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Abstract A substantial number of epidemiological studies
have demonstrated an association between atmospheric condi-
tions and human all-cause as well as cause-specific mortality.
However, most research has been performed in industrialised
countries, whereas little is known about the atmosphere–mor-
tality relationship in developing countries. Especially with
regard to modifications from non-atmospheric conditions and
intra-population differences, there is a substantial research
deficit. Within the scope of this study, we aimed to investigate
the effects of heat in a multi-stratified manner, distinguishing
by the cause of death, age, gender, location and socio-
economic status. We examined 22,840 death counts using
semi-parametric Poisson regression models, adjusting for a
multitude of potential confounders. Although Bangladesh is
dominated by an increase of mortality with decreasing
(equivalent) temperatures over a wide range of values, the
findings demonstrated the existence of partly strong heat ef-
fects at the upper end of the temperature distribution.Moreover,
the study demonstrated that the strength of these heat effects

varied considerably over the investigated subgroups. The
adverse effects of heat were particularly pronounced for males
and the elderly above 65 years. Moreover, we found increased
adverse effects of heat for urban areas and for areas with a high
socio-economic status. The increase in, and acceleration of,
urbanisation in Bangladesh, as well as the rapid aging of the
population and the increase in non-communicable diseases,
suggest that the relevance of heat-related mortality might
increase further. Considering rising global temperatures, the
adverse effects of heat might be further aggravated.
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Introduction

To date, a multitude of studies has assessed the influence of
seasonal and meteorological conditions on humanmortality. In
general, results show a peak in mortality rates during the cold
season and an increase with decreasing temperatures over a
wide range of values (Basu and Samet 2002; Curriero et al.
2002; Rau 2006; Baccini et al. 2008; Basu 2009; Bhaskaran et
al. 2009; Nastos and Matzarakis 2012). Although the lowest
levels of mortality are usually observed during summer, ex-
treme events (i.e. heat waves) can lead to serious increases in
mortality rates, as observed during the European summer heat
waves of 2003 or the Chicago heat wave of 1995 (Schär and
Jendritzky 2004; Kaiser et al. 2007; Robine et al. 2007).
Moreover, analyses of the association between temperature
and mortality have revealed U-, V-, or J-shaped patterns, with
an increase in mortality below and above a certain threshold
(Basu and Samet 2002; Curriero et al. 2002; Baccini et al.
2008; Basu 2009). Typically, tropical countries with common-
ly low socioeconomic status have been associated with
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increased mortality during the hot and humid season
(McGregor et al. 1961; Jaffar et al. 1997; Rau 2006).
However, more recent studies in low-latitude regions have
demonstrated high rates of mortality during the cold season
and shown a temperature–mortality relationship with marked
cold and heat effects, similar to patterns observed in
industrialised countries (Becker and Weng 1998; McMichael
et al. 2008; Hashizume et al. 2009; Burkart et al. 2011a,
2011b).

The magnitude and direction of meteorological effects
have been shown to depend on existing non-atmospheric
circumstances (O’Neill et al. 2005; Hashizume et al. 2007;
Medina-Ramón and Schwartz 2007). Population density,
age structure, degree of urbanisation, and costs of living
have been identified as determinants (Smoyer et al. 2000;
Basu and Samet 2002; Rau 2006). Moreover, differences in
temperature–mortality regimes have been recognised be-
tween different population groups (e.g. ethnic groups) or
groups with different social or socio-economic backgrounds
(Klinenberg 2002; Rau 2006; Kaiser et al. 2007). The vulner-
ability and resilience of individuals as well as populations
seems to be determined by social and socio-economic condi-
tions and, similarly, heat seems to have social impacts
(McGregor et al. 2007). Hence, the effect of atmospheric
parameters is likely to change with changes in social and
population structures.

To date, research evidence on the atmospheric environment–
mortality relationship in developing countries is incomplete.
Two recent studies investigated the seasonal and thermal effects
on mortality in Bangladesh (Burkart et al. 2011a, 2011b).
Although the relevance of cold effects was demonstrated,
heat-related mortality became apparent in terms of a secondary
summer mortality maximum and an increase in mortality above
a specific threshold temperature. This threshold temperature
amounted to approximately 29 °C for ambient temperature
and ranged between 31 °C and 34 °C for the universal thermal
climate index (UTCI), a thermo-physiological index reflecting
some sort of apparent temperature.

The projected consequences of climate change have pro-
moted research on the nature of meteorological and particu-
larly thermal effects (Basu and Samet 2002; Basu 2009;
Gosling et al. 2011, 2012). Considering the high prevailing
temperatures and the generally low socio-economic status in
tropical developing countries, we suggest that these regions
might be most vulnerable to a rise in temperature, promoted
by global warming. Furthermore, many developing countries
have underlying strong social and population dynamics, such
as the rapid aging of the population, an increase in urbanisa-
tion, or a change in disease and mortality patterns (i.e. an
increase in non-communicable diseases) (Murray and Lopez
1997; Reddy and Yusuf 1998; United Nations 2004, 2008).
These dynamics might be most relevant in shaping future
meteorological effect on human health. This study aims to

continue our preceding research and seeks to investigate sub-
population differences in heat-related mortality. A special
focus was given to modifications arising from age, gender,
location, and socioeconomic status (SES).

Data and methods

Meteorological data

Meteorological data from 26 stations distributed throughout
Bangladesh were provided by the Bangladesh Meteorological
Department. The data were composed of 3-hourly values of
temperature, humidity, wind speed, and cloud coverage. In
order to assess the multitude of meteorological parameters
affecting the human heat balance, we calculated the universal
thermal climate index (UTCI), using BioKlima Software
(Version 2.6) (Jendritzky et al. 2007). The UTCI represents
an equivalent temperature that equals the ambient air temper-
ature that results in the same energy gain or loss an average
human would experience in a reference environment (with
50 % relative humidity, still air, and a radiant temperature
equalling air temperature) (Jendritzky et al. 2007). The input
variables are temperature, humidity, wind speed, and mean
radiant temperature. The input variable mean radiant temper-
ature (the uniform temperature of a surrounding surface that
results in the same radiation energy gain on a human body as
the prevailing radiation fluxes) is modelled as a function of
temperature and cloud coverage using RayMan (Version 1.2)
(Matzarakis et al. 2007). Daily mean values of the UTCI were
calculated from 3-hourly values for each station, when the
measurements were complete for a given day. Approximately
17 % of the calculated daily data were missing. The missing
daily values of temperature or the UTCI were replaced by
linear interpolation. In a previous study (Burkart et al. 2011a)
we compared the predictive power of different equivalent
temperatures, namely Heat Index, Physiological Equivalent
Temperatures, and UTCI. All three parameters were highly
correlated and based on the Unbiased Risk Estimation
Criterion (UBRE); no index showed a predictive advantage.
Hence, for this study, we limited ourselves to only one
thermo-physiological indicator, and chose the UTCI index as
it is well documented and the software is easy to handle. The
monthly seasonal distributions of the mean temperature and
the UTCI, as well as of the precipitation in Dhaka, are
displayed in Fig. 1. Temperatures are particularly high during
months with high precipitation, with equivalent temperature
surpassing ambient temperature. During the dry season,
equivalent temperature approximates ambient temperature.

Given the sample nature of the mortality data, we needed
to aggregate over space. To delimit thermal regimes, we
conducted a factor analysis using the Kaiser criterion as a
cut-off criterion for the number of factors necessary. In the
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case of the 26 (equivalent) temperature time-series, the
Kaiser criterion indicated that one factor represents more
than 99 % of the variability. In a second step, we conducted
a cluster analysis to investigate whether different large-scale
regional climate units can be observed (e.g. North–south
differences with higher temperatures in one region and
lower in the other region). The cluster analysis did not
reveal any macro-scale pattern. Therefore, any existing re-
gional meteorological variations were not considered, and a
spatial average daily mean value for the whole country was
calculated. Spatial UTCI maps were generated for each day
using inverse distance interpolation (R, Version 2.11.0,
package ‘gstat’). Subsequently, a mean value was calculated
from the map grid values.

Mortality data

The mortality data analysed within this study were collected
within the Sample Vital Registration System (SVRS)—a core
activity of the Bangladesh Bureau of Statistics (BBS). The
SVRS comprises and surveys approximately 200,000 house-
holds, with an average size of 4.7 members, throughout
Bangladesh. Of the total number of households, 132,646 are
located in rural areas, whereas 57,852 households are located
in urban areas and 16,024 households are placed in the statis-
tical metropolitan area. The SVRS collects data under a dual
recording system. Events are recorded by a local registrar
when they occur, and they are also registered retrospectively
by officials from the Upazila division of the BBS on a quar-
terly basis. Subsequently, the data are matched by quality
control personnel of the BBS. Partially matched and non-
matched events are subject to further verification through field

visits. The following information is recorded: name, date of
birth, date of death, and gender of the deceased. In addition, a
cause of death is attributed; however, the cause is not medi-
cally certified (Bangladesh Bureau of Statistics 2008). For the
purpose of this study, all accidental and maternity-related
deaths were excluded. The sample was stratified into three
age groups: children and youths (1–14 years), adults (15–
64 years), and elderly persons (65+ years). Deaths of infants
younger than 1 year of age were not included as births exhibit
seasonal variations that could confound the analysis. In
total, 22,840 deaths were analysed. Tables with the
number of death counts and the crude death rates per strata
are provided in the supplementary material (Supplementary
Material S1, Table S1.1 and Table S1.2).

Statistical analysis

Analysis of time structure and temporal effect displacement

In order to describe the time structure of thermal effects, we
employed a recently developed distributed lag non-linear mod-
el (DLNM). This methodology is based on the definition of a
‘cross-basis’—a bi-dimensional space of functions that de-
scribes simultaneously the shape of the relationship along both
the space of equivalent temperature and the lag dimension of
its occurrence (Gasparrini et al. 2010). The effects are estimat-
ed using smooth non-linear functions for both dimensions, the
equivalent temperature and the lag effect (Gasparrini et al.
2010). Such an approach provides an insight into the temporal
displacement of effects as well as harvesting effects. The
crossbasis function was included into a generalised additive
model (GAM); the specifics of the GAM and the confounder
variables included will be discussed in the following section.
The basis for temperature was centred at the median equivalent
temperature (26.9 °C UTCI), which represents the reference
point for the predicted effects. The DLNM requires setting
degrees of freedom for the temperature and lag relationships.
As a sensitivity analysis we tested several degrees of freedom
but found that the general conclusions about the temporal
occurrence of heat effect was unaffected by this.

Regression analysis

The association between atmospheric parameters and mortal-
ity was modelled using Poisson GAMs. Penalised regression
splines were used to allow for nonlinear confounding effects.
Smoothing parameters were chosen to minimise the UBRE
score for the models, and estimation of the degrees of freedom
is part of the model fitting. A Bayesian approach to variance
estimation was employed to estimate the confidence intervals
(Wood 2006). The R (Version 2.11.0) package ‘mgcv’ was
used for model fitting. In order to remove long-term fluctua-
tions in mortality, the models were adjusted for trend by

Fig. 1 Monthly average mean values of temperature, universal thermal
climate index (UTCI), and monthly precipitation in Dhaka. Inset An-
nual average temperature and the UTCI as well as the annual amount of
precipitation
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including a counter variable for each day of the time series and
fitting a penalised spline. Additionally, a categorical dummy
variable for seasonal adjustment was incorporated to remove
the mid- to long-term seasonal cycles in the series, as we
aimed to investigate short-term influences. Moreover, this
dummy variable allowed for reflection of seasonal differences
in air pollution levels with high levels during winter (stable
atmospheric conditions), and decreasing levels in the pre-
monsoon and monsoon seasons (unstable atmospheric
conditions) as long-term air pollution measurements are
not available for Bangladesh. In Bangladesh, the year can be
divided into three main seasons: winter season (October–
February), summer/pre-monsoon season (March–May), and
monsoon/rainy season (June–September). In addition, the
models were adjusted for day of the week.

Finally, the models were fitted, incorporating UTCI. As
described by the distributed lag non-linear models, heat
effects generally occur on the 1st and 2nd day. Therefore,
averages of same-day UTCI and the UTCI of the previous
day (lag 0–1) were incorporated in all models that did not
specifically analyse children and youths. As heat effects
seemed to be more delayed for children and youths, we
integrated the averages of same-day UTCI and the UTCI
of the previous 4 days (lag 0–4) into models assessing heat
effects in this age group.

As a major research objective of this study was to inves-
tigate thermal effects and heat effects in different subpopu-
lations, we stratified the data by cause of death, age, gender,
location, and SES. Subsequently, we fitted models including
the different subcategories and integrated an interaction term
between equivalent temperature and the categories. To
group the data by SES, we referred to the socioeconomic
data of the administrative departments of the zilas (the 64
districts of Bangladesh). The variables considered were the
child mortality rate, the child/woman ratio, the literacy rate,
the fertility rate, the sources of drinking and non-drinking
water, infant mortality, the insolvency rate and use of solid
fuels. A factor analysis using Varimax rotation and Bartlett
scores (R, Version 2.11.1) rendered four factors that broadly
reflect, “solvency”, ”education”, ”mortality” and “source of
water” (the number of factors was based on the Kaiser
criterion). For categorising a zila as having a high or low
SES, three of the four factors had to either exceed or fall
below the 50th percentile. Of the 64 zilas, 23 were
categorised as having a low SES, and 25 were categorised
as having a high SES. The remaining 16 zilas were used as
reference.

In addition to the non-parametric regression analysis
representing the UTCI–mortality relationship as a spline, we
also fitted GAMmodels with segmented relationships in order
to quantify the observed heat effects. For this, we assumed a
piecewise linear relationship between mortality and equiva-
lent temperature. The initial values for the breakpoints were

specified over a range of possible integer values, as indicated
by the equivalent temperature–mortality plots; subsequently,
breakpoints were determined by minimising the UBRE score.
For all models, threshold equivalent temperatures lying be-
tween 34 °C and 35 °C UTCI were found.

Results

Time structure of thermal effects

Figure 2 shows the three-dimensional plots of the risk of all-
cause mortality along equivalent temperature, and the lags for
all age groups as well as for children and youths (1–14 years).
For all ages, the plot demonstrates a strong effect of high
equivalent temperatures occurring immediately on the 1st
day. For children and youths these effects of higher equivalent
temperatures seemed to be more delayed. Figure 2 also in-
cludes lag-specific effects at an equivalent temperature of
35.5 °C UTCI (99th percentile of UTCI), which well exem-
plify the temporal displacement of effects at higher tempera-
tures. For all-cause mortality including all age groups,
maximum risk was observed on the 1st day and then quickly
decreased. For children, an increase in mortality was observed
between the 2nd and 5th day. However, after the 5th day, the
relative risk of mortality notably decreased, which suggests a
harvesting effect (deaths of frail individuals are brought for-
ward by a short period of time) rather than excess mortality.
DLNM outputs for cause-specific and age-specific mortality
are included in a supplementary file (Supplementary Material
S2). Generally, they confirm the short-term character of heat
effects occurring mostly on the 1st day. Based on these obser-
vations, we used a lag period of 2 days for all further analysis,
except for children, for whom we used a lag period of 5 days
(Fig. 2).

Thermal effects

All-cause and cause specific thermal effects

In general, the analysis demonstrated the existence of diverse
thermal effects on mortality, which varied with the investigated
sub-groups.We observed linear associations between equivalent
temperature and mortality, as well as J-, U-, or V-shaped
relationships. All-cause mortality decreased with increasing
equivalent temperature over a wide range of values (i.e. a cold
effect). At the upper end of the equivalent temperature distribu-
tion the temperature–mortality relationship changed and mortal-
ity started to increase with increasing temperature (i.e. a heat
effect). In general, this pattern was observed for all-cause mor-
tality as well as cardiovascular and infectious disease mortality
but the effects were most visible for all-cause mortality (Fig. 3).
The segmented analysis revealed an increase in all-cause
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mortality above a threshold of 31.3 % (95%CI: 24.5–44.3) per
1 °C increase in UTCI. For cardiovascular mortality this in-
crease amounted to 20.0 % (95%CI: 10.6–34.7 %) and for
infectious mortality to 10.4 % (95%CI: 0.7–25.2 %) (Table 1).

Age-specific thermal effects

Generally, thermal effects were observed in all investigated
age groups. Figure 4 shows the UTCI–mortality relationship

for children and youths (1–14 years), adults (15–64 years) and
the elderly (above 65 years). For children and youths as well
as for adults, effects are rather less pronounced and confidence
intervals are wide, whilst for the elderly marked cold and heat
effects were visible in the equivalent temperature–mortality
plots. Similarly, findings from the segmented analysis dem-
onstrate heat effects for all age groups with the highest mag-
nitude observed for the elderly (32.0 %; 95%CI: 29.1–
40.7 %). Nevertheless significant heat effects were also found

Fig. 2 Three-dimensional plots
of the relative risk of mortality
along equivalent temperature
and lags, with reference at the
median equivalent temperature
(26.6 °C UTCI) for all-cause
mortality in all ages (top left)
and for children and youths
(top right); and plots of relative
risk of mortality at the 99th
percentiles of equivalent
temperature distribution
(35.5 °C UTCI), with reference
at the median equivalent
temperature (26.6 °C UTCI) for
all ages (bottom left) and
children and youths (bottom
right). Outputs are adjusted for
trend, season, and day of the
week. Grey areas Upper and
lower 95 % confidence intervals

Fig. 3 Association between the daily number of deaths and the average
equivalent temperature (UTCI) over a lag period of 2 days (lag 0–1)
stratified by cause of death for all-cause mortality (ALL), cardiovascular

mortality (CVD), and infectious disease mortality (INF). Curves are
adjusted for trend, season, and day of the week. Grey areas Upper and
lower 95 % confidence intervals
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for children (19.4 %; 95%CI: 14.3–30.2 %) and adults
(23.1 %; 95%CI: 12.7–40.2 %). However, differences be-
tween the age groups were not significant (Table 1).

Thermal effects in different subpopulations

When examining the UTCI–mortality relationship by gender
for the elderly above 65 years, it became apparent that men
face an increased risk of heat-related mortality compared to
women (Fig. 5). A sharp increase in all-cause mortality was
observed for men, which was estimated as 45.9 % (95%CI:
39.7–59.0) in the segmented analysis. Contrary to that, heat
effects for woman were significantly smaller, with an increase
of 24.3 % (95%CI: 16.9–38.8 %) above the threshold temper-
ature. A significant increase of 26.0 % (95%CI: 10.3–44.1 %)
in cardiovascular mortality was also observed for males,
whereas no effect was observed for females. No significant
effects were found for infectious disease mortality for either
males or females (Table 2).

With regard to all-cause mortality and cardiovascular mor-
tality in the elderly, urban areas showed more pronounced and

more severe heat effects as compared to rural areas (Fig. 6).
UTCI–mortality plots indicated a steep increase in all-cause
mortality in urban areas. The segmented analysis depicted this
increase with 46.3 % (95 % CI: 39.2–61.1 %) per 1 °C
increase in UTCI, whilst in rural areas the heat effects is
significantly smaller and was estimated with 25.5 %
(95%CI: 21.7–35.5 %). Regarding cardiovascular mortality,
the GAM plots do not indicate any kind of heat-related mor-
tality in rural areas, whilst in urban areas mortality increased
above a threshold UTCI. The segmented analysis showed a
significant increase in cardiovascular mortality of 22.6 %
(95%CI: 8.7–41.7 %) in urban areas and a negative slope for
rural areas. Contrary to the increased risk of heat related all-
cause and cardiovascular mortality in urban areas, a signifi-
cant increase in infectious disease mortality was observed for
rural areas, whilst no effect was found for urban areas
(Table 2).

When contrasting zilas with low and high SES, increased
heat effects in the elderly above 65 years were evident for
high SES areas regarding all-cause mortality and cardiovas-
cular mortality (Fig. 7). The increase in all-cause mortality
was estimated with 41.6 % (96%CI: 34.4–55.0 %) in the
segmented analysis for areas with high SES. In contrast,
areas with low SES showed a heat-related increase of
24.1 % (95% CI: 16.4–37.6 %). While areas with low SES
exhibited no heat effect for cardiovascular mortality, areas
with high SES areas showed a significant increase in car-
diovascular mortality of 44.9 % (95%CI: 1.4–37.0 %). No
effects of heat on infectious disease were found, for either
areas with low or high SES (Table 2).

Discussion

This study emphasizes the relevance of thermal effects on
human all-cause and cause-specific mortality. We found a
strongly pronounced relationship between equivalent tem-
perature and mortality. Moreover, the findings of this work

Table 1 Heat effects in different subpopulation stratified by cause of
death for all-cause mortality (ALL), cardiovascular mortality (CVD), and
infectious disease mortality (INF) as well as age group for children and
youths (1–14 years), adults (15–64 years), and the elderly (65+ years).
The results are adjusted for trend, season, and day of the month

Cause
of death

Heat effecta Age group Heat effecta

ALL 31.3 (24.5-44.3)* 1–14 yearsb 19.4 (14.3–30.2)*

CVD 20.0 (10.6-34.7)* 15–64 years 23.1 (12.7–40.2)*

INF 10.4 (0.7-25.2)* 65+ years 32.0 (29.1–40.7)*

*Significant effects
a Percent increment in mortality per 1 °C increase in UTCI above
breakpoint (95%CI)
b A lag period of 5 days was used for the analysis of heat effects in
children and youths

Fig. 4 Association between the daily number of deaths and the aver-
age equivalent temperature (UTCI) over a lag period of 5 days (lag 0–
5) for children and youths (1–14 yrs.), and a lag period of 2 days (lag

0–1) for adults (15–64 years) and the elderly (65+ years). Curves are
adjusted for trend, season, and day of the month. Grey areas Upper and
lower 95 % confidence intervals
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clearly demonstrate that atmospheric effects vary with the
cause of death, as well as with intra-population differences.

In general, mortality showed a J-shaped UTCI-mortality
curve, with increasing mortality below and above a thresh-
old, ranging between 34 and 35 °C UTCI. Generally, this
pattern was mostly visible for all-cause, but cardiovascular
and infectious disease mortality also showed cold and heat
effects. Considerable differences regarding the magnitude of
these effects were found for different subgroups, and heat
effects showed especially pronounced intra-population
modifications. Generally, heat effects were strongly pro-
nounced for the elderly, for males, and for those living in
urban and high SES areas.

Age proved to be a determining factor in shaping meteo-
rological effects. Generally the strongest association between
equivalent temperature andmortality was found for the elderly
above the age of 65 years; however, adults and children also
showed an increase in mortality with decreasing as well as
increasing equivalent temperatures. As shown by the DLNMs,
heat effects seemed to be more delayed for children and
youths, occurring after several days. Several other studies
have investigated thermal effects in children with inconsistent
findings. Gouveia et al. (2003) found marked heat effects in
children and youths under the age of 15 years in São Paulo,
Brazil, whereas Bell et al. (2008) found no heat effect for
children under the age of 16 years in São Paulo and Mexico

Fig. 5 Association between the daily number of deaths and the
average equivalent temperature (UTCI) over a lag period of 2 days
(lag 0–1) for males vs females above the age of 65 years. Curves

are adjusted for trend, season, and day of the month. Grey areas
Upper and lower 95 % confidence intervals

Table 2 Heat effects in the elderly population (above 65 years) in
different subpopulations stratified by gender (male vs female), location
(rural vs urban), and SES (low vs high SES). The results are adjusted

for trend, season, day of the month and equivalent temperature. SES
Socio-economic statustatus

Heat effecta Heat effecta Heat effecta

Male Female Rural Urban Low SES High SES

ALL 45.9(39.7–59.0)* 24.3(16.9–38.8)* 25.5(21.7–35.5)* 46.3(39.2–61.1)* 24.1(16.4–37.6)* 41.6(34.4–55.0)*

CVD 26.0(10.3–44.1)* −3.7(−28.8–30.4) −1.9(−14.7–15.8) 22.6(8.7–41.7)* 16.4(−27.7–24.2) 44.9(1.4–37.0)*

INF 10.4(−16.3–46.4) 5.9(−33.5–69.6) 22.4(7.4–41.5)* −5.2(−27.0–24.8) 1.2(−16.4–27.7) −3.6(−21.7–23.7)

*Significant effects
a Percent increment in mortality per 1 °C increase in UTCI above breakdown (95%CI)
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Fig. 6 Association between the daily number of deaths and the
average equivalent temperature (UTCI) over a lag period of 2 days
(lag 0–1) for the elderly above the age of 65 years in rural vs urban areas.

Curves are adjusted for trend, season, and day of the month. Grey areas
represent the upper and lower 95 % confidence intervals

Fig. 7 Association between the daily number of deaths and the
average equivalent temperature (UTCI) over a lag period of 2 days
(lag 0–1) in areas with low vs high SES. Curves are adjusted for

trend, season, and day of the month. Grey areas Upper and lower
95 % confidence intervals
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City using a case-crossover design. Likewise, no heat effects
were found by O’Neill et al. (2005) in children under the age
of 15 in Mexico City and no heat effects could be observed in
a rural area of Matlab in Bangladesh (Hashizume et al. 2009).
Detecting heat effects in children is rather difficult as usually
the number of cases is limited for these age groups. The
restriction of heat effects to a relatively short range of temper-
ature values further complicates the analysis. Moreover, heat
effects in younger individuals seem to have a different time
structure than observed for other ages, which suggests a
different cause-and-effect relationship. Further stratification
by cause of death would be desirable at this point to better
understand how thermal conditions affect the physical health
of children, but the limited number of death counts does not
allow doing so. Another important point regarding heat effects
in children is “harvesting”. Outputs of the DLNM indicate a
forward shift in the occurrence of deaths of children and
youths rather than an excess in mortality.

For adults between 15 and 64 years of age, a relatively
weak relationship between equivalent temperature was
displayed by the GAM plots. Nevertheless, the segmented
analysis revealed significant heat effects that correspond ap-
proximately with the effects observed for children. Heat ef-
fects for adults were also found in São Paulo (Brazil) and
Mexico City (Mexico) but the observed effects were generally
weaker than found for this study (Gouveia et al. 2003; O’Neill
et al. 2005; Bell et al. 2008). GAM plots as well as the
segmented analysis depict a growing relevance of heat effect
for the elderly. The observed heat effects of a 32.0 % (95%CI:
29.1–40.7) mortality increase per 1 °C increase in equivalent
temperature exceeded the effects reported in studies
conducted in São Paulo and Mexico City (Gouveia et al.
2003; Bell et al. 2008). Nevertheless, Hashizume et al.
(2009) found an increase in mortality of 108 % (95%CI:
32.3–227.1 %) per 1 °C temperature increase for the elderly
in Matlab, a rural area of Bangladesh. The findings of our
study underline the high heat-related vulnerability of the el-
derly living in Bangladesh.

The stratified analysis further revealed that males faced a
higher risk of heat-related all-cause and cardiovascular mor-
tality than females. This finding was particularly true for
elderly males. Few studies to date have investigated gender
differences in the temperature–mortality relationship in devel-
oping countries. To our knowledge, only one study, conducted
by Bell et al. (2008), has assessed heat effects by gender (in
São Paulo, Santiago de Chile andMexico City). However, that
study found no significant differences. In studies conducted in
industrialised countries, there were either no differences by
gender (O’Neill et al. 2003; Stafoggia et al. 2008), or a greater
risk was observed for females (Fouillet et al. 2006; Ishigami et
al. 2008). The high risk of heat-related mortality in males in
Bangladesh might be due to increased exposure to heat. In
general, men are more involved in outside activities and are

often occupied in heavy labor, whereas woman are tradition-
ally oriented to the home and engaged in housework. In
addition, cardiovascular and other non-communicable dis-
eases are more prevalent causes of death in males (see
Supplementary Material S1, Table S1.2), causing them to be
more susceptible to adverse heat effects.

As demonstrated in a previous study, all-cause and cardio-
vascular mortality in urban areas is subject to noticeable heat
effects (Burkart et al. 2011a), as confirmed in this study.
However, this study also demonstrated a heat-related increase
in infectious disease mortality in rural areas whereas no such
association could be observed for urban areas or any other
strata. In addition, this study assessed the differences between
areas with a low and high SES and found that heat effects were
considerably stronger in high SES areas, especially for the
elderly. The strong relationship between heat and mortality in
urban as well as high SES areas indicates the relevance of
socio-economic and socio-cultural conditions. An urban life-
style, usually associated with a lack of physical activity,
sedentary behaviour and an unhealthy diet are believed to
contribute to a higher prevalence of non-communicable dis-
eases in urban populations (Proctor et al. 1996; Shetty 2002;
Kelishadi et al. 2008; Khan et al. 2009). Of equal importance
is the finding that an improvement in SES is likely to be
accompanied by socio-cultural changes and changes in dis-
ease patterns (a decrease of communicable diseases and an
increase in non-communicable diseases) (Murray and Lopez
1997; World Health Organisation 2010). Although it is
unclear for urban areas whether heat effects originate from
higher temperatures (due to urban heat islands) or from a
higher susceptibility to heat as a consequence of a modified
health or age pattern, our analysis by SES demonstrates the
relevance of socio-economic and socio-cultural factors for
heat-related excess mortality.

Strengths and limitations

The obvious strength of this study is based in the multi-
stratified analysis of meteorological effects. We showed that
different strata feature different characteristics that are crucial
for thermal effects. To date, few studies have assessed mete-
orological effects in tropical developing countries, and even
fewer studies have conducted analyses in different strata.
However, understanding these non-atmospheric effect modi-
fications is crucial for targeting intervention measures proper-
ly and efficiently. The use of DLNMs helped to better
understand the time structure of thermal effects in
Bangladesh. They confirmed a lag period of 2 days for most
investigated categories, which is commonly used in heat effect
assessment. However, they also revealed that heat effects in
children and youths are more delayed and equally as impor-
tant indicated the relevance of harvesting effects for this age
group. Nonetheless, confidence intervals for the DLNM
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outputs are relatively wide, which needs to be attributed partly
to the complexity of the DLNM requiring an extensive data
basis. Additionally, the wide confidence intervals reflect un-
certainties in daily effect estimations (different from estima-
tions for multi-day averages). Due to the sample nature of the
data set used in this analysis and the small number of death
counts, the applicability of DLNMs is limited.

Fitting GAMs with interaction terms had the great ad-
vantage that all counts could be included into one model and
data sets did not need to be divided, thus strengthening the
statistical power. Nonetheless, when fitting these interaction
models with segmented relationships in order to quantify
heat effects, one common breakpoint for all strata included
was determined. However, it is quite likely that different
subcategories exhibit different thresholds marking a change
in the equivalent temperature–mortality relationship. The
estimated breakpoints were generally placed between 34
and 35 °C UTCI—a rather high value that corresponds
approximately with the 95th percentile. This might lead to
an overestimation of heat effect in several subgroups.

There are several further constraints related to the data set
that we need to acknowledge. As mentioned above, the
SVRS collects vital events from a sample population, in-
stead of the total population. The limited number of counts
weakens the statistical power of our analysis and makes
stratification more problematic. Similarly, the spatial aggre-
gation and the determination of spatial meteorological
averages—which were necessary to increase the statistical
power—left meso- and micro-climatic differences unconsid-
ered. Misclassification of exposure might be another limita-
tion as exposure is dependent on the particular micro-
environment an individual inhabits. In general, the nature
of this eco-epidemiological study includes the danger of the
so-called ecological fallacy. Due to the aggregation of data
that defines ecological studies, inferences about individual
members or a subgroup must be made carefully as these do
not necessarily reflect the characteristics of a wider group
(Wakefield and Salway 2001). Another limitation, associat-
ed with the data quality, refers to the attribution of the causes
of deaths. Causes of death were not medically certified and
did not follow the International Classification of Disease.
Moreover, we could not adjust our analysis for the effects of
air pollutants due to the absence of long-term time series of
air pollution measurements.

Conclusion

This study demonstrated the relevance of atmospheric ef-
fects on human mortality. Although an increase in mortality
with decreasing temperature, i.e. a cold effect, occurred over
a wide range of values, partly strong heat effects above a
threshold temperature were observed for various causes of

deaths, age groups and subpopulations. In general, heat
effects were observed for all-cause mortality, cardiovascular
and infectious disease mortality. Moreover, all age groups
exhibited heat-related mortality with strong effects observed
for the elderly above the age of 65 years. The effect in
children and youths was more delayed than for other ages
and, most importantly, a decline in mortality after several
days was observed, suggesting a harvesting effect. Males
generally seemed to be at higher risk for heat-related all-
cause as well as cardiovascular mortality. Likewise, an
increased risk for heat-related all-cause and cardiovascular
mortality was found in urban areas as compared to rural
areas. In contrast, heat-related infectious disease mortality
was observed in rural areas whereas no such effect could be
observed for urban areas. Furthermore, areas with high SES
showed increased heat effect for all-cause and cardiovascu-
lar mortality in comparison to areas with low SES. Because
of the ongoing dynamics in Bangladesh—particularly the
rapid aging of the population, the increase in non-
communicable disease prevalence, and the growing urban
population—heat effects are likely to be magnified in the
future. The projected rise in temperature due to global
warming is likely to further aggravate these adverse effects
of heat.
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