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A B S T R A C T

Regulation EU 10/2011 requires a risk assessment of Non Intentionally Added Substances (NIAS) migrating into
food for food contact plastics within the EU. Styrene oligomers are important potential components of NIAS in
polystyrene used for food packaging and so far only dimers and trimers have been identified. They are not
genotoxic in vitro, and there is good evidence that they are not endocrine disruptors. Hazard characterization to
establish “safe” exposure levels is based on 1. The No Adverse Effect Level (NOAEL) of 1mg/kg bw/d in an oral
rat study during pregnancy and lactation and 2. The concept of Threshold of Toxicological Concern (TTC). Likely
human exposure is derived from 1. the concentrations of dimers and trimers in food simulants or 2. in food and
3. the probabilistic FACET exposure estimation based on dimer and trimer concentrations in polystyrene and
their potential for migration. The Margin of Safety as the relation of potential consumer exposure and the “safe”
exposure level was always above 1 (apart from migration with 95% ethanol which is no longer recommended as
an official food simulant for overall migration into fatty food) demonstrating that dimers and trimers in PS food
packaging present a low risk for consumers.

1. Introduction/scope

Polystyrene (PS) is widely used in food contact materials. General
Purpose Polystyrene (GPPS) and High Impact Polystyrene (HIPS) are
used for a wide range of food packaging purposes, with the biggest
single application being yogurt pots. Further applications are single use
disposable kitchenware such as plates and knives and forks. GPPS and
HIPS are also employed in kitchen equipment, with applications in
refrigerators being the most significant. Expanded Polystyrene (EPS) is
also used in food contact materials, mainly for refrigerated and frozen
food, but these specific applications are not the focus of the present
assessment because.

- only relatively few analytical data are available
- and its use in different product types with different applications.

Therefore, the present paper concentrates on non-expanded PS.
Oligomers of styrene are known to be present in PS. These are either

formed as by-products by incomplete polymerization during production
of PS or by degradation after irradiation or thermal treatment of PS
within downstream applications (Hoppe et al., 2016). Kawamura et al.
(1998b) identified and characterized the quantitatively most important
dimers (Di) and trimers (Tri) in food containers (Fig. 1). Generally the
abbreviations assigned by the researchers of Nissin Food Products Co.,
Ltd (e.g. Yamada, 1999) will be used throughout this review. In the
large number of studies available, only the Di and Tri of Fig. 1 were
found, whereas higher oligomers have not been identified in PS. After
dissolution of PS and subsequent precipitation of the polymeric mate-
rial, Di and Tri accounted for ∼90% (Prinsen and Gouko, 2001; Nakai
et al., 2014) of all oligomers in PS while Weel (2016a) did not observe
any higher oligomers apart from Di and Tri up to the molecular weight

https://doi.org/10.1016/j.fct.2018.11.017
Received 29 November 2017; Received in revised form 5 November 2018; Accepted 7 November 2018

∗ Corresponding author.
E-mail address: heinz-peter.gelbke@gmx.de (H.-P. Gelbke).

Food and Chemical Toxicology 124 (2019) 151–167

Available online 09 November 2018
0278-6915/ © 2018 Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/02786915
https://www.elsevier.com/locate/foodchemtox
https://doi.org/10.1016/j.fct.2018.11.017
https://doi.org/10.1016/j.fct.2018.11.017
mailto:heinz-peter.gelbke@gmx.de
https://doi.org/10.1016/j.fct.2018.11.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fct.2018.11.017&domain=pdf


range equivalent to styrene hexamers. Thus, at most only low amounts
of higher oligomers are expected to be present in PS used for food
packaging and their resulting relevance for consumer exposure is ex-
pected to be negligible as migration decreases with increasing mole-
cular weight. Therefore the present assessment concentrates on Di and
Tri.

PS used in applications with food contact is subject to an in-depth
safety assessment according to EU (2011). PS will contain Intentionally
Added Substances (IAS) which are known ingredients such as residual
monomeric styrene, solvents, suspension media, etc. Besides IAS, all
polymers also contain Non Intentionally Added Substances (NIAS)
comprised of reaction/degradation products formed during the manu-
facturing process. Oligomers, and in this context especially Di and Tri,
are an important part of NIAS that may significantly contribute to the
total migrate from PS. According to Article 19 of EU (2011) the po-
tential risk to health of NIAS also has to be assessed which requires a
safe level of exposure to be determined in terms of an Acceptable Daily
Intake (ADI) or a Specific Migration Limit (SML). Safety assessment of
NIAS is challenging because very often comprehensive toxicological
data are not available comparable to those that are to be provided for
existing substances, for example registered under REACH. In addition,
there may be challenges in isolating NIAS in sufficient purity and
quantities for toxicity testing. Fortunately, there are other approaches
that may be used such as the concept of the Threshold of Toxicological
Concern (TTC). A valuable guidance on how to deal with and assess
NIAS was published by ILSI (2015). A general cut-off criterion given by
EU (2011) is that migration of a substance should not be detectable at a
Limit of Detection of 10 μg/kg food (or food simulant). This limit was
not derived on the basis of toxicological considerations, but rather on
the current state of analytical technology. Because the concentrations of
Di and Tri and the sum of both (SDT) often exceed this limit, especially
for migration into certain more aggressive food simulants, a tox-
icological assessment is performed.

-This paper describes the safety assessment of Di, Tri and SDT by the
following approaches: first“safe” exposure levels are established using
both a NOAEL of 1mg/kg bw/d (established in a comprehensive rat
study with oral exposure during pregnancy and lactation) and by ap-
plying the concept of TTC according to EFSA (2012b). Then the likely
consumer exposure levels are determined in a tiered approach with 3
levels of increasing refinement. The relationship of the “safe” exposure

level to the potential consumer exposure determines the Margin of
Safety (MoS). A MoS of> 1 indicates a low risk for consumers.

A literature search was carried out with the key words styrene oli-
gomers, dimers and trimers to completely cover the published literature
on these substances up to January 2018. The following databases were
used: Chemlist, Registry, Embase and Toxcenter. Only studies mea-
suring Di, Tri and SDT in food simulants, food items and PS were used
for the present purpose as well as investigations in experimental ani-
mals excluding screening studies related to potential endocrine effects
that were the basis of a separate review (Gelbke et al., 2018). Meeting
abstracts were excluded from this assessment.

2. The study of Nagao et al. (2000)

Nagao et al. (2000) (referred to subsequently as the NA-study)
published an investigation with a mixture SDT obtained by dissolution
of GPPS in acetone, precipitation of the polymeric material with me-
thanol and subsequent liquid chromatographic fractionation with me-
thanol and methanol/acetone (1:1) to separate SDT from higher mo-
lecular weight polymers. The relationship of Di and Tri was
approximately 1:10 and about 10% of the test material consisted of
higher oligomers. The NA-study primarily aimed at investigating po-
tential endocrine effects of SDT. Pregnant female rats (F0) were exposed
to the SDT mixture from gestation day (gd) 6 to postnatal day (pnd)
21 at weaning. The offspring (F1) was not further exposed and a variety
of developmental parameters was recorded. F1 animals were mated at
the age of 11 weeks and their offspring (F2) was kept until weaning at
pnd 21. SDT was administered daily by gavage in corn oil at dose levels
of 0, 0.04, 0.2 and 1.0mg/kg bw/d. The highest dose level was by a
factor of 1000 higher than the estimated maximum daily intake of
humans from instant noodles prepared in PS noodle cups in Japan
based on the study of Kawamura et al. (1998a). No adverse effects were
observed in the NA-study. However, the publication concentrated
mainly on effects related to potential endocrine activities of SDT and
further details were not provided. Therefore more details were ex-
tracted from the original laboratory (Lab) report (Ono et al., 1999)
obtained from the Japan Styrene Industry Association (JSIA).

The Lab-report enabled a comparison of the test design with current
OECD test guidelines (details are given in the electronic supplement).

OECD TG 443 (2015a), extended 1-generation study.

List of abbreviations

ADI Acceptable Daily Intake
AF Assessment Factor
D1 1,3-diphenylpropane
Di dimers of styrene
EPS Expanded Polystyrene
gd gestation day
GLP Good Laboratory Procedures
GPPS General Purpose Polystyrene
HIPS High Impact Polystyrene
IAS Intentionally Added Substances
Lab-report full laboratory report of the study of Nagao et al. (2000).
LOAEL Low Adverse Effect Level
LOD Limit of Detection
LOQ Limit of Quantification
MoS Margin of Safety
MTD Maximally Tolerable Dose
N number of experimental animals
NA-study publication of Nagao et al. (2000).
NIAS Non Intentionally Added Substances
NOAEL No Adverse Effect Level
NSD-01 2,4-diphenyl-1-butene

NSD-08 cis-1,2-diphenylcyclobutane
NSD-09 trans-1,2-diphenylcyclobutane
NST-01 2,4,6-triphenyl-1-hexene
NST-02 1,3,5-triphenyl-cyclohexane (mixture of isomers)
NST-03 1-phenyl-4-(1-phenylethyl) tetralin
NST-03-1 1e-phenyl-4e-(1-phenylethyl) tetralin
NST-03-2 1a-phenyl-4e-(1-phenylethyl) tetralin
NST-03-3 1a-phenyl-4a-(1-phenylethyl) tetralin
NST-03-4 1e-phenyl-4a-(1-phenylethyl) tetralin
NST-12 1-phenyl-4-(2-phenylethyl) tetralin (mixture of isomers)
NST-13 (1S*,6R*,7S*,8S*,11R*)-6,11-diphenyltricyclo[6,2,2,0

22,7] dodeca-2,9-diene
OECD TG Test Guidelines of the OECD
OPS Oriented Polystyrene
pnd postnatal day
POD Point of Departure
PS polystyrene
PSP Polystyrene Paper
SDT Sum of dimers and trimers of styrene
SML Specific Migration Limit
Tri trimers of styrene
TTC Threshold of Toxicological Concern
XPS Extruded Polystyrene
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OECD TG 415 (1983), 1-generation study.
OECD TG 422 (2015b), combined repeated dose/reproduction/de-

velopmental screening test.
OECD TG 421 (2015c), reproduction/developmental screening test.
A comparison with current OECD test guidelines adopted in 2015

revealed many strengths but also some significant weaknesses that may
limit its value for some regulatory purposes beyond the scope of this
risk assessment. Important strengths include:

- Three dose levels allowing a decision whether effects at low doses
may have occurred possibly by chance

- A larger number of pregnant F0 females to assess reproductive
success in comparison to OECD TG 443 and 415 or TG 422 and 421

- Detailed investigations in F1 offspring (albeit only exposed in utero
and during lactation) for neurophysiological behavior and devel-
opmental landmarks, determination of T3, T4 and TSH and re-
productive success.

Significant deficiencies include:

- The highest dose (1mg/kg bw/d) was derived by risk considerations
based on estimated consumer exposures in Japan, but a level leading
to slight toxicity (in the sense of MTD) was not included

- No exposure or investigations of male F0 animals
- No premating exposure of F0 females with exposure starting on gd 6
- Exposure of F1 offspring only in utero and during lactation

Fig. 1. Chemical structures of styrene dimers and
trimers. The percentages of the different Di and Tri in
relation to the sum of Di + Tri in PS food packaging
materials are given in square brackets for non-ex-
panded PS.
LOQ: limit of quantification D1: 1,3-diphenylpropane
(CAS: 1081-75-0) [0.15–0.53%; often below LOQ]
NSD-01: 2,4-diphenyl-1-butene (CAS: 16 606-47-6)
[0.16–7.96%]
NSD-08: cis-1,2-diphenylcyclobutane (CAS: 7694-30-
6) [0.12–0.80%; often below LOQ]
NSD-09: trans-1,2-diphenylcyclobutane (CAS: 20071-
09-4) [1.31–5.96%]
NST-01: 2,4,6-triphenyl-1-hexene (CAS: 18964-53-9)
[11.3–38.3%]
NST-02: 1,3,5-triphenyl-cyclohexane (mixture of
isomers) (CAS: 28336-57-4 for cis/trans isomer)
[0.26–6.2%; often below LOQ]
NST-03: 1-phenyl-4-(1-phenylethyl) tetralin (CAS:
26681-79-8), sum of isomers [50.2–88.5%] with the
following isomers if specifically analyzed
NST-03-1: 1e-phenyl-4e-(1-phenylethyl) tetralin
[15.0–26.1%]
NST-03-2: 1a-phenyl-4e-(1-phenylethyl) tetralin
[20.0–33.9%]
NST-03-3: 1a-phenyl-4a-(1-phenylethyl) tetralin
[8.22–18.2%]
NST-03-4: 1e-phenyl-4a-(1-phenylethyl) tetralin
[6.5–19.3%]
NST-12: 1-phenyl-4-(2-phenylethyl) tetralin: (mix-
ture of isomers) [3.49–10.7%]
NST-13: (1S*,6R*,7S*,8S*,11R*)-6,11-diphenyl-
tricyclo [6,2,2,0 22,7] dodeca-2,9-diene [only mea-
sured in 1 PSP and one HIPS sample being below LOQ
and 0.70%, respectively].
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- No hematology or clinical biochemistry in F0 animals
- Limited histopathology and organ weight determinations

In summary, the NA-study and Lab-report enables the conclusion
that SDT do not affect reproductive health after in utero and lactational
exposure up to the production of the F2 generation at dose levels ex-
ceeding likely consumer exposure by a factor of 1000. It is recognized
that it is not possible to draw conclusions about the inherent hazard of
SDT since standard parameters required to evaluate the impact of SDT
after subacute/subchronic exposure of adult animals are missing to a
large extent. However, this does not detract from the adequacy of this
study for the objective of this assessment. In addition, it is noted that
external and visceral abnormalities were assessed in a large number of
F1 offspring. Although skeletal abnormalities could not be evaluated,
this data supports the conclusion that SDT do not affect prenatal de-
velopment to a significant extent at the dose levels administered.

2.1. Derivation of a safe exposure level according to ECHA (2012) and
EFSA (2012a) based on the NA-study and the lab-report

First an assessment is necessary on whether SDT need to be con-
sidered as genotoxic or not. As EFSA (2012b) primarily asks for struc-
tural alerts for genotoxicity, the database of Ashby and Tennant (1991)
was consulted and no clear structural alerts could be identified. Only
NSD-01 and NST-01 might be associated with the group of “compounds
classed as non-alerting in structure but with minor concerns” because of
an allylic-like substructure. In case of structural alerts EFSA proposes
genotoxicity testing (or read across). EFSA (2012b) further discussed
the use of genotoxicity prediction tools without being able to give
guidance which ones to use. As the predictive value of most of these
tools are comparable to the Ames test we decided to rely on actual
results of in vitro tests.

Grifoll et al. (1990) did not observe mutagenic activity of Di and Tri
isomers (no further specification) when tested in S. typhimurium strain
TA 98 with metabolic activation up to a concentration of 1 mg/plate.
Nakai et al. (2014) studied SDT obtained by extraction of GPPS with
acetone and precipitation of higher molecular weight oligomers and
polymers with methanol. The SDT mixture was investigated in the
Ames test using the pre-incubation method with the S. typhimurium
strains TA 100, TA 1535, TA 98 and TA 1537 and the E. coli strain
WP2uvrA and in the in vitro chromosomal aberration test with Chinese
hamster lung cells according to the OECD guidelines TG 471 and 473,
respectively. The tests were carried out with and without metabolic
activation. The concentrations reached 5 mg/plate in the bacterial test
and led to substance precipitation in the chromosomal aberration test.
The concentrations of Di and Tri in the extract were 540 and
13,431 ppm, a relation of ∼1:24 in a similar range as that in the NA-
study. Of the total extract, about 88% could be assigned to specific
structures of known Di and Tri and 12% were of tetrameric or greater
size. As no indication for genotoxicity (including absence of aneu-
genicity) was obtained, the application of numerical assessment factors
(AF) for risk assessment is justified.

Derivation of a long-term oral DNEL for the general population
potentially exposed to SDT migrating from PS food containers into food
follows the approach of ECHA (2012) with the interspecies AF for rats
to humans of 10 (containing the factor of 4 for allometric scaling and
that of 2.5 for remaining differences) and the intraspecies AF of 10 for
the general population. While the NA-study and the Lab-report com-
prehensively addressed apical reproductive endpoints, also including to
a major part reproductive toxicity, the study was not designed to in-
vestigate repeated dose toxicity per se although the F0 females were
exposed from gd 6 to pnd 21 over a period of about 5 weeks, corre-
sponding roughly to the duration of a subacute study. Parental F0 males
were not exposed. The point of departure (POD) for repeated dose
toxicity assessment will therefore be based upon the NOAEL for effects
on weights of sex organs and of potential major target organs, i.e. brain,

liver and kidney in parental females. Extrapolation from subacute to
chronic exposure would require an AF of 6 according to ECHA (2012).
It is proposed to increase this AF to 10 to account for uncertainties
arising from the limited observations in adult animals. In this respect
the very low NOAEL of 1mg/kg bw/d should also be taken into con-
sideration; as in this study no LOAEL was obtained, using the highest
dose without adverse effect clearly is a conservative approach per se as
the “real” NOAEL may be much higher. In addition, the structure of SDT
does not contain any element indicative of a propensity for specific
toxicity (Fig. 1). The factor of 10 is also considered sufficiently con-
servative for males, because no effects were noted in F1 males at the age
of 10 weeks after exposure during the very vulnerable life phases in
utero and during lactation. In these F1 males, organ weight and histo-
pathology data are available for the most sensitive organs, namely sex
organs, brain, liver, kidneys, adrenal glands, thyroid glands and pitui-
tary gland. These subfactors lead to a total AF of 1000 that is the same
as that used in the NA-study for definition of the highest exposure dose.
Under these considerations the long-term oral DNEL for the general
population would be 1 μg/kg bw/d.

Similar considerations apply using the EFSA (2012a) guidance for
default values. Again for inter- and intraspecies variability an AF (here
called uncertainty factor, UF) each of 10 is appropriate. In contrast to
the approach used by ECHA, no specific factors are proposed by EFSA to
account for study duration i.e. extrapolation from subacute to chronic
exposure, or for deficiencies in the database. Reflecting the considera-
tions above, an additional factor of 10 is again considered appropriate.
Thereby also the approach of EFSA (2012a) would lead to a “safe”
exposure level via food of 1 μg/kg bw/d.

A minor uncertainty should be mentioned for dose transformation
from a μg/kg bw/d basis to μg/person/d based on differences of default
body weights. EFSA (2012a) proposed to use a body weight of 70 kg for
adults. EU (2011) takes the consumption of 1 kg food/d by a person of
60 kg body weight for setting migration limits. A body weight of 60 kg
(for adults) also is the basis of the TTC concept, and ECHA (2012)
proposes 60 kg for the general population and 70 kg for workers.
Therefore, in the context of this assessment the default approach ac-
cording to EU (2011) is used, i.e. food uptake of 1 kg/d and a body
weight of 60 kg for adults.

3. Application of the Threshold of Toxicological Concern (TTC)
based on EFSA (2012b)

In the NA-study the highest dose level was a NOAEL and a LOAEL
was not obtained. Under consideration that the NOAEL of 1mg/kg bw/
d is quite low for SDT with no obvious toxicophores, this has to be
considered as an important data gap leading to major uncertainties for
the definition of the POD and risk characterization. Therefore the TTC
concept was used as a second independent approach. EFSA (2012b)
recommended the TTC approach as a useful screening tool for sub-
stances with few or no relevant toxicity data for deciding whether the
probability of adverse health effects is very low, for example for the
assessment of impurities, reaction products etc.

EFSA (2012b) lists several categories of substances to which the TTC
should not be applied that are not relevant to SDT, such as metals, high
potency carcinogens, or nanomaterials. This list also includes sub-
stances with a potential for bioaccumulation. The physical chemical
properties of SDT do not indicate in this direction and experimental
data show a rapid excretion: Nagao et al. (2000) refer to an abstract
(Aiba et al., 1998; in Japanese language) reporting that after oral ad-
ministration of 20mg/kg bw of Di or Tri to rats, plasma levels of the
unchanged substances reached a maximum after 2–4 h and then de-
creased rapidly. After 24 h the plasma concentrations were below the
limit of detection (LOD). Therefore, a potential for bioaccumulation is
not to be expected.

Furthermore, the TTC concept is only applicable for substances for
which the chemical structure is known. Therefore the question arises as
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to the chemical structure of the SDT mixture. It was shown by Nakai
et al. (2014) that of the mixture they tested for genotoxicity, about 88%
could be assigned to known structures of 4 dimers and 5 trimers and
that 12% accounted for tetramers or higher oligomers. Therefore, al-
though SDT is a mixture of several substances possibly with some
quantitative variability of composition, the structures of the main
components are well defined and the relation of Di to Tri are in a si-
milar range when comparing the SDT composition of the studies of
Nagao et al. (2000) and Nakai et al. (2014). For mixtures it is further
required that these should contain only substances with closely related
chemical structures (and mixtures with substances of unknown struc-
ture should be excluded), but then dose additivity should be assumed
and the exposures should be summed as was done for the groups of Di
and Tri.

Next it has to be decided what would be the appropriate TTC level.
As SDT are not genotoxic (Nakai et al., 2014) a decision remains as to
which Cramer class SDT should be assigned to. The original TTC con-
cept contained the Cramer classes I, II and III with decreasing TTCs of
30, 9 and 1.5 μg/kg bw/d (Kroes et al., 2004). According to EFSA
(2012b), class II is not well supported and it was therefore merged with
class III using the lower TTC of 1.5 μg/kg bw/d. By their structure
containing 2 or 3 aromatic rings, SDT would fall into the merged class
with a TTC of 1.5 μg/kg bw/d.

EFSA (2012b) concluded that the TTC approach can also be applied
to endpoints of specific concern, like effects on the nervous system,
immune system, endocrine system and reproduction/development that
partly are not covered in sufficient detail by the NA-study and the Lab-
report. In order to use this system for all age groups, including children
at an age of< 6 months with their higher food uptake, exposure should
be related to body weight, i.e. for class II/III 1.5 μg/kg bw/d.

Finally, a decision has to be made whether a safe exposure level
should be based on the TTC concept (1.5 μg/kg bw/d) or on the basis of
the NOAEL of the NA-study (1 μg/kg bw/d) using AFs of ECHA (2012)
or EFSA (2012a). The latter approach is partly compromised by the
incomplete database for F0 animals, the necessary extrapolation from
subacute to chronic exposure and especially by uncertainties of the
NOAEL in to the absence of a LOAEL. Starting from the highest dose as
NOAEL implicitly implies a conservativism, the magnitude of which
cannot be estimated. In this context the observation of EFSA (2012b)
should be taken into consideration that when “a TDI has been set by the
SCF or by EFSA on the basis of oral toxicity data … the TTC approach
was found to be more conservative than the risk assessment based oral
toxicity data”. Therefore, derivation of an ADI or SML according to the
TTC concept is considered the preferred approach.

3.1. Applicability of TTC for SDT and endocrine effects

The question whether SDT may exhibit endocrine mediated toxicity
warrants a more detailed discussion since Kroes et al. (2004) concluded
that for such effects the TTC approach might not be applicable. EFSA
(2012b) describes two circumstances that might be relevant for SDT:

- “If there are data showing that a substance has endocrine activity,
but the human relevance is unclear, then these data should be taken
into consideration, case-by-case, in deciding whether or not to apply
the TTC approach.

- If there are data showing that a substance has endocrine-mediated
adverse effects, then, as would be the case for adverse data on any
other endpoint, the risk assessment should be based on the data,
rather than the TTC approach.”

By the definition of EFSA (2013) the first indent corresponds to an
Endocrine Active Substance and the second one to an Endocrine Dis-
ruptor. The major discriminating criterion is that endocrine disruptors
lead to adverse effects while an endocrine active substance may have
the inherent ability to interfere with hormonal regulation without clear

adverse effects.
While the NA-study did not give any indication for endocrine

mediated effects of SDT, there are two investigations claiming endo-
crine activity for some specific Tri, namely those of Ohyama et al.
(2007) and Yanagiba et al. (2008). One important difference in com-
parison to the NA-study is that in the NA-study a mixture of SDT was
investigated that consumers may be exposed to while Ohyama et al.
(2007) and Yanagiba et al. (2008) concentrated on specific Tri not re-
flecting the potential impact of “real world” exposures. The basic study
designs were as follows:

- Ohyama et al. (2007): test compounds NST-01 (47.4% of SDT in NA-
study), NST-03-2 (23.3% of SDT in NA-study) and NST-03-4 (4.4%
of SDT in NA-study). Subcutaneous injection to pregnant rats from
gd 11 to 17 at dose levels of 0, 10, 100 and 1000 μg/kg bw/d.
Number of dams between 4 and 8 depending on dose and test
substance. Male offspring were kept without further treatment until
pnd 101–103.

- Yanagiba et al. (2008): test compound NST-01 (47.4% of SDT in NA-
study). Oral dosing of mice over 4 days at dose levels of 0, 32 and
64 μmol/kg (corresponding to 10 and 20mg/kg bw/d). Eight wild
type mice and 5 transgenic mice/dose level (the results with trans-
genic mice are not further taken into consideration).

The major findings reported by Ohyama et al. (2007) were related
to NST-03-4 being quantitatively the least important Tri. The effects
noted (decreased anogenital distance, decreased male genital organ
weights, reduced blood levels of LH and FSH accompanied by increased
serum testosterone) were interpreted by the authors as an indication for
estrogenicity, although a clear dose response relationship was mostly
missing. Yanagiba et al. (2008) observed an increase of circulating
thyroxine (T4) levels not accompanied by alterations of T3 or TSH.

We compared the results of the studies of Nagao et al. (2000),
Ohyama et al. (2007) and Yanagiba et al. (2008) in a separate pub-
lication (Gelbke et al., 2018). The weight of evidence assessment, which
also included the broad database from in vitro and in vivo screening
studies, led to the conclusion that SDT are not endocrine disruptors.
However, using the definitions of EFSA (2013) it cannot be excluded
that some of the SDT may have endocrine active properties, albeit these
results came from non-guideline screening studies at high concentra-
tions and hence have questionable reliability and relevance. On the
basis of the total database described by Gelbke et al. (2018) and the
robust and very detailed NA study, the application of the TTC concept is
sufficiently justified.

4. Application of a more recent TTC proposed by Leeman et al.
(2014)

Already EFSA (2012b) acknowledged that “removing organopho-
sphate and carbamate substances from Cramer Class III (being the most
potent substances in that class) would have an impact on the existing
TTC value for this Class III.” But it was decided that “pending any future
revision of the TTC approach, …it would be prudent to maintain the
value for Cramer Class III at 90 μg/person per day.“ The Cramer class III
contains among others organophosphate insecticides that are potent
cholinesterase inhibitors. For this subgroup a lower TTC of 0.3 μg/
kg bw/d was derived (Munro et al., 1999; Kroes et al., 2004). If this
subgroup is subtracted from the rest of the Cramer class III substances, a
higher TTC would be obtained for the remaining chemicals (Munro
et al., 2008) but neither Kroess et al. (2004) nor EFSA (2012b) defined a
TTC for groups of substances without organophosphates.

Leeman et al. (2014) calculated TTCs for organopho-
sphates + carbamates (40 substances) and organohalogens (166 sub-
stances) as groups of substances with higher toxicity to be 0.30 and
1.5 μg/kg bw/d. As expected, for the remaining Cramer class III sub-
stances (242 substances) the TTC was clearly higher with 4.0 μg/kg bw/
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d as compared to 1.5 μg/kg bw/d proposed EFSA (2012b). Leeman et al.
(2014) concluded that the TTC of 4.0 μg/kg bw/d was also compatible
with TTCs recently published for other enlarged datasets (including
developmental toxicity in rats and rabbits, repeated dose toxicity of
industrial chemicals or plastic food contact materials). TTCs based on
the larger datasets were equal or even higher than the one calculated by
Leeman et al. (2014) on the basis of the original Munro database after
exclusion of organophosphates, carbamates and organohalogens. Al-
though this refinement of TTCs by Leeman et al. (2014) has not been
officially endorsed by EFSA, the approach is scientifically well justified
and is considered by the authors as conservative as the original one. It
also corresponds to the proposal of EFSA (2012b) and WHO (2016) to
analyze organophosphates and carbamates separately and evaluate the
consequence for Cramer class III chemicals. Therefore, this refinement
of the original TTC will be applied here to calculate the MoS of SDT.

5. Exposure assessment

5.1. General considerations

The next step in risk assessment is the evaluation of potential con-
sumer exposure via migration of SDT into food from PS food containers.
Exposures can be measured or estimated by methods of different
complexity:

a. Migration of SDT into food simulants under standardized conditions
(Tier 1)

b. Determination of SDT in food packaged in PS containers (Tier 2)
c. Application of the FACET (2017) approach based on the amounts of
SDT in PS materials (Tier 3)

If a risk assessment is based on these approaches it must be ascer-
tained that the total amounts of SDT were reliably determined. This is
the case for the study of Klärner et al. (1998) who determined the sum
of Di and Tri after extraction of PS with 50% ethanol. But for the other
studies the sum of SDT has to be calculated on the basis of the different
Di and Tri chemical entities that were separately analyzed. It must be
ascertained that by such separate analyses of Di and Tri at least the
quantitatively most important SDT were accounted for.

5.2. Determination of different Di and Tri in food or food simulants

In Table 1 the concentrations of the different Di and Tri measured in
food simulants (upper part) and packaged food (lower part) are given.
In order to develop an analytical method for identification and quan-
titation of Di and Tri, Weel (2016a) extracted HIPS rods and sheets with
i-octane (over 2 d at 20 °C) and 95% ethanol (over 10 d at 40 °C). With i-
octane no Di, Tri or styrene monomer were found. In the 95% ethanol
extracts Di and Tri could be identified that had already been described
by Kawamura et al. (1998b), but because appropriate standards were
not available the gas chromatographic peaks could not be assigned to
specific isomers. The following Di and Tri were found by Weel (2016a,
c): D1, 1,2-diphenyl cyclobutane (no differentiation of the cis and trans
isomers, NSD-08, NSD-09), NSD-01, NST-01, NST-02 (no assignment to
different isomers), NST-03/NST-12 (no differentiation between NST-03
and NST-12 and between the different diastomers of NST-03). Higher
oligomers than Tri were not observed although oligomers up to 690m/
z could be detected in a commercial oligomer standard.

The analytical data described by the different authors in Table 1
show a consistent pattern (for more details cf. electronic supplement):

- when comparing the absolute amounts of SDT, those analyzed in
Japanese food items (4–30.7 μg/kg food) corresponded to those ex-
tracted by 20% ethanol at 40 °C over 10 days for HIPS and GPPS (6–18
μg/6 dm2). Much higher amounts of SDT were extracted with 50%
ethanol (197 and 162 μg/6 dm2) and 95% ethanol extracted even 265
and 936 μg/6 dm2 from HIPS sheet and HIPS rod, respectively.

Therefore, migration into 20% ethanol may better represent the situa-
tion for actual food items than higher ethanol concentrations.

- The analyses of specific Di and Tri showed, especially for Di in food
items, that the amounts often were below the limit of quantification
(LOQ) and using 0.5 x LOQ as defaults presents an upper bound. In
these cases the percentages related to all SDT may be misleading and
are excluded from the calculation of the sum of SDT if more than
50% of samples were below LOQ.

- The percentages for the sum of all Di were always clearly lower
(∼9–30%) than those for the sum of all Tri (∼70–90%) irrespective
of the extraction medium or the food analyzed.

- The highest percentages were observed for the sum of the NST-03
isomers (55–77.2%) with NST-03-2 being quantitatively the most
important isomer (∼22%).

The observation of much lower Di than Tri amounts is strongly
supported by Klärner et al. (1998). After extraction of HIPS with 50%
ethanol, Klärner found that Di amounted to 11–30% and Tri to 70–89%
related to SDT. For GPPS most Di were below LOQ. Only in the case of 1
GPPS sample the amount of Di and the relationship of Di and Tri
(29%:71%) could be reliably determined.

5.3. Determination of different Di and Tri in PS used for food packaging

If the FACET (2017) method is used as tier 3 for exposure assess-
ment, it has to be verified whether the quantitatively most important Di
and Tri have been determined. In Table 2 the results are listed for the
different food packaging PS materials. In total, data from 179 PS food
packaging materials can be used. In addition, analytical data are
available in literature for 16 EPS and 13 PS foam materials that are not
included in the present assessment. A comparison of the total amounts
of SDT in Table 1 (migrating in μg/kg food or μg/6 dm2) and Table 2 (in
mg/kg PS) shows that obviously only small amounts of SDT migrate.

For the non-expanded PS samples the isomers of NST-03 were
quantitatively predominant with in total 50–88.5% (apart from one
sample with ∼11%), NST-03-2 was the most important isomer followed
by NST-03-1 and NST-01. Details for the percentages of different SDT in
PS food packaging materials are given in the electronic supplement. All
studies analyzed NSD-01 and NSD-09 as well as the quantitatively most
important Tri (NST-01 and NST-03). NST-02 was studied in 116 and
NST-12 (all isomers) in 94 samples. As NST-02 and NST-12 were
quantitatively much less important than the other Tri, the sum of SDT is
comprehensively addressed such that these studies are a robust basis for
the assessment by the FACET (2017) methodology. Furthermore, the
most prevalent Di and Tri in PS packaging materials were also the
quantitatively most important ones extracted by food simulants or food.
The sum of Di was always much lower than that of Tri as had been
shown by Fail et al. (1998). They analyzed the total amounts of Di and
Tri after dissolution of 7 PS samples (no further specification given) in
dichloromethane, precipitation of polymeric material with isopropanol
and GC analysis of the oligomer solution. Related to SDT, Di comprised
7–14% and Tri 86–93%.

6. Determination of Margin of Safety (MoS)

By comparison of exposure estimates with safe exposure limits the
MoS is obtained. Three different approaches to define safe exposure
levels can be used:

a. Starting from the NA-study and applying AFs proposed by ECHA
(2012) and EFSA (2012a). This led to 1 μg/kg bw/d.

b. Using the TTC of EFSA (2012b), i.e. 1.5 μg/kg bw/d.
c. Using the modified TTC of Leeman et al. (2014), i.e. 4 μg/kg bw/d.

The first approach a) is surrounded by significant uncertainties. The
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NA-study cannot be considered a comprehensive repeated dose study
although it comprised many important endpoints related to re-
productive health and potential endocrine effects. The important data
gaps have been described above, especially the uncertainty of the POD
based on the NOAEL in absence of a LOAEL. For substances with few or
no relevant toxicity data EFSA (2012b) recommends to apply the TTC,
in this case 1.5 μg/kg bw/d (approach b)). But because SDT do not
belong to organophosphates, carbamates or organohalogens, it is well
justified to use the modified TTC of Leeman et al. (2014), i.e. 4 μg/
kg bw/d (approach c)). Therefore, the MoS will be based on 4 μg/
kg bw/d, corresponding to 240 μg/person/d (60 kg adult body weight),
or 240 μg/kg food (1 kg food consumed per day), or 240 μg/6 dm2 (1 kg
food packaged in 6 dm2 PS). The results thereby obtained are put into
perspective to those using the most conservative safe exposure limit
derived from the NA-study, i.e. 1 μg/kg bw/d or 60 μg/kg food for
adults. It is reassuring that the safe exposure level obtained by the
standard approach a) using AFs is in the same order of magnitude as the
TTCs of b) and c).

6.1. SDT migration into food simulants and determination of Margin of
Safety (MoS) (cf. Table 3, upper part)

Tier 1 of exposure assessment is based on migration into food si-
mulants, the least refined and most conservative approach. As all
analyses comprised the quantitatively most important individual Di and

Tri, a MoS can be calculated based on the sum of all Di and Tri found.
The total amounts of Di, Tri and SDT that migrated into food simulants
and the MoS are given in Table 3 upper part. The MoS obtained by this
approach is certainly extremely conservative and should be considered
as an upper bound as it is based on the premise that the total food of
1 kg/d is packaged in PS every day over life time without taking into
account the mix of different food items, different consumer habits or
their change over seasons and life time. The advantage is that stan-
dardized data can be easily obtained for different materials. Migration
not only depends on temperature and time of exposure but to a large
extent also on the ethanol concentration. The MoS calculations are
based on 20% and 50% ethanol as food simulant. Data based on 95%
ethanol are not considered as the EU (2011) no longer recommends its
use for determining overall migration into fatty foods. Since an in-
dication was obtained that 20% ethanol may better represent migration
into actual packaged food, 50% ethanol may be regarded as a worst
case scenario.

Genualdi et al. (2014) determined the diffusion coefficients of the
different Di, including D1, and Tri in 10%, 50% and 95% ethanol for
different PS packaging materials. As the amounts of Di and Tri mi-
grating were expected to be very low, only the results obtained with
95% ethanol were reported although it was acknowledged that migra-
tion testing for PS with 95% ethanol is no longer recommended by US
FDA (2007). By the partition coefficient with 95% ethanol the authors
concluded that Di and Tri are likely to stay in the food packaging

Table 3
Exposure assessment and margin of Safety (MoS) based on TTC of 240 μg SDT/person/d for adults and migration of SDT into food simulants or food. Shaded figures
indicate a MoS<1 based on the most conservative safe exposure level of 60 μg/person/d derived from the NOAEL of the NA-study.

nd: not detected at LOQ of 2 μg/kg food; nr: LOQ not reported.
(Klärner et al., 1998; Weel, 2016a, 2016c; OFI, 2017a, 2017b, BfR, 2016; Genualdi et al., 2014; Kawamura et al., 1998a, 1998d; Yamada et al., 2000b; Kaneko et al.,
2003)
aRecoveries of different Di and Tri in spiked food samples varied between 54 and 135% and are not taken into account for calculation of Di and Tri amounts analyzed.
bOnly 1,3-diphenyl propane observed.
cPotential confounding by aging of the test samples leading to higher migration cannot be excluded.
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material and resist transfer to oily food. The transfer of Di and Tri into
50% and 10% ethanol representing fatty and aqueous food was ex-
pected to be even lower.

Klärner et al. (1998) investigated representative PS samples in-
tended for food packaging applications from European producers. Test
samples were prepared by injection molding of bulk materials which
generally gives the highest stresses leading potentially to higher levels
of residuals and oligomers. Nine GPPS and 8 HIPS samples were ex-
tracted with 50% aqueous ethanol over 10 days at 40 °C. If a quantifi-
cation was not possible, the LOQ (0.05mg/l) was taken as upper value
for migration of Di or Tri. The extracted SDT amounted to<11–30 for
GPPS and to 52.5–236 μg/6 dm2 for HIPS. With the TTC of 240 μg/
person/d this corresponds to a MoS of 8-> 22 and 1.02–4.6, respec-
tively.

Weel (2016a, c) used a GPPS and a HIPS representative commercial
sample sold in the European market for food packaging selected from
an anonymized list of materials submitted by European producers. As to
be expected, extraction by 50% ethanol yielded higher amounts of SDT
as compared to 20% ethanol. The total SDT extracted by the more ag-
gressive 50% ethanol amounted to 162.5 for GPPS and to 197 μg/6 dm2

for HIPS, respectively. Higher migration of SDT was reported by OFI
(2017a, b) using the same GPPS and HIPS samples as Weel (2016a, c):
with 50% ethanol total SDT migration was 234 μg/6 dm2 for GPPS and
900 μg/6 dm2 for HIPS, and migration into 95% ethanol was clearly
higher (734 for GPPS and 2400 μg/6 dm2 for HIPS). The reason for the
higher levels reported by OFI remain unclear. A possible explanation
that may need further investigation could be aging of the PS samples as
the study of OFI was carried out with the same samples but about 0.5–1
year later than that of Weel.

For development of the analytical method to determine Di and Tri,
extraction of PS with 95% ethanol was used (Weel, 2016a). Under these
conditions much higher SDT concentrations for a rod and a sheet
shaped HIPS sample were found: rod: 1100 μg SDT/6 dm2; sheet: 275 μg
SDT/6 dm2. Interestingly, migration from the rod sample led to higher
Di and Tri (and SDT) concentrations as compared to the sheet sample.
An explanation was proposed by Weel (2016a) as that the rod sample
had been prepared by injection molding, but the plate sample by the
milder compression molding. For preparation of containers for milk
products, such as the yogurt pot, the stresses are closer to those for
compression molding and hence the data obtained for sheets are con-
sidered more relevant. For reasons given above, data obtained with
95% ethanol should only be regarded as benchmarks for extreme con-
ditions and are not suitable for risk assessment.

Based on 50% ethanol as simulant for fatty foods as proposed by
regulatory agencies, the following total amounts of SDT and the cor-
responding MoS (related to 240 μg SDT/kg food for adults) were ob-
tained (the values in brackets represent the data from OFI because
potential confounding by aging of these samples cannot be excluded):

- GPPS: SDT<11–162.5 (234) μg/kg food; MoS 1.5 (1.03)-> 22
- HIPS: SDT 52.5–236 (900) μg/kg food; MoS 1.02 (0.27)-4.6

With 20% ethanol the following migrations and MoS were obtained:

- GPPS: SDT 18 μg/kg food; MoS 13
- HIPS: SDT 5.5 μg/kg food; MoS 44

Therefore, apart from the study of OFI (2017b) with HIPS the MoS
always was>1, although sometimes only slightly above 1. The MoS by
extraction with 20% ethanol was clearly higher (GPPS 13; HIPS 44).
Only with 95% ethanol the MoS became<1 (HIPS rod 0.22; HIPS sheet
0.87). The arguments why this aggressive food simulant is not appro-
priate were given above. In relation to the most conservative safe ex-
posure level derived from the NOAEL of the NA-study (60 μg/person/d)
a MoS<1 would be obtained after extraction with 50% ethanol for
most HIPS samples (Klärner et al., 1998; Weel, 2016c) and for 2 GPPS

samples (Weel, 2016c; OFI, 2017a) (cf. Shaded figures in Table 3).
In former years a number of migration studies have been carried out

in Japan with water, 20% ethanol, 50% ethanol and n-heptane at
temperatures varying between 25 °C and 90 °C depending on the sol-
vent. Often D1 was included in the analyses. But the exposure durations
were limited to 30 or 60min mainly or to short microwave treatment
because these specific applications prevail in Japan, i.e. ready-to-pre-
pare noodle soups in PS containers. Therefore, the data obtained by
these studies are not included here (Kawamura et al., 1998a, c; Yamada,
1999, 2000a; Nakada et al., 2000; Sakamoto et al., 2000; Hirano et al.,
2001).

6.2. SDT migration into food packaged in PS containers and determination
of MoS (cf. Table 3, lower part)

Tier 2 of exposure assessment is based on migration of SDT into
actual food items as listed in Table 3, lower part, including the MoS. In
comparison to tier 1, this approach will provide an indication of con-
sumer exposure by “real world” food items. But the uncertainty of ex-
trapolation from single data points to life time exposure still exists with
the conservative assumption that the consumer will be exposed daily
and over life time by the food item (as 1 kg food/d) with the highest
SDT migration.

Genualdi et al. (2014) determined the concentrations of different Di
(including D1, the smallest oligomer with the highest water solubility)
and Tri in 7 food items packaged in PS (cookies, yoghurt, chocolate
candy, raw chicken, raw beef, bakery croissants and noodle soup). The
LOQ was 2 μg/kg food. Only D1 was detected in 3 of these foods with
concentrations less than 5 μg/kg food leading in total to< 5 μg SDT/kg
food. Assuming that 1 kg of these food items is consumed daily by an
adult, the MoS is > 48.

Several Japanese investigators reported Di, Tri and SDT migration
from PS food containers into noodle soups and other ready-to-use food
items. Kawamura et al. (1998d) studied 7 noodle soup preparations
with a LOQ for Di and Tri of 5 μg/kg food (note: it is not clear for many
of the Japanese studies whether the LOD or LOQ was given; therefore in
the following such limits will always be taken as LOQ). The Di con-
centrations were below LOQ and the Tri concentrations ranged from
non-detectable to 62 μg/kg food giving a range for SDT from<5 to
62 μg/kg food. This study was expanded by Kawamura et al. (1998a) to
32 instant food items including the samples already analyzed by
Kawamura et al. (1998d). Again, Di were not detectable and Tri varied
between< 5 and 62.4 μg/kg food with SDT between<5–62.4 μg/kg
food. The MoS obtained by these 2 datasets were between 3.8 and >
48.
Yamada et al. (2000b) analyzed 17 noodle soups prepared in con-

ventional PS containers and 9 samples prepared in PS containers
modified to achieve lower migrations of Di and Tri. The LOQ varied
between 0.2 and 0.4 μg/kg food. There was some indication for a re-
duced migration from the improved containers, but this could not be
further substantiated because the study is described in Japanese lan-
guage. With the conventional containers, Di concentrations were be-
tween< 0.2 and 1.2 μg/kg food, Tri concentrations between 1.3 and
29.2 μg/kg food and total SDT between 1.3 and 31.6 μg/kg food. In the
improved containers the concentrations were for Di < 0.2–1.7, for Tri
1.6–6.9 and for SDT 1.6–7.5 μg/kg food. Thus, the MoS was 7.6–185 for
conventional and 32–150 for improved food containers.

Kaneko et al. (2003) analyzed 30 instant noodle products in PS
containers. This is the only Japanese investigation that tried to quantify
D1 in food, but D1 was not detectable. Di was detected in 22 of the 30
samples with< 0.2–3.3 μg/kg food, Tri in all samples with 0.5–61 μg/
kg food and SDT with 0.5–63 μg/kg food. The MoS was in the range of
3.8–480.

It should be recognized, however, that all MoS derived from
Japanese studies reflected food consumption habits that are more
popular in Japan than elsewhere. In the Japanese studies ready-to-use
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food items, such as noodle soups or rice products, were prepared in PS
containers according to the procedures mentioned by the producers,
generally by heating for a few minutes in a microwave oven or by
pouring hot water into the container. The products were then left at
room temperature for 15–30min before consumption. In contrast, in
Western or European countries PS containers are mainly used for longer
storage times in the refrigerator or at room temperature. Thus, in the
Japanese studies high temperatures were applied that would lead to
higher short-term migration but storage time while cooling at room
temperature was only limited to about 30min. Therefore a decision is
not possible whether Western or Japanese conditions lead to higher
migration. Only Genualdi et al. (2014) studied Western type food
packaged and stored in PS food containers. Therefore, the MoS derived
from Japanese food items have only limited relevance for Western ap-
plications of PS food containers. Based on the most conservative safe
exposure level derived from the NA-study (60 μg/person/d) a few
samples from Japan have a MoS slightly below 1 (cf. Shaded figures in
Table 3, lower part).

In summary, the amounts of SDT migrating from PS packaging ma-
terials into real food yield MoS in relation to the safe exposure level of
240 μg SDT/kg food between (Table 3).

- 3.8 and 480 for real food items with the caveat that most MoS de-
rived from food items relate to Japanese consumption habits

- > 48 for real Western-type food items packaged in PS containers
- 13 for GPPS, 20% ethanol
- 44 for HIPS, 20% ethanol.

The MoS being always> 1 for real food items strongly suggests that
SDT migration from food packaging materials is unlikely to adversely
affect consumer health. In addition, extraction with 20% ethanol
(added here for comparison) seems to more closely resemble migration
into real Japanese or Western type food items than 50% ethanol that is
the preferred food simulant proposed by US FDA (2007) and EU (2011).
Based on the most conservative safe exposure level (60 μg/person/d) a
MoS slightly below 1 would be obtained only for 1/32 samples
(Kawamura et al., 1998a, d) and 1/30 samples (Kaneko et al., 2003)
(shaded in Table 3).

6.3. Determination of MoS via SDT content in PS materials and the FACET
approach (Table 4)

Tier 3 of exposure assessment is based on the FACET approach. The
FACET (Flavourings, Additives, and food Contact materials Exposure
Tool) probabilistic modelling tool was developed by a collaborative
team consisting of regulators, industry and modelling experts in re-
sponse to a call by the European Commission to produce a risk man-
agement tool consisting of a database containing information on con-
centrations of food additives and food flavorings, potential migrants in
food contact materials and food consumption data. Derivation of a MoS
based on exposure assessments of SDT via migration into food simulants
or measurements in real food items both suffer from the same short-
coming, namely that the highest concentrations found in the media are

taken as the daily consumer exposure over life time. Furthermore, as
already mentioned many of the MoS derived from migration into food
relate to Japanese and not to Western or European dietary habits. These
shortcomings can be accommodated by the FACET (2017) approach.
FACET Software version 3.0.2 was used for the exposure calculations.
For exposure to migrants from food packaging, FACET uses European
Union-wide industry-supplied data on the occurrence of substances in
the packaging, their concentrations and construction of the packaging,
and food consumption data supplied by European national database
managers, which are then combined into probabilistic dietary exposure
models. This results in estimated exposure to packaging migrants at the
level of the individual consumer. The starting point is the probabilistic
modelling of food consumption and thereby of the uptake of food
contaminants (SDT) from the non-expanded PS in packaging materials
taking into consideration the physical properties of the migrants. The
concentration and occurrence of non-expanded PS in packaging mate-
rials and related food consumption data are contained in FACET.

The different PS materials are commodity polymers produced
worldwide and over many years by essentially the same manufacturing
processes. Therefore the SDT concentrations in present day's PS poly-
mers in Europe are comparable to those in former years in the different
regions, e.g. especially in Japan with a large dataset. In total, a dataset
is available for HIPS (31 samples), GPPS (16 sample), PSP (6 samples),
unspecified PS containers (77 samples), and multilayer materials (49
samples). The 90th percentile of the concentrations in the various PS
materials was used as input for the FACET assessments. In every article
only the maximum of the concentration range described for a specific
material has been considered during the statistical analysis. This has
been done in order to correct for the influence of the variation in
number of the various datasets in the different articles.

The 90th percentile of the Di and Tri concentrations in PS were
introduced separately as new substance in FACET using the NIAS (Non-
Metal) wizard. Migration properties from non-expanded PS in food are
determined in FACET by the molecular weight and partitioning coef-
ficient of the Di and Tri of PS. The Molecular weight of the Di and Tri of
styrene (208.3 and 312.5 resp.) and their average logKow (5.52 and
7.84 resp.) were introduced for NIAS details. Because the migration of
the Di and Tri is determined by the molecular weight and partitioning
coefficient which are not the same for the Di and Tri, no separate ex-
posure assessment has been made for the SDT. The NIAS were asso-
ciated with non-expanded PS via the replacement method assuming a
market share of 100%.

In a challenge test the boundary conditions of the FACET output
have been fully explored for consumer exposure to Di and Tri from non-
expanded PS. The exposure calculation of SDT from non-expanded PS to
any food type, was not affected by parameters such as inclusion or
exclusion of consumer loyalty and set-off migration. Further it did not
make a difference whether the calculation was done for the full popu-
lation, or for the food consumers only. This is explained by the fact that
the majority of the population regularly consumes PS packed foods, and
that set-off migration is not relevant for SDT migration. When com-
paring results of exposure calculations using different national dietary
surveys, the French (INCA)-2 dataset (Individual National Survey on

Table 4
Calculation of MoS according to the FACET methodology based on Di, Tri and SDT in PS and the TTC of 4 μg/kg bw/d (corresponding to 240 μg/person/d).

PS oligomer Sum (mg/kg PS) p90 Exposure to Di/Tri of food consumers (mg/kg bw/day) Margin of Safety (MoS)

French population UK children French population UK children

Mean p95 Mean p95 Mean p95 Mean p95

Dimers of Styrene 960 1.95E-06 1.26E-06 1.66E-06 0.00E+00 2048 3174 2415 n/d
Trimers of Styrene 14200 6.89E-06 5.02E-06 7.42E-06 0.00E+00 581 796 539 n/d
SUM (SDT) 15160 n/d n/d n/d n/d 453 637 441 n/d

n/d=Not determined; p90/p95=90th and 90th percentiles.
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Food Consumption (INCA)-2. ANSES, FRANCE. Download at: https://
www.data.gouv.fr/fr/datasets/donnees-de-consommations-et-
habitudes-alimentaires-de-letude-inca-2-3/) represents the worst case
when modelling the European populations. In addition, the most sen-
sitive subpopulation is listed (UK children at the age of 1–4 years) (UK,
1995).

The FACET (2017) methodology enabled calculation of MoS and the
results obtained are given in Table 4 including the assumed 90th per-
centile concentrations of Di, Tri and SDT in the PS material. A short
explanation of statistics for food consumption is given by the following
example. Take a group of 100 people and line them up in order of who
consumed the most Di, Tri and SDT. In this case the 95th percentile of
this group is the amount of Di, Tri and SDT that the 95th highest
consumer ate. The mean is the “average” amount consumed, i.e. the
total amount consumed by all consumers together divided by the
number of people. The mean can thus be higher than the 95th per-
centile when there is a relative small group with high consumption. For
example, if in a group of 10 persons 4 persons eat one cup of yogurt a
day and one person eats 10 cups of yoghurt a day, the 90th percentile of
the population would eat 1 cups of yoghurt a day, while the mean
would eat 1.4 cups of yoghurt a day. Table 4 shows the mean estimated
exposure for food consumers to Di and Tri is higher than the 95th
percentile, the 95th percentile estimated exposure of the UK Children to
the Di and Tri is even zero. For food consumers this value is derived
from only non-zero food consumption simulants. This indicates, like in
the example, the mean exposure results from a minority of food con-
sumers with relative high exposure. The other food consumers do
consume food which could lead to exposure, but the migration from the
packaging materials to real food leading to exposure is estimated to be
negligible.

The MoS was related to a TTC 4 μg/kg bw/d according to Leeman
et al. (2014). Normalization to bodyweight enabled MoS calculation for
different age groups as proposed by EFSA (2012b). The MoS of the SDT
has been determined by dividing the TTC by the sum of the exposure
estimate of the Di and the Tri. The MoS of the 95th percentile estimated
exposure of the UK Children to the Di and Tri cannot be calculated as
exposure is estimated to be zero. Table 4 indicates the MoS is always
well above 1 for both the mean as well as for the 95th percentile for the
French population (453 and 637respectively), as well as for the UK
children population (441). This strongly suggests that SDT migration
from food packaging materials is unlikely to adversely affect consumer
health. The FACET reports, describing the input and output in more
detail, are given in the electronic supplement.

Facet allows more detailed analyses of the exposure by both Food
Group and Packaging materials. Table 5 summarizes the drivers of
exposure by both Packaging materials and Food Group of the oligomers.

Table 5 shows the main source of estimated exposure is related to
the consumption of fish and fish products, molluscs, crustaceans and
echinoderms. The oligomers are estimated to mainly migrate from the
Plastic Tray/Pot/Tub/Cup food packaging material. For the UK-chil-
dren this is almost solely from the PS Flexible Wrapper/Bag/Pouch,
whereas for the France population the estimated exposure also results
significantly from migration from PS Sealed Lidding/membrane.

7. Discussion

The European food safety regulations have required for many years
the assessment of IAS (Intentionally Added Substances) that are for
polymeric plastic packaging materials predominantly the starting
monomers. In addition, since 2011 (EU, 2011), formal safety evaluation
of NIAS (Non Intentionally Added Substances) is required arising, i.e.
from initiators, processing aids, additives and their reaction or de-
composition products. Oligomers are a quantitatively important group
of NIAS, and Di and Tri are by far the most relevant oligomers in the
case of PS materials. In this paper the safety of SDT for consumer ex-
posure via GPPS and HIPS food containers is assessed. Ta
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Exposure assessment: For SDT in PS food packaging materials con-
centrations of up to 12600mg/kg PS were found (Table 2) showing that
SDT are quantitatively important NIAS. But such data do not allow any
conclusion about potential migration and the investigation of Genualdi
et al. (2014) on partition coefficients has shown for example that the
transfer of SDT to food simulants is low. Migration of SDT from PS into
20% or 50% ethanol is generally below 200 μg/6 dm2 (with higher
values obtained for 95% ethanol) and below ∼60 μg/person/d in dif-
ferent food items (Table 3). This indicates that only a small proportion
of SDT present in PS polymer will actually migrate into food and food
simulants.

Due to the large number of manufacturers of PS and the range of
products in the marketplace a prerequisite for risk assessment of SDT is
that virtually all different Di and Tri have been accounted for when
analyzing migrates or PS materials. Overall, nearly 30 samples from
food simulants, about 100 food items (Table 3) and about 180 different
PS materials (Table 2) have been analyzed. The total dataset is complex
but overall the Di and Tri identified and the levels reported give a re-
presentative picture of all oligomers potentially migrating as NIAS from
PS food contact materials.

Klärner et al. (1998) and Fail et al. (1998) measured the total
amounts of Di and Tri without further specification of the single che-
mical entities. On the other hand, the vast majority of the other studies
specifically measured each Di and Tri separately. It had been shown by
Prinsen and Gouko (2001) and Nakai et al. (2014) that the sum of these
Di and Tri represented about 90% of the total SDT and Weel (2016a)
could not find any oligomers with a molecular weight higher than that
of Tri. It was verified that all studies quantifying the single Di and Tri
entities included the quantitatively most important SDT. In PS materials
and migrates the concentrations of Di always were much lower than
those of Tri and the quantitatively most important single substances
was NST-03 (and thereof the isomers NST-03-2 and NST-03-1), fol-
lowed by NST-01, NSD-01 and NSD-09. On the other hand, the con-
centrations of D1, NST-02, NSD-08, NST-12, and NST-13 were negli-
gible reaching rarely more than 1% of the sum of SDT. In all studies that
were used for this assessment the isomers exceeding about 1% of the
total SDT were quantified. Thus, a broad database is available with
analytical information for the chemical entities of Di and Tri migrating
into food or food simulants and especially for their concentrations in
GPPS and HIPS.

Based on these analytical data the likely consumer exposure is es-
timated in a tiered approach with 3 levels of increased refinement. The
first tier is a conservative approach using SDT migration from PS food
packaging materials into food simulants, predominantly 50% ethanol,
10 d, 40 °C.a It is assumed that an adult person consumes 1 dm3 (1 kg)
of food packaged in 6 dm2 of PS food packaging material, every day.
Tier 2 is based on measured SDT concentrations in actual food, again
using an assumed daily food consumption of 1 kg food/adult/d. This
strategy has an important drawback in that most analyses were done on
Japanese food items that clearly differ from European or Western
dietary habits. Tier 1 and 2 are based on the very conservative and quite
unrealistic premise that all food items are packaged in PS and as such
are daily ingested over life time while different consumer habits, var-
iations during different seasons and preferences at different ages are not
taken into account. Therefore, as tier 3 the FACET (2017) methodology
is applied which incorporates a probabilistic modelling of food con-
sumption habits. In the FACET approach measured migration into food
or food simulants is substituted by modelling the transfer of Di and Tri
from PS packaging into the different food items under consideration.
Also, since manufacture of PS food packaging materials is virtually the
same in different regions of the world and has not been changed over
many years, the FACET methodology can rely on a very large data base
of SDT concentrations in PS including many studies from Japan.

Derivation of ADI or SML: In terms of establishing an ADI or SML it is
an unavoidable fact that for most NIAS there will not be comprehensive
toxicology data available upon which to reliably establish a point of

departure. The absence of robust data, e.g. equivalent to that generally
becoming available for existing substances, combined with difficulties
in isolating test materials in sufficient purity and quantities for con-
ventional toxicity testing forces risk assessors to look to using other, less
data demanding, approaches such as the concept of TTC.

In the case of SDT there is a well conducted Reproductive and
Developmental Toxicity study which allows a comparison of the “con-
ventional” approach with that of TTC. Basing the ADI or SML solely
upon the published study of Nagao et al. (2000) (NA-study) was judged
insufficient as the study design did not meet the general requirements
for repeated dose studies. But the identified weaknesses were not con-
sidered as being of sufficient importance as to preclude the use of the
study and a NOAEL of 1mg/kg bw/d was identified. Application of
assessment factors of EFSA (2012a) and ECHA (2012) led to a safe
exposure level of 1 μg/kg bw/d. The use of these assessment factors is
justified because it has been demonstrated that SDT do not accumulate
in mammals and are not genotoxic in bacterial and mammalian cell
tests. Similarly, these findings enable using the TTC proposed by EFSA
(2012b) and inclusion of SDT into Cramer class II + III with its asso-
ciated TTC of 1.5 μg/kg bw/d. This is further supported by the weight
of evidence assessment that SDT are not to be considered as endocrine
disruptors (Gelbke et al., 2018). The modification to the TTC approach
proposed by Leeman et al. (2014) is considered justified since SDT are
clearly not organophosphates, carbamates and organohalogens.
Thereby the TTC of 4 μg/kg bw/d is used in place of 1.5 μg/kg bw/d for
Cramer class II + III as currently recommended by EFSA (2012b).

It is noted that the TTC approach has some inbuilt conservativism,
too. It is based on the distribution of the NOAELs of single compounds.
Such a distribution will overestimate the probability of high toxicity for
mixtures since the TTC value of 4 μg/kg bw/d implies that every com-
ponent will have the NOAEL of 4 μg/kg bw/d. Even if each oligomer of
SDT has a 5% chance of having a NOAEL as low as 4 μg/kg bw/d, the
probability that all oligomers have such low NOAELs is much smaller
than 5%. Price et al. (2009) have analyzed this phenomenon. It is dif-
ficult to assess in detail as to how much these considerations may affect
the evaluation of SDT. SDT were divided into 2 groups, the Di and Tri,
with Tri being quantitatively more important than Di. If the Di and Tri
are considered as two groups with similar migration properties within,
but different properties between both groups (as may be gleaned by the
data of Genualdi et al., 2014) the TTC may be presumed to be driven
predominantly by Tri and the modifying effect of Di may be relatively
small.

Risk assessment and MoS: The MoS for consumers potentially ex-
posed to SDT is calculated by comparison of the “safe exposure” levels
(ADI, SML and TTC) with estimates for potential exposure via food.

As shown in Table 3 MoS>1 are obtained in all assessments based
upon migration measurements and the TTC of 240 μg/person/d, apart
from the simulant 95% ethanol which is thought to be unsuitable as it is
likely affecting the integrity of the PS samples and apart from a HIPS
sample analyzed by OFI (2017b). It is not fully understood why this
HIPS sample gave high migration results other than it possibly being
due to aging of the sample. Also, the large difference in MoS obtained
by migration into 95% ethanol and the FACET methodology strongly
indicates that 95% ethanol is not an appropriate food simulant and
largely exaggerates migration. Specifically, for exposures derived by
migration from GPPS and HIPS into 50% ethanol (10 d, 40 °C) the MoS
are between 1.02 and > 22 (apart from the one HIPS sample of OFI,
2017b). As to be expected, migration into 20% ethanol is lower than
into 50% ethanol and produced higher MoS for both GPPS and HIPS.
With migration conditions selected by BfR (2016), namely 50% ethanol
over 2 h at 70 °C, the MoS is 4.7 and at room temperature 18.5 showing
that migration, as expected, is temperature dependent. Similarly, MoS
of> 1 are obtained for SDT concentrations measured in Japanese-type
food items (MoS of 3.8–480) and several food items from the US
(MoS>48).

Most importantly, MoS well above 1 are obtained for the French
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population and for UK children using the FACET (2017) methodology
(95th percentile/mean) as tier 3 for a large variety of food PS packaging
materials. In risk assessment, the 95th upper percentiles are typically
viewed as most important. However, Table 4 shows that the mean ex-
posure is higher than the 95th percentile. This indicates the mean ex-
posure results from a minority of food consumers with relative high
exposure. Nevertheless, the MoS is always well above 1 for the French
population both for the mean as well as for the 95th percentile (453 and
637) and even for the mean of the UK children population (441). This
strongly suggests that SDT migration from food packaging materials is
unlikely to adversely affect consumer health.

The oligomers are estimated to mainly migrate from the Plastic
Tray/Pot/Tub/Cup food packaging material. As shown in summary
Table 5 the main source of the estimated exposure is related to the
consumption of fish and fish products, molluscs, crustaceans and
echinoderms. This might be surprising as the biggest single application
of PS is yogurt pots. This may be explained by the high logKow of Di
and Tri, which would make migration to low-fat content foods such as
yogurt negligible. The added value of the FACET exposure assessment
has hereby been demonstrated, as FACET allows to easily explore the
relevance of other minority food-groups for the risk assessment related
to Di and Tri.

In summary, notwithstanding the high migration observed into 95%
ethanol, irrespective of the exposure assessment method used the MoS
always was clearly> 1 demonstrating that SDT in PS food packaging
do not present a risk for consumers.

This investigation demonstrated the utility of the TTC approach and
the FACET methodology to assessing NIAS such as oligomers. In addi-
tion, the value of the Leeman et al. (2014) modification has been de-
monstrated here supporting the recommendation that if the chemical
structures allow, the 4 μg/kg bw/d threshold for Cramer class II + III as
proposed by Leeman et al. (2014) should be more widely adopted.
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