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Abstract

The German Commission for the Investigation of Health Hazards of Chemical Compounds in the Work Area
has derived biological reference values (BAR) and re-evaluated the exposure equivalents for carcinogenic sub-
stances (EKA) for the urinary benzene metabolites S-phenylmercapturic acid, t,t-muconic acid and benzene in
2016. Available publications are described in detail.

The existing exposure equivalents for carcinogenic substances (EKA) for the benzene metabolites were
re-evaluated and extended especially to the low-exposure range. For the parameter benzene in urine, new EKA
were established.

Taking results of studies into consideration with persons of the general population not occupationally exposed
to benzene, with sufficient number of cases and current biomonitoring methods, biological reference values
(BAR) of 0.3 ug S-phenylmercapturic acid/g creatinine, 150 pg t,t-muconic acid/g creatinine and 0.3 pg ben-
zene/L urine were established. Sampling time is at the end of exposure or the end of the working shift.

Keywords

benzene; BAT value; EKA; exposure equivalent for carcinogenic substances; occupational exposure; biological
tolerance value; toxicity
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EKA (2016) Correlations between external and internal exposure:
Air Urine
Benzene S-Phenyl- t,t- Ben-
mercapturic | Muconic zene
acid acid
[mL/m?] ([mg/m?] [ng/g [ng/g | [ng/L]
creatinine] |creatinine]
0.03 0.1 1.5% - 0.5%
0.06 0.2 3* - 0.8*
0.15 0.5 5 - 1.5
0.3 1.0 12 300 2.75
0.6 2.0 25 500 5.0
1.0 33 45 750 7.5
2.0 6.5 920 1200 12.5

* non-smokers only

Sampling time: end of exposure or end of shift

BAR (2016) 0.3 ug S-phenylmercapturic acid/g creatinine
150 pg t,t-muconic acid/g creatinine
0.3 ug benzene/L urine

Sampling time: end of exposure or end of shift

MAK value (1971) not established

Absorption through H
the skin (1973)

Carcinogenicity Category 1
(1971)

The Commission classified benzene as a Category 1 carcinogen in 1971. The EKA
correlations for the parameters benzene in blood and urinary phenol, published in
1984, were re-evaluated in 1993, and a correlation to the parameters benzene in
blood as well as S-phenylmercapturic acid (SPMA) and t,t-muconic acid (t,t-MA)
in urine was derived. In 2014, the correlation for benzene in blood was suspended
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since the determination of benzene in blood has several shortcomings in practice,
while the metabolites SPMA and t,t-MA constitute reliable parameters. Within the
framework of this evaluation, the existing EKA correlations were re-evaluated and
complemented, in particular in the low-dose range, and a new EKA correlation for
the parameter urinary benzene was derived.

In addition, biological reference values (BAR) for SPMA, t,t-MA and benzene in
urine were evaluated.

11 Re-evaluation of the EKA correlation

So far, the EKA correlations for SPMA and t,t-MA have been derived from studies
by van Sittert et al. (1993) and Ducos et al. (1992) for a range of 0.3—-6 mL ben-
zene/m? in air, and in consideration of a general background of 1 mg/L for t,t-MA
(Lehnert and Greim 1996). As most national and international threshold values for
airborne benzene concentrations are in the range of up to 1 mL/m?, it seems appro-
priate to adapt EKA correlations to this low-concentration range.

The evaluation included studies involving occupational exposure, measurement of
airborne benzene concentrations and analysis of at least one of the following uri-
nary biomarkers: SPMA, t,t-MA or unmetabolized benzene (see Table 11 of the
Appendix). The derivation of EKA correlations in the low-dose range was exclusive-
ly based on data of non-smoker groups. Information on the smoking status was
therefore obligatory for including these groups into the evaluation.

11.1  Evaluation of an EKA correlation for S-phenylmercapturic acid
(SPMA)

As different analytical methods were applied in these studies, which did not yield
comparable results, the next step was to consider only studies using a LC-MS/MS
method for the evaluation of the SPMA correlation. Studies using an ELISA meth-
od for SPMA determination were excluded (Fracasso et al. 2010; Fustinoni et al.
2005). In the studies by Campagna et al. (2012) (LC-MS) and Ciarocca et al. (2012 a,
b) (GC-MYS), the results were below or near the detection limit of the method, which
is why these studies were not taken into account in the evaluation.

Table 1 shows all the studies that meet the above-mentioned inclusion criteria and
that used LC-MC/MS to measure the parameter.

A description of the essential information provided by these studies can be found in
Table 11. A comparison of the studies by Manini et al. (2006) and Manini et al.
(2008) shows that the SPMA concentrations differ by a factor of 5 for almost iden-
tical airborne benzene concentrations, which appears implausible. As the results of
the study by Manini et al. (2008) are more in line with the results of the other stud-
ies, the study by Manini et al. (2006) was not taken into account in the evaluation.
For the parameter SPMA, the results of Manini et al. (2008), Carrieri et al. (2010),
Angelini et al. (2011) and Mansi et al. (2012) were thus used to establish a correla-
tion in the range of 0.03—0.06 mL benzene/m? air and the corresponding urinary
SPMA concentration.

The MAK Collection for Occupational Health and Safety 2019, Vol 4, No 1
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Table 1: Overview of studies in which the concentrations of benzene in air and of SPMA in the
urine of non-smokers were analysed (urinary analysis by LC-MS/MS)

References Benzene in air SPMA in urine Value
[mg/m?] [ng/g creatinine]
Angelini et al. 2011 0.02055 0.35 median
0.03248 0.69 maximum
0.01398 0.21 minimum
Manini et al. 2006 0.006 2.14 geom. mean
0.0077 4.01 68" percentile
Manini et al. 2008 0.0061 0.42 median
0.0095 1.07 75% percentile
0.0003 0.2 25 percentile
Maestri et al. 2005 0.0114 1.2 mean
0.0327 2.1 68" percentile
Carrieri et al. 2010 0.0132 0.48 median
0.0561 1.14 mean
Mansi et al. 2012 0.0368 0.84 mean

On the basis of this data, the following correlation can be established:

SPMA [pg/g crea] = 13.215 » airborne benzene [mg/m?] + 0.3225
Pearson’s R = 0.662, p = 0.052

The resulting EKA correlation in the low-dose range for the biomarker SPMA is as
follows (Table 2).

It is important to consider that the EKA correlation in the low-dose range is de-
rived only for non-smokers. As benzene concentrations increase, the significance of
an additional benzene uptake induced by tobacco smoke decreases. Therefore, the
correlation derived by van Sittert et al. (1993) is still applied in the range from above
0.15 mL/m3 to 2 mL/m? (Table 3).
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Table 2: EKA correlation in the low-dose range for the biomarker SPMA

Benzene in air SPMA in urine
[mL/m3] [mg/m?] [ug/g creatinine]
0.03 0.1 1.5*
0.06 0.2 3"

B
non-smokers only

Table 3: EKA correlation derived by van Sittert et al. (1993) in the range from above 0.15 mL/m?
to 2 mL/m?3 for the biomarker SPMA

Benzene in air SPMA in urine
[mL/m?3] [mg/m?3] [ug/g creatinine]
0.15 0.5 5
0.3 1.0 12
0.6 2.0 25
1.0 3.3 45
2.0 6.5 90

11.2 Evaluation of an EKA correlation for t,t-muconic acid (t,t-MA)

Table 4 and Figure 1 show studies in which airborne benzene and urinary t,t-MA
concentrations were determined in the low-dose range. Particularly in the low-dose
range, the parameter t,t-MA is nonspecific and the validity of the parameter is lim-
ited.

In the low-dose range, the individual values are widely dispersed, so that no cor-
relation can be derived for t,t-MA in the range below 0.3 mL benzene/m? air.

Therefore, a correlation for the parameter t,t-MA is only established for benzene
concentrations exceeding 0.3 mL/m? air, and it is derived from a correlation to
SPMA.

Bader et al. (2012, 2014) reported on the results of several studies in workers en-
gaged in maintenance work at chemical plants for steam cracking and the synthesis
of aromatic compounds. Within the framework of these studies, post-shift urine
samples of the workers from two plants were analysed for the three urinary bio-
markers t,t-MA, SPMA and benzene in 2011, with no distinction being made be-
tween smokers and non-smokers. Moreover, 79 urine samples from a control group
not occupationally exposed to benzene were analysed in 2009. Results of benzene
concentrations in workplace air were not available.

The MAK Collection for Occupational Health and Safety 2019, Vol 4, No 1
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Figure 1 Correlation between the airborne benzene concentration and the concentration of
t,t-muconic acid in the urine of non-smokers (studies from Table 4)

Table 4: Overview of studies in which the concentrations of benzene in air and of t,t-MA in the
urine of non-smokers were analysed

References Benzene in air t,t-MA in urine Value
[mg/m?] [pg/g creatinine]
Carrieri et al. 2010 0.0553 74.7 mean
0.013 52.1 median
Ciarrocca et al. 2012 a 0.0125 63.0 mean
0.0116 47.8 mean
<LOD (0,_(_)016 ug/L) 320 mean
Fracasso et al. 2010 0.0625 103.5 median
0.0801 109.6 median
0.0333 108.5 median
Campagna et al. 2012 0.03 26.9" median
Fustinoni et al. 2005 0.021 43.8% median
0.022 63.1% median
0.061 37.7% median
Manini et al. 2006 0.006 122.0 mean
Manini et al. 2008 0‘(-)-061 386 m;z-dian
Mansi et al. 2012 0.0368 63.9 mean
Carrer et al. 2000 0.021 33.8" median

* The t,t-MA concentration given in pug/L in the original study was converted into pg/g creatinine
based on a mean creatinine concentration of 1.3 g creatinine/L
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Correlation analyses for the three biomarkers from a total of 372 urine samples
(creatinine concentration between 0.3-3.0 g/L, all biomarkers above the respective
detection limit) yielded the following results (Bader et al. 2012):

t,t-MA [mg/g crea] = 0.025 (0.001) « SPMA [pug/g crea] + 0.064 (0.019)

Spearman’s R = 0.753, p < 0.001
After logarithmic transformation:

log t,t-MA [mg/g crea] = 0.574 (0.022) « log SPMA [ug/g crea] — 1.166 (0.031)

Pearson’s R = 0.697, p < 0.001

Hence, the two biomarkers correlate very well. The linear evaluation yields a t,t-
MA concentration of 689 pg/g creatinine for an SPMA concentration of 25 pg/g
creatinine. Logarithmic plotting and analysis yields a t,t-MA concentration of
433 pg/g creatinine.

As for the correlation between t,t-MA and SPMA, the evaluations by Bader et al.
(2014) under the same conditions (n = 172 samples) yielded the following results:

log t,t-MA [mg/g crea] = 0.619 (0.043) « log SPMA [pug/g crea] — 1.162 (0.036)

Pearson’s R = 0.743, p < 0.001

An SPMA concentration of 25 ug/g creatinine thus corresponds to a t,t-MA con-
centration of about 500 pg/g creatinine (405—630 pg/g creatinine).

Taking the EKA correlation for airborne benzene and the urinary SPMA excretion
as well as the results by Bader et al. (2012, 2014) as a basis, the resulting EKA cor-
relation for t,t-MA is as follows (see Table 5).

11.3  Evaluation of an EKA correlation for urinary benzene

There are currently 4 studies in which urinary benzene was analysed in the low-
dose range and in which the non-smoking status is specifically mentioned
(Campagna et al. 2012; Fustinoni et al. 2005; Manini et al. 2006, 2008) (see Table 6).

Table 5: EKA correlations from the results by Bader et al. (2012, 2014)

Benzene in air t,t-MA
[mL/m3] [mg/m?] [ug/g creatinine]
0.3 1.0 300
0.6 2.0 500
1.0 3.3 750
2.0 6.5 1200

The MAK Collection for Occupational Health and Safety 2019, Vol 4, No 1
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Table 6: Studies measuring the urinary benzene concentration in non-smokers and airborne
benzene concentration

References Benzene in air Benzene in urine
[mg/m?] [ng/L]
Manini et al. 2008 0.0061 160
Campagna et al. 2012 0.03 267
Fustinoni et al. 2005 0.022 151
0.061 342

Here again, the study by Manini et al. (2006) stands out as it yields other results at
a similar air concentration. It is therefore again not taken into account in the evalu-
ation. After excluding this study, correlation is good:

Urinary benzene [ng/L] = 3619.7 ¢ airborne benzene [mg/m?] + 122.22

Pearson’s R = 0.914, p = 0.086

The following EKA correlation for low-dose urinary benzene in non-smokers can
be calculated on the basis of these studies (see Table 7).

At higher concentrations, there are no studies available regarding the correlation
between airborne benzene and urinary benzene. If the urinary benzene concentra-
tions are correlated with urinary SPMA or t,t-MA concentration (not with concen-
trations in air), the data obtained by Bader et al. (2012) yield the following correla-
tions: (Pearson’s R, all p < 0.001, after log transformation of the biomarker
concentrations) (see Table 8).

Urinary benzene thus correlates with the two established biomarkers t,t-MA and
SPMA both for volume-related measurement and after creatinine adjustment.

According to Bader et al. (2012), the correlation between the creatinine-adjusted
concentrations of SPMA and benzene in urine is as follows:

log benzene [pug/g crea] = 0.797 (0.049) « log SPMA [pg/g crea] - 0.531 (0.035)

Hence, for an SPMA concentration of 25 ug/g creatinine, a benzene concentration
of 3.8 pg/g creatinine can be expected. With a mean creatinine concentration of
1.3 g/L, this corresponds to approximately 4.94 ug benzene/L urine.

Taking into account the studies by Bader et al. (2012, 2014) as well as the reference
to SPMA (not to air), the following EKA correlations for urinary benzene can be
derived (see Table 9).

11.4 Summary

For the urinary biomarkers SPMA, t,t-MA and benzene, there are the following
correlations between external and internal exposure (see Table 10).
Sampling should be performed at the end of exposure or at the end of the shift.
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Table 7: EKA correlation for low-dose urinary benzene in non-smokers

Benzene in air Benzene in urine
[mL/m?] [mg/m’] [ug/L]
0.03 0.1 0.48
0.06 0.2 0.83

Table 8: Data obtained by Bader et al. (2012) show correlations between urinary benzene con-
centrations and the urinary SPMA or t,t-MA concentration

t,t-MA t,t-MA SPMA SPMA
[mg/L] [mg/g creatinine] [ng/L] [ug/g creatinine]
Benzene in urine 0.562 0.462 0.673 0.553
[pg/L]
Benzene in urine 0.434 0.503 0.615 0.644
[ug/g creatinine]

Table 9: EKA correlations for urinary benzene

Benzene in air Benzene in urine
[mL/m?] [mg/m?] [mg/L]
0.15 0.5 1.5
0.3 1.0 2.75
0.6 2.0 5.0
1.0 3.3 7.5
2.0 6.5 12.5

Table 10: EKA correlations for the urinary biomarkers SPMA, t,t-MA and benzene

Air Urine
Benzene S-Phenylmercapturic acid t,t-Muconic acid Benzene
[mL/m3] [mg/m?] [ug/g creatinine] [ug/g creatinine] [ug/L]
0.03 0.1 1.5% - 0.5"
0.06 0.2 3* - 0.8*
0.15 0.5 5 - 1.5
0.3 1.0 12 300 2.75
0.6 2.0 25 500 5.0
1.0 3.3 45 750 7.5
2.0 6.5 90 1200 12.5

* non-smokers only

The MAK Collection for Occupational Health and Safety 2019, Vol 4, No 1
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12  Derivation of Biological Reference Values (BAR)

Information on the background exposure is available for all three biomarkers
(SPMA in urine, t,t-muconic acid in urine, benzene in urine). Table 12 of the Ap-
pendix provides an overview of the biomonitoring results for the background levels
of these biomarkers in the general population.

12.1  Derivation of a Biological Reference Value for S-phenylmercap-
turic acid in urine

There are data available from several studies on the background levels of SPMA. If
the focus is set on studies involving LC-MS/MS methods and sufficiently large sam-
ple sizes, in particular the studies by Schettgen et al. (2008 a) (n = 56 non-smokers),
Schettgen et al. (2010 a) (n = 43 non-smokers), and Scherer et al. (2007)
(n = 100 non-smokers) should be taken into account. In the study by Schettgen et al.
(2010 a), the 95™ percentile is 0.31 ug SPMA/g creatinine; in the study by Schettgen
et al. (2008 a), it is 0.29 ug SPMA/g creatinine and in the study by Scherer et al.
(2007), the 95" percentile is 0.5 pg SPMA/24h (= 0.3-0.5 pg/g taking into account
the average creatinine excretion of 1.0-1.6 g/24h (Lehnert and Greim 2000). In the
study by Campagna et al. (2012), the 75" percentile for the excretion of SPMA
among 51 non-smokers from the general population was found to be approximate-
ly 0.15 pg SPMA/g creatinine. It is only the study by Bader et al. (2014 a) that
specifies a 95" percentile of 3.3 uyg SPMA/g creatinine for the urine samples of
69 non-smokers of a control group analysed by HPLC-MS within the framework of
a workplace study (Bader 2017).

Based on the analytical results of the studies by Schettgen et al. (2008 a, 2010 a)
and Scherer et al. (2007),

a BAR of 0.3 pg S-phenylmercapturic acid/g creatinine

is derived.

12.2  Derivation of a Biological Reference Value for t,t-muconic acid
in urine

With respect to the parameter t,t-muconic acid, there are data available from sever-
al studies on the background exposure of persons non-occupationally exposed to
benzene. Taking into account sufficiently large sample sizes, the key figures speci-
fied (mostly no 95" percentiles specified) and qualitative aspects, especially the
studies by Aprea et al. (2008) (n = 264 non-smokers), Scherer et al. (2007)
(n = 100 non-smokers) and Schettgen et al. (2010 b ) (n = 33) are particularly con-
clusive. In the study by Aprea et al. (2008), the 95 percentile for the urinary excre-
tion of t,t-muconic acid is found to be 143 pg/g creatinine; in the study by Schettgen
et al. (2010 b), it is 135 pg t,t-muconic acid/g creatinine. Scherer et al. (2007) found
a 90™ percentile of 228 pug t,t-muconic acid/24h (~ 143-228 pg/L).
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In the study by Bader et al. (2014, 2017) a 95" percentile of 105 pg/g creatinine was
found for the 69 non-smokers examined.

Based on the studies by Aprea et al. (2008), Scherer et al. (2007) and Schettgen
et al. (2010 b),

a BAR of 150 pg t,t-muconic acid/g creatinine

is derived.

12.3 Derivation of a Biological Reference Value for benzene in urine

There are data available from few studies in which the concentration of the param-
eter benzene in urine was analysed as a measure of the background exposure of the
non-occupationally exposed population to benzene. In the study by Campagna
et al. (2014), the 95™ percentile of urinary benzene in 86 non-smokers was found to
be 311 ng/L. In the study by Campagna et al. (2012), the 75" percentile of urinary
benzene in 51 non-smokers was 176 ng/L. Pezzagno et al. (1999) specified a mean
value of 248.5 ng benzene/L urine with a standard deviation of 114.4 in 10 subjects.
Fustinoni et al. (2005) determined a median of 133 ng benzene/L in the urine of
34 non-smokers. Taking into account the available study results and the sample
sizes and taking in particular the study by Campagna et al. (2014) as a basis,

a BAR of 300 ng benzene/L urine

is derived.

The MAK Collection for Occupational Health and Safety 2019, Vol 4, No 1
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