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a b s t r a c t
Residual styrene present in polystyrene food packaging may migrate into food at low levels. To assure
safe use, safe exposure levels are derived for consumers potentially exposed via food using No/Low
Adverse Effect Levels from animal and human studies and assessment factors proposed by European
organisations (EFSA, ECHA, ECETOC). Ototoxicity and developmental toxicity in rats and human
ototoxicity and effects on colour discrimination have been identiﬁed as the most relevant toxicological
properties for styrene health assessments. Safe exposure levels derived from animal studies with assessment factors of EFSA and ECHA were expectedly much lower than those using the ECETOC approach.
Comparable safe exposure levels were obtained from human data with all sets of assessment factors
while ototoxicity in rats led to major differences. The safe exposure levels ﬁnally selected based on
criteria of science and health protection converged to the range of 90–120 mg/person/d. Assuming a consumption of 1 kg food/d for an adult, this translates to 90 mg styrene migration into 1 kg food as safe for
consumers. This assessment supports a health based Speciﬁc Migration Limit of 90 ppm, a value somewhat higher than the current overall migration limit of 60 ppm in the European Union.
Ó 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.

1. Introduction

Abbreviations: AF, assessment factor; bw, body weight; DNEL, Derived No Effect
Level; ECETOC, European Centre for Ecotoxicology and Toxicology of Chemicals;
ECHA, European Chemicals Agency; EFSA, European Food Safety Authority; EH,
epoxide hydrolase; EPS, expanded polystyrene; GPPS, general purpose polystyrene;
HED, human equivalent dose; HIPS, high impact polystyrene; JECFA, Joint FAO/WHO
Expert Committee on Food Additives; LOAEL, Low Adverse Effect Level; LWAE,
lifetime weighted average exposure; MA, mandelic acid; MAK, Maximale Arbeitsplatz Konzentration; NOAEL, No Adverse Effect Level; PGA, phenylglyoxylic acid;
PS, polystyrene; RAC, RISK Assessment Committee of ECHA; RAR, Risk Assessment
Report of the EU; REACH, Registration, Evaluation, Authorisation and Restriction of
Chemicals; RfD, Reference Dose; S, styrene; SEL, safe exposure level; SML, Speciﬁc
Migration Limit; SO, styrene-7,8-oxide; SSC, Styrenics Steering Committee; TDI,
Tolerable Daily Intake; TWA, time weighted average exposure; UK, United
Kingdom; US FDA, Food and Drug Administration of the U.S. Department of Health
and Human Services; WHO, World Health Organisation.
⇑ Corresponding author. Tel.: +33 (0)983253688, mobile: +33 (0) 659 13 88 31.
E-mail addresses: heinz-peter.gelbke@gmx.de (H.-P. Gelbke), marcy.banton@
lyondellbasell.com (M. Banton), efa@ceﬁc.be (E. Faes), edgar.leibold@basf.com (E.
Leibold), markpemberton@systox.com (M. Pemberton), sophie.duhayon@total.com
(S. Duhayon).

Polystyrene (PS) is extensively used as food packaging material
mainly in the form of GPPS (general purpose polystyrene), HIPS
(high impact polystyrene) and EPS (expanded polystyrene) or in
copolymerisation with other monomers, especially acrylonitrile
and butadiene. Due to the production process styrene monomer
(S) is found in residual amounts in such polymer food containers,
due either from unreacted S in the starting polymer before
converting or from thermal depolymerisation during the
converting process. In current S-based polymer grades, the
amount of the monomers may reach about 500 mg S/kg PS
(O’Brian, 2001).
In the present EU regulation for plastic materials and articles intended to come into contact with food (EU, 2011) S is listed without any restriction. Especially no Speciﬁc Migration Limit (SML) is
deﬁned; consequently the overall migration limit of 60 mg/kg food
would apply. In 2003, WHO (2003) published a Tolerable Daily Intake (TDI) of 7.7 lg/kg bw/d, corresponding to 0.46 mg/person/d
(based on 60 kg body weight). This latter TDI was based upon reduced body weight at 250 ppm in female rats in a 2-year drinking
water study (Beliles et al., 1985) and derived by dividing the
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NOAEL (125 ppm/7.7 mg/kg bw/d for males) by 1000. Health Canada (1993) and RIVM (2001) derived a TDI of 120 lg/kg bw/d based
on the same NOAEL (125 ppm/12 mg/kg bw/d for females) but
using an AF of 100. The US EPA (1990) derived an oral Reference
Dose (RfD) of 200 lg/kg bw/d based on effects observed on
haematology and liver in the dog at exposure concentrations higher than 200 mg/kg bw/d (oral intubation) in a 19 months study
(Quast et al., 1979). An AF of 1000 was applied.
With the advent of the REACH regulation in Europe a procedure
has been prescribed to establish Derived No Effect Levels (DNELs)
for long-term exposure of the general population. Although DNELs
are not intended to speciﬁcally address direct consumer ingestion
these may provide a useful approach for the safety assessment of
food contaminants. A DNEL (long term – oral route – general population) of 2.1 mg/kg bw/d was proposed for S (IUCLID, 2013). The
calculation of DNELs is based on toxicity benchmarks, usually the
No/Low Observed Adverse Effect Levels (NOAEL/LOAEL) found in
experimental animals or epidemiological studies and the application of assessment factors (AFs).
There is a broad, albeit very low exposure of consumers to S via
food packaging materials and some recent exposure estimates are
reported. Safe exposure levels (SEL) are derived for consumers exposed to S via food. The toxicological endpoints that are nowadays
considered as most relevant are taken into consideration, namely
ototoxicity and colour vision disturbance in humans as well as
postnatal developmental effects in rats. Especially the database
for ototoxicity is robust in experimental animals and humans
and concordant under qualitative and even quantitative aspects.
Division of the NOAELs/LOAELs for these toxicity benchmarks by
appropriate AFs leads to different SELs. This paper concentrates
on AFs recently proposed by EFSA (2012), ECHA (2012) and ECETOC (2010) and therefore the results primarily relate to the European regulatory environment. The SELs will then allow deﬁning a
Speciﬁc Migration Limit (SML) for the migration of S into food.
Since only toxicity data are taken into consideration this SML is solely based on health effects.

2. General considerations
2.1. Potential consumer exposure to styrene
The SELs and the SML ﬁnally arrived at in this paper should be
put into context with actual data for potential consumer exposure
via migration of S from PS food containers. Exposures have been
measured or estimated by methods of different complexity and
some more recent examples are given below:
1. Use of food simulants under standardised conditions: GPPS, HIPS
and EPS were extracted with food simulants prescribed by
European Directives (EC, 1997; EU, 2011), namely 3% acetic
acid, 10% aqueous ethanol and olive oil for 2 h at 70 °C or
10 days at 40 °C (GPPS, HIPS) or 10 days at 5 °C (EPS), representing most closely the conditions of use for these polymers. The
PS surface to food ratio was 6 dm2/1 kg food equating the EU
‘‘standard cube’’ (1 kg food packaged in 6 dm2 plastics packaging material). For GPPS and HIPS migration of S into 3% acetic
acid or 10% ethanol was generally below 100 lg/kg, but reached
75–590 lg/kg in olive oil after 10 days at 40 °C. With EPS
extracted for 2 h/70 °C somewhat higher concentrations were
found (up to 340 lg/kg in olive oil), but clearly lower concentrations at 10 d/5 °C (up to 40 lg/kg in sunﬂower oil) (O’Brian,
2001).
2. Food surveillance: In 5 sets of a total diet study covering 100 categories of food (UK MAFF, 1999) S was detected at low levels of
up to 14 lg/kg. Using consumption data from the National Food
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Survey the dietary exposure of consumer was estimated to be
0.03–0.05 lg/kg bw/d (1.8–3 lg/person/d). In a previous study
(UK MAFF, 1994) covering 248 food samples packed in a variety
of pack types the concentrations of S were generally in the
range of <1–60 lg/kg with the exception of a ‘‘low fat’’ table
spread (97 lg/kg) and milk and cream products sold as small
portions (10 g) for tea and coffee (23–230 lg/kg). In this latter
case the high surface to volume ratio and the high fat content
explain these higher concentrations. Subsequently 22 samples
of such ‘‘coffee creamers’’ were speciﬁcally studied and relatively high concentrations of S were veriﬁed with a range of
13–316 lg/l (Offen et al., 1995).
3. Compilation of data: Tang et al. (2000) assessed human exposure
to S on the basis of literature data. The average consumption
proﬁle of the general German population was utilised under
the assumption that milk, milk products, fat and oil were all
packed in PS materials. The daily S intake was estimated to
reach 2–12 lg/person/d. A comparable estimate (9 lg/person/
d) was obtained by Lickly et al. (1995) for people in the United
States based on a consumption of 3 kg food/d. A probabilistic
approach was used by Holmes et al. (2005) to calculate a median exposure for adults of 0.039 lg/kg bw/d (2.4 lg/person/d).
Vitrac and Leblanc (2007) used a probabilistic method to estimate S exposure via consumption of yogurt, a food item often
packed in PS. They assumed an average S concentration for
the food containers of 500 mg/kg and calculated for the daily
uptake a 50th percentile of 12 lg/person/d.
To estimate the exposure of children (5–12 years) to S from
food containers Duffey and Gibney (2007) used the type and
amount of food consumed by children from the Irish National Children’s Food Survey, including the type of packaging for these foods.
A food was assumed to contain S if it was packaged in a material
that might release the monomer. Migration values were taken
from the literature and exposure estimates used either the 90th
percentile or the maximum migration values. The mean intake of
S was calculated to be 0.122 lg/kg bw/d or 0.169 lg/kg bw/d. A
comparison with the provisional Tolerable Daily Intake (TDI) of
40 lg/kg bw/d (established by JECFA in 1984) led to the conclusion
that exposure to S via food is of no concern for children.
Apart from exposures via food packaging materials, consumers
are also exposed to S in natural food items. S occurs in unpackaged
food at concentrations near the limit of detection (0.1 lg/kg food)
to typically 200 lg/kg (e.g. in olive oil) although levels up to 5 mg/
kg have been reported in some mouldy cheeses (Tang et al., 2000).
The highest concentrations have been found in cinnamon, ranging
from 170 lg/kg to 34 mg/kg (Steele et al., 1994).
2.2. Point of departure
The ﬁrst step in the derivation of a SML is the deﬁnition of SELs
for consumers to migrants (herein S) from packaging into food. The
calculation of a SEL is generally based on the NOAELs/LOAELs, the
points of departure, obtained in experimental animals or epidemiological studies. In studies on experimental animals the selection
of a NOAEL or LOAEL is straightforward, as these are deﬁned by
the doses selected for the experiment.
Both ECHA (2012) and ECETOC (2010) speciﬁcally note that differences exist in the nature of data from animal versus epidemiological studies. In animal tests the doses are predeﬁned leading
to precise values for the NOAEL and the LOAEL. The true threshold
apparently lies somewhere between the two values. In the case of
epidemiological studies, exposures generally cannot be exactly deﬁned and rather exposure categories forming a continuum are estimated. As a consequence, epidemiological data do not directly
allow to establish the exact NOAEL, but only to approximate the
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exposure range that should encompass the NOAEL. Generally the
upper exposure limit of the no-effect category is the same as
the lower limit of the category showing an effect and the true
threshold lies within one of these categories. Therefore the
NOAELs/LOAELs will not be displayed at discrete exposure concentrations but within exposure categories/ranges.
ECHA (2012) proposes that generally the lower boundary/limit
of the lowest exposure category with an effect should be considered the LOAEL and the upper boundary/limit of the exposure
range with no statistically or biologically signiﬁcant effects should
be considered the NOAEL for epidemiological studies. If the number of individuals in the NOAEL category is small or if the exposure
distribution is skewed towards the lower end of the category, a
more conservative NOAEL may be justiﬁed, e.g. the average of
the lower and the upper limit value of the NOAEL category, the
average exposure of the individuals, or the median exposure value
of the NOAEL group. A similar approach is proposed by ECETOC
(2010) based on the consideration that the LOAEL will be located
within the lowest exposure range in which an adverse effect is observed. In the absence of a high prevalence of responders in this
exposure category, its lower limit is likely to reﬂect the NOAEL.
No guidance is given by EFSA (2012) how to deﬁne a NOAEL from
epidemiological studies.
2.3. Assessment factors (AF)
After the NOAEL/LOAEL has been identiﬁed from experimental
animal or epidemiological studies, AFs are applied for various
extrapolation steps to arrive at a sufﬁciently protective SEL:
–
–
–
–

route-to route (e.g. inhalation to oral);
interspecies (e.g. rats to humans);
intraspecies (e.g. workers to the general population);
exposure duration (e.g. 6–24 h/d; subchronic to chronic
exposure);
– dose–response relationship (e.g. NOAEL to LOAEL);
AFs are available from several authority/scientiﬁc organisations
and are considered in this assessment, including:
– EFSA (2012).
– ECHA (2012).
– ECETOC (2010).
Important differences exist between these organisation’s guidances and AFs that may affect the derivation of a SEL, especially
for inter- and intraspecies extrapolation, and are brieﬂy discussed
here.
2.3.1. AF for interspecies extrapolation
In the absence of chemical-speciﬁc data on toxicokinetics and/
or –dynamics EFSA (2012) applies a total AF of 10, subdivided into
a factor of 4 for toxicokinetics and of 2.5 for toxicodynamics. EFSA
uses body weight as a scale for interspecies extrapolation while
other organisations, including ECHA (2012) and ECETOC (2010),
have proposed allometric scaling based on differences in metabolic
rate per body weight.
For the oral exposure route the same total default AF of 10 is
proposed by ECHA and EFSA for the extrapolation from rats to humans. This factor is subdivided by ECHA for rats into a subfactor of
4 for allometric scaling, but this subfactor varies according to the
species under consideration, for example 7 for mice. The factor
for allometric scaling is not applicable if both, experimental animals and humans are exposed by inhalation. A further subfactor
of 2.5 accounts for toxicokinetic differences not related to metabolic rate (small part) and toxicodynamics differences (larger part).

ECETOC (2010) reviewed ECHA’s 2008 guidance on this subfactor (note: in this respect there is no difference between the ECHA
guidances of 2008 and 2012) and the available literature and concluded that the inclusion of the factor for allometry is justiﬁed, but
not the application of the factor of 2.5. They presented evidence
that the multiplicative association between interspecies and intraspecies AFs is already overly conservative per se, so the inclusion of
the factor of 2.5 for remaining differences is unnecessary.
2.3.2. AF for intraspecies extrapolation based on animal data
For the majority of chemicals reliable human data are not available and the assessment has to rely on information from animals
only. This is likely the basis for the default AF of 10 proposed by
EFSA (2012) to calculate SELs for consumers exposed via food.
The same AF of 10 is used by ECHA (2012) for intraspecies extrapolation to the general population.
To derive an AF for intra-human variability based on actual data
and not only on default assumptions, ECETOC (2010) analysed the
distribution of human data available from the literature and arrived at the conclusion that an AF of 5 is appropriate for extrapolations from animal data to the general population.
If the point of departure is the NOAEL of a study in rats, the procedure of EFSA (2012) and ECHA (2012) leads to a total AF of 100
while that of ECETOC to 20. But other organisations/agencies
may favour different approaches. For example, the US FDA (2005)
uses a scaling factor of 6.2 for interspecies extrapolation from the
NOAEL in an oral study in rats to a human equivalent dose (HED)
on the basis of differences in body surface area. The resulting
HED is then divided by a default safety factor of 10. Thus, starting
from an oral rat study this leads to a total factor of 62 that lies in
between those of EFSA/ECHA and ECETOC.
2.3.3. AF for intraspecies extrapolation based on human data
If human data are used as the SEL basis at least part of the intrahuman variability is addressed, depending on the size and heterogeneity of the study population. No speciﬁc AFs are mentioned by
EFSA (2012) for this situation.
ECHA (2012) requires an integration of animal and human data
although a commonly agreed formalised procedure is not yet available. The AF ﬁnally used would strongly depend on the quality of
the human data. If the quality is poor (e.g. a small, homogenous
sample in the study of humans) the standard default factors should
be taken, 5 for workers and 10 for the general population. An
example given is a small occupational surveillance study with only
10–20 workers who might have been selected so that the healthy
worker effect applies. On the other hand, AFs lower than the standard assessment factors may be used when some of the factors that
cause the intraspecies variation are covered in the target population. But apart from referring to expert judgment, no further guidance is provided what numerical AFs may be used in speciﬁc
situations.
More guidance on this issue is given by ECETOC (2010). For
extrapolation from worker data to the general population an AF
of 3 is proposed (note: in the accompanying table an AF of 2 is given). Additional AFs may be necessary for a study substantially
inﬂuenced by healthy worker effect that may result in an overestimation of the NOAEL (AF 2) or for a small study size (AF 3). For this
latter case an example is given, namely the derivation of an occupational exposure limit based on volunteer studies with a limited
number of participants.
3. Relevant toxicological endpoints
On the basis of the UK Risk Assessment Report (RAR, 2008) and
the literature update provided in the Chemical Safety Report
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(according to the REACH requirements) a number of studies have
been identiﬁed that are potentially relevant to human health
assessments.
A large database is available for S to assess its internal disposition in the body and toxicological properties. Of particular importance for evaluating toxicity concerns for long term exposures such
as ingestion in food include considerations for mutagenicity/genotoxicity, carcinogenicity, reproductive and developmental toxicity
and repeated exposure target organ effects.
The metabolic proﬁle of S in mice, rats and humans has been
well deﬁned in a large number of studies and provides the basis
for extrapolation of toxicity data from experimental animals to humans. The RAR (2008) notes that the ‘‘data indicate signiﬁcant differences in the metabolism of S between species and between
tissues’’ and that ‘‘the speciﬁcs of the local metabolism in a target
tissue must be considered when extrapolating ﬁndings in animals
to assess the likely hazard and risks in the equivalent human tissues.’’ This relates to the reactive metabolites formed from S, i.e.
styrene oxide (SO) and the downstream metabolites of 4-vinylphenol. The RAR (2008) concludes: ‘‘that the human tissues investigated – apart from the liver – produce very little SO, if any, and
have a greater capacity to hydrolyse SO with epoxide hydrolase
(EH) than rodents. This difference is most pronounced in human
nasal and lung tissues where production of SO is minimal or undetectable, and is also associated with a greater capacity to hydrolyse
SO by EH. The mouse lung and nasal tissues produce the greatest
amount of SO among the species tested, and, in general, have less
EH activity, suggesting that signiﬁcantly high local concentrations
of SO will be present in these tissues. It is also evident that other
toxic metabolites, particularly 4-vinylphenol and its reactive
downstream products, are produced to a far higher extent in
mouse lung than in rat . . . or human lung . . .’’ The overall conclusion was that ‘‘the data suggests that the mouse is a poor model
for predicting the effects of repeated inhalation exposure to S in
humans.’’ Therefore data derived from investigations especially in
mice must be interpreted with caution and generally are of limited
relevance for the risk assessment for humans.
The speciﬁcs of metabolism in mice have to be taken into account for the assessment of carcinogenicity. There is clear evidence
that S exposure leads to lung tumours in mice while a carcinogenic
response has not been observed in rats (Cruzan et al., 1998, 2001).
After a detailed evaluation of the mechanism leading to these lung
tumours in mice the RAR (2008) comes to the following conclusion: ‘‘All of the key events of (the) postulated mode of action
are less operative in the non-responsive rat (which does not develop lung tumours at exposure concentrations up to 1000 ppm) and
even less operative in humans.’’
Mutagenicity/genotoxicity properties of S have been thoroughly
studied in in vitro and animal investigations as well as in studies in
humans. The weight of evidence assessment in the RAR (2008)
leads to the conclusion that ‘‘there is no convincing evidence that
S possesses signiﬁcant mutagenic/clastogenic potential in vivo
from the available data in experimental animals’’ and that ‘‘there
is no convincing evidence that S has shown mutagenic activity in
humans’’.
Repeated dose studies have identiﬁed several organs/tissues
that may be targets for S toxicity. The RAR (2008) concludes that
‘‘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).’’ These target sites were analysed in regard to their relevance to humans and
it was found that ‘‘the available inhalation repeated dose toxicity
studies have identiﬁed ototoxicity as the most sensitive and relevant effect of S repeated inhalation exposure.’’ Ototoxicity was also
demonstrated to occur after oral exposure in rats and in workers at
the workplace by the inhalation route. Furthermore, impairment of
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colour vision was reported for workers. Finally, in a 2-generation
study in rats some slight effects on postnatal development were
described. Based on these effects the Risk Assessment Committee
(RAC) of the European Chemicals Agency (ECHA) has proposed to
classify S as a category 2 ‘‘suspected human reproductive toxicant’’
for developmental effects (RAC, 2012). Although it has been questioned whether these effects represent a direct and speciﬁc expression of S developmental toxicity (SSC, 2011), this information is
taken into account to calculate a safe level based on the highest
dose for which no effect on either reproduction or neurodevelopment could be found. Therefore, for derivation of safe oral exposure
levels and a SML, the following effects are considered:
– Ototoxicity in rats after inhalation and oral exposure.
– Delays in postnatal development in rats after inhalation
exposure.
– Ototoxicity in workers after inhalation exposure.
– Colour vision impairment in workers after inhalation exposure.
4. Derivation of SMLs
4.1. Point of departure: ototoxicity in rats
4.1.1. Inhalation route
When using ototoxicity data derived from rat inhalation studies, the following aspects are necessarily considered:
– Species sensitivity: the rat is the most sensitive species as compared to the other species investigated (hamsters). These species differences could be related to the metabolic turnover of
the parent organic solvent that is the ultimate chemical moiety
causing hearing deﬁcits. There is a close similarity in metabolism between rats and humans, as a single inhalation exposure
to S led to very similar blood levels for rats and humans (Ramsey and Young, 1978). Therefore, rat data will be used for this
endpoint.
– Exposure duration: In the RAR (2008) it is concluded 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.’’ Therefore, an
exacerbation of hearing deﬁcits is not to be expected by prolongation of exposure beyond a few weeks to life time. Data
derived from studies with an exposure duration of a few weeks
can be used for the assessment of long term effects.
– Sensitivity of histopathological and (electro)physiological
effects: The NOAEL for ototoxicity as derived from auditory dysfunction is generally higher than that deﬁned by histopathological effects on the outer hair cells of the cochlea. It is
mentioned in the RAR (2008) that ‘‘the destruction of the hair
cells is irreversible and occurs at slightly lower exposure concentrations than those producing the audiometric hearing
threshold shifts‘‘. But hearing deﬁcits are the toxicological endpoint of interest. Hence, taking very small losses of outer hair
cells in row 3 as the decisive endpoint would be a very conservative approach for risk assessment based upon hearing
impairment.
– Anatomical/histological similarities of target tissues between
rats and humans: Ototoxicity is governed by direct impact of
the (unmetabolised) parent compound on the hair cells of the
cochlea. Passage to these target cells occurs via diffusion of
the solvent from blood through Hensen’s and Deiters cells. Taking into account the identical target cells (outer hair cells, Hensen’s cells, Deiters cells) and the identical structure of the target
organ (cochlea) and its blood supply, the toxicodynamics for
ototoxicity caused by aromatic solvents are very similar
between rats and humans.
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Regarding the animal inhalation studies, the RAR (2008) deﬁned
for ototoxicity ‘‘NOAEL values of 500 ppm (2165 mg/m3) and
300 ppm (1300 mg/m3) for 4 weeks in sedentary/ordinary and active rats respectively.’’ These NOAELs are derived from the study of
Lataye et al. (2005) with male rats exposed 6 h/d, 5 d/week over
4 weeks and are based on electrophysiological measurements of
hearing thresholds. For a risk assessment for the general population
or for consumers exposed via food the NOAEL for sedentary rats
should be used. Minor histopathological alterations (loss of hair
cells) were still found in the cochlea of sedentary rats at 500 ppm
without an objective hearing deﬁcit. The toxicological signiﬁcance
of such a minor histopathological ﬁnding without a physiological
hearing effect for human health and risk assessment is questionable.
To estimate the body burden via the inhalation route, an
assumption about the absorption via the respiratory tract is necessary. According to the RAR (2008) ‘‘a value of 100% for absorption
(for humans) (brackets added) via the inhalation route of exposure
is taken forward to the risk characterisation’’, and ‘‘the absorption
rate in humans is approximately the same as in rats’’. This would
mean 100% absorption for rats and humans. However, the RAR
(2008) also mentions several studies in humans with absorptions
after inhalation of 59–88% and Young et al. (1979) assumed an
absorption of 66% via the respiratory tract for rats. S absorption
was determined in a study with human volunteers (Engström
et al., 1978). An uptake by inhalation of 70% was calculated at rest
(as would be relevant for the general population) and of 60% after
heavy physical activity of 150 W over 30 min. Therefore a value of
70% is justiﬁed for respiratory uptake of humans and rats.
For oral absorption it is stated in the UK RAR (2008) that ‘‘a value
of 100% for oral absorption is taken forward to the risk characterisation.’’ For the oral route 100% is used here for rats and humans.
To calculate the body burden for consumers exposed orally to S
the respiratory volume for rats over 6 h is taken from ECHA (2012)
as 0.29 m3/kg bw. As the rats were only exposed 5 d/week the default assumption is used that this dose is evenly distributed over
the whole week. Therefore this daily body burden will by multiplied by 5/7.
Starting from the NOAEL for hearing deﬁcits, the daily body burden by the oral route would be

– Extent and severity of effects: as regards the extent of effect see
above. As the histopathological lesions were not accompanied
by an objective hearing deﬁcit (by electrophysiological measurement) the health implication of this effect is at best questionable and by no means severe.
Therefore an AF of 2 should be sufﬁcient especially under consideration that in the study of Maekitie (1997), Maekitie et al.
(2002) the NOAEL for hearing deﬁcits as well as for histopathological alterations was 300 ppm.
This additional AF of 2 should be used for the study of Lataye
et al. (2005) in addition to all other AFs (EFSA, ECHA, ECETOC) if
hair cell loss in the cochlea is taken as the decisive endpoint. Thereby a daily body burden of 157 mg/kg bw would be obtained.
In another study (Maekitie, 1997, Maekitie et al. (2002)) a
NOAEL of 300 ppm (corresponding to 1300 mg/m3) was identiﬁed
for histopathological lesions and by means of electrophysiological
measurements. Male rats were exposed 12 h/d, 5 d/week over
4 weeks. With a respiratory volume for the rat over 12 h of
0.29  2 = 0.58 m3/kg bw this NOAEL would lead to
– 1300 mg/m3  0.58 m3/kg bw  5/7  0.70 = 377 mg/kg bw for
the daily body burden.

It may be argued that at the NOAEL for hearing deﬁcits some
minor histopathological alteration in the cochlea were observed
that should be taken into consideration although their toxicological meaning is unclear. 2165 mg/m3 should then be regarded as a
LOAEL for hair cell loss in the cochlea requiring an additional AF
for LOAEL to NOAEL extrapolation. For such an extrapolation both,
ECETOC (2010) and ECHA (2012) propose a default AF of 3. ECHA
speciﬁes that this AF should be ‘‘between 3 (as minimum/majority
of cases) and 10 (as maximum/exceptional cases)’’ and it ‘‘should
take into account the dose spacing in the experiment (in recent
study designs generally spacing of 2–4 fold), the shape and slope
of the dose–response curve, and the extent and severity of the effect seen at the LOAEL.’’
The data of Lataye et al. (2005) should be evaluated based on
these criteria:

The daily oral doses derived above from different NOAELs/LOAELs have then to be divided by the AFs for inter- and intraspecies
variability to obtain the SELs. In Table 1 the different AFs and
points of departure are given together with the SELs thereby derived. For calculation of SELs on a mg/person/d-basis a standard
body weight of 70 kg for adults is used (EFSA, 2012).
Table 1 exhibits a large difference by a factor of 10 between the
different SELs. A factor of 5 is due to the interspecies and intraspecies AFs proposed by EFSA and ECHA (100) versus those by ECETOC
(20). There is a further factor of 2.4 depending on the NOAELs/LOAELs selected from different endpoints and studies. The ﬁrst consideration is whether the LOAEL based on histopathology or the
NOAEL for hearing deﬁcits should be used. If the decision criterion
is to use the most conservative approach without any further considerations, then the LOAEL for histopathological effects should be
selected. However their toxicological meaning is unclear as these
changes were not accompanied by hearing deﬁcits. This would argue to base SEL derivation on the NOAEL for hearing deﬁcit being
the predominant parameter of concern for humans.
A second issue concerns the different NOAELs/LOAELs obtained
by Lataye and Maekitie. One explanation may be possible differences in sensitivity of the rat strains (Lataye: Long Evans; Maekitie:
Wistar). But the slightly different results obtained by both investigators may also be related to the daily exposure duration. If the
same total dose is absorbed within an exposure duration of 6 h
higher S blood concentrations will be reached compared to those
obtained by an exposure duration of 12 h. Taking into account
the protracted food intake of humans over the total daytime, an
inhalation exposure duration of 12 h/d might be more meaningful.
By this consideration preference for derivation of a SEL may be given to the study of Maekitie et al. (2002) with a daily exposure of
12 h and a NOAEL of 300 ppm for histopathology as well as for
electrophysiology.

– Spacing of doses: in this study the spacing is extremely narrow
with a factor of only 1.3 between the 3 lowest dose levels (500,
650, 850 and 1000 ppm).
– Shape and slope of the dose–response curve: the most sensitive
histopathological endpoint as deﬁned in many studies with S
(e.g. Loquet et al., 1999) is hair cell loss in the third row. Comparison of the effects at 500 and 650 ppm shows an extremely steep
dose–response curve and the effects at 500 ppm are very small.

4.1.2. Oral route
Ototoxic effects were not only noted in rats after inhalation
exposure but also after oral application, although the most comprehensive studies were carried out by inhalation. A study by of
Wang et al. (2001) examined oral dose levels of 400 and 800 mg/
kg bw, however a NOAEL for auditory effects could not be derived
from this study (RAR, 2008). Further studies conﬁrmed ototoxicity
of S by the oral route including:

– 2165 mg/m3  0.29 m3/kg bw  5/7  0.70 = 314 mg/kg bw.
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Table 1
SELs (in mg/person/d) derived from the different NOAELs/LOAELs based on ototoxicity in rats by inhalation (in mg/kg bw/d) by application of different AFs and a body weight of
70 kg for adult humans.
AFs
Interspecies variability
–Allometric scaling (rat)
–Additional subfactor
Intraspecies variability (humans/consumers)

EFSA (2012)

ECHA (2012)

ECETOC (2010)

10

10

4
2.5
10

Total AFs (for inter-/intraspecies variability)

100

100

20

Calculated oral points of departure (mg/kg bw/d)

SELs in mg/person/d

377 (Maekitie; histopathology, hearing deﬁcit)
314 (Lataye; hearing deﬁcit)

264
220

264
220

1320
1100

Additional AF for extrapolation LOAEL to NOAEL

4
5

2

2

2

Total AFs (incl. LOAEL/NOAEL extrapolation)

200

200

40

Calculated oral point of departure (mg/kg bw/d)

SELs in mg/person/d

157 (Lataye; histopathology)

110

110

550

– Gagnaire and Langlais (2005), but a NOAEL could not be derived
as only one high dose of 880 mg/kg bw/d was given.
– Chen and Henderson (2009) exposed rats to continuous noise
(100 dB SPL, 6 h/d, 5 d/week over 3 weeks) superimposed by
an impact noise (up to 110 dB SPL, duration 30 ms at a rate of
1/s). 300 or 400 mg/kg bw S were given by gavage (5 d/week
over 3 weeks). The exposure levels to S only induced a limited
loss of outer hair cells and a very small hearing loss, but a
NOAEL was not attained. Exposure to noise alone led to a clear
hearing loss while there were only slight losses of outer hair
cells. The combined exposures induced hearing and outer hair
cell losses that were greater than the sum caused by S or noise
alone. Thus, this study showed a S/noise interaction but the
high noise levels leading by themselves already to hearing loss
have to be taken into consideration.
– Yang et al. (2009) exposed rats by gavage at 400 mg/kg bw, 5 d/
week over 3 weeks. Hearing ability was impaired and there was
a clear damage of outer hair cells. A NOAEL was not established.
– The study of Chen et al. (2008) did not allow establishing a
NOAEL, but the results of Chen et al. (2007) may allow an
approximation of a NOAEL.

143 mg/kg bw/d as point of departure for the application of the
AFs. Derivation of SELs (Table 2) is similar to the approach used
for ototoxicity by inhalation.
The SEL derived from the LOAEL of the oral study of Chen et al.
(2007) is by a factor of 2 lower than that obtained by the LOAEL
for histopathological alterations of the cochlea in the inhalation
study of Lataye et al. (2005) and by a factor of 5 lower compared
to Maekitie et al. (2002). Chen and Lataye used the same rat strains
(Long Evans), but Maekitie used Wistar rats. Whether these different strains may have a major impact on NOAELs/LOAELs is unknown. But more important is the daily duration of application
as already indicated above when comparing the NOAELs of Lataye
et al. (2005) and Maekitie et al. (2002). The lowest SEL is obtained
by the study of Chen et al. (2007) with oral bolus application, followed by Lataye et al. (2005) with inhalation over 6 h/d and the
highest SEL is derived by the study of Maekitie et al. (2002) with
an inhalation duration of 12 h/d in. The protracted exposure of humans via food resembles most the latter experimental setup and a
SEL based on oral bolus application would be a worst case situation
clearly exaggerating any potential risk for humans exposed via
food.

Chen et al. (2007) exposed male rats orally once per day by gavage to 200, 300, 400, and 800 mg/kg bw/d (5 d/week) over
3 weeks. The dose level of 200 mg/kg bw/d led only to small losses
of outer hair cells. Unfortunately no statement is made whether
hearing ability was signiﬁcantly impaired at 200 mg/kg bw in comparison to the control group. But Fig. 2A of the publication indicates that at this dose level no signiﬁcant or at most a very
minor hearing deﬁcit occurred. Thus 200 mg/kg bw is the LOAEL.
An AF of 2 is proposed for LOAEL to NOAEL extrapolation, the same
as used for the histopathological alterations in the study of Lataye
et al. (2005). The application of the same AF is supported by

4.2. Point of departure: delays in postnatal development in rats after
inhalation exposure

– the narrow spacing of the dose levels (200, 300, 400 and
800 mg/kg bw) with a factor of 1.5 between the two lowest
doses;
– the steep slope of the dose–response curve;
– the questionable health implications of the histopathological
ﬁndings;
– and ﬁnally by a comparison of the cochleograms given by Chen
et al. (2007) and Lataye et al. (2005) (for sedentary rats) both
showing very similar losses of hair cells at their lowest dose
levels.
To account for continuous exposure the LOAEL of 200 mg/kg bw
will be multiplied by 5/7 yielding a corrected daily body burden of

In a guideline 2-generation reproductive toxicity study with
rats that included examinations of developmental neurotoxicity
(Cruzan et al., 2005a, 2005b) some minor delays in postnatal development were observed only in the F2 offspring predominantly at
500 ppm. Based on these ﬁndings the Risk Assessment Committee
of ECHA proposed that S should be classiﬁed for developmental
toxicity (cat. 2, H361d; CLP) (RAC, 2012). After an in-depth assessment of the Cruzan studies the RAR (2008) came to the following
conclusion: ‘‘For effects on the pups, a NOAEL of 150 ppm can be
established based on body weight reductions and effects on related
developmental parameters at 500 ppm. 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 NOAEL for effects on pups at 50 ppm.’’
Therefore 150 ppm (corresponding to 650 mg/m3) is used as
NOAEL for this effect. 150 ppm also was identiﬁed as NOAEL for
maternal toxicity.
Sprague–Dawley rats were exposed daily for 6 h/d. The F0 generation was exposed for 10 weeks prior to mating and throughout
the subsequent 2 weeks of mating. The females continued inhalation exposure during gestation and lactation, except from gestation

264

H.-P. Gelbke et al. / Food and Chemical Toxicology 64 (2014) 258–269

Table 2
SELs (in mg/person/d) derived from the LOAEL based on ototoxicity in rats after oral exposure (in mg/kg bw/d) by application of different AFs and a body weight of 70 kg for adult
humans.
AFs
Interspecies variability
– Allometric scaling (rat)
– Additional subfactor
Intraspecies variability (humans/consumers)
Extrapolation LOAEL to NOAEL

EFSA (2012)

ECHA (2012)

ECETOC (2010)

10
4

10
2

4
2.5
10
2

Total AFs

200

200

40

Calculated oral point of departure (mg/kg bw/d)

SELs in mg/person/d
50

250

143

50

day 21 through to lactation day 4, when S was administered in
olive oil by gavage at dose levels of 66, 120 and 300 mg/kg bw/d
divided into 3 equal doses approximately 3 h apart. This was done
because this period is critical to pup neurological and neuroendocrine development and hence, there were concerns that stress on
the pups arising from the removal of the dams for the 6 h exposure
session might have affected pup development. These oral dose
levels were chosen to generate peak blood levels of S after each gavage dose that closely matched the predicted blood levels of S from
the inhalation exposure levels. At weaning, offspring (25/sex/
group) were randomly selected to constitute the F1 generation.
Inhalation exposure of the F1 animals was initiated on postnatal
day 22 and followed exactly the same protocol as for the F0 generation. The F2 generation was not directly exposed to the test article
but was potentially exposed in utero and through nursing during
postnatal day 0–21. At weaning, F2 pups were selected for further
observations up to about 2.5 months. No exposure to S occurred
during this period.
This study was speciﬁcally designed to detect effects related to
reproduction and development of offspring and comprised the
whole reproduction cycle. The application of an AF for study duration is therefore not necessary and, as the exposure schedule was
seven days a week, a correction factor for daily exposure is also
not necessary. Using the respiratory volume for rats over 6 h of
0.29 m3/kg bw (ECHA, 2012) and the absorption of 70%, a body
burden of 0.29  650  0.70 = 132 mg/kg bw/d for rats is estimated to base SELs. Application of AFs for derivation of SELs corresponds to the approach for ototoxicity by inhalation (Table 3). As
can be seen the SELs derived for reproductive toxicity are in the
same range or by a factor of 2.5 lower than those for ototoxicity
by the inhalation route.
4.3. Point of departure: ototoxicity in workers after inhalation
exposure
Studies in experimental animals and ﬁndings from exposed
worker population have provided strong evidence that S exposure
may lead to hearing deﬁcits. The RAR (2008) summarised the data
available as follows: ‘‘these human data cannot be used for risk

5
2

characterisation purposes, nevertheless they indicate that the
observations of ototoxicity in animals may be relevant to humans’’.
Since the RAR review, however, further studies became available
that support the conclusion that S may induce ototoxicity in
humans: Sliwinska-Kowalska et al. (2005), Johnson et al. (2006),
Zamyslowska-Szmytke et al. (2009), Triebig et al. (2009), Morata
et al. (2011). For studies before 2009, due to co-exposure to noise
and other solvents and insufﬁcient exposure data, it is not possible
to establish a clear dose–response relationship.
The most comprehensive study was carried out by Triebig et al.
(2009). This study is unique as it differentiates between worker
populations exposed to high concentrations in former years and
those exposed to lower concentrations in recent years. All other
investigations only relied on exposure assessments around the
time of initiation of the study. Such a differentiation between
former and present exposure levels is pivotal as ototoxicity once
initiated by high exposure is considered irreversible. In addition,
it is well known that in former years high exposures prevailed in
reinforced ﬁbreglass plastics industries, especially for laminators,
the workforce most often studied for effects on hearing ability.
Such high exposures have now generally been reduced to comply
with existing occupational exposure limits. Therefore studies without data for former, most probably high exposures cannot be used
to reliably deﬁne a NOAEL or LOAEL.
Triebig et al (2009) investigated 128 laminators from a boat
building plant in comparison to 127 matched controls of the same
plant. Exposure analysis was based on biological monitoring (using
urinary mandelic and phenylglyoxylic acid; MA + PGA) to avoid
any confounding by personal protection measures. The biomonitoring data was then transformed to airborne concentrations of S
in ppm. Biological monitoring showed that the controls working
in the same plant were exposed to very low levels of S. Thus a comparison was made between three groups of low (N = 99), medium
(N = 118) and high (N = 31) exposed workers with calculated mean
exposure concentrations of 1.7–3.4, 7.6–15.2 and 38.8–48.5 ppm at
the time the investigation took place.
Due to the irreversibility of ototoxic effects, the workplace situation was also analysed retrospectively before hygiene standards
were systematically improved. Thereby a high/long exposure

Table 3
SELs (in mg/person/d) derived from the NOAEL based on reproductive toxicity in rats after inhalation (in mg/kg bw/d) by application of different AFs and a body weight of 70 kg
for adult humans.
AFs
Interspecies variability
-Allometric scaling (rat)
-Additional subfactor
Intraspecies variability (humans/consumers)

EFSA (2012)

ECHA (2012)

10

4
2.5
10

Total AFs

100

100

Calculated oral point of departure (mg/kg bw/d)

SELs in mg/person/d

132

ECETOC (2010)

10

92.4

92.4

4

20

5
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group (N = 17; mean job tenure 14.6 years) could be deﬁned that
was compared to a matched low/short exposure group (N = 34;
mean job tenure 6.4 years). For these groups, as expected, a large
difference was apparent for the chronic exposure index and for
the lifetime weighted average exposure (LWAE), but there was
only little difference in current exposure levels. Regular measurements in the past had shown former mean exposure concentrations of >30 ppm and exposure ranges up to 150 and 200 ppm
were reported.
A statistical assessment based on current exposure did not
show a signiﬁcant effect when comparing the low versus the high
exposure group with calculated mean airborne S exposures of 39–
49 ppm and job tenure of about 6 years. On the other hand there
was an indication for S induced hearing losses in the subgroup of
high/long exposed workers assumed to have been exposed at 25–
33 ppm over about 15 years (range up to 26 years). This exposure
calculation was based on the LWAE. But such LWAEs only insufﬁciently reﬂect short time periods with high exposures and certainly
not peak exposures that are important for laminators in the glass
reinforced plastic industries. But median exposure concentrations
of 80–100 ppm existed for a time more than 10 years before this
study was initiated. Taking into account the irreversibility of S induced hearing deﬁcits, the authors concluded that these effects
stem from former exposure concentration of more than 50 ppm
as an average.
If the study of Triebig et al. (2009) is used to derive a NOAEL
based on auditory effects several points need consideration:
1. An important strength of this study is that it is based on biomonitoring data, thus representing the ‘‘real’’ internal dose.
2. The ranges of airborne concentrations were calculated by transformation of urinary MA + PGA to ppm based on the results of
several studies leading to ranges like for example 500–600
MA + PGA (mg/g creatinine) correspond to 20 ppm.
3. For a small number of individuals in a NOAEL category ECHA
(2012) proposes to use a more conservative approach than the
upper limit of this category, for example the average exposure.
4. As regards the representativeness of the study population for
the general population it has to be taken into consideration
whether only healthy, adult male workers were investigated.
In contrast, the authors noted that the study results themselves
were not inﬂuenced to any major extent by a possible healthy
worker effect because a pre-selection with respect to hearing
function for the high and low exposure groups can hardly be
assumed. In addition, such an effect can hardly be assumed
for the small hearing deﬁcits found in this study that will not
be noticed in daily life.
5. The key issue is whether the assessment should be based on
exposures that had prevailed for about the last 6 years with a
NOAEL of a mean exposure of 39–49 ppm or alternatively
should the high/long exposure group be used to deﬁne a
NOAEL/LOAEL based on the LWAE of 25–33 ppm over about
15 years. But the LWAE is not a reliable quantitative indicator
for former high exposure levels. It is derived by the life time
exposure at different jobs divided by job tenure. This is in principle an average over the total life time exposure situation and
high exposures in former years are insufﬁciently represented.
Therefore the LWAE is only suited to a very limited extent to
deﬁne a NOAEL/LOAEL that stems from high exposures over
limited time periods in former years.
Taking into consideration that ototoxicity is induced after relatively short exposures exceeding the threshold for this effect, it is
not appropriate to derive the LOAEL from the LWAE. Instead the
NOAEL should be based on the transformed biomonitoring data
for exposures that had prevailed the 6 years before study initiation.

265

To be conservatively protective, the lower end of the NOAEL category should be selected, i.e. 39 ppm (rounded to 40 ppm, corresponding to 172 mg/m3). A more conservative approach would
be to use 20 ppm (corresponding to 86 mg/m3) proposed as DNEL
(long-term for workers) by industry under the REACH regulation
(IUCLID, 2013) in accordance with several national occupational
exposure limits, e.g. that of the German MAK commission
(Neumann et al., 1997; MAK, 2003).
Based on these two points of departure the total daily body burden is calculated taking into consideration:
– days of exposure per week for workers (5 days) and consumers
(7 days) by a factor of 5/7;
– respiratory volume of workers under light activity over 8 h, i.e.
10 m3/person (ECHA, 2012);
– correction for absorption in the respiratory tract (70%).
resulting in estimations of:
72  5/7  10  0.7 = 860 mg/person/d,
corresponding
to
12.3 mg/kg bw/d (for 40 ppm), and to 430 mg/person/d, corresponding to 6.15 mg/kg bw/d (for 20 ppm).
As these points of departure are derived from data for humans,
only an intraspecies AF is applicable that should take into account
that part of the total intra-human variability is already covered by
the variability within the workforce investigated. As described
above this situation is not considered by EFSA (2012) and no detailed guidance is given by ECHA (2012).
Thus guidance on how to address this factor presently can only
be obtained from ECETOC (2010). Their default approach is an AF of
3 for extrapolation of worker data to the general population, provided that the study population is representative, the study group
is sufﬁciently large and the study data are adequate. These prerequisites are basically met by the Triebig et al. (2009) data so that the
default AF of 3 may be applicable. But there are two speciﬁc features mentioned by ECETOC that may lead to a modiﬁcation (increase) of this default AF:
– If the study may be substantially inﬂuenced by a healthy worker
effect an additional factor of 2 may become necessary. But as
stated above, it cannot be assumed that a healthy worker effect
could have played any major role in this study. Thus, there is no
need for this additional factor of 2.
– If the study size is small, especially the subgroup deﬁning the
NOAEL, an additional factor of 3 may be used. Whether the
study size is to be regarded as small (a total 128 exposed laminators and thereof 31 highly exposed subjects) cannot be
decided by objective criteria. A conservative approach may
apply this additional factor leading to an overall AF of 9.
Therefore based on ECETOC (2010) two AFs are applied: 3 for
the standard approach and 9 taking into account the speciﬁcity
of the cohort of Triebig et al. (2009). Based on ECHA (2012) again
two AFs are applied: 10 for the default approach and 9 as an appropriate modiﬁcation under consideration of the criteria of ECETOC
(2010). Based on EFSA (2012) only the unmodiﬁed default AF of
10 can be used due to lack of guidance for this situation. The results
obtained for the SELs by use of these AFs are summarised in
Table 4.
SELs derived from the epidemiological study in workers differ by a factor of 7. This is slightly lower than the factor of
10 obtained for ototoxic effects in rats after inhalation (Table 1).
The broader spread of SELs based on experimental data is explained by uncertainties around the appropriate selection of intra- and interspecies AFs, while the selection of the point of
departure (NOAEL) is straight forward when based on animal
experiments.
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The difference by the factor of 7 in Table 4 is explained by two
uncertainties:
 The selection of the appropriate point of departure, i.e. 40 ppm
based on the actual data of the Triebig et al. (2009) study or
20 ppm in accordance with many national occupational exposure limits and the DNEL derivation under REACH by industry.
The derivation of national occupational exposure limits may follow different procedures without the explicit use of AFs. Furthermore these limits generally were derived before
publication of the Triebig et al. (2009) study. And ﬁnally, after
ECHA (2012) has recently published its guideline how to derive
NOAELs from epidemiological studies, closely resembling that
of ECETOC (2010), this should be the basis for future assessments. Therefore, on balance it was decided to place emphasis
on actual data, i.e. to accept 40 ppm as the point of departure.
 The appropriate AF for extrapolating worker data to the general
population, 10 as the default AF of EFSA (2012) and ECHA
(2012), 3 as the standard approach of ECETOC (2010) or 9
derived by a modiﬁcation in accordance with considerations
of ECETOC. The use the factor of 9 appears most appropriate,
although this factor might still be too conservative for the basis
from the Triebig study.
Thus the SEL of 95.6 mg/person/d (1.37 mg/kg bw/d) is best justiﬁed from a scientiﬁc point of view.
4.4. Point of departure: colour vision impairment in workers after
inhalation exposure
There is an extensive body of data reported in the RAR (2008) on
the effects of exposure to styrene on colour vision discrimination
obtained from studies using tests speciﬁcally designed to examine
this endpoint. It was concluded that ‘‘given the very mild nature
(the affected individuals 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, . . . that the slight
changes in colour discrimination detected should not be considered as an adverse health outcome of styrene exposure’’. Overall,
50 ppm (215 mg/m3; 8 h TWA) were considered a NOAEL.
The study of Iregren et al. (2005) was not discussed in RAR
(2008). Based on their ﬁndings the authors concluded that even
levels below 90 mg/m3 may affect colour vision negatively. A major
criticism of this study is that a control group consisting of
unexposed workers was not included. This deﬁcit renders the

conclusion very unreliable taking into account the high variability
of the test procedure used (Lanthony D15 desaturated panel test)
under different experimental settings (Paramei et al., 2004).
Two more recent investigations using the Lanthony D15 desaturated panel test give strong support to the conclusion of RAR
(2008) that 50 ppm should be taken as a NOAEL. Seeber et al.
(2009) studied the same workforce as Triebig et al. (2009). No
impairment of colour vision was found in relation to the exposure
levels at the time of investigation nor for the long/high exposed
subgroup. Vyskocyl et al. (2012) subdivided 104 workers in the
reinforced plastics industry into three groups based on their average exposure concentration during the work shift: a ‘‘Control
group’’ exposed to 7 mg/m3 (1.6 ppm), an ‘‘Average group’’ exposed
to 137 mg/m3 (32 ppm), and a ‘‘High group’’ exposed to 333 mg/m3
(78 ppm). The maximum exposure was 520 mg/m3. The workers
were also classiﬁed according to their exposure to peaks. Colour vision was not affected. In addition, in both of these latter studies no
adverse effects on contrast sensitivity were found.
The derivation of the SEL based on the NOAEL of 50 ppm
(215 mg/m3) follows the approach for ototoxic effects. The total
daily body burden as point of departure is 215  5/
7  10  0.7 = 1075 mg/person/d, corresponding to 15.4 mg/
kg bw/d.
With the different AFs discussed above the SELs given in Table 5
are obtained:
The differences obtained for the SELs based on colour vision can
be explained as done for ototoxicity. Again, the SEL of 119.4 mg/
person/d (1.71 mg/kg bw/d) based on an AF of 9 is best justiﬁed
from a scientiﬁc point of view.
4.5. Other considerations for point of departure
There are some ‘‘classical’’ effects that might also be discussed
for derivation of a ‘‘safe exposure level’’:
According to RAR (2008), in mice, the most reliable information
comes from a cancer bioassay (NCI, 1979), in which increased mortality and hepatic necrosis were observed at the highest dose of
300 mg/kg bw/d, and a NOAEL of 150 mg/kg bw/d was identiﬁed.
But it was cautioned by RAR (2008) that 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. Therefore this ﬁnding will not
be used for derivation of a SEL.
In the assessment of the 2-generation reproductive toxicity
study the RAR (2008) stated that 50 ppm can be identiﬁed as the

Table 4
SELs (in mg/person/d) based on the Triebig et al. (2009) study on ototoxicity in workers derived by application of different intraspecies AFs.

AF

EFSA (2012)

ECHA (2012)

Standard 10

Standard 10
Modiﬁed 9
Standard 3
SEL based on point of departure 40 ppm, corresponding to 860 mg/person/d

ECETOC (2010)
Modiﬁed 9

86

86

95.6

95.6

286.7

SEL based on point of departure 20 ppm, corresponding to 430 mg/person/d
43

43

47.8

143.3

47.8

Table 5
SELs (in mg/person/d) based on the NOAEL for colour vision impairment in workers derived by application of different intraspecies AFs.

AF

EFSA (2012)

ECHA (2012)

Standard 10

Standard 10
Modiﬁed 9
Standard 3
SEL based on point of departure 50 ppm, corresponding to 1075 mg/person/d

ECETOC (2010)
Modiﬁed 9

107.5

107.5

119.4

119.4

358.3
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NOAEL for parental toxicity based on body weight reductions at
150 and 500 ppm and on the degeneration of the nasal olfactory
epithelium at 500 ppm. It was shown that the nasal effects cannot
be extrapolated to humans. As regards the body weight reductions
this ﬁnding is rather to be considered as being without toxicological signiﬁcance, as similar effects at corresponding exposure concentrations were not described in the 90-day (Cruzan et al., 1997)
nor in the carcinogenicity study inhalation studies in rats (Cruzan
et al., 1998). Therefore, this ﬁnding is not used for derivation of a
SEL.

5. Discussion
SELs are derived for consumers potentially exposed to S migrating from packaging into food. AFs of EFSA (2012), ECHA (2012) and
ECETOC (2010) are applied for different toxicity effects identiﬁed
from studies on exposed workers or experimental animals. The results are summarised in Table 6.
Table 6 shows that the SELs span a wide range from 43 to
1320 mg/person/d (factor of 30) depending on the health endpoints and AFs selected. The impact of the health endpoints alone
is clearly smaller as compared to that of the AFs as can be seen if
only the SELs are compared which are either obtained with the
conservative AFs of EFSA (2012) and ECHA (2012) (range 43–
264; factor of 6) or with the standard AFs of ECETOC (2010)
(range 143.3–1320; factor of 9).
The ﬁrst consideration regards the AFs applied for the derivation of SELs. The conservative AFs of EFSA and ECHA have been
used over decades but these lack conclusive scientiﬁc justiﬁcation.
Alternatively, ECETOC presents sound scientiﬁc evidence for the
selection of their AFs and for any deviations from those of ECHA.
Therefore for SELs that reﬂect a conservative, precautionary approach, the AFs of EFSA and ECHA may be appropriate, while for
a science based approach those of ECETOC are preferred.
Scientiﬁcally more challenging is the selection of the most
appropriate health endpoint basis for the SEL as a variety of effects
have been observed in experimental animal and human studies.
When comparing the animal studies on ototoxicity the following
criteria are considered:
1. Daily exposure schedule in comparison to the protracted exposure of consumers via food intake: the exposure schedule of
Maekitie et al. (2002) (inhalation, 12 h/d, 5 d/week) comes closest to the consumer exposure, followed by Lataye et al. (2005)
(inhalation, 6 h/d, 5 d/week) and ﬁnally by Chen et al. (2007)
(oral bolus by gavage, once/d, 5 d/week).

2. Endpoint of concern: for humans hearing loss is of major concern while the toxicological relevance of minor histopathological changes in the cochlea without hearing loss is of
questionable toxicological relevance. Maekitie et al. (2002) did
not observe hearing loss or histopathological alterations at
300 ppm. Lataye et al. (2005) found a NOAEL for hearing loss
(in sedentary rats) at 500 ppm but this exposure concentration
represented the LOAEL for histopathological alterations in the
cochlea. Regarding the study of Chen et al. (2007) the LOAEL
was 200 mg/kg bw but a clear decision is not possible whether
this relates only to hair cell loss in the cochlea or in addition to
hearing deﬁcits.
3. Presentation of results: Lataye et al. (2005) presented their ﬁndings much more in detail as compared to Chen et al. (2007) or
Maekitie et al. (2002). Furthermore, a wealth of studies with
similarly detailed data presentation is available from the group
of Lataye and coworkers.
Under these aspects preference is given to the inhalation study
of Lataye et al. (2005) with its protracted exposure over 6 h/d.
Although in the study of Chen et al. (2007) the oral route was used,
this study is less suitable due to bolus application leading to high
initial blood levels of S, the ultimate ototoxicant. To be sufﬁciently
conservative histopathological ﬁndings may be the endpoint ﬁnally selected leading to a SEL of 110 (AFs of EFSA and ECHA) or
550 mg/person/d (AFs of ECETOC).
The SELs derived from developmental effects in rats after
inhalation exposure (6 h/d; 7 d/week) are slightly lower than those
proposed for ototoxicity in rats by the same exposure route: 92.4
(AFs of EFSA and ECHA) or 462 mg/person/d (AFs of ECETOC).
When ﬁndings in exposed workers are taken as the basis for
derivation of SELs the following aspects are to be considered:
1. Daily exposure schedule: the normal workplace exposure of
8 h/d (5 d/week) with about 1 h of break closely resembles of
the protracted daily food intake of consumers.
2. The appropriate intraspecies AF to extrapolate from workers to
the general population: a default AF of 10 is proposed by EFSA
and ECHA if there is virtually no indication about variability
in humans. Both ECETOC (2010) and ECHA (2012) support the
use of a lower AF if human studies are available covering at
least some intra-human variability. Taking into account the
more detailed guidance of ECETOC (2010) an AF of 9 is proposed
as appropriate and sufﬁciently conservative.
3. Selection of the point of departure: the derivation of a SEL for
consumers could be based on the DNEL (long-term workers)
that corresponds with many national occupational exposure

Table 6
SELs (in mg/person/d) derived for the different toxicological endpoints applying the AFs for inter- and intraspecies differences of EFSA (2012), ECHA (2012) or ECETOC (2010).
AF

EFSA

ECHA

Intra  inter
Intra

100

100

Endpoint: Ototoxicity
R; inh; Lat; histo
R; inh; Lat; hear
R; inh; Maekitie
R; oral; Chen
W; inh; 20 ppm
W; inh; 40 ppm

10
110
220
264
50

20
10

9

110
220
264
50
43
86

Endpoint: Developmental toxicity
R; inh
92.4
Endpoint: Colour vision
W; inh

ECETOC
3

47.8
95.6

143.3
286.7

119.4

358.3

550
1100
1320
250
43
86

47.8
95.6

92.4
107.5

9

462
107.5

119.4

Abbreviations: intra = intraspecies variability; inter = interspecies variability;  = multiplication; R = rat; inh = inhalation; Lat = study of Lataye; histo = endpoint histopathology; hear = endpoint hearing ability; Maekitie = study of Maekitie; W = worker; 20/40 ppm = point of departure 20/40 ppm.
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Table 7
Summary of the SELs (mg/person/d) given preference.
Endpoint

AFs of EFSA, ECHA

AFs of ECETOC

Ototoxicity, rat
Developmental toxicity, rat
Ototoxicity, workers
Colour vision, workers

AF
AF
AF
AF

AF
AF
AF
AF

200: 110
100: 92.4
9: 95.6
9: 119.4

40: 550
20: 462
9: 95.6
9: 119.4

limits (20 ppm). But with the publication of ECHA (2012) how
to use ﬁndings in humans, similar in its strategy to ECETOC
(2010), this guideline should be followed leading to 40 ppm
as point of departure for ototoxicity.
In conclusion, a SEL of 95.6 mg/person/d is proposed, derived
from ototoxicity in workers by the guidance both of ECETOC
(2010) and ECHA (2012).
The SELs (in mg/person/d) calculated for developmental toxicity
in rats (92.4) and colour vision deﬁciencies in workers (119.4) are
in the same range as those selected for ototoxicity in animals (110)
and workers (95.6).
6. Conclusion; derivation of a Speciﬁc Migration Limit (SML)
The derivation of a SML includes consideration of:
1. The total intake of food (or liquid) in kg food/person/d that may
be consumed by different subgroups of the population, e.g.
adults, children, pregnant women. For the purpose of this
assessment a default value of 1 kg food/person/d for adults will
be used as proposed by the Scientiﬁc Committee on Food (EC
SCF, 2001).
2. The safe exposure level (SEL) that is the daily exposure of a consumer to a substance that will not lead to adverse health effects
(in mg substance/kg bw/d or mg substance/person/d).
The SELs given preference under the aspects mentioned above
are summarised in Table 7.
As can be seen from Table 7 there is a large difference in SELs
derived from animal data based on the default AFs of EFSA and
ECHA in comparison to those of ECETOC. Although the AFs of ECETOC are scientiﬁcally justiﬁed, the approach of EFSA/ECHA is recommended here as these SELs are very similar to those obtained
from data in humans. Under this premise all SELs are in the same
range (90–120 mg/person/d) for the different endpoints under
consideration.
–
–
–
–

ototoxicity, rats;
developmental toxicity, rats;
ototoxicity, humans;
colour vision deﬁciency, humans.

giving strong support for an overall and consistent SEL of
about 90 mg/person/d. The most robust database is available
for ototoxicity for which the NOAELs/LOAELs have well been
established in experiments in animals with supporting evidence
from observational studies in workers, both of which lead to very
similar SELs.
Using the assumption of a consumption of 1 kg food/d for adult
humans a concentration of 90 mg S/kg food can be considered safe.
This concentration corresponds to a Speciﬁc Migration Limit (SML)
of 90 ppm for food packaged in polystyrene food containers. This
SML, although above the current regulation for S (i.e. migration
of up to 60 ppm into food) is demonstrated to be science based
and sufﬁciently protective of human health.

Derivation of SELs in this publication was based on the application of AFs recently proposed by EFSA (2012), ECHA (2012) and
ECETOC (2010). Therefore all considerations are primarily related
to the European regulatory environment. Approaches of other
regions/countries may be different and the example of the US
FDA (2005) for derivation of a HED was brieﬂy mentioned above.
If applied to the derivation of a SEL this latter procedure would
lead to values that lie between those derived by applying the AFs
of ECETOC and EFSA/ECHA.
In summary, a comparison with exposure estimates given in
Section 2.1. shows that the SELs and the SML derived from the
health-effects data on Styrene are orders of magnitude higher than
actual consumer exposures as a consequence of migration of
styrene residues from polystyrene-based food containers.
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