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Abstract The relationship between heat waves and mortality
has been widely described, but there are few studies using
long daily data on specific-cause mortality. This study is
undertaken in central Spain and analysing natural causes,
circulatory and respiratory causes of mortality from 1975 to
2008. Time-series analysis was performed using ARIMA
models, including data on specific-cause mortality and max-
imum and mean daily temperature and mean daily air pres-
sure. The length of heat waves and their chronological number
were analysed. Data were stratified in three decadal stages:
1975-1985, 1986-1996 and 1997-2008. Heat-related mortal-
ity was triggered by a threshold temperature of 37 °C. For
each degree that the daily maximum temperature exceeded
37 °C, the percentage increase in mortality due to circulatory
causes was 19.3 % (17.3-21.3) in 1975-1985, 30.3 % (28.3—
32.3) in 1986-1996 and 7.3 % (6.2-8.4) in 1997-2008. The
increase in respiratory cause ranged from 12.4 % (7.8-17.0) in
the first period, to 16.3 % (14.1-18.4) in the second and
13.7 % (11.5-15.9) in the last. Each day of heat-wave duration
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explained 5.3 % (2.6-8.0) increase in respiratory mortality in
the first period and 2.3 % (1.6-3.0) in the last. Decadal scale
differences exist for specific-causes mortality induced by ex-
treme heat. The impact on heat-related mortality by natural
and circulatory causes increases between the first and the
second period and falls significantly in the last. For respiratory
causes, the increase is no reduced in the last period. These
results are of particular importance for the estimation of future
impacts of climate change on health.

Keywords Heat - Mortality - Circulatory disease -
Respiratory disease - Global warming - Ageing

Introduction

From the last century until the present, a number of studies
have described the relationship between high ambient tempera-
ture and morbidity/mortality and how this extends to different
settings with their respective geographical and socio-economic
determinants. Hence, the effects of heat on mortality have been
observed to be swifter than those of cold, in that they tend to be
concentrated in the first 34 days following the occurrence of
high temperatures (Alberdi et al. 1997; Hajat et al. 2002;
Montero et al. 2012). Threshold temperatures have also been
established, above which mortality is seen to rise sharply.
Moreover, such threshold temperature has come to be viewed
as the benchmark from which a heat wave can be considered to
be present, though this continues to be a controversial aspect
from a public health standpoint (Montero et al. 2013). This
threshold also varies according to the geographical setting of
the study, so that the maximum temperature would be 36.5 °C
for Madrid (Diaz et al. 2006a), 33.5 °C for Lisbon (Dessai
2002), 32 °C for Paris (Pascal et al. 2013) or 41.7 °C (apparent
temperature) for Phoenix (Harlan et al. 2014). Similarly, there
is evidence to show that the longer the duration of a heat wave,
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the greater the rise in mortality (Gasparrini and Armstrong
2011; Montero et al. 2012), as is also the case with the first
heat wave of the season (Diaz et al. 2006b).

Yet, aside from the geographical differences detected
(Baccini et al. 2008; Hajat et al. 2005; Keatinge et al. 2000),
observation has also shown that this temperature-mortality
association is not stable across time and, indeed, that it can
display shifts in the trend of both the so-called threshold
temperatures (Miron et al. 2010) and their effects on morbidity
and mortality. This may well mean that previously established
preventive measures must be reviewed and that estimates of
the possible longer-term impacts of climate change on health
must be reconsidered (Huang et al. 2011; Ostro et al. 2012).
Although there are studies investigating this aspect, they are
not yet very wide-spread and could report different or nuanced
results, depending on the geographical area where they are
undertaken. Indeed, most of the studies conducted to date
have described a weakening of the heat-mortality association
with the passage of years, as in the USA, where analysis of
heat-related excess mortality in 28 USA cities from 1964 to
1998 showed that in 19 of these, the weakening of the rela-
tionship was statistically significant (Davis et al. 2003a), with
similar results being reported for London (Carson et al. 2006),
South Korea (Ha and Kim 2013) and Italy (Schifano et al.
2012). Not only have there been few such studies but also
most of them have focused on all-cause mortality, without
taking the behaviour of the different specific causes of heat-
related mortality into account (Basu 2009). Furthermore, the
length of the time series used, in all cases less than 30 con-
secutive years, detracted from the climatic representativeness
of the results obtained, in terms of the characteristics of
extreme thermal events.

This paper reports on a study which analysed the changes
over time in natural-, circulatory- and respiratory-cause mor-
tality during heat waves in the region of Castile-La Mancha
(Spain) from 1975 to 2008.

Materials and methods

The Autonomous Region of Castile-La Mancha is situated in
the centre of the Iberian Peninsula, with the greater part of its
territory extending across the so-called Submeseta Meridional
(Southern Sub-plateau) (latitude, 38° 01’ N and 41° 20" N;
longitude, 0° 55" W and 5° 24’ W). Close on 70 % of Castile-
La Mancha lies at an altitude of 600 to 1000 m above sea level
and has a land surface area of 79,463 km?, which is equivalent
to 15.7 % of Spanish territory and so makes it the third largest
region in the country. It has a Mediterranean-type climate of a
pronounced continental nature, with wide-ranging tempera-
tures, both daily and seasonal, i.e. summers generally tend to
be dry and hot, with temperatures frequently rising to over
30 °C, and winters are marked by frequent ground frost and an
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irregular rainfall distribution. The latest official census (2011)
shows the population as being 2,099,057, which translates as a
population density of only 26.42 inhabitants per square
kilometres. All population data cited in this study were drawn
from official, ten-yearly, population censuses and intercensal
population estimates at 1 January of each year, published by
the National Statistics Institute (NSI) (Instituto Nacional de
Estadistica).

The daily regional mortality data for the period 1975-2008
were sourced from the NSI, were coded as per the Interna-
tional Classification of Diseases (ICD 8: 1975-1979, ICD 9:
1980-1998 and ICD 10: 1999-2008) and covered daily mor-
tality due to natural causes (all except external) (ICD 10, A0O-
R99), circulatory causes (ICD 10, 100-199) and respiratory
causes (ICD 10, J00-J99).

Daily maximum temperature and air pressure records for
the period 1975-2008 were supplied by the State Meteoro-
logical Agency (Agencia Estatal de Meteorologia/ AEM). We
chose those corresponding to the Toledo observatory (initially
known as Lorenzana and currently as Buenavista), which can
be regarded as representative of the regional thermometric
cluster following principal components factor analysis (Mirén
et al. 2000).

We first calculated the threshold temperature of natural
cause mortality in Castile-La Mancha, considering the entire
study period. To this end, the daily mortality data series was
filtered using an autoregressive integrated moving average
(ARIMA) model obtained for this purpose (pre-whitened). This
enabled us to control for variability due to autoregressive
characteristics, seasonal cyclical characteristics, periodicities
and the series own intrinsic trend, and so obtain a series of
residuals which was compared against the series of maximum
daily temperatures at 2 °C intervals to calculate a threshold
temperature above which mortality rose significantly (Mirén
et al. 2010; Montero et al. 2012). This threshold temperature
would be the midpoint of the interval of maximum daily
temperatures, above which—and for intervals of increasing
temperatures—all the mortality residuals would be significantly
higher (p<0.05) than the mean value of the mortality residuals
obtained using the whole series. This threshold would deter-
mine the creation of the variable, “Thw”, of differences bet-
ween maximum daily temperatures (Tmax) and said threshold.
On the basis of this mortality trigger temperature, a heat-wave
day could then be defined, for study purposes only, as any day
on which the maximum temperature exceeded the threshold.

For the next stage in our analysis, we selected the summer
months (from June to September) and constructed multiva-
riate ARIMA models (Makridakis et al. 1983) divided into
three sub-periods (1975-1985, 1986—1996 and 1997-2008), in
order to perform result intercomparisons and ascertain the
temporal changes in results over time. We obtained these
models of three dependent variables, i.e. natural-cause mortali-
ty, circulatory-cause mortality and respiratory-cause mortality.
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The independent external variables included in the analysis
were as follows:

—  Maximum temperatures (Tmax) higher than the thresh-
old, lagged 0 to 7 days: ThwO, Thwl, Thw2,...Thw7,
expressed as the difference between Tmax and threshold
temperature (37 °C). This variable would have a value of
0 if Tmax<37 °C.

—  Pressure trend (PT), obtained as the difference between
mean air pressure on any given day less that of the
following day, lagged O to 7 days: PTO, PT1, PT2,...
PT7. A negative PT would indicate a rise in air pressure
(anticyclonic trend), and a positive PT would indicate a
fall in pressure or cyclonic trend.

— Heat-wave duration (Dhw), whereby a heat wave was
coded with a number corresponding to the number of
consecutive days on which the threshold was exceeded,
e.g., where the threshold temperature was surpassed on
only one day, this received a value of 1, where the
threshold temperature was surpassed on two consecutive
days, a value of 2, and so on.

—  Heat-wave number (Nhw). This described the chronolog-
ical number of a heat wave in any given summer, such
that when the threshold was exceeded the first time, it was
coded as 1, the second time as 2 and so on.

These last two variables, heat-wave duration and heat-
wave number, would show the increase produced in mortality
by a variation in their respective ordinal scales, i.e. in a case
where heat-wave duration increased by 1 day or, alternatively,
where the heat wave was not the first of the year.

No indicator of absolute moisture in the atmosphere has
entered because the only variable available during the com-
pleted period was the relative humidity, and its inverse rela-
tionship with temperature makes it not advisable to use in
modelling (Moran 1984). The meteorological indicator vari-
able of air pressure has introduced into the models as control
variable. Previous studies undertaken in Castile-La Mancha
justify the need for this independent variable to be included in
the analysis of the impact of thermal extremes on mortality
(Montero et al. 2012). Furthermore, the physiopathological
mechanisms linked to changes in pressure make their inclu-
sion in the analysis necessary (Gonzalez et al. 2001).

The autocorrelation of the series was controlled by intro-
ducing the autoregressive and moving-average operators of
the ARIMA model. Trends and seasonalities were controlled
using circular functions—sine and cosine—with annual and
six-monthly periodicities. The model’s goodness-of-fit was
obtained by analysis of residuals (ACF, PACF, Box-Ljung)
(Mirén 2012).

In addition, a jackknife sensitivity analysis was performed,
with the series being divided into four periods for the purpose,
i.e. 1975-1983, 1984-1996, 1997-2003 and 2004—-2008.

The values of the estimator of the variables that were
significant at p<0.05 (p value supplied by SPSS v15) indicat-
ed the increase in mortality for an increase of one unit in each
independent variable. When there were several significant
lags for the same variable, the value of the estimator was
obtained by summing the values of all the significant estima-
tors. The percentage increase in mortality was obtained by
considering the average mortality due to this cause across the
season considered.

Results

A natural-cause mortality threshold temperature of 37 °C was
obtained for the Region of Castile-La Mancha, by considering
the maximum daily temperature series for the city of Toledo
(Fig. 1). Any day on which a temperature was registered that
was higher than this threshold was defined for study purposes
as a heat-wave day. Moreover, this served as the reference
temperature for the creation of the variable, Thw, which was
introduced, with up to 7 lags (from 0 to 7), into the multiva-
riate ARIMA models (one model for each of the three sub-
periods to be compared and for each cause of death consid-
ered). Table 1 shows the descriptive statistical data for the
variables, by sub-period, while Table 2 shows data on heat-
wave changes from 1975 to 2008. The variables and lags
which proved significant (p<0.05) in each sub-period are
shown in Table 3.

Mortality Residuals

-2 v ¥ v v v v ¥

25 29 33 37 4
Tmax (°C)

Fig. 1 Threshold temperature for natural cause of death (37 °C) in

Castile-La Mancha calculated on the basis of the maximum daily tem-

perature (Tmax) series from the Toledo observatory. Dashed lines indi-
cate CI (p<0.05) of the mortality residuals and their mean (1975-2008)
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Table 1 Descriptive statistics of the variables

Variable/sub-period ~ 1975-1985 1986-1996 1997-2008
Mean SD Mean SD Mean SD
Natural 34.8 6.59 36.3 740 398 747
Circulatory 16.6 444 158 450 14.1 393
Respiratory 2.8 1.75 32 1.92 42 24
Tmax (°C) 30.7 468 31.7 5.08 323 4.5
Dhw (days) 2.5 142 47 2.7 4.6 39
PT (hPa) -041 241 00 222 0.0 22.7

Natural causes

A significant relationship between extreme heat (Thw) and
mortality was found at lags 1, 2 and 4 during the first sub-
period, lags 1, 2, 4 and 6 during the second sub-period and
lags 0, 2 and 3 during the third sub-period. Immediately
following the date on which the maximum extreme tempera-
ture was recorded, the number of successive days on which
natural-cause mortality proved significant rose between the
first and the second sub-periods and then fell in the third. In
terms of aggregate mortality at all significant lags, and taking
the mean mortality for each sub-period as reference (Table 3),
the increase in natural-cause mortality in Castile-La Mancha
for each degree centigrade that the temperature at the Toledo
observatory exceeded 37 °C was as follows: 14.7 % (£1.6 %)
from 1975 to 1985, 13.3 % (£0.9 %) from 1986 to 1996 and
9.1 % (0.9 %) from 1997 to 2008 (statistically significant
decrease (p<0.05).

The indicator variable of heat-wave duration (Dhw) en-
tered the models of the first and second third of the 34-year
series at lag 0, with the value of the estimator translating as
increases in natural-cause mortality of 1.7 % in the period
1975-1985 and 1.15 % in the period 1986—1996 for each day
that the heat wave lasted (days with Tmax>37 °C).

Circulatory causes

In the case of peak temperatures, a significant relationship
with circulatory causes of death was found at lags 1, 3 and 4
during the first sub-period, lags 1, 3, 4 and 6 during the second
sub-period and lags 0 and 2 during the third sub-period. The
sequence of significant Thw lags across these three sub-
periods was 3-4-2. Considering the sum of the estimators of

all the significant lags for each sub-period, circulatory-cause
mortality in Castile-La Mancha increased by 19.3 % (2.0 %)
in the sub-period 1975-1985, 30.3 % (£2.0 %) in the sub-
period 19861996 and 7.3 % (+1.1 %) in the sub-period
1997-2008 (significant decrease).

In the sub-period 1986-1996, mortality due to this cause
increased by 2.8 % (0.8 %) for each day of heat-wave
duration.

Respiratory causes

In this case, the significant relationship between high temper-
ature and mortality appeared at lag 3 during the first sub-
period, lags 2 and 3 during the second sub-period and lags 2
and 4 during the third sub-period. Expressed as a sequence,
the number of significant Thw lags per period was 1-2-2. In
other words, there was one more day with significant effects
of peak extreme temperatures on mortality due to this cause
with respect to the first third of the series (1975-1985). When
the increase in regional mortality was calculated on the basis
of the estimators of the significant lags in each sub-period and
the mean mortality of each sub-period, it showed increases in
respiratory-cause mortality for each degree centigrade that the
maximum temperature exceeded 37 °C at the reference obser-
vatory of 12.4 % (+4.6 %) from 1975 to 1985, 16.3 %
(#2.1 %) from 1986 to 1996 and 13.7 % (£2.2 %) from
1997 to 2008. The variable “Dhw” also appeared in the
multivariate models when this cause of mortality was consid-
ered as a dependent variable, showing increases in mortality of
5.3 % (£2.7 %) and 2.3 % (0.7 %) for each day that the heat
wave persisted in the first and last sub-periods, respectively.

The indicator variable of heat-wave number did not prove
significant in any of the models constructed. The sensitivity
analysis yielded similar results when periods other than those
described were chosen.

Discussion

This study’s most noteworthy findings are the detection of
changes over time in heat-related mortality similar to those
reported by other recent studies (Ha and Kim 2013; Schifano
et al. 2012), as well as the difference in the trend for
circulatory-cause and respiratory-cause mortality across the

Table 2 Number of heat-wave

days and mean heat-wave dura- Season May June July August September

tion (in brackets) from 1975 to

2008, divided by sub-period 1975-1985 70 (2.5) 0 7 (2.6) 43 (1.6) 18 (1.9) 2(1.0)
1986-1996 197 (4.7) 0 13 (3.0 107 (5.9) 68 (3.3) 9(14)
1997-2008 208 (4.6) 0 39(3.4) 94 (4.0) 71(6.1) 4 (4.0
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Table 3 Impact on heat-related mortality, by sub-period and specific cause of death for significant independent variables

Causes Variable 1975-1985 1986-1996 1997-2008
Percentage (95%CIl) lags Percentage (95%CI) lags Percentage (95%CI) lags
Natural Thw" 147 (13.116.3) 1,2,4 13.3(124142)1,2,4,6 9.1(8.210.0)0,2,3
Dhw” 1.7 (0.8 2.6) 1.3 (1.0 1.6)
PT* 0.6 (0.4 0.8)0 0.6(0.40.8)0 -0.5(0.7-03)4
Circulatory Thw* 19.3(17.321.3) 1,3, 4 303(283323)1,3,4,6 73(6284)0,2
Dhw® 2.8(2.03.6)
PT® -0.8 (-1.1-0.5)3 13(1.114)0
Respiratory Thw* 124 (7.8 17.0)3 163 (14.1184)2,6 13.7(11.5159)2,4
Dhw” 53 (2.6 8.0) 23(1.63.0)

? Percentage increase in mortality for each degree that the maximum daily temperature exceeded the threshold of 37 °C

® Percentage increase in mortality for each day of heat-wave duration.

¢ Percentage increase in mortality for each hPa of variation in air pressure

34 years of previously unanalysed daily heat-wave data for
Castile-La Mancha. Whereas a significant decline was ob-
served in the last third of the time series in terms of the
increase in circulatory-cause mortality for each degree centi-
grade that the maximum temperature exceeded 37 °C at the
Toledo observatory, in the case of respiratory causes, however,
no such decline was in evidence: Instead, the rate was main-
tained from 1974 to 2008. There are no prior references to the
comparative time trends for these groups of causes of mortal-
ity with respect to extreme temperatures, so that these results
are novel and undoubtedly relevant, bearing in mind that it is
precisely these two groups of causes of death which are most
closely implicated in increased heat-related mortality (Basu
and Ostro 2008; Pan et al. 1995; Van Rossum et al. 2001).
Within the context of the favourable trend in the socio-
economic indicators during this period, both in Spain in
general and in Castile-La Mancha in particular, it is possible
that the improvement in health services may have had a
greater impact on improved care of health problems linked
to rapidly progressive acute circulatory processes (infarction,
angina pectoris, stroke, etc.), such as those associated with
extreme heat (Linares and Diaz 2008), than of health problems
linked to respiratory processes, which tend to have a less
immediate, more chronic nature. Some studies identify atrial
fibrillation as a risk factor for infarction, which raises the
susceptibility of individuals in situations of extreme heat
(Bouchama et al. 2007; Zanobetti et al. 2013). It is known
that in the last 15 years, early mortality (at 30 days) due to ST-
segment elevation acute myocardial infarction has gone from
13 to 4 % in France (Puymirat et al. 2012) and that in the
period between 1995 and 2005, it fell from 12.6 to 6 % in
Spain (Aros et al. 2011), with this being attributed not only to
epidemiological changes in the population, such as the reduc-
tion in smoking (Soriano Ortiz et al. 2009), but also to im-
proved and faster health-care delivery, with the implementa-
tion of new reperfusion and thrombolysis techniques

(Jiménez-Candil et al. 2013). In Castile-La Mancha, the num-
ber of percutaneous coronary interventions (reperfusions)
multiplied by 5.6 between 2003 and 2008, due to the expan-
sion of the regional haemodynamics network (Moreu et al.
2011). The above took place in the context of a parallel
improvement in the economic resources allocated to public
health funding in Spain, with the budget rising from 4.30 % of
the country’s gross domestic product (GDP) in 1980 to 6.25 %
in 2008.

Observation of the trend in the percentage of the region’s
population aged over 65 years (Fig. 2) shows that this rose
sharply from 1975 to 2002 and then declined until 2008, when
it dropped to 1993 levels as a consequence of the arrival of

22

20 4

18 «

16 4

CLM 65+

14 <

12 [1 2.39%

1 0 ¥ ¥ ¥ ¥ ¥ v
1975 1981 1987 1993 1999 2005

1978 1984 1880 1996 2002 2008

Fig. 2 Trend in the population aged 65 years or over in Castile-La
Mancha from 1975 to 2008
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immigrants, who were generally young and thus less susceptible
to circulatory diseases but who might nevertheless be affected
by respiratory processes of essentially infectious aetiology.
According to data furnished by the Castile-La Mancha Statistics
Department (www.ies.jeccm.es), in the period from 2003 to
2008, the foreign population rose by 135,109 persons (a
290 % increase) and went from representing 3.95 % to
account for 10.14 % of the total population, with only 1.01 %
being aged 65 years or over in 2008.

Bearing in mind that the older population is indicated as
being the segment most susceptible to heat-related health
problems (Diaz et al. 2002), these demographic determinants
linked to population ageing have most likely influenced the
trend in the lagged effects of heat waves on natural-cause and,
by extension, circulatory-cause mortality, with the increase
(greater number of significant lags) between the first and the
second third of the series of years considered, coinciding with
this marked population ageing, even though it might not
translate as an increase in aggregate mortality at the respective
significant lags for each degree centigrade that the maximum
temperature exceeds the mortality trigger threshold (37 °C), as
suggested by previous studies (Miron et al. 2008). In the last
third of the study period (1997-2008), which not only in-
cludes the change in sign of the older-adult population trend
from 2003 onwards but also reflects more intense health-
service improvements, such as those described above, the
effects of heat waves diminish, both in terms of their lagged
effects on natural-cause mortality (and even more so in the
case of mortality specifically due to circulatory causes) and in
terms of being expressed quantitatively as a percentage in-
crease in mortality.

The trend projected for this factor from 2008 onwards is
extremely unfavourable, since the current serious economic
crisis has returned Castile-La Mancha to the path of popula-
tion ageing, a development which, coupled with the foresee-
able deterioration in health services for reasons of budgetary
restrictions, will doubtless be reflected in the trend plotted by
the extreme temperature-mortality relationship if the scenario
indicated by the statistics should persist and be confirmed.

During the period covered by this study, NSI data show that
there was an increase in the number of homes with air condi-
tioning in Castile-La Mancha, rising from 2.9 % in 1991 to
13.9 % in 2001 and finally to 36.2 % in 2008. Taken together
with the percentage decrease in the most susceptible popula-
tion, this improvement in living conditions must have contrib-
uted to the favourable trend in heat-related natural-cause and
circulatory-cause mortality in the latter years of the study.
Studies conducted elsewhere attribute a decline in the associ-
ation between heat and circulatory causes over time to an
improvement in a population’s socio-economic conditions
and, by extension, an improvement in health facilities and
infrastructures, and dwellings (including the use of air condi-
tioning), as in the USA (Davis et al. 2003b; Barnett 2007),
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South Korea (Ha and Kim 2013) and the Czech Republic
(Kysely and Kriz 2008), where a downward trend in the
relationship between heat and cerebrovascular disease mortal-
ity has been described.

Even so, these circumstances have not sufficed to bring
about a similar trend in Castile-La Mancha in the case of
respiratory-cause mortality. It could be argued that the rise in
economic activity during this period caused an increase in air
pollution from industry and vehicular traffic, both in the
region itself and in neighbouring areas having a greater indus-
trial and population concentration, such as Madrid: This, in
turn, resulted in an increase in the levels of secondary pollut-
ants such as ozone, which, together with the increase in
suspended particulate concentrations in meteorological condi-
tions characterised by heat waves due to inflows into the
Iberian Peninsula of hot air masses from the Sahara (Jiménez
et al. 2009; Tobias et al. 2011), are linked to the increase in
respiratory processes, such as asthma or chronic obstructive
pulmonary disease (Anderson et al. 1997; Kheirbek et al.
2013; Medina-Ramoén et al. 2006). Given, however, that air
pollution also has an influence on the rise in circulatory-cause
mortality (Brook et al. 2004; Miller et al. 2007; Pérez et al.
2012), this factor cannot be one of the causes of the different
temporal changes in heat-wave-related circulatory- and
respiratory-cause mortality. We feel, therefore, that the most
plausible explanation would be that the above-described
health-care improvements introduced in the case of
circulatory-system diseases have been more successful in
reducing mortality due to these causes than those that have
improvements introduced in the case of respiratory diseases.
At all events, there is no air-pollution time series that covers
the entire area of Castile-La Mancha, and still less, one having
the length of the series analysed here. The measuring stations
are concentrated in the most important urban areas and can in
no way represent the exposure of the regional population, in
view of the latter’s low density and geographical dispersion.
There are no major urban or industrial centres in the region, so
that the possible influence of air pollution would be closely
limited to certain cities, without having sufficient bearing on
regional or provincial mortality to alter the temperature-
mortality association to any significant degree. Nevertheless,
this may be regarded as a limitation of the study.

The improvement seen in the latter years of the study in the
behaviour pattern of heat-related natural-cause mortality in
general and circulatory-cause mortality in particular might
be attributable to the favourable effect presumably had by
the implementation of heat prevention plans in Spain since
2004. There is, however, evidence to show that the climato-
logical bases of these annual plans were not the most appro-
priate (Montero et al. 2010; Tobias et al. 2012) and that
prevention plans must be based on threshold temperatures
calculated with epidemiological criteria for each province.
The plans implemented in Castile-La Mancha in 2004 were
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not based on these epidemiological criteria, and the results
yielded have not been satisfactory (Culqui et al. 2013). Hence,
this is not an explanatory factor of the temporal changes
described for Castile-La Mancha.

Furthermore, as has been described in a number of studies,
the results show an effect of high temperatures on mortality at
short lags, from 0 to 6 (Diaz et al. 2002; Hajat et al. 2002;
Montero et al. 1997), though in the case of respiratory causes,
the effects of heat waves are slightly more delayed, in that they
are not significant until lag 2. This goes to show the less acute
nature, in general, of respiratory processes causing mortality
due to high temperatures.

It should be noted that the number of heat-wave days,
namely, days on which the mortality threshold temperature
(37 ° C) was exceeded in Toledo (Table 2), increased from 70
in the sub-period 1975-1985 to 197 in 1986-1996 and then to
208 in the last period studied, 1997-2008 (with one year
more), with the mean number of days of heat-wave duration
going from 2.5 to 4.7 and 4.6, respectively. In other words,
there was an increase in heat-wave frequency and duration,
particularly as between the first two sub-periods studied, i.e.
those in which there was an increase in the lagged effects of
extreme heat on mortality (though not quantitatively, as point-
ed out above) in Castile-La Mancha, coinciding with a stage
of marked population ageing. It was from the second to the
third study sub-period, at a time when there was no such sharp
increase in heat-wave frequency and duration, and coinciding
with a fall in the percentage of the population aged 65 years or
over, that a decrease was observed in the relationship between
heat waves and natural-cause mortality, due to the significant
loss of influence of circulatory causes on this relationship. The
significant entry into the multivariate models of the variable,
Dhw, indicates the influence of heat-wave duration on the
increase in mortality and the importance to public health of
forecasts about global warming for these purposes, since these
envisage the increase in the frequency and intensity of ex-
treme meteorological situations. The hard evidence of the
increase in heat-wave frequency and duration from 1975 to
2008 in this region of central Spain goes to reinforce the value
of predictions issued by experts (IPCC 2007). The fact that
this variable, Dhw, was only significant for respiratory-cause
mortality (and not in the remaining causes studied) in the last
sub-period (1997-2008) is revealing, in that it reinforces the
differential behaviour pattern vis-a-vis circulatory causes. In
this connection, some authors have proposed certain indices
that would allow for this circumstance, such as the so-called
heat-wave intensity index, which takes into account both the
maximum temperature value reached above a given threshold
and the number of days on which this limit temperature is
exceeded (Diaz et al. 2006b). For this purpose, it will serve to
indicate that a recent paper (Tobias et al. 2014) compares the
risk of dying by taking a temperature in the 90th percentile of
the summer months and comparing this to the 99th percentile

in the period 1990-2004. The results indicate that for Castile-
La Mancha, these values lie within the interval of 9.2—-14.5 %
and, translated as percentage increases per degree, are very
similar to those reported by us here.

This study observed no significant influence of the chro-
nological number of a heat wave (i.e. whether it is the first of
the year or some subsequent one) on mortality, though previ-
ous studies suggest that June heat waves—the first—are those
which lead to the highest mortality (Montero et al. 2012) due
to the population’s lack of acclimatisation to these initial heat
waves (Mastrangelo et al. 2007; Barnett et al. 2011). At the
same time, however, these are the ones having the shortest
duration, while those that occur in mid-summer (July and
August) are the longest (Table 2), bringing about a greater
increase in cumulative heat-wave mortality.

With regard to the behaviour pattern displayed by the
pressure trend, it should be noted that in some cases, the sign
is positive, i.e. cyclonic trend, and centres on short lags (0 and
1), whereas in others, it is negative, i.e. anticyclonic trend, and
centres on longer lags (3 and 4). This result is perfectly
coherent with the synoptic situations that give rise to heat-
induced extreme temperatures in Spain (Garcia et al. 2002).
On the one hand, the depressions situated in the south of Spain
tend to bring an advection of hot air masses from the Sahara,
which cause a sharp rise in temperatures in Castile-La Mancha
and would explain the short-term effect of the cyclonic trend.
However, there is another synoptic situation which is not as
frequent and leads to high temperatures, and this is the exis-
tence of an anticyclone over the Iberian Peninsula. In this case,
since heating is due, not to advection, but rather to a heating-
up of the atmosphere as a consequence of intense solar radi-
ation, the effect is longer-term, which is in line with the longer
lag observed. These results are also coherent with the physio-
pathological mechanisms linked to changes in pressure
(Gonzélez et al. 2001).

The sensitivity analysis performed to analyse the variables
used in this study on mortality due to different causes demon-
strates the robustness of these results.

The results yielded by this study serve to underscore the
need to bear in mind temporal variation in the impacts of
temperature on mortality, and this is something that adds even
more uncertainty to the models used to predict the future
impacts of heat on mortality under different scenarios (Linares
et al. 2014a).

Conclusions

In Castile-La Mancha, the trend observed for the effects of
heat waves on respiratory-cause mortality was different to that
observed for circulatory-cause mortality: While in the former
case, the effects were maintained from 1975 to 2008, and in
the latter case, these effects showed a decline in recent years,
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specifically from 1997 to 2008. This differential behaviour
may in part be due to the fact that the improvement in health-
care services has had a greater impact on circulatory-cause
mortality, due to speedier and more effective attention to
patients with acute diseases more closely related to this type
of cause of death, in a context, not only of socio-economic
improvement and better living conditions but also of popula-
tion growth attributed mainly, since 2003, to the arrival of
young immigrants, with the result that from this year onwards,
the total population ageing trend seen for the region until then,
was reversed.

This differentiated behaviour pattern of the trend in mor-
tality due to different specific causes, with the pronounced
decline in circulatory-cause mortality, may underlie the results
found by recent studies, which point towards a decrease in the
effect of heat on mortality. Furthermore, these results tend to
question the reliability of climate-change impact-prediction
models insofar as these pertain to high temperatures, bearing
in mind that such estimates assume mortality trigger temper-
atures and heat-related mortality to be constant.

Nevertheless, further studies are needed to establish wheth-
er the results found by us are merely local or whether they
indicate a generalised trend. Moreover, it is essential to extend
these types of studies to the behaviour over time of cold
waves, whose impact on mortality is—at the very least—
similar to that of heat waves (Linares et al. 2014b).
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