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Abstract Objectives: Ethylene oxide (EO) and propylene
oxide (PO) are important industrial chemicals. Exposure
to these directly acting mutagens may be monitored by
determination of their adducts to hemoglobin (Hb). This
study establishes correlations between airborne concen-
trations of EO and PO and their Hb adducts in petro-
chemical workers. Methods: In three di�erent studies
conducted during maintenance shutdown of petro-
chemical plants the external occupational exposure to
EO and PO was assessed by personal air monitoring
(PAM). The internal exposure to EO and PO was con-
comitantly assessed by determination of N-(2-hydroxy-
ethyl)valine (HOEtVal) and N-(3-hydroxypropyl)valine
(HOPrVal) in blood samples of the operators using the
N-alkyl-Edman degradation method. Results: In the ®rst
study, PAM was applied once a month at random over a
period of 4 months. Blood samples for Hb-adduct de-
termination were collected at the end of this period. No
signi®cant correlation was found between PAM and Hb-
adduct data. In the next two studies, PAM was applied
to the operators during the entire shift on every working
day during the shutdown. Blood samples were collected
before and immediately after the shutdown period.
Highly signi®cant correlations were found between the
increment in the concentration of HOEtVal and

HOPrVal over this period and the total exposure to EO
and PO, respectively. Conclusions: Time-integrated ex-
posure to EO or PO can be readily and reliably assessed
by measurement of the concentration of HOEtVal or
HOPrVal in a small blood sample. In workers occupa-
tionally exposed to low concentrations of EO or PO,
good correlations were found between these Hb adducts
and the airborne concentrations of EO and PO. These
correlations allow the calculation of tentative biological
exposure limits (BELs) for EO and PO. At the current
Dutch occupational exposure limit (OEL) for EO
(0.84 mg m)3, 8-h TWA) the BEL is 3.2 nmol HOEtVal/
g globin. At the value of 10 mg m)3 (8-h TWA), which is
currently being investigated as the new Dutch OEL for
PO, the corresponding BEL is 5.3 nmol HOPrVal/g
globin.
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Introduction

Ethylene oxide (EO, oxirane; CAS 75-21-8) and pro-
pylene oxide (PO, methyloxirane; CAS 75-56-9) are
important industrial chemicals that are produced mainly
for chemical synthesis such as the production of glycols
and glycol ethers. EO is classi®ed as a human carcinogen
by the International Agency for Research on Cancer
(IARC) and various other authoritative bodies. Re-
cently, the Dutch occupational exposure limit (OEL) for
EO was lowered to 0.84 mg m)3 (0.5 ppm) as the 8-h
time-weighted average (8-h TWA; SZW 1995a). PO is
carcinogenic to rodents as shown in the studies of the
United States National Toxicology Program (NTP
1985). Several authoritative bodies have evaluated the
genotoxicity of PO and have concluded that there is
insu�cient (IARC 1994) evidence, if any (ACTS 1992),
for the carcinogenic e�ects of PO in humans. As a
consequence, IARC downgraded the carcinogenic clas-
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si®cation of PO from a probable (2A) to a possible (2B)
human carcinogen. In 1996 the American Conference of
Governmental Industrial Hygienists (ACGIH) classi®ed
PO as an animal carcinogen (3A). Despite the similarity
of the reaction kinetics of EO and PO (Ehrenberg and
Hussain 1981), the mutagenic potency and genotoxic
e�ects of PO are much lower than those of EO (recently
reviewed by RõÂ os-Blanco et al. 1997). Nevertheless,
pressure remains to lower the occupational exposure
limit (OEL) for PO. Recently the Dutch Expert Com-
mittee on Occupational Standards (DECOS) reviewed
the health risks associated with exposure to PO. On the
basis in this review a reduction in the OEL to a level
between 0.1 and 10 mg m)3 (8-h TWA) is currently
being investigated (DECOS 1987, 1997).

Estimation of exposure to alkylating compounds
such as EO and PO by air monitoring is complicated if
the exposure is variable and occurs intermittently.
Moreover, air monitoring data refer to potential expo-
sure rather than to the actual dose received by the ex-
posed operators. These problems can be solved by the
determination of biomarkers such as adducts to proteins
or DNA. One type of human material that may be
available for such measurements is blood, and the blood
proteins albumin and hemoglobin (Hb) have been used
to determine adduct levels (Van Welie et al. 1992). Ad-
ducts to Hb are especially suitable because small mole-
cules such as EO and PO form chemically stable adducts
with the N-terminal valine of Hb, N-(2-hydroxyeth-
yl)valine (HOEtVal) and N-(3-hydroxypropyl)valine
(HOPrVal), respectively, and these adducts do not ap-
pear to a�ect the average life span of the erythrocytes.
The exposure dose as measured by determination of
Hb-adduct concentrations is thus integrated over the
average life span of human erythrocytes, which is ap-
proximately 4 months.

The aim of this study was to establish a relationship
between ambient exposure to EO and PO and the for-
mation of their respective adducts to Hb by correlation
of the Hb-adduct data with the corresponding personal
air monitoring (PAM) data in various groups of oper-
ators potentially exposed to EO or PO. The determina-
tion of such a relationship allows the interpretation of
Hb-adduct concentrations in terms of airborne levels of
EO and PO and therefore permits the setting of bio-
logical exposure limit (BEL) values for EO and PO that
are equivalent to airborne OEL values.

Subjects and methods

Chemicals

Control globin was obtained from workers with no known occu-
pational exposure to EO, PO, ethylene, or propylene. Standards
{[14C]-N-(3-hydroxypropyl)valine, d6-N-(3-hydroxypropyl)valine,
and d4-N-(2-hydroxyethyl)valine} prepared from Hb treated with
14C-labeled PO (speci®c activity 43.3 lCi/mmol) or with per-
deuterated PO or EO were gifts from Dr. S. Osterman-Golkar and
Dr. M. ToÈ rnqvist, Department of Radiobiology, Stockholm Uni-
versity. The following chemicals were obtained from Fluka and

were of analytical grade: ammonium hydroxide, concentrated hy-
drochloric acid (37%), diethyl ether, formamide, n-pentane,
penta¯uorophenyl isothiocyanate (PFPITC), isopropanol, sodium
carbonate, sodium hydroxide, and toluene. All other chemicals
were purchased from commercial sources and were of the highest
grade available.

Study populations and design

Study 1

A total of 20 male operators of a chemical plant manufacturing
glycols and glycol ethers from EO and PO took part in this study,
which was conducted in 1990. The potential exposure to EO and
PO was expected to be low since the glycols were produced in a
completely closed system and during maintenance activities on EO-
or PO-containing systems, respiratory protection (full face masks
with fresh air supply) was applied. Once a month during a period of
4 consecutive months, potential exposure to EO and PO was
quanti®ed by PAM using gas-di�usion monitors in the breathing
zone of the operators on randomly selected days. During this pe-
riod of 4 months, EO was used as the starting material for 3 weeks,
followed by a period of 2 weeks during which PO was used, after
which the plant was shutdown for 3 weeks for maintenance. Fol-
lowing the startup, EO and PO were individually used as the
starting material for glycol production for another month. At the
end of this 4-month period, blood samples were collected from 17
operators for Hb-adduct determinations. Altogether, 36 operators
from a di�erent division of the same plant with no exposure to EO
or PO served as controls for the Hb-adduct measurements.

Study 2

Another 18 operators from the same plant described for study 1
were monitored for exposure to EO during various activities during
a maintenance and inspection shutdown of the plant in 1992. Hb
adducts of EO were assessed in blood samples collected prior to
and immediately after the termination of the activities. Airborne
exposure was determined by PAM during the entire shift on all
days where, as judged by the occupational hygienist, exposure
might be expected. E�ectively, this meant that the potential expo-
sure to EO of 15 of the 18 operators was monitored every working
day throughout the early phase of the maintenance shutdown.

Study 3

A total of 28 male workers potentially involved in the operation
during a maintenance shutdown of a styrene-PO plant were se-
lected for this study, which was carried out in 1997. Blood samples
for Hb-adduct measurements were taken prior to the shutdown
activities and at the very end of the activities, whereas PAM was
performed on every working day from the beginning of the activ-
ities until the day of the second blood sample. As it appeared that 7
persons would have a minimal risk of potential exposure to PO, no
PAM was applied in these cases, nor was a second blood sample
collected at the end of the study. The PAM data were incomplete
for 5 operators, and no second blood sample was collected from 2
other operators at the end of the shutdown period.

For each study, details on smoking behavior were obtained
from all the operators and the controls by means of a self-admin-
istered questionnaire.

Air monitoring

Sampling

Potential exposure to EO and PO was determined by PAM. For all
workers, air samples were collected using gas-di�usion monitors
(3M, Minneapolis, USA), which were attached to one of the lapels
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of their overalls. In studies 1 and 2, 3M Ethylene Oxide Monitors
(type 3551) were used; according to the information of the manu-
facturer at that time, they were also suitable for PO monitoring. In
study 3, gas-di�usion monitors (type 3500) were used as recom-
mended by 3M (1986) and, in a selected number of workers, air
samples were also collected simultaneously by active pumping of
air from the breathing zone over charcoal tubes (SKC, type 226-01)
according to NIOSH method 1612 to enable comparison of the two
methods (NIOSH 1985). Air measurements were carried out ac-
cording to the recommendations of Bianchi et al. (1997) during the
full shift. Details about exposure times and circumstances were
recorded by the plant's occupational hygienist.

When completed, the air samples were closed airtight and
transported to the laboratory in a cooling box with ice packs. Upon
arrival the samples were immediately stored frozen at )20 °C until
analysis.

Analyses

Studies 1 and 2
The 3M 3551 gas-di�usion monitors contain hydrogen-bromide-
coated charcoal on which EO and PO are instantaneously con-
verted to bromoethanol and bromopropanol, respectively. The
bromoalcohols were desorbed from the monitors with 2.0 ml
methanol and subsequently analyzed by gas chromatography with
electron-capture detection using 1,2,3-trichloropropane as the in-
ternal standard according to the instructions supplied by the
manufacturer of the monitors (Esposito et al. 1984). The e�ciency
of desorption was determined at ®ve di�erent levels in duplicate;
for the duplicate determination, monitors from a di�erent lot were
used.

Study 3
The gas-di�usion monitors were desorbed with 1.5 ml carbon di-
sul®de and analyzed by gas chromatography with ¯ame-ionization
detection using n-octane as the internal standard according to
standard procedures for the determination of PO. The e�ciency of
desorption was determined at ®ve di�erent levels in duplicate; for
the duplicate determination, monitors from a di�erent lot were
used.

The charcoal tubes were desorbed with 1.0 ml carbon disul®de
and analyzed by gas chromatography with ¯ame-ionization detec-
tion using n-octane as the internal standard. The e�ciency of de-
sorption was determined at ®ve di�erent levels in triplicate
according to NIOSH method 1612 (NIOSH 1985).

Calculations

All values were expressed as time-weighted average air concentra-
tions over 8 h (8-h TWA). Most workers had potential exposure to
EO or PO during a small number of consecutive days. In all cases in
studies 2 and 3, more than 75% of the total exposure during the
study occurred on a single day. For the correlation with the actual
exposure as determined by Hb-adduct determination it was as-
sumed that the total exposure occurred on that particular day.

Biological monitoring

Sampling

Blood samples of approximately 5 ml were collected from the an-
tecubital vein into a Vacutainer tube containing sodium edetate as
an anticoagulant using a c-radiation-sterilized syringe and needle.
The samples were immediately transported to the laboratory for
isolation of the erythrocytes. The cells were isolated by centrifu-
gation (10 min, 1000 g, room temperature) and washed twice by
gentle suspension in isotonic saline followed by centrifugation. The
washed cells were suspended in deionized water and then subjected

to four cycles of freezing at )80 °C and thawing at 37 °C. The lysed
cell suspension was centrifuged at 6000 g for 90 min at room
temperature to remove cell debris and nonlysed red cells. The su-
pernatant was transferred into polypropene tubes and stored frozen
at )80 °C until analysis.

Analysis

The supernatant was added to a freshly prepared solution of HCl in
2-propanol for dissociation of the heme from the globin. The
precipitated heme was separated by centrifugation. The globin was
subsequently precipitated from the supernatant by the addition of
ethyl acetate, collected by centrifugation, washed with fresh ethyl
acetate and n-pentane, and then dried in a desiccator under vacuum
overnight. The dried globin samples were stored at )80 °C until
further analysis.

The dry globin (100±200 mg) was dissolved in formamide at a
concentration of 33 mg/ml and, following the addition of the ap-
propriate internal standard, either d4-2-hydroxyethylvaline or
d6-3-hydroxypropylvaline, the sample was adjusted to a pH of 6.8
by the addition of 1 M NaOH. For calibration, known amounts of
the calibration standard solution were added to control globin
prior to neutralization. After the addition of derivatization reagent
(PFPITC, 14 ll/100 mg) the samples were left overnight in a
shaking mixer in darkness at room temperature. For completion
of the derivatization the samples were ®nally warmed at 45 °C for
1.5 h. Deionized water was added to the samples (2 ml/100 mg),
which were subsequently extracted twice with diethyl ether (4 ml/
100 mg). The combined ethereal phases were evaporated to dry-
ness by a gentle stream of N2 and the residue was redissolved in
toluene. The toluene solution was subsequently extracted with
2-ml aliquots of deionized water and 0.1 M aqueous sodium car-
bonate solution (twice) and again with water. The toluene extract
was evaporated to dryness at �50 °C in a water bath using a
gentle stream of N2, and the residue was redissolved in toluene
(50±100 ll). The samples were kept in darkness at 4 °C and were
analyzed immediately.

Samples from studies 1 and 2 were analyzed by gas chroma-
tography-mass spectrometry (GC-MS) as described elsewhere (Van
Sittert et al. 1993; Van Sittert and Van Vliet 1994). Samples from
study 3 were also analyzed by GC-MS-MS. A Carlo Erba SFC
3000 series GC equipped with an AS800 autosampler was used for
separation on a J&W DB5MS fused-silica capillary column (di-
mensions: 30 m ´ 0.25 mm, 0.25-lm ®lm thickness) using the fol-
lowing temperature gradient: from 90° to 190 °C at 30°C/min, then
from 190° to 230 °C at 3 °C/min, and, ®nally, from 230° to 320 °C
at 30 °C/min. Aliquots of 2 ll were injected ``cold-on-column''. A
VG Quattro I triple-quadrupole MS in the negative-ion electron-
capture ionization mode with methane as the reagent and argon as
the collision gas was applied for detection using multiple reaction
monitoring (MRM) of the following ions: m/z 368 to 320 (frag-
ments from d6-HOPrVal-PFPTH) and m/z 362 to 318 (fragments
from HOPrVal-PFPTH).

Calculations

Quanti®cation of the Hb adducts was performed as described
above for the samples from studies 1 and 2 (Van Sittert et al.
1993). Quanti®cation of the Hb adducts of PO in study 3 was
based on measurements of the internal reference standard. For
calibration samples the peak areas of the HOPrVal-PFPTH (m/z
362 to 318) were compared with the peak area of the d6-HOPrVal-
PFPTH (m/z 368 to 320). The concentration of d6-HOPrVal in the
globin used for an internal standard was 2.43 lmol/g globin as
determined by comparison of its peak area, as an HOPrVal-
PFPTH derivative, to the peak area of the HOPrVal-PFPTH
derivative of the [14C]-HOPrVal in the reference globin, which
contained 1.7 lmol HOPrVal/g globin. Various quantities of the
internal standard solution were added as appropriate to control
samples and the test samples for quanti®cation of the HOPrVal
adducts.
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Results

Comparison of personal PO air-sampling methods

No detectable amount of PO could be eluted from the
blank monitors (n = 5) or the blank tubes (n = 4).
Carbon disul®de eluted PO from the monitors and the
tubes with an e�ciency of 78 � 2% and 80 � 3%, re-
spectively. All values were corrected for the recovery.
The values obtained by the nine measurements from the
charcoal tubes using the NIOSH method correlated very
well with the results obtained from the 3M type 3500
monitors (Fig. 1). On one occasion the charcoal tube
was overloaded, as the backup tube contained 27% of
the amount found in the ®rst tube (in all other tubes the
backup tube contained less than 2% of the total quantity
of PO). Since the result recorded for the total concen-
tration was reported as unreliable, this data point was
not included in the comparison of the results (Fig. 1).
Linear regression analysis of the data set showed a
highly signi®cant correlation (P < 0.0001; correlation
coe�cient 0.996) with the following equation:

[PO] on tubes � 0:893�0:034� � [PO] on monitors

� 0:090�0:065�;
where the concentration PO is expressed in milligrams
per cubic meter of air (8-h TWA) and the ®gures in
parentheses denote the standard errors. This equation
shows a slightly higher estimate (approximately 11%)
for the airborne PO concentrations obtained using the
3M type 3500 gas-di�usion monitors as compared with
the charcoal tubes. The intercept was not signi®cantly

di�erent from zero (P = 0.214). The data obtained
using gas-di�usion monitors were used for all calcula-
tions and correlations.

Personal air monitoring

Study 1

In all, 70 measurements were made on 20 workers. On
27 monitors (38.6%) the concentration of EO was below
the limit of detection (0.01 mg m)3, 8-h TWA). PO
could be detected on only 4 of the monitors (5.7%; limit
of detection 0.02 mg m)3, 8-h TWA). The highest con-
centration of EO measured was 8.3 mg m)3 (8-h TWA),
and the median value was 0.01 mg m)3 [mean
0.30 � 0.16 (SE) mg m)3, 8-h TWA]. The concentra-
tions of PO measured were 0.02, 0.05, 0.10, and
7.3 mg m)3 (8-h TWA).

Study 2

PAM was applied to 15 operators during all days; for 3
operators, not all days with potential exposure were
monitored. In all, 57 air measurements were made. On
20 monitors the concentration was below the limit of
detection (0.01 mg m)3, 8-h TWA). The highest con-
centration measured was 4.4 mg m)3 (8-h TWA), and
the median value was 0.02 mg m)3 [8-h TWA; mean
0.38 � 0.12 (SE) mg m)3, 8-h TWA].

Study 3

Altogether, 112 measurements were made on 15 work-
ers. On 89 monitors (79.5%) the PO concentration was
below the detection limit (0.2 mg m)3, 8-h TWA). The
concentrations of PO in air ranged from <0.1 to
10.0 mg m)3 (8-h TWA), with the median value being
<0.3 mg m)3 [8-h TWA; mean 0.8 � 0.2 (SE) mg m)3,
8-h TWA].

Biochemical e�ect monitoring

Study 1

In virtually all the Hb samples collected from the 36
control workers with no occupational exposure to EO or
PO, signi®cant background values of HOEtVal were
found. These background values correlated closely with
smoking behavior. The median background concentra-
tion of HOEtVal detected in the 23 nonsmokers of the
control group was 19 pmol/g globin [average 22 � 5
(SE) pmol/g globin; range 6±49 pmol/g globin]. Smok-
ing caused on average an increase of 9.4 pmol HOEtVal/
g globin for each cigarette smoked per day, which cor-
responds very well with the value of 11 pmol/g globin

Fig. 1 Personal air monitoring of airborne exposure to propylene
oxide (PO): comparison between charcoal tubes and 3M gas-
di�usion monitors for sampling (n = 8). The open circle represents
the data for the overloaded charcoal tube that were excluded from
the regression analysis (see Subjects and methods for details)
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reported by other investigators (Bader et al. 1995). In
some of the controls, low background levels of HOPrVal
were detected.

The HOEtVal concentrations measured in the blood
samples collected from the operators from the ethylene
glycol/glycol ether plant ranged from 0 to 239 pmol/g
globin after correction for smoking and normal back-
ground. The median HOEtVal concentration detected in
these operators was 16 pmol/g globin [average 46 � 17
(SE) pmol/g globin]. The values recorded without cor-
rection for smoking and normal background ranged
from 12 to 320 pmol/g globin, with the median value
being 46 pmol/g globin [average 92 � 25 (SE) pmol/g
globin].

Study 2

In all, 15 of the 18 operators supplied a blood sample
both prior to their work and immediately after they had
®nished their work. The increases in the HOEtVal con-
centrations measured during this period ranged from 0 to
213 pmol/g globin in the 15 operators. The median in-
crease in HOEtVal concentration was 58.4 pmol/g globin
[average 64 � 15 (SE) pmol/g globin]. In the same op-
erators the increase in the HOPrVal concentrations
measured during this period ranged from 0 to 12.2 pmol/
g globin, with the median value being 0.1 pmol/g globin
[average 1.3 � 0.9 (SE) pmol/g globin].

Study 3

A total of 46 measurements were made in 27 operators,
including the 15 operators involved in the PAM. For all
27 operators a measurement was made prior to the
maintenance activities the median HOPrVal concentra-
tion was 24.4 pmol/g globin [average 40.2 � 8.0 (SE)
pmol/g globin]. For 19 operators the concentration of
Hb adducts of PO was also determined at the end of the
shutdown period. The median concentration detected in
these samples was 45.7 pmol/g globin [average
45.3 � 8.0 (SE) pmol/g globin].

Correlation of PAM and biological monitoring

Study 1

No signi®cant correlation (r = 0.116; P = 0.656) was
obtained by regression analysis of the concentration of
HOEtVal detected in the blood of the operators as a
function of the concentrations of EO measured in air
(Fig. 2).

Study 2

The increments in the concentration of Hb adducts of
EO, expressed as HOEtVal, detected in the operators

during the maintenance shutdown correlated strongly
(P < 0.0001) with the total airborne concentration of
EO expressed in milligrams per cubic meter of air per
hour during this shutdown (Fig. 3). The correlation
could be expressed as:

Increment in Hb adduct [pmol/g globin]

� 7:53 �0:90� � Concentration EO in air mg mÿ3 h
� �

;

where the ®gure in parentheses denotes the standard
error.

Study 3

The increments in the concentration of Hb adducts of
PO, expressed as HOPrVal, detected in the operators
during the maintenance shutdown correlated strongly
(P = 0.0004) with the total airborne concentration of
PO expressed in milligrams per cubic meter of air times
hour during this shutdown period (Fig. 4). The corre-
lation could be expressed as:

Increment in Hb adduct [pmol/g globin]

� 1:06 �0:14� � Concentration PO in air mg mÿ3 h
� �

where the ®gure in parentheses denotes the standard
error.

To obtain the correlations for both studies the re-
gression lines were ®tted without any intercept to the

Fig. 2 Correlation between 8-h TWA respiratory exposure data as
measured in study 1. Airborne levels of EO were determined once a
month over a period of 4 months. For each operator (n = 17) the
average exposure over this period was calculated from his
individual exposure data. Hb adducts of EO were determined at
the end of this period as HOEtVal. Linear regression analysis
showed no signi®cant correlation (P = 0.656)
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data, since no adduct increment is expected if there is no
exposure above the normal background. When the curve
was ®tted with an intercept a small positive value was
found that was not signi®cantly di�erent from zero
(P = 0.06 and P = 0.39 for EO and PO, respectively),
indicating that this value is most probably due to the
variation in natural background and to random errors in
the analyses.

Estimation of steady-state levels at low exposure

The accumulation of stable Hb adducts in the blood
during continuous exposure is the net result of daily
increments (a) of the concentration of adduct and daily
losses due to the removal of erythrocytes from the cir-
culation. On exposure for a period exceeding the average
life span of erythrocytes, ter, which is 126 days in hu-
mans, a steady-state concentration of adducts (Ass) is
attained. This steady-state concentration, Ass, is linked
to the daily increment in adducts, a, by the following
equation (Granath et al. 1992):

Ass � a� ter=2;

or, for humans:

Ass � 63� a:

The equations derived for the correlation between the
PAM data and the biological monitoring data as ob-

tained for EO in study 2 and for PO in study 3 allow the
calculation of the daily increment when a person is
continuously exposed to the occupational exposure limit
(OEL).

For the present Dutch OEL for EO of 0.84 mg/m3 as
the 8-h TWA (0.5 ppm) the increment a equals
50.6 pmol HOEtVal/g globin and Ass is 3.19 � 0.38
(SE) nmol HOEtVal/g globin (95% con®dence interval
2.54±4.29 nmol HOPrVal/g globin). For a concentration
of 10 mg PO/m3, as the 8-h TWA (4.15 ppm), which is
currently being investigated as the new Dutch OEL, the
increment a equals 84.4 pmol HOPrVal/g globin and Ass

is 5.32 � 0.71 (SE) nmol HOPrVal/g globin (95%
con®dence interval 4.20±7.04 nmol HOPrVal/g globin).
Increments in HOEtVal and HOPrVal corresponding to
other OEL values are given in Table 1.

Discussion

The analysis of Hb adducts has proved to be a useful
tool for monitoring of the occupational and environ-
mental exposure of individual workers to industrial
chemicals that are intrinsically electrophilic or become
so as a result of metabolism. The method used for de-
termination of Hb adducts by application of the Edman
degradation procedure as developed by ToÈ rnqvist et al.
(1986) for EO also appeared applicable for the mea-
surement of Hb adducts of PO (HoÈ gstedt et al. 1990;

Fig. 3 Correlation between 8-h TWA respiratory exposure data as
measured in study 2. Airborne levels of EO were determined daily
over the entire shift during the maintenance shutdown, and the
cumulative exposure over this period was calculated for each
operator from his exposure data (n = 13). Hb adducts of EO were
determined at the beginning and at the end of this period as
HOEtVal. The increase in blood levels of HOEtVal are given as a
function of the potential airborne exposure. Linear regression
analysis showed a highly signi®cant correlation (P < 0.0001)

Fig. 4 Correlation between 8-h TWA respiratory exposure data as
measured in study 3. Airborne levels of PO were determined daily
over the entire shift during the maintenance shutdown, and the
cumulative exposure over this period was calculated for each
operator from his exposure data (n = 13). Hb adducts of PO were
determined at the beginning and at the end of this period as
HOPrVal. The increase in blood levels of HOPrVal are given as a
function of the potential airborne exposure. Linear regression
analysis showed a highly signi®cant correlation (P = 0.0004)

147



Kautiainen and ToÈ rnqvist 1991) using the same internal
standard, d4-N-(2-hydroxyethyl)valine, used for EO-Hb
adduct determination. This internal standard was also
applied in the determination method for PO-Hb ad-
ducts, assuming that there would be no di�erence in
response factors in the MS for the Hb adduct of EO and
that of PO. This is probably true for single MS in the
SIM mode, and exposure monitoring by determination
of Hb-adduct concentrations by GC-MS-SIM has suc-
cessfully been applied for a number of chemicals, in-
cluding EO, PO, and butadiene monoxide, the primary
metabolite of butadiene (Van Sittert et al. 1993; Van
Sittert and Van Vliet 1994; Tates et al. 1995; Richardson
et al. 1996].

However, the speci®city and the sensitivity of this
method do not allow the quanti®cation of Hb-adduct
concentrations corresponding to low, i.e., sub-ppm,
levels of airborne PO or butadiene. Therefore, a GC
method with tandem MS detection was developed.
During the development of this method it was observed
that the concentration of Hb adducts of butadiene
monoxide was underestimated about seven times if d4-N-
(2-hydroxyethyl)valine was used instead of d6-N-(4-hy-
droxy-2-butenyl)valine, due to di�erences in the response
factor in the MRM mode (unpublished observation).
Thus, we deemed it essential to validate the method for
HOPrVal with d6-HOPrVal, and the concentration of
HOPrVal was determined in all samples by both meth-
ods. The results indicate that the values obtained by the
GC-MS-MS-MRM method using d6-HOPrVal as the

internal standard are indeed slightly higher (5.6%) than
those obtained by the GC-MS-SIM method using d4-N-
(2-hydroxyethyl)valine as the internal standard.

One of the essential aspects of risk analysis and
control is human exposure assessment. Estimation of
individual workers' exposure to low and variable con-
centrations of volatile compounds is not only cumber-
some but also prone to errors, especially in the case of
intermittent exposure. This was clearly demonstrated in
study 1, where single exposure measurements carried out
at random once a month were not representative of the
overall exposure received by the operator during a 4-
month period. Measurement of chemically stable Hb
adducts of genotoxic compounds allows a time-inte-
grated determination of variable and intermittent ex-
posure at low concentrations and is therefore highly
suitable for individual exposure monitoring and health
surveillance of such chemicals. We had been determining
levels of Hb adducts of EO and PO in our operators
having potential exposure to these epoxides since 1988.
However, we had not yet been capable of relating the
results to airborne concentrations. The present studies
therefore aimed at the establishment of such correla-
tions.

In the ®rst study, no clear correlation was found
between ambient air concentrations of EO as determined
by monthly PAM and the concentration of HOEtVal
detected in the blood of the operators. As can be seen in
Fig. 2, in one case a relatively high average level of
exposure to EO was recorded (3.13 mg m)3, 8-h TWA),
with no concomitant increase in the concentration of
HOEtVal being detected in the blood. This high level of
potential exposure was due to a single day associated
with a high degree of exposure (8.34 mg m)3, 8-h TWA)
during the draining of a pipeline. A possible explanation
is that during these activities, some EO-containing liquid
was spilled on the gas-di�usion monitor. Figure 2 also
shows that in several operators the opposite was ob-
served, which may be of greater concern: no indication
of potential exposure but signi®cant increases in
HOEtVal concentrations. Since the most probable ex-
planation for this observation is that exposure had oc-
curred on days without PAM, we decided to change the
setup of the studies.

In the next series of studies (studies 2 and 3) the
operators were subjected to PAM on each working day
during the entire shift to ensure that all potential expo-
sure during the period of the maintenance shutdown
would be monitored. Blood samples for Hb-adduct de-
terminations were taken immediately before and after
the shutdown. The results of the PAM show variable
and intermittent exposure, but, as shown in Figs. 3 and
4, the total potential airborne exposure in the interval
between the two blood samples correlated well with the
increment in Hb adducts of both EO and PO during this
period.

Using these correlations, the average airborne con-
centration of EO or PO during several days can be cal-
culated from the observed increase in Hb-adduct

Table 1 OEL and corresponding BEL values

OEL value BEL value
nmol HOEtVal/

Comment

mg m)3 ppm g globina

Ethylene oxide (EO):
0.84 0.5 3.2 Current Dutch MAC (SZW

1995a)
1.8 1 6.8 Current U.S. TLV (ACGIH

1998); current German TRK
(DFG 1997)

9.2 5 34.8 UK permissible exposure limit
(UKHSE 1995)

OEL value BEL value
nmol HOPrVal/

Comment

mg m)3 ppm g globina

Propylene oxide (PO):
5 2 1.1 Current Swedish OEL

(NBOSH 1993)
6 2.5 3.2 German TRK (DFG 1997)
10 4.15 5.3 Advised Dutch MAC (DECOS

1997)
12 5 6.4 UK permissible exposure limit

(UKHSE 1995)
(48) 20 26 Current U.S. TLV (ACGIH

1998)
240 100 128 Current Dutch MAC (SZW

1995b)

a Increment in Hb adducts
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concentration over that period. As demonstrated by
Granath et al. (1992) and Fennell et al. (1992), such a
correlation can also be used for stable Hb adducts to
estimate the daily increment and the steady-state con-
centration of Hb adducts if a person is more or less
continuously exposed during a period that exceeds the
average life span of erythrocytes, which is approximately
126 days (4 months). This means that a biological ex-
posure limit value (BEL) can be calculated that corre-
sponds to the average level of exposure to an OEL over
4 months, 5 days/week, 8 h/day. In Table 1, some values
corresponding to OELs for EO and PO are listed. The
value corresponding to the recently lowered Dutch OEL
for EO (0.84 mg m)3, 8-h TWA) is 3.19 nmol HOEtVal/
g globin. The highest HOEtVal values measured in the
operators in studies 1 and 2 were 0.21 and 0.22 nmol/g
globin, indicating that the average exposure to EO had
been well below 0.5 ppm. The values corresponding to
the current Dutch OEL for PO (240 mg m)3) and the
value of 10 mg m)3 that is currently being investigated
as the new OEL are 12.8 and 5.3 nmol/g globin, re-
spectively. The actual values measured during the
maintenance shutdown in study 3 varied from 0.005 to
0.161 nmol/g globin, indicating that the level of expo-
sure during the maintenance shutdown had also been
well below the OEL values.

The present data also allow a comparison of the
potential genotoxic e�ects of EO and PO in humans.
Several animal studies have indicated that PO is 3±4
times less mutagenic than EO (Farooqi et al. 1993; Vogel
and Nivard 1997). The concentration of Hb adducts was
approximately 6 times higher in rats exposed to EO than
in mice exposed to the same molar concentration of PO
(Svensson et al. 1991). In monkeys that had been given
an equimolar mixture of EO and PO at low concentra-
tions, the levels of Hb adducts of PO were 4 times lower
than those of EO (Couch et al. 1996). Using the equa-
tions developed by Granath et al. (1992), it can be cal-
culated from our data that the daily increment in Hb
adducts of EO and PO at an exposure level of 1 ppm
(8-h TWA) would be 97.9 and 20.3 pmol/g globin, re-
spectively. This indicates that EO forms adducts at a 4.8-
fold higher rate than does PO, which corroborates the
®ndings in animal studies.

Although Hb adducts are widely used to assess ex-
posure to alkylating compounds, only very few studies
have thus far been reported on the quantitative rela-
tionship between Hb adducts in the blood of workers
and airborne concentrations of the alkylating com-
pound. An early pilot study reported a concentration of
HOEtVal of 2.4 nmol/g globin at exposures of
40 ppm h week)1 (Duus et al. 1989). The airborne
concentrations of EO in that study, however, were not
based on concomitant measurements but were esti-
mated from recorded stationary and personal air mea-
surements combined with personal statements on work
routines. Therefore, the value of 2.4 nmol/g globin was
considered by the investigators to be uncertain by a
factor of 3 (Ehrenberg, personal communication). On

the basis of the same data set a value of 3.4 nmol/g
globin was more recently estimated for an average ex-
posure to 1 ppm during working hours (Osterman-
Golkar and Bond 1996). On the basis of statistical
extrapolations of data from animal studies a compa-
rable value was advised as the BEL value in Germany
(DFG 1997). In a recent study this data set was ex-
tended with an additional data point corresponding to
a relatively high-level exposure to EO of approximately
4 ppm, which was estimated by occasional stationary
and personal air measurements. The additional data
point ®tted very well in the existing data set, and it was
estimated that exposure to 1 ppm EO should yield
approximately 4 nmol HOEtVal/g globin (Angerer et al.
1998).

Our data, which are based on actual PAM data ob-
tained during the complete period bridging the collec-
tion of blood samples for Hb-adduct measurements,
result in an even higher BEL for an average exposure to
1 ppm EO: 6.2 nmol/g globin. However, it should be
noted that apart from the study design, there is another
fundamental di�erence between the two studies. In our
study, calibration was based on globin that had been
isolated from blood treated with 14C-labeled EO or PO.
The N-terminal valine-adduct concentrations in these
globin samples were determined by scintillation count-
ing after hydrolysis of the protein and separation of the
modi®ed amino acids by high-performance liquid
chromatography. Angerer and co-workers applied a
di�erent method of calibration using a modi®ed dipep-
tide. It is well known that the yield of derivatization by
the modi®ed Edman degradation method di�ers for free
and protein-bound amino acids and is also dependent
on the type of globin involved (ToÈ rnqvist et al. 1992;
Van Sittert 1997), which might explain the di�erence in
results.

These studies show that time-integrated exposure to
EO and PO can readily and reliably be assessed by
measurement of the concentration of their N-terminal
valine adducts in Hb from a small blood sample and that
there is a good correlation between these adduct levels
and the airborne concentrations of EO and PO detected
in the blood of workers occupationally exposed to low
concentrations of EO or PO. In addition, these corre-
lations allow the calculation of tentative BELs for EO
and PO. At the current Dutch OEL for EO (0.5 ppm,
8-h TWA) this value is 3.2 nmol HOEtVal/g globin
(limits of the 95% con®dence interval 2.5±4.3 nmol/g
globin). For the value of 4.15 ppm (8-h TWA) that is
currently being investigated as the new Dutch OEL for
PO the tentative BEL is 5.3 nmol HOPrVal/g globin
(limits of the 95% con®dence interval 4.2±7.0 nmol/g
globin).
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