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Abstract
Objectives: 1,5-Naphthalene diisocyanate (NDI) is used in the plastic industry as a curing agent. 1,5-Naphthalene diisocyanate is classified as a sensitizing agent. The objective of this study has been to develop biomonitoring methods for the evaluation of exposure to NDI. Material and Methods: We obtained blood and urine samples from a group of 20 male workers
exposed to NDI. The workers answered a questionnaire about their exposure history, job description, the number of years
with the company and the time spent working with NDI over the 10 days of the study. Total plasma, albumin, and urine were
analyzed for the presence of 1,5-naphthalenediamine (NDA) after acid hydrolysis using gas chromatography-mass spectrometry (GC-MS). Results: 1,5-Naphthalenediamine was found in about 60% of the samples obtained from the workers.
1,5-Naphthalenediamine was obtained after acid hydrolysis of plasma, albumin, and urine at levels up to 1.5 pmol NDA/mg
of plasma proteins, 1.15 pmol NDA/mg of albumin, and 55.3 pmol NDA/ml of urine, respectively. Conclusions: 1,5-Naphthalenediamine found in urine correlates best with the plasma levels (r = 0.91, p < 0.01). The albumin-adduct levels did
not correlate with the NDI-specific immunoglobulin E (IgE) or total IgE present in the workers. The adduct and metabolite
levels correlate with the air levels of NDI. Int J Occup Med Environ Health 2017;30(4):579–591
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INTRODUCTION
Isocyanates are used for manufacturing polyurethane
foam, elastomers, paints, adhesives, coatings, insecticides
and consolidation of loose rock zones in coal mining or
tunneling, and many other products [1,2]. Isocyanates are
considered to be one of the main causes of occupational

asthma [3–5]. Isocyanate-induced asthma results usually
from repeated exposure during which sensitization occurs.
After sensitization, even a low level of isocyanate inhalation exposure may induce asthmatic response (reviewed
in [6]). Although the respiratory tract has been the focus of most studies on occupational asthma, evidence is
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accumulating that the skin may also play an important
role in pathogenesis as an exposure route for initiating
immune sensitization [7,8]. Albumin adducts have been
linked to the mechanism of occupational asthma caused
by isocyanates [9,10]. Isocyanate–protein adducts trigger
both immune responses and are probably the antigenic
basis for isocyanate asthma [9,11,12].
Most toxicological and exposure data concerning aromatic
isocyanates has been collected for 4,4’-methylenediphenyl diisocyanate (MDI) and toluene diisocyanate (TDI).
A few publications are available for 1,5-naphthalene diisocyanate (NDI) (reviewed in [13,14]). There is a scarcity of
toxicological data for NDI for both animals and man. As
with TDI and MDI, a genotoxic and, in the animal experiment, carcinogenic arylamine compound may be formed
by hydrolysis of NDI to 1,5-naphthalenediamine (NDA).
Therefore, the International Agency for Research on Cancer (IARC) has classified NDI as a class 3 compound [15].
Groups of workers occupationally exposed to NDI either
as a vapor or as dust particles have complained of irritation of the eyes, cough, and irritation of the upper respiratory tract [16,17]. Lung function tests on these workers
showed a reduction in forced vital capacity. Baur et al. [18]
described 5 cases with workplace-related asthma and one
case with extrinsic allergic alveolitis associated with pulmonary hemorrhage after NDI exposure.
At the workplace, air measurements of isocyanates are
performed to protect the workers from too high exposures. However, skin uptake is not considered with such
measurements. Urinary metabolites of xenobiotics are
usually detectable up to 48 h after exposure. Risk assessment requires the use of appropriate exposure estimates.
In our previous studies with other isocyanates, such as
of MDI, the air levels of MDI were below the detection
limit except for few cases [19–21]. Blood protein adducts
reflect the exposure history over a longer period of time
than urinary metabolites [22] or than metabolites present
in serum. Hemoglobin adducts have a lifetime of 120 days
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and albumin adducts – a half-life of 20–25 days [23,24].
Reaction products with hemoglobin accumulate up
to 60 times [23,25] a single dose and albumin adducts up
to 29 times [26] a single dose. Blood protein adducts are
excellent markers of exposure [27]. Furthermore, albumin
is one of the potential targets involved in the etiology of
sensitization reactions of isocyanates [9,28].
The hydrolysis products of the isocyanates, namely
the amines, have been detected in the biological fluids of exposed humans and animals. The urinary levels
of the corresponding aromatic amines obtained after
acid hydrolysis were determined for MDI [19,20,29,30],
TDI [31] and NDI [32–34]. Hemoglobin adducts of MDI
were found in humans [19] and in rats [35]. 1,5-Naphthalenediamine (NDA) was found in plasma after base
hydrolysis [32]. 4,4’-Methylenedianiline (MDA) was
found in plasma after acid hydrolysis [29] and after
base hydrolysis [32]. 4,4’-Methylenedianiline could be
released from albumin-adducts [20] in workers exposed
to MDI.
In this study, we have investigated the presence of NDI
derivatives in the urine and blood of workers exposed
to NDI. These workers had contact with NDI in the form
of a powder and were exposed to the vapor from pyrolysis of sheets or pellets of polyurethane during the manufacture of parts for the automobile industry. The levels
of NDA (Figure 1) released after acid hydrolysis from albumin, plasma and urine were determined using gas chromatography-mass spectrometry (GC-MS) and compared
to the air levels monitored in the work halls (using static
monitors), with personal monitors and with immunological parameters.
MATERIAL AND METHODS
Workers
Twenty male workers and 2 members of clerical staff not
associated with the factory floor (factory controls) gave
their written consent before participating in this study.
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Fig. 1. Potential reaction products of 1,5-naphthalene diisocyanate (NDI) with biomolecules

The results were summarized and presented as a talk to
the members of the factory. Each volunteer answered
a simple questionnaire and gave urine and blood samples
at the end of a working week. The answers have been summarized in the Table 1 and in Sepai et al. [20].

Chemicals
For the analytical work the following solvents, chemicals
and materials were purchased from: Merck (Darmstadt,
Germany); water (chromatography grade, No. 15333), diethyl ether (pro analysis (p.a.)), ethyl acetate (residue analysis
IJOMEH 2017;30(4)
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Table 1. Characteristics of 20 male workers occupationally exposed to 1,5-naphthalene diisocyanate (NDI) and 2 female controls
Workers
No.

job

Study group
1 granulation machine
2 casting machine
3 extruder
4 pressure chamber
5 conveyor belt
6 casting machine
7 tension cutting machine
8 casting machine
9 tension cutting machine
10 supervisor of granulation
machine
11 casting machine
12 casting machine
13 granulator, extruder and
caster
14 spinning plate
15 fitter, lathe operator
16 extruder
17 conveyor belt
18 stoker
19 maintenance of molds
20 supervisor
Control group
–1 receptionist
–2 clerical staff

Workplace

age senioritya time handling NDI air NDI levels
[years] [years]
[%]b
[μg/m3]

Biomarker

work hall
No.

Rast-NDI
[RU]

IgE total
[PU]

36
47
31
39
30
34
51
36
55
51

8
20
5
15
4
9
26
15
30
30

0
0
0
0
0
0
0
40
0
0

–c
82d
–c
–c
–c
–c
<1
82d
<1
–c

4
2
2
2
4
2
3
4, 2
3
4

0.77
1.19
1.15
1.27
1.19
0.92
1.27
1.06
0.60
1.01

14.4
109.4
40.7
12.0
162.6
7.3
266.3
23.7
23.9
10.0

30
55
35

10
26
15

78
100
0

82d
9
–c,d

4, 2
2
4

0.92
1.06
0.83

120.8
137.7
32.7

44
55
29
26
56
57
52

22
31
5
4
25
32
26

8.5
0
0
0
0
0
0

9d
<1
5
1d
82d
–c
2.6

2
3
2
3
2
1
3

1.28
1.53
0.90

4.6
17.2
188.3

1.25
0.99
1.37

27.5
153.0
16.4

55
54

5
12

0
0

n.m.
n.m.

–
–

1.09
0.98

275.9
36.6

Rast-NDI – radio-allergo-sorbent-test for NDI specific IgE; RU – relative unit; IgE – immunoglobulin E; PU – paper radioimmunosorbent test U/ml;
n.m. – not monitored.
a
Working for the company.
b
In the previous 10 working days.
c
No positive value detected.
d
Air measurement from a personal monitor, all other values are from the work hall or work station monitors.

grade); Reidel-de Haen (Selze, Germany), dichloromethane
(Pestanal); Sigma (Deisenhofen, Germany), HiTrap™ Blue
cartridges (1 ml capacity), total protein assay biuret reagent
and protein standard solution, human albumin; Pierce (The
582
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Netherlands), Coomassie® Plus Protein Assay; and Fluka
(Buchs, Switzerland); heptafluorobutyric anhydride (HFBA),
hydrochloric acid (HCl) 37%, (for trace analysis, No. 84415;
Fluka). All other chemicals were obtained of p.a. grade.
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Sample collection
Each participant completed a simple questionnaire enquiring into their work history, exposure to NDI in
the past 10 working days, and job description. Blood and
urine samples were collected at the end of a working week
and immediately transported to the laboratory on ice.
Air monitors were used for detecting ambient air levels
of NDI in the work rooms and personal air levels [36]. In
some cases, monitors were placed near a particular piece
of equipment where a potentially high risk of exposure
was present.
Isolation of albumin from plasma and acid hydrolysis
Using a HiTrap™ Blue affinity column (1 ml volume) an albumin fraction was isolated from plasma as follows: Plasma
(0.5 ml) was diluted 1:1 with buffer A (50 mM of potassium
dihydrogen phosphate (KH2PO4), 10 mM of sodium azide
(NaN3), pH = 7.2) and loaded onto the column. Fraction
A was eluted using buffer A (2 ml), the column was then
washed with buffer B (2 ml) (50 mM of KH2PO4, 10 mM
of NaN3, 100 mM of potassium chloride (KCl), pH = 7.2)
(fraction B). Albumin was then eluted with buffer C
(2 ml) (50 mM of KH2PO4, 10 mM of NaN3, 2 M of KCl,
pH = 7.2) (fraction C). The column was washed with buf
fer C (2 ml) (fraction D). The albumin concentration was
determined using Coomassie Blue Plus protein analysis reagent (Pierce) with human albumin as the reference protein.
The protein content of each plasma sample was also determined using a total protein assay (Sigma) and the appropriate protein standard. From fractions C (albumin)
the protein was precipitated with 4 volumes (8 ml) of ethanol. After 30 min on ice, the solid albumin was collected by
centrifugation and washed with ethanol, ethanol:diethyl
ether 1:3, and with diethyl ether. The albumin was dissolved in water (2 ml) and concentrated HCl (1 ml, 37%)
was added. The solution was hydrolyzed for 60 min
at 100°C in order to hydrolyze the NDI-albumin adducts.
After adjusting the pH to between 9 and 10 with sodium
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hydroxide (NaOH) (32%), the solution was spiked with
deuterated 4,4’-methylenedianiline (d4-MDA) (5.02 pmol).
The released amines were extracted and derivatized as
described in “Extraction and derivatization.”
Acid hydrolysis of urine
4-Methylaniline (4MA) (24 μg) and HCl (0.5 ml, 37%)
were added to urine (1 ml) in 10 ml screw top vials fitted with Teflon liners. The hydrolysis was carried out
for 30 min at 100°C. Then the solution was cooled and
made basic with NaOH (800 μl, 32%). The internal standard d4-MDA (5.02 pmol) was added and the solution was
extracted and derivatized as described in “Extraction and
derivatization.”
Acid hydrolysis of plasma
The protein content of each plasma sample was determined using the Sigma total protein assay and the appropriate protein standard. 24 μg 4MA, 0.5 ml of water,
and 0.5 ml of 37% hydrochloric acid were added to 0.5 ml
of plasma. The samples were hydrolyzed for 60 min
at 100°C. Then the solution was cooled and made basic with NaOH (800 μl, 32%). The internal standard
d4-MDA (5.02 pmol) was added and the solution was extracted and derivatized as described in “Extraction and
derivatization.”
Extraction and derivatization
The amines were extracted from basic solution into dichloromethane (5 ml), the solutions were vortexed for 2 min
and then centrifuged for 10 min at 2000 g. The organic
layer was carefully removed and passed through a Pasteur
pipette filled with anhydrous sodium sulfate. The drying
agent was rinsed with 1 ml of dichloromethane. The pooled
organic extracts were treated with 5 μl of HFBA to derivatize the amines present in the extracts, after 10 min at room
temperature the reaction was stopped by the addition
of 4MA (24 μg) in methanol (50 μl). The solutions were
IJOMEH 2017;30(4)
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then taken down to dryness using a vacuum-centrifuge
(Speed-Vac, Univap, Martinsried, Germany). The residue
was transferred into microinserts with 2×50 μl of ethyl
acetate and dried again. The final extracts were taken up
in 15 μl of ethyl acetate and analyzed by GC-MS.
GC-MS analysis
Aliquots of 1 μl from acid extracts were injected splitless
on to a XTI-5 column (15 m × 0.25 mm, 0.25 μm film thickness) (Restek, Germany) with a 1.5 m × 0.25 mm retention
gap (methyl-silyl deactivated, Analyt, Germany). The initial oven temperature of 50°C was held for 1 min and then
ramped at 40°C/min to 290°C where it was held for 1 min.
The purge valve was activated after 1 min, the injector
and interface temperatures were set to 320°C and 300°C,
respectively. The GC column was directly interfaced with
a Hewlett Packard 5989A quadrupole mass analyzer. All
analyses were carried out in the negative chemical ionization (NCI) mode using methane as the reagent gas and an
electron energy of 240 eV. The source pressure and temperature were held at 1.1 Torr and 250°C. The [M-HF]–
(molecular mass minus hydrogen fluoride) fragments
were monitored with a dwell time of 100 ms: m/z 574 for
d4-MDA; and m/z 530 for NDA. 1,5-Naphthalenediamine
and d4-MDA eluted after 4.3 min and 5.4 min, respectively.
Quantitation of NDA
Calibration lines were run with each batch of samples.
Control urine and plasma samples were spiked with
the internal standard (d4-MDA, 5.02 pmol) and NDA
at 5 concentrations from 0.1 to 2 ng NDA/ml of urine,
0.1 to 1 ng NDA/ml of plasma and 0.1 to 1 ng NDA/100 mg
of albumin. The samples were then hydrolyzed and
worked up as described above. The ratios of the area
integrals of NDA to d4-MDA were then plotted against
the amount of NDA. The calibration lines were linear in
all cases. All the samples were quantified against these
calibration lines. The variance of the recoveries (N = 3)
584
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and the following correlation coefficients were obtained:
for plasma (0.1 ng/ml (relative standard deviation: 5.6%)
to 1 ng/ml (7%), r = 0.955), for urine (0.1 ng/ml (10%)
to 2 ng/ml (6%), r = 0.996). The precision of replicate (N = 5) analysis of plasma and urine from worker
number 14 was 0.492 (±8.13%) pmol/mg of total plasma
proteins, and 46(±2%) pmol/ml of urine. The limit of
quantitation (LOQ) (background level + 10 standard
deviations [37]) for the albumin, plasma and urine analyses was 0.08 pmol/mg, 0.08 pmol/mg and 0.4 pmol/ml,
respectively.
Determination of immunological parameters
The immunological methods were published previously in
detail [21]. The tests were applied routinely in the laboratory of Dr. J. Lewalter (Bayer AG, Leverkusen).
Total immunoglobulin E (IgE) levels in sera were determined using the Paper Radioimmunosorbent Test
(PRIST) kit from Pharmacia and values were expressed
in PRIST U/ml (PU). The isocyanate specific IgE
were determined with the Radio-Allergo-Sorbent-Test
(RAST). The relative unit (RU) (antigen disc/human serum albumin (HSA) disc) is yielded from the radioactivity counts of the discs.
Statistical analyses
The statistical analyses were performed with the program
IBM-SPSS 19.0. The data was plotted with the program
SigmaPlot 10.0.
RESULTS
Air levels of NDI
The air levels of NDI [36] were monitored over a period
of 10 working days by either workroom or workstation
monitors. The levels ranged from 2 to 9 mg/m3 in 6 (30%)
of the subjects studied (i.e., workers 2, 8, 11, 12, 14, and 18)
(Table 1). In contrast, levels as high as 82 mg NDI/m3
were detected from 4 (57%) out of the 7 personal moni-
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Proteins: NDA [pmol/mg]

Urinary metabolite
All urine samples were acid-hydrolyzed before extraction in order to cleave NDA from possible conjugates.
2.0

60
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100

NDI in air [μg/m3]

1,5-Naphthalenediamine was found for 12 workers
and 1 control. The concentration ranged from LOQ
to 55 pmol NDA per ml of urine. The highest urinary
levels of NDA (above 10 pmol/ml) were detected from
workers 2, 8, 12 and 14 (Figures 2 and 3). Urinary metabolites constituted the reflection of recent exposure.
Workers 8 and 12 handled NDI (Table 1) whereas workers 2 and 14 reported no direct contact with NDI but
were associated with the casting machine in the hall 2.
The air levels associated with workers 12 and 14 were
low (9 μg/m3) but their urinary levels were very high. In
contrast, worker 11 was associated with the casting machine, he had direct contact with NDI and his personal
NDA in urine [pmol/ml]

tors (i.e., workers 2, 8, 11, 18). Workers 2, 8, 11, and 18
worked in the hall number 2 during the 10 days of the study
and all, except for the number 18, were associated with
the casting machine. During the casting process, NDI
was mixed with other components and poured into casts,
where the polyurethane was molded at high temperature.
Temperatures up to 34°C were recorded near the casting
machine in the hall 2 whereas the ambient factory temperature ranged from 22 to 24°C.
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Fig. 2. 1,5-Naphthalenediamine (NDA) released from albumin, total plasma and urine by acid hydrolysis and analyzed
by gas chromatography-mass spectrometry (GC-MS)
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Fig. 3. Correlations of the albumin adducts, plasma protein adducts, urinary metabolites and the air levels of 1,5-naphthalene
diisocyanate (NDI) measured for the 20 workers

monitor detected an air level of 82 μg/m3. However, his
urinary level of NDA was below 10 pmol/ml. These results indicate that air levels do not reflect urinary metabolite levels and, therefore, may not provide a suitable
gauge of exposure.
Blood plasma analysis
Plasma protein conjugates have been implicated in processes, which stimulate immunological responses to isocyanates [9,38]. In this study, we have determined the concentration of NDA in plasma and the amount covalently
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bound to albumin. The protein content of each plasma
sample was determined using a total protein assay.
Acid hydrolysis of plasma samples released from LOQ
to 1.45 pmol of NDA per mg of protein and from LOQ
to 111 pmol per ml of plasma. Positive samples were found
for 13 samples from workers. Levels above 0.2 pmol/mg
were detected from 10 workers, 5 out of whom were associated with the casting machine (Figures 2 and 3, Table 1). Those who exclusively worked in the hall 4
(i.e., 1, 5, 10, 13) showed the lowest NDA levels. This is
not surprising, as NDI was not used in the hall 4.
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Albumin adducts
Albumin was isolated using a Cibacron Blue affinity
chromatography column. Albumin was precipitated and
washed with a series of organic solvents. The isolated albumin was analyzed for the presence of NDA. AlbuminNDA adducts were detected for 13 workers in the range
of LOQ to 1.15 pmol/mg (Figures 2 and 3). Control plasma samples spiked with NDA were worked up following
the same procedure, acid hydrolysis of the isolated plasma
liberated no NDA, and thus, any non-covalently bound
metabolites were removed during the work up procedure.
This indicates that the NDA detected is covalently bound
to albumin. The structure of these adducts is under investigation. No values are present in the literature for NDI
bound to albumin.
Immunological methods
The range of the IgE levels in the exposed workers was
4.6–266.3 PU (14.4, 27.5, 138, 188 PU) (25th, 50th, 75th,
95th percentile, respectively). The range of the isocyanate specific IgE-NDI was 0.6–1.53 RU (0.92, 1.06, 1.27,
1.37 RU). All the RU were below 2, which was the thres
hold for positive results.
DISCUSSION
The plasma levels of NDA were determined in the past.
The plasma levels found in this work were 3.5 times
lower than the values published by Sennbro et al. [32]
(3.2–380 pmol/ml plasma). Sennbro et al. refluxed
the samples in 0.3 M NaOH for 24 h [32]. We refluxed
our samples for 0.5 h in 4M HCl. The urinary levels of
this study were approximately 10 times lower than the values published by Sennbro et al.: 3.9–521 pmol/ml [32].
However, Sennbro et al. [32] used longer hydrolysis times
(0.3 M NaOH, 100°C, 24 h). Such conditions yielded
higher values as studied systematically with synthesized
adducts [39] or as studied in the analysis of toluene diisocyanate exposed workers [40]. We chose to use shorter
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hydrolysis time since the same conditions were applied to
the analysis of MDI-adducts in the same workers [20].
All hydrolysis conditions used in biomonitoring studies,
which yield the parent compounds, usually do not indicate the form of the cleaved adducts. With the advance of
the liquid chromatography-mass spectrometry (LC-MS)
technology it is advisable to measure the intact adducts, as
described in recent studies of our group for MDI exposed
workers [41]. However, these new techniques are much
more sophisticated and expensive. For a quick and inexpensive biomonitoring method, the hydrolyses of the adducts with base and acid have still its place in occupational
hygiene. The biomarkers obtained with acid or base hydrolyses methods indicate the exposure of the workers to isocyanates and/or the corresponding amine. Air
monitoring is not sufficient to establish the exposure of
workers [19,42]. In order to distinguish between aromatic
amine and isocyanate exposure, the intact adducts with
the amino acids should be analyzed.
Spearmen rank correlation analyses (2-tailed significance)
were performed with the data of the 20 workers. The albumin adduct levels correlate with the air levels (r = 0.74,
p < 0.01), plasma levels (r = 0.87, p < 0.01) and the urinary levels (r = 0.86, p < 0.01). In addition the urinary
levels correlate with the plasma levels (r = 0.91, p < 0.01)
and the air levels (r = 0.67, p < 0.01). The Pearson correlation analysis (2-tailed significance) was performed with
square-rooted data in order to have a normal distribution
of the numbers according to the one sample KolmogorovSmirnov test. The albumin adduct levels correlate with
the air levels (r = 0.57, p < 0.01), plasma levels (r = 0.89,
p < 0.01) and the urinary levels (r = 0.84, p < 0.01). In
addition the urinary levels correlate with the plasma
levels (r = 0.80, p < 0.01) and the air levels (r = 0.53,
p < 0.01). Therefore, urinary metabolite levels are good
exposure markers. The determination of albumin adducts
would not be necessary. The determination of urinary
metabolites is less invasive and less expensive. For this
IJOMEH 2017;30(4)
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population, the NDI adduct or the urinary levels of NDA
do not correlate with the total IgE levels or the NDI-specific antibody levels. The presence of NDA in one control
is not unusual [19,20]. Protein adducts are long-term exposure markers. Therefore, the workers have to be able to
recall their exposure history for the last 4 months.
The levels of the biomarkers found in the same workers exposed to MDI [20] were up to 20-fold lower than the corresponding NDI-biomarkers. However, the air levels were
up to 5 times lower and only 3 air samples were positive
for MDI, but 12 air samples were positive for NDI. Therefore, NDI exposure was higher in this set of workers.
The range of the MDI specific IgE was in the same order of magnitude 0.54–1.44 RU (0.92, 0.99, 1.12, 1.36,
that is 25th, 50th, 75th, 95th percentile, respectively) as
for the NDI specific IgE. The specific NDI-IgEs or the total IgEs do not correlate (Spearman rank correlation) with
the NDI-biomarkers. In contrast, the MDI-adduct levels [20] correlate (Spearman rank correlation, r = –0.46,
p = 0.047) inversely with the total IgE-levels (data not
shown in the original publication). However, the MDIadduct levels did not correlate with MDI-specific IgE
(MDI-RAST test). All the NDI biomarkers did not correlate with the MDI-biomarker [20] levels measured previously in the same workers.
The mechanisms leading to the onset of occupationally
induced asthma or other disorders attributed to isocyanate exposure are still unclear: immunologic and hypersensitivity type mechanisms have been proposed [4]. As
albumin conjugates of MDI have been shown to produce
a weak immediate type respiratory hypersensitivity in previously sensitized guinea pigs [38], we may predict similar
responses to albumin conjugates of NDI. Raised levels
of IgE antibodies to human serum albumin-MDI conjugates have been observed in both guinea pigs and exposed workers [43]. Whether the NDI-adducts detected in
the workers at issue play a part in the irritation or sensitization responses to NDI is still not certain.
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CONCLUSIONS
Most of these workers have a long employment history
(Table 1) and are therefore not likely to be either sensitive or
sensitized (i.e., asymptomatic individuals). The use of metabolites or protein adducts as biomarkers of exposure, as
opposed to air level measurements, are proposed as a more
reliable form of control of exposure in the workplace. As
the adduct and metabolite levels from these workers are at
significantly high concentrations it may be concluded that
the work environment is not suitably ventilated.
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