (primarily cities) 

within each country; thus, our estimates mainly represent the urban 

population and not necessarily the countries as a whole. Moreover, we 

only used fixed monitoring stations for temperature and ambient air 

pollution exposures; thus, exposure assessment error was inevitable. 

However, this non-differential misclassification should bias the effect 

estimates towards the null (Breitner et al., 2014). Although our study 

estimates the interactive effects of heat and air pollution on cause- 

specific mortality, further investigations are required to understand 

the possible underlying mechanisms. Furthermore, individual-level 

confounding or effect modifying variables could not be incorporated 

in this study. 

In conclusion, this large-scale multi-country study observed consid- 

erable effects of heat on cardiovascular and respiratory disease mortal- 

ity. We further observed effect modification by various ambient air 

pollutants (PM10, PM2.5, O3, and NO2). The interactive heat effect was 

higher for respiratory than cardiovascular mortality. With both tem- 

perature and air pollution concentrations foreseen to increase consid- 

ering climate change, a higher health burden is to be expected in the 

future due to the interactive nature of these two environmental risk 

factors. Most locations included in the study have pollutant concentra- 

tions well above the WHO Air Quality Guidelines (AQG), which 

recommends limiting annual PM10, PM2.5, and NO2 concentrations to 

15, 5, and 10 µg/m3 (World Health O, 2021 2021.), respectively, and the 

peak season mean 8-hour O3 concentration to 60 µg/m3. Therefore, 

targeted adaptation and mitigation measures (following the new WHO 

AQG) are crucial to enhance resilience and sustainable development in 

alignment with climate change policies. 
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A B S T R A C T  
 

Background: There is limited evidence of temporal changes in the association between air temperature and the 

risk of cause-specific cardiovascular [CVD] and respiratory [RD] mortality. 

Method: We explored temporal variations in the association between short-term exposures to air temperature and 

non-accidental and cause-specific CVD and RD mortality in the 15 largest German cities over 24 years (1993–

2016) using time-stratified time series analysis. We applied location-specific confounder-adjusted Poisson 

regression with distributed lag non-linear models with a lag period of 14 days to estimate the temper- ature–

mortality associations. We then pooled the estimates by a multivariate meta-analytical model. We analysed the 

whole study period and the periods 1993–2004 and 2005–16, separately. We also carried out age- and sex- 

stratified analysis. Cold and heat effects are reported as relative risk [RR] at the 1st and the 99th temperature  

percentile, relative to the 25th and the 75th percentile, respectively. 

Result: We analysed a total of 3,159,292 non-accidental, 1,063,198 CVD and 183,027 RD deaths. Cold-related RR 

for CVD mortality was seen to rise consistently over time from 1.04 (95% confidence interval [95% CI] 1.02, 

1.06) in the period 1993–2004 to 1.10 (95% CI 1.09, 1.11) in the period 2005–16. A similar increase in cold- 

related RR was also observed for RD mortality with risk increasing from 0.99 (95% CI 0.96, 1.03) to 1.07 

(95% CI 1.03, 1.10). Cold-related ischemic, cerebrovascular, and heart failure mortality risk were seen to be 

increasing over time. Similarly, COPD, the commonly speculated driver of heat-related RD mortality was found 

to have a constant heat-related risk over time. Males were increasingly vulnerable to cold with time for all causes 

of death. Females showed increasing sensitivity to cold for CVD mortality. Our results indicated a significant 

increased cold and heat vulnerability of the youngest age-groups (<64) to non-accidental and RD mortality, 

respectively. Similarly, the older age group (>65) were found to have significantly increased susceptibility to 

cold for CVD mortality. 

Conclusion: We found evidence of rising population susceptibility to both heat- and cold-related CVD and RD 

mortality risk from 1993 to 2016. Climate change mitigation and targeted adaptation strategies might help to  

reduce the number of temperature-related deaths in the future. 
 

 

 

1. Introduction 

 

Cardiovascular [CVD] and respiratory [RD] diseases were listed as 

the top causes of Disability Adjusted Life-Years in the latest Global 

Burden of Diseases study (Vos et al., 2020). In particular, ischemic heart 

disease, stroke, and Chronic Obstructive Pulmonary Disease [COPD] 

were among the top six causes (Vos et al., 2020). Several studies have 

found CVD outcomes to be influenced by ambient temperature (Bai 

et al., 2016, 2018; Basu, 2009; Breitner et al., 2014; Chen et al., 2018; 

Liu et al., 2011; Ponjoan et al., 2017; Yang et al., 2015; Yin and Wang, 

2017; Zhai et al., 2020; Irmela Schlegel et al., 2020; Turner et al., 2012). 

Although limited, evidence on the association between temperature and 

RD outcomes also shows increased risks attributable to non-optimal 

temperature, especially heat (Basu, 2009; Chen et al., 2018; Liu et al., 
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2011; Irmela Schlegel et al., 2020; Turner et al., 2012; Michelozzi et al., 

2009). To sum up, CVD and RD outcomes are among the most 

temperature-sensitive outcomes, projected to increase even further due 

to climate change (Zhang et al., 2018; Rodrigues et al., 2020). 

Studies projecting future health burden under climate change are 

mainly based on the present-day exposure-response relationship be- 

tween temperature and different health outcomes (Huang et al., 2011). 

Therefore, a systematic in-depth understanding of the present-day as- 

sociation between temperature and health outcomes, as well as changes 

in these associations over time is crucial for effective and valid projec- 

tion of future health burden (Gasparrini et al., 2015a; Chung et al., 

2017) and efficient planning of adaptation strategies. To date, several 

single-city (Yang et al., 2015; Carson et al., 2006, Astro¨m et al., 2017; 

Ekamper et al., 2009; Petkova et al., 2014; Oudin Astrom et al., 2018; 

Chen et al., 2019; Astrom et al., 2013) as well as multi-city (Bobb et al., 

2014; Coates et al., 2014; Davis et al., 2003; Guo et al., 2012; Barnett, 

2007; Chung et al., 2018) and multi-country (Gasparrini et al., 2015a; 

Chung et al., 2017) studies have explored temporal trends of the 

temperature-mortality association. These studies present differing evi- 

dence of either physiological adaptation or sensitivity of the population 

over time, varying largely across geographical locations and climatic 

conditions (Gasparrini et al., 2015a; Chung et al., 2017) or even mor- 

tality causes (Chen et al., 2019). In Europe, a previous global study on 

temporal variation, has shown population adaptation to heat in loca- 

tions from Spain. In contrast, there was no change in the 

temperature-mortality association in locations across the UK (Gasparrini 

et al., 2015a). A similar study carried out in Augsburg, Germany showed 

increasing population sensitivity to both heat and cold over time for 

myocardial infarction [MI] as a specific CVD outcome (Chen et al., 

2019). The varying evidence infers that the trends of the 

temperature-mortality relationship are rather complex. Therefore, a 

systematic investigation of location- and cause-specific temper- 

ature-mortality associations over time is essential. 

The majority of the studies on temporal variations have focused on 

total or non-accidental mortality (Gasparrini et al., 2015a, Astro¨m et al., 

2017; Ekamper et al., 2009; Petkova et al., 2014; Astrom et al., 2013; 

Bobb et al., 2014; Coates et al., 2014; Davis et al., 2003; Guo et al., 2012; 

Barnett, 2007; Chung et al., 2018), and most of these studies only 

considered heat-related mortality (Petkova et al., 2014; Bobb et al., 

2014; Coates et al., 2014; Davis et al., 2003; Guo et al., 2012). Thus, 

limited evidence exists on the temporal variation of both heat- and 

cold-related temperature-mortality associations (Yang et al., 2015; 

Gasparrini et al., 2015a, Astro¨m et al., 2017; Astrom et al., 2013; Bar- 

nett, 2007; Chung et al., 2018). In addition, the changes in the associ- 

ation between temperature and the two most climate-sensitive mortality 

outcomes - CVD and RD mortality - over time have not been investigated 

widely (Yang et al., 2015; Chung et al., 2017; Carson et al., 2006; Chen 

et al., 2019; Barnett, 2007). Furthermore, the variation in these 

cause-specific temperature-mortality associations across different age 

and sex groups has not been extensively studied. 

Therefore, with the growing threat of climate change, it is of prime 

importance to extensively study the temperature-mortality association 

for total or non-accidental as well as cause-specific CVD and RD out- 

comes, also tracing the vulnerable population sub-groups. Thus, this 

study aims to address these gaps by exploring the temporal trends in the 

association between both heat and cold on cause-specific CVD and RD 

mortality and the effect modification by age and sex in the 15 largest 

German cities. 

 
2. Methods 

 

2.1. Data sources 

 

We conducted this study in the 15 largest German cities (>500,000 

inhabitants): Berlin, Bremen, Cologne, Dortmund, Dresden, Duisburg, 
Dusseldorf,  Essen,  Frankfurt,  Hamburg,  Hanover  region,  Leipzig, 

Munich, Nuremberg, and Stuttgart, spreading across the entire country 

(Fig. S1). These cities represent around 17.4% of the total 2019 German 

population and both of the two climatic regions of Germany. The coastal 

cities Hamburg and Bremen have a marine climate, while the other 13 

cities lie in a temperate zone. Further city-specific information is 

included in the Supplementary material (Table S1). 

We obtained daily death counts of cause-specific mortality for the 15 

cities from the Research Data Centre of the Federal Statistical Office and 

the Statistical Offices of the Federal States (Forschungsdatenzentren der 

Statistischen Ä mter des Bundes und der L¨ander) for the period January 

1, 1993 to December 31, 2016. For the Hannover region, death counts 

were available only from January 1, 1995 to December 31, 2016. In- 

ternational Classification of Diseases 9th Revision [ICD-9] codes for the 

period 1993–1997 and International Statistical Classification of Diseases 

and Related Health Problems 10th Revision [ICD-10] codes for the 

period 1998–2016 were used for classifying the causes of death. We 

obtained daily death counts for non-accidental mortality (ICD-9:1-79/ 

ICD-10: A00-R99), CVD mortality (ICD-9:390-459/ICD-10: I00–I99), 

and RD mortality (ICD-9:460-519/ICD-10: J00-J99) stratified according 

to sex and age. In addition, we also obtained daily counts of mortality 

due to ischemic heart disease (ICD-9:410-414/ICD-10:I00–I25) 

including MI (ICD-9:410/ICD-10:I21 and chronic ischemic heart disease 

(ICD-9:414/ICD-10: I25), cerebrovascular disease (ICD-9:430-438/ICD- 

10:I60–I69), heart failure (ICD-9:428/ICD-10: I50), and COPD (ICD- 

9:490-492/ICD-10:J40-J44, J47). The study was approved by the 

Research Data Centre of the Federal Statistical Office and the Statistical 

Offices of the Federal States and fulfilled all requirements according to 

the German Federal Data Protection Act. No other ethics approval was 

necessary or required in Germany for this type of study using already 

existing, anonymized and de-identified data on daily death counts from 

official agencies. 

Meteorological data were obtained as daily average temperature 

from the Climate Data Centre of the German National Meteorological 

Service (Deutscher Wetterdienst). For cities with several weather sta- 

tions, stations with the most complete data throughout the study period 

were chosen. Details on the weather stations and handling of missing 

observations are included in Table S2. 

 
2.2. Statistical analysis 

 

We applied a time-stratified time-series analysis to study the asso- 

ciation between temperature and cause-specific mortality in each loca- 

tion. We stratified the overall study period into two sub-periods: 1993–

2004 and 2005–16. For the twoperiods, quasi-Poisson regressions with 

distributed lag nonlinear models extending the lag period to 14 days 

were used to establish the location-specific exposure-response functions 

[ERFs]. The lag period was chosen to efficiently capture both heat and 

cold effects. The regressions also included an indicator for the day of the 

week and a penalized spline of the day of the study with four degrees of 

freedom [df] per calendar year to control the seasonal and long-term 

trends. For the ERFs, we used natural cubic splines with three internal 

knots placed at the 10th, 75th, and 90th percentiles of the location-

specific mean temperature. The lag-response curves for tem- perature 

were modelled with a natural cubic spline with three knots placed at 

equally spaced values on the log scale. The location-specific associations 

were then reduced to overall temperature-mortality asso- ciations by 

cumulating the risk over the lag period. The location-specific overall 

cumulative ERFs were then pooled using a multivariate meta- analytical 

model to derive the overall temperature-mortality associa- tion in the 

15 cities. This approach has been previously described (Gasparrini, 

2011a; Gasparrini and Armstrong, 2011) and applied by a large 

international study (Gasparrini et al., 2015b). We report the cold effect 

as the relative risk [RR] at the 1st temperature percentile relative to the 

25th and the heat effect as the RR at the 75th temperature percentile 

relative to the 99th percentile of the temperature distribution of the 

overall period: 1990–2016, for obtaining comparable estimates. 
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We furthermore carried out stratified analyses to investigate the 
temporal variations in modifications of the temperature effects by age 

(0–64, 65–74, and 75+) and sex on three primary mortality outcomes: 

non-accidental, CVD, and RD mortality. 

 
2.2.1. Sensitivity analyses 

In order to check the robustness of the main findings, we performed 

sensitivity analyses by changing the df (three and seven per year) for the 

trend spline to control for seasonal and long-term effects. Furthermore, 

to check the robustness of our effect estimates, we report the cold effect 

as the RR at the 2.5th temperature percentile relative to the Minimum 

Mortality Temperature [MMT] and the heat effect as the RR at the 

97.5th percentile relative to the MMT, as reported by previous studies 

(Chen et al., 2019). We also explored the cause-specific ERFs excluding 

the heat wave years 2003 and 2015. 

All analyses were performed using R project (version 4.0.3) (R Core 

Team. R, 2017) for statistical computing using the “dlnm (Gasparrini, 

2011b)” and “mgcv (Wood, 2011)” packages. 

 
3. Results 

 

3.1. Descriptive 

 

Table 1 shows the descriptive statistics for cause-specific as well as 

age- and sex-stratified mortality. The analysis included 3,159,292 non- 

accidental deaths, of which 54.7% were females, 18.5% were 0–64 

years, and 19.2% were 65–74 years. We analysed a total of 1,063,198 

CVD and 183,027 RD deaths. When comparing the deaths during the 

two periods, the proportion of both CVD (27.9%–39.7%) and RD (3.9%– 

7.8%) deaths increased in 2005–16 compared to 1993–2004. The mor- 

tality share of the younger age group (0–64 years) decreased, while that 

of the older age group (75+ years) increased during the later period, for 
all causes of mortality. 

Table 2 includes the descriptive statistics for temperature. The daily 
average temperature overall, in summer, and in winter in the 15 German 

cities during 2005–16 rose by 0.3 ◦C, as compared to 1993–2004. City- 
specific descriptive statistics for temperature are included in Table S3. 

 
Table 1 

Summary statistics of mortality in the 15 German cities from 1993 to 2016. 
 

 1993–2004 2005–2016 

(A) Non-accidental mortality 

Characteristics 

1,630,443 1,528,849 

Male (%) 44.2 46.4 

Female (%) 55.8 53.6 

0–64 years (%) 20.6 16.2 

65–74 years (%) 19.2 19.2 

75+ years (%) 60.2 64.5 

(B) Cardiovascular mortality 456,320 606,878 

(% of non-accidental mortality) 

Characteristics 

(27.9) (39.7) 

Male (%) 39.8 41.5 

Female (%) 60.2 58.5 

0–64 years (%) 12.7 8.7 

65–74 years (%) 15.8 13.9 

75+ years (%) 71.5 77.3 

Ischemic heart disease 206,997 292,602 

Myocardial Infarction 61,738 91,176 

Chronic Ischemic heart disease 106,193 127,321 

Cerebrovascular disease 73,811 97,413 

Heart failure 64,002 83,016 

(C) Respiratory mortality 64,005 119,022 

(% of non-accidental mortality) 

Characteristics 

(3.9) (7.8) 

Male (%) 47.1 49.6 

Female (%) 52.9 50.4 

0–64 years (%) 12.9 10.3 

65–74 years (%) 18.9 19.4 

75+ years (%) 68.2 70.3 

COPD 27,135 55,478 

Table 2 

Summary statistics of daily average temperature (◦C) in 15 German cities from 

1993 to 2016. 
 

 1993–2004 2005–2016 

Mean (SD) 10.2 (7.3) 10.4 (7.2) 

Minimum —16.9 —17.5 

1st percentile —6.2 —5.8 

2.5th percentile —3.9 —3.6 

25th percentile 4.7 5.1 

75th percentile 15.7 16.1 

97.5th percentile 23.4 23.3 

99th percentile 25.0 25.1 

Maximum 31.0 30.6 

Summer (April–September)   

Mean (SD) 15.5 (4.9) 15.8 (4.7) 

Minimum —2.1 —1.1 

Winter (October–March)   

Mean (SD) 4.8 (5.1) 5.1 (5.1) 

Maximum 5.1 5.1 

 

3.2. Overall results 

 

During both periods, both cold and heat were associated with all 

death causes (Table 3 and Fig. 1). When comparing heat- and cold- 

related effects, the heat effects were seen to be stronger for all causes 

of death examined (Table 3 and Fig. 1). The temperature-mortality as- 

sociations showed a consistent increasing cold effect on both CVD and 

RD mortality over time, with significant differences observed between 

the two periods (Table 3 and Fig. 2). Cold effect (RR at the 1st vs. 25th 

temperature percentile) on CVD mortality during 2005–16 was observed 

to be 1.10 (95% confidence interval [95% CI] 1.09, 1.11); the effect 

significantly higher than that during 1990–2004: 1.04 (95% CI: 1.02, 

1.06). Moreover, the temporal analyses also showed strong evidence of 

increasing cold effects on cause-specific CVD mortality, including deaths 

due to ischemic heart, cerebrovascular diseases, and heart failure. No 

temporal changes in the cold effect were observed for non-accidental 

mortality. Similarly, we found increasing, although not significant, 

heat effects during 2005–16 compared to 1993–2004 for most death 

causes (Table 3 and Fig. 2). 

The age- and sex-stratified analyses showed stronger effects of cold 

on non-accidental, CVD, and RD mortality in males and the age group 65–

74 from 2005–16 as compared to 1993–2004. In addition, females and 

people aged 65 and above were seen to have significantly higher cold 

effect for CVD mortality during the later period (Fig. 2 and Table 

S4). The youngest age group (0–64) were found to have increasing 

susceptibility to cold for non-accidental mortality. In contrast, the trends 

in the heat effect showed irregular trends. A significant rise in the heat- 

related RR was observed for RD mortality, particularly the younger age 

groups <75 years (Fig. 2 and Table S4). The sex- and age-stratified ERFs 
have been included in the Supplement Figs. S2 and S3. 

 
3.3. City-specific results 

 

We observed large differences in mortality trends across the cities, 

especially for CVD and RD mortality. For non-accidental mortality, most 

cities showed no changes in the temperature-mortality association. 

Some cities like Hamburg and Leipzig showed slight adaptation to cold. 

In contrast, cities like Düsseldorf and Frankfurt showed adaptation to 

heat (Fig. S4). For CVD mortality, most cities showed either no changes 

in the heat-mortality association or adaptation to heat, but mainly an 

increase in cold sensitivity over time. Increasing sensitivity to cold was 

observed in cities like Berlin, Cologne, Dortmund, Dresden, and Frank- 

furt (Fig. S5). Furthermore, large regional differences were observed for 

RD mortality. Cities like Cologne, Dresden, Duisburg, and Hamburg 

showed an increased risk of heat-related RD mortality over time. The 

cold-mortality association varied less over time (Fig. S6). 
The results of the sensitivity analysis have been included in the 
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Table 3 

Lag-cumulative RR estimates for daily cause-specific mortality (95% confidence 
interval) as cold effect [RR at 1st (—6.0 ◦C) percentile relative to 25th percentile 

(4.9 ◦C)] and heat effect [RR at 99th (25.1 ◦C) percentile relative to 75th 

(15.9 ◦C) percentile]. 
 

 

Period Cold effect Heat effect 
 

  

RR P-valuea RR P- 

valuea 

supplementary file (Table S5, Figs. S7 and S8). In general, our results 

were robust to the sensitivity analysis. Temporal trends excluding the 

year 2003 showed similar trends of temporal variation but a lower risk 

than previously estimated for the first period (Fig. S7). Similarly, the 

exclusion of the year 2015 showed no difference in the patterns of risk 

variation (Fig. S8). We observed comparable magnitude and direction of 

the cold- and heat-effect estimates when applying the MMT as the 

reference for reporting (Table S5). 

A. Non-accidental 

Mortality 1993–2004 1.08 

(1.07, 

1.09) 

2005–2016 1.08 

(1.07, 

1.08) 

B. Cardiovascular 

Mortality 1993–2004 1.04 

(1.02, 

1.06) 

2005–2016 1.10 

(1.09, 

1.11) 

B.1. Ischemic 

Mortality 1993–2004 1.01 

(0.99, 

1.04) 

2005–2016 1.13 

(1.11, 

1.15) 

B.1.1. Myocardial 

Infarction 1993–2004 1.13 

(1.08, 

1.18) 

2005–2016 1.14 

(1.12, 

1.17) 

B.1.2. Chronic 

 
0.5 1.28 

(1.23, 

1.34) 

1.29 

(1.24, 

1.33) 

 

<0.0001* 1.31 

(1.22, 

1.41) 

1.29 

(1.25, 

1.33) 

 

<0.0001* 1.18 

(1.09, 

1.28) 

1.27 

(1.21, 

1.34) 

 
0.36 1.14 

(1.02, 

1.28) 

1.16 

(1.02, 

1.31) 

 
0.39 

 
 
 
 
 
 

 
0.63 

 
 
 
 
 
 

 
0.06 

 
 
 
 
 
 

 
0.16 

 
4. Discussion 

 

We explored the temporal changes in heat- and cold-related cause- 

specific CVD and RD mortality in 15 large German cities, also consid- 

ering effect modification by age and sex. Our results showed a consistent 

change in the cold effect over time for most death causes with significant 

increases in both CVD and RD mortality risk. Similarly, we found 

increasing effects of heat on most causes of death, with a noticeable 

increase in RD mortality. The sub-group analyses showed increased 

sensitivity of all death causes towards cold for males and the age group 

65–74. Moreover, we found an increase in cold-related CVD mortality 

risk over time in females and the age group 75+. A significant rise in the 
heat-related mortality risk was observed for non-accidental and RD 

mortality for both males and the age group 0–64 years. We observed 

interesting patterns with cause-specific analysis. Although, CVD showed 

stable heat effects over the two periods, ischemic heart disease,cere- 

brovascular disease, and heart failure mortality were significantly 

increased in association with cold effects over time.. In contrast, a 

constant heat-related risk was observed for COPD mortality. 

Our results on temporal changes in heat-related non-accidental 

mortality were in contrast to most existing evidence from single-city 

studies, which showed mostly a decreasing pattern of heat-related 

mortality risk over time (Carson et al., 2006, Astro¨m et al., 2017; Pet- 
Ischemic 

mortality 

 
 
 

 
B.2. 

1993–2004 1.14 

(1.10, 

1.19) 

2005–2016 1.11 

(1.07, 

1.15) 

0.83 1.20 

(1.09, 

1.32) 

1.21 

(1.10, 

1.34) 

0.33 kova et al., 2014; Oudin Astrom et al., 2018; Astrom et al., 2013; Bobb 

et al., 2014; Chung et al., 2018). However, our results were consistent 

with existing limited evidence from large multi-city (Davis et al., 2003) 

and multi-country (Gasparrini et al., 2015a) studies, which found trends 

in heat-related non-accidental mortality to vary across geographical 

locations, with increasing risk over time in some cities and countries 

(Gasparrini et al., 2015a; Davis et al., 2003). For CVD and RD mortality, 

we observed a constant and an increasing heat-related risk over time, 

respectively. The results for overall CVD mortality were consistent with 

a study in China, which also showed stable heat-related RR (Yang et al., 

2015). Contrastingly, studies conducted in Northeast Asia (Chung et al., 

2017) and the United Kingdom (Carson et al., 2006) showed a 

decreasing heat-related mortality risk for CVD and RD deaths over time. 

A study conducted in Bavaria, Germany, found an increase in the 

heat-related MI risk over time (Chen et al., 2019), which was in line with 

our results also showing an increase in heat-related ischemic heart dis- 

ease mortality, including MI. We observed similar trends for heart 

failure. 
The results of the 15 German cities for cold-related non-accidental 

mortality were in line with locations like Canada and Australia, where a 

stable cold-related RR was observed over time. Similar studies in Swe- 

den showed either dispersed (Astrom et al., 2013) or consistent (Oudin 

Astrom et al., 2018) patterns in cold-attributable non-accidental mor- 

tality over the decades. Evidence on cold-related CVD mortality from a 

multi-city (Barnett, 2007) as well a multi-country (Chung et al., 2017) 

study has shown increasing sensitivity of CVD deaths towards cold. 

Similar to these findings, the results of our study also demonstrated a 

significant increase in the cold effect over time for CVD mortality. In 

[COPD= Chronic Obstructive Pulmonary Disease; a Significance test on tem- 

poral variation, based on difference between RR estimates in 1993–2004 and 

2005–2016, *significant p-value]. 

contrast, several single-city studies have shown decreasing trends in 

cold-related CVD (Yang et al., 2015; Carson et al., 2006). Our study also 

found a significant increase in cold-related RR for RD mortality, which 

was in line with a study exploring this association for overall cardiore- 

spiratory mortality (Chung et al., 2017) but contrasting to another 

single-city study which shows a decreasing trend (Carson et al., 2006). 

Cerebrovascular 1993–2004 0.89 <0.0001* 1.35 0.67 

Mortality  (0.87,  (1.18,  

  0.91)  1.54)  

 2005–2016 1.11  1.37  

  (1.09,  (1.19,  

 
B.3. Heart Failure 

 1.13)  1.59)  

1993–2004 1.23 <0.0001* 1.41 0.07 

 (1.19,  (1.31,  

 1.27)  1.78)  

2005–2016 1.07  1.56  

 (1.03,  (1.39,  

 1.11)  1.74)  

C. Respiratory 

Mortality 

 
1993–2004 

 
0.99 

 
0.0007* 

 
1.72 

 
0.21 

  (0.96,  (1.51,  

  1.03)  1.95)  

 2005–2016 1.07  1.77  

  (1.03,  (1.54,  

 
C.1. COPD 

 

 
1993–2004 

1.10) 

 
1.08 

 

 
0.76 

2.02) 

 
1.52 

 

 
0.55 

  (1.03,  (1.30,  

  1.12)  1.78)  

 2005–2016 1.06  1.50  

  (1.03,  (1.35,  

  1.09)  1.66)  
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Fig. 1. Temporal variation in the lag-cumulative exposure–response relationships between air temperature and cause-specific mortality for 1993–2004 (blue) and 

2004–2016 (red) with 95% confidence interval. 

[Dotted lines represent the 25th(4.9 ◦C)and the 75th (15.9 ◦C) temperature percentiles; dashed lines represent the 1st (—6.0 ◦C) and the 99th (25.1 ◦C) temperature 
percentiles. 

 

Several factors play a role in modifying the ERF between air tem- 

perature and health outcomes (Patz et al., 2000). Among them, im- 

provements in infrastructures, such as housing and air conditioning, 

socioeconomic changes, and improved health care and services, might 

decrease the susceptibility to non-optimal temperature exposure. 

Furthermore, public health interventions that increase the awareness of 

the health risk associated with exposure to high temperatures might 

promote behavioural changes, leading to decreased heat-related mor- 

taltiy (Ebi et al., 2006). 

Our study’s result show mostly an increasing trend for both cold- and 

heat-related mortality risk. This might infer that with a changing 

climate, increasing average temperatures, and the overall forward shift 

in the temperature distribution, the population might adapt to heat but 

also become more susceptible to cold. The results from our age-stratified 

analysis demonstrate increasing susceptibility of both the younger age 

group as well as the elderly to the effect of temperature. In addition, 

descriptive statistics also infer population aging. Therefore, the increase 

in population susceptibility as well the increase of susceptible popula- 

tion due to population aging might result in a “double -burden” of 

temperature related mortality in the future. Susceptibility to non- 

optimal temperature might be dominant during events of sharp and 

sudden temperature variability, anticipated to occur frequently in the 

future due to climate change. Similarly, the population in temperate 

regions like Germany, not used to prolonged extreme heat, might find it 

challenging to cope with the fast-changing climate, which explains the 

increasing heat-related mortality trend. Furthermore, many regions of 

the world still lack heat- and cold-adaptation actions plans and public 

health interventions, contributing to an overall increasing cold- and 

heat-related mortality burden. 

Our findings have important implications for assessing the health 

impacts of climate change. Our results suggest that changes in the 

temperature-mortality associations over time can differ by cause of 

death, age, and sex. Furthermore, our study provides evidence that the 

population over time can follow both cold- and heat-sensitive pathways, 

rather than the commonly perceived heat-adaptation, thus, increasing 

the burden of both heat- and cold-related deaths in the future. The 

findings from our analysis, contrasting to those from other single-city 

studies, provide strong evidence that temperature-mortality relation- 

ships are not generalizable but rather specific to climatic regions, 

countries, and population composition. With these results, we urge 

stakeholders to consider the unique characteristics, susceptibilities, and 

vulnerabilities of the targeted population while designing adaptation 

policies. Furthermore, we also would like to draw the attention of public 

health professionals to design adaptation plans, considering also the 

younger population, who are commonly perceived to be less susceptible 

to temperature effects. 
To our knowledge, this is the first study to extensively explore the 

temporal variation in temperature-mortality association for cause- 
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Fig. 2. Lag-cumulative RR estimates for daily cause-specific mortality (95% confidence interval) as cold effect [RR at 1st (—6.0 ◦C) percentile relative to 25th 

percentile (4.9 ◦C)] and heat effect [RR at 99th (25.1 ◦C) percentile relative to 75th (15.9 ◦C) percentile] for 1993–2004 (blue) and 2005–2016 (red) stratified by 

subgroups 

[Asterisks indicate statistical significance for differences in relative risk estimates between 1993–2004 and 2005–2016. 
 

specific CVD and RD mortality and the effect modification by age and 

sex using a multi-city database. Our study also had several limitations. 

Our exposure data were obtained from one city-specific fixed outdoor 

monitoring station, which led to measurement error. However, this 

measurement error was likely to be random and might have under- 

estimated effect estimates. Our analysis was based on 15 German cities 

and may not apply to other regions with different climatic, de- 

mographic, and socioeconomic conditions. Future studies quantifying 

climate-related health burden as a result of population aging would 

further aid public health planning. 

 
5. Conclusion 

 

In conclusion, our study provides evidence of rising population 

susceptibility for cold-related CVD and RD mortality and heat-related 

RD mortality. Our results highlight the increasing cold-related suscep- 

tibility to ischemic, cerebrovascular disease, and heart failure mortality. 

Our findings suggest increased heat susceptibility, even to the younger 

age group, which is commonly expected to be less vulnerable. Similarly, 

COPD, the commonly speculated driver of heat-related RD mortality, 

was found to have a constant heat-related risk over time. Thus, with the 

growing threat of climate change, our results on temporal variations of 

the temperature-mortality association for the most temperature- 

sensitive outcomes might aid in providing background for the design 

of targeted adaptation measures to protect the population from the 

adverse effects of climate change. 
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Future temperature-related mortality considering 
physiological and socioeconomic adaptation: a modelling 

framework 

Masna Rai, Susanne Breitner, Kathrin Wolf, Annette Peters, Alexandra Schneider*, Kai Chen* 

Summary 
Background As the climate changes, it is crucial to focus not only on mitigation measures but also on building climate 
change resilience by developing efficient adaptation strategies. Although population adaptation is a major determinant 
of future climate-related health burden, it is not well accounted for in studies that project the health impact of climate 
change. We propose a methodological framework for temperature-related mortality that incorporates two simultaneous 
adaptation-sensitivity pathways: the physiological pathway, considering both heat adaptation and cold sensitivity, and 
the socioeconomic pathway, which is influenced by changes in future adaptive capacities. To demonstrate its utility  
we apply the framework to a case study mortality time-series dataset from Bavaria, Germany. 

 
Methods In this modelling framework, we used extrapolated location-specific and age-specific baseline exposure– 
response functions and propose different future scenarios of cold sensitivity and heat adaptation on the basis of 
varying slopes of these exposure–response functions. We also incorporated future socioeconomic adaptation in the 
exposure–response functions using projections of gross domestic product under the respective shared socioeconomic 
pathways. Future adaptable fractions, representing the deaths avoided under each of the future scenarios, are 
projected under combinations of two climate change scenarios (shared socioeconomic pathway [SSP]1–2.6 and 
SSP3–7.0) and the respective plausible population projection scenarios (SSP1 and SSP3), also incorporating the 
future changes in demographic age structure and mortality. The case study for this framework was done for 
five districts in Bavaria, for both total non-accidental mortality and cardiovascular disease mortality. The baseline data 
was obtained for the period 1990–2006, and the future period was defined as 2083–99. 

 
Findings In our Bavaria case study, average temperature was projected to increase by 2099 by an average of 1·1°C 
under SSP1–2.6 and by 4·1°C under SSP3–7.0. We observed the adaptable fraction to be largely influenced by 
socioeconomic adaptation for both total mortality and cardiovascular disease mortality, and for both climate change 
scenarios. For example, for total mortality, the highest adaptable fraction of 18·56% (95% empirical CI 10·77–23·67) 
was observed under the SSP1–2.6 future scenario, in the presence of socioeconomic adaptation and under the highest 
heat adaptation (10%) provided the cold sensitivity remains 0%. The cold adaptable fraction is lower than the heat 
adaptable fraction under all scenarios. In the absence of socioeconomic adaptation, population ageing will lead to 
higher temperature-related mortality. 

 

Interpretation Our developed framework helps to systematically understand the effectiveness of adaptation 
mechanisms. In the future, socioeconomic adaptation is estimated to play a major role in determining temperature- 
related excess mortality. Furthermore, cold sensitivity might outweigh heat adaptation in the majority of locations 
worldwide. Similarly, population ageing is projected to continue to determine future temperature-related mortality. 
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Introduction 
The most recent report from the Intergovernmental 
Panel on Climate Change stresses that unless there are 
immediate large-scale mitigation measures to reduce 
greenhouse gas emissions, we will be unable to limit 
global warming to 1·5°C or even 2°C.1 Therefore, it is 
crucial to focus not only on mitigation measures but also 
on building climate change resilience by developing 
efficient adaptation strategies. Studies projecting climate 
change-attributable future health burdens can aid in 

 
planning these adaptation strategies. Research in the field 
is growing, with numerous projections on temperature- 
related total and cause-specific mortality under the 
different ranges of future climate and population change 
scenarios,2–G which allow us to identify population 
subgroups that are vulnerable (ie, at risk due to external 
factors, such as outdoor workers) and susceptible (ie, at 
risk due to internal factors, such as people with pre- 
existing health conditions) to climate change-related 
impacts. However, most projection studies so far do not 
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Research in context 

Evidence before this study adaptation through changes in adaptive capacities. This study 

We searched PubMed without any language restrictions for proposes a methodological framework incorporating 

articles published from inception to Nov 28, 2021, using the two simultaneous adaptation-sensitivity pathways: the 

following search terms: “temperature”, “mortality” or physiological pathway, considering both heat adaptation and 

“death*”, “climate change”, and “projection” or “projecting” or cold sensitivity, and the socioeconomic pathway, which is 

“projected” or “future”. After screening abstracts and full texts, influenced by changes in future adaptive capacities. We also 

our literature review showed that most studies on the future demonstrate the framework using a mortality time-series 

projection of climate change-attributable mortality did not dataset from Bavaria, Germany. 

account for possible future population adaptation. Moreover, 
Implications of all the available evidence

 

the few studies accounting for population adaptation either 
Concerning the present climate crisis, it is crucial to not only 

focused only on future heat-related acclimatisation or 
focus on mitigation measures but also to develop efficient

 
socioeconomic adaptation through changes in future adaptive 

adaptation strategies to protect population subgroups that are 
capacities. Therefore, there are no projection studies 

vulnerable (ie, at risk due to external factors) and susceptible 
accounting for all aspects of future adaptation scenarios, 

(ie, at risk due to internal factors) to climate change-related 
including both heat-related and cold-related physiological as 

impacts. Our developed framework supports a more systematic
 

well as socioeconomic adaptation scenarios. 
understanding of the potential effectiveness of adaptation 

Added value of this study mechanisms. This helps to better estimate the future 
Future population adaptation is a crucial factor that is not well temperature-related mortality burden under climate change 

accounted for in studies that project the health impacts of scenarios. We found that socioeconomic adaptation plays a 

temperature under climate change. Most studies incorporating major role in determining the future adaptable fraction, 

population adaptation for projections of the future representing the deaths avoided under each of the future 

temperature-related health burden either accounted only for scenarios. This evidence is crucial for the evidence-based 

heat adaptation of the population or only for socioeconomic planning of health policies and adaptation measures. 
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account for future population adaptation, which means 
that they potentially overestimate temperature-related 
health impacts and also miss an opportunity to develop a 
systematic understanding of the effectiveness of 
adaptation mechanisms. 

Future populations are expected to undergo multiple 
simultaneous adaptation pathways, including the 
physiological pathway and the socioeconomic pathway, 
which are influenced by changes in future adaptive 
capacities. Physiological pathways include changes in 
the body’s response to heat or cold, which might lead 
to adaptation or increased sensitivity at the same 
temperature. Similarly, changes in socioeconomic 
conditions directly influence factors such as purchasing 
capacities and health-care facilities, which determine 
our capacity to better adapt during hot days as well as 
during cold spells.Only a few studies have considered 
population adaptation when estimating the future 
temperature-related health burden.7–15 However, most of 
these studies only considered physiological adaptive 
mechanisms,7–14 whereas only one study accounted for 
the changes in socioeconomic adaptive capacities.15

 

Studies accounting for physiological adaptive mech- 
anisms have applied various approaches. Earlier 
approaches include using analogous summers or cities 
to assume the changes in the future exposure–response 
associations between temperature and mortality out- 
comes.10,11 However, these approaches are based mainly 
on untestable assumptions, which might result in large 
uncertainties—for example, assuming the population of 

one city will react to temperature in the same way as the 
population from a reference city might not hold true. 
More recent studies used different methodologies to 
account for physiological adaptation, which comprises 
assumptions of population acclimatisation over a few 
degrees12,13 or a shift in the exposure–response function 
(ERF) between temperature and health outcomes.1G 

Petkova and colleagues in 20178 extensively studied the 
temperature–mortality association over a period of more 
than a century (1900–200G) and used the observed shifts 
in patterns of the temperature–mortality association to 
account for future adaptation. However, this approach 
might be challenging in regions where meteorological 
observations and health records have only been collected 
for a short period. Furthermore, all the studies mentioned 
focused on adaptation to heat.8,13,14 However, cold-related 
mortality is mostly attributable to moderate cold, which 
will persist in the future under climate change. Therefore, 
projection studies are more complete when future 
changes in the cold–mortality association are included.17 

Existing evidence suggests that cold weather effects will 
not decrease18,19 or may even increase20 under climate 
change so that both heat and cold effects require 
investigation.17

 

In addition, future infrastructure changes and socio- 
economic challenges might play an important role in 
influencing adaptation by changing adaptive capacities. 
A study by Wang and colleagues in 201915 defined future 
adaptive capacity as a factor of future gross domestic 
product (GDP). However, their study focused only on 
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socioeconomic adaptive capacity without incorporating 
physiological adaptive mechanisms. 

Putting everything together, we concluded that there 
are gaps in future projections, especially in terms of 
considering physiological pathway changes, including 
both heat adaptation (corresponding to a reduced heat- 
related risk) and cold sensitivity (corresponding to an 
increased cold-related risk), and changes in socio- 
economic adaptive capacities. Therefore, the objective of 
this study was to develop a framework for different 
physiological adaptation-sensitivity and socioeconomic 
adaptation scenarios, including adaptive capacities, and 
to introduce a methodological approach for future 
projections considering all these factors. This is followed 
by a demonstration of the proposed framework using 
time-series data over 17 years on temperature and 
mortality in Bavaria, Germany, as a case study. 

Methods 
Proposed framework of future adaptation scenarios 
Physiological adaptation-sensitivity pathway 
It is difficult to assess the physiological limit of population 
adaptation to extreme temperatures; however, the 
historical changes in ERF between temperature and the 
related health outcomes can provide useful information 
on the potential range of physiological adaptation. In this 
framework, we use changes in the present-day ERF to 
represent the future physiological adaptation-sensitivity 
pathway. Considering changes in ERF can be decomposed 
into two approaches: (1) the change in the slope of the ERF 
and (2) the shift in the mortality temperature. These 
approaches are based on the observed temporal variation 
in the temperature–mortality association during baseline. 
Using the first approach for the proposed framework, 
future physiological scenarios are expected to follow 
adaptation (represented by a decrease in the slope of 
present-day ERF) or sensitivity (represented by an increase 
in the present-day ERF). Similar approaches for heat 
adaptation have been applied by previous studies and 
proposed methodologies.1G,21 Because the temperature– 
mortality association is unique to every location,22 analysis 
of temporal variation of the temperature–mortality asso- 
ciation from the available baseline data is recommended 
while defining the percentage increase or decrease in ERF 
as well as deriving shifts in the mortality temperature, 
which are to be incorporated accordingly for the respective 
locations under investigation. 

 

Socioeconomic adaptation pathway scenarios 
The socioeconomic adaptation pathway scenarios 
incorporate changes in future adaptive capacities. 
Although there are many factors that can be used to 
represent adaptive capacities, in order to have broad 
applicability, such factors should be available in both the 
historical and future periods and be generalisable globally, 
including in low-income and middle-income countries 
with sparse data availability. Thus, we selected GDP 

projection under the respective shared socioeconomic 
pathways (SSPs) as a measure of future adaptive capacity. 
The change in future GDP under each SSP is considered 
to influence the adaptive capacities, resulting in socio- 
economic adaptation. Changes in future infrastructure 
due to increasing GDP would affect adaptive capacities 
(which could determine the adaptable fraction— 
eg, investments in urban green space projects, stakeholder 
capacity to design adaptation measures such as heat 
warning systems, and the ability of the population to heat 
or cool their environment). 

By incorporating both physiological and socioeconomic 
adaptation pathways and by considering both adaptation 
to heat and sensitivity to cold, this framework unifies and 
further expands the current research attempts to quantify 
the potential impact of future population adaptations on 
temperature-related health impacts under climate 
change (figure 1). 

 
Application of the adaptation framework in a use-case 
analysis 
The case study application of this framework was done in 
five districts within the state of Bavaria, Germany 
(appendix p 2) for two mortality causes separately 
(ie, total non-accidental mortality and cardiovascular 
disease mortality). 

Data sources 
Baseline temperature and mortality 
The baseline data was obtained for the period 1990–200G. 
We obtained daily mean temperature for the baseline 
period from the German Weather Service and the 
Bavarian Environment Agency. Daily age-specific death 
counts for both total non-accidental mortality and 
cardiovascular disease mortality were obtained from the 
Bavarian State Office for Statistics and Data Processing. 

 
 
 
 
 
 
 
 
 
 

 
Figure 1: Combination of the physiological adaptation pathway and 

socioeconomic adaptive capacity under the proposed framework 

Socioeconomic adaptation capacity on the x-axis is represented by GDP changes 

under each SSP scenario. The scenarios GDP-SSP1–5 represent GDP changes 

under the respective SSP1–5 scenarios and are placed in the order of increasing 

challenges for adaptation. Adaptation to heat on the y-axis is represented 

by the scenarios C, M, and H, corresponding to a constant, 5% decrease, 

and 10% decrease in the present-day heat–mortality association. Cold sensitivity 

is added as a third layer and represented by the scenarios C (grey), M (light blue), 

and H (dark blue), corresponding to a constant, 15% increase, and 30% increase 

in the present-day cold–mortality association. GDP=gross domestic product. 
SSP=shared socioeconomic pathway. 
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International Classification of Diseases, ninth revision 
(ICD-9) codes for the period 1990–97 and ICD-10 codes 
for the period 1998–200G were used for classifying the 
causes of death. The dataset we use here (1990–200G), 
including both mortality and temperature data, has been 
used in previous publications.4,23

 

Future temperature projection 
In our use-case scenario, we defined the future period as 
2083–99. The time frame was chosen to make it 
consistent with the 17-year baseline period and to capture 
future mortality until the end of the century. The daily 
mean temperature for the future period was obtained 
from the bias-adjusted and downscaled spatial dataset of 
the five global climate models (GCMs) from phase 3b of 
the Inter-Sectoral Impact Model Intercomparison Project 
(ISIMIP3b) based on phase G of the Coupled Model 
Intercomparison Project (CMIPG). This spatial dataset 
includes downscaled daily climate projections on a 
horizontal grid with 0·5° × 0·5° resolution from 
five  GCMs  (GFDL-ESM4,  IPSL-CMGA,  MPI-ESM1, 

MRI-ESM2, and UKESM1). We obtained location-specific 
daily temperature series for the future period under all 
the five GCMs for each of the two climate change 
scenarios (ie, for SSP1–2.G and SSP3–7.0), by extracting 
the weighted mean of the grid cells covering the location. 
We calibrated the extracted temperature series with 
location-specific observed data using the calibration 
method of Hempel and colleagues,24 and observed 
temperature from the German Weather Service. 

 
Population projections, mortality rate projections, and future 
mortality series 
The future mortality series was obtained in two stages, 
considering changes in both the future population and 
mortality rate. Initially, we applied the method of Vicedo- 
Cabrera and colleagues1G and computed annual series of 
mortality counts (total and cardiovascular disease) as the 
average for each day of the year from the baseline daily 
mortality data to control for the seasonal trends of the 
observed mortality series. 

In the first stage, we obtained population projections 
for each of the five locations under the two SSPs (SSP1 
and SSP3) for the future period from a high-resolution 
global spatial population projection downscaled from a 
1/8-degree to a 1-km grid cell from the National Centre 
for Atmospheric Research.25 We corrected them for bias 
using the observations from the German census 
authority as reference. From the population projections, 
we then derived age-specific population growth factors 
under different SSP scenarios, calculated as the future 
population divided by the baseline population. In the 
second stage, we incorporated age-specific future 
changes in mortality rates for both total non-accidental 
mortality, using the mortality projections from KC and 
Lutz in 2017,2G and cardiovascular disease mortality, 
using the mortality projections from Sellers in 2020,27

 

to derive the mortality rate change factor of the 
two causes compared with the baseline. The formerly 
derived age-specific annual mortality series at baseline 
was then multiplied with the respective age-specific 
population growth factor and age-specific mortality 
rate change factor to obtain the final future annual 
mortality series for total non-accidental and cardio- 
vascular disease mortality. 

Statistical analysis 
The following statistical analysis would be applied in the 
proposed framework; however, the detailed parameter 
selection was based on the case study analysis in Bavaria, 
Germany. 

Baseline ERF 
We applied distributed lag, non-linear models with a 
quasi-Poisson distribution extending the lag period to 
21 days to establish the age-specific ERFs for the 
baseline temperature–mortality association for each of 
the five locations. Two age categories were defined: 
younger than 75 years and 75 years or older. We used 
natural cubic splines centred on the location-specific 
minimum mortality temperature with three internal 
knots placed at 10th, 75th, and 90th percentiles of the 
location-specific mean temperature. The lag–response 
curve for temperature was modelled with a natural 
cubic spline with three knots placed at equally spaced 
values on the logarithmic scale. The regression also 
included an indicator for the day of the week and a 
natural cubic spline with seven degrees of freedom per 
calendar year to control the seasonal and long-term 
trends. The ERFs were extrapolated for future 
temperature observations beyond the baseline obser- 
vations. The relative risk (RR) at each temperature 
point was obtained from the derived ERF. The RR for 
temperatures higher than the mortality temperature 
was defined as heat-RR, and for temperatures less than 
the mortality temperature as cold-RR. 

We studied the temporal variation in the heat-RR 
and cold-RR during the baseline study period to deter- 
mine the percentage change in excess RR over time 
(appendix p 3). Based on this analysis, we assumed that 
heat adaptation includes three scenarios: constant or no 
heat adaptation (a decrease in the excess RR by 0%), 
medium adaptation (a decrease in the excess RR by 5%), 
and high adaptation (a decrease in the excess RR 
by 10%). Similarly, cold sensitivity includes three 
scenarios: constant or no sensitivity (an increase in the 
excess RR by 0%), medium sensitivity (an increase in 
the excess RR by 15%), and high sensitivity (an increase 
in the excess RR by 30%). Details of the temporal 
variation analysis are presented in the appendix (p 3). 
Shifts in the mortality temperature were not incorporated 
because we observed inconsistent temporal patterns 
with large uncertainty from the baseline temporal 
analysis (appendix p 3). 
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Derivation of future RR 
Under each of the future scenarios, future cold-RR and 
heat-RR were calculated separately (appendix p 5). 
Cold-RR incorporated the physiological sensitivity to cold 
and socioeconomic adaptation. Heat-RR incorporated 
the physiological adaptation to heat and socioeconomic 
adaptation. Socioeconomic adaptation was defined as the 
factor change in the future GDP per capita in relation to 
the baseline GDP per capita. The incorporation of GDP 
to determine the change in ERF is based on the log-linear 
association between RR and GDP. This log-linear 
association, which has been used in a previous study,28 

was also observed in the case study dataset (appendix 
p 4). We also investigated the log-linear association in 
this case study dataset (appendix p 4). We calculated the 
future cold-RR and heat-RR at each temperature point as: 

ln(physiological sensitivity factor 

Panel on Climate Change for application in studies to 
explore uncertainty about future atmospheric levels of 
CO2), we incorporated the five GCMs and derived 
five projections of future adaptable fractions (appendix p 5). 
The average of estimates under these five projections was 
considered as the adaptable fractions under each RCP. 

To account for uncertainty in both the ERF and the 
projections of future climate and population models, we 
used Monte Carlo simulations to obtain 95% empirical 
CIs (95% empirical CIs). For the derivation of 
95% empirical CIs for an estimate under one of the 
climate scenarios for a single location, we first obtained 
the empirical distribution across 5000 samples of 
random parameter sets describing the ERF in the 
distributed lag, non-linear model under the specific 
climate scenarios for each of the five GCMs.2,29 This was 
done separately for the heat and cold adaptable fractions 

 

 
Future cold-RR (RRc): = 
ln(RRc) 

× (RRbc 

+ a 

– 1) + 1) + ln[(RRbc–a) × x] 

 
2 

and for the two age groups, giving us 100 000 simulations 
for each location. We thus obtained 500 000 Monte Carlo 
simulations for the five locations that were used in 
deriving the 95% empirical CIs for the estimate under 
the corresponding climate scenario for Bavaria. 

ln(physiological adaptation factor 

 
Future heat-RR (RRh):= 
ln(RRh) 

× (RRbh – 1) + 1) + ln(RRbh–b )+ b 

2 

Role of the funding source 
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report. 

where c=cold, h=heat, bc=baseline cold-RR, bh=baseline 
heat-RR, a=intercept of the cold-RR and log(GDPper capita) 
model, b=intercept of the heat-RR and log(GDPper capita) 
model, x=log(GDPper capita future)/log(GDPper capita baseline). 

Projection of future mortality 
Age-specific future heat-related and cold-related mortality 
were calculated and added to derive the net future 
temperature-related mortality (appendix p 5), as follows: 

Future heat-related deaths=Yhl×Pl× RRhl ×Ml 

Future cold-related deaths=Ycl ×Pl×RRcl×Ml 

where l represents the different locations, h=heat, c=cold, 
Yhl and Ycl are the age-specific baseline mortality series, 
Pl is the age-specific population change rate, Ml is the 
age-specific mortality change rate, RRhl is the future heat- 
related RR, and RRcl is the future cold-related RR. 

Calculation of the adaptable fraction 
Finally, we calculated the adaptable fraction, which is 
the number of deaths that can be avoided through 
adaptation, as: 

Results 
Climate, population, and mortality projections 
The average temperature during the baseline period 
was 9·8°C, which was seen to increase during the future 
period by an average of 1·1°C under the SSP1–2.G climate 
change scenario and by 4·1°C under the SSP3–7.0 climate 
change scenario (figure 2). Both population and GDP 
increments are higher under the SSP1 scenario than 
under the SSP3 scenario (figure 3A, B). With changes in 

Net mortality without adaptation 
− net mortality with adaptation 

Adaptable fraction = ×100 
Net mortality without adaptation 

 
Under each representative concentration pathway (RCP; 

which are scenarios developed by the Intergovernmental 

 

 
Figure 2: Annual average air temperature during the baseline and projected future periods 

Temperature during the baseline period is the station-measured temperature, and temperature during the future 

period is projected by the five GCMs from ISIMIP3b based on CMIP6. Each darker line represents the average of the 

GCMs; faint lines represent the temperature under the six climate models (CMIP6); the dark line is the average of 

these six models. CMIP6=phase 6 of the Coupled Model Intercomparison Project. GCM=global climate model. 
ISIMIP3b=phase 3b of the Inter-Sectoral Impact Model Intercomparison Project. SSP=shared socioeconomic pathway. 
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Figure 3: Changes in future population, GDP, and mortality rates 

(A) Comparison of projected population growth factor under different SSPs; the 

factor is calculated as the fraction of future population divided by the baseline 

population. (B) Projected GDP change factor under different SSPs; the factor is 

calculated as the fraction of future GDP divided by present-day GDP. (C) Projected 

trends in total mortality per 100 000, as projected by KC and Lutz,26 by age group 

and by SSP. (D) Projected trends in proportion of cardiovascular disease mortality 

to total mortality as projected by Sellers,27 by age group and by SSP. GDP=gross 

domestic product. SSP=shared socioeconomic pathway. 

future infrastructure and health-system improvement, 
the mortality rate for total and cardiovascular disease 
mortality is expected to decrease under both SSP1 and 
SSP3 (figures 3C, D). 

Adaptable fractions under future adaptation scenarios 
We projected future heat-related and cold-related 
adaptable fractions separately and derived the net 
adaptable fraction under all combinations of the 
proposed physiological and socioeconomic adaptation 
scenario pathways for total mortality (figure 4) and 
cardiovascular disease mortality (figure 5). Under both 
SSP1–2.G and SSP3–7.0, we observed that socioeconomic 
adaptation largely influenced the adaptable fraction for 
both causes. No significant net adaptable fraction is 
expected in the absence of socioeconomic adaptation for 
total mortality. Furthermore, under all scenarios, the cold 
adaptable fraction is less than the heat adaptable fraction. 
The proportion of older people is much higher under 
SSP1–2.G than under SSP3–7.0 and, in the absence of 
socioeconomic adaptation, the net adaptable fraction 
under SSP1–2.G is lower than it is under SSP3–7.0. In 
addition, we found that the adaptable fraction for 
cardiovascular disease mortality was not significant even 
when considering socioeconomic adaptation. 

Total mortality 
The highest adaptable fraction for SSP1–2.G was observed 
under socioeconomic adaptation, 10% heat adaptation, 
and 0% cold sensitivity, for which the adaptable fraction 
was 18·5G% (95% empirical CI 10·77 to 23·G7). Under 
the same adaptation scenario combination, the adaptable 
fraction was only 0·25% (–G·23 to 4·43) in the absence of 
socioeconomic adaptation. Similarly, the adaptation 
scenario associated with the highest excess mortality 
consists of 0% heat adaptation and 30% cold sensitivity 
in the absence of socioeconomic adaptation, under which 
there was a negative adaptable fraction of –2·55% (–
10·72 to 2·81; figure 4; appendix p G). 

The direction of estimates was similar but with smaller 
magnitude for SSP3–7.0. Under the previous scenario of 
highest adaptable fraction, the adaptable fraction was 
15·9G% (95% empirical CI G·83 to 19·83). Similarly, 
under the previous adaptation scenario associated with 
the highest excess mortality, a negative adaptable fraction 
of –1·91% (–10·51 to 3·23) was observed (figure 4; 
appendix p G). 

Cardiovascular disease mortality 
The patterns of adaptable fractions for cardiovascular 
disease mortality were similar to those for total 
mortality but with a smaller magnitude. Under the 
highest adaptable scenario for SSP1–2.G observed for 
total mortality (ie, socioeconomic adaptation, 10% heat 
adaptation, 0% cold sensitivity), the cardiovascular 
disease adaptable fraction was 14·88% (95% empirical 
CI –5·05 to 19·78). Under the same adaptation scenario 
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combination, the adaptable fraction was only 0·35% (–
12·90 to 7·30) in the absence of socioeconomic 
adaptation. Similarly, under the lowest adaptation 
combination of SSP1–2.G observed for total mortality, a 
negative adaptable fraction of –3·93% (–20·58 to 4·28) 
is to be expected (figure 5; appendix p 7). The direction 
of estimates was similar but with smaller magnitude for 
SSP3–7.0. Under the scenario with the highest adaptation 
fraction for SSP3–7.0, the adaptable fraction was 12·31% 
(95% empirical CI –14·95 to 1G·45). A negative adaptable 
fraction (–3·21% [–29·82 to 11·21]) was observed under 
the scenario with the highest adaptable fraction for 
SSP3–7.0 (figure 5; appendix p 7). 

Discussion 
In this Article, we propose a framework of future scenarios 
incorporating measures of both physiological adaptation- 
sensitivity and socioeconomic adaptation. Based on the 
proposed framework, we estimated the future net 
changes, including changes in the impact of both heat and 
cold, in the burden of total and cardiovascular disease 
mortality under all framework combinations, taking 
Bavaria, Germany, as a case study. Under all future 
scenarios, we found that socioeconomic adaptation played 
a major role in determining the future adaptable fraction. 
However, even with increased socioeconomic adaptive 
capacity, physiological adaptation-sensitivity could also 
influence the net adaptable fraction. Under all scenarios, 
the cold adaptable fraction was found to be lower than the 
heat adaptable fraction. Therefore, in the absence of 
socioeconomic adaptation, cold sensitivity might outweigh 
heat adaptation, thereby leading to increased excess 
deaths in the future. No significant adaptable fraction was 
observed for cardiovascular disease mortality even when 
considering socioeconomic adaptation. 

Comparing the results from the two climate change 
scenarios (SSP1–2.G and SSP3–7.0) in the presence of 
socioeconomic adaptation, the net adaptable fraction is 
higher under SSP1–2.G than it is under SSP3–7.0. This 
difference is because of the higher GDP per capita under 
the socioeconomic scenario SSP1 than under SSP3, 
which would result in a higher adaptive capacity. 
However, in the absence of socioeconomic adaptation 
and considering only physiological adaptation sensitivity, 
the adaptable fraction under the climate change scenario 
SSP3–7.0 is seen to be slightly higher than that under 
SSP1–2.G, which is due to a much higher proportion of 
older people in the population under SSP1 than under 
the SSP3 scenario. A higher proportion of older people 
directly increases the proportion of susceptible people, 
leading to excess temperature-related mortality. Similarly, 
our results show that climate-sensitive outcomes, such as 
cardiovascular disease mortality, will continue to increase 
in the future, even with better adaptive capacities. 

Heat-related impacts of climate change on cardiovascular 
disease are being discussed as an emerging important 
threat.30 However, our analysis including physiological 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: Adaptable fraction for total mortality under combination of future physiological and 

socioeconomic adaptation scenarios 

No heat adaptation corresponds to a decrease in the excess relative risk (RR) by 0%, medium adaptation to a 

decrease in the excess RR by 5%, and high adaptation to a decrease in the excess RR by 10%. No cold sensitivity 

corresponds to an increase in the excess RR by 0%, medium sensitivity to an increase in the excess RR by 15%, 

and high sensitivity to an increase in the excess RR by 30%. SSP=shared socioeconomic pathway. 

 

adaptation showed that cold sensitivity could be the major 
determining factor for future projections regarding the 
physiological adaptation-sensitivity scenario. Studies 
exploring the effect of temperature over time throughout 
the whole temperature range are sparse,18–20 with results 
suggesting either that the cold–mortality association will 
be constant18,19 or that susceptibility to cold will increase in 
the future.20 Nevertheless, with studies estimating the 
present-day cold-attributable burden to be generally 
higher than the heat-attributable burden,22 we can expect 
the future temperature-attributable health burden to be 
largely influenced by changes in the cold ERF rather than 
the heat ERF, especially in countries with temperate to 
cold climatic conditions. 

By contrast, a previously proposed modelling frame- 
work1G suggests that the future population will adapt to 
increased heat. Nevertheless, some large studies suggest 
varying temporal trends (ie, decrease, constant, or 
increase) in the heat ERF across different locations.31 For 
example, a constant heat ERF across time was observed 
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Figure 5: Adaptable fraction for cardiovascular disease mortality under combination of future physiological 

and socioeconomic adaptation scenarios 

No heat adaptation corresponds to a decrease in the excess relative risk (RR) by 0%, medium adaptation to a 

decrease in the excess RR by 5%, and high adaptation to a decrease in the excess RR by 10%. No cold sensitivity 

corresponds to an increase in the excess RR by 0%, medium sensitivity to an increase in the excess RR by 15%, 

and high sensitivity to an increase in the excess RR by 30%. SSP=shared socioeconomic pathway. 

 

for temperate regions such as the UK, whereas an 
increasing trend was noted for countries such as 
Australia.31 These studies suggest that the future 
population in some locations might not adapt to heat as 
expected but could rather develop a sensitivity to heat. 
Therefore, for temperate regions such as Bavaria, where 
the population is not used to heat (especially heatwaves), 
the heat ERF might increase in the future or at least stay 
constant. An increase in both heat and cold sensitivity 
would mean much higher excess mortality in the future. 
In the scenario in which the cold ERF largely determines 
the mortality burden and is potentially expected to 
increase, socioeconomic adaptation would be the solution 
to increase climate change resilience. Such adaptation 
could be achieved with efficient adaptation strategies 
targeting vulnerable population subgroups, such as older 
people and those with underlying health conditions. 

In any case, the future adaptable fraction in our case 
study in Bavaria is dominated largely by socioeconomic 
adaptation. Changes in future infrastructure related to 

increasing GDP could improve adaptive capacities. 
Increasing GDP could mean an increase in the heating 
and cooling (eg, increased prevalence and usage of air 
conditioning) capacity of the population, and the 
possibility of increased investments in urban green space 
projects, efficient urban planning measures with 
reduction of urban heat islands, and an overall increase 
in the stakeholder capacity to design adaptation measures 
such as heat warning systems.32

 

Our study provides a framework of future adaptation 
to temperature-related health outcomes incorporating 
measures of both physiological adaptation-sensitivity 
and socioeconomic adaptive capacities, to both hot and 
cold temperatures under climate change. The strength 
of our study comprises the projection of future adaptable 
fraction under the proposed scenarios incorporating all 
major aspects of future uncertainty, including climate, 
population, demographic, socioeconomic, and mortality 
changes. Furthermore, high-resolution, bias-corrected, 
and downscaled GCMs participating in the CMIPG were 
used to derive air temperatures under each of the 
climate scenarios as well as a downscaled, high- 
resolution data frame to derive the corresponding 
population projection under each SSP. We also captured 
and addressed the sources of uncertainties in our 
analysis, including the baseline temperature–mortality 
ERF, the temperature projection, and the population 
projection. The primary limitation of our case study is 
that the adaptation framework and modelling choices 
might not be directly applicable in a larger dataset 
across various climatic and geographical locations 
because they were based on observations of our case- 
study data. Furthermore, we did not incorporate future 
shifts in the minimum mortality temperature because 
we did not observe this for our case study dataset. In 
addition, we only used fixed weather stations for 
temperature exposure assessment during the baseline 
period, which might have introduced some bias in the 
exposure classification. However, this type of bias is 
rather towards null (ie, it does not lead to over or under 
estimation).23 Furthermore, the incorporatation of GDP 
to define the adaptive capacity might not have 
encompassed all aspects of socioeconomic adaptation. 

In our Bavaria case study we found that socioeconomic 
adaptation plays a major role in determining the 
proportion of temperature-related deaths that can be 
averted through adaptation (adaptable fraction). In 
addition, we found that the cold ERF, rather than the 
heat ERF, and climate-sensitive outcomes such as cardio- 
vascular disease mortality dominate our future 
temperature-related excess mortality estimates.In the 
absence of socioeconomic adaptation, we project excess 
mortality in the susceptible population. Strategic 
adaptation plans to increase socioeconomic adaptative 
capacity, such as effective early warning systems, 
equitable green infrastructure, targeted investments in 
health systems, and sustainable heating and cooling 
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strategies, would be crucial to facilitate a climate 
resilience development pathway as the world warms. 
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Future projection of the temperature-related health burden, including mortality 

and hospital admissions, is a growing field of research. These studies aim to 

provide crucial information for decision-makers considering existing health 

policies as well as integrating targeted adaptation strategies to evade the 

health burden. However, this field of research is still overshadowed by large 

uncertainties. These uncertainties exist to an extent in the future climate and 

population models used by such studies but largely in the disparities in 

underlying assumptions. Existing studies differ in the factors incorporated for 

projection and strategies for considering the future adaptation of the 

population to temperature. These differences exist to a great degree because 

of a lack of robust evidence as well as gaps in the field of climate 

epidemiology that still require extensive input from the research community. 

This narrative review summarizes the current status of projection studies of 

temperature-attributable health burden, the guiding assumptions behind 

them, the common grounds, as well as the differences. Overall, the review 

aims to highlight existing evidence and knowledge gaps as a basis for 

designing future studies on temperature-attributable health burden estimation. 

Finding a robust methodology for projecting the future health burden could 

be a milestone for climate epidemiologists as this would largely benefit the 

world when applying this technique to project the climate-attributable cause- 

specific health burden and adapt our existing health policies accordingly. 

 
KEYWORDS 

climate change, projection studies, health burden, review, gaps 
 

 

Introduction 

Projection studies estimate the future health burden directly or indirectly caused by 

the changing climate. These studies, giving us a future picture of the climate-attributable 

health burden, are crucial in that they urge stakeholders, policymakers, civil society, 

scientists, and the public to practice and enforce mitigation measures for climate 
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protection. Mitigation, as defined by the fourth assessment 

report of the Intergovernmental Panel on Climate Change 

(IPCC), is an “anthropogenic intervention to reduce the 

sources or enhance the sinks of greenhouse gases” (1). 

Management of the climate crisis through climate change 

mitigation seemed hopeful until recently, when the recent 

IPCC report was released. The report states that unless there 

are immediate large-scale mitigation measures to reduce 

greenhouse gas emissions, it is beyond reach to limit global 

warming to 1.5°C or even 2°C (2). Therefore, mitigation is 

not enough to combat the harms of the rapidly changing 

climate. Amidst this crisis, adaptation strategies can help to 

build climate resilience. The IPCC report defines adaptation 

as “adjustment in natural or human systems in response to 

actual or expected climatic stimuli or their effects, which 

moderates harm or exploits beneficial opportunities” (1). 

The goal of today is to build a climate-resilient society that 

can be possible only in the presence of efficient adaptation 

strategies in addition to mitigation measures. For this, 

evidence-based planning of health policies and adaptation 

measures need to be designed by public health professionals, 

implemented by health authorities, and incorporated by 

society. In this regard, studies projecting the climate- 

attributable future health burden can support laying a 

foundation of evidence and aid in planning effective 

adaptation strategies. Projection studies help in the planning 

of adaptation strategies in the following ways: 

i. They estimate the future climate-related health burden, 

allowing for the planning of healthcare resources. 

ii. They estimate the climate-related health burden for different 

causes, which enables us to focus on adaptation plans for 

specific diseases or health outcomes. 

iii. They estimate the climate-related health burden for 

different population subgroups, which enables us to 

identify those who are especially at risk of climate change, 

allowing us to target and adapt our adaptation policies 

for the vulnerable and susceptible population groups. 

Projection studies emerged during the late 1900s (3, 4). Early 

studies projected temperature-related deaths for 2020 and 

2050 for selected cities. During the 2000s, research in the field 

started growing (5–10); however, studies focused on North 

America (5–8) and Europe (8–10). After 2010, climate 

epidemiology started being prioritized, and projection studies 

were expanding (11–21), with research still focused on the US 

and Europe. In the mid-2010s, projection studies started in 

China (22–29) and Latin America (30), while projection 

studies in the US, Europe, and Australia continued to expand 

(31–44). The era of 2010 was a remarkable period for climate 

epidemiology, not only because of the expanding field with 

large epidemiological studies incorporating methodological 

advancements but also because projection on other critical 

aspects related to climate change, apart from the previously 

explored temperature-related total mortality, was initiated. 

Researchers started exploring the burden of cardiovascular 

and respiratory diseases (27), vector-borne diseases like 

Malaria (45), and sensitive issues like children’s health were 

highlighted (46). 

The field of climate-attributable health impact research is 

expanding rapidly, however, still overshadowed by large 

uncertainties and differing largely in their guiding principles. 

These differences exist to a great degree because of a lack of 

robust evidence as well as gaps in the field of climate 

epidemiology that still require extensive input from the 

research community. In this context, the research community 

would largely benefit from a review that summarizes current 

status, assumptions, and evidences, which would facilitate the 

planning of future studies. Existing reviews of the field either 

focused only on heat-related mortality (47) or climate change 

mitigation outcomes (48). This narrative review, therefore, 

aims to summarize the current status of projection studies of 

temperature-attributable health burden, the guiding 

assumptions behind them, the common grounds, as well as 

the differences. Overall, the review aims to highlight existing 

evidence and knowledge gaps as a basis for designing future 

studies on temperature-attributable health burden estimation. 

 

 

Temperature attributable health 
burden and earlier misconceptions 

The results from early projection studies partly raised 

misconceptions in that climate change looked beneficial. For 

example, the study by Martens et al., which included various 

cities from around the world, found for most cities that 

climate change is likely to cause a reduction in mortality rates 

due to decreasing winter mortality. The study claimed this 

effect was more pronounced for cardiovascular mortality in 

older people in cities with temperate or cold climates at 

present (4). In addition, the result of the study was not 

generalizable to other regions of the world with different 

climatic conditions. Conversely, another study by Kalkstein 

et al., projecting mortality in US cities for 2020 and 2050, 

found summer mortality to increase dramatically while winter 

mortality to decrease slightly, as a result of climate change 

(3), illustrating that the net impact of climate change would 

be more harmful than beneficial. Nevertheless, this study was 

done in a single country and needed validation by a larger 

study across regions of varying climatic and socio-economic 

conditions. 

From these studies, it was evident that there exists a 

temperature-related health burden in association with future 

temperatures, with losses from heat-related deaths on the one 

hand and benefits from cold-related deaths on the other. 

Therefore, for valid future projections, studies were needed 

that estimated the net future temperature-related burden 
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incorporating both heat and cold impacts. A 2011 study by 

Ballester et al. (14) systematically estimated the heat- and 

cold-related deaths in 200 European regions. The results 

showed that the rise in deaths from heat would start to 

compensate completely the reduction of cold-related mortality 

during the second half of the 21st century. This study 

provided evidence that climate change would not be beneficial 

in the long run, at least for the European regions included in 

the study. To validate the results, the climate epidemiology 

community needed a large study investigating such 

associations across regions with varying climatic and socio- 

economic conditions. In 2017, a multi-country and multi-city 

study by Gasparrini et al. (49) projected the net temperature- 

related health burden in 451 locations from 23 countries. This 

study is one of the most comprehensive studies in terms of 

including cities from around the world in a single study. The 

results were seen to vary across regions. In temperate areas 

such as northern Europe, East Asia, and Australia, the less 

intense warming and the large decrease in cold-related deaths 

would induce a null or marginally negative net effect. In 

contrast, warmer regions, including central and southern 

America, Europe, and Southeast Asia, would expect steep 

increases in heat-related mortality resulting in a large net 

burden. The study concluded that the negative health impacts 

of climate change would disproportionately affect warmer 

regions of the world, and regions lagging in infrastructures 

and technology. From this observation, it is clear that people 

worldwide are vulnerable to climate change—but not equally. 

Nevertheless, it is essential to note that this study did not 

account for influential factors like differing health effects of 

heat or cold across different population age groups and 

changing demographic structures over time (i.e., population 

aging). Therefore, the observed decrease in the net burden in 

temperate first-world nations might have been rather biased. 

 

 

Fundamental concepts: Exposure 
response functions 

Future projections of the health burden are primarily based 

on present-day observations. Studies usually start with time- 

series data of health outcome during a reference baseline 

period to explore the association between temperature and the 

health outcome of interest (49, 50). This association is often 

termed Exposure Response Function (ERF). From the ERFs, 

the risk of the health outcome at each temperature point is 

obtained, which is then extrapolated to the future temperature 

observations (50). Researchers obtain future temperature data 

from climate modelers, estimate the future risk under these 

temperature projections and quantify the differences in the 

health burden in the future compared to the baseline. 

Figure 1 summarizes the standard practiced methodology of 

temperature-attributable health outcome projection. 

Until recent years, most studies have applied an overall 

baseline ERF for future projections, assuming all population 

subgroups to act similarly to a given temperature (49). 

However, this approach underestimates the future health 

burden as the most vulnerable and susceptible population 

subgroups, like the elderly, are assumed to have the same 

baseline rate of risk as the younger population. A study by 

Rai et al. elaborates on this drawback of using an overall ERF 

by projecting future temperature-related total mortality 

burden by applying two frameworks; an overall ERF and age- 

specific ERFs (42). The results show a considerable 

underestimation of the health burden when not considering 

the age-specific ERFs. Therefore, projection studies 

incorporating age-specific ERFs might provide a more valid 

estimation of the future health burden (19, 51–53). 

Nonetheless, all the above principles of projection studies 

assume that the ERFs of the future population remain 

constant as the present-day ERF, i.e., no adaptation of the 

human body to the changing climate occurs. This might 

introduce large biases. So far, few studies have considered 

population adaptation when estimating the future 

temperature-related health burden (5, 6, 8, 9, 54–57). These 

studies differ in their approaches. Some of the earlier 

approaches used ERFs of analogous summers or cities for 

future projections (5, 6); for example, a test city was assumed 

to be similar to a larger reference city in the future. For 

present-day large cities, some harsh summers with a 

temperature distribution similar to the modelled future 

temperature were selected as the reference summer. The 

population of the test city was then assumed to react to 

temperature increases in the same way as the population from 

the reference city or the reference summer in the future. 

However, these approaches were largely based on untestable 

assumptions, resulting in large uncertainties. More recent 

studies assume population acclimatization over a few degrees 

(8, 9) or a shift in the ERF between temperature and health 

outcomes (50). However, there is no established general 

methodological procedure to account for physiological 

adaptation to changing climate. 

 

Scenarios 

Projecting health burden is estimating health outcomes 

under uncertainty in a number of systems including the 

environmental, human, and socio-economic systems, and the 

complex interaction between them. For this reason, climate 

change research has been working with future scenarios, 

which include a set of climatic and socio-economic assumed 

conditions that we might experience in the future. 

Earlier projection studies estimated the health burden under 

different climate scenarios, i.e., the Representative Concentration 

Pathways (RCPs) (19, 38, 49, 51, 52, 58). While these studies 
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addressed climate uncertainty and some aspects of population 

and economic changes incorporated within the RCPs, they did 

not account for other possible changes in societal factors such 

as demographics, human development (for example, health 

and education), economic growth, inequality, governance, 

technological change, and policy orientations. All these factors 

are considered by the different scenarios under the Shared 

Socio-Economic Pathways (SSPs) (59). Comparatively few 

studies have considered the SSP scenarios when estimating the 

future temperature-related health burden (42, 53). Although 

practiced, using a combination of all four RCPs (60) and five 

SSPs (61) was not the most efficient and convincing 

methodology because many RCP-SSP combinations seem 

implausible. A publication by O’Neill et al., explains the 

plausibility of various RCP-SSP scenario combinations (62). For 

example, the combination of RCP 8.5 (the worst climate 

change scenario) and SSP1 (the scenario with lowest challenge 

to adaptation and mitigation) seems implausible. In 2021, 

IPCC revised the RCPs and released an update of the climate 

scenarios integrating the plausible SSP scenarios into the RCPs, 

termed SSP- RCP scenarios (2). 

Apart from the RCP-SSP scenarios, a crucial aspect to be 

considered for a justifiable future projection is population 

aging. The SSP scenarios consider the change in population; 

however, like with the age-specific ERFs, a key aspect to be 

Uncertainties and assumptions 

The field of climate epidemiology dominated largely by 

uncertainties and assumptions. Some of the determining 

sources of uncertainties are the modelled future climate and 

societal scenarios, i.e., the RCPs and the SSPs. These 

scenarios, providing us with a range of plausible future 

scenarios, are largely based on assumptions. However, the 

efforts to continuously reevaluate and update these scenarios 

have helped in overcoming uncertainties (59). Table 1 lists 

the major sources of uncertainties and underlying assumptions. 

TABLE 1 Summary of uncertainties and assumptions in climate- 
attributable health burden projection. 

Sources of uncertainties Underlying assumptions 
 

Climate models Assumptions made while defining 

various atmospheric parameters under 

future climate scenarios to obtain the 

future temperature data. 

Population projections Assumptions made while defining 

future demographics, human 

development (for example, health and 

education), economic growth, 

inequality, governance, technological 

change, and policy orientations under 

future socioeconomic scenarios to 

obtain the future population data. 

integrated is the age-specific population growth (demographic 

change), which had been ignored until recently (28, 29, 42). 

Not considering the increasing proportion of older people, 

especially in first-world nations, would lead to 

underestimating the climate-related health burden as this 

population subgroup is one of the most susceptible. 

Physiological adaptation of human 

body to the changing climate 

 

Socioeconomic changes, technological 

advancements and changes in 

healthcare system and settings 

Use of analogous cities or summers or 

changing the slope of the baseline 

ERFs. 

Using GDP as a factor determining the 

adaptive capacity and using it as a 

factor potentially changing the 

temperature-related health risk. 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 

FIGURE 1 
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Gaps 

Although the field of climate epidemiology is progressing 

rapidly, there still exist significant research gaps. The gaps 

have been listed and elaborated in the following sections. 

 

 

Focus on heat and not the entire 
temperature range 

 
One of the largest needs for climate epidemiology research is 

to shift the focus from heat-related mortality projections to total 

temperature-related mortality projections, which include both 

heat- and cold-related mortality. Most earlier projection studies 

focused on heat-related mortality (5, 8, 16, 18, 22, 27, 40, 63), 

leaving behind the cold-related future attributable burden. 

However, it is important to consider that cold-related mortality 

is only minimally attributable to extreme cold but mostly to 

moderate cold or air temperature changes (temperature 

variability) that would persist in the future, even with a 

warming climate. Therefore, projection studies would not be 

complete without considering the cold-related mortality and 

estimating the net temperature-related mortality burden (64). 

 

 

Use of overall ERF rather than sub-group 
specific ERF 

 
Another overshadowed aspect is the failure to incorporate 

the age-specific ERFs and the age-specific population growth 

rates when estimating the future temperature-related health 

burden. Although some recent studies considered this aspect 

(28, 29), these studies focused only on heat-related impacts 

and ignored the cold-related impacts. Only a handful of 

studies have considered age-specific ERFs and population 

growth rates to estimate the future net temperature-related 

health burden (42). Moreover, other climate vulnerability and 

susceptibility factors apart from age have been left entirely 

unaddressed. 

 

 

Considering a constant ERF 
 

Majority of the projection studies consider constant 

response of the population to a given temperature. However, 

response of the human body to a given temperature might 

change in the future, leading to either adaptation or 

sensitivity. Only a small number of studies have considered 

physiological adaptation of the human body (9, 55, 57) to 

heat and no studies have considered the physiological changes 

in response to cold. As discussed above, cold-related mortality 

would continue to dominate a large fraction of temperature- 

related mortality. Therefore, projection studies would not be 

complete without considering the future changes in the cold- 

mortality relationships, i.e., taking into account also the 

adaptation or increasing sensitivity to cold in the future (64). 

Existing evidence on non-decreasing (65, 66) or even 

increasing cold effects (67) over time suggests that together 

with adaptation to heat, on the one hand, the future 

population might be increasingly susceptible to cold on the 

other (64). Furthermore, it is essential to note that 

physiological adaptation pathways cannot be generalized but 

need to be considered specifically for a population of interest. 

A large multi-country study investigating the temporal 

variation in the heat-mortality association has demonstrated 

that the adaptation pattern or heat sensitivity varies across 

locations (68). 

 

 

Lack of simultaneous consideration of 
socioeconomic adaptation 

 
A crucial aspect not yet fully accounted for is the future 

population adaptation particularly in the context of social and 

economic inequalities. The future population is foreseen to 

undergo not just single but multiple simultaneous adaptation 

pathways (69). In addition to physiological adaptation, future 

infrastructure changes, technological advancements, and socio- 

economic challenges might play an important role in influencing 

how the human body reacts to temperature. Some recent studies 

(29) have explored this aspect of adaptation by defining future 

adaptive capacity as a factor of the future Gross Domestic 

Product (GDP). However, physiological and socioeconomic 

adaptation have not been yet considered simultaneously but 

rather independently. A recently proposed methodological 

framework for health burden projections aims to overcome this 

gap by systematically incorporating future physiological 

adaptation-sensitivity and socio-economic adaptive capacities as 

factors potentially changing the ERF in the future (69). 

Future shifts in infrastructure, healthcare, as well as 

technological advancements might change the mortality rate. 

These might be changes in the overall mortality rate (70) or 

cause-specific mortality rates (71). Failure to incorporate these 

changes in studies estimating the future overall or cause- 

specific mortality might lead to overestimating the future 

temperature-related burden. Only a limited number of 

projection studies have so far incorporated expected changes 

in mortality rates while estimating the future temperature- 

related mortality burden (69). 

 

 

Focus only on specific health outcomes 
 

Another major gap is the focus of projection studies on total 

mortality. Although recent studies also project cause-specific 
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mortality under different ranges of future climate and 

population change scenarios (42, 44, 49, 53, 43), these studies 

are limited to specific regions. Furthermore, no studies have 

looked into other critical aspects like cause-specific 

hospitalizations. 

 

 

No studies in rural areas 
 

In addition, all projection studies, including the largest 

multi-country study, have focused on cities (49) leaving 

behind the rural areas. It is yet unknown if rural areas might 

show different temperature effects in the future compared to 

cities or rather similar effects as, depending on location, 

exposure intensity, population structure, and susceptibility 

might be quite different. The results from the EU 

HORIZON2020 project EXHAUSTION show that 

temperature effects vary among European regions. Within this 

project, it was observed that the heat effects on mortality in 

Northern Europe were stronger in urban areas than that in 

rural areas, whereas, both heat and cold effects in the rural 

areas were found to be similar to that observed in cities in 

other parts of Europe (72). Extensive studies in other regions 

with different climatic and socio-economic conditions are 

required to verify this finding. 

 

 

Lack of representation 

 
One of the largest gaps of projection studies is that they are 

limited to certain regions of the world, mostly North America, 

Europe, and East Asia. Other regions of the world, which might 

be facing the largest consequences of climate change (73), like 

Africa, South Asia, and the Middle East have been largely 

underrepresented. This issue also arises due to lack of data 

availability from those regions. 

 

 

Needs and recommendations 

The following section lists and describes the needs and 

recommendations: 

 

a) Inclusion and representativeness 

i. The climate epidemiology community needs more inclusive 

projection studies from across regions of diverse 

geographic, climatic, and socio-economic conditions. 

ii. Studies from rural areas and less urbanized areas are needed 

for a comprehensive understanding of climate-health 

association. In addition, studies projecting health burden 

at a finer geographical resolution with calibrated 

temperature models would be helpful for stakeholders in 

understanding and addressing the future risks at a 

community level. 

b) Methodology 

i. Projection studies need to be designed to look at not just the 

heat- or cold-related burden separately, but a combined net 

temperature-related burden. 

ii. Future studies should incorporate sub-group specific ERFs 

(e.g., age-specific ERFs), rather than the overall ERFs, as 

they provide a reasonable and less biased estimation of the 

future health burden (19, 51–53). 

iii. Extensive baseline studies to explore susceptible and 

vulnerable population subgroups other than the elderly are 

recommended for a substantially valid projection of the 

future health burden. To achieve this, establishment of 

cohorts with all-encompassing individual characteristics 

and large enough to cover regions of varying climatic and 

socio-economic conditions is recommended. 

iv. The establishment of a standard procedure for accounting 

for future population adaptation is recommended. 

c) For driving policy 

i. Extensive investigation on potential further adaptation 

factors which could be influenced by policy makers and 

stakeholders and health care provides or public health 

institutions is needed. 

Summary 

Projection studies estimating the future climate-attributable 

health burden are crucial as they would aid in designing, 

adapting, and implementing targeted adaptation measures, as 

well as stressing the urgency of mitigation actions. This would 

help public health professionals in building a climate change 

resilient community. 

Climate epidemiologists should focus on advancing 

projection studies but also on gathering extensive and 

unbiased baseline associations between temperature and 

cause-specific health outcomes, identifying the most 

vulnerable and susceptible population subgroups in regions 

with varying climatic and socio-economic conditions. As these 

baseline associations are the backbone of projection studies, 

researchers should focus on gathering valid and extensive 

baseline evidence. 

Further validation studies are required to establish a 

common framework and guidelines for future projection. 

Future studies in the field should focus on other health 

outcomes in addition to total mortality. The studies should 

attempt to estimate the net temperature-related health burden 

considering the subgroup-specific ERFs, future subgroup- 

specific population change, future mortality or hospital 

admission rates, and above all, the possible physiological and 

socio-economic adaptation. To summarize, future studies 

should account for all the complex dynamics, which play a 

role in determining temperature-related mortality (Figure 2). 
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PhD journey: Experience and involvements 
 

I conducted this doctoral research within the framework of the EU H2020 funded project- 

Exposure to heat and air pollution in Europe – cardiopulmonary impacts and benefits of mitigation 

and adaptation: EXHAUSTION (https://www.exhaustion.eu/). 14 collaborating institutions from 

10 EU countries were a part of this project. Helmholtz Center Munich was the collaborating 

institution from Germany and lead the epidemiological work package of the project. 

This project, for me, was a gateway to abundant exposure and experience. Working with the lead 

of the epidemiological work package of the project, I was involved with coordinating the data 

collection, developing R software scripts for data analysis, coordinating the analysis among 

different partner institutions, and pooling the EU wide results. I participated and provided inputs 

in discussions for developing statistical analysis plans. I was directly involved in drafting and 

finalizing EU deliverables with results from the project. In addition to the epidemiological tasks, 

I worked closely with the dissemination work package, the team from Center for International 

Climate Research (CICERO), Norway. I was involved with designing communication materials 

including non-scientific audience-oriented reports, policy briefs, and social media posts based on 

the results from the project. Parts of these reports have been published in OpenAIRE. I presented 

the EU-wide results in stakeholder meetings with invited policy makers and members of 

parliament, including the Bundestag. 

This project was an opportunity for me to polish my administrative as well as project management 

skills. I coordinated communications among the participating partners institutions, organized and 

facilitated meetings, and assisted in tracking the project progress as well as timely completion of 

EU deliverables. I was involved in organizing stakeholder meetings and inviting policy makers. In 

general, this project was a comprehensive intercultural and inter expertise experience; 3.5 years of 

working with multi-national experts with diverse academic backgrounds including 

epidemiologists, climatologists, physicians, economists, and journalists, to name a few. 

Besides the project EXHAUSTION, I was involved in other scientific projects like Health 

Environment Research Agenda for Europe: HERA (https://www.heraresearcheu.eu/), as well as 

other project from the Environmental Risk group at the Institute of Epidemiology of the Helmholtz 

Center Munich. I also conducted Environment Epidemiology lectures for the MSc. Epidemiology 

students at the LMU. In addition, I was involved also with organizing the courses. 

Presenting my research and networking with distinguished and highly influential scientists of field 

remains one of the most treasured parts of my PhD journey. I presented parts of my research at the 

32nd, 33rd, and the 34th annual conference of the International Society for Environmental 

Epidemiology (ISEE). I presented the projection study in one of the largest scientific conferences 

in the world - the fall meeting of the American Geophysical Union (AGU) in December 2022 in 

Chicago. Besides, I presented the EU relevant results during various stakeholder meetings 

organized by the project EXHAUSTION, as well as at the general assembly of the project 

EXHAUSTION in May 2022 in London. 

https://www.exhaustion.eu/
https://www.heraresearcheu.eu/
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I spent the last months of my PhD journey, from September to December 2022, at the Human 

Study Facility of the Environment Protection Agency (EPA), Chapel Hill, North Carolina, USA 

as a visiting researcher. At the EPA, I lead a project “Disparities in climate related health effects”. 

This project builds upon this doctoral research and investigates the relationship between exposures 

to heat and the resulting health outcomes in various locations in the USA. The project estimates 

the future heat-related health burden for locations in the USA at a fine spatial resolution. The 

extensive analysis identifies health burdens specific to population subgroups including those most 

susceptible and vulnerable to the adverse effects of heat. The manuscript of the study is under the 

process of development and is planned to be submitted to an international peer reviewed journal. 
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