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► We have evidenced contrasting temperature-impact patterns between mortality and hospitalizations.
► We have examined geographical differences in temperature-related human health outcomes.
► Predictions of future city-specific impact of climate change on human health have been provided.
► A slight unexpected increase of short-term cold-related mortality in the very elderly is predicted in several cities.
► General increases of annual temperature-related mortality rates are expected, highest values will be in coastal plain cities.
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The association between air temperature and human health is described in detail in a large amount of liter-
ature. However, scientific publications estimating how climate change will affect the population's health are
much less extensive. In this study current evaluations and future predictions of the impact of temperature on
human health in different geographical areas have been carried out. Non-accidental mortality and hospitali-
zations, and daily average air temperatures have been obtained for the 1999–2008 period for the ten main
cities in Tuscany (Central Italy). High-resolution city-specific climatologic A1B scenarios centered on 2020
and 2040 have been assessed. Generalized additive and distributed lag models have been used to identify
the relationships between temperature and health outcomes stratified by age: general adults (b65), elderly
(aged 65–74) and very elderly (≥75). The cumulative impact (over a lag-period of 30 days) of the effects
of cold and especially heat, was mainly significant for mortality in the very elderly, with a higher impact
on coastal plain than inland cities: 1 °C decrease/increase in temperature below/above the threshold was as-
sociated with a 2.27% (95% CI: 0.17–4.93) and 15.97% (95% CI: 7.43–24.51) change in mortality respectively in
the coastal plain cities. A slight unexpected increase in short-term cold-related mortality in the very elderly,
with respect to the baseline period, is predicted for the following years in half of the cities considered. Most
cities also showed an extensive predicted increase in short-term heat-related mortality and a general in-
crease in the annual temperature-related elderly mortality rate. These findings should encourage efforts to
implement adaptation actions conducive to policy-making decisions, especially for planning short- and
long-term health intervention strategies and mitigation aimed at preventing and minimizing the conse-
quences of climate change on human health.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The association between air temperature and human health has
been demonstrated in many parts of the world and is described in de-
tail in numerous recent reviews (Conlon et al., 2011; Kovats and Hajat,
2008; Ye et al., 2012; Yu et al., 2011). Commonly, immediate or very
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short time scale impact, especially on mortality events, has been ob-
served for high temperatures (Morabito et al., 2012; Muggeo and
Hajat, 2009). Conversely, cold weather generally showed a delayed
health effect up to several weeks (Analitis et al., 2008; Armstrong,
2006; Muggeo and Hajat, 2009). However, exceptions have recently
been described and hospitalizations for specific types of diseases
showed an evident immediate cold effect (Morabito et al., 2011).

Several studies showed a greater impact of temperature onmortal-
ity than on hospitalizations, especially when extremely high values
were reached, with clearly contrasting patterns (Kovats et al., 2004;
Linares and Díaz, 2008; Mastrangelo et al., 2006). Generally, U-, V-,
or J-shaped relationships have been described (Armstrong, 2006;
Iñiguez et al., 2010;McMichael et al., 2008; Ye et al., 2012) and specific
temperature thresholds (or optimum temperatures), initially calculat-
ed to recognize the minimum mortality level (Kalkstein and Davis,
1989), have been assessed in many cities worldwide. Only a few stud-
ies have tried to identify clear temperature thresholds for morbidity
events (Kovats et al., 2004; Lin et al., 2009). Starting from these city-
specific optimum temperatures, the mortality/morbidity begins to rise
with a slope depending on geographical location. The temperature–
mortality/morbidity relationship varies greatly depending on latitude,
climatic zone and demographic characteristics, showing the worst im-
pact on the elderly population because mostly susceptible to tempera-
ture changes (Hajat et al., 2007). Several studies also demonstrated
that people living in warmer cities are more affected by lower temper-
atures and, conversely, people in colder cities suffer from warmer tem-
peratures (Iñiguez et al., 2010; Keatinge et al., 2000a; The Eurowinter
Group, 1997). All this information assumes great significance in terms
of public health, especially in the light of future climate-change projec-
tions provided by climatic scenarios, currently adopted by the commu-
nity research of climatologists. Since the Intergovernmental Panel on
Climate Change (IPCC) indicated that the world average temperature
would continue to increase (IPCC, 2007), and because a continuous
growth of the elderly population and consequently of the fraction of
frail elderly, is expected mainly in industrialized countries (United
Nations, Department of Economic and Social Affairs, Population
Division, 2011), great attention should be paid to the risk estimation
of the potential impact of climate change on human health.

Nowadays, scientific publications estimating how climate change
will affect the population's health are much less extensive (McMichael
et al., 2006). Sincemost temperate industrialized countries show a typ-
ical seasonal mortality with a winter peak, it has been hypothesized
that future winters predicted to be milder should reduce the mortality
risk due to cold weather (Langford and Bentham, 1995). On the other
hand, as reported in a detailed critical review (Gosling et al., 2009),
an increase in heat stress and heat-related mortality, especially among
the elderly, is also predicted under different climatologic scenarios.
However, at the moment, there is still discrepancy and uncertainty in
evaluating the magnitude of these changes and an accurate estimation
of the burden of the annual temperature-related mortality will help
better understand the potential impact of climate change on human
health.

For these reasons, three main issues have been investigated in this
study: 1) current quantitative evaluations of the impact of air temper-
ature on two significant health outcomes that were carried out over a
10-year period (1999–2008): non-accidental mortality and hospitali-
zations; 2) investigations of regional geographical differences of the
relationship between temperature and human health; 3) predictions
of future city-specific impact of climate change on human health.

For this purpose, generalized additivemodels (GAMs) and distribut-
ed lagmodels were used to account for the non-linear effect of temper-
ature and to quantify the immediate/delayed health effects of exposure
to both cold and heat. Subsequently, high-resolution city-specific cli-
matologic scenarios for two 20-year periods centered on 2020 and
2040, produced by the Hadley Centre Regional Model version 3P
(HadRM3P) simulations, were used to predict city-specific short-term
changes in temperature-related annualmortality rates for the following
near (2011–2030) and distant (2031–2050) 20-year periods.

2. Material and methods

2.1. Health outcome data and study area

The study was carried out over an area of approximately 23 km2

located in Central Italy (Tuscany) which had approximately 3.7 million
inhabitants in 2008. Health outcome data comprised residents of the
10 major cities in Tuscany who died or were hospitalized for non-
accidental causes in the cities between 1999 and 2008. Non-accidental
mortality and hospital admission data (ICD9b800) were provided by
the Mortality Registry and the Hospitalization Registry of the Tuscany
Region.

The geographical locations of the 10 cities were used to classify
them in three city-specific homogeneous areas in climatic and altitu-
dinal terms (See Supplementary material, online Fig. 1): a) Inland
plain, which includes the cities of Florence, Prato, Pistoia and Lucca,
at an average altitude and distance from the Tyrrhenian Sea of
about 50 m a.s.l. and 55 km respectively. The average urban popula-
tion density for the 10-year period studied was about 1550 inhabi-
tants per km2. The percentages of elderly (aged 65–74) and very
elderly (≥75) population were 11.6% and 11.5% respectively, while
the old age index, that is a measure of the relationship between the
population over the age of 65 divided by the population under the
age of 15 (values higher than 100 indicate more elderly people than
the young ones), was 177.0. b) Coastal plain, which comprises the cit-
ies of Massa-Carrara, Livorno, Pisa and Grosseto, at an average alti-
tude and distance from the Tyrrhenian Sea of about 20 m a.s.l. and
7 km respectively. The average urban population density was about
910 inhabitants per km2. The percentages of elderly and very elderly
population were 11.4% and 10.7% respectively, while the old age
index was 205.0. c) Inland hill, which includes the cities of Siena
and Arezzo, at an average altitude and distance from the Tyrrhenian
Sea of 310 m a.s.l. and 89 km respectively. The average urban popula-
tion density was about 349 inhabitants per km2. The percentages of
elderly and very elderly population were 12.2% and 12.7% respective-
ly, while the old age index was 199.2.

Additionally, for the period under study, the average percentage of
people older than 64 years accounted for as much as 58% of all people
living alone in Tuscany. Furthermore, only 15.2% of families held a do-
mestic air conditioner; on the other hand, 96.2% of families held a
heating system (source: the Italian National Institute of Statistics
http://sitis.istat.it/sitis/html/).

With regard to the climate features of the areas studied, July and
August represent the warmest months in all the geographical areas
investigated, while the coldest months are December and January.
The inland plains/hills are characterized by the highest/lowest tem-
peratures respectively. Inland cities experienced the highest number
of freezing days during winter, especially in rural areas. Furthermore,
the daily temperature range is high, especially in the inland hill cities
and during the warmest months. Conversely, coastal plain cities are
generally characterized by a milder climate due to the influence of
the sea, and also show the lowest daily temperature range with rare
extreme temperatures.

2.2. Meteorological data

For each of the 10 cities in Tuscany, the daily average air temper-
ature dataset was provided for the 1999–2008 period by means of the
Daymet procedure (Thornton et al., 1997). Daymet is a software pack-
age that produces daily meteorological data over large regions, taking
into account the effects of terrain morphology. Meteorological obser-
vations can be included from an arbitrarily large number of stations
that are used to fit a locally calibrated relationship of temperature
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and precipitation to elevation. This software, in addition to daily me-
teorological observations from a network of weather stations, re-
quires a Digital Terrain Model of the study region, which in our case
has a spatial resolution of 200×200 m. For further information
on Daymet and for a detailed description of its calibration for the
Tuscany region, refer to Chiesi et al. (2007). The selection of the grid
points belonging to the 10 cities considered in this study was made
by using the Corine Land Cover database (European Topic Centre on
Terrestrial Environment, 2000). This useful product represents a com-
prehensive combination of landscape information deriving from re-
mote sensing and other data sources. Following, the selected grid
points, corresponding to the geographical position of each city, were
aggregated by calculating the mean daily air temperature values.

2.3. Climatologic scenarios

Output data of climate simulations from the dynamic Regional Cli-
mate Model, the Hadley Centre Regional Model version 3P (HadRM3P),
were used as drivers to evaluate the potential effects of climate change
on human health. The HadRM3P is the model incorporated in the re-
gional climate modeling system “Providing Regional Climates for Im-
pacts Studies”, developed and freely distributed by the Hadley Centre.
The HadRM3P has a grid-spacing of 0.44° latitude by 0.44° longitude,
corresponding to a horizontal resolution of about 50 km. Because the
climatic-impact community requires an increase in spatial resolutions
to assess vulnerability and potential adaptation strategies in the
climate-change scenario, the outputs from the HadRM3P were statisti-
cally downscaled over the 10 urban areas using an additional reference
tool: the LARS-WG stochastic weather generator as described in
Semenov and Barrow (1997). The LARS-WG downscaling procedure in-
cludes a proper training stage where the observed daily weather data
were used to identify the best set of parameters related to the probabil-
ity distributions ofweather variables in each location. These parameters
were then used to generate synthetic daily site-specific weather time
series, with an arbitrary length, taking into account the forcing factors
derived from the Local Climate Scenario. Time series with a 30-year ar-
bitrary length were used and the forcing factors, as established by
LARS-WG, were calculated in terms of monthly future climatic devia-
tion minimum and maximum temperatures, rainfall and radiation
with respect to the baseline of each parameter. The temporal variability
of temperature and rainfall, as relative change in standard deviation and
in duration of wet and dry spells, was also calculated and included. Fi-
nally, for each of the 10 cities considered, two 20-year periods of A1B
climatologic temperature scenario (IPCC, 2000), centered on the years
2020 (2011–2030) and 2040 (2031–2050), were assessed. Based on
the IPCC special report (IPCC, 2000), the A1B emission scenario assumes
a future world with very rapid economic growth, low population
growth (the global population peaks inmid-century and declines there-
after) and rapid introduction of new and more efficient technology.

2.4. Statistical analyses

All statistical analyses were conducted with the R statistical soft-
ware version 2.13.2 (R Development Core Team, 2011).

A preliminary descriptive analysis was performed to investigate
the seasonal fluctuation of both mortality and hospitalizations,
and the daily average air temperature. Significant fluctuations were
detected by using a non-parametric procedure (the Kruskal–Wallis
Test) for mortality and hospitalization data, while a parametric proce-
dure (ANOVA) was used for the air temperature. The descriptive anal-
ysis and the following retrospective investigation to estimate the
current impact of temperature on health outcome data, were carried
out by grouping the cities in 3 specific geographical areas (inland
plain, coastal plain and inland hill) previously described in Section
2.1. The analyses were also stratified by age: general adults (b65), el-
derly (aged 65–74) and very elderly (≥75). Because it is well known
that the effects of excessive heat and especially cold conditions on
mortality are not limited to the same day-exposure, but could extend
to several following days (also several weeks) (Analitis et al., 2008;
Armstrong, 2006; Muggeo and Hajat, 2009), an innovative statistical
approach called “constrained segmented distributed lag model”,
fully described in Muggeo (2010), was adopted (See Supplemental
material, online Fig. 2). In particular, a specific R statistical package,
“modTempEff” (version 1.5) (Muggeo, 2008, 2010), available from
the Comprehensive R Archive Network (http://CRAN.R-project.org/
package=modTempEff), was used. This package fits a Poisson
log-linear regression model to assess the effects of temperature on
mortality or morbidity using a specific approach (the constrained seg-
mented distributed lag parameterization) which allows for simulta-
neously calculating the two main effects of temperature exposure on
health data: 1) the non-linearity, and 2) the distributed lag effect. A
maximum 30-day time-lag was considered as a sufficient length of
time to estimate any possible delayed short-term excess/deficit due
to exposure to both cold and heat. This statistical package was applied
to the time series for each geographical area considered and the analy-
ses were always controlled for specific Boolean confounders included
in the model: the year, the season (winter: December–February;
spring: March–May; summer: June–August; and autumn: September–
November) and the day of the week, national celebrations and finally,
the summer population decrement. Single temperature thresholds
were estimated (See Supplementary material, online Fig. 2) for each
geographical area through an algorithm, directly integrated in this sta-
tistical package, able to detect breakpoints. These thresholds corre-
spond to the temperature where the linear relationship between the
dependent and independent variables shows a change along the
range, andwhere normally themortality ormorbidity starts to increase
significantly with respect to the temperature variation.

The summarized results show all the parameters estimated: the
temperature thresholds and the correspondent percentile values, the
number of days above/below temperature thresholds, and the cumu-
lative effect (that is, the net heat and cold effect assessed as the sum-
mation of risks at all individual lags) with confidential intervals, the
peak lag and the effect at peak lag represented by the % change in
mortality or morbidity events per 1 °C decrease/increase of air tem-
perature respectively below/above the previous identified threshold.
In addition, graphics representing distributed lag curves for cold and
heat effects are also shown for each geographical area.

Finally, future city-specific health risk estimationswere projected by
driving the statistical heath risk models for two downscaled and cali-
brated 20-year periods of A1B temperature scenarios (See Supplemen-
tary Material, online Fig. 2). For these purposes, generalized additive
models (GAMs) (Hastie and Tibshirani, 1995) were used. GAMs are
very flexible tools that allow for applying a wide variety of link func-
tions on the dependent variable for taking any non-linear (smooth) ef-
fect of predictor variables into account. A Poisson link assumption was
used in this study. The use of these models has a double goal: 1) to
maintain a robust inferential scheme, and 2) to maximize the quality
of prediction of any dependent variable considered. TheGAMprocedure
was applied by the R “mgcv” package (Wood, 2006) and was system-
atically used throughout the entire investigation period to estimate
the smoothed shape of exposure-response curves between mortality/
hospitalizations and short-term changes in temperature. The latter
was calculated by averaging the dailymean temperature value on a spe-
cific day with that calculated on the previous day (lag0–1). Breakpoints
(critical temperature thresholds) were also identified by using the R
“segmented” statistical package (Muggeo, 2003), which is equivalent
to the algorithm integrated in the R “modTempEff” statistical package
previously described. The R “mgcv” package was used to compute the
full parameterization of retrospective GAM models, also controlled for
calendar factor confounders such as seasons, days of the week, celebra-
tions, and summer population decrement. Afterwards, these models
were used in a predictive manner, adopting downscaled and calibrated

http://CRAN.R-project.org/package=modTempEff
http://CRAN.R-project.org/package=modTempEff


31M. Morabito et al. / Science of the Total Environment 441 (2012) 28–40
climatic scenario data to obtain city-specific projections of future short-
term changes in temperature-related health risks (see Supplementary
material, online Fig. 2).

The summarized results show the predicted % change in health
outcome data per 1 °C future increase/decrease above/below the crit-
ical temperature threshold for the following near (centered on the
2020: 2011–2030) and distant (centered on the 2040: 2031–2050)
20-year periods. Furthermore, mortality changes (Δ) predicted for
the 2020 and 2040 periods, with respect to the reference base period
(1999–2008), are indicated by directional arrow icons (↓ decreased;
↑ increased; ↔ unchanged) and absolute Δ values, that correspond
to the predicted deviation from the reference base period.

Graphical representations of city-specific health risk estimations,
grouped by geographical area, are also shown. Graphics are represented
by exposure-response curves (smoothing plots) of daily average tem-
peratures (lag0–1) and daily number of health outcome data reported
on a logarithmic scale. Curves represent the estimatedmeanpercentage
of change in daily health outcomedata. This graphical representation al-
lows to describe the current (1999–2008) and predicted variation in the
shape of the exposure-response curve across cities, for the following
near (2011–2030) and distant (2031–2050) 20-year periods, in relation
to geographical characteristics.

In addition, city-specific annual short-term changes in temperature-
related health outcome rates were also assessed. Annual rates (%) were
calculated by adding both the health outcome changes predicted per
1 °C decrease below and increase above the estimated temperature
Fig. 1. Time-series of daily average temperatures (°C) for geogra
threshold, with respect to the base period (1999–2008), assessed for
the following near and distant 20-year periods. A positive annual
temperature-related health outcome rate occurs when: a) both mortal-
ity (or hospitalization) changes predicted for cold and heat conditions
are positive (overallmortality/hospitalization increase); b) the negative
mortality (or hospitalization) change predicted for cold (or heat) is too
slight to offset the substantial positive mortality (or hospitalization)
change predicted for heat (or cold). The opposite situation occurs for
negative annual rates.

3. Results

3.1. Descriptive analysis

For each of the three city-specific geographical areas, time-series of
daily average temperatures and their spline-smoothed profiles are plot-
ted in Fig. 1. The highest mean daily temperature range, 12.1 °C, was
observed on inland hill cities, followed by the inland plain, with
11.1 °C, while the lowest value, 9.9 °C, occurred on coastal plain cities.
Highly significant seasonal fluctuations in health outcome data and
temperatures were observed during the 10-year period in all geograph-
ical areas (Table 1). Mortality and hospitalizations generally reached
the highest peaks duringwinter and spring respectively in all geograph-
ical areas. The summer was the season with commonly the lowest
mortality andmorbidity peaks. During the 10-year study period, the av-
erage number ofmortality andmorbidity events obviously followed the
phical areas, 1999–2008. Solid lines are smoothing splines.

image of Fig.�1


Table 1
Seasonal fluctuations of health outcome data and temperatures in cities located in specific geographical areas. Significant levels (p) were assessed by using the non-parametric pro-
cedure Kruskal–Wallis Test for mortality and hospitalizations, and the parametric procedure ANOVA for air temperature data. Population is referred to the 2008 census (source
http://demo.istat.it/pop2008/index.html). Averages and standard deviation values are indicated.

Seasons p

Winter Spring Summer Autumn

Inland plain (population: 722,959)
Mortality
b65 3.5±1.9 3.1±1.7 3.0±1.8 3.0±1.7 b0.0001
65–74 4.7±2.2 4.4±2.1 3.9±2.1 4.1±2.0 b0.0001
>74 20.5±5.1 17.8±4.5 16.1±4.7 16.5±4.5 b0.0001

Hospitalizations
b65 178.1±60.6 185.6±60.1 153.7±53.8 179.4±55 b0.0001
65–74 66.7±24.0 69.3±24.4 54.6±21.1 65.9±21.8 b0.0001
>74 107.1±25.9 107.5±25.9 90.6±23.5 103.1±24.1 b0.0001

Temperature (°C) 9.0±3.0 16.9±4.6 26.7±3.1 18.3±5.1 b0.0001
Coastal plain (population: 462,617)

Mortality
b65 2.3±1.6 2.4±1.6 2.4±1.6 2.1±1.5 b0.0001
65–74 3.3±1.9 3.1±1.8 2.9±1.7 2.8±1.7 b0.0001
>74 12.6±3.8 11.1±3.6 10.4±3.7 10.7±3.4 b0.0001

Hospitalizations
b65 137.6±48 142.2±48.7 122.3±38.4 136.2±42.3 b0.0001
65–74 55.8±20.5 57.9±21.0 49.1±17.5 55.7±19.3 b0.0001
>74 76.6±19.0 76.6±18.8 67.9±16.5 74.1±17.5 b0.0001

Temperature (°C) 10.1±2.8 16.5±4.0 25.8±2.6 18.8±4.4 b0.0001
Inland hill (population: 151,374)

Mortality
b65 0.9±0.9 0.8±0.9 0.7±0.9 0.9±0.9 b0.001
65–74 1.3±1.2 1.2±1.2 1.1±1.1 1.1±1.1 b0.01
>74 5.4±2.4 4.7±2.2 4.3±2.1 4.4±2.1 b0.0001

Hospitalizations
b65 51.0±20.1 53.7±20.3 45.6±16.7 51.2±17.1 b0.0001
65–74 20.3±8.9 21.3±9.1 18.2±7.9 20.3±8 b0.0001
>74 28.8±8.6 29.2±8.9 25.4±8.1 27.8±7.8 b0.0001

Temperature (°C) 7.9±3.1 15.9±4.7 25.9±3.2 17.1±5.0 b0.0001
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geographical distribution of the population density: the highest aver-
age numbers of health outcome data were observed in all seasons and
for all the age groups in the inland plain cities, followed by the coastal
plain and the inland hill cities (Table 1). Temperatures were usually
the lowest in the inland hill cities. Conversely, the highest average tem-
peratures were observed in inland plain cities during spring and sum-
mer and in coastal plain cities during winter and autumn.

3.2. Retrospective mortality/morbidity–temperature relationships

The summarized results relating to the effect of cold and heat on
mortality/morbidity are reported in Tables 2 and 3 respectively. The
estimated temperature thresholds where mortality and morbidity
were at their minimum were often found to be higher in the elderly
(aged 65–74) and very elderly (≥75) than in general adults (b65).
Mortality showed substantially higher threshold values than those ob-
served formorbidity. Coastal plain cities showed the highest threshold
and percentile values.

With regard to the impact of cold conditions (Table 2), significant
cumulative cold effects were only observed for mortality of the elder-
ly in the inland and coastal plain and for mortality of the very elderly
in the coastal plain. An immediate but slight cold effect at the peak lag
(peak lag=0) was observed for mortality of the elderly. Conversely,
the lag at which the cold effect on mortality of the very elderly was
greatest was limited to 5–7 days after cold exposure (See Supple-
mentary material, online Fig. 3).

No significant cumulative cold effects (Table 2) were observed
when morbidity (hospitalizations) was considered. Furthermore, a
delayed cold effect at the peak lag was always observed: hospitaliza-
tions of general adults and the elderly were observed about three or
four weeks after cold exposure; increased hospitalizations of the
very elderly were slightly delayed (three days after the cold expo-
sure). In addition, cold effects on hospitalizations of general adults
and the elderly at the peak lag were always greater than those ob-
served for mortality; conversely, the effects on hospitalizations of
the very elderly were equal to or lower than those for mortality.

Regarding the impact of heat (Table 3), significant cumulative
heat effects were observed for mortality of the elderly in the inland
and coastal plain and for mortality of the very elderly in all geograph-
ical areas. Heat effects on mortality were always greater in coastal
cities than inland ones and were substantially greater than those ob-
served for the cold effect. However, it should be considered that the
number of days above critical temperature thresholds for mortality
(heat effect, Table 3) was substantially lower than that observed
below thresholds (cold effect, Table 2). The heat effect on mortality
was mostly immediate in all geographical areas and the greatest
at lag 0. The graphical representation of distributed lag curves for
heat effects on mortality changes of the very elderly showed signifi-
cant differences between coastal cities and inland ones starting
from the day of exposure (lag 0) until lag 5 (Fig. 2). Furthermore,
clear harvesting effects were evident from lag 8 to lag 16 in coastal
plain cities and from lag 9 to 12 on those of the inland plain. Con-
versely, no harvesting effects were observed on inland hill cities.

No significant cumulative heat effects (Table 3) were observed
when hospital admissions were considered. Moreover, cumulative
heat effects were always negative. Contrary to the cold effect on hos-
pitalizations, a general immediate heat effect (peak lag=0) was ob-
served. Furthermore, the effects at peak lag were always lower than
those observed for mortality.

3.3. Future city-specific health risk estimations based on climatologic
scenarios

The predicted temperature changes, related to the baseline period
(1999–2008), for the two 20-year A1B scenarios centered on 2020 and
2040 are indicated in Fig. 3. In particular, the average air temperature
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Table 2
Current (1999–2008) quantitative evaluations of the cold effect on all cause mortality and hospitalizations in different geographical areas by means of the constrained segmented distributed lag model. In round brackets, 95% CI of point
estimates is indicated. In bold, significant cumulative cold effects are indicated.

Geographical areas
and health outcomes
stratified by age

Cold effect: % change in mortality/morbidity events per 1 °C decrease in temperature below the identified threshold

All cause mortality All cause hospitalizations

Estimated threshold
(°C) [percentile]

N. of days below
threshold

Cumulative effect Peak lag Effect at peak lag Estimated threshold
(°C) [percentile]

N. of days below
threshold

Cumulative effect Peak lag Effect at peak lag

Inland plain b65 24.9 [78] 2871 1.05 (−0.37 to 1.73) 0 0.08 (−0.01 to 0.12) 12.3 [29] 1053 0.44(−2.83 to 3.70) 23 0.41 (0.30 to 0.51)
65–74 25.5 [81] 2963 1.29 (0.14 to 2.44) 0 0.04 (0.01 to 0.10) 13.1 [32] 1172 0.70 (−3.82 to 5.22) 18 0.40 (0.26 to 0.54)
≥75 26.0 [83] 3038 2.04 (−1.73 to 5.81) 7 0.22 (0.09 to 0.34) 12.9 [31] 1145 1.27 (−1.69 to 4.23) 3 0.22 (0.10 to 0.33)

Coastal plain b65 24.5 [80] 2910 0.70 (−0.04 to 1.44) 0 0.04 (−0.00 to 0.09) 13.8 [33] 1215 0.12 (−3.23 to 3.48) 18 0.45 (0.35 to 0.55)
65–74 27.4 [92] 3366 0.84 (0.17 to 1.15) 0 0.06 (0.01 to 0.10) 15.7 [43] 1553 0.55 (−3.86 to 4.97) 18 0.33 (0.18 to 0.48)
≥75 26.7 [89] 3265 2.27 (0.17 to 4.93) 5 0.36 (0.23 to 0.48) 11.4 [20] 719 0.01 (−1.79 to 1.73) 3 0.18 (0.03 to 0.33)

Inland hill b65 23.9 [80] 2884 −0.00 (−0.00 to 0.00) 7 0.00 (−0.00 to 0.00) 9.5 [21] 753 1.58 (−3.80 to 6.97) 30 0.52 (0.23 to 0.81)
65–74 25.3 [84] 3078 0.82 (−0.29 to 1.92) 0 0.06 (−0.01 to 0.14) 11.3 [29] 1063 0.45 (−5.39 to 6.28) 24 0.33 (0.17 to 0.50)
≥75 25.4 [85] 3091 2.42 (−1.21 to 6.05) 6 0.38 (0.26 to 0.51) 11.4 [29] 1077 0.73 (−2.83 to 4.30) 3 0.24 (0.07 to 0.41)

Table 3
Current (1999–2008) quantitative evaluations of the heat effect on all cause mortality and hospitalizations in different geographical areas by means of the constrained segmented distributed lag model. In round brackets, 95% CI of point
estimates is indicated. In bold, significant cumulative heat effects are indicated.

Geographical
areas and health
outcomes stratified
by age

Heat effect: % change in mortality/morbidity events per 1 °C increase in temperature above the identified threshold

All cause mortality All cause hospitalizations

Estimated threshold
(°C) [percentile]

N. of days above
threshold

Cumulative effect Peak lag Effect at peak lag Estimated threshold
(°C) [percentile]

N. of days above
threshold

Cumulative effect Peak lag Effect at peak lag

Inland plain b65 24.9 [78] 782 2.08 (−0.40 to 4.57) 0 1.38 (0.58 to 2.17) 12.3 [29] 2600 −0.35 (−1.64 to 0.93) 0 0.08 (−0.02 to 0.18)
65–74 25.5 [81] 690 2.10 (0.07 to 4.13) 0 1.50 (0.70 to 2.30) 13.1 [32] 2481 −0.59 (−2.16 to 0.99) 0 0.03 (−0.05 to 0.14)
≥75 26.0 [83] 615 6.22 (0.11 to 12.71) 0 2.24 (1.17 to 3.31) 12.9 [31] 2508 −0.60 (−1.60 to 0.40) 0 0.21 (0.09 to 0.33)

Coastal plain b65 24.5 [80] 743 1.51 (−3.93 to 6.95) 0 1.64 (0.51 to 2.77) 13.8 [33] 2438 −0.65 (−1.98 to 0.67) 0 0.21 (−0.02 to 0.30)
65–74 27.4 [92] 287 7.76 (1.41 to 14.11) 0 4.26 (2.04 to 6.47) 15.7 [43] 2100 −0.65 (−2.22 to 0.92) 0 0.16 (−0.01 to 0.33)
≥75 26.7 [89] 388 15.97 (7.43 to 24.51) 0 4.33 (3.40 to 5.26) 11.4 [20] 2934 −0.58 (−1.46 to 0.31) 0 0.08 (0.01 to 0.15)

Inland hill b65 23.9 [80] 769 −0.01 (−3.94 to 3.92) 0 1.48 (0.58 to 2.37) 9.5 [21] 2900 −0.23 (−1.55 to 1.09) 0 0.06 (−0.03 to 0.15)
65–74 25.3 [84] 575 −0.61 (−8.93 to 7.72) 0 0.67 (−0.04 to 1.38) 11.3 [29] 2590 −0.20 (−1.46 to 1.06) 0 0.07 (−0.09 to 0.23)
≥75 25.4 [85] 562 5.49 (1.39 to 9.58) 0 2.23 (1.36 to 3.10) 11.4 [29] 2576 −0.32 (−2.20 to 1.56) 0 0.15 (0.02 to 0.29)
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Fig. 2. Estimated distributed lag curves (% change in mortality of the very elderly) for
heat effects in three geographical areas during the 1999–2008 period. Temperature
thresholds are 26.7 °C (89th percentile), 26.0 °C (83rd percentile) and 25.4 °C (85th
percentile) for the coastal plain (black continuous line), inland plain (gray continuous
line) and inland hill (black broken line) cities respectively. Bars indicate the 95% CI of
point estimates.
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predictions show an expected increases of 1.0 °C and 2.4 °C for the fol-
lowing near (2011–2030) and distant (2031–2050) 20-year periods
respectively. Temperature changes are expected to be slightly higher
on the coastal cities than on the inland ones. Seasons predicted to
largely contribute to the whole annual temperature increase are win-
ter and summer (Fig. 3): 65% and 59% during the 2020 and 2040 pe-
riods respectively.

Because the retrospective analysis showed that the tempera-
ture had the greatest and most significant impact on mortality in the
very elderly (≥75), the city-specific health risk estimation for the
two 20-year periods of A1B temperature scenarios focused on this
age bracket. The estimated temperature thresholds were on average
higher in coastal plain cities (average value 26.4 °C) than on the inland
plain (average value 25.9 °C) and hill (average value 24.0 °C) cities.
The highest percentile values of the estimated temperatures were
also found on the coastal plain, with values ranging from the 86th to
the 90th percentile. The baseline mortality change, assessed over the
10-year period (1999–2008), was also always higher in coastal cities
than inland ones. The predicted mortality changes of the very elderly
caused by short-term (lag0–1) cold conditions for future years showed
different patterns among cities. In particular, half the cities showed an
unexpected increase in mortality risk for both the following near
(2011–2030) and distant (2031–2050) 20-year periods with respect
Fig. 3. Temperature changes predicted on cities located in specific geographical areas for
the following near (for 2020: 2011–2030) and distant (for 2040: 2031–2050) 20-year pe-
riods, related to the baseline period (1999–2008), based on high-resolution city-specific
climatologic A1B scenarios. The seasonal contribution to the annual average temperature
change for each geographical area is expressed as percentage value: winter, spring, sum-
mer and autumn contributions are indicated by black, dark gray, light gray andwhite bars
respectively.
to the baseline period (1999–2008) (Table 4). The highest increases
in short-term cold-related mortality are predicted in Arezzo and
Pistoia, located in the inland hill and plain areas respectively. In
these cases, gradual and slight increases in the very-elderly mortality
risks with decreasing temperatures are expected during the 2020 and
2040 periods, with respect to the baseline period (Fig. 4). Conversely,
other cities showed a typical decrease in the predicted short-term
cold-related mortality, especially in coastal cities with Livorno being
the only exception. In most coastal plain cities, during both 20-year
periods of 2020 and 2040, the very-elderly mortality risks tend to
drop to zero with decreasing the average temperatures (Fig. 4).

With regard to the predicted short-term heat effect on the very-
elderly mortality, as expected, most cities showed a greater predicted
mortality change than that observed during the reference period, with
only two exceptions that showed no mortality variation (Prato) or a
decrease in the predicted heat-related mortality (Grosseto) for the
following near (2011–2030) 20-year period (Table 4). However, in-
creases in heat-related mortality were always observed in all cities
in the following distant (2031–2050) 20-year period. The highest in-
creases are predicted in coastal cities, which also showed the steepest
curves of heat-related mortality and the highest mortality risk values
for extremely high temperatures (Fig. 4).

In general, it was observed that the change in cold-related mortal-
ity is usually slight when compared to the change in heat-related
mortality in the very elderly (Table 4). Therefore, the predicted reduc-
tion in the short-term cold-related mortality observed in several cities
is expected to be too slight to offset the substantial predicted in-
crease in the short-term heat-related mortality. The cities of Prato
and Grosseto represent two exceptions which only show a general de-
crease in the predicted annual temperature-related mortality rate for
the following near 20-year period (2011–2030) (Fig. 5). However, in-
creased burdens of the heat-related mortality will be always expected
for the following distant 20-year period (2031–2050) (Fig. 5).

4. Discussion

This study not only confirms several results obtained from previ-
ous studies analyzing the relationship between temperature and
several human health outcomes, but also adds new findings that em-
phasize different geographical patterns of these relationships on a re-
gional scale and provides predictions of future city-specific impact on
human health due to climate change. Essentially, this work gives a
chance to make a quantitative assessment of future health risks relat-
ed to climate changes.

In detail, the main results of this study can be summarized in two
sections:

1. Current impact of air temperature on human health:
• The cumulative impact of both cold and heat effects was only
significant on mortality in the elderly (aged 65–74) and the
very elderly (≥75); conversely, no significant cumulative impact
was observed on mortality in general adults (b65) or any
age-stratified morbidity events (hospitalizations).

• The heat impact on mortality was always immediate (peak
lag=0), often followed by negative estimates (harvesting ef-
fect), and substantially greater than the cold effect.

• Both heat and cold effects on mortality were higher in coastal
plain cities than inland cities.

2. Future health risk estimations based on climate-change scenarios:

• A slight unexpected increase in short-term cold-relatedmortality in
the very elderly with respect to the baseline period (1999–2008) is
predicted for the following years in half the cities considered.

• Most cities also showed an extensive predicted increase in short-
term heat-related mortality of the very elderly that was always
greater than the predicted change in short-term cold-related
mortality.
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Table 4
Predictions of the future city-specific impact of climate change on mortality of the very elderly. Temperature thresholds are estimated based on the 1999–2008 period. The mortality
change (Δ) predicted for the 2020 and 2040 periods is represented by directional arrow icons (↓ decreased; ↑ increased; ↔ unchanged) and absolute Δ values, with respect to the
baseline period. In round brackets, 95% CI of point estimates is indicated.

City-specific
geographical
areas

Estimated temperature
thresholds at lag0–1
[percentile]

% Change in mortality per 1 °C decrease below
the estimated temperature threshold

% Change in mortality per 1 °C increase above the
estimated temperature threshold

Base 2020 Δ 2040 Δ Base 2020 Δ 2040 Δ

Mortality
predicted

Mortality
predicted

Mortality
predicted

Mortality
predicted

Inland plain
Florence 26.7 [83] 0.9 0.8 (0.6–1.0) ↓ 0.1 0.7 (0.5–0.9) ↓ 0.2 7.6 9.1 (7.8–10.6) ↑ 1.5 10.3 (9.3–11.3) ↑ 2.7
Prato 26.5 [82] 0.9 0.5 (0.2–0.8) ↓ 0.4 0.5 (0.2–0.9) ↓ 0.4 5.1 5.1 (3.4–7.3) ↔ 0.0 7.5 (4.4–5.9) ↑ 2.4
Pistoia 24.5 [78] 0.7 1.2 (0.9–1.6) ↑ 0.5 1.6 (1.0–2.2) ↑ 0.9 4.6 6.9 (4.4–10.1) ↑ 2.3 6.2 (4.5–8.3) ↑ 1.6
Lucca 25.9 [82] 1.4 1.6 (1.1–2.3) ↑ 0.2 1.5 (1.1–2.0) ↑ 0.1 8.8 10.2 (7.3–13.8) ↑ 1.4 12.2 (9.2–15.7) ↑ 3.4

Average 25.9 [81] 1.0 1.1 (0.7–1.4) ↑ 0.1 1.1 (0.7–1.5) ↑ 0.1 6.5 7.8 (5.7–10.5) ↑ 1.3 9.0 (6.9–10.3) ↑ 2.5
Coastal plain

Massa-Carrara 25.5 [90] 1.0 0.6 (0.1–1.1) ↓ 0.4 0.6 (0.2–1.1) ↓ 0.4 18.1 24.1 (20.4–28.2) ↑ 6.0 29.9 (26.1–34.1) ↑ 11.8
Livorno 26.0 [86] 2.2 2.6 (2.2–3.0) ↑ 0.4 2.5 (1.9–3.1) ↑ 0.3 17.0 22.1 (18.4–26.4) ↑ 5.1 24.3 (20.9–28.1) ↑ 7.3
Pisa 26.9 [90] 1.7 0.4 (0.1–0.8) ↓ 1.3 0.5 (0.1–1.0) ↓ 1.2 17.8 20.8 (16.2–26.3) ↑ 3.0 23.7 (20.7–27.1) ↑ 5.9
Grosseto 27.1 [87] 1.4 0.2 (−0.2–0.6) ↓ 1.2 0.2 (−0.3–0.7) ↓ 1.2 8.9 4.3 (2.4–6.5) ↓ 4.6 10.4 (7.8–13.4) ↑ 1.5

Average 26.4 [88] 1.6 1.0 (0.6–1.4) ↓ 0.6 1.0 (0.5–1.5) ↓ 0.6 15.5 17.9 (14.4–21.9) ↑ 2.4 22.0 (18.9–25.7) ↑ 6.5
Inland hill

Siena 24.9 [84] 0.7 0.7 (0.4–1.1) ↔ 0.0 0.9 (0.6–1.3) ↑ 0.2 4.7 5.5 (3.2–8.3) ↑ 0.8 6.7 (4.6–9.3) ↑ 2.0
Arezzo 23.0 [75] 1.6 2.4 (1.6–3.3) ↑ 0.8 2.4 (1.7–3.1) ↑ 0.8 4.0 6.6 (4.6–8.9) ↑ 2.6 4.1 (2.6–6.0) ↑ 0.1

Average 24.0 [80] 1.2 1.6 (1.0–2.2) ↑ 0.4 1.7 (1.2–2.2) ↑ 0.5 4.4 6.1 (3.9–8.6) ↑ 1.7 5.5 (3.6–7.7) ↑ 1.1

Fig. 4. Short-term exposure response curves (smoothing plots) of daily average temperatures (lag0–1) (°C) and mortality of the very elderly (subjects≥75 years of age) in different
geographical areas for the current period (1999–2008) and predicted for the following near (for 2020: 2011–2030) and distant (for 2040: 2031–2050) 20-year periods based on the
A1B climatologic scenario.
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Fig. 5. Annual temperature-related mortality rates (%) of the very elderly (subjects≥
75 years of age) predicted for the following near (gray bars) (for 2020: 2011–2030)
and distant (black bars) (for 2040: 2031–2050) 20-year periods based on the
high-resolution A1B climatologic scenario.
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• The predicted annual temperature-relatedmortality rates are prev-
alently positive in most cities for the following near 20-year period
(2011–2030) and are always positive in all cities for the following
distant 20-year period (2031–2050), reaching the highest vales in
the coastal plain cities.

4.1. Current impact of air temperature on human health

In compliance with previous studies (Kovats et al., 2004; Linares
and Díaz, 2008; Mastrangelo et al., 2006), our results show a differen-
tiated pattern between mortality and hospital admissions in the case
of low/high temperature conditions and confirm a greater impact of
the temperature (especially high temperatures) on mortality than
on morbidity events. Furthermore, our results also show a negative
cumulative effect (over a lag-period of 30 days) of heat on hospitaliza-
tions, which means a general decrease in total hospital admissions
when over-threshold temperatures occur. The contrast between mor-
tality and hospital admissions represents a remarkable finding in
agreement with a recent study (Williams et al., 2012) where the au-
thors also evidenced a decrease in total hospital admissions on
heat-wave days. The discrepancy between increasedmortality and de-
creased hospitalizations might be explained by the fact that heat-
related mortality can occur rapidly, with a short-time interval be-
tween exposure to high temperatures and subsequent death. For this
reason it is plausible to hypothesize that patients die before they can
be admitted to hospital (Kovats and Hajat, 2008) and this risk is par-
ticularly high in people aged >65. In a recent review (Ye et al.,
2012) based on the epidemiological evidence of the impact of temper-
ature on morbidity, the authors stated that the majority of studies
reported detrimental effects of heat at short lags and longer cold ef-
fects up to a 2–3 week lag. However, it is well known that the impact
of temperature on morbidity is less certain than the temperature–
mortality association, and a great heterogeneity of results has been
observed across the studies. In this study no significant cumulative ef-
fects (over a period of 30 days) on hospitalizations of either heat or
cold conditionswere observed, however, a general immediate heat ef-
fect (peak lag=0) and a delayed cold effect at the peak lag (generally
up to 2–3 weeks) were always observed.

This study also confirmed the fact that changes in the average
temperatures have a larger impact on mortality in the elderly popula-
tion than in general adults, as described in a recent review (Yu et al.,
2011). The reason might be attributed to a diminished or delayed
physiological ability of the elderly population to maintain their core
temperature within safe and acceptable limits, and also because of
the worsening of other factors such as living conditions, family and/
or social support and the ability to access medical-care systems.
It is interesting to note that the higher temperature thresholds
in the elderly population (≥65 years) compared to general adults
(b 65 years) observed in this study are partially in contrast with pre-
vious findings from another European study (Laaidi et al., 2006): the
authors found a decreasing level of the thermal optimumwith the in-
crease in age in the City of Paris, where the elderly showed a poorer
adaptation to heat. Conversely, and in line with our results, the au-
thors also evidenced a more prominent thermal optimum for older
people in other cities with different geographical locations.

The highest temperature thresholds observed for the elderly in this
study might be attributed to an improved adaptation of the elderly
population to heat, especially thanks to the preventive measures, in-
formation plans on heat effects on human health, and the setting up
of city-specific heat healthwarning systems (HHWS)with detailed in-
terventions for safeguarding the health of the elderly. In particular, in
a recent study carried out over the Florentine area (Morabito et al.,
2012), a temporal modification of the heat-related risk in elderly
people was detected by comparing previous (1999–2002) and subse-
quent (2004–2007) periods to the summer of 2003, when a regional
HHWS was set up: exposure-response curves between mortality and
apparent temperatures were clearly steepest for extreme values and
with more evident critical apparent temperature thresholds during
the 1999–2002 period than the 2004–2007 period. Furthermore, the
change in mortality of very elderly people (≥75) for a 1 °C increase
in apparent temperature was significantly higher (often more than
double) during the 4-year period without the HHWS (1999–2002)
than during the 2004–2007 period when a local HHWS was set up.

Compared to populations living in cities at similar latitudes
(McMichael et al., 2008), our results confirm the greater and more
immediate (lag=0) heat effect on the elderly population with re-
spect to the delayed (lags up to 7 days) and more distributed cold ef-
fect. This pattern has already been evidenced in previous studies
where the heat effects were mostly immediate while the cold effects
were delayed by several weeks (Muggeo and Hajat, 2009). However,
because in this study high percentile values of temperature thresh-
olds for mortality were identified and, for this reason, the number
of days below thresholds was substantially higher than that observed
above thresholds, the cold effect on mortality was more distributed
over time than the heat effect. This observation might be helpful to
explain the highest number of deaths generally observed during the
coldest season.

Furthermore, our study also confirmed the mortality displacement
evidenced in coastal and inland plain cities. This phenomenon, called
the “harvesting effect”, occurs when a positive association at short
lags is followed by a negative association at longer lags, which should
suggest a mortality “deficit” (Muggeo, 2010).

The international ISOTHURM project on the effects of temperature
on urban mortality (McMichael et al., 2008) in several European cities
with geographical characteristics similar to the cities considered in
this study gave interesting and comparable results. For example, for
the city of Bucharest (70 m a.s.l.), characterized by a continental cli-
mate and latitude and altitude levels similar to the cities classified in
this study as “inland plain”, percentage increases were observed in
total mortality equal to 0.85% and 3.30% below and above the temper-
ature threshold respectively. These values are comparable with those
observed in this study where the increase in mortality of the very el-
derly was on average 1.0% and 6.5% below and above the temperature
threshold respectively. In another European city, Sofia (550 m a.s.l.),
with geographical characteristics comparable with the cities classified
in this study as “inland hill”, percentage increases in total mortality of
0.93% and 2.88% below and above the temperature threshold respec-
tivelywere observed (McMichael et al., 2008). In this study, the increase
ofmortality of the very elderly below the temperature thresholdwas on
average 1.2%, while the increase above the threshold was on average
4.4%. The reason why, in this study, the average increase in mortality
below/above cold/heat thresholds was higher than in the McMichael
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et al. (2008) study, is attributed to the fact that we investigated the
mortality of more susceptible people, such as the very elderly. Further-
more, the ISOTHURM study also included air pollution as a potential
confounder, but the impact of its inclusion on the temperature slopes
was very slight.

Previous studies (Analitis et al., 2008; Laaidi et al., 2006; The
Eurowinter Group, 1997) also evidenced a large-scale (at a continen-
tal or national level) geographical heterogeneity of temperature-
related mortality and it is already known that excessive heat is more
likely to increase the mortality risk in the coldest areas, while
populations living in warmer regions tend to be more vulnerable to
cold. Moreover, in another study (Keatinge et al., 2000b), the authors
found that the cold-effect on mortality is particularly evident in re-
gions where people have poor protection against cold. This study
clearly shows that at a regional level (Central Italy), both heat and
cold effects on mortality also reached the highest levels in the milder
coastal plain cities. These cities showed higher average temperatures
during winter and autumn and lower temperatures during summer
than inland cities. These characteristic climate conditions (coastal
climate), with typically low daily temperature ranges and little annual
temperature variations, make the population living on the coast more
susceptible and less adaptable to sudden temperature changes and
extremes: the coastal cities showed the worst health situation when
compared with the other cities with different geographical locations.
It is also interesting to note that in the coldest cities considered in
this study, the inland hill ones, no significant cold effects were found
on health outcomes. In addition, significant heat effects were only
seen on mortality when the very elderly were considered.

4.2. Estimations of future health risks based on climate change scenarios

While there are extensive retrospective investigations in literature
regarding the association between severe meteorological conditions
and health risks, publications estimating how climate change will affect
populations through modeling approaches are less common and not
decisive. Several studies reported a prevalent slight, but in some cases
also marked, decrease in winter mortality in temperate countries as a
consequence of climate change (Davis et al., 2004; Donaldson et al.,
2001; Doyon et al., 2008; Kalkstein and Greene, 1997; Langford and
Bentham, 1995). However, for the first time our study has reported
that in half the cities a slight increase in short-term cold-related mor-
tality in the very elderly, with respect to the base period (1999–2008),
is expected for both the following near (2011–2030) and distant
(2031–2050) 20-year periods, mainly in populations living in several
inland cities. These cities are located in geographical areas where the
coldest period of the year is generally cool and not very cold (the
average daily air temperatures during winter range between 7.9 °C in
inland hill cities and 9.0 °C for inland plain cities), but where sudden
temperature fluctuations and severe cold periods are not unusual.
This is also backed up by the fact that the IPCC reported that climate
warming entails a general increase in the average annual temperature
for urban areas aswell as an increasing probability of extrememeteoro-
logical events, such as heat waves and cold spells, ice storms and exces-
sive rainfall (IPCC, 2007). Furthermore, it should also be noted that
the predicted increase in average temperatures during the typical
cool/cold period of the yearmight also facilitate behavioral adaptations,
such as not wearing sufficientwinter clothing, infrequent use (especial-
ly in Mediterranean countries) of accessories such as gloves, scarves
and hats, whilst also encouraging people to spend more time out-
doors. These behavioral adaptations in turn might also influence the
health risk of frail people (such as the very elderly) if sudden tem-
perature changes occur. In these conditions, a typical winter tempera-
ture decrease, and not only an extreme event (such as cold spell or ice
storm), might also significantly worsen the thermal perception of peo-
ple surprised in outdoor environments while wearing inappro-
priate clothing. Previous authors reported that the increased weather
variability, also predicted duringwinter by climatemodels,might result
in significant cold-related consequences for humans (Conlon et al.,
2011). However, a European study (The Eurowinter Group, 1997) clear-
ly showed that correct clothing was reported to contribute to pre-
venting excess winter mortality. Furthermore, in one of our previous
studies (Morabito et al., 2008) we also demonstrated that during the
coldest season of the year, a primary risk factor for mortality events,
namely blood pressure, was higher on milder winter days than on
colder ones.

Conversely, a general decrease in short-term cold-related mortal-
ity is expected for the coming years not only in coastal cities, which
are generally characterized by infrequent temperature fluctuations,
but also in two inland plain cities (Florence and Prato) characterized
by the highest urban heat island effect. These results were in agree-
ment with all previous studies where a decrease in winter mortality
was predicted for future years (Davis et al., 2004; Donaldson et al.,
2001; Doyon et al., 2008; Kalkstein and Greene, 1997; Langford and
Bentham, 1995).

This study clearly shows a marked general increase predicted for
short-term heat-related mortality in the very elderly in all geographi-
cal areas for the following near (2011–2030) and distant (2031–2050)
20-year periods. It has been suggested that the increase in heat-
related mortality may be offset by the reduction in cold-related mor-
tality as a result of global warming, but discrepancies exist among
themagnitudes of these changes (Gosling et al., 2009). Several authors
predicted decreased temperature-related mortality burdens (Guest et
al., 1999; Keatinge et al., 2000a): the mortality decrease in winter will
be greater than the mortality increase in summer. However, most
studies showed increased burdens of heat-related mortality that will
not be offset by the decreased cold-related mortality (Doyon et al.,
2008; El-Zein et al., 2004; Kalkstein and Greene, 1997; Knowlton
et al., 2007; Medina-Ramón and Schwartz, 2007). A recent Canadian
study (Martin et al., 2011) also reported different temperature-
related mortality burdens among cities: decreased burdens were pre-
dicted in 11 cities and increased burdens were observed in 4 other cit-
ies. However, the study was not stratified by age.

The study clearly showed how the annual temperature-related
mortality rates of the very elderly will prevalently increase in almost
all cities for the 2011–2030 period (with only two exceptions showing
decreased burdens) and will always increase in all cities during the
2031–2050 period. These increased burdens of mortality in the elderly
are expected to be particularly high inmild coastal plain cities and less
marked in the inland cities. Indeed, it is well known that tolerance to
temperature extremes varies regionally according to the population
and its preparedness for heat or cold conditions, and also according
to the local average temperatures and frequency of extreme tempera-
tures (McMichael et al., 1996). It is plausible to hypothesize that
populations living in coastal plain cities are more susceptible to tem-
perature changes and extremes due to being used to milder climate
conditions with low daily and annual temperature variations and
where extremely high temperatures are uncommon or occur infre-
quently. This is in agreement with the fact that periods with the
highest temperature–mortality risk in temperate regions, especially
those with generally mild weather conditions, are the ones character-
ized by infrequent temperature fluctuations (McGeehin andMirabelli,
2001).

Furthermore, according to the most recent world estimates, the el-
derly population is predicted to increase significantly, and also in Italy
a sharp rise in the number of people aged 65 and over is predicted for
the coming years: by the year 2050, 34.6% of the population will be
over the age of 65 years (De Luca d'Alessandro et al., 2011), against
approximately 20% reported in the 2011 census (http://demo.istat.it/
pop2011/index.html). With reference to the two 20-year periods con-
sidered in this study, on the basis of the 2010 revision of the World
Population Prospects (United Nations, Department of Economic and
Social Affairs, Population Division, 2011), 17.6% and 23.7% of the
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very elderly population (people aged 75 and over) are predicted in
Italy for the 2020 and 2040 years respectively, against about 10.0%
reported in the 2011 census (http://demo.istat.it/pop2011/index.
html).

Moreover, the IPCC (2007) stated that extreme events, such as the
European heat-wave of 2003, would be more common in future
warmer climates. Because these conditions will have important im-
plications for health, there is a pressing need to quantify the overall
risk of death associated with temperature changes among the elderly
(Yu et al., 2011). This information is useful for developing efficient
preventive strategies, such as enhancement of medical care, an in-
crease in the use of air-conditioning to contrast heat stress, and the
development of weather (heat/cold) health warning systems specifi-
cally for susceptible people. Recent studies (Fouillet et al., 2008;
Morabito et al., 2012) clearly confirm that effective preventive poli-
cies might also contribute towards changing the vulnerability of peo-
ple at the highest risk.

4.3. Strengths and limitations

The major strength of this study is the application of such a robust
statistical method as the “constrained segmented distributed lag
model” (Muggeo, 2010) which allows for simultaneously taking into
account the non-linearity effect of temperature on health outcome
data and the distributed lag effect of the temperature exposure.
This approach belongs to the family of the distributed lag models
(Gasparrini, 2011) and represents the state-of-the-art of studies on
environmental epidemiology. In addition, all the analyses were con-
trolled for important confounders, including the seasonal effect. Sev-
eral authors (Doyon et al., 2008) clearly demonstrated that a model
adjusted for this effect is essential if mortality due to climate change
is not to be confused with mortality due to seasonal factors, such as
winter flu epidemics.

Another strength of this study is the use of a uniform and homoge-
neous spatially-distributed meteorological dataset of modeled daily
average air temperatures with data not lacking when compared with
data based on observations coming from weather stations. Further-
more, the arbitrary selection of a single point-source weather station
may not be representative of the average temperature on an urban
scale. In addition, the use of modeled weather data ensures readily
replicable and comparable studies. In this study the use of the daily av-
erage temperature as an exposure indicator for both heat and cold
conditions offers several advantages, and particularly the fact that
this meteorological parameter, taking into consideration the whole
day and night, generally provides more easily interpreted results
within a policy context (Anderson and Bell, 2009).

However, this study has several limitations. The first source of un-
certainty is represented by the goodness of estimates of future health
trends based on city-specific climate scenarios. Although climate
models have been greatly enhanced over recent years and have be-
come progressively more sophisticated, several important climate
projection uncertainties are still actually unsolved and represent mo-
tivations for future improvements. These uncertainties concern the
correct land surface representation, the complex model simulation
of interactions among land surfaces, oceans and the atmosphere, and
the fact that several potential climate-driving forces, such as future
greenhouse gas emissions, are unknown (IPCC, 2007). For these rea-
sons several authors (Doyon et al., 2008) have suggested that future
mortality estimations only represent the starting point to quantify
the magnitude of temperature-related mortality based on climate
change. Moreover, in this study we only investigated the predicted
mortality change due to the short-term effect of temperature for the
following years. For this reason results on cold effects might be
under-estimated because delayed (or long-term) temperature effects
are not taken into account. However, the choice to focus our attention
on the short-term effect of temperature on human health is also based
on the need to improve future public health emergency responses
when sudden environmental phenomenon, such as “not only ex-
treme” high temperatures or cold air outbreaks, occur.

Furthermore, predictions of future mortality variations are gener-
ally based on a stationary relationship, without considering the po-
tential physiological, behavioral and technological adaptation of the
population that could change over time (demographic change uncer-
tainty). The emission scenario used in this study (A1B) envisages a
rapid introduction of new and more efficient technologies by 2100.
However, failing to account for possible acclimatization means that
the results could be over-estimated (Gosling et al., 2009), especially
those concerning future heat-related health risks: it is plausible to hy-
pothesize an improved adaptation of the elderly population especially
through the implementation of preventive health measures that will
help to increase the temperature threshold critical for the health.
Furthermore, Gosling et al. (2009) also suggested to evaluate the im-
pacts of demographic changes on future temperature-related mortal-
ities by using the SRES (Special Report on Emissions Scenarios) global
population growth scenario. However, since these global projections
cannot reflect any regional population changes, such as regional dif-
ferences in mortality rates and migration, this approach was not ap-
plied in the present study.

Another limitation is represented by the fact that the analyses
were not controlled for other meteorological parameters, biometeo-
rological index values (i.e. apparent temperature) or air pollution
levels because retrospective data were not available for all cities
and future projections are not provided. However, in a previous in-
vestigation, other authors (Hajat et al., 2006) concluded that the
daily apparent temperature represents a worse predictor of mortality
compared to the daily mean air temperature also for an Italian city
(Milan). It is known from literature that several air pollutants might
contribute to temperature-related mortality (Ren et al., 2006). How-
ever, several recent studies (Anderson and Bell, 2009; Goldberg et
al., 2011; McMichael et al., 2008; Williams et al., 2012) also reported
that the temperature–mortality relationship is not, or is only slightly
confounded by air pollutants, also suggesting that the interactions
among weather, air pollution and health are strongly dependent on
the city's location. Future studies should also try to account for
these potential confounders. Moreover, we were not able to directly
investigate a typical seasonal effect such as infectious disease epi-
demics since no specific database was available. However, our analy-
sis was checked for the season and, as reported in another study
(Goldberg et al., 2011), the smooth function for time should have re-
moved most of the residual effects.

5. Conclusions

Our findings confirm the greater impact of both cold and especial-
ly heat conditions on non-accidental mortality of the elderly popula-
tion (and especially the very elderly) rather than on hospitalizations.
The said impact also showed, on the small-scale (regional level), a
clear geographical pattern of the temperature-related mortality with
greater impact on milder coastal plain cities rather than on inland
cities.

Analyses based on high-resolution city-specific climatologic sce-
narios showed for the first time, a slight increase for the following
years of short-term cold-related mortality of the very elderly, mainly
in populations living in several inland cities, where sudden tempera-
ture fluctuations and severe cold periods are not unusual. Further-
more, our findings also support the hypothesis that the decreased
cold-related mortality predicted in other cities as a consequence of
climate change, will probably not offset the dramatic increases in
heat-related mortality. For these reasons, general increases will be
expected in the annual temperature-related mortality rates of the
very elderly in most of cities considered in this study during the com-
ing years, with worst scenarios predicted in cities located in the
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coastal plain. Indeed, it is plausible to hypothesize that populations
living in coastal cities are more susceptible to temperature changes
and extremes due to having adapted to prevalently mild climate con-
ditions with low daily and annual temperature variations and where
extremely high temperatures occur infrequently or irregularly.

These findings represent an important contribution that should
encourage efforts to implement adaptation actions. The results could
be used to assist policy-making decisions, especially for planning
short- and long-term health intervention strategies and mitigation
aimed at preventing and minimizing the consequences of climate
change on human health.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.scitotenv.2012.09.056.
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