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Abstract
This study was conducted in order to explore the effect of thermal comfort on all-cause mortality using three indices in different
lag times, in a semi-arid to dry region of Iran. Three thermal comfort indices based on the energy balance of the human body
including physiologically equivalent temperature (PET), predicted mean vote (PMV), and standard effective temperature (SET)
were used to assess the effects of thermal comfort on mortality. Distributed lag non-linear models were used to assess the relation.
The natural cubic spline was chosen as the basis function for the space of predictors and lags, with 4 degrees of freedom. All three
indices showed the same pattern in general, but the relative risk for PMV values were more than the other indices in different lags.
For all three indices, lag 0 had the highest relative risk of mortality in warm and hot indices. The relative risk for warm and hot
values was more than cool and cold values in lag 0, and for the PMV index, it was larger than the two other indices. These results
were different in lags 5 to 8, and the relative risks for cool and cold values were more than warm and hot values. This study
showed that heat stress has a stronger and more immediate adverse effect on mortality than cold stress. Also, the elderly and
females are more vulnerable than others. The most apparent effect was seen in lags 0–12.

1 Introduction

The effects of weather parameters on mortality or morbidity
have been under investigation in many studies recently. Most
of these studies have applied atmospheric parameters (air tem-
perature, humidity, wind speed, or rain) as exposure variables
(Aboubakri et al. 2018; Dadbakhsh et al. 2018; Dadbakhsh
et al. 2017; Dastoorpoor et al. 2016; Hajat et al. 2014;
Kalankesh et al. 2015). However, these parameters do not
consider human physiology and behavior factors. Human

thermal comfort models consider not only the atmospheric
parameters, but also complex metabolic processes, including
physical activity level and clothing (Urban and Kyselý 2014).
Human thermal comfort (HTC) is defined as “a condition of
mind that expresses satisfaction with the thermal environ-
ment” (Humphreys et al. 2015). HTC is an outcome of the
energy balance between the human body surface and the en-
vironment and is influenced by the above mentioned factors.

Several indices have been developed in order to measure
thermal comfort. Coccolo et al. (2016) have explained three
categories of outdoor human comfort indices including ther-
mal indices, empirical indices, and indices based on linear
equations. Cheng et al. (2012a) have illustrated human ther-
mal models in two categories including human thermal phys-
iological models and human thermal psychological models.
The categories of thermal indices are based on human’s ener-
gy balance and show the relation between metabolic activities,
clothing and environmental parameters, and the pedestrian’s
thermal perception (Coccolo et al. 2016). Several indices
based on the energy balance of the human body have been
used to assess outdoor thermal comfort, e.g., predicted mean
vote (PMV), effective temperature (ET), and standard
effective temperature (SET) (Lin 2009).

Although many studies have been done about sustainable
urban development or in other fields such as tourism, a few
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studies have assessed the effects of thermal comfort indices on
human health. Nastos and Matzarakis (2012) investigated the
effect of human thermal indices on mortality and found a
relation between thermal indices (physiologically equivalent
temperature (PET) and Universal Thermal Climate Index
(UTCI)) and mortality. Also, a study conducted in a cold
mountainous region of Iran found that the number of hospital
admissions for cardiovascular diseases was higher in cool and
cold conditions than warm conditions, based on PMV and
PET (Mohammadi and Karimi 2017).

The SET, PMV, and physiologically equivalent tempera-
ture (PET) indices require the same climate data for their cal-
culations. They are used as both indoor and outdoor comfort
indices (Honjo 2009; Matzarakis et al. 2007). This study was
conducted in order to explore the effect of thermal comfort on
all-cause mortality in different lag times, in a semi-arid to dry
region of Iran.

2 Methods

2.1 Data and area under study

Kerman City has a population of about 740,000 people and is
located in Kerman Province in southeastern Iran. It is located
at 56° 52′ 30″–57° 07′ 30″ E and 30° 07′ 30″–30° 22′ 30″ N
and in a flat plain with an altitude of 1754 m. Its climate is
semi-arid to dry with hot summers and cold winters (Atapour
2015; Hamzeh et al. 2011). In this study, daily meteorological
data such as mean air temperature, relative humidity,
nebulosity, and wind speed were obtained from the
Iran Meteorological Organization. Daily mortality and ambi-
ent air pollutants data (PM10, SO2, O3, NO2, NOx, CO, NO,
and PM2.5) were obtained from the Health Deputy of Kerman
University of Medical Sciences and the Kerman Department
of Environment, respectively. The data were obtained from
January 2005 to March 2017.

2.2 Thermal comfort indices

Three thermal comfort indices based on the energy balance of
the human body including PET, PMV, and SET were used to
assess the effects of thermal comfort on mortality in this study.
PET is defined as the air temperature at which the heat balance
of the human body is maintained with core and skin temper-
ature equal to those under the conditions being assessed
(Höppe 1999; Lin 2009). PMV is defined as the average ther-
mal sensation vote of a group of people (Coccolo et al. 2016).
SET is defined as the air temperature at which an individual in
a reference environment wearing 0.6 clo with a metabolic rate
of 1.2 mets has the same mean skin temperature and skin
wittedness as the individual in the complex environment
(Lin 2009). The cutoff points for grading thermal perception

and physiological stress in each index are shown in Table 1.
The indices were calculated using 4 data sets. They were as
follows: (a) meteorological data including mean air tempera-
ture (°C), wind speed (m/s), nebulosity (octas), and relative
humidity (%); (b) thermophysiological data including activity
and clothing; (c) personal data including age, sex, weight, and
height; (d) geographical data including longitude, latitude, and
altitude.

The RayMan model (Matzarakis et al. 2006) was
used for doing the calculations and standard values
(height = 1.75 m, weight = 75 kg, age = 35 year, sex = male,
clothing = 0.9 clo and activity = 80 w) were used for the
personal and thermophysiological data in the model (Nastos
and Matzarakis 2012). The wind speed used in this study was
recorded at an elevation of ten meters from ground level.
Therefore, we estimated wind speed at 2-m elevation by using
Eq. 1 (Yarahmadi 2003).

U2 ¼ 4:868

Ln 67:75Z−5:42ð Þ
� �

Uz ð1Þ

where U2 is wind speed at 2-m elevation, Uz is wind speed at
Z-m elevation, and Z is the altitude of the measured wind
speed.

2.3 Statistical analysis

Distributed lag non-linear models (DLNM) were used to as-
sess the relations in a bi-dimensional perspective which can
vary non-linearly along the space of the predictors and lags
(Gasparrini 2013). The natural cubic spline was chosen as the
basis function for the space of the predictors and lags, with 4
degrees of freedom. Spline knots were placed at equally
spaced quantiles in the space of the predictors and they were
placed at equally spaced values in the log scale of lags, for lags
in the spline. The average of comfortable range values
(Table 1) were chosen as reference values. The reference
values were 20.5 °C, 0, and 20 °C for PET, PMV, and SET,
respectively. Four different high and low values were used in
order to assess cold and heat stress on mortality. We selected
the average of cool and cold range, and warm and hot range
values. We also assessed extreme high (very hot) and low
(very cold) values’ effect on total mortality by different lags.
According to previous studies, the maximum lag of 24 was
used in order to capture all potential effects (Huang et al.
2015; Tian et al. 2012).

Initially generalized linear models and Poisson models
were applied. Three models that were different only in the
main exposure (thermal comfort index) were fitted in order
to compare the results in different lags. The model is shown in
Eq. 2. In this equation, Yt is the number of deaths on day t.
Index is the main exposure variable (thermal comfort index) at
time t, α is the intercept, Cb is the cross-basis function in
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DLNM that shows the index value at day t and lag time l, and
is a matrix ( there were 24 lags in this study). NS and εt are the
natural spline function and the residual at time t, respectively.
According to the lowest Akaike information criterion (AIC),
the degree of freedom equal to 3 was also selected for the
natural spline. The time variable with a degree of freedom
equal to 5 per year was entered into the model in order to
control the trend and seasonal effects. The degree of freedom
of 5 was also selected based on the lowest AIC. In these
models, DOW and Holiday are the days of the week and the
public holidays, respectively. Holiday was introduced as a
binary variable into the model. The DOW variable is a qual-
itative variable with 7 categories and Friday (the weekend in
Muslim countries) was considered as the reference.

log Y tð Þ ¼ αþ CbIndextl þ NS SO2; 3ð Þ
þ NS PM10; 3ð Þ þ NS O3; 3ð Þ
þ NS Time; 5� yearð Þ þ DOWþ Holiday

þ εt ð2Þ

Yt Poisson (μt)

The Akaike information criterion (AIC) was used for com-
paring the models (Akaike 1998, 2011). A lower AIC value
indicates a better fit. In order to select which air pollutants as
confounders should be in the model, the models with and
without confounders were also compared by change in esti-
mations. There was more than 10% difference between esti-
mates in some cases, suggesting the confounding air pollution
variables (SO2, PM10, and O3) should be in themodel. In other
confounders (NO2, NO, CO, NOx, and PM2.5), a lower change
in estimations was seen. Air pollutants have been reported to
be significantly associated with mortality in previous Iranian
studies (Dadbakhsh et al. 2015, 2016; Dastoorpoor et al.
2018a, b; Dehghan et al. 2018; Khanjani et al. 2012) and need
to be adjusted. The analysis was performed using Excel 2013,
SPSS 21, and R software version 3.3.2.

3 Results

The average daily mortality count was 10.54 and men had
higher average daily mortality than women (6.20 versus
4.30). The average daily mortality count for the < 65- and ≥
65-year age groups were 5.43 and 5.13, respectively (Table 2).
The average values for PET, PMV, and SETwere 20.81 °C, −
0.34, and 18.22 °C, respectively. Based on the cutoff point
defined in Table 1, these values are within the no thermal
stress (comfortable perception) range. Other information
about mortality and the thermal indices is shown in Table 2.

We evaluated the models’ fit using Akaike’s information
criterion (AIC) for Poisson. Our initial results (AICwas 13898
for PMV; and these were 13901 and 13900 for PET and SET,
respectively) showed that PMV was a better predictor than
PET and SET. The 3-dimensional relation between each ther-
mal comfort index andmortality in different lags (up to lag 24)
has been shown in Fig. 1. The relation between these indices
and mortality appears non-linear. For all three indices, high
values (warmer sense of air temperature) in lag 0 had the
highest relative risk of mortality. But after lag 0, the relative
risk rapidly decreased, and then an increase in relative risk was
seen in the middle lags (from 5 to 8). Although, all three
indices had the same pattern in general, but the relative risk
for PMV values were more than the other indices in different
lags.

The relations between each index and total mortality in
high (hot and warm), low (cool and cold), and very hot and
cold values in different lags (up to lag 24) are shown in Fig. 2.
The relative risks for mortality in warm and hot values are
more than other values in lag 0, and for the PMV index, the
difference was larger than other indices. These results were
different in lags 5 to 8, and the relative risks for cool and cold
values tended to be more than warm and hot values. The same
pattern was also seen for extreme high and low values
(Fig. 2b). Figure 3 shows the maximum relative risks, which
according to Fig. 2 happened in lag 0 and lag 6, for all three
indices. In all three indices, high values had a significant effect
(relative risk) on mortality in lag 0. This effect was seen from
around the value of 32 °C in PET, 1.5 in PMV, and 27 °C in

Table 1 The ranges of PET,
PMV, and SET for different
grades of thermal perception and
physiological stress (Daneshvar
et al. 2013; Farajzadeh and
Matzarakis 2009; Matzarakis
et al. 2007; Matzarakis 2007)

Grades of physiological stress Thermal perception PET (°C) PMV (−) SET (°C)

Extremely cold Very cold ≤ 4 ≤ −3.5 ≤ −10
Very cold Cold 4.1 ─ 8 −3.4 ─ −2.5 −9.9 ─ 1.67

Moderately cold Cool 8.1 ─ 13 −2.4 ─ −1.5 1.68 ─ 15.5

Slightly cold Slightly cool 13.1 ─ 18 −1.4 ─ −0.5 15.6 ─ 17.8

No thermal stress Comfortable 18.1 ─ 23 −0.4 ─ 0.5 17.9 ─ 22.2

Slight heat Slightly warm 23.1 ─ 29 0.6 ─ 1.5 22.3 ─ 25.6

Moderate heat Warm 29.1 ─ 35 1.6 ─ 2.5 25.7 ─ 27.5

Strong heat Hot 35.1 ─ 41 2.6 ─ 3.5 27.6 ─ 30

Extreme heat Very hot > 41 > 3.5 > 30

Thermal comfort and mortality in a dry region of Iran, Kerman; a 12-year time series analysis



SETonwards. Also, in lag 6, low values (around − 4 to 20 °C
in PET, − 5 to 0 in PMV, and − 4 to 20 °C in SET) had a
significant effect on death.

Table 3 shows the cumulative relative risk of mortality in
age and sex groups and for high values (warm and hot) of the
three indices in different lags. The italicized values are signif-
icant at the 95% confidence level. The cumulative relative risk
for total mortality was significant in some cases only until the
0–12th and 0–16th lags and in hot values; but in age and sex
subgroups, the results were different and there was a signifi-
cant effect on women’s mortality in some cases in lags 0–4, 0–
16, and 0–20 days. Also, there was a significant effect on ≥ 65
mortality in some cases in lags 0–8, 0–12, 0–16, and 0–20
days. The cumulative relative risk of women’s mortality in
some warm and hot values of the SET index and also the hot
value of PET index was significant. But, there was no signif-
icant effect on men’s mortality in any of the lags and indices.
Significant relative risks were greater for hot values than
warm and were larger in the PMV index than the two other
indices, in all age and sex subgroups.

Table 4 shows the cumulative relative risk of total and
subgroup mortality for the low (cool and cold) values of the

indices in different lags (the italicized values are significant at
the 95% confidence level). Significant effects were observed
only in some cases in lags 0–12. Significant cumulative rela-
tive risk for total mortality was seen for both cool and cold
values in the PET index. But, in two other indices, it was seen
in less extreme values (cool). Unlike warm and hot values, the
cumulative effect of low values was not significant for any of
the age groups in all three indices, and for women, a signifi-
cant relation was seen only for the PET index and in lags 0–12
in low (cool) values.

4 Discussion

The results of this study showed a similar pattern for the three
indices in different lag times. The relative risks were higher for
higher (hot and warm) values in lag 0. The low (cold and cool)
value effects become stronger in lags 5–8. In general, the
cumulative effects of high air temperature indices were more
apparent than low values. The effects of both high and low
values were more prominent in lags 0–12. The results also
showed that women and ≥ 65-year-olds had a higher risks of

Table 2 Summary statistics for
all and subgroup mortality and
thermal comfort indices in
Kerman, Iran, during 2005 to
2017

Variable Mean (SD) Minimum Maximum Percentile

25 50 75

Mortality Male 6.20 (3.05) 0 21 4.00 6.00 8.00

Female 4.30 (2.42) 0 15 3 4 6

≥ 65 5.13 (2.67) 0 15 3 5 7

< 65 5.43 (2.92) 0 20 3 5 7

Total 10.54 (4.31) 0 32 8 10 13

PET (°C) 20.81 (10.29) − 9.20 41.70 11.80 20.90 29.70

PMV − 0.34 (2) − 6.70 3.50 − 2.10 − 0.20 1.40

SET (°C) 18.22 (7.93) − 11.10 33 12.10 19.40 24.80
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Fig. 1 Relative risks of mortality by PET, PMV, and SET and days of lag. The reference values were comfort values (20.5 °C, 0, and 20 °C for PET,
PMV, and SET, respectively)
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mortality than others. But there was no significant effect on
men’s mortality.

There are a few studies which have used important
thermal comfort indices as predictors of mortality, and most
studies have used atmospheric parameters such as daily air
temperature. Kim et al. (2006) conducted a time series analy-
sis in order to estimate the effect of high air temperature on
mortality in 6 cities of Korea. They found that using average
daily air temperature was better than the average heat index
and resulted in a smaller AIC. Also, a study conducted in two
cities, located in different areas of Central Italy, about the most
effective thermal predictors of heat-related mortality, found
that the urban daily average and minimum apparent tempera-
ture assessed outdoors (AT) showed the lowest AIC values
and were the best predictors of heat-related all-cause mortality
(Morabito et al. 2014).

In our study, the three indices had a similar pattern of effect.
Although the equations for calculating the indices were

different, the same pattern was expected, because they
were calculated using the same atmospheric parameters.
In this study, PMV was a better predictor of mortality
than PET and SET, and had a smaller AIC. However,
we cannot be confident that PMV is better than other
indices in all health studies. Apparently, there is no
consensus about which index should be selected as the
standard approach. Some researchers think PET is the
index which has the ability to represent bioclimatic con-
ditions that are applicable to the human species under a
wide range of climatic conditions. Nonetheless, authors
should consider different situations in applying these
indices (Thach et al. 2015).

Outdoor and indoor comfort zones may differ and climatic
variables may have more psychological effects when we stay
outdoors in comparison with indoors (Honjo 2009). PET is a
widely used index to assess thermal comfort in the outdoor
environment (Gulyás and Matzarakis 2009; Lin et al. 2012;
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Oliveira and Andrade 2007) and has been validated in some
studies (Cheng et al. 2012b; Katzschner et al. 2007) by build-
ing correlations between the actual thermal sensation vote and
PET. PMV and SET were initially designed for indoor and
then adapted to outdoor environments. Some studies think that
the three indices can be used as an index for both indoor and
outdoor environments (Spagnolo and De Dear 2003; Xi et al.
2012). We recommend that the researchers select the best in-
dex according to their research objective and the geographical
characteristics of their region.

Most previous studies have used a simple parameter such
as minimum, mean, or maximum air temperature as an envi-
ronmental factor to understand the effect of heat or cold on
mortality, but few studies have assessed thermal comfort indi-
ces’ effect on mortality in different climate conditions. Our
results on heat stress are consistent with previous studies.
Urban and Kyselý (2014) studied the effect of the UTCI index
and other thermal comfort indices such as PET and AT on
cardiovascular mortality (during 1994–2009) in the city of
Prague and Southern Bohemian Region. They found that

there was a higher excess mortality on hot days for any
index, but they did not observe higher mortality in any index
on cold days. The study conducted by Nastos and Matzarakis
(2012) in Athens, Greece, during the period 1992–2001
showed a significant relation between PET and all-
cause mortality. They observed that strong heat stress
conditions (PET > 35 °C) had two times the odds
(2.054; significant level = 0.009) of daily mortality
when comparing the upper 90th percentile (i.e., > 99 deaths)
with the lower 10th percentile (< 64 deaths). Sharafkhani et al.
(2018) recently assessed the relation between heat and cold
stress and mortality in a cold and mountainous zone of Iran.
Their results were similar to our study and there was a clear
effect of high values of the PET index on mortality. But, in
contrast to our study, some studies have found a stronger ef-
fect for cold. For example, Thach et al. (2015), which assessed
the spatial association between thermal stress and mortality in
Hong Kong, showed an excess risk (%) of mortality associat-
ed with a 1 °C decrease in physiologically equivalent temper-
ature (PET) in the cold period. Other studies that have
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assessed the effect of crude air temperature on mortality have
found a relation between cold and mortality as well. For
example, Yi and Chan (2015) found that the mortality risk in
the 1st percentile of air temperature relative to 25th percentile
of air temperature was 1.17 (95%CI 1.04, 1.29) for lags 0–13;
a study conducted in China found that the relative risk was
1.61 (95% CI 1.48–1.74) for extremely cold air temperature
(1st percentile of air temperature relative to 75th percentile ),
and another study conducted in China found that cold air
temperature that persisted for approximately 12 days in-
creased the risk of mortality to 20.39% (95% CI 11.78 to
29.01%) (Ma et al. 2015; Yang et al. 2012; Yi and Chan
2015). Explaining the reason for the weaker effect of cold

on mortality in this study is difficult, but it may be because
of the fact that this city has shorter and less severe winters
(Khanjani and Bahrampour 2013). Other previous studies
done in Kerman, Iran, have also shown the relation between
heatwaves, increased mortality and years of life loss (YYL)
(Aboubakri et al. 2019a, b).

In this study, elderly people and women were more at risk
of death from extreme air temperature than young and male
people. Basu (2009) in a review reported that elderly over 65
years of age and women were more vulnerable to high air
temperatures. Song et al. (2017) also conducted an overview
of systematic reviews in 2016, to summarize evidence from
systematic reviews assessing the impact of ambient

Table 3 Cumulative relative risk of mortality in different lag times up to lag 24 (high values risk relative to comfortable values of thermal comfort
indices). The italicized values are significant at the 95% confidence level

Index Value Lag time

0–4 0–8 0–12 0–16 0–20 0–24

PET 32 (°C)* Sex Male 0.94 (0.82, 1.08) 0.94 (0.8, 1.1) 0.98 (0.83, 1.15) 1.01 (0.84, 1.21) 1.01 (0.83, 1.24) 0.97 (0.78, 1.21)

Female 1.18 (1.0, 1.4) 1.14 (0.94, 1.38) 1.17 (0.96, 1.44) 1.24 (0.99, 1.54) 1.26 (0.99, 1.61) 1.22 (0.93, 1.59)

Age ≥ 65 1.09 (0.94, 1.27) 1.18 (0.99, 1.40) 1.23 (1.03, 1.48) 1.24 (1.01, 1.51) 1.2 (0.96, 1.50) 1.13 (0.89, 1.44)

< 65 0.99 (0.85, 1.15) 0.89 (0.75, 1.05) 0.92 (0.77, 1.10) 1 (0.82, 1.21) 1.05 (0.85, 1.30) 1 (0.79, 1.27)

Total – 1.04 (0.93, 1.15) 1.02 (0.90, 1.15) 1.06 (0.93, 1.20) 1.11 (0.96, 1.27) 1.12 (0.96, 1.31) 1.07 (0.90, 1.27)

38 (°C)** Sex Male 0.92 (0.78, 1.09) 1.04 (0.86, 1.26) 1.12 (0.91, 1.37) 1.11 (0.89, 1.39) 1.08 (0.83, 1.39) 1.04 (0.78, 1.38)

Female 1.25 (1.01, 1.54) 1.2 (0.95, 1.51) 1.25 (0.97, 1.60) 1.33 (1.01, 1.75) 1.37 (1.00, 1.87) 1.29 (0.91, 1.83)

Age ≥ 65 1.16 (0.96, 1.39) 1.38 (1.12, 1.70) 1.47 (1.17, 1.83) 1.42 (1.11, 1.83) 1.34 (1.01, 1.78) 1.28 (0.93, 1.76)

< 65 0.95 (0.79, 1.15) 0.9 (0.74, 1.10) 0.96 (0.77, 1.19) 1.04 (0.82, 1.32) 1.07 (0.82, 1.41) 1.01 (0.74, 1.37)

Total – 1.04 (0.91, 1.19) 1.1 (0.96, 1.28) 1.17 (1.00, 1.37) 1.21 (1.01, 1.43) 1.19 (0.98, 1.45) 1.13 (0.91, 1.42)

PMV 2* Sex Male 0.93 (0.81, 1.06) 0.98 (0.84, 1.13) 1.03 (0.88, 1.20) 1.04 (0.88, 1.23) 1.02 (0.85, 1.24) 0.99 (0.80, 1.22)

Female 1.15 (0.98, 1.36) 1.13 (0.95, 1.36) 1.18 (0.98, 1.43) 1.25 (1.02, 1.53) 1.27 (1.01, 1.60) 1.22 (0.94, 1.57)

Age ≥ 65 1.08 (0.93, 1.25) 1.22 (1.04, 1.44) 1.3 (1.09, 1.54) 1.29 (1.07, 1.56) 1.24 (1.01, 1.53) 1.17 (0.93, 1.48)

< 65 0.96 (0.84, 1.11) 0.9 (0.77, 1.05) 0.93 (0.79, 1.10) 1 (0.83, 1.20) 1.03 (0.84, 1.26) 0.99 (0.79, 1.24)

Total – 1.02 (0.92, 1.12) 1.04 (0.93, 1.17) 1.09 (0.97, 1.23) 1.13 (0.99, 1.29) 1.13 (0.97, 1.31) 1.08 (0.92, 1.27)

3** Sex Male 0.9 (0.76, 1.08) 1.11 (0.92, 1.34) 1.19 (0.98, 1.46) 1.15 (0.92, 1.44) 1.08 (0.84, 1.40) 1.06 (0.80, 1.41)

Female 1.22 (0.98, 1.51) 1.19 (0.95, 1.50) 1.25 (0.98, 1.60) 1.33 (1.01, 1.74) 1.35 (0.99, 1.84) 1.27 (0.90, 1.81)

Age ≥ 65 1.14 (0.94, 1.39) 1.44 (1.17, 1.77) 1.54 (1.23, 1.93) 1.47 (1.14, 1.88) 1.37 (1.03, 1.81) 1.32 (0.96, 1.82)

< 65 0.93 (0.77, 1.12) 0.93 (0.76, 1.13) 0.99 (0.79, 1.22) 1.04 (0.82, 1.32) 1.05 (0.80, 1.38) 0.99 (0.73, 1.34)

Total – 1.02 (0.89, 1.17) 1.14 (0.99, 1.32) 1.22 (1.04, 1.43) 1.22 (1.03, 1.45) 1.19 (0.98, 1.45) 1.14 (0.92, 1.43)

SET 26.7 (°C)* Sex Male 0.95 (0.85, 1.07) 0.96 (0.84, 1.10) 0.99 (0.86, 1.15) 1.02 (0.87, 1.19) 1.02 (0.85, 1.22) 0.98 (0.81, 1.19)

Female 1.16 (1.01, 1.34) 1.12 (0.95, 1.32) 1.15 (0.96, 1.37) 1.21 (0.99, 1.46) 1.23 (0.99, 1.53) 1.18 (0.93, 1.49)

Age ≥ 65 1.09 (0.96, 1.24) 1.18 (1.02, 1.38) 1.24 (1.06, 1.46) 1.24 (1.04, 1.48) 1.2 (0.98, 1.46) 1.12 (0.90, 1.39)

< 65 0.98 (0.87, 1.12) 0.89 (0.77, 1.03) 0.91 (0.78, 1.07) 0.98 (0.83, 1.16) 1.03 (0.85, 1.24) 0.99 (0.81, 1.23)

Total – 1.03 (0.94, 1.13) 1.02 (0.92, 1.13) 1.06 (0.95, 1.18) 1.1 (0.97, 1.24) 1.11 (0.96, 1.27) 1.06 (0.91, 1.23)

28.8 (°C)** Sex Male 0.94 (0.82, 1.07) 1.01 (0.86, 1.17) 1.06 (0.90, 1.25) 1.08 (0.90, 1.29) 1.06 (0.86, 1.30) 1.02 (0.81, 1.28)

Female 1.2 (1.02, 1.41) 1.15 (0.96, 1.39) 1.19 (0.98, 1.46) 1.26 (1.01, 1.58) 1.29 (1.00, 1.66) 1.22 (0.92, 1.62)

Age ≥ 65 1.12 (0.96, 1.30) 1.28 (1.08, 1.52) 1.36 (1.13, 1.63) 1.34 (1.09, 1.64) 1.28 (1.01, 1.61) 1.2 (0.92, 1.56)

< 65 0.97 (0.84, 1.12) 0.9 (0.76, 1.06) 0.94 (0.78, 1.12) 1.01 (0.83, 1.23) 1.05 (0.84, 1.31) 1 (0.78, 1.28)

Total – 1.04 (0.93, 1.15) 1.06 (0.95, 1.20) 1.12 (0.98, 1.27) 1.16 (1.00, 1.33) 1.15 (0.98, 1.35) 1.1 (0.92, 1.31)

*Warm

**Hot
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temperature on morbidity and mortality. They found that heat
exposure seems to have an adverse effect on mortality in the
elderly. Son et al. (2016) conducted a study in a subtropical
city in Brazil and observed mortality was higher among fe-
males after heat effects and was higher among older persons
after heat and cold effects. The higher prevalence of comor-
bidities and medication use in the elderly population may be
the cause for some of the heat-related deaths in this popula-
tion. Laboratory-based physiological examinations have
shown that the ability to sense heat and tomanifest appropriate
behavioral (especially fluid intake) and physiological (e.g.,
blood distribution, sweating) responses during exposure to
heat may be compromised in otherwise healthy older

individuals (Kenny et al. 2010). Susceptibility of women to
death in high thermal stress may be due to the social status of
elderly females, who often live alone and, because of their
specific thermoregulatory and physiological conditions, are
unable to respond to extreme heat-related stress (Li et al.
2017; Marí-Dell’Olmo et al. 2018; Onozuka and Hagihara
2015). In addition, manywomenwear black veils in Iran, even
in the warm seasons and this leads to more heat absorption.

Another finding of our study was that the strongest heat-
related mortality association was in lag 0 and this effect
was more severe than cold stress in the same lag. Cold
stress seems to show its effects in later lags (lags 5–8).
The more immediate effect of heat (versus cold) has

Table 4 Cumulative relative risk of mortality by different lag times up to lag 24 (low values risk relative to comfortable value of thermal comfort
indices). The italicized values are significant at the 95% confidence level

Index Value Lag time

0–4 0–8 0–12 0–16 0–20 0–24

PET 10.5 (°C)* Sex Male 0.98 (0.86, 1.11) 1.07 (0.92, 1.25) 1.1 (0.93, 1.30) 1.09 (0.91, 1.31) 1.07 (0.87, 1.31) 1.05 (0.85, 1.31)

Female 1.02 (0.88, 1.18) 1.18 (0.98, 1.41) 1.23 (1.01, 1.51) 1.22 (0.97, 1.52) 1.18 (0.92, 1.51) 1.17 (0.90, 1.53)

Age ≥ 65 1 (0.87, 1.15) 1.11 (0.94, 1.31) 1.18 (0.98, 1.41) 1.21 (0.99, 1.48) 1.24 (0.99, 1.55) 1.27 (1.00, 1.61)

< 65 0.99 (0.87, 1.13) 1.12 (0.95, 1.32) 1.14 (0.95, 1.36) 1.08 (0.88, 1.31) 1 (0.80, 1.25) 0.96 (0.75, 1.21)

Total – 1 (0.91, 1.09) 1.12 (0.99, 1.25) 1.16 (1.02, 1.31) 1.14 (0.99, 1.31) 1.11 (0.95, 1.30) 1.1 (0.93, 1.30)

6 (°C)** Sex Male 0.96 (0.83, 1.12) 1.1 (0.92, 1.32) 1.15 (0.94, 1.42) 1.14 (0.90, 1.44) 1.11 (0.85, 1.43) 1.09 (0.82, 1.44)

Female 0.99 (0.83, 1.18) 1.15 (0.92, 1.44) 1.23 (0.96, 1.59) 1.24 (0.93, 1.64) 1.22 (0.89, 1.67) 1.2 (0.85, 1.70)

Age ≥ 65 0.9 6(0.81, 1.12) 1.1 (0.90, 1.35) 1.2 (0.96, 1.50) 1.24 (0.96, 1.60) 1.27 (0.96, 1.69) 1.3 (0.96, 1.78)

< 65 1 (0.85, 1.16) 1.14 (0.93, 1.39) 1.17 (0.94, 1.47) 1.12 (0.87, 1.44) 1.04 (0.78, 1.38) 0.98 (0.72, 1.33)

Total – 0.97 (0.87, 1.09) 1.12 (0.97, 1.29) 1.19 (1.01, 1.39) 1.18 (0.98, 1.41) 1.15 (0.94, 1.40) 1.13 (0.91, 1.41)

PMV − 2* Sex Male 0.98 (0.88, 1.10) 1.07 (0.93, 1.23) 1.09 (0.93, 1.27) 1.07 (0.90, 1.27) 1.05 (0.87, 1.27) 1.06 (0.86, 1.30)

Female 1 (0.87, 1.15) 1.15 (0.97, 1.36) 1.2 (0.99, 1.45) 1.18 (0.95, 1.45) 1.14 (0.90, 1.44) 1.11 (0.86, 1.43)

Age ≥ 65 1 (0.88, 1.14) 1.09 (0.93, 1.26) 1.14 (0.96, 1.36) 1.18 (0.98, 1.43) 1.22 (0.99, 1.50) 1.24 (0.99, 1.56)

< 65 0.98 (0.87, 1.11) 1.12 (0.96, 1.30) 1.12 (0.95, 1.33) 1.04 (0.86, 1.26) 0.97 (0.79, 1.19) 0.94 (0.75, 1.17)

Total – 0.99 (0.91, 1.08) 1.1 (0.99, 1.23) 1.13 (1.00, 1.28) 1.11 (0.97, 1.27) 1.08 (0.94, 1.26) 1.08 (0.92, 1.27)

− 3** Sex Male 0.96 (0.83, 1.11) 1.08 (0.9, 1.3) 1.12 (0.91, 1.38) 1.1 (0.87, 1.40) 1.08 (0.83, 1.40) 1.08 (0.81, 1.44)

Female 0.98 (0.82, 1.17) 1.15 (0.92, 1.43) 1.23 (0.95, 1.58) 1.23 (0.92, 1.64) 1.19 (0.87, 1.64) 1.15 (0.81, 1.63)

Age ≥ 65 0.96 (0.82, 1.13) 1.09 (0.89, 1.33) 1.19 (0.95, 1.49) 1.25 (0.97, 1.61) 1.29 (0.97, 1.72) 1.32 (0.96, 1.81)

< 65 0.98 (0.84, 1.15) 1.13 (0.93, 1.38) 1.15 (0.92, 1.44) 1.06 (0.82, 1.37) 0.98 (0.73, 1.30) 0.93 (0.68, 1.27)

Total – 0.97 (0.87, 1.09) 1.11 (0.97, 1.28) 1.17 (1.00, 1.37) 1.15 (0.96, 1.38) 1.12 (0.92, 1.38) 1.11 (0.89, 1.38)

SET 8.6 (°C)* Sex Male 0.96 (0.84, 1.11) 1.1 (0.92, 1.32) 1.15 (0.93, 1.41) 1.12 (0.89, 1.42) 1.1 (0.85, 1.43) 1.12 (0.84, 1.49)

Female 1.01 (0.85, 1.19) 1.19 (0.95, 1.47) 1.27 (0.99, 1.63) 1.27 (0.95, 1.68) 1.22 (0.89, 1.68) 1.17 (0.83, 1.66)

Age ≥ 65 0.98 (0.84, 1.15) 1.13 (0.93, 1.37) 1.21 (0.97, 1.51) 1.24 (0.96, 1.60) 1.27 (0.95, 1.69) 1.33 (0.97, 1.82)

< 65 0.98 (0.84, 1.14) 1.14 (0.94, 1.38) 1.17 (0.94, 1.47) 1.11 (0.86, 1.43) 1.02 (0.77, 1.36) 0.97 (0.71, 1.32)

Total – 0.98 (0.88, 1.09) 1.14 (0.99, 1.30) 1.19 (1.02, 1.40) 1.18 (0.98, 1.41) 1.14 (0.93, 1.40) 1.14 (0.91, 1.42)

− 4.2 (°C)** Sex Male 0.94 (0.75, 1.18) 1.17 (0.86, 1.57) 1.27 (0.88, 1.83) 1.27 (0.82, 1.95) 1.24 (0.76, 2.03) 1.24 (0.72, 2.15)

Female 0.82 (0.62, 1.07) 0.84 (0.59, 1.21) 0.92 (0.59, 1.44) 1.01 (0.6, 1.7) 1.06 (0.59, 1.92) 1.06 (0.55, 2.06)

Age ≥ 65 0.75 (0.59, 0.96) 0.91 (0.65, 1.26) 1 (0.67, 1.48) 1.03 (0.65, 1.64) 1.06 (0.62, 1.80) 1.13 (0.62, 2.04)

< 65 1.03 (0.81, 1.32) 1.12 (0.81, 1.55) 1.21 (0.81, 1.80) 1.25 (0.78, 2.00) 1.24 (0.72, 2.11) 1.15 (0.64, 2.10)

Total – 0.88 (0.74, 1.05) 1.02 (0.81, 1.28) 1.11 (0.84, 1.47) 1.15 (0.83, 1.60) 1.16 (0.79, 1.69) 1.16 (0.76, 1.77)

*Cool

**Cold
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been observed in many previous studies that focused on
air temperature (Ma et al. 2014; Wang et al. 2014; Wu
et al. 2013). Some studies have found that cold shows
its effect after 1 or more weeks of lag and indicate that
longer lags are needed to capture the effects of cold on
mortality. Also, using similar lag structures for cold and
heat effects is not suitable and using inappropriate short
lags may underestimate the effect of cold (Anderson and
Bell 2009; Guo et al. 2011). Our result showed the use
of short lags cannot sufficiently capture the effect of
cold stress and it probably ignores mortality displace-
ment (the harvesting effects) in heat stress as well.
Therefore, longer lags are required to evaluate the cold
and heat stress effects. In our study, 24 days was prob-
ably enough to cover both cold and heat stress effects.

4.1 Strengths and limitation

One of strengths of our study was using three indices that can
be applied for both outdoor and indoor environments. Another
strength was using the DLNM. This model evaluates the ef-
fects of thermal comfort on mortality using a two-dimensional
function.

We used the cut point of indices’ range or extreme stress
instead of percentiles. This might be a limitation of our study.
However, some authors such as Rothman (2014) say that
using percentiles is a poor method for choosing category
boundaries and makes results incomparable with other
studies.

There might be potential interactions between thermal
comfort indices and air pollutants. But the conventional
investigation of these effects in time series regression
analysis depends on hard-to-verify modeling assump-
tions, which can be computationally unwieldy (Armstrong
2003), especially in our study in which we simultaneously
assessed both exposure-outcome and lagged exposure-
outcome non-linear relations. However, we assessed
some interactions by using generalized additive models
in which both linear (parametric) and non-linear (non-
parametric) coefficients were assessed. The results
showed that there was no significant linear interaction
between thermal comfort indices and air pollutants, but
the non-linear interactions were significant for all inter-
action terms. However, this method cannot accommo-
date non-linear lag-outcome relations and more ad-
vanced statistical methods need to be developed.

5 Conclusion

This study revealed that heat stress had a more apparent ad-
verse effect on mortality than cold stress, in Kerman, Iran, and
the elderly and females were more vulnerable than others.

This suggests that the human body may not be able to adapt
to atmospheric parameters like extreme high temperature.
Therefore, people, especially high-risk individuals, should
be warned on hot days. Considering that the most apparent
effect of heat stress was seen in lag 0 and the middle lags (0–
12), interventions should be implemented from the first days
of heat strikes.
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