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Asthma in tunnel workers exposed to synthetic resins 
by Bente Ulvestad, MDJ1 Erik Melbostad, MD,f Per Fuglerud, MSc2 

Ulvestad B, Melbostad E, Fuglerud P. Asthma in tunnel workers exposed to synthetic resins. Scand J Work 
Environ Health 1999;25(4):335-341. 

Objectives The prevalence of asthma among tunnel workers exposed to synthetic resins was studied by 
determining airway symptoms, methacholine responsiveness, and lung function. 
Methods Nineteen injection workers were compared with a group of 104 other tunnel workers with similar 
exposure, except for that to synthetic resins. A questionnaire on respiratory symptoms, smoking habits, use of 
respiratory protection, and work tasks was used. Lung function was studied using a bellows spirometer. Bronchial 
reactivity was tested with methacholine. Allergy screening with Phadiatop and radioallergosorbent tests for 
toluene-diisocyanate-HSA, diphenylmethane-4.4-diisocyanate-HSA, and formaldehyde-HSA (HSA = human se- 
rum albumin) were carried out. Methylene diphenyl diisocyanate (MDI) and MDI prepolymer exposure was 
estimated by filter sampling, and the filters were analyzed by high-performance liquid chromatography. The most 
common work situations were simulated for an estimation of exposure to isocyanates. 
Results The injection workers reported more respiratory symptoms than the reference group, and they had higher 
prevalences of bronchial hyperresponsiveness (37% versus 14%), asthma (26% versus I%), and aifflow limitation 
(37% versus 4%). Toluene-diisocyanate-HSA-specific immunoglobulin E antibodies were found in 2 of the 19 
injection workers, but in none of the other tunnel workers. By simulation at a worksite, the average exposure to 
polymerized MDI was estimated to be 5.5-300 pg/m3 during injection work and 1 8 4 3 0 0  pg/m3 during short- 
term exposure, the highest exposure occurring when cured polyurethane was ground. 
C O ~ ~ C ~ U S ~ O ~ ~ S  Exposure to partly decomposed MDI in tunnel work enhances the risk for respiratory symptoms, 
methacholine hyperresponsiveness, asthma, and aifflow limitation. 

Key terms isocyanates, methacholine responsiveness. 

Respiratory hazards vary among construction workers 
from the well-recognized effects of asbestos and silica 
to more recently described respiratory diseases caused by 
exposure to isocyanates (1) and epoxy compounds (2). 
In a previous investigation, we  found that exposures in 
tunnel excavation enhance the risk of respiratory symp- 
toms and airway obstruction among tunnel workers when 
compared with that of other heavy construction workers 
(3). Sealing and rock consolidation work sometimes re- 
quires that large amounts of acrylamide grouting resins 
or polyurethane foam be injected into the rock to prevent 
water leakage. In such cases, isocyanates and amines 
could be expected to evaporate during the curing proc- 
ess. Whether or not such evaporation occurs depends 
upon the type of grouting resin used (4). 

Occupational asthma in relation to exposure to iso- 
cyanates was reported as early as 1951, and such expo- 
sure has been shown to occur during the handling of 

polyurethane foam (4). Isocyanates are regarded as one 
of the main causes of occupational asthma, and the large 
number of workers exposed to these chemicals has a con- 
centration-dependent risk of developing chronic airway 
disorders (1 ,5 ,6 ) .  Hypersensitivity pneumonitis, rhino- 
conjunctivitis, and fever induced by diphenylmethane 
diisocyanate have been reported (7, 8). Specific immu- 
noglobulin E (IgE) mediated sensitization and irritative 
effects have been found among exposed humans and an- 
imals (9). Exposure to acrylamide resins has mainly been 
described as due to the inhalation of component powders 
or fumes liberated when resins are converted to hard sol- 
ids by the addition of curing agents or hardeners (10, 11). 
Occupational asthma in relation to exposure to synthetic 
resins has, as far as we  know, not been reported for tun- 
nel workers. 

Nonspecific bronchial challenge has been suggested 
as a more objective method than questionnaires to assess 
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the prevalence of asthma-related conditions in epidemi- 
ologic surveys (12-14). 

In the present study we wanted to explore the hypoth- 
esis that injection workers may be at increased risk of 
developing respiratory impairment due to exposure from 
work with synthetic resins. Our aim therefore was to in- 
vestigate the prevalence of airway symptoms, metha- 
choline responsiveness, and obstructive lung disease 
among injection workers and referents comprised of other 
tunnel workers not exposed to synthetic resins but other- 
wise similarly exposed. 

We also wanted to simulate common exposure situa- 
tions for the injection workers and carry out an exposure 
assessment for the most common polyurethanes that had 
been used. 

Subjects and methods 

A cross-sectional study comprising injection workers 
who had been exposed to polyurethane and acrylic res- 
ins (N=19), and a reference group of other tunnelface 
workers (N=104) not exposed to polyurethane or acryla- 
mide, was established. The reference group is hereafter 
referred to as tunnel workers. 

The injection workers were previous tunnel workers 
who were later grouped into a department set up for seal- 
ing work. All the workers employed in this department 
in 1996 were included. The tunnel workers in the refer- 
ence group worked at 6 different sites. The participation 
rate was 100% in both groups. Demographic data are giv- 
en in table 1. 

The prevalence of current smoking was 58% for the 
injection workers and 54% for the tunnel workers. There 
was an even distribution of current smokers across the 
age groups. Duration of smoking was 24 (SD 12.1) years 
(arithmetic mean) for the smoking injection workers and 
20 (SD 8.0) years (arithmetic mean) for the smoking tun- 
nel workers. 

Questionnaire 
A self-administered questionnaire (modified version of 
the one developed by the Medical Research Council in 
the United Kingdom) was answered before the medical 
testing. Respiratory symptoms in general (dyspnea, 
wheezing and cough), work-related symptoms, presence 
of allergy or asthma in the family, asthma prior to 

construction employment, allergy, infections of the res- 
piratory system (last time and when), use of airway pro- 
tection, and smoking habits were recorded. 

A structured interview was carried out to clarify the 
use of injection chemicals. The workers were asked to 
name the chemicals, explain how frequently and in what 
way they were used, and describe the information they 
had been given about the chemicals and their possible 
hazards. 

Spirometly 
A bellows spirometer Vitalograph S with a PFT2 PLUS 
printer was applied according to AT§ recommendations 
(15). Gulsvik's reference values from Oslo, Norway, 
were used (16). At least 2 identical curves or a minimum 
of 3 curves with a maximum deviation between the 2 best 
ones of 3% in forced volume capacity (FVC) and forced 
expiratory volume in 1 second (FEV,,,) were required. 
The tests were done at the worksite. 

Methacholine provocation test 
Subjects whose baseline FEV,, was 260% of the predict- 
ed value had a methacholine challenge test. They were 
asked not to smoke during the 2 hours before their ap- 
pointment for testing. The test was postponed for a min- 
imum of 6 weeks after any infection of the respiratory 
system. The procedure for inhaling methacholine was 
carefully standardized using the Coclaoft & Hargreaves 
method (17). A Wright jet nebulizer and 2 minutes of 
inhalation were used. The starting concentration was 2 
mglml. Unless the FEV,,, decreased by 220% from one 
concentration to the next, a doubling of the concentra- 
tion was given. FEV,,, was measured 30 and 90 seconds 
after each dose. The challenge was stopped if a maxi- 
mum concentration of 32 mglml was reached, or the 
FEV,,, decreased by 220% from the baseline value. The 
stop concentration was defined as the PC,, value. The 
results were divided into the following categories: 58 mgl 
ml (methacholine hyperresponsiveness), >8-32 mglml 
(intermediate responsiveness), and >32 mglml (normal 
responsiveness). 

A methacholine inhalation test was not undertaken for 
subjects whose FEV,,, was less than 60% of the predict- 
ed value. Instead salbutamol(0.4 mg) inhalation was giv- 
en as a reversibility test. Subjects with an increase of 
more than 15% in their FEV,,, were considered to have 
increased bronchial responsiveness. 

Table 1. Demographic data of the 19 injection workers and 104 tunnel workers included in the survey. 

Age (years) Years in the same job Height (cm) 

Mean SD Range Mean SD Range Mean SD Range 

Injection workers 46 14.6 20-67 21 10.9 1-42 179 5.6 167-1 94 
Tunnel workers 39 8.8 18-67 13 7.7 1-46 179 6.0 167-1 94 
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Altogether 118 subjects were challenged with meth- 
acholine, and 5 subjects had a reversibility test instead. 

lrnmunoglobulin E measurements 
Each employee had a venous blood sample drawn. The 
serum samples were frozen at -70°C. IgE antibodies spe- 
cific to human serum albumin (HSA) conjugated tolu- 
ene-diisocyanate, diphenylmethane-4.4-diisocyanate, and 
formaldehyde were assessed by radioallergosorbent tests 
(RAST) (Pharmacia Diagnostics AB). Phadiatop (Phar- 
macia Diagnostics AB, Uppsala, Sweden), a multiple 
RAST of IgE against 8 common allergens, was used for 
screening for atopic allergy (1 8). 

Clinical examination 

A clinical examination was carried out to determine 
whether the subjects had obstructive lung disease (asth- 
ma or chronic obstructive lung disease). Diagnostic cri- 
teria applied in a previous Norwegian population survey 
(19) were used. Asthma was diagnosed for those with a 
history of attacks of shortness of breath at rest, and with 
wheezing in the chest changing in severity over short 
periods of time, either spontaneously or after treatment. 
At least 1 typical attack had to have occurred within the 
previous 6 months. Chronic obstructive lung disease was 
diagnosed for those with a history of chronic cough, 
phlegm when coughing, breathlessness or wheezing, or 
both and a ratio of FEV,,, to FVC of less than 0.7 (20). 
Subjects with spirometric aisflow limitation were defined 
as those with a ratio of FEV,,, to FVC of less than 0.7 
and a FEV,, of less than 80% of the predicted value. The 
occupational exposure of the subjects was not known to 
the physician who performed the clinical examination. 

Exposure 

The "injection department" manager estimated that, dur- 
ing the last 10 years, the workers (altogether) had inject- 
ed a total of about 260 metric tons of acrylic resins and 
110 metric tons of polyurethane. Different polyurethanes 
had been used. In the early 1980s the most commonly 
used flexible foam was derived from toluene-diisocyanate 
(TDI) (2), but because of its volatility, TDI has largely 
been replaced by the less volatile methylene diphenyl 
diisocyanate (MDI), which produces more rigid poly- 
urethane foams. 

Currently, polyurethane foams consisting of 10-30% 
diphenylmethane-4.4-diisocyanate, 10-30% diphenyl- 
methane-4.4-diisocyanate prepolymers, and 30-60% di- 
n-butylphthalate are the most common. The reactions are 
enhanced by the use of catalysts such as amines, and the 
resultant polymer is stabilized. The reaction requires only 
a few minutes. The acrylamide resins used consisted of 
30-60% n-methylolacrylamide, <2% acrylamide, and 
1 % formaldehyde. 

No exposure measurements were available from the 
years the "injection department" had existed. We there- 
fore wanted to simulate the most common exposure situ- 
ations for the workers during the last 10 years. As we 
have found no evidence in the literature that exposure to 
acrylamide resins consisting of n-methylolacrylamide 
causes airway disease, the exposure assessment was car- 
ried out with the most common polyurethanes in use. 

Exposure assessment 
The strategy included personal and stationary sampling 
to estimate average and peak concentrations of isocy- 
anates in the vapor and aerosol phases. 

The workers and sampling locations were selected on 
the basis of the work operations, such as the injection 
process, the mixing of reactants, the cleaning of equip- 
ment, the grinding of hardened polyurethane, and the 
drilling of new holes. The sampling period varied from 
5 minutes (peak monitoring) to 165 minutes (time- 
weighted average monitoring). 

Samples were collected on filters impregnated with 
1-2-methoxyphenyl piperazine with the use of SKC 
Aircheck sampling pumps. The flow rate was approxi- 
mately 2 llmin, which was measured with a calibrated 
flowmeter. Any organic isocyanates present react to form 
nonvolatile urea derivatives. The filters were analyzed 
by high-performance liquid chromatography with ultra- 
violet and electrochemical detection. Isocyanate-derived 
peaks were identified on the basis of their electrochemi- 
cal or ultraviolet responses and quantified by compari- 
son with the relevant isocyanate monomer standard. The 
total isocyanate air concentration was estimated from the 
sum of all the isocyanate-derived peaks (21). The ana- 
lytical principle was the same for the isocyanates from 
prepolymers. The identification and quantification was 
confirmed by comparing retention times in a bulk sam- 
ple of the process prepolymer and sample chromato- 
grams. 

Statistical methods 
Relationships between binary (yes;no) response variables 
and the covariates work group, smoking status, and years 
employed in the same work were investigated by means 
of a logistic regression analysis (22). The covariate smok- 
ing status contained the categories never, former and cur- 
rent smoking and the covariate years employed in the 
same work were broken down into <10 years, 10-20 
years and >20 years. Age was not included in the model 
due to its high correlation with the covariate years em- 
ployed in the same trade. The risk ratio between injec- 
tion and tunnel workers was estimated by the adjusted 
odds ratio (injecti0n;tunnel) from the regression model 
including all 3 covariates. Corresponding 95% confi- 
dence intervals (95% CI) for the adjusted odds ratios 
(OR) were also calculated with the use of the estimated 
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coefficients and the standard errors from the regression 
models. 

The lung function variables were presented as a per- 
centage of the predicted value. The differences between 
the injection and tunnel workers were tested using a 3- 
way analysis of variance model (23) with work group, 
smoking status, and years employed with the same work 
as the covariates in the model. The least square means 
and corresponding 95% confidence intervals for the 2 
work groups were also calculated. 

The reduction in lung function as a function of the 
number of years employed in the same job was estimat- 
ed by a simple linear regression (22). The reduction was 
estimated for each work group and stratified by smoking 
status. 

Results 

Medical survey 
The injection workers reported significantly more work- 
related respiratory symptoms than the tunnel workers (ta- 

Table 2. Prevalence of respiratory symptoms among the injec- 
tion (N=19) and tunnel (N=104) workers. (95% CI = 95% confi- 
dence interval) 

Respiratory symptoms Symptom Odds 95% CI 
prevalence ratioa 

Injection Tunnel 
workers workers 

(N) (N) 

Work-related cough and wheezing 
Work-related tightness in the chest 
Morning cough 
Cough during the day 
Daily cough more than 3 months 
Dyspnea by effort 
Attacks of dyspnea 
Wheezing 

a Odds ratio adjusted for years in the same job and smoking status in a 
logistic regression analysis. 

ble 2). No significant association between work-related 
respiratory symptoms and the length of exposure (years 
in the same job) was found. The injection workers also 
reported significantly more respiratory symptoms in gen- 
eral than the tunnel workers (table 2). Dyspnea was as- 
sociated with length of employment (OR 3.4, 95% CI 
1.1-11.3, for <10 years versus >20 years). 

The prevalence of specific allergy, analyzed by Phad- 
iatop, was 13% for both the injection workers and the 
tunnel workers. Allergy demonstrated by the Phadiatop 
test, reported allergy, or asthma in the family were unre- 
lated to respiratory symptoms, lung function, or metha- 
choline responsiveness and were not considered further 
as confounding factors. 

The injection workers had reduced ventilatory lung 
function of an obstructive pattern when compared with 
the group of tunnel workers (table 3). The reduced FEV, , 
and FEV,,:FVC ratio determined for the never smoking 
injection workers was shown to be associated with the 
length of exposure (years in the same job) in a linear re- 
gression model (P=0.03). 

The injection workers had significantly higher bron- 
chial hyperresponsiveness than the tunnel workers (OR 
3.2,95% CI 1.1-9.7). Of the 19 "injection" workers test- 
ed, 7 (37%) had a PC,, of <8, while 3 (16%) were minor 
responders. Of the 104 heavy construction workers 15 
(14%) had a PC,, of <8, and 11 (10.5%) were minor re- 
sponders. Three of the injection workers and 2 of the tun- 
nel workers had a FEV,, of less than 60% of the pre- 
dicted value, and salbutamol inhalation was given as a 
reversibility test. None of these subjects had an increase 
of more than 15% in FEV, ,, and they were not consid- 
ered to have increased bronchial responsiveness. 

The estimated prevalence of asthma, chronic obstmc- 
tive lung disease, and airflow limitation was significant- 
ly higher for the injection workers than for the tunnel 
workers (table 4). Cases with chronic obstructive lung 
disease were only found among the smokers. Spiromet- 
ric airflow limitation was observed in 3 subjects with 
asthma and 4 subjects with chronic obstructive lung dis- 
ease. In a logistic regression model, airflow limitation 

Table 3. Lung function (percentage of predicted) of the injection (N=19) and the tunnel (N=104) workers.(95% CI = 95% confidence 
interval, FVC = forced vital capacity, FEV,, = forced expiratory volume in 1 second, FEF,,-7, = forced expiratory flow rate at 25-75% of 
the forced vital capacity) 

Group Lung function, % of predicted 

FVC FEV, FEV, ,:FVC FEF25-75 

Arithmetic 95% Cla Arithmetic 95% Cla Arithmetic 95% Cla Arithmetic 95% CIa 
meana meana meana meana 

Injection workers 95.8a 89.5-1 02 84.lb 76.7-91.6 85.2' 80.9-89.5 68.6d 57.1-80.3 
Tunnel workers 104.2 101-107 97.1 93.5-101 92.2 90.2-94.3 82.7 77.2-88.2 

a Mean and corresponding 95% CI adjusted for years in the same job and smoking status. 
P=0.01, P=0.002, P=0.003, P=0.03 for the comparison between working groups in a 3-way analysis of variance model 
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was demonstrated to be associated with length of expo- 
sure (years in the same job) (OR 7.5,95% CI 1.3-45.2, 
for <10 years versus >20 years). 

Toluene-diisocyanate-HSA-specific IgE antibodies 
were found in a RAST for 10.5% (2119) of the injection 
workers and for none of the tunnel workers. The 2 TDI- 
HSA-specific IgE positive injection workers complained 
about work-related symptoms of the respiratory tract. 
Formaldehyde- or diphenylmethane-4.4-diisocyanate- 
HSA-specific IgE antibodies were not found. 

The structured interviews showed that none of the 
tested workers had been informed about possible health 
hazards related to the use of the chemicals, nor did they 
report any use of airway protection. Several of the work- 
ers reported that they had suffered eye, nose, and throat 
irritation when burning or grinding off excesses of cured 
polyurethane, a common method used by the workers. 

Exposure assessment 
The exposure to the monomer MDI, recorded by person- 
al sampling, was low in all the work operations, and 
mostly below the detection level (<I pg/m3), in a total 
of 20 samples. The monomer MDI was detected on 2 
occasions (1.9 and 3.0 pg/m3) by personal monitoring 
when isocyanate resin was spilled during injection work, 
but the values were also low. MDI was not detected in 
any other samples. 

The concentrations of total prepolymer isocyanate 
showed substantial variation, varying from 5.5 to 300 
(median 7.1) pg/m3 for the shift samples (N=4) and from 
18 to 4300 (median 103) pm/m3 for short-term exposure 
(N=8). The highest value (4300 pg/m3) was found when 
cured polyurethane was being ground. 

Six samples from the stationary sampling showed low 
concentrations: monomer MDI <4 pg/m3 and prepolymer 
MDI varying from <4 pg/m3 during injection work to 7.0 
pg/m3 during the mixing of reagents and 3 1.0 pg/m3 when 
isocyanate resins were spilled. 

Discussion 

The results of our study indicate that injection workers 
may have an increased risk of developing respiratory 
symptoms, airflow obstruction, and bronchial hyperreac- 
tivity when compared with other tunnel workers. The 
prevalence of respiratory symptoms was higher among 
both the injection workers and the tunnel workers than 
the prevalence reported in general population studies (12, 
13), and among the injection workers it was even higher 
than reported for other work populations exposed to iso- 
cyanates (I), dust and fluorides (24), or western red ce- 
dar (25). The prevalence of abnormal methacholine hy- 
perresponsiveness was also higher among the injection 

Table 4. Prevalence of asthma, chronic obstructive lung disease 
and airflow limitation among the injection (N=19) and tunnel 
(N=104) workers. (95% CI = confidence interval) 

Diagnosis Prevalence Odds 95% CI 
ratioa 

Injection Tunnel 
workers workers 

(N) (N) 

Asthma 5 1 34.6 3.6-334.0 
Chronic obstructive lung disease 7 10 4.5 1.3-15.3 
Airflow limitation 7 4 14.5 3.1-66.9 

a Odds ratio adjusted for years in the same job and smoking status by 
logistic regression. 

workers (37%) than among the other tunnel workers 
(14%), as well as being higher than values determined 
in general population studies (12, 13) and among alumin- 
ium and western red cedar workers (24,25). 

The prevalence of asthma (26%) among the injection 
workers was high. Although the incidence varies widely 
depending on the form of diisocyanate and type of man- 
ufacture or use, it is generally accepted that approximate- 
ly 5-10% of exposed workers develop occupational 
asthma after exposure to TDI, the most widely studied 
of the diisocyanates (26, 27). Estimates as high as 15% 
have been proposed (28). In all cases, the estimates may 
be low due to selection by sensitized workers leaving the 
industry and the difficulty of diagnosing the disease. 

Exposure of injection workers to isocyanates liberat- 
ed from uncured prepolymer isocyanates and cured poly- 
urethane resins has been demonstrated at relatively high 
levels when compared with occupational exposure lim- 
its for MDI (50 pg/m3, Norway 1998). Through the struc- 
tured interview we learned that it has been common to 
burn off excess polyurethane foam. It is probably the 
work operation that has given the highest exposure. We 
found it unethical to let the injection workers repeat this 
practice in order to assess exposure. Thus the exposure 
level was probably underestimated. The exposure assess- 
ment showed, however, that the injection workers were 
exposed to relatively high levels of isocyanates when 
grinding cured polyurethane, which is still a common 
work operation. In 1 investigation among car painters it 
was found that exposure to high concentrations of air- 
borne MDI prepolymers induced asthma at the same or 
greater frequency in exposed workers when compared 
with workers exposed to isocyanate monomers (29). The 
dose and length of exposure to diisocyanates necessary 
to induce asthma are not known, but it has been suggest- 
ed that the frequency of intermittent peaks in the expo- 
sure may be more important than time-weighted averag- 
es (4). 

Agents other than isocyanates could have contribut- 
ed to the health effects. In case reports acrylic resins have 
been assumed to cause effects on the airways (10, 11). 
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The resins were, however, methyl methacrylate- and cy- 
anoacrylate-based, not methylolacrylamide, the actual 
monomer in our study. We did not find any evidence in 
the literature that exposure to methylolacrylamide caus- 
es airway disease. Therefore acrylamide was not consid- 
ered further in the exposure assessment. Finally the in- 
jection workers are exposed to inorganic gases and re- 
spirable dust (3) from blasting and diesel exhausts just 
as other tunnel workers are. Experimental human expo- 
sures to diesel exhausts show that lung inflammatory and 
other cellular effects can occur after single exposures, and 
sparse data suggest that occupational exposures might 
affect respiratory function and symptoms (30). 

Concluding remarks 

We conclude that tunnel workers, working with injec- 
tion chemicals such as isocyanate-based and acrylamide- 
based resins, have a significantly higher prevalence of 
respiratory symptoms, methacholine hyperresponsive- 
ness, asthma, and airflow limitation than other heavy 
construction workers working in tunnels. Exposure to 
decomposed MDI is relatively high when compared with 
the occupational exposure limits for TDI and MDI mon- 
omer (35 and 50 pg/m3, respectively, both being time- 
weighted averages, Norway 1998). Monomers were only 
occasionally found, but exposure assessment, for exam- 
ple, by heating, was not done. Thus exposure to decom- 
posed polyurethane seems to cause respiratory symptoms 
and disease. at least in tunnel work. 
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