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Heat-Related Mortality

An Analysis of the Impact of Heatwaves in Germany Between 1992 and 2017

Matthias an der Heiden, Stefan Muthers, Hildegard Niemann, Udo Buchholz,

Linus Grabenhenrich, Andreas Matzarakis

Summary

Background: As a consequence of global warming, heat waves are expected to become more frequent, more intense, and
longer. The elderly and persons with chronic diseases are especially vulnerable to health problems due to heat. This article is
devoted to the question of the extent to which the effects of heat waves in Germany are changing over time, and whether

preventive health measures are working.

Methods: We use a statistical model to quantify the effect of high mean temperatures on mortality. Within this model, different
exposure-response curves for the three temporal intervals 1992-2000, 2001-2010, and 2011-2017 are estimated. Attention is
also paid to the delayed effect on mortality of high mean temperatures in the preceding week.

Results: Our analysis reveals a clear, systematic association of the mean temperature in the current week, as well as the mean
temperature in the preceding week, with weekly mortality. This association is more pronounced for higher age groups and
decreases over the years under analysis, with the exception of a relatively weak effect of heat in southern Germany in
1992-2000. The strongest effects were related to the heat waves in 1994 and 2003, with approximately 10 200 and 9600 fatal-
ities, respectively. Approximately 7800 fatalities were estimated for the summer of 2006, and 4700 and 5200 for 2010 and 2015,

respectively.

Conclusion: In Germany, as elsewhere, climate change has been causing more frequent, more intense, and longer periods of
heat in the summer. The harmful effect of heat on health is reduced by adaptive processes, presumably including successful
preventive measures. Such measures should be extended in the future, and perhaps complemented by other measures in order

to further diminish the effect of heat on mortality .
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nificant risk factor for human health (1-5). The
elderly and those who are already ill are especially
severely affected (6, 7). A higher than average number of
heatwaves have occurred in Europe in the period since
2000 (8). Anthropogenic climate change has been ident-
ified as contributing to several of the major heatwaves in
recent years (9—11). More frequent, more intensive, and
longer-lasting heatwaves are anticipated in Central
Europe due to the effects of climate change (12—-15).
Climate change also constitutes a major challenge
for public health services (16—18). It affects health di-
rectly via extreme weather events, such as heatwaves,
but also indirectly, e.g., through altered conditions for
vector-transmitted diseases (19-21).
Long-term exposure to high temperatures can lead to
heat-related illness (22). However, deaths related to

N umerous studies have identified heatwaves as a sig-
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heat are rarely ascribed to heat exposure; rather, death
is usually recorded as occurring due to pre-existing
severe illness(es) linked to age-related degeneration,
e.g., cardiovascular disease (23). Against this backdrop,
statistical procedures have to be used to estimate the
number of deaths that occur due to a heatwave.

Various authors used statistical models to help ver-
ify the systematic connection between mean weekly
temperature and mortality (24—28). The non-linear in-
fluence of temperature on the mortality rate can be
quantified with the aid of an exposure-response
curve. The aim of our study was to estimate the
number of heat-related deaths on the basis of weekly
data, taking into account both immediate and delayed
effects of high temperatures on mortality. Moreover,
we sought to determine whether the impact of heat-
waves in Germany has changed over time.
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Method
Data
Epidemiological data: We used weekly aggregated
data from the Federal Statistical Office on overall
mortality in the period 1992 to 2017. The data were
aggregated by age group (<65 years, 65-74, 75-84,
> 85) and by federal state. Germany was divided
into three regions: “northern” (comprising the states
Bremen, Hamburg, Mecklenburg—Western
Pomerania, Lower Saxony, and Schleswig-
Holstein), “central” (Berlin, Brandenburg, North
Rhine—Westphalia, Rheinland—Palatinate, Saarland,
Hesse, Saxony, Saxony—Anhalt, and Thuringia),
and “southern” (Baden—Wiirttemberg and Bavaria).
To take account of longer time series, we analyzed
data from Baden—Wiirttemberg for the period 1968
to 2018 (eFigure la+b).

Population data: We used the official popu-
lation statistics of the Federal Statistical Office by

federal state and age group for the period 1992 to
2017.

Weather data: The weather data we used were
obtained from the ground-level monitoring system of
the Deutscher Wetterdienst (Germany’s National
Meteorological Service, DWD). For each federal state
we selected four to six weather stations located in the
main population centers; the sole exception was Meck-
lenburg—Western Pomerania, where two weather
stations were used (Schwerin and Waren [Miiritz]).

Modeling
The model describes the time series of observed
weekly mortality (number of deaths per number of
inhabitants in the target age group) over time, with
the aid of three essential components:
® An annually recurring seasonal figure that
describes the course of mortality through the dif-
ferent times of year
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® A term for the long-term trend that describes, for

example, the increase in life expectancy

® The exposure—response curve, which quantifies

the effect of heatwaves on mortality

We used the weekly mean temperature as indicator
for heat. An der Heiden et al. (1) showed that the
weekly mean temperature reflects the observed
course of mortality better than the weekly minimum
or maximum temperature, the minimum temperature
during the warmest night of the week, or comparable
measures of humidity or the humidex.

Within the model, all components were estimated
separately for the different age groups. To stabilize
the model, the model parameter that determined the
extent of the random errors was estimated uniformly
for the different age groups.

To analyze how the exposure-response curve
changed over time, we determined an exposure—re-
sponse curve for each of the three time segments
1992-2000, 2001-2010, and 2011-2017. To aid
comprehension of the influence of dividing the study
period in this way, sensitivity analyses were used to
evaluate other divisions of the whole period
(1992-2017) (eTable 1).

A further aspect we assessed was the extent to which
the depiction of observed mortality distinctly improved
when the influence of the weekly mean temperatures
for the preceding weeks was taken into account. To this
end we assigned exposure-response curves to these
foregoing weeks as well. For a heatwave that causes
high temperatures at the end of a calendar week, it is
plain even with a delay of only 1 or 2 days that the
mean temperature of the previous week has an impact
on mortality in the week in question.

Deutsches Arzteblatt International | Dtsch Arztebl Int 2020; 117: 603-9

In order to define a heatwave on the basis of the
mean temperature for a given week, we determined
a threshold value for this temperature based on the
results of the model. This threshold was then used
to estimate the number of heat-related deaths. For
this purpose we considered a hypothetical tempera-
ture curve that resembles the real progression of
temperature but sticks at the threshold when the
actual temperature rises higher (capped weekly
mean temperature). Only when the real temperature
sinks below the threshold is it again tracked by the
hypothetical temperature. We then calculated for
this capped temperature curve the course of mortal-
ity anticipated on the basis of the model. The esti-
mated number of heat-related deaths was then the
difference between the modeled numbers of deaths
for the actual and the capped temperature curve. As
reference value we used the excess mortality during
heatwaves, defined as the difference between the
observed number of deaths and the number of
deaths modeled for the capped temperature curve.
The uncertainty of these estimates was determined
by sampling from the estimated joint distribution of
the model parameters to simulate different model
realizations.

To determine whether the impact of weekly mean
temperature on mortality is modulated by the
weekly mean temperature of the preceding week,
we utilized a complicated model that considered the
influence of the combination of these two tempera-
tures on mortality and then verified whether this led
to distinctly improved adaptation of the model. De-
tails of the modeling process can be found in the
eMethods.
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12000 Indicator
[N heat-related deaths
I excess mortality in heatwaves
10 000
8000
(2]
£
3
2 6000 -
-
[=]
]
-2 -
2 4000
=]
=
2000 A i i i
] M|, TR b i B i
—-2000 4
N [0} < Yol © ~ (=} D o - N [se) < w0 © ~ (=} (=2} o ~ N o <+ 0 (=) ~
[*2] [*2] (=2} [*2] D D D [=2] o o o o o o o o o o ~ oy ~ -~ ~— ~ ~— ~
(=2 (=23 (=23 (=23 (=23 (=23 =23 D o o o o o o o o o o o o o o o o o o
~ ~ ~ ~ ~ ~ ~ ~— N N N N N N N N N N N N N N N N N N

Comparison of the estimated number of heat-related deaths (red) and excess mortality (blue) in heatwaves in Germany between 1992 and 2017

Exposure—response curve

The exposure—response curve estimated in the statisti-
cal model showed a clear association of both the mean
temperature of the week in question and the mean
temperature of the week before with the weekly
mortality rate (Figure I). The monotony of the
exposure-response curve showed that there was not
only a statistical association but also a dose—response
effect: in each case, the relative mortality climbed
higher with each increase of the weekly mean tempera-
ture above a threshold. This effect was more pro-
nounced in older age groups and decreased over the
successive time segments—with the exception of a
relatively weak impact of heat in the southern region in
1992 to 2000. In the northern and central regions,
taking account of this altered impact led to better adap-
tation of the model to the mortality data with regard to
the Akaike information criterion (AIC) (29, 30). In the
southern region, however, the best model adaptation
resulted from a constant exposure-response curve over
the whole period 1992 to 2017. Nevertheless, for the
sake of enhanced comparability and further analysis of
the differences we present for all three regions the
model with exposure-response curves changing over
time.

We tested for possible interactions between the
mean temperatures of the week in question and the
foregoing week, but this did not lead to any relevant
improvement in adaptation to the mortality data with
regard to the AIC or the bayesian information
criterion (BIC) (29, 30). The temperature during the
preceding week therefore seemed not to greatly ef-
fect the impact of temperature on mortality in the
week under examination. Thus we found no evidence

that especially high temperatures in the previous
week increased the impact of heat in the week in
question.

Short-term displacement of time of death and changes
in exposure-response curve

High mean temperatures 2 weeks and 3 weeks before
the week in question exhibited only a minor influence
on the (subsequent) mortality rate: addition of the ef-
fect of the temperature yet another week earlier led to
no further improvement in model adaptation. The
exposure—response curves of weeks 2 and 3 before the
week concerned each showed a slightly negative effect
on the mortality rate after a heatwave. This indicates
that for a small proportion of deaths the time of death
was merely changed by 2 or 3 weeks. For week 2
before the week in question, there was sometimes a
statistically significant reduction in mortality of up to
6% (Figure 1, eFigure 2a—c). For week 3 beforehand
there were no statistically significant decreases: the
point estimators were up to 4% or lower. In contrast,
the mortality rates in the age group > 85 years in the
week in question increased by up to 110% over the
years 1992 to 2000 (95% confidence interval [65%;
170%]), up to 79% in 2001 to 2010 [57%; 105%], and
up to 43% in 2011 to 2017 [21%; 70%]. In each time
segment the highest increase was in the central
region.

Definition of a heatwave by means of threshold values
The weekly mean temperature of the week in ques-
tion and the preceding week were relatively closely
correlated with one another (average correlation in
the summer weeks: 70%); therefore, they tended to
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show opposing trends in the exposure-response
curve. Only from a certain temperature upwards did
they both lead to an increase in the mortality rate.
This temperature thus seems an apt threshold for
definition of a heatwave. Comparison of threshold
values obtained in this way by age group and region
(provided the exposure-response curve for the mean
temperature of the previous week did not have a
monotonic course and thus exhibited a local mini-
mum) revealed that the threshold was lower for older
age groups and also decreased from south to north.
For example, the threshold for the > 85 years age
group was 19.0 °C in the northern, 19.8 °C in the
central, and 20.3 °C in the southern region of Ger-
many. This reflected the higher sensitivity of older
persons to heat and simultaneously showed that typi-
cally warmer regions have a higher threshold for heat
(elable 1).

Estimating the number of heat-related deaths

The strongest effects were exerted by the heatwaves in
1994, with approximately 10 200 heat-related deaths,
and in 2003, when the number was around 9600.
About 7800 deaths were estimated for the summer of
2006, 4700 deaths for 2010, and 5200 deaths for 2015.
The model also estimated statistically significant
numbers of heat-related deaths for the years 1992,
1995, 2001, and 2013, with point estimators between
2000 and 3000 deaths in each case (Figures 2 and 3,
Table, eFigures 3a—d and 4).

The quality of model adaptation

The quality of model adaptation can be appreciated by
juxtaposing the observed excess mortality during heat-
waves and the modeled number of heat-related
deaths—see also the comparison of the two parameters
by an der Heiden et al. (31). Figure 3 shows that the
model underestimated mortality somewhat in the years
2003, 2010, and 2015, corresponded very precisely in
1994, and overestimated mortality slightly in 2006.

Discussion

By taking into account the delayed impact of heat on
the mortality rate, the observed mortality over
time—particularly the peaks during heatwaves—could
be depicted more precisely than with the model used by
an der Heiden et al. (1). In contrast, the use of interac-
tions between the mean temperatures of the week in
question and the preceding week did not lead to im-
proved adaptation to the mortality data with regard to
the information criteria AIC and BIC. This indicates
that indeed only a delayed impact of the heat in the
preceding week might be relevant; the influence of the
mean temperature in the week in question does not
seem to be strongly affected by the level of the mean
temperature in the preceding week.

Consideration of different exposure-response
curves for the time segments 1992 to 2000, 2001 to
2010, and 2011 to 2017 led to better depiction of the
data with regard to the AIC. The influence of heat was
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TABLE

Estimated number of heat-related deaths in Germany,

1992 to 2017*
1992 2800 [700; 5000]
1993 0[-2100; 2100]
1994 10 200 [8000; 12 300]
1995 2900 [700; 5100]
1996 100 [-2100; 2200]
1997 2000 [-200; 4000]
1998 700 [-1300; 2800]
1999 800 [—1200; 2900]
2000 400 [-1800; 2400]
2001 2300 [200; 4400]
2002 1300 [-700; 3400]
2003 9600 [7500; 11 600]
2004 1300 [-700; 3200]
2005 1400 [-600; 3400]
2006 7800 [5700; 9800]
2007 500 [-1700; 2500]
2008 1100 [--800; 3300]
2009 800 [-1300; 2800]
2010 4700 [2700; 6800]
2011 200 [-1800; 2200]
2012 900 [-1200; 3100]
2013 2600 [600; 4900]
2014 1100 [-1000; 3200]
2015 5200 [2900; 7400]
2016 1700 [-600; 3900]
2017 1400 [-600; 3600]

* The years with statistically significant numbers of estimated heat-related
deaths are 1992, 1994, 1995, 2001, 2003, 2006, 2010, 2013, and 2015 (bold
type)

weaker in 2011 to 2017 than in 2001 to 2010. In the seg-
ment 1992 to 2000, the greatest impact of heat for the
week in question was seen in the northern region of Ger-
many and that for the preceding week in the northern
and central regions. In the southern region, in contrast,
the impact of heat in the segment 1992 to 2000 was
similar to that in 2011 to 2017 (eFigure 5). One possible
reason for the relatively weak response particularly to
the heatwave in the summer of 1994 is that this heat-
wave with peak temperatures reached at the end of July
had been preceded in the southern region by similar
peak temperature values at the end of June, leading to a
better handling of the situation. In the northern and
central regions, in contrast, the maximum temperatures
during the heatwave in late July 1994 clearly exceeded
those at the end of June.
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Key Messages

® The heatwaves in 1994 and 2003 had the greatest impact, with around 10 000
deaths in each year. Around 8000 deaths are estimated for the summer of 2006,
and for the the years 2010 and 2015 approximately 5000 deaths.

® The model also estimates statistically significant numbers of heat-related deaths for
1992, 1995, 2001, and 2013, with a point estimate between 2000 and 3000 deaths
for each of these four years.

® The effect of heat on mortality decreases over the decades under consideration.
This suggests that adaptive processes have occurred: apart from physiological
adaptation, these comprise in particular behavioral changes subsequent to the ex-
perience with earlier heatwaves and as a reaction to heat warnings and other pre-
ventive measures, which have been put in place particularly to protect the elderly.

® The resolution of weekly data is sufficient to estimate heat-related deaths and to
allow for a definition of heat waves by means of a threshold when the weekly mean
temperature is surpassed.

® The mean temperature of the preceding week does not seem to alter the effect of
the mean temperature of the current week on mortality. Thus, we did not find evi-
dence that high temperatures in the preceding week lead to a stronger effect of heat
in the current week.

Taking into account the delayed effects of the tem-
perature in the preceding week on mortality led to
higher estimated numbers of heat-related deaths in the
years 2003, 2006, and 2010. For later years, consider-
ation of the trend in the exposure-response curve led to
lower estimates overall.

Although most analyses estimate heat-related mortal-
ity on the basis of data giving the day of death, a clear
systematic association is also seen when weekly data
are used. Models based on precise daily data enable
very accurate description of the interactions between
exposure and effect, but have to be relatively complex
in construction if they are to portray the interplay of the
individual days (especially at the beginning of a
heatwave), possible effects of the days of the week, and
delays between heat exposure and death. In this regard,
weekly aggregated data have the advantage of reacting
immediately to the level of the heatwaves, and essen-
tially it suffices to describe the impact on mortality of
heat in the week in question and the week before.

Future studies should use similar models based on
exact daily data to investigate the extent to which
similar results emerge when, instead of calendar weeks,
time units of between 1 and 6 days are used.

The temperature above which the exposure—re-
sponse curves of the week in question and the pre-
ceding week both rise can be used as a threshold for the
definition of a heatwave. It shows plausible trends with
regard to age group and region. For validation of this
definition, temperature thresholds derived in this way
from analyses of mortality data from various parts of the
world should be determined and compared.

Gasparrini et al. (26) used the thermal optimum as
heatwave threshold. Using summation of delayed

impacts to form the thermal optimum for the weekly
analysis of the German data yielded thresholds of be-
tween 14.5 °C and 18.5 °C. These temperatures seem
too low and also do not show the expected trends
regarding age group and region. Thus our threshold ap-
pears more appropriate, particularly in the context of
weekly data. Other studies have used, for example, the
90™ percentile of the mean temperature as threshold and
arrived at threshold values that are plausible but appear
to have little foundation in theory (32). Hajat et al. (33)
used thresholds calculated by means of simple linear
threshold models and arrived at 23.4 °C for Milan,
20.5 °C for London, and 19.6 °C for Budapest.

Overall, the effect of heat on the mortality rate be-
came weaker decade by decade over the period under
consideration. This points to adjustment processes,
which may rest on physiological adaptation (34), but are
probably due above all to behavioral changes subse-
quent to the experience with earlier heatwaves and as
a reaction to heat warnings and other preventive
measures, which have been put in place particularly to
protect the elderly. Such an effect has also been ob-
served in other countries. Fouillet et al. (36) attributed
the decreased excess mortality in France after 2003
partly to preventive measures implemented in the
framework of the nationwide heat action plan instituted
in 2004. In Switzerland, too, comparisons have shown
less pronounced effects of high summer temperatures
on the risk of death since 2003, again attributed to the
introduction of heat warning systems (37). A study in
Japan (38) found adaptation of the population to recent
heatwaves over an extended period (1972-2010).

Most European countries have installed a heat-
health action plan for overall coordination of the
measures implemented after a heat warning (39). In
Germany, only a small number of the federal states
(e.g., Hesse) have enacted such plans. In contrast to
other European nations, heat-health action plans seem
to be perceived as primarily a matter for local
government, with no need for state- or nationwide co-
ordination (40). At the federal level, the Deutscher
Wetterdienst provides heat warnings for individual
districts.
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Modeling

We modeled the observed weekly number of deaths as a negative binomial distribution with
overdispersion parameter 9. This parameter regulates the size of the variance in dependence of
the expected value of the distribution. We used a generalized additive model (el) to describe
the non-linear effect of the weekly mean temperature (mean temperature) on the mortality rate.
Additional terms were used to explicitly model the delay of this effect by up to 3 weeks. To
describe any change in the impact of heatwaves on mortality, we estimated separate
exposure—response curves for three segments of the period concerned: 1992 to 2000, 2001 to
2010, and 2011 to 2017.

The model equation for the observed number of deaths (s;,) and its modeled expected
value E(s,,) took account of (a) the age groups, (t) the week in question, (w,) the calen-
dar week, (p,) the observation period, (by,) the population size, and (m¢) the weekly mean
temperature. The following then applied to each of the regions independently:

Sa ~ NegBin(E(s,q),9)

3
BGu) = beaexp | B+ 5550w + /10 + ) e (m,_,)
i=0

The smooth functions f were selected as penalized B-splines (“P-splines”). The functions

270 and fa "™ modeled the yearly periodicity and the long-term trend of age-specific
mortality. To avoid fluctuation of the trend, no more than one degree of freedom for each 2
years of observation was permitted. Thus, a maximum of 13 degrees of freedom were possible
for the period 1992 to 2017.

The functions f;:',;:"‘l modeled the non-linear influence of the mean temperature of the
week in question (i = 0) and the preceding 3 weeks (i = 1, 2,3) on the mortality rate. This
influence varied among the age groups and among the time segments (p,). The number of
degrees of freedom for temperature dependency was limited to eight, especially in order to
ensure a stable association at the extremes of the temperature range. No limitation was im-
posed on the numbers of degrees of freedom for the seasonal components.

Based on the results of the model we determined a heatwave using a threshold weekly
mean temperature. This threshold was defined by us as the weekly mean temperature above
which the exposure-response curves of the week in question and the preceding week both
rise. We had to consider that, of course, a definition in terms of, say, a threshold daily mean
temperature would have led to somewhat different heatwaves. We estimated the number of
heat-related deaths as the difference between the modeled number of deaths and the hypo-
thetical number of deaths for a temperature course that did not exceed the selected threshold
but remained constant at that level until the end of the heatwave (capped mean temperature).

The quality of model adaptation can be assessed by comparing the modeled number of
heat-related deaths with the observed excess mortality during heatwaves. We estimated the
latter as the difference between observed deaths and the hypothetical course of modeled
mortality for the capped mean temperature.

Maximum number of degrees of freedom in the spline components of the model

The outcome of model adaptation was effectively that far fewer degrees of freedom were used
in all spline components, suggesting that a stable solution had been found within the predeter-
mined framework.

Estimating the number of heat-related deaths from data on overall mortality

In principle, peaks in the numbers of deaths over time coinciding with heatwaves could be
explained by factors other than “additional” deaths (i.e., deaths that would not have occurred in
the following few weeks without exposure). The heat might systematically lead to slight
advancement of the time of death. This, however, would result in decreased mortality after the
end of the heatwave. To a certain extent we found evidence for such an effect in the
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exposure-response curves for weeks 2 and 3 before the week in question. We took account of
this small decrease in mortality when estimating the number of heat-related deaths.

Theoretically, these small-scale advancements of the time of death could persist for many
months after the end of the heatwave. In our view, however, it seems biologically implau-
sible that a heatwave causes such forward displacement of the time of death by a few days
not only in the days and weeks immediately thereafter but also in the following fall or
winter—and in such a way that the overall mortality figures show excess mortality only di-
rectly after the heatwave, with no systematic excess or decreased mortality at any later time.

Armstrong et al. (e2) have shown that in various studies heatwaves led to an increase in
the overall number of deaths over a 12-month period (always beginning in May) that corre-
sponded to the greater part of the acute excess mortality at the time of the high temperatures.
This cannot be explained by slight advancement of the time of death in the summer months.
For this reason, altogether it seems biologically implausible that the observed excess mortal-
ity is essentially caused by such forward displacement.

Estimating shortening of life span due to heatwaves

Adjustment for the pre-existing comorbidities of the deceased persons when estimating the

shortening of life span due to heatwaves is plainly only possible when the comorbidities are

known. This was, however, not the case, because only overall mortality was analyzed. Even

taking cause of death records into account would have provided only an incomplete solution.
The estimated number of heat-related deaths therefore cannot simply be added to separate

estimates of deaths from other causes.

Deutsches Arzteblatt International | Dtsch Arztebl Int 2020; 117: 603-9 | Supplementary material



MEDICINE

Analysis of an extended time series of mortality for Baden-Wiirttemberg

The Statistical Office of Baden-Wirttemberg has recorded the exact day of decease for all deaths in Baden-Wiirttemberg since 1968. However,
analysis of this time series revealed the presence of artifacts for the period 1980 to 1987, so the data from these years had to be removed.
Extension of our model to the northern, central, and southern regions of Germany for this longer time series confirms the special role of the
years 2001 to 2010, with the heatwave of 2003 constituting a high point for Baden-Wiirttemberg. The foregoing periods show a similar
exposure-response curve but without such high mean weekly temperatures. The exposure-response curve is somewhat lower for the period
2011 to 2018—as in the southern region as a whole.
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Course of relative mortality rate (exposure-response curves) in Baden-Wiirttemberg depending on mean temperature in current and
foregoing weeks by region in the age group = 85 years. Data: Deaths between the 15™ and 40" calendar weeks of the years 1968 to 1979 and
1988 to 2017

Deutsches Arzteblatt International | Dtsch Arztebl Int 2020; 117: 603-9 | Supplementary material




MEDICINE

eFIGURE 1b
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Adaptation of the statistical model to the data on weekly mortality, Baden—Wiirttemberg, 1968-2018. The years 1980 to 1987 were not included in the modeling due to
irregularities in the data. Shading shows weeks with a mean temperature of more than 20 °C. Only the weeks in the summer half-year (calendar weeks 15 to 40) were

modeled.
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eFIGURE 2a

Northern region
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Course of relative mortality rate (exposure-response curves) in northern Germany depending on the mean temperature in the current and foregoing weeks in the
age group = 85 years. Data: Deaths between the 15" and 40" calendar weeks of the years 1992 to 2017
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Central region
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Course of relative mortality rate (exposure-response curves) in central Germany depending on the mean temperature in the current and foregoing weeks in the age
group = 85 years. Data: Deaths between the 15" and 40" calendar weeks of the years 1992 to 2017

Deutsches Arzteblatt International | Dtsch Arztebl Int 2020; 117: 603-9 | Supplementary material




MEDICINE

eFIGURE 2¢

Southern region
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Course of relative mortality rate (exposure-response curves) in southern Germany depending on the mean temperature in the current and foregoing weeks in the
age group = 85 years. Data: Deaths between the 15th and 40th calendar weeks of the years 1992 to 2017
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eFIGURE 3a
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Adaptation of the statistical model to the data on weekly mortality, Germany, 1992-1995. Shading shows weeks with a mean temperature of more than 20 °C. Only
the weeks in the summer half-year (calendar weeks 15 to 40) were modeled.
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Adaptation of the statistical model to the data on weekly mortality, Germany, 2003-2006. Shading shows weeks with a mean temperature of more than 20 °C. Only
the weeks in the summer half-year (calendar weeks 15 to 40) were modeled.
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Adaptation of the statistical model to the data on weekly mortality, Germany, 2008-2011. Shading shows weeks with a mean temperature of more than 20 °C. Only
the weeks in the summer half-year (calendar weeks 15 to 40) were modeled.
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Adaptation of the statistical model to the data on weekly mortality, Germany, 2013-2016. Shading shows weeks with a mean temperature of more than 20 °C. Only
the weeks in the summer half-year (calendar weeks 15 to 40) were modeled.
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Response to heat in the southern region between 1992 and 2000

To enhance comprehension of the less pronounced response to heat in the southern region between 1992 and 2000, we look again especially at the heatwaves in 1994
and 2003. Comparing the mean temperatures in the three regions of Germany with the reference temperature (the mean for the years 1961 to 1990), it is striking that the
temperatures during the 1994 heatwave in the south were still at the upper limit of the prediction interval, while in the central and northern regions they were clearly
above the prediction interval. In all three regions the first peak in the temperature curve came in the last week of June. This peak is reflected in the mortality curve, be-
fore the maximum temperature in the last week of July. However, while in the south the main peak was only slight (24.2 °C, previously 23.5 °C, difference 0.7 °C), the
temperatures in the central and northern regions rose much more (central: 25.1 °C versus 22.3 °C, difference 2.8 °C; north: 24.7 °C versus 19.9 °C, difference 4.8 °C).
In 2003, in contrast, the limit of the prediction interval was exceeded in central and southern Germany, while in the north the summer stayed within the normal range.
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eTABLE 1
Estimated number of heat-related deaths in Germany, 1992-2017 [95% confidence interval]*

Year Primary model, Alternative model, Model with short Model with uniform Model with segments as
segments: 1992-2000, segments: 1992-2001, segments: 1992-1997, exposure-response in primary model, but
2001-2010, 2011-2017 2002-2009, 2010-2017 1998-2003, 2004-2008, curve (1992-2017) more flexible trend

2009-2013, 2014-2017

1992 2800 [700; 5000] 2600 [300; 4900] 2800 [500; 4700] 2400 [300; 4800] 2500 [200; 4700]

1993 0[-2100; 2100] 100 [-1800; 2200] 0 [-2200; 1900] -0 [-1700; 2200] -100 [-2100; 2200]

1994 10 200 [8000; 12 300] 9700 [7500; 11 900] 10 500 [8300; 13 000] 8700 [6700; 10 900] 9900 [7500; 12 100]

1995 2900 [700; 5100] 2800 [500; 4800] 2800 [600; 4700] 2500 [700; 4600] 2600 [400; 4500]

1996 100 [-2100; 2200] 100 [-2200; 2000] 100 [-2100; 2500] 100 [-1700; 2100] 0 [-2000; 2200]

1997 2000 [-200; 4000] 1900 [-200; 3900] 2100 [-200; 4500] 1700 [-100; 3900] 1900 [-100; 4100]

1998 700 [-1300; 2800] 700 [-1100; 2600] 600 [-1400; 2300] 700 [-1500; 3100] 700 [-1400; 2800]

1999 800 [-1200; 2900] 900 [-1200; 2900] 900 [-700; 3400] 900 [-800; 2800] 900 [-1200; 2900]

2000 400 [-1800; 2400] 500 [-1300; 2400] 500 [-1300; 2500] 300 [-1900; 2400] 200 [-1600; 2000]

2001 2300 [200; 4400] 2600 [700; 4700] 2700 [800; 5300] 2300 [0; 4700] 2400 [300; 4600]

2002 1300 [-700; 3400] 1400 [-500; 3400] 1700 [-400; 3500] 1500 [-500; 3500] 1200 [-800; 3200]

2003 9600 [7500; 11 600] 9600 [7100; 11 500] 10 200 [8000; 12 300] 9900 [8000; 12 000] 9500 [7600; 12 000]

2004 1300 [-700; 3200] 1200 [-800; 3100] 1100 [-900; 3300] 1300 [-800; 3400] 1300 [-500; 3200]

2005 1400 [-600; 3400] 1400 [-300; 3300] 1200 [-900; 3000] 1500 [-600; 3600] 1300 [-500; 3100]

2006 7800 [5700; 9800] 7800 [5800; 9800] 6200 [4100; 8800] 8100 [6100; 10 000] 7800 [5600; 9600]

2007 500 [-1700; 2500] 500 [-1400; 2500] 500 [-1500; 2500] 500 [-1500; 2600] 500 [-1500; 2500]

2008 1100 [-800; 3300] 1100 [-900; 3000] 1200 [-700; 3200] 1400 [-700; 3400] 1200 [-800; 3300]

2009 800 [-1300; 2800] 700 [-1100; 3100] 800 [-1000; 2800] 900 [-1400; 3100] 800 [-1700; 2700]

2010 4700 [2700; 6800] 3400 [1500; 5400] 3900 [1700; 5800] 4800 [2400; 6900] 4600 [2700; 6700]

2011 200 [-1800; 2200] 200 [-1900; 1900] 200 [-2000; 2500] -100 [-2200; 2000] 200 [-2000; 2100]

2012 900 [-1200; 3100] 1200 [-700; 2900] 1300 [-700; 3100] 1000 [-1100; 3300] 1100 [-900; 3300]

2013 2600 [600; 4900] 3100 [1200; 5100] 3300 [1200; 5200] 3900 [1600; 5700] 2700 [700; 4900]

2014 1100 [-1000; 3200] 1100 [-700; 2700] 1200 [-800; 3500] 1600 [-500; 3700] 1300 [-600; 3400]

2015 5200 [2900; 7400] 5900 [3400; 7800] 5800 [3400; 8500] 7800 [5400; 10 300] 5300 [3200; 7600]

2016 1700 [-600; 3900] 1900 [100; 3900] 1900 [-300; 4100] 2100 [0; 4000] 1800 [-300; 4100]

2017 1400 [-600; 3600] 1700 [-400; 3600] 1600 [-600; 3800] 1700 [-700; 3900] 1700 [-300; 3700]

* The years in bold type are those with a statistically significant number of estimated heat-related deaths.

Sensitivity analysis
In the sensitivity analysis, in addition to the primary model, which permitted different exposure-response curves in the time segments 1992-2000, 2001-2010, 2011-2017, we considered the

following models with slightly varying assumptions:

An alternative model with the study period divided into the segments 1992-2001, 2002-2009, 2010-2017
Amodel with shorter segments: 1992-1997, 1998-2003, 2004-2008, 2009-2013, 2014-2017

A model with a uniform exposure-response curve 1992-2017

A model with segments as in the primary model, but a more flexible trend

Xill
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eTABLE 2

Heat threshold and thermal optimum by region and age
group (mean for the segments 1992-2000, 2001-2010,
and 2011-2017)*

Age group

Region

Northern 15.1 16.4 16.9 16.0
Central 174 18.3 18.5 17.3
Southern 14.5 17.6 17.5 17.2
Northern - - 19.2 19.0
Central 20.9 204 20.0 19.8
Southern - 20.8 20.5 20.3

* For some combinations no threshold for heat can be determined, because the
corresponding exposure-response curve for the mean temperature of the
preceding week is monotonic and therefore features no local minimum.
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