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SUMMARY
Introduction: Conflicting opinions exist about the reliability of biomarkers of low-level exposure to benzene. We
compared the ability of the urinary excretion of trans,trans-muconic acid (t,t-MA), s-phenilmercapturic acid (s-
PMA) and urinary benzene (U-Benz) to detect low level occupational and environmental exposure to benzene.
Methods: We monitored airborne benzene by personal air sampling, and U-Benz, s-PMA, t,t-MA and cotinine
(U-Cotinine) in spot urine samples, collected at 8 am and 8 pm, in 32 oil refinery workers and 65 subjects, ran-
domly selected among the general population of urban and suburban Cagliari, Italy. Information on personal char-
acteristics, diet and events during the sampling day was acquired through in person interviews.Results:The medi-
an concentration of airborne benzene was 25.2 µg/m3 in oil refinery workers, and 8.5 µg/m3 in the general popula-
tion subgroup. U-Benz in morning and evening samples was significantly more elevated among oil refinery work-
ers than the general population subgroup (p=0.012, and p=7.4x10-7, respectively) and among current smokers com-
pared to non-smokers (p=5.2x10-8, and p=5.2x10-5 respectively). Benzene biomarkers and their readings in the two
sampling phases were well correlated to each other. The Spearman’s correlation coefficient with airborne benzene
was significant for U-Benz in the evening sample, while no correlation was seen with t,t-MA and s-PMA read-
ings in either samplings. The two benzene metabolites were frequently below limit of detection (LOD), particularly
among the general population study subjects (17-9% and 39%, for t,t-MA and s-PMA respectively). Morning U-
Cotinine excretion showed a good correlation with U-Benz in the morning and in the evening sampling
(p<0.001), and with s-PMA in the evening sample (p<0.001), but not with t,t-MA in either samplings. t,t-MA
in the evening sample was the only biomarker showing a moderate inverse correlation with BMI (p<0.05). The
multiple regression analysis adjusting by BMI and number of cigarettes smoked during the day confirmed the re-
sults of the univariate analysis. Discussion: Our results suggest that unmetabolized U-Benz would allow a more
reliable biomonitoring of low-level exposure to benzene than s-PMA and t,t-MA.
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INTRODUCTION

Long after its first regulation (10), benzene is
still a reason for concern as an environmental cont-
aminant. Following preventive action in the last
decades (12, 30), automobile exhausts and industri-
al emissions share with cigarette smoking the role
of major environmental sources of outdoor and in-
door exposure to benzene (20). Benzene is a known
human carcinogen (20-22) and it is labeled H350
(may cause cancer to humans) by the European
regulation No. 1272/2008 (13), because it causes
non lymphatic leukemia. Recent epidemiological
findings suggest it might be implicated in the eti-
ology of some lymphoma subtypes as well (5, 7,
36).
In consideration of its genotoxic potential even

at low-level environmental exposure (39), and its
possible contribution to childhood cancer (37),
biomonitoring environmental exposure to benzene
at the general population level has been recognized
as an important public health issue (12). Unmetab-

olized urinary benzene (U-Benz) has been recently
suggested as a biomarker in alternative to its
metabolites trans-trans-muconic (t,t-MA) and
s-phenil mercapturic acid (s-PMA), due to its sen-
sitivity, lesser influence of confounding factors and
good correlation with low airborne benzene levels
(14, 28). In this paper, we compared the reliability
of t,t-MA, s-PMA and U-Benz in detecting low
benzene airborne levels from occupational and en-
vironmental origin and explored other covariates,
including time of sampling, smoking habits and
body mass index (BMI), that might affect such
biomarkers.

METHODS

Within a 2006-2007 multicentre Italian project
on biomonitoring exposure to polycyclic aromatic
hydrocarbons (PAH) and benzene, 182 adult sub-
jects (age range 25-74) agreed to participate in the
metropolitan area of Cagliari, the major urban area

RIASSUNTO
«Monitoraggio biologico dell’esposizione a basse dosi di benzene». Introduzione: La validilità dei biomarcatori
di bassi livelli d’esposizione a benzene è oggetto di opinioni contrastanti. Abbiamo confrontato la validità dell’acido
trans,trans muconico (t,t-MA), dell’acido s-fenilmercapturico (SPMA) e del benzene urinario (U-Benz) nel moni-
toraggio dell’esposizione a basse dosi occupazionali ed ambientali a benzene. Metodi: Sono stati dosati i livelli di
esposizione ambientale (AB) ed analizzati i livelli di U-benz, SPMA e t,t-MA in due campioni estemporanei di
urina (alle ore 8 e alle ore 20) di 32 operai di una raffineria di petrolio e 65 soggetti non esposti estratti a caso tra
la popolazione generale residente nell’area metropolitana di Cagliari. È stata inoltre dosata la cotinina (U-Cotini-
na) nel campione del mattino e calcolato l’indice di massa corporea (BMI). Informazioni sull’esposizione nel giorno
del monitoraggio sono state raccolte mediante questionario. Risultati: I valori ambientali mediani di benzene sono
risultati pari a 25.2 µg/m3 negli operai di raffineria e 8.5 µg/m3 nella popolazione generale. U-benz è risultato si-
gnificativamente più elevato tra gli operai di raffineria in entrambi i campioni (p=0.012, e p=7.4x10-7 rispettiva-
mente) e tra i fumatori rispetto ai non fumatori (p=5.2x10-8 e p=5.2x10-5 rispettivamente). I vari marcatori si sono
mostrati ben correlati tra di loro e tra i due campionamenti. U-benz nel campione serale ha mostrato una buona
correlazione con l’esposizione ambientale (p<0.001), mentre s-PMA e t,t-MA non hanno mostrato una correlazio-
ne in nessuno dei due campionamenti. U-Cotinina ha mostrato una buona correlazione con U-benz al mattino e
alla sera (p<0.001) e s-PMA nel campione serale (p<0.001), ma non con t,t-MA in nessuno dei due campioni. t,t-
MA è risultato l’unico biomarcatore a mostrare una moderata correlazione inversa con il BMI (p<0.05). L’analisi
della regressione multipla, corretta per BMI e numero di sigarette fumate nel corso della giornata ha confermato i
risultati dell ’analisi univariata. Discussione: I nostri risultati suggeriscono che la determinazione del benzene
urinario possa costituire un biomarcatore piu’ affidabile rispetto a s-PMA e t,t-MA nel monitoraggio dell’esposi-
zione occupazionale ed ambientale a bassi livelli di benzene.
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in Sardinia, Italy. Study subjects were randomly se-
lected among three population groups: oil refinery
workers, whose exposure to benzene was regularly
monitored within the occupational health and safe-
ty surveillance program; residents within 5 km
from the oil refinery; and residents in the urban
area, about 20 km apart. For the purposes of this
analysis, we selected 97 male subjects, including 32
oil refinery workers and 65 male subjects from the
general population subgroups. Female subjects
were not included, as there were none among oil
refinery workers. Subjects with definite or probable
exposure to benzene, such as gasoline station atten-
dants, cabdrivers, and policemen, were also exclud-
ed. No age matching was conducted. For each par-
ticipating subject, two urine spot samples were col-
lected at 8:00 a.m. (m) and 8:00 p.m. (e), for the
analysis of t,t-MA, s-PMA, U-Benz and urinary
cotinine (U-cotinine), as a biomarker of exposure
to personal or environmental tobacco smoke. Per-
sonal exposure to benzene was monitored with
passive samplers (Radiello®) worn by the subjects
in between the two samplings. The analysis of air-
borne benzene was performed by gas chromatogra-
phy/ mass spectrometry (GC/MS); the limit of
quantification (LOQ) was 1 µg/m3 (0.3 ppb).
In person interviews were conducted by trained

interviewers for all subjects. The questionnaire
recorded information on demographics, occupa-
tion, activities during the day (type of transporta-
tion, duration of commuting, jobs performed, in-
take of food and beverages) and smoking habits.
Subjects who reported current active smoking were
defined as smokers.
To assess t,t -MA, s-PMA and U-Benz urinary

excretion, samples were transferred in vials upon
deliverance by the study subject, promptly sealed
with screw open-top closure with silicone-polyper-
fluoro-ethylene gaskets, crimped with an alu-
minum nut in order to prevent loss of benzene
from urinary samples, and stored at -20°C up to
analysis. U-Benz was assessed by headspace solid-
phase microextraction (HS-SPME) followed by
GC/MS analysis (18). Readings were expressed by
volume (ng/L), with 15 ng/L as the limit of detec-
tion (LOD). t,t-MA concentration was assessed by
high performance liquid chromatography (HPLC)

equipped with an UV-VIS detector following solid
phase extraction (SPE) using a SAX column (9);
values were expressed by volume (µg/L), with
5µg/L as LOD. s-PMA was measured by liquid
chromatography followed by MS analysis
(LC/MS) and expressed by volume (µg/L). LOD
was 0.1µg/L (14). U-cotinine was assessed in the
morning samples by liquid chromatography/triple
quadrupole mass detector (LC-MS-MS), in the
presence of cotinine-d3 as internal standard. The
LOQ was 10 µg/L. Urinary creatinine excretion
was assessed by Jaffe’s colorimetric method (23) in
a limited number of samples to normalize mea-
surements of t,t-MA, s-PMA and U-cotinine and
expressed by volume (g/L). As no substantial varia-
tion in the statistical analysis occurred after using
values normalized for creatinine, results using mea-
surements by volume are presented throughout the
paper. Values below LOD or LOQ were attributed
half the limit value.
The assays were performed in the laboratory of

the Occupational Health Section of the Depart-
ment of Public Health, Clinical and Molecular
Medicine of the University of Cagliari, Italy (t,t-
MA and urinary creatinine) and in the laboratory
of Occupational and Environmental Toxicology of
the Department of Occupational and Environmen-
tal Medicine, University of Milan and Fondazione
IRCCS Ospedale Maggiore Policlinico, Milan (U-
benz, s-PMA and U-cotinine).
Descriptive statistics, parametric and non-para-

metric tests were performed as appropriate, using
SPSS®. Multivariate regression analysis was con-
ducted, considering all subjects included in the
study, in order to explore the correlation between
exposure covariates (airborne benzene and smok-
ing) and the outcomes (benzene biomarkers) ad-
justing for BMI and number of cigarettes smoked
during the sampling day (only for the evening sam-
plings).

RESULTS

Overall, the mean age of the study population
was 46.6 years (SD 13.7), and it was significantly
lower in oil refinery workers (mean: 39.2, SD

340
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12.4), than the general population subgroups com-
bined (mean: 50.4, SD 12.8) (t=7.93; p=5.53x10-12).
Smokers from the general population (mean

number of cigarettes=15, SD 8.9) and the oil refinery
subgroups (mean number of cigarettes=13, SD 8.6)
roughly smoked a similar number of cigarettes per
day (t=0.23; p=0.82). U-cotinine median values were
25 µg/L (IQ range <10-25) in the general popula-
tion (non-smokers: median 25 µg/L, IQ range <10-
25; smokers: median 1707 µg/L, IQ range 1294-
1784) and <10 µg/L (IQ range <10-651) in the oil
refinery subgroup (non-smokers: median <10 µg/L,
IQ range <10 - <10; smokers: median 779 µg/L, IQ
range 488-1442). U-creatinine median values were
1 g/L (IQ range 1-1.77) in general population
(non-smokers: median 1.3 g/L, IQ range 1-1.7;
smokers: median 1.7 g/L, IQ range 1.4-2.1) and 2
g/L (IQ range 1.4-2.3) in the oil refinery subgroup
(non-smokers: median 2 g/L, IQ 1.4-2.3; smokers:
median 1.9g/L, IQ range 1.1-2.3).

Urinary benzene biomarkers were not related to
age (Spearman’s correlation coefficients: U-Benz-
m=-0.128, p=0.26; U-Benz-e=-0.116; p=0.31;
s-PMA=-0.056 p=0.69; t,t –MA-m=-0.173 p=0.14;
t,t-MA-e =-0.230 p=0.06) (data not shown in the
tables).
Table 1 shows environmental monitoring data in

the two study subgroups by smoking habit. As ex-
pected, petrochemical workers showed the highest
median airbone benzene exposure level, which was
significantly more elevated among non-smokers
compared to the smoking workmates and to smok-
ers and non-smokers of the general population sub-
group (Kruskal-Wallis test=24.905; p=1.62 x10-5).
Table 1 also shows summary statistics of benzene
biomarkers by sampling time, study subgroup and
smoking habit. Numbers of subject with valid mea-
surement data for each biomarker are shown in the
table. It is also of interest to note that measure-
ments below LOD were null for U-Benz-m and
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Table 1 - Summary of airborne benzene exposure and benzene biomarkers by study subgroup and smoking habit. The num-
ber of valid readings and its percentage over the participating subjects in the respective study subgroup are shown along with
median and IQ range values

Airborne benzene U-benz-m** U-benz-e** t,t-MA-m t,t-MA-e* s- PMA*
(µg/m3)* (ng/L) (ng/L) (µg/L) (µg/L) (µg/L)

Study subgroups N. N. Median N. Median N. Median N. Median N. Median N. Median
subjects (%) (IQ (%) (IQ (%) (IQ (%) (IQ (%) (IQ (%) (IQ

range) range) range) range) range) range)

General population 65 55 9 59 148 54 126 62 12 45 25 59 0.2
(85) (6-11) (91) (74-251) (83) (69-226) (95) (<5-46) (69) (10-44) (91) (<0.1-0.3)

Non smokers 51 43 6 48 115 46 120 49 11 36 25 48 0.1
(84) (1-9) (94) (71-179) (90) (67-176) (96) (<5-32) (71) (10-41) (94) (<0.1-0.2)

Smokers 14 12 10 11 941 8 819 13 47 9 23 11 0.5
(86) (9-15) (79) (310-2729) (57) (355-2024) (93) (6-78) (64) (15-101) (79) (0.2-1.5)

Oil refinery workers 32 32 25 22 236 30 391 32 30 32 52 31 0.14
(100) (12-64) (69) (122-506) (94) (211-662) (100) (21-66) (100) (30-105) (97) (<0.1-0.3)

Non smokers 19 19 30 12 149 12 267 19 28 19 35 18 <0.1
(100) (12-123) (63) (115-227) (63) (151-557) (100) (17-61) (100) (26-66) (95) (<0.1-0.2)

Smokers 13 13 16 10 641 11 431 13 53 13 92 13 0.2
(100) (13-31) (77) (477-1097) (85) (359-1217) (100) (24-70) (100) (34-130) (100) (0.1-0.8)

Total 97 87 9 81 149 84 168 94 23 77 33 90 0.1
(90) (7-26) (84) (82-346) (87) (81-403) (97) (8-57) (79) (18-72) (93) (<0.1-0.3)

* Note: Kruskal-Wallis test: * <0.05; ** p<0.001
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U-Benz-e; 16 (17%) for t,t-MA-m and 7 (9%) for
t,t-MA-e, all but one belonging to the general
population subgroup in both samplings; and 35
(39%) for s-PMA, which measurement was avail-
able only in the evening sample, approximately
evenly distributed by study subgroup (22/65 in the
general population subgroup, and 13/32 in the
petrochemical workers subgroup). U-Benz-m, U-
Benz-e, and t,t-MA-e were significantly more ele-
vated among oil refinery workers than the general
population subgroup. However, U-Benz-e showed
the greatest discriminating power between the two
study groups overall (Mann-Whitney test=4.815,
p=7.4x10-7). U-Benz-m was most effective in dis-
criminating between smokers and non-smokers,
overall (Mann-Whitney test=5.320, p=5.2x10-8)
and in the general population subgroup (Mann-
Whitney test=4.094, p=2.1x10-5). t,t-MA excretion
also differed by study subgroup, particularly among
non-smokers and in the evening sample (Mann-
Whitney test=4.118, p=1.9x10-5), and by smoking
status in the morning sample in the overall study
population (Mann-Whitney test=2.852, p=0.004),
but not within the two study subgroups. s-PMA
excretion was significantly more elevated among
non-smoking oil refinery workers compared to
non-smokers in the general population subgroup
(Mann-Whitney test=2.189, p=0.03), and it dif-
fered between smokers and non-smokers within
the general population subgroup (Mann-Whitney
test=2.010, p=0.04). However, a higher proportion
of the study population readings were below the

LOD in both the study subgroups, and the
p–values for the difference between study sub-
groups and smoking status were much less relevant
than for U-Benz and t,t-MA in both sampling
times.
The univariate correlation matrix between air-

borne benzene concentration, benzene biomarkers,
and BMI is shown on table 2. All study subjects,
non-smokers and smokers are included. U-Benz-e
was the only showing a significant correlation with
airborne benzene concentration. U-cotinine, which
was measured only in the morning sample, was
well correlated to U-Benz-m values, and it also af-
fected s-PMA concentration in the evening. BMI
showed a moderate inverse correlation with t,t-
MA-e, but not with the other benzene biomarkers.
U-Benz-m and t,t-MA-m were good predictors of
the respective values in the evening hours. Both
U-Benz values showed a moderate correlation with
t,t-MA-e, but not with t,t-MA-m. s-PMA was not
correlated with airborne benzene, and it was mod-
erately correlated with U-Benz-m, U-Benz-e, and
t,t-MA-e.
The multiple regression analysis was designed to

predict the benzene biomarkers in the morning as a
function of log-transformed values of airborne
benzene and U-cotinine adjusting by BMI and, for
the evening samples, by the number of cigarettes
smoked during the sampling day. The results of the
univariate analysis were confirmed (table 3): U-co-
tinine in the morning hours, number of cigarettes
smoked during the sampling day in the evening

342

Table 2 - Correlation matrix between benzene monitoring data, urinary cotinine, body mass index and benzene biomarkers
(Spearman correlation coefficients

Airborne U-cotinine BMI U-Benz-m U-Benz-e s-PMA t,t-MA-m t,t-MA-e
benzene

Airborne benzene 1.000 -0.169 -0.040 0.220 0.519b -0.077 0.149 0.017
U-cotinine - 1.000 0.007 0.566b 0.376b 0.458b 0.045 0.194
BMI - - 1.000 -0.047 0.005 -0.116 -0.159 -0.272a

U-Benz-m - - - 1.000 0.661b 0.426b 0.262a 0.337b

U-Benz-e - - - - 1.000 0.371b 0.155 0.346b

s-PMA - - - - - 1.000 0.222a 0.322b

t,t-MA-m - - - - - - 1.000 0.650b

t.t-MA-e - - - - - - - 1.000

a =p<0.05; b =p<0.01
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hours, and airborne benzene in both samplings,
were good predictors of unmetabolized benzene
excretion, while t,t-MA and s-PMA values were
unaffected. Following the reciprocal adjustments,
the corrected slopes for BMI were significantly in-
verse for all log-transformed benzene biomarkers,
although of low absolute value compared to air-
borne benzene and smoking covariates.

DISCUSSION

In our study of low-level occupational and envi-
ronmental exposure to benzene, we found exposure
levels comparable to similar surveys conducted in
Italy (4, 14, 26, 28). The top median value of U-
Benz-m among smokers from the general popula-
tion subgroup might be related with the prohibi-
tion of smoking for refinery workers, who were
monitored at the beginning of their morning work
shift, while participants from the general popula-
tion subgroup were monitored at their residence,
and had more time available and no restrictions to
smoke. It is known that active smoking is a major
source of benzene uptake and can represents the
main factor increasing U-Benz excretion (16). Our
findings are consistent with previous reports show-
ing the contribution of smoking in adding up to
occupational exposure to increase benzene bio-
markers’ levels (17).
Benzene biomarkers were well correlated to each

other, and U-Benz and t,t-MA readings in the
evening hours were well correlated with the respec-
tive reading in the morning hours. However, U-

Benz-e was the only one showing a good correla-
tion with airborne benzene monitoring data during
the sampling day. Besides, none of the U-Benz
readings was below the LOD, compared to a sub-
stantial fraction of t,t-MA and particularly s-PMA
readings. U-Benz-m, and s-PMA excretion in the
evening hours, but neither t,t-MA readings,
showed a good correlation with U-cotinine. t,t-
MA in the evening hours was the only showing a
moderately significant inverse correlation with
BMI.
Despite some limitations related to limited sam-

ple size, and the loss of some aliquots of urine for
the determination of specific biomarkers for tech-
nical problems, our study apparently supports a
higher sensitivity of U-Benz as a biomarker of low-
level exposure to benzene, including airborne ben-
zene and benzene intake from active smoking,
compared to its urinary metabolites. t,t-MA limi-
tations in the biological monitoring of low-level
exposure to benzene were confirmed in our study,
its low specificity being possibly related to the di-
etary intake of sorbic acid, as previously described
(2, 6). It has been estimated that diet might ac-
count for t,t.MA levels corresponding to 2.5 ppm
of airborne benzene in 13% of the general popula-
tion (31, 33).
s-PMA was also effective in discriminating

smokers, but its lack of correlation with low-level
airborne benzene levels and the low sensitivity of
the method, with a high fraction of readings below
LOD, in our opinion, make it less reliable than un-
metabolized benzene in detecting low-level occu-
pational and environmental exposure.
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Table 3 - Multivariate regression predicting biomarkers of benzene as a function of airborne benzene level and smoking
habit: slopes are adjusted by BMI and cigarettes smoked during the sampling day. Continuous values (airborne benzene, U-
cotinine and benzene biomarkers) were log-transformed for analysis

U-cotinine Airborne benzene BMI
β seβ β seβ β seβ

U-benz-m 0.695 0.036** 0.220 0.062* 0.220 0.062*
U-benze-e 0.390 0.130** 0.307 0.054** 0.047 0.013*
t,t-MA-m 0.066 0.052 0.202 0.080 -0.163 0.018**
t,t-MA-e 0.308 0.181 -0.024 0.103 -0.180 0.019**
s-PMA 0.203 0.154 -0.212 0.067* -0.057 0.014*

* p<0.05; ** p<0.001
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Due to a high fat/air and fat/blood partition co-
efficient, and adipose tissue being the major stor-
age site for hydrocarbons (31), an inverse correla-
tion between BMI and benzene biomarkers has
been postulated (2, 25, 34). In our study, we found
a moderate inverse correlation with t,t-MA excre-
tion in the evening hours, but not with any the
other benzene biomarkers.
In 2008, the US ACGIH proposed biological

exposure indexes (BEIs) for s-PMA and t,t-MA,
but not U-Benz (1). However, to date, methods for
unmetabolized benzene monitoring have reported-
ly achieved acceptable and constant analytical per-
formances, and greater sensitivity in the assessment
of airborne benzene concentrations below 1 ppm
(or 3.2 mg/m3) in respect to the benzene metabo-
lites (14). Our results apparently support such
statements. Therefore, the conditions exist for the
scientific community and governmental regulatory
agencies to consider setting recommended and reg-
ulatory limits also for U-Benz. Thanks to its higher
specificity and sensitivity in respect to the other
available biomarkers, U-Benz would allow better
monitoring of low-level occupational and environ-
mental exposure to benzene (16). In fact, this is
currently a relevant public health issue, as subclini-
cal effects have been described following low-level
exposure to benzene (4, 24, 32, 38, 39), and an in-
creased risk of mature B-cell lymphomas, and par-
ticularly, chronic lymphocytic leukaemia and follic-
ular lymphoma, has been associated with occupa-
tional exposure to benzene (5). These findings sup-
port the efforts of governmental regulatory agen-
cies to achieve zero benzene content in fuels and
solvents, and to further reduce its use in the chemi-
cal industry in the near future.
In conclusion, despite the above mentioned lim-

itations and the conflicting opinions about the reli-
ability of biomonitoring low-level environmental
exposure to benzene (3, 8, 15, 19, 25-29), our re-
sults seem to support the use of urinary benzene as
a sensitive and specific biomarker of low-level oc-
cupational and environmental exposure to benzene,
as an alternative to s-PMA and t,t-MA.

NO POTENTIAL CONFLICT OF INTEREST RELEVANT TO

THIS ARTICLE WAS REPORTED
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