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Abstract Epidemiological studies on the impact of de-
termining environmental factors on human health have
proved that temperature extremes and variability consti-
tute mortality risk factors. However, few studies focus
specifically on susceptible individuals living in Portu-
guese urban areas. This study aimed to estimate and
assess the health burden of temperature-attributable
mortality among age groups (0–64 years; 65–74 years;
75–84 years; and 85+ years) in Lisbon Metropolitan
Area, from 1986–2015. Non-linear and delayed expo-
sure–lag–response relationships between temperature
and mortality were fitted with a distributed lag non-
linear model (DLNM). In general, the adverse effects
of cold and hot temperatures on mortality were greater
in the older age groups, presenting a higher risk during
the winter season. We found that, for all ages, 10.7%
(95% CI: 9.3–12.1%) deaths were attributed to cold
temperatures in the winter, and mostly due to moderate-
ly cold temperatures, 7.0% (95% CI: 6.2–7.8%), against
extremely cold temperatures, 1.4% (95%CI: 0.9–1.8%).
When stratified by age, people aged 85+ years were
more burdened by cold temperatures (13.8%, 95% CI:
11.5–16.0%). However, for all ages, 5.6% of deaths
(95% CI: 2.7–8.4%) can be attributed to hot

temperatures. It was observed that the proportion of
deaths attributed to exposure to extreme heat is higher
than moderate heat. As with cold temperatures, people
aged 85+ years are the most vulnerable age group to
heat, 8.4% (95% CI: 3.9%, 2.7%), and mostly due to
extreme heat, 1.3% (95% CI: 0.8–1.8%). These results
provide new evidence on the health burdens associated
with alert thresholds, and they can be used in early
warning systems and adaptation plans.
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Introduction

Several previous studies have reported an association
between extreme temperatures and human mortality
counts [1–14]. The greatest impact on mortality is visi-
ble among the elderly population, who are particularly
vulnerable compared to younger people [15–19]. Ex-
treme heat or cold events with greater magnitude and
intensity may contribute to higher morbidity or mortal-
ity due to heat- and cold-related illnesses [20–23]. These
illnesses are expected to be more severe among the most
defenseless populations [24–27]. The elderly are often
at higher risk due to limited mobility, susceptibility to
infectious diseases, reduced caloric intake, and social
isolation [18, 22, 24, 28, 29]. To protect human health, it
is urgent to effectively address these risks that depend
on geographic location, levels of socioeconomic
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development, resilience, and vulnerability, in a context
of rapid climate change and demographic transition [1,
9, 30–32]. Populations in theWHO European region are
particularly at risk because of the high proportions of
elderly people living in urban areas [6]; however, if
long-term measures are implemented at an early stage
with regards to housing, energy, and the urban sector,
the reduction of heat–health effects will be more effec-
tive [33].

The population structure of today’s society is
changing as the proportion of elderly people in-
creases [34–37], resulting in a higher prevalence of
chronic diseases, degenerative diseases, and mental
illness [38, 39]. Persons aged 65 or over constitute
the world’s fastest growing age group [36]. Ac-
cording to the Organisation for Economic Co-
operation and Development (OECD) [40] and Sta-
tistics Portugal (INE) [41], Portugal has one of the
oldest populations in Europe and the world; in
2018, more than two million people were older
than 65 years, in a total of 10.3 million inhabi-
tants. On average, the share of the population aged
65 and over is projected to continue its increase in
the coming decades, and those aged over 65 will
exceed to over a third of the population by 2050
[40, 41]. Thus, scientific evidence on population
and weather-related health risks could reinforce
existing knowledge and support policy makers in
developing appropriate strategies to protect elderly
people and adopting measures to promote active
aging [1, 38, 39, 42, 43].

Accordingly, the objective of this study was to
assess the health burden of mortality attributable to
temperature extremes in Lisbon Metropolitan Area
(LMA), from 1986 to 2015. To the best of our
knowledge, this study is the first to investigate
long-time series effects of both cold and hot tem-
peratures on mortality with minimum mortality
temperature (MMT) among specific vulnerable
groups in Portugal, according to age (0–64 years;
65–74 years; 75–84 years; and 85+ years). This
study is important because (1) its subject is timely
and the location of the research area has not been
well studied to date; and (2) information on risk
characterization and communication about who is
most at risk are needed in order to establish and
identify thresholds, and to update scientific infor-
mation on particularly susceptible groups and
health impacts.

Materials and Methods

Study Area

Lisbon Metropolitan Area (LMA) is the main metropol-
itan area of Portugal, comprising 18 municipalities and
211 civil parishes. The LMA represents 3.3% of the
country’s territory (3015.24 km2) (red delimited area
in Fig. 1). It concentrates approximately 27% of the
Portuguese population, thus corresponding to a densely
populated region (~940 inhab/km2). According to Sta-
tistics Portugal (INE - Portuguese National Statistics
Institute), this is the most densely populated metropoli-
tan area in the country; in 2018, its resident population
was 2,846,332 inhabitants, 21% of which were older
than 65 years. The climate of the region is classified as
having a dry and warm-summer Mediterranean climate
(Csa, according to the Köppen-Geiger classification),
with mild and wet winters.

Data Sources

Health Data

Death counts were obtained from Statistics Portugal
(INE - Portuguese National Statistics Institute). Based
on expected risk groups, the time series was disaggre-
gated by four age groups [0–64 years; 65–74 years; 75–
84 years; and 85+ years], for the period between January
1, 1986, and December 31, 2015. Mortality data are
represented by daily deaths from all causes, excluding
external causes, i.e., natural mortality [International
Classification of Diseases, 9th revision (ICD-9) codes
0-799, and 10th revision (ICD-10) codes A00-R99].

Temperature Variables

Daily temperatures (daily-average, maximum, and
minimum) for the time period 1986–2015were obtained
from NOAA’s National Climatic Data Center (NCDC),
specifically from the Meteorological Station in Lisbon:
85790 Gago Coutinho (represented by the star in the
Fig. 1). Temperature data used for Lisbon is recorded by
a meteorological station which is part of the national
meteorological network run by the national weather
service, Instituto Português do Mar e da Atmosfera
(IPMA), and obeys to criteria imposed by the World
Meteorological Organization in terms of data recording,
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data quality, and representativeness of the region. These
data have been already used in other studies [i.e., 2].

Statistical Analysis

Preliminary Analysis

Descriptive summaries such as mean, median, standard
deviation, and quartiles were used to describe continu-
ous variables (temperature and mortality counts). Addi-
tionally, the ExcessMortality forWinter versus Summer
(EMWS) Index was used to investigate excess winter
deaths against excess deaths during the summer
[44, 45]. The EMWS index is the percentage change
in reported death counts in the winter compared with the
adjusted death counts during summer [44, 45].

Modelling the Temperature–Mortality Relationship

The effects of daily temperature on mortality in Lisbon
Metropolitan Area (LMA) were estimated separately for
winter (December–March) and summer (June–Septem-
ber) months and for each age group (0–64 years; 65–74
years; 75–84 years; and 85+ years). A semiparametric
quasi-Poisson regression model accounting for
overdispers ion was used to invest iga te the

temperature–mortality relationship, using distributed
lag non-linear models (DLNM) [1–3, 27, 45–47, 48].

The model is of the following form:

LogE Y tð Þ ¼ ∝þ ns Date;
df
year

� �
þ DOWt

þ Holidayt þ cb xt−l;βl

� � ð1Þ

where Yt represents the expected number of deaths on
day t; ∝ is the intercept; ns(Date, df/year) is the natural
cubic spline to capture long temporal trend (Date) with 2
degrees of freedom (df) per year; DOWt represents a
binary indicator of the day of the week, and holiday
(Hoy) is the binary indicator whether day t is a public
holiday or not. The cb(xt − l,βl) term is the cross-basis
function of daily temperature and describes the depen-
dency of the relationship along the daily temperature xt
and lag effects, l days.

Previous studies [49, 50, 51] have suggested that
temperature–mortality relationships may not be linear
and often exposure–response spreads over a few pe-
riods. Therefore, the cross-basis function

b ¼ ∫
21
l0 f :w xt−lð Þ≈ ∑

21

l¼l0
f :w xt−l; lð Þ ¼ wT

x;t, involving a

tensor product between the basis chosen for
temperature–mortality function, f(x), and lag–mortality

Fig. 1 Region of study. The Lisbon Metropolitan Area (LMA) is the area delimited by the red line. The topography is shown in the left
figure. The star represents the meteorological station of Lisbon: Gago Coutinho
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function, w(l), was used to examine simultaneously the
non-linear and lag effects of temperature on mortality.

The analyses were restricted to exploring our analy-
ses to explore the temperature–mortality association in
LMA according to seasonal variation (summer and win-
ter). The minimum mortality temperature (MMT) is the
temperature at which the mortality risk is lowest; it is
derived from prediction of the overall cumulative
exposure–response relationship based on the best
model.

The specific model was chosen on the grounds of
model fit criteria, modified Akaike information criteria
for models with over dispersed data, Quasi-AIC [2,
27, 52].

Table S1 presents the model formulation for 16 dif-
ferent models. Based on the lowest QAIC and similarly
to previous studies [51], we used a quadratic B-spline
was used function with 3 df to model the non-linear
effects of temperature on mortality with three equidis-
tant knots from the temperature range. We specified a
natural cubic spline with three equally spaced internal
knots at logarithm scale for the lag periods, 0–21 days
because it is flexible to handle endpoints of data where
some degree of non-linearity is expected [53].

Minimum temperature was used for winter associa-
tion and maximum temperature was used for summer.
Estimates of overall temperature–mortality associations,
βx, l, were reported as relative risks (RRs), cumulating
the risk during the lag period.

Furthermore, the heterogeneity effects of different
vulnerable subpopulations were investigated. The
temperature–mortality associations were estimated sep-
arately for age groups and tested significant differences
between effect estimates for two subpopulations using z-
test [54, 55].

Attributable Risk from DLNMs

The attributable risk measures were derived from
DLNM as indicators of the exposure-related health bur-
dens. The attributable fraction AFx, t and number ANx, t

are the percentage and number of deaths that can be
attributed to temperature [52, 56]. These measures were
derived via a backward perspective using the minimum
incidence percentile across the entire exposure spectrum
as the reference and cutoff for optimum temperature
value. That is, the percentage/number of deaths that
can be attributable to a series of lagged effects of

temperature events in the past, up to a maximum lag
of 21 days, was estimated.

Given that the risk on day t is attributable to a series
of exposure events, xt , in the past (backward perspec-
tive), the attributable fraction (b AFx, t) and number (b
ANx, t) are described as follows:

b−AFx;t ¼ 1−e
−∑

L

l¼l0

βxt−l ;l

b−ANx;t ¼ b−AFx;t � nt
ð2Þ

where βx, l are the contributions to the risk on day t from
previous exposures xt−l0 ;…:; xt−21 experienced at t − l0,
…. . , t − 21; nt is the number of deaths on day t; b ANx,

t and b AFx, t are interpreted as the number of deaths and
the related fraction on day t attributable to past temper-
ature exposures, x in the period t − l0, …. . , t − 21,
compared to a constant exposure x0 within the same
period. The attributed measures were estimated for each
vulnerable group separately and combined for cold and
heat contributions. The contributions were further sepa-
rated into moderate and cold/heat temperatures. Tem-
peratures between the 1st percentile and MMT in the
winter are classified as moderate cold, while those be-
tween MMT and the 99th percentile in the summer are
classified as moderate heat. Similarly, extreme cold/heat
temperatures are based on cutoff values—the 1st and
99th percentiles, corresponding to <2.9 °C and >37.3
°C, respectively.

The confidence intervals for the attributable risks
were obtained by empirically reconstructing the distri-
butions of the risk measure via Monte Carlo simulation,
which produced the empirical confidence intervals (eCI)
of the resulting distributions. The simulation was based
on 5000 random samples with 2.5th and 97.5th percen-
tiles of the resulting distribution interpreted as 95% eCI.

All statistical analyses and modelling were per-
formed with R version 3.6.2 (The R Project for Statisti-
cal Computing, http://www.r-project.org) using the
“DLNM” package [46].

Sensitivity Analysis

Sensitivity analysis was performed to assess whether the
model parameters were robust to changing dfs (1–4) for
each year to control long-term trend and varying the
knot position and number for the exposure (Table S1).
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Results

Summary of Mortality and Temperature Variables

Table 1 presents descriptive statistics of daily mortality
counts and temperature. The maximum temperatures
ranged from 15.7 to 42.0°C in summer, while daily min-
imum temperatures ranged from 0.1 to 17.1°C in the
winter period. Over the study period, 1986–2015, there
were more deaths in the winter—279,349 (mean ± SD,
19.2±7.3)—than in the summer—210,586 (mean ± SD,
14.4±5.3)—and most of these deaths were among people
aged 75 years and older. The number of deaths in the
winter increased from 7449 in 1986 to 10,686 in 2015,
while summer deaths increased from 5684 to 7454 during
the same period (Fig. 2). This implies that the number of
winter deaths exceeds the number of summer deaths by
1765 to 3232 during the period under study (Fig. 2). In
terms of age, a decrease in the number of deaths in the
winter and summer periods from 1986 to 2015 among
people aged less than 75 years was noted, but an increase
was observed in the remaining age groups during the same
period. The average EMWS Index over the study period
was 33.61%, increasing from 18.72 to 54.68% (Fig. 2).

Temperature–Mortality Association

Figure 3 presents the three-dimensional plots of
temperature–mortality associations along the 21 lag
days and temperature values. In the summer months
(top panel), the age-specific and all ages temperature-
RR curves indicated a non-linear relationship with high
RRs at high temperature and slightly delayed. The heat
effects were generally more prominent at lag 2 days
across all age groups. On the contrary, for the winter
months (bottom panel), for all age groups, both cold and
heat effects showed positive associations. However,
similar to summer months, the effects were delayed for
a few days (see bottom panel of Figs. 3 and 4 for lag-
specific effects).

The associations displayed on Figs. 3 and 4 refer to
MMT, for summer and winter months, respectively. As
shown in Fig. 4 (top panel), the daily maximum summer
temperature was associated with a significantly in-
creased risk of mortality across all ages and J-shaped.
The effects of summer temperatures increase signifi-
cantly with age. The significantly increased risk was
generally observed with lag 0–5 days and it decreases
over time, except for people aged 65–74 years (Fig. 4,

Table 1 Descriptive summaries of mortality across ages and daily temperature (°C) in Lisbon Metropolitan Area (LMA), Portugal 1986–
2015

Variables Mean Total SD Median P25 P75

Mortality‡

Summer

All ages 14.4 210586 5.3 14.0 11.0 18.0

0–64 years 13.4 48987 4.1 13.0 11.0 16.0

65–74 years 12.0 44002 3.8 12.0 9.0 14.0

75–84 years 18.4 67229 5.0 18.0 15.0 21.3

85+ years 13.8 50368 5.9 13.0 10.0 17.0

Winter

All ages 19.2 279349 7.3 18.0 14.0 24.0

0–64 years 15.4 56036 4.5 15.0 12.0 18.0

65–74 years 15.4 55927 4.4 15.0 12.0 18.0

75–84 years 25.5 92801 6.5 25.0 21.0 30.0

85+ years 20.5 74585 8.0 19.0 15.0 25.0

Daily temperature measures (°C) Mean SD Min P1 P99 Max

All year† 16.5 7.4 0.1 4.3 35.1 42.0

Maximum temperature 25.3 4.4 15.7 17.9 37.3 42.0

Minimum temperature 9.5 2.9 0.1 2.9 15.9 17.7

‡Descriptive sumaries of daily mortatility counts
†Based on minimum temperatures for the winter months and maximum for summer and mean temperature otherwise
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Fig. 2 Trends in the number of deaths in winter and summer in Lisbon Metropolitan Area between 1986 and 2015

Fig. 3 3D plot of the relative risks for different ages (all ages, < 65 years, 65–74 years, 75–84 years, 85+ years) by temperature along 21 lag
days in LMA, 1986–2015. Top panel: summer months; bottom panel: winter months
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bottom panel). For example, at a 99th summer temper-
ature exposure of 37.3°C for all ages, the highest RR
was observed at lag 2 (RR=1.06, 95% CI: 1.04–1.06),
while the RR for people aged 85+ peaked at lag 2 days,
with RR=1.10 (95% CI: 1.07–1.13). The overall cumu-
lative RR (lag 0–21 days) associated with exposure to a
99th percentile summer temperature of 37.3°C was 1.3
(95% CI: 1.2–1.5) with reference to MMT of 30.0 °C
(Fig. 4, top panel). Stratifying by age, the highest cu-
mulative effect was observed among people aged 85+
years (RR=1.5, 95% CI: 1.3–1.8), and the lowest effect
was observed among people aged 0–64 years (RR=1.1,
95% CI: 1.0–1.3). For all age groups, the effect of
extreme heat is significantly higher among the elderly
(aged 65 years and older) compared to people aged 0–64
years (Table S2).

The MMT during winter months was 9.7 °C (95%
CI: 8.4–10.6 °C) for 0–64 years to 11.2 °C (95% CI:
10.6–11.4 °C) for 85+ years. The relationship between
mortality and daily minimum temperature was U-
shaped, implying that both extreme cold and moderate
cold temperatures are significantly associated with mor-
tality in LMA (Fig. 5, top panel). This relationship was
observed across all age groups. The risk remains rela-
tively constant after lag 5 days (Fig. 5, bottom panel).
For example, for all ages, the highest RR was observed

at lag 2 (RR=1.04, 95% CI: 1.01–1.06) after exposure to
a 1st percentile winter temperature of 2.9 °C. Similarly,
the RR for people aged 85+ years peaked at lag 2 days,
with (RR=1.04, 95% CI: 1.01–1.06). In the same vein,
with reference to MMT, the overall cumulative effect
associated with exposure to extreme cold (1st percentile
winter temperature of 2.9 °C) was 1.7 (95%CI: 1.5–1.8)
for all ages. For the subgroup analyses, the cumulative
effect of winter extreme temperature on mortality
remained significant and lowest among people aged 0–
64 years (RR=1.4, 95% CI: 1.3–1.6) and highest among
people aged 85+ years (RR=2.0, 95% CI: 1.8–2.2). This
effect was only significantly higher among the elderly
(85+ years) compared to those younger than 65 years
(Table S2).

Risk Attributable to Temperature

Tables 2 and 3 show the percentage of mortality (attrib-
utable fraction) that can be attributed to temperature for
overall exposure and separately for exposure to moder-
ate and extreme cold temperature. Similarly, attributed
numbers (AN) were presented in Tables S3 and S4 for
winter and summer, respectively. Generally, more
deaths were attributed to winter cold temperatures than
summer hot temperatures. For example, for all ages,

Fig. 4 (Top) Cumulative mortality risks (RR) associated with
daily maximum summer temperature. The dotted line represents
MMT, while the dashed lines represent the 1st and 99th percentile

temperatures corresponding to 17.9 °C and 37.3 °C. (Bottom)
Lag–response relationship between temperature (99th percentile,
37.3 °C) and mortality
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10.7% (95% CI: 9.3–12.1%) deaths were attributed to
cold temperatures in the winter and mostly due to mod-
erate cold temperatures, 7.0% (95% CI: 6.2–7.8%),
against extreme cold temperatures, 1.4% (95% CI:
0.9–1.8%). When stratified by age, people aged 85+
years were more burdened by cold temperatures
(AF=13.8%, 95% CI: 11.5–16.0%).

Overall, for all ages, 5.6% of deaths (95% CI: 2.7–
8.4%) can be attributed to hot temperatures. It was
observed that the proportion of deaths attributed to
exposure to extreme heat is higher than moderate heat.
Similar to cold temperatures, people aged 85+ years are
the most vulnerable age group to heat, 8.4% (95% CI:

3.9%, 2.7%), and mostly due to extreme heat, 1.3%
(95% CI: 0.8–1.8%).

Sensitivity Analysis

We carried out sensitivity analyses by varying the de-
grees of freedom for Date (df/year) and we varied the
smooth functions and knot placement for temperature
(Table S1). This method was initially used to select
model parameters by assessing several df and exploring
several cross-basis functions for exposure–response and
lag–response relationships. The temperature–mortality
relationship was modelled by exploring linear and

Fig. 5 (Top) Cumulative mortality risks (RR) associated with
daily minimum winter temperature. The dotted line represents
MMT, while the dashed lines represent the 1st and 99th percentile

temperatures corresponding to 2.9 °C and 15.9 °C. (Bottom) Lag–
response relationship between temperature (1st percentile, 2.9 °C)
and mortality

Table 2 Total mortality fraction (%) attributable to winter temperature, reported as components from overall, moderate, and extreme cold
contributions with 95% empirical confidence intervals (eCI)

Age groups MMT Mortality attributable fraction (%)

Overall Moderate cold Extreme cold

All ages 10.8 (10.6, 11.0) 10.7 (9.3,12.1) 7.0 (6.2, 7.8) 1.4 (0.9, 1.8)

0–64 years 9.7 (8.4, 10.6) 5.2 (2.6, 7.7) 3.2 (1.7, 4.7) 0.4 (0.3, 0.6)

65–74 years 10.7 (10.1, 11.1) 9.2 (6.9, 11.5) 5.8 (4.4, 7.1) 1.1 (0.2, 1.8)

75–84 years 11.0 (10.7, 11.3) 12.4 (10.4, 14.3) 8.0 (6.8, 9.1) 2.0 (1.3, 2.6)

85+ years 11.0 (10.6, 11.3) 13.8 (11.5, 16.0) 9.3 (8.1, 10.5) 2.0 (1.2, 2.8)

Note: Extreme cold is based on temperature (Tmin) cutoff values—the 1st percentiles corresponding to <2.9 °C—while moderate cold is
based on 1st percentile and MMT in each category
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quadratic B-splines with 2, 3, and 4 df; the lag–mortality
relationship was assessed through a natural spline with
3, 4, and 5 df; trend was captured by exploring 1–4 df
per year of study. We evaluated each formulation of
models (1–16) individually to identify the best combi-
nation based on the lowest QAIC. The best model
(Model 8) is a quadratic B-spline function with 3 df
and three equidistant knots to model temperature–
mortality relationship; a natural cubic spline with three
equally spaced internal knots at logarithmic scale was
specified for lag–mortality, and 2 df per year for trend.

Discussion

To the best of our knowledge, this is the first long-term
study to assess the effect of hot and cold temperatures on
age-specific groups and attributable mortality risk by
applying distributed lag non-linear models in Lisbon
Metropolitan Area (LMA). Moreover, the study offers
the first quantitative estimate of minimum mortality
temperature (MMTs) for age groups <64 years, 65–74
years, 75–84 years, and 85+ years. This information
could be used and would be needed e.g. in urban plan-
ning and implementation of adaptation action plans
locally. For scientific community, this study also pro-
vides more information on varying impacts and risks of
temperature extremes in a southern European country.

Southern Europe, particularly Portugal, is pointed out
as one of the most vulnerable regions in Europe to the
impacts of climate change and the occurrence of heat
waves and cold spells, as well as frequent and intense
extreme weather events [9, 57–61, 62]. Regarding hu-
man health, significant impacts directly related to ex-
treme temperatures have been identified [12]; it should

be pointed out that mortality is higher during the winter,
with a greater seasonal variation in the number of deaths
[63, 64]. Notably, significant impacts of hot and cold
temperatures on LMA were found. In agreement with
findings from several previous studies [2, 23, 65], the
impacts of temperature on mortality appeared to be
much higher during the cold season than the hot season:
10.7% (95% CI: 9.3–12.1%) in winter for all ages and
5.6% (95% CI: 2.7–8.4%) in summer for all ages.

Our findings emphasize the vulnerability of the el-
derly. In Portugal, excess winter mortality may be asso-
ciated with the increased incidence of respiratory infec-
tions, mainly due to the seasonal influenza epidemic
[66]. The influenza virus AH3, which sometimes circu-
lates more widely, is quite aggressive, particularly to the
elderly, given the presence of underlying chronic con-
ditions [67, 68]. In a study conducted by Yang et al.
[69], the impacts of temperature on CVD mortality
appeared to be much higher during the cold season than
the hot season: 35% in winter and 8% in summer.
Another factor that determines population health is re-
lated to housing conditions; additionally, the conditions
in the neighborhoods surrounding homes can also have
major health effects [8, 19, 25, 29, 32, 69–77]. In
Portugal, several population groups live in houses that
have poor thermal and heating conditions [1, 78, 79], are
crowded, or present poor-quality/substandard housing
conditions, which have potential health consequences.
Housing quality and health perception are strongly re-
lated [1, 79–83]. According to the Eurostat report [84],
Portugal is the fifth country in the European Union with
the largest number of people living in energy poverty,
given that 19.4% of the population cannot afford to heat
their homes during cold months. Among older people
living alone, and with an income below the poverty

Table 3 Total mortality fraction (%) attributable to summer temperature, reported as components from overall, moderate, and extreme heat
contributions with 95% empirical confidence intervals (eCI)

Age groups MMT Mortality attributable fraction (%)

Overall Moderate heat Extreme heat

All ages 30.0 (25.6, 30.5) 5.6 (2.7, 8.4) 0.5 (0.3, 0.7) 0.9 (0.6, 1.2)

0–64 years 25.2 (15.7, 42.0) 1.6 (−0.9, 4.0) 0.2 (−0.1, 0.4) 0.9 (−0.9, 2.6)
65–74 years 15.7 (15.7, 32.2) 15 (−0.1, 27) 0.4 (0.1, 0.7) 1.4 (0.5, 2.6)

75–84 years 29.7 (26.0, 30.4) 6.7 (2.3, 10.4) 0.7 (0.4, 0.9) 1.3 (0.8, 1.7)

85+ years 29.7 (27.2, 30.5) 8.4 (3.9, 2.7) 0.7 (0.4, 0.9) 1.3 (0.8, 1.8)

Note: Extreme heat is based on cutoff values—99th percentiles corresponding to >37.3 °C—while moderate heat corresponds to
temperatures (Tmax) between MMT and 99th percentiles
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threshold, 47.5% are unable to keep their homes ade-
quately warm [78]. Older people, in particular, spend a
large portion of their time indoors at home, so most of
the temperatures recorded in some homes are certainly
low enough to have adverse effects on health [83]. In
Europe, families spend most of their energy in heating
their homes [84]. Therefore, it is crucial to identify the
threats, opportunities, and actions as part of coherent
and integrated adaptation plans that take into account
living conditions, health or personal circumstances, and
information on the environment of homes and how this
influence quality and well-being. This may contribute to
developing and strengthening housing policies; making
decisions more capable of integrating local strategies for
health promotion in sectoral policies, namely in relevant
strategic dimensions; and improving living conditions,
mainly among population groups at risk of poverty,
social exclusion, severe material deprivation, and a re-
duced labor intensity per capita.

Estimating temperature–mortality association for all
seasons and different seasons separately is not uncom-
mon. Several studies have already been conducted and
demonstrated a monitoring of extreme cold and heat that
only includes winter and summer months [63, 85]. We
need an improved understanding of whether seasonal
risks will change with increasing temperatures and ex-
treme events [71, 86]in order to prepare for, alert popu-
lations to, and prevent, the major avoidable effects on
health during periods of severe heat and cold, especially
with regards to the most vulnerable groups. Establishing
a temperature–mortality relationship is critical to the
development of weather-based early warnings and the
identification of vulnerable groups [33, 71, 87, 88].
According to Ebi et al. [87], the effective monitoring
of vulnerability requires developing integrated pro-
grams that provide the information needed by a range
of sectors, presenting useful spatial and temporal scales
based on the risks that need to be managed. Our findings
indicate that the mortality–temperature association in
this study has different optimums for the subgroups;
relative risk is the highest among the older subgroup
and the lowest among the younger group. When ana-
lyzing according to subgroups, we found increased vul-
nerability to cold and heat among the older age groups
(65–74 years, 75–84 years, and 85+ years), compared
with the younger age group (< 65 years). The cumula-
tive effect of winter and summer extreme temperatures
on mortality remained significant and was highest for
people aged 85+ years (RR=1.5, 95% CI: 1.3–1.8) and

lowest among age group 0–64 years (RR=1.1, 95% CI:
1.0–1.3). Present results are in accordance with those of
previous studies conducted in other locations. In a study
conducted in Spain, the authors found a significant
effect of cold on mortality for age group ≥ 65 years,
while heat represented a significant risk of mortality for
age group ≥ 75. In a study of 15 European cities,
Analitis et al. [65] reported that the effects were clearly
greater among the elderly, that temperature in the cold
season is inversely associated with mortality, and that in
warmer (southern) cities, the cold temperature effect is
greater. Yang et al. [89] reported that the elderly, fe-
males, and individuals of lower socioeconomic status
have been identified as particularly vulnerable to the
effects of ambient temperatures. Scovronick et al. [90]
found that the majority of the burden came from the
cold, and that most of it was from moderate rather than
extreme cold; in subgroup analyses, higher risks were
observed among the elderly. The vulnerability of elderly
age groups to ambient temperature, extreme tempera-
ture, or climate change could be explained by the prev-
alence of chronic and degenerative diseases, neurologi-
cal and mental disorders, genitourinary morbidity, in-
fection or inflammation of the respiratory system, high
medication use, vision impairment, slow physiological
adaptation, behavioral response to thermal stress, limit-
ed access to medical care, and increased dependency,
such as living in nursing homes or being confined to bed
[18, 19, 21, 25, 26, 38, 42, 71, 91–97]. Therefore, it is
vital to prevent heat and cold-related deaths and
illnesses.

Population aging is an increasing demographic pro-
cess in Europe. According to the report on the impact of
demographic change published by the European Com-
mission, Portugal is the third country with the oldest
population [35]. Having a low fertility rate influences
this evolution, since Portugal is the country with the
highest prevalence of only children in the European
Union. Average life expectancy in Portugal is currently
higher than 80 years old, which is above the European
Union average, and the number of people aged 75 and
older exceeds one million [98], which may contribute to
the implosion of healthcare and social security systems,
economic growth, and f iscal sus ta inabi l i ty
[34, 40, 99, 100]. In addition, the Portuguese population
has a longer life expectancy, but with more comorbidi-
ties in the last years of life [98]. This and other social
determinants can have potential implications for vulner-
ability to climate-related hazards [101], with associated
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implications for their management by health systems.
Therefore, in order to protect population health, it is
fundamental to know the resident population (its needs,
health issues, habitability, etc.), assess risk factors (such
as population aging, advances in the treatment of certain
diseases, as well as informing people about preferred
lifestyles), and assess the burden of chronic diseases to
healthcare services (hospitals, health centers). The frag-
mentation of healthcare, namely of outpatient or primary
care and hospital or secondary care, and of health sectors
and social support, is a problem in most healthcare
systems [102, 103]. Several European countries have
been implementing programs aiming to prevent or delay
chronic diseases [102]. In this sense, local and national
authorities should acknowledge the importance of tak-
ing measures that allow healthcare systems to efficiently
deal with, and adapt to, the challenges entailed by the
prevention, treatment, and care of such diseases, accord-
ing to the demographic changes in Portuguese society
and considering its pronounced aging, particularly in a
context of climate-related disasters. The goal is to en-
hance the capacity of health systems to protect and
improve population health in an unstable and changing
climate [104, 105]. As reported by several studies, the
risks associated with extreme temperatures are more and
more complex [12]. Therefore, actions aiming to protect
human health should be conducted by health systems
with the support of different political bodies, such as the
Directorate-General of Health, seeking to realign health
systems as far as prevention is concerned: from hospital
administrations themselves to health centers; hospital
user associations, which best describe population needs
in general; agencies concerned with disaster risk man-
agement; planning authorities; as well as other govern-
ment or legislative sectors concerned with financing and
monetizing the proposed policies. In this context, the
collaboration between different multidisciplinary teams,
working closely together and following an interdisci-
plinary and holistic approach [106–109], is essential to
the development of prevention and control programs
and the implementation of planned activities.

In Portugal, even though temperature-related warn-
ings are in place, there are limited public health inter-
vention strategies to mitigate temperature-related
deaths; these improvements, which need to be moni-
tored and adjusted over time [30], including COVID-19
mitigation measures, should be specifically targeted at
identified vulnerable populations and communities. The
best practice recommends that plans be based on local

epidemiologic evidence and emergency management
capacity [84, 86, 107, 108]. There is an urgent need to
reach a consensus as far as defining disease and temper-
ature thresholds is concerned, regionally and locally, in
order to design effective local warning systems. Inap-
propriate temperature indicators, thresholds, and dura-
tions could result in overestimation or underestimation
of disease risk. Reinforcing monitoring systems and
improving alert systems for Cold Weather and
Heatwave Plans by incorporating specific definitions
of temperature exposure may be conducive to effective
warning systems [32, 87], which could protect more
people from the adverse effects of ambient
temperatures.

Some limitations should also be acknowledged.
Firstly, we only considered the association between
temperature and all-cause mortality, but there are other
potential risk factors that were not explored in this study.
Secondly, many studies have controlled for relative
humidity and air pollution regarding the association
between temperature and health outcomes. However,
we could not control for relative humidity and air pol-
lution in the models due to paucity of data and data
unavailability for the study period. Assessing the effects
of temperature and humidity separately has shown that
humidity does not affect mortality [96]. Similarly, there
are several highly cited studies on temperature–
mortality association that do not control for humidity
[1, 4, 90]. In the case of air pollution, the available
literature about the confounding effect of air pollution
on temperature–mortality associations shows modest
[111] or no modifying effects [91]. Thirdly, different
causes of death were not clearly distinguished in the
aggregated all-cause data. Also, the use of exposure–
lag–response relationship smooth functions is often dif-
ficult to validate in DLNM [3, 20, 112]. Finally, it is
worth mentioning that although June to September was
classified as summer months (and December to March
as winter), extending the summer to cover April to
September and winter to October–March does not show
any marked differences in the temperature–mortality
association. In order to reduce the effect of daily tem-
perature variation, minimum and maximum tempera-
tures were used in this study to explain mortality varia-
tions in winter and summer.

The differences observed in the delays between sea-
sons in this study could be due to the cause of death.
This is not surprising; a large proportion of winter
deaths were said to be caused by respiratory and
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cardiovascular diseases [113–116] while those in the
summer are usually a result of heat exhaustion and
heatstroke.

Nevertheless, this study is an important addition to
prior knowledge of temperature-related elderly mortali-
ty in Portugal.

Conclusions

This study examined the mortality burden attributable to
ambient temperature in summer and winter in Lisbon
Metropolitan, Portugal. The temperature-attributable
mortality fractions were higher among the elderly, who
are particularly vulnerable and have been identified as
especially susceptible to temperature-associated mortali-
ty. Identifying vulnerable population subgroups and
proper intervention measures at local or national level in
Portugal are fundamental to health burdens associated
with alert thresholds and they can be used in early warn-
ing systems and adaptation plans. Considering the 30-
year time- series data used in the study, the time trend of
summer– and winter–mortality burdens could have im-
portant implications for climate change adaptation.

Adopting multidisciplinary approaches and dissemi-
nating weather-related health impacts as part of the
development of a thoroughly integrated health warning
system could strengthen preparedness and response ca-
pacity, increasing public awareness and providing local
and national measures to reduce the substantial burden
of extreme temperature-related disease in Portugal, in-
cluding the protection of human health and well-being.
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