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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 µg S-phenylmercapturic acid/g creatinine, 150 µg t,t-muconic acid/g creatinine and 0.3 µg ben-
zene/L urine were established. Sampling time is at the end of exposure or the end of the working shift.
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EKA (2016) Correlations between external and internal exposure:

Air
Benzene

Urine

S-Phenyl-
mercapturic 

acid

t,t-
Muconic 

acid

Ben
zene

[mL/m3] [mg/m3] [µg/g 
creatinine]

[µg/g 
creatinine]

[µg/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

Sampling time: end of exposure or end of shift 

BAR (2016) 0.3 µg S-phenylmercapturic acid/g creatinine

150 µg t,t-muconic acid/g creatinine

0.3 µg benzene/L urine

Sampling time: end of exposure or end of shift 

MAK value (1971) not established 

Absorption through 
the skin (1973)

H

Carcinogenicity 
(1971)

Category 1 

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/m3 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/m3, 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-MS), 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/m3 air and the corresponding urinary 
SPMA concentration.
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On the basis of this data, the following correlation can be established:

SPMA [µg/g crea] = 13.215 • airborne benzene [mg/m3] + 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/m3 (Table 3).

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/m3] [µg/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 68th percentile

Manini et al. 2008 0.0061 0.42 median

0.0095 1.07 75th percentile

0.0003 0.2 25th percentile

Maestri et al. 2005 0.0114 1.2 mean

0.0327 2.1 68th percentile

Carrieri et al. 2010 0.0132 0.48 median

0.0561 1.14 mean

Mansi et al. 2012 0.0368 0.84 mean
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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/m3 air.

Therefore, a correlation for the parameter t,t-MA is only established for benzene 
concentrations exceeding 0.3 mL/m3 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.

Table 2:	 EKA correlation in the low-dose range for the biomarker SPMA

Benzene in air SPMA in urine

[mL/m3] [mg/m3] [µg/g creatinine]

0.03 0.1 1.5*

0.06 0.2 3*

* non-smokers only

Table 3:	 EKA correlation derived by van Sittert et al. (1993) in the range from above 0.15 mL/m3 
to 2 mL/m3 for the biomarker SPMA

Benzene in air SPMA in urine

[mL/m3] [mg/m3] [µg/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
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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/m3] [µg/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 (0.0016 µg/L) 32.0 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 0.0061 38.6 median

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 µg/L in the original study was converted into µg/g creatinine 
based on a mean creatinine concentration of 1.3 g creatinine/L 

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)
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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 [µg/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 [µg/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 µg/g creatinine for an SPMA concentration of 25 µg/g 
creatinine. Logarithmic plotting and analysis yields a  t,t-MA concentration of 
433 µg/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 [µg/g crea] − 1.162 (0.036)

Pearson’s R = 0.743, p < 0.001

An SPMA concentration of 25 µg/g creatinine thus corresponds to a t,t-MA con-
centration of about 500 µg/g creatinine (405–630 µg/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/m3] [µg/g creatinine]

0.3 1.0 300

0.6 2.0 500

1.0 3.3 750

2.0 6.5 1200
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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/m3] + 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 [µg/g crea] = 0.797 (0.049) • log SPMA [µg/g crea] − 0.531 (0.035)

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

Table 6:	 Studies measuring the urinary benzene concentration in non-smokers and airborne 
benzene concentration

References Benzene in air Benzene in urine

[mg/m3] [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
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Table 7:	 EKA correlation for low-dose urinary benzene in non-smokers

Benzene in air Benzene in urine
[mL/m3] [mg/m3] [µg/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] [µg/L] [µg/g creatinine]

Benzene in urine 
[µg/L]

0.562 0.462 0.673 0.553

Benzene in urine 
[µg/g creatinine]

0.434 0.503 0.615 0.644

Table 9:	 EKA correlations for urinary benzene

Benzene in air Benzene in urine
[mL/m3] [mg/m3] [µg/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/m3] [µg/g creatinine] [µg/g creatinine] [µg/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
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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 95th percentile is 0.31 µg SPMA/g creatinine; in the study by Schettgen 
et al. (2008 a), it is 0.29 µg SPMA/g creatinine and in the study by Scherer et al. 
(2007), the 95th percentile is 0.5 µg SPMA/24h (≈ 0.3–0.5 µg/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 75th percentile for the excretion of SPMA 
among 51 non-smokers from the general population was found to be approximate-
ly 0.15 µg SPMA/g creatinine. It is only the study by Bader et  al. (2014  a) that 
specifies a  95th percentile of 3.3 µg 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 µg 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 95th 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 95th percentile for the urinary excre-
tion of t,t-muconic acid is found to be 143 µg/g creatinine; in the study by Schettgen 
et al. (2010 b), it is 135 µg t,t-muconic acid/g creatinine. Scherer et al. (2007) found 
a 90th percentile of 228 µg t,t-muconic acid/24h (≈ 143–228 µg/L).
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In the study by Bader et al. (2014, 2017) a 95th percentile of 105 µg/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 µg 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 95th percentile of urinary benzene in 86 non-smokers was found to 
be 311 ng/L. In the study by Campagna et al. (2012), the 75th 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.



Addendum to Benzene 211

Ta
bl

e 
11

:	S
tu

dy
 g

ro
up

s 
oc

cu
pa

tio
na

lly
 e

xp
os

ed
 to

 b
en

ze
ne

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

A
ng

el
in

i e
t a

l. 
20

11
Po

lic
em

en
, t

ot
al

70
19

.3
3 

µg
/m

3

(1
3.

46
–3

1.
41

)
0.

38
(0

.2
5–

0.
70

)
M

ed
ia

n 
(r

an
ge

)

In
do

or
 w

or
ke

rs
, t

ot
al

40
2.

95
 µ

g/
m

3

(1
.4

3–
7.

55
)

0.
15

(0
.1

5–
0.

34
)

M
ed

ia
n 

(r
an

ge
)

Po
lic

em
en

N
on

-s
m

ok
er

s
50

20
.5

5 
µg

/m
3

(1
3.

98
–3

2.
48

)
0.

35
(0

.2
1–

0.
69

)
M

ed
ia

n 
(r

an
ge

)

In
do

or
 w

or
ke

rs
N

on
-s

m
ok

er
s

25
2.

20
 µ

g/
m

3

(1
.4

–9
.3

)
0.

15
(0

.1
5)

M
ed

ia
n 

(r
an

ge
)

A
ra

ya
sir

i 
et

 a
l. 

20
10

Po
lic

em
en

 o
ut

do
or

N
on

-s
m

ok
er

s
24

38
.6

2 
µg

/m
3

(1
5.

46
–6

8.
77

)
0.

45
(0

.1
6–

1.
21

)
83

.0
0

(1
6.

0–
26

1)
M

ed
ia

n 
(r

an
ge

), 
po

st
-s

hi
ft

Po
lic

em
en

 in
do

or
N

on
-s

m
ok

er
s

24
6.

17
 µ

g/
m

3

(3
.5

7–
14

.1
4)

0.
44

(0
.1

1–
0.

86
)

32
.0

0
(5

.0
–1

00
)

Bo
og

aa
rd

 
an

d 
va

n 
Si

tte
rt

 1
99

6

W
or

ke
rs

 in
 

pe
tr

oc
he

m
ic

al
 

in
du

st
rie

s

58
1 

m
L/

m
3  

(3
.2

5 
m

g/
m

3 )
21

 µ
m

ol
/m

ol
 

cr
ea

(4
4.

4 
µg

/g
 c

re
a)

1.
5 

m
m

ol
/m

ol
 c

re
a

(1
88

5 
µg

/g
 c

re
a)

Va
lu

es
 c

al
cu

la
te

d 
fr

om
 

re
gr

es
sio

n 
lin

e

C
on

tr
ol

 g
ro

up
Sm

ok
er

s
14

1.
71

 µ
m

ol
/m

ol
 

cr
ea

(3
.6

1 
µg

/g
 c

re
a)

0.
04

6 
m

m
ol

/m
ol

 
cr

ea
(5

8 
µg

/g
 c

re
a)

C
on

tr
ol

 g
ro

up
N

on
-s

m
ok

er
s

38
0.

94
 µ

m
ol

/m
ol

 
cr

ea
(2

.0
 µ

g/
g 

cr
ea

)

0.
02

9 
m

m
ol

/m
ol

 
cr

ea
(3

6 
µg

/g
 c

re
a)



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

BAT Value Documentations 2019212

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

C
am

pa
gn

a 
et

 a
l. 

20
12

O
il 

re
fin

er
y 

w
or

ke
rs

32
25

.2
 µ

g/
m

3
0.

14
 µ

g/
L

52
 µ

g/
L

39
1

O
il 

re
fin

er
y 

w
or

ke
rs

N
on

-s
m

ok
er

s
19

30
 µ

g/
m

3
< 

LO
D

35
 µ

g/
L

26
7

O
il 

re
fin

er
y 

w
or

ke
rs

Sm
ok

er
s

13
16

 µ
g/

m
3

0.
2 

µg
/L

92
 µ

g/
L

43
1

G
en

er
al

 p
op

ul
at

io
n

65
9 

µg
/m

3
0.

2 
µg

/L
25

 µ
g/

L
12

6

G
en

er
al

 p
op

ul
at

io
n

N
on

-s
m

ok
er

s
51

6 
µg

/m
3

0.
1 

µg
/L

#
25

 µ
g/

L
12

0

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

14
10

 µ
g/

m
3

0.
5 

µg
/L

23
 µ

g/
L

81
9

C
ar

re
r e

t a
l. 

20
00

O
ffi

ce
 w

or
ke

rs
,

N
on

-s
m

ok
er

s
42

21
 µ

g/
m

3
44

 µ
g/

L

C
ar

ri
er

i e
t a

l. 
20

10
Pe

tr
oc

he
m

ic
al

 
in

du
st

ry
 o

pe
ra

to
rs

29
A

M
: 0

.0
14

14
5 

sa
m

pl
es

M
ed

ia
n:

 0
.0

03

A
M

: 2
.8

3
13

3 
sa

m
pl

es
M

ed
ia

n:
 0

.8
9

A
M

: 1
00

.9
8

13
3 

sa
m

pl
es

M
ed

ia
n:

 6
8.

49

G
oo

d 
co

rr
el

at
io

n
SP

M
A

 –
 a

ir 
an

d
t,t

-M
A

 –
 a

ir

Pe
tr

oc
he

m
ic

al
 

in
du

st
ry

 o
pe

ra
to

rs
Sm

ok
er

s

9
A

M
: 0

.0
08

M
ed

ia
n:

 0
.0

03
A

M
: 6

.0
2

M
ed

ia
n:

 3
.6

9
A

M
: 1

50
.6

6
M

ed
ia

n:
 1

38
.4

0

Pe
tr

oc
he

m
ic

al
 

in
du

st
ry

 o
pe

ra
to

rs
N

on
-s

m
ok

er
s

20
A

M
: 0

.0
17

M
ed

ia
n:

 0
.0

04
A

M
: 1

.1
4

M
ed

ia
n:

 0
.4

8
A

M
: 7

4.
72

M
ed

ia
n:

 5
2.

15

Ta
bl

e 
11

	(
co

nt
in

ue
d)



Addendum to Benzene 213

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

C
ar

ri
er

i e
t a

l. 
20

12
Pe

tr
oc

he
m

ic
al

 
w

or
ke

rs
28

A
M

: 3
4.

5 
µg

/m
3

17
3 

sa
m

pl
es

M
ed

ia
n:

 9
.2

A
M

: 1
.5

2
M

ed
ia

n:
 0

.5
4

A
M

: 1
04

.2
M

ed
ia

n:
 6

8.
6

sim
ila

r g
ro

up
 a

s i
n 

th
e 

st
ud

y 
by

 C
ar

ri
er

i e
t. 

al
. 

20
10

,
no

 si
gn

ifi
ca

nt
 in

flu
en

ce
 o

f 
th

e 
G

ST
T

1 
nu

ll 
ge

no
ty

pe
 

on
 S

PM
A

 e
xc

re
tio

n

Pe
tr

oc
he

m
ic

al
 

w
or

ke
rs

Sm
ok

er
s

6
A

M
 2

2.
4 

µg
/m

3

36
 sa

m
pl

es
M

ed
ia

n 
7.

0

A
M

: 3
.9

4
M

ed
ia

n:
 3

.5
3

A
M

: 1
24

.5
M

ed
ia

n:
 1

20
.2

Pe
tr

oc
he

m
ic

al
 

w
or

ke
rs

N
on

-s
m

ok
er

s

22
A

M
: 3

7.
7 

µg
/m

3

13
7 

sa
m

pl
es

M
ed

ia
n:

 1
0.

3

A
M

: 0
.8

8
M

ed
ia

n:
 0

.3
4

A
M

: 9
8.

8
M

ed
ia

n:
 5

6.
9

C
ia

rr
oc

ca
 

et
 a

l. 
20

12
 a

Tr
affi

c 
po

lic
em

en
,

Sm
ok

er
s ♂

34
A

M
: 3

.1
M

ed
ia

n:
 2

.5
(8

2.
3%

 <
 L

O
D

)

A
M

: 9
5.

9
M

ed
ia

n:
 7

4.
0

Tr
affi

c 
po

lic
em

en
,

N
on

-s
m

ok
er

s ♂
62

A
M

: 1
2.

5 
µg

/m
3

M
ed

ia
n:

 9
.4

5 
µg

/m
3

T
W

A

A
M

: 2
.9

M
ed

ia
n:

 1
.5

(8
8.

7%
 <

 L
O

D
)

A
M

: 6
3.

0
M

ed
ia

n:
 2

5.
0

Po
lic

e 
dr

iv
er

s,
Sm

ok
er

s ♂
21

A
M

: 3
.0

M
ed

ia
n:

 2
.5

(9
0.

4%
 <

 L
O

D
)

A
M

: 1
00

.1
M

ed
ia

n:
 8

5.
0

Po
lic

e 
dr

iv
er

s,
N

on
-s

m
ok

er
s ♂

22
A

M
: 1

1.
6 

µg
/m

3

M
ed

ia
n:

 1
2.

3 
µg

/m
3

T
W

A

A
M

: 3
.1

M
ed

ia
n:

 2
.5

(8
6.

4%
 <

 L
O

D
)

A
M

: 4
7.

8
M

ed
ia

n:
 2

5.
0

(6
8.

2%
 <

 L
O

D
)

Ta
bl

e 
11

	(
co

nt
in

ue
d)



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

BAT Value Documentations 2019214

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

Ro
ad

m
en

,
C

on
tr

ol
 g

ro
up

Sm
ok

er
s ♂

53
A

M
: 2

.7
M

ed
ia

n:
 2

.5
(9

4.
3%

 <
 L

O
D

)

A
M

: 7
8.

7
M

ed
ia

n:
 6

3
Ru

ra
l a

re
as

Ro
ad

m
en

,
C

on
tr

ol
 g

ro
up

N
on

-s
m

ok
er

s ♂

57
< 

1.
6 

µg
/m

3
A

M
: 2

.5
M

ed
ia

n:
 2

.5
(9

8.
2%

 <
 L

O
D

)

A
M

: 3
2.

0
M

ed
ia

n:
 2

5.
0

(8
4.

2%
 <

 L
O

D
)

Ru
ra

l a
re

as
,

t,t
-M

A
 m

ax
 9

4 
µg

/g
 c

re
a

C
ia

rr
oc

ca
 

et
 a

l. 
20

12
 b

Tr
affi

c 
po

lic
ew

om
en

,
N

on
-s

m
ok

er
s ♀

48
A

M
: 1

6.
7 

µg
/m

3

M
ed

ia
n:

 1
3.

5 
µg

/m
3

T
W

A

A
M

: 3
.5

M
ed

ia
n:

 2
.5

A
M

: 6
2.

0
M

ed
ia

n:
 2

5.
0

Po
lic

e 
dr

iv
er

s,
N

on
-s

m
ok

er
s ♀

21
A

M
: 1

8.
7 

µg
/m

3

M
ed

ia
n:

 1
5.

4 
µg

/m
3

T
W

A

A
M

: 3
.4

M
ed

ia
n:

 2
.5

A
M

: 6
1.

8
M

ed
ia

n:
 2

5.
0

Ro
ad

w
om

en
, 

C
on

tr
ol

 g
ro

up
N

on
-s

m
ok

er
s ♀

22
< 

1.
6 

µg
/m

3
A

M
: 2

.8
M

ed
ia

n:
 2

.5
A

M
: 4

0.
8

M
ed

ia
n:

 2
5.

0

Fr
ac

as
so

 
et

 a
l. 

20
10

G
en

er
al

 p
op

ul
at

io
n

N
on

-s
m

ok
er

s
26

4.
73

 µ
g/

m
3

1.
88

79
.2

N
on

-s
m

ok
er

s p
ar

tly
 

su
bj

ec
te

d 
to

 h
ig

he
r l

ev
el

s 
of

 e
xp

os
ur

e,
 E

LI
SA

 fo
r 

SP
M

A

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

25
7.

80
 µ

g/
m

3
2.

30
88

.6

Ta
bl

e 
11

	(
co

nt
in

ue
d)



Addendum to Benzene 215

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

Se
rv

ic
e 

st
at

io
n 

at
te

nd
an

ts
N

on
-s

m
ok

er
s

15
62

.5
 µ

g/
m

3
5.

10
10

3.
5

Se
rv

ic
e 

st
at

io
n 

at
te

nd
an

ts
Sm

ok
er

s

13
29

.0
 µ

g/
m

3
7.

20
12

7.
00

G
as

ol
in

e 
pu

m
p 

m
ai

nt
en

an
ce

 
w

or
ke

rs
N

on
-s

m
ok

er
s

12
80

.1
 µ

g/
m

3
2.

01
10

9.
6

G
as

ol
in

e 
pu

m
p 

m
ai

nt
en

an
ce

 
w

or
ke

rs
Sm

ok
er

s

9
9.

5 
µg

/m
3

1.
05

65
.9

0

Pe
tr

oc
he

m
ic

al
 

in
du

st
ry

 o
pe

ra
to

rs
N

on
-s

m
ok

er
s

15
33

.3
 µ

g/
m

3
8.

65
10

8.
5

Pe
tr

oc
he

m
ic

al
 

in
du

st
ry

 o
pe

ra
to

rs
Sm

ok
er

s

18
22

.8
 µ

g/
m

3
8.

60
13

9.
0

Ta
bl

e 
11

	(
co

nt
in

ue
d)



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

BAT Value Documentations 2019216

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

Fu
st

in
on

i 
et

 a
l. 

20
05

G
en

oa
C

on
tr

ol
 g

ro
up

N
on

-s
m

ok
er

s

22
9 

µg
/m

3
9 

µg
/L

(≈
 6

.9
 µ

g/
g 

cr
ea

)
51

 µ
g/

L
(≈

 3
9.

2 
µg

/g
 c

re
a)

EL
IS

A
 fo

r S
PM

A

G
en

oa
C

on
tr

ol
 g

ro
up

Sm
ok

er
s

27
9 

µg
/m

3
13

.7
 µ

g/
L

(≈
 1

0.
5 

µg
/g

 c
re

a)
19

5 
µg

/L
(≈

 1
50

 µ
g/

g 
cr

ea
)

G
en

oa
Bu

s d
riv

er
s

N
on

-s
m

ok
er

s

10
6

21
 µ

g/
m

3
5.

6 
µg

/L
(≈

 4
.3

 µ
g/

g 
cr

ea
)

57
 µ

g/
L

(≈
 4

3.
8 

µg
/g

 c
re

a)

G
en

oa
Bu

s d
riv

er
s

Sm
ok

er
s

47
21

 µ
g/

m
3

9.
3 

µg
/L

(≈
 7

.2
 µ

g/
g 

cr
ea

)
17

4 
µg

/L
(1

33
.8

 µ
g/

g 
cr

ea
)

M
ila

n
C

on
tr

ol
 g

ro
up

N
on

-s
m

ok
er

s

34
6 

µg
/m

3
4.

1 
µg

/L
(≈

 3
.2

 µ
g/

g 
cr

ea
)

33
 µ

g/
L

(≈
 2

5.
4 

µg
/g

 c
re

a)
13

3

M
ila

n
C

on
tr

ol
 g

ro
up

Sm
ok

er
s

24
6 

µg
/m

3
8.

0 
µg

/L
(≈

 6
.2

 µ
g/

g 
cr

ea
)

71
 µ

g/
L

(≈
 5

4.
6 

µg
/g

 c
re

a)
33

1

M
ila

n
Tr

affi
c 

po
lic

em
en

N
on

-s
m

ok
er

s

49
22

 µ
g/

m
3

5.
3 

µg
/L

(≈
 4

.1
 µ

g/
g 

cr
ea

)
82

 µ
g/

L
(≈

 6
3.

1 
µg

/g
 c

re
a)

15
1

Ta
bl

e 
11

	(
co

nt
in

ue
d)



Addendum to Benzene 217

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

M
ila

n
Tr

affi
c 

po
lic

em
en

 
Sm

ok
er

s

28
22

 µ
g/

m
3

9.
1 

µg
/L

(≈
 7

 µ
g/

g 
cr

ea
)

21
3 

µg
/L

(≈
 1

63
.8

 µ
g/

g 
cr

ea
)

75
3

M
ila

n
G

as
 st

at
io

n 
at

te
nd

an
ts

N
on

-s
m

ok
er

s

46
61

 µ
g/

m
3

5.
8 

µg
/L

(≈
 4

.5
 µ

g/
g 

cr
ea

)
49

 µ
g/

L
(≈

 3
7.

7 
µg

/g
 c

re
a)

34
2

M
ila

n
G

as
 st

at
io

n 
at

te
nd

an
ts

Sm
ok

er
s

32
61

 µ
g/

m
3

7.
5 

µg
/L

(≈
 9

.7
5 

µg
/g

 c
re

a)
14

4 
µg

/L
(≈

 1
10

.8
 µ

g/
g 

cr
ea

)
11

68

H
oe

t e
t a

l. 
20

09
Pe

tr
oc

he
m

ic
al

 
w

or
ke

rs
,

N
on

-s
m

ok
er

s

86
< 

0.
1–

4.
3

0.
80

40
22

0
N

o 
pr

ec
is

e 
ai

r m
on

ito
ri

ng
 

da
ta

 p
ro

vi
de

d,
 th

er
ef

or
e 

no
t a

pp
lic

ab
le

 fo
r E

K
A

Pe
tr

oc
he

m
ic

al
 

w
or

ke
rs

,
Sm

ok
er

s

24
2.

02
60

41
0

Ta
bl

e 
11

	(
co

nt
in

ue
d)



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

BAT Value Documentations 2019218

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

H
op

f e
t a

l. 
20

12
Pr

oc
es

s o
pe

ra
to

rs
15

G
M

: 0
.0

1
G

M
: 1

.7
0 

µm
ol

/L
(≈

 1
85

.8
 µ

g/
g 

cr
ea

)
G

M
: 1

.7
0 

nm
ol

/L
(1

32
.8

 n
g/

L)
Re

su
lts

 n
ot

 b
ro

ke
n 

do
w

n 
by

 sm
ok

in
g 

ha
bi

ts

Ta
nk

 w
or

ke
rs

10
G

M
: 0

.1
5

G
M

: 3
,0

1 
µm

ol
/L

(≈
 3

29
 µ

g/
g 

cr
ea

)
G

M
: 1

.7
0 

nm
ol

/L
(1

32
.8

 n
g/

L)

C
on

tr
ol

 g
ro

up
18

G
M

: 1
.7

6 
µm

ol
/L

(≈
 1

92
.4

 µ
g/

g 
cr

ea
)

G
M

: 0
.8

6 
nm

ol
/L

(6
7.

2 
ng

/L
)

Jo
ne

s a
nd

 
M

cC
al

lu
m

 
20

11

Tu
nn

el
 c

on
st

ru
ct

io
n

70
< 

0.
6–

18
0.

1–
23

8,
5 

µm
ol

/m
ol

(0
.2

1–
50

4.
6 

µg
/g

 
cr

ea
)

Ve
ry

 w
id

e 
ex

po
su

re
 ra

ng
e 

ov
er

 th
e 

co
ur

se
 o

f t
im

e,
 n

o 
cl

ea
r a

ss
oc

ia
tio

n 
be

tw
ee

n 
SP

M
A

 a
nd

 a
ir 

co
nc

en
tr

at
io

n

Lo
vr

eg
lio

 
et

 a
l. 

20
10

C
on

tr
ol

 g
ro

up
31

4.
3 

µg
/m

3
0.

22
 (P

95
: 2

.6
)

59
 (P

95
: 2

52
)

12
0 

(P
95

: 6
.2

5)
no

 c
le

ar
 d

iff
er

en
tia

tio
n 

by
 

sm
ok

in
g 

ha
bi

ts
Fu

el
 ta

nk
 d

riv
er

s
18

24
6.

6 
µg

/m
3

1.
67

10
9

14
90

Fi
lli

ng
 st

at
io

n 
at

te
nd

an
ts

23
20

.9
 µ

g/
m

3
0.

56
89

21
0

Ta
bl

e 
11

	(
co

nt
in

ue
d)



Addendum to Benzene 219

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

M
ae

st
ri 

et
 a

l. 
20

05
C

on
tr

ol
 g

ro
up

N
on

-s
m

ok
er

s
10

2
A

M
: 0

.7
 ±

 0
.6

C
on

tr
ol

 g
ro

up
Sm

ok
er

s
13

4
A

M
: 3

.0
 ±

 2
.3

W
or

ke
rs

 e
xp

os
ed

 to
 

be
nz

en
e

N
on

-s
m

ok
er

s

23
1

11
.4

 µ
g/

m
3

A
M

: 1
.2

W
or

ke
rs

 e
xp

os
ed

 to
 

be
nz

en
e

Sm
ok

er
s

68
13

.6
 µ

g/
m

3
A

M
: 2

.5

M
an

in
i e

t a
l. 

20
06

Ta
xi

 d
riv

er
s,

N
on

-s
m

ok
er

s
21

6.
0 

± 
1.

7 
µg

/m
3

G
M

: 2
.1

4 
± 

1.
87

A
M

: 1
22

.0
 ±

 7
0.

3
G

M
: 4

40
 ±

 1
79

0
Im

pl
au

sib
le

 re
su

lts
 

in
 c

om
pa

ri
so

n 
to

 
M

an
in

i e
t. 

al
. 2

00
8,

 sa
m

e 
m

et
ho

d,
 sa

m
e 

ai
rb

or
ne

 
ex

po
su

re
, m

ea
su

re
d 

va
lu

es
 

m
or

e 
th

an
 th

re
e 

tim
es

 
hi

gh
er

Ta
xi

 d
riv

er
s,

Sm
ok

er
s

16
5.

6 
± 

1.
7 

µg
/m

3
G

M
: 3

.7
9 

± 
1.

5
A

M
: 1

54
.4

 ±
 7

0.
0

G
M

: 2
58

0 
 ±

 4
23

0

M
an

in
i e

t a
l. 

20
08

Tr
affi

c 
po

lic
em

en
,

N
on

-s
m

ok
er

s
80

6.
1 

(0
.3

–9
.5

) µ
g/

m
3

0.
42

IQ
R 

(0
.2

0–
1.

07
)

38
.6

IQ
R 

(3
1.

7–
51

.6
)

16
0

IQ
R 

(1
30

–1
90

)

Tr
affi

c 
po

lic
em

en
,

Sm
ok

er
s

20
1.

43
12

4.
7

79
0

Ta
bl

e 
11

	(
co

nt
in

ue
d)



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

BAT Value Documentations 2019220

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

M
an

in
i e

t a
l. 

20
10

G
as

ol
in

e 
pu

m
p 

at
te

nd
an

ts
,

N
on

-s
m

ok
er

s

65
G

M
: 0

.7
7

G
M

: 4
6.

8
Se

e 
ab

ov
e 

fo
r s

tu
dy

 
gr

ou
ps

, a
dd

iti
on

al
ly

 
ga

so
lin

e 
pu

m
p 

at
te

nd
an

ts
, 

“s
im

ila
r”

 re
su

lts
 w

ith
ou

t 
in

fo
rm

at
io

n 
be

in
g 

pr
ov

id
ed

 o
n 

ai
rb

or
ne

 
co

nc
en

tr
at

io
ns

G
as

ol
in

e 
pu

m
p 

at
te

nd
an

ts
,

Sm
ok

er
s

37
G

M
: 1

.3
5

G
M

: 7
6.

5

M
an

si 
et

 a
l. 

20
12

Pe
tr

oc
he

m
ic

al
 

w
or

ke
rs

N
on

-s
m

ok
er

s

10
3

36
.8

 µ
g/

m
3

A
M

: 0
.8

4
A

M
: 6

3.
87

Pe
tr

oc
he

m
ic

al
 

w
or

ke
rs

Sm
ok

er
s

78
A

M
: 3

.8
7

A
M

: 1
42

.8
3

C
on

tr
ol

 g
ro

up
N

on
-s

m
ok

er
s

84
A

M
: 0

.7
7

A
M

: 5
7.

91

C
on

tr
ol

 g
ro

up
Sm

ok
er

s
50

A
M

: 5
.4

3
A

M
: 1

56
.4

3

Ta
bl

e 
11

	(
co

nt
in

ue
d)



Addendum to Benzene 221

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

-
ca

pt
ur

ic
 a

ci
d*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[m
L/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]

M
ed

ia
n

Tu
ns

ar
in

g-
ka

rn
 e

t a
l. 

20
11

G
as

ol
in

e 
w

or
ke

r
33

N
o 

di
ffe

re
nt

ia
tio

n 
by

 
sm

ok
in

g 
ha

bi
ts

, n
o 

ai
r 

m
on

ito
ri

ng

O
ffi

ce
 w

or
ke

rs
30

Tu
ns

ar
in

g-
ka

rn
 e

t a
l. 

20
13

G
as

ol
in

e 
w

or
ke

r
10

2
N

o 
di

ffe
re

nt
ia

tio
n 

by
 

sm
ok

in
g 

ha
bi

ts
, n

o 
ai

r 
m

on
ito

ri
ng

va
n 

Si
tte

rt
 

et
 a

l. 
19

93
12

 se
pa

ra
te

 st
ud

ie
s 

(c
he

m
ic

al
 m

an
uf

ac
-

tu
rin

g 
pl

an
ts

, o
il 

re
fin

er
ie

s, 
na

tu
ra

l 
ga

s p
ro

du
ct

io
n 

pl
an

ts
)

4 
to

 1
56

 
ea

ch

1.
0

A
M

: 1
2 

(1
0–

14
)

SP
M

A
 m

ea
n 

(9
5%

 
co

nfi
de

nc
e 

in
te

rv
al

)
2.

0
A

M
: 2

7 
(2

4–
30

)

3.
0

A
M

: 4
2 

(3
8–

46
)

3.
25

A
M

: 4
6 

(4
1–

50
)

4.
0

A
M

: 4
,0

 (5
2–

62
)

Zh
an

g 
et

 a
l. 

20
11

Sh
oe

 m
an

uf
ac

tu
re

44
A

M
: 4

4.
8 

m
g/

m
3

A
M

: 6
56

.8
A

M
: 1

0 
77

4.
92

Su
bj

ec
ts

 w
er

e 
re

qu
ire

d 
to

 
av

oi
d 

sm
ok

in
g 

du
ri

ng
 th

e 
1-

w
ee

k 
pe

ri
od

 p
ri

or
 to

 
ur

in
e 

co
lle

ct
io

n

G
M

 =
 g

eo
m

et
ric

 m
ea

n;
 c

re
a 

= 
cr

ea
tin

in
e;

 m
ax

 =
 m

ax
im

um
; A

M
 =

 a
rit

hm
et

ic
 m

ea
n;

 IQ
R 

= 
in

te
rq

ua
rt

ile
 ra

ng
e;

 L
O

D
 =

 li
m

it 
of

 d
et

ec
tio

n;
 T

W
A

 =
 ti

m
e-


w

ei
gh

te
d 

av
er

ag
e

*  i
f t

he
 S

PM
A

 c
on

ce
nt

ra
tio

ns
 in

 th
e 

or
ig

in
al

 st
ud

ie
s w

er
e 

gi
ve

n 
in

 µ
g/

L,
 th

ey
 w

er
e 

co
nv

er
te

d 
in

to
 µ

g/
g 

cr
ea

 b
as

ed
 o

n 
a 

m
ea

n 
cr

ea
tin

in
e 

co
nc

en
tr

at
io

n 
of

 
1.

3 
g 

cr
ea

tin
in

e/
L

Ta
bl

e 
11

	(
co

nt
in

ue
d)



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

BAT Value Documentations 2019222

**
 if

 th
e 

t,t
-M

A
 c

on
ce

nt
ra

tio
ns

 in
 th

e 
or

ig
in

al
 st

ud
ie

s w
er

e 
gi

ve
n 

in
 µ

g/
L,

 th
ey

 w
er

e 
co

nv
er

te
d 

in
to

 µ
g/

g 
cr

ea
 b

as
ed

 o
n 

a 
m

ea
n 

cr
ea

tin
in

e 
co

nc
en

tr
at

io
n 

of
 

1.
3 

g 
cr

ea
tin

in
e/

L
#  M

ed
ia

n 
va

lu
e 

fo
r S

PM
A

 c
or

re
sp

on
ds

 to
 L

O
D

Th
e 

co
nv

er
sio

n 
fa

ct
or

s f
or

 c
re

at
in

in
e 

co
nv

er
sio

n 
(m

ol
ec

ul
ar

 w
ei

gh
t 1

13
.1

1 
g/

m
ol

) a
re

 a
s f

ol
lo

w
s:

SP
M

A
 (m

ol
ec

ul
ar

 w
ei

gh
t =

 2
39

.2
9 

g/
m

ol
)

µm
ol

/m
ol

 • 
2.

11
55

5 
= 

µg
/g

t,t
-M

A
 (m

ol
ec

ul
ar

 w
ei

gh
t =

 1
42

.1
1 

g/
m

ol
)

µm
ol

/m
ol

 • 
1.

25
64

 =
 µ

g/
g



Addendum to Benzene 223

Ta
bl

e 
12

:	B
ac

kg
ro

un
d 

ex
po

su
re

 o
f g

en
er

al
 p

op
ul

at
io

n 
to

 b
en

ze
ne

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

ca
p-

tu
ri

c 
ac

id
*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[µ
g/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]
M

ed
ia

n
95

th
 p

er
ce

nt
ile

A
pr

ea
 e

t a
l. 

20
08

G
en

er
al

 p
op

ul
at

io
n

37
6

4.
4–

6.
9

16
3.

1
Sm

ok
er

s
11

1
5.

5–
7.

6
23

6.
9

N
on

-s
m

ok
er

s
26

4
3.

9–
6.

9
14

3.
1

N
on

-s
m

ok
er

s
M

en
12

8
5.

5–
6.

6
11

7.
8

Si
gn

ifi
ca

nt
 in

flu
en

ce
 o

f g
en

de
r 

in
 n

on
-s

m
ok

er
 g

ro
up

N
on

-s
m

ok
er

s
W

om
en

13
6

3.
5–

7.
0

22
0.

0

Ba
de

r e
t a

l. 
20

14
; B

ad
er

 
20

17

C
on

tr
ol

 g
ro

up
79

5
15

0
Re

su
lts

 n
ot

 b
ro

ke
n 

do
w

n 
by

 
sm

ok
in

g 
ha

bi
ts

C
on

tr
ol

 g
ro

up
N

on
-s

m
ok

er
s

69
3.

3
10

5
Pe

rs
on

al
 c

om
m

un
ic

at
io

n 
by

 
M

. B
ad

er
, 1

9 
Ju

ne
 2

01
7:

 
re

ca
lc

ul
at

io
n 

fr
om

 th
e 

no
n-

sm
ok

er
 su

bg
ro

up
B’

H
ym

er
 

20
11

Ba
ck

gr
ou

nd
 

ex
po

su
re

Sm
ok

er
s

5
A

M
: 0

.4
 µ

g/
L 

(≈
 0

.3
 µ

g/
g 

cr
ea

), 
m

ax
: 0

.9
 µ

g/
L 

(≈
 0

.7
 µ

g/
g 

cr
ea

)
Ba

ck
gr

ou
nd

 
ex

po
su

re
N

on
-s

m
ok

er
s

6
< 

LO
D

Pa
pe

r o
n 

m
et

ho
d 

de
ve

lo
pm

en
t

Be
va

n 
et

 a
l. 

20
03

G
en

er
al

 p
op

ul
at

io
n 

U
K

42
6

7.
0

SP
M

A
 m

ea
su

re
d 

us
in

g 
EL

IS
A

, 
no

 in
fo

rm
at

io
n 

pr
ov

id
ed

 o
n 

sm
ok

in
g 

ha
bi

ts



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

BAT Value Documentations 2019224

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

ca
p-

tu
ri

c 
ac

id
*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[µ
g/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]
M

ed
ia

n
95

th
 p

er
ce

nt
ile

Bo
og

aa
rd

 a
nd

 
va

n 
Si

tte
rt

 
19

96

C
on

tr
ol

 g
ro

up
Sm

ok
er

s
14

A
M

: 1
.7

1 
µm

ol
/

m
ol

 c
re

a
(3

.6
2 

µg
/g

 c
re

a)

A
M

: 0
.0

46
 m

m
ol

/
m

ol
 c

re
a

(5
8 

µg
/g

 c
re

a)
C

on
tr

ol
 g

ro
up

N
on

-s
m

ok
er

s
38

A
M

: 0
.9

4 
µm

ol
/

m
ol

 c
re

a
(2

.0
 µ

g/
g 

cr
ea

)

A
M

: 0
.0

29
 m

m
ol

/
m

ol
 c

re
a

(3
6 

µg
/g

 c
re

a)
C

am
pa

gn
a 

et
 a

l. 
20

12
G

en
er

al
 p

op
ul

at
io

n
65

9
75

th
 p

er
ce

nt
ile

:
0.

3 
µg

/L
(≈

 0
.2

3 
µg

/g
 c

re
a)

75
th

 p
er

ce
nt

ile
:

44
 µ

g/
L

(≈
 3

3.
8 

µg
/g

 c
re

a)

75
th

 p
er

ce
nt

ile
:

22
6

G
en

er
al

 p
op

ul
at

io
n

N
on

-s
m

ok
er

s
51

6
75

th
 p

er
ce

nt
ile

:
0.

2 
µg

/L
(≈

 0
.1

5 
µg

/g
 c

re
a)

75
th

 p
er

ce
nt

ile
:

41
 µ

g/
L

(≈
 3

1.
5 

µg
/g

 c
re

a)

75
th

 p
er

ce
nt

ile
:

17
6

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

14
10

75
th

 p
er

ce
nt

ile
:

1.
5 

µg
/L

(≈
 1

.1
5 

µg
/g

 c
re

a)

75
th

 p
er

ce
nt

ile
:

10
1 

µg
/L

(≈
 7

7.
7 

µg
/g

 c
re

a)

75
th

 p
er

ce
nt

ile
:

20
24

C
am

pa
gn

a 
et

 a
l. 

20
14

G
en

er
al

 p
op

ul
at

io
n

N
on

-s
m

ok
er

s
86

31
1,

5

C
ha

kr
ou

n 
et

 a
l. 

20
09

G
en

er
al

 p
op

ul
at

io
n

18
2

36
0

A
ge

 d
ep

en
de

nc
e

Si
gn

ifi
ca

nt
ly

 h
ig

he
r v

al
ue

s 
co

m
pa

re
d 

to
 o

th
er

 st
ud

ie
s

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

50
34

0

G
en

er
al

 p
op

ul
at

io
n

N
on

-s
m

ok
er

s
13

2
31

0

Ta
bl

e 
12

	(
co

nt
in

ue
d)



Addendum to Benzene 225

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

ca
p-

tu
ri

c 
ac

id
*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[µ
g/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]
M

ed
ia

n
95

th
 p

er
ce

nt
ile

C
ia

rr
oc

ca
 

et
 a

l. 
20

12
 a

Ro
ad

m
en

,
C

on
tr

ol
 g

ro
up

Sm
ok

er
s ♂

53
A

M
 ±

 S
D

:
2.

7 
± 

0.
9

(9
4.

3%
 <

 L
O

D
)

A
M

 ±
 S

D
:

78
.7

 ±
 5

8.
1

Ru
ra

l a
re

as

Ro
ad

m
en

,
C

on
tr

ol
 g

ro
up

N
on

-s
m

ok
er

s ♂

57
< 

1.
6

A
M

 ±
 S

D
:

2.
5 

± 
0.

1
(9

8.
2%

 <
 L

O
D

)

A
M

 ±
 S

D
:

32
.0

 ±
 1

7.
2

(8
4.

2%
 <

 L
O

D
)

Ru
ra

l a
re

as

C
ia

rr
oc

ca
 

et
 a

l. 
20

12
 b

Ro
ad

w
om

en
,

C
on

tr
ol

 g
ro

up
N

on
-s

m
ok

er
s ♀

22
< 

1.
6

A
M

 ±
 S

D
2.

8 
± 

0.
9

(2
.5

–5
.0

)

A
M

 ±
 S

D
40

.8
 ±

 2
2.

9
(2

5–
95

)

C
oc

co
 e

t a
l. 

20
03

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

13
M

ed
ia

n:
 5

0
(3

–3
80

)
G

en
er

al
 p

op
ul

at
io

n
N

on
-s

m
ok

er
s

52
M

ed
ia

n:
 9

(2
–1

04
5)

N
o 

95
th

 p
er

ce
nt

ile

Fr
ac

as
so

 e
t a

l. 
20

10
G

en
er

al
 p

op
ul

at
io

n
N

on
-s

m
ok

er
s

26
4.

73
M

ed
ia

n 
(r

an
ge

):
1.

88
(0

.3
0–

9.
62

)

M
ed

ia
n 

(r
an

ge
):

79
.2

(3
.0

0–
46

0.
50

)

N
on

-s
m

ok
er

s p
ar

tly
 su

bj
ec

te
d 

to
 h

ig
he

r l
ev

el
s o

f e
xp

os
ur

e,
 

no
 9

5th
 p

er
ce

nt
ile

EL
IS

A
 fo

r S
PM

A

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

25
7.

80
M

ed
ia

n 
(r

an
ge

):
2.

30
(0

.5
0–

10
.0

8)

M
ed

ia
n 

(r
an

ge
):

88
.6

(1
3.

30
–4

45
.0

0)

Ta
bl

e 
12

	(
co

nt
in

ue
d)



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

BAT Value Documentations 2019226

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

ca
p-

tu
ri

c 
ac

id
*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[µ
g/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]
M

ed
ia

n
95

th
 p

er
ce

nt
ile

Fu
st

in
on

i 
et

 a
l. 

20
05

G
en

oa
C

on
tr

ol
 g

ro
up

N
on

-s
m

ok
er

s

22
9

M
ed

ia
n 

(r
an

ge
):

9 
µg

/L
 (0

.2
–1

82
.2

)
(≈

 6
.9

 µ
g/

g 
cr

ea
)

M
ed

ia
n 

(r
an

ge
):

51
 µ

g/
L 

(<
 1

0–
18

1)
(≈

 3
9.

2 
µg

/g
 c

re
a)

EL
IS

A
 fo

r S
PM

A

G
en

oa
C

on
tr

ol
 g

ro
up

Sm
ok

er
s

27
9

M
ed

ia
n 

(r
an

ge
):

13
,7

 µ
g/

L 
(3

.0
–1

9.
9)

(≈
 1

0.
5 

µg
/g

 c
re

a)

M
ed

ia
n 

(r
an

ge
):

19
5 

µg
/L

 
(<

 1
0–

44
4)

(≈
 1

50
 µ

g/
g 

cr
ea

)

M
ila

n
C

on
tr

ol
 g

ro
up

N
on

-s
m

ok
er

s

34
6

M
ed

ia
n 

(r
an

ge
):

4.
1 

µg
/L

 (0
.2

–1
2.

5)
(≈

 3
.2

 µ
g/

g 
cr

ea
)

M
ed

ia
n 

(r
an

ge
):

33
 µ

g/
L 

(<
 1

0–
1 

08
9)

(≈
 2

5.
4 

µg
/g

 c
re

a)

M
ed

ia
n 

(r
an

ge
):

13
3 

(<
 1

5–
40

9)

M
ila

n
C

on
tr

ol
 g

ro
up

Sm
ok

er
s

24
6

M
ed

ia
n 

(r
an

ge
):

8.
0 

µg
/L

 (0
.2

–1
3.

9)
(≈

 6
.2

 µ
g/

g 
cr

ea
)

M
ed

ia
n 

(r
an

ge
):

71
 µ

g/
L 

(<
 1

0–
27

0)
(≈

 5
4.

6 
µg

/g
 c

re
a)

M
ed

ia
n 

(r
an

ge
):

33
1 

(6
4–

46
15

)

Lo
vr

eg
lio

 
et

 a
l. 

20
11

G
en

er
al

 p
op

ul
at

io
n

13
7

< 
2

3.
49

18
8.

8
30

50
Re

su
lts

 n
ot

 b
ro

ke
n 

do
w

n 
by

 
sm

ok
in

g 
ha

bi
ts

M
ae

st
ri 

et
 a

l. 
20

05
C

on
tr

ol
 g

ro
up

N
on

-s
m

ok
er

s
10

2
A

M
: 0

.7
 ±

 0
.6

C
on

tr
ol

 g
ro

up
Sm

ok
er

s
13

4
A

M
: 3

.0
 ±

 2
.3

Ta
bl

e 
12

	(
co

nt
in

ue
d)



Addendum to Benzene 227

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

ca
p-

tu
ri

c 
ac

id
*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[µ
g/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]
M

ed
ia

n
95

th
 p

er
ce

nt
ile

M
an

si 
et

 a
l. 

20
12

C
on

tr
ol

 g
ro

up
N

on
-s

m
ok

er
s

84
A

M
 ±

 S
D

:
0.

77
 ±

 1
.4

5
(0

.0
6–

8.
72

)

A
M

 ±
 S

D
:

57
.9

1 
± 

72
.4

1
(3

.6
3–

47
5.

71
)

C
on

tr
ol

 g
ro

up
Sm

ok
er

s
50

A
M

 ±
 S

D
:

5.
43

 ±
 5

.6
5

(0
.2

8–
27

.2
7)

A
M

 ±
 S

D
:

15
6.

43
 ±

 2
02

.2
4

(2
1.

47
–1

02
8.

05
)

M
el

ik
ia

n 
et

 a
l. 

19
93

G
en

er
al

 p
op

ul
at

io
n

N
on

-s
m

ok
er

s
42

A
M

: 9
0

(<
 L

O
D

–5
20

)

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

42
A

M
: 2

90
(2

0–
13

00
)

Pe
zz

ag
no

 
et

 a
l. 

19
99

G
en

er
al

 p
op

ul
at

io
n

N
on

-s
m

ok
er

s
10

A
M

 ±
 S

D
:

44
.2

 ±
 3

4.
0

A
M

 ±
 S

D
:

24
8.

5 
± 

11
4.

4
N

o 
95

th
 p

er
ce

nt
ile

G
en

er
al

 p
op

ul
at

io
n

H
ea

vy
 sm

ok
er

s
10

A
M

 ±
 S

D
:

14
9.

9 
± 

80
.3

A
M

 ±
 S

D
:

17
82

.5
 ±

 4
98

.1

Sc
he

re
r e

t a
l. 

20
07

G
en

er
al

 p
op

ul
at

io
n

N
on

-s
m

ok
er

s
10

0
90

th
 p

er
ce

nt
ile

: 
0.

50
2 

µg
/2

4h
90

th
 p

er
ce

nt
ile

: 
22

8 
µg

/2
4h

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

19
4

90
th

 p
er

ce
nt

ile
:

4.
22

9 
µg

/2
4h

90
th

 p
er

ce
nt

ile
:

33
5 

µg
/2

4h

Sc
he

ttg
en

 
et

 a
l. 

20
10

 a
G

en
er

al
 p

op
ul

at
io

n
N

on
-s

m
ok

er
s

43
0.

31

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

72
4.

63

Ta
bl

e 
12

	(
co

nt
in

ue
d)



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

BAT Value Documentations 2019228

A
ut

ho
rs

St
ud

y 
gr

ou
p

n
B

en
ze

ne
 (a

ir
)

S-
Ph

en
yl

m
er

ca
p-

tu
ri

c 
ac

id
*

t,t
-M

uc
on

ic
 

ac
id

**
B

en
ze

ne
 (u

ri
ne

)
R

em
ar

ks

[µ
g/

m
3 ]

[µ
g/

g 
cr

ea
]

[µ
g/

g 
cr

ea
]

[n
g/

L]
M

ed
ia

n
95

th
 p

er
ce

nt
ile

Sc
he

ttg
en

 
et

 a
l. 

20
10

 b
G

en
er

al
 p

op
ul

at
io

n
N

on
-s

m
ok

er
s

33
0.

31
 µ

g/
L

(≈
 0

.2
4 

µg
/g

 c
re

a)
17

6 
µg

/L
(≈

 1
35

.4
 µ

g/
g 

cr
ea

)
G

en
er

al
 p

op
ul

at
io

n
Sm

ok
er

s
21

4.
02

 µ
g/

L
(≈

 3
.1

 µ
g/

g 
cr

ea
)

42
1 

µg
/L

(≈
 3

23
.8

 µ
g/

g 
cr

ea
)

Sc
he

ttg
en

 
et

 a
l. 

20
08

 b
G

en
er

al
 p

op
ul

at
io

n
N

on
-s

m
ok

er
s

15
0.

12
(<

 0
.0

5–
0.

42
)

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

15
1.

31
(0

.2
4–

3.
33

)
Sc

he
ttg

en
 

et
 a

l. 
20

08
 a

G
en

er
al

 p
op

ul
at

io
n

N
on

-s
m

ok
er

s
56

0.
29

G
en

er
al

 p
op

ul
at

io
n

Sm
ok

er
s

72
6.

04

A
M

 =
 a

rit
hm

et
ic

 m
ea

n;
 c

re
a 

= 
cr

ea
tin

in
e;

 L
O

D
 =

 li
m

it 
of

 d
et

ec
tio

n
* if

 th
e 

SP
M

A
 c

on
ce

nt
ra

tio
ns

 in
 th

e 
or

ig
in

al
 s

tu
di

es
 w

er
e 

gi
ve

n 
in

 µ
g/

L,
 th

ey
 w

er
e 

co
nv

er
te

d 
in

to
 µ

g/
g 

cr
ea

 b
as

ed
 o

n 
a 

m
ea

n 
cr

ea
tin

in
e 

co
nc

en
tr

at
io

n 
of

 
1.

3 
g 

cr
ea

/L
**

if 
th

e 
t,t

-M
A

 c
on

ce
nt

ra
tio

ns
 in

 th
e 

or
ig

in
al

 st
ud

ie
s w

er
e 

gi
ve

n 
in

 µ
g/

L,
 th

ey
 w

er
e 

co
nv

er
te

d 
in

to
 µ

g/
g 

cr
ea

 b
as

ed
 o

n 
a 

m
ea

n 
cr

ea
tin

in
e 

co
nc

en
tr

at
io

n 
of

 
1.

3 
g 

cr
ea

/L
 

Ta
bl

e 
12

	(
co

nt
in

ue
d)



Addendum to Benzene 229

13	 References
Angelini S, Kumar R, Bermejo JL, Maffei F, Barbieri A, Graziosi F, Carbone F, Cantelli-Forti G, 

Violante FS, Hemminki K, Hrelia P (2011) Exposure to low environmental levels of benzene: 
evaluation of micronucleus frequencies and S-phenylmercapturic acid excretion in relation to 
polymorphisms in genes encoding metabolic enzymes. Mutat Res 719: 7–13

Aprea C, Sciarra G, Bozzi N, Pagliantini M, Perico A, Bavazzano P, Leandri A, Carrieri M, 
Scapellato ML, Bettinelli M, Bartolucci GB (2008) Reference values of urinary trans,trans-
muconic acid: Italian multicentric study. Arch Environ Contam 55: 329–340

Arayasiri M, Mahidol C, Navasumrit P, Autrup H, Ruchirawat M (2010) Biomonitoring of ben-
zene and 1,3-butadiene exposure and early biological effects in traffic policemen. Sci Total 
Environ 408: 4855–4862

Bader M, Will W, Yong M, Neumann S, Pluto RP, Oberlinner C, Nasterlack M (2012) Biomoni-
toring during large-scale maintenance works in the chemical industry – the benzene experi-
ence. International Conference on Occupational Health (ICOH) 2012, Cancun

Bader M, Van Weyenbergh T, Verwerft E, Van Pul J, Lang S, Oberlinner C (2014) Human bio-
monitoring after chemical incidents and during short-term maintenance work as a tool for 
exposure analysis and assessment. Toxicol Lett 231: 328–336

Bader M (2017) Auswertung der Daten des Kontrollkollektives von Bader et al. (2014) aufge
schlüsselt nach dem Raucherstatus, E-Mail an die Kommission vom 19.06.2017

B’Hymer C (2011) Validation of an HPLC-MS-MS method for the determination of urinary 
S-benzylmercapturic acid and S-phenylmercapturic acid. J Chrom Sci 49: 547–553

Bevan R, Jones K, Cocker J, Assem FL, Levy LS (2013) Reference ranges for key biomarkers of 
chemical exposure within the UK population. Int J Hyg Environ Health 216: 170–174

Boogaard PJ, van Sittert NJ (1996) Suitability of S-phenyl mercapturic acid and trans-trans-mu-
conic acid as biomarkers for exposure to low concentrations of benzene. Environ Health Per-
spect 104 Suppl 6: 1151–1157

Campagna M, Satta G, Campo L, Flore V, Ibba A, Meloni M, Tocco MG, Avataneo G, Flore C, 
Fustinoni S, Cocco P (2012) Biological monitoring of low-level exposure to benzene. Med 
Lav 103: 338–346

Campagna M, Satta G, Campo L, Flore V, Ibba A, Meloni M, Tocco MG, Avataneo G, Flore C, 
Fustinoni S, Cocco P (2014) Analysis of potential influence factors on background urinary 
benzene concentration among a non-smoking, non-occupationally exposed general populati-
on sample. Int Arch Occup Environ Health 87: 793–799

Carrer P, Maroni M, Alcini D, Cavallo D, Fustinoni S, Lovato L, Visigalli F (2000) Assessment 
through environmental and biological measurements of total daily exposure to volatile organ-
ic compounds of office workers in Milan, Italy. Indoor Air 10: 258–268

Carrieri M, Tranfo G, Pigini D, Paci E, Salamon F, Scapellato ML, Fracasso ME, Manno M, Bar-
tolucci GB (2010) Correlation between environmental and biological monitoring of exposure 
to benzene in petrochemical industry operators. Toxicol Lett 192: 17–21

Carrieri M, Bartolucci GB, Scapellato ML, Spatari G, Sapienza D, Soleo L, Lovreglio P, Tranfo G, 
Manno M, Trevisan A (2012) Influence of glutathione S-transferases polymorphisms on bio-
logical monitoring of exposure to low doses of benzene. Toxicol Lett 213: 63–68

Chakroun R, Faidi F, Hedhili A, Kolsi M, Fehri S, Nouaigui H (2009) Determination of urinary 
trans, trans-muconic acid reference values in general Tunisian population. Ann Biol Clin 67: 
163–169

Ciarrocca M, Tomei F, Caciari T, Capozzella A, Scimitto L, Nardone N, Andreozzi G, Scala B, 
Fiaschetti M, Cetica C, Di Giorgio V, Schifano MP, Tomei G, Sancini A (2012 a) Environmen-



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

BAT Value Documentations 2019230

tal and biological monitoring of benzene in traffic policemen, police drivers and rural outdoor 
male workers. J Environ Monit 14: 1542–1550

Ciarrocca M, Tomei G, Fiaschetti M, Caciari T, Cetica C, Andreozzi G, Capozella A, Schifano 
MP, Andre J-C, Tomei F, Sancini A (2012 b) Assessment of occupational exposure to benzene, 
toluene and xylenes in urban and rural female workers. Chemosphere 87: 813–819

Cocco P, Tocco MG, Ibba A, Scano L, Ennas MG, Flore C, Randaccio FS (2003) trans,trans-
Muconic acid excretion in relation to environmental exposure to benzene. Int Arch Occup 
Environ Health 76: 456–460

Ducos P, Gaudin R, Bel J, Maire C, Francin JM, Robert A, Wild P (1992) trans,trans-Muconic 
acid, a reliable biological indicator for the detection of individual benzene exposure down to 
the ppm level. Int Arch Occup Environ Health 64: 309–313

Fracasso ME, Doria D, Bartolucci GB, Carrieri M, Lovreglio P, Ballini A, Soleo L, Tranfo G, 
Manno M (2010) Low air levels of benzene: correlation between biomarkers of exposure and 
genotoxic effects. Toxicol Lett 192: 22–28

Fustinoni S, Consonni D, Campo L, Buratti M, Colombi A, Pesatori AC, Bonzini M, Bertazzi PA, 
Foà V, Garte S, Farmer PB, Levy LS, Pala M, Valerio F, Fontana V, Desideri A, Merlo DF (2005) 
Monitoring low benzene exposure: comparative evaluation of urinary biomarkers, influence of 
cigarette smoking, and genetic polymorphisms. Cancer Epidemiol Biomarkers Prev 14: 2237–
2244

Hoet P, De Smedt E, Ferrari M, Imbriani M, Maestri L, Negri S, De Wilde P, Lison D, Haufroid 
V (2009) Evaluation of urinary biomarkers of exposure to benzene: correlation with blood 
benzene and influence of confounding factors. Int Arch Occup Environ Health 82: 985–995

Hopf NB, Kirkeleit J, Bratveit M, Succop P, Talaska G, Moen BE (2012) Evaluation of exposure 
biomarkers in offshore workers exposed to low benzene and toluene concentrations. Int Arch 
Occup Environ Health 85: 261–271

Jones K, McCallum J (2011) Benzene exposure during tunneling – Using biological monitoring 
to assess control measures and working practice. Ann Occup Hyg. 55: 248–252

Lehnert G, Greim H (Hrsg.) (1996) Addendum to Benzene. Biologische Arbeitsstoff-Tole
ranz-Werte (BAT-Werte) und Expositionsäquivalente für krebserzeugende Arbeitsstoffe (EKA), 
8. Lieferung, Wiley-VCH, Weinheim

Lehnert G, Greim H (Hrsg.) (2000) Creatinine as a Reference Parameter for the Concentration of 
Substances in Urine. Biologische Arbeitsstoff-Toleranz-Werte (BAT-Werte) und Expositions-
äquivalente für krebserzeugende Arbeitsstoffe (EKA), 9. Lieferung, Wiley-VCH, Weinheim

Lovreglio P, Barbieri A, Carrieri M, Sabatini L, Fracasso ME, Doria D, Drago I, Basso A, D’Errico 
N, Bartolucci GB, Violante FS, Soleo L (2010) Validity of new biomarkers of internal dose for 
use in the biological monitoring of occupational and environmental exposure to low concen-
trations of benzene and toluene. Int Arch Occup Environ Health 83: 341–356

Lovreglio P, D’Errico MN, Fustinoni S, Drago I, Barbieri A, Sabatini L, Carrieri M, Apostoli P, 
Soleo L (2011) Biomarkers of internal dose for the assessment of environmental exposure to 
benzene. J Environ Monit 13: 2921–2928

Maestri L, Negri S, Ferrari M, Ghittori S, Imbriani M (2005) Determination of urinary S-phenyl-
mercapturic acid, a specific metabolite of benzene, by liquid chromatography/single quadru-
pole mass spectrometry. Rapid Commun Mass Spectrom 19: 1139–1144

Manini P, De Palma G, Andreoli R, Poli D, Mozzoni P, Folesani G, Mutti A, Apostoli P (2006) 
Environmental and biological monitoring of benzene exposure in a cohort of Italian taxi 
drivers. Toxicol Lett 167: 142–151

Manini P, De Palma G, Andreoli R, Poli D, Petyx M, Corradi M, Mutti A, Apostoli P (2008) Biologi-
cal monitoring of low benzene exposure in Italian traffic policemen. Toxicol Lett 181: 25–30



Addendum to Benzene 231

Manini P, De Palma G, Andreoli R, Mozzoni P, Poli D, Goldoni M, Petyx M, Apostoli P, Mutti A 
(2010) Occupational exposure to low levels of benzene: biomarkers of exposure and nucleic 
acid oxidation and their modulation by polymorphic xenobiotic metabolizing enzymes. Toxi-
col Lett 193: 229–235

Mansi A, Bruni R, Capone P, Paci E, Pigini D, Simeoni C, Gnerre R, Papacchini M, Tranfo G (2012) 
Low occupational exposure to benzene in a petrochemical plant: modulating effect of genetic 
polymorphisms and smoking habit on the urinary t,t-MA/SPMA ratio. Toxicol Lett 213: 57–62

Melikian AA, Prahalad AK, Hoffmann D (1993) Urinary trans,trans-muconic acid as an indica-
tor of exposure to benzene in cigarette smokers. Cancer Epidemiol Biomarkers Prev 2: 47–51

Pezzagno G, Maestri L, Fiorentino ML (1999) Trans,trans-muconic acid, a biological indicator to 
low levels of environmental benzene: some aspects of its specificity. Am J Ind Med 35: 511–
518

Scherer G, Engl J, Urban M, Gilch G, Janket D, Riedel K (2007) Relationship between machine-
derived smoke yields and biomarkers in cigarette smokers in Germany. Regul Toxicol Phar-
macol 47: 171–183

Schettgen T, Alt A, Musiol A, Kraus T (2008 a) Die Hintergrundbelastung der Allgemeinbe
völkerung gegenüber Benzol und Toluol – vollautomatisierte Bestimmung von S-Phenylmer-
captursäure (SPMA) und S-Benzylmercaptursäure (S-BMA) im Urin mittels LC/MS/MS. 48. 
Jahrestagung der Deutschen Gesellschaft für Arbeitsmedizin und Umweltmedizin e. V., Ham-
burg, 653–655 �  
www.dgaum.de/fileadmin/PDF/Tagungsbaende/DGAUM_Tagungsband_2008.pdf (last visit-
ed on 9 November 2017)

Schettgen T, Musiol A, Alt A, Kraus T (2008 b) Fast determination of urinary S-phenylmercap-
turic acid (SPMA) and S-benzylmercapturic acid (S-BMA) by column-switching liquid chro-
matography-tandem mass spectrometry. J Chrom B Analyt Technol Biomed Life Sci  863: 
283–292

Schettgen T, Ochsmann E, Alt A, Kraus T (2010 a) A biomarker approach to estimate the daily 
intake of benzene in non-smoking and smoking individuals in Germany. J Expo Sci Environ 
Epidemiol 20: 427–433

Schettgen T, Bertram J, Ochsmann E, Kraus T (2010 b) Hochsensitive LC/MS/MS-Methode zur 
Bestimmung von t,t-Muconsäure im Urin der Allgemeinbevölkerung. 50. Jahrestagung der 
Deutschen Gesellschaft für Arbeitsmedizin und Umweltmedizin e. V., Dortmund, 663–666 
www.dgaum.de/fileadmin/PDF/Tagungsbaende/DGAUM_Tagungsband_2010.pdf (last visited 
on 9 November 2017)

Tunsaringkarn T, Suwansaksri J, Soogarun S, Siriwong W, Rungsiyothin A, Zapuang K, Robson 
M (2011) Genotoxic monitoring and benzene exposure assessment of gasoline station wor-
kers in metropolitan Bangkok: sister chromatid exchange (SCE) and urinary trans, trans-mu-
conic acid (t,t-MA). Asian Pac J Cancer Prev 12: 223–227

Tunsaringkarn T, Soogarun S, Palasuwan A (2013) Occupational exposure to benzene and 
changes in hematological parameters and urinary trans, trans-muconic acid. Int J Occup En-
viron Med 4: 45–49

van Sittert NJ, Boogaard PJ, Beulink GD (1993) Application of the urinary S-phenylmercapturic 
acid test as a biomarker for low levels of exposure to benzene in industry. Br J Ind Med 50: 
460–469

Zhang L, Ye FL, Chen T, Mei Y, Song SZ (2011) Trans, trans-muconic acid as a biomarker of 
occupational exposure to high-level benzene in China. J Occup Environ Med 53: 1194–1198

http://www.dgaum.de/fileadmin/PDF/Tagungsbaende/DGAUM_Tagungsband_2008.pdf
http://www.dgaum.de/fileadmin/PDF/Tagungsbaende/DGAUM_Tagungsband_2010.pdf


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

BAT Value Documentations 2019232

Authors: T. Kraus, M. Bader, K. Klotz, W. Weistenhöfer, H. Drexler (Chair of the Working Group 
“Setting of Threshold Limit Values in Biological Materials”, Deutsche Forschungsgemeinschaft), 
A. Hartwig (Chair of the Permanent Senate Commission for the Investigation of Health Hazards 
of Chemical Compounds in the Work Area, Deutsche Forschungsgemeinschaft), MAK Commis-
sion (Permanent Senate Commission for the Investigation of Health Hazards of Chemical Com-
pounds in the Work Area, Deutsche Forschungsgemeinschaft)

Approved by the Working Group: 19 September 2017


	Title
	Keywords
	Citation Note
	License

