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Abstract

Methods of isotope-dilution gas chromatography–mass spectrometry (GC–MS) are described for the determination of
styrene and styrene-7,8-oxide (SO) in blood. Styrene and SO were directly measured in pentane extracts of blood from 35
reinforced plastics workers exposed to 4.7–97 ppm styrene. Using positive ion chemical ionization, styrene could be detected
at levels greater than 2.5 mg/ l blood and SO at levels greater than 0.05 mg/ l blood. An alternative method for measurement
of SO employed reaction with valine followed by derivatization with pentafluorophenyl isothiocyanate and analysis via
negative ion chemical ionization GC–MS–MS (SO detection limit50.025 mg/ l blood). The detection limits for SO by these
two methods were 10–20-fold lower than gas chromatographic assays reported earlier, based upon either electron impact MS
or flame ionization detection. Excellent agreement between the two SO methods was observed for standard calibration curves
while moderate to good agreement was observed among selected reinforced plastics workers (n510). Levels of styrene in
blood were found to be proportional to the corresponding air exposures to styrene, in line with other published relationships.
Although levels of SO in blood, measured by the direct method, were significantly correlated with air levels of either styrene
or SO among the reinforced plastics workers, blood concentrations were much lower than previously reported at a given
exposure to styrene. The two assays for SO in blood appear to be unbiased and to have sufficient sensitivity and specificity
for applications involving workers exposed to styrene and SO during the manufacture of reinforced plastics.  2001
Elsevier Science B.V. All rights reserved.
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1. Introduction (SO) via cytochrome P-450 enzymes (reviewed in
Refs. [1,2]). SO is genotoxic in mammalian cells in

Styrene is a major industrial chemical used in the vitro (reviewed in Ref. [3]) and in vivo [4], produces
production of plastics and resins. Once absorbed into forestomach tumors in rats and mice following
the body, styrene is metabolized to styrene-7,8-oxide administration by gavage [5–7], and has been classi-

fied as probably carcinogenic to humans by the
International Agency for Research on Cancer (2A)*Corresponding author. Tel.: 11-919-9665-017; fax: 11-919-

9664-711. [8]. For these reasons, concern has been expressed
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about the carcinogenic potential of styrene and SO in via GC–MS–MS employing negative ion chemical
humans, particularly in the reinforced plastics indus- ionization (NCI). This latter assay is a straight-
try where exposures are the highest [9]. Although forward modification of a procedure for measuring
more than 85% of the absorbed dose of styrene is SO-adducts bound to hemoglobin at the N-terminus,
metabolized to SO in humans [1], only a minor which involves a valine residue [30]. In what fol-
fraction of this metabolite reaches the systemic lows, we will describe both methods and their
circulation because of efficient intrahepatic hydrol- preliminary application with samples of blood from
ysis of SO to styrene glycol via epoxide hydrolases reinforced-plastics workers. For simplicity, we will
[9–12]. Styrene oxide is also present at low con- henceforth refer to the PCI-MS assay of SO in blood
centrations in the air of reinforced plastics factories as the ‘‘direct method’’ while the derivatization–
(due to oxidation of styrene) and, upon inhalation, GC–MS–MS assay will be referred to as the ‘‘valine
can be directly absorbed into the blood of persons in method’’.
those facilities (reviewed in Ref. [13]).

Since SO is reactive (the half-life in human blood
in vitro is 42 min [14]) and is present at very low 2. Experimental
concentrations in the systemic circulation, the usual
methods for biomonitoring of styrene (e.g., measure- 2.1. Chemicals
ment of the urinary metabolites mandelic acid and
phenylglyoxylic acid [15–23]) provide no informa- Styrene (991%), L-valine (99%) and triethyl-
tion about the disposition of SO in the body. amine (99%) were obtained from Aldrich (Mil-
Furthermore, accurate measurement of SO in blood waukee, WI, USA). Ethyl acetate (991%) and
has been problematic. SO has been measured directly pentane were obtained from Fisher Scientific (Pitts-
in extracts of blood by gas chromatography (GC) burgh, PA, USA). SO (97%), acetophenone (99%)
with either flame ionization detection (FID) [24] or and phenylacetaldehyde (95%, w/w, in diethyl
electron-impact mass spectrometry (EI-MS) [25–27]. phthalate) were obtained from Fluka (Buchs, Swit-

2Alternatively, SO has been extracted from blood and zerland). [ H ]SO was kindly provided by Drs.8

hydrolyzed to styrene glycol (SG) followed by Hendrik Veulemans and Wim Pauwels, synthesized
derivatization and GC with electron-capture detec- according to the method described in Severi et al.

2tion [28–30]. While direct measurement of SO is [32]. [ H ]Styrene (98%) was obtained from Cam-8

preferable to hydrolysis and derivatization of SG, bridge Isotope Labs. (Andover, MA, USA). Penta-
due to interference from SG arising from metabolism fluorophenyl isothiocyanate (PFPITC) (.97%) was
of SO in vivo, the sensitivities of FID and EI-MS are obtained from Fluka and purified according to

¨only marginal for this purpose. Indeed, using GC– Tornqvist et al. [33].
EI-MS, Langvardt and Nolan [26] and Morgan et al.
[27] reported detection limits for SO of 10 mg/ l and 2.2. Reinforced-plastics workers
3 mg/ l, respectively. Interestingly, Kessler et al. [24]
reported a lower detection limit of 1 mg/ l for SO in Workers were recruited from four reinforced-plas-
blood based upon GC–FID, which was achieved by tics facilities. The direct method for measuring SO in
injecting up to 25 ml of n-hexane extracts on-column blood was applied to 35 workers in a single factory
according to the procedure of Grob, Jr. et al. [31]. manufacturing parts for recreational vehicles and

Given our interest in estimating blood levels of SO shower stalls. The direct and valine methods were
below 1 mg/ l among workers exposed to styrene and compared by applying both methods to different
SO in the reinforced-plastics industry, we developed groups of 10 workers from three facilities involved
a direct assay for SO in blood via GC–MS employ- in the manufacture of boats.
ing positive ion chemical ionization (PCI). We also
measured SO in selected blood samples with an 2.3. Exposure to styrene and SO
alternative assay, based upon reaction of SO with
valine followed by derivatization with pentafluoro- Styrene and SO were measured by personal sampl-
phenyl isothiocyanate and analysis of the products ing according to the method of Tornero-Velez et al. [13].
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2Briefly, passive monitors (catalog No. 3500; 3M, St containing 10 ng each of SO and [ H ]SO (50 ml of8

Paul, MN, USA) were used to estimate individual a 200 ng/ml solution of each analyte in ethyl
shift-long exposures to styrene and SO. After sam- acetate). Following centrifugation, 50 mg of styrene
pling, the devices were capped and stored for up to (internal standard) was added to 3.5 ml of the
24 h, then desorbed with 1.5 ml of ethyl acetate. The recovered pentane extract. Extraction efficiency was
solution was decanted into a 4-ml glass vial, which calculated by comparing the peak area ratios

2was sealed with a PTFE-lined cap and stored at (SO:styrene and [ H ]SO:styrene) in the recovered8

2208C for up to 1 month before analysis. Analysis extracts to the corresponding peak area ratios of a
involved injection of 1 ml of the solution into a GC standard solution, prepared by adding the analytes
system equipped with either an FID (styrene) or an directly to n-pentane.
EI-MS detection system (SO). Analytes were cor-
rected for blanks (at least one unexposed passive
monitor per five exposed) and for desorption ef- 2.6. Direct measurement of styrene and SO by
ficiency as described in Tornero-Velez et al. [13]. GC–PCI-MS

2.4. Collection and extraction of blood Styrene and SO in pentane extracts of blood were
analyzed by GC–PCI-MS (3 ml injected in splitless

Blood sampling was conducted by venous punc- mode) using a Hewlett-Packard 5890 series II gas
ture into heparinized tubes among workers at the end chromatograph coupled to a Hewlett-Packard 5989A
of the work-shift (blood was collected within a few MS engine. A DB-1, 30 m30.25 mm fused-silica
minutes of leaving the work area) and among column (0.25 mm film thickness) (J & W Scientific,
volunteer control subjects as needed. For the workers Folsom, CA, USA) was used. The carrier gas was He
the mean interval from blood collection to extraction at a flow-rate of 1.5 ml /min. The injection port and
was 4.15 min (SE50.096 min, n535). Immediately source temperatures were 70 and 1508C, respectively.
after collection, a 2-ml aliquot of blood was trans- The oven temperature was held at 508C for 1 min
ferred to an 8-ml vial containing 4 ml of n-pentane and then increased at 108C/min to 1608C. Late
and an internal standard consisting of 1 ng of eluting compounds were removed by increasing the

2 2[ H ]SO and 2 mg of [ H ]styrene. The vial was oven temperature at 508C/min to 2508C where it was8 8

sealed with a PTFE-lined screw cap and the contents held for 5 min. Methane was used as the chemical
were mixed with a vortex mixer for 30 s. The phases ionization reagent gas (1.7 Torr, source pressure;
were separated by centrifugation at 800 g for 5 min 1 Torr5133.322 Pa). The mass spectrometer was
and the pentane extract was removed for analysis. operated in selected ion monitoring mode and was
Pentane extracts were stored in 8-ml vials with focused at m /z 105 (styrene) and m /z 113

2PTFE-lined screw caps at 2808C for up to 1 month [ H ]styrene) for the first 7 min of analysis, then8
2before analysis by PCI-MS and up to 6 months prior focused at m /z 121 (SO) and m /z 129 [ H ]SO) for8

to analysis via the valine method. Analytical stan- the remainder of the analysis. Approximate retention
dards stored at 2808C showed no apparent decrease times of styrene and SO were 5.5 and 9.2 min,
in concentration when reanalyzed after several respectively, with the isotopically labeled analogs
months. Immediately prior to analysis, the extract appearing slightly earlier.
was concentrated to 25 ml under a gentle stream of Standards were prepared by the addition of SO
nitrogen and transferred to a 200-ml conical vial (0.25 to 1 ng) and styrene (0.05 to 2 mg) to 4 ml

2insert along with 25 ml of ethyl acetate (50 ml final n-pentane containing 1 ng of ([ H ]SO) and 2 mg of8
2volume) to reduce the volatility. [ H ]styrene. Solutions were concentrated under a8

gentle stream of nitrogen to 25 ml, and transferred to
2.5. Extraction efficiency of SO by n-pentane a conical vial insert, to which 25 ml of ethyl acetate

was added. The limits of detection (LODs), defined
The efficiency of the above extraction procedure as three times the peak-to-peak background noise,

was evaluated by extracting three 2-ml portions of were 0.2 ng for styrene (2.5 mg/ml blood) and 4 pg
human blood (pooled from three control subjects) (0.05 mg/ml blood) for SO.



62 R. Tornero-Velez et al. / J. Chromatogr. B 757 (2001) 59 –68

2.7. Determination of SO by adduction with valine MS–MS was 1600 V, and the filament emission
current was 300 mA. Collision induced dissociation

The valine method was applied to selected sam- (CID) was used for MS–MS with argon gas pressure
ples of the final pentane extracts described above. at 2.0 mTorr. Reactions monitored by GC–MS–MS
The 200-ml conical vial insert containing this extract were 424→206 and 432→206 (deuterated analogs),
(50 ml) was sealed inside a 2-ml vial (Hewlett- where the fragment 206 corresponds to the reagent
Packard) containing 1 ml of 0.22 M valine and 0.22 part (C F NCS) of the derivative.6 5

M triethylamine. After inverting the vial to mix the Standards were prepared by the addition of SO in
contents, the vial was shaken vigorously for 1 min pentane (as per Section 2.6) and application of the
and maintained at 368C for 20 h. The contents were valine method to the standards. The LOD for SO by
then transferred to an 8-ml vial along with 0.5 ml of the valine method was 2 pg corresponding to
1-propanol. To this solution was added 50 ml of 0.025 mg/ml blood.
PFPITC, and the contents were mechanically shaken
for 15 h at 258C followed by 2 h at 368C. The 2.8. Quantification
reaction mixture was extracted three times with 3 ml
of diethyl ether and ether was evaporated under The concentration of SO in blood was calculated
nitrogen at 508C. The residue was dissolved in 2 ml by relating the ratio of peak areas of SO and

2of toluene, washed once with water (2 ml), twice [ H ]SO, or their corresponding valine adducts, to8

with 0.1 M Na CO (2 ml each), and then twice with the respective ratio of a standard solution (prepared2 3

water (2 ml each). The toluene was evaporated under in pentane) or its valine adducts. (Since the valine
nitrogen at 508C and the residue was reconstituted in adducts of SO had been converted to the diastereo-
1 ml of 80% aqueous methanol and washed with 1 mers of the pentafluorophenylthiohydantoins of
ml of hexane. A 1-ml volume of 40% methanol was hydroxyphenethylvaline by reaction with penta-
added to this solution to bring it to a final con- fluorophenyl isothiocyanate (PFPITC), quantification
centration of 60% methanol. The final solution of was based on the sum of peak areas for the dia-
pentafluorophenyl thiohydantoin derivatives was then stereomers from samples and standard solutions).
extracted twice with 2-ml aliquots of hexane, and Quantification of styrene in blood was similarly
hexane was evaporated under nitrogen at 508C. The based upon the ratio of the peak areas of styrene and

2residue was dissolved in 50 ml of toluene and [ H ]styrene.8

analyzed by GC–MS–MS as described below.
GC–MS–MS analysis was performed on a Ther- 2.9. Statistical methods

moQuest Trace 2000 series GC (San Jose, CA, USA)
coupled with a ThermoQuest TSQ-7000 triple stage Data were analyzed using the SAS statistical
quadrupole (TSQ) mass spectrometer. Aliquots of software V6.12 (SAS Institute, Cary, NC, USA).
2 ml were injected in splitless mode onto a fused- Except where indicated, logarithmic transformation
silica capillary column (EC-5, 30 m30.32 mm (base e) was applied to the concentrations of styrene
fused-silica column, 1 mm film thickness; Alltech and SO in air and blood to remove obvious heteros-
Associates, Deerfield, IL, USA). The column tem- cedasticity prior to analysis. Values below the LOD
perature was initially held at 1008C for 1 min, then were excluded from regression analyses. Levels of
programmed to 3008C at a rate of 158C/min, with a SO in blood (direct method) were regressed upon the
final hold time of 4 min. The injector temperature corresponding levels of SO or styrene in air via
was 2758C, the ion source was 1508C, the transfer linear regression (PROC REG). Linear correlation of
line was 2508C and the manifold temperature was levels of SO in blood and the corresponding levels of
608C. Helium (99.99% purity) was used as the SO or styrene in air was estimated with the sample
carrier gas. The mass spectrometer was used in the correlation coefficient (PROC CORRELATION).
NCI mode with methane as the ionization gas at a The agreement between the direct and valine meth-
pressure of 3.5–4.0 Torr and an applied collision ods for measuring SO was determined as the intra-
energy of 12.5 V. The electron multiplier voltage for class correlation coefficient (ICC, determined as the
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ratio of the between-method variance component to
the sum of within- and between-method variance
components from a one-way analysis of variance via
PROC NESTED). The analytical precision for direct
measurement of SO and styrene was estimated as the
relative standard deviation (RSD), determined from

2 1 / 2 2the relationship RSD5[exp(s )21] , where s rep-
resents the estimated error term from a one-way
analysis of variance (performed with PROC
NESTED) of (logged) duplicate injections of SO or
styrene in blood from 27 exposed subjects [34]. The
analytical precision for measurement of SO by the
valine method was determined as the RSD of
duplicate assays performed on standards of SO (and

2fixed amounts of [ H ]SO) in pentane (n516).8

3. Results and discussion

3.1. Extraction efficiency of SO

Traces of SO contamination were detected in all
batches of n-pentane and n-hexane tested in pre-
liminary experiments with the direct method. The Fig. 1. Selected ion chromatograms (m /z 121 and m /z 129) for
presence of SO contamination was subsequently the direct determination of styrene-7,8-oxide (SO) in human
confirmed in selected batches of n-pentane by the blood. (A) Blood from a control subject containing a trace level of

SO (exposed 9 h to TWA concentrations of ,1 ppm styrene andvaline method. Pentane was chosen as the extraction
,1 ppb SO; the small amount of SO indicated in this extract wassolvent because it contained lower and more con-
also present in reagent blanks) and (B) blood from an exposed

sistent background levels of SO than n-hexane, yet subject containing an estimated 0.28 mg/ l SO (exposed 9 h to
showed comparable extraction efficiency. We also TWA concentrations of 34 ppm styrene and 14 ppb SO). (Note:
encountered fewer emulsions of the blood extracts AP refers to acetophenone).

when using n-pentane rather than n-hexane at a
blood–solvent ratio of 1:2. The n-pentane extraction

2efficiencies of SO and [ H ]SO from blood were8

68% (SE51.6%) and 71% (SE51.3%), respectively, containing an estimated 0.28 mg SO/ l blood. Rela-
at a concentration of 2.5 ng/ml, indicating no tive to the EI spectrum for SO [25] the PCI spectrum

1difference in extraction of the unsubstituted and is simple, consisting exclusively of the [M11] ion
deuterated analogs (P50.23). Using n-hexane to (m /z 121). The detection limit corresponds to 0.1 ng
extract SO from blood, Kessler et al. [24] reported of SO (0.05 mg/ l for a 2-ml of blood) compared to
extraction efficiencies ranging from 67 to 85%, with 1.0 ng by GC–EI-MS (10 mg/ l for 0.1 ml of blood)
a mean of 75% (SE54.0). [26]. Although the lack of fragmentation enhances

the sensitivity of PCI-MS relative to EI-MS,
3.2. GC–MS (direct method) specificity suffers if co-eluting peaks share the same

1[M11] ion. In particular, acetophenone has the
Typical chromatograms for SO obtained by the same molecular ion and coelutes with SO on some

direct method are shown in Fig. 1. The ion chro- GC columns (e.g., DB-5). Thus, we employed a
matograms depict blood samples from an unexposed DB-1 column to resolve the peaks corresponding to
subject (A) and an exposed subject (B), the latter SO and acetophenone.
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3.3. GC–MS–MS (valine method)

The valine method involved the generation of
hydroxyphenethylvaline (and its deuterated analog)

2by the reaction of valine with SO (and [ H ]SO).8

Fig. 2 shows the pentafluorophenylthiohydantoin
(M 5444) resulting from reaction of the derivatiza-r

tion reagent, PFPITC, and hydroxyphenethylvaline,
and the corresponding deuterated pentafluoro-
phenylthiohydantoin (M 5452). The MS–MSr

method utilized a specific parent ion for each penta-
fluorophenylthiohydantoin showing the greatest
abundance in the single-MS spectrum. In the single-
MS spectrum these ions were m /z 424 and 432,

2representing [M2HF] arising from the reaction
Fig. 3. GC–MS–MS daughter ion chromatograms (m /z 206) of

products of valine with SO and its deuterated analog, pentafluorophenylthiohydantoins of hydroxyphenethylvaline (dia-
respectively. The daughter ion used for MS–MS stereomers 1 and 2), and deuterated analogs (diastereomers 3 and

4). (A) Blood from a control subject containing non-detectableanalysis (m /z 206) was the most intense of the CID
levels of SO (exposed 9 h to TWA concentrations of ,1 ppmspectrum. Typical chromatograms for SO obtained
styrene and ,1 ppb SO; the small amount of SO indicated in thisby the valine method are shown in Fig. 3. The ion
extract was also present in reagent blanks) and (B) blood from an

chromatograms obtained in GC–MS–MS depict exposed subject containing an estimated 0.25 mg/ l SO (exposed 9
blood samples from an unexposed subject (A) and an h to TWA concentrations of 57 ppm styrene and 75 ppb SO).

[Note: time scales apply to top (1, 2) and bottom (3, 4) ionexposed subject (B) containing an estimated 0.25 mg
traces].SO/ l.

3.4. Bias and precision intuitively accurate means for assaying SO and
styrene via the direct method. That is, because the

2The use of isotopically labeled analogs as internal chemical and physical properties of SO and [ H ]SO8
2 2standards ([ H ]SO and [ H ]styrene) provided an are nearly identical, any losses occurring during the8 8

extraction and concentration procedures (including
reactions with blood nucleophiles) should be con-
trolled for.

Possible bias was also determined by evaluating
the agreement of measurements obtained from the
direct and valine methods for SO. Fig. 4 shows the
relationship between pairs of measurements of SO
obtained by the two methods for a series of ana-
lytical standards. The agreement is excellent as
indicated by the ICC of 0.987 (95% C.I.: 0.912,
0.999). Fig. 5 shows a comparison of these two
methods applied to pentane extracts selected from 10
reinforced-plastics workers. Although the mean
levels of SO determined by the two methods were
not significantly different (P50.46, paired t-test), the
agreement between the methods was marginal
(ICC50.606, 95% C.I.: 0.094, 0.859), primarily due
to one highly discordant pair of observations (0.047,
0.317); without this pair (n59), the agreement wouldFig. 2. Reaction scheme to show formation of the pentafluoro-

phenylthiohydantoin of hydroxyphenethylvaline (M 5444). be good (ICC50.904, 95% C.I.: 0.675, 0.972). Ther
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2.0 mg/ l) (n527). Precision of the valine method
was estimated to be 3.8% from duplicate assay of
standards of SO (0.00 to 0.5 mg/ l), pooled from
three sets of standard curves (n516).

3.5. Styrene in blood vs. styrene in air

Fig. 6 shows the relationship between blood
styrene concentrations found at the end of the work-
shift and the full-shift styrene exposures. Linear
regression of the logged values yielded the relation-
ship: ln[blood2styrene (mg/ l)]524.351 0.97 ln-
[styrene (ppm)] (n535; r50.89). The slope (log
space) of 0.97 (95% C.I.: 0.79, 1.15) indicates that
levels of styrene in blood were virtually proportional
to the corresponding air concentrations and that the

Fig. 4. Relationship between pairs of measurements of SO in background levels of styrene were not significant in
blood obtained by the direct and valine methods for a series of unexposed subjects. Hence, between 1 ppm and 100
analytical standards. ppm the predicted proportionality constant (natural

space, mg/ l blood2styrene per ppm2styrene) margi-
random pattern of the data pairs about the 458 line of nally decreases from 12.9 to 11.2 mg/ l per ppm. At
strict equality suggests that both methods tend to an exposure of 50 ppm, the proportionality constant
converge on a true underlying blood concentration. (11.5 mg/ l per ppm) agrees well with those reported

The precision of the direct method for measure- in several studies (i.e., 11: Ramsey et al. [35]; 20:
ment of SO and styrene was characterized in terms Bartolucci et al. [36]; 12.5: Zinser et al. [37]; 9.9–
of the RSDs from duplicate injections of the 27 14.7 Brugnone et al. [38]). From this proportionality
non-zero field samples. These RSDs were 10.4% for constant we predict that a styrene exposure of 50
SO (0.05 to 0.5 mg/ l) and 3.4% for styrene (0.05 to ppm would result in 0.57 mg styrene / l of blood at

the end of the work shift, consistent with the
biological exposure index (BEI) for styrene of

Fig. 5. Application of direct and valine methods to pentane
extracts from 10 subjects exposed to a range of air levels of Fig. 6. Relationship between styrene in blood (mg/ l) of re-
styrene and SO in the reinforced plastics industry. inforced plastics workers and daily exposures to styrene (ppm).
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0.55 mg/ l of the American Conference of Gov-
ernmental Industrial Hygienist [39].

3.6. SO in blood vs. styrene and SO in air

Fig. 7 shows the relationships between SO in
blood (direct method) and the corresponding expo-
sures to styrene (A) and SO (B) in air among the 27
reinforced-plastics workers having SO exposures
above the limit of detection (0.05 mg/ l). The plot
shows that the (logged) SO-blood levels tended to
increase linearly with (logged) exposure to either
styrene (A), where ln[blood2SO (mg/ l)]523.231

0.415 ln[styrene (ppm)] (r50.73, styrene exposures
between 4.7 and 97 ppm), or to SO (B), where
ln[blood2SO (mg/ l)]523.2710.406 ln[SO (ppb)]
(r50.62, SO exposures between 5.7 to 119 ppb).
Because the (logged) exposures to styrene and SO
were highly correlated in this sample of workers
(r50.93) independent effects of the two agents upon
blood levels of SO were not evaluated. However,
based upon previous work with albumin adducts of
SO among reinforced plastics workers, we suspect
that exposure to both styrene and SO contributed
significantly to the levels of SO in the blood [9,40].
Although levels of styrene tend to be about 1000
times those of SO in the reinforced plastics industry
[13,41,42], the systemic bio-availability of SO
arising from inhalation of SO has been estimated to
be 2000 times that from styrene [9].

In a similar study, Korn et al. [11] reported the
relationship between SO in blood and exposure to
styrene (10 to 73 ppm), among 13 reinforced-plastics
workers. From least-squares regression (natural
space), they reported a slope of 0.058 (SE50.0011)
mg SO/ l per ppm styrene (r50.88). Hence, for a
styrene exposure of 50 ppm Korn et al. [11] would
predict an end-of-shift concentration of 2.9 mg SO/ l
blood, which is 14.5 times that predicted from our Fig. 7. Relationship between SO in blood of reinforced plastics

workers (mg/ l) and daily exposure to (A) styrene (ppm) and (B)data (0.2 mg SO/ l blood). This disparity in results
SO (ppb).from the two studies is difficult to explain. However,

since Korn et al. [11] did not measure airborne SO, it
is possible that extremely high co-exposures to SO ent in the two investigations since Korn et al. [11]
among their subjects could have played a role. used GC–FID and we employed GC–PCI-MS. The
Certainly, factors related to the particular resin GC–FID procedure was based on the method of
system can significantly affect the amount of SO Kessler et al. [24] who reported a detection limit of 1
emitted during production of reinforced plastics [42]. mg/ l blood and reasonable precision in assays of SO

Also, the analytical procedures were quite differ- in rodents when dosed with styrene (SO520 mg/ l;



R. Tornero-Velez et al. / J. Chromatogr. B 757 (2001) 59 –68 67

RSD510.1%, n58). However, in recent applications EI Electron-impact
of this method Cruzan et al. [43] were unable to FID Flame ionization detection
detect SO in rat blood below 10 mg/ l and reported GC Gas chromatography
extremely variable results in measurements of mouse ICC Intra-class correlation coefficient
blood below about 3 mg/ l (RSD5128–185% for LOD Limit of detection
mice with estimated mean blood levels of 2.5 and MS Mass spectrometry
1.4 mg/ l, respectively) [44]. This suggests marginal NCI Negative ion chemical ionization
sensitivity of the GC–FID method for measurement PCI Positive ion chemical ionization
of SO in blood at levels below about 5 mg/ l, where PFPITC Pentafluorophenyl isothiocyanate
most human samples would be expected. RSD Relative standard deviation

Finally, since SO is a reactive compound, losses SG Styrene glycol
due to reactions with blood nucleophiles prior to SO Styrene-7,8-oxide
extraction should be considered. In our study, the TSQ Triple stage quadrupole
mean interval from blood collection to extraction TWA Time-weighted average
was 4.15 min. Assuming first-order loss of SO due to
reactions in the blood with a half time of 42 min [14]
we estimate an average loss of 6.7% from our Acknowledgements
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