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enclosed with breaches for sampling, drum filling, and coupling and uncoupling of pipework 
for tanker loading. Where breaches occur, exposure is often controlled by the use of LEV. 
The level of exposure experienced during maintenance activities is potentially one of the 
highest. The use of respiratory protective equipment is also sometimes used during 
breaches in the system, which should further reduce actual exposure to styrene. 

Within the GRP industry in the EU, there is a much wider range of exposures experienced by 
workers. In HSE’s database there is a range of 0.6 to 158 ppm 8-hour TWA. Results 
originally supplied by CEFIC showed exposures of between 0.1 and 380 ppm 8-hour TWA. 
More recent data supplied by CEFIC, taken using a standardised sampling method, range 
from 1.6 to 167 ppm 8hr TWA. The higher exposure experienced by the GRP manufacturing 
industry compared to the other users of styrene is a reflection of the work methods, which in 
many case are open, labour intensive processes. More modern semi-enclosed processes 
are now available and are used more significantly by some member states than others, but 
the use of open moulding techniques is still widespread. The size of the companies also 
varies from about 5-50 employees, with the smaller companies exhibiting lack of awareness 
of the need to control exposure and the methods by which to achieve control. 

There has been an overall reduction in workplace exposure to styrene during the last decade 
as better controls have been implemented. Semi-enclosed moulding processes remove the 
need for hand laminating and do reduce exposures.  

The potential for dermal exposure in the monomer, polymer and copolymer group of 
industries occurs during breaches in largely closed systems; during sampling, drum filling 
and coupling and uncoupling of pipework during tanker loading. Any differences in the 
predicted ranges of exposure are due to the percentage content of styrene monomer in the 
substances being manufactured. Almost all companies in these industries reported the use 
of PPE during breaches in the enclosed system of manufacture.  

The Riskofderm project provided some real dermal exposure measurements for the GRP 
scenario. The dermal RWC is 8 mg/cm2, over 820 cm2 and the dermal typical value is 1.2 
mg/cm2 over 820 cm2. This reflects the open nature of the process and the large degree of 
manual handling of the up-styrene resin required. The EASE prediction for dermal exposure 
gives similar values. 

A summary of all of the values used in risk characterisation is given in Table 4.23 below. 
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Table 4.23  Summary table of occupational exposures to styrene taken forward to risk characterisation 

INHALATION 
8- HOUR TWA    
 ppm      (mg/m3) 

SHORT TERM  
   ppm  (mg/m3) 

DERMAL  
mg/cm2/day 

( area exposed) 

SCENARIO 

TYPICAL  RWC SOURCE   TYPICAL RWC SOURCE TYPICAL RWC SOURCE
Manufacture of 
monomer 

0.1 

(0.433) 

1 

(4.33) 

Industry    1

(4.33) 

15 

(65) 

EASE 0.1

(210) 

0.1 

(420) 

EASE 

Production of 
polystyrene 

0.1 

(0.433) 

1 

(4.33) 

Industry    1

(4.33) 

15 

(65) 

EASE 0.1

(210) 

0.1 

(410) 

EASE 

Production of UP-
styrene resin 

3 

(13) 

20 

(86.6) 

Industry/EASE    9

(39) 

50 

(216.5) 

EASE 0.04

(210) 

0.4 

(210) 

EASE 

Production of SBR 
and SB latex 

1 

(4.33) 

5 

(21.65) 

Industry/EASE    1

(4.33) 

15 

(65) 

EASE 0.1

(210) 

0.1 

(420) 

EASE 

GRP manufacture 40 

(173) 

100 

(433) 

Industry/HSE/ 
Kolstad et al 

 

60 

(260) 

180 

(779) 

Kolstad et al 
/HSE/EASE 

1.2 

(820) 

8 

(820) 

Riskofderm
/TGD 
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4.1.1.2 Consumer Exposure 

In section 2.2 the IUCLID data on the production range for styrene is given as between 2.2 
and 4.9 million tonnes annually, with imports between 30 and 150 thousand tonnes. Most of 
this is used in the production of polystyrene and in other polymers including acrylonitrile-
butadiene rubber, unsaturated polyester and other resins. Many of these products are used 
in consumer goods; a table is given in section 2.3. 

This section is concerned with the exposure of consumers to styrene via consumer products.  
Consumers may be exposed through the release of residual styrene monomer from 
polymeric styrene products. This exposure may follow emission into the atmosphere from 
materials such as carpet backing and underlay, or migration from food wrappings into food.  
Consumers may also be exposed to the monomer if they use styrene-containing resins for 
filling or repair of wood, glass fibre or metal or use styrene based adhesives. The resin 
exposures may be infrequent and acute but are potentially high – comparable to equivalent 
work in an occupational setting. 

Styrene is also present in the diet from natural sources, from chewing gum and tobacco 
smoke. Exposure to styrene arising from natural sources and from contamination of food, 
water and the air following emissions from industrial plant are considered in section 4.1.1.3..  
Some brands of chewing gum contain food-grace styrene-butadiene rubber, which may be a 
source of residual styrene monomer. Styrene in tobacco smoke is not a product of the 
styrene industry but a by-product of combustion. However, it can contribute significantly to 
total styrene uptake. 

This section uses measured and modelled data to predict exposures from the above 
sources. 

There is some information available on styrene in indoor air and this is referred to when 
appropriate for comparison with the model calculations. However, while there is some 
information on residue levels in various polymers, there is little to connect particular products 
with specific airborne exposures and there is little information on emission rates.  
Consequently there are some uncertainties in the calculations of human uptake. However, 
an attempt has been made to differentiate between continuous low-level exposures to 
airborne styrene and the short term, sporadic exposures which may arise from certain 
consumer activities. 

The predicted exposures are in turn used to predict the uptake, in this context the amount 
inhaled, swallowed or on the surface of the skin. The extent of absorption following 
exposure, and consequently uptake, is calculated in the risk characterisation section. 

4.1.1.2.1 Continuous low-level exposure arising from the use of polymeric 
materials releasing free monomer 

Exposure from residual monomer in polymeric building materials and carpets 

Low concentrations of styrene have been reported for indoor air as a result of emissions 
from polyester resin flooring materials (McClellan, 1994). One poorly reported study 
suggested that plastic floor tiles emitted most of the styrene within the first two weeks of 
manufacture (Gadalina et al, 1969). After a month the emissions appeared to fall 
dramatically and concentrations of styrene in the air had gone from initial levels of over 200 
ug/m3 to almost nothing. 
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Styrene butadiene rubber (SBR) is usually made by polymerising the two monomers in water 
(see section 2). Residual styrene is often found in polymer dispersions used for products 
such as carpet backing. Although no precise data are available, the industry has indicated 
that 200 ppm is the upper limit for free styrene in these polymer dispersions. A tolerance limit 
of 0.005 mg/m3 for styrene emissions from carpets has been set by G.U.T., the German 
carpet manufacturers trade association, but this may not apply across the rest of Europe. 

There is no information on other polymeric materials containing styrene, although the data 
presented below in relation to food contact materials may be relevant, since some of these 
materials have other uses in building materials. However, to make use of the information on 
residual monomer level, further information would be needed on the rate of emission of the 
styrene into the atmosphere. 

Studies of indoor air quality present data on ambient airborne styrene levels in the homes or 
other buildings. The US TEAM study presented an average level for residential indoor air of 
6.12 ug/m3  with a median of 1.32 ug/m3  (2125 data points). Interestingly, indoor air levels 
were greater than levels in ambient air, which had a median level of 0.507 ug/m3  (McClellan, 
1994) most likely due to smoking. A Canadian study of 757 single family homes quoted in 
the same review, presented average 24 hour styrene concentrations across all homes of 
0.28 ug/m3 ranging from not detected (<0.48 ug/m3 ) to 128.93 ug/m3. A much smaller 
Canadian study (7 out of 12 homes) had averages of 4 ug/m3 in autumn (the highest value 
around 7 ug/m3) and an average of 2.4 ug/m3  (range 1 to 4 ug/m3 ) in winter. No information 
on smoking was included in these Canadian studies. 

Stepwise regression analysis of the TEAM study data suggested that personal exposures 
were most strongly associated with smoking, working at plastics or chemical plant, exposure 
to paints and building scale models. In the Canadian study, information was collected on 
home age and type, ventilation and heating systems, occupancy, and activities including 
painting and acquisition of new furniture. This information was not available in the study 
report quoted by McClelland (1964). 

A review by an American group (Holcomb and Seabrook 1995) of recently published studies 
of indoor air concentrations of VOC’s suggested that styrene concentrations in public places 
averaged 8 ug/m3  (6 studies) and in homes averaged 1.6 ug/m3 (5 studies), all roughly in line 
with the TEAM studies. 

However, while these studies clearly indicate that styrene is present in indoor air and, in the 
case of the TEAM study, the possible importance of certain activities, particularly smoking, 
there are no measured data directly linking the presence of particular materials with 
particular styrene levels. This is expected, since there are a considerable number of 
variables to take into account in any study of contaminants indoor air. 

Given the variability of the information obtained, it is difficult to select one value alone that 
represents an overall average exposure. It is also important to differentiate between 
continuous low-level exposure and sporadic “spikes” of exposure, which may occur when, 
for example, new carpets are fitted. This latter exposure is discussed in section 4.1.1.2.2.  
For the continuous low-level exposure from building materials and carpets, the G.U.T. 
tolerance limit of 000.5 mg/m3 (5 ug/m3 ) compares well with the US average of 6.12 ųg/m3 
and with the results of the smaller Canadian study. This value will therefore be used as an 
indicator of worst case routine ambient indoor styrene levels arising from polymeric 
materials, including carpets. 

Assuming an ambient level of exposure of 0.005 mg/m3 and an adult inhalation rate of 11.5 
l/min (CONSEXPO default) for a 24-hour exposure, the daily exposure from this source will 
be in the region of 80 µg/day (0.08 mg/day).  
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Exposures from migration of residual monomer from food contact materials. 

Styrene-containing polymers used for food contact materials have been shown to contain 
quantities of residual monomer up to a maximum of 2500 mg/kg (0.25%) MAFF (1983).  
Styrene may therefore leach into food from articles made from these materials (e.g. 
kitchenware, cups, wrapping films, etc.) or may be actually present in food as a flavouring 
agent. Table 4.24 sets out the data. 

Table 4.24 Levels of residual styrene in polymer and copolymer food contact materials 
and articles in 1980 (MAFF, 1983) 

Residual styrene (mg/kg) Polymer or copolymer 
Typical Maximum 

Polystyrene 300-1000 2,500 

Expanded polystyrene 300-1000 2,000 

High impact polystyrene 300-1000 2,500 

Acrylonitrile-butadiene-styrene (for food tubs) 200-300 600 

Acrylonitrile-butadiene-styrene (for other uses) 300-1000 2,000 

Styrene-acrylonitrite 600-1200 2,000 

Methyl methacrylate-butadiene-styrene ND-10 30 

Styrene-butadiene block copolymer   

Glass reinforced plastic 20-200 1,000 

Styrene-acrylic copolymers 60 in latex  

Styrene-butadiene-styrenea   

Styrene-soprene-styrenea   

Methylstyrene-vinyltoluene resina   

Styrene-butadiene – raw polymer 10-30  

- cured polymer   
a – not used for direct food contact purposes 

This figure of 0.25% for residual monomer may, however, no longer apply to current 
materials. The Association of Plastic Manufacturers in Europe (APME) suggest that most 
polystyrene is now made to have a residual content of 300-600mg/kg with typical levels 
being ~400 mg/kg. Expandable polystyrene is an exception, the typical level being ~800 
mg/kg (see section, 3.1.0.1.4). APME states that the maximum figure is ~0.1% (1000 mg/kg) 
and this should only be seen in some expandable polystyrene representing a small 
proportion of the total. American studies (Jickells et al 1993) on thermoset polyester 
cookware showed a maximum free styrene content of 380 mg/kg (0.038%). 

Measurements on levels in food indicate that migration of the monomer from plastic to food 
can occur. However, it is not always easy to determine the source of the styrene as styrene 
can occur naturally in foodstuffs uncontaminated by plastic containers. The information 
presented below is taken from Chapter 3 but is repeated here in the context of food 
contamination for consumers. 

An extensive UK survey of styrene monomer levels in styrene-based plastic packaging 
materials and their contained foods (133) was carried out, examining a wide range of retail 
foods of different brand names (Gilbert and Startin, 1983). Some of the foods covered were 
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yoghurts, creams, salads, coleslaws, soft cheeses, margarines, hot and cold beverages from 
dispensing machines, spreads, fresh and cooked meats, candied fruits, fresh strawberries 
and take-away fast foods. Analysis of the plastic containers showed levels of monomer 
ranging from 16 to 1300 mg/kg, although the majority of containers (73%) had styrene levels 
in the range 100-500 mg/kg and only five plastic tubs had levels exceeding 1000 mg/kg.  
Analysis of the food contents of the plastic containers showed levels of monomer ranging 
from <1 µg/kg to 200 µg/kg, although the majority of foods (77%) had styrene levels below 
10 µg/kg and 26% of the total number analysed had levels below 1 µg/kg. 

MAFF (1983) also monitored styrene levels in food products in the UK in 1981. The mean 
concentrations tended to be higher in dairy products: 26 µg/kg in yoghurt, 22 µg/kg in 
dessert products, 16 µg/kg in soft cheese, 11 µg/kg in cream and 10 µg/kg in spreads.  
Lower levels were found in coleslaw, fresh meat, glace fruit, fish, strawberries and take-out 
foods. Levels in food containers ranged from 197 – 718 µg/kg. 

Similar monitoring exercises were carried out in 1992 and 1994 (MAFF, 1994). In the most 
recent survey, 248 samples of food, including hot and alcoholic drinks, fruit and vegetables, 
meat, take away meals and a variety of dairy produce, in a variety of pack types and sizes 
were analysed. The majority of the samples ranged from below 1 µg/kg (the detection limit) 
to 60g/kg. Higher levels were found in some low fat spread samples, up to 100 g/kg, 
although other samples of similar materials contained less than 20 µg/kg. Milk and cream 
products sold in individual portions (~10 g) had styrene contents from 23-223 µg/kg, with a 
mean of 134 µg/kg. For other food types, mean values were less than 30 µg/kg.  In general, 
for each food type higher levels were found for products with a higher fat content or packed 
in smaller containers. Overall the styrene levels were considered to be similar to those in the 
pervious surveys. 

Miller et al (1994) cited a TNO literature review of surveys of styrene in foodstuffs. The 
highest concentrations reported were in beer (10-200 µg/kg), coffee (20-360 µg/kg), 
bilberries (25 µg/kg) and blackcurrants (60 µg/kg). Styrene was detected in 62 food products 
but was not quantified in most of these. 

In a Canadian survey of a wider range of foods, samples of 34 food groups (each a 
composite of individual food items, combined in approximate proportion to their consumption 
in the Nutrition Canada Survey) were collected from retail outlets (Environment Canada, 
1993). Styrene was not detected in any of the 34 food groups (detection limits 1.0 µg/1 for 
liquids and 0.005 µg/kg for solids). 

One study measuring emission of styrene from containers into food has been found Varner 
and Breder (1981a) measured leaching of styrene from foam cups into water, tea and coffee 
of 0.0077, 0.0078 and 0.0078 µg/cm3 respectively, with leaching into ethanol solution 
reported to be greater. 

The studies of styrene in food include levels of residual monomer in food containers and 
foodstuffs. There is one study of emission rates into food from a container. The levels vary 
over a wide range and, given the nature of the surveys, it is not feasible to separate the 
contributions of natural sources, environmental contamination, food preparation and food 
containers. However, it is clear that residual styrene in containers can migrate into foods and 
that higher concentrations are found in foods containing higher levels of fat and presented in 
smaller pack sizes. MAFF (1983) estimated that the average and maximum likely per capita 
uptakes of styrene derived from the average UK diet are approximately 1 µg/day and 4 
µg/day, respectively. However, while this estimation clearly made use of the survey data, the 
calculation refers to total styrene intake, not just the contribution from packaging. 
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A model has been developed for estimating the daily dietary uptake of styrene from food 
stored in polystyrene containers (Lickly et al, 1995). This model uses an amended form of 
the US Food and Drug Administration’s consumption factor and food-type distribution factor 
approach. The consumption factor is defined as the fraction of an individual’s diet likely to 
have contact with a given packaging material and for each material, food type distribution 
factors are defined which indicate the fraction of the food that is aqueous, acidic, alcoholic 
and fatty. The food distribution factors are combined with extraction data on the additive of 
interest, suing appropriate solvents, under the most severe temperature and time conditions 
to which food will be exposed while in contact with the packaging. 

This approach is acknowledged to be very conservative and the amended approach takes 
account of the types of food in contact with polystyrene and refines the migration 
calculations to take more account of real conditions of use. For the average American diet, 
where polystyrene usage may be higher than in Europe, the contribution of styrene from 
polystyrene packaging to dietary intake was calculated to be 9 µg/day. 

Styrene is scheduled for consideration by the EC Scientific committee for Food, as part of its 
routine review of substances used in food contact plastics. A survey has been conducted in 
the UK to aid this review (MAFF, 1999). In this survey, samples of individual foods from 20 
food groups were purchased from retail outlets at five different locations in the UK, in 1997.  
The samples were prepared as for consumption and analysed for styrene, using an 
analytical technique with a detection limit of 0.3 µg/kg. A total of 100 food samples were 
analysed, including samples of food which had been packaged in material made from 
styrene (food samples in the ‘oils and fats’, offal’, ‘poultry’, ‘dairy products’, ‘carcass meat’ 
and ‘fish’ groups included samples which had been packaged in styrene-containing 
materials). Styrene was detected in all food groups, with the exception of ‘potatoes’. The 
highest level detected was 14 µg/kg, in a food sample from the ‘oils and fats’ group.  Levels 
were generally highest in this food group as well as in the food group ‘nuts’ (6-12 µg/kg).  
Migration from packaging may have contributed to the styrene levels in ‘oils and fats’, but not 
to those in ‘nuts’ as these food samples had apparently not been in contact with packaging 
made from styrene. It is possible that where styrene was detected in food groups not 
packaged in material made from styrene, contact may have occurred earlier in the 
production chain or some contamination from environmental sources may have occurred; 
natural production is also a possible source of the styrene in these groups, although this is 
considered less likely, in view of the diversity of non-packaged foods sources in which 
styrene was detected (animals, vegetables and fruit). 

Overall, this study indicates the presence of styrene in a variety of food types, at levels up to 
14 µg/kg. The estimated daily dietary exposure to styrene can be calculated from the mean 
levels of styrene in each food group together with average daily consumption data for each 
food group. Daily consumption data for each of the 20 food groups analysed in this study 
have been estimated in a national food survey conducted in the UK (MAFF, 1997). Based on 
the levels of styrene in each food group, and daily consumption estimates for each food 
group, the mean daily dietary intake of styrene, per person, is estimated to be between 2.1 
and ∼3 µg/day (see Appendix 8), equivalent to between 0.03 and 0.04 µg/kg/day, for a 70 kg 
adult (MAFF, 1999). As this estimate is based on a recent and extensive study of styrene in 
a wide variety  of food groups, the upper value of 3 µg/day (3 x 10-3 mg/day) will be used in 
the risk characterisation. 

A worst case scenario would be to assume that an adult has a styrene intake of between 2.1 
and 3 µg/day. 

 

4.1.1.2.2 Other sources of continuous consumer exposure 
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Chewing gum 

One study noted that styrene may be present in chewing gum made from food-grade 
butadiene-styrene rubbers (SBR), up to a level of about 30 mg/kg in SBR (MAFF, 1983). 

Information on long-term chewing gum consumption is available from UK dietary surveys.  
Average consumer consumption of chewing gum for adults (aged 16-64 years) is 2 
g/person/day, with a 97.5th percentile consumption of 11 g/person/day (Gregory et al, 1990).   

An alternative scenario is to use per capita consumption of chewing gum based on average 
consumption. Figures collected by the European Association of the Chewing Gum Industry 
(EACGI, 1995) show average consumption in the EU to be less than 1g/day. Assuming the 
“heavy user” consumes three times this value, 3 g/day can be used in the calculation. 

According to the EACGI, some brands of chewing gums contain a maximum of 2.4% food-
grade butadiene-styrene rubber. If the residual level of monomer in the polymer is 30 mg/kg, 
then using the 97.5th percentile consumption value as a worst case, and assuming that all 
the available styrene is ingested, the daily uptake of styrene would be 8 µg/day (8 x 10-3 
mg/day). Using the per capita consumption estimate, for a ‘heavy user’, then daily uptake is 
less than 3 µg (3 x 10-3 mg) styrene. The estimates based on the 97.5th percentile 
consumption data will be taken forward to the risk characterisation. 

Tobacco smoke 

Styrene is produced as a consequence of combustion of tobacco and therefore occurs in 
tobacco smoke.  It is not supplied for use in tobacco. As a consequence, this source of 
potential exposure is not subject to consideration under EEC/793/93. However, although 
clearly not a product of the styrene manufacturing industry, the available information on 
styrene exposure from tobacco smoke helps to set the contributions from other sources into 
context. It is presented only for information, and exposures arising from this adventitious 
source will not be included in the risk characterisation. 

In studies of whole smoke from cigarettes from different countries, the styrene content was 
found to be between 18 and 48 µg/cigarette. The US TEAM study indicated that smoking 
was an important contributor to styrene levels in indoor air, with concentrations of styrene in 
indoor air higher in homes with smokers. The concentrations so styrene in personal air 
samples for smokers was found to be higher and when styrene levels in breath samples 
were measured it was found that smokers had average levels of 1.1 µg/m3 compared with 
0.3 µg/m3 for non-smokers (Wallace and Pellizzari, 1986). The excess overnight 
concentrations of styrene in air in homes with smokers, measured by the difference in 
weighted geometric means in homes with or without smokers averaged over the surveys 
was 0.53 µg/m3 (McClellan, 1994). 

Assuming an inhalation rate of 11.5 l/min (CONSEXPO default) for a 24-hour exposure, then 
someone sharing a house with a smoker increases their styrene uptake by approximately 9 
µg over a 24 hour period. For a smoker, rounding the styrene content for cigarettes to 20 
and 50 µg/cigarette means that a heavy smoker (say 20 a day) may increase their styrene 
uptake to between 0.4 and 1 mg/day. 

While the limited measurements available clearly show a difference between smoking and 
non-smoking households and between the personal samples of smokers and non-smokers, 
the calculations of uptake, particularly in relation to the styrene content of smoke from 
individual cigarettes are tenuous. For comparison with other uptake values, living in the 
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same house as a smoker is assumed to add 9 µg/day (0.009 mg/day) to styrene uptake, 
whilst smoking is assumed to add 400 µg/day (0.4 mg/day) to total styrene uptake. 

 

4.1.1.2.3 Sporadic emissions from laying of new carpets 

This section attempts to quantitate the “spikes” of styrene exposure that can occur with 
some sporadic uses of styrene-containing materials. 

Fitting of new carpets 

A study is available which looked at emission of VOCs from building materials and consumer 
products (Wallace et al, 1987). Carpet and carpet glue were among the consumer products 
studied. Wood panels were carpeted using carpet glue and allowed to age for one week.  
They were then placed in an environmental chamber, which had a measured constant air 
flow. Sampling took place after 12 hours equilibration and an emission rate was calculated 
from the equation: 

Ceq – C0 = S/Va 

Where: 

 Ceq = the equilibrium concentration (µg/m3) 
 C0 = the background concentration 
 S = the source emission rate (µg/hr) 
 V =  the chamber volume (m3) 
 a =  the air exchange rate (hr-1) 

Styrene concentrations in the chamber were 8.4 µg/m3 and the emission rate for styrene was 
98 µg/hour. Levels of styrene in a new office building, sued for comparison, were also 
between 8 and 9 µg/m3, although this may have included a contribution from other materials. 

The US EPA has stimulated research on indoor air quality and its relevance to sick building 
syndrome. Carpets are one of several potential sources for volatile organic compounds 
(VOCs) and were recently studied for their off-gassing potential. One report (RTI, 1992), 
used data from chamber studies on new styrene-butadiene rubber backed carpets.  Only the 
carpet itself, and not the associated adhesives, was investigated. 

Styrene was found in emissions from all 19 products tested and the EPA model EXPOSURE 
was used to calculate exposure profiles from a simulated composite carpet containing 
styrene and the other common constituents. The predicted results showed styrene levels in 
the test house would rise to a peak of 90 µg/m3 within a day but then fall rapidly to less than 
10 µg/m3 after 5 days. A worst case scenario for the composite carpet predicted styrene air 
levels peaking at 420 µg/m3 within a day and falling to below 50 µg/m3 after 5 days. When 
this worst case model was combined with standard time activity patterns, an exposure profile 
was produced. Peak exposures were predicted to occur 7 to 15 hours after installation of the 
carpet. Cumulative inhalation exposures (assuming a breathing rate of 1.1 m3/hour) 
confirmed that the exposure peak was in the first 24 hours and was about 2 mg. 

The study by Wallace et al (1987) does not make clear whether the carpets are new and 
hence whether there is a contribution from adhesive and/or carpet. However, the panels 
were in any case allowed to age for one week, which implies, if the EPA predictions are 
correct, that the major emission peak would not be covered. The EPA study does not cover 
adhesive emissions. Recent information obtained from TNO (NL) and industry (EPDLA) 
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shows that styrene is not used as a solvent in adhesives for carpets. TNO states that during 
the period 1990-1993 (extensive TNO study on carpet fitting and exposure to solvents), 
styrene was not a relevant solvent in adhesives for carpets in products on the market in the 
Netherlands. EPDLA (European Polymer Dispersion and Latex Association) states that to 
the best of their knowledge, styrene is not used as a solvent in carpet adhesives. 
 
According to the study of Wallace et al (1987), for an 8-hour exposure to the concentrations 
found in the chamber (8.4 µg/m3), perhaps typical of an office, the calculated level of styrene 
uptake is about 50 µg (for an adult breathing 11.5l/min). A 24-hour exposure more typical of 
some domestic exposure, would lead to an uptake of 140 µg for an adult. The RTI 
experiments led to model predictions that styrene levels following carpet installation peaked 
within the first day and then fell rapidly. The cumulative exposure over the first day was 
about 2 mg. This peak value will be used as the 24-hour exposure for the laying of new 
carpets, for an adult.  

 

4.1.1.2.4  Styrene-containing resins 

Styrene is added to unsaturated polyester resins to act as a cross-linking agent and solvent.  
The DIY market for these products can be split into resin pastes and liquid resins. The resin 
pastes are used predominantly for cars, although some can be formulated specifically for 
household repairs such as wood filling. Liquid resins are used mainly for boat and car repair; 
the resin is used in a glass reinforced laminate. 

Consumers may also choose to build their own boats. A separate scenario will be described 
for this based on information from occupational boat building. 

Resin paste 

The resin pastes typically contain 11 – 18% styrene blended with inert fillers and plasticisers.  
Consumer kits containing polyester resin paste and hardener vary in volume between 60 
and 600 ml, with the commonest size being 250 ml.  

Liquid resin 

Liquid resins typically contain 30 – 40% styrene. Although the exposure scenario from the 
small scale use of liquid resin is likely to be similar to that for polyester resin repair paste, the 
higher styrene content may give rise to higher exposures. Specialist outlets which also 
supply professional users may supply industrial pack sizes up to 40 kg. Volatilisation of 
styrene during the use of these kits depends on a number of factors but 10% of the total, 
during use, can be regarded as a worst case. 

During application exposure occurs via the dermal and inhalation routes. The resins are 
probably applied, by hand, using a brush. 

Inhalation exposure for resin kits and liquid resins 

No measured data on exposure for consumer use of these products are availableThe 
consumer exposure during use of these products can be modelled. However, while the 
manufacturers recommend adequate ventilation during use of these products, an initial worst 
case scenario must assume that such products may be used in enclosed, poorly ventilated 
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spaces. The exposure consequences of such a worst case scenario may be calculated as 
follows, using the EC Algorithm and US EPA SCIES models. The calculations are presented 
in Appendix 4. Industry has also provided scenarios for consumer use of unsaturated 
polyester resin kits and liquid resins. These are given in Appendix 5. 

Exposure prediction using the EC Algorithm method 

The exposure scenario is that the product is used in a small garage and the immediate 
volume of air around the operator amounts to 2 m3. No ventilation takes place and the 
operator stays in the concentrated atmosphere. 

The EC Algorithm predicts that over a one hour period, a person working in this 
concentrated atmosphere will inhale approximately 29 g of styrene. 

Exposure prediction using the US EPA SCIES Program 

This is the US EPA computerised model for estimating the consumer exposure to chemical 
substances. The basic scenario remains the same but SCIES requires that some additional 
assumptions be made. The volume of air in which the contaminant is diluted is divided into 
two zones. Zone 1 represents the working area and is assumed to be a small room.  
However the air within this room is expected to mix to a limited extent with the rest of the 
building, Zone 2. One consequence of this model structure is that while the air around the 
working area may contain less styrene, the person coming away from the work area may still 
be exposed to a contaminant and for a much longer period, even though the work has been 
completed. 

Using SCIES, the average concentration in the work zone (Zone 1) during the period of use 
is 4.7 g/m3 and the peak concentration in that zone is 7.7 g/m3. Some exposure to lower 
concentrations will be maintained after the period of use. The person carrying out work is 
predicted to inhale approximately 20 g/event. For resin pastes, the amount inhaled is 
reduced to approximately 8 g/event. 

Industry scenarios 

These are based on TGD algorithms. 

(a) Reasonable “worse case” consumer use of body filler paste: (use: filling 
dented bodywork on a car within a closed garage) 

Assumptions: Amount of product used per event, q = 450 g (based on IK median pack size 
of 250 mls and product density of 1.8 g/cm3 ). In such applications it is difficult to use large 
amounts of catalysed filler at any one time as it cures before it can be used. The need for 
mixing, spreading, curing and sanding to take place increases the cycle time for application 
of each layer of paste and consequently limits the amount of paste to be used in an hour.  
450g would provide 5 x 90 g mixes of catalysed resin. 

Weight fraction of styrene in-product, Wf  = 0.12 (based on typical styrene concentration filler 
paste). 

Fraction of substance that volatilises during duration of exposure R = 0.05 (based on 
industry laboratory work on VOC emissions which indicates 4.5% of total styrene content lost 
from a filler containing 12% styrene during mixing with catalyst and the cure process). 
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Volume of air surrounding the user, Vr = 52 m3 (based on working in a garage of volume 35 
m3 containing a vehicle of closed volume 9 m3) implies net workspace volume of 26 m3.  
Simple arithmetical treatment would imply one air change an hour would be the equivalent of 
a two fold increase in diluent volume. Although the air change rate would be expected to be 
>=2 changes/hour, 1 air change/hour has been used to compensate for periods of inhalation 
of higher concentrations when working close to the source of emissions. 

♦ Ventilation rate of adult, Vinh = 1.3 m3 /h (US EPA for painting work etc) 

♦ Duration of Exposure t = 1h (likely normal maximum) 

Average concentration of styrene in air,   Cair = q x Wf X R x Vr
-1 

           Cair  = 450 x 0.12 x 0.05/52 

Cair  = 52 mg/m3 (converts to ~ 12 ppm) 

Amount of styrene absorbed in inhalation =  Cair  = Vinh  x fraction absorbed x time exposed 

  = 52 mg/m3 x 1.3 x 1 x 1h 

  = 68 mg (approximately 1 mg/kg  bodyweight 
for a 70 kg individual) 

This  assessment is in agreement with general experience of resin kit use, particularly in light 
of the expected frequency of such exposures (perhaps 1-3 hours per day). 

(b) Reasonable “worse case” consumer use of liquid resin kit: 

Assumptions: 

♦ Amount of product used per event, q = 550 g (based on standard 500ml 
“consumer” pack size in UK) 

♦ Weight fraction of styrene in product, Wf = 0.40 (based on typical maximum 
styrene concentration in liquid resin). 

♦ Fraction of substance that volatilizes during duration of exposure, R = 0.075 
(based on industry laboratory work on emissions from hand lay up). 

♦ Volume of air surrounding the user Vf = 52 m3  (based on working in a garage 
of volume 35 m3  containing a vehicle of closed volume 9 m3) implies net 
workspace volume of 26 m3. Simple arithmetic treatment implies one air 
change an hour would be the equivalent of a two fold increase in diluent 
volume. Although the air change rate would be expected to be >=2 
changes/hour, 1 air change/hour has been used to compensate for periods of 
inhalation of higher concentrations when working close to the source of 
emission. 

♦ Ventilation rate of adult, Vinh  = 1.3 m3  /h (US EPA default for painting work 
etc) 

♦ Duration of exposure t = 1 hour (likely normal maximum) 
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Average concentration of styrene in air,   Cair = q x Wf  x R x Vr
-1 

            Cair  = 550 x 0.4 x 0.075/52 

       Cair  = 318 mg/m3 (converts to ~ 75 ppm) 

Amount of styrene absorbed in inhalation =  Cair  = Vinh  x fraction absorbed x time exposed 

  = 318 mg/m3 x 1.3 x 1 x 1 hour 

  = 413 mg per event [approximately 6 mg/kg 
bodyweight for a 70 kg individual] 

Unaccustomed exposure to the distinctive odour of styrene is likely to encourage the user to 
seek better ventilation or fresh air. The frequency of such exposures to those purchasing 
consumer kits of liquid resin is unlikely to be more than a few hours/year.  

Discussion 

The predictions produced by the EC Algorithm method and the US EPA SCIES Program are 
probably overestimates of exposure, although the degree of over estimation is difficult to 
determine. Firstly, the assumption that all of the weight fraction of the product is available for 
volatilisation may be wrong. Secondly, the models assume volatilisation in a confined space 
and it is expected that outdoor use would significantly reduce exposure owing to natural 
ventilation. 

Another factor which suggests that these models may over-estimate exposure is that styrene 
concentrations above 1000 ppm (4.2 g/m3) produce irritation and lacrimation sufficient to 
force the user to seek fresh air. However, a further calculation in Appendix 4, using twice this 
value as a “bearable maximum” and a starting point for predicting exposure, suggests the 
amount inhaled will be approximately 11 g/event. 

The above predictions vary to a considerable degree, depending upon the assumptions 
made. However, use in poorly ventilated spaces, could mean that considerable amounts of 
styrene are inhaled. For the purposes of risk assessment of the use of liquid resins, the 
industry RWC scenario prediction of 413 mg of styrene inhaled per event will be used. For 
the purposes of risk assessment of resin pastes, the industry RWC scenario  of 68 mg/event 
will be used. These values are preferred as they appear to be based on more realistic 
assumptions than either of the two model predictions. 

Dermal exposure 

The use of resin kits could give rise to dermal exposure. The EC Algorithm for dermal 
exposure scenario for a reasonable worst case exposure assessment assumes that skin 
contact will arise through accidental spillage, or failure to wear protective equipment such as 
gloves during application of the resin. The calculations are presented in Appendix 6. 

If the typical maximum amount of styrene in a liquid resin product is 0.495 g/cm3, the amount 
of styrene predicted to be on the skin surface per event is approximately 14 g. For resin 
pastes, which contain less styrene, the amount predicted to be on the skin surface per event 
is 5.5 g. 

UK industry has suggested what is considers to be a more realistic worst case scenario for 
dermal exposure arising from the use of liquid resins. The calculations are presented in 
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Appendix 7. Should gross contamination occur due to significant accident spillage etc then 
removal of excess resin before continuing work would be expected for practical reasons, i.e. 
it is difficult to work with too much resin on the hand as it would stick to the workpiece.  

The amount predicted to be on the skin available for uptake (as 10% evaporates) is 
calculated to be approximately 11 g/event. Industry also suggest that  skin contamination 
would be unlikely when using resin paste as the product is a thick paste handled with a filling 
knife or plastic spreading tool included in consumer kits.  

The above dermal exposure calculations for the skin surface vary depending upon the 
details assumed in the use scenario. Furthermore, skin contact could be considerably 
reduced by wearing appropriate gloves. The amount absorbed across the skin is a separate 
issue, considered in the risk characterisation section. However, the amount absorbed will 
depend upon the rate of curing of the resin (UK industry has some comments on this issue in 
Appendix 7), and the amount of time that the resin remains on hands before washing.   

For the purposes of risk characterisation, the amount of styrene deposited on the skin 
available for uptake will be assumed to be 11 g/event for liquid resins (on the grounds of 
practicality). Although the levels on the skin for use of pastes are likely to be much lower 
than 5.5 g/event because of the physical nature of the product, some of the product is likely 
to get on to the skin, so 1.7 g/event will be used for paste kits as this is the only available 
value. The uncertainty of this value will be taken into account at the risk characterisation 
stage. 

 

4.1.1.2.5  Boat Building 

Information received from Member States, indicates that in several EU countries (including 
Sweden, Finland and the Netherlands) consumers do build their own boats. We have no 
direct information on exposures during this activity but will use information from the 
occupational setting to derive a scenario. 

Essentially the process that consumer boat builders must go through using styrene in GRP  
production is the same as used in boatyards. The main difference will be in the amount of 
time consumers spend carrying out this work, as they are very unlikely to spend 8 hours a 
day over the whole year building boats. We have assumed that a consumer is  unlikely  to 
build more than one boat and so will estimate an amount of exposure per event (i.e. building 
one boat). It should be noted that the actual building of the boat is likely to be spread over a 
very variable period of time, depending on the consumer. 

Information from HSE’s NEDB gives an indication of how much time is spent in workshops 
on the lamination part of boat building and this information has been used to estimate the 
amount of time it would take to manufacture a ‘small’ boat by hand lamination. Hand 
lamination is the most likely process to be used by  consumers as it is less dependent on 
technology. It is assumed that work will take place in a poorly ventilated enclosed space, 
such as a shed or outbuilding, although there will likely be inward leakage of fresh air due to 
badly fitting doors and/or windows. It is possible that this work would be done outside, which 
would reduce possible inhalation exposures , but this is very dependent on the weather 
conditions. So we have assumed that the reasonable worst case would be inside a shed. 

A ‘typical’ small boat can be described as 4.6 m long, 1.83m beam and 0.2 – 1.2m draft, with 
one layer of gelcoat and 3 layers of glass fibre. This is based on a racing sailing dinghy. In 
the occupational setting the average time it needs for 1 person to build a small boat hull, with 
no deck, i.e. a rowing boat type, using hand lay up, would be 92 hours. It would take one 
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man 69 hours to laminate a deck on a 4.6 m boat. Therefore for a 4.6 m boat with a hull and 
a deck, i.e. a sailing dinghy, it would take one man 161 hours to laminate both the hull and 
the deck. 

The inhalation exposure values from the occupational exposure assessment will be used as 
hand lamination in the absence of adequate ventilation does still occur in the occupational 
setting. These values are:  

• 8-hour TWA RWC  100ppm (433 mg/m3); 

• 8-hour TWA Typical  40ppm (173 mg/m3);  

• short term RWC  180ppm (779 mg/m3); 

• short term typical  60ppm (260 mg/m3). 

Although higher values than these have been recorded in the past, these data are based on 
more recent studies and are more likely to reflect current formulations of resin kits. If the 8-
hour TWAs are used to estimate exposure over the total time period of lamination, assuming 
a breathing rate of 1.25 m3/h and that there is an average exposure over the whole time 
period (as is assumed in an 8-hour TWA) this gives an RWC inhalation exposure/boat of  
87,141 mg/boat to build a sailing dinghy (161 hours) and a typical inhalation exposure/boat 
of 34,816 mg/boat. If only a rowing boat (92 hours) was being built the RWC inhalation 
exposure/boat would be 49,795 mg/boat and the typical inhalation exposure/boat would be 
19,895 mg/boat. If it is assumed that a consumer would spend a maximum of 8 hours in a 
day building his own boat (either a dinghy or a rowing boat), then the RWC inhalation 
exposure/event is 4,330 mg/event. 

The short term inhalation exposure values for consumer boat building would be the same as 
the occupational values given above. 

We have no direct information on dermal exposures during consumer boat building but there 
are few dermal exposure measurements available for the GRP industry. The Riskofderm 
project had a scenario (3.4) which was relevant to this industry and collected data on the 
application (spreading) of styrene by rolling. This process would also be used by consumers 
making their own boats. Rolling was studied at enterprises where plastic boats for leisure 
activities were produced. The duration of the scenario was in general between 35 to 110 
minutes (∼ 2 hr) and the formulation used contained approximately 40% styrene, 60% of 
styrene resin (40% styrene) and a few % of the hardener ethyl methyl ketone peroxide. For 
both  the RWC and the typical value the exposed skin surface area is assumed to be 820 
cm2. The RWC value given is 8 mg/cm2/8 hours and the typical value is 1.2 mg/cm2/8 hours. 
For a 2-hour event, the RWC dermal exposure value is 1640 mg/event. 

 

4.1.1.2.6  Overall consumer exposure to styrene 

Consumers spend a considerable amount of time indoors potentially exposed to styrene, 
whether continuously from certain polymeric materials, for example, or from short term, 
sporadic exposures which may arise from certain activities. The latter may be comparable to 
or higher than occupational exposures but would be of short duration. The nature of the two 
exposures is different, so they will be considered separately. 

The predicted exposures (the amount inhaled, swallowed or on the skin, not the amount 
absorbed) are as follows: 
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Exposure from long-term low-level sources is made up of the following components: 

Emissions from polymeric building materials 
including carpets (inhaled) 5 µg/m3 (80 µg/day) 

Food (swallowed) 3 µg/day 

Chewing gum (swallowed) 8 µg/day 
 

In addition, exposure arising from tobacco smoking are included for comparison: 

Passive smoking of tobacco (inhaled)  9 µg/day 

Heavy smoker (80 cigarettes/day) (inhaled)  400 µg/day 

 

Sporadic exposures following specific events/activities are as follows: 

New carpet (inhaled)  2 mg/event 

Liquid resin (inhaled)  413 mg/event 

Liquid resin (on the skin surface)  11,000 mg/event 

Resin paste (inhaled)  68 mg/event 

Resin paste (on the skin surface)  5,500 mg/event 

Boat building (inhaled) 4,330 mg/event 

Boat building (on the skin surface) 1640 mg/event 
 

The uncertainty in the predictions of exposure from polymeric materials, and the variability in 
the predictions of exposure arising from the use of liquid resins and resin paste suggest that 
more information is needed to ensure that the duration and level of exposure arising in both 
areas is clearly understood. 

Consumer exposures to styrene may be looked at in two ways; a long term but probably very 
low-level exposure, and sporadic and short-lived exposures relating to particular events or 
activities. 

Long-term exposures may arise through the release of residual styrene monomer from 
polymeric styrene products, following emission into the atmosphere from materials such as 
carpet backing and underlay, or migration from food wrappings into food. 

The short-term exposures may arise when new carpets are fitted, or from the use of styrene-
containing resins for filling or repair of wood, glass fibre or metal or use of styrene-based 
adhesives. The resin exposures may be infrequent and acute but are potentially high, 
particularly so in the case of the liquid resins – comparable to equivalent work in an 
occupational setting, e.g. boat building. 

Styrene is also present in chewing gum and tobacco smoke. Some brands of chewing gum 
contains food-grade styrene-butadiene rubber and may release residual styrene monomer.  
Styrene in tobacco smoke is not a product of the styrene industry but a by-product of 
combustion. However, it may contribute significantly to total styrene uptake and is therefore 
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included for information, as it may help to set other exposures into context; values for 
styrene exposure from tobacco smoke are not considered in the risk characterisation. 

There is some information available on styrene in indoor air that suggests that background 
exposures are generally very low (a few µg/m3), of the same order as the model predictions.  
However, there is a lack of real data on emission rates from specific polymeric materials and 
consequently little to connect particular products with specific airborne exposures. There is 
therefore some uncertainty surrounding the calculated human uptakes, which should be 
considered in interpreting margins of safety. 

Short-term exposures arising from the use of resins are predicted by exposure models to be 
quite high but are critically dependent upon assumptions made in determining the use 
scenarios. For liquid resins in particular, the hobbyist has the potential to be exposed to very 
high levels of styrene in the short term. However, the variability in the predictions depending 
upon the assumptions made and the shortage of real data suggests that the predictions of 
exposure and uptake must be treated with some caution. 

The uncertainty in the predictions of exposure from polymeric materials, and the variability in 
the predictions of exposure arising from the use of liquid resins and resin paste suggest that 
more information is needed to ensure that the duration and level of exposure arising in both 
areas is clearly understood. 

4.1.1.2.7  Combined consumer exposure  

There are a number of possible sources of consumer exposure to styrene monomer. For the 
purposes of estimating a realistic combined consumer exposure, short-term, relatively 
infrequent scenarios will not be taken into account, although these would dominate in any 
short-term scenarios and are thus considered directly in the risk characterisation. For an 
adult consumer, long-term exposures may arise through the release of residual styrene 
monomer from polymeric building materials (80 µg/day), via food (3 µg/day) and from 
chewing gum (8 µg/day). The combined adult exposure from these sources would result in a 
total exposure of about 90 µg/day (1.3 µg/kg bw/day).  

 

4.1.1.3          Indirect exposure via the environment 

Table 3.21 from the environment section has been repeated here (Table 4.24) and gives the 
predicted environmental exposures to styrene and the daily human doses arising from 
releases from production and uses, and for releases at the regional level estimated by 
EUSES (log Kow=3.02, BCF=74, oral absorption rate=1 and inhalation absorption rate=1). 
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Table 4.24 Calculated daily concentrations for indirect exposure via the environment 

Concentration (µg/kg)  Human dosea 

(mg/kg/day) 
Scenario 

Fish Plant 
roots 

Plant 
leaves Meat Milk 

Air 
(µg/m3) 

 

Drinking 
water 
(µg/l) 

 

Production 704 10700 11,8 1.7 0.54 99 930 0.11 

Processing: 
GP, HI-PS 14.7 13 11.5 0.33 0.11 97 1.1 0.024 

EPS 278 22 5.5 016 0.051 47 1.9 0.013 

ABS/SAN 175 14 3.4 0.1 0.032 29 1.2 0.009 

SB 
rubber/latex 187 15 3.7 0.11 0.034 31 1.3 0.009 

UPE resin 433 28 2.2 0.067 0.021 18 2.9 0.006 

Use of: GP, 
HI-PS 3.8 0.014 0.014 4.5 x 10-4 1.4 x 10-4 0.12 0.026 3.3 x 10-5

EPS 3.8 0.084 0.079 2.3 x 10-3 7.3 x 10-4 0.67 0.026 1.5 x 10-4

ABS/SAN 3.8 0.007 0.007 2.5 x 10-4 7.9 x 10-5 0.06 0.026 2.0 x 10-5

SB 
rubber/latex 3.8 0.028 0.027 8.2 x 10-4 2.6 x 10-4 0.23 0.026 5.6 x 10-5

UPE resin 
use 3.8 7.5 7.0 0.20 0.064 59 0.66 0.016 

Regional 3.8 0.25 0.004 1.6 x 10-4 5 x 10-5 0.034 0.026 1.6 x 10-5

a – human dose estimate includes intake from air and drinking water as well as from biota 

It should be noted that air contributes 60-70% to these modelled estimates, and oral sources 
30-40%.  

In addition to the calculated levels, from a recent survey conducted in the UK on samples of 
individual foods from 20 food groups (MAFF, 1999) the presence of styrene was measured 
at levels of up to 14 µg/kg. Based on the levels of styrene in each food group, and daily 
consumption estimates for each food group, the highest daily dietary intake of styrene, per 
person, is estimated to be 3 µg/day, equivalent to 0.04 µg/kg/day, for a 70 kg adult (MAFF, 
1999). 

For air, the measured value of 80 µg/m3 downwind from a reinforced plastics processing site 
is chosen (section 3.1.2.1). For water, the measured value of 10 µg/l is chosen as one which 
very few measurements exceed. 

Using these concentrations, a daily intake of 0.058 mg/kg bw/day from food, air and water is 
estimated. It should be noted that contribution from air to this measured estimate is very 
high. 

However, based on the modelled data, it can be seen that the daily human intake via the 
environment based upon typical human consumption and inhalation rates at the regional 
level is 1.6 x 10-5 mg/kg/day and the highest local exposure (styrene production) is 0.11 
mg/kg/day. These two figures will be taken forward into the risk characterisation, as well as 
the value of 0.058 mg/kg/day based on measured data. 
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4.1.1.4          Combined exposure 

For combined exposure, considerations should be given to a consumer, who is also 
potentially exposed via the environment. The most appropriate consumer exposures to 
consider are those giving rise to long-term, repeated exposure i.e. exposures from the 
release of residual styrene monomer from polymeric styrene products, from food and from 
chewing gum. These combined consumer exposures result in a daily intake of about 90 
µg/day, or 1.3 µg/kg bw/day (0.0013 mg/kg bw/day) for a 70 kg adult. Based on modelled 
data, the highest exposure via the environment would be to someone living in the vicinity of 
a styrene production plant, with an estimated daily intake of 0.11 mg/kg/day. The resultant 
combined exposure would be dominated by the environmental exposure of 0.11 mg/kg/day. 
If measured environmental exposure data are considered, the daily intake via environmental 
sources excluding food is estimated to be 0.018 mg/kg/day; this would give a combined 
consumer and environmental intake estimate of 0.019 mg/kg/day. Both these values, 0.11 
mg/kg/day and 0.019 mg/kg/day will be taken forward to the risk characterisation. 

 

4.1.2 Effects assessment: Hazard identification and dose (concentration) – 
response (effect) assessment 

4.1.2.1 Toxico-kinetics, metabolism and distribution 

4.1.2.1.1 Studies in animals 

Absorption 

On inhalation exposure, styrene vapour is rapidly absorbed through the lungs resulting in 
plateau blood levels within 3-5 hours in the rat (Withey, 1978; Plotnick and Withey, 1979; 
Ramsey and Young, 1978; Young et al, 1979; Withey and Collins, 1979). The plateau levels 
increased in a linear manner with increasing styrene exposure up to about 200 ppm, but the 
relationship became non-linear at 600 ppm, probably due to a saturation of the metabolising 
systems working to remove styrene from the blood (Plotnick and Weigel, 1979).  

A recent study conducted on the surgically isolated upper respiratory tract of anesthetised 
Sprague-Dawley rats and CD mice exposed to styrene for 45 min,  indicated that the 
percentage uptake in this region decreased (from 24% to 10% of the administered dose in 
rats and from 42% to 10% of the administered dose in mice) as the atmospheric 
concentration of styrene increased from 5 to 200 ppm (Morris, 1999 and Morris, 2000). 
Inhibition of cytochrome P450 by metyrapone pretreatment of the animals reduced uptake, 
indicating that styrene metabolism in the upper respiratory tract enhances the rate of uptake 
of styrene at this site in rodents. 

Rates of removal of styrene from the atmosphere were measured in rats and mice using a 
closed chamber technique (Filser et al, 1993). Animals were exposed to relatively high initial 
vapour concentrations, estimated to be from 550-5000 ppm. From the results, taking into 
account information from animals pre-treated for 5 days with 150 or 500 ppm styrene, the 
rate of removal of styrene from the chamber at steady state increased linearly with 
concentrations up to about 300 ppm. Above about 300 ppm, metabolic capacity limited 
removal of styrene from the chamber; saturation of metabolism was observed at 
approximately 700 ppm in rats and 800 ppm in mice. The maximum rate of metabolism, per 
kg bodyweight, was approximately 3 times higher in mice than in rats. There was no 
significant effect on kinetics when animals had been previously treated by exposure for 6 
hours/day for 5 days to 150 or 500 ppm styrene. Administration of diethyldithiocarbamate, a 
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specific cytochrome P450 monooxygenase inhibitor, resulted in a considerable slowing of 
the rate of removal of styrene from the chamber. 

Styrene is well absorbed when administered orally in aqueous suspension or as a solution in 
corn oil, 90% of the administered dose being absorbed with eight hours in the rat (Withey, 
1978; Plotnick and Withey, 1979). 

It can be predicted from the lipid solubility of styrene that some dermal absorption will occur.  
There is one study in which whole-body absorption of styrene vapour was measured 
(McDougal et al, 1990). The rats breathed air through a mask during exposure. The fur was 
closely clipped and blood styrene concentrations were analysed at 0-4 hours after the start 
of exposure to 3000 ppm. The styrene blood concentration had not reached steady state at 4 
hours. Dermal absorption was estimated to be 9.4% of the total amount absorbed when the 
vapour was inhaled. Absorption of liquid styrene was measured across excised rat skin in 
vitro (Tsuruta, 1982). The rate was approximately 30 µg/cm2/hr, about half that of toluene 
and 5 times that of xylene. There are no studies that have measured the uptake of liquid 
styrene across the skin of experimental animals in vivo. 

Distribution and elimination 

Following inhalation exposure, styrene and/or its metabolites were found predominantly in 
adipose tissue but also in a range of organs and tissues including kidney, liver, lungs, brain, 
testes, heart and bone marrow of rat and mouse by tissue analysis and whole-body 
autoradiography (Withey, 1978; Plotnick and Weigel, 1979; Young et al, 1979; Withey and 
Collins, 1977; Bergman, 1979; Savolainen and Vainio, 1977 ;Savolainen and Pfaffli, 1978; 
Boogaard et al, 2000; Booth, 1999). A study in which the distribution of radioactivity was 
investigated following intraperitoneal administration of 14C-styrene to groups of 5 male mice 
reported that at 2 hours post-dose, the highest concentrations of radioactivity were found in 
the adipose tissue, pancreas, liver and brain (Lof et al, 1983). Significant uptake of styrene 
into the nasal mucosa, particularly the olfactory region, has also been noted in rodents 
inhaling styrene (Boogaard et al, 2000; Booth 1999). 

Campo et al (1999) studied the distribution of styrene in rats following inhalation exposure 
particularly in relation to ototoxicity (see later sections). Groups of eight male Long-Evans 
rats were exposed whole-body to either 0 or 1750 ppm styrene for six hours on one day, 
followed by a four hour exposure on the next day. Immediately after the second exposure 
the animals were killed and samples of the following taken: cerebrospinal fluid, whole blood, 
brain, auditory nerves, inner ear fluids and cochleae. Styrene was measured either by gas 
chromotography (GC) either directly (in fluids apart from blood) or following extraction. No 
styrene was detected above the GC detection limit in control animals or in the cerebrospinal 
or inner ear fluids. Styrene was found to be present in the organ of Corti in seven of the 
treated rates but was not quantifiable. Measurable levels of styrene were found in the brain, 
auditory nerve and whole blood, with the greatest amount found in the brain. 

In pregnant mice receiving styrene by intravenous injection, styrene and/or metabolites were 
demonstrated to cross the placenta to the fetus (Kishi et al, 1989). 

Styrene is eliminated from the blood in a biphasic pattern. The first phase results in a rapid 
decrease in blood levels (half-life values [t½] in the range 2.5-17 minutes having been 
reported) followed by a slower second phase (t½ values in the range 0.5-6 hours being 
reported) (Withey, 1978; Young et al, 1979; Withey and Collins, 1977; Savolainen and 
Vainio, 1977; Withey, 1976). In one particular study, groups of rats were exposed to high 
concentrations of styrene (in the range 500-1000 ppm) for 4 hours (Teramoto and Horiguchi, 
1979 and 1981). Styrene concentrations were analysed in blood, liver, kidney, spleen, brain, 
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muscle and adipose tissue for up to 48 hours. Half-life values for the second, slower phase 
were calculated: the half-life (t½) in blood was 2.4 hours and similar values were found for 
other tissues except adipose, which was longer at 6.3 hours. 

Only a small percentage (0-3%) of absorbed styrene was excreted unchanged via the breath 
following inhalation, oral ingestion or subcutaneous dosing. The great majority of styrene 
taken up by the body was converted, mainly in the liver, to metabolites which were excreted 
in the urine; between 70 and 90% of the administered dose was excreted as metabolites 
within 24 hours, either in the free form or as conjugates (Plotnick and Weigel, 1979; 
Young et al, 1979; Ramsey and Young, 1978; Danishefsky and Willhite, 1954). 

In a comparative study, groups of F344 rats, B6C3F1 mice and CD-1 mice were exposed 
whole-body to 250 ppm unlabelled styrene for 6 hours/day for 0,2 or 4 days (Sumner et al, 
1997). Following this, animals were exposed nose-only to 250 ppm [7-14C]styrene for 6 
hours. Urine, faeces and expired air were collected from animals for 48 hours after the last 
exposure and levels of radioactivity within each determined. Animals were then sacrificed 
and the levels of radioactivity analysed in the carcass, pelt and tissues. Urine was collected 
and analysed to enable the time course of radioactivity excretion to be investigated. Most of 
the radioactivity was excreted in the urine, within 24 hours of exposure, with some 
quantitative variations between species and strains. Radioactivity in the faeces accounted 
for 18% of the total recovered radioactivity in the rat, 4% in B6C3F1 mice and 6% in CD-1 
mice. 

The in vivo distribution and covalent binding of styrene in rat and mouse nasal and lung 
tissues has been investigated in a series of studies (Green, 1999c; Foster, 1999a; Green, 
2000a also Green et al, 2001a and Green et al, 2001b). Groups of male Sprague-Dawley 
CD rats and male CD-1 mice were exposed whole-body to 160 ppm 14C-styrene vapour 
(98% purity) for 6 hours. Groups of 2 rats and 4 mice were sacrificed at 5 minutes, 1 hour, 4 
hours and 24 hours post-exposure for nasal tissue analysis.  Additional groups of 10 rats 
and 20 mice were sacrificed at the same time points for lung tissue analysis. Olfactory, nasal 
and lung tissues were dissected from these animals. The distribution of radioactivity in the 
nasal and lung tissues was determined by histoautoradiography at each time point.  Whole 
body autoradiograms were also prepared for one animal per species at each time point. The 
nasal and lung tissue samples were subsequently processed and analysed by high 
performance liquid chromatography (HPLC) analysis and scintillation counting to measure 
total radioactivity, volatile radioactivity (unchanged styrene) and covalently bound 
radioactivity. 

Over the 24-hour post-exposure period, radioactivity was particularly concentrated at the 
surface of the olfactory and respiratory nasal epithelial mucosa and within the olfactory 
mucosa and Bowman’s glands; and in the lungs, in bronchiola mucosa and in the walls and 
lumen of the pulmonary blood vessels. In relation to the bronchiolar mucosa, radioactivity 
persisted for longer in the mouse than the rat. A comparison of results of ‘total radioactivity’ 
and ‘non-volatile radioactivity’ for both rat and mouse for nasal and lungs tissues showed 
there to be little difference between the distribution and content of the radioactivity present.  
This suggested that the majority of the radiolabel was present as non-volatile metabolites of 
styrene rather than unchanged styrene itself. 

The majority of the radioactivity in the olfactory and respiratory nasal tissue and in the lung 
tissue of rats and mice was present as water-soluble metabolites which were rapidly cleared 
from the tissues. The concentration of these metabolites was similar in the olfactory tissue of 
each species. The levels of covalently-bound radioactivity in the tissues of both species were 
lower but remained constant throughout the study duration. The level of covalently bound 
radioactivity in the mouse olfactory and respiratory tissues was 3-5 fold higher, and in the 
lung 10-fold higher than in the equivalent rat tissues. 
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Groups of 6-7 male NMRI mice were exposed, whole-body, to 0, 750, or 1500 mg/m3 
styrene vapour 6 hours/day for 1, 3, 7 or 21 days (Vodicka et al, 2001). Animals were killed 
shortly after exposure on the last day of each exposure interval and fat and blood samples 
were taken for analysis of styrene using gas chromatography.  

Blood styrene concentrations ranged from 0.99 mg/l after 1 day amongst animals exposed to 
750 mg/m3 to 2.04 mg/l at 21 days, and at 1500 mg/m3 were around 2.48 mg/l after 1 day 
and 7.44 mg/l at 21 days. At the end of the exposure on day 1, blood styrene levels 
decreased by around 13-fold within 30 minutes. On day 21, blood styrene levels decreased 
by around 36-fold within 18 hours of the end of the exposure. Styrene was measured in fat 
but there were no differences in the levels found amongst animals exposed to 750 and 1500 
mg/m3 for 7 and 21 days. There was no information on the release rate of styrene from fatty 
tissue. These results indicate rapid elimination of styrene from blood in mice following either 
single inhalation exposure or repeated exposure.  

Metabolism in vivo 

The general metabolic profile of styrene in experimental animal species is illustrated in 
Figure 1. The epoxide styrene-7,8-oxide has been identified as a primary metabolite in rats 
(Fischer and Sprague Dawley strains) and mice (NMRI, DBA2, Swiss and B6C3F1 strains) 
following inhalation or intraperitoneal exposure (Lof et al, 1984; Kessler et al, 1992; Morgan 
et al 1993c; Pantarotto et al, 1978). This metabolite comes from an initial conversion by 
enzymes of the mixed cytochrome P450 function oxidase system (see Figure 1). In a study 
using knock-out mice, there were no substantial differences between 2E1 null mice (ie 
lacking 2E1) and wild-type mice in urinary metabolites after exposure to styrene (Ghanayem 
et al., 2000), indicating that CYP2E1 may not be a major isozyme involved in the in vivo 
metabolism of styrene to SO in mice. Subsequent action by the enzyme epoxide hydrolase 
results in the formation of the diol, phenylglycol, which is further metabolised to mandelic 
acid and eventually phenylglyoxylic acid or benzoic acid, which is found as its glycine 
conjugate hippuric acid in many species including rats, mice, rabbits and guinea-pigs 
(Withey and Collins, 1977; Danishefsky and Willhite, 1954; Leibman, 1975; Ryan, 1976; 
James and White, 1967). The same urinary metabolites and also two mercapturic acid 
derivatives were identified after inhalation exposure to 25-200 ppm in the rat (Truchon et al, 
1990), indicating that inactivation of styrene oxide by glutathione S-transferase-catalysed 
conjugation with gutathione (GSH) is also a significant pathway. 

Other metabolic pathways are also involved in the metabolism of styrene. One of these 
involves ring hydroxylation to yield 4-vinylphenol (4-VP). Bakke and Scheline (1970) 
identified 4-VP in the hydrolysed urine of rats dosed orally with styrene, but it amounted to 
only 0.1% of the administered dose. Pantarotto et al. (1978) identified small amounts of 4-VP 
in the urine of rats administered styrene intraperitoneally. Watabe et al. (1984) reported the 
formation of 4-VP using 14C-labelled styrene and a rat hepatic microsomal preparation. 
Carlson et al. (2001) found that 4-VP is a transient metabolite of styrene since it was rapidly 
metabolised by mouse and rat hepatic and pulmonary microsomes involving CYP2E1 and 
CYP2F2.  

Finally, other minor metabolic pathways of styrene lead to the formation of 
phenylacetaldehyde (PA) and phenylacetic acid (PAA) (via side-chain β-oxidation and 
hydroxylation), to phenylethanol and acetophenone (via side-chain α-oxidation and 
hydroxylation) and to products of ring opening (Sumner et al., 1995). These metabolites are 
excreted in the urine. There are studies which have demonstrated that P450 enzymes are 
also involved in both the side-chain and ring oxidation of styrene. 
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In a study by Delbressine et al (1981), it was reported that following intraperitoneal 
administration of styrene (250 mg/kg), Wistar rats excreted a mixture of 2-
hydroxymercapturic acid diastereoisomers, N-acetyl-S-(1-phenyl-2-hydroxyethyl) cysteine 
and N-acetyl-S-(2-phenyl-2hydroxyethyl) in the urine over 24 hours. Equivalent findings were 
also observed in a similar study conducted in male B6C3F1 mice administered 400 mg/kg 
styrene via the intraperitoneal route (Linhart et al, 2000). The fractions of mercapturic acids 
isolated from the mouse urine amounted to 12-15% of the administered dose. 
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Figure 1: The metabolic profile of styrene in experimental animals 
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Styrene 7,8-oxide was measured in the blood of groups of rats and mice exposed to styrene, 
3 hours after chamber concentrations had reached steady state values of 0-800 ppm 
(Kessler et al, 1992). This metabolite reached a maximum of about 0.3 mg/ml at around 350 
ppm in the rat whereas concentrations of styrene oxide in the mouse increased from about 
0.2 mg/ml at 200 ppm to 5.5 mg/ml at 800 ppm. A similar trend in mice was found in a study 
looking at blood styrene oxide levels after 6-hour exposure to 250 or 500 ppm (Morgan et al, 
1993b). Therefore, there is a species difference in metabolic capacity, with mice exhibiting a 
substantially greater capacity than rats to produce styrene oxide at higher concentrations of 
styrene. 

4.1.2.1.2 Studies in humans 

General toxicokinetic profile following inhalation exposure 

In a human volunteer study 4 healthy male volunteers were exposed via nose and mouth to 
50 ppm [13C8]-styrene vapour for 2 hours, whilst undergoing light physical (50W) exercise 
(Sumner and Greenlee 1999, unpublished; also Johanson et al, 2000). Expired air was 
collected every 30 minutes during exposure and on 8 occasions following exposure and 
analysed for the concentration of styrene present. Capillary blood samples were collected at 
25 specified time points during and post-exposure and analysed for styrene concentration.  
Venous blood samples were collected prior to exposure, immediately post-exposure 
(2 hours) and then at 4, 6 and 23 hours and analysed for styrene oxide levels. Urine samples 
were collected post-exposure at the nominal time points of 0, 2, 4, 6, 9, 13, 22, 24, 42 and 
51 hours throughout the study duration. Urine samples were analysed by HPLC and nuclear 
magnetic resonance (NMR) spectroscopy for the presence of styrene-derived metabolites. 

The 4 subjects were found to have exhaled only 1-2% of the styrene dose received. Styrene 
concentrations in capillary blood steadily increased during the 2 hours of exposure and then 
rapidly decreased post-exposure. Styrene oxide was not detectable in pre-exposure venous 
blood.The highest concentration detected in blood was 0.0008mg/ml, seen immediately 
post-exposure (at 2 hours); this declined at 4 and 6 hours post-exposure (0.00044 and 
0.00018 mg/ml respectively) and was not detectable at 23 hours post-exposure. In the urine, 
very little unchanged styrene was present. The urinary metabolites detected were mandelic, 
phenylglyoxylic, phenylaceturic and hippuric acids. 

The uptake of styrene via inhalation was also investigated in male volunteers exposed to 
styrene during rest and exercise by Engstrom et al (1978a). Seven healthy male volunteers, 
aged from 22 to 30 years were exposed using a breathing valve and mouth piece to 50 ppm 
styrene vapour, initially for 30 minutes whilst at rest and then for 3 x 30 minutes periods of 
exercise with increasing workloads of 50, 100 and 150W. Exposure was interrupted for 20 
minutes between the rest period and the start of the exercise periods. The mean amount of 
styrene expired in the first 4 hours post-exposure was measured in expired air collected 
continuously for the first 20 minutes with a Douglas Bag technique and then every 5 minutes 
via a respirometer. Styrene levels in expired air were then measured periodically for the next 
15 hours. Styrene levels in arterial and peripheral venous blood samples were measured 
periodically in samples taken from 3 individuals during exposure and for the first 4 hours 
post-exposure. Needle biopsies of subcutaneous adipose tissue, from the upper lateral 
gluteal quadrant, were taken from all individuals prior to exposure and at 0.5, 2, 4 and 20-24 
hours post-exposure, and again from 4 individuals at 1-2 weeks post-exposure. The 
concentration of styrene in the adipose tissue was determined by gas chromatography. 

The mean uptake of styrene from inspired air across all 4 exposure periods was 63% (59-
70%) and the amount of styrene eliminated via expiration was only about 2% of the amount 
absorbed. During the final phase of exercise (150W) uptake was 5-6 times higher than that 
measured during the rest period. Levels of styrene in arterial and venous blood increased 
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mandelic acid also measured. Styrene levels were found to be generally less than 50 ppm 
TWA (range 0.1-100 ppm). Conventional audiometry at 0.5-8 kHz, performed pre-shift, 
demonstrated no significant difference between the exposed subjects and controls, 
described as “the subjects for the standard upper limit age curves for males”. (It is not clear 
where this “standard” data was obtained, though it appears likely that it is from previous 
studies by the same authors.) The upper frequency limit of hearing was determined for each 
exposed subject and plotted on a set of “standard” percentile curves for male upper limit of 
hearing vs age. Subjects whose upper frequency threshold fell below the 75th percentile 
curve were defined as “cases” of hearing loss, and most of the subsequent analyses are 
based on the percentage prevalence of such “cases”. In a plot of the prevalence against 
duration of exposure the prevalence exceeded 25% (the expected “normal” value) at 5 years 
of exposure and increased linearly to 35% at 10 years of exposure, after which it remained 
static. For the 54 workers exposed for more than 5 years there was a significant correlation 
between “individual percentiles” (presumably individual results expressed in terms of position 
on the normal percentile curves) and styrene exposure. The prevalence of cases (defined as 
above) also increased with styrene exposure, becoming significantly higher than 25% when 
exposure exceeded 16 ppm. When analysed with respect to mandelic acid levels the 
prevalence of “cases” significantly greater in the group whose level exceeded 0.3 g/l 
compared with those below that level. There was evidence of a correlation between styrene 
exposure (concentration and duration) and abnormal results in a test for the upper frequency 
threshold of hearing. However, these subjects were also exposed to relatively high noise 
levels.  Hence, no conclusions can be drawn about the role of styrene in these findings. 

Morata et al. (2002) investigated potential auditory effects produced by occupational 
exposure to low levels of styrene and noise. Workers (n = 154) exposed to styrene were 
recruited from factories producing fibreglass products. Sixty-five were not exposed to 
potentially harmful levels of noise; the remaining 89 styrene-exposed workers also had noise 
greater than 85 dB(A) Leq over an 8 hour workday. A noise-only group comprised 78 metal 
workers, and 81 postal workers formed the control group, without exposure to noise or 
styrene. Each subject answered questions concerning occupational history, medical history 
and lifestyle factors. These data were combined with measurements of exposure to styrene 
and to noise in current employment, estimates for styrene and noise exposure over each 
subject’s lifetime, and hearing thresholds given during the study. Styrene exposure was 
determined by air monitoring and biological monitoring. Air from the breathing zone of each 
subject was sampled over the test day. Mandelic acid (MA) was measured in urine from 127 
of the 154 styrene-exposed workers; samples were collected over 24 hours from the 
beginning of the work shift under study. Styrene concentrations in air were reported only in a 
scatterdiagram together with MA excretion in urine. Although the correlation was statistically 
significant (r = 0.27, p < 0.001), there was a great variability. Noise exposures were 
determined as 8-hour dB(A) Leq values for 185 of the workers; the remaining 128 subjects 
were assigned the mean exposure of other workers doing the same tasks. Each worker’s 
previous noise exposure was estimated from questionnaire responses or database 
information. Using the measured or assigned exposure for current employment, and the 
approximate values for previous employment, lifetime noise exposure was estimated as an 
8-hour Leq over each working day. For the noise only group, the current exposures ranged 
from 75 to 116 dB(A) Leqbh. An unstated number of this group did not receive “excessive” 
noise, above 85 dB(A) Leqbh, and therefore could have been placed in the control group. The 
styrene only subjects had a range of current styrene exposures from 0.05 ppm to 23 ppm, 
while for the styrene and noise group, styrene ranged from 0.007 ppm to 12 ppm. Such wide 
ranges of noise and styrene measurements suggest that the exposure groups were not 
rigorously purified. Each subject gave an audiogram which was evaluated for hearing loss at 
1, 2, 3, 4, 6 and 8 kHz. An audiogram was considered “normal” if no threshold exceeded 25 
Db Hearing Level at any frequency. A “high-frequency hearing loss” was noted if the 
thresholds were poorest in the frequency range 3 to 6 kHz. Over the 4 exposure groups, 
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prevalence of high-frequency hearing loss ranged from 33% to 48%; the differences 
between groups were not statistically significant. 

The binary hearing variable, normal versus high-frequency loss, was also employed in a 
further analysis. The medical, lifestyle and occupational data (including current and past 
exposure to noise and to styrene) were subjected to a multiple logistic regression analysis to 
estimate the odds of subjects developing a high-frequency hearing loss. Only age, current 
noise exposure and MA in the urine were significant. Neither current nor lifetime styrene 
exposure achieved statistical significance. The authors concluded that exposure to styrene, 
at concentrations below 20 ppm, produced high-frequency hearing losses. However, 
considering the unclear information on styrene exposure of the subjects and the lack of 
dose-response relationships, this conclusion is not substantiated by the available evidence. 

In a cross-sectional study of 299 workers, who had each been employed for more than 6 
months at either of 4 yacht-making yards and one plastics factory in Poland, visual 
examinations of the ear, nose and throat, and audiometric tests were conducted (Sliwinska-
Kowalska et al, 2003). Workers were excluded from the study if there was evidence of 
previous ear disease, impaired hearing, or other non-occupational risk factors for hearing 
loss; 9 were excluded from the original cohort. Pure-tone audiometry was performed on 290 
workers (aged 20-60). Occupational noise exposures were assessed over a working day in 
each subjects’ curent employment. Those with an 8h average exposure greater than 85 
dB(A) were defined as noise-exposed; those with lower noise exposures were assigned to 
the no-noise cells of the experimental design. Hence, of the 290 workers, 194 were listed as 
part of a ‘styrene-only’ cohort (i.e. exposed to styrene and to a mean background noise level 
of 80 dB(A)); 26 as exposed to ‘styrene and toluene’  (i.e. exposed to styrene, toluene and to 
a mean background noise level of 80 dB(A)); 56 to ‘styrene and noise’ (i.e. exposed to 
styrene and to a mean noise level of 89 dB(A)); 14 to ‘styrene, toluene, and noise’ (i.e 
exposed to styrene, toluene and to a mean noise level of 89 dB(A)). Chemical exposures 
were mixed, and more than 80% of the workers in the ‘styrene-only’ cohort were exposed to 
other solvents (including toluene, dichloromethane and acetone) at levels that exceeded the 
OELs in Poland (100 mg/m3, 50 mg/m3, and 200 mg/m3 respectively). Peak levels (unclear if 
these were 8-hour TWA values) were 225 mg/m3 for toluene, 307 mg/m3 for acetone, and 
145 mg/m3 for dichloromethane. An age-matched control group of 157 ‘white collars’ and 66 
workers from a metal factory was selected with similar exclusion criteria. Of this ‘control’ 
group, the 66 metal factory workers were exposed to mean noise levels around 89 dB(A) 
(noise only control group) and the 157 ‘white collars’ to a relatively low mean noise level of 
73 dB(A) (no noise, no chemicals control group). Current airborne exposure to styrene was 
assessed by personal monitoring during a working shift. The concentrations ranged up to a 
maximum of 47 ppm. A lifetime-average styrene exposure was calculated for each of the 
290 chemical-exposed group, using environmental inspection records over the previous 15 
years. These averages ranged from 4 to 309 mg/m3 (mean 62 mg/m3; 1-71 ppm, mean 14 
ppm). Lifetime estimates were not presented for any of the other chemicals present in the 
workplace.   

Abnormal audiograms were seen in about 63% (183/290) of the solvent-exposed workers 
compared to around 40% (93/223) of controls. The odds-ratio for hearing loss (based on 
abnormal audiogram) likely to be due to styrene exposure but also to exposure to a higher 
mean noise level was 5.2 (95% CI 2.9-9.8); this was calculated comparing the incidence of 
the abnormal audiograms in the styrene-only group (mean noise level of 80 dB(A)) with that 
in the cohort not exposed to any solvents but to mean levels of noise of 73 dB(A). The odds-
ratio for hearing loss due to noise only was 3.4 (1.7-6.4); this was calculated comparing the 
incidence of the abnormal audiograms in the ‘styrene and noise’ group (mean noise level of 
89 dB9A)) with that in the styrene-only group (mean noise level of 80 dB(A). The odds-ratio 
for hearing loss due to exposure to styrene and toluene but also to a higher mean noise level 
was 13.1 (4.5-37.7); this was calculated comparing the incidence of the abnormal 
audiograms in the styrene and toluene group (mean noise level of 80 dB(A)) with that in the 
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cohort not exposed to any solvents but to mean levels of noise of 73 dB(A). The odds-ratio 
for hearing loss due to exposure to styrene and noise was 10.9 (4.9-24.2); this was 
calculated comparing the incidence of the abnormal audiograms in the styrene and noise 
group (mean noise level of 89 dB(A)) with that in the control cohort not exposed to any 
solvents but exposed to a low mean level of noise of 73 dB(A). The odds-ratio for hearing 
loss due to exposure to styrene, toluene and noise was 21.5 (5.1-90.1); this was calculated 
comparing the incidence of the abnormal audiograms in the styrene, toluene and noise 
group (mean noise level of 86 dB(A)) with that in the in the control cohort not exposed to any 
solvents but exposed to a low mean level of noise of 73 dB(A). Hearing threshold was also 
increased amongst styrene-exposed workers when compared to controls, and was greater 
when in combination with other solvents or noise.  

This study shows some evidence of styrene-induced hearing loss and an additive or 
synergistic effect with other ototoxic agents such as toluene or noise. However, since in the 
‘styrene only’ group, workers were also exposed to relatively high levels of noise (around 80 
dB(A)), it is difficult to assess whether the effect seen was due to styrene exposure or to 
noise or both. Furthermore, interpretation is hampered by co-exposure to other substances 
(dichloromethane and acetone). 

Summary of otoneurological and audiometry studies 

A few studies are available which were designed to investigate any effect of styrene on 
hearing function. When confounding factors such as age and noise exposure were taken into 
account, no relationship between styrene exposure and hearing loss was found. There is 
limited evidence that styrene exposure may have caused minor effects on vestibular reflexes 
in some workers. However, the quality of the exposure data is such that it is not possible to 
relate these effects to reliable levels of styrene exposure. Therefore, although these human 
data cannot be used for risk characterisation purposes, nevertheless they indicate that the 
observations of ototoxicity in animals may be relevant to humans.  

Studies on olfaction 

One study which investigates olfaction in styrene-exposed workers is available (Dalton et al, 
2003). Odour detection thresholds and odour identification ability were investigated in 
styrene-exposed workers in the GRP industry. Workers were selected from four facilities.  
Medical and occupational history questionnaires were used to identify eligible workers, of 
whom all except 4  agreed to participate in the study. Exclusion criteria included relevant 
pre-existing medical conditions and exposure to chemicals having known or suspected 
adverse effects on olfaction. A total of 52 exposed workers took part in the study (mean age 
37.6 years, mean duration of exposure 12.5 years, 35 smokers); a group of 52 unexposed 
workers, matched for age and gender, and with similar socio-economic status and 
geographical location was also included (mean age 36.7 years, 27 smokers). Five 
individuals in each group were aged 50-60 and all others were under the age of 50; this 
should have limited the impact on this study of the normal age-related decline in olfactory 
sensitivity generally observed above the age of 60. Serial dilutions (in an odourless solvent) 
of phenylethyl alcohol (PEA, a standard substance used as a measure of general olfactory 
function at this laboratory) and styrene were used in the assessment of odour detection. 
Subjects inhaled around 500 ml of air directly from a bottle containing styrene or PEA in a 
styrene-free laboratory environment, and, using a variety of different concentrations, were 
asked if they could identify the odour. Other substances used for retronasal odour function 
and nasal odour identification were inhaled from small open containers or plastic bottles 
(stimuli included odours such as banana, fish, and lemon). Workers were tested during their 
regular work shift, having worked full shifts on either one or two days immediately preceding 
the test day. Subjects refrained from smoking, eating or drinking for one hour prior to testing.  
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Personal exposure monitoring (current and historical) was performed for each worker in the 
study. Current exposure was assessed by personal air monitoring in the breathing zone and 
by analysis of urine for mandelic acid and phenylglyoxylic acid; measurements were 
performed on the one or two days prior to the test. An assessment of each worker’s 
historical airborne exposure (ppm years) was also conducted (Lees et al, 2003), from 
historical exposure measurements and information on each individual’s job title, and using 
biological monitoring information from urine samples. The highest airborne styrene 
concentrations (up to 77 ppm, 333 mg/m3 8-hour TWA) were confined to three individuals 
although for each of these three workers personal exposure was mitigated by the use of 
respiratory protection. For other activities involving the wearing of RPE, the exposure 
estimate was adjusted by a factor of 5 to take account of the protection factor. Mean 8-hour 
TWA airborne exposure was around 12.5 ppm (54 mg/m3). Current exposure measurements 
and constructed estimates indicated a uniform exposure over the previous 15 years, there 
being essentially no increase or decrease in mean values. 

There were no statistically significant differences in the odour detection threshold for PEA, in 
performance in the retronasal test or in odour identification between exposed workers and 
matched controls. However, a statistically significant difference between exposed workers 
and matched controls was found for the odour detection threshold for styrene; the odour 
threshold was about 32-fold higher in exposed workers compared with the matched controls.  
Given that the other measures of olfactory performance showed no differences between 
workers and controls, the difference in the styrene odour detection threshold is most likely to 
be indicative of exposure-induced adaptation. The difference between workers and controls 
was most marked in workers in older age groups (i.e. aged 40-60), although this did not 
appear to be associated with an increase in duration of exposure. Exposed workers 
generally were more likely to report disturbances in olfaction, compared with controls (when 
assessed by self-reported questionnaire); however, the results of the olfactory performance 
tests do not indicate any olfactory dysfunction and thus it is possible that the workers’ 
responses were due to the perceived loss in sensitivity to styrene odour in the workplace.  
The results for the workers were also compared with the expected scores for the general 
population; no notable differences in the results were found. Overall, therefore, this study 
indicates a reduction in sensitivity to styrene odour, most likely to be attributable to 
adaptation, with no evidence for any deficit in olfactory function in workers exposed to mean 
styrene levels around 12.5 ppm (54mg/m3), 8-hour TWA and up to about 77 ppm (8-hour 
TWA). 

Studies on colour vision 

The data available on colour vision and styrene exposure have been recently reviewed by 
Lomax et al (2004). This section of the RAR reflects the interpretation/evaluation of the data 
presented in this review. 

 The most common test of colour discrimination is the Lanthony Desaturated 15-hue test (D-
15d), which has been critically reviewed by Geller and Hudnell (1997). In this test the subject 
is presented with 15 coloured caps and asked to arrange them in a natural colour sequence, 
starting from a reference blue cap and successively matching each cap to the preceding one 
in the sequence. The theoretically correct sequence, chosen by most subjects, follows a 
spectral order from blue through green, yellow and orange to red and on to purple. The 
colours used are desaturated (“pastel” hues in everyday English language) which increases 
the difficulty and consequently the sensitivity of the test. The results can be analysed both 
qualitatively and quantitatively.   

Qualitative analysis involves plotting the results on a circular diagram of the correct colour 
sequence by joining the dots corresponding to caps that the subject placed consecutively.  
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Errors appear as chords cutting across the circle. They can be classified according to 
whether they lie parallel to the red-green or blue-yellow axes of the circle and whether they 
are minor (transposition of adjacent caps) or major (spanning two or more caps). The 
frequency of errors is influenced by the intensity and colour of the lighting used for the test 
and by the visual acuity of the subject. Many subjects make minor errors in the test and a 
substantial number make one or more major errors, predominantly along the blue-yellow 
axis. The frequency of these errors increased with age. Congenital colour vision defects give 
very characteristic patterns of major errors of large magnitude on qualitative analysis, 
corresponding to the various clinically recognised forms of “colour blindness”. It is important 
to note that in the more recent studies on colour vision and exposure to styrene, individuals 
with congenital colour vision deficiency were excluded by screening with the Ishihara plate 
test. 

Quantitative analysis is based on allocating numbers to each cap corresponding to its 
position in a standard chromaticity chart and calculating the “colour distance” between 
successive pairs of caps as placed by the subject. These colour distances are summed up to 
give the total colour distance score (TCDS), which can be divided by the theoretically perfect 
score for the set of caps used, to obtain a standardised score called the colour confusion 
index (CCI).  

Twelve cross-sectional or longitudinal studies investigating colour discrimination in 
reinforced plastics workers, boat builders and other workers exposed to styrene have been 
identified.  

A recent, well-reported study examined colour discrimination in styrene exposed laminators 
at a German boat-building plant before and after a 4 week vacation, with the assessment 
being repeated one year later after the introduction of improved hygiene measures (Triebig 
et al, 2001). Thirty out of 50 male styrene-exposed laminators who had been at the factory 
for at least 6 months were recruited into the study; it is unclear why the other 20 laminators 
did not participate in the study. Twenty-seven male workers from other parts of the factory 
were recruited as controls. Subjects were excluded from the study for a number of reasons 
including congenital colour vision deficiency (identified with Ishihara colour perception 
tables), high alcohol consumption (above 210 g/week), poor visual acuity, diagnosis of 
ophthalmological disease, and, in a control subject, high mandelic acid and phenyl glyoxylic 
acid (MA+PGA) levels. After exclusions, 22 styrene-exposed workers and 11 control workers 
entered the study. The median age of the styrene-exposed workers was 38 years, and the 
median time working at the plant was 4.5 years (range 1-21). The control workers were 
similar in terms of age, alcohol consumption and duration of employment. Styrene exposure 
was assessed by biological monitoring of MA and PGA. These were measured in urine 
collected at the end of the shift on a Thursday afternoon, in order to give a measure of the 
peak body burden of styrene. Colour discrimination was assessed binocularly by the D-15d 
test, conducted under standardised lighting conditions. Testing was carried out in exposed 
workers and in controls on Monday morning before starting work and on Thursday afternoon 
of the same week. CCI values greater than the 95th percentile of the age-dependent 
reference value (shown in Table b) were considered abnormal.  

During the first phase of the study median MA+PGA levels were 472 mg/g creatinine (range 
11-2399) in the exposed group and 15 mg/g creatinine (range 5-36) in the control group. 
Regarding colour discrimination results, on the Monday morning, 8 of the 22 exposed 
workers (36%) had abnormally high CCIs, compared with 2 of the 11 controls (18%). 
Although the nature of the test errors was not described in detail, both tritan and red-green 
errors were made. At the Monday morning time point the mean CCI in the exposed workers 
was 1.24 (SD 0.25), higher than in the controls (mean 1.10, standard deviation (SD) 0.11), 
but the difference was not statistically significant. For the Thursday afternoon test the mean 
CCI in the styrene-exposed workers had increased to 1.29 (SD 0.09). This was significantly 
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higher than in controls, for whom the mean CCI did not change between Monday morning 
and Thursday afternoon. Thursday results tabulated for 19 exposed workers showed that all 
7 who had abnormally high CCI values had urinary MA+PGA concentrations exceeding 450 
mg/g creatinine, whereas 9 of the 12 workers with normal CCI values had MA+PGA 
concentrations below 450 mg/g. When the data from all the styrene-exposed workers were 
analysed by regression analysis, CCI was positively and significantly correlated with the 
urinary concentration of MA, and with the sum of MA and PGA. After a 4-week absence from 
the factory, the mean CCI for the exposed workers was significantly lower than the pre-
vacation values, and was no longer significantly different from the mean control CCI.  

A re-examination of colour discrimination was carried out in the same exposed and control 
subjects one year later, following the introduction of an improved ventilation system at the 
plant. By the time of the second phase of the study styrene exposure had decreased, shown 
by lower urinary styrene metabolite levels among laminators. Measurements on Thursday 
afternoon showed that the median end-of-shift metabolite level was 273 mg MA+PGA/g 
creatinine, almost half of the level found one year previously. Colour discrimination tests 
carried out on Thursday afternoon showed that the mean CCI among the same group of 
laminators was significantly lower than one year previously, at 1.16 (SD 0.14). Five 
laminators (23%) were still classed as having abnormally high CCI values, although for the 
tests conducted on the same subjects on Monday morning only 2 styrene-exposed workers 
gave results outside the expected range. Among the 11 control subjects, there were no 
changes in colour discrimination in the year between the two phases of the study. After a 4-
week absence from the factory, the mean CCI value for the exposed group fell to 1.05 (SD 
0.06), almost identical to that of the control group.     

This well-conducted, well-reported study shows a convincing association between 
occupational styrene exposure (as revealed by the concentration of urinary metabolites) and 
poor colour discrimination, with both blue-yellow (tritan) and red-green errors being made. 
From the design of the study, it is not likely that this association could be accounted for by 
confounding factors such as age, alcohol or congenital colour vision deficiency. On the basis 
of the ACGIH conversion, this would suggest that elevated CCI scores occur for exposures 
to styrene estimated to be between 20 and 30 ppm (8 h TWA).  It is therefore unlikely from 
the biological monitoring data that exposures to styrene in this study would have been high 
enough to cause acute CNS depression. The results from both phases of the study 
consistently indicate that the effects of styrene on colour discrimination decrease after an 
exposure-free weekend, and appear to be fully reversible over a period of four weeks. The 
results also show an exposure-response relationship between CCI and urinary levels of MA 
and PGA. In terms of severity of effect, the authors considered the effect of styrene on 
colour discrimination to be mild, as the workers were said not to be consciously aware of any 
effect.  

Italian studies 

Three reports described a series of linked studies investigating colour discrimination in 
styrene-exposed workers at a number of reinforced plastics factories in Italy.  
 
In the first study, 75 styrene-exposed workers employed at 7 factories were recruited from a 
total workforce of 84 (Gobba et al, 1991). The average length of time working with styrene 
was 7 years. Sixty workers from the rock-wool industry who were not exposed to solvents 
acted as controls. Two exposed workers and 3 controls were excluded from the study 
population on the basis of high alcohol consumption (>250g per week), poor visual acuity or 
a case history of certain medical conditions including self-reported congenital colour vision 
deficiency. For the reinforced plastics workers, styrene exposure was monitored on a 
Thursday via personal sampling throughout the 8-hour work shift, and by measurement of 
urinary MA levels at the end of the shift. Colour discrimination was assessed by the D-15d 
test at the beginning of the working day, under standardised lighting conditions. For a 
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subgroup of 39 styrene-exposed workers and matched controls, testing was also performed 
before, and immediately after, a one-month holiday. Analysis of the possible reversibility of 
the effects of styrene in these workers was described by Gobba and Cavalleri (2000), as 
summarised below. 

The geometric mean for airborne styrene concentration was 16 ppm (range 0.8-131 ppm), 
and end-of-shift MA concentration was 343 mg/l (range 15-3002). With the D-15d test, some 
styrene-exposed workers and controls made errors along the tritan axis of colour confusion; 
however “a few” styrene-exposed workers made errors along the red-green axis as well. The 
control workers in this study were on average older than the styrene-exposed workers, and 
to correct for the effect of age on colour discrimination, subjects were arranged into 41 pairs 
matched for age to the nearest two years. In the 41 styrene-exposed workers the mean CCI 
was 1.26 (SD 0.22), significantly higher (P<0.01) than the mean CCI of 1.15 (SD 0.14) for 
their age-matched controls. Although not commented on by the authors, it appears from the 
distribution of CCI scores in the 41 styrene-exposed workers that there were two sub-
populations; most exposed workers (26/41) had a CCI within one SD of the control mean, 
but a minority (9/41) had a CCI more than 2½ SDs greater than the control mean. In another 
method of analysis, all the subjects were arranged into three age groups (16-30, 30-39 and 
40-64 years old). Analysis of these three groups revealed that styrene-exposed workers had 
higher median CCI values than controls, but the difference was only statistically significant 
for workers of 40 or over. In a further analysis, all exposed workers were subdivided into 
those with exposures above or below 50 ppm. The results showed that the 15 workers 
exposed to >50 ppm had significantly greater (P<0.05) CCI values than the 55 workers 
exposed < 50 ppm, although there was no information on worker age in the two sub-groups 
and a high degree of overlap of individual scores between the two sub-groups of workers. In 
the low exposure group the median CCI was 1.08, similar to the control median, while in the 
high exposure group the median CCI was 1.30 with a 90th percentile of 1.64. Although this 
implies an impairment of colour discrimination, since there is no information on worker age it 
is not possible to draw firm conclusions about the role of styrene. 

For the sub-set of 39 exposed workers who had a mean age of 35 years (SD 6), mean CCI 
tested before the holiday was 1.23 (SD 0.19); this is on the 95th percentile of the age-related 
reference value. After the holiday, mean CCI was 1.20 (SD 0.21), suggesting that a 4-week 
exposure-free period did not influence colour discrimination. However, confidence in such a 
conclusion is weakened by the fact that there was no testing of control subjects after the 
holiday, which represented a limitation in the study design. 

In the second Italian study, similar methods were used to assess colour discrimination in a 
group of 40 styrene exposed reinforced plastics workers from 3 factories not included in the 
previous study (Gobba & Cavalleri, 1993). A control group comprised of 40 subjects, 
matched for age, alcohol consumption and tobacco smoking, but the population from which 
they were recruited was not described. Subjects with alcohol consumption greater than 350 
g/week or with self-reported congenital colour vision deficiency were excluded from this 
study population. For the reinforced plastics workers, styrene exposure was monitored on a 
Thursday by personal sampling, presumably throughout the 8-hour work shift, and by 
measurement of end-of-shift urinary styrene levels; the frequency of monitoring was not 
stated. Colour discrimination was assessed by the D-15d test at the beginning of the working 
day, under standardised lighting conditions. 

Among the exposed workers, mean styrene exposure during the 8-hour shift was again 16 
ppm. The mean CCI in styrene-exposed workers (1.21, SD 0.20) was significantly higher 
than the mean in the controls (1.05, SD 0.07).  There was no attempt at exposure-response 
analysis in these workers.  
 
The influence of changes in styrene exposure over a twelve-month period on colour 
discrimination was assessed in a group of 30 workers (Gobba & Cavalleri, 2000). An 
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unexposed control group of equal numbers, matched for sex, age, alcohol consumption and 
smoking, was included. Mean CCI of all styrene-exposed workers at the start of the 12-
month period (1.24, SD 0.21) was significantly higher than the controls (1.14, SD 0.14). 
Among the exposed workers there were 10 individuals for whom exposure increased (Group 
1), and 20 individuals for whom exposure was unchanged or decreased slightly (Group 2). 
The airborne concentration of styrene was monitored by personal sampling and colour 
discrimination was assessed using the same methods as in the previous two studies.  

In group 2 the geometric mean airborne styrene concentration was 14 ppm at the initial time 
point and 10 ppm one year later; over this time period mean CCI did not change significantly 
from the initial value of 1.27 (SD 0.18). In group 1 the geometric mean airborne styrene 
concentration increased over the one-year period from 11 to 16 ppm; in these workers mean 
CCI increased from 1.18 (SD 0.16) to 1.29 (SD 0.21). None of the mean changes in styrene 
exposure or CCI over this 12-month period achieved statistical significance. Thus, the 
reported changes in styrene exposure were small and unlikely to be of any consequence, 
consistent with the absence of any statistically significant changes in colour discrimination.   

Overall, these three Italian studies are consistent in pointing to an association between 
occupational styrene exposure and impaired tritan colour discrimination. An exposure-
response analysis was only carried out in the first study, and this suggested an impairment 
of colour discrimination in workers exposed to >50 ppm styrene, whereas in workers 
exposed to <50 ppm styrene colour discrimination was normal. In terms of the magnitude of 
the effect, the median CCI in the high exposure group (>50 ppm) was 1.30. The results from 
a sub-group of workers suggest that the effects of styrene on colour discrimination persist 
even after a 4-week exposure free period. This is in contrast to the Triebig et al (2001) study, 
which showed a clear reversibility of effect; that study is considered to be of superior quality 
for a number of methodological reasons, including the fact that control subjects were tested 
after the exposure-free period.  

Japanese studies 

Three studies in Japanese workers attempted to establish whether styrene has a threshold 
for effects on colour discrimination.  

Eguchi et al (1995) investigated colour discrimination in 64 styrene-exposed workers from 6 
fibreglass reinforced plastics (FRP) factories and 69 controls recruited from the same and 
other factories. Exclusion criteria included an alcohol consumption of more than 250 g/week, 
the presence of congenital colour vision deficiency or poor visual acuity. The mean age of 
the exposed workers was 38 years (range 18-66) and duration of exposure was 7 years 
(range 0.2-26.8). The mean age of controls was 38 years (range 20-61). Styrene was said to 
be by far the most widely-used solvent in the factories; acetone was also used to clean tools. 
End-of-shift urinary MA concentrations were measured on the same day of colour 
discrimination testing, but levels were not related to creatinine concentration or ionic 
strength, although the subjects drank a glass of water 2 hours before urine collection to 
minimise the effects of differences in ionic strength. Airborne styrene concentrations were 
measured by area sampling. Colour discrimination was tested using the D-15d test at the 
beginning of the working day (usually on a Monday) to minimise the possible acute influence 
of styrene on colour discrimination.  

The mean urinary MA concentration in styrene-exposed workers was 220 mg/l (SD 480), 
and the mean airborne styrene concentration was 21 (range 6.6-36.4) ppm. In both exposed 
and control groups a number of subjects made errors in colour discrimination. All subjects 
who made errors made at least one tritan error, with no subjects making exclusively red-
green errors. Paired analysis was used to compare colour discrimination in 57 age-matched 
pairs of styrene-exposed workers and controls. The mean CCI for the 57 styrene-exposed 
workers was 1.22 (SD 0.23), significantly higher than in the controls (mean 1.12, SD 0.13). 
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The styrene-exposed workers were also divided into high and low-exposure subgroups 
according to whether the urinary MA concentration was above or below 420 mg/l. In the low-
exposure subgroup of 40 workers the mean urinary MA level was 200 mg/l (SD 110) and the 
mean CCI was not significantly different from control. However, for the high-exposure 
subgroup of 17 workers where the mean urinary MA level was 1060 mg/l (SD 930), the 
mean CCI was 1.33, significantly higher than in controls and low-exposure subgroup. 
Stepwise regression analysis confirmed a positive correlation between CCI and MA levels, 
but did not show a correlation with the duration of styrene exposure. It was noted that colour 
discrimination was not related to alcohol consumption.  

The airborne concentrations of styrene in this study related to area sampling, and so are of 
little use for the determination of thresholds or exposure-response relationships. The urinary 
MA levels were not corrected for creatinine, and given that workers were encouraged to 
drink water prior to urine sampling the consequent dilution effect on urinary MA levels means 
that any extrapolations to estimated airborne concentrations of styrene would be of uncertain 
reliability. In summary, the results of this study are consistent with an exposure-response 
relationship for an effect of styrene on colour discrimination, and point to a threshold 
somewhere between the high and low exposure groups. However, from the data available 
the exposure levels in terms of airborne styrene concentration cannot be reliably estimated. 

The same team studied the exposure-response relationship between styrene and 
impairment of colour discrimination in a second study using the same methods and 
exclusion criteria (Kishi et al, 2001). Eighty-seven workers exposed to styrene in 7 FRP 
factories, with mean age 37.7 years (SD 13) and mean duration of exposure 6.2 years (SD 
6.2), were tested. They were arranged into low-, medium- and high-exposure sub-groups on 
the basis of whether end-of-shift urinary MA concentrations were below 100 mg/l, between 
100 and 200 mg/l, or above 200 mg/l, respectively. For each subgroup of exposed workers 
colour discrimination was compared with a group of age-matched controls drawn from 117 
subjects from the same and other factories but not exposed to industrial solvents. For the 21 
members of the low-exposure subgroup the mean urinary MA concentration was 50 mg/l 
(SD 30) and the mean CCI was 1.21 (SD 0.26), not significantly different from controls. The 
24 medium-exposure workers and 42 high-exposure workers had mean urinary MA 
concentrations of 140 mg/l (SD 30) and 650 mg/l (SD 700), respectively; for these workers 
mean CCI values were 1.23 (SD 0.20) and 1.27 (SD 0.27), respectively, both significantly 
greater than their corresponding control group values.   

Again, these results are consistent with the existence of an exposure-response relationship 
for an effect of styrene on colour discrimination. However, because the urinary MA levels 
were not corrected for creatinine, it is not possible to reliably estimate exposure in terms of 
airborne styrene concentrations for the low, medium and high exposure groups.  

A recent study by the same team investigated colour discrimination in a group of 57 styrene-
exposed workers at a FRP boat plant (Gong et al, 2002). The mean age of the exposed 
workers was 29 years (SD 4), and they had been working with styrene for a mean time of 6.4 
years (SD 2.1). Colour discrimination testing was also carried out in a group of 69 non-
exposed controls. The mean age of the controls was 38 years (SD 11). Exclusion criteria 
included congenital colour vision deficiency, the presence of medical conditions that may 
affect colour discrimination, alcohol consumption greater that 250 g/week, and occupational 
exposure to styrene for less than 6 months. Styrene exposure was assessed by personal 
sampling and by measuring urinary concentrations of MA and PGA; in this study these were 
corrected for the concentration of creatinine in the urine. Both contemporary and historical 
urinary measurements were available. A cumulative exposure index was calculated for each 
worker based on frequency and duration of exposure and the results of the monitoring of 
urinary MA concentrations. Colour discrimination was measured by the D-15d test, 
conducted immediately before the start of a workshift under standard lighting conditions. 
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The mean urinary MA concentration at the time of the study was 260 mg/g creatinine (SD 
350); this was less than a third of the mean value recorded for 1993. The mean 8 h TWA 
styrene concentration at the start of the working week was 50 ppm (SD 36). Workers were 
also exposed to acetone, with a mean 8 h TWA concentration of 49 ppm (SD 25). The mean 
airborne concentrations of other solvents monitored were low, all less than 0.1 ppm. 

CCI was compared in 43 pairs of age-matched subjects, and was significantly higher in the 
exposed workers than in the unexposed controls; the median values for these two groups 
were 1.13 and 1.04, respectively. Twenty-three control subjects made no errors (CCI=1.00), 
compared with 11 of the exposed workers. As in the previous studies, styrene-exposed 
workers were divided into subgroups. The criterion for grouping was whether the sum of 
contemporary urinary MA+PGA concentrations was above or below 240 mg/g creatinine. 
Workers were matched for age, providing 29 high-exposure workers, 29 low-exposure 
workers, and 29 control subjects for comparison. As found in the previous studies, CCI 
related to contemporary styrene exposure. For the high- and low-exposure workers, mean 
CCI values were 1.14 (SD 0.24) and 1.09 (SD 0.13), respectively, both statistically 
significantly higher than the control CCI of 1.02 (SD 0.04). However, no relationship between 
cumulative styrene exposure and CCI was found. The relationship between individual CCI 
values and individual maximum styrene exposure recorded during the previous eight years 
was investigated. There was a positive, but relatively weak, correlation between maximum 
MA concentration and CCI.   

From the urinary MA+PGA cut-off value of 240 mg/g creatinine, it can be estimated that the 
low and high exposure groups in this study correspond to mean 8 h TWA exposures of <12 
and >12 ppm respectively. However, it is worth noting that this estimate of exposure is 
based on urinary metabolites measured at the end of a work shift, whereas visual testing 
was conducted pre-shift generally on a Monday. The strength of evidence for an exposure-
response relationship might have been increased if visual testing had also been conducted 
post-shift on the same day as the urine sampling. It also needs to be noted that the results of 
this study imply a relationship between contemporary levels of urinary styrene metabolites 
and an effect on colour discrimination, but no relationship with long-term cumulative 
exposure was found.  

To summarise the 3 Japanese studies, all three consistently point to styrene having a 
threshold effect on colour discrimination. The Gong study, which had the most rigorous 
exposure assessment, indicates that the threshold exposure level must be somewhat in 
excess of 12 ppm (8 h TWA). In relation to severity of effect, all 3 studies conducted the 
colour discrimination tests pre-shift on a Monday morning, specifically to exclude an acute 
effect of styrene. This raises the possibility that effects would have been more severe if the 
tests had been conducted post-shift. Comparing pre- and post-shift results would also have 
allowed the biological credibility of the results to be more effectively judged, and hence these 
studies are not thought to be as rigorous as the Triebig study.  

Canadian studies 

In a series of three reports, colour discrimination was investigated in styrene-exposed 
workers at 3 Canadian reinforced plastics plants. Unexposed control groups were not 
included in any of the studies (the study design of these investigations are described in more 
detail in the “neurobehavioural studies” section). 

The initial investigation was based on 81 workers from the 3 plants following exclusions due 
to self-reported congenital colour vision deficiency, other ocular disorders and injuries, poor 
visual acuity, or less than 6 months solvent exposure (Campagna et al, 1995; Campagna et 
al, 1992). The mean age of the workers was 29 years; mean duration of employment at the 
plants was 5 years and the mean alcohol consumption was 160 g/week.  
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Styrene exposure was assessed by personal sampling over 4 h of an 8 h shift and by 
measuring end-of-shift urinary MA concentration. Visual testing was conducted on Saturday 
morning, 12 hours after the last exposure. Colour discrimination was assessed using the D-
15d test, conducted under standardised lighting conditions. Subjects were classed as having 
colour vision deficiency if the coloured caps were misplaced by at least two positions, even if 
this occurred for only one eye.  

Mean airborne styrene concentration was 48 ppm (SD 60) and mean urinary MA 
concentration was 480 mg/g creatinine (SD 690). However, about 1/3 of the workers wore 
respiratory protective equipment (RPE). 35 workers reported acute eye irritation associated 
with styrene exposure, and some also reported tearing and blurred vision. The incidence of 
these symptoms was found to correlate positively with urinary MA concentration; it is unclear 
whether or not this adversely affected performance in the colour discrimination test. On the 
basis of the D-15d test, 25 workers (31%) were classified as having colour vision deficiency. 
Most of these workers made errors of the tritan type, although one made only errors of the 
red-green type and two made both types of error. Six other workers made errors with no 
particular pattern. When workers were dichotomised into those with or without colour vision 
deficiency, statistical analysis showed no significant relationship with urinary MA. The 
mean uncorrected CCI score for all workers (based on the mean of scores from left and 
right eye separately) was 1.14 (SD 0.16). Multiple regression analysis was used to 
investigate the relationships between CCI and age, length of service in the factory, alcohol 
consumption, respirator use and urinary MA. When CCI was corrected for age, alcohol 
consumption and length of service, it was found to have a positive correlation with urinary 
MA concentration but not with airborne styrene levels, presumably reflecting the use of RPE 
in some workers.  

One statistical analysis suggested a positive relationship between CCI and urinary MA, but 
this was not confirmed by the analysis of those with and without colour vision deficiency. 
From the mean urinary MA concentration of the workers in this study and using the ACGIH 
conversion, it is estimated that the mean amount of styrene inhaled by workers is equivalent 
to an airborne concentration of 30 ppm (8 h TWA). Although there was no control group, it is 
noted that the mean CCI score from all the exposed workers (1.14) is between the 50th and 
90th percentile of normal reference values (Table b), given the mean worker age (29 years). 
The reports of lacrimation and blurred vision also raise doubts over the interpretation of this 
study. Overall, there was no consistent evidence for a clear-cut effect of styrene exposure on 
colour discrimination, and it does not seem possible to draw any firm conclusions from this 
study.  

Follow-up testing on 57 workers from the original study (T0) was conducted two years later 
(T2) (Mergler et al, 1996). The mean age of these workers was 32 years (SD 9) and the 
mean duration of employment at the plant was 6 years (SD 6). Styrene exposure and colour 
discrimination were assessed as in the previous study, and this report also included the 
results from a neurobehavioural test battery. 

Styrene exposure during the 2-year period, measured as airborne concentration or urinary 
MA concentration, had slightly decreased in Plant 3, but had broadly stayed the same or 
showed some slight increases in Plants 1 and 2. It appeared that the reductions in MA 
between T0 and T2 in Plant 3 were largely due to wearing RPE rather than to a reduction in 
airborne styrene levels. Exposure data for each plant were only presented graphically. The 
graphs revealed a lognormal distribution of exposure data and that 50% of exposures in 
each plant were below 50 ppm.  

Mean CCI for all 57 workers at T2 was 1.19 (SD 0.35), similar to the mean CCI (1.18) for 
these workers at T0. When the results from each plant were considered separately it was 
found that in Plant 3 the mean CCI had decreased by 0.20 (SD 0.78). In Plants 1 and 2 
where styrene exposure had not decreased, the mean CCI had increased by 0.12 (SD 1.17) 
although these changes were not statistically significant. When colour discrimination test 
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results for all 57 workers were grouped according to whether urinary MA had increased, 
decreased or remained unchanged, there was found to be a statistically significant 
correlation between urinary MA concentration and increases in CCI over the 2 years. The 
results of the neurobehavioural test battery showed no decline in any of the 18 test 
parameters between T0 and T2, and a statistically significant improvement in 3 parameters in 
workers from Plant 3, and an improvement in one parameter in workers from plants 1 and 2.  

In summary, the results of the first follow-up showed no decline in colour discrimination in 
workers where average exposures to styrene had not changed markedly during the two-year 
interval. There was no information on subjective symptoms of eye irritation in this follow-up 
study, and the results of the neurobehavioural tests were unremarkable. However, analysis 
of changes in levels of urinary MA and CCI scores at the level of the individual worker 
suggests a correlation between increases in the body burden of styrene and deterioration in 
colour discrimination over the 2 years. It is not possible from the way the results are 
presented in this study to identify a threshold for an effect of styrene on colour discrimination 
or to quantify exposure-response relationships. However, qualitatively the results are 
suggestive of a relationship between exposure to styrene and colour discrimination.  

After 9 years, colour discrimination was retested in 18 of the original workers still working at 
Plant 3 (Castillo et al, 2001). The 18 retested workers had a mean age of 38 years and 
mean duration of employment of 13 years. The authors were unable to enter the plant to 
sample airborne styrene concentrations or access company records, but end-of-shift urinary 
MA measurements were made at the end of the working week as in the previous studies. In 
addition, personal exposure measurements were available for the period 1987 to 1998, and 
these were combined with individual work histories to produce a cumulative exposure index 
for each worker.  

Urinary MA levels were lower than at year 0 and year 2, and were all below 340 mg.g-1 
creatinine. Among the retested workers age-corrected CCI had improved significantly 
between year 0 and year 2, during which time their styrene exposures had also fallen. 
However, there was no further significant change in CCI between year 2 and year 9, during 
which time styrene exposure had continued to fall.  

In summary, the Canadian studies comprised a series of three cross-sectional studies with 
ever decreasing size of the study populations at each phase. The lack of an unexposed 
control group is a possible limitation with these studies. It is difficult to draw reliable 
conclusions from the first study because of inconsistencies between the different statistical 
analyses of the results, and uncertainties as to the possible influence of direct eye irritation. 
It should also be noted that the majority of CCI scores for the workers in this study are likely 
to have been within the normal age-related range of reference values. The follow-up 
investigation at 2 years showed no changes in the mean CCI scores over this time period. In 
some workers within the study population there was a correlation between increases in 
urinary MA concentration and a decline in CCI scores. Among the small subgroup of workers 
re-evaluated at 9 years, no changes in mean CCI were detected, although styrene exposure 
had decreased. These data are suggestive of a possible effect of styrene on colour 
discrimination, but it is difficult to ascertain the magnitude of any deficiency. Overall, these 3 
Canadian studies appear to contribute little to the key questions of this review. 

Other studies 

The following studies are summarised for completeness, but it is felt that because of 
methodological problems, or problems in the reporting and analysis of the results, no reliable 
conclusions can be drawn from these studies.  

Chia et al (1994) investigated colour discrimination and neurophysiological function in 21 
styrene exposed laminators and 21 carpenters from a boat-building plant in Singapore. The 
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two groups were matched for age, smoking habits and alcohol consumption, although there 
was apparently no screening for congenital colour vision deficiency. Styrene exposure was 
assessed by measurement of end-of-shift urinary MA levels. On Monday morning, after an 
exposure-free weekend, colour discrimination was assessed using the D-15d test under 
standard lighting conditions, and 10 neurobehavioral parameters were tested. The colour 
discrimination results were expressed as the geometric mean of the total colour difference 
score (TCDS). 

Mean urinary MA concentrations for the exposed and control groups were 84 and 3 mg/g 
creatinine respectively. Colour discrimination errors were made by the exposed workers 
along both the red-green and tritan axes. For the exposed subjects the mean TCDS was 164 
(SE 0.4), higher than the mean of 132 (SE 0.4) for the control group. The difference in colour 
discrimination was highly statistically significant. It was reported that exposed workers 
performed less well than controls for 3 of the 10 neurobehavioural parameters, but it is 
uncertain whether or not any useful conclusions can be drawn from this. The TCDS scores 
for the control subjects, as well as the exposed workers, were exceedingly high relative to 
age-related normative values. Bowman et al (1984) noted that TCDS values in normal 
healthy subjects of working age are generally below 100. It has been suggested in reviews 
of the colour vision literature that in this study, the scores had almost certainly been 
miscalculated (Geller & Hudnell, 1997; Sheedy, 1997). In view of this uncertainty over the 
results, it is felt that no reliable conclusions can be drawn.  

A study of 60 styrene-exposed workers in a French shipyard used the FM-100 test to assess 
colour discrimination (Fallas et al, 1992; follow-up correspondence from Muttray et al, 1993; 
Fallas et al, 1993). A group of 60 workers without occupational exposure to chemicals, 
claimed to be matched for age, intellectual level and ethnic origin, served as controls (the 
study design is described in more detail in the “neurobehavioiral studies” section). The 
method of recruiting the exposed and control subjects was not described. Styrene exposure 
was assessed by area sampling and by determining the end-of-shift urinary MA and PGA 
concentration. Colour discrimination was tested during working hours, under conditions of 
daylight, but lighting conditions did not appear to be standardised.  

For the styrene workers, mean end-of-shift MA and PGA concentrations were 230 and 57 
mg/g creatinine, respectively. The mean airborne styrene concentration over the 3-month 
study period was 24 ppm, although peaks of up to 469 ppm were measured. How these 
values relate to personal exposures is uncertain. In the styrene-exposed workers the mean 
total error score (TES) value was reported to be 260 (SD 137), and was not significantly 
different from in control workers (mean 263, SD 114). However, 32 out of the 60 exposed 
workers styrene made circumferential or major errors in the test; this was significantly higher 
than for the controls (20 out of 60). This difference was due to an increased incidence of 
both red-green and tritan errors.  

One limitation of this study is that there was no attempt to any exclude subjects with 
congenital colour vision deficiency, so it is possible that bias may have been introduced. 
Another problem is that the mean colour discrimination error scores reported for the controls 
are unexpectedly high, since FM-100 TES scores of less than 100 are generally expected in 
individuals of working age with unimpaired colour discrimination. The high TES values could 
have been generated if the scores had been miscalculated by the study organisers, as 
suggested by Sheedy (1997), who speculated that the correct mean TES values could be 90 
in exposed workers and 93 in control workers respectively. Either way, the mean TES values 
for the two groups are similar. Overall, there are doubts about the reporting of the results of 
this study, and it is felt that no reliable conclusions can be drawn. 

A study of workers in a Soviet air-conditioner factory reported that in 153 workers exposed to 
2-3 times the national OEL for styrene, the thresholds for colour perception were higher than 
in 178 control workers at the same factory (Alieva et al, 1985). The Rapporteur was able to 
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clinical significance of this effect is questionable as all subjects appeared to be healthy 
workers. 

A few studies are available which were designed to investigate any effect of styrene on 
hearing function. When confounding factors such as age and noise exposure were taken into 
account, no relationship between styrene exposure and hearing loss was found. There is 
limited evidence that styrene exposure may have caused minor effects on vestibular reflexes 
in some workers. However, the quality of the exposure data is such that it is not possible to 
relate these effects to reliable levels of styrene exposure. Therefore, although these human 
data cannot be used for risk characterisation purposes, nevertheless they indicate that the 
observations of ototoxicity in animals may be relevant to humans. 

In one study to investigate olfactory function, other than an adaptive increase in the 
threshold for odour detection of styrene itself, no olfactory deficit was evident in workers 
exposed to up to 77 ppm (8-hour TWA). 

Studies on colour vision provide some evidence to support the view that styrene does cause 
changes in colour discrimination relative to age-matched controls. However, it should be 
noted that, as a single colour vision test rather than a testing battery approach was used, 
these findings are not sufficiently robust to reliably characterise the scale and the nature of 
the effect. Generally, the effect was on the tritan (blue-yellow) type, although some workers 
also had evidence of red-green colour vision deficiency. However, there is a lack of 
information on whether the effect is related to short-term or repeated long-term exposures to 
styrene. There is also a lack of information on the magnitude of the effect in workers 
exposed to styrene concentrations > 100 ppm (8h TWA), although performance in colour 
discrimination tests at these high exposures is likely to be subject to confounding because of 
transient CNS depression or eye irritation. Studies suggest that changes in colour 
discrimination would not be expected with 8 h TWA exposures below 20 ppm. Therefore, 
although there are findings suggesting minor changes in colour discrimination at relatively 
high levels of exposure to styrene (≥ 50 ppm, 8h TWA), it should be noted that the available 
studies are not sufficiently robust to reliably characterise the scale and the nature of the 
effect. Also, given the very mild nature (the affected workers were not even aware of any 
deficit) and the likely reversibility of the effect which appears not to affect performance in 
jobs that require good colour vision, it is deemed that the slight changes in colour 
discrimination detected should not be considered as an adverse health outcome of styrene 
exposure. It can be concluded that since the effects observed at 50 ppm (216.5 mg/m3; 8h 
TWA) are not yet adverse, this exposure value can be considered a NOAEC against which 
risk characterisation should be performed.  

Numerous workplace studies using neurobehavioural testing are available. The results 
obtained have been variable, with some studies reporting effects and others no effects for 
workers within similar exposure ranges. Performance was adversely affected in several 
studies in only a small proportion (1-3) of the tests administered (6-20). Also, different types 
of neurobehavioural test (representing various functional domains of the CNS) were 
apparently sensitive to styrene exposure in different studies. This lack of a clearly consistent 
effect on particular functional domains indicates that there is only weak evidence for a causal 
relationship. In some studies, there is a possibility that effects similar to those detected in 
volunteer studies (i.e. slightly slower response times) were observed and these might be 
related to brief peaks of styrene exposure of hundreds of ppm that had occurred during the 
previous shift. In view of this, it is not possible to discern a clear dose-response relationship 
for any of the effects observed in neurobehavioural tests in workers. Furthermore, at present 
there is not a clearly established, widely accepted interpretational framework into which 
these results can be fitted. Where apparent deficits in neurobehavioural test performance 
have been measured, the underlying toxicological processes involved, the consequences of 
the health and safety of the individual, and the effect of styrene in comparison with that of 
other experiences and phenomena regularly encountered in everyday life, have not been 
established. 
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Taking all of these points into consideration, the rapporteur proposes that the crucial issue in 
relation to the impact of styrene on the nervous system is the need to avoid acute CNS 
depressant effects and associated symptomatology.  

In relation to findings in experimental animals, a variety of repeated inhalation exposure 
studies in different animal species are available. However, among these species, the rat and 
mouse have been the most extensively investigated. Four well characterised target sites of 
toxicity have been identified: the nasal epithelium (in rats and mice), the lung (in the mouse), 
the liver (in the mouse) and the ear (in the rat).  

In relation to nasal epithelium damage, a NOAEC has not been identified, with chronic 
inflammatory changes (mild in degree and confined to the olfactory epithelium with no effects 
on Bowman’s glands or olfactory nerve fibres), having been seen in the rat with long term 
daily exposure to 50 ppm styrene, the lowest concentration explored in a 2-year study. Nasal 
toxicity has also been reported in mice. In a similar 2-year study, respiratory metaplasia of 
the olfactory epithelium, hyperplasia and hypertrophy of the Bowman’s gland and atrophy of 
the olfactory nerve fibres were observed starting from 20 ppm, the lowest concentration 
tested. It is clear that the nasal lesions induced by styrene exposure are a lot more severe in 
the mouse compared to the rat. Over the years a number of investigative studies have been 
undertaken to characterise and explain these species differences and to investigate the 
relevance of these findings to humans. The results of these investigations have shown that 
the differences in nasal toxicity between rat and mouse can be explained by the greater 
ability of the rat nasal epithelium to detoxify reactive metabolites of styrene formed via 
CYP2F2 metabolism. These reactive/toxic intermediates include styrene oxide and most 
probably the downstream metabolites of 4-VP. Detoxification of toxic species by epoxide 
hydrolase is 10-fold higher in the rat olfactory tissue as compared to the mouse while 
glutathione S-transferase activity is approximately 3-fold higher in the rat nasal tissue as 
compared to the mouse. It is important to consider that cytochrome P450-catalysed 
metabolic activation of styrene to styrene oxide in human nasal epithelial tissue appears to 
be negligible (see toxicokinetics section). Also, since uptake of styrene by nasal tissue is 
enhanced by the ability of the tissue to metabolize styrene, the lack of the primary step of 
styrene metabolism in human nasal tissue serves as a further reason for dismissing the 
relevance to humans of these rodent nasal lesions. Besides these metabolic differences, 
anatomically, there are significant differences in the nasal passages of rodents and humans, 
which result in significant different volumes and airflow patterns. Thus, although inhaled 
styrene may be deposited in the nasal passages of humans, it is likely that high levels will 
not be deposited in the olfactory area. Furthermore, human investigations have shown that 
exposure up to 77 ppm (8h TWA) styrene as occurring in the UP-resin industry is not 
associated with impairment of olfactory function, and in several human health surveys of 
workers repeatedly exposed to styrene up to a maximum of approximately 700 ppm, no 
nasal lesions have been described (see RDT, human studies section). Hence, it can be 
concluded that rodent nasal epithelium damage induced by styrene is not of relevance in 
relation to the potential repeated dose effects of styrene in humans at relevant levels of 
exposure. 

In relation to the lung, no effects were seen in rats exposed up to 1000 ppm, but in mice a 
NOAEC was not identified, with damage to the lung epithelium (hyperplasia in the terminal 
bronchioles, focal bronchiolar-alveolar hyperplasia, fibrosis extending to the alveolar ducts 
and extension of non-ciliated cells from the terminal bronchiole to the alveolar duct) having 
been seen from 20 ppm, the lowest exposure concentration tested in a 2-year study. Work 
with the cytochrome P450 inhibitor 5-P-1-P has shown that metabolic activation of styrene to 
styrene oxide and other reactive metabolites (e.g the downstream metabolites of 4-
vinylphenol) and the subsequent detoxification of styrene oxide are crucial elements of this 
toxic response. This is supported by the observation that it is the metabolically active Clara 
cells that are the initial focus of damage. These non-ciliated bronchiolar epithelial cells are 
mainly involved in the metabolism of xenobiotics, but also in the secretion of surfactants and 
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in the renewal process of the bronchiolar epithelium (Komaromy and Tigyi, 1988). Early 
biochemical changes, sustained cell damage and regenerative cell proliferation were 
observed in lung Clara cells of mice exposed to 40 and 160 ppm styrene for up to 4 weeks. 
In this context it is important to consider that cytochrome P450-catalysed metabolic 
activation of styrene in human lung tissue appears to be minimal (see toxicokinetic section) 
even though the two main P450 isoforms involved in styrene metabolsim, CYP2E1 and 
CYP2F1, have been detected; that the number of Clara cells in human lung is very low; and 
that their most important functions in human lung are shared by other cell types (e.g. Type II 
cells). Hence, it can be concluded that these lung tissue findings in mice reflect a toxic 
response that will not occur to any significant extent in humans at relevant levels of 
exposure. 

In relation to the liver, exposures in the range 150-350 ppm have produced fatal 
hepatotoxicity in mice. Again, it appears that the metabolic activation of styrene to SO is a 
crucial stage in the hepatotoxicity process. In this context, it is evident that the toxicokinetic 
information available suggests that the mouse would be more susceptible than humans to 
styrene induced hepatotoxicity. This is borne out by the observation of mouse fatalities at 
exposure levels to which humans have been regularly exposed in the past, with no reports of 
hepatotoxicity or death. 

In relation to effects on the ear, clear evidence of ototoxicity (both functional and histological 
has been seen in sedentary/ordinary rats repeatedly exposed to styrene by inhalation at 
concentrations of 600 ppm and above. In three different studies, no such effects were seen 
at 200 ppm (13 weeks), 300 ppm or 500 ppm, although in the latter two cases the studies 
were only of four weeks’ duration. One study in active rats exposed to styrene for 4 weeks 
showed that styrene-induced ototoxicity tend to occur at lower exposure concentrations than 
those at which ototoxicity is observed if sedentary/ordinary rats are employed. This is 
considered to be due to the increased styrene uptake, which is the consequence of the 
increased ventilation rate and, in turn, of the increased physical activity of the animals. In this 
study ototoxic effects were seen at 400 ppm and above, but not at 300 ppm. Comparative 
studies using rats and guinea pigs exposed to 1000 ppm for 5 days indicate an obvious 
species-difference, as similar findings were not observed in guinea pigs. Ototoxicity has 
been seen at similar exposure levels with other aromatic organic solvents, such as toluene 
and xylene. The underlying toxicological mechanism has not been clearly elucidated. This 
effect should be therefore regarded as of potential relevance to human health. The 
histological damage consists of the destruction of the outer hair cells (OHC; especially of row 
3) of the cochlea. These changes are accompanied by an elevation of the hearing thresholds 
in the mid-frequency range (10-20 kHz). The destruction of the hair cells is irriversible and 
occurs at slightly lower exposure concentrations than those producing the audiometric 
hearing threshold shifts. Mechanistic investigations indicate that styrene reaches the sensory 
hair cells of the cochlea via the blood stream and that styrene itself and/or its metabolites 
cause a serious disturbance of the membranous organisation of these target cells. A number 
of studies suggest that styrene-induced ototoxicity can be potentiated by exposure to noise. 
The available evidence also shows that ototoxicity appears after relatively short exposures 
(1 week) and that continued treatment (4 weeks up to 19 months) does not enhance the 
intensity of the ototoxic response. On this basis, it is considered that the NOAEC values of 
500 and 300 ppm for 4 weeks in sedentary/ordinary and active rats respectively are a more 
accurate starting point for risk characterisation than the NOAEC of 200 ppm for 13 weeks. 

In one single non-standard investigation, rather minor effects on the number of the large 
amacrine cells and on the content of neuramines and glutathione of the retina of rats 
exposed repeatedly to 300 ppm styrene for 12 weeks have been reported. However, it is 
considered that, in the absence of any associated conventional histopathology and given the 
lack of information on what are the ‘normal’ levels of dopamine and glutathione in the retinal 
cells of rats, the rather minor morphometric and biochemical changes observed are unlikely 
to represent a toxic response. 
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Overall, the available animal inhalation repeated dose toxicity studies have identified 
ototoxicity as the most sensitive and relevant effect of styrene repeated inhalation exposure 
with NOAEC values of 500 ppm (2165 mg/m3) and 300 ppm (1300 mg/m3) for 4 weeks in 
sedentary/ordinary and active rats respectively. 

Most of the available repeated oral exposure studies have been performed in rats and mice. 
Information from a carcinogenicity bioassay in the rat has shown no evidence of treatment 
related toxicity in animals administered 1000 mg/kg/day for two years; a marked increase in 
mortality was evident at 2000 mg/kg/day. In another 2-year study, styrene did not produce 
any clear evidence of toxicity when administered in drinking water at a dose of 21 
mg/kg/day, the highest dose level tested. However, it is noted that potential effects on the 
ear were not investigated in these studies. Ototoxicity, a clearly established effect of styrene 
in the rat, was seen in one study at 800 mg/kg/day (and perhaps, although less convincingly, 
at 400 mg/kg/day) for 2 weeks.  

In mice, the most reliable information comes from a cancer bioassay, in which increased 
mortality and hepatic necrosis were observed at the highest dose of 300 mg/kg/day; a 
NOAEL of 150 mg/kg/day was identified from this study. The one significant observation 
from the remaining studies is that of toxicity towards the lung epithelium, adding further 
support to the concept that the lung toxicity of styrene in mice, following oral and inhalation 
exposure, results from local metabolism of styrene to styrene oxide and to other reactive 
metabolites (e.g. the downstream metabolites of 4-vinylphenol).  

Overall, in relation to repeated oral exposure, the NOAEL of 150 mg/kg/day identified from a 
2-year cancer bioassay in the mouse should also be considered. But in extrapolation to 
humans careful consideration has to be taken of the specifics of mouse metabolism and the 
high sensitivity of this species for liver toxicity as compared to e.g. the rat.  

No repeated dermal studies are available, although low systemic toxicity would be predicted 
in most conventional experimental species with the possible exception of some strains of the 
mouse. 

Mutagenicity - With respect to mutagenicity, a large number of studies have been published 
which have aimed to investigate the genotoxic potential of styrene in humans by examination 
of various endpoints in styrene exposed workers. Very low levels of DNA adducts were 
found in some styrene exposed workers but it has been stated that such low levels should 
be viewed with caution. There is also some evidence of DNA damage (SSBs) induced in 
styrene exposed workers. Both these endpoints are indicative of exposure and are not 
necessarily associated with heritable effects. The results of several studies on another 
indicator endpoint of unclear health significance, SCEs, did not provide evidence of a 
positive response, despite these being induced in animals exposed to styrene. There are 
also many studies investigating endpoints (gene mutations, chromosome aberrations and 
micronuclei) known to lead to heritable effects. The number of studies assessing gene 
mutation is very limited and no conclusions can be drawn from them. Although 5 studies 
appear to present evidence that styrene may be weakly clastogenic in humans, there are 11 
robust negative studies also. Together with a lack of evidence of a dose-response 
relationship and the negative response for induction of micronuclei when studied 
concurrently in two of the positive chromosome aberration studies, no clear conclusion on in 
vivo clastogenicity of styrene in humans can be made.  

Overall, given the lack of evidence of consistent relationships between exposure levels and 
study outcome, the lack of any consistent profile of endpoints and the absence of information 
on the relevance of the types of adducts seen and their mutagenic potential in vivo, there is 
no convincing evidence that styrene has shown mutagenic activity in humans. 

The overall picture presented by the in vitro assay results available is that at least in some 
test systems (including Ames tests and in vitro chromosome aberration studies in 
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mammalian cells), styrene does possess some genotoxic potential in vitro. Metabolic 
activation (presumably to styrene oxide) is required for this activity. Styrene has been 
exhaustively studied in clastogenicity studies in animals up to concentration and/or dose 
levels producing severe toxicity in some cases. There is no convincing evidence of styrene 
clastogenicity when the quality of the studies and the plausibility of the test results are 
considered. Equivocal results were obtained after exposure to high concentrations and/or 
doses causing lethality. However, overall, negative results were obtained from in vivo 
chromosome aberration and micronucleus studies in the rat, hamster and the mouse 
following single or repeated exposures to styrene up to concentrations and/or doses causing 
systemic toxicity, via the inhalation, oral and intraperitoneal route in the tissues examined 
(bone marrow, peripheral lymphocytes, splenocytes and whole blood). Furthermore, a 
recently published micronucleus test in bone marrow cells of mice conforming to the current 
OECD guideline was clearly negative. 

The general pattern of SCE results in the wide range of tissues examined (lymphocytes, 
spleenocytes, bone marrow, alveolar macrophages, regenerating liver cells) from both the 
rat and the mouse following inhalation or i.p exposure to styrene has been positive.  
However, it is important to note that in most cases concomitant chromosome aberration 
and/or micronucleus assays involving the same animals and in some cases the same 
tissues were carried out and that negative results were obtained for these indicators of 
chromosome damage. Therefore, this clearly reduces the significance of these SCE findings 
in relation to mutagenicity. 

The binding of styrene metabolites to DNA was very low and did not indicate any specificity 
for the target tissue (mouse lung). Induction of alkali-labile single-strand breaks has also 
been produced in vivo in rats and mice exposed to styrene. Again the significance of these 
findings is unclear, given the repeated failure of styrene to demonstrate mutagenic activity in 
standard clastogenicity assays. 

In summary, the available data suggest that styrene is weakly positive in indicator tests 
detecting SCEs, DNA stand breaks and DNA adducts. In contrast, an in vivo UDS test 
performed in accordance with international guidelines did not reveal a genotoxic effect of 
styrene in mouse liver. 

Overall, based on standard regulatory tests, there is no convincing evidence that styrene 
possesses significant mutagenic/clastogenic potential in vivo from the available data in 
experimental animals.  

Carcinogenicity - In relation to carcinogenicity, several cohort and case-control studies 
covering workers exposed to styrene in the GRP and styrene production industries are 
available. In these studies there was no clear and consistent evidence for a causal link 
between specific cancer mortality and exposure to styrene. The increased risks for lymphatic 
and haematopoietic neoplasms observed in some of these studies were generally small, 
statistically unstable and often based on subgroup analyses. These findings are not very 
robust and the possibility that the observations are the results of chance, bias or 
confounding by other occupational exposures cannot be ruled out. In the styrene-butadiene 
rubber industry, several studies have pointed to an increased risk of cancer of the lymphatic 
and haematopoietic systems. However, detailed analysis of these data, together with the 
general toxicological picture for styrene and butadiene, suggests that where increases are 
due to occupational exposure, it is butadiene, not styrene, that is the more likely causative 
agent. In conclusion, based on human studies, there is no clear and consistent evidence for 
a causal link between specific cancer mortality and exposure to styrene.  

In animals, the carcinogenic potential of styrene has been explored in rats and mice, using 
the inhalation and oral routes of exposure. A carcinogenic effect of styrene towards the lung 
is evident in the mouse. This has been shown in a well-conducted lifetime inhalation study in 
CD1 mice at exposure concentrations of ≥ 20 ppm styrene and, somewhat less convincingly, 
in an oral study in mice of the B6C3F1 strain. The inhalation study, which included extensive 
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histopathological examination, showed that the tumours (prevalently adenomas) were 
preceded by cytotoxicity characterised by early Clara cell toxicity followed by progressive 
bronchiolar epithelial hyperplasia and bronchiolar-alveolar hyperplasia. 

In the rat, styrene has not exhibited any clear evidence of carcinogenic potential by the 
inhalation or oral route. In individual studies there have been isolated findings of statistically 
significantly higher incidences of various particular tumour types in particular groups of 
styrene-treated animals, compared with the in-study controls. However, the findings have 
been within historical background ranges, not reproducible between studies, in some cases 
have not shown an upward trend with increasing dose, and have not been associated with 
evidence of underlying styrene-induced changes at the site in question. 

On the question of the relevance of the mouse lung tumours for human health, consideration 
of the available toxicokinetic information and data from single and repeated inhalation 
exposure studies in experimental rodents suggests the following as the most plausible 
toxicological mechanism for these tumours. Styrene is metabolised by cytochrome P450 
enzymes in the metabolically active Clara cells (non-ciliated bronchiolar epithelial cells 
involved in the metabolism of xenobiotics, but also in the secretion of surfactants and in the 
renewal process of the bronchiolar epithelium) of the bronchiolar epithelium of the mouse, 
producing cytotoxic metabolites of styrene including styrene 7,8 oxide (SO) and oxidative 
metabolites of 4-vinylphenol (4-VP). These metabolites cause early Clara cell toxicity/death 
and sustained regenerative bronchiolar cell proliferation which, in turn, leads to 
compensatory bronchiolar epithelial hyperplasia and ultimately tumour formation. Clara cell 
toxicity could also be a consequence of the long term depletion of glutathione, because of 
conjugation with SO. Genotoxicity of SO (an EU-category 2 and IARC group 2A carcinogen) 
or other reactive styrene metabolites is unlikely to be involved in tumour development as 
minimal binding of styrene metabolites to DNA has been detected in mouse lung with no 
species- or tissue-specificity. 

All of the key events of this postulated mode of action are less operative in the non-
responsive rat (which does not develop lung tumours at exposure concentrations up tp 1000 
ppm) and even less operative in humans.  

The number of Clara cells (being responsible for both the formation of toxic metabolites and 
the target for their toxic action) is very low in humans, even less than in rats. While Clara 
cells comprise about 85% of bronchiolar epithelium in mice and 25% in rats, in humans such 
cells are rare. 

Although the enzymes CYP2E1 and CYP2F2 required for the formation of the Clara cell 
toxicants such as SO (including the highly pneumotoxic R-enantiomer) and the downstream 
metabolites of 4-VP have been detected in human lung, their activities are low (at least 400 
times lower than in the mouse) and metabolic activation of styrene to SO is minimal or 
undetectable. In human lung, detoxification of SO (if formed at all in human pulmonary 
tissue) takes place predominantly via epoxide hydrolase (located on the endoplasmatic 
reticulum in close proximity to the toxifying cytochrome P450s). The close proximity of the 
“detoxifying” enzymes to any “toxifying” enzymes ensures the efficient removal of any toxic 
metabolites. Rodents use both epoxide hydrolase and glutathione-S-transferase as 
detoxification pathways with the mouse relying on glutathione conjugation more so than the 
rat. As glutathione S-transferase is located  in the cytosol, this makes this detoxification 
pathway less efficient than the epoxide hydrolase pathway. In comparison to the rodent 
species, in humans, SO detoxification proceeds nearly exclusively via epoxide hydrolase 
and glutathione S-transferase accounts for only 0.1% of SO detoxification. 

Taking account both of the toxification to SO and its detoxification, PBPK-modelling has 
shown that the SO content of human lungs is very small, if there is any. 

Formation of 4-VP and its downstream metabolites occurs at a far higher extent in mouse 
lung than in rat (14-79% of the mouse concentrations) or human lung (1.5-5% of the mouse 
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concentrations). Although it cannot be ascertained whether or not these species differences 
in the formation of 4-VP metabolites in the lung may be a reflection of the different numbers 
of Clara cells (the metabolically active lung cells) present in the different species, since 4-VP 
metabolites are produced by the same cytochrome P450 enzymes involved in the production 
of SO, it is most likely that the species differences in the formation of 4-VP metabolites 
observed reflect species differences in metabolic capability. 

As indicated by PBPK-modelling, glutathione depletion caused by SO does not occur in 
humans. Also, as reactive downstream metabolites of 4-VP are formed in human lung only 
to a very small extent, the 4-VP metabolic pathway is not expected to cause any glutathione 
depletion in human pulmonary tissue. 

There is no evidence from extensive epidemiological investigations that long term exposure 
to styrene has produced lung damage or lung cancer in humans. 

Hence, overall, the weight of evidence appears to indicate that the consequences of long 
term exposure to styrene in mouse lung cannot be replicated in the human situation at 
relevant levels of exposure. Although there are still some uncertainties in this postulated 
mode of action and in its relevance to humans, namely the lack of data on the relative rates 
of 4-VP metabolites detoxification in different species, no alternative modes of action that 
logically present themselves can be supported by as significant a body of evidence as the 
one presented in this assessment. Consequently, it is felt that the level of confidence in the 
postulated mode of action can be reasonably high and that, in view of the extensive negative 
lung epidemiology, it is reasonable to conclude that the lung tumours seen in mice are 
unlikely to be of any relevance for human health at relevant levels of exposure. A more 
detailed analysis (according to the IPCS framework for evaluating a mode of action in 
chemical carcinogenesis) of the evidence in support of the proposed mode of action and of 
its relevance for human health is presented in Annex A to this document. The carcinogenicity 
of styrene was evaluated by IARC in 2002. Styrene was considered possibly carcinogenic to 
humans (Group 2B). The Working Group concluded that based on metabolic considerations, 
it is likely that the proposed mechanism involving metabolism of styrene to styrene 7,8-oxide 
in mouse Clara cells is not operative in human lungs to a biologically significant extent. 
However, based on the observations in human workers regarding blood styrene 7,8-oxide, 
DNA adducts and chromosomal damage, it cannot be excluded that this and other 
mechanisms are important for other organs. 

In the Rapporteur’s view, pointing to a possible carcinogenic potential of styrene in other 
organs is highly speculative as: a) Several large cohort and case-control studies of workers 
exposed to styrene have shown no evidence for a causative association between styrene 
exposure and cancer in humans at any site; b) No consistent evidence for styrene-induced 
toxicity in any organ has emerged from studies of exposed workers; c) The level of DNA 
damage found in workers exposed to styrene is very low (10-fold lower than that produced 
by endogenously-generated genotoxic substances such as ethylene oxide) and thus cannot 
be considered to be of any relevance for subsequent tumour formation. Mechanistic studies 
have shown that styrene-oxide (SO) and its genotoxicity are not the driving force for lung 
tumour formation in mice, the only experimental tumour site observed so far. Furthermore, 
DNA adducts in animals after styrene exposure do not show any specific species or target 
organ relationship. For example, there is no excess of SO-adduct formation in tissues where 
SO is formed (e.g. in the liver) at high levels; d) Chromosomal damage caused by styrene 
exposure in humans is far away from being conclusive. Although 5 studies appear to present 
evidence that styrene may be weakly clastogenic in humans, there are 11 robust negative 
studies also. Together with a lack of evidence of a dose-response relationship and the 
negative response for induction of micronuclei when studied concurrently in two of the 
positive chromosome aberration studies, no clear conclusion on in vivo clastogenicity of 
styrene in humans can be made. Furthermore, at much higher exposures such effects were 
not observed in experimental animals.  
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Reproductive toxicity - A range of epidemiological studies, particularly focusing on 
developmental effects, have been conducted but most of these lacked adequate exposure 
information and were too small to be conclusive. Nevertheless, the studies have been 
generally negative and the available human data certainly provide no reliable evidence for 
styrene exposure-related adverse effects in relation to spontaneous abortions, congenital 
abnormalities, birth weight, menstrual disorders, fecundity, male or female fertility or sperm 
quality within the exposure ranges investigated. Overall, there is no clear evidence of an 
effect of styrene on human reproduction, but data are too limited to exclude the possibility for 
effects. 

There is suggestive evidence that exposure to styrene in occupational settings is associated 
with increased levels of serum prolactin relative to unexposed individuals. The interpretation 
of the clinical relevance of these effects is uncertain because the average elevation was not 
outside the normal range and because menstrual function and other reproductive endpoints 
were not evaluated in these studies. Therefore, overall, there is no clear evidence of an 
adverse effect of styrene on human endocrine function. 

A well-conducted two-generation inhalation study found no effects on fertility and 
reproductive performance in rats exposed to up to 500 ppm (2165 mg/m3 ≈ 300 mg/kg/day) 
styrene, a concentration causing parental toxicity (degeneration of the olfactory epithelium 
and reductions in body weights). 

From the other relevant studies available, there is no convincing evidence that styrene can 
impair reproductive performance, produce testicular toxicity, sperm abnormalities or 
adversely affect the reproductive organs. Thus, taken together, the data available indicate 
that styrene does not have the potential to impair fertility and reproductive performance in 
animals.   

Data from inhalation and oral developmental toxicity studies in a number of species are 
available, but most are either poorly designed or reported. There are no studies using the 
dermal route of exposure.  

In the rat, inhalation exposure produced no evidence of significant effects on conventional 
parameters assessed in the foetus at non-maternally toxic exposure concentrations of up to 
600 ppm styrene. However, developmental delays have been reported postnatally in a 
number of non-GLP and non-OECD studies at 300 ppm styrene in the absence of overt 
maternal toxicity. This has been confirmed by a recent, well conducted two-generation study 
in which, a pattern of developmental delay (delays in attaining some pre-weaning 
developmental landmarks and in acquiring preputial separation, decreased swimming ability, 
slight shift in the normal pattern of motor activity and reductions in forelimb grip strength), 
including decreased body weights, was evident mainly in the F2 pups of the high exposure 
group (500 ppm). It is noted that, in contrast to previous investigations, in this OECD- and 
GLP-compliant study the delay in pup development was seen at an exposure level causing 
some maternal toxicity (reductions in body weights of 6-7% and degeneration of the nasal 
olfactory epithelium). No specific developmental neurotoxicity was seen in this study up to 
the highest tested concentration of 500 ppm.  

No convincing evidence of specific developmental effects was seen in other species (mice, 
rabbits and hamsters) exposed to styrene via the inhalation route of exposure. 

Only studies in the rat are available using the oral route of exposure; generally, no significant 
effects on any of the conventional parameters assessed in the foetus were seen at dose 
levels up to 300 mg/kg/day, at which maternal toxicity was observed. 

Overall, it can be concluded that styrene does not cause developmental toxicity in animals 
as evaluated by structural endpoints at inhalation exposures of up to 600 ppm and oral 
exposures of up to 250 mg/kg/day and by neurological endpoints at inhalation exposures of 
up to 500 ppm. However, reduced pup growth and pup developmental delays (delays in 
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attaining some pre-weaning developmental landmarks and in acquiring preputial separation, 
decreased swimming ability, slight shift in the normal pattern of motor activity and reductions 
in forelimb grip strength) were seen postnatally in rats at exposure levels (300-500 ppm) 
associated in some cases with maternal toxicity. With the exception of a small reduction (up 
to 10%) in pup body weight, no developmental effects were observed at 150 ppm (650 
mg/m3 ≈120 mg/kg/day) in a well-conducted 2-gen study. 

Taking into account all of the available information, it is suggested that 150 ppm (650 mg/m3) 
is taken forward to the risk characterisation as the NOAEC for potential effects of styrene on 
development. Although at 150 ppm there was a decrease in pup body weight, since this was 
small (up to 10%), limited to the pre-weaning period of the F2 generation only and not 
accompanied by other related effects, it was not considered sufficient to set the NOAEC for 
effects on pups at the next lower exposure concentration. This information will be taken into 
account when judging the adequacy of the Margins of Safety. 

Summary - The hazardous properties of styrene have been evaluated to the extent that the 
minimum data requirements according to Article 9(2) of Regulation 793/93 have been met. 
The key health effects of acute toxicity (CNS depression), skin, eye and respiratory tract 
irritation,  repeated dose toxicity and developmental toxicity have been identified. For acute 
toxicity a NOAEC of 100 ppm (433 mg/m3) for a 7-hour exposure has been identified in 
humans for CNS depression based on some minor impairment in neurobehavioural test 
performance (reactione time, manual dexterity and coordination) at about 200 ppm (866 
mg/m3) and above for 1 hour exposure. No quantitative data are available for skin and eye 
irritation for liquid styrene, although  NOAEC values of 216 ppm (935 mg/m3) for 1-hour and 
of 100 ppm (433 mg/m3) for 7 hours have been identified for eye and respiratory tract 
irritation from exposure of human volunteers to the vapour. However, when evaluating the 
adequacy of the resultant Margins of Safety, it should be borne in mind that 100 ppm for 7 
hours was not a clear NOAEC for eye irritation as sensations of mild and transient eye 
dryness were reported at this exposure concentration, and that 216 ppm for 1 hour was not a 
clear NOAEC for respiratory tract irritation as one out of nine volunteers reported nasal 
irritation. 

For repeated dose toxicity, although there is a large amount of information from studies in 
humans, a critical review of all the available data has shown that, with the exception of minor 
changes in colour vision discrimination, there is no clear relationship between repeated 
exposure to styrene and adverse effects in humans. Changes in colour discrimination have 
been detected at exposure levels around 50 ppm (216.5 mg/m3; 8h TWA) and above. 
However, it should be noted that the available studies are not sufficiently robust to reliably 
characterise the scale and the nature of the effect. Also, given the very mild nature (the 
affected workers were not even aware of any deficit) and the likely reversibility of the effect 
which appears not to affect performance in jobs that require good colour vision, it is deemed 
that the slight changes in colour discrimination detected should not be considered as an 
adverse health outcome of styrene exposure. It can thus be concluded that since the effects 
observed at 50 ppm (216.5 mg/m3; 8h TWA) are not yet adverse, this exposure value can be 
considered a NOAEC against which risk characterisation should be performed. In order to 
compare this human NOAEC with the body burdens arising from exposure to styrene, the 
selected NOAEC has been converted to an internal NAEL (No Adverse Effect Level) of 
about 32.6 mg/kg/day by assuming a breathing rate of 1.25 m3/h, 8 hour exposure, 100% 
inhalation absorption, 70 kg bodyweight and 5% contribution from dermal absorption of the 
vapour (216.5x1.25x8/70 = 31 mg/kg/day x 100/95 = 32.6 mg/kg/day). In relation to repeated 
dose toxicity identified from animal studies, the available inhalation studies have identified 
ototoxicity as the most sensitive and relevant effect of styrene repeated inhalation exposure 
with NOAEC values of 500 ppm (2165 mg/m3) and 300 ppm (1300 mg/m3) in 
sedentary/ordinary and active rats respectively (equivalent to internal NAEL values of 300 
and 360 mg/kg/day in sedentary/ordinary and active rats respectively based on the 
Sarangapani PBPK modelling; for the active rats it has been assumed that the ventilation 
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rate is 2-fold faster than that in sedentary/ordinary rats) for 4 weeks. Of these two internal 
NAEL values, only the lower one (300 mg/kg/day) will be used in the calculation of the MOSs 
as this is the most conservative approach. Since it is unclear from the data that have 
investigated this potential effect of styrene in humans whether the human NOAEC of 50 ppm 
selected for effects on colour vision will also cover for potential ototoxic effects of styrene, 
the animal NOAEC values of 500 ppm (2165 mg/m3) and 300 ppm (1300 mg/m3) in 
sedentary/ordinary and active rats respectively selected for ototoxicity should also be 
considered in the evaluation of risks posed by repeated exposure to styrene. For repeated 
oral exposure scenarios, the NOAEL of 150 mg/kg/day identified from a 2-year cancer 
bioassay in the mouse should also be considered. But in extrapolation of this oral NOAEL to 
humans careful consideration has to be taken of the specifics of mouse metabolism and the 
high sensitivity of this species for liver toxicity as compared to e.g. the rat.  

In relation to developmental toxicity, a NOAEC of 150 ppm (650 mg/m3 ≈120 mg/kg/day) has 
been identified in a well-conducted 2-gen study in the rat based upon pup delayed growth 
(reduced body weights, delays in attaining some pre-weaning developmental landmarks and 
in acquiring preputial separation, decreased swimming ability, slight shift in the normal 
pattern of motor activity and reductions in forelimb grip strength). Although at 150 ppm there 
was a decrease in pup body weight, since this was small (up to 10%), limited to the pre-
weaning period of the F2 generation only and not accompanied by other related effects, it 
was not considered sufficient to set the NOAEC for effects on pups at the next lower 
exposure concentration. This information will be taken into account when judging the 
adequacy of the Margins of Safety. 

There are no concerns for sensitisation, mutagenicity or carcinogenicity. Thus, conclusion (ii) 
is reached for these endpoints, for all exposure scenarios. 

4.1.3.2  Workers 

Comparison between exposure and effects 

Acute toxicity 

In relation to CNS depression, no effects were seen in humans exposed to 100 ppm (433 
mg/m3) for 7 hours, equivalent to an internal 7h-NAEL of about 57 mg/kg (assuming a 
breathing rate of 1.25 m3/h, 7 hour exposure, 100% inhalation absorption, 70 kg bodyweight 
and 5% contribution from dermal absorption of the vapour: 433x1.25x7/70=54.13 
mg/kgx100/95=57 mg/kg).  

Since the NOAEC for CNS depression was identified following a 7 hours exposure to 
styrene, the NOAEC will be compared with the RWC 8h-TWA exposure values for the 
different scenarios rather than with the RWC short-term (15 min) TWA values. To assess the 
total body burden for workers exposed in the different scenarios, the dose absorbed via the 
respiratory tract in an 8h-working day has been combined with the dose of the vapour 
absorbed via the skin and also with the absorbed dermal dose of the liquid. The body burden 
deriving from absorption of styrene vapour via the respiratory tract for a 70 kg worker has 
been estimated assuming that 10 m3 of air is inhaled in a working day and that 100% of the 
inhaled dose is absorbed. Since dermal absorption of styrene vapour contributes 
approximately 5% to the total amount absorbed via the respiratory tract and skin combined, 
the dose absorbed via the respiratory tract represents only 95% of the total amount of the 
vapour absorbed. This total has therefore been calculated by multiplying the dose absorbed 
via the respiratory tract by 100/95. The body burden deriving from the RWC dermal 
exposure to liquid styrene for a 70 kg worker has been estimated by taking into account the 
predicted exposed surface area for the different scenarios and that only 2% of the dermal 
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dose is absorbed. The total body burden has then been calculated by adding the two 
estimates together. 

The body burdens arising from the RWC inhalation and dermal exposures in each different 
worker exposure scenario, and the resultant MOSs derived from comparison with the 
internal human 7h-NAEL for acute CNS depression are shown in Table 4.25. 

Table 4.25: Body burdens and MOSs for acute CNS depression  

Scenario RWC 8h-
TWA 

inhalation 
exposure 
(mg/m3) 

RWC 8h 
inhalation 

body 
burden 

including 
dose of 

the vapour 
absorbed 

via the 
skin 

(mg/kg) 

RWC 8h 
dermal 

exposure 
to the 
liquid 

(mg/day) 

RWC 8h 
dermal 
body 

burden 
(mg/kg) 

RWC 8h 
total body 

burden 
(mg/kg) 

MOS 
based on 

the human 
7h-NAEL 
for acute 

CNS 
depression 

of 57 
mg/kg 

Conclusion 

Manufacture 
of monomer 

4.33 0.65 42 0.012 0.662 86 (ii) 

Production 
of 
polystyrene 

4.33 0.65 42 0.012 0.662 86 (ii) 

Production 
of UP-
styrene 
resin 

86.6 13 84 0.024 13.024 4.4 (ii) 

Production 
of SBR and 
SB latex 

21.65 3.26 42 0.012 3.272 17 (ii) 

GRP 
manufacture 

433 65 6560 1.87 66.87 0.9 (iii) 

 

For the majority of the scenarios (manufacture of monomer, production of polystyrene and 
production of SBR and SB latex), the MOS values are ≥ 17. These MOSs are considered to 
provide sufficient reassurance that CNS depressant effects will not occur, even after allowing 
for human individual variability in kinetics and dynamics.  Therefore conclusion (ii) is reached 
for these scenarios.  

For production of UP-styrene resin the MOS is 4.4. Although this value would not normally 
provide enough reassurance that CNS depressant effects will not occur after allowing for 
human individual variability, given that the exposure values are likely to represent 
overestimates and that only some minor impairment in neurobehavioural test performance 
was seen at the next exposure concentration level (around 200 ppm), overall, it is 
reasonable to conclude that the MOS obtained for this scenario is sufficient. Conclusion (ii) 
is therefore proposed.  

For GRP manufacture the MOS is 0.9, which indicates that workers exposed to RWC 
conditions may be at risk of experiencing CNS depressant effects in this scenario and 
therefore conclusion (iii) is reached. If the typical inhalation (173 mg/m3) and dermal (984 
mg/day) exposure values are considered for this scenario, the total body burden is estimated 
at 26.28 (26+0.28) mg/kg which is 2.2 below the human NAEL of 57 mg/kg. This MOS does 
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not provide sufficient reassurance that CNS depressant effects will not occur in this scenario 
even under typical exposure conditions, and therefore conclusion (iii) is also reached for 
typical exposures.   

Irritation 

For all scenarios except GRP manufacture, the skin and eye irritation of the liquid substance 
is unlikely to be expressed during normal handling and use because dermal exposures are 
low, providing good occupational hygiene practices are in operation. However, if there is 
contact with the skin or eye (particularly repeated contact in the case of the skin), which 
could occur accidentally, then local damage is possible. Overall, conclusion (ii) is reached for 
these scenarios. 

For GRP manufacture, it is considered that control of exposure of skin and eyes to liquid 
styrene in this scenario cannot be anticipated to be adequate and therefore there is a 
concern that skin and eye irritation from exposure to liquid styrene may be experienced in 
these industry sectors. Therefore conclusion (iii) is reached. 

Eye irritation 

For exposure to styrene vapour, NOAEC values of 100 ppm (433 mg/m3) for 7 hours and of 
216 ppm (935 mg/m3) for 1-hour have been identified from exposure of human volunteers. 
However, when evaluating the adequacy of the resultant Margins of Safety, it should be 
borne in mind that 100 ppm for 7 hours was not a clear NOAEC for eye irritation as 
sensations of mild and transient eye dryness were reported at this exposure concentration. A 
comparison of these NOAEC values with the RWC 8h-TWA and short-term exposures 
respectively for the different scenarios is shown in tables 4.26 and 4.27.  

 
Table 4.26: MOSs for eye irritation (vapour) based upon the RWC 8h-TWA exposures 

Process RWC 8h-TWA inhalation 
exposure 
(mg/m3) 

MOS based on the 
human 7h-NOAEC for 
eye irritation of 433 

mg/m3

Conclusion 

Manufacture of monomer 4.33 100 (ii) 

Production of polystyrene 4.33 100 (ii) 

Production of UP-styrene 
resin 

86.6 5 (ii) 

Production of SBR and 
SB latex 

21.65 20 (ii) 

GRP manufacture 433 1 (iii) 

 
 

Table 4.26: MOSs for eye irritation (vapour) based upon the RWC 15min-TWA exposures 

Process RWC 15min-TWA 
inhalation exposure 

(mg/m3) 

MOS based on the 
human 1h-NOAEC for 
eye irritation of 935 

mg/m3

Conclusion 

 
 

315



R034_0806_hh_publication 

Manufacture of monomer 65 14.4 (ii) 

Production of polystyrene 65 14.4 (ii) 

Production of UP-styrene 
resin 

216.5 4.3 (ii) 

Production of SBR and 
SB latex 

65 14.4 (ii) 

GRP manufacture 779 1.2 (iii) 

 

For the majority of the scenarios (manufacture of monomer, production of polystyrene and 
production of SBR and SB latex), the MOS values obtained for the 8h-TWA and short-term 
exposures are ≥ 20 and ≥ 14.4 respectively. These MOSs are considered to provide 
sufficient reassurance that either eye irritation that might be caused by a working day 
exposure to styrene vapour or eye irritation that might be caused by peak exposures to the 
vapour will not occur, even allowing for human individual variability in the sensitivity for this 
effect. Conclusion (ii) is therefore reached for these scenarios.  

For production of UP-styrene resin the MOSs obtained for the 8h-TWA and short-term 
exposures are 5 and 4.3 respectively. Although these MOSs are relatively low, and at least 
for the 8h-TWA exposure value, based on a borderline LOAEC rather than a clear NOAEC, 
they are still considered to provide sufficient reassurance that eye irritation that might be 
caused by a working day exposure to styrene vapour or by peak exposures to the vapour will 
not occur as there are no obvious kinetic elements for this type of effect to be taken account 
of. Furthermore, since the starting point for risk characterisation of this endpoint were 
NOAEC values identified from human data, some interindividual variability in dynamics 
should have already been accounted for by the heterogeneity of the study groups. 
Conclusion (ii) is therefore proposed for this scenario in relation to both the 8h-TWA and 
short-term exposures.  

For GRP manufacture the MOSs obtained for the 8h-TWA and short-term exposures are 1 
and 1.2 respectively. These MOSs are considered to be too low to account for interindividual 
variability in the sensitivity for this effect indicating that a working day exposure or peak 
exposures to styrene vapour in this scenario may cause eye irritation. Conclusion (iii) is 
therefore reached for this scenario only in relation to both the 8h-TWA and short-term 
exposures. 

Respiratory tract irritation 

NOAEC values of 100 ppm (433 mg/m3) for 7 hours and of 216 ppm (935 mg/m3) for 1-hour 
have been identified for respiratory tract irritation in humans. However, when evaluating the 
adequacy of the resultant Margins of Safety, it should be borne in mind that 216 ppm for 1 
hour was not a clear NOAEC as one out of nine volunteers reported nasal irritation. 

A comparison of these NOAEC values with the RWC 8h-TWA and short-term exposures 
respectively for the different scenarios is shown in tables 4.28 and 4.29. 

Table 4.28: MOSs for respiratory tract irritation based upon the RWC 8h-TWA exposures 

Process RWC 8h-TWA inhalation 
exposure 
(mg/m3) 

MOS based on the 
human 7h-NOAEC for 

respiratory tract 
irritation of 433 mg/m3

Conclusion 
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Manufacture of monomer 4.33 100 (ii) 

Production of polystyrene 4.33 100 (ii) 

Production of UP-styrene 
resin 

86.6 5 (ii) 

Production of SBR and 
SB latex 

21.65 20 (ii) 

GRP manufacture 433 1 (iii) 

 
 

Table 4.28: MOSs for respiratory tract irritation based upon the RWC 15min-TWA exposures 

Process RWC 15min-TWA 
inhalation exposure 

(mg/m3) 

MOS based on the 
human 1 h-NOAEC for 

respiratory tract 
irritation of 935 mg/m3

Conclusion 

Manufacture of monomer 65 14.4 (ii) 

Production of polystyrene 65 14.4 (ii) 

Production of UP-styrene 
resin 

216.5 4.3 (ii) 

Production of SBR and 
SB latex 

65 14.4 (ii) 

GRP manufacture 779 1.2 (iii) 

 

For the majority of the scenarios (manufacture of monomer, production of polystyrene and 
production of SBR and SB latex), the MOS values obtained for the 8h-TWA and short-term 
exposures are ≥ 20 and ≥ 14.4 respectively. These MOSs are considered to provide 
sufficient reassurance that either respiratory tract irritation that might be caused by a working 
day exposure to styrene or respiratory tract irritation that might be caused by peak 
exposures will not occur, even allowing for human individual variability in the sensitivity for 
this effect. Conclusion (ii) is therefore reached for these scenarios.  

For production of UP-styrene resin the MOSs obtained for the 8h-TWA and short-term 
exposures are 5 and 4.3 respectively. Although these MOSs are relatively low, and at least 
for the 15min-TWA exposure value, based on a borderline LOAEC rather than a clear 
NOAEC, they are still considered to provide sufficient reassurance that respiratory tract 
irritation that might be caused by a working day exposure to styrene  or by peak exposures 
will not occur as there are no obvious kinetic differences for this type of effect to be taken 
account of. Furthermore, since the starting point for risk characterisation of this endpoint 
were NOAEC values identified from human data, some interindividual variability in dynamics 
should have already been accounted for by the heterogeneity of the study groups. 
Conclusion (ii) is therefore proposed for this scenario in relation to both the 8h-TWA and 
short-term exposures.  

For GRP manufacture the MOSs obtained for the 8h-TWA and short-term exposures are 1 
and 1.2 respectively. These MOSs are considered to be too low to account for interindividual 
variability in the sensitivity for this effect indicating that a working day exposure or peak 
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exposures to styrene vapour in this scenario may cause respiratory tract irritation. 
Conclusion (iii) is therefore reached for this scenario only in relation to both the 8h-TWA 
and the short-term exposures. 

Repeated dose toxicity 

In relation to repeated dose toxicity, risk characterisation should be performed for ototoxicity 
against the internal NAEL of 300 mg/kg/day identified in rats exposed to styrene for 4 weeks 
and for effects on colour vision discrimination against a NOAEC of 50 ppm (216.5 mg/m3; 
8h-TWA) identified from human studies.  

To assess the total body burden for workers exposed in the different scenarios, the RWC 
dose absorbed via the respiratory tract in an 8h-working day has been combined with the 
dose of the vapour absorbed via the skin and also with the absorbed dermal dose of the 
liquid. The body burden deriving from absorption of styrene vapour via the respiratory tract 
for a 70 kg worker has been estimated assuming that 10 m3 of air is inhaled in a working day 
(light activity) and that 100% of the inhaled dose is absorbed. Since dermal absorption of 
styrene vapour contributes approximately 5% to the total amount absorbed via the 
respiratory tract and skin combined, the dose absorbed via the respiratory tract represents 
only 95% of the total amount of the vapour absorbed. This total has therefore been 
calculated by multiplying the dose absorbed via the respiratory tract by 100/95. The body 
burden deriving from the RWC dermal exposure to liquid styrene for a 70 kg worker has 
been estimated by taking into account the predicted exposed surface area for the different 
scenarios and that only 2% of the dermal dose is absorbed. The total body burden has then 
been calculated by adding the two estimates together. 

The body burdens arising from the RWC inhalation and dermal exposures in each different 
worker exposure scenario, and the resultant MOSs derived from comparison with the 
internal NAEL of 300 mg/kg/day for ototoxicity in the rat are shown in Table 4.29. 

Table 4.29: Body burdens and MOSs for ototoxicity  

Scenario RWC 8h-
TWA 

inhalation 
exposure 
(mg/m3) 

RWC 8h 
inhalation 

body 
burden 

including 
dose of the 

vapour 
absorbed 

via the skin 
(mg/kg/day) 

RWC 8h 
dermal 

exposure 
to the 
liquid 

(mg/day) 

RWC 8h 
dermal 
body 

burden 
(mg/kg/day) 

RWC 8h 
total body 

burden 
(mg/kg/day) 

MOS 
based on 

the rat 
NAEL for 

ototoxicity 
of 300 

mg/kg/day 

Conclusion 

Manufacture 
of monomer 

4.33 0.65 42 0.012 0.662 453 (ii) 

Production 
of 
polystyrene 

4.33 0.65 42 0.012 0.662 453 (ii) 

Production 
of UP-
styrene 
resin 

86.6 13 84 0.024 13.024 23 (iii) 

Production 
of SBR and 
SB latex 

21.65 3.26 42 0.012 3.272 92 (ii) 
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GRP 
manufacture 

433 65 6560 1.87 66.87 4.5 (iii) 

 

For the majority of the scenarios (manufacture of monomer, production of polystyrene and 
production of SBR and SB latex), the MOS values for ototoxicity are ≥ 92. These MOSs are 
considered to provide sufficient reassurance that ototoxic effects will not occur following 
chronic exposure to styrene, even after allowing for variability in kinetics and dynamics 
between and within species, for the irreversibility of the effect and for the fact that the 
NOAEC was identified in a 4-week study. It is considered that no additional factor for 
duration adjustment (from subacute to chronic exposure) is necessary in this case as the 
available evidence has shown that ototoxicity appears after relatively short exposures (1 
week) and that continued treatment (4 weeks up to 19 months) does not enhance the 
intensity of the ototoxic response. Overall, therefore, conclusion (ii) is reached for these 
scenarios in relation to ototoxicity.  

For production of UP-styrene resin the MOS for ototoxicity is 23. It is considered that this 
value does not provide enough reassurance that ototoxic effects will not occur following 
chronic exposure to styrene after allowing for variability in kinetics and dynamics between 
and within species. Although there is specific evidence indicating that the kinetic (at identical 
exposure concentrations, styrene blood levels in rats and humans are very similar) and 
dynamic (the anatomical and histological structure of the cochlea in rats and humans is very 
similar) differences between rats and humans for this effect are likely to be smaller than 
normally assumed, due to the irreversibility of the effect, it is more prudent to conclude that 
the MOS obtained for this scenario is not sufficient. Conclusion (iii) is therefore proposed. If 
the typical inhalation (13 mg/m3) and dermal (8.4 mg/day) exposure values are considered 
for this scenario, the total body burden is estimated at 1.962 (1.96+0.002) mg/kg/day which 
is 153 below the rat NAEL of 300 mg/kg/day. This MOS does provide sufficient reassurance 
that ototoxic effects will not occur in this scenario under typical exposure conditions. 
Therefore, although conclusion (iii) is proposed for production of UP-styrene resin in relation 
to RWC exposures, there are no concerns for typical exposures.   

For GRP manufacture the MOS is 4.5, which indicates that workers exposed chronically to 
RWC conditions may be at risk of experiencing ototoxic effects in this scenario and therefore 
conclusion (iii) is reached. If the typical inhalation (173 mg/m3) and dermal (984 mg/day) 
exposure values are considered for this scenario, the total body burden is estimated at 26.28 
(26+0.28) mg/kg/day which is 11 below the rat NAEL of 300 mg/kg/day. This MOS does not 
provide sufficient reassurance that ototoxic effects will not occur in this scenario even under 
typical exposure conditions, and therefore conclusion (iii) is also reached for typical 
exposures.   

In relation to effects on colour vision discrimination, the human NOAEC of 50 ppm (216.5 
mg/m3; 8h-TWA; equivalent to an internal NAEL of about 32.6 mg/kg/day) identified for these 
effects has been compared with the body burdens arising from workplace exposures. The 
body burdens arising from the RWC inhalation and dermal exposures in each different 
worker exposure scenario, and the resultant MOSs derived from comparison with the human 
NAEL for effects on colour vision discrimination are shown in Table 4.30. 

Table 4.30: Body burdens and MOSs for effects on colour vision discrimination  

Scenario RWC 8h-
TWA 

inhalation 
exposure 

RWC 8h 
inhalation 

body 
burden 

including 

RWC 8h 
dermal 

exposure 
to the 
liquid 

RWC 8h 
dermal 
body 

burden 

RWC 8h 
total body 

burden 
(mg/kg/day) 

MOS based 
on the human 

NAEL for 
effects on 

colour vision 

Conclusion 

 
 

319



R034_0806_hh_publication 

(mg/m3) dose of the 
vapour 

absorbed 
via the skin 
(mg/kg/day) 

(mg/day) (mg/kg/day) discrimination 
of 32.6 

mg/kg/day 

Manufacture 
of monomer 

4.33 0.65 42 0.012 0.662 49.2 (ii) 

Production 
of 
polystyrene 

4.33 0.65 42 0.012 0.662 49.2 (ii) 

Production 
of UP-
styrene 
resin 

86.6 13 84 0.024 13.024 2.5 (ii) 

Production 
of SBR and 
SB latex 

21.65 3.26 42 0.012 3.272 10 (ii) 

GRP 
manufacture 

433 65 6560 1.87 66.87 0.5 (iii) 

 

For the majority of the scenarios (manufacture of monomer, production of polystyrene and 
production of SBR and SB latex), the MOS values for effects on colour vision discrimination 
are ≥ 10. These MOSs are considered to provide sufficient reassurance that effects on 
colour vision discrimination will not occur, even after allowing for human individual variability 
in kinetics and dynamics. Therefore conclusion (ii) is reached for these scenarios in relation 
to effects on colour vision discrimination.  

For production of UP-styrene resin the MOS is 2.5. This value would not normally provide 
enough reassurance that effects on colour vision discrimination will not occur after allowing 
for human individual variability. However, given that the starting point for risk 
characterisation of this endpoint was a NOAEC identified from human studies involving large 
samples of workers, some interindividual variability should have already been accounted for 
by the heterogeneity of the study groups. Overall, therefore, it is reasonable to conclude that 
the MOS obtained for this scenario is sufficient. Conclusion (ii) is proposed in relation to 
effects on colour vision discrimination.   

For GRP manufacture the MOS is 0.5, which indicates that workers exposed to RWC 
conditions may be at risk of experiencing impairment of colour vision discrimination in this 
scenario and therefore conclusion (iii) is reached. If the typical inhalation (173 mg/m3) and 
dermal (984 mg/day) exposure values are considered for this scenario, the total body burden 
is estimated at 26.28 (26+0.28) mg/kg which is 1.2 below the human NAEL of 32.6 mg/kg. 
This MOS does not provide sufficient reassurance that effects on colour vision discrimination 
will not occur in this scenario even under typical exposure conditions, and therefore 
conclusion (iii) is also reached for typical exposures.   

Developmental toxicity 

In relation to developmental toxicity, a NOAEC of 150 ppm (650 mg/m3) was identified in a 
well-conducted rat 2-gen study based upon pup delayed growth (reduced body weights, 
delays in attaining some pre-weaning developmental landmarks and in acquiring preputial 
separation, decreased swimming ability, slight shift in the normal pattern of motor activity 
and reductions in forelimb grip strength). Although at 150 ppm there was a decrease in pup 
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body weight, since this was small (up to 10%), limited to the pre-weaning period of the F2 
generation only and not accompanied by other related effects, it was not considered 
sufficient to set the NOAEC for effects on pups at the next lower exposure concentration. 
However, this information will be taken into account when judging the adequacy of the 
Margins of Safety. For comparison with the body burdens arising from workplace exposures, 
this NOAEC has been converted to an internal NAEL based on the Sarangapani PBPK 
model oral dose estimate of about 120 mg/kg/day, which generated peak blood levels of 
styrene that closely matched the predicted blood level of styrene from inhalation exposure to 
the NOAEC of 150 ppm. 

The body burdens arising from the RWC inhalation and dermal exposures in each different 
worker exposure scenario (calculated as above), and the resultant MOSs derived from 
comparison with the internal NAEL for pup delayed growth in the rat are shown in Table 
4.31. 

Table 4.31: Body burdens and MOSs for pup delayed growth  

Scenario RWC 8h-
TWA 

inhalation 
exposure 
(mg/m3) 

RWC 8h 
inhalation 

body 
burden 

including 
dose of the 

vapour 
absorbed 

via the skin 
(mg/kg/day) 

RWC 8h 
dermal 

exposure 
to the 
liquid 

(mg/day) 

RWC 8h 
dermal 
body 

burden 
(mg/kg/day) 

RWC 8h 
total body 

burden 
(mg/kg/day) 

MOS 
based on 

the rat 
NAEL for 

pup 
delayed 

growth of 
120 

mg/kg/day 

Conclusion 

Manufacture 
of monomer 

4.33 0.65 42 0.012 0.662 181 (ii) 

Production 
of 
polystyrene 

4.33 0.65 42 0.012 0.662 181 (ii) 

Production 
of UP-
styrene 
resin 

86.6 13 84 0.024 13.024 9 (iii) 

Production 
of SBR and 
SB latex 

21.65 3.26 42 0.012 3.272 37 (iii) 

GRP 
manufacture 

433 65 6560 1.87 66.87 1.8 (iii) 

 

For manufacture of the monomer and production of polystyrene, the MOS values for pup 
delayed growth are ≥ 181. It is considered that these MOSs provide sufficient reassurance 
that developmental toxicity will not occur following exposure of pregnant women to styrene in 
these scenarios, even after allowing for variability in kinetics and dynamics between and 
within species and for the fact the 150 ppm was not a clear NOAEC. Overall, therefore, 
conclusion (ii) is reached for these scenarios.  

For production of SBR and SB latex, the MOS value for pup delayed growth is 37. This value 
does not provide sufficient reassurance that developmental toxicity will not occur following 
exposure of pregnant women to styrene in this scenario, after allowing for variability in 
kinetics and dynamics between and within species and for the fact the 150 ppm was not a 
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clear NOAEC. Conclusion (iii) is therefore drawn. If the typical inhalation (4.33 mg/m3) and 
dermal (21 mg/day) exposure values are considered for this scenario, the total body burden 
is estimated at 0.626 (0.62+0.006) mg/kg/day which is a factor of 192 below the rat NAEL of 
120 mg/kg/day. This MOS does provide sufficient reassurance that developmental toxicity 
will not occur in this scenario under typical exposure conditions. Therefore, although 
conclusion (iii) is proposed for production of SBR and SB latex in relation to RWC 
exposures, there are no concerns for typical exposures.   

For production of UP-styrene resin the MOS for pup delayed growth is 9. This value does not 
provide sufficient reassurance that developmental toxicity will not occur following exposure 
of pregnant women to styrene in this scenario, after allowing for variability in kinetics and 
dynamics between and within species and for the fact the 150 ppm was not a clear NOAEC. 
Conclusion (iii) is therefore proposed. If the typical inhalation (13 mg/m3) and dermal (8.4 
mg/day) exposure values are considered for this scenario, the total body burden is estimated 
at 1.962 (1.96+0.002) mg/kg/day which is 61 below the rat NAEL of 120 mg/kg/day. This 
MOS does provide sufficient reassurance that developmental toxicity will not occur in this 
scenario under typical exposure conditions. Therefore, although conclusion (iii) is proposed 
for production of UP-styrene resin in relation to RWC exposures, there are no concerns for 
typical exposures.   

For GRP manufacture the MOS for pup delayed growth is 1.8, which indicates that 
developmental toxicity may occur in this scenario following exposure of pregnant women to 
RWC conditions and therefore conclusion (iii) is reached. If the typical inhalation (173 
mg/m3) and dermal (984 mg/day) exposure values are considered for this scenario, the total 
body burden is estimated at 26.28 (26+0.28) mg/kg/day which is 4.6 below the rat NAEL of 
120 mg/kg/day. This MOS does not provide sufficient reassurance that developmental 
toxicity will not occur in this scenario even under typical exposure conditions, and therefore 
conclusion (iii) is also reached for typical exposures.   

Summary of risk characterisation for workers 

The MOSs for acute CNS depression, skin, eye and respiratory tract irritation, effects on the 
ear and colour vision discrimination following repeated exposure and developmental toxicity 
for the GRP manufacture scenario are unacceptably low, and therefore conclusion (iii) is 
reached. Conclusion (iii) is also reached for the production of UP-resin scenario in relation to 
effects on the ear following repeated exposure and developmental toxicity and for production 
of SBR and SB latex in relation to developmental toxicity.For all remaining scenarios, the 
MOSs for all of these effects are considered to be sufficient, and therefore conclusion (ii) is 
proposed.  

  

4.1.3.3       Consumers 

Consumer exposures to styrene may be looked at in two ways; a long term but probably very 
low level exposure, and sporadic and short lived exposures relating to particular events or 
activities. 

4.1.3.3.1 Scenarios involving long-term low level exposures 
 
Long-term low level exposures arise as a result of emissions from polymeric building 
materials, including carpets, from food sources (mainly as a consequence of food 
packaging) and from chewing gum. Table 4.32 gives calculations of body burdens from 
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these sources. Body burdens have been calculated using the following assumptions: 
inhalation and oral absorption is 100%; an adult consumer weighs 70 kg.  

Table 4.32 Estimated body burdens for consumers, for long-term low level exposures to styrene 

Source of exposure Exposures/Daily intakes 
of styrene (µg/day) Estimated body burden (µg/kg/day)

Emissions from polymeric 
building materials including 
carpets (inhaled) 

5 µg/m3 = 80 µg/day 1.1 

Food (swallowed) 3 µg/day 
 0.04 

Chewing gum (swallowed) 8 µg/day 
 0.1 

 

Comparison between exposure and effects  

Acute toxicity and irritation 

The nature of these exposures is such that there are no concerns for acute toxicity or for 
local irritation. Conclusion (ii) is reached. 

Repeated dose toxicity 

In relation to repeated dose toxicity, risk characterisation should be performed for ototoxicity 
against a NOAEC of 500 ppm (2165 mg/m3) for 4 weeks identified in the rat and for effects 
on colour vision discrimination against a NOAEC of 50 ppm (216.5 mg/m3; 8h-TWA) 
identified from human studies. In addition, risk characterisation should be performed for 
hepatotoxicity against the oral NOAEL of 150 mg/kg/day identified from a 2-year cancer 
bioassay in the mouse. But in extrapolation of this oral NOAEL to humans careful 
consideration has to be taken of the specifics of mouse metabolism and the high sensitivity 
of this species for liver toxicity as compared to e.g. the rat.  

In relation to ototoxicity, a NOAEC of 500 ppm (2165 mg/m3) for 4 weeks exposure 
(equivalent to an internal NAEL of about 300 mg/kg/day based on the Sarangapani PBPK 
modelling) has been identified in the rat. For an adult, the maximum total body burden from 
any individual source is 1.1 µg/kg/day from emissions from polymeric building materials 
including carpets. This exposure level is at least 5 orders of magnitude lower than the rat 
NAEL for effects on the ear (MOS=273,000), and does not give rise to concern. All other 
individual sources of exposure result in lower body burdens and thus higher MOSs. Overall, 
conclusion (ii) is reached for all of the above consumer exposure scenarios for ototoxic 
effects. 

In relation to effects on colour vision discrimination, the human NOAEC of 50 ppm (216.5 
mg/m3; 8h-TWA) has been converted to an internal NAEL of about 32.6 mg/kg/day. For an 
adult, the maximum total body burden from any individual source is 1.1 µg/kg/day from 
emissions from polymeric building materials including carpets. This exposure level is at least 
4 orders of magnitude lower than the human NAEL for effects on colour vision discrimination 
(MOS=30,000), and does not give rise to concern. All other individual sources of exposure 
result in lower body burdens and thus higher MOSs. Overall, conclusion (ii) is reached for all 
of the above consumer exposure scenarios for effects on colour vision discrimination. 
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In relation to hepatotoxicity, a NOAEL of 150 mg/kg/day has been identified in an oral cancer 
bioassay in the mouse. For an adult, the maximum total body burden from any individual 
source is 1.1 µg/kg/day from emissions from polymeric building materials including carpets. 
This exposure level is at least 5 orders of magnitude lower than the oral mouse NOAEL for 
hepatotoxicity (MOS=136,363) and does not give rise to concern. All other individual sources 
of exposure result in lower body burdens and thus higher MOSs. Overall, conclusion (ii) is 
reached for all of the above consumer exposure scenarios in relation to hepatotoxicity. 

Developmental toxicity 

In relation to developmental toxicity, a NOAEC of 150 ppm (650 mg/m3) was identified in a 
well-conducted rat 2-gen study based upon pup delayed growth (reduced body weights, 
delays in attaining some pre-weaning developmental landmarks and in acquiring preputial 
separation, decreased swimming ability, slight shift in the normal pattern of motor activity 
and small reductions in forelimb grip strength). Although at 150 ppm there was a decrease in 
pup body weight, since this was small (up to 10%), limited to the pre-weaning period of the 
F2 generation only and not accompanied by other related effects, it was not considered 
sufficient to set the NOAEC for effects on pups at the next lower exposure concentration. 
However, this information will be taken into account when judging the adequacy of the 
Margins of Safety. For comparison with the body burdens arising from consumer exposures, 
the NOAEC has been converted to an internal NAEL based on the Sarangapani PBPK 
model oral dose estimate of about 120 mg/kg/day, which generated peak blood levels of 
styrene that closely matched the predicted blood level of styrene from inhalation exposure to 
the NOAEC of 150 ppm. For an adult, the maximum total body burden from any individual 
source is 1.1 µg/kg/day, from emissions from polymeric building materials including carpets. 
This exposure level is at least 5 orders of magnitude lower than the rat NAEL for 
developmental effects (MOS=109,000), and does not give rise to concern. All other 
individual sources of exposure result in lower body burdens and thus higher MOSs. Overall, 
conclusion (ii) is reached for all of the above consumer exposure scenarios for potential 
developmental toxicity. 

 

Summary of risk characterisation for consumers for long-term low level exposure 
scenarios 

 

Table 4.33 summarises the results of the risk characterisation for consumers for long-term 
low level exposure scenarios 

 

Table 4.33 Summary of risk characterisation conclusions for consumer scenarios involving long-term low 
level exposures 

Endpoint 

Source of 
exposure 

 
Acute 

toxicity and 
irritation 

Repeated 
dose 

toxicity - 
ototoxicity 

Repeated dose 
toxicity – 
effects on 

colour vision 
discrimination

Repeated dose 
toxicity - 

hepatotoxicity 
Developmental 

toxicity 

Emissions from 
polymeric 

 
(ii) 

 
(ii) 

 
(ii) 

 
(ii) 

 
(ii) 
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materials 
including carpets 
(inhaled) 

Food 
(swallowed) 

 
(ii) 

 
(ii) 

 
(ii) 

 
(ii) 

 
(ii) 

Chewing gum 
(swallowed) 

  
(ii) 

 
(ii) 

 
(ii) 

 
(ii) (ii) 

 

4.1.3.3.2    Combined consumer exposure for long-term low level exposures 

The estimated combined exposure (i.e. exposed via emissions from polymeric building 
materials, via food and from chewing gum) is about 90 µg/day.  

 

Comparison between exposure and effects 

Acute toxicity and irritation 

The nature of these exposures is such that there are no concerns for acute toxicity or for 
local irritation. Conclusion (ii) is reached. 

Repeated dose toxicity 

In relation to repeated dose toxicity, risk characterisation should be performed for ototoxicity 
against a NOAEC of 500 ppm (2165 mg/m3) for 4 weeks identified in the rat, for effects on 
colour vision discrimination against a NOAEC of 50 ppm (216.5 mg/m3; 8h-TWA) identified 
from human studies and for hepatotoxicity against the oral NOAEL of 150 mg/kg/day 
identified in a chronic study in the mouse.  

In relation to ototoxicity, a NOAEC of 500 ppm (2165 mg/m3) for 4 weeks exposure 
(equivalent to an internal NAEL of about 300 mg/kg/day based on the Sarangapani PBPK 
modelling) has been identified in the rat. For an adult, the combined body burden is about 90 
µg/day (equivalent to about 1.2 µg/kg/day). This exposure level is at least 5 orders of 
magnitude lower than the rat NAEL for effects on the ear (MOS=250,000), and does not give 
rise to concern. Overall, conclusion (ii) is reached for combined consumer exposure in 
relation to ototoxic effects. 

In relation to effects on colour vision discrimination, the human NOAEC of 50 ppm (216.5 
mg/m3; 8h-TWA) has been converted to an internal NAEL of about 32.6 mg/kg/day. For an 
adult, the combined body burden is about 90 µg/day (equivalent to about 1.2 µg/kg/day). 
This exposure level is at least 4 orders of magnitude lower than the human NAEL for effects 
on colour vision discrimination (MOS=27,000), and does not give rise to concern. Overall, 
conclusion (ii) is reached for combined consumer exposure in relation to effects on colour 
vision discrimination. 

In relation to heapatotoxicity, an oral NOAEL of 150 mg/kg/day has been identified in a 
chronic study in the mouse.  For an adult, the combined body burden is about 90 µg/day 
(equivalent to about 1.2 µg/kg/day). This exposure level is at least 5 orders of magnitude 
lower than the mouse NOAEL for hepatotoxicity (MOS=125,000), and does not give rise to 
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concern. Overall, conclusion (ii) is reached for combined consumer exposure in relation to 
hepatotoxicity. 

Developmental toxicity 

In relation to developmental toxicity, a NOAEC of 150 ppm (650 mg/m3) has been  identified 
in a well-conducted rat 2-gen study based upon pup delayed growth (reduced body weights, 
delays in attaining some pre-weaning developmental landmarks and in acquiring preputial 
separation, decreased swimming ability, slight shift in the normal pattern of motor activity 
and small reductions in forelimb grip strength). Although at 150 ppm there was a decrease in 
pup body weight, since this was small (up to 10%), limited to the pre-weaning period of the 
F2 generation only and not accompanied by other related effects, it was not considered 
sufficient to set the NOAEC for effects on pups at the next lower exposure concentration. 
However, this information will be taken into account when judging the adequacy of the 
Margins of Safety. For comparison with the body burdens arising from consumer exposures, 
the NOAEC has been converted to an internal NAEL based on the Sarangapani PBPK 
model oral dose estimate of about 120 mg/kg/day, which generated peak blood levels of 
styrene that closely matched the predicted blood level of styrene from inhalation exposure to 
the NOAEC of 150 ppm. For an adult, the combined body burden is about 90 µg/day 
(equivalent to about 1.2 µg/kg/day). This exposure level is at least 5 orders of magnitude 
lower than the rat NAEL for pup delayed growth (MOS=100,000), and does not give rise to 
concern. Overall, conclusion (ii) is reached for combined consumer exposure in relation to 
potential developmental toxicity. 

Summary of risk characterisation for combined consumer exposure 

Conclusion (ii) has been reached for combined consumer exposure in relation to all the 
endpoints of concern (acute CNS depression, eye and respiratory tract irritation, effects on 
the ear, colour vision discrimination and hepatotoxicity following repeated exposure and 
developmental toxicity).  

 

4.1.3.3.3    Scenarios involving short-term infrequent exposures 

Short-term exposures can arise as a result of emissions from newly laid carpets, from the 
use of styrene containing resins for filling or repair of wood, glass fibre or metal, from the use 
of styrene-based paste and from boat building. Table 4.34 gives calculations of body 
burdens from these sources. Body burdens have been calculated using the following 
assumptions: inhalation absorption is 100%; dermal absorption is 2%; an adult consumer 
weighs 70 kg. 

Table 4.34 Estimated body burdens for consumers, for short-term infrequent exposure to styrene 

Source of exposure 
Intake of styrene per 

event 
(mg) 

Estimated body 
burden 

(mg/kg/event) 

Estimated total body 
burden 

(mg/kg/event) 

New carpet (inhaled) 2 0.03 0.03 

Liquid resin (inhaled) 413 5.9 

Liquid resin (on the skin 
surface) 11,000 3.1 

 
9.0 
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Resin paste (inhaled) 68 1 

Resin paste (on the skin 
surface) 5,500 1.6 

 
2.6 

Boat building (inhaled) 4,330 62 

Boat building (on the skin 
surface) 1,640 0.5 

 
62.5 

 

Comparison between exposure and effects 

Acute toxicity  

In relation to CNS depression, no effects were seen in humans exposed to 100 ppm (433 
mg/m3) for 7 hours, equivalent to an internal NAEL of about 57 mg/kg. 

The total body burdens arising from the inhalation and dermal exposures in each different 
consumer exposure scenario, and the resultant MOSs derived from comparison with the 
internal human NAEL for acute CNS depression are shown in Table 4.35. 

Table 4.35: Body burdens and MOSs for acute CNS depression 

Scenario Total body burden 
(mg/kg/event) 

MOS based on human 
NAEL for CNS 

depression of 57 mg/kg 

Conclusion 

New carpets 0.03 1900 (ii) 

Use of liquid resin 9.0 6 (ii) 

Use of resin paste 2.6 22 (ii) 

Boat building 62.5 0.9 (iii) 

 

The MOS for laying of new carpets is 1900. This MOS is very large and hence conclusion (ii) 
is reached for this scenario in relation to CNS depression.  

The MOS values for use of liquid resin and resin paste are 6 and 22, respectively. These 
MOSs are considered to provide sufficient reassurance that CNS depressant effects will not 
occur, after allowing for human individual variability in kinetics and dynamics. Therefore 
conclusion (ii) is reached for these scenarios.  

The MOS for the boat building scenario is 0.9. This MOS does not provide sufficient 
reassurance that CNS depressant effects will not occur, after allowing for human individual 
variability in kinetics and dynamics. Therefore conclusion (iii) is reached for this scenario. 

Irritation 

Skin irritation 
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The estimates of exposure to the skin in laying of new carpets indicate that dermal 
exposures are low. Thus there are no concerns for skin irritation in these scenarios, and 
conclusion (ii) is reached. 

The estimates of exposure to the skin in consumer uses involving handling liquid resin and 
resin paste suggest that significant skin exposure could occur, and thus there could be 
concerns for skin irritation. Although it is recognised that there are considerable uncertainties 
in these exposure estimates, from a practical point of view, the present C&L (R38) should be 
sufficient to conclude that skin irritation is unlikely to occur in these scenarios.  Thus, 
conclusion (ii) is proposed. 

The estimates of exposure to the skin in the boat building scenario indicate that dermal 
exposures are relatively high. However, from a practical point of view, the present C&L (R38) 
should be sufficient in preventing skin irritation occurring in this scenario. Thus conclusion (ii) 
is proposed.  

 

Eye irritation 

For exposure to styrene vapour, NOAEC values of 100 ppm (433 mg/m3) for 7 hours and of 
216 ppm (935 mg/m3) for 1-hour have been identified from exposure of human volunteers. 
However, when evaluating the adequacy of the resultant Margins of Safety, it should be 
borne in mind that 100 ppm for 7 hours was not a clear NOAEC for eye irritation as 
sensations of mild and transient eye dryness were reported at this exposure concentration.  
A comparison of these NOAEC values with the relevant inhalation exposure estimates for 
the different scenarios is shown in table 4.36. 

Table 4.36: MOSs for eye irritation from exposure to the vapour 

Scenario Inhalation exposure 
concentrations  

(mg/m3) 

MOS based on 
human 7h-NOAEC 
for eye irritation of 

433 mg/m3

MOS based on 
human 1h-

NOAEC for eye 
irritation of 935 

mg/m3

Conclusion 

New carpets (24 
hours event) 

0.0084 51,548 n.a. (ii) 

Use of liquid resin 318 1.4 3 (iii) 

Use of resin paste 52 8 18 (ii) 

Boat building (8 
hours event) 

433 1 2.15 (iii) 

n.r.: not reliable; n.a.: not applicable    

For laying of new carpets, the MOS for eye irritation is very large (51,548); thus conclusion 
(ii) is reached. 

For the scenario involving handling resin paste, the MOSs for eye irritation are 8 and 18. 
These MOSs are considered to be sufficient to account for interindividual variability in the 
sensitivity for this effect. Therefore, conclusion (ii) is proposed. 

For the scenario involving handling liquid resin, the MOSs for eye irritation are 1.4 and 3. 
These MOSs are too low to account for interindividual variability in the sensitivity for this 
effect. Therefore, conclusion (iii) is proposed. 
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For boat building, the MOSs for eye irritation are 1 and 2.15. These MOSs are too low to 
account for interindividual variability in the sensitivity for this effect.Therefore, conclusion 
(iii) is proposed. 

Respiratory tract irritation 

For exposure to styrene vapour, NOAEC values of 100 ppm (433 mg/m3) for 7 hours and of 
216 ppm (935 mg/m3) for 1-hour have been identified for respiratory tract irritation in 
humans. However, when evaluating the adequacy of the resultant Margins of Safety, it 
should be borne in mind that 216 ppm for 1 hour was not a clear NOAEC as one out of nine 
volunteers reported nasal irritation. 

A comparison of these NOAEC values with the relevant inhalation exposure estimates for 
the different scenarios is shown in table 4.37. 

Table 4.37: MOSs for respiratory tract irritation from exposure to the vapour 

Scenario Inhalation exposure 
concentrations  

(mg/m3) 

MOS based on 
human 7h-NOAEC 

for respiratory 
tract irritation of 

433 mg/m3

MOS based on 
human 1h-
NOAEC for 
respiratory 

tract irritation 
of 935 mg/m3

Conclusion 

New carpets (24 
hours event) 

0.0084 51,548 n.a. (ii) 

Use of liquid resin 318 1.4 3 (iii) 

Use of resin paste 52 8 18 (ii) 

Boat building (8 
hours event) 

433 1 2.15 (iii) 

 n.a.: not applicable    

For laying of new carpets, the MOS for respiratory tract irritation is very large (51,548); thus 
conclusion (ii) is reached. 

For the scenario involving handling resin paste, the MOSs for respiratory tract irritation are 8 
and 18. These MOSs are considered to be sufficient to account for interindividual variability 
in the sensitivity for this effect. Therefore, conclusion (ii) is proposed. 

For the scenario involving handling liquid resin, the MOSs for respiratory tract irritation are 
1.4 and 3. These MOSs are too low to account for interindividual variability in the sensitivity 
for this effect. Therefore, conclusion (iii) is proposed.  

For boat building, the MOS for respiratory tract irritation are 1 and 2.15. These MOSs are too 
low to account for interindividual variability in the sensitivity for this effect.Therefore, 
conclusion (iIi) is proposed. 

Repeated dose toxicity  

In relation to repeated dose toxicity, risk characterisation should be performed for ototoxicity 
against a NOAEC of 500 ppm (2165 mg/m3; equivalent to an internal NAEL of about 300 
mg/kg/day based on the Sarangapani PBPK modelling) for 4 weeks identified in the rat and 
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for effects on colour vision discrimination against a NOAEC of 50 ppm (216.5 mg/m3; 8h-
TWA; equivalent to an internal NAEL of about 32.6 mg/kg/day) identified from human 
studies.  

The total body burdens arising from the inhalation and dermal exposures in each different 
consumer exposure scenario, and the resultant MOSs derived from comparison with the 
internal rat NAEL for ototoxicity are shown in Table 4.38. 

Table 4.38: Body burdens and MOSs for ototoxicity in consumer scenarios involving short-term, infrequent 
exposures 

Scenario Total body burden 
(mg/kg/event) 

MOS based on rat NAEL 
for ototoxicity of 300 

mg/kg 

Conclusion 

New carpets 0.03 10,000 (ii) 

Use of liquid resin 9.0 33 (iii) 

Use of resin paste 2.6 115 (ii) 

Boat building 62.5 4.8 (iii) 

 

The MOS for laying of new carpets is 10,000. This MOS is very large and hence conclusion 
(ii) is reached for this scenario in relation to ototoxicity. 

The MOS for use of liquid resins is 33. It is considered that this value does not provide 
enough reassurance that ototoxic effects will not occur following repeated exposure to 
styrene after allowing for variability in kinetics and dynamics between and within species and 
for the irreversibility of the effect. Thus, conclusion (iii) is reached for use of liquid resins in 
relation to ototoxicity. 

The MOS for use of resin paste is 115. This MOS is considered to provide sufficient 
reassurance that ototoxic effects will not occur following repeated exposure to styrene, even 
after allowing for variability in kinetics and dynamics between and within species and for the 
irreversibility of the effect. Thus, conclusion (ii) is reached for use of resin paste in relation to 
ototoxicity. 

The MOS for the boat building scenario is 4.8. This MOS is very low and hence, conclusion 
(iii) is reached for this scenario in relation to ototoxicity. 

The total body burdens arising from the inhalation and dermal exposures in each different 
consumer exposure scenario, and the resultant MOSs derived from comparison with the 
internal human NAEL for effects on colour vision are shown in Table 4.39. 

Table 4.39: Body burdens and MOSs for effects on colour vision in consumer scenarios involving short-term, 
infrequent exposures 

Scenario Total body burden 
(mg/kg/event) 

MOS based on human 
NAEL for effects on 
colour vision of 32.6 

mg/kg/day 

Conclusion 

New carpets 0.03 1,087 (ii) 
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Use of liquid resin 9.0 3.6 (iii) 

Use of resin paste 2.6 12.5 (ii) 

Boat building 62.5 0.52 (iii) 

 

The MOS for laying of new carpets is 1,087. This MOS is very large and hence conclusion 
(ii) is reached for this scenario in relation to effects on colour vision. 

The MOS for use of liquid resins is 3.6. It is considered that this value does not provide 
enough reassurance that effects on colour vision will not occur following repeated exposure 
to styrene after allowing for variability in kinetics and dynamics within species. Thus, 
conclusion (iii) is reached for use of liquid resins in relation to effects on colour vision. 

The MOS for use of resin paste is 12.5. This MOS is considered to provide sufficient 
reassurance that effects on colour vision will not occur following repeated exposure to 
styrene, even after allowing for variability in kinetics and dynamics within species. Thus, 
conclusion (ii) is reached for use of resin paste in relation to effects on colour vision. 

The MOS for the boat building scenario is 0.52. This MOS is very low and hence, 
conclusion (iii) is reached for this scenario in relation to effects on colour vision. 

 

Developmental toxicity 

Since effects on development can be induced during rather short time windows, risk 
characterisation should also be conducted for this endpoint.  

A NOAEC of 150 ppm (650 mg/m3) has been  identified in a well-conducted rat 2-gen study 
based upon pup delayed growth (reduced body weights, delays in attaining some pre-
weaning developmental landmarks and in acquiring preputial separation, decreased 
swimming ability, slight shift in the normal pattern of motor activity and small reductions in 
forelimb grip strength). Although at 150 ppm there was a decrease in pup body weight, since 
this was small (up to 10%), limited to the pre-weaning period of the F2 generation only and 
not accompanied by other related effects, it was not considered sufficient to set the NOAEC 
for effects on pups at the next lower exposure concentration. However, this information will 
be taken into account when judging the adequacy of the Margins of Safety. For comparison 
with the body burdens arising from consumer exposures, this NOAEC has been converted to 
an internal NAEL based on the Sarangapani PBPK model oral dose estimate of about 120 
mg/kg/day, which generated peak blood levels of styrene that closely matched the predicted 
blood level of styrene from inhalation exposure to the NOAEC of 150 ppm. 

The total body burdens arising from the inhalation and dermal exposures in each different 
consumer exposure scenario, and the resultant MOSs derived from comparison with the 
internal rat NAEL for developmental toxicity are shown in Table 4.40. 

Table 4.40: Body burdens and MOSs for developmental toxicity in consumer scenarios involving short-term, 
infrequent exposures 

Scenario Total body burden 
(mg/kg/event) 

MOS based on rat NAEL 
for delayed pup 

development of 120 
mg/kg 

Conclusion 
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New carpets 0.03 4,000 (ii) 

Use of liquid resin 9.0 13 (iii) 

Use of resin paste 2.6 46 (iii) 

Boat building 62.5 1.9 (iii) 

 

The MOS for laying of new carpets is 4,000. This MOS is very large and hence conclusion 
(ii) is reached for this scenario. 

The MOS values for the remaining scenarios are ≥ 1.9. These values are considered not to 
provide enough reassurance that developmental effects will not occur after allowing for 
variability in kinetics and dynamics between and within species and for the fact that the 150 
ppm is not a clear NOAEC. Thus, conclusion (iii) is reached for these scenarios. 

Summary of risk characterisation for consumers for short-term infrequent exposure 
scenarios 

Table 4.41 summarises the results of the risk characterisation for consumers for short-term 
infrequent exposure scenarios. 

Table 4.41 Summary of risk characterisation conclusions for consumer scenarios involving short-term 
infrequent exposures 

Source of exposure Acute 
toxicity 

Skin 
irritation 

from 
exposure to 

the liquid 

Eye and 
respiratory 

tract 
irritation 

from 
exposure to 
the vapour 

Repeated 
dose 

toxicity – 
ototoxicity 
and effects 
on colour 

vision 

Developmental 
toxicity 

New carpets (ii) (ii) (ii) (ii) (ii) 

Use of liquid resin (ii) (ii) (iii) (iii) (iii) 

Use of resin paste (ii) (ii) (ii) (ii) (iii) 

Boat building (iii) (ii) (iii) (iii) (iii) 

 

4.1.3.4       Indirect exposure via the environment 

The key health effects of potential concern in relation to indirect exposures via the 
environment are repeated dose toxicity (effects on hearing and on colour vision 
discrimination and hepatotoxicity) and developmental toxicity. Acute toxicity and irritation are 
of low concern where exposure is dissipated throughout the environment. 

4.1.3.4.1     Regional exposure 
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Based on modelled data, daily human intake via the environment at the regional level is 
1.6x10-5 mg/kg/day (approx. 30-40% from oral sources and 60-70% from air). This level is 
several orders of magnitude below the rat internal NAEL of 300 mg/kg/day for ototoxicity, the 
human internal NAEL of 32.6 mg/kg/day for effects on colour vision discrimination, the 
mouse NOAEL of 150 mg/kg/day for hepatotoxicity and the rat internal NAEL of 120 
mg/kg/day for developmental toxicity. Therefore there are no concerns for these endpoints 
and conclusion (ii) is reached. 

4.1.3.4.2     Local exposure 

The highest local environmental exposure, predicted from modelled data, occurs in the 
locality of a styrene production plant and is estimated to be 0.11 mg/kg/day (approx 30-40% 
from oral sources and 60-70% from air). Based on measured data, the estimated body 
burden is 0.058 mg/kg/day. It should be noted that this estimate is dominated by the 
contribution from air. The modelled estimate is 2727 below the rat internal NAEL of 300 
mg/kg/day for ototoxicity, 296 below the human internal NAEL for effects on colour vision 
discrimination, 1363 below the mouse NOAEL for hepatotoxicity and 1090 below the rat 
internal NAEL for developmental toxicity. Even higher MOS values would result if the 
measured exposure data were used. These MOSs are considered to be sufficient to provide 
reassurance that adverse health effects would not occur even after allowing for potential 
differences in toxicokinetics and toxicodynamics within and between species. Conclusion (ii) 
is therefore reached. 

 

4.1.3.5       Combined exposure 

For combined exposure, consideration should be given to a consumer, who is also exposed 
via the environment. The most appropriate consumer exposures to consider are those giving 
rise to long-term, repeated exposures ie. exposures from the release of residual styrene 
monomer from polymeric styrene products, from food and from chewing gum. These 
combined consumer exposures result in a daily intake of about 90 µg/day, or 1.3 µg/kg/day 
for a 70 kg adult. Based on modelled data, the highest exposure via the environment would 
be to someone living in the vicinity of a styrene production plant, with an estimated daily 
intake of 0.11 mg/kg/day. The resultant combined exposure would be dominated by the 
environmental exposure of 0.11 mg/kg/day. If measured environmental exposure data are 
considered, the daily intake via environmental sources is estimated to be 0.058 mg/kg/day; 
this would give a combined consumer and environmental intake estimate of 0.059 
mg/kg/day. 

The key health effects of potential concern in relation to combined exposure are repeated 
dose toxicity (effects on hearing and on colour vision discrimination and hepatotoxicity) and 
developmental toxicity. Acute toxicity and irritation are of low concern where exposure is 
dissipated throughout the environment. The modelled estimate of 0.11 mg/kg/day is 2727 
below the rat internal NAEL of 300 mg/kg/day for ototoxicity, 296 below the human internal 
NAEL for effects on colour vision discrimination, 1363 below the mouse NOAEL for 
hepatotoxicity and 1090 below the rat internal NAEL for developmental toxicity. Even higher 
MOS values would result if the measured exposure data (estimate of 0.059 mg/kg/day) were 
used. These MOSs are considered to be sufficient to provide reassurance that adverse 
health effects would not occur even after allowing for potential differences in toxicokinetics 
and toxicodynamics within and between species. Conclusion (ii) is therefore reached. 
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4.2                 HUMAN HEALTH (PHYSICOCHEMICAL PROPERTIES) (RISK 
ASSESSMENT CONCERNING THE PROPERTIES LISTED IN ANNEX 
IIA OF REGULATION 1488/94) 

 

4.2.1  Risk characterisation 

The flash point of styrene measured by the closed cup method is 31°C. This value is within 
the range of flammability. Therefore, styrene is classified with R10 (flammable). 
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5 RESULTS 

5.1 GENERAL 

5.2 ENVIRONMENTAL RISKS 

5.3 RISKS TO HUMAN HEALTH 

The hazardous properties of styrene have been evaluated to the extent that the minimum 
data requirements according to Article 9(2) of Regulation 793/93 have been met. The key 
health effects of acute toxicity (CNS depression), skin, eye and respiratory tract irritation,  
repeated dose toxicity and developmental toxicity have been identified. There are no 
concerns for sensitisation, mutagenicity, carcinogenicity or effects on fertility. 
 

5.4 WORKERS 

 
Five occupational scenarios have been identified: manufacture of the monomer, production 
of UP-resins, production of polystyrene, production of SBR and SB latex and GRP 
manufacture. 
 
Result 
 
(X)        (iii) There is a need for limiting the risks; risk reduction measures which are 

already being applied shall be taken into account. 

The MOSs for acute CNS depression, skin, eye and respiratory tract irritation, effects on the 
ear and colour vision discrimination following repeated exposure and developmental toxicity 
for GRP manufacture are unacceptably low, and therefore conclusion (iii) applies. 
Conclusion (iii) also applies to production of UP-resin in relation to effects on the ear 
following repeated exposure and developmental toxicity and to production of SBR and SB 
latex in relation to developmental toxicity.  

 
(X)        (ii)  There is at present no need for further information and/or testing and for 

risk reduction measures beyond those which are being applied already. 

For all remaining scenarios (manufacture of the monomer and production of polystyrene ), 
the MOSs for acute CNS depression, skin, eye and respiratory tract irritation, effects on the 
ear and colour vision discrimination following repeated exposure and developmental toxicity 
are considered to be sufficient, and therefore conclusion (ii) applies. Comclusion (ii) also 
applies to all scenarios in relation to sensitisation, mutagenicity, carcinogenicity and effects 
on fertility. 
 

5.5 CONSUMERS 

Consumer exposure to styrene can arise as a result of emissions from polymeric building 
materials, including carpets, from food sources (mainly as a consequence of food 
packaging), from chewing gum, from newly laid carpets, from the use of styrene containing 
resins for filling or repair of wood, glass fibre or metal, from the use of styrene-based paste 
and from boat building. 
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Result 

(X)        (iii) There is a need for limiting the risks; risk reduction measures which are 
already being applied shall be taken into account. 

Conclusion (iii) applies to exposures arising from boat building in relation to acute CNS 
depression, eye and respiratory tract irritation, effects on the ear and on colour vision 
following repeated exposure and developmental toxicity. Conclusion (iii) also applies to the 
use of styrene containing liquid resins in relation to eye and respiratory tract irritation, effects 
on the ear and on colour vision following repeated exposure and developmental toxicity, and 
to the use of styrene-based paste in relation to developmental toxicity. 

(X)        (ii)  There is at present no need for further information and/or testing and for 
risk reduction measures beyond those which are being applied already. 

Conclusion (ii) applies to long-term low level exposures arising as a result of emissions from 
polymeric building materials, including carpets, from food sources (mainly as a consequence 
of food packaging) and from chewing gum in relation to acute CNS depression, skin, eye 
and respiratory tract irritation, effects on the ear, colour vision discrimination and 
hepatotoxicity following repeated exposure and developmental toxicity. Conclusion (ii) also 
applies to exposures arising as a result of emissions from newly laid carpets in relation to 
acute CNS depression, skin, eye and respiratory tract irritation, effects on the ear following 
repeated exposure and developmental toxicity. Conclusion (ii) applies to the use of styrene 
containing liquid resins in relation to acute CNS depression, skin,  to the use of styrene-
based paste in relation to acute CNS depression, skin, eye and respiratory tract irritation and 
effects on the ear following repeated exposure and to exposures arising from boat building in 
relation to skin irritation. Conclusion (ii) applies for all scenarios in relation to sensitisation, 
mutagenicity, carcinogenicity and effects on fertility. 
 

5.6 INDIRECT EXPOSURE VIA THE ENVIRONMENT 

Result 

(X)        (ii)  There is at present no need for further information and/or testing and for 
risk reduction measures beyond those which are being applied already. 

Conclusion (ii) applies to both regional and local exposures in relation to all endpoints. 
 
 

5.7 COMBINED EXPOSURE 

For combined exposure, consideration should be given to a consumer, who is also exposed 
via the environment. The most appropriate consumer exposures to consider are those giving 
rise to long-term, repeated exposures ie. exposures from the release of residual styrene 
monomer from polymeric styrene products, from food and from chewing gum. 
 
Result 
 
(X)        (ii)  There is at present no need for further information and/or testing and for 

risk reduction measures beyond those which are being applied already. 
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Conclusion (ii) applies to combined exposure in relation to all endpoints. 
 
 

5.8 RISKS FROM PHYSICOCHEMICAL PROPERTIES 

There are no significant risks from physicochemical properties. 
 
Result 
 
(X)        (ii)  There is at present no need for further information and/or testing and for 

risk reduction measures beyond those which are being applied already. 
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ANNEX A 

IPCS Conceptual Framework for Evaluating a Mode of Action For Styrene 
Induced Mouse Lung Tumour 

Introduction 

                       Styrene inhalation, at exposures ranging from 20 ppm up to 160 ppm, for up to 24 months 
induced lung tumours in mice (Cruzan et al, 2001). Statistically increased incidences of 
bronchioloalveolar adenomas, but not of carcinomas, were seen in male mice exposed to 40, 
80 or 160 ppm styrene for 24 months. No statistically significant increases in lung adenomas 
were seen in the 20 ppm treatment group and there was no statistically significant dose 
response relationship. In females, (exposure 22.5 months), the incidence of 
bronchioloalveolar adenomas was increased significantly in the 20, 40 and 160 ppm 
treatment groups but with no significant increase at 80 ppm. Only females in the 160 ppm 
treatment group had a statistically significant increase in bronchioloalveolar carcinomas. No 
other tissues were affected. In rats however no tumours were observed with inhalation 
concentrations up to 1000 ppm (Cruzan et al, 1998).  

                       In addition to the Cruzan et al (2001) study, older investigations in the mouse, but not 
meeting contemporary standards, have given some indication for possible lung tumour 
formation after oral application. A critical examination of results from these 4 mouse oral 
studies has been provided by McConnell and Swenberg (1993), who concluded because of 
methodological deficiencies and equivocal results the overall data were inadequate to reach 
any firm conclusions.  

Results of eight long term rat studies, in which styrene was given by various dose routes, 
revealed no tumorigenic effects including no increase in lung tumors.  This included an 
inhalation study, using contemporary protocol design, in which rats were exposed to levels 
up to 1000 ppm styrene for 24 months (Cruzan et al., 1998). 

In addition to animal investigations there have been a variety of human epidemiological 
studies examining cancer incidence in the reinforced plastics industry, the styrene 
manufacturing industry and the styrene-butadiene rubber industry. These studies have been 
the subject of several reviews. For example Coggon (1994) concluded that despite the large 
size of published data it was not possible to rule out a hazard from long term exposures to 
high exposures (> 50 ppm) styrene. However the data indicated any risk from lower exposure 
levels was extremely small. In 2002 the Harvard Centre for Risk Analysis also conducted a 
comprehensive review of potential health risks associated with exposure to styrene (Cohen 
et al, 2002). The science panel put together by the Harvard Center concluded the human 
epidemiological data did not support a hazard for lung cancer in humans exposed to styrene. 
The panel also calculated lifetime risk in highly exposed workers and concluded, based on 
the statistical power of the studies, the balance of epidemiological evidence does not suggest 
a causal relationship between styrene and any form of cancer. Similarly, after reviewing the 
available cohort and case-control studies of workers in the GRP industry, the styrene 
production and styrene-butadiene rubber industry the draft Risk Assessment Report of the 
UK (United Kingdom, 2002) concludes that these mortality studies provide no evidence for a 
causative association between styrene exposure and cancer in humans. 

 

The Mode of Action analysis given below relates to mouse lung tumours, the only tumour 
type clearly induced by styrene in carcinogenicity studies in rats and mice. To assess the 
significance of the mouse lung tumour data for human health a variety of mechanistic 
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investigations have been carried out over the past 4 years. These investigations have been 
directed towards an understanding of the mode of action and aetiology of the mouse lung 
tumours. The data available up to 2002 have been reviewed by Cruzan et al (2000) and an 
explanation provided for the high sensitivity of mice for lung tumor development as compared 
to rats and to humans. In view of the complexity of the data from these investigations and the 
requirement to provide transparency and structure to analysing the mode of action the 
approach defined in the IPCS framework for evaluating mode of action in chemical 
carcinogenesis has been used (Sonich-Mullin et al, 2001). 

Postulated Mode of Action 

                       In the following proposed mode of action data for mice, (species responding to styrene 
exposure with lung tumours), are compared to those for rats, (species without a carcinogenic 
effect). This interspecies comparison provides a valuable countercheck whether the 
proposed mode of action leading to lung tumour formation in the mouse actually 
differentiates between responding and non-responding species. In the concluding section an 
extrapolation from mice and rats to humans is presented. 

The postulated mode of action is explained by the special cellular and biochemical 
characteristics of mouse lung which results in the mouse Clara cells producing cytotoxic 
metabolites of styrene including styrene oxide (SO) and oxidative metabolites of 4-vinyl 
phenol (4-VP). These metabolites cause early Clara cell toxicity and bronchiolar cell 
proliferation followed by progressive bronchiolar epithelial hyperplasia and focal crowding of 
cells. These cellular changes will finally lead to tumour formation.  

There are several predisposing factors explaining the species differences in susceptibility to 
lung tumour formation. These include: 

• physiological differences with the mouse having much higher numbers of Clara cells 
as compared to rats and especially to humans. 

• pharmacokinetic differences at the cellular level with mouse Clara cells being more 
efficient than the lung of rats and humans  in oxidative toxification of styrene to SO 
(including specifically the highly pneumotoxic R-enantiomer) and toxic  metabolites of 
4-VP.  

• detoxification of SO which takes place in  rodents both via the microsomal epoxide 
hydrolase and the cytosolic glutathione S transferase.  In humans the latter accounts 
for only 0.1% while detoxification of SO (if formed at all) is nearly exclusively 
mediated by epoxide hydrolase. Species differences in these detoxification pathways 
probably contribute to the higher sensitivity of mice in comparison to rats and 
humans 

• pharmacodynamic differences such as glutathione depletion, (i.e. glutathione 
depletion is more prominent in mice than in rats), also probably play a role at the 
cellular level making mouse Clara cells more susceptible to damage. Glutathione 
depletion is more prominent in mice than in rats and is not expected to occur in 
humans. 

 

The course of pulmonary effects observed in the chronic mouse styrene inhalation study, i.e. 
Clara cell toxicity caused by production of styrene metabolites via the CYP 2F2 metabolic 
pathway, cell proliferation, cell tolerance accompanied by changes in Clara cell morphology 
and biochemistry, (e.g. decreased eosinophilia, loss of apical cytoplasm, focal crowding and 
reduced CC10 protein), followed sequentially by progressive Clara Cell hyperplasia is 
consistent with a non-genotoxic multistage mode of action.   
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When looking at these relative susceptibilities it is clear that the mouse carries all of the 
factors for tumour production whereas humans and rats do not share these predisposing 
factors.  

                         Key Events 

                       The key events considered with respect to styrene lung tumourgenesis in the mouse include: 

− Clara cells are the target cells for lung toxicity and proliferation. Species susceptibility 
correlates with the number of Clara cells. For example an examination of distribution and 
numbers of Clara cells showed that in the mouse these cells are distributed from the 
terminal bronchioles to the trachea while in rat they are found only in the terminal and 
distal bronchioles. In the mouse Clara cells comprise about 85% of bronchiolar epithelium 
whereas in the rat only about 25% of the bronchiolar epithelium are Clara cells (Plopper 
et al, 1980). 

− Formation of the toxic metabolites in Clara cells is mediated via Cytochrome CYP 2F2 a 
pathway more pronounced in mice than in rats.  A variety of investigations have 
demonstrated that Clara cell toxicity in the mouse is mediated by CYP 2F2 generated 
metabolites such as SO (including specifically the highly pneumotoxic R-enantiomer) and 
oxidative metabolites of 4-vinyl phenol (4-VP) (Cruzan et al, 2002, 2004). With regard to 
the formation of the different SO enantiomers Gadberry et al (1996) demonstrated that 
the R-enantiomer is a more potent pneumotoxicant and hepatotoxicant than the S-
enantiomer. Various investigations have been undertaken examining the formation of the 
different isomers in different species and tissues. For example, Hynes et al (1999) 
demonstrated that mouse Clara cells produce about 3-times more of R-SO than of S-SO, 
while the rat produces more of the S-enantiomer. Overall, mouse Clara cells produce 15-
times more of R-SO than rat Clara cells. In addition to species differences in pulmonary 
SO formation there is also a clear inter-species difference in the formation downstream 
metabolites of 4-VP, which are highly toxic to mouse Clara cells (see below). Studies in 
which styrene was incubated with lung microsomes of mice and rats in the presence of 
glutathione showed a clear species difference in the formation of the toxic 4-VP  
”downstream” metabolites in the order of mice > rats (Bartels, 2004). This further 
“downstream” metabolism of 4-VP will occur either from further side chain oxidation and, 
perhaps more importantly, from further aromatic hydroxylation to a catechol derivative 
which can easily undergo autoxidation to highly reactive o-Quinones. 

 

− Cytochrome CYP 2F2 mediated metabolites of styrene, i.e. styrene oxide and the 
downstream metabolites of 4-VP, are highly  toxic to mouse Clara cells but the  effect on 
rat lung is minimal. To investigate whether the cell damage and proliferation was 
associated with formation of oxidative metabolites rather than parent styrene Green et al, 
(2001) treated mice with 5-Phenyl-1-pentyne, a cytochrome P450 inhibitor prior to 
exposing to styrene (40 or 160 ppm, 6 hours per day for 3 days). The results of the study 
showed without the inhibitor cellular damage and increases in cell division in the lung of 
mice. In rats such effects were not observed at exposure levels up to 500 ppm. 
Pretreatment with the inhibitor protected against the toxic effects in mice indicating that 
the pulmonary pathological changes are caused by a toxic metabolite(s) formed by the 
cytochrome P-450 metabolism of styrene. The role of individual styrene metabolites in 
producing Clara cell toxicity has been examined by Kaufmann et al (2004) after i.p. 
application over 3 days. In summary, treatment of mice with styrene oxide and 4-VP 
caused up to 19-fold increases in cell proliferation in the large, medium and terminal 
bronchioles. Cell proliferation at the high dose was associated with toxic injury to Clara 
cells and regeneration, while at a lower dose level only cell proliferation without toxicity 
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was observed. Treatment also caused glutathione depletion with an up to a 50% 
reduction in the number of Clara cells staining for glutathione (see below). 
Histopathological changes were characteristic of those seen following styrene exposure, 
i.e. flattened cells with loss of apical buldging into the bronchial lumena (Kaufmann et al, 
2004). Other experiments with 4-VP substantiated the pronounced effects of this 
metabolite on bronchiolar cell proliferation. For example, Cruzan et al, (2004) reported 
hyperplasia of the terminal bronchioles in mice treated intraperitoneally at 6, 20 and 60 
mg/kg/day for 14 consecutive days. The NOAEL was 2 mg/kg/day. No effects were 
however seen in the lungs of rats treated at 60 mg/kg/day or in the liver of mice or rats. A 
single high i.p. dose of 4-VP (100 or 150 mg /kg) in mice produced prolonged lung 
damage as demonstrated by effects on the broncho-alveolar lavage fluid (BALF) 
(Carlson et al 2001, 2002). At the single high i.p. dose of 150 mg/kg lung toxicity was 
found by BALF in rats, too (Carlson et al, 2001). Pre-treatment of mice with 5-phenyl-1-
pentyne, (inhibitor of CYP 2F2), or with Diethyldithiocarbamate prevented the toxicity 
indicating that a further metabolism is required to produce the toxic species (Carlson, 
2002). Diethyldithiocarbamate was primarily used as an inhibitor of CYP 2E1 (Carlson, 
2002) but subsequently it was shown that it also acts on other cytochromes (Carlson 
2003, 2004). Studies with other styrene metabolites specifically following the ß-oxidation 
pathway failed to cause Clara cell toxicity (see Other Modes of Action). 

 

− Differences in the detoxification pathways may contribute to the higher sensitivity of 
mice. The detoxifiation pathways of SO via epoxide hydrolase and glutathione S-
transferase are qualitatively similar in mice and rats. A detailed analysis of the metabolic 
constants shows that epoxide hydrolase mediated detoxification is less effective in the 
lungs of mice as compared to rats. On the other hand, glutathione S-transferase activity 
is higher in mice than in rats (Filser et al. 1999). 

 

− Glutathione depletion in the lung as a contributing factor to cytoxicity and lung tumour 
development is more pronounced in mice than in.  Studies of glutathione conjugation in 
the mouse lung have shown that mouse pulmonary tissue is susceptible to styrene 
induced glutathione depletion. Filser et al (1999, 2002) using measured data and PBPK 
modelling reported lung glutathione levels of mice exposed to styrene, (300ppm), for 6 
hours/day for up to 3 days. After a single 6-hour exposure glutathione levels were 
reduced by 20%, which by day 3 had declined to about 60% of that seen in untreated 
mice. Similar treatments produced only minor effects on glutathione levels in the rat. 
Furthermore, Kaufmann et al (2004) showed histopathologically by a specific glutathione 
stain that SO and 4-VP caused glutathione depletion in the bronchiolar epithelium of 
mice after intraperitoneal application over 3 days. Overall, it is highly likely that the 
combination of both SO and 4-VP conjugation results in glutathione depletion at the 
cellular level in the mouse. Based on experience with other mouse Clara cell toxicants 
such as Coumarin (Vasallo et al, 2000) it is likely that glutathione depletion plays an 
important contributing role in lung tumour formation in the mouse. The biological 
relevance of glutathione depletion is decreasing from mice to rats.  

 

− Tumour formation is a late event (i.e. not observed at 12 or 18 months) associated with 
progressive hyperplasia in terminal bronchioles. As has been discussed earlier Clara cell 
toxicity, followed by extensive cell replication and subsequent hyperplasia with focal 
crowding appear to play key roles in development of lung tumours in the mouse. No lung 
pathology has been seen in the rat. While Clara cell toxicity and cell replication 
moderated with continued styrene exposure (probably as the Clara cells became more 
tolerant to styrene), clear evidence of hyperplasia was seen in mice following 12 and 18 
months of exposure (Cruzan et al, 2001). As no changes were ever observed in the 
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alveoli the Clara cell pathology is both a species (mouse) and cell (Clara cell) specific 
phenomenon. 

 

Dose-Response Relationship  

The chronic inhalation study in the mouse while indicating that exposure of mice to styrene 
via inhalation increases the incidence of lung tumours did not show a statistically significant 
dose-response relationship. i.e. % female and male mice with lung tumours being 12, 32, 34, 
22 and 54% and 34, 48, 72, 60 and 72% respectively at doses 0, 20, 40, 80 and 160 ppm 
(Cruzan et al, 2001). This lack of a clear dose-response relationship is reflected in the Key 
Events leading to tumour formation.  

− Clara cells are the target cells for lung toxicity and cell proliferation. The lack of a clear 
dose response relationship in tumour development is mirrored in the lack of a clear 
dose response for the effects on Clara cells in the mouse. For example, Green et al 
(2001) exposed mice for up to 10 days with styrene at 0, 40 or 160 ppm. At various 
points pulmonary labelling indices (using BrdU labelling technique) were measured in 
large and terminal bronchioles of exposed mice. Although treatment at 160 ppm 
produced a slightly larger labelling index than was seen at 40 ppm both treatments 
produced significant increases as compared to controls. Similarly, Cruzan et al (1997) 
in a study in which mice were exposed to styrene for 2, 5 or 13 weeks at 0, 50, 100, 
150 or 200 ppm found histopathological changes, (i.e. decreased eosinophilia and focal 
crowding) in bronchial epithelium in the majority of mice in all treatment groups. Studies 
examining labelling indices found higher labelling index at 100 or 200 ppm as 
compared with lower doses. Similar to the tumour incidence there appears to be only a 
weak dose response relationship. Differences and variability in individual susceptibility 
to styrene in mice explains the lack of a clear dose response relationship to Clara cell 
toxicity and resulting tumour formation.  No lung effects were seen in rats up to 1500 
ppm after 13 weeks. 

 

− Formation of the toxic metabolites in Clara cells is mediated via Cytochrome CYP 2F2. 
As described above CYP 2F2 present in the mouse Clara cells is responsible for 
metabolising styrene to cytotoxic metabolites. Pre-dosing mice with the inhibitor of CYP 
2F2, 5-phenyl-1-pentyne, is effective at preventing Clara cell toxicity and proliferation. 
There is evidence that the levels of the mouse Clara cell toxicant, SO, increases 
proportionally in mouse lung tissue with increasing styrene exposure. In a species 
comparison with ventilated perfused lungs of mice and rats Filser (2004) concluded that 
at styrene exposures up to 500 ppm the levels of SO in mouse pulmonary tissues are 
at least 3-fold higher than those in rat lung. However the lung burden of SO in mice at 
styrene exposures producing lung tumours, e.g. 160 ppm are similar to SO lung burden 
in rats at 1000 ppm styrene exposure which was without effect. While such data 
support the fact that tumour induction in the mouse is not a genotoxic phenomenon it 
raises question about why mouse Clara cells are so sensitive to oxidative metabolites 
of styrene including SO. A possible reason again relates to the fact that the measures 
of SO formation are an aggregate assessment based on the total lung burden whereas 
in fact the interest is at the Clara cell level. The importance of considering events at the 
cellular level rather than the tissue level has been highlighted by Green (2000) who 
exposed mice to 0, 40 or 160 ppm styrene for up to 6 hours after which lungs were 
excised and one lobe used to estimate CYP 2F2 levels with Western blotting while 
another lobe was subjected histopathological examination. Pulmonary CYP 2F2 was 
found to be remarkably variable with up to 5-fold differences between animals. There 
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was also no correlation between histopathological changes and levels of CYP 2F2 in 
individual animals. Thus while the presence of CYP 2F2 is necessary to generate toxic 
metabolites there is no simple relationship between metabolism and morphological 
damage which explains why some mice in the 40 ppm treatment group showed more 
severe histopathological effects than did mice in the 160 ppm treatment group. An 
explanation for the variability in histopathology probably lies not only in the presence of 
the enzymes for styrene activation but also in the ability of the cell to detoxify the toxic 
metabolites.  This complexity of toxification and detoxification in the mouse Clara cell 
again explains the lack of a clear dose-response relationship in tumour development.    

 

− Glutathione depletion in the lungs is a contributing factor to cytotoxicity and lung tumour 
formation. Filser et al (1999) reported both measured and modelled glutathione 
concentrations in the lungs of mice and rats exposed to 300 ppm styrene for 6 hours. 
After a single exposure glutathione levels in mouse was reduced by 20% and after 3 
days exposure reductions had increased to 60 %. At 40 ppm there was however no 
statistical differences between glutathione levels in the lungs of styrene treated and 
control mice. At 80 ppm styrene treatment there was a statistically significant decrease 
in glutathione levels on the second day of exposure. At 160 ppm greater reductions in 
mouse pulmonary glutathione levels were reported. In rats glutathione reductions in 
lungs only became statistically significant at exposure concentrations of 300 ppm and 
above. The lack of aggregate glutathione depletion in pulmonary tissue at styrene 
exposures associated with pulmonary toxicity has raised a question about the biological 
relevance of glutathione depletion in mouse lung toxicity and development of 
pulmonary tumours. It is important to remember that all measurements were of 
aggregate glutathione levels in the lung as a total. Examination of lung from mice 
exposed to styrene have however shown large variations in glutathione levels at the 
cellular level, (Kaufmann et al 2004) with, in the same animal, some Clara cells being 
devoid of glutathione while other cells showed normal levels. Because of variations in 
individual animals and individual cells within the same animals it is difficult to show a 
clear dose response effect for glutathione depletion especially at lower dose levels. 
Again the lack of a clear dose-response in glutathione depletion is consistent with the 
lack of a clear dose response in tumour formation. 

 

−   Tumour formation is a late event, (i.e. not observed at 12 or 18 months), associated with 
progressive hyperplasia in terminal bronchioles. The chronic inhalation study in the 
mouse reported by Cruzan et al (2001showed a time related and dose-related increase 
in bronchiolar hyperplasia in the terminal bronchioles and bronchiolar epithelial 
hyperplasia extending into the alveolar ducts. Results of interim sacrifices indicated the 
presence of these hyperplasias in mice exposed to 160 ppm styrene for 12 months and 
in mice exposed to 40 ppm styrene for 18 months. These hyperplastic changes finally 
transformed into lung tumors at the end of the exposure period. Again these data show 
no clear dose-response but the data do indicate a concentration*time dependence.  

Temporal Associations 

To develop an understanding of the temporal changes in lung pathology following long term 
inhalation exposure to styrene groups of mice were killed 2, 5, 13, 52 and 78 weeks after 
start of treatment. Histopathological examination of the lungs showed a steady progression 
of the lesions, starting with decreased eosinophilia and focal crowding of nonciliated cells in 
the bronchiolar epithelium continuing to bronchiolar hyperplasia in the terminal bronchioles 
extending finally into the alveolar ducts. At the end of the 2 years of treatment all mice at all 
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doses levels were affected. Only at the study termination increases in the incidence of lung 
tumors were observed (Cruzan et al, 2001).  

Various investigations have characterized the time course of cellular changes in mouse lung 
following repeated inhalation exposures to styrene. For example Cruzan et al (1997) 
conducted a study in which in which CD-1 mice were exposed to 0, 50, 100, 150 and 200 
ppm styrene for up to 13 weeks. Some mice were also killed after 2 and 5 weeks of 
exposure. Histopathological changes to the bronchiolar epithelium were characterized by 
decreased eosinophilia and focal crowding of Clara cells in the bronchiolar epithelium 
considered to represent cell proliferation. A study of cell proliferation using BrdU labelling 
identified a statistically significant increase in Clara cell replication (doses 150 and 200 ppm) 
after 2 weeks of treatments with an approximate 4-fold increase in percentage of labelled 
cells as compared to untreated controls. After 5 weeks of treatment a non significant 
increase (isolated animals) was seen in the treated mice while at 13 weeks no increase in 
the percentage of labelled cells was seen. The large variations in the labelling index among 
animals seen in the investigation are consistent with the poor dose response relationship for 
tumour formation as mentioned above. The cell proliferation was only seen in Clara cells 
with no effects in toxicity or increased BrdU labelling being seen in the Type II pneumocytes 
(Cruzan et al, 1997). These findings are similar to those reported by Roycroft et al (1992) 
who studied pulmonary changes in B6C3F1 mice exposed to up to 500 ppm styrene. 

Biological Plausibility & Coherance 

                       The postulated mode of action for the mouse lung tumours induced by inhalation exposure to 
styrene is consistent with what is known about the metabolic competence of mouse Clara 
cells and their capacity to form reactive intermediates by the CYP 2F2 metabolic pathway 
(Cruzan et al, 2002). It is widely accepted that toxicity and mitogenesis are of critical 
importance in expression of non-genotoxic carcinogenicity and sustained regenerating cell 
division secondary to cytotoxicity is accepted as a mode of action for many non-genotoxic 
carcinogens. The time course of pulmonary effects observed in the chronic mouse styrene 
inhalation study, i.e. Clara cell toxicity, cell proliferation, changes in Clara cell morphology, 
(e.g. decreased eosinophilia, loss of apical cytoplasm and focal crowding), followed 
sequentially by Clara Cell hyperplasia is consistent with a non-genotoxic multistage mode of 
action.   

The data show that mouse Clara cells develop a tolerance to cytotoxicity and cell replication 
with repeated styrene exposure. This tolerance is not only associated with a change in Clara 
cell morphology as described above but also with a change in the biochemistry of the cells. 
For example Gamer et al (2000) reported changes in both glutathione and CC10 protein 
levels in mice treated with styrene for up to 28 days. Similar results have been seen with the 
mouse Clara cell toxicant coumarin which has also been reported to produce reductions in 
glutathione levels, loss of cell secretory protein CC10 (CC16) and increases in GGT, 
(gamma glutamyl transpeptidase), activity (Vassallo et al, 2000). It has been proposed that 
the development of Clara cell tolerance to cytotoxic chemicals such as coumarin is 
accompanied by both morphological and biochemical changes in the cell and may be an 
important step in the multi-step progression to tumour development. 

Other Modes of Action 

Genotoxicity as a Mode of Action 

A series of experiments have been directed to the question of whether or not   genotoxicity 
may play a role in tumour development. Specifically investigations were carried out to 
determine if: 
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- any adduct formation is high enough to explain tumour formation 
- there is a difference in adduct formation between rats and mice or 
- there is a difference adduct formation between target (lung) and non-target tissues 

(liver). 
                       A post-labelling experiment with an inhalation exposure of two weeks did not lead to DNA-

binding (detection limit 3-5 adducts / 107) in mice at 40 and 160 ppm and in rats at 500 ppm 
(Ottender et al, 1999) while postlabelling studies in the livers and lungs of mice and rats 
failed to find any correlation between tumour development and DNA adduct formation 
(Ottender et al, 2002). In a second experiment with higher sensitivity rats and mice were 
exposed to 14C-Styrene, (with the highest possible specific radioactivity). Exposure was over 
a 6- hour period at 160 ppm (Boogaard et al, 2000). In this latter investigation minimal DNA-
binding (1-5 adducts /108) was detected. This low level of adduct formation could not account 
for lung tumour formation.  

                       In addition there was no difference in DNA-binding of rats and mice (i.e. no species 
specificity) and DNA binding was less in the lung as compared to the liver (i.e. no tissue 
specificity). 

                       Such data indicate that genotoxicity is unlikely to be involved in lung tumour formation.  
 

Pneumotoxicity of Metabolites from ß–Oxidation Metabolic Pathway as a Mode of Action 

                       An examination of on urinary metabolites (Johanson et al, 2000 and Sumner et al, 2001) 
showed that the ß -oxidation pathway (leading to 2-phenylethanol and via the aldehyde to 
phenylacetic acid) is a more prominent metabolic pathway in mice as compared to rats. 
Studies were therefore undertaken to explore the possibility that metabolites from the ß-
oxidation pathway could be pneumotoxic to Clara cells thus helping to explain species 
differences. A series of investigations in mice were carried out by carried out by Kaufmann et 
al (2004) to measure lung cell proliferation after intraperitoneal application of the metabolites 
from the ß-oxidation pathway 2-phenylethanol, phenylacetaldehyde and phenylacetic acid. In 
addition, 1-phenylethanol and acetophenone were given. None of the metabolites produced 
Clara cell damage or cellular proliferation in the bronchiolar epithelium. Although treatment 
with the metabolites did produce an increased proliferation of the alveolar cells the response 
is not considered relevant to tumour induction as no evidence of styrene related pathological 
effects have been seen the alveoli of mice (or rats) at any exposure concentration or at any 
time point. Thus, this pathway cannot account for lung tumour formation starting from the 
bronchiolar epithelium. 

                       Oxidative Stress as a Mode of Action 

                       To examine the possibility that oxidative stress may be playing a role in tumour development 
female mice were exposed to styrene at concentrations of 40 or 160 ppm (Gamer et al, 
2000). Animals were killed after 1, 5 or 20 exposures and the lungs examined by light and 
electron microscopy for histopathological effects and lung lavage fluid was examined for cell 
counts, protein, lactate dehydrogenase, alkaline phosphatase, N-acetyl-ß-D-glucuronidase, 
glutamyl transferase, glutathione, CC 16 protein (marker for Clara cells) and lysozyme. Lung 
homogenates were analysed for 8-OH-deoxyguanosine in lung DNA, malondialdehyde, 
catalase, glutathione reductase, superoxide dismutase, glutathione peroxidase and 
glutathione as markers of oxidative stress. Finally CC16 protein was measured in blood 
serum. 

Although a depletion of glutathione was seen in lung homogenates after 20 exposures there 
was no evidence of substantial oxidative stress as indicated by unchanged levels of 8-OH-
deoxyguanosine, superoxide dismutase, malondialdehyde, catalase, glutathione reductase, 

 
 

404



R034_0806_hh_publication 

and glutathione peroxidase. Examination of lavage fluid provided no indication of 
inflammatory responses. A concentration-time related increase in activity of 
glutamyltransferase indicating cytotoxicity to Clara cells was present over the study period 
with a maximum level after 5 exposures. Clara cell involvement was substantiated by 
reductions in concentrations of CC16 protein in the lavage fluid and in blood serum 
throughout the study.  

Histopathological changes in the lung after a single treatment were characterized by 
vacuolation and desquamation of secretory cells in the large and medium bronchioles. After 
5 and 20 exposures cellular crowding, indicative of early hyperplasia was seen in the large 
and medium bronchioles. Electron microscopy showed Clara cells were the main target cells. 
After 20 days of damage phenotypic changes were noted in the Clara cell population with 
some of the cells having normal features of Clara cells but with others exhibiting slightly 
different features such as absence of apical blebs and reduction in secretory granules. 
Overall, the data do not support the hypothesis that substantial or sustained oxidative stress 
plays a role in styrene induced tumour development. 

In summary three other potential modes of action were investigated. The results of these 
investigations show genotoxicity is not a key factor in tumour development. Styrene 
metabolites generated via the ß-oxidation pathway also play no role in Clara cell toxicity and 
oxidative stress can be excluded as a mode of action.  

Assessment of Postulated Mode of Action 

                       Overall the results of investigative studies on styrene indicate that the susceptibility of mice 
to development of lung tumours is linked to the following factors: 

• A greater number of Clara cells in mouse pulmonary tissues as compared to rats.  
• Mouse Clara cells contain high levels of the cytochrome P-450 isoform, CYP 2F2 

responsible for metabolising styrene to metabolites highly toxic to mouse Clara cells, 
(i.e. styrene oxide and oxidative metabolites of 4-VP). This metabolic toxification 
occurs much less in rats. These metabolites have been shown to lead to early lung 
toxicity and cell proliferation in mice, but such effects have not been found in rats. 

• The detoxification pathways involved may not be efficient enough in mice and thereby 
can lead at the cellular level to relatively high levels of the toxic species described 
above as compared to the rat. 

• Pharmacodynamic differences at the cellular level, probably related to glutathione 
depletion, may account for the susceptibility of mouse Clara cells to cellular injury 
whereas rats are more resistant. 

 

These factors are consistent with styrene selectively targeting mouse Clara cells causing 
cytotoxicity and increased cell replication rates. While these early effects moderate with 
continued exposure, (presumably as Clara cells develop some tolerance to styrene toxicity), 
clear evidence of bronchiolar epithelial hyperplasia is seen in mouse lung following 12 and 
18 months of exposure (Cruzan et al, 2001).   

                       The lack of histpathological effects in the alveoli of the mouse is consistent with the fact that 
Type II pneumocytes do not possess CYP 2F2 required to generate the toxic metabolites of 
styrene.  

The morphological effects, (including the change in phenotype and the absence of tumours 
at 18 months indicate a late developing tumour consistent with progressive hyperplasia), can 
be linked directly to the CYP 2F2 mediated metabolism of styrene producing metabolites 
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toxic to mouse Clara cells. Thus both the histomorphological and biochemical data provide a 
high level of support for the postulated mode of action. 

Uncertainties, Inconsistencies and Data Gaps 

                      Measured kinetic data has enabled the development of PBPK-models based on SO 
formation (Sarangapani et al, 2002 and Csanardy et al, 2003). The model of Sarangapani et 
al (2002) specifically estimated styrene and SO levels in the terminal bronchioles vs. whole 
lung. It predicts a 2-fold higher level of the R-SO isomer in mouse lung at 40 ppm than in rat 
lung at 1000 ppm. But it seems improbable whether this difference in one specific isomer 
solely would explain the marked species difference. 

Overall, while the models have slight differences they have led to qualitatively similar results: 

− The exposure of lung cells to SO predominantly results from pulmonary metabolism of 
styrene with minimal contribution from SO formed in the liver. 

− At relatively low styrene inhalation exposures the local concentration of SO (including the 
R-isomer) in the lung is higher in mice than in rats. 

 

Overall SO lung burden (specifically R-SO lung burden) is higher in mice than in rats. 

While the mouse may have greater metabolic capacity for conversion of styrene to styrene 
oxide and its R-isomer the pharmacokinetic data shows that the pulmonary concentrations of 
SO in mouse exposed to 40 ppm, (exposure producing lung tumours), is not much different 
from pulmonary concentrations of SO in rats exposed to 1000 ppm where no excess of lung 
tumours were seen. Thus it has been proposed that the aggregate measures of SO exposure 
in the lung do not appear to sufficiently explain the relative susceptibilities of the mouse and 
rat for lung tumour development (Cohen et al, 2002 and Filser, 2004). 

The proposal that glutathione depletion may play an important role in mouse Clara cell 
toxicity and subsequent carcinogenesis has also been questioned. For example Cohen et al 
(2002) pointed out that exposures to 40 ppm of styrene did not produce significant 
glutathione depletion in mouse lung but such treatment did produce hyperplasia and even 
tumours. As described earlier it is however important to differentiate effects at the tissue level 
and effects at the cellular level. At the tissue level lung surfactant contains quite high levels 
of glutathione especially for “scavenging” reactive species while at the cellular levels 
glutathione can vary 4-fold between individual mouse Clara cells. This heterogeneity helps 
explain why in studies with 4-VP approximately 50% of mouse Clara cells did not stain for 
glutathione while the other 50% stained with a similar intensity to untreated controls. Thus at 
the tissue level there may be no apparent change in glutathione whereas at the cellular level 
individual cells may have low if any ability to conjugate reactive species making them 
extremely susceptible to damage. 

To date the formation and metabolism of 4-VP, including the striking semi-quantitative 
species differences, has only been investigated in vitro. How this may relate in quantitative 
terms to the in vivo situation and especially to the levels in the target cells, the Clara cells, 
requires study. Taking account of the metabolic instability of the 4-VP downstream 
metabolites and the predominant importance of their concentrations at the cellular levels as 
compared to the “aggregate” total lung or even the whole body, it is not expected that such 
studies will be accomplished easily. Nevertheless, such studies are of importance in refining 
the mode of action. 
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Even in the absence of data from such studies there is compelling evidence that mouse 
Clara cells possess unique properties, which come together or act in combination for lung 
tumour development in mice. These unique properties include: 

1. sensitivity to the cytotoxic effects of SO, including specifically R-SO, 

2. sensitivity to cytotoxic effects of 4-VP metabolites,  

3. glutathione depletion in individual Clara cells  

4. cellular regeneration and development of tolerance resulting in morphological and 
biochemical changes to the Clara cell, and 

5. long term hyperplasia with cellular/focal crowding.  

None of these properties are operational in the rat and hence the rat does not develop lung 
tumours.  

Conclusion and extrapolation to humans 

Sensitive in vivo DNA-binding studies in mice and rats have shown that genotoxicity is most 
unlikely to be the driving force for lung tumour development in mice. If a non-genotoxic 
mechanism is operative, a threshold (or a highly non-linear) dose response relationship can 
be assumed and three questions required answers:  

1. what mechanism is leading to lung tumors in mice? 
2. why do lung tumors do not develop in rats? 
3. what sensitivity is to be assumed for humans in relation to mice and rats? 

 

Answers to questions 1. and 2. have been provided in the preceeding sections. Basically the 
high sensitivity of mice in comparison to the non-responsiveness of rats for lung tumour 
induction depends on multiple factors: 

1) Clara cells in mice both generate the toxic metabolites as well as being the target cells for 
these metabolites. The number of Clara cells is much higher in mice than rats. 

2) There are two oxidative pathways for formation of toxic metabolites: 

a) formation of SO is more pronounced in the lung of mice while the detoxification of SO 
may be more effective in rats. In total the local concentration of SO is higher in mice 
than in rats 

b) 4-VP and its downstream metabolites, which are cytotoxic for mouse Clara cells, are 
formed to a greater extent in the lungs of mice as compared to the rat. 

3) These metabolites lead to greater glutathione depletion in mice than in rats: glutathione 
depletion may be a contributing factor for tumour formation. 

4) These factors lead to an increase in cell proliferation and histopathological changes as 
pre-stages of lung tumour development in the mouse. Inhibition of oxidative metabolism in 
mice prevents Clara cell cytotoxicity and proliferation in this species as the first steps in 
tumour formation. 
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The lack of tumour formation in the rat is explained by the fact that rats do not produce the 
necessary cellular concentrations of toxic metabolites to cause Clara cell toxicity and 
replication resulting in the morphological and biochemical changes in Clara cells as a first 
stage in the multi-stage process to tumour development. The resistance of the rat and the 
sensitivity of the mouse to Clara cell toxicity are explained, as described above, by the 
physiological, pharmacokinetic and pharmacodynamic differences between the species. 

The answer to the question about human sensitivity is found in the fact that the Key Events 
for the postulated mode of action are even less operative in humans as compared with the 
non-responsive rat. For example: 

1. The number of Clara cells, (being both responsible for the formation of toxic 
metabolites and the target fore their toxic action), is very low in humans, even less 
than in rats. While Clara cells comprise about 85% of bronchiolar epithelium in 
mice and 25% in rats, in humans such cells are rare (Plopper et al, 1980). 

2. The level of the enzyme CYP 2F2 required for the formation of the Clara cell 
toxicants such as SO, (including the highly pneumotoxic R-enantiomer), and the 
downstream metabolites of 4-VP occurs at best only to a negligible extent in 
humans. Studies with human lung tissues have shown a general lack of CYP 2F2 
activity in human pulmonary tissue leading to the formation of SO. In a study of 38 
human lung samples, Nakajima et al (1994) found only low levels of cytochrome 
P450 dependent monoxygenase activity in some of the samples; the highest level 
measured was however approximately 400-fold lower than the average 
measurement in rat lung. Carlson et al (2000) reported only a slight styrene 
metabolising capability in 1 of 8 human lung samples while Filser et al (2002) 
failed to find any evidence of CYP 2F2 activity in human lung samples and 
formation of SO.  

3. In human lung, detoxification of SO (if formed at all in human pulmonary tissue) 
takes place predominantly via epoxide hydrolase (located on the endoplasmatic 
reticulum in close proximity to the toxifying cytochrome P450s). This close 
proximity of the “detoxifying” enzymes to any “toxifying” enzymes ensures the 
efficient removal of any toxic metabolites. Rodents use both epoxide hydrolase 
and glutathione-S-transferase as detoxification pathways with the mouse relying 
on glutathione conjugation more so than the rat. As glutathione-S-transferase is 
located in the cytosol this makes this detoxification pathway less efficient than the 
epoxide hydrolase pathway. In comparison to the rodent species, humans 
represent an extreme as SO detoxification nearly exclusively proceeds via 
epoxide hydrolase and glutathione S-transferase accounts for only approx. 0.1% 
of SO detoxification. 

4. Taking account both of the toxification to SO and its detoxification, PBPK-
modelling by two approaches (Sarangapani et al, 2002 and Csanardy et al, 2003) 
have shown that the SO content of human lungs must be very small, if there is 
any. 

5. Formation of 4-VP and its downstream metabolites in humans is less than in rats 
and much less than in mice (Bartels, 2004). This has been demonstrated by a 
comparative incubation of lung microsomes from mice, rats and humans using 
glutathione as a “trapping” reagent for the reactive, unstable downstream 
metabolites of 4-VP. Such metabolites are formed either from further side chain 
oxidation or more importantly from further aromatic hydroxylation to a highly 
reactive catechol derivative. 

6. Glutathione depletion caused by SO does not to occur in humans. This has been 
demonstrated by PBPK-modelling by Filser et al (1999, 2002) using the biokinetic 
data for the toxification of styrene to SO and the detoxification of the latter via 
epoxide hydrolase and glutathione-S-transferase. As reactive downstream 
metabolites of 4-VP are formed in human lung only to a very small extent (Bartels 
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2004), the 4-VP metabolic pathway is not expected to cause any  glutathione 
depletion in human pulmonary tissue. 

 

As all of the Key Events are not, (or at best only to a negligible extent), operative in humans, 
the early histopathological and biochemical changes leading ultimately to tumours are not to 
be expected to occur in human lung.  
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APPENDIX 4 

CALCULATION OF INHALATION EXPOSURE FROM THE USE OF LIQUID 
RESIN AND RESIN PASTE KITS 

An initial worst case scenario must assume that such products may be used in enclosed, 
poorly ventilated spaces. The exposure consequences of such a worst case scenario may 
be calculated as follows, using the EC Algorithm and US EPA SCIES models. 

EC Algorithm method 

Scenario: the liquid resin product is used in a small garage and the immediate volume of air 
around the operator amounts to 2 m3. No ventilation takes place and the operator stays in the 
concentrated atmosphere. 

The EC Algorithm uses simple equations to estimate external consumer exposure. 

Where:  

♦ Amount of product used per event, q = 1 kg (assumed for car body repair 
work) 

♦ Weight fraction of substance in product, wf = 0.45 (typical maximum based on 
industry advice) 

♦ Fraction of substance which volatilises during duration of exposure, R = 0.1 
(worst case assumption) 

♦ Volume of air immediately surrounding the user, Vr = 2 m3 (no ventilation) 

♦ Ventilation rate of adult, Vinh = 1.3 m3 /h (US EPA default for exercise such 
as painting) 

♦ Duration of exposure, t = 1 h (assumed) 

♦ Average concentration of substance in air, Cair = q x wf x R x Vr-1  = 22.5 g/m3 
 

♦ Amount via inhalation = Cair x Vinh x t =  ~29 g/event 

Results 

Using the above equations and parameter values, the EC Algorithm predicts that over a one 
hour period a person working in this concentrated atmosphere will inhale approximately 29 g 
of styrene. 

US EPA SCIES Program 

This is US EPA computerised model for estimating the consumer exposure to chemical 
substances. 

Scenario: the basic liquid resin scenario remains the same but SCIES requires that some 
additional assumptions are made. The scenario is that for latex paint. The volume of air in 
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which the contaminant is diluted is divided into two zones. Zone 1 represents the working 
area and is assumed to be a small room. However, the air within this room is expected to 
mix to a limited extent with the rest of the building, Zone 2. The air exchanges 0.2 times an 
hour. One consequence of this model structure is that, while the air around the working area 
may contain less styrene, the person coming away from the work area may still be exposed 
to a contaminant and for a much longer period, even though the work has been completed. 

♦ Zone 1 volume = 40m3  (default, assumed to represent a garage in this 
scenario) 

♦ Whole house volume = 292 m3  (default) 

♦ User inhalation rate during use = 1.3 m3/h (default) 

♦ User inhalation rate after use = 1.1 m3 /h (default) 

♦ Vapour pressure = 5 torr (650 Pa at 20°C) 

Results 

Using SCIES, the average concentration in the work zone (Zone 1) during the period of use 
is 4.7 g/m3 and the peak concentration in that zone is 7.7 g/m3. Some exposure to lower 
concentrations will be maintained after the period of use. The person carrying out work is 
predicted to receive a total dose of approximately 20 g for one event. 

In the case of resin pastes the maximum styrene concentration in the kit is 18%. This means 
that a lower level of styrene would be present in the air. Using the SCIES model exactly as 
before, with the assumptions the same, but with the weight fraction of the product as 0.18, 
the exposure is reduced from approximately 20 g to approximately 8 g. This lower figure will 
be used as an indicator for exposure arising from the use of resin pastes. 

Exposure assessment based upon “bearability” of exposure 

Noting that 1000 ppm will probably produce irritation and lacrimation but noting that there is 
no real emission data, an alternative worst case scenario may be defined in which the 
average concentration of styrene in the air is 8.4 g/ m3 (double the usual bearable maximum) 
for the hour of use and exposure is negligible afterwards. During use of the styrene resin 
there is no ventilation and all of the inhaled styrene is absorbed. This produces an intake of 
8.4 (concentration in g/m3 ) x 1.3 (inhalation volume/hr) x 1 (time of exposure) ~11 g/event. 

Results 

Assuming that the airborne concentration is double the maximum bearable for one hour, with 
negligible exposure afterwards, the intake of styrene is ~ 11 g/event. For liquid resins this 
level of styrene availability in the air is theoretically possible if the product is badly misused. 
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APPENDIX 5 
COMMENTS FROM UK INDUSTRY ON POSSIBLE SCENARIOS FOR STYRENE 
INHALATION DURING THE USE OF RESIN KITS 

In the absence of measured data we have presented exposure estimations based upon the 
EC Algorithms which we feel more realistically reflect worst case consumer exposures to 
styrene from resin past and liquid resin kits. These cover both typical worst case uses and 
situations of abuse, specifically use of produce within confined unventilated spaces. Such 
abuse is only possible when clear warnings on product labels and literature about use of the 
produce in well ventilated spaces are ignored. 

There is an additional need to discriminate between the use of consumers of products 
intended for general public and consumer use of industrial preparations that have been 
made available to the general public. The use of such industrial preparation by consumers or 
tradesmen should be seen as being as in an entirely different context to the established 
reinforced plastics processing industry where engineering controls can be used to reduce 
worker exposure and environmental emissions. 

Although models of abuse situations can suggest that very high exposures might occur on 
the basis of the modelled assumptions, it should be realised that the likelihood of such high 
concentrations of styrene vapour being endured for any time is limited due to the intense 
odour, metallic taste, irritation and lachrymatory effects of styrene at high concentrations. 

A relevant factor should you wish to take into account the possible differences in ambient 
temperature in various parts of Europe is that a higher temperature resin cures more rapidly 
so monomeric styrene is available for volatilisation for a shorter period. This reduces the loss 
by volatilisation and is contrary to the normal expectations for exposures to volatile materials 
e.g. solvents where higher temperatures might be expected to give higher atmospheric 
vapour concentrations. 

The modelled consumer exposure in the EC Algorithm model is 22.5 g/m3  (converts to 5,281 
ppm) over a period of 1 hour. This concentration is much higher than concentrations at 
which nasal and eye irritation would be expected to be apparent (e.g. 375 ppm and 1 hour 
reported in Stewart et al 1968). Exposures of up to 1000 for 1 hour have been associated 
with severe lacrimation, increased nasal secretion, feeling of a felt – like tongue and 
uncertain gait {Kalsbeek et al 1960, cited in Malten KE and Zieluis RL, 1964 industrial 
Toxicology and Dermatology in the Production and Processing of Plastics Elsevier 
Amsterdam}. Exposure to 5,281 ppm would be a concentration that was not only severely 
irritating but was likely to be significantly narcotic. It is actually about the 4 hour LC50 for 
styrene in rats. On the basis of the irritation and the intense odour, such a concentration 
would not be tolerated. 

The weight fraction of styrene in resin is given as 0.45. Figures of 0.40 for liquid resin or of 
0.18 for resin paste would give a realistic maximum value. 

The volume of air used as a basis to calculate the concentration of styrene (Vr ) is 
presumably based upon the “Room Volume” adjusted for the immediate vicinity of the user 
as given within the Technical Guidance documentation. Although this is likely to give an 
overestimate of concentration, it may perhaps be an appropriate estimate for short 
exposures e.g. 3 or 6 minutes as cited in the examples in the technical guidance. However in 
the case of resin use over a period of an hour the styrene vapour would be expected to be 
dispersed throughout the volume of the working space. The mixing of the styrene vapour 
throughout the working space would be aided not only by diffusion and normal air movement 
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related to body heat convection but by the movement of the operator around the work area.  
(Typical work with resin paste e.g. car body repairs on the lamination of fibreglass repair is 
likely to involve intermittent activities in varying parts of the work area e.g. mixing, 
spreading/laminating and sanding/grinding). 

The assumption of “no ventilation” is very extreme and equates to work within a hermetically 
sealed 2 m3 box! HSE Guidance note EH22 (Ventilation of the Workplace) indicates that 
ventilation rates of 0.5 – 2 air changes/hour can be expected in general industrial buildings 
and the suggested use of a garage with a draughty up and over door would (even in still air 
conditions) be expected to have a natural ventilation rate of at least the upper end of this 
range. 

No adjustment is made for the proportion of inhaled styrene absorbed via the lungs in 
calculation of the styrene uptake by inhalation. Studies from a number of authors suggest 
that 0.70 would be an appropriate proportion being absorbed (e.g. Wieczorek and 
Piotrowski, 1985: Int Arch Occup Environ Health 57 57-69, cited in Styrene Criteria 
Document ECETOC Special Report no.9). 

Proposed Scenarios for Consumer Use of Unsaturated Polyester Resin Kits 

(Based upon EU Technical Guidance Algorithms) 

(a) Reasonable “worse case” consumer use of body filler paste: (use: filling 
dented bodywork on a car within a closed garage) 

Assumptions: Amount of product used per event, q = 450 g (based on IK median pack size 
of 250 mls and product density of 1.8 g/cm3 ). In such applications it is difficult to use large 
amounts of catalysed filler at any one time as it cures before it can be used. The need for 
mixing, spreading, curing and sanding to take place increases the cycle time for application 
of each layer of paste and consequently limits the amount of paste to be used in an hour.  
450g would provide 5 x 90 g mixes of catalysed resin. 

Weight fraction of styrene in-product, Wf  = 0.12 (based on typical styrene concentration filler 
paste). 

Fraction of substance that volatilises during duration of exposure R = 0.05 (based on 
industry laboratory work on VOC emissions which indicates 4.5% of total styrene content lost 
from a filler containing 12% styrene during mixing with catalyst and the cure process). 

Volume of air surrounding the user, Vr = 52 m3 (based on working in a garage of volume 35 
m3 containing a vehicle of closed volume 9 m3) implies net workspace volume of 26 m3.  
Simple arithmetical treatment would imply one air change an hour would be the equivalent of 
a two fold increase in diluent volume. Although the air change rate would be expected to be 
>=2 changes/hour, 1 air change/hour has been used to compensate for periods of inhalation 
of higher concentrations when working close to the source of emissions. 

♦ Ventilation rate of adult, Vinh = 1.3 m3 /h (US EPA for painting work etc) 

♦ Duration of Exposure t = 1h (likely normal maximum) 
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Average concentration of styrene in air,   Cair = q x Wf X R x Vr
-1 

           Cair  = 450 x 0.12 x 0.05/52 

Cair  = 52 mg/m3 (converts to ~ 12 ppm) 

Amount of styrene absorbed in inhalation =  Cair  = Vinh  x fraction absorbed x time exposed 

  = 52 mg/m3 x 1.3 x 0.7 x 1h 

  = 47 mg (approximately 0.6 mg/kg  bodyweight 
for a 70 kg individual) 

Comment 

Using a complete 250 ml tin of resin paste within a close garage would appear even under a 
“worst case” assessment would give only a trivial exposure to styrene. Such an assessment 
is in agreement with general experience of resin kit use, particularly in light of the expected 
frequency of such exposures (perhaps 1-3 hours per day). 

Proposed Scenarios for Consumer Use of Unsaturated Polyester Resin Kits 

(Based upon EU Technical Guidance Algorithms) 

(b) Reasonable “worse case” consumer use of liquid resin kit: 

Assumptions: 

♦ Amount of product used per event, q = 550 g (based on standard 500ml 
“consumer” pack size in UK) 

♦ Weight fraction of styrene in product, Wf = 0.40 (based on typical maximum 
styrene concentration in liquid resin). 

♦ Fraction of substance that volatilizes during duration of exposure, R = 0.075 
(based on industry laboratory work on emissions from hand lay up). 

♦ Volume of air surrounding the user Vf = 52 m3  (based on working in a garage 
of volume 35 m3  containing a vehicle of closed volume 9 m3) implies net 
workspace volume of 26 m3. Simple arithmetic treatment implies one air 
change an hour would be the equivalent of a two fold increase in diluent 
volume. Although the air change rate would be expected to be >=2 
changes/hour, 1 air change/hour has been used to compensate for periods of 
inhalation of higher concentrations when working close to the source of 
emission. 

♦ Ventilation rate of adult, Vinh  = 1.3 m3  /h (US EPA default for painting work 
etc) 

♦ Duration of exposure t = 1 hour (likely normal maximum) 
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Average concentration of styrene in air,   Cair = q x Wf  x R x Vr
-1 

            Cair  = 550 x 0.4 x 0.075/52 

       Cair  = 318 mg/m3 (converts to ~ 75 ppm) 

Amount of styrene absorbed in inhalation =  Cair  = Vinh  x fraction absorbed x time exposed 

  = 318 mg/m3 x 1.3 x 0.7 x 1 hour 

  = 289 mg per event [approximately 4 mg/kg 
bodyweight for a 70 kg individual] 

Comment 

Even under worst case conditions using 500 ml of resin in a closed garage within an hour, 
the exposure (~75 ppm for 1 hour) would not give health concerns. Unaccustomed exposure 
to the distinctive odour of styrene is likely to encourage the user to seek better ventilation or 
fresh air. The frequency of such exposures to those purchasing consumer kits of liquid resin 
is unlikely to be more than a few hours/year.  

Proposed Scenarios for Consumer Use of Unsaturated Polyester Resin Kits 

(Based upon EU Technical Guidance Algorithms) 

(c) Product abuse: worse case consumer use of body filler paste: (use within a 
non – ventilated car interior 

Assumptions: Amount of product used per event, 1 = 450 g (based on UK median pack size 
of 250 mls and product density of 1.8 g/cm3 In such applications it is difficult to use large 
amounts of filler at any one time as the catalysed resin cures before it can be used. The 
need for mixing, spreading, curing and sanding to take place increase the cycle time for 
application of each layer of paste and consequently limits the amount of paste to be used in 
an hour. 

♦ 450 g would provide 5 x 90 g mixes of catalysed resin 

♦ Weight fraction of styrene in product, Wf  = 0.18 (based on maximum styrene 
concentration in filler paste)  

♦ Fraction of substance that volatilises during duration of exposure, R = 0.05 
(based on industry laboratory work on VOC emissions which indicates 4.5% 
of total styrene content lost from a filler containing 12% styrene during mixing 
with catalyst and the cure process). 

♦ Volume of air surrounding the use, Vr  = 3 m3, (based upon typical interior 
volume of car passenger compartment and assuming no ventilation) 

♦ Ventilation rate of adult, Vinh  = 1.3 m3 /h (US EPA default for painting work 
etc) 
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♦ Duration of exposure t = 1 hour (likely normal maximum, assumes that user 
chooses to stay within the vehicle without opening doors or windows.  It might 
be expected that users would normally leave the vehicle to collect tools or mix 
resin etc). 

Average concentration styrene in air,  Cair = q x Wf  x R x Vr
-1 

           Cair  = 450 x 0.18 x 0.05/3 

      Cair  = 1350 mg/m3 (converts to ~ 320 ppm) 

Amount of styrene absorbed in inhalation =  Cair  = Vinh  x fraction absorbed x time exposed 

  = 1350 mg/m3 x 1.3 x 1 x 1hour 

  = 1755 mg per event (approximately 25 mg/kg 
bodyweight for a 70 kg individual) 

Comment 

Such exposures are possible where label and other product advice is to use the product in 
well ventilated areas has been ignored. Whilst it is not impossible for exposure similar to that 
modelled in this example to occur, the likelihood that an individual will not leave the vehicle 
or open a car door to collect tools thus diluting the styrene content of the atmosphere etc 
during a period of an hour is probably low. This is particularly so as a ~320 ppm irritation and 
odour would be expected to prompt an individual to reduce exposure. 

Should the exposure be a modelled (~320 ppm for an hour) irritation from the vapours but no 
actual harm would be expected. 

Proposed Scenarios for Consumer Use of Unsaturated Polyester Resin Kits 

(Based upon EU Technical Guidance Algorithms) 

(d) Product Abuse: worst case consumer use of liquid resin kit: Repairing internal 
compartment of a boat with glass reinforced laminate: no ventilation) 

Assumptions: 

♦ Amount of product used per event, = 1000 g (based on maximum “consumer” 
pack size in UK. This would be impractical to catalyse in one operation so its 
use would be split into 3 or more mixing operations) 

♦ Weight fraction of styrene in product, Wf = 0.40 (based on typical maximum 
styrene concentration in liquid resin) 

♦ Fraction of substance that volatilizes during duration of exposure, R = 0.075 
(based on industry laboratory work on emissions from hand lay up) 

♦ Volume of air surrounding the user, Vr = 2 m3     
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♦ Ventilation rate of adult, , Vinh  = 1.3 m3  /hour (US EPA default for paint work 
etc) 

♦ Duration of exposure t = 1 hour (likely normal maximum) 

Average concentration styrene in air,  Cair = q x Wf  x R x Vr
-1 

           Cair  = 1000 x 0.4 x 0.075/2 

      Cair  = 15 g/m3 (converts to ~ 3520 ppm) 

Amount of styrene absorbed in inhalation =  Cair  = Vinh  x fraction absorbed x time exposed 

  = 15 g/m3 x 1.3 x 1 x 1hour 

  = 19.5 g per event (approximately 280 mg/kg 
bodyweight for a 70 kg individual) 

Comment 

This is seen as being a highly unrealistic exposure scenario as such high concentrations 
could not be tolerated. At much lower concentrations eg 1000 ppm the irritation, lacrimation 
and intense odour would be expected to prompt an individual to seek fresh air. 

High exposures are possible where label and other product advice to use the product in well 
ventilated areas has been ignored. The above scenario is very much a worst case. A 
confined space with no ventilation at all would be unusual as normally the route of access to 
the space would be expected to provide some degree of escape for the vapours by diffusion. 
The use of 1 kg of resin within an hour in such confined space (e.g. laminating an area of 
1.5m2 within a space with likely total surface area of perhaps 10m2) is possible. It is however 
probably more likely that such an exposure would occur to other solvents where such closed 
compartments are painted with solvent based paints. It would therefore be seen as a general 
problem related to working with volatile materials within confined spaces rather than a 
specific problem relating to styrene based resin. 
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APPENDIX 6 
CALCULATIONS OF DERMAL EXPOSURE FROM THE USE OF LIQUID RESIN 
AND RESIN PASTE KITS 

EC Algorithm for Dermal Exposure 

Scenario: for a worst reasonable case exposure assessment, it must be assumed that skin 
contact will arise through accidental spillage, or failure to wear protective equipment such as 
gloves during application of the resin. 

Where: 

 

♦ Density of product, d = 1.1 g/cm3  (maximum for liquid resin) 

♦ Weight fraction of substance in product, Wf = 0.45 (typical maximum) 

♦ Thickness of layer of product in contact with skin, Tder = 0.1 cm (value 
appropriate for high viscosity liquids) 

♦ Surface area of exposed skin, Sder = 280 cm2 (estimate for the surface area of 
the fingers of botth hands) 

♦ Duration and frequency of exposure are known. 

♦ Typical maximum amount of the substance in the product, Cder = d x Wf 

♦ Amount of the substance on the skin, Cder x Tder x Sder    

Results 

Using the above equations, the typical maximum amount of substance in a liquid resin 
product, Cder, is 0.495 g/cm3. The amount of substance on the skin is approximately 14 
g/event. 

For resin pastes, with their lower maximum level of styrene, an equivalent calculation 
suggests a maximum value of about 5.5 g/event being available for dermal absorption. 
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APPENDIX 7 
COMMENTS FROM UK INDUSTRY ON POSSIBLE SCENARIOS FOR DERMAL 
ABSORPTION OF STYRENE DURING THE USE OF RESIN KITS 

In the EU algorithm calculations proposed for skin absorption the uptake via the skin is 
based on uptake through the total surface area of the hands. Such skin contamination 
should be unlikely when using resin paste as the produce is a thick paste handled with a 
filling knife or plastic spreading tool included in consumer kits. For liquid resin where the 
product is more mobile and can be applied by brush, skin absorption is more relevant 
consideration. It is therefore appropriate only to consider dermal absorption for liquid resin 
(typical density 1.1 g/cm3 and maximum styrene content 40% w/w). 

Realistic factors to take into account are: 

It is very difficult to work with hands entirely covered in resin! This is particularly true when 
the resin is catalysed and starts to cure, as the worker’s hands will stick to everything 
touched, such as glass reinforcement and tools. Although skin contamination may occur, 
gross contamination would be expected to be cleaned up without much delay for the above 
practical reasons. Contamination of a similarly large surface areas of skin elsewhere of the 
body for any period is also unlikely, apart from in cases of accidental spillage. 

Based upon experimental studies on human skin the rate of absorption for liquid styrene has 
been measured and is relatively low (0.06 mg/cm2/hour, Berode et al, 1985, Int Arch Occup 
Environ Health 55 331-336). The rate of absorption of styrene from catalysed liquid polyester 
resin would be expected to be lower than this figure for liquid styrene on account of the 
removal of styrene monomer from the resin as it becomes part of the matrix of the cured 
resin, this reducing the styrene monomer available for absorption. Conversely the rate of 
absorption might be expected to be higher than the liquid styrene figure as the curing resin 
might provide some degree of occlusion, aiding the absorption of monomer from the resin 
near the skin surface. On balance however, it is likely that the absorption rate for liquid 
styrene monomer would provide an appropriate worst case value for the absorption of 
styrene from a liquid resin. 

The worst case scenario for dermal exposure is based upon users failing to use gloves and 
grossly contaminating their skin. It is relevant that liquid resin sold as consumer kits can 
provide as part of the kit suitable protective gloves, measuring containers and mixing 
implements. It is notable that the majority of consumer pack liquid resin sold by one major 
resin kit supplier is sold in complete kit form with accompanying gloves etc rather than as 
packs of resin alone. The inclusion of protective gloves within kits would be expected to 
encourage good working practices. 
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Proposed Scenarios for Consumer Use of Unsaturated Polyester Resin Kits 

(Based upon EU Technical Guidance Algorithms) 

Reasonable “worst case” consumer use of liquid resin kit: Dermal Exposure (use: 
mending damaged bodywork on a car using glass reinforced laminate within a closed 
garage) 

♦ Density of liquid resin product = 1.1 g/cm3   

♦ Weight fraction of styrene in product, Wf = 0.40 

♦ Thickness of layer of product in contact with skin, Tder = 0.1 cm (value 
appropriate for high viscosity materials) 

♦ Time of exposure = 1 hour 

♦ Surface area of exposed skin, Sder = 280 cm2 (estimate for surface area of the 
fingers of both hands) 

Using the EC algorithm concentration of styrene in product 

  Cder = 1.1 x 0.40 

         = 0.44 g/cm3 

Amount of substance on the skin = Cder x Tder x Sder 

                         = 0.44 x 0.1 x 280 

                   =12.3 g/event 

Amount of the substance on the skin available for uptake = 90% of the amount on the skin 
(10% evaporates)                                                                           =12.3 x 0.9 

                                                                                                       =11g/event 

 

Comment 

In normal use whilst some accident skin exposure may occur due to lack of skin protection 
and product spillage is unlikely that the total surface area of hands will be covered. Should 
gross contamination occur due to significant accident spillage etc then removal of excess 
resin before continuing work might be expected for practical reasons. Therefore the surface 
area of the fingers of both hands has been considered to be a more appropriate estimate 
than the total area of both hands.  
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APPENDIX 8 
CALCULATION OF DAILY DIETARY INTAKE OF STYRENE 

Styrene mean levels 
(µg/kg) 

Daily dietary styrene 
intake (µg/person/day) 

 

Food Group 
Lower 
bound 

Upper 
bound 

 

Consumption 
(kg/person/day) Lower 

bound 
Upper 
bound 

Bread 0.7 1.1 0.108 0.076 0.12 

Miscellaneous 
cereals 

1.2 1.2 0.101 0.12 0.12 

Carcass meat 0.7 1.1 0.022 0.015 0.024 

Offal 3.4 3.4 0.001 0.003 0.003 

Meat products 3 3 0.047 0.14 0.14 

Poultry 3.4 3.4 0.019 0.065 0.065 

Fish 4.8 4.8 0.014 0.067 0.067 

Oils & fats 7.9 7.9 0.027 0.213 0.213 

Eggs 2.9 2.9 0.014 0.041 0.041 

Sugars & 
preserves 

1.6 1.8 0.063 0.101 0.113 

Green 
vegetables 

0.2 0.7 0.034 0.007 0.024 

Potatoes 0 0.3 0.123 0 0.037 

Other 
vegetables 

0.6 1.1 0.076 0.046 0.084 

Canned 
Vegetables 

1.3 1.6 0.033 0.043 0.053 

Fresh fruit 0.1 0.4 0.069 0.007 0.028 

Fruit products 3.1 3.4 0.044 0.136 0.150 

Beverages 0.8 1.2 0.996 0.797 1.195 

Milk 0.2 0.7 0.281 0.056 0.197 

Dairy 
products 

2.4 2.4 0.06 0.144 0.144 
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Nuts 8.7 8.7 0.002 0.017 0.017 

Total  2.1 2.8 
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ABBREVIATIONS 
 

ADI Acceptable Daily Intake 
AF Assessment Factor 

ASTM American Society for Testing and Materials 
ATP Adaptation to Technical Progress 
AUC Area Under The Curve 

B Bioaccumulation 
BBA Biologische Bundesanstalt für Land- und Forstwirtschaft 
BCF Bioconcentration Factor 
BMC Benchmark Concentration 
BMD Benchmark Dose 
BMF Biomagnification Factor 
BOD Biochemical Oxygen Demand 
bw  body weight / Bw, bw 
C Corrosive (Symbols and indications of danger for dangerous substances and 

preparations according to Annex II of Directive 67/548/EEC) 
CA Chromosome Aberration 
CA Competent Authority 

CAS Chemical Abstract Services 
CEC Commission of the European Communities 
CEN European Standards Organisation / European Committee for Normalisation 

CEPE European Committee for Paints and Inks 
CMR Carcinogenic, Mutagenic and toxic to Reproduction 
CNS Central Nervous System 

COD Chemical Oxygen Demand 

CSTEE Scientific Committee for Toxicity, Ecotoxicity and the Environment (DG SANCO) 

CT50 Clearance Time, elimination or depuration expressed as half-life 

d.wt dry weight / dw 
dfi daily food intake 
DG  Directorate General 
DIN Deutsche Industrie Norm (German norm) 
DNA DeoxyriboNucleic Acid  
DOC Dissolved Organic Carbon 
DT50 Degradation half-life or period required for 50 percent dissipation / degradation 
DT90 Period required for 90 percent dissipation / degradation 

E Explosive (Symbols and indications of danger for dangerous substances and 
preparations according to Annex II of Directive 67/548/EEC) 

EASE Estimation and Assessment of Substance Exposure Physico-chemical 
properties [Model] 

EbC50 Effect Concentration measured as 50% reduction in biomass growth in algae 
tests 

EC European Communities 
EC10 Effect Concentration measured as 10% effect 
EC50 median Effect Concentration  
ECB  European Chemicals Bureau 

ECETOC  European Centre for Ecotoxicology and Toxicology of Chemicals 
ECVAM European Centre for the Validation of Alternative Methods 

EDC Endocrine Disrupting Chemical 
EEC European Economic Communities 

EINECS European Inventory of Existing Commercial Chemical Substances 
ELINCS European List of New Chemical Substances 

EN European Norm 
EPA Environmental Protection Agency (USA) 

ErC50 Effect Concentration measured as 50% reduction in growth rate in algae tests 
ESD Emission Scenario Document 
EU European Union 
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EUSES European Union System for the Evaluation of Substances [software tool in 
support of the Technical Guidance Document on risk assessment] 

F(+) (Highly) flammable (Symbols and indications of danger for dangerous 
substances and preparations according to Annex II of Directive 67/548/EEC) 

FAO  Food and Agriculture Organisation of the United Nations 
FELS  Fish Early Life Stage  

foc Organic carbon factor (compartment depending) 
GC Gas chromatography 

GC-ECD Gas chromatography with an electron capture detector 
GC-ECNI-HRMS Gas chromatography with electron capture negative ion high resolution mass 

spectrometry 
GC-EI-MS Gas chromatography with electron impact mass spectrometry 

GC-FID Gas chromatography with a flame ionisation detector 
GC-HRMS Gas chromatography with high resolution mass spectrometry 
GC-LRMS Gas chromatography with low resolution mass spectrometry 

GC-MS Gas chromatography with a mass spectrometry detector 
GC-NCI-MS Gas chromatography with negative ion chemical ionisation mass spectrometry 

GLP Good Laboratory Practice 
HEDSET EC/OECD Harmonised Electronic Data Set (for data collection of existing 

substances) 
HELCOM Helsinki Commission -Baltic Marine Environment Protection Commission  

HPLC  High Pressure Liquid Chromatography 
HPVC High Production Volume Chemical (> 1000 t/a) 
IARC International Agency for Research on Cancer 

IC Industrial Category 
IC50 median Immobilisation Concentration or median Inhibitory Concentration 
ILO International Labour Organisation 

IPCS International Programme on Chemical Safety 
ISO International Organisation for Standardisation 

IUCLID International Uniform Chemical Information Database (existing substances) 
IUPAC International Union for Pure and Applied Chemistry 
JEFCA Joint FAO/WHO Expert Committee on Food Additives 
JMPR Joint FAO/WHO Meeting on Pesticide Residues 
Koc organic carbon normalised distribution coefficient 
Kow octanol/water partition coefficient 
Kp solids-water partition coefficient 

L(E)C50 median Lethal (Effect) Concentration  
LAEL Lowest Adverse Effect Level 
LC50 median Lethal Concentration  
LD50 median Lethal Dose   
LEV Local Exhaust Ventilation 

LLNA Local Lymph Node Assay 
LOAEL Lowest Observed Adverse Effect Level 
LOEC Lowest Observed Effect Concentration 
LOED  Lowest Observed Effect Dose 
LOEL Lowest Observed Effect Level 
MAC Maximum Allowable Concentration 

MATC Maximum Acceptable Toxic Concentration 
MC Main Category  
MITI Ministry of International Trade and Industry, Japan 
MOE Margin of Exposure 
MOS Margin of Safety 
MS Mass spectrometry 
MW Molecular Weight 
N Dangerous for the environment (Symbols and indications of danger for 

dangerous substances and preparations according to Annex II of Directive 
67/548/EEC 

NAEL  No Adverse Effect Level  
NOAEL No Observed Adverse Effect Level 
NOEL No Observed Effect Level 
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NOEC  No Observed Effect Concentration 
NTP National Toxicology Program (USA) 

O Oxidizing (Symbols and indications of danger for dangerous substances and 
preparations according to Annex II of Directive 67/548/EEC) 

OC Organic Carbon content 
OECD Organisation for Economic Cooperation and Development 
OEL Occupational Exposure Limit 
OJ Official Journal 

OSPAR  Oslo and Paris Convention for the protection of the marine environment of the 
Northeast Atlantic 

P Persistent 
PBT  Persistent, Bioaccumulative and Toxic 

PBPK Physiologically Based PharmacoKinetic modelling 
PBTK Physiologically Based ToxicoKinetic modelling 
PEC Predicted Environmental Concentration 
pH logarithm (to the base 10) (of the hydrogen ion concentration {H+} 
pKa logarithm (to the base 10) of the acid dissociation constant 
pKb logarithm (to the base 10) of the base dissociation constant 

PNEC Predicted No Effect Concentration 
POP Persistent Organic Pollutant 
PPE Personal Protective Equipment 

QSAR (Quantitative) Structure-Activity Relationship 
R phrases Risk phrases according to Annex III of Directive 67/548/EEC 

RAR Risk Assessment Report 
RC Risk Characterisation 
RfC Reference Concentration 
RfD Reference Dose 
RNA RiboNucleic Acid 
RPE Respiratory Protective Equipment 
RWC Reasonable Worst Case 

S phrases  Safety phrases according to Annex IV of Directive 67/548/EEC 
SAR Structure-Activity Relationships 
SBR Standardised birth ratio 
SCE Sister Chromatic Exchange 
SDS Safety Data Sheet 

SETAC  Society of Environmental Toxicology And Chemistry 
SNIF Summary Notification Interchange Format (new substances) 
SSD  Species Sensitivity Distribution 
STP  Sewage Treatment Plant 
T(+) (Very) Toxic (Symbols and indications of danger for dangerous substances and 

preparations according to Annex II of Directive 67/548/EEC) 
TLC Thin layer chromatography 
TDI Tolerable Daily Intake 
TG Test Guideline 

TGD Technical Guidance Document 

TNsG Technical Notes for Guidance (for Biocides) 
TNO The Netherlands Organisation for Applied Scientific Research 
ThOD Theoritical Oxygen Demand 

UC Use Category 
UDS Unscheduled DNA Synthesis 
UN United Nations 

UNEP  United Nations Environment Programme  
US EPA Environmental Protection Agency, USA 

UV Ultraviolet Region of Spectrum 
UVCB Unknown or Variable composition, Complex reaction products of Biological 

material 
vB  very Bioaccumulative 

VOC Volatile Organic Compound 
vP  very Persistent  

vPvB  very Persistent and very Bioaccumulative 
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v/v volume per volume ratio 
w/w weight per weight ratio 

WHO World Health Organization 
WWTP Waste Water Treatment Plant 

Xn Harmful (Symbols and indications of danger for dangerous substances and 
preparations according to Annex II of Directive 67/548/EEC) 

Xi Irritant (Symbols and indications of danger for dangerous substances and 
preparations according to Annex II of Directive 67/548/EEC) 
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