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Abstract

Background

On-going climate change is predicted to result in a growing number of extreme weather
events—such as heat waves—throughout Europe. The effect of high temperatures and
heat waves are already having an important impact on public health in terms of increased
mortality, but studies from an Estonian setting are almost entirely missing. We investigated
mortality in relation to high summer temperatures and the time course of mortality in a
coastal and inland region of Estonia.

Methods

We collected daily mortality data and daily maximum temperature for a coastal and an
inland region of Estonia. We applied a distributed lag non-linear model to investigate heat
related mortality and the time course of mortality in Estonia.

Results

We found an immediate increase in mortality associated with temperatures exceeding the
75™ percentile of summer maximum temperatures, corresponding to approximately 23°C.
This increase lasted for a couple of days in both regions. The total effect of elevated temper-
atures was not lessened by significant mortality displacement.

Discussion

We observed significantly increased mortality in Estonia, both on a country level as well as
for a coastal region and an inland region with a more continental climate. Heat related mor-
tality was higher in the inland region as compared to the coastal region, however, no statisti-
cally significant differences were observed. The lower risks in coastal areas could be due to
lower maximum temperatures and cooling effects of the sea, but also better socioeconomic
condition. Our results suggest that region specific estimates of the impacts of temperature
extremes on mortality are needed.
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Introduction

On-going climate change is predicted to result in a growing number of extreme meteorological
events—such as heat waves—throughout Europe [1]. The effect of high temperatures and heat
waves are already having an important impact on public health in terms of increased mortality
and morbidity [2-5], with heightened susceptibility reported among the elderly [6] and groups
with chronic disease [7]. Increasing mortality and morbidity due to elevated temperatures has
been reported in Southern and Western Europe [2, 3, 5], Central Europe [8], and in the colder
climates of Northern Europe such as in nearby Sweden and Finland [5, 7, 9].

During the 2010 heat wave in Eastern Europe and Russia 2010 unprecedented temperatures
were recorded [10]. The impacts upon public health in those countries—including Estonia—
due to the 2010 heat waves were substantial [11]. The adverse effects of heat on health are usu-
ally a direct effect with increased mortality on the day of or one or two days after high tempera-
tures [4, 12]. Elevated mortality rates persist throughout the length of a heat wave [9]. A
reduction in mortality following a heat wave has been observed in some studies, a phenomenon
called mortality displacement or harvesting [13-15]. The increased mortality during the 2010
heat wave in Russia was followed by months of lower than normal mortality in Moscow [16].

Increased health risks in relation to high temperatures tends to be greater in colder climates,
whereas to a larger extent cold temperatures tend to increase health risks in warmer climates
[12, 17]. This may suggest a partial adaptation of populations to their local climate [12, 17].
The effect of temperature on mortality can vary substantially, both within a country and popu-
lations. In Italy, region of birth has been associated with heat sensitivity in adulthood [18]. Bac-
cini et al. (2008) reported substantial heterogeneity for the effect of high temperatures on
mortality among 15 European cities with very different climates [17]. Michelozzi et al. (2009)
reported heterogeneity for the relationship between temperature and morbidity [2]. At country
level, some heterogeneity of the effect of high temperatures on mortality has been reported
between regions in England and Wales [19] and Italy [20, 21].

The current study aimed to investigate heat related mortality and the time course of such
mortality, for a coastal and an inland region of Estonia, as well as on a country level. Further-
more, we explored whether age and gender modified the relationship between heat and mortal-
ity in Estonia.

Materials and Methods

Estonia is situated in north-eastern Europe bordered by the Baltic Sea Finland, Latvia and the
Russian Federation. Estonia is in the northern part of the temperate climate zone and a transi-
tion zone between maritime and continental climates. In the current research, Estonia was
divided into a coastal region (Western-Estonia with a more coastal climate) and an inland
region (Eastern-Estonia with a more continental climate) (Fig 1).

Daily temperature data were acquired from the Estonian Weather Service for seven meteo-
rological stations—three in each region and one for centrally located assuming exposure for
Estonia as a whole (Tiiri)—for the four warmest summer months (June until September) for
the period 1997-2013 (Fig 1). We used maximum daily temperature as our exposure variable.
Daily maximum temperature per region was calculated as the average (mean) of the maximum
temperatures from the three stations. Temperature data was complete for all meteorological
stations but one. On the 7™ and 8" of June 2012 observations were missing for the measuring
station Ladne-Nigule, on those two occasions regional average maximum temperatures were
calculated as the average of the two remaining stations.

Daily all-cause mortality was calculated for the same period for the entire country. Data on
deaths was acquired from the Estonian Causes of Death Registry, which is a national digitized
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Fig 1. The coastal and inland regions of Estonia, with the meteorological stations used in the current
study.

doi:10.1371/journal.pone.0155045.g001

database overseen by the National Institute for Health Development. For every death the fol-
lowing data was obtained: place of residence; date of death; gender; age. Total population data
as of the 1** of January for each studied year was retrieved from Statistics Estonia. Based on the
number of deaths and population data, we calculated yearly mortality rates for both regions
and Estonia.

To investigate any potential effect modification by age and gender, the analyses were strati-
fied accordingly. The following age groups were investigated: 0-74 and 75+.

Statistical methods

Temperature-mortality relationships for the summer months during the period 1997-2013

were derived using a generalised linear model (allowing for overdispersion) for each region.
Given the non-linear as well as delayed relationship between temperature and mortality this
relationship was modelled using a distributed lag non-linear model [22, 23]

Y, ~ Poisson(y,)

log(p,) = o + BT,, + weekday, + holiday, + NS(doy,, df = 3 per year ) 4+ NS(trend, df = 1 per year)

where Y, was the number of deaths a day per region, o the intercept and BT}, the vector of coef-
ficients that represented the non-linear and delayed relationship between daily maximum tem-
perature and daily mortality. A quadratic B-spline and a natural cubic spline was fitted for
temperature and time lag (up to 10 days) respectively. For temperature we used two equally
spaced internal knots and for the time lag two equally spaced knots on the log-scale. Weekday;,
was a categorical variable for the specific day of the week and holiday, a binary variable indicat-
ing Estonian public holidays. Natural cubic splines with three and one degree of freedom per
year allowed to take into account variability in mortality owing to seasonality and longer term
time trends respectively (chosen according to the lowest Akaike Information Criteria).

As sensitivity analyses we extended the lag period up to 14 and 21 days.
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Table 1. Daily maximum temperatures for the summer months over the period 1997-2013 per region.

MEAN sSD MIN MAX 75" percentile
ESTONIA® 20.8 4.6 5.6 33.4 23.8
COASTAL 20.3 42 7.9 32.4 23.0
INLAND 20.5 4.6 6.0 34.3 23.6

a) Estonia measurements are based on one centrally located meteorological station, Tiri.

doi:10.1371/journal.pone.0155045.t001

90" percentile
27.0
26.0
26.6

99" percentile
30.4
30.2
31.2

The minimum mortality temperature (MMT) occurred at approximately the 75™ percentile
(= 24°C) of the daily maximum temperature distribution during the summer months for Esto-
nia (Tiiri station) and the inland region. The 75" percentile of the regional temperature distri-

bution was used as a centring point for the analyses (12).

To generate an estimate for Estonia as a whole we used two approaches. First we pooled the
regions-specific estimates using fixed effects meta analyses [24]. Secondly, we assumed one

centrally located meteorological station, Tiiri, to represent exposure for Estonia and derived

the estimates through time series regression as described above.
R version 2.13.1 was used to create datasets of the variables and the DLNM and MVMETA

add-on packages were used for statistical modelling. The data and R-code used are available

online (S1 and S2 Files).

Results

The meteorological data showed similar temperatures between the coastal and inland regions,
with the inland region experiencing higher and lower extreme values (Table 1). Meteorological

data per measuring station is available in S1 Table.

The number of deaths that occurred during the study period were evenly distributed
between: the two age categories; the genders; each region (Table 2). In total there were 91,673

deaths during the studied period.

Mortality significantly increased owing to high summer temperatures. The cumulative rela-
tive risks (RR) over lags 0-2 for the 75" vs. the 99" percentiles of daily maximum temperature,
was 1.12 (95% Confidence Interval (CI): 1.05-1.21) in the coastal region and 1.28 (95% CI:
1.20-1.37) in the inland region. The estimated RRs for the different age groups (0-74, 75+)
were similar in the coastal region. In the inland region 75+ year olds had a significantly higher
RR estimate than those <75 years. Gender was not found to modify the risk of mortality in
either region. The cumulative RRs over lags 0-10 shows similar patterns. (Table 3). The RRs
estimated by meta-analyses also show increased short term mortality due to high temperatures
and are similar to the estimates generated assuming Tiiri station to represent temperature
exposure for entire Estonia, although with wider CIs, thus statistically increased mortality were

not found for all of the investigated groups.

Table 2. Average mortality data for the period 1997-2013.

Size of population Annual mortality rate

Daily number of deaths

Distribution of

deaths
N Total Per 1000 inhabitants N Total MEAN MEDIAN MIN MAX % 75+ % Female
ESTONIA 1,360,719 12.7 91,673 44.2 44 21 73 45.7 48.5
COASTAL 741,237 11.5 45,429 22.1 22 8 43 45.9 50.4
INLAND 619,482 14.0 15,682 22.0 22 8 48 45.5 49.6
doi:10.1371/journal.pone.0155045.t002
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Table 3. Cumulative Relative Risks over lags 0-2 and lags 0—10 with 95% Confidence Intervals for the 75" vs. 99t percentiles per region.

Lags 0-2
Estonia Turi
Estonia Meta
Coastal
Inland

Lags 0-10
Estonia Turi
Estonia Meta
Coastal
Inland

Total

1.18 (1.13-1.24
1.18 (1.03-1.34
1.12 (1.05-1.21
1.28 (1.20-1.37
Total

1.13 (1.06—1.20)
1.12 (0.97-1.29)
1.06 (0.97-1.17)
1.25 (1.13-1.38)

)
)
)
)

doi:10.1371/journal.pone.0155045.1003

Male Female 0-74 years 75+ years
1.17 (1.09-1.24) 1.20 (1.13-1.28) 1.14 (1.08-1.22) 1.15 (1.10-1.21)
1.18 (1.08-1.29) 1.18 (0.98-1.42) 1.13 (1.07-1.20) 1.24 (0.96-1.59)
1.16 (1.05-1.27) 1.10 (0.99-1.21) 1.13 (1.03-1.25) 1.11 (1.01-1.28)
1.24 (1.13-1.36) 1.33 (1.20-1.46) 1.15 (1.04—1.26) 1.45 (1.31-1.60)
Male Female 0-74 years 75+ years

1.15 (1.05-1.27)
1.17 (1.08-1.27)

1.10 (1.00-1.22
1.06 (0.80-1.41

1.13 (1.04-1.23)
1.13 (1.04-1.22)

1.12(1.08-1.23
1.11 (0.79-1.56

)
)
0.93 (0.81-1.07)
)

) (
) (

0.92 (0.80-1.06) 1.18 (1.03-1.34)
) ( 1.38 (1.19-1.60

(
(

1.20 (1.05-1.38)
( 1.29 (1.11-1.49 1.15 (1.00-1.32)

1.22 (1.06-1.40)

Temperature had an immediate effect on mortality. We found increased risks of mortality
in both regions the same day and the day after exposure to elevated temperatures. No strong
evidence of mortality displacement was found in either region (Fig 2). When extending the lag
period up to 21 days there was after 17 days some evidence suggesting lower than normal mor-
tality lasting for four days in the coastal region, however the difference between the regions was
not statistically significant (results not shown).

For the coastal region, MMT was found at approximately the 10" percentile (15°C) of the
coastal region temperature distribution. In the inland region MMT was found at approximately
the 75 percentile (24°C) of the inland region temperature distribution. The cumulative RR for
MMT vs. the 99" percentile in the coastal region was 1.20 (1.10-1.30) for lags 0-2 and 1.10
(0.98-1.23) for lags 0-10.

The cumulative RRs over lags 0-2 reveals increased mortality due to high summer tempera-
tures in both regions and the considerably lower MMT in the coastal region (Fig 3).

When extending the lag period up to ten days, the cumulative RRs indicated non-significant
increase in total mortality increased mortality across the temperature distribution. Total mor-
tality increased due to high and modestly cold summer temperatures in the inland region. The
differences between regions were not statistically significant (Fig 4).

Discussion

We found increased mortality for temperatures exceeding the 75™ percentile of the region spe-
cific temperature distribution; this increase lasted for 1-2 days and occurred in both regions.
The immediate effects of high temperatures were of a larger magnitude in the inland region

Coastal Estonia Inland Estonia

106
106

1.04
1.04

RR
102
RR

102

100
100

08
08

Fig 2. The estimated RR of total mortality at the 90" percentile of daily maximum temperature for lags
0-10 for the coastal and inland region of Estonia.

doi:10.1371/journal.pone.0155045.g002
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Coastal Estonia Inland Estonia

RR
1
RR
1

Daily maximum temperature Daily maximum temperature

Fig 3. The estimated cumulative RR of total mortality for the daily max temperature over lags 0-2 for
the coastal and inland region.

doi:10.1371/journal.pone.0155045.g003

compared to the coastal region, although the cumulative RRs were not statistically significantly
higher. As mean daily maximum summer temperatures were similar in both regions, the
coastal climate might be easier on susceptible people. The short term effects of temperature on
mortality as manifested by the RRs presented for lags 0-2 in the present study are similar to
what has been reported for nearby Sweden and Finland [5].

The RRs estimated by meta-analyses also show statistically significantly increased short
term mortality due to high temperatures for total mortality as well as male and 75 plus mortal-
ity. The point estimates derived by meta-analyses were similar to the estimates generated
assuming Tiiri station to represent temperature exposure for entire Estonia. Using the latter
approach, we found statistically significantly increased mortality for all groups. However, pool-
ing the estimates does not reveal differences between the regions, for instance the lower MMT
in the coastal area, suggesting that regional specific estimates may improve actions targeted at
reducing the impact of heat and heat waves on public health.

MMTs were found at approximately the 75 percentile of the temperature distribution for
both Estonia as a whole and the inland region. However, the MMT in the coastal region was
considerably lower and found at approximately the 10" percentile. Thus we will be underesti-
mating the effect of heat on mortality in the coastal region when only considering the 75" vs.
the 99" percentiles, as more modest summer temperatures will also contribute to heat related
mortality. The RRs derived when comparing MMT vs. the 99" percentile in the coastal region
were more similar to the RRs for the inland region.

Coastal Estonia Inland Estonia

RR
2

RR
2
—

Daiy maximum temperature

Fig 4. The estimated cumulative RR of total mortality for the daily max temperature over lags 0-10 for
the coastal and inland region.

doi:10.1371/journal.pone.0155045.9g004
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Our finding of a MMT at such a high percentile of the temperature distribution for Estonia
and the inland region is in line with previous studies for similar climates [25, 26]. MMT in the
coastal region was found at approximately the 10™ percentile and this is in line with what have
previously been reported on a country level in Spain, with a warmer climate [27]. These differ-
ences may be due to the modelling choice. Our estimated MMTs would likely change if the
temperature-mortality relationship was modelled differently or the degrees of freedom used in
the modelling stage were changed.

Our findings that the inland risks may be of a larger magnitude are consistent with a recent
analysis of temperature vulnerability of the population in Estonia, where higher vulnerability
on hot days (daily maximum above 27°C) was reported for inland inhabitants as compared to
those of coastal regions [28]. Roose et al (2015) reported that the main drivers of higher vulner-
ability were larger proportions and density of children (under four years old) and the elderly
(above 65 years), poor socioeconomic status, and a larger proportion of built-up areas [28].

Effect modification by age and gender was not present in our data, as the CIs were overlap-
ping. In the coastal region women had a higher RR than men and the oldest age group (75+)
had a lower RR the age group 0-75, whereas in the inland region this was the opposite. Even
though the differences were not statistically significantly different, such analyses may improve
regional knowledge regarding groups with a heightened susceptibility to heat exposure.

The total effect of elevated temperatures on mortality was not lessened by significant mor-
tality displacement in either region or Estonia as a whole. When extending the lag period up to
21 days there was after 17 days some evidence suggesting lower than normal mortality lasting
for four days in the coastal region, however the difference between the regions was not statisti-
cally significant. Significant mortality displacement has been reported in a few studies con-
ducted in Eastern Europe. Kysely (2004) reported mortality displacement following heat waves
in the Czech Republic, [15] and Shaposhnikov et al. (2015) reported that mortality displace-
ment in Moscow occurred over the months following the 2010 heat wave [16].

Even though our finding of suggestive differences in heat related mortality between regions,
e.g. considerably lower MMT in the coastal region and generally higher risk estimates in the
inland region, is in line with e.g. studies that showed heat related mortality differed between
regions in Italy [20, 21], our results should be interpreted with caution. There might even be
intra-regional differences, e.g. the coastal region includes Tallinn, the capital of Estonia, where
more than half of the region’s population lives. Hondula et al. (2013) have shown that even
within a city different mortality rates can occur, which suggests that identification of high-risk
areas is important from a public health perspective [29].

Limitations: The temperature data collected from the different meteorological stations were
assumed to represent exposure, but there is scope for exposure misclassification on an individual
level when one considers the entirety of each region [30]. For example, assigning the same exposure
level throughout an entire region based on a few measurement locations could lead to an over- or
under-estimation of the risk of dying during episodes of high temperatures. Furthermore, as the
meteorological stations were situated outside of cities, the actual temperature exposures in cities
may have be underestimated owing to the urban heat island effect. Also, indoor and outdoor tem-
peratures may be poorly correlated due to a number of modifying factors such as e.g. air condition-
ing [31]. Time indoors will alter individuals’ exposure, and there are a number of other factors that
might have a similar impact on personal exposure levels. Workplace conditions and type of trans-
portation might have an even larger impact on personal exposure level. The choice of temperature
metric used in our study—maximum daily temperature—should reflect exposure at a population
level and not have significantly influenced our results. Correlations between different temperature
metrics, such as the daily minimum, mean and maximum temperature were strong and they
should, on average, be equally well suited for studies similar to the present one [32].
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Conclusions

We observed statistically significantly increased mortality following a period of high tempera-
ture for an Estonian coastal region and an inland region, as well as on a country level. Even
though the differences between regions were not statistically significant the considerably lower
MMT in the coastal region and the generally higher RRs in the inland region suggests regional
estimates of the temperature-mortality relationship may be of public health interest. Effect
modification by age or gender was not present in our data.

Supporting Information

S1 File. Data contains the following variables: Date variables: Date, Year, Month, Day, doy
(Day of Year, variable taking on the value 1 the 1st of June each year and the value 122 the
30th of September each year), Wday (categorical variable indicating day of week), Hday
(binary variable indicating public Estonian holiday or not), Trend (trend variable used in
the smooth function for trend). Exposure variables: Maxtemp_i (Daily maximum tempera-
tures for Estonia and each region i = 1-3 (i = 1 Estonia (T1iri Station), 2 = Coastal region,

3 = Inland region)Mortality variables: N_ij, (the daily number of deaths in each investigated
region and group, i = 1-3 (i = 1 Estonia (T1iri Station), 2 = Coastal region, 3 = Inland region)
j =1-5 (i =1 Total Mortality, 2 = Male Mortality, 3 = Female Mortality, 4 = <75 Mortality,

5 = 75+ Mortality)).

(TXT)

S2 File. R-code.
(DOCX)

S$1 Table. Daily maximum temperatures for the summer months over the period 1997-
2013 per meteorological station.
(DOCX)
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