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Recommendation from the
Scientific Committee on Occupational Exposure Limits

for Sulphur Dioxide

8 hour TWA : 0.5ppm (1.3 mg/mS)
STEL (15 mins) : 1.0 ppm (2.7. mg/mS)
Additional classification : -

BLV : -

Substance identification:

Sulphur dioxide SO,

Synonyms : Sulphurous oxide, sulphurous anhydride, sulphur oxide,
EINECSN° : 231-195-2
EEC N° : 016-011-00-9
EU Classification:  T- toxic
Risk phrases R23 — Toxic by inhalation
R34 - Causes burns
CAS No. 7446-09-5
Molar mass : 64.06 g/mol

3
Conversion factor (20°C, 101kPa) 1 ppm = 2.67 mg/m
3
1l mg/m = 0.37 ppm

This evaluation is based on an earlier assessment of SCOEL (1998) further updated with
assessments by DECOS (2003), WHO (2006), Brauer et al. (2002), ATSDR (1998), HSE (2002)
and —U.S.EPA (2007), with the references cited in these reviews and aditional references from
database search.

Physico-chemical properties

Sulphur dioxide is a colourless gas, with an irritating odour. It has a MPt of -72.7°C, a BPt of -
10.02°C and a vapour pressure of 321 kPa at 20°C. Sulphur dioxide gas is 2.2 times denser than air




3
at 0°C. Its odour threshold is between 0.8 and 8 mg/ m (0.3-3.0 ppm) ( DECOS, 2003 ).

Sulphur dioxide is higly hydrophilic and dissolved easily in water. Sulfur dioxid is highly soluble
in sulphuric acid, ethyl alcohols, acetic acid, chloroform, diethyl ether, and other polar solvents.

Sulphur dioxide gas is not combustible and ordinarily does not support combustion. The only
exceptions are burning potassium or burning magnesium, which continue to burn in sulphur
dioxide. In the presence of moisture, sulphur dioxide acts as a powerful reducing agent. The gas is
very reactive: on contact with water it forms sulphurous acid. Certain metals and organic
substances glow, burn or explode in an atmosphere of sulphur dioxide (von Burg, 1995).

Sulphur dioxide has pungent, irritating odour, similar to burning.sulfur. Sulphur dioxide (SO,) is
very soluble in water (11.28g/100 ml at 20°C). Rapidly converted to sulphurous acid (H,SO3),
which is a dibasic acid with pH less than 3. Sulphur dioxide is extremely stable in heat — up to
2000°C. Complex reactions of SO, occur in the atmosphere. (Brauer et al., 2002 ) .

1. Occurrence/use and occupational exposure

Sulphur dioxide has been known to people for ages. Sulphur used to be burnt to produce sulphur
dioxide, which was then used as a fungicide and insecticide. Priestley prepared sulphur dioxide in
the year 1774 by heating concentrated sulphuric acid with mercury and called it "Vitriolic acid air".
But it was Lavoisier, who proved that it was an oxide of sulphur.Sulphur dioxide is present in
volcanic gases; in hot aqueous springs surrounding volcanic regions; in areas where sulphur is
extracted by melting it, and in places where coal containing sulphur or sulphur compounds are
burnt.

Sulphur dioxide is a normal component of air due to emissions from natural sources and industrial
activities. Annualy, the equivalent of about 40-60 x106 tons is emitted into the atmoshere as an
atmosheric polutant (Seiler et al., 1988).

Over 65% of sulphur dioxide released to the air, or more than 13 million tons per year, comes from
electric utilities, especially those that burn coal. Other sources of SO2 are industrial facilities that
derive their products from raw materials like metallic ore, coal, and crude oil, or that burn coal or
oil to produce process heat. Examples are petroleum refineries, cement manufacturing, and metal
processing facilities. Also, road and non-road diesel equipment currently burn high sulfur fuel and
release SO2 emissions to the air in large quantities (U.S. EPA, 2008).

Sulphur dioxide is used in the manufacture of sulphuric acid and other sulphur-containing
chemicals, and as a bleaching or sterilising agent. It is also released into the environment from
industrial processes such as ore smelting, coal and oil combustion, petroleum refining and water
and sewage treatment. As of 2006, China is the world's largest sulfur dioxide polluter, with
emissions estimated to be 25.49 million tons in 2005. This amount represents a 27% increase since
2000, and is roughly comparable with U.S. emissions in 1980. In much of western Europe and
North Amerika countries concentrations of sulfur dioxide in urban areas continued to decline in
recent years as a resultes of controls on emissions and changes in fuel use (WHO, 2000).

Highest occupational exposures are generally encountered during manufacture of cellulose pulp.
The various uses of sulphur dioxide are: the manufacturing of sulphuric acid, sulphites, and
hydrogen sulphite; in the sugar industry for refining and decolorizing sugar. Sulphur dioxide is
used for refining kerosene, and other petroleum products. Sulphur dioxide is a reducing agent and
is used for bleaching wool or straw and as a fumigant and food preservative. Large quantities of
sulphur dioxide are used in the contact process for the manufacture of sulphuric acid. Sulphur
dioxide is used as a disinfectant (IARC, 1992).


http://en.wikipedia.org/wiki/China

1.1 Exposure

Indoor air concentrations of SO, are generally lower than outdoor air concentrations, because
absorption occures on walls, furniture,clothes and in ventilation systems (WHO, 1987).

Even though sulphur dioxide is widely used for a large number of industrial applications, there only
have been few studies published on occupational exposure levels. Most of these studies are of
limited use, because they are deficient in terms of current scientific criteria. In the pulp making and
paper indu%’try, mean concentrations of sulphur dioxide ranged from below detection level up to

68.1 mg/m , covering the period of 1954 to 1963. The variation is, for instance, explained by
variations in the sampling time (mainly short-term measurements) and the type of operation. Short-
3

term peak values of up to 266 mg/m were measured in four Norwegian pulp making and paper
plants (Skalpe,1964).

Covering the period of 1940-1986, mean levels of sulphur dioxide were lower than 2.6 mg/m3 in
nickel, zinc, aluminium smelters and steel mills, but between 2.6 and 26 mg/m3 in copper smelters.
Occasionally higher levels were measured.

Measurements of sulphur dioxide in other types of industry have revealed large variations. Most of
these measurement stayed below 10 mg/m3: 7.7 mg/m3 (beverage industry); between less than 3
and 5 mg/m3 (sulphuric acid plants, long-term measurements); and, <2.6 mg/m3 (e.g. close to
diesel engines, photographic laboratories, mineral fibre plant). Moreover, in all these industries
peak exposure have been observed ( Kangas et Rikkiydisteet ,1991; FIOH, 1990).

Benke et al. (1998) published a review on the exposure levels to several chemicals within the
alumina and primary aluminium industry. In that review, the study by Chan-Yeung et al. (1989)
was discussed. They reported a mean of 2.0 mg/m3 (n=121, TWA 8 hours) for measurements
undertaken in 1980 compared to 2.1 mg/m3 (n=53) for the same smelter in 1986. Kongerud et
Ramjer (1991) and Desjardins et al. (1994) measured lower levels: 0.42 mg/m3 (breathing zone
samples, n=75, Norway) and 1.0 mg/m3 (0.4 ppm, Canada), respectively.

In 1999, Teschke et al. (1999) published the results of an international study on the occupational
exposure to sulphur dioxide in the non-production departments of pulp paper and paper product
mills. The data included exposure measurements of 246 chemical agents taken from the 1950s to
the 1990s. For sulphur dioxide the following mean concentrations were measured (TWA > 1 hour):
19.0 mg/m3 (7.1 ppm, maintenance, construction, cleaning, n=40); 19.5 mg/m3 (7.3 ppm, storage,
yard, loading, shipping, n=11); 1.9 mg/m3 (0.71 ppm, steam and power generation, n=45); and,
0.013 mg/m3 (0.005 ppm, effluent water treatment, n=39). However, most of the samples were
below detection limit (limit not given).

1.2 Monitoring

Samples obtained from passive or active sampling are analysed by spectrophotometry or ion
exchange chromatography.

The National Institute for Occupational Safety and Health (NIOSH,1994) recommended ion
exchange chromatography method 6004 for determination of ambient levels of sulphur
dioxide.This method is specific for sulphur dioxide and applicable for short-term sampling (: 0.5-20
mg/m3 per 100 L air sample).



2. Health Significance:

The main objective and the emphasis of this evaluation are to analyse the possible effects of the
inhalatory exposure in the working settings in the concentration range relevant to working
population.

2.1. Toxicokinetics

2.1.1.

2.1.2

Human Data

Animal Data
Absorption:

As summarised by DECOS ( 2003 ) sulphur dioxide is a highly soluble in aqueous media.
As a result, the substance is rapidly absorbed in the moist upper respiratory tract after
inhalation, as was shown in both man and mammals (Speizer 1966, Balchum 1960).

When rabbits were exposed to a concentration of 2.7 mg/m3, approximately 40% of the
sulphur dioxide was absorbed by the nasopharyngeal mucosa. This increased to 95% when
the exposure increased from 26.6 to 266 mg/m3 (Stranberg, 1964).

Sulphur dioxide may reach the lower respiratory tract by oral inhalation and deep
breathing, for instance during doing heavy work or exercise (DECOS, 2002).

Penetration to the alveoli is greater when inhaled through the mouth than through the nose.
During inhalation, it reacts with water to form sulphurous acid, which dissociates into
sulphite and bisulphite ions. Suphite is converted to sulphate by action of suphite oxidase
and individuals deficient in this enzyme constitute a higher risk group (Calbrese et al.,
1981).

In the moist mucous membranes, sulphur dioxide is rapidly hydrated to sulphurous
acid(H2S03).This sulphurous acid dissociates easily into sulphite (SO3-) and bisulphite
(HSO3-) ions. Sulphite ions are then rapidly converted into sulphate, whereas bisulphite
ions bind to to plasma and cellular proteins to form S-sulphonates (IARC, 1992).

Distribution:

In all species studied, the sulphur dioxide that is absorbed passes through the blood and
lymph to all body tissues. When beagle dogs inhaled radio-labelled sulphur dioxide **SO,
after tracheotomy, most of the substance did concentrate in the trachea, bronchi, lungs and
lymph nodes of the hilus, and in decreasing amounts in the kidneys, oesophagus, ovaries,
stomach and other tissues. Only minimal amounts of S were found in the liver, spleen and
cardiac muscles (Balchum et al., 1960).

In the blood, a main part of sulphur dioxide is bound to serum proteins as S-sulphonates
(Gunnison et al. Benton,1971 ; Menzel et al,1986). Free sulphur dioxide is transported
almost totally as bisulphite.

Biotransformation :

Part of the inhaled sulphur dioxide is exhaled before the body absorbs it. Another part is
eliminated by conversion into sulphurous acid on contact with moist upper respiratory tract
(Balchum et al. ,1969; Frank et al.,1969). Bisulphite ions react (sulphonation or auto-
oxidation) with biomolecules, such as cysteine containing proteins and DNA, to form S-



sulphonates. Formation of sulphonates prolongs the presence of sulphur dioxide in the body
(Yokohama et al.,1971). Sulphite ions are rapidly metabolised to sulphate by sulphite
oxidase, an enzyme with low activity in lung tissue. Sulphate, which is also an endogenous
metabolite in mammals, is incorporated in the large sulphate pool of the body (IARC
,1992).

As summarised by Brauer et al. ( 2002) the ready solubility of sulphur dioxide in water
forms the basis for its physiological and toxicological effects. Gasous SO, disolves in fluids
found in the upper respiratory tract to form bisulfite, sulfite, and hydrogen ions that are
quickly absorbed by the blood and distributed throughout the body. The efficiency of this
processis affected by concentration of inhaled SO, where high concentration ( >100 ppm)
result in absorption of < 90% of the pollutant , and low concentration (< 2 ppm) result in 5 -
40% absorption. Inspiratory rate and route of inhalation further affect efficiency such that
exercising individuals engaged in oronasal breathing absorb more SO, (>80% ) than those
at rest.

Once absorbed, sulfite ions in the blood can be oxidized to sulphates and excreated in the
urine, or they can react with proteins to form S- sulphonate, which has been found at the
elevated levels in the plasma and aorta of SO, exposed experimental animals.The
biochemical significance of these findings is not yet understood, but they provide evidence
for the possibility of toxicological effects in non-pulmonary target organs.

Once absorbed, bisulfite ions in the blood might be reponsible for inducing the
bronchoconstriction generally associated with sulphur dioxide exposure. By disrupting the
disulfide bonds present in tissue proreins, bisulfite may lead to the alteration of
neurotransmitter receptors and the subsequent contraction of smooth muscle tissue in the
lungs.

¢ FElimination :

Circulating S-sulphonates slowly decompose into sulphur dioxide or sulphates. The sulphur
dioxide is exhaled, whereas sulphates become part of the endogenous sulphate pool. These
sulphates are slowly released via the blood into the urine (Calabrese et al., 1981).

2.1.3  Biomonitoring

No method has been published that allow for determination of biochemical or functional
parameters useful for biological monitoring of occupational exposure Also S-sulphonate cannot be
used for biological monitoring, because it is not a specific parameter for sulphur dioxide exposure.

2.2 Acute toxicity

2.2.1 Human data

Several reviews of the toxicology of sulphur dioxide have been published within the last
decades.These reviews have generally been written with the aim of identifying appropriate levels
for environmental ambient air quality standards and not for working air quality standards. . The



focus, therefore tends to be on the identification of dose- reponse relationshipfor effects in
particular subgroups such as children, astmatics, those with chronic obstructive lung disease etc..
In general, the information gathered relates to the effect of peak pollution episodes rather than the
long term consequences of exposure to SO,. The usefulness of these reviews for the purpose of the
OELs setting is limited because it provides only a brief overview of occupational studies.

Healthy adults

There are numerous studies since 1953 till recent years with healthy, non-smoking volunteers
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exposed to SO,. under controlled condition to concentrations of as low as 0.53 mg/ m to more

than 60mg// m SO,. The exposures lasted from minutes up to several hours and were carried out
with or without physical exercise. The main adverse effects observed were irritation of the upper
respiratory tract and eyes, and decreased lung function, such as increased pulmonary airways
resistance ( DECOS, 2003).,

At very high concentrations (SCOEL, 1993), the absorption capacity of the upper respiratory
airways may be exceeded, resulting in pathological changes that include; laryngotracheal and
pulmonary oedema; and, symptoms may result in death.

Concerning the mechanism of bronchoconstriction, it is thought that sulphur dioxide stimulates
irritant receptors, present in the epithelium of the upper airways (Costa et Schelegle, 1999).
Stimulation of these receptors activates the nerve endings of involuntary muscles in the bronchi,
resulting in bronchoconstriction. Atropine, an anticholinergic agent, can completely deactivate
these nerve endings, resulting in relaxation of the involuntary muscles. When given to normal
adults, who were exposed to sulphur dioxide, the bronchoconstriction was completely prevented
(Nadel et al., 1965). However, when given to exposed asthmatics, atropine was only partly
effective (Korpas et Timori , 1979).

The low concentrations of sulphur dioxide required to produce bronchoconstriction in sensitive
asthmatics are likely too low to generate hydrogen ions in sufficient quantities to explain the
airway effects of sulphur dioxide (Fine et al., 1987).

Ammonia can be present in high concentrations in the oral cavity and could play a role in
neutralizing acidic ions. It is not clear whether the bronchoconstriction that occurs following oral
ingestion of sulfite- containing liquids and foods in some asthmatics is mechanistically linked to
sulphur dioxide induced bronchoconstriction (Frampton et Utell, 2007).

The difference in reaction between normal and asthmatic people is still not fully clarified. In
general population, a clear positive association has been reported between those pathologies and
day to day changes in hospitalisation rates and deaths (Anderson €t al., 1997).

The critical effect of sulphur dioxide evaluated by SCOEL ( 1998 ) is irritation of the upper
respiratory tract. In most epidemiological studies, the workers were exposed to complex mixtures
of sulphur dioxide with particulate matters, other acid gases, metallic fumes or organic compounds.

Workers exposed to approximately 4 ppm (11 mg/m3) sulphur dioxide experienced tightness in the
chest and reduced forced expiratory volume (FEV) (Archer et al, 1979).
Bedi et al (1984) reported that exposure of young volunteers to concentrations of 1 - 2 ppm (2.7 -

53 mg/m3) for 2 hours resulted in a reduction in thoracic volume in non-smoking subjects.

Controlled exposure of healthy adults to 1 ppm (2.7 mg/m3) sulphur dioxide with 1 mg/m3 NaCl
caused respiratory changes only in a group subjected to moderate exercise (Frank, 1980).

Exposure of 231 healthy subjects to 0.75 ppm (2 mg/m3) sulphur dioxide, with and without



exercise, did not affect pulmonary function (Stacy et al, 1983).
However, electron microscopic examination of the nasal mucosa of 7 individuals exposed to 0.7

ppm (1.9 mg/m3) sulphur dioxide for 2 hours revealed ciliary defects (Carson et al., 1987).
Lawther et al. (1975) found that deep breathing of 1-ppm SO, by mouth resulted in an increase in
specific airways resistance (sRaw) compared to breathing air alone.

Stacy et al. (1981) exposed 16 healthy males to 0.75-ppm SO, for 2 h with a 15-min period of
exercise at the end of the first hour of exposure (ventilation ~ 60 L/min). A separate group of 15
healthy males were exposed to clean air for 2 h and served as the control for this study. In the SO,-
exposed group, airways resistance (Raw) decreased by 2 to 55% compared to baseline after the 15
min of exercise, but then returned to the baseline value by the end of the 2-h exposure. However,
in the control group, Raw decreased throughout the 2-h exposure, resulting in statistically
significant differences between the two groups in the change in Raw occurring between both
baseline and post-exercise and between baseline and postexposure.

Islam et al.(1992) examined acute bronchoconstricting effects in twenty-suix young, non-
smoking volunteers (17males/ 9females) exposed to 0.6-0.8 ppm SO, Specific airway resistance
measurements were taken before, immediately,10 and 20 minutes after each eucapnic
hyperventilation. Following hyperventilation with or without SO, all subjects showed variable
degrees of bronchoconstriction. However, the authors found a strong increase of specific airway
resistance with sulphur dioxide than without (p<0.01); the mean increase in specific airwy
resistance was significntly higher in these responders 13 out 26 subjects ) than in the non/
responders (p<0.01). All values tended to return to normal 20 minutes after the last exposure.
Kulle et al.(1984) exposed twenty young, non/smoking subjects (10 males /10 females) four
hours to 1 ppm SO, in environmental chamber. The subjects performed light / to moderate exercise
stints. No significant changes in pulmonary function or bronchial reactivity were observed in the
individual exposure or 24 hours post exposure.

Similar results observed Schachter et al.(1984) in healthy subjects (4 males/6 females ) exposed to
0, 0.25, 0.5,0.75 and 1 ppm. Subjects were exposed for 40 minutes in an environmental chamber.
During the first 10 minutes of exposure , subjects perfermed exercise on a czcloergometer at level
of 450 kpm/min on separate days , subjects were exposed to 0 and 1 ppm SO, in absence of
exercise. No changes in pulmonary function were seen in healthz individuals on any day. The
authors concluded that healthz individuals subjected to inhalation of up to 1 ppm demonstrated no
significant pulmonary decrement at rest or during moderate exercise.

Case reports

In most epidemiological studies focused on workers, the workers were exposed to complex
mixtures of sulphur dioxide with particulate matters and other acid gases.As it was evaluated by
DECOS (2002) in none of the case studies reported below, the authors mentioned the levels to
which the workers were accidentally exposed, although they surmised that these were high.
Overall, acute poisoning from inhalation of very high concentrations of sulphur dioxide is
characterised by intense irritation of the conjunctiva and upper respiratory tract mucosa with
dyspnoea and cyanosis, followed rapidly by loss of consciousness. This may lead to death
(Stellman et Mc Cann, 1998)

One 25-year-old previously healthy carpenter was exposed to sulphur dioxide at high
concentrations for 15 to 20 minutes. An immediate episode of pulmonary oedema was followed by
a silent interval with subsequent development of a severe, irreversible obstructive syndrome
(Woodford et al., 1979).



Two maintenance workers were accidentally exposed to concentrated sulphur dioxide steam. Both
subjects died of respiratory arrest within 5 minutes. Two other workers, who were near the
exposure area, developed symptomatic severe airway obstruction and, asymptomatic mild
obstructive and restrictive disease, respectively. A fifth subject continued to be asymptomatic with
normal pulmonary function tests. The pulmonary function tests were performed on day 1, 50, 69
and 116 after the exposure (Chan-Yeung et al., 1979).

In 1983, a case report was published, in which lung function was followed for 4 years in seven
Finnish men, who were exposed to sulphur dioxide in a pyrites dust explosion. The authors
suggested that the bronchial hyperreactivity, such as observed in these men, may be a frequent
sequel after exposure to high concentrations of sulphur dioxide and, that hyperreactivity may
persist for several years (Harkonen et al., 1983).

In another case report, two non-smoking Canadian miners were followed over a two-year period,
after being exposed to high concentrations of sulphur dioxide after a mine explosion (Rabinovitch,
et al. 1989). The authors observed that: acute exposure to high levels of sulphur dioxide resulted in
severe airway obstruction; these abnormalities are partially reversible; and, that most of the
improvement occurred within 12 months after initial injury. These four case reports have been
described briefly by Testud et al. (2000). In the same review, they reported also six cases of
sulphur dioxide-induced respiratory symptoms. These cases were identified during a survey of wine
cellars in the French Beaujolais district.

Asthmatic Individuals

Asthmatic subjects are a high risk group with respect to sulphur dioxide. Effects are exacerbated
by increasing levels of exercise (SCOEL, 1998).

Bethel et al. (1985) reported that exposure of asthmatics to 0.25 ppm (0.67 mg/m3) sulphur dioxide
during heavy exercise resulted in mild bronchoconstriction, but that the effect was largely
overshadowed by the effects of exercise alone.

Hackney et al. (1984) exposed 17 young asthmatic volunteers to 0.75 ppm (2.0 mg/m’) for 3 hours
with 10 minutes of heavy exercise initially, followed by rest. In general, it appeared that the
bronchoconstriction induced by exercise during exposure was reversed immediately by rest, even
though the sulphur dioxide was still present.

Development of tolerance has been observed in asthmatic subjects exposed repeatedly to the
bronchoconstriction effects of 0.5 ppm (1.3 mg/m’) sulphur dioxide for short periods (Sheppard et
al., 1983).

Exposure of 24 young adult asthmatics to 0, 0.25 and 0.5 ppm (0, 0.67 and 1.3 mg/m’) sulphur
dioxide for one hour with alternating 10 minute periods of moderate exercise and rest, at exposure
intervals of one week, did not induce significant exposure related changes in pulmonary function
(Linn et al., 1982).

Devalia et al. (1994) studied the effect of 6 hours exposure to 0.2 ppm (0.53 mg/m’) sulphur
dioxide on the airway response to inhaled house-dust-mite antigen in 10 volunteers with mild
atopic asthma. No significant effects were observed in the lung function indices examined.

Overall, these studies indicate that asthmatics are unlikely to experience adverse effects at sulphur
dioxide levels up to 0.75 ppm (2.0 mg/m’) under normal working conditions.

Some of the studies on exposure to SO, in combination with execise involving asthmatic subjects
have used change in airways resistance( sRaw) as the endpoint of interest while others have
measured changes in FEV1 or both:

Linn et al. (1987) reported that following 1-h exposures to 0-, 0.2-, 0.4-, and 0.6-ppm SO2, the
severity of respiratory symptoms (i.e., cough, chest tightness, throat irritation) increased relative air



exposures only in moderate/severe asthmatics who were exposed at the highest exposure
concentration (0.6 ppm SO;). It was also observed that these symptoms abated within <1 h after
exposure.

Balmes et al. (1987) reported that 7/8 asthmatic adults developed respiratory symptoms including
wheezing and chest tightness following 3-min exposures to 0.5-ppm SO, during eucapnic
hyperpnea (minute ventilation = 60 L/min).

Gong €t al. (1995) reported in a study with SO,-sensitive asthmatics that respiratory symptoms
(i.e., shortness of breath, wheeze, and chest tightness) increased with increasing SO, concentration
(0-, 0.5-, and 1.0-ppm SO,) following exposures of 10 min with varying levels of exercise. It was
also observed that exposure to 0.5-ppm SO, during light exercise evoked a more severe
symptomatic response than heavy exercise in clean air.

Tunnicliffe et al. (2003) found no association between respiratory symptoms (i.e., throat irritation,
cough, wheeze) and 1-h exposures at rest to 0.2-ppm SO, in either asthmatics or healthy adults.

It has been demonstrated that asthmatic individuals exposed to <I-ppm SO, while performing
moderate to heavy exercise for 5 min suffer significant bronchoconstriction or increases in sRaw
(Bethel et al., 1983; Linn et al., 1983, 1984).

Gong et al. (1995) was able to show an exposure-response relationship between SO, and
respiratory effects by exposing 14 unmedicated, SO;-sensitive asthmatics to 0-, 0.5-, and 1-ppm
SO, under 3 different levels of exercise. It was shown that increasing SO, concentration had a
greater effect on sRaw and FEV1 than increasing exercise level.

Tunnicliffe et al. (2003) evaluated the effects of a lower exposure concentration of SO, in resting
healthy and asthmatic subjects. No significant changes in lung function as measured by FEVI,
FVC, and maximal midexpiratory flow (MMEF) were observed following 1-h exposure to 0.2-ppm
SO,. The authors reported a small but statistically significant increase in respiratory rate in the
asthmatic group after SO, exposure compared to placebo (958.9 breaths/h with SO, compared to
906.8 breaths/h with air). However, this effect was counterbalanced by a reduction in tidal volume,
resulting in no net change in volume breathed during exposure.

One of the aims of the Linn et al. study ( 1987) study was to determine how the intensity of
response varied with asthma severity or status. In this study, 24 normal, 21 atopic (but not
asthmatic), 16 mild asthmatic, and 24 moderate/severe asthmatic subjects were exposed to 0-, 0.2-,
0.4-, and 0.6-ppm SO,. The exposure protocol consisted of 1-h exposures that included three 10-
min exercise periods (ventilation ~ 40 L/min). Physiological responses were measured at
approximately 15- and 55-min of exposure. Pooling data from both the mild and moderate/severe
asthmatic groups (n = 40) and using only measurements made at 15 min into the exposure, the
group mean sRaw was doubled with 0.6-ppm SO, exposure.

In the project report (Hackney et al., 1987) upon which the Linn et al. (1987) article was based,
individual data were presented that showed that 15/40 moderate/severe asthma subjects (37.5%)
had a doubling of the sRaw at concentrations of <0.6-ppm SO,.

Linn et al. (1987) demonstrated that moderate and severe asthmatics had the most severe
physiological and symptom responses. While the moderate/severe asthmatics were more responsive
than mild asthmatics following exposure to clean air during exercise, their increases in response
with increasing SO, concentrations were similar to the mild asthmatic group. Thus, it was
concluded that SO, response was not strongly dependent on the clinical severity of asthma. The
apparent lack of correlation between SO, response and asthma severity should be interpreted with
caution, since the SO, response may have been attenuated by medication usage or its persistence.



Three of the moderate/severe asthmatics were unable to withhold medication usage during the
exposure period. It was also suggested that individual SO, response could not be predicted by
severity of asthma or asthma status, since a few of the atopic individuals who were not asthmatic
nor had exercise-induced bronchoconstriction were reactive to SO,. On the other extreme, a few of
the asthmatics, including some in the moderate/severe group, did not react to 0.6-ppm SO,.
Nevertheless, the largest sRaw increases and most substantial decrements in FEV1 occurred in the
moderate/severe asthmatic group

Horstman et al. (1986) exposed 27 asthmatic subjects for 10 min on different days to
concentrations of SO, between 0- and 2-ppm SO, under exercising conditions (ventilation = 42
L/min). These authors reported that for 25% of the subjects, the concentration of SO, needed to
produce a doubling of the specific airway resistance (SRaw) [designated as (PC(SO;)] was <0.5
ppm, and for about 20% of the subjects the PC(SO,) was >1.95 ppm, with a median PC(SO,) of
0.75 ppm. Though Hackney et al. (1987) demonstrated the distribution of bronchial sensitivity of
asthmatics to SO,, the authors cautioned against expressing SO, response in terms of PC(SO,).
Hackney et al. (1987) noted several limitations to using PC (SO,) analysis for risk assessment
purposes. First, the choice of a 100% increase in sRaw is arbitrary and may not necessarily have
any health significance. For example, as noted by the authors, an increase in sRaw from 2 to 4
would meet the 100% criterion but may not be of clinical significance. However, an increase from
12 to 22, while not meeting the criterion, would be of clinical significance. Second, there may be
loss of information from the rest of the exposure-response curve other than the chosen point. For
example, two subjects may have similar values of PC (SO,) but substantially different overall risk
because of differences in threshold levels and slopes. Finally, PC (SO;) based on the Hackney et
al. (1987) study was not necessarily a stable and reproducible measurement. In some cases, the
sRaw change exceeded 100% at low concentrations but not at high concentrations.

Two key studies have shown that a bronchoconstrictive response to SO, can occur in as little as 2
min in asthmatic subjects.

Horstman et al. (1988) exposed 12 SO,-sensitive asthmatic subjects to 1.0-ppm SO, with exercise
(ventilation = 40 L/min). Correcting for exercise-induced responses, sRaw was shown to increase
by 121% after a 2-min exposure and by 307% after a 5-min exposure.

Balmes et al. (1987) exposed 8 asthmatic subjects to 0.5- and 1.0-ppm SO, during eucapnic
hyperpnea (60 L/min) by mouthpiece on separate days for 1-, 3- and 5-min durations. The
magnitude of bronchoconstriction increased progressively over the three time periods. At 0.5-ppm
SO,, sRaw increased by 34, 173, and 234% compared to baseline at 1, 3, and 5 min of exposure,
respectively. For the 1.0-ppm SO, exposure, sRaw increased by 93, 395, and 580% compared to
baseline at 1, 3, and 5 min of exposure, respectively.

The interaction of SO, with other common air pollutants or the sequential exposure of SO, after
prior exposure to another pollutant can modify the SO,-induced respiratory effects. However, only
a few studies have looked at the interactive effects of coexisting ambient air pollutants :

Koenig et al. (1990) examined the effect of 15-min exposures to 0.1-ppm SO, in adolescent
asthmatics engaged in moderate levels of exercise. Immediately preceding this exposure, subjects
were exposed for 45 min to 0.12-ppm O3 during intermittent moderate exercise. In this study,
subjects also underwent two additional exposure sequences with the same exercise regimen: 15-
min exposure to 0.1-ppm SO, following a 45-min exposure to clean air, and 15-min exposure to
0.12-ppm O3 following a 45-min exposure to 0.12-ppm Os. The authors found that the change in
FEV1 compared to baseline was significantly different following the O3;-SO, exposure (8%
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decrease) when compared to the change following the air-SO, or Os- O3 exposures (decreases of 3
and 2%, respectively).

Jorres and Magnussen (1990) and Rubinstein et al. (1990) investigated the effects of a prior NO,
exposure on SO;-induced bronchoconstriction in asthmatic adults. While Jorres and Magnussen
(1990) suggested that prior exposure to NO, increased the responsiveness to SO,, Rubinstein et al.
(1990) did not find that NO, exacerbated the effects of SO,.

Individuals with Chronic Obstructive Pulmonary Disease (COPD)

Linn et al. (1985) examined the respiratory effects of SO, exposure on subjects with COPD. In this
controlled laboratory study, 24 subjects with COPD were exposed for 1 h to 0-, 0.4-, and 0.8-ppm
SO, with two 15-min periods of light exercise (ventilation = 18 L/min). In contrast to studies with
asthmatics, most of the subjects in this study regularly used bronchodilatators and were permitted
their use up to 4 h prior to the study. The authors reported no SO, effects on sRaw, spirometric
measures, or arterial oxygen saturation. While it was concluded that older adults with COPD seem
less reactive to SO, compared to heavily exercising young adult asthmatics, it was thought that this
may be due to differences in medication usage as well as to the lower ventilation rate observed in
subjects with COPD, which would itself result in a reduction in the pulmonary uptake of SO,.

Summary of Human Studies on Lung Function in Adults :

In all reviews on SO, health effects it was established that subjects with asthma are more sensitive
to the effects of SO, exposure than healthy individuals without asthma.

The evidence from the reviewed studies indicates increased respiratory symptoms with peak (5-15
min) SO, exposures above 0.5 ppm in asthmatic subjects.

Results from human clinical studies have consistently demonstrated decreases in lung function
(e.g., decreased forced expiratory volume in 1 s [FEV1] and increased specific airways resistance
[sRaw]) following peak exposures (5 to 15 min) to SO,. These effects have clearly and
consistently been shown among individuals with asthma, with asthmatics exhibiting significant
decrements in lung function following 5- to 15-min exposures to SO, concentrations of as low as
0.5 ppm while performing moderate levels of exercise (e.g., Gong et al., 1995; Horstman et al.,
1986; Linn et al., 1987; Sheppard et al., 1981).

The effect of peak SO, exposure on lung function has been shown to increase in magnitude with
increasing SO, concentrations above 0.5 ppm. Studies have further observed significant
decrements in lung function in some sensitive asthmatics following 5-15 min exposures to SO,
concentrations of as low as 0.25 ppm while performing moderate levels of exercise (Horstman et
al., 1986; Sheppard et al., 1981). Thus, the observations of increased bronchoconstriction and
airway resistance in human clinical studies provide clear evidence for SO, effects with peak
exposure.3

Airway Inflammation

Sandstrom et al. (1989) in a controlled-exposure, time-response study exposed 22 healthy male
subjects for 20 min to 8-ppm SO, under light exercising conditions. Bronchoalveolar lavage was
performed in all subjects at least 2 weeks prior to exposure, as well as at 4, 8, 24, and 72 h after
exposure in 8/22 subjects. The authors found that as early as 4 h after exposure to SO, lysozyme-
positive macrophages, lymphocytes, and mast cells were significantly increased compared to
baseline. Twenty-four hours after exposure, these markers of inflammation, as well as the total
alveolar macrophages (AM) and total cell number, were at peak levels. This study demonstrated
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that SO,-induced inflammation may extend beyond the short time period often associated with SO,
effects.

Studies at levels of exposure relevant for ambient air pollution:

Tunnicliffe et al. (2003) measured levels of exhaled nitric oxide (eNO) in asthmatic and healthy
adult subjects before and after 1-h exposure to 0.2-ppm SO, under resting conditions. While eNO
concentrations were higher in the asthmatic versus healthy subjects, no significant difference was
observed between pre- and postexposure in either group.

Adamkiewicz et al. (2004) examined exhaled nitric oxide (eNO) as a biological marker for
inflammation in 29 older adults (median age 70.7 years). The mean 24-h average SO,
concentration was 12.5 ppb (IQR 11.5). The authors reported that, while significant and robust
associations were observed between increased daily levels of fine PM (PM2.5) and increased eNO,
no associations were observed with any of the other pollutants examined, including SO,, NO,, and
03.

2.2.2. Animal data on acute toxicity
Animal toxicological studies

In the reviews on SO, it was reported bronchoconstriction (as indicated by increased pulmonary
resistance) as the most sensitive indicator of lung function effects of acute SO, exposure based on
the observations of increased pulmonary resistance in guinea pigs that were acutely exposed to
0.16-ppm SO,. Some of the new animal toxicological studies are consistent with these
observations:

increases in pulmonary resistance and decreased dynamic compliance were the most frequently
observed effects in conscious guinea pigs exposed to 1-ppm SO, for 1 hour ( Amdur et al.( 1983) .

Studies to understand the potential role of neuronal component in SO,-induced pulmonary
resistance used the anesthetics ketamine in guinea pigs exposed to 1-ppm SO, for 3 h/day for 6
days (Conner €t al., 1985), carbamate in rabbits exposed to 5-ppm SO, for 45 min (Barthélemy et
al., 1988), or surgical manipulation (bivagotomy).

These studies indicated that pulmonary resistance was increased in ethyl carbamate-anesthetized
rabbits exposed to SO, but not in ketamine-anesthetized guinea pigs. Further, observations of the
elimination of reflex bronchoconstrictor response by phenyldiguanide in rabbits exposed to 5-ppm
SO,, but not the lung resistance induced by histamine, suggested that SO,-induced
bronchoconstriction in rabbits is not mediated through the vagus nerve. Though these results
provided some understanding on the mechanisms involved in the development of SO,-induced
bronchoconstriction, these studies were carried out using only one SO, exposure dose and
precluded assessment of concentration-response relationships and identification of a no-effect level.
In summary, animal studies have shown that guinea pigs exposed to 0.16- to 1-ppm and rabbits
exposed to 5-ppm SO, have increased pulmonary resistance that is not mediated through the vagus
nerve.

Animal studies on inflammation:
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Two recent studies that examined inflammatory responses in animals exposed to SO, report
characteristic responses such as leukocyte influx and changes in enzyme levels or activities in the
lung at high SO, concentrations.

Meng et al. (2005) observed elevated levels of pro-inflammatory cytokines interleukin-6 and tumor
necrosis factor-. in lung tissue of mice exposed to SO, concentrations of 5.35 and 10.7 ppm. The
levels of anti-inflammatory cytokine transforming growth factor were not affected at any exposure
level.

Langley-Evans et al., (1996) in rats exposed to 5, 50, or 100 ppm of SO, for 5 h/day for 28 days,
observed increased leukocyte numbers in bronchoalveolar lavage fluid at 100 ppm, but no such
infiltration of leukocytes was observed in rats exposed to 5 or 50 ppm

In acute duration inhalation study with hamsters ( < 12/ group ), there was a significant reduction in
endocytosis by pulmonary macrophage ( process used in defending lung against pathogens and
foreign bodies) following to 50 ppm sulphur dioxide for 4 hours while exercising ( Skornik et
Brain, 1990 ).

Data from experiments in animals with acute or short-term exposure support the findings in
humans, that sulphur dioxide irritates the (upper) respiratory tract and eyes and reduces respiratory
defence mechanisms against bacterial infections. In addition, changes in enzyme activities in liver
and blood were observed. However, the quality of the reporting of most of these studies was

3

insufficient. Apart from that, most animals were exposed to very high levels (up to 267 mg/m
3

(subchronic) or >1,000 mg/m (acute) ( DECOS,2002)

In summary it could be concluded, that limited epidemiological, human clinical, and toxicological
evidence does not indicate that exposure to low SO, concentration is associated with inflammation
in the airways. The tests available have used high levels of exposure to SO,

2.2. 3. Cardiovascular Effects

Several recent epidemiological studies also have examined the association between air pollution
and cardiovascular effects, including increased heart rate (HR), reduced heart rate variability
(HRYV), incidence of ventricular arrhythmias, changes in blood pressure, incidence of myocardial
infarctions (MI), and ED visits and hospitalizations due to cardiovascular causes.

Heart Rate and Heart rate Variability

Brook et al. (2004) note that decreased HRV predicts an increased risk of cardiovascular morbidity
and mortality in older adults and those with significant heart disease.

HRYV is generally determined by analyses of time (e.g., standard deviation of normal R-R intervals
and frequency domains (e.g., low frequency [LF] / high frequency [HF] ratio by power spectral
analysis, reflecting autonomic balance) measured during 24 h of electrocardiography (ECG).
Sandstrom et al .3(1988) exposed eight healthy, non-smoking individuals to clean filtered air or to 1,

5 and 10 mg/m (0.4, 2 and 4 ppm) sulphur dioxide for 20 minutes. During the exposure the
individuals exercised on a bicycle ergometer for 15 minutes. No differences in heart rate were
observed at the different exposure, nor were there any significant changes in lung function. A few
individuals complained about mild eye symptoms, mild breathlessness and cough. These
complaints were not related to the exposed concentration. However, a concentration-related
increase in nasal and throat irritation was observed.
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Tunnicliffe et al.(2001) expose in a double-blind study, twelve normal and twelve mildly asthmatic

3
adults, all nonsmokers to clean air or to a single dose of 0.53 mg/m (200 ppb) sulphur dioxide for 1
hour during rest. No significant changes in lung function (e.g. FEV,) or in maximum or minimum

heart rates were found in any of the exposed subjects. However, spectral analysis of heart rate
variability with sulphur dioxide exposure in normal subjects showed: higher values for total power
(TP); high frequency power (HF); and, low frequency power (LF) compared to air (p<0.05 for TP)
in normal subjects. In asthmatics, all three indices were lower, although not statistically significant.
The authors also suggest that sulphur dioxide exposure can influence the autonomic nervous
system, which may be important in understanding the mechanism involved in sulphur dioxide
induced bronchoconstriction and of the cardiovascular effects of air pollution.

In summary, it could be concluded that overall evidence that SO, affects cardiac autonomic control
is weak and inconsistent.

Arrhytmia.

One toxicological study examined the effects of PM, ultrafine carbon, and SO, on spontaneous
arrhythmia frequency in 18-month-old rats (Nadziejko et al., 2004). The rats were exposed to 1-
ppm SO, for 4 h. No significant change in the frequency of spontaneous arrhythmias was found
with SO, and ultrafine carbon exposure. However, rats exposed to concentrated ambient PM had a
significantly greater increase in the frequency of delayed beats than rats exposed to air.

In summary. the limited toxicological evidence did not provide biological plausiblity of an effect of
SO, on arrhythmias.

2. 3. Irritation and corosivity

The critical effect of sulphur dioxide evaluated by SCOEL (1998) is irritation of the upper
respiratory tract. Irritative effectss observed in humans and in animals are included in the chapter
2.2.1.and 2.2.2.

Eyes
Liquid sulphur dioxide may cause frostbite or severe corneal damage by direct contact on the skin
and eyes, respectively (von Burg, 1995).

2.4. Sensitisation
2.4.1. Human data

No human data has been presented, suggesting that sulphur dioxide may be a sensitising agent
through immunologic mechanisms. However, in the literature, it has been suggested that air
pollutants, such as sulphur dioxide, promote airway sensitisation by modulating the allergenicity of
airborne allergens. In addition, it has been suggested that the sulphur dioxide-induced mucosal
airway damage and impaired mucociliary clearance may facilitate the penetration and access of
inhaled allergens to the cells of the immune system (D Amato,2002).

In a study of 10 mild asthmatics , prior inhalation of 0.2 ppm sulphur dioxide for 6 hours did not
significantly affect the provocation dose of Dermatophagoides pteronyssinus allergen required to
produce a 20% decrease in FVC1 ( Devalia et al., 1996 ).
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Increased prevalence of allergies was observed in 556 children (7-13 years) living near an
aluminium smelter in Norway for seven years or more. The exposure to sulphur dioxide was on
0.008-0.009 ppm. However, there was no control for possible confounders such as fluoride or other
air pollutants (Soyseth et al.,1996).

2.4.2. Animal data on sensitisation

A limited number of animal studies suggest acute SO,-induced increases in airway obstruction and
hypersensitivity in allergen-sensitized guinea pigs and sheep.

Increase sensitization to antigen was reported in a study of six guinea pigs exposed by inhalation
to 5 ppm SO, for 8 hours/ day for 5 days, with intermittent inhalation of ovalbubin ( Riedel et al.,
1992).

Bronchial responses (pulmonary resistance or reduced dynamic compliance to agonists (i.e.,
histamine, methacholine (MCh), 5-hydroxytryptamine) are examined after exposure to evaluate
toxic effects of pulmonary toxicants.

Exposure of rabbits to 5-ppm SO, for 2 h had no effect on airway responsiveness to histamine
(Douglas et al., 1994).

Even at higher concentrations of 10-ppm SO, for 5 min, hyperresponsiveness and hyperreactivity
effects to aerosolized MCh or 5-hydroxytryptamine were not observed in dogs (Lewis and
Kirchner, 1984), but positive responses were observed at the higher concentration of 30 ppm.

The effect of SO, on antigen-induced sensitivity reactions was assessed in sheep. A 4-h exposure
to 5-ppm SO, increased airway reactivity in response to carbachol in sheep that had been sensitized
to Ascaris suum antigen 24-h postexposure, but increased sensitivity was not observed in
nonsensitized sheep (Abraham et al., 1981).

Summary:

Limited epidemiological evidence suggests that exposure to SO, may lead to airways
hyperresponsivness ( AHR) in atopic individuals. Toxicological studies that observed increased
airway obstruction and hypersensitivity in allergen-sensitized animals provide biological
plausibility. The epidemiological evidence further indicates that atopic individuals may be at
increased risk for SO,-induced respiratory symptoms.

2.5.REPEATED DOSE TOXICITY
2..5.1. Human data

Epidemiological studies have associated chronic sulphur dioxide exposure with chronic coughing;
bronchitis; increased susceptibility to airway infections; and, increased susceptibility to allergy by
airborne allergens. However, because these studies included several confounding factors, they are
considered insufficient for quantitative risk assessment.

Kehoe et al.(1932) conducted a study of workers exposed to sulphur dioxide in a refrigerant
manufacturing plant. Prior to 1927 concentrations of SO, averaged between 80-100ppm. After the
installation of the ventilation system, sulphur dioxide levels typically ranged between 5-35 ppm
with occasional peaks as high as 50-75 ppm.The incidence of respirator