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Abstract

Although, 1,3-butadiene is a known human carcinogen emitted from mobile sources, little is known about traffic-related human
exposure to this toxicant. This pilot study was designed to characterize traffic-related environmental exposure to 1,3-butadiene
and evaluate its urinary mercapturic acids as biomarkers of exposure in these settings. Personal air samples and multiple urine
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samples were collected on two separate occasions from three groups of individuals that differed by spatial proximity
as intensity of traffic: (i) toll collectors, (ii) urban-weekday and (iii) suburban-weekend group. Air samples were analyzed
thermal desorption followed by GC/MS and urine samples were analyzed using isotope dilution liquid chromatography tand
spectrometry (ID-LC-MS/MS) for two mercapturic acids of 1,3-butadiene: monohydroxy-3-butenyl mercapturic acid (MHB
and 1,2-dihydroxybutyl mercapturic acid (DHBMA). Exposure differed between groups (p < 0.05) with median values of 2.38
1.62 and 0.88�g/m3 for toll collectors, the urban-weekday group and the suburban-weekend group, respectively. A refined I
MS/MS method enabled detection of MHBMA, previously detected only in occupational settings, with high frequency. MH
and DHBMA were detected in 95 and 100% of urine samples at levels (mean± S.D.) of 9.7± 9.5, 6.0± 4.3 and 6.8± 2.6 ng/mL
for MHBMA and 378± 196, 258± 133 and 306± 242 ng/mL for DHBMA for the three different groups, respectively. Me
biomarker levels were higher among the toll collectors compared to the other two groups, however, the differences w
statistically significant (p > 0.05). This study is the first to evaluate 1,3-butadiene biomarkers for subtle differences in environ
exposures. However, additional research will be required to ascertain whether the lack of statistical association observed h
or attributable to unexpectedly small differences in exposure between groups (<1�g/m3), non-specificity of the biomarker at low
exposure, and/or small sample size.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Environmental exposure to 1,3-butadiene is a sig-
nificant public health concern because it is a known
human carcinogen[1,2], and traffic, which is a domi-
nant source of ambient butadiene[3], is ubiquitous and
in close proximity to residential communities. Several
epidemiological studies have linked exposure to 1,3-
butadiene with lymphohaematopoietic cancers[4,5] and
leukemia[6–9] in occupationally exposed individuals.
The U.S. Environmental Protection Agency (EPA) esti-
mates that the human lifetime excess cancer risk from
chronic exposure to butadiene is 3.5× 10−5 per�g/m3

based on a linear extrapolation of increased leukemia
risks observed in occupationally exposed workers[2].
These estimates imply that an acceptable level of life-
time risk (one cancer case in a million) would result
if individuals were chronically exposed to 22 ng/m3

level of butadiene over their lifetimes. The limited
data available from monitoring sites across the coun-
try indicate that ambient air concentrations of butadi-
ene routinely exceed this level in most urban areas,
including Baltimore City [10], with mobile sources
accounting for as much as 60% of ambient emissions
[3]. Ambient levels contribute to exposure but are not
the sole determinant. Additional factors contributing to
personal exposures to VOC include occupation, resi-
dence proximity to traffic[11], time spent in automo-
biles[12], and other personal habits including smoking
[13].
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For an exposure biomarker to be effectively deployed
in studies of exposure, risk or epidemiology, its sen-
sitivity, specificity, accuracy and reliability need to be
characterized[15]. In the past decade, two novel urinary
biomarkers 1- and 2-monohydroxy-3-butenyl mercap-
turic acid (MHBMA) and 1,2-dihydroxybutyl mercap-
turic acid (DHBMA) have shown promise as biomarkers
for occupational exposure to 1,3-butadiene[16,17].
MHMBA is formed when butadiene monoepoxide
(BDO) undergoes direct conjugation with glutathione,
while DHBMA is formed when BDO is hydrolyzed
to the diol that subsequently undergoes conjugation
with glutathione[18,19]. Previous studies have shown
that variation in the relative amount of MHBMA and
DHBMA excreted is proportional to the level of epoxide
hydrolase activity in different species[16,17,20], with
mice excreting the lowest amount of DHBMA (20% of
the total biomarker) and humans excreting the highest
amount of DHBMA (>97% of the total biomarker).
Accordingly, prior studies that have used solid phase
extraction followed by derivatization of the biomarker
and subsequent analysis using gas chromatography/mass
spectrometry (GC/MS) have been unsuccessful in
detecting MHBMA even for highly exposed workers,
owing to the poor sensitivity of the GC/MS method
[17].

More recently, both MHBMA and DHBMA have
been used as biomarkers of exposure in a large occupa-
tional study of Czech workers in the styrene butadiene
rubber industry[18,19,21,22]. Measurements performed
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Characterization of human exposure to a carc
en such as 1,3-butadiene using personal air sam
nd/or biomarkers provides epidemiological studies
more direct and individualized comprehensive mea
f exposure. This in turn enhances one’s ability to de
ssociations between exposures and disease by min

ng exposure misclassification. Exposure characte
ion using personal air monitoring takes into accoun
eterogeneity of contaminants in different microenvir
ents and duration of exposure, but such measurem
re generally limited to a single route of exposure, i.e
arily inhalation. Chemical-specific urinary bioma
rs, on the other hand, not only integrate multiple ro
f exposure, but also address intrinsic individual v
bility conferred by genetic polymorphisms, and h

o examine mechanisms of actions at various biolog
argets[14]. Biomarkers also offer a clearer demons
ion that the toxicant has been absorbed[15] and provide
n estimate of total exposure. Furthermore, bioma
an be invaluable for mitigating risk, because it is us
n identifying specific at-risk subpopulations that can
argeted for interventions.
by GC–MS/MS analysis of chemically derivatiz
organic extracts of urine found that MHBMA was m
accurate in predicting recent exposure to butadiene
DHBMA. Of late, new methods have been developed
analyzing MHBMA and DHBMA that use liquid chr
matography tandem mass spectrometry (LC-MS/M
These methods provide significant improvemen
sensitivity compared to traditional GC/MS meth
simultaneously reducing the time required to pre
samples [23,24]. However, neither DHBMA no
MHBMA has been evaluated in environmental setti
where exposures are several orders of magnitude
than those experienced in occupational settings
address these research gaps, the current pilot
was designed to (i) assess environmental exposu
butadiene using personal exposure monitors and
apply/modify the existing LC-MS/MS method[23,24]
to evaluate MHBMA and DHBMA as biomarke
of butadiene exposure in environmental setting u
three exposure scenarios: suburban-weekend exp
urban-weekday exposure and toll collectors work
exposure.
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2. Methods

2.1. Study population

Individuals representing three exposure scenarios dif-
fering by spatial proximity as well as intensity of mobile
sources were recruited. These were: (1) toll collectors’
workday exposure (very close proximity and high source
intensity); (2) urban-weekday exposure (close proxim-
ity to source and medium source intensity) and (3)
suburban-weekend exposure (far from source and low
source intensity). For the first group, nine toll collectors
working the morning shift (6 a.m.–2 p.m.) at the Balti-
more Harbor Tunnel were recruited. For the suburban-
weekend and the urban-weekday exposure groups, seven
faculty and staff from the School of Public Health were
recruited as a convenient sample. All individuals were
non-smokers living in non-smoking households. The
study was approved by the Johns Hopkins Bloomberg
School of Public Health Committee on Human Research
(CHR). Prior to collecting any samples, a written consent
was obtained from all study participants.

2.2. Personal air sampling

Exposure for each of the three groups was assessed
using personal air monitors. Each group of participants
was monitored on two separate occasions. The dura-
tion of personal air monitoring was 8, 4 and 8 h for the
suburban-weekend, urban-weekday and the toll collec-
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(SKC Inc.; cat. # 224-26-CPC) such that the flow through
the sampling tube was only 12 mL/min. The actual flow
through the sampling tube was calibrated before initia-
tion of sampling using a DryCal DC-2 primary standard
(BIOS International Corp., Butler, NJ). Sample flows
were checked again at the end of the monitoring period.

Personal air samples were analyzed within 24 h
of collection using a method previously described
[25,26]. Briefly, the VOCs were thermally desorbed
with Perkin-ElmerTM ATD-400 (Perkin-Elmer; Shel-
ton, CT), resolved by gas chromatography (GC), and
detected with mass spectrometry (MS) in selected ion
monitoring (SIM) mode using a Shimadzu GC-17A gas
chromatograph and QP-5000 mass spectrometer (Shi-
madzu; Columbia, MD). Chromatographic separation
was achieved using a Restek Rtx-624 column, measuring
60 m× 0.25 mm i.d. with 1.4�m film thickness (Restek
Corp.; cat. # 10969). To account for any sample con-
tamination during the sampling phase, field (n = 18) and
laboratory (n = 20) blanks were deployed and analyzed.
Reported concentrations have been blank adjusted.

2.3. Urine collection

Urine sample collection was tailored to each of the
respective exposure scenarios. For each groups, urine
samples were collected before, during and after expo-
sure. The before exposure collection was comprised of
a single void. The during exposure collection varied
by scenario due to differing durations and work-related
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tors, respectively. For the suburban-weekend expo
group, monitoring was conducted on Sundays from
to 8 p.m. For the urban-weekday exposure group, m
itoring was conducted on the same individuals w
they spent 4 h inside an urban row home locate
a busy street during morning rush-hour (6–10 a.
Toll collectors were monitored during their 8-h sh
(6 a.m.–2 p.m.). The altered sampling duration for
urban-weekday group was necessary for logistical
sons (e.g. need to return to work). In all cases, pers
air samples were collected within the breathing zon
the participants using stainless steel Perkin-Elme
Toxic TubesTM (3.5 in. long, 0.25 in. o.d.) packed with
mixed sorbent comprised of carbopack B and corb
1000 (Supelco cat. # 25051; Bellefonte, PA). The
toxic tube was clamped directly onto the lapel of
participant. A small battery operated pump (SKC
pocket pump, SKC Inc.; Eighty Four, PA) was use
sample air at a constant rate of 100 mL/min. To a
sample breakthrough, a portion of the pump flow
diverted using an adjustable low-flow tube holder (S
Inc; cat. # 224-26-01) and a constant pressure regu
logistics. Whereas all voids were collected during ex
sure for the suburban and urban scenarios, for the
booth workers, samples were collected during their lu
break and at the end of shift. Urine samples colle
post exposure included the last void of the day (be
bed) and the first void of the following morning. Con
quently, the post exposure collection period varied f
10 (suburban-weekend group) to 18 h (urban-wee
group). All urine samples were stored at−70◦C until
analysis.

2.4. Chemicals

Isomeric mixture of R,S-1-hydroxy-2-(N-
acetylcysteinyl)-3-butene andR,S-2-hydroxy-1-(N-
acetylcysteinyl)-3-butene (MHBMA), their deutera
analogsR,S-1-hydroxy-2-(N-acetylcysteinyl)-3-butene
[d6] and R,S-2-hydroxy-1-(N-acetylcysteinyl)-3
butene-[d6] along with R,S-1,2-dihydroxy-4-(N-
acetylcysteinyl)-butane (DHBMA) and its deutera
analogue R,S-1,2-dihydroxy-4-(N-acetylcysteinyl)
butene-[d7] were purchased from Toronto Resea
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Chemicals, Ont., Canada (cat. # A179005, A179007,
A173710 and A173712, respectively). HPLC grade
water (Burdick & Jackson cat. # 365-4) and MS grade
methanol (Burdick & Jackson cat. # GC230-4) were
obtained from VWR International, West Chester, PA.
Synthetic urine was obtained from Spectrum Labs,
Cincinnati, OH.

2.5. Urine sample preparation

Urine samples were thawed at room temperature.
Aliquots of 10�L of 100 ng/mL MHBMA-[d6] and
DHBMA-[ d7] in methanol were added to 1 mL urine
samples and the pH was adjusted to 2.5 by the addi-
tion of HCl. Samples were then extracted using Waters
OasisTM HLB cartridges (Waters Corp.; Milford, MA;
cat. # WAT094226) pre-equilibrated with 1 mL methanol
followed by 1 mL water. Following loading of the sam-
ple, cartridges were washed with 1 mL water, and ana-
lytes were eluted with 1 mL of 50:50 methanol/water at
<0.5 mL/min.

2.6. Sample analysis

Purified organic extracts were placed in a Sur-
veyor HPLC and autosampler system (Thermo Elec-
tron, San Jose, CA) coupled to a Quantum Ultra triple
quadruple tandem mass spectrometer (Thermo Elec-
tron) and analyzed using a modification of a method
previously described by McDonald et al.[23]. In
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Table 1
Analytical parameters for LC-ESI-MS/MS analysis of monohydroxy-
3-butenyl mercapturic acid (MHBMA) and dihydroxybutyl mercap-
turic acid (DHBMA)

HPLC parameters
Injection volume 10�L
Column temperature 35◦C
Runtime 6 min

MS/MS parameters
Ion source ESI negative
Spray voltage −2800 V
Sheath gas pressure 35 arbitrary unit
Aux gas pressure 14 arbitrary unit
Capillary temperature 375◦C
Source CID 10 V
Collision pressure 0.9 mTorr
Peak widths Q1 = 0.5;Q3 = 0.7

Analyte Parent
ion m/z

Daughter
ion m/z

Collision
energy

SRM table
MHBMA 232.0 103.1 17
MHBMA-[ d6] 238.1 109.1 15
DHBMA 250.1 121.1 16
DHBMA-[ d7] 257.1 128.1 19

was prepared in methanol/water for each batch of analy-
sis. The instrument response increased linearly over the
entire range for both analytes, withR2-values greater of
than 0.996.

2.7. Sample recovery

Since all urine samples had some detectable level of
MHBMA and DHBMA, synthetic urine was used for
the purpose of determining sample recovery and limits
of detection. A 3× 1 mL aliquots of synthetic urine
were spiked with 10�L of 100 ng/mL MHBMA-[d6]
and DHBMA-[d7] internal standards followed by
10�L of standard mix (1000 ng/mL DHBMA and
200 ng/mL of MHBMA). These samples were prepared
and analyzed as described above. Sample recovery
was determined as the percentage of analyte recovered
relative to the spiked amount. To determine the limit
of detection, a set of 7× 1 mL aliquots of synthetic
urine was spiked with 10�L of 100 ng/mL internal
standards (MHBMA-[d6] and DHBMA-[d7]) followed
by 10�L standard mix containing 500 ng/mL DHBMA
and 100 ng/mL of MHBMA, and extracted as described
above. The limit of detection was determined by mul-
tiplying the standard deviation of seven spiked samples
by the Student’st-value associated with the 99%
confidence interval and 6 (n − 1) degrees of freedom
[27].
rief, a 10-�L sample aliquots were injected on
he HPLC system and analytes were separate

mixed-mode (C8/anion exchange) custom pa
olumn (Alltech Associates; Deerfield IL; Part#
008, 7�m particle size, 100 mm× 2.1 mm i.d.) with
pre-column filter (Phenomenex, Torrance CA; P
J0-4286; 4 mm× 2 mm i.d.). The isocratic mobi
hase maintained at 35◦C consisted of a 30:70 mi

ure of water and methanol, containing 5 mM amm
ium formate flowing at a rate of 300�L/min with
total runtime of 6 min. Analytes were introduc

nto the mass spectrometer using an electrospray
zation (ESI) probe operated in negative mode.

S/MS was operated in selected reaction mon
ng (SRM) mode using the instrument conditions p
ided in detail in Table 1. MHBMA was detecte
sing the transition ofm/z 232.0→ 103.1 and quan

ified using the internal standard MHBMA-[d6], m/z
38.1→ 109.1. Similarly DHBMA was detected usi
/z 250.1→ 121.1 and quantified using DHBMA-[d7]
/z 257.1→ 128.1. A nine-point calibration curves f
HBMA (0–200 ng/mL) and DHBMA (0–1000 ng/mL
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2.8. Precision

Method precision was determined using two different
approaches. In the first approach, a pooled urine sample
was spiked with MHBMA and DHBMA, divided into
1 mL aliquots, and stored in the freezer. Whenever urine
samples were extracted, one or two aliquots of the spiked
urine samples were also included. Overall analytical pre-
cision was determined as the coefficient of variation
(CV) for all the spiked urine samples analyzed over the
entire analysis period. In the second approach, two urine
samples were randomly selected in each batch of extrac-
tion. These randomly selected samples were extracted
in duplicates and analyzed separately. Method precision
was determined based on the agreement between dupli-
cate extracts analyzed over the entire study period.

2.9. Statistical analysis

All statistical analyses were performed using
Intercooled Stata, Version 7.0 for Windows (Stata
Corporation, College Station, TX). The normality of the
personal exposure and biomarker data were assessed
using Shapiro–Wilk test. Group differences for personal
exposure as well as urinary biomarker levels were
evaluated by the non-parametric Mann–Whitney test.
The association between personal exposure and urinary
biomarker levels was evaluated across all subjects by
simple linear regression, after log transformation. The
association between the exposure and biomarker was

odel
llow

of
ce.

rate
n
usly
as
es

od
and
low
ach

-
good
i-

for

DHBMA and MHBMA, respectively) and aR2-value
greater than 0.9 The pool spiked urine samples analyzed
over the entire sample analysis period had a coefficient
of variation of less than 12% for both DHBMA and
MHBMA. For the samples analyzed in duplicates over
a range of concentration, the coefficient of variation was
9.2% for DHBMA and 13.1% for MHBMA.

3.1. Personal exposure

The distribution of butadiene exposure varied by
groups with median levels of 0.88, 1.62 and 2.38�g/m3

observed for the suburban-weekend, urban-weekday
and toll collectors, respectively (Fig. 1). There was a
clear trend in median exposure levels, i.e. suburban-
weekend < urban-weekday < toll collectors, but the mea-
sured differences in median exposure between groups
were rather small (<1�g/m3). The toll collectors’ expo-
sure and the urban-weekday exposure were both higher
than the suburban-weekend exposure (p < 0.05).

3.2. Urinary biomarker

Compliance with the urine collection protocol was
excellent. Toll collectors provided all six of the required
urine samples with the exception of one individual who
provided five. Furthermore, the time of collection was
very consistent across toll collectors owing to their well
defined work schedule. Sample collections associated

xpo-
ble
s.

study
further explored using a multiple linear regression m
with a random intercept (random effect model), to a
each individual to have their own intercept. A criterion
p < 0.05 was set for determining statistical significan

3. Results

The personal air sampling method had a recovery
(mean± S.D.) of 85± 12% and a coefficient of variatio
of 2% for 1,3-butadiene, as described in detail previo
[26]. The corresponding limit of detection (LOD) w
0.46�g/m3. For the ID-LC-MS/MS method, recoveri
based on the spiked synthetic urine were (mean± S.D.)
86± 11% and 85± 12% for DHBMA and MHBMA,
respectively. The LOD for the ID-LC-MS/MS meth
was estimated to be 0.4 and 3.7 ng/mL for MHBMA
DHBMA, respectively. Those samples that were be
the LOD were assigned a value of 1/2 LOD, an appro
that is suitable for skewed data[28]. Duplicate analy
ses conducted throughout the study period showed
reproducibility for both DHBMA and MHBMA, as ind
cated by a slope of close to unity (0.98 and 0.95
with the urban-weekday and suburban-weekend e
sure groups were similarly compliant but more varia
in time of collection due to differing individual activitie
At the instrumental conditions specified inTable 1, m/z

Fig. 1. Personal exposure to 1,3-butadiene among the three
groups.



A. Sapkota et al. / Chemico-Biological Interactions 160 (2006) 70–79 75

Fig. 2. Panel I—a representative chromatogram of urine samples showing (A) MHBMA, (B) MHBMA-d6, (C) DHBMA and (D) DHBMA-d7;
Panel II—relationship between MHBMA and DHBMA.

103.1 and 121.1 were the dominant daughter ions of the
molecular base ions [M− H]− of MHBMA ( m/z 232.0)
and DHBMA (m/z 250.1), respectively. Under the speci-
fied chromatographic conditions (Table 1), DHBMA and
DHBMA-d7 eluted prior to MHBMA and MHBMA-
d6 (Fig. 2, Panel I). Using this ID-LC-MS/MS method,
DHBMA was detected in 100% of the samples collected,
whereas MHBMA was detected in 95% of the samples.

Linear regression (Fig. 2, Panel II) between DHBMA
and MHBMA showed a significant association between
the two urinary biomarkers (p < 0.05,R2 = 0.49). In all
cases, DHBMA was the dominant marker, represent-
ing greater than 90% of the total biomarkers excreted.
The mean (S.D.) metabolic ratio determined as the ratio
of DHBMA/(DHBMA + MHBMA) was 0.974 (0.021)
with a minimum and a maximum of 0.897 and 0.999,
respectively.

The distribution of DHBMA and MHBMA levels
showed a rather weak trend for increasing biomarker
levels across the three exposure groups (Fig. 3). As
shown inTable 2, the DHBMA levels (mean± S.D.)
observed for the toll collectors (378± 196 ng/mL) were
higher than that observed for the suburban-weekend
exposure group (306± 243 ng/mL) and the urban-
weekday exposure (258± 133 ng/mL), but the differ-
ence was not statistically significant (p > 0.05). Sim-
ilarly, the MHBMA levels (mean± S.D.) observed
for the toll collectors (9.7± 9.5 ng/mL) were higher
than those observed for the suburban-weekend group
(6.8± 2.6 ng/mL) and the urban-weekday exposure
g not
s
t er-
s pub-
l ators
[

The association between individual personal expo-
sure to butadiene and the urinary biomarker level was
explored using simple linear regression (Fig. 4). No
apparent trend was observed between exposure level and
either biomarker (R2 < 0.2 andp > 0.05).

logYit = β0 + β1 logXi + β2 logX∗
i I + ε (1)

Yit = Urine Concentration of biomarker for individual
i at time t (ng/mL)
Xi = Personal exposure for individual i (µg/m3)
I = Exposure group (1 if toll collectors, 0 otherwise)

The relationship between personal exposure, urinary
biomarker and the exposure group was further examined

cid
o-
iskers
nt the
roup (6.0± 4.3 ng/mL), but these differences were
tatistically significant either (p > 0.05). Table 2 fur-
her compares the findings of this study with p
onal exposures and urinary biomarker levels

ished in recent studies conducted by other investig
19,24,29].
Fig. 3. Distribution of monohydroxy-3-butenyl mercapturic a
(MHBMA) and dihydroxybutyl mercapturic acid (DHBMA) by exp
sure group. The boxes represent 25th and 75th percentiles, wh
represent 5th and 95th percentiles, solid horizontal bars represe
median and the dotted line represent the mean.
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using multiple regression analysis with random intercept
and an interaction term for levels of personal exposure as
shown in Eq.(1). For this analysis, the urban-weekday
and suburban-weekend exposure groups were combined
into one group to enhance statistical power. The results of
this analysis showed no significant association between
personal exposure and either biomarker at the individ-
ual level (β1 =−0.31, p = 0.15; β2 = 0.35, p = 0.25 for
MHBMA and β1 =−0.21,p = 0.24;β2 = 0.43,p = 0.08
for DHBMA).

4. Discussion

Urban and tollbooth environments, characterized by
close proximity and high intensity of traffic are often
referred to as mobile source “hot spots”. Exposures to
mobile source-related hazardous air pollutants (HAPs),
especially human carcinogens such as 1,3-butadiene, in
these hot spots are of significant concern to public health.
In the current study we address this concern in two
ways. First, exposure was characterized across a range
of conditions of varying source intensity and proxim-
ity. Second, the observed exposure formed the basis for
an evaluation of the predictive validity of 1,3-butadiene
urinary biomarkers. Whereas the exposure characteriza-
tion provides key information to inform risk assessment,
the evaluation of the biomarker is necessary to gauge its
utility for epidemiological studies, especially the ones
dealing with low environmental exposures.

The present study provides, for the first time, toll
orn-
ure
on
d

e
oth

n-
os-
ian

er

kend
r,
e rel-
e
oth

omes
r-
t the
er
collectors’ personal exposure to butadiene. The m
ing shift toll collectors’ median personal expos
(2.38�g/m3) was similar to the indoor air concentrati
of butadiene (2.9�g/m3) inside the tollbooth, reporte
previously for the same facility[30]. In that study, th
relatively low indoor concentrations inside the tollbo
compared to the high outdoor concentration (2.9�g/m3

versus 10.7�g/m3) was attributed to the effective ve
tilation system that maintained the tollbooth under p
itive pressure. As expected, the toll collectors’ med
exposure (2.38�g/m3, min/max: 0.51/8.12) was high
than the median urban-weekday exposure (1.62�g/m3,
min/max: 0.33/3.66) and the median suburban-wee
exposure (0.88�g/m3, min/max: 0.23/4.36). Howeve
the absolute differences between these groups ar
atively small (0.76 and 0.74�g/m3, respectively). Th
overall concentration of butadiene inside the tollbo
(1.31�g/m3) reported previously[30] was only slightly
higher than what has been observed inside urban h
(0.7�g/m3) by Sax et al.[31]. Therefore, it is not su
prising that the personal exposure of toll collectors a
Baltimore Harbor Tollbooth were only slightly high
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Fig. 4. Scatter plot of monohydroxy-3-butenyl mercapturic acid (MHMBA) and dihydroxybutyl mercapturic acid (DHBMA) vs. personal exposure.

than the personal exposure of individuals spending time
inside an urban home. It is likely that the exposure of
toll collectors working at facilities lacking control venti-
lation systems (as present in this facility) will be similar
to the outdoor concentration at the tollbooth, and signifi-
cantly higher than the exposure at urban homes. A study
investigating the differences in exposure at the two dif-
ferent types of tollbooth facilities is warranted.

This study provides a rapid ID-LC-MS/MS method
that is sensitive enough for analyzing both DHBMA and
MHBMA in human urine resulting from environmental
exposures to butadiene. This method requires minimal
sample cleanup, low sample volume (1 mL), and does
not require a concentration step. Use of this sensitive
ID-LC-MS/MS method, with similar SRM transition
as described previously[23,24], enabled detection of
DHBMA and MHBMA in 100 and 95% of the sam-
ples. The method showed excellent sensitivity, recovery
and precision for both urinary metabolites of butadiene
resulting from environmental exposure. The close agree-
ment between the duplicate extracts for both DHBMA
and MHBMA, as indicated by a slope factor approaching
unity, and a highR2 (>0.9) highlight reproducibility and
precision of the method. The method precision is further
illustrated by the low CV observed. Although neither
of the biomarkers was evaluated for storage loss, exten-
sive storage study has been previously reported[24] that
observed no losses up to 18 months (entire duration of
experiment) when urine samples were stored at−20◦C.
In the present study, samples were stored at−70◦C and
t rage
l

/
( c
p et
a ) to
r se in
e
T ajor-

ity of BDO is metabolized by hydrolysis to butene-
diol instead of direct conjugation with GSH. The mean
metabolic ratio of 0.974 observed in this study is con-
sistent with these previously reported human studies. A
recent occupational study of butadiene workers from the
Czech Republic reported a median metabolic ratio of
0.995, 0.987 and 0.981 for control, monomer and poly-
mer worker, respectively[18,19,21], with the control
workers having significantly higher metabolic ratios. In a
study comparing smokers and non-smokers, Urban et al.
[24] reported a metabolic ratio of 0.970 for non-smokers
and 0.859 for smokers. In the current study, we did not
observe any difference in the metabolic ratios by expo-
sure group, sex or age.

The relatively subtle differences in exposure were
not reflected by the measured biomarkers when con-
sidered at the group or individual level. At the group
level, the toll collectors had higher levels of MHBMA
and DHBMA compared with both urban-weekday and
suburban-weekend exposure groups, however the differ-
ences were not statistically significant (p > 0.05). At the
individual level, no association between exposure and
either biomarker was identified. This lack of associa-
tion may be attributable to a number of study limitations
that could lead to obscuration of the association between
exposure and biomarker level including unexpectedly
small differences in exposure between groups and rel-
atively small sample size. In addition, several other
metabolites of 1,3-butadiene have been reported in mam-
mals besides MHMBA and DHBMA[32]. It is possible

in the
uals
e and
iene
at of
g-
ay

n
r-
he longest storage period was 12 months, so sto
osses were unlikely to have occurred.

The ratio of the two biomarkers DHBMA
DHBMA + MHBMA) is an indication of the metaboli
athway. This ratio, initially reported by Sabourin
l. [16] has been shown to increase from mice (0.2
ats (0.52) to humans (>0.97), paralleling the increa
poxide hydrolase activity across these species[17,20].
he authors hypothesized that in humans, the m
that for low-level exposures as has been observed
current study, metabolic differences between individ
may be obscuring the association between exposur
biomarker level. During the study design, 1,3-butad
was assumed to have a clearance time similar to th
benzene[33,34], but recently Albertini et al. have su
gested that the clearance of MHBMA in humans m
be longer than initially expected[19]. This can be a
additional source of variability given the slightly diffe
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ent exposure duration monitored for the urban-weekday
group.

The overall butadiene exposure observed in this study
was lower than what has been previously reported in
the literature. In the Czech study[18,19,21], the median
exposure of the highest exposure group (polymer work-
ers: 293�g/m3) was 123- and 431-fold higher than the
personal exposure observed for toll collectors and the
suburban-weekend exposure group in this study. Addi-
tionally, the difference in personal exposure between
high and low exposure groups in the Czech worker
study was 280�g/m3 compared to <2�g/m3 observed
in the current study. Such large exposure differences
and sample size might have enabled the authors of the
Czech study to discern the relationship between the uri-
nary biomarker and butadiene exposure. However, in a
study of petrochemical workers in Italy, Fustinoni et
al. [29] reported no significant difference in DHBMA
and MHBMA between exposed workers and their non-
exposed counterparts. Their findings are of particular
relevance to this study because the median exposure lev-
els of the exposed worker 1.5�g/m3 (mean 11.5�g/m3)
and the control workers 0.4�g/m3 (mean 0.9�g/m3) are
more comparable.

The presence of DHBMA (mean 306 ng/mL) even in
the lowest exposure group is consistent with what has
been reported in the literature[29]. However, it is unclear
whether this metabolite is specific to 1,3-butadiene
inhalation exposure, formed from other exogenous
chemical in diet, water or air, or formed endogenously.
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