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C limate change is the biggest global health threat, 
and tackling it could be the greatest global health 
opportunity of the 21st century (1). To reduce the 

health risks of climate change, in 2015 the United Nations 
Framework Convention on Climate Change (UNFCCC) 
adopted the Paris Agreement, which aims at holding 
 global warming to well below 2 °C above pre-industrial 
levels and pursuing efforts to limit it to 1.5 °C (2). How-
ever, little is known about the difference in health impacts 
between the 1.5 °C and 2 °C warming targets (3, 4). 
 Although emerging evidence from regional, national, and 
global studies shows a potential increase in temperature-
related mortality as a result of climate change (5–9), 
nearly all these studies have focused on a certain future 
period but not on a specific warming target (3). Thus, it 
remains unclear whether limiting global warming to 1.5 
°C instead of 2 °C will avoid temperature-related health 
impacts (3, 10). 

Summary
Background: Substantial efforts are required to limit global warming to under 2 °C, with 1.5 °C as the target (Paris Agreement goal). We set out to 
 project future temperature-related myocardial infarction (MI) events in Augsburg, Germany, at increases in warming of 1.5 °C, 2 °C, and 3 °C. 

Methods: Using daily time series of MI cases and temperature projections under two climate scenarios, we projected changes in temperature-related 
MIs at different increases in warming, assuming no changes in population structure or level of adaptation. 

Results: In a low-emission scenario that limits warming to below 2 °C throughout the 21st century, temperature-related MI cases will decrease 
slightly by –6 (confidence interval −60; 50) per decade at 1.5 °C of warming. In a high-emission scenario going beyond the Paris Agreement goals, 
 temperature-related MI cases will increase by 18 (−64; 117) and 63 (−83; 257) per decade with warming of 2 °C and 3 °C, respectively. 

Conclusion: The future burden of temperature-related MI events in Augsburg at 2 °C and 3 °C of warming will be greater than at 1.5 °C. Fulfilling the 
Paris Agreement goal of limiting global warming to no more than 1.5 °C is therefore essential to avoid additional MI events due to climate change.
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In October 2018, the Intergovernmental Panel on 

Climate Change (IPCC) issued a Special Report on d

the impacts of global warming of 1.5 °C (SR15) and 

concluded with very high confidence that heat-related 

health impacts will be greater at 2 °C of warming than

at 1.5 °C (11). However, cold-related mortality is pro-

jected to decrease with warming winters in some re-

gions (11), and it remains unclear to which extent d

heat-related impacts may offset this decrease, leading 

to an uncertain overall impact of temperature on health

(12). Moreover, most of the previous projection 

studies have focused on mortality rather than morbid-d

ity (13), leading to limited evidence regarding climate 

change impacts on heat-related morbidity. Cold expo-

sure has been reported as a trigger of MI events (14),d

and a recent study of ours found that heat exposure is 

also a potential trigger (15). Plausible pathophysiologi-

cal mechanisms are shown in Figure 1. In the study de-

scribed here, we aimed to project future temperature-

related myocardial infarction (MI) events in Augs-

burg, Germany, at levels of warming consistent with 

the Paris Agreement goals (1.5 °C and 2 °C) and 

higher (3 °C). This information may help health pro-

fessionals and policy makers to better understand the 

potential health threat of climate change.

Methods
Study population
We used data from the population-based Cooperative d

Health Research in the Region of Augsburg (KORA) 

MI registry. The study area comprises the city of Augs-

burg and the two adjacent counties (Augsburg and 

Aichach-Friedberg). All recorded cases of MI and cor-

onary deaths among residents aged 25 to 74 years

(about 400,000 inhabitants) from 1 January 2001, to 31 

December 2014 were included in analysis. We also 

evaluated subtypes of MI events, including ST-segment 

elevation MI (STEMI) and non-ST segment elevation 

MI (NSTEMI). Details of this registry are given in the 

eMethods. This study was approved by the ethics com-

mittee of the Bavarian Chamber of Physicians and per-

formed in accordance with the Declaration of Helsinki. 

Temperature projections
We obtained daily mean temperatures for the period

2010 to 2099 from four global climate models under 

the Inter-Sectoral Impact Model Intercomparison Pro-

ject Phase 2b (ISIMIP2b) (16). We used two climate 

change scenarios under the Representative Concen-

tration Pathway (RCP), RCP2.6 and RCP8.5, corre-

sponding to low and high warming and emissions,

 respectively (Box 2). We applied the method described 

in Ebi et al. (2018) (3) to determine the decade in which

1.5 °C, 2 °C, and 3 °C of warming above pre-industrial 

levels will be reached, using the decade 2010 to 2019 as

baseline (eMethods).

Health impact assessment
We estimated the number and fraction of MI cases 

 attributable to heat, cold, and net change (the summed 

Heat exposure

Vasodilation: skin surface
blood circulation
− Sweating 
− Dehydration 
− Salt depletion

FIGURE 1

Plausible pathophysiological mechanisms linking heat exposure to myocardial infarction.
Heat exposure may lead to the onset of myocardial infarction through:
– Vasodilation and increased surface blood circulation, which may increase cardiac work load and result in hemoconcentration and thrombosis

promotion
– Release of interleukins that cause local and systemic inflammation and result in endothelial dysfunction (25, 26).
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impacts of heat and cold) for different r levels of 

warming based on the assumption of no changes in

population structure or level of adaptation, using a 

recently developed approach (17). Briefly, we used the d

previously estimated exposure–response functions –

 between daily mean temperature and daily MI events 

(eFigure 1) (15), the temperature projections, and base-

line MI cases to calculate the daily attributable number 

of MI events. The baseline MI cases were calculated as 

the average observed number of cases for each day of 

the year during the period 2001 to 2014. Finally, we d

computed the future changes as the differences between 

the future decades in which different levels of warming 

will be reached and the baseline period for each RCP. d

We used Monte Carlo simulations to estimate empirical 

confidence intervals (eCI) to address the uncertainty in 

exposure–response functions and the variability across –

global climate models. Key elements in the assessment 

are provided in the eBox. Details of the health impact 

assessment can be found in the eMethods.

Results
Figure 2 shows the 10-year moving global mean 

temperature projections from the average of four global 

climate models in two RCP scenarios relative to pre-

industrial levels. Global mean temperature in RCP8.5 

exceeds 3 °C relative to pre-industrial levels by the end 

of the 21st century, whereas it remains below 2 °C in

RCP2.6. Thus, we used RCP2.6 for the scenario ful -

filling the Paris Agreement goal of 1.5 °C and RCP8.5 

for warming of 2 °C and 3 °C. Based on these sce -

narios, warming of 1.5 °C will be reached around 2031 

(Table 1). Warming of 2 °C and 3 °C will be reached 

around 2037 and 2052, respectively.

From 2001 to 2014, there were on average 967 cor-

onary events per year, of which 235 were STEMI and f

331 were NSTEMI. Relative to the baseline period, 

heat-related MIs will increase in all warming scenarios,

whereas cold-related MIs will decrease (Table 2). If

the Paris Agreement target of limiting warming to 1.5

°C is met, temperature-related MI cases per decade in 

Augsburg will decrease slightly overall (–6 [−60; 50]).

Warming of 2 °C yields larger increases in heat-

related MIs than reductions in cold-related MIs, lead-

ing to a net increase of 18 [−64; 117] MI cases per dec-

ade. At 3 °C of warming, beyond the Paris Agreement tar-

get, temperature-related MIs are projected to  increase

by 63 [−83; 257] per decade, which corresponds to an

increase of about 0.7% in the burden of t MI events.

Figure 3 summarizes the net changes in tempera-

ture-related MIs in the different warming scenarios

overall and for the subtypes of MI. Total and NSTEMI 

events are generally projected to increase with in-

creasing level of warming. Conversely, STEMI events 

are projected to decrease because the decrease in cold-

related cases will exceed the rise in heat-related events.

Most of the increased temperature-related MIs will be

NSTEMI events, with the increase ranging from 21 

[−13: 63] at 1.5 °C of warming to 102 [21; 201] t at

3 °C of warming. 

BOX 

Climate change scenarios
The Intergovernmental Panel on Climate Change (IPCC) uses Representative 
Concentration Pathways (RCPs) to describe different 21st century trajectories 
of greenhouse gas emissions and atmospheric concentrations, air pollution 
emissions, and land use (27). The numbers in the names of the RCPs corre-
spond to different target levels of radiative forcing in 2100. Radiative forcing 
 reflects the effect of greenhouse gases and aerosols on the Earth’s energy 
 balance. Two RCPs were used in this study: a stringent emission mitigation 
scenario (RCP2.6) and a scenario with very high greenhouse gas emissions 
(RCP8.5).

– RCP2.6 aims to limit global warming to below 2 °C and requires substan-
tial net negative emissions by 2100, with an average of about 2 Gt/year 
for CO2 emissions (28). 

– RCP8.5 assumes no additional mitigation efforts to reduce emissions (or 
the so-called business-as-usual scenario), with average CO2 emissions of 
73 Gt/year over the 21st century (29).

Relative to the period 1986 to 2005, global mean sea level rise in 2081 to 2100 
will likely be 0.40 m and 0.63 m under RCP2.6 and RCP8.5, respectively. 

FIGURE 2

Time-series of the moving average of change in annual global mean near-surface air 
 temperature over a period of 10 years relative to pre-industrial levels in different climate 
 scenarios (Representative Concentration Pathway, RCP; see Box). RCP8.5 assumes no x
further measures to reduce emissions; RCP2.6 aims at limiting global warming to less than 
2 °C. The x-axis shows the start year of a 10-year moving average.
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Discussion
Our analyses show that all of our projected increases in 
global warming will increase heat-related MIs but re-
duce cold-related MIs in Augsburg, Germany. Holding 
warming to 1.5 °C instead of 2 °C or 3 °C will avoid a 
substantial number of temperature-related MIs. In the 
low-emission scenario RCP2.6, warming will be kept 
below 2 °C right up to 2100, resulting in a negligible net 
change in the number of MIs. In contrast, warming will 
exceed 3 °C by 2100 in the high-emission scenario 
RCP8.5, leading to a considerable increase in the burden 
of MIs.

Very few studies have directly estimated the re-
gional health impacts of stabilizing climate warming 
at 1.5 °C instead of 2 °C (3). Our finding of greater 
heat-related impacts for warming at 2 °C than at 1.5 
°C is consistent with the conclusion of IPCC Special 
Report 15 (11) and the findings of two recent 
 multicenter European studies (10, 12). We also found 
a much lower total number of heat-related total MIs 
at 2 °C than at 3 °C in Augsburg for the 
 high-emission scenario RCP8.5. A recent worldwide 
study found a net increase in temperature-related 
mortality in central and southern European cities 
(12), suggesting that emission reductions in line with 
the Paris Agreement goals can avoid heat-related 
 impacts on MI burden. 

The climate scenario RCP2.6 meets the Paris Agree-
ment target of keeping warming well below 2 °C 
 (Figure 1, Table 1), confirming a previous review (3), 
and yields a negligible change (−0.1%) in MI burden 
if warming is limited to 1.5 °C. In comparison, tempera-
ture-related MIs in scenario RCP8.5 will increase by 
0.2% at 2 °C of warming and by 0.7% at 3 °C of 
warming (Table 2). Similarly, a previous study also 
estimated a much smaller temperature-related mortal-
ity burden for RCP2.6 than for RCP8.5 in central and 
southern European cities over the course of the 21st 
century (5). 

According to the Federal Statistical Office, 
135 218 MI events occurred in patients aged between 
25 and 74 years in Germany in 2015 (including both 
acute MI and deaths from cardiac arrest) (18). Assuming 
our projected changes in attributable fractions in the 
Augsburg region could be applied to the whole of 
Germany, a rough calculation shows that holding 
warming at 1.5 °C, compared with 3 °C, would prevent 
1 082 MI cases each year. This is likely to be an under-
estimate, as we only considered patients aged below 
75, whereas the elderly have been demonstrated to be 
more vulnerable to heat-related mortality and morbid-
ity (19, 20). Our findings suggest that ambitious 
greenhouse gas emission reductions are required to 
achieve the Paris Agreement targets and to prevent 
adverse temperature-related health impacts.

TABLE 1

Scenarios for global warming of 1.5 °C, 2 °C, and 3 °C

RCP, Representative Concentration Pathway: a greenhouse gas concentration trajectory that reflects the effect of greenhouse gases and aerosols on the energy
balance of the earth. RCP2.6 aims to keep global warming below 2 °C; RCP8.5 assumes no additional mitigation efforts to reduce emissions (“business-as-usual” 
scenario).

RCP

RCP2.6

RCP8.5 

RCP8.5 

Decade 

2031 ± 5 years 

2037 ± 5 years

2052 ± 5 years

Global warming

1.5°C

2°C

3°C

TABLE 2

Changes in attributable number and fraction (95% eCI)* of temperature-related MI cases per decade in Augsburg 
 assuming global warming of 1.5 °C, 2 °C, and 3 °C 

*The 95% eCI (empirical confidence interval) was obtained by considering the uncertainty of concentration–response function using 5000 Monte Carlo simulations 
and four global climate models.

Explanation: Global warming of 2 °C, for example, is associated with 54 additional heat-related events and 36 fewer cold-related events, resulting in a net change of 
18 additional temperature-related events per decade. Thus, 0.2% of all MI cases can be attributed to global warming. 

Global warm-
ing

1.5 °C

2 °C

3 °C

Attributable number 

Heat

17 [−1; 46]

54 [1; 124]

109 [4; 313]

Cold

−24 [−87; 32]

−36 [−101; 43]

−46 [−142; 56]

Net change

−6 [−60; 50]

18 [−64; 117]

63 [−83; 257]

Attributable fraction (%) 

Heat

0.2 [0; 0.5]

0.6 [0; 1.3]

1.1 [0; 3.2]

Cold

−0.2 [−0.9; 0.3]

−0.4 [−1.0; 0.4]

−0.5 [−1.5; 0.6]

Net change

−0.1 [−0.6; 0.5]

0.2 [−0.7; 1.2]

0.7 [−0.9; 2.7]
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Implications for healthcare professionals
Healthcare professionals have vital roles in accelerating

progress to tackle climate change. They are trained to 

educate patients about health threats, may be trusted 

more than environmentalists, and can better communi-

cate the health risks posed by climate change and thus

potentially also convince politicians that emissions of

greenhouse gases must be reduced (1, 21). With the abil-d

ity to effectively highlight the associated health threats,

healthcare professionals should be at the forefront of the 

battle against climate change (22). To encourage t pri-

mary care physicians and other health professionals to 

lead on tackling climate change, it is important to

understand how climate change can impact health out-

comes (23). The results of this study suggests that glo-

bal warming higher than 1.5 °C will lead to increasing 

temperature-related MI cases. We therefore appeal to

healthcare professionals to inform the public and 

 policymakers about the potential health threats of 

climate change and the benefits of climate protection 

measures.

Strengths and limitations
To the best of our knowledge, this is the first study

 project the effects on heat-related MIs of global 

temperature increases below and above the goals set by 

the Paris Agreement. Our estimates are based on a 

validated, complete, and detailed registration of all MIs

and coronary deaths in Augsburg, in combination with 

an established advanced approach to account for 

uncertainty in exposure–response functions and 

variability across climate models (5). Our estimates can 

be interpreted as the changes in heat-related MI events 

if the current Augsburg population were exposed to 

future temperatures resulting from global warming of 

1.5 °C, 2 °C, and 3 °C. Thus, our projections allow 

isolation of the  effects of a changing climate from other 

factors such as demographic change and population 

adaptation (5). 

Our study has several limitations. First, our projec-

tions of the health impacts focus on specific Paris 

Agreement targets rather than consistent future peri-

ods. This approach uses different periods for different 

warming targets, which limits our ability to consider 

impacts of future population changes such as size, age 

structure, lifestyle, and underlying MI rates. As we 

expect more NSTEMI events but fewer STEMI events r

in Augsburg in the future (15), the future changes in 

total temperature-related MI burden may be under-

estimated. Moreover, the temperature projections we 

used have a relatively coarse spatial resolution (~ 50 

km). Future studies using higher resolution tempera-

ture projections, such as those from COSMO-CLM 

developed by the German Weather Service (Deutscher ((

Wetterdienst), are needed to enable estimation of the re-

gional health impact of climate change. Furthermore,

we did not consider population adaptation to heat 

(24). However, heat-related vulnerability may further 

increase in Augsburg (15), resulting in increased 

future temperature-related impacts.

Total
STEMI
NSTEMI

FIGURE 3

Changes in temperature-related MI cases per decade projected for 
1.5 °C, 2 °C, and 3 °C of warming by MI type. Red and blue bars 
 represent changes in the temperature-related number of STEMI and 
NSTEMI events in future decades relative to 2010–2019. Black dots 
and vertical lines denote changes and 95% empirical confidence 
 intervals in the temperature-related total number of MI events

Changes in total number of temperature-related 
MI (cases/decade)

200

100

0

-100
1.5 °C 

of warming
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Conclusion
The higher the increase in global temperature (1.5 °C, 
2 °C, or 3 °C), the greater will be the burden of tempera-
ture-related MIs in Augsburg, Germany. Compared with 
inaction on climate change in a high-emission scenario, 
limiting global warming to 1.5 °C in a low-emission 
scenario will avoid additional MI events, suggesting 
that climate change mitigation policies are needed to 
fulfill the Paris Agreement goal of 1.5 °C.
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Key messages
● Any increase in global warming will increase heat-related MIs 

but decrease cold-related MIs.
● The net temperature impact on MI will remain largely un-

changed in a low-emission scenario limiting global warming 
to 1.5 °C.

●  In a high-emission scenario (“business as usual”), the 
number of  temperature-related MIs will increase when global 
warming reaches 2 °C or 3 °C.

● Failure to meet the Paris Agreement goal of 1.5 °C will result 
in a substantial increase in temperature-related MIs, 
 especially for NSTEMI events. 
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Study population
Our research was based on data from the population-
based Cooperative Health Research in the Region of 
Augsburg (KORA) MI registry. The Augsburg region 
includes the city of Augsburg (with an area of 147 km2) 
and the two adjacent rural districts Augsburg and 
 Aichach-Friedberg (1,854 km2). The MONICA/KORA 
MI registry was founded in 1984 as part of the WHO 
MONICA (Monitoring Trends and Determinants in 
Cardiovascular Disease) project and since 1996 has 
been continued as part of the KORA research program. 
Since 1984, all cases of MI in eight hospitals in the 
study area and coronary deaths occurring among resi-
dents aged 25 to 74 years old (about 400,000 inhabi -
tants) have been documented in the MONICA/KORA 
MI registry. In addition, all cases of fatal MI including 
sudden cardiac death are recorded. Following the 
MONICA protocol, MI patients who survive at least 24 
hours after hospitalization are questioned about the 
event, demographic information, comorbidities, medi-
cation, and family history. If a patient survives the 28th 
day after hospital admission, the MI is identified as 
nonfatal, otherwise as fatal. Coronary fatalities are 
deaths outside the hospital setting or within 24 hours 
after admission to a hospital. All coronary deaths 
(ICD-9 codes: 410–414) were identified through 
checks of all death certificates by the regional health 
departments and on the basis of information from the 
last treating physician and/or coroner. 

In this study, we investigated all recorded cases of MI 
and coronary deaths among residents aged 25 to 74 years 
between 1 January 2001 and 31 December 2014. We 
further analyzed subtypes of MI events,  including ST-
segment elevation MI (STEMI) and non-ST-segment 
elevation MI (NSTEMI) events. Bundle branch block 
was not included in this analysis due to its small sample 
size (38.6 cases/year). More details of the MONICA/
KORA registry can be found elsewhere (30, 31). 

Exposure–response functions and baseline MI
We applied estimates of the exposure–response func-
tions (ERFs) between daily mean temperature and daily 

MI events from our previous work for the period 2001 
to 2014 (15). In that earlier research, we conducted a 
time-stratified case-crossover study and used a non -
linear distributed lag model with a maximum lag of 10 
days to estimate the ERFs. Temperature and MI cases 
generally showed U-shaped associations, with a signifi-
cantly increasing risk for heat (temperatures above the 
minimum MI temperature [MMIT; reference tempera-
ture, 18.4 °C]) but a nonsignificantly increasing risk for 
cold (temperatures below the MMIT) (eFigure 1). The 
baseline MI cases were calculated as the average ob-
served number of cases for each day of the year during 
the period 2001 to 2014.

Temperature projections
We obtained daily mean temperature projections for the 
years 2010 to 2099 from the Inter-Sectoral Impact 
Model Intercomparison Project Phase 2b (ISIMIP2b) 
(32). We used two climate change scenarios under the 
Representative Concentration Pathways RCP2.6 and 
RCP8.5, corresponding to low and high warming and 
emissions, respectively. We obtained daily temperature 
simulations at a spatial resolution of 0.5° × 0.5° from 
all four global climate models (GCMs) included in 
 ISIMIP2b (i.e., GFDL-ESM2M, HadGEM2-ES, 
 IPSL-CM5A-LR, and MIROC5). These temperature 
simulations were bias-corrected based on the EWEMBI 
dataset (33). As in previous studies (5, 13), we obtained 
daily temperatures for the baseline and future periods 
by extracting the temperature projections in one grid 
cell that covers the geographical center of the Augsburg 
area. 

To determine the period when 1.5 °C, 2 °C, and 
3 °C of warming above pre-industrial levels will be 
reached, we applied the method described in Ebi et al. 
(2018) (3) in support of the IPCC Special Report on 
the impacts of global warming of 1.5 °C. We first de-
fined the baseline period as the decade 2010 to 2019, 
because its center year 2015 was the first year in 
which warming of 1 °C above pre-industrial levels 
(defined as the average between 1850 and 1900) was 
attained (3). We then created a series of 10-year 

eMETHODS  
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moving average projection windows, starting from 

the decade 2011 to 2020, with 1-year steps. We thus r

selected decade windows for each RCP when the 

GCM-ensemble average of global mean near-surface 

air temperature reached 0.5 °C, 1 °C, and 2 °C above 

the 2010 to 2019 baseline. 

Health impact assessment
We estimated the number and fraction of MI cases 

attributable to heat, cold, and net change (the summed 

impacts of heat and cold) under the assumption of no

future changes in population and adaptation, using a 

recently developed approach (17). Briefly, we applied 

the previously estimated ERFs (15) and the modeled 

daily series of temperature and MI cases to calculate 

the daily attributable number of MI cases. We then cal-

culated the total attributable number by summing the 

contributions from all the days of the series and calcu-

lated the attributable fraction as the ratio of the total 

attributable number to the total number of MI cases.

Finally, we computed the future changes as the differ-

ences between the future periods and the baseline peri-

od for each GCM and each RCP. 

We computed the GCM-ensemble average total at-

tributable number and fractions of MI cases by combi-

nations of RCPs and future periods corresponding to 

warming of 1.5 °C, 2 °C, and 3 °C. We used Monte Carlo 

simulations to estimate empirical confidence intervals 

(eCI) to address the uncertainty in ERF and the variabil-

ity across GCMs. We obtained eCI from the empirical 

distribution across 5,000 samples of random parameter 

sets that describe the ERF in the distributed lag nonlinear 

model and the four GCMs, as described in more detail 

elsewhere (5, 17). Briefly, we quantified the uncertainty 

in ERF by using Monte Carlo simulations to generate

5,000 samples for the estimated coefficients from them

distributed lag nonlinear model which estimated the 

ERF. We then generated results for each of the four 

GCMs. We obtained the 95% eCI, defined as the 2.5 to 

97.5 percentiles of empirical distribution across ERF co-

efficients and GCMs. Thus, the 95% eCI account for 

both the ERF and GCM sources of uncertainty. 

eFIGURE

Cumulative exposure–response functions between air temperature and myocardial infarction (with 95% confidence intervals) in Augsburg, Germany in the period 
2001 to 2014. The exposure–response functions were obtained from Chen et al. (2019) (15). The red lines represent the effect of heat (temperature above 18.4 °C), 
while the blue lines show the effect of cold (temperature below 18.4 °C).
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eBOX

Key elements in the assessment of climate 
change impact 
● The exposure–response curves were obtained from a 

previous study (15).
● We assume a constant population (size, age structure, 

and lifestyle).
● We assume constant incidence for the total number and 

subtypes of MI.
● The temperature projections for the Augsburg region 

were obtained from four global climate models based 
on two<<Autor: Sie schrieben “3”>> different climate 
change scenarios.

● Sources of potential uncertainty regarding the projec-
tions includes the uncertainty of exposure–response 
curves and the variability across the four climate models.


