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Abstract

Introduction Developing countries, particularly those with a rapid development, are experiencing increasing pollution by sulfur
dioxide (SO,). Despite the considerable SO, exposure effect on health, there is little evidence regarding this fact in Iran, as one of
the largest oil and gas producing countries in the world. The present study, therefore, was designed to investigate the burden of
cardiovascular and respiratory diseases attributed to the SO, exposure in Iran, over a 26-year period.

Materials and methods All measured SO, levels were collected from 92 air quality monitoring stations (AQMSs) in 29 cities,
during 1996-2013. Since the study years were from 1990 to 2015, and also due to missing data at existing stations, the
spatiotemporal model was used to estimate the exposure to this gas during this period. To calculate the burden of cardiovascular
and respiratory diseases, the population attributable fraction (PAF) value was calculated, and the SO,-attributed mortality and
years of life lost (YLL) were determined per province, and in the whole country.

Results The results of this study showed that the SO, concentration was increased from 22.00 ppb (7.69-67.28) in 1990 to
27.81 ppb (9.88-82.27), in 2015. The lowest annual value of 11.53 ppb (4.68-32.06) and the highest value of 45.11 ppb (16.58—
1226) were estimated at 2004 and 1997, respectively. There was a sinusoidal trend in the gas concentration changes. The highest
occurrence of SO,-attributed deaths due to cardiovascular and respiratory diseases were 0.080 (0.024-0.168) and 0.076 (0.026—
0.165), and the lowest levels were 0.017 (0.004—0.044) and 0.047 (0.017-0.124), respectively.

Conclusions According to the results in our country, the SO, trend was sinusoidal during 26 years, with a recurrent rise occurring
after each declining period. It is recommended to design the sustainable national method policies and programs with the
continuous evaluation and modification for the reduction of fossil fuel consumption and further implementation in the use of
clean energy.
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Introduction

Sulfur dioxide (SO,) is considered as one of the major air pol-
lutants, particularly in areas with high production/consumption
of fossil fuels and coal. This gas has been identified as one of the
prime air pollutants in major air pollution events in the twentieth
century [1, 2]. Power and smelting plants, as well as high-sulfur
diesel and gasoline are the most important sources for SO,.
Moreover, SO, is one of the most important precursors of
PM2.5, making up almost 24% of secondary PM2.5. The
PM2.5 production occurs with some distance, in the downwind
site of SO, emission source [3]. Furthermore, based on the cli-
mate change scenarios, the SO, concentrations will increase in
the Middle East, southern Asia, and southern Aftrica. This trend
will be particularly noticeable in the first half of the current
century [4-6]. Iran is one of the major countries in the Middle
East and one of the important oil and gas fields in the world [7].
Additionally, the presence of large power plants, increase in the
number of non-standard cars, as well as consumption of gasoline
and diesel with excessive sulfur levels, specified in Euro 2
Standard, were the other problems in Iran during the past years,
and the previous sanction of United Nations Security Council.

Improving the air quality status in each country depends
upon decisions made by its environmental and health
policymakers. For this reason, health researchers should con-
vert the impact of pollutants on health into the measurable and
tangible indices for legislators. The burden of disease is cur-
rently one of the important indicators used in justifying the
strategists [8].

The Environmental Burden of Disease (EBOD) [9], which
is part of the National and Sub-national Burden of Disease
(NASBOD) study [10], was designed to assess the burden of
disease caused by environmental factors, including SO,, in
Iran. Previous studies have been conducted to calculate the
disease burden of SO, in Iran, but these studies were usually
performed in one or more Iranian cities for a limited number of
years. In addition, they used the data from air quality moni-
toring stations (AQMS) owned to the Iranian Department of
Environment (DoE) and Air Quality Control Company in
Tehran. without applying different methods to predict the
missing values. In this study, which is part of the EBOD study,
we attempted to determine the burden of SO,-related illness
over a long period of time (26 years) in the whole country,
even cities, where there were no AQMS. Furthermore, in this
study, the spatiotemporal model was applied to estimate the
missing data and in locations and times without stations and
measured data.

Materials and methods

In the present study, the status of the SO, exposure in Iran was
first determined during 1990-2015. For this purpose, we used
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the field measurements by AQMSs during the mentioned pe-
riod. Since the SO, concentrations were not measured in all
years and at all sites, the missing values were interpolated, and
then extrapolated by the spatiotemporal model. In the next
step, the population attributable fraction (PAF) values for
SO,-disease pair were calculated in all provinces of Iran.
The total mortality, mortality rate and years of life lost
(YLL) were also calculated in each province and in the whole
country by calculating the PAF, using data from the NASBOD
study, related to the number of deaths due to cardiovascular
and respiratory diseases, as well as life expectancy in different
years and in various provinces in Iran (Fig. 1).
Details of the steps taken are described as follows:

S0, data collection

As this study was a part of the Iranian EBOD study, all mea-
sured PM;,, CO, NOX, PM, 5, O3 and SO, emissions were
gathered from the AQMSs installed by DoE in all cities, as
well as data from Air Quality Control Company in Tehran.
The hourly data were collected from 92 AQMSs in 31 prov-
inces between 1996 and 2013.

For the sake of the present study, the SO, data were then
saved in a separate file. The SO, level was measured in the
AQMSs with UV fluorescence, and recorded hourly in ppb
units [11]. Only 92 stations in 29 cities of 24 provinces, mea-
sured the SO, concentrations from 1996 to 2013 (Fig. 2).

Database development and evaluation of missing
and outlier data

A total of 92 AQMSs collected the hourly levels of SO, in
Iran, during 2004-2013. However, as all hourly data points
were not available, we had to develop a method to evaluate the
missing data. Therefore, a separate file named “All points”
was created for all hours of a 10-year period. The file
contained a 10-digit variable “ID”, showing the individual
hours of every day, per year (yyyymmddhh). All data collect-
ed from each station were then merged into a single file and an
ID was assigned to each observed data, with attributes of time,
day, month, and year (similar to that created in the “All points”
file). In the next stage, the times concerning the missing data
were determined at each station by merging the collected data
file with “All points” file.

Given that, no specific SO, exposure limits were found in
the literature as outlier, considering the latest US EPA report,
the expert panel decided to determine the outlier values
based only on the exposure trend and the rationality of the
data [12]. According to our literature review, since the SO,
levels did not exceed 10,000 ppb even in areas near volca-
nos, this value was considered as the outlier [13]. However,
after the evaluation of the recorded hourly data and their
distribution in different stations, we found only 526 records
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of values higher than 1300 ppb. After consulting with the  as the missing data. As zero and negative levels of SO, are
expert group of Tehran Air Pollution Research Center,  impossible, values below or equal to zero were also convert-
consisted of 2 environment engineers and 2 epidemiologists,  ed to missing data. In the next steps as described below, by
this value was considered as the highest measurable concen-  using the spatiotemporal model, we impute all missing data
tration. Values higher than 1300 ppb were hence considered  during the study period.

Fig. 2 The distributions of air 40°N -~
quality monitoring stations at
different area of Iran
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Covariates

In order to be able to impute the missing data, using interpo-
lation and extrapolation method, we used several covariates
from other data sources as follows:

— Meteorological indicators, including temperature,
precipitation, and wind speed were important cli-
matic variables, of which daily values from 1990
to 2015 were collected at all weather stations avail-
able in Iran.

—  Thermal power plants are one of the most important
constant producers of SO, emission. The collected data
from these plants included year of establishment, geo-
coordinates, and power generation capacity, followed by
determination of the distance between each power plant
and the nearest AQMS. The three factors of utilization
time, distance (km), and yearly energy production
(megawatt) were considered for each power plant. For
years prior to utilization, the power plant was given a
value of zero, and for subsequent years, the power plant
capacity was divided by the distance to the nearest
AQMS.

— The consumptions of fossil fuels, including gasoline,
diesel, and fuel oil as other sources of SO, production
were generally collected in each province between 1990
and 2015.

—  The population of Iran by province and year, and per-
centage of urbanization were other independent variables
considered herein.

—  The number of industrial firms with at least 10 person-
nel, per province annually was also considered as the
independent variables.

— Satellite data were other sources used in this study.
Aura is a NASA scientific research satellite,
measuring the SO, column at 11x11 km pixels
since 2005. Based on the collected data, NASA has
so far extracted the main sources of pollution per
country with the amount of pollutant production, and
the data are recorded up to 2015 [14]. Based on these
data, 18 sites in Iran have been identified as the main
sources of SO, emission (fig. 3). In the present study,
the emission per AQMS reported from 2005 onward
from the closest source of pollutant to the station,
divided by the squared source-station distance, which
was considered as a variable used for remote sensing
references.

— PM10: Given that SO, is a source of particulate
matter (PM) formation, this pollutant can be a good
indicator of the status of SO,. The amounts of this
pollutant were simultaneously collected with SO,
from the AQMSs throughout the country. The
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space-time (SP) model for interpolation and extrapo-
lation of PM was done by the EBOD study [15].

Design steps of the spatiotemporal (SP) model

Considering the fact that we wanted to estimate the exposure
level annually, all covariates were estimated per annum. Due
to alterations in the variances of the covariates, the scale of
these variables was homogenized.

Accordingly, the observations of each variable were
subtracted from the mean of that variable divided by the stan-
dard deviation of the variable. The response variable had a
large skewness, which was converted to a normal distribution
logarithmically.

The goal was to estimate the SO, concentrations over the
period from 1990 to 2015. As shown in Fig. 2, the dispersion
of stations that measured the SO, concentrations was such that
some provinces (e.g. Mazandaran province) generally missed
the SO, measurements. To calculate the SO, concentrations at
artificially designed stations, and also in other stations that had
not measured the concentrations during the study years, the
SO, concentrations were estimated and extrapolated tempo-
rally, using existing covariates and through the design of the
Hierarchical Gaussian Process SP model.

SO, was estimated conjointly, using the SP model during
the period of 1990 to 2015, by taking into account the spatio-
temporal SO, data and the covariates of stations. There was
one station in some cities and more than one station in some
other. Thus, to estimate the city-based SO, levels in cities with
more than one station, the average SO, covariates and values
were determined per city, and all stations per city were con-
sidered as a single station. The model was then rerun to esti-
mate the values of the cities.

Hierarchical Gaussian process SP model

The spTimer package in R version 3.1 [16] with default
values, was used for the starting values of the model
parameters and for the hyper parameter values of the
prior distributions, using a Gibbs sampling approach.
The SP model used in this study has a Bayesian struc-
ture, and includes both spatial and temporal correlation.
Prior information from the model parameter is used to
obtain the posterior distribution. For posterior inference,
we used the Gibbs sampling algorithm with 3000 runs.
This Markov Chain Monte Carlo (MCMC) approach
converges after 6000 iterations; hence, we discard the
first 3000 samples as burn-in. The full Bayesian model
requires the specification of prior distributions for all the
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Fig. 3 The distributions of air

quality monitoring stations and
main source of SO, emissions,
based on results from the Aura
satellite around different area of 40°N-
Iran

latitude

unknown parameters in the model. A fixed value is as-
sumed for prior distribution. A default value of —
10g(0.05)/d nax = 3/dmaxwas considered, where d,,,, is the
maximum distance between the fitting sites, provided by
the n by 2 matrices, defining the locations of fitting sites,
where n is the number of fitting sites.

Kriging model

After estimating the values for stations during the study
years, the spatial location of other cities without a station
was estimated, using the Kriging method. To do this, the
total area of Iran was divided into 30 km? pixels and the
extrapolation was performed per pixel for different years.
This method uses weighing the nominal points of the
variogram and spatial correlations. The estimated pixels
in each province were used to estimate the amount of
SO, in each province at different years, with GSTAT
version 1.1-6 package of the R software.

Calculation of PAF and YLL

The PAF was first calculated to determine the effects of long-
term exposure to SO, on mortality from cardiovascular and
respiratory diseases. The PAF is a part of disease burden that
will be decreased by reduction of exposure, in the entire pop-
ulation with a theoretical minimum of SO, [17, 18]. For
policymakers, this index typically explains the necessity of

« Sources of SO, emission

longitude

an intervention to reduce the risk factor [19]. The PAF is
calculated based on the Eq. 1 [20].

ZPHRR"_ZPz/RRi

PAF =
2p,RR;

(1)

P;i: proportion of population at exposure level i (current

exposure).
P5i: proportion of population at exposure level i (counterfac-

tual or ideal level of exposure).
RRi: relative risk at exposure level i.
The calculation of PAF requires three measures of exposure

level, the relative risk (RR) of deaths from illnesses by expo-
sure to SO,, and a theoretical minimum (10 ug/m3 ). The ex-
posure was determined in different provinces of Iran, as de-
scribed above. The SO,-atributed RRs, causing death from
cardiovascular and respiratory diseases, were considered
1.008 and 1.01 for increasing the SO, level more than
10 pg/m?, respectively, based on the AirQ software version

1.1 [21-23].
To determine the degree of uncertainty, a randomized set of

1000 exposures and RRs with normal distribution were sim-
ulated in the R software. Percentiles of 2.5-97.5 from these

sets were considered as 95% uncertainty intervals (UIs) [24].
The number of SO,-attributed deaths was calculated, using

the data of mortality caused by cardiovascular and respiratory
diseases, from mortality statistics collected in the NASBOD
study. After calculating the PAF, YLL for each disease was
calculated, using the number of death attributed to the SO,
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exposure, and life expectancy measured by the NASBOD

study [25-27].
The eq. 2 shows the calculation of YLL for a specific loca-

tion “1” (different provinces and countries ...) and a specific
year $£y,’.
YLL;, = ZDeath,-J_y *PAF;;, *LlfeExpectancyiJ‘y

Sensitivity analysis

We randomly selected 10% of the sites for validation. The
values of Root mean square error (RMSE), mean absolute
percentage error (MAPE) and mean absolute error (MAE)
were calculated as validation criteria, and compared to check
if the sensitivity is acceptable. All models of this study were
designed and analyzed by R software version 3.5.1.

Results

In this study, a total of 1,577,110 hourly data were collected
from 92 stations in 29 cities, from 1996 to 2013. According to
the collected data, the countrywide concentration of SO, in
these years was averaged at 29.04 +50.62 ppb. The average
dispersion of annual concentrations in cities with AQMSs is
shown in Fig. 4, demonstrating the highest annual average in

Qazvin. In addition, the annual average SO, in this city was
higher than those of other cities.

After designing the spatiotemporal model, the annual SO,
values were projected for all provincial centers, including 37
cities between 1990 and 2015 (Fig. 5). As seen in the figure,
the predicted concentrations in these years were uppermost in
Qazvin, followed by Isfahan. The annual average values of all
cities exceeded that was more than the daily average 50 pg/m?
(17.5 ppb) that was recommended by the World Health
Organization (WHO) [28].

The countrywide annual average concentrations with Ul
are shown in Fig. 6. The lowest annual ™ean value of
11.53 ppb (32.06-4.68) in 2004, and the highest of
45.11 ppb (16.58-1226.12) were estimated at 1997. As shown
in Fig. 6, the annual concentration variations followed a nearly
sinusoidal pattern, which ultimately reached an average of
27.81 ppb (82.88-9.88) in 2015, which is increased from
22.00 ppb (7.69—67.28) in 1990.

Figure 7 depicts the status of SO, dispersions in the country
during 1990, 1995, 2000, 2005, 2010, and 2015 based on the
SP and Kriging models. In addition, the maps for 1994, 1998,
2002, 2008, and 2014 show more SO, pollution in the country
versus the other years. As can be seen, the SO, gas dispersion
has generally increased throughout the country during the
study years. Besides, the greatest amount of dispersion and
expansion of this gas was observed in 1994. In 2002, almost
all regions of the country faced an increased pollution as well.

Fig.4 The annual average of SO,
measured by air quality 1000 a g T 6 = I o
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Fig.5 The annual average of SO, 35 —
estimated by space-time model in
all central cities of each province
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Industrial cities (e.g. Qazvin, Tehran, Isfahan and Tabriz) and
oil-bearing cities (e.g. Ahwaz) were among the areas that were
exposed to SO,-induced pollution in most of the years. In
2004, there was rising pollution in the west of the country,
including Kermanshah. Similar changes occurred with in-
creasing pollution in the east of the country (Zahedan and
Mashhad), in 1998 and 2014.

The trend of annual PAF, YLL and mortality rate in the
country were shown in Fig. 8.

The highest occurrence of SO,-attributed deaths due to
cardiovascular and respiratory diseases was 0.080 (0.024—
0.168) in 1997, and 0.076 (0.026-0.165) in 2014, and the
lowest levels were 0.017 (0.004—0.044) in 2004 and 0.047
(0.017-0.124) in 1990.

The highest number of cardiovascular-related deaths was
noticed in 1997, 2002, 2008, and 2014. Contrary to cardio-
vascular disease (CVD), the numbers of deaths from

Fig. 6 The National annual
average and uncertainty interval

respiratory diseases were the uppermost in 2014, 2008,
2002, and 1997, respectively. Due to the cardiovascular and
respiratory illness attributed to SO, exposure, the deaths
peaked with 11,917 (3475-26,386) people in 1997 and 1701
(581-3758) people in 2014, throughout the country. In both
diseases, the death rate was the lowermost in 2004, of which
2885 (6991-6890) people died due to CVD and 407 (143—
1031) people died due to respiratory disease. The lower and
higher mortality from CVD were seen in 2004 and 1997 at
2585.78 and 11,917.76, respectively. The lower and upper
mortality from respiratory diseases have shown in 1990 and
2014 by 374.70 and 1701.68 deaths, respectively. In general,
during the 26-year study period, a total 187,678 (50,060-
453,121) people deceased from cardiovascular and respiratory
diseases caused by the SO, exposure in Iran.

The highest amount of YLL from cardiovascular and respi-
ratory diseases were found with a value of 182,235 (170,493-

National
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Fig. 7 The status of SO,
dispersions in the country during
1990, 1995, 2000, 2005, 2010,
and 2015.The SO, distributions
for 1994, 2002 and 2008 were
shown as more polluted years in
the country versus the other years
1990

2000

3\

2008

195,760) years in 1997 and 32,194 (31,351-33,070) years in
2014, respectively. In 2004, the lowest YLLs for cardiovascu-
lar and respiratory diseases were 39,540 (37,358-41,865)
years and 7516 (7328-7710) years, respectively. Total YLL
during 26 years attributed to cardiovascular and respiratory
diseases, was 3,536,889 (3,324,116- 3,793,438) years.
Table 1 shows the mean annual YLL, mortality and PAF
values of cardiovascular and respiratory diseases, following
the SO, exposure during 26 years. The mean annual mortality
from cardiovascular and respiratory diseases was 8285 (2339-
19,701).

Discussion

The present study is the first comprehensive study of the SO,
exposure and its attributed burden of cardiovascular and re-
spiratory diseases throughout Iran. The results of this study
showed that average annual concentrations of SO, in all years
were almost 5 times higher than the WHO standards.

At present, the amount of SO, emission in developed coun-
tries has decreased significantly from 1980s [29]. The reduc-
tion has occurred after implementing air pollution control laws
in various countries. Based on the US EPA, the SO, emission
declined 90% from 1980 to 2018 (from 300 ppb to 13 ppb)
[30]. The WHO has also developed the first guideline to con-
trol the air pollution in 1987 [31]. It was promoted and
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completed in 2005 by defining the standards [32]. After de-
signing rules and standards of air pollutants, the SO, pollution
declined in the developed world, but the trend of SO, emis-
sion in Asia continued. This trend was seen especially in
China and India [33]. After 2005, China has implemented
different rules to control the air pollution, and currently the
emission was reduced in many cities of this country [34].

However, in some developing countries the SO, pollution
is still high. In our model, the annual trend of SO, changes,
throughout the country reveals that despite the sinusoidal SO,
changes, the average annual concentrations of this gas in the
country have increased slightly over 26 years. Typically, pol-
lution was recorded in the industrial and petroleum centers of
the country within those years. One of the reasons for this
rising in oil-rich countries is the lack of standards equipment
and methods for sulfur removal from extracted oil in refiner-
ies. Currently, developed countries use different methods for
desulfurization of oil and petroleum products [35, 36]. In Iran,
however, the more pollutant methods such as gas flaring is still
in use [37].

The highest level of SO, pollution was estimated in 1994,
just before designing the first comprehensive plan for air pol-
lution reduction in most polluted cities in Iran [38]. However,
after the pollution control laws were passed, the SO, pollution
was not decline. In 2008, we can see another peak of SO,. The
survey of diesel imports shows that the largest amount of
gasoline imports to Iran occurred in 2006, which dropped
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Fig. 8 The national trend of annual mortality rate and YLL caused by SO, from 1990 to 2015

afterwards following rising gasoline prices and distribution of
fuel coupons. Hence, gas imports fell in 2007 and remained

Table1 CVD and respiratory diseases Annual mean for PAF, mortality
and YLL caused by SO,
CVD Respiratory
Mortality 7218.41 (1925-17,427) 1067 (414-2273)
PAF 0.05 (0.01-0.11) 0.06 (0.02—0.13)
YLL 115,548 (108005-124,724) 20,485 (19845-21,176)

almost the same by 2009. However, the consumption of gas-
oline had a rising trend in these three years. The gasoline
provided by sources other than imports in these years, seems
to have higher sulfur levels. This happened almost at the same
time of rising SO, gas concentrations in 2008.

In the study period, the highest SO,-attributed deaths from
cardiovascular and respiratory diseases occurred in 1997 and
2014, respectively. Additionally, the trend of YLL changes,
due to SO,-attributed CVD, did not fully coincide with those
in the gas concentration, with the highest YLL occurring in
1993, 2003, 2009, and 2014. The total mortality from

@ Springer



J Environ Health Sci Engineer

cardiovascular diseases in the country gradually increased
from 1990 to 2006, and then showed a decline. Given that
the average annual SO, concentration was the highest in
1997, the high death rate attributable to this risk factor can
be assigned to a high SO, concentration, despite lower cardio-
vascular mortality in the following years. Since 1990, the total
respiratory disease mortality has seen a rising trend with the
uppermost level in 2014, so that such deaths in this year
showed over three-fold rise, compared with that of 1990.
Accordingly, despite the fact that the SO, concentration in
2014 was lower than those in 1997 and 2002, the YLL
concerning SO,-attributed respiratory disease was the highest
in 2014.

So far, studies have been conducted in Southwestern Asia on
the burden of diseases caused by SO,. South Korea is one of the
countries that have faced increasing air pollution, following the
emergence of municipal solid waste incinerators (MSWIs). For
this reason, Kim et al. developed a model to predict exposures
to the pollutants, followed by an accurate estimate of PAF in
Seoul [39]. They found that PAF for cardiovascular and respi-
ratory mortality was 0.0047 and 0.0219, respectively. In our
study, the SO,-induced PAF in the whole country were 0.05
and 0.06 for cardiovascular and respiratory disease deaths. The
difference is attributed to the spatiotemporal extent of the study,
and also a different total mortality rate in Iran. Moreover, Kim
et al. extracted the considered RR value from studies in Korea,
while here, the RR values were considered based on AirQ soft-
ware version 1.1. A study by Maji et al. in Bombay also re-
vealed that the total mortality, cardiovascular and respiratory
mortality increased from 1992 to 2013. An examination of air
pollutants in this city showed that after PM; as the main cause
of increased mortality, SO, had the highest impact on increas-
ing mortality over 20 years [40].

To date in Iran, studies on the burden of the disease caused
by SO, have been conducted in only one or more cities and for
a limited number of years. Ghanbari Ghozikali et al. showed a
0.5% increase in hospitalization from chronic obstructive pul-
monary disease, following the SO, rise (10 ug/m3), resulted
from a one-year study on pollutants in Tabriz [23]. Bahrami
Asl et al. estimated the mortality due to cardiovascular and
respiratory diseases caused by SO, in the city of Hamadan at
1.81% (2.70-2.47%), and 2.26% (1.37-3.13%), respectively,
during one year [41]. These figures were 5.98 (1.56-8.7) and
7.73 (4.55-10) for cardiovascular and respiratory mortality, in
the study of Nadafi et al. in Tehran [22]. The average values in
our study were 4.48 and 5.65, respectively, in the city of
Tehran during the study period, which are less than the study
of Nadafi et al., but more than the study of Bahrami Asl et al..

The common point of the above studies is the use of data
collected by the AQMS in the cities studied. In addition, these
studies had no models for estimating the missing concentra-
tions, and used the existing data only. Another major differ-
ence between the above studies and current one is the time and
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place limitation of the study area. These studies were general-
ly conducted only in a city within one year. The present study,
on the other hand, not only used all available AQMS data
from 1996 to 2013, but also the SP model for estimating the
station-specific SO, concentrations per city; ultimately, pixels
of 30 km? per province, region, and country were applied
here, to prepare a complete image for calculation of burden.
Our findings are comparable with mortality attributed to
some risk factors, and causes of death in Iran. Farzadfar et al.
estimated the burden of metabolic risk factors and smoking in
Iran, using a comparative risk assessment model in 2005. The
results of their study showed that 30,000 and 11,000 deaths
were attributed to high body mass index and smoking [42]. In
our study, the mortality attributed to SO, in 2005 was 5371.
Based on different studies one of the main causes of death in
Iran is the road traffic accident [43]. Bakhtiyari et al. in a time
series’ study have evaluated the risk factors of traffic injuries
during 7 years (from 2004 to 2010) in Iran. In their study, the
deaths caused by any traffic injuries, including motor vehicles,
passengers and pedestrians were extracted from the Iranian
Legal Medicine Organization. Total mortality varied from
22,918 in 2007 to 27,677 in 2006 [44]. In our study, the total
deaths attributed to SO, in 2006 were 8182 that was about 30%
of traffic injuries deaths. Shamsipour et al. have evaluated the
burden of PM2.5 in Iran during 27 years, in the one other part of
EBOD study. They estimated about 41,000 deaths, attributable
to the long-term exposure to PM2.5 in Iran [45]. We did not
estimate the mortality in 2016, but the deaths attributable to SO,
in 2015, were 7907. Comparing the mortality from other risk
factors in these studies, it can be said that deaths from SO, are
lower than others, but comparable to those, especially tobacco.
It should be noted that SO, is one of the sources of PM, s and
SO, reduction can affect the PM2.5 pollution [3].
Considering the results of this study and comparing these
results with the burden of disease caused by other risk factors,
it can be said that the reduction of SO, in Iran is necessary.
The use of clean instead of fossil fuels and coal prevents the
SO, increase in the next decades. In such a country as Iran
with many desert areas with high sunrise, electricity generated
from solar energy can be a major priority in reducing pollutant
emissions and moving towards clean fuels. Another important
point is the use of proper oil refining techniques and no use of
traditional methods, such as flaring additional high-sulfur gas-
es from oil refineries. Besides, it seems that a safer air and
environment can be achieved by reducing an oil- and gas-
reliant economy, using various revenue-generating methods,
supporting public transport and trying to design healthy cities
are other issues that can help to reduce pollutants. Obviously,
these solutions are not one-day and one-time approaches, but
they can be thoroughly designed in the country development
plans. It is clear that in the absence of a rigorous and accurate
evaluation system most of the strategies even in a well- de-
signed program will not be fully implemented. Therefore, a
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well-designed air pollution control program with a scheduled
and accurate monitoring and evaluation system, is highly
recommended.

Strength and limitations

One of the strengths of this study was the complete data col-
lection, measured at all AQMSs in Iran since their launch, and
evaluation of the existing data. Another strong point of this
study was the SO, modeling status in a country with high SO,
concentrations, over a quarter of a century. The use of all
independent variables affecting the generation or estimation
of SO, concentrations, and also the results from Aura satellite
data was among other strengths of this study. In many studies
conducted in the Middle East and Iran, there is no application
of prediction models for concentration of SO,. Using this
method, it was demonstrated here that statistical models can
be used to estimate the pollutants, despite the fact that moni-
toring stations could not measure the SO, concentrations at
any times for any reason.

The status of the data recorded at monitoring stations in the
whole country, and the presence of missing data was one of
the weaknesses of this study. This problem was largely over-
come, using a spatiotemporal model and taking into account
all available data on pollutant sources as covariates either from
the Iranian Statistical Organization and the National Iranian
Oil Company, or through the Aura satellite and, in particular,
the choice of statistical analysis.

Conclusions

This is the first comprehensive study on the status of
SO, and the attributed burden of cardiovascular and
respiratory diseases. One of the most important results
is the sinusoidal changes in the annual concentration of
this pollutant around the country, possibly resulted from
the country’s environmental management system and the
lack of sustainable plans for controlling this pollutant
and its sources. In addition, our findings showed that
the pollutant is mostly found in industrial cities and also
at the oil extraction and refinery centers. Therefore, de-
signing sustainable policies and programs with a proper
management for oil refinery to reduce SO, production,
lower the SO, concentrations in fossil fuels in use, de-
crease the consumption of sulfur-containing fossil fuels
in industries and power plants, and ultimately to design
clean energy systems, particularly by using solar energy,
are the measures to control and reduce this pollutant
and the associated disease burden.
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