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Abstract
Several studies have been published about the potential health effects due to long-term exposure to sulphur dioxide (SO2) and the
relative risks (RRs) for different causes of mortality. Broad differences in the RR values are found, however. In this study, we
performed an analysis of these studies aiming finding potential explanations for the high variability of the RR reported. The RRs
for stratified subgroups were also analysed to identify more susceptible subgroups. A total of 14 studies were identified. Some of
them related strong associations between mortality and long-term ambient SO2 exposure, while others found insignificant or no
associations to the same mortality indexes. The mean RR values ranged from 0.95 to 1.14 for mortality due to all causes, 0.99 to
3.05 for lung cancer, 0.87 to 1.3 for respiratory diseases, 0.96 to 1.14 cardiovascular diseases and 0.97 to 1.05 for cardiopulmo-
nary diseases mortality. Among the factors that may affect the RR estimations, only the size of studied population and the spatial
scales used in exposure assessment showed notable influences. The female population was found to be more susceptible to long-
term SO2 exposure. For other stratified subgroups including age, smoking status and income levels, no obvious relationship with
RR was observed.
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Introduction

Ambient air pollution has long been recognized to be associ-
ated with various types of adverse effects to human health
(WHO 2006). However, the degree of human health effects
of each pollutant is still not very clear. Among the pollutants,

fine particulate matter (PM2.5; ≤ 2.5 μm in aerodynamic di-
ameter) has been the focus of health impact studies. The PM2.5

concentration is higher in many parts of the world, and their
adverse effects were confirmed in several cohort studies (Pope
et al. 2002, 2004, 2019; Laden et al. 2006; Krewski et al.
2009; Katanoda et al. 2011; Crouse et al. 2012; Lepeule
et al. 2012; Cesaroni et al. 2013; Carey et al. 2013;
Bentayeb et al. 2015; Crouse et al. 2015; Thurston et al.
2016). Nitrogen dioxide is also one of the dominant pollutants
of interest in recent studies of human health and air quality
(Carey et al. 2013; Hoek et al. 2013; Wang et al. 2016). For
ozone, although the O3 is more related to short-term mortality
(Bell et al. 2005), Jerret et al. (2009) examined the potential
contribution of long-term ozone exposure to the risk of car-
diopulmonary and respiratory deaths.

Compared to other pollutants, the impacts of sulphur diox-
ide (SO2) to human health have not been extensively studied,
possibly because of its downward trends in emissions and
uncertainty in its impact to human health (Lu et al. 2010;
Klimont et al. 2013; EEA 2015; USEPA 2016). However,
since the threshold concentration of SO2 for adverse health
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effects is not clear and those below the standard may still
affect human health (Riordan and Adeeb 2004), potential
health impacts of SO2 should not be neglected. WHO pro-
posed a guideline of 500 μg/m3 for 10-min mean based on
controlled studies with people with asthma where changes in
pulmonary function and respiratory symptoms after exposure
periods as short as 10 min were observed. The uncertainty
linked with PM and SO2 in causality in epidemiological stud-
ies, the difficulty in reaching levels that are unlikely to have
any impact and a prudent precautionary approach were the
basis for update the guideline for 24-h mean from 125 to
20 μg/m3 (WHO 2006).

Several studies were conducted to evaluate the associations
between long-term SO2 exposure and different causes of mortal-
ity (cardiovascular, respiratory and lung cancer, for example),
and relative risks for different causes of mortality have been
published. Yet, these studies were carried out in limited regions
of the world. While relative risks are commonly used in risk
assessment for impact estimations, non-portability of relative
risks has been realized (Krewski et al. 2009). The values of
relative risks vary across studies, and there is no simple clear
standard to select relative risks for specific risk assessment stud-
ies (Pascal et al. 2016). Each set of population has different
characteristics such as sensitivity to pollutants; therefore, it is
ideal to use relative risks that were developed from the popula-
tion of interest. However, due to lack of sufficient data and re-
sources, most of risk assessment studies need to use previously
published relative risks which may not be relevant. To avoid
inappropriate selections, it is essential to understand the causes
of heterogeneity among published relative risks.

In this study, we reviewed published epidemiological stud-
ies on health effects, specifically mortality, due to long-term
exposure to SO2. The epidemiological studies are the base
information for air quality guidelines construction. The arti-
cles deal with different RRs not directly linked to other vari-
ables such as climate, population and body mass index for
example. We focused on SO2 since those for major pollutants
such as particulate matter and nitrogen dioxide have been
previously done (Hoek et al. 2013; Lipfert 2017; Vodonos
et al. 2018), and its influence on health is still considerable
uncertainty. The relative risks reported in identified published
studies were summarized, and they were analysed for causes
of heterogeneity across studies. Relative risks for stratified
subgroups of population were also reviewed and evaluated
to determine difference between subgroups in susceptibility
to SO2 exposure.

Method

Online database searches were conducted by using
Scopus and Web of Science with combinations of the
following key words and their acronyms: sulphur/sulfur

dioxide, relative risk, hazard ratio, air pollution, air
quality, human health, burden of disease, mortality and
cohort. Using different strings associated with different
combinations of search terms resulted in 14 scientific
articles from USA, Europe, China, Japan and Hong
Kong.

The reference lists of identified peer-reviewed literature
were browsed to supplement the database search. In this re-
view, only studies reporting numerical results were included.
The identified studies were thoroughly reviewed and analysed
to find evidence of health effects due to long-term exposure to
ambient SO2 and to determine the cause of heterogeneity of
the results across studies.

In some of the identified studies, relative risks for each
stratified subgroups of the population were provided.
Relative risks for subgroups stratified by population’s age,
gender, smoking status and income levels for respiratory mor-
tality were reported by multiple studies. For other causes of
mortality, the stratified studies were scarce. Hence, only rela-
tive risks of subgroups for respiratory mortality were analysed
to determine susceptibility of different subgroups.

Table 1 shows the characteristics of the cohort studies
found. The study of Abbey et al. (1999) was conducted in
California (USA) as part of the Adventist Health Study of
Smog (AHSMOG Study) (Abbey et al. 1991). HEI (2000)
study is a reanalysis of Harvard Six Cities Study (Dockery
et al. 1993) and American Cancer Society (ACS) Study
(Pope et al. 1995) data. Beelen et al. (2008) study is based
on Netherlands Cohort Study on Diet and Cancer (NLCS)
(van den Brandt et al. 1990). Carey et al. (2013) is a national
population-based cohort of adults registered with family prac-
titioners in England. Elliott et al. (2007), otherwise, is a study
encompassing a small area across electoral wards in Great
Britain. Filleul et al. (2005) study was conducted in 24 areas
of seven French towns using the PAARC survey (Pollution
Atmosphérique et Affections Respiratoires Chroniques/Air
pollution and chronic respiratory diseases) (PAARC 1982).
Nafstad et al. (2004)’s study was a city-level cohort conducted
in Oslo, Norway. The cohort of Chen et al. (2016) was con-
ducted in four Northern Chinese cities: Tianjin, Shenyang,
Taiyuan and Rizhao. Dong et al. (2012) and Zhang et al.
(2011) are a population-based retrospective cohort conducted
in Shenyang, northeast China. Katanoda et al. (2011) is a
Japanese cohort conducted in eight areas of three prefectures
(Miyagi, Aichi and Osaka). Lefler et al. (2019) used public
National Health Interview Survey (NHIS) data, administered
by the National Center for Health Statistics (NCHS),
representing civilian non-institutionalized US population
(Pope et al. 2019). Hedley et al. (2002) is a middle-term
(monthly) study conducted in Hong Kong related to sulphur-
rich fuels. We decided to keep this study in the review because
of the direct evidence found related to control strategies and
immediate and long-term health benefits.
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Results and discussion

Fourteen published studies on relative risks (RR) for mortality
due to long-term SO2 exposure were identified and reviewed. All
the RR discussed in this section is related to an increment of
10 μg/m3 in SO2 concentration. The main mortality causes
studied were all causes, cardiopulmonary, cardiovascular,
respiratory diseases and lung cancer. Figure 1 illustrates the RR
for these mortality causes, whose values vary across studies. All
the studies except that of Dong et al. (2012) considered multiple
causes of mortality in their analyses. Some of the studies showed
no associations (lower 95% confidence interval being less than 1)
or insignificant associations (mean values being less than 1.05)
between mortality and long-term exposure to SO2.

For all-cause mortality, the mean RR values ranged be-
tween 0.95 and 1.14. Among the 11 studies that studied all-
cause mortality, six showed no association with ambient SO2

concentration. Carey et al. (2013) reported significant associ-
ation (mean RR equal to 1.14) while the other studies showed
very weak and generally insignificant associations (mean
RR ≤ 1.04).

For lung cancer mortality, the mean RR values range from
0.99 to 3.05. Seven out of 11 studies that included lung cancer
mortality in their studies showed no association between lung
cancer mortality and long-term ambient SO2 exposure. Three
studies found moderate associations (mean RR between 1.04
and 1.09). The relative risks reported by Abbey et al. (1999)
were considerably higher than other studies (mean RR equal
to 2.00 for male and 3.05 for female).

Nine studies included respiratory mortality, and six studies
included cardiovascular mortality as health outcomes in their
analyses. The mean RR values vary between 0.87 and 1.36 for
respiratory disease, with five studies showing no associationwith

long-term ambient SO2 exposure. Three studies reported a little
significance (mean RR ≤ 1.05) while two studies showed highly
significant associations (mean RR ≥ 1.14). For cardiovascular
mortality, the mean RR values vary between 0.96 and 1.14.
Two of the studies found no association, three found insignificant
associations (mean RR between 1.01 and 1.03), and one showed
a significant association (mean RR equal to 1.14) between car-
diovascular mortality and exposure to ambient SO2.

Six studies included mortality due to cardiopulmonary.
Lefler et al. (2019) was the only one presenting strong asso-
ciation with ambient SO2 concentrations (mean RR equal to
1.16, recalculated to 10 μg/m3 in SO2 increase). Among the
studies, the mean RR values range between 0.97 and 1.16.
Although a few studies also considered mortality due to cere-
brovascular disease, ischemic heart disease and/or all-other-
cause (all causes except cardiovascular and respiratory dis-
ease), these are excluded from further analysis in this review
because of the number of studies available and the insignifi-
cance of the reported RR.

Considering each study, RR for mortality related to respi-
ratory system tend to be higher than those of other causes,
with the exceptions of Filleul et al. (2005) and the Harvard
Six City study (HEI 2000), where the RRs of all-cause mor-
tality were higher.

Potential cause of heterogeneity in RR values
across studies

To investigate the causes of the diversity, the studies were
analysed according to the region of study, population size
and age, exposure assessment method, time of study conduct-
ed, health outcome classifications and covariates used for ad-
justment of statistical model.

Table 1 Characteristics of the cohort studies

Cohort study Region Spatial scale Study period Pop size Pop age Ave ambient
conc (μg/m3)

Abbey et al. (1999) USA Address 1966–1992 6338 27–95 14.9

Beelen et al. (2008) Netherlands Address 1987–1996 120,852 55–69 13.7

Cao et al. (2011) China City 1991–1999 70,947 > 40 73

Carey et al. (2013) England Zip code 2003–2007 835,607 40–89 3.9

Chen et al. (2016) China Address 1998–2009 39,054 44.29 66.9

Dong et al. (2012) China District 1998–2009 9941 58.09 (35–103) 63

Elliott et al. (2007) England Ward 1982–1998 – > 30 71.3

Filleul et al. (2005) France Address 1974–2000 14,284 25–59 44

Hedley et al. (2002) Hong Kong District 1985–1995 – >15 44.2

HEI (2000) USA City 1974–1989 8096 49.7 (25–74) 25.7

Katanoda et al. (2011) Japan Prefecture 1984–1993 63,520 > 40 23.5

Lefler et al. (2019) USA Address 1987–2014 635,539 18–84 5.9

Nafstad et al. (2004) Norway Address 1974–1978 16,209 40–49 9.4

Zhang et al. (2011) China District 1998–2009 13,000 > 25 63
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Study regions

The geographical variety of the identified studies is somewhat
limited, with studies from USA, Europe (England, France,
Netherlands and Norway) and Asia (China, Hong Kong and
Japan). Three of the studies that found no association between
SO2 and any type of mortality considered in their analyses
were from Europe and one was from China.

All four European studies showed no obvious association
between ambient SO2 and lung cancer while some studies from
Asia and USA reported moderate to strong associations. As
shown in Table 1, the average SO2 concentration was much
higher in the studies conducted in China. No study from Asia
included cardiopulmonary mortality, and no US study included
cardiovascular mortality.

Spatial scale

Several studies used residential address while others used
postal codes, cities and districts as the spatial scale for
exposure assessment. For all the causes besides lung cancer,
lager spatial scales resulted in higher RR, with the exception
of studies fromDong et al. (2012) and Zhang et al. (2011). Use
of smaller spatial scale should improve the accuracy of expo-
sure assessment which helps to produce more reliable results
in general.

Population size

The population size in the cohort studies ranged from
less than 40,000 to over 800,000. Elliott et al. (2007)

Fig. 1 Relative risks for five mortality causes: (a) All cause; (b)
Cardiopulmonary disease; (c) Cardiovascular disease; (d) Respiratory
disease; and (e) Lung cancer. Notes: References (x-axis): (1) Abbey
et al. (1999)—for male; (2) Abbey et al. (1999)—for female; (3) Beelen

et al. (2008); (4) Cao et al. (2011); (5) Carey et al. (2013); (6) Chen et al.
(2016); (7) Dong et al. (2012); (8) Elliott et al. (2007); (9) Filleul et al.
(2005); (10) Hedley et al. (2002); (11) Katanoda et al. (2011); (12) HEI
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and Hedley et al. (2002) did not follow a particular
group of population. Instead, they have included all the
residents in a region of interest who fall into certain age
brackets by using census data. The advantage of this
approach is that it facilitates to study a large population;
however, it lacks personal details of the studied popula-
tion such as smoking habits, what can be a major
disadvantage.

Except for lung cancer, the studies with larger population
size tend to show significant associations between long-term
SO2 exposure and mortality, since the statistical analysis
would generally be more reliable when sample sizes become
larger. In case of lung cancer, although none of the European
studies showed the association with SO2 concentration, the
mean relative risk values were larger for studies with larger
population size except for Elliott et al. (2007). However, this
tendency cannot be seen among studies in Asia and USA. The
number of lung cancer mortality cases in one of the US studies
(Abbey et al. 1999) was only 18 and 12 for male and female,
respectively. These are extremely small numbers compared to
the number of cases in other studies which ranged between
140 (Chen et al. 2016) and over 28,000 (Elliott et al. 2007).
Due to this small number of cases of Abbey et al. (1999), their
results may not be as reliable.

Age of population

In this review, only the RRs for adult population were consid-
ered. An exception to this was the work of Hedley et al. (2002)
where population older than 15 years old was included. The
selection of the age bracket for the studied population may
influence the result of RR since susceptibility to diseases
may depend on the age of population. Since few studies
disclosed the average age or the age distribution of the popu-
lation, it is not feasible to clearly see the influence of this
parameter on the RR reported. Studies with narrower age
range (Beelen et al. 2008; Filleul et al. 2005; Nafstad et al.
2004) showed no association with SO2 exposure and mortality
of any cause included in their studies, which may be associ-
ated with not including the elderly age group in the analysis.
The elderly is considered to be one of the most affected age
group by air pollution, as reported by Carey et al. (2013), who
found older group (≥ 65 years old) to be more susceptible to
long-term SO2 exposure.

Gender

Four studies considered subgroups depending on gender, and
all showed stronger effects to female population (Abbey et al.
1999; Carey et al. 2013; Dong et al. 2012; Katanoda et al.
2011). The difference between male and female was signifi-
cant in all studies except for Dong et al. (2012). One thing to
note is that the values of relative risks for both male and

female vary across the studies. For instance, Carey et al.
(2013) reported the mean relative risk to be 1.54 for female
while that of Abbey et al. (1999) was 0.98.

Intensified health effects have been observed in male pop-
ulation for other health outcomes or other pollutants such as
particulate matter and ozone, which was attributed to differ-
ences in exposures to other pollutants, such as tobacco smoke
and occupational sources (involving airborne contaminants),
time spent outdoors, and size of population sample (Abbey
et al. 1999; Beeson et al. 1998; Katanoda et al. 2011). For SO2,
the possible explanation for female population resulting in
higher mortality RR for respiratory mortality is the differences
in size, development and reactivity of airways between male
and female (Becklake and Kauffmann 1999; Yunginger et al.
1992; Dong et al. 2012), when a dose-response relationship
could be more easily detected in women (Dong et al. 2012),
and body mass index for women is rather smaller (Di
Angelantonio et al. 2016).

Exposed concentration estimation

The work of Elliott et al. (2007) indicated that the excess
risks become higher when shorter length of exposure
period was used. Use of annual average of certain years
in exposure assessment was an approach often used in
the studies reviewed. Alternatively, some studies used
average concentrations over surviving years of each par-
ticipant (Zhang et al. 2011). This approach also may
produce highly biased results. When the concentration
is in steep down trend, for example, survivors through
entire follow-up period may be assigned much lower
concentrations compared to those who died during the
study (Chen et al. 2016). Chen et al. (2016) using dif-
ferent estimation methods for exposed concentrations
found significant difference in resulted RR: (a) time-
varying method, (b) fixed 1-year average and (c) average
of entire surviving years of participants. The mean RR
values for all-cause mortality estimated with these three
methods ranged between 0.971 and 1.028, and those for
lung cancer mortality ranged between 1.018 and 1.224.

Elliott et al. (2007) examined the influence of exposure
period selection in their RR calculations by using multiple
different time windows of exposure. They found greater mor-
tality risks when most proximal windows of exposure were
used except for the case of lung cancer mortality. While
Hansell et al. (2016) also stated that risks of mortality were
generally higher in years immediately following the exposure,
Lee et al. (2002) and Krewski et al. (2009) did not find signif-
icant difference among the exposure windows they consid-
ered. Krewski et al. (2009) stated that the reason for this in-
significance might be the high correlations between exposure
levels of the time windows they used.
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Levels of ambient SO2 concentration

The influence of the average ambient SO2 concentration to the
resulting RR is not clear for any of the causes of mortality. The
SO2 average concentration varied from 3.9 μg/m3 (RR equal
to 1.36 for respiratory diseases) (Carey et al. 2013) to 73 μg/
m3 (RR equal to 1.03 for respiratory diseases) (Cao et al.
2011). Consequently, the heterogeneity found in RR may be
associated to differently ambient SO2 concentrations.

The ambient SO2 concentrations in many parts of the world
have decreased drastically in the last decades; therefore, the rate
of change may also need to be considered. However, the detailed
SO2 concentration trends were not provided in most of the stud-
ies. Nonetheless, even when studies in the similar region where
the reduction rate of SO2 are comparable were considered sepa-
rately, no clear indication of influence of ambient concentration
levels can be observed. Moreover, the selection of the period that
is to be used for an estimation of exposed concentration may
influence the relative risk calculations.

Another concern is that most the studies only considered
outdoor concentrations of SO2. The quality of air and time
spent at participants’ residence, work, commuting and travel-
ling should be considered. For indoor air quality, consider-
ation of use of air conditioner and rate of ventilation may also
be important as these vary significantly between regions and
individuals.

Period of data collection

The period when studies were conducted considerably differ
among studies. For instance, Abbey et al. (1999) started their
follow up in 1966 and continued until 1992 while the study of
Lefler et al. (2019) was carried out between 1987 and 2014.
As the methods used for exposure assessment such as mea-
surement of concentration and pollutant dispersion modelling
advance with time, the precision of the results likely improved
with time. Moreover, the activities of population may have
changed over time which influences the time spent outdoors.
Indoor air quality might have improved as the efficiency of
ventilation and the prevalence of air conditioner have in-
creased. These factors affect the degree of exposure to pollut-
ants. However, no trend in relative risk values with the time of
study was observed among the studies. Duration of the follow
up period also did not seem to influence the resulting relative
risk values.

Covariates for adjustment

With the exception of Elliott et al. (2007) and Hedley et al.
(2002), Cox proportional hazard regression models were used
to estimate RR by using some adjustments. Covariates con-
sidered for the adjustments are shown in Table 2. All the
studies which contained both genders in their study population

adjusted for gender. Smoking status was used for adjustment
in all the studies. Most of the studies also adjusted for age and
educational level. Lesser number of studies adjusted for body
mass index, occupational exposure and activity level. Alcohol
consumption, diet, socioeconomic status and passive smoking
were also considered in a few studies.

Some of the covariates often used for adjustments such as
smoking status are certainly associated with mortality; how-
ever, their influence to the estimation of relative risks of air
pollutant exposure is not very clear (Dockery et al. 1993).
Some of the studies calculated RR with different sets of co-
variates for adjustment. Carey et al. (2013) provided RR for
different mortality causes by varying the selection of covari-
ates. For all the causes, additional covariates in adjustment
reduced the RR values. For example, the RR for all-cause
mortality decreased from 1.07 to 1.03 per 2.2 μg/m3 of ambi-
ent SO2 concentration, when smoking status, bodymass index
and education level were added to the basic model where only
age and gender were included as covariates. Similar degree of
reduction can be observed for other causes of mortality. On the
other hand, the study of Cao et al. (2011) showed increased
RR values for respiratory and lung cancer mortality when
additional covariates were included. Katanoda et al. (2011)
calculated the RR for lung cancer mortality with three differ-
ent adjustments. Firstly, the estimation was done adjusting
only with age and gender. The second model was adjusted
for age, gender, smoking status, number of cigarettes smoked,
smoking status of family members, fruit and vegetable (yel-
low and green) consumption and indoor air emission. The
third model contained smoking status of parents in childhood,
vegetable (non-yellow and green) consumption, occupation
and type of health insurance as a socioeconomic indicator in
addition to the second model. The RR decreased with the
additional covariates for adjustment. On the other hand, two
different sets of covariates were used for respiratory mortality
and the relative risks increased with additional covariates.

The importance of consideration of level of education and
socio-economic status as covariates has been raised as these
may be a measure of some unmeasurable confounders includ-
ing diet and nutrition (Atkinson et al. 2013; Hoek et al. 2013).
Although limited number of studies stratified the population
according to the levels of bodymass index for RR estimations,
population with higher body mass index was consistently
shown to be more vulnerable (Cao et al. 2011; Dong et al.
2012; Zhang et al. 2011).

Climate-related factors such as temperature and humidity
are not commonly considered, although some studies mention
about an association between climate and mortality (Choi
et al. 1997; Jerrett et al. 2004). The climate also affects the
behaviour of population. The time spent outdoor likely to
depend on the climate of the region, which influence the de-
gree of exposure to air pollutants and hence the relative risk
estimations.
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Regarding the smoking status, three studies provided the re-
sults for different subgroups. Dong et al. (2012) found higher
association with current smokers while Carey et al. (2013) and
Katanoda et al. (2011) showed the highest association for never
smokers. In the study of Carey et al. (2013), past smokers are
more susceptible than current smokers; however, Katanoda et al.
(2011) showed current smokers are more susceptible.

Two studies considered subgroups depending on the in-
come levels. In the study of Carey et al. (2013), relative risk
for subgroup with higher income level was found to be much
higher than those with lower income. Dong et al. (2012) di-
vided the population into four groups according to their in-
come levels; however, no statistically significant differences
between mortality and income was found, besides middle
groups obtained higher hazard ratios compared to the groups
with lowest and highest income.

Other pollutants were also considered as covariates. In the
study of Carey et al. (2013), SO2 was moderately positively
correlated to PM10 (r = 0.45), PM2.5 (r = 0.46) and NO2 (r =
0.37) and negatively correlated to O3 (r = − 0.39). On the other
hand, SO2 coefficient remained stable in two-pollutant models
with PM10 and O3 in the study of Abbey et al. (1999) for lung
cancer mortality because of the low SO2 correlations with
other pollutants. The effect of multiple pollutant models con-
ducted by Cao et al. (2011) also showed no percent increase
for total, cardiovascular, respiratory and lung cancer mortality
when the model was adjusted for TSP and NOx. In the study
of Beelen et al. (2008), the correlations between different air
pollutants were greater than 0.8, except for SO2 (r > 0.6).
Negative correlation to NO (r = − 0.01) and NO2 (r = − 0.10)
was also found by Filleul et al. (2005). When considering
other pollutants (PM2.5, O3, CO, NO2) as covariates, the RR
calculated by Lefler et al. (2019) decreased for both all-cause
and cardiopulmonary mortality, from 1.023 to 1.017 and from
1.050 to 1.027, respectively. Considering the interactivity be-
tween SO2 and particle matter, especially in secondary parti-
cles formation (Albuquerque et al. 2019), it seems reasonable
considering at least PM as covariate in future SO2 analysis.

Conclusion

Some of the studies reviewed in this work found strong asso-
ciations between mortality and long-term ambient SO2 expo-
sure while others found insignificant or no associations. It
seems that exposure to SO2 has stronger association with re-
spiratory system-related mortality than other causes of mortal-
ity such as cardiovascular diseases. The number of published
studies as well as the geographic regions where studies have
been conducted is still limited. Hence, a definite and quanti-
tative conclusion about the relationship between long-term
SO2 exposure in the inspired air and mortality rate cannot be
drawn by now.

The heterogeneity across the studies is likely to be caused
by several different factors, starting with SO2 concentration,
which widely varied across the studies. As its influence is still
considerable uncertainty, it is assumed that reduction in expo-
sure is achieved by reducing SO2 concentrations. Another
factor to consider is the outcome. The relative risk for lung
cancer mortality did not follow the trend of other mortality.
This may be because lung cancer takes longer to develop
compared to other causes of mortality including cardiovascu-
lar and respiratory diseases. This suggests that risks of lung
cancer may need to be studied separately using longer interval
time between exposure and health outcomes.

Any of the factors investigated in this work did not seem to
have notable influence on relative risk estimates except for the
studied population size and spatial scale used for exposure
assessment. The studies in larger population size tend to show
higher values of RR except for lung cancer mortality. As in-
dividuals may react to pollutants differently, studies with larg-
er number of subjects with diverse levels of susceptibility
would be more reliable for RR representing the general pop-
ulation. The precision of exposure assessment is a crucial
factor in risk estimation. Overall, use of smaller spatial scale
would provide more accurate exposure estimates which en-
hance the accuracy of resulting relative risks. The result of this
review indicated the estimated relative risks were lower when
smaller spatial scales were used except for lung cancer mor-
tality. This indication is contradictory to the tendency found
with population size. The reason may be the difference in
other component of exposure assessment.

Susceptibility of subgroups could be examined only for
respiratory mortality and to a limited extent. Except for the
gender, results were contradictory between studies. The num-
ber of studies is still small to determine more vulnerable pop-
ulations at this point.

To understand how long-term exposure to ambient SO2

concentration associates with human mortality more clearly,
further studies need to be conducted. In a mean time, for
studies where relative risks are used, including risk analysis
studies, performing uncertainty analysis is recommended to
realize the range of possible outcomes.
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