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ABSTRACT

Historically, benzene has been widely used in a large variety of applications. Occupational exposure
limits (OELs) were set for benzene as it was found to be acutely toxic, causing central nervous system
depression at high exposures. OELs were lowered when it was discovered that chronic exposure to
benzene could cause haematotoxicity. After confirmation that benzene is a human carcinogen causing
acute myeloid leukaemia and possibly other blood malignancies, OEL were further lowered. The indus-
trial application of benzene as solvent is almost completely discontinued but it is still used as feedstock
for the production of other materials, such as styrene. Occupational exposure to benzene may also
occur since it is present in crude oil, natural gas condensate and a variety of petroleum products and
because benzene can be formed in combustion of organic material. In the past few years, lower OELs
for benzene in the range of 0.05-0.25 ppm have been proposed or were already established to protect
workers from benzene-induced cancer. The skin is an important potential route of exposure and rela-
tively more important at lower OELs. Consequently, human biomonitoring — which integrates all expos-
ure routes — is routinely applied to control overall exposure to benzene. Several potential biomarkers
have been proposed and investigated. For compliance check of the current low OELs, urinary S-phenyl-
mercapturic acid (S-PMA), urinary benzene and blood benzene are feasible biomarkers. S-PMA appears
to be the most promising biomarker but proper validation of biomarker levels corresponding to air-
borne benzene concentrations below 0.25 ppm are needed.

Abbreviations: ACGIH: American Conference of Governmental Industrial Hygienists; AML: acute mye-
loid leukaemia; BAR: biological reference value (Biologische Arbeitsstoff-Referenzwert); BE: biomonitor-
ing equivalent; BEI: Biological Exposure Index; DFG: Deutsche Forschungsgemeinschaft; ECHA: European
Chemicals Agency; EKA: exposure equivalents for carcinogenic substances (Expositionsaquivalente fur
krebserzeugende Arbeitsstoffe); HBROEL: health-based occupational exposure limit; IARC: International
Agency for Research on Cancer; OEL: occupational exposure limit; OSHA: Occupational Safety and
Health Administration; PBK-model: physiologically-based kinetic model; ppm: parts per million; PEL:
permissible exposure limit; RAC: Risk Assessment Committee; S-PMA: S-phenyl mercapturic acid; STEL:
short-term exposure limit; tt-MA: trans,trans-muconic acid; TLV: threshold limit value; TWA: time-
weighted average; WHO: World Health Organisation
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crude oil, natural gas, and a wide variety of lighter petroleum
products, such as gasoline. As a consequence, benzene may
be emitted in various industrial and transportation settings
and presents an occupational and environmental hazard.
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Obviously, the adverse health effects that may be caused by
benzene depends on both the level and the duration of
exposure. Over time, exposure levels have dramatically
decreased. At present, traffic and emissions from petrochem-
ical industries are the most important sources for benzene in
ambient air. For individuals, the major exposure to benzene
may result from cigarette smoke (both direct or second-
hand) and from tools with gasoline-powered engines, espe-
cially if these are stored in garages attached to homes.

Inhalation is the most common route of exposure, but ben-
zene rapidly penetrates the skin (Paustenbach et al. 1992;
Hanke et al. 2000; Williams and Paustenbach 2003; Bogen and
Sheehan 2014; Jakasa et al. 2015). As a consequence, at lower
airborne concentrations of benzene the relative contribution of
dermal exposure gets more important. Occupational and envir-
onmental exposures to benzene have declined since regula-
tions limit benzene in gasoline and smoking has been banned
from public and working places in certain countries. The effect-
iveness of and compliance with the regulations is best con-
trolled through biological monitoring (human biomonitoring).
Human biomonitoring of benzene exposure involves the quan-
titative determination of the concentration of benzene or its
metabolites in biological samples. It provides a reliable expos-
ure metric for health risk assessment because it integrates all
possible routes of exposure (inhalation, ingestion, dermal).

Human biomarkers of benzene exposure include benzene
itself in exhaled breath, blood and urine, and a variety of its
urinary metabolites. The low environmental levels of benzene
and the increasingly lower occupational exposure limits (OELs)
for benzene put very stringent demands on the various
human biomarkers. The purpose of this review is to present
an overview of the history of benzene as an occupational haz-
ard and the associated OEL setting, and to discuss human bio-
monitoring of benzene exposure with a focus on the reliability
and practicability of the various biomarkers.

History of benzene as (occupational) hazard and
exposure limits setting

History of production and use

Benzene is a small and volatile single-ring aromatic hydrocarbon
that occurs naturally in crude oil and natural gas and is formed
in almost any combustion process of organic matter. Benzene
was first isolated as a discrete substance in the early nineteenth
century and halfway through the nineteenth century the first
industrial production came about through fractional distillation
of coal tar (Mansfield 1849). Initially, benzene was used in cos-
metics and after-shave because of its pleasant smell, and it was
even used as therapeutic agent to cure several types of leukae-
mia (Rolleston and Boyd 1914; Ross 1914; Weber 1914; Stolkind
1931). The use of benzene increased dramatically when it was
recognised as an excellent solvent for many (organic) materials.
Benzene was widely used in adhesives and in the rubber indus-
try as it proved the ideal solvent for latex, but also in a wide
variety of other applications, such as degreasing of metal surfa-
ces and decaffeinating coffee. The use of benzene in industrial
applications increased over time and until the second world
war its production was almost entirely based on coal tar

distillation. After the second world war benzene became more
important as a starting material to produce other chemicals and
the production from crude oil increased sharply. Nowadays,
more than half of all benzene produced annually serves as
building block for ethylbenzene to produce styrene and subse-
quently polystyrene. Other uses comprise the production of
phenol, aniline and detergent feedstocks.

History of exposure and toxicity

In the late nineteenth and early twentieth century, along with
its increasing production and widespread use, the toxicity of
benzene became apparent. Next to its excellent properties as
a solvent, one of the main reasons for the wide-spread use of
benzene was its high volatility. In many applications, benzene
was used to spread rubber, or some other material, over a sur-
face or fabric, or to allow pouring a dissolved material into a
mould because its rapid evaporation allowed faster produc-
tion. As a consequence, high concentrations of benzene would
be present in the ambient air in the working environment and
pose a serious risk for causing toxicity. The acute toxicity of
inhalation of high concentrations benzene (typically an hour
at concentrations of 500-3000 ppm) was recognised early on
because it caused - like many other organic solvents — drowsi-
ness and dizziness, irregular heartbeat, and, at very high con-
centrations (5-10min at concentrations greater than
10,000 ppm), even unconsciousness and death. Early reports
on benzene poisoning also describe internal bleeding. One of
the first reports on chronic benzene intoxication, including
four fatal cases, also includes the description of a series of ani-
mal experiments in which rabbits are exposed to benzene to
confirm the hematological effects observed in humans
(Santesson 1897). Several other reports about benzene intoxi-
cations, some with a fatal outcome, followed and reported
haematotoxicity with leucopoenia (Selling 1910; Hamilton
1922). Experiments in which rabbits were treated with ben-
zene by injection or inhalation reproduced the toxic effects on
the blood that were seen in humans exposed to benzene
(Selling 1916; Weiskotten et al. 1920). Although already since
the late nineteenth century case reports had associated expos-
ure to benzene with leukaemia (Le Noir and Claude 1897), and
more reports followed (Vigliani and Saita 1948, 1964), it took
until the early 1970s that the association between acute leu-
kaemia and benzene was sufficiently strong to trigger an
evaluation as to its carcinogenicity by the WHO International
Agency on the Research of Cancer (IARC) (Aksoy et al. 1972;
Aksoy, Erdem, and DinCol 1974; Aksoy, Erdem, Erdogan, et al.
1974). In its first monograph on benzene, IARC concludes from
the available animal data that “The data reported do not per-
mit the conclusion that carcinogenic activity has been demon-
strated” and for the epidemiological data “It is established that
exposure to commercial benzene or benzene-containing mix-
tures may result in damage to the haematopoietic system. A
relationship between such exposure and the development of
leukaemia is suggested by many case reports, and this sugges-
tion is strengthened by a case-control study from Japan” (IARC
1974). In the re-evaluation in 1982, IARC concludes that “There
is sufficient evidence that benzene is carcinogenic to man”



considering that “It is established that human exposure to com-
mercial benzene or benzene-containing mixtures can cause
damage to the haematopoietic system, including pancytopenia.
The relationship between benzene exposure and the develop-
ment of acute myeloid leukaemia (AML) has been established
in epidemiological studies.” (IARC 1982). This conclusion was
reconfirmed in the 1987 re-evaluation (IARC 1987). At its latest
re-evaluations of the carcinogenicity of benzene in 2009 and
2017, IARC concluded that there was sufficient evidence for the
carcinogenicity of benzene in both humans and animals. The
relationship between benzene exposure and AML in adults was
considered causal, increasing the risk when the life-time dose is
in the vicinity of 25 to 400 ppm-years. For other blood cancers
(non-Hodgkin lymphoma, chronic lymphoid leukaemia, multiple
myeloma, chronic myeloid leukaemia, and acute myeloid leu-
kaemia in children) positive correlations were observed without
conclusive evidence (IARC 2012, 2018). In addition, the conclu-
sion that benzene was a human carcinogen was reported to be
“supported by mechanistic data demonstrating that benzene
exhibits many of the key characteristics of carcinogens. In par-
ticular, there is strong evidence, including in exposed humans,
that benzene: is metabolically activated to electrophilic metabo-
lites; induces oxidative stress and associated oxidative DNA
damage; is genotoxic, inducing DNA damage and chromosomal
changes; is immunosuppressive; and causes haematotoxicity.”
(IARC 2018). The recognition of the underlying mechanisms of
toxicity, in particularly for carcinogenic substances, is important
as it determines the type of OEL. For stochastic genotoxic carci-
nogens it is generally accepted that every exposure, regardless
its magnitude, is associated with an increased cancer risk. As a
consequence, OELs for genotoxic substances would be derived
to correspond to an acceptable risk and essentially be risk num-
bers. However, non-stochastic genotoxic substances are consid-
ered to have a threshold of exposure below which there is no
increased cancer risk. Therefore, OELs that reflect levels of
exposure below which the increased risk of cancer is negligible
can be derived for these substances.

History of occupational exposure limits (OELs)

The setting of OELs over time reflects the recognition of the
various toxic effects of benzene (Table 1). The American
Conference of Governmental Industrial Hygienists (ACGIH) ini-
tially set a threshold limit value (TLV) of 100ppm in 1946,
which was mainly directed towards prevention of acute tox-
icity, but this value was reduced to 50 ppm as an 8-h time
weighted average (8-h TWA) a year later. Another year later, in
1948, the American Petroleum Institute (API) concluded, based
on experiences in the oil industry, that the OEL should be
lower than 50 ppm. That same year ACGIH halved their TLV to
25ppm (8-hTWA), a value that was adopted by API in 1957.
The ACGIH kept the TLV of 25ppm, as it caused no signs of
acute toxicity at this level, until 1977 when it was reduced to
10 ppm (8-h TWA). In 1997 the TLV (8-h TWA) was lowered to
its current value of 0.5 ppm (8-h TWA). The USA OSHA set an
PEL (Permissible Exposure Limit) of 1ppm (8h TWA) with a
STEL (Short-term Exposure Limit) of 5ppm for 15min in 1996.
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Table 1. Historical overview of OEL setting by different authorities.

Year OEL (ppm, 8-h TWA) Authority
1946 100 ACGIH

1947 50 ACGIH

1948 <50 API

1948 25 ACGIH

1957 25 API

1964 25 DFG

1967 25 UK

1973 10 USA OSHA
1977 10 ACGIH

1979 8 DFG

1985 10 Netherlands
1988 5 UK

1991 5 DFG

1994 25 DFG

1994 23 Netherlands
1996 1.0 USA OSHA
1997 1.0 EU SCOEL
1997 0.5 ACGIH

2000 3 UK

2003 1.0 DFG

2003 1.0 UK

2014 0.2 Netherlands
2018 0.05 EU RAC

In Europe a similar trend was followed, especially after 1997
when a binding OEL of 1ppm (8-h TWA) was adopted in the
EU in a Council Directive that allowed for a gradual implemen-
tation by the individual Member States. In Germany, the
Deutsche Forschungsgemeinchaft (DFG) proposed an OEL (8-h
TWA) of 25 ppm in 1964, which was lowered to 8 ppm in 1979.
In 1991 the OEL in Germany was lowered to 5ppm in 1991,
then to 2.5ppm in 1994, and in 2003 to its current value of
1 ppm. Similarly, the UK HSE adopted an OEL of 25ppm in
1967 and lowered it to 5ppm in 1988, to 3 ppm in 2000 and
finally to 1ppm in 2003. In the Netherlands, the same trend
was followed with OELs of 10 ppm, 2.5 ppm and 1 ppm, succes-
sively, until in 2014, the Health Council advised an OEL of
0.2ppm (8-h TWA) which came into force in 2017. There is a
fundamental difference between this value of 0.2 ppm and all
other values as it is a Health-Based Recommended OEL
(HBROEL), based on the assumption that benzene is a non-sto-
chastic genotoxic substanceAll previous values that were set
considering that benzene was a human carcinogen were in
fact risk numbers since it was assumed that benzene was a sto-
chastic genotoxicant. In contrast to these values, from which
the expected additional cancer risk at the exposure level could
theoretically be calculated, the HBROEL value is considered a
safe value below which no additional health risks are expected
(DECOS 2014). In 2018, the Committee for Risk Assessment
(RAQ) of the European Chemicals Agency (ECHA) issued an
opinion suggesting an OEL of 0.05ppm (RAC 2018). The RAC
also concludes that this value is based on a threshold mode-
of-action and can be considered to be associated with no sig-
nificant residual cancer risk and will also avoid other adverse
effects. More recently, an OEL for benzene of 0.25ppm (8-h
TWA) was proposed based on a systematic review using only
quality-assessed human data on the genotoxic and haemato-
toxic effects of benzene (Schnatter et al. 2020). Like with the
OEL proposed by DECOS and RAC, the proposed value of
0.25 ppm (8-h TWA) is considered a safe level.
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Human biomonitoring of benzene exposure

Exposure to benzene is routinely assessed by biological moni-
toring since the 1960. Over time, a large number of approaches
have been developed and applied. Theoretically, benzene itself
can be determined as a biomarker in exhaled breath, blood, or
urine and, alternatively, one of its metabolites can be measured
as a biomarker in blood or urine. Over time, most of the pos-
sible approaches have been tried and each has its distinct
advantages and disadvantages. For most biomarkers the con-
tinuously lower exposure limits pose specific challenges and ref-
erence levels or biological limit values have only been set for a
relatively small number of biomarkers.

Breath

Benzene is a highly volatile compound and upon inhalation
about half the amount inhaled will be retained (ATSDR 2007).
Benzene that has been taken up into the body, regardless
whether the exposure was by inhalation, through the skin, or
via ingestion, will be partially exhaled. Since the analytical tech-
niques for detection of benzene in exhaled breath are very sen-
sitive, exhaled benzene can reliably be measured after low
levels of exposure to benzene (Kok and Ong 1994; Plebani et al.
1999; Amorim et al. 2008). Various studies have been conducted
to investigate the potential of exhaled breath benzene as bio-
marker for exposure to low airborne concentrations of benzene
(Perbellini et al. 1988; Hotz et al. 1997; Perbellini et al. 2003).
Breath benzene concentrations typically were very well corre-
lated with blood benzene levels, as expected, but also with
urinary benzene levels. The methodology was also sensitive
enough to differentiate between smokers and non-smokers.
However, although in some of these studies statistically signifi-
cant correlations were found between airborne levels of ben-
zene and the concentrations of benzene in exhaled air, these
correlations were not as robust as for urinary biomarkers such
as S-phenylmercapturic acid (S-PMA) and even t,t-muconic acid
(tt-MA). More importantly, the various available studies do not
provide a consistent correlation between airborne benzene and
exhaled breath benzene concentrations, which may be primarily
due to the difficulties in sampling as well as to contaminations,
and the lack of standardisation (Ong and Lee 1994; Ong et al.
1996; Hotz et al. 1997; Hays et al. 2012). An additional factor
may be the very short apparent half-life of exhaled benzene
and indeed, measurements of benzene in post-shift alveolar air
measurements correlated reasonably well to 4-h TWA, but not
8-h TWA, measurements of benzene in air (Forsell et al. 2019).
As a consequence, no formal biological limit values for benzene
in expired air have been proposed (Arnold et al. 2013).

Blood

From a bio-analytical chemistry point of view, blood is an
easy biological medium for analysis of volatile organic chemi-
cals and benzene in blood has been widely investigated as
biomarker for benzene exposure (Perbellini et al. 1988;
Angerer et al. 1991; Brugnone et al. 1992; Brugnone et al.
1998; Brugnone et al. 1999; Perbellini et al. 2002; Alegretti
et al. 2004; Forsell et al. 2019). Although variation amongst

studies was reported, within studies typically good correla-
tions were found between the concentrations in ambient air
and concentrations of benzene in blood. A possible reason
for the variation between studies may be that the biological
half-life of benzene in blood is in the order of minutes and,
consequently, transient exposures can easily be missed.
Various physiologically-based kinetic models (PBK-models)
were developed for benzene in humans (Travis et al. 1990;
Bois et al. 1996; Brown et al. 1998; Sinclair et al. 1999; Yokley
et al. 2006; Knutsen et al. 2013; Valcke and Haddad 2015)
and allowed to set biological monitoring equivalent (BE) val-
ues for benzene (Hays et al. 2012), which may be helpful for
interpretation of biomonitoring results (Hays et al. 2008;
LaKind et al. 2008).

Apart for measuring benzene itself, blood has also been
investigated as specimen for the analysis of protein adducts
of benzene metabolites. Benzene undergoes oxidative metab-
olism to several electrophilic metabolites that can bind to
blood proteins such as albumin and haemoglobin. The pri-
mary oxidative metabolite is benzene oxide, which is highly
reactive and can bind to cysteine sulfhydryl residues and to
N-terminal valine residues in proteins. S-Phenylcysteine could
indeed be detected in both the haemoglobin and albumin of
exposed individuals (Bechtold et al. 1992; Bechtold et al.
1992; Yeowell-O’Connell et al. 1996; Yeowell-O'Connell et al.
1998; Hanway et al. 2000). Benzene oxide is unstable and will
re-arrange quickly to phenol that can be oxidised to 1,2- and
1,4-benzoquinone which can also bind to the cysteine resi-
dues in both haemoglobin and albumin in humans (Yeowell-
O’Connell et al. 2001; Rappaport et al. 2002; Rappaport et al.
2005). It turned out, however, that the adduct levels did not
correlate well with airborne exposure levels (Yeowell-
O’Connell et al. 2001, Lin et al. 2006, Lin et al. 2007). This
may be due to the instability of the adducts and is most
likely also influenced by the relatively high backgrounds in
humans of phenol and hydroquinones from the diet
(McDonald et al. 2001; Johnson et al. 2007).

In contrast to benzene in blood, for which good correla-
tions with the concentrations of benzene in ambient air were
found, for benzene oxide and benzoquinone adducts in
haemoglobin and albumin no reliable correlation with air-
borne concentrations of benzene could be established. The
DFG established EKA values (i.e. exposure equivalent values
for carcinogenic substances) for benzene in blood for air-
borne concentrations of benzene between 0.3 and 4ppm,
ranging from 0.9 to 38 ng benzene/L measured in blood sam-
ples collected at the end of the shift (DFG 2013).
Nevertheless, benzene in blood is not widely applied as bio-
marker for benzene exposure since blood sampling is an
invasive method, which triggers various ethical and medical
issues (Knudsen et al. 2022) and the EKA values for benzene
in blood were discontinued as of 2013.

Urine

Since collection of urine is non-invasive and relatively easy to
conduct, urine is in most cases the specimen of choice for
human biomonitoring and a host of methods have been



developed for urinary biomarkers of benzene exposure. Both
benzene itself and a series of its metabolites have been pro-
posed as biomarkers of benzene exposure (Figure 1).

Benzene in urine is, like benzene in blood, relatively easy
to measure from a bio-analytical perspective but has an
advantage over benzene in blood because the concentrations
in urine essentially reflect the exposure since the last void.
Therefore, benzene in urine potentially gives a better reflec-
tion of (transient) exposures to benzene during the working
day than benzene in blood. Nevertheless, urinary benzene
suffers from the same drawbacks as the other biomarkers
that measure benzene directly: the inherent volatility of ben-
zene makes it prone to evaporation from urinary samples
and there is potential of contamination with benzene in the
working place during collection.

Several studies have been published on the urinary excre-
tion of benzene (Ghittori et al. 1993, 1995; Ong et al. 1996;
Waidyanatha et al. 2001; Perbellini et al. 2003; Tolentino
et al. 2003; Fustinoni et al. 2005; Manini et al. 2006, 2008;
Campagna et al. 2012). For individual studies with
airborne benzene concentrations greater than ~0.2 ppm
(~0.65 mg/m?), reasonably good correlations between urinary
benzene and benzene in air were found. However, between
studies the correlations differed over an order of magnitude
and made it impossible to derive a reliable BE value (Hays
et al. 2012). For urinary benzene levels at benzene exposures
less than 0.2 ppm, limited data are available (Fustinoni et al.
2005; Manini et al. 2006, 2008; Campagna et al. 2012). Manini
et al. report a median airborne benzene concentration (in 24
individuals) of 6.1 ug/m* with 25 and 75% percentile values
of 0.3 and 9.5 ug/m>, respectively, and median urinary ben-
zene concentrations (in 80 individuals) of 0.16 with 25 and
75% percentile values of 0.13 and 0.26 png/L, respectively
(Manini et al. 2008). However, no statistically significant cor-
relation was found between airborne benzene and urinary
benzene concentrations, which might be due that benzene
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concentrations in air were measured in less than a quarter of
the individuals in the study. In addition, the airborne ben-
zene concentrations levels measured varied more than 30-
fold whereas the urinary benzene concentrations values only
varied 2-fold (Manini et al. 2008). It's noteworthy that a simi-
lar study by the same investigators for the same airborne
benzene levels different values for urinary benzene concen-
trations were reported (Manini et al. 2006). Fustinoni et al.
report airborne benzene concentrations for two groups of 49
and 46 non-smoking workers of 22 (range 9-361) and 61
(range 11-478) nug/m?3, respectively, that correspond to urin-
ary benzene concentrations of 151 (range 25-943) and 342
(range 42-2836) ng/L. For both groups, urinary benzene con-
centrations were higher in the pre-shift samples (256, range
98-846 ng/L and 459, range 147-2708 ng/L, respectively) than
in the post-shift samples. A statistically significant correlation
between airborne and urinary benzene levels was found after
log-transformation of the values and this correlation was bet-
ter for the pre-shift urine samples than for the post-shift
urine samples (Fustinoni et al. 2005). In another Italian study
on 19 non-smoking workers, a statistically significant correl-
ation was also found between airborne and urinary concen-
trations of benzene with an average airborne benzene
concentration of 30 (range 12-123) pg/m® and an average
urinary benzene concentration of 267 (range 151-557) ng/L
(Campagna et al. 2012). Based on three (Fustinoni et al. 2005;
Manini et al. 2008; Campagna et al. 2012) of the four studies
mentioned above, the DFG calculated a correlation between
airborne and urinary benzene concentrations which was
extrapolated to set EKA values of 0.48 and 0.83 ug/L corre-
sponding to 0.1 and 0.2 mg/m> (8-h TWA) benzene (i.e. ~0.03
and ~0.06 ppm) (Kraus et al. 2018).

The available studies on correlations between airborne and
urinary benzene concentrations showed no consistency at air-
borne concentrations higher than ~0.06 ppm (~0.2mg/m?).
Therefore, to calculate EKA values corresponding to higher
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Figure 1. Main urinary metabolites formed by oxidative metabolism of benzene and applied as biomarkers for benzene exposure.
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concentrations, DFG relied on the correlation found between
urinary benzene and two urinary metabolites of benzene: trans,-
trans-muconic acid (tt-MA) and S-phenylmercapturic acid (S-
PMA) (Bader et al. 2014). The calculated values depend on
whether the correlation between urinary benzene and tt-MA or
between urinary benzene and S-PMA is used, and also on
whether creatinine correction is applied. It is unclear (not
reported) which data are finally used to calculate the published
EKA values, but these are rather consistent with the extrapo-
lated values for the lower concentrations of airborne benzene.
In addition, the DFG set biological reference values (BAR values)
based on the results obtained in the general population without
occupational exposure to benzene and published a BAR of
300 ng/L for urinary benzene (Kraus et al. 2018).

Several urinary metabolites of benzene have been sug-
gested as biomarkers of benzene exposure. The most abun-
dant urinary metabolite of benzene, accounting for
approximately half of the amount of absorbed benzene, is
phenol that is present in the urine as its glucuronide and sul-
phate conjugates (predominantly as its sulphate conjugate,
which may account for up to 85% of total urinary phenol).
Urinary phenols could be determined by colorimetric meth-
ods for a long time (Folin and Denis 1915) and total urinary
phenol was the first urinary biomarker for benzene exposure,
introduced in the 1950s and initially also determined by
colorimetric methods (Teisinger et al. 1955). However, the
colorimetric methods were not adequate to determine occu-
pational exposures and chromatographic methods were
developed and introduced in occupational settings as a con-
trol measure as early as 1963 (van Haaften and Sie 1965).
Urinary phenol has been used for decades as a biomarker for
benzene exposure even though non-exposed individuals may
have significant background levels of urinary phenol. This
background is due to dietary intake of phenols and inher-
ently highly variable and usually less than 10 mg/L but never
higher than 20 mg/L. Based on a TLV of 10 ppm (as 8-h TWA),
the ACGIH proposed a Biological Exposure Index (BEI) of
50mg/g creatinine in end-of-shift urine samples in line with
the relationship between airborne benzene concentrations
and urinary phenol levels at the end of the 8-h working shift
(Inoue et al. 1986). However, with OEL values lower than
approximately 5ppm phenol gets unreliable as biomarker of
exposure although the increase in urinary phenol over the
shift can still be used to indicate increased exposure levels.
At an OEL value of 1ppm urinary phenol can no longer be
used as biomarker of exposure and when OEL values were
lowered to this level, other urinary metabolites of benzene
were investigated as biomarkers of exposure.

trans,trans-Muconic acid (tt-MA) is a relatively minor
metabolite of benzene, accounting for approximately 5% of
the absorbed dose (Boogaard and van Sittert 1995). Since tt-
MA is relatively easily measured, it gained rapid popularity as
a biomarker for benzene exposure (Ducos et al. 1990, 1992).
Urinary concentrations of tt-MA in end of shift samples were
found to correlate well with airborne concentrations of ben-
zene (as 8-h TWA) and a biological limit value of 2mg/l or
1.7 mg/g creatinine was found to correspond with exposure
to 1 ppm (8-h TWA) benzene (Boogaard and van Sittert 1995,
1996; Scherer et al. 1998). However, it was also found that at

airborne benzene concentrations lower than 0.5 ppm, tt-MA
loses its specificity as certain food ingredients, such as sorbic
acid which is used as a preservative, may be metabolised to
tt-MA rendering it less suitable as a biomarker at lower ben-
zene levels (Weaver et al. 2000). In addition, its relatively
short half-life of approximately 5h makes it less suitable to
pick up intermittent exposures than longer lived metabolites
like S-PMA (Boogaard and van Sittert 1995, 1996). In the gen-
eral population the 95-percentile for urinary tt-MA is approxi-
mately 150 pug tt-MA/g creatinine, but urinary values as high
as 700 pug/g creatinine were reported after dietary exposure
to sorbic acid. As a consequence, it is not surprising that
studies conducted to assess the correlation between urinary
tt-MA and airborne low-level (<0.3 ppm) concentrations of
benzene do not show any clear correlation (Carrer et al.
2000; Fustinoni et al. 2005; Manini et al. 2006, 2008, Carrieri
et al. 2010; Fracasso et al. 2010; Campagna et al. 2012; Mansi
et al. 2012). Although good correlations between tt-MA and
other urinary biomarkers of benzene exposure, such as urin-
ary benzene and S-PMA (vide infra), were found when consid-
ering a wide range of airborne benzene concentrations
ranging from less than 0.1 ppm to well over 1ppm, these
cannot reliably be used to derive biological limit values corre-
sponding to airborne levels of benzene below 0.3 ppm
(Boogaard and van Sittert 1995, 1996; Bader et al. 2014).
S-PMA is a minor metabolite of benzene, accounting for
~0.11% of the absorbed dose (Boogaard and van Sittert
1995) and was introduced as urinary biomarker of benzene
exposure in the early 1990s (van Sittert et al. 1993). The ori-
ginal analytical methodology for determination of urinary S-
PMA (methylation followed by GC-MS) was rather compli-
cated and a number of ELISA methods was developed (Aston
et al. 2002; Fustinoni et al. 2005; Fracasso et al. 2010).
However, since these were validated at relatively high levels
of S-PMA (corresponding to airborne levels of benzene of
0.5-1ppm, as 8-H TWA) and are inherently not suitable for
applications at lower levels, they won't be discussed here.
The original GC-MS method, which applied S-benzylmercap-
turic acid as internal standard, was well validated in a dozen
of studies in a wide variety of occupational settings with ben-
zene exposures ranging from <0.1 to 13.6 mg/m> (8-h TWA)
(van Sittert et al. 1993). However, the correlation between
air-borne benzene and urinary S-PMA could not reliably be
established in more concentrated urinary samples due to
chromatographic problems, limiting quantification of expos-
ure to approximately 1mg/m? (0.3ppm, 8-h TWA) of ben-
zene. Moreover, in many situations with benzene exposure
there may be co-exposure to toluene which can be metabol-
ised to S-benzylmercapturic acid to a minor extent as well
which theoretically may also interfere (Inoue et al. 2002; Ukai
et al. 2007; Kawai et al. 2008). Therefore, the methodology
was improved by introducing perdeuterated S-PMA (ds-S-
PMA) as internal standard which increased accuracy and
allowed quantification down to approximately 0.3 mg/m?
(0.1ppm, 8-h TWA). The improved method was validated
again in a dozen studies in several occupational settings with
airborne exposure from <0.1 to 211 mg/m3 (8-h TWA)
(Boogaard and van Sittert 1995, 1996). No significant differ-
ence was found in percentage of benzene that was excreted



as S-PMA or in urinary half-life (~9h) between the original
and improved methodologies, but with the improved
method the difference in urinary excretion of S-PMA by
smokers and non-smokers could be demonstrated.

In 1995, the ACGIH proposed a BEI for urinary S-PMA of
45 pg/g creatinine, corresponding to the TLV of 1 ppm, based
on the correlation between urinary S-PMA at the end-of-shift
and the airborne concentrations benzene during the shift (8-
h TWA) (Boogaard and van Sittert 1996). Based on this same
correlation, the BEI was lowered to 25ug/g creatinine when
the TLV was lowered to 0.5 ppm.

S-PMA was applied in several studies as biomarker for
low-level exposure to benzene. In a study in 50 non-smoking
police men, a median exposure of 20.6 (range 14.0-32.5)
ng/m* was reported corresponding S-PMA levels of 0.35
(range 0.21-0.69) ng/g creatinine (Angelini et al. 2011). There
were two studies in Italian taxi drivers and traffic policemen
by the group of Manini and co-workers (Manini et al. 2006,
2008). For unknown reasons, the results of the first study
(from 2006) do not match with those of the second study
(from 2008) nor with the results of other studies with similar
exposure levels. The last study reports an average airborne
benzene concentration (in 24 individuals) of 6.1 ug/m3 with a
range of 0.3-9.5 ug/m> and median S-PMA concentrations (in
80 individuals) of 0.42 with 25 and 75% percentiles of 0.2
and 1.07 ug/g creatinine, respectively.

In another lItalian study, airborne exposure to benzene
and the corresponding urinary excretion of S-PMA was deter-
mined in 20 non-smoking petrochemical workers on 9 con-
secutive days. The benzene concentration averaged 0.0561
(median 0.0132, range <0.003-924) mg/m3 with correspond-
ing urinary S-PMA values of 1.14 (median 0.48, range <0.06-
18.63) pg/g creatinine (Carrieri et al. 2010). In a more exten-
sive study, 231 non-smoking workers exposed to an airborne
benzene exposure averaging 11.4pug/m® (range 0.4-
220 pug/m?® as measured in 227 workers) had an average urin-
ary S-PMA level of 1.2 (range 0.2-8.8) pg/g creatinine whilst
in 102 non-smoking controls an average urinary S-PMA of 0.7
(range 0.1-4.0) ng/g creatinine was measured (Maestri et al.
2005). Following logarithmic transformation of the data, a
weak correlation (r*=0.18) was found between airborne levels
of benzene and the urinary levels of S-PMA.

The DFG established a correlation between low-level ben-
zene exposure and urinary S-PMA, based on the studies by
Manini et al. 2008, Carrieri et al. 2010, Angelini et al. 2011,
and Mansi et al. 2012. However, it is unclear how they did
this since the various studies report median and average val-
ues. In addition, the study by Mansi and co-workers (Mansi
et al. 2012) is problematic since the reported airborne value
of benzene of 0.0368 (range 0.004-0.292) mg/m3 were meas-
ured in both smokers and non-smokers and not necessarily
on the same day as the urine samples for determination of S-
PMA were collected. This is not surprising given the fact that
the study was not designed to establish a correlation
between airborne exposures to benzene and urinary excre-
tion of S-PMA. Moreover, the most extensive study available
(by Maestri et al. 2005) was not taken into account. A correl-
ation was obtained that was not statistically significant but
this relation was nevertheless used to calculate S-PMA values
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of 1.5 and 3ng/g creatinine, corresponding to airborne con-
centrations of benzene of 0.1 and 0.2mg/m?. For the higher
airborne benzene concentrations (>0.5 mg/m3), the DFG used
the study by Van Sittert et al. (van Sittert et al. 1993). This is
the first study that validated the correlation between air-
borne benzene concentrations and urinary S-PMA by combin-
ing data from 12 studies in 6 countries from 333 workers
(613 samples) and 48 controls. A good correlation between
airborne benzene and urinary S-PMA was found and this cor-
relation was applied by the DFG to calculate their EKA values.
However, as explained above, this method applied S-benzyl-
mercapturic acid as internal standard which caused issues at
lower concentrations where, especially in samples prepared
from more concentrated urines, peaks may shift leading to
failure to integrate the entire peaks for the selected mass
fragments resulting in underestimation of the actual concen-
trations of S-PMA. In addition, interference of co-exposure to
toluene may occur. For that reason the method was
improved with as main alteration the use of a deuterated
internal standard (ring-ds-S-PMA). With this improved method
another validation study was performed comprising 12 stud-
ies in 5 countries with 434 samples of 133 workers in settings
where previously the highest exposure levels had been found
(Boogaard and van Sittert 1995, 1996). The new regression
line for S-PMA versus airborne benzene is given by: [airborne
benzene] (mg/m?, 8-h TWA) = 0.0758 x urinary [S-PMA]
(ng/g creatinine) — 0.317 (r=0.968). This regression line
gives higher values for the lower concentrations than the ori-
ginal regression line. Using the “old” regression line (van
Sittert et al. 1993), the values calculated for 0.1 and
0.2mg/m* would yield negative values, which indicates that
the values proposed by the DFG do not fit the trend, i.e. the
line is bent upwards at lower concentrations. Using the
“new” regression line, which is not validated for airborne con-
centration below 0.3 mg/m3 (0.1 ppm, 8-h TWA), values of 5.5
and 6.8g/g creatinine are calculated. These values seem
relatively high in view of the results of the studies with low
airborne concentrations. The overall conclusion is that there
is a strong need to reliably assess correlations between low
concentrations of airborne benzene and urinary S-PMA. There
doesn’t seem to be a background for urinary S-PMA and a
BAR value of 0.3 ug/g creatinine was proposed.

Interpretation of benzene biomonitoring data

Interpretation of human biomonitoring data is often less
straightforward than suggested by a simple comparison to a
limit value. Depending on the biomarker used a series of fac-
tors need to be considered. Specificity and sensitivity are
important factors, especially at low ambient exposure levels.
Regarding specificity, as indicated, several of the biomarkers
have confounding background levels which renders them
unreliable to confirm exposure below certain levels. The
exception would be benzene itself, measured in blood or
urine. However, the application of benzene in blood as bio-
marker is limited since its biological half-life is in the order of
minutes which makes unsuitable to detect transient or inter-
mittent exposures. This probably also explains the lack of



806 (&) P.J. BOOGAARD

consistency in the reported correlations between airborne
benzene concentration and the levels of benzene in blood.
Using PBK-models, the Biomonitoring Equivalent (BE, i.e. the
concentration of a chemical or its metabolite in a biological
medium that is consistent with an existing health-based
exposure guideline) can be calculated (Hays et al. 2008;
Boogaard et al. 2011). For benzene BE values were derived
for benzene in blood and for benzene in urine (Hays et al.
2012). However, these BE values assume a continuous stable
exposure concentration and would not reflect transient or
intermittent exposure.

In Figure 2 the applicability of several biomarkers at vary-
ing airborne concentrations are depicted. Both urinary phenol
and tt-MA are limited as biomarker for benzene exposure
due to the potential background that may be caused by
food stuffs. S-PMA is the notable exception since up till now
no background levels have been observed that might con-
found interpretation. This makes S-PMA the biomarker of
choice to assess exposure to benzene. It seems that sensitiv-
ity is not a problem either for the analytical determination of
S-PMA. However, a solid correlation between airborne ben-
zene concentrations below ~0.25 ppm (8-h TWA) and urinary
S-PMA has not yet been established.

As described previously, four specific elements can be
identified which, dependent on the degree to which each is
supported determine to what extent human biomonitoring
data can be interpreted with respect to human risk assess-
ment (Boogaard and Money 2008). These four elements are
(1) analytical integrity, (2) the ability to describe the dose (i.e.
toxicokinetics), (3) the ability to relate data to effects, and (4)
the overall weight-of-evidence.

With regard to the human biomonitoring of benzene
exposure using urinary S-PMA, the analytical integrity should
pose no serious issues since the methodologies have been
properly described and validated and external quality pro-
grammes are available. For S-PMA there is no background in
urine and its toxicokinetics have been described sufficiently
to interpret data, even from spot samples. However, a correl-
ation between urinary S-PMA and effects is not available. As
a consequence, the measurements of urinary S-PMA should
be considered as mere monitoring of benzene exposure.
Correlations between airborne concentrations of benzene
and effects have been described and, theoretically, a correl-
ation between urinary concentrations of S-PMA and effects
could be gleaned from these in combination with the correl-
ation between airborne concentrations of benzene and

Phenol (U)
t,t-muconic acid (U)
?  S-phenylmercapturic acid (U)

? Benzene (B, U)

N IO B B l

1.0 ppm 10 ppm

100 ppm

OEL airborne benzene (8-h TWA)

Figure 2. Applicability of biomarkers of exposure with lowering occupational
exposure limits (OELs).

urinary S-PMA. However, this is not straightforward since the
chronic health effects of benzene are associated with cumula-
tive exposures which are typically modelled based on occu-
pational history in combination with characteristic exposure
levels estimated by trained occupational hygienists and
epidemiologists.

As explained above, although there are correlations
between urinary S-PMA (spot samples, collected at the end-
of-the shift) and airborne benzene (8-h TWA), the correlation
at concentrations of benzene below ~0.25ppm (8-h TWA) is
not properly established. Overall, this implies that S-PMA in
spot samples, collected at the end-of-the-shift, can be inter-
preted in terms of compliance to OELs of 0.25ppm and
higher. In terms of compliance, it should be borne in mind
that OELs have been derived to reflect 8-h TWA exposures
for 5days per week during the working life (40years).
Therefore, occasional exceedance of the health-based OEL
values does not necessarily imply an increased risk of haem-
atological cancers since these are associated with cumulative
exposures over a longer period of time (IARC 2018).

Implications of lower OELs for human
biomonitoring and the way forward

The first occupational exposures limits for benzene were
based on its potency to cause depression of the central ner-
vous system and were similar to the limits applied for other
organic solvents with narcotic properties. However, since it
was recognised that benzene is a human leukaemogen, the
occupational exposures limits have continuously been low-
ered. In most countries the OELs have been between 0.5 and
1ppm (as 8-h TWA) for many years. Recently, a number of
reports have been issued that propose a lower OEL for ben-
zene. The Dutch Health Council proposed an OEL of 0.2 ppm
which is almost identical to the value of 0.25ppm that was
more recently proposed as a result of an extensive systematic
review of all available human data (DECOS 2014; Schnatter
et al. 2020). ECHA proposed an even lower value of 0.05 ppm
based on human and animal data combined (RAC 2018). The
European Commission considered the ECHA proposal as well
as an impact assessment for the proposed values and pro-
posed in turn to the European Parliament and the Council of
the EU to accept lower OEL values for benzene in a step-wise
approach. In 2022, the Carcinogens and Mutagens Directive
(2004/37/EC) was indeed amended in such a way that the
existing OEL of 1 ppm will be lowered to 0.5ppm as per 5
April 2024, and subsequently to 0.2ppm as of 5 April 2026
(EC 2022). For proper OEL compliance control of exposure in
occupational settings, it is essential to be able to measure
airborne levels of less than 50% of the OEL and ideally as
low as 20% of the OEL. Determination of airborne levels of
benzene of 0.2ppm (8-h TWA) and below is technically well
feasible. However, with these low OEL values dermal expos-
ure becomes relatively more important and can in many
occupational settings outweigh the exposure by inhalation.
To assess complete exposure to benzene via all routes,
including dermal, human biomonitoring is undoubtedly the
best option. Although a wide variety of human



biomonitoring techniques have been developed, none of
these has been properly validated for the proposed OEL val-
ues in the range of 0.05 to 0.25ppm. As discussed above, it
appears from the available data that only urinary S-PMA,
urinary benzene, and benzene in blood may be useful bio-
markers to assess exposure at these levels (Figure 2). Since
urine is the preferred specimen for occupational human bio-
monitoring, determination of S-PMA is the best option
because urinary benzene seems inherently less reliable which
may be due to the volatility of benzene. Despite the fact that
biomarker levels for the proposed OEL values of 0.25ppm
and lower have not been properly validated, ECHA published
a value of 2 ng/g creatinine for S-PMA corresponding to the
proposed OEL of 0.05 ppm (RAC 2018). ECHA states they took
the data from DFG, but apparently they have interpolated
the data published by DFG (DFG 2017). As explained above,
the values DFG reported for S-PMA corresponding to air-
borne concentrations of benzene of 0.03 and 0.06 ppm are
not very well justified and differ slightly from the values DFG
published later (DFG 2018) and, moreover, the values for S-
PMA corresponding to airborne concentrations of benzene
below 1ppm are based on an outdated regression analysis
as discussed above in the section on urinary biomarkers
(Urine — S-PMA).

Another issue regarding the biomonitoring of benzene
exposure less than ~0.1 ppm is that it has been suggested
that the metabolism of benzene would be non-linear at these
low exposure levels (McHale et al. 2011; Thomas et al. 2014).
This assumption of more efficient oxidative metabolism at
concentration less than 0.1 ppm was based on the analysis of
a large database obtained from a series of studies in workers
with potential exposure to a wide range of benzene concen-
trations (Lan et al. 2004; Vermeulen et al. 2004; Kim et al.
2006). More recently, however, two independent analyses of
the same dataset have shown that the data can be fully
explained without any non-linearity in the metabolism of
benzene (Cox et al. 2017; McNally et al. 2017). Moreover,
there are methodological issues with the original analysis
(Kim et al. 2006) because there might have been dermal
exposure in some cases, and, more importantly, the benzene
concentrations below 0.1 ppm were not actually measured
but calculated from biomonitoring data (assuming linearity)
because the available methodology did not allow determin-
ation of these low levels (Boogaard 2017). The currently
available analytical methodology for measuring airborne con-
centrations of benzene allows determination of concentra-
tions well below 0.1 ppm. The bottom line is that there is a
strong need for further validation of urinary S-PMA as bio-
marker for benzene exposure at these low concentrations
(0.01-0.25 ppm) to allow reliable compliance check of ben-
zene exposure at the recently proposed OELs. Ideally, such a
validation should entail a large work-force (at least a few
dozen individuals) with potential exposure to airborne con-
centrations of benzene in the range of 0.01-0.5ppm (8-h
TWA) without a significant risk of dermal exposure. The ben-
zene exposures of each individual should be assessed by per-
sonal air monitoring with a validated method during a
number of consecutive days. Concomitantly, each individual
should provide pre- and post-shift urine samples for the
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determination of S-PMA by a validated method. Finally, the
individual human biomarker data should be linked to the
corresponding airborne concentrations and evaluated statis-
tically to obtain a correlation that can be used to derive limit
values such as OELs (Boogaard and Money 2008).

Conclusions

1. The OELs for benzene have been lowered over more
than 2 orders of magnitude since the first value of
100 ppm was proposed in 1946 to values between 0.05
and 0.25 ppm that have recently been proposed.

2. Although the determination of airborne benzene con-
centrations at these concentrations is technically well
feasible, accurate determination of low and intermittent
airborne exposure is difficult. Moreover at these low con-
centrations (<0.25ppm) the contribution of dermal
exposure to the total exposure, and consequently the
potential health risk, becomes relatively more important.

3. Human biomonitoring of benzene exposure may solve
the issues associated with intermittent airborne exposure
and dermal exposure.

4. From the available human biomonitoring methodologies,
urinary S-PMA seems to be the most promising bio-
marker for the assessment of low-level (i.e. <0.25ppm)
exposures.

5. Proper validation of urinary S-PMA for biomonitoring of
benzene exposures lower than 0.25ppm (8-h TWA) is
currently lacking and would be required to allow compli-
ance checking of benzene exposures at the recently pro-
posed OELs in the range of 0.05-0.25 ppm (8-h TWA).
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