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Abstract

Context: Benzene is a ubiquitous pollutant; smoking habit, genetic polymorphisms, and analytical difficulties impact
the identification of the best biomarker.

Objective: To apply a systematic quantitative approach to evaluate urinary benzene (BEN-U) and S-phenylmercapturic
acid (SPMA) as biomarkers of low benzene exposures.

Methods: Seventy-one blue collar refinery workers, 97 white collar refinery workers and 108 general population
subjects were included. Intrinsic characteristics, sampling and analytical issues were compared.

Results: BEN-U and SPMA were detected in 99% and 78% of samples, which correlated with benzene exposure (r=0.456
and r=0.636, respectively) and with urinary cotinine (r=0.630 and r=0.570, respectively). Intrinsic characteristics
were similar for the two biomarkers: specificity (0.64 and 0.69 for BEN-U and SPMA), sensitivity (0.74 and 0.83), as well
as intra- and inter-individual variability (150% and >14 for both).

Conclusion: BEN-U and SPMA show similar intrinsic characteristics; analytical issues in detecting SPMA suggest that
BEN-U is more convenient for investigating low exposure levels.

Keywords: Environmental pollution/Ecotoxicology, mass spectroscopy, chemical carcinogenesis

Introduction

Benzene, although banned from several industrial pro-
cesses and common products, is still a critical molecule in
the chemical industry. Benzene is obtained from oil and
widely used as intermediate in the synthesis of several
chemicals, including styrene. In addition, it is an impu-
rity (<1% in the EU) in the aromatic hydrocarbon mixture
added to gasoline as an antiknock agent. The presence
of benzene in the general environment is due to incom-
plete combustion of organic matter, including gasoline,
coal, woods and tobacco. For this reason, it is practically
ubiquitous worldwide, and automotive exhaust fumes
and smoking represent major sources of exposure for the
general population.

Benzene is classified as a known human carcinogen
by the International Agency for Research on Cancer
(IARC, 1987) and is labeled H350 (may cause cancer
to humans) according to European regulation No.
1272/2008 (European Commission, 2008). Due to its
toxicity, airborne benzene exposure is regulated in many
countries. For example, 1ppm (3.2mg/m?) is the occu-
pational limit in the EU (European Commission, 1997).
A time-weighted average concentration of 0.5ppm
(1.6 mg/m?®) during an 8-h work shift is recommended
as a threshold limit value by the American Conference
of Governmental Industrial Hygienists (ACGIH, 2009).
Besides occupational exposures, exposure in the general
population is a public concern issue. This exposure is
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now regulated by guidelines for air quality; for example,
5 pg/m?® benzene has been enforced as a mean calendar
year limit in the EU from 2010 (European Commission,
2000), and biomonitoring in the general population has
been recognized as an important public health issue
(European Commission, 2004).

For biological monitoring of occupational ben-
zene exposure, urinary ff-muconic acid (MA) and
S-phenylmercapturic acid (SPMA) are recommended
as determinants in the biological exposure indices list
of ACGIH, with 500 pg/g creatinine and 25 pg/g creati-
nine, respectively, in samples collected at the end of the
shift (ACGIH, 2009). For both, the B notation warns that
the marker is usually present in a significant amount in
biological specimens collected from subjects who have
not been exposed occupationally. Urinary MA (2mg/L)
and SPMA (0.045mg/g creatinine), and benzene in
the blood (5 pg/L), are listed as exposure equivalents
for carcinogenic substances (EKA) by the Deutsche
Forschungsgemeinschaft (DFG), for samples collected at
the end of exposure or end of shift, corresponding to an
airborne benzenelevel of 1 ppm (3.2 mg/m?) (DFG, 2009).
No differentiation between smokers and nonsmokers
is reported in either list, although several studies have
shown the influence of smoking on benzene biomark-
ers levels, which may be the result of testing at low air
exposures, but not at exposures close to occupational
exposure limits.

In the last several decades, several studies on bio-
logical monitoring of benzene exposure focused on
non-traditional occupational settings, as in traffic
policemen (Fustinoni et al., 1995; Crebelli et al., 2001;
Fustinoni et al., 2005; Manini et al., 2008; Barbieri et al.,
2008), gasoline station attendants (Inoue et al., 2001;
Fustinoni et al., 2005; Lovreglio et al., 2010), public
transportation drivers (Fustinoni et al., 2005; Manini
et al, 2006), and other more traditional work settings
such as petrochemical and refinery plants (Hoet et al.,
2009; Carrieri et al.,, 2010) where improved working
conditions have lowered occupational exposures sig-
nificantly. These studies demonstrated the usefulness
of SPMA and suggest that urinary benzene (BEN-U) is
a new biomarker suitable to assess low exposures, i.e.
exposures below occupational limit values (Fustinoni
et al., 2005; Barbieri et al., 2008; Lovreglio et al., 2010;
Fustinoni et al., 2010a).

Given the need to focus on exposure levels consistent
with those found in current working and living envi-
ronments, the present study aimed to evaluate SPMA
and BEN-U as biomarkers of low exposures, using a sys-
tematic quantitative approach, that is actually lacking
in the extensive literature on benzene biomonitoring.
The study was performed on three groups of subjects
with nominal exposure spanning over a wide range of
concentrations. The comparison between SPMA and
BEN-U was performed according to the criteria sug-
gested by Dor and coworkers (Dor et al., 1999), so that
both sampling conditions and analytical techniques,
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and the intrinsic characteristics of the biomarkers
were considered. Among the intrinsic characteristics,
we estimated background level, specificity, sensitivity,
inter-individual variability, and correlation with air
exposure; moreover, due to the availability of multiple
determinations in individuals in the general popula-
tion, it was possible to estimate intra-subject variabil-
ity. Additionally, the influence of smoking status on
biomarker levels was evaluated. As far as sampling
conditions and analytical techniques, we summarized
the information on sample collection, storage, and
analysis, considering both the results obtained in the
present work, and information from our previous expe-
riences (Fustinoni et al., 1999; Fustinoni et al., 2000;
Fustinoni et al., 2010b). To measure BEN-U and SPMA
gas chromatography/mass spectrometry (GC/MS) and
liquid chromatography/triple quadruple mass spec-
trometry (LC/MS/MS) assays were applied (Fustinoni
et al., 1999; Fustinoni et al., 2010b).

Methods

Study population

The subjects were 65 male and 6 female workers
employed as blue collar workers in the Polish refinery
industry (B). A group of matched white collar work-
ers (office workers from the same plant) was recruited
as internal controls (W), for a total of 97 subjects. For
subjects B, but not for subjects W, a single personal air
sample was collected for benzene determination dur-
ing a work shift; for both subjects B and W, a spot urine
sample was collected at the end of the monitored work
shift. An additional group of 108 subjects belonging to
the general population working and living in the city of
Milan, Italy, or in nearby areas, was recruited as a con-
venient external control (C); they were chosen because
they are not exposed to benzene occupationally; for
these subjects, personal exposure to benzene was mon-
itored for a 5-h period of a working day, while subjects
were performing their usual activities; three spot urine
samples were also collected. A complete description of
these subjects, together with their personal exposure
to air benzene and excretion of BEN-U, as geometric
mean value of multiple determinations, were reported
previously (Fustinoni et al., 2010a). Information about
work activities, demographic and lifestyle factors, and
medical histories were obtained using a questionnaire
administered by occupational physicians. The study
was authorized by the appropriate ethics committee.
All subjects were informed about the aims and the pro-
tocol of the study, and provided written consent to be
included as human subjects.

Personal benzene exposure

For subjects B, air benzene was sampled by an active
sampler (Gillian Pump), connected to a cartridge
containing Chromosorb 106, operating at 100 mL/min
flow rate (NIOSH, 2003). For subjects C, air benzene was
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sampled using the passive sampler Radiello equipped
with a 35-50 mesh charcoal cartridge (Sigma-Aldrich,
2010). In both cases, the sampling device was worn by
the subjects, positioning the cartridge near the breath-
ing zone. For subjects B, sampling was performed
during the work shift (typically from 8:00 a.m. to 16:30
p.m.). For subjects C, sampling was performed during
the morning (typically from 8:00 a.m. to 13:00 p.m.).
Benzene in samplers was determined by CS, desorp-
tion followed by gas chromatography/flame ionization
detector (GC/FID) analysis for subjects B (NIOSH,
2003), or by GC/MS for subjects C, according to the
cartridge manufacturer’s procedure (Sigma-Aldrich,
2010). The limit of quantification (LOQ) was 0.02 mg/
m? (0.006 ppm) for analysis performed by GC/FID and
0.001 mg/m?® (0.0003 ppm) for analysis performed by
GC/MS.

Biological monitoring

Specimen collection

For refinery workers (B and W), a urine spot sample was
collected at the end of the work shift. For control subjects
(C), spot urine samples were collected three times dur-
ing the same week: before the beginning of air sampling,
within 10min of the end of air sampling and on Monday
morning. Specimens were divided in aliquots for the deter-
mination of urinary biomarkers; for cotinine and SPMA,
aliquots were poured into two plastic tubes for separate
handling and conservation; for BEN-U, a 7-mL aliquot was
poured into a pre-cleaned 8-mL glass vial, closed promptly
with a rubber lid with a PTFE lining, and crimped with an
aluminum seal. All samples were coded, frozen at -20°C,
and delivered to the laboratory, where analyses were per-
formed without knowledge of their origin.

SPMA

The determination of urinary SPMA was based on
solid-phase extraction (SPE) followed by LC/MS/MS
analysis in the presence of DL-S-phenylmercapturic-
3,3-d, acid as the internal standard (CDN Isotopes Inc.,
Pointe-Claire, Quebec, Canada) following a previously
published procedure (Fustinoni et al., 2010b). The LOQ
was 0.1 pg/L. Each sample was run in duplicate, and
the mean value was used for statistics. The between-run
precision, assessed using duplicate of unknown samples
(n=168) (Rappaport, 1991), was 22.9%. The throughput
was about 30 samples each day. A subsample of 145 urine
samples from B and W subjects was analyzed by another
laboratory, and the results were consistent, as previously
reported (Fustinoni et al., 2010b).

BEN-U

BEN-U was detected by headspace solid-phase microex-
traction (SPME) followed by GC/MS analysis as described
previously (Fustinoni etal., 2010b). The LOQ was 15ng/L.
The between-run precision, assessed using 46 duplicates
of unknown samples (Rappaport, 1991), was 13.4%. The
throughput was approximately 50 samples each day.

Urinary cotinine and creatinine

Urinary cotinine (COT-U), used to assess smoking habit,
was determined by a LC/MS/MS, in the presence of
(#)-cotinine-d, (N-methyl-d,) as an internal standard
(Meger et al., 2002). The LOQ was 25 pg/L. Within- and
between-run precision, as the variation coefficient,
were both <10%, and the accuracy was 86-101% of the
theoretical value. Subjects with COT-U less than 100
pg/L were classified as nonsmokers, while subjects with
COT-U equal to or greater than 100 pg/L were classified
as smokers (Haufroid and Lison, 1998). Urinary creati-
nine was determined using Jaffe’s colorimetric method
(Kroll et al., 1986).

Statistical analyses

Statistical analyses were performed using SPSS ver-
sion 15.0 (SPSS Inc. Chicago, IL). The relationship
between benzene exposure and urinary biomarkers
was assessed using correlation/regression techniques.
A value corresponding to half the LOQ was assigned
to measurements below the LOQ (Baccarelli et al.,
2005). In C subjects, for which three urine samples
were collected, statistical analyses were performed
using BEN-U and SPMA levels determined in samples
collected at the end of air monitoring; however, for the
calculation of intra-individual variability, values of all
three measurements were used. Moreover, to estimate
inter-individual variability and background levels,
the geometric mean value of three determinations
was used. Since variables were positively skewed, we
conducted analyses with parametric methods on log-
transformed variables (ANOVA applying Bonferroni'’s
correction, Pearson’s correlation coefficient, multiple
linear regression analyses). Least-squares linear regres-
sion analysis was used to estimate slope and intercepts
of the relationship between variables. A multiple linear
regression analysis was performed with the different
urinary biomarkers as the dependent variable, and,
as predictors, the exposure variables (air benzene
and current exposure to cigarette smoke, measured as
cotinine) and the concentration of urinary creatinine,
which were associated with the biomarkers in some of
the univariate analyses. The use of creatinine as inde-
pendent variable allows the urinary analyte concentra-
tion to be adjusted appropriately for urinary creatinine
and the statistical significance of other variables in the
model to be independent of effects of creatinine con-
centration (Barr et al., 2005).

The final model had the following form:

log(Biomarker-U) = constant +log(Benzene in air)*@, +
log(cotinine)*B, + log(creatinine)*B,

Background values of biomarkers were evaluated as the
95th percentile of the distribution of C. Using these back-
ground values, specificity, defined as the capability of the
biomarker to classify correctly as “not exposed” (Correctly
Classified Controls) the subjects belonging to the general
population (True Controls), and sensitivity, the capability
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to classify correctly as “exposed” (Correctly Classified
Exposed) the refinery blue collars (True Exposed) were
calculated with the following expressions:

Correctly Classified Controls

(1

Specificity =
p w True Controls

e Correctly Classified Exposed
Sensitivity =

(2
True Exposed

Inter-individual variability of a biomarker was evaluated

as the ratio between the 95th and 5th percentiles of the

distribution in the C subjects. Intra-individual variability

of a biomarker was evaluated using three determinations

for each C subject, according to the equation:

%CV =+/(e* —1)-100

where §* represents the within-subject variance compo-
nent estimated as the error term in the two-way ANOVA
(Rappaport, 1991). A two-tailed P value of 0.05 was con-
sidered significant.

Results

Urinary biomarkers
The characteristics of the study subjects are summarized
in Table 1. C subjects were older than B and W subjects,
while gender, and smoking habit, as determined by com-
paring smoker frequency and COT-U (medianlevels 1172,
1072 and 1374 pg/L in C, W and B, respectively), were
similar in the three groups. The personal benzene expo-
sure and urinary biomarker results, in subjects divided
by exposure group and smoking habit, are reported in
Table 2. Median benzene in air was 0.0040 mg/m? for B
subjects, and 0.19mg/m?* in C subjects, a significantly
higher value (P<0.001). Considering single exposure
group and dividing subjects according to smoking status,
smokers had higher BEN-U than nonsmokers among B
subjects (P =0.028), and marginally higher among C
subjects (P = 0.058).

BEN-U was above the LOQ in 99% of samples, with
median levels of 550, 320, and 155ng/L in B, W, and C
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subjects, respectively. According to Bonferroni’s post hoc
test, BEN-U was higher in B subjects than in W subjects
(P<0.001) and C subjects (P =0.010), and higher in W
subjects than in C subjects (P = 0.005). When only non-
smokers were considered, the difference between the
groups was still significant: B or W subjects vs. C subjects
(P<0.001 for both comparisons), but not when compar-
ing B and W subjects (P = 0.184). In smokers, B subjects
had higher levels than C subjects (P = 0.028), but were
not significantly different from W subjects (P = 0.192). In
addition, among smokers, W and C subjects were similar
(P = 1.000).

SPMA was above LOQ in all B subjects, in 93% of W
subjects, and only in 50% of C subjects, with median
levels of <0.10, 0.69, and 1.02 pg/L SPMA and <0.10,
0.40, and 0.65 pg/g creatinine in B, W, and C subjects,
respectively. SPMA (ug/L) was higher in B or W subjects
compared to C subjects (P<0.001 for both comparisons),
but did not differ significantly between B and W subjects
(P =0.100). SPMA adjusted for creatinine was higher in B
subjects than in W subjects (P<0.001) and in C subjects
(P =0.023), and was higher in W subjects than in C sub-
jects (P<0.001). In nonsmokers, SPMA was higher in B
or W subjects than in C subjects (P<0.001 for both com-
parisons), while the difference between B and W subjects
was not significant (P = 0.184). In smokers, levels in B or
W subjects were higher than in C subjects (P<0.001 for
both comparisons), while levels in W and C subjects were
similar (P = 1.000). Similar results were obtained when
comparing SPMA levels expressed as pg/g creatinine. In
each exposure group, biomarkers were always higher in
smokers than in nonsmokers (P<0.001). Box plots of per-
sonal exposure to benzene, BEN-U and SPMA in subjects
divided according to exposure group and smoking habit
are reported in Figure 1.

Pearson’s correlations and simple linear regressions

Pearson’s correlations between the investigated param-
eters (log-transformed) are reported in Table 3. The
correlations with benzene in the air (B and C subjects)
were significant for both BEN-U (r=0.456) and SPMA
(r=0.636). The correlations were higher in nonsmokers
(r=0.627 and 0.759, respectively) and lower in smokers

Table 1. Summary of selected characteristics of the study subjects.

General population subjects (C)  Refinery white collar workers (W) Refinery blue collar workers (B)

N. of subjects 108 97 71
Age' (years) 44.8+11.2 38.4+9.5 38.2+11
Gender
N. Female (%) 7(6.5%) 11 (11.3%) 6 (8.5%)
N. Male (%) 101 (93.5%) 86 (88.7%) 65 (91.5%)
Cigarette smoking
N. Smokers (%) 43 (39.8%) 42 (43.3%) 38 (53.5%)
N. cigarettes/d" 12.5+8.7 18.6+6.3 20.1+8.1

Urinary cotinine in smokers*
(wg/L)

1172 (119-2936)

1072 (223-2345)

1374 (172-3021)

‘Mean + SD.
*Median (5th-95th percentile).
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Table 2. Personal exposure to airborne benzene, and levels of exposure biomarkers in the study subjects, divided according to job title
and smoking habit.

General population subjects (C)
Median (5th-95th

Refinery white collar workers (W)  Refinery blue collar workers (B)
Median (5th-95th Median (5th-95th

percentile) N N>LOQ percentile) N N>LOQ percentile) N N>LOQ

Benzene air All subjects 0.0040 108 106 — 97 — 0.19%(0.06-2.31) 71 70
(mg/m?) (0.0015-0.0161)

Nonsmokers 0.0037 65 63 — 55 — 0.142 (0.06-2.20) 33 33
(0.0014-0.0160)

Smokers 0.0052¢ 43 43 — 42 — 0.25°(0.06-2.67) 38 37
(0.0025-0.0161)

BEN-U All subjects 155 (54-2554) 108 108 320° (83-2316) 97 96 550%° (117-7487) 71 70

(ng/L) Nonsmokers 90 (51-373) 65 65 218° (78-704) 55 54 308 (110-1471) 33 32

Smokers 603° (73-4961) 43 43 550° (250-2761) 42 42 879%¢(175-18218) 38 38

SPMA All subjects <0.10(<0.10-2.17) 108 54 0.69*(<0.10-3.18) 97 90 1.022 (0.14-6.98) 71 71

(ng/L) Nonsmokers  <0.10 (<0.10-0.25) 65 19 0.40° (<0.10-1.24) 55 48 0.44°(0.11-3.89) 33 33

Smokers 0.33°(<0.10-3.22) 43 35 1.50%¢(0.47-4.21) 42 42 1.39%¢(0.31-10.12) 38 38

SPMA (pg/g All subjects <0.10(<0.10-1.79) 108 54 0.40?(<0.10-2.29) 97 90 0.65*"(0.12-5.30) 71 71

creatinine) Nonsmokers <0.10 (<0.10-0.18) 65 19 0.25% (<0.10-0.89) 55 48 0.31%(<0.10-1.64) 33 33

Smokers 0.24°(<0.10-1.89) 43 35 0.97%¢(0.28-2.59) 42 42 1.02%¢(0.43-8.31) 38 38

Biomarkers Downloaded from informahealthcare.com by Peking University on 11/14/12
For personal use only.

2Significantly higher (P <0.05) than subjects from the general population.

bSignificantly higher (P <0.05) than refinery white collar workers.
“Significantly higher (P <0.05) than nonsmokers.

(r=0.266 and 0.519, respectively). For urinary biomark-
ers, significant correlations were found between SPMA
and BEN-U (r=0.735 for all subjects). Benzene biomark-
ers correlated with cotinine, a measure of smoking habit,
when all subjects were considered together and in smok-
ers only, but not in nonsmokers. Also, benzene levels
measured in air samples correlated with cotinine in all
subjects, suggesting that smoking impacts air exposure,
in addition to the internal dose of benzene. Interestingly,
both SPMA and BEN-U levels correlated to some extent
with urinary creatinine, a marker of kidney excretion
activity and urine dilution. Scatter plots and linear regres-
sions between log-transformed BEN-U or SPMA and
benzene air, and between BEN-U and SPMA are reported
in Figures 2A, B, and C.

Multiple linear regression analysis

The effect of personal benzene exposure, smoking habit,
as determined by COT-U, and creatinine on urinary
biomarkers was investigated by multiple linear regres-
sion analysis (Table 4). This analysis was performed
on C and B subjects (178 subjects totally) for which
data on benzene air levels were available. The models,
described in the Statistical Analyses subsection of the
Methods section, were statistically significant (P < 0.001
for both biomarkers), with determination coefficients
(R?) of 0.549 for BEN-U and 0.621 for SPMA. All predic-
tors were significant for both biomarkers (P<0.009).
When comparing the different contributions of inde-
pendent variables, for BEN-U, the most relevant factor
was cotinine (r =0.646), followed by benzene air
levels (r =0.437) "and creatinine (r =0.272). For SPMA,
the most relevant factor was log benzene air levels
(r =0.646), followed by cotinine (r =0.597) and crea-
tinine (r =0.195).

Summary of characteristics of BEN-U and SPMA

The sampling conditions, analytical techniques and
intrinsic characteristics of BEN-U and SPMA are sum-
marized in Table 4. The section on sampling conditions
and analytical techniques reports data obtained in the
present work (precision, sample throughput, and per-
centage of quantifiable samples), but also related to
previous studies (Fustinoni et al., 1999; Fustinoni et al.,
2000; Fustinoni et al., 2010b). The section on intrinsic
characteristics summarizes the outcome of the study;
they were obtained from original data, and from data
previously acquired (for BEN-U levels in subjects C, see
also Fustinoni et al., 2010a). On the basis of Equations
1 and 2, specificity (Sp) and sensitivity (Se) values were
estimated. When only nonsmokers were considered, Sp
and Se were 0.86 and 0.88 for BEN-U and 0.91 and 0.90 for
SPMA (see Table 5).

Using data from Csubjects (three determinations avail-
able for each subject), we estimated background values
and intra- and inter-individual variability. Background
was calculated by considering the distribution of the
geometric mean values of three determinations; it was
greatly impacted by smoking habit. For BEN-U, the back-
ground was 180 and 2700 ng/L in nonsmokers and smok-
ers, respectively, and for SPMA, the background was 0.21
and 1.83 pg/L in nonsmokers and smokers, respectively.
Inter-individual variability, estimated as the ratio of the
95th to the 5th percentile, was 3-fold in nonsmokers and
32-fold in smokers for BEN-U, and greater than 2-fold
in nonsmokers and greater than 18-fold in smokers for
SPMA. Intra-individual variability was comparable in
smokers and nonsmokers (150% for BEN-U and greater
than 158% for SPMA). Estimates for SPMA suffer from a
lack of precision due to a large percentage of data below
the LOQ. The correlations of the biomarkers with air
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Figure 1. Box plot of benzene air levels (1A), BEN-U (1B) and SPMA (1C) in subjects divided according to exposure group and smoking
habit. ssignificantly higher (P<0.05) than subjects from the general population; *significantly higher (P<0.05) than nonsmokers.

benzene (see above paragraph Pearson’s correlations and
simple linear regressions) were significant for both BEN-U
(r=0.456) and SPMA (r=0.636), and higher in nonsmok-
ers (r=0.627 and 0.759, respectively) than in smokers
(r=0.266 and 0.519, respectively).

Discussion

In the present investigation, BEN-U and SPMA were
evaluated as biomarkers of exposure to low levels of ben-
zene. In refinery workers, the median personal benzene
exposure (Table 2) was well below the occupational limit
value of 1 ppm (or 3.2mg/m?) set by the EU, and 0.5 ppm
(or 1.6mg/m?®) suggested by the ACGIH; however, 1%

and 10% of subjects exceeded the 1ppm and 0.5ppm
limit values, respectively. This exposure was 3- to 10-fold
higher than that observed in gasoline station attendants,
traffic policemen, and bus drivers (Fustinoni et al., 2005;
Barbieri et al., 2008; Lovreglio et al., 2010), and 20- to 100-
fold higher than that of the general population (Fustinoni
et al., 2005 and 2010a; Lovreglio et al., 2010; Lin et al.,
2008). BEN-U and SPMA were higher in refinery workers
thanin subjects from the general population. Considering
all subjects, B subjects had higher BEN-U and SPMA
(expressed as pg/g creatinine) than W subjects (see Table
2). Such differences were not observed when subjects
were divided according to smoking status; while for
smokers this is probably due to the confounding effect of
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Table 3. Pearson’s correlations between airborne benzene and exposure biomarkers in all subjects or in subjects divided according to

smoking habits.
log SPMA
log BEN-U (ng/L) log SPMA (pg/L) (pg/g creatinine) log cotinine (pg/L) log creatinine (g/L)
Logbenzene air  All subjects (178) 0.456%* 0.636%* 0.628%* 0.229%* -0.071
(mg/m?) Nonsmokers (98) 0.627%% 0.759°% 0.717%% -0.144 0.030
Smokers (80) 0.266%* 0.519%* 0.551%% 0.212 -0.112
Log BEN-U (ng/L) All subjects (276) 0.735%* 0.667** 0.630%* 0.118%*
Nonsmokers (153) 0.575%* 0.456%* —-0.010 0.295%%*
Smokers (123) 0.661%* 0.562%*% 0.439%* 0.161
Log SPMA (pg/L) All subjects (276) 0.933%* 0.570%* 0.101
Nonsmokers (153) 0.916%* -0.127 0.221°%*
Smokers (123) 0.894°* 0.389%* 0.154
Log SPMA All subjects (276) 0.584%* —0.264%*
(ng/g creatinine)  Nonsmokers (153) ~0.144 -0.191%
Smokers (123) 0.372%* —-0.305%*
Log cotinine All subjects (276) -0.088
(ng/L) Nonsmokers (153) -0.082
Smokers (123) 0.020

*Correlation is significant at the 0.05 level (2-tailed), **correlation is significant at the 0.01 level (2-tailed).

smoking, for nonsmokers the lack of significance in spite
of the differences observed between groups (median
BEN-U 308, 218, and 90ng/L in B, W, and C; SPMA 0.31,
0.25, <0.10 pg/g creatinine) could be attributable to the
small sample size. The effect of smoking status revealed a
significant increase of both BEN-U and SPMA in smokers
compared to nonsmokers, in agreement with previous
observations. Particularly in B subjects, the increase was
roughly 2.8-fold for BEN-U, and 3.1-fold for SPMA. The
increase in biomarker levels attributable to occupational
exposure was 3.5-fold for BEN-U and more than 6.5-fold
for SPMA. The comparable effect on the levels of benzene
biomarkers exerted by these sources proves that, even at
air exposures over occupational limit values, smoking
represents a major source of benzene absorption, and
suggests that the differentiation between smokers and
nonsmokers should be considered in setting the occupa-
tional limit values for biological monitoring.

Pearson’s correlation analysis (Table 3) between
biomarkers and airborne benzene showed significant
correlations. Such correlations improved when only
nonsmokers were considered; this is in accordance with
previous observations (Fustinoni et al., 2005 and 2010a;
Lovreglio et al., 2010), and is explained by the fact that
tobacco smoking represents an extra source of benzene
intake, not properly captured by air measurements.
BEN-U and SPMA correlated well with one another
(r=0.735), which indicates that they arise from the same
exposure sources and similarly reflect internal benzene
dose. In all subjects, and in smokers only, both BEN-U
and SPMA correlated with COT-U, further supporting the
effect of smoking. Also, urinary creatinine was positively
associated with both BEN-U and SPMA to some extent,
but, while creatinine adjustment is commonly used for
SPMA (ACGIH, 2009; DFG, 2009), this is not the case for
BEN-U, for which passive diffusion has been postulated
for its renal elimination (Imbriani et al., 1986). In light

of our result, this mechanism of excretion should be
reconsidered.

Multiple regression analysis (Table 4) confirms the
role of air exposure, smoking habit and urinary creati-
nine in determining the levels of BEN-U and SPMA, as
reported above. The explained variability is relatively
substantial, and higher for SPMA than for BEN-U (R? of
0.621 vs. 0.541). Other uncontrolled sources of variabil-
ity include the variability associated with sampling and
analytical assays, the daily variation in exposure levels,
exposure to other solvents (affecting benzene absorp-
tion and/or metabolism), skin exposure, physiological
characteristics of subjects, genetic polymorphism of
metabolic enzymes, workload, and use of personal pro-
tective equipment. Concerning genetic polymorphism,
previous studies showed that GSTM1, T1 and Al have a
significant role in inter-individual variability observed
in SPMA excretion (Serensen et al., 2004; Qu et al., 2005;
Kim et al., 2007; Manini et al, 2010). BEN-U is affected by
a CYP2E1 genetic polymorphism, even though its contri-
bution to the variability was estimated to be only about
2% (Fustinoni et al., 2005).

When biomarkers properties are considered (Table
5), we recognize that sampling conditions can have a
profound effect on the level of biomarkers. While no
particular precaution is needed for urine collection for
SPMA determination, BEN-U requires more precautions,
as benzene will equilibrate between the urine and the
air above the sample, which either decreases the analyte
in the sample or enriches it, depending on the benzene
concentration above the sample. The transfer of urine
from the collection vessel into a sealed vapor-tight tube
(to avoid the urine/air benzene exchange) should be
performed as soon as possible and, in any case, within
15min of micturition. Although data regarding the loss
of benzene from the collection vessel are not available,
a study on toluene showed that the loss was limited to
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All subjects log BEN-U = log Benzene in air*0.290 (0.043) + 2.985 (0.082), R?=0.208, p<0.001
Non-smokers log BEN-U = log Benzene in air * 0.291 (0.037) + 2.723 (0.075), R?=0.393, p<0.001
Smokers log BEN-U = log Benzene in air * 0.155 (0.064) + 3.112 (0.112), R?=0.071, p=0.017

All subjects log SPMA = log Benzene in air *0.445 (0.041) + 0.210 (0.078), R?=0.404, p<0.001
Non-smokers log SPMA = log Benzene in air * 0.448 (0.039)- 0.026 (0.080), R?=0.576, p<0.001
Smokers log SPMA = log Benzene in air * 0.318 (0.059) + 0.323 (0.104), R?=0.269, p<0.001
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All subjects log SPMA = log BEN-U*0.363 (0.020)-2.522 (0.120), R*=0.540, p<0.001
Non-smokers log SPMA = log BEN-U * 0.334 (0.039)-2.435 (0.202), R?=0.330, p<0.001
Smokers log SPMA = log BEN-U * 0.299 (0.031)-2.019 (0.208), R?=0.437, p<0.001

Figure 2. Scatter plot and linear regression lines comparing BEN-U or SPMA with benzene levels in the air (2A and 2B), and between
BEN-U and SPMA (2C) in all subjects (solid line), in nonsmokers (circles, dashed line) and in smokers (triangles, dotted line).

less than 5% of its initial value when the transfer was
performed within 20min of micturition (Fustinoni
et al., 2000). While BEN-U levels were consistent with
reported values in similar environmental studies, SPMA
levels were much lower than previously published values

(Fustinoni et al., 2005), and in line with levels recently
obtained by other authors using LC/MS/MS assays (Li
et al., 2006; Schettgen et al., 2008). In general, a poor
congruence among different studies reporting SPMA is
observed (Waidyanatha et al., 2004; Fustinoni et al., 2005;
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Table 4. Evaluation of airborne benzene exposure, smoking habit and creatinine concentration on the level of urinary biomarkers
following multiple regression analysis: log (biomarker) = constant + log (benzene air) x 3, + log cotinine x 3, + log creatinine x f3,.
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Log BEN-U (ng/L) Log SPMA (ug/L)

B SE t p r, B SE t p r,
Constant 1.876 0.115 16.299 <0.001 — -0.765 0.116 -6.591 <0.001 —
Log benzene air (mg/m?) 0.214 0.033 6.417 <0.001 0.437 0.375 0.034 11.165 <0.001 0.646
Log cotinine (pg/L) 0.421 0.038 11.156 <0.001 0.646 0.374 0.038 9.828 <0.001 0.597
Log creatinine (g/L) 0.497 0.133 3.731 <0.001 0.272 0.353  0.134 2.627 0.009 0.195
Whole model R? 0.549 0.621
Whole model ]RZaclj 0.541 0.614
Whole model P <0.001 <0.001

Paci et al., 2007; Manini et al., 2008; Barbieri et al., 2008;
Schettgen et al., 2008; Lovreglio et al., 2010; Carrieri et al.,
2010). This may be due to analytical and/or storage and
handling conditions.

BEN-U was assessed by headspace SPME followed
by GC/MS in the presence of commercially available
*H,-benzene as an internal standard; this assay is quite
sensitive, specific, precise and accurate (Fustinoni et al.,
1999; Fustinoni et al., 2010a). In particular, the LOQ is
low enough to detect BEN-U in all subjects from the gen-
eral population, and the assay has a precision of 13.4%
and a throughput of about 50 samples each day (Table
5). A review of the literature showed that headspace GC/
MS has been the technique of choice for the determi-
nation of BEN-U since the pioneering work of Ghittori
and coworkers (Ghittori et al., 1993; Kok and Ong, 1994;
Andreoli et al., 1999; Perbellini et al., 2002; Prado et al.,
2004). The application of these assays yielded BEN-U
levels comparable and coherent among different stud-
ies (Lagorio et al., 1998; Inoue et al., 2001; Waidyanatha
et al,, 2001; Kim et al., 2006; Manini et al., 2008; Barbieri
et al., 2008; Hoet et al., 2009, and studies on the general
population reviewed in Fustinoni et al., 2010a).

SPMA was assessed by SPE followed by LC/MS/
MS in the presence of commercially available DL-S-
phenylmercapturic-3,3-d, acid as the internal standard;
this assay has a LOQ of 0.1 pg/L, which allowed us to
quantify only about 50% of samples from the general
population, and only 18% from nonsmokers (Table 5).
Sample throughput and precision were 30 and 22.9
samples each day, lower than those found for BEN-U.
Reviewing the literature for SPMA, we found that the
assay applied for the determination of this marker has
been changing for years. The first procedure applied
GC/MS (detection limit 21 pg/L) to urine samples from
occupationally exposed subjects (Stommel et al., 1989;
Boogaard and van Sittert, 1995). An improved and sim-
plified procedure based on LC/MS/MS after SPE (detec-
tion limit 0.4 pg/L; Melikian et al., 1999) was successively
proposed. A chemiluminescent enzyme-linked immuno-
sorbent assay (Aston et al., 2002), developed specifically
to investigate exposure in occupational settings with air
benzene close to limit values, was recently commercial-
ized. Recently, other LC/MS/MS assays with an online
sample pre-purification were developed (Lin et al.,
2004; Li et al., 2006; Schettgen et al., 2008); they reduce

sample handling and increase sensitivity (detection limit
<0.1 pg/L), and were applied to assess SPMA in subjects
belonging to the general population. In these studies, a
percentage of undetected samples was reported (Li et al.,
2006; Schettgen et al., 2008), showing that, especially in
nonsmokers, SPMA is often below 0.1 pg/L. In summary,
only methods using LC/MS/MS seem suitable for assess-
ing SPMA concentrations in low occupational and/or
environmental exposure scenarios. The instrumentation,
besides being expensive, needs skilled technicians, and
careful maintenance for optimal performance.

A further issue in using SPMA is the presence of both
SPMA and pre-SPMA (Sabourin et al., 1988; Inoue et al.,
2000) in urine. Recent works showed that urine treatment
with strong or weak acid during sample storage, prepa-
ration, and/or analysis can affect the concentration of
SPMA in samples, due to partial or total transformation
of pre-SPMA into SPMA. The inter-individual variability
in the excretion of the two forms, and the best condi-
tion to convert pre-SPMA into SPMA are currently under
investigation (Tranfo et al., 2010; Sterz et al., 2010).

Considering intrinsic characteristics of biomarkers,
higher specificity and sensitivity were associated with
SPMA, although these parameters appear to be fairly
consistent for BEN-U. It must be emphasized that speci-
ficity and sensitivity are closely related to the difference
in exposure between the so-called “exposed” and “not
exposed” subjects, and therefore they should not be
considered constants, but rather are expected to change
in different situations. Also, comparing the correlation
between the biomarkers and personal air exposure, we
found a higher correlation coefficient for SPMA than for
BEN-U, even if the differences are small. Similar behavior
between the two markers was associated with intra- and
inter-individual variability and confounding effect of
smoking status (Table 5).

Conclusions

In this work, BEN-U and SPMA were evaluated using a
systematic quantitative approach. Comparing SPMA
and BEN-U for sampling conditions and analytical tech-
niques, we conclude that, although BEN-U presents criti-
cal sampling conditions, the analytical requirements for
the determination of SPMA, and the continuing research
for the identification of the best assay, make this marker
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Table 5. Comparison between BEN-U (ng/L) and SPMA (pg/L) based on intrinsic characteristics of the biomarkers and sampling

conditions and analytical techniques.

Biomarkers properties BEN-U (ng/L) SPMA (pg/L)
Sampling conditions and  Nature of sample/invasivity Urine/no Urine/no
analytical techniques® Sample volume 1-2mL 1-2mL

Sampling time

Collection-storage containers
Storage

Contamination/loss of analytes
during handling

Method

Instrument

Specificity of the analytical
procedure

Limit of quantification limit (LOQ)

Precision

Speed of the assay
Significance
Translation

Intrinsic characteristics

Background in the general
population (95th percentile of the
control distribution)®

Specificity (capacity to correctly
classify subjects without
occupational exposure to benzene
as “controls”)

Sensitivity (capacity to correctly
classify subjects belonging to the
occupational exposed group as
“exposed”)

Correlation with air exposure®

Intra-individual variability as CV%
(three measurements for each
subject belonging to the general
population)®

Inter-individual variability as ratio
between 95th and 5th percentile
of the distribution of the general
population®

Relevant confounding factors

Within 20 min after the end of the
work shift

Gas tight vial

Stable at least for 2 months at
-20°C

Precaution

Simple and easy to replicate

GC/MS
Very high

15ng/L, 100% samples above the
LOQ in subjects from the general
population

13.4%

About 50 samples/day

Exposure

Recent

All 1600 ng/L

Nonsmokers 180ng/L

Smokers 2700 ng/L

All 0.64

Nonsmokers 0.86

Smokers 0.56

All0.74
Nonsmokers 0.88
Smokers 0.75

All Pearson’s r=0.456
Nonsmokers Pearson’s r=0.627
Smokers Pearson’s r=0.266

All 150%

Nonsmokers 151%

Smokers 130%

All 27
Nonsmokers 3
Smokers 32

Cigarette smoking

At the end of the work shift

Normal tube
Stable

No problem

Methods still in progress. Need for
expensive equipment

LC/MS/MS

Very high

0.1 pg/L, 50% of samples above
LOQ in subjects from the general
population

22.9%

About 30 samples/day
Exposure

Recent

All 1.41 pg/L

Nonsmokers 0.21 pg/L
Smokers 1.83 pug/L

All 0.69

Nonsmokers 0.91

Smokers 0.61

All10.83
Nonsmokers 0.90
Smokers 0.80

All Pearson’s r=0.636
Nonsmokers Pearson’s r=0.759
Smokers Pearson’s r=0.519

All >158%

Nonsmokers >143%

Smokers >183%

All >14
Nonsmokers >2
Smokers >18

Cigarette smoking

aThe results of this section are referred also to Fustinoni et al., 1999, Fustinoni et al., 2000, Fustinoni et al., 2010b.
bParameters estimated using three measurements for each subject (C) (general population).
°Correlations obtained with data from subjects C (general population) and B (blue collar workers).

less suitable for the investigation of exposure in the
general environment. On the other hand, the intrinsic
characteristics, although more favorable for SPMA, are
fairly good for both markers, and show that they can be
both adopted to assess low occupational exposure to
benzene.
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