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Abstract

:

Chronic respiratory and ischemic heart diseases are globally important parts of total mortality. This study focuses on the occurrence of mortality due to these disease groups in Germany and possible effects of the thermal environment. A retrospective analysis on the mortality rates of chronic lower respiratory diseases (CLRD) and ischemic heart diseases (IHD) at the regional level in Germany for the period 2001–2015 was done in combination with meteorological observations from the network of the German Meteorological Service. In order to control the mortality data for long-term and seasonal trends, a 365-day Gaussian low-pass filter with a filter response function was applied. The thermal environment was analysed using 2 m air temperature (Ta) and the human biometeorological index Perceived Temperature (PT). The relationship of the Relative Risk (RR) of mortality to the thermal environment is displayed as an exposure–response curve, with threshold values at which RR increases significantly towards higher and lower temperature values. CLRD mortality increases above 17.6 °C, at approximately 4.4%/°C (CI: ± 0.3). The increase of IHD mortality above the threshold of 18.8 °C is less steep, at 3.5%/°C (CI: ± 0.2). During hot periods, CLRD mortality increases by 19.9%, which is twice as much as IHD mortality, with an increase of 9.8%. However, cold days and cold periods affect IHD slightly more than CLRD. The results highlight the concerns of CLRD patients during hot days as well as heat waves. This could lead to better precautions being taken for respiratory patients, which are already established for cardiac patients in Germany.
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1. Introduction


Diseases of the upper and lower respiratory tracts are some of the most common diseases and causes of death in Germany. Acute respiratory tract infections, and particularly chronic diseases such as asthma and chronic obstructive pulmonary disease (COPD), have high social and economic importance in the health sector [1]. In the year 2015, mortality due to chronic lower respiratory diseases (CLRD, ICD-10 code J40–J47) accounted for approximately 35,095 deaths, 88.5% of which had a COPD (ICD code J44) as the main cause, and 3% of which were due to bronchial asthma (J45–J46) [2]. COPDs are hypersensitivity conditions of the bronchial mucosa; bronchial inflammation triggers mostly chronic and irreparable damage of the pulmonary tissue [3]. While COPD affects mostly elderly people, bronchial asthma also affects children [4].



Mortality due to CLRD shows an increasing trend in Germany. The number of deaths in the year 2015 represented a 47% increase compared to 2001. Deaths caused by asthma have decreased by 61% [2,5]. The increasing trend in COPD mortality requires an investigation of relevant impact factors.



Ischemic heart diseases (IHD, ICD-10 code I20–I25), also known as coronary heart diseases, are the most common cause of death in Germany, with the number of cases being 3.6 times as high as deaths from CLRD. However, IHD mortality has decreased in the last 15 years in Germany; mortality in 2015 was 22% lower in comparison to 2001 [2,5].



Many studies have analysed the effects of weather on mortality due to cardiovascular (including IHD) and respiratory diseases, and have described a relationship with thermal conditions. The relationship between air temperature and mortality is often characterized by a U- or J-shaped curve, with increasing mortality towards colder and warmer temperature values, as well as an optimal area in the middle of the temperature range (e.g., [6,7]). The mortality risk due to heat has been extensively analysed.



In recent decades, an increasing frequency of heat waves has been observed. Both summer 2003 and 2015 have received particular attention due to the pronounced heat events and their health impacts, especially in Western and Central Europe [8]. Germany was affected by both heat waves, particularly in its southern regions. The average summer (June, July, and August, JJA) air temperature (Ta) anomaly value for Germany was 3.4 °C for 2003 and 2.1 °C for 2015, with respect to the reference period 1961–1990 [9]. In Southwest Germany (State of Baden-Württemberg), the daily mortality rate showed anomalies of up to 70% in August 2003 and 56% in July 2015 [8]. In particular, high associations were found for the 2003 heat wave with respiratory mortality [10].



Understanding the risks of extreme thermal conditions like heat events on human health is an important key to prepare adaptation processes for people and societies in order to confront the projected increase in heat period intensity, frequency, and duration [11]. IHD and CLRD are important parts of total mortality in Germany and are especially interesting in relation to heat and cold; therefore, these disease groups were chosen for analysis and comparison. The physiological impact of heat stress on the cardiovascular system, and therefore on chronic heart patients, is well known (e.g., [12,13,14,15,16]). In Germany, the effects of heat events on IHD in recent and future years have been analysed [7,17,18,19], and awareness of the vulnerability during heat periods is high. For chronic respiratory diseases with much lower mortality cases than IHD, this knowledge is not very prevalent in Germany, and the awareness of the risk due to heat stress is less communicated.



In order to analyse the relationship between mortality and the thermal environment, which is defined as the interactions of several parameters representing thermal conditions, the human biometeorological index Perceived Temperature (PT) [20,21] is used in this study in comparison to the 2 m air temperature (Ta). Ta is internationally more common and allows for better comparison between studies.



The aim of this study is to classify the impacts of the thermal environment on chronic lower respiratory diseases in comparison to ischemic heart diseases in Germany. A further objective is to compare PT and Ta in terms of aptitude. First, the relationship of the full temperature range with CLRD and IHD mortality is compared, particularly focusing on the increases of mortality during warm and cold thermal conditions. To elucidate this reaction, the impacts of heat and cold events on mortality are analysed. To reify this risk with an example, a comparison of the occurrence of IHD and CLRD mortality rates during the 2003 and 2015 heat waves is done for seven regions in Germany. The results arising from the comparison of these two disease groups could raise awareness of the risks that people with chronic respiratory diseases have during hot days and heat periods.




2. Materials and Methods


2.1. Data


Mortality data for Germany was obtained from the Research Data Centre of the Statistical Offices of the Federal States of Germany for the years 2001–2015. The spatial resolution comprises seven regions in Germany, in order to account for differences in climate conditions and population density (Figure 1). Mortality data of IHD are available daily for ICD-10 (International Statistical Classification of Diseases version 10) code I20–I25 as a collective group (Table 1). Mortality due to CLRD with ICD-10 code J40–J47 are available in a temporal resolution of two-day sums, because of a lower number of cases on single days.



Meteorological data from 20 synoptic weather stations of the German Meteorological Service (DWD) network is used (black dots in Figure 1). Criteria for the selection of stations were data availability with regard to the period 2001–2015 and the requirements of PT as well as the population under investigation. The selected representative stations are in accordance with the official weather station criteria of the World Meteorological Organisation, therefore, an urban influence can be broadly excluded. Data of stations within the same region were averaged in hourly resolution, to compute a representative time series for each region. Missing data was filled with linear interpolation (short data gaps), or by data of stations within the same region. Subsequently, the daily average Ta/ PT was generated. This led to complete time series for the seven regions, without missing values.



In order to assess the relationship between the thermal environment and health effects, PT from DWD is used as human biometeorological index additionally (for the method, see supplement chapter B [20,21,22]). However, the correlation coefficient of PT and Ta in this analysis is r = 0.99, probably due to the use of daily mean values eliminating the biggest differences of PT to Ta. The correlation of PT and Ta decreases (0.90) if only high or low temperature ranges are analysed for heat and cold waves. Therefore, PT is analysed additionally in comparison to Ta. Because of the higher spatial coverage of Ta, which is also more commonly used internationally, the following results are presented based on Ta; results of PT are displayed in the supplement.




2.2. Definition of Expected Value/Relative Risk


In order to compare CLRD and IHD mortality, IHD mortality was transformed to two-daily temporal resolutions as well. This accounts also for the time lag of the impact of thermal stress to human health between 0 and 1 day. Mortality data display a long-term trend over the years 2001–2015 and seasonal variations, mostly with a maximum of cases in winter and a minimum in summer (CLRD mortality see Figure 2, for IHD mortality see Supplementary Figure S1). To compare the data of different regions, a two-daily population-based rate of deaths per 100,000 inhabitants is used, which eliminates the influence of changing population as well.



In order to control mortality data of long-term trends and seasonal variations, a method developed by [23] was applied. This method applies a 365-day Gaussian low-pass filter with a filter response function to calculate the expected mortality [24,25].



The smoothing function results in an underestimation of minima and maxima, which is adjusted by a correction factor suggested by [26]. With this corrected filter function, the expected value of mortality and the excess-mortality, i.e. the difference between observed and expected mortality, is derived [23]. In order to account for the two-daily mortality rates, the length of the Gaussian filter had been changed to 182. Due to very weak variations of mortality data with the day of the week, a weekly cycle was not included as a confounding variable. In Figure 2, the steps of the methods are displayed for CLRD mortality. Figure 2 also displays the increasing trend of CLRD mortality and the impacts of heat periods of the summers 2003, 2006, 2010 and 2015 in increased rates and residuals.



The Relative Risk (RR) expresses the mortality risk by referring the residuals to the expected mortality (Equation (1)). RR is independent of long-term trends and seasonal variations and used for evaluation. All calculations and plot generating was performed using R version 3.6.2 [27].


RR = 1 + residuals/expected value



(1)








2.3. Relationship between RR and Thermal Environment


Air temperature associated with the two-daily mortality was chosen as two-daily mean as well, but with a lag of one single day (Figure 3). This was done to avoid a leading connection between temperature of day 2 and mortality of day 1, and to consider a lag effect of one to two days in the relationship between mortality and temperature. This association of two-daily mortality and two-day average of Ta is termed as “twin-day” in the following, as well as “Lag 0–1” in the lag analysis.



The relationship between thermal environment and mortality is analysed by an exposure-response curve. For this, two-daily mean of Ta is classified into 3 K intervals, for which mean of RR, standard deviation and the 95th percentile is calculated. To ensure a continuous course of the relationship, the intervals are shifted with a step size of 0.1 K. For the exposure-response analysis, only intervals comprising a minimum of 30 days are considered, to avoid intervals with low data volume. To analyse a lagged reaction of mortality to the thermal environment, the exposure-response relationship is additionally generated with temperature average of the past 12 days (i.e., 6 twin-days).



With the exposure-response relationship, threshold values (TH) can be defined. In case of a mortality minimum in the middle of the temperature range (temperature optimum) and increase to the warmer and colder temperature range, an upper threshold value (THU) and a lower threshold value (THL) can be derived. These TH mark the temperature at which RR is the first time significantly greater than one (tested with student’s t-test with a significance level of 95%), starting from the minimum in the direction of colder and warmer temperature values. Linear regression models were used to generate gradients of RR above THU and below THL, to assess the increase/decrease of RR with increasing/decreasing temperatures. These gradients apply regardless of whether RR is significantly different to one.




2.4. Definition of Heat and Cold Waves


Due to the two-day resolution of mortality data, heat waves are defined as a minimum of two consecutive twin-days with two-daily mean of Ta exceeding the 95th percentile. Cold waves are defined as a minimum of two consecutive twin-days with Ta below the 5th percentile. The percentiles were estimated regionally using all Ta values between 2001–2015.





3. Results


3.1. Relationship between Mortality and Thermal Environment


CLRD and IHD mortality both display a J-shaped relationship to Ta (Figure 4). For CLRD mortality, a temporary increase of mortality is found for Ta values below the THL of −2.7 °C (Table 2), however, with further decreasing Ta, RR is decreasing as well. The linear gradient of RR below THL is −0.2%/°C for the mean values of Germany. Within the regions, the THL ranges between −4.2 and 1.7 °C; for the regions North, West and Centre, no significant RR increase can be found for the lower temperature range. Despite the existence of significant THL, no significant gradient below the THL was found in some regions. This is due to a non-continuous progress of RR, or due to a lower occurrence of extreme temperatures in the regions. The minimum of RR (temperature optimum) occurs at about 12 °C. The THU for CLRD in Germany is 17.6 °C, and varies between 16.0 °C and 19.5 °C for the different regions (Table 2). Above THU, RR increases strongly with 4.4%/°C. However, Figure 4 shows that the linear gradient is only suitable to a limited extend for the more exponential curve of increasing RR.



For IHD mortality, a similar relationship to Ta is found (Figure 4). The averaged THL for Germany is 2.9 °C, with a linear gradient of −0.3%/°C below THL (Table 2). In comparison to CLRD mortality, the increase of IHD mortality towards lower Ta is significant and more continuous resulting in a higher cold-related IHD mortality (Figure 4). Minimum of RR for IHD mortality is at about 14 °C, the THU at 18.8 °C. Compared to CLRD, the linear gradient of IHD mortality above THU of 3.5%/°C is less steep, which leads to a lower heat-related mortality due to IHD compared to CLRD.



The regional results reveal partly different tendencies between IHD and CLRD mortality. Region North-West represents higher THL and higher sensitivity to cold for both IHD and CLRD, region West for IHD and region South-West for CLRD. However, despite low THL, increase of RR below these THL is strong in regions South-East and South-West for IHD. Lower THU are displayed in regions North-West and South-East for both IHD and CLRD, in region North only for CLRD. However, a THU at a higher Ta is not necessarily synonymous to a lower sensitivity to heat displayed in the gradient of RR above THU, e.g., in region North for IHD mortality.



The relationship between mortality and the thermal environment can change if lag effects are considered. Therefore, a delay in response to the thermal environment for up to 12 days is examined in Figure 5. In the cold temperature range, the consideration of Lag 0–12 leads to higher RR of especially CLRD and only slightly of IHD mortality (Figure 5). Between about 0 °C and 20 °C, almost no lag effect is visible. In the higher temperature range, the lag effect leads to increasing RR compared to Lag 0–1 as well. This effect at warm and hot days is slightly stronger than the effect at cold days.



The relationship between mortality and PT reveal a similar exposure-response curve with slight differences in threshold values (THL and THU) and gradients of RR, above and below the thresholds attributable to the parameter used (see Supplementary Figure S2 and Table S1).




3.2. Heat Waves


Due to the increased risk at high temperature ranges, heat waves are periods of special concern for patients with CLRD and IHD. The 95th percentile averaged over the seven regions in Germany for the years 2001–2015 amounts to 21.0 °C; the averaged Ta during heat waves is 23.1 °C (Table 3). Comparing the days identified as heat waves based on Ta or PT, approximately 90% of days are compliant, meaning that 90% of dates identified as associated to heat waves by Ta are identified by PT as well (see Chapter C in the supplement).



The average duration of heat waves is 3.4 twin-days occurring in one or several regions in Germany. On average, three events per year occurred in Germany; within the regions, two events per year occurred. During heat waves, a significant increase of mortality by 19.9% for CLRD and 9.8% for IHD mortality is found, when averaging over all heat waves between 2001–2015 (Figure 6 left and Table 3). Increase of mortality starts instantaneous with the onset of the heat wave, and increases further with mounting duration. After day 7/8 however, increase is interrupted. CLRD mortality shows deviations of about 15.2% at day 1/2 and up to 33.2% at day 13/14. The regional analysis reveals that region South-East and region East are less affected by heat-related CLRD mortality than the other regions, while for the regions North, West, Centre and South-West the largest effects of heat waves on CLRD mortality are found (Table 3).



Increase of IHD mortality is about half as much as for CLRD mortality. During heat waves, the deviation is between 8.5% at day 1/2, and up to 17.9% at day 11/12. The regional distribution of heat-related IHD mortality is partly different to CLRD mortality: the regions West, Centre and South-West are also the most affected regions, but likewise, region East is affected. North and South-East are less affected.



Health effects of heat waves can occur also after the heat wave itself. To analyse this lagged effect, the temporal development of mortality before, during and after heat waves is exemplarily displayed for heat waves with a duration of 6 days (three consecutive twin-days) in Figure 6 (right). At the beginning of heat waves, CLRD mortality is rising strongly up to 18.5% at day 3/4. IHD mortality increases as well, but the maximal deviation is 6.0% at day 3/4. After the 6-days heat waves, the deviation of mortality is not anymore significantly increased. Despite decreasing mortality after heat waves, the deviation drops not significantly below the expected value. Consequently, no significant effect of mortality displacement could be found for the days following 6-days heat waves.



Analysing heat waves on the bases of PT, deviations of mortality are similar. However, the differences between the regions increase with higher mortality impact in the regions West, Centre and South-West and lower deviations in the other regions. This trend is found mainly for CLRD mortality and less for IHD mortality (see Supplementary Figure S3 and Table S3).




3.3. Cold Waves


Especially respiratory diseases are linked to cold weather and breathing cold air. However, symptoms of IHD can be intensified during cold periods as well. The 5th percentile averaged over the seven regions in Germany for the years 2001–2015 amounts to −2.0 °C (Table 4). The mean of Ta during the cold waves is −4.6 °C. The average duration of cold waves is 3.7 twin-days, occurring in one or several regions in Germany. On average, three events per year occurred in Germany; within the regions, two events occurred.



Averaged over the years 2001–2015, a significant increase of CLRD mortality compared to the expected value was found for Germany, with an average deviation of 1.9% and a maximum of 10.0% at day 9/10 (Figure 7). Of the seven regions, only North-West displays a significant cold effect.



In contrast to heat waves, IHD mortality displays a slightly higher cold effect than CLRD mortality, with a significant increase by 2.8% (Table 4) and a maximum of 6.2% at day 11/12 (Figure 7). All but one region (East) have a significant deviation of mortality during cold waves between 2.5% and 4.2%. To evaluate the effect of extreme cold conditions, a lagged response has to be considered. The analysis of 6-days cold waves (3 twin-days) shows that the increase of mortality does not only occur during the cold waves, but in the days following the cold wave. The increase, however, is mostly not significant.



Analysing cold waves based on PT, the agreement between days identified as cold waves by PT and Ta is 88%. For CLRD and IHD mortality, equally low effects of cold waves based on PT were found (see Supplementary Table S4, Figure S4 and Table S5).




3.4. Comparing 2003 and 2015 Heat Waves


In August 2003, an intense and long-lasting heat wave occurred in all seven regions of Germany (Figure 8). Beginning on 30 July or 1 August, the heat wave lasted about two weeks (in region North, no intermission is displayed between the previous heat wave in July and the August heat wave). The average two-daily mean Ta during these heat wave days was between 21.4 °C in region North, and 26.3 °C in region South-West (Table 5). The regions West, Centre and South-West suffered from a severe increase of mortality during these days of both CLRD and IHD, however, CLRD mortality displays remarkably higher RR than IHD; up to a maximum of 1.9, 2.1 and 2.4 (West, Centre and South-West respectively). CLRD patients in region South-West had, therefore, an increased risk of death by 70% (RR = 1.7) in average of the heat wave and a maximum of 140% (RR = 2.1) than commonly in August. RR of IHD mortality was increased by between 1.1 and 1.3, with maxima of 1.6 (West, Centre) and 1.7 (South-West). These results are in agreement with the results of the full temperature range evaluation, that CLRD mortality is rising earlier with increasing temperature (i.e., lower THU) and steeper than IHD mortality. The other regions were comparably less affected. The first heat wave in July 2003 displays minor increases of especially CLRD mortality (Figure 8).



Summer 2015 was characterized by very warm air temperature across Europe, with up to four regional heat waves in Germany (Figure 8). In comparison to the heat wave in August 2003, the first heat wave of July 2015, beginning on 1 July resp. 3 July, was substantially shorter (2–4 twin-days, see grey columns in Figure 8), but occurred also in all seven regions in Germany. The average Ta for the first heat wave in July 2015 was slightly lower in the regions West and Centre, which were among the most affected in 2003, however Ta was higher in the regions North and East. The distribution of heat-related CLRD mortality in 2015 displays higher RR for regions North-West, East and South-East, almost equally as high as region West and Centre. Heat-related IHD mortality shows the highest risks again in region West, Centre and South-West, even higher than 2003. The less intensive (lower Ta) heat waves following in July and August 2015 led to less increased mortality risk than the first heat wave in July.



Analysing these heat waves with PT as temperature parameter, the effects on mortality are similar (see Supplementary Table S6 and Figure S5). The summers 2006 and 2010 were characterized by Germany-wide heat waves as well, with increasing CLRD and IHD mortality (see also Figure 2), but the impacts on mortality at a national scale were not as strong as in 2003 and 2015.





4. Discussion


The analysis of thermal effects on mortality due to respiratory and ischemic heart diseases displays the negative impact of warm and hot thermal conditions. CLRD and IHD mortality are significantly increased at two-daily Ta, above 17.6 °C and 18.8 °C respectively. A cold effect occurs below −2.7 °C for CLRD and below 2.9 °C for IHD. However, the cold effect for CLRD is only temporary; RR is decreasing again with lower Ta.



The comparison of threshold values and increases of cause-specific mortality above resp. below these thresholds is difficult between studies, because different methods, risk groups and temperature parameters are used to identify threshold values and dependent increases of mortality. One problem of temperature-related health impact assessment is that a specific percentile of temperature as threshold is commonly used in studies, but chosen only of the perspective of temperature not derived from the reaction of mortality [28,29,30,31,32].



Above the THU in this study, CLRD mortality increases by 4.4%/°C and IHD mortality by 3.5%/°C. The increase of RR of CLRD mortality is steeper with rising Ta and displays, therefore, a greater impact of heat on CLRD compared to IHD mortality. These results agree with findings from other studies, also displaying a stronger heat effect on respiratory compared to cardiovascular mortality [13,29,30,33]. In a meta-analysis for elderly, Bunker, et al. [13] found increasing mortality per 1 °C rising temperature by 1.62% for IHD mortality and by 3.6% for respiratory diseases. Baccini, et al. [33] found similar gradients for north-continental European countries above a threshold of approximately 23.3 °C, with increases of cardiovascular mortality by 2.4%/°C, and respiratory mortality increases by 6.1%/°C.



Impacts of heat on the cardiovascular system are well known. Dehydration and a high sweat rate due to heat stress increases blood viscosity and the potential for thrombosis, which elevates the risk of cardiovascular strain and acute coronary events [13,34,35]. These responses are worse if the thermoregulatory capacity is limited e.g., in elderly, or due to chronic diseases of the cardiovascular or also the respiratory system. The effect of heat on respiratory health can be explained by a stressed thermoregulation triggering inflammatory factors, increasing the ventilation rate and aggravating existing respiratory diseases like COPD, leading to an exacerbation [13,36]. Especially COPD is characterized by ventilator impairment, persistent pulmonary and systematic inflammation with coexisting cardiovascular diseases [36,37]. This leads to an increased risk due to heat and could explain the predisposition of COPD patients, which are the biggest group of CLRD mortality in this study. However, Anderson, et al. [36] and Hayes Jr, et al. [38] suggest that directly inhaling hot air triggering adverse respiratory responses is rather contributing to the acute respiratory reaction than the pathway of stressed thermoregulation.



In the analysis of heat waves, the impact on CLRD mortality was found to be twice as high compared to IHD mortality (19.9% for CLRD, 9.8% for IHD). This confirms the higher sensitivity to heat of CLRD patients in common with findings of heat-related mortality of the full temperature range. Other investigations in Germany found similar high deviations of cardiovascular and respiratory mortality due to heat, with stronger heat effect on respiratory mortality [10,30]. The longer the heat waves last, the higher the deviation of mortality, until a maximum is reached and mortality deviation stays at a high level until the end of the heat wave. Investigations of effect modification by heat wave duration, intensity and timing in the season showed an increasing trend with rising temperature (intensity), duration and early timing in the season [39].



The comparison between summer 2003 and 2015 was done to evaluate RR of mortality for specific heat waves important in Germany. Most regions revealed, again, higher risk of CLRD mortality compared to IHD mortality. The August 2003 heat wave differs from the first July heat wave 2015 in higher air temperature, longer duration and drier conditions [8]. During the first heat wave in 2015, higher average PT reflects more humid conditions, which is leading in combination with its occurrence at the beginning of the season to equally high or higher RR in comparison to 2003 despite the shorter duration. In 2003, the August heat wave was not the first in the season, but due to its exceptional duration and intensity, RR of CLRD was increased up to 2.5, meaning that CLRD mortality was up to 150% higher than expected. The humid conditions in 2015 were partly amplifying the gap between CLRD and IHD mortality in the most affected regions of eastern Germany. This strengthened the assumption that CLRD mortality is more affected by humid conditions compared to IHD mortality.



Many studies reported U- or J-shaped associations between thermal environment and mortality [6,7]. This analysis can confirm these findings for the temperature range above the minimum of mortality, however, only partly for the lower temperature range. We found low and partly non-significant reactions of CLRD and IHD mortality to cold days or cold waves. Contrary to expectations, a stronger cold effect was found for IHD mortality compared to CLRD mortality. The reason for decreased mortality prior to cold waves are not yet resolved. Cofounders attributable to winter mortality like influenza could not be included in this study, due to data availability.



An increase of respiratory mortality due to higher air temperature is mostly described as distinctly stronger than the increase due to lower air temperature (e.g., [15,16,17,18,19]). Despite this fact, respiratory diseases are also linked to cold temperature, and several studies state an increased risk of respiratory mortality with decreasing temperature [20,21,22]. Other studies comparing cold impact on respiratory and cardiovascular (CVD) mortality found significant increases of respiratory mortality and lower or non-significant cold effect on CVD mortality [13,40,41]. Low temperature often triggers a lagged reaction of mortality days to weeks (e.g., [29,41,42]), while heat causes more immediate health effects increasing already in the first days of heat [43,44]. In this analysis, consideration of a lag up to 12 days is leading to an increased cold impact on CLRD and IHD mortality, but also to an increased heat impact. Moreover, Breitner, et al. [29] had found similar results to this study referring to the lag effect with a remarkable increase of heat-related mortality, considering a lag up to 14 days, especially of respiratory mortality.



A possible explanation of the slight reaction of CLRD on cold conditions could be the choice of diagnoses included in the investigation. CLRD include only chronic diseases of the lower respiratory tract like asthma and COPD, but not acute infections like influenza or pneumonia, which could be more linked to cold conditions. Furthermore, these chronic patients could have more awareness of the risk of cold conditions and take precautions but less awareness of the risk of heat.



The results of the regional analyses reveal a tendency to lower sensitivity to cold in the northern and eastern regions of Germany, which is characterized by cooler maritime resp. continental climate. South-Western Germany experience warm and humid conditions more often, and therefore we found higher threshold values of heat stress, which suggest an adaptation to these conditions. However, during heat events, the risk of CLRD and IHD mortality increases more and more steeply compared to other regions. Researchers are discussing effect modification of heat and cold effect by air pollution, like ozone, nitrogen dioxide and particulate matter (e.g., [29,33,45]). The impact of air pollution on health and its confounding effect on the temperature-mortality relationship was not investigated in this study. In a widespread meta-analysis for elderly, Bunker et al. [13] found only small to moderate effect modifications on mortality in analyses controlling for air pollution. However, on the one hand, air pollution is important to capture the entire causal effect; on the other hand, the adjustment for air pollution could block a part of the total effect of temperature on mortality due to the interaction of temperature with air pollution like ozone [46].



Analysing both PT and Ta reveals only minor differences in the association with mortality (for results of PT, see supplement) due to a high correlation coefficient. The J-shaped relationship is very similar for PT and Ta displaying the minimum of RR in the middle of temperature range, a minor and slow increase towards low temperatures, and a steep and strong increase with rising temperature for both CLRD and IHD. Despite the slightly lower correlation between PT and Ta during heat and cold waves, the differences in the effect on mortality were minor as well. In spite of the simplicity of Ta compared to PT, which includes humidity, radiation, wind speed and a physiological model, Ta seems to be equally qualified to display the temperature-related mortality, at least on a basis of two-daily average values. This is in agreement with findings of e.g., Barnett, et al. [47], who couldn´t find a superior temperature measure with or without including humidity for modelling all-cause mortality in over 100 US-cities, but large differences between regions and age groups. Vaneckova, et al. [48] showed that average temperature performs comparable analysis results of temperature-related all-cause mortality, similarly to composite indices. Nevertheless, if all necessary input parameters are available, the usage of a human biometeorological index is more appropriate to represent thermal environment [21], particularly by using higher temporal resolution or daily maximum or minimum temperature. Despite the indication that CLRD mortality is more affected by humid conditions during the heat wave in July 2015, this assumption could not be verified in the comparison between results based on PT and Ta.



Meteorological parameters were derived from stations located outside of cities (e.g., airports). However, the majority of the population are living in cities, and are therefore affected by climatic effects of urban structures, like urban heat islands. An effect modification by urban effects could not be considered due to the given data availability. Another limitation of the study is the lack of sex or age differentiating in mortality data, due to the low case number of CLRD mortality. Other investigations found high mortality risks due to heat, especially among elderly [29,33]. CLRD data was available in two-daily rates only. However, by transforming daily IHD rates to two-daily resolution, only minor differences in the relationship to temperature were found to not impair the interpretation of results. To evaluate the findings of this study, a sensitivity analysis using a regression model and integrating further confounders would be recommended for future studies, improving also the comparison of the findings with other analyses in literature.



The strengths of this study are the direct comparison of chronic respiratory and ischemic heart mortality in Germany, as well as the comparison of heat and cold effects within the same study. To the best of the authors´ knowledge, this was not yet conducted for the whole of Germany in the last 20 years. The regional resolution enables one to present threshold values for heat and cold effects in different climatic regions in Germany.




5. Conclusions


The aim of this study was to analyse the impact of the thermal environment on CLRD mortality compared to IHD mortality on a regional level in Germany. The results clarify the difference in the impact of heat stress with significant increases of mortality, compared to low temperature with low to non-significant impacts on mortality. Therefore, improving current and future health services during heat events is indispensable and requires more attention compared to cold impacts. The examination of the aptitude of PT and Ta for the association with mortality resulted in only minor differences enabling both parameters equally. However, this conclusion is only valid for two-daily averages of the temperature parameter, not for higher temporal resolutions. The comparison between ischemic heart and chronic respiratory mortality highlights the concern of CLRD patients due to heat stress. This conclusion could help to raise awareness of the risks, and to take precautions for chronic respiratory patients, which are already established for cardiac patients in Germany.



Considering the projected increase of heat events due to climate change, understanding the risk of thermal environment on human health is essential. An analysis of changing climate until the end of the 21st century in Germany, and its consequences for ischemic and respiratory diseases are planned for future studies.
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Figure 1. Spatial resolution and two-daily rate (two-daily sum of deaths per 100,000 inhabitants) of chronic lower respiratory diseases (CLRD) mortality (J40–J47, blue, left) and ischemic heart diseases (IHD) mortality (I20–I25, red, right) data in seven regions in Germany. The black dots display the locations of 20 meteorological stations. 
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Figure 2. Expected value of CLRD mortality with population-based two-day rate (yellow), result of the Gaussian low-pass filter (light blue), the corrected filter function of expected value (dark blue) and the residuals (grey). Marked in red are the deviations of mortality during the summers 2003, 2006, 2010 and 2015. 
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Figure 3. Association between two-day average of temperature and two-daily mortality, with consideration of lag effects avoiding a leading connection between day-1-mortality and day-2-temperature. 
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Figure 4. Relationship between Ta and Relative Risk (RR) of CLRD and IHD mortality in the years 2001–2015 in Germany. 
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Figure 5. Relationship between Chronic lower respiratory diseases (CLRD) resp. ischemic heart diseases (IHD, red) mortality and air temperature, considering lag effects of the past 12 days (Lag 0-12 corresponds to the average temperature impact of 6 twin-days before days of mortality). 
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Figure 6. Deviation of CLRD and IHD mortality from the expected value due to heat waves based on Ta. Left: Averaged over all heat waves between 2001–2015 in Germany. Right: Days before, during and after 6-day (3 twin-days) heat waves in Germany averaged over the years 2001–2015. 
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Figure 7. Deviation of CLRD and IHD mortality from the expected value due to cold waves based on Ta. Left: Averaged over all cold waves between 2001–2015 in Germany. Right: Days before, during and after 6-day (3 twin-days) cold waves in Germany averaged over the years 2001–2015. 
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Figure 8. Relative Risk of CLRD and IHR mortality during heat waves (grey columns highlight the heat wave days) for summer 2003 (left) and summer 2015 (right), in seven regions in Germany (for regions see Figure 1). 
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Table 1. Total number and two-daily averages of deaths due to chronic lower respiratory diseases (CLRD, blue) and ischemic heart diseases (IHD, red), as well as two-daily rate (deaths per two days and 100,000 inhabitants), in seven regions of Germany, in the period 2001–2015.
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Region

	
Total Number of Deaths 2001–2015

	
Two-Day Average

	
Deaths Per Two-Day and 100,000 Inhabitants (rate)




	
CLRD

	
IHD

	
CLRD

	
IHD

	
CLRD

	
IHD






	
Germany

	
419,589

	
2,102,169

	
153

	
767

	
0.19

	
0.93




	
North

	
29,673

	
161,020

	
10

	
57

	
0.17

	
0.94




	
North-West

	
73,785

	
343,262

	
26

	
124

	
0.20

	
0.95




	
East

	
59,088

	
408,354

	
20

	
147

	
0.17

	
1.19




	
West

	
111,485

	
451,346

	
39

	
162

	
0.22

	
0.90




	
Centre

	
58,024

	
301,360

	
20

	
108

	
0.19

	
0.97




	
South-West

	
45,105

	
220,814

	
16

	
80

	
0.15

	
0.75




	
South-East

	
42,429

	
216,013

	
15

	
78

	
0.16

	
0.83
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Table 2. Lower (THL) and upper (THU) threshold values of Ta of CLRD mortality (blue) and IHD mortality (red), as well as the gradients of RR below resp. above these TH for Germany and its seven regions. Significant gradients on 95% level (α = 0.05) are marked in bold.
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Region

	
Ta Thresholds (°C)

	
Gradients of RR Below/Above TH (%/°C) (CI)




	

	
CLRD

	
IHD

	
CLRD

	
IHD




	

	
THL

	
THU

	
THL

	
THU

	
<THL

	
>THU

	
<THL

	
>THU






	
Germany

	
−2.7

	
17.6

	
 2.9

	
18.8

	
0.2 (±0.1)

	
4.4 (±0.3)

	
−0.3 (±0.0)

	
3.5 (±0.2)




	
North

	
-

	
16.0

	
−6.4

	
20.3

	
-

	
3.7 (±0.3)

	
- *

	
2.6 (±0.3)




	
North-West

	
 1.7

	
18.0

	
 2.4

	
18.3

	
−0.1 (0.2)

	
3.6 (±0.2)

	
−0.6 (±0.1)

	
2.1 (±0.2)




	
East

	
−4.1

	
18.5

	
 2.4

	
20.1

	
0.5 (±0.3)

	
1.9 (±0.2)

	
 0.0 (±0.0)

	
2.9 (±0.2)




	
West

	
-

	
18.5

	
 3.4

	
19.3

	
-

	
3.5 (±0.2)

	
−0.2 (±0.0)

	
3.0 (±0.3)




	
Centre

	
-

	
18.5

	
 2.1

	
20.3

	
-

	
3.2 (±0.2)

	
−0.3 (±0.0)

	
2.6 (±0.1)




	
South-West

	
 0.7

	
19.5

	
−0.1

	
20.1

	
 0.0 (±0.1)

	
2.8 (±0.2)

	
−0.3 (±0.1)

	
2.2 (±0.2)




	
South-East

	
−4.2

	
18.0

	
−2.2

	
17.4

	
−0.3 (±0.4)

	
3.3 (±031)

	
−0.4 (±0.1)

	
1.5 (±0.1)








* Due to the regional THL at an extreme low temperature, data volume below this THL was insufficient to generate a gradient of RR.
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Table 3. Deviation of CLRD (blue) and IHD (red) mortality during heat waves based on Ta. Significant deviations on 95% level (α = 0.05) are marked in bold.
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CLRD

	
IHD




	
Region

	
95th Percentileof Ta (°C)

	
Average Ta (°C)

	
Deviation of Mortality (%)

	
Deviation of Mortality (%)






	
Germany

	
21.0

	
23.1

	
19.9

	
9.8




	
North

	
19.7

	
21.5

	
23.1

	
5.7 




	
North-West

	
20.6

	
22.8

	
18.9

	
9.0




	
East

	
21.5

	
23.9

	
17.7

	
11.5




	
West

	
20.9

	
23.1

	
22.0

	
11.9




	
Centre

	
20.9

	
23.2

	
20.9

	
9.6




	
South-West

	
22.1

	
23.9

	
21.0

	
10.3




	
South-East

	
20.7

	
22.6

	
15.2

	
7.1











[image: Table] 





Table 4. Deviation of CLRD (blue) and IHD (red) mortality during cold waves based on Ta. Significant deviations on 95% level (a < 0.5) are marked in bold.
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CLRD

	
IHD




	
Region

	
5th Percentile of Ta (°C)

	
Average Ta (°C)

	
Deviation of Mortality (%)

	
Deviation of Mortality (%)






	
Germany

	
−2.0

	
−4.6

	
1.9

	
2.8




	
North

	
−2.3

	
−4.8

	
2.6

	
3.8




	
North-West

	
−1.4

	
−3.9

	
3.4

	
3.4




	
East

	
−2.6

	
−5.5

	
1.7

	
1.1




	
West

	
−0.8

	
−3.2

	
0.6

	
2.5




	
Centre

	
−2.7

	
−5.5

	
1.7

	
2.7




	
South-West

	
−1.7

	
−4.2

	
1.0

	
4.2




	
South-East

	
−3.9

	
−6.6

	
3.2

	
2.7
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Table 5. Average two-daily Ta (°C) as well as mean (max) of RR of CLRD (blue) and IHD (red) mortality during the heat waves of August 2003 and first part of July 2015 in seven regions in Germany.






Table 5. Average two-daily Ta (°C) as well as mean (max) of RR of CLRD (blue) and IHD (red) mortality during the heat waves of August 2003 and first part of July 2015 in seven regions in Germany.





	

	
Heat Wave August 2003

	
First Heat Wave July 2015




	
Region

	
Ta

	
RR CLRD

	
RR IHD

	
Ta

	
RR CLRD

	
RR IHD






	
North

	
21.9

	
1.1 (1.3)

	
1.0 (1.2)

	
23.7

	
1.2 (1.4)

	
1.1 (1.2)




	
North-West

	
24.4

	
1.3 (1.7)

	
1.2 (1.2)

	
24.2

	
1.5 (1.6)

	
1.2 (1.3)




	
East

	
24.2

	
1.2 (1.6)

	
1.1 (1.2)

	
25.4

	
1.5 (1.9)

	
1.3 (1.4)




	
West

	
25.5

	
1.4 (1.9)

	
1.3 (1.6)

	
24.9

	
1.7 (2.0)

	
1.4 (1.7)




	
Centre

	
25.7

	
1.6 (2.1)

	
1.2 (1.6)

	
24.6

	
1.5 (1.7)

	
1.5 (1.9)




	
South-West

	
26.3

	
1.7 (2.4)

	
1.3 (1.7)

	
26.3

	
1.4 (1.7)

	
1.4 (2.0)




	
South-East

	
24.8

	
1.2 (1.4)

	
1.1 (1.3)

	
24.2

	
1.5 (1.8)

	
1.1 (1.2)
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