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Amines: possible causative agents in the development
of bronchial hyperreactivity in workers manufacturing
polyurethanes from isocyanates
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ABSTRACT Investigations of respiratory symptoms among workers in a factory producing
polyurethane foam included measurement of air pollution with amines and isocyanates and a
simultaneous health investigation of the exposed workers. An increased bronchial reactivity to
inhaled methacholine was found in the study group compared with two unexposed control
groups. This finding, together with visual disturbances in the exposed group, were assumed to be
caused mainly by the volatile amines. The concentrations of isocyanates in air were well below
0-005 ppm. The amine concentration was 1000 to 10 000 times higher than the isocyanate
concentration. The most volatile amine, N-methylmorpholine, occurred in the air in concentra-
tions higher than 10 ppm. The results indicate that not only the isocyanates but also the amines
might well be responsible for respiratory symptoms among exposed workers in polyurethane
foam production.

During the past 20 years polyurethanes have gained
increasing industrial importance due to their excel-
lent chemical and mechanical properties. They are
made by reacting isocyanates with polyols (polyal-
cohols) in the presence of amines as catalysts and
cross linking agents.
The occupational health problems associated with

polyurethane production are mainly ascribed to the
occurrence of isocyanates in the working atmos-
phere. The ability of isocyanates to cause bronchial
hypersensitivity reactions is well known.'-10 The
underlying mechanism is not fully understood, how-
ever, and the bronchial reactivity may be due to
chemically irritant, immunological, or pharmacolog-
ical mechanisms. Isocyanate-specific IgE antibodies
have occasionally been shown in serum from sensit-
ised workers'-'9

During the past five years we have studied adverse
health effects associated with the production of
polyurethanes. Several cases of isocyanate asthma
have been diagnosed during that time, and we have
also found antibodies to isocyanates in some of the
patients when using a modified RAST (radio-
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allergosorbent test) method (L Belin and U Wass,
unpublished data).

In some factories producing polyurethanes, espe-
cially those using MDI (4, 4'-Diphenylmethane
diisocyanate), workers claimed to have respiratory
symptoms although we found only very low levels of
isocyanates (<0.0001 ppm), including phenyl
isocyanate, in the working atmosphere when using a
modem liquid chromatographic method for the
analysis.20 This suggested the presence of respiratory
tract irritants other than isocyanates in the working
environment. Polyols are considered to have only a
weak irritant effect on the airways mainly because of
their low vapour pressures which limit the exposure
by inhalation. Amines, on the other hand, are often
volatile and are known respiratory irritants.2127
Thus dimethyl ethanol amine has been reported
specifically to induce asthma and rhinitis in a spray
painter.24 Furthermore, a group of 25 workers
showed a significant decrease in lung function over a
workshift when exposed to 3-dimethylamino pro-
pylamine (3-DMAPA).25 Late asthmatic reactions
can be caused by amines such as ethylenediamine
and piperazine.2627 It was therefore natural to focus
attention not only on the isocyanates but also on
these strong basic and polar substances. To our
knowledge, no reports on respiratory effects from
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amines used in polyurethane production have been
published. One reason for this may be the limited
knowledge of the air concentrations in this type of
production, because of the lack of a good sampling
procedure and analytical methods for determining
trace amounts of amines. Recent developments in
amine analysis have altered this situation. It is now
possible to analyse free amines by gas liquid
chromatography (GLC) directly at sub ppm levels
by injecting alkalised aqueous solutions containing
the collected amines (G Audunsson and L Mathias-
son, unpublished data). Isocyanates, being hydro-
lysed to corresponding amines, can be determined
by GLC after alkalisation and extraction with
toluene giving 10 times enrichment down to a level
of about 0*5 ppb (which is 5% of the Swedish
threshold limit value) in a 25 1 air sample.27a
The factory at which this study was carried out

had a total work force of 400 individuals and pro-
duced a variety of plastic products for the car indus-
try, including polyurethane foam car seats. About
50 workers were engaged in polyurethane produc-
tion, which started in 1972. The company doctor
and his nurse had gained the clinical impression that
there was an increased incidence of respiratory
symptoms among the 50 workers engaged in the
foam seat production. A study made in 1979 showed
air levels of TDI ranging from 2 to 5 ppb in 15
minute samples and 1 to 2 ppb as an average over a
work shift (a total of 34 samples was taken). Over a
six year period, three workers had been transferred
to other jobs because of symptoms of asthma. To
reduce the risk, people with strong atopy and with a
history of respiratory dysfunction had not been
allowed to work in this part of the factory.
The purpose of this investigation was to identify

causative agents for respiratory and other symptoms
among the workers. Thus the investigation consisted
of a medical examination of the workers and simul-
taneous determination of air levels of isocyanates
and amines.

Manufacturing process

A commercial mixture of approximately 90% TDI
(monomers and trimers of 2,4- and 2,6-toluene di-
isocyanate) and 10% MDI was used and the amines
N-methylmorpholine and DABCO (1,4-diaza-
bicyclo-(2,2,2) octane) were added to a concentra-
tion of about 1% as catalysts. The reactants were
transferred from bulk storage tanks through a sys-
tem of valves and pipes to a series of two part
moulds. The moulds were automatically filled with
the reactants and moved on a conveyor.. track
through a heated tunnel. This system prevented
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direct contact with the unreacted isocyanates. Occa-
sionally, due to technical failure, the moulds may be
incompletely filled with polyols, leaving an excess of
unreacted isocyanates. The frequency of such near
accidents was about one or two incidents a month.
The foaming area was, however, equipped with
powerful extraction fans, and the workers removing
the isocyanates wore face masks for respiratory pro-
tection. The manual work was limited to three oper-
ations: (A) moulded items were taken out and sup-
porting steel wires were inserted in the empty
moulds; (B) the items were transferred to a vacuum
chamber in order to break the walls of the
polyurethane cells; and (C) excess foam was
removed from the moulded seats in an adjacent
room with the aid of pneumatic scissors. The work-
ers circulated regularly between operations.

Methods

MEDICAL EXAMINATION
Forty eight subjects who had been exposed to
isocyanates and amines answered a questionnaire
under the guidance of one interviewer (LB).
By skin prick testing, those who developed

immediate weal and flare reactions to one or more
of the common aeroallergen extracts were classified
as atopic subjects. The prick test panel included two
isocyanate-HSA conjugates (MDI,TDI) that were
also used in a RAST system to detect specific IgE
antibodies in the serum. Methacholine inhalation
challenges were performed by tidal breathing
through a face mask of an aerosol containing first 1
mg and then 10 mg of methacholine (acetyl-,8-
methylcholine chloride) generated by a Pari optimal
nebuliser. One millilitre of each test solution was
given by intermittent nebulisation over the inspira-
tion. Each step was separated by a five minute
observation period, including spirometry, and was
preceded by a placebo challenge using 1 ml of saline.
Forced expirations after maximal inspiration were
recorded with an electronic Monagan M 403
spirometer to which a Houston X-Y recorder was
connected. FEV, was directly read on a display and
MEF4o (maximum expiratory flow when 40% of
prechallenge vital capacity remained) was calculated
from the flow volume curves produced by this
instrument, assuming TLC (total lung capacity) to
be unchanged throughout the test procedure. Thirty
controls, matched for age and smoking but other-
wise randomly selected, were taken from a work-
force engaged in injection moulding of thermoset-
ting materials (plastics) in an adjacent building.
These controls (first control group) were not
exposed to either isocyanate or amines but were
occasionally exposed to fumes from heated thermo-
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setting materials. They were treated in the same
way as the polyurethane workers. To estimate the
intraindividual variations in the spirometric para-
meters and to define low bronchial reactivity to 10
mg of inhaled methacholine, a second control group
consisting of 24 healthy non-smoking subjects
associated with our laboratory were selected. This
group may reflect a "superhealthy" population
because the criteria for entering the group were: no
respiratory symptoms, no smoking, and no clinical
signs of atopy.

ANALYSIS OF THE WORKING ATMOSPHERE
Isocyanates were sampled and analysed as described
by Sango and Zimerson.20 Briefly, air was drawn
through a midget impinger filled with 10 ml of reag-
ent absorber solution at a flow rate of 1-0-1*5 /min.
The isocyanates form stable derivatives with this
reagent (9-(N-methylaminomethyl)-anthracene).
The derivatives were analysed using high perfor-
mance liquid chromatograpy (HPLC). The detec-
tion limit was about 0.1 ppb, based on a 15 1 air
sample. The collection efficiency was more than
95%.
The amines were sampled in impinger vessels

containing 0 1 N H2SO4. After alkalisation,
N-methylmorpholine and DABCO were deter-
mined by direct injection. Hydrolysed TDI was
determined after extraction of the alkalised amine
solution. The relative standard deviation in the total
analysis of triple injections of samples into the gas
chromatograph was 5% in the first place and 8% in
the analysis of TDI. The chromatographic meas-
urements were made on a Varian 3700 gas
chromatograph equipped with a Varian nitrogen
sensitive detector (TSD) and an HP 3390 A integ-
rator. This analysis is a further development of
methods previously published by US.28 29

Results

CLINICAL FINDINGS
Analysis of the relative standard deviation for the
intraindividual variation of FEV, and MEF4o in the
second control group (healthy, non-smoking indi-
viduals) showed that a decrease from baseline must
be greater than 15% and 30% (> 2 CV \/2) respec-
tively to be considered a significant ventilatory
change. No one in the second control group had a
reaction beyond these levels when challenged with 1
mg and 10 mg of methacholine. Thus individuals
having a change from baseline of less than 15% for
FEVY and 30% for MEF4o when challenged with 1
ml of a 10 mg/ml solution were classified as having a
low methacholine reactivity. This group will also
include individuals having no response to

methacholine, but for statistical reasons (intrain-
dividual variation) it was not possible to distinguish
non-responders from low responders. We chose a
25% decrease in FEV, as the lower limit for
increased reactivity. This limit corresponded to a
55% decrease in MEF4o since there was a correla-
tion between FEV, and MEF4o among the examined
workers (n = 73, r = 0-84, MEF4o = 1*7 x FEVY +
12). Increased reactivity was consequently defined
as a decrease from baseline of FEV, or MEF4o by at
least 25% or 55% respectively on challenge with 10
mg methacholine. Workers with a reactivity inter-
mediate increased and low were considered to have
a medium reactivity to methacholine. The above
definitions are visualised in fig 1.
Table 1 shows the results of the medical investiga-

tion. Mean values of FEV, expressed as predicted
normal were above 100% in all three groups.30 The
second control group had a significantly higher value
than the first control group (p < 0-05), whereas
there was no such difference between the exposed
group and the first control group. In both the
exposed group and the first control group about
40% of the workers had a greater bronchial reactiv-
ity to 10 mg methacholine than any of the individu-
als in the second control group. Everyone included
in this study participated on a voluntary basis. Four
of 48 exposed workers and one of the 30 subjects in
the first control group chose not to take part in the
methacholine challenge test. The company nurse
had the impression that these four exposed workers
had respiratory symptoms and did not want to have
these symptoms confirmed. Two of these four had a
baseline FEV, value of less than 70% of the pre-
dicted value.
The prevalence of increased methacholine reactiv-

ity was higher in the exposed group than in the
first control group (chi-square test, 0-05 < p <
0.07). Figure 2 shows the distribution of

100

inrease

MEF40 % drop from basei*e

Fig 1 Definitions ofgrades of reactivity to 10 mg
methacholine with regard to drop from baseline ofFEV,
and MEFI,
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Table 1 Results ofthe medical investigation: 44 exposed
and 53 controls participated in the methacholine
provocation test

Exposed Controls

First group Second group

Total No 48 30 24
Age (mean, range) 35 (19-66) 31 (18-62) 34 (1 "8)
Smokers 19 15 0
Atopic subjects 9 5 3
Subjective symptoms according

to questionnaire: wheezing
and shortness of breath 13 5 0

FEV,, % of predicted
(mean,SD) 109 (18) 104 (15) 114 (13)

No exposed to methacholine 44 29 24
Low methacholine reactivity 24 16 24
Medium methacholine

reactivity 12 12 0
Increased methacholine

reactivity 8 1 0
Atopic subjects with increased

methacholine reactivity 4 0 0

methacholine reactivity within the groups. In the
exposed group there were significantly more atopic
subjects among those with increased reactivity com-
pared with this group as a whole (p < 0.025).
Isocyanate-specific IgE antibodies were not found
either in serum by RAST or in the skin by prick
testing. No case of bronchial asthma was identified,
but wheezing and shortness of breath occasionally
occured in 27% of the polyurethane workers and
17% of the controls in the second group. This dif-
ference was not statistically significant.
Twenty five workers in the exposed group

reported occasional eye symptoms. As shown in fig
3, eye symptoms were significantly more common
among subjects having increased methacholine reac-
tivity than among those with low reactivity (p <
0.05). One set of symptoms appeared to be espe-
cially common: light objects seemed to have hazy
contours and were surrounded by haloes of blue
light. These symptoms were referred to as "blue
haze" and were reported by 20 workers (42%). This
particular group of workers did not, however, have
significantly more respiratory tract symptoms,
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Fig 2 Distribution ofmethacholine reactivity in group
exposed to isocyanate-amine and in two control groups.
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Fig 3 Methacholine reactivity and eye symptoms among
individuals exposed to isocyanate-amine.

according to the questionnaire, than those without
blue haze. No cases of blue haze were reported by
the two control groups.

In the group of 20 workers reporting blue haze 15
experienced the symptoms when working in area C,
two when working in area A or,B, and three could
not give definite information on this point.

WORKING ATMOSPHERE
Air was drawn through a midget impinger filled with
10 ml of 0-1 N H2SO4 absorber solution. Figure 4
shows a typical chromatogram obtained in the GLC
analysis, by direct injection, of the alkalised
absorber solution. Typical sampling parameters
were air flow 1.5 /min and sampling time 15
minutes with a sampling efficiency of more than
98%. Figure 5 shows the results from the GLC
analysis of an extracted sample containing TDI,
N-methylmorpholine, and DABCO. The extraction
efficiency for TDI was about 100% with equal vol-
umes and about 90% with an extraction volume of
1:10 of toluene to sample solution. The system in fig
4 was optimised for N-methylmorpholine and
DABCO in a fashion that made the TDI peak unob-

9.94

Fig 4 Chromatogram ofN-methylmorphine (3.13 min)
and DABCO (9.94 min). Injection ofa 0 90 piu aqueous
alkalised (pH = 10) sample containing 1000ppm NH3.
Solute concentrations were 44 ppm and 1-1 ppm
respectvely. Corresponding air concentrations were 4-8
ppm N-methylmorpholine and 0-10ppm DABCO. Packing
was 28% Pennwalt 223 + 4% KOH on Gas Chrom R
(80-100 mesh); 0g in a glass column (190 cm x 3mm id).
Column: 190°C; injector: 250°C; detector: 300°C. Detector
attenuation: 1.10-12 AFS integrator attenuation changed
from 21 after six minutes to 20.
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1 17

Fig 5 Chromatogram of 1 40 pl toluene extracted sample:
N-methyl-morpholine (1 17 min) DABCO (4.99 min),
2-6-TDA (10.39 min), and 2-4-TDA (10.96 min). Other
peaks are unidentified. Solute concentrations were 4850
ppm, 39 ppm, 1 2 ppm, and 1 2 ppm, respectively.
Corresponding air concentrations were 4.1 ppm
N-methylmorpholine, 0-04 ppm DABCO, 8 1.10- ppm
2*6-TDI and 8-7.10-4 ppm 2-4-TDI. Packing was 10%
Pennwalt 223 + 4% KOH on Gas Chrom R (80-100
mesh); 1 5 g in a glass column (100 cm x 2 mm id).
Column programmed from 90°C (2 min) to 215°C (2 min),
16°Clmin. Injector: 290°C; detector: 3000C. Detector
attenuation: 1.1 -I0 AFS integrator attenuation changed
from 27 to 21 after 3 5 minutes and to 2-5 after eight
minutes.

servable owing to the low concentration of this com-
pound. The air concentrations found are summar-
ised in table 2. A, B, and C refer to different opera-
tions in the production, as described above. The
concentration of isocyanate decreased and the con-
centration of amines increased with the distance
from the moulding. All values for TDI were well
below 0-01 ppm, which is the Swedish threshold
limit value (TLV). No detectable amounts of MDI
or phenyl isocyanate were found using HPLC. The
concentrations of N-methylmorpholine were about
10 times the TLV in force in the Soviet Union,
which is 5 mg/m3, corresponding to about 1 ppm.31
No TLV for this substance exists in Sweden or, to
our knowledge, in the United States. The TDI con-
centrations obtained with the HPLC and the GLC
methods were in close agreement, but since only a
few samples were taken simultaneously, no definite
conclusions could be drawn on this point.

Table 2 Air concentrations at different stages of the
production. The values are the average ofseveral
determinations. (Number ofdeterminations in parentheses)

Work area Air concentrations (ppb)

N-methyl- DABCO TDI TDI
mrolphone (HPLC) (GLC)

A (moulding 3 200 (1) 17172-8 (3) 2-6 (1)
B (cell crsh 7600 2 46 2 13 2 1-7 1)
C (removal of

excess foam)7 600 (4) 110 (4) 1.3 (1) <1-4 (4)

Discussion

The risk of respiratory complications in workers
handling isocyanates has increasingly concerned
industrial health specialists as there is strong evi-
dence that they possess powerful bronchotoxic and
asthmagenic properties. Criteria for TLV have been
based partly on data from epidemiological studies of
workers producing polyurethane, where transient
and long term decrements of FEV, have been
related to isocyanate levels.3236 In such worker
populations the exposure data are somewhat ques-
tionable because isocyanates are by no means the
only gaseous irritants in polyurethane foam produc-
tion that can damage the airways. Several studies
indicate that exposure to amines may induce bron-
chial asthma.2127 Their presence as respiratory
irritants in polyurethane production may have been
overshadowed by the concern about the isocyanates
in these working environments. The lack of sensitive
and specific analytical methods may have contri-
buted to this, as may the difficulty in directly iden-
tifying the delayed type of an asthmatic amine
response.26
We found combined work related symptoms from

the eyes and the respiratory tract in a considerable
number of workers exposed to the chemicals used in
polyurethane production. Isocyanates and amines
were the most likely causative agents. Although
isocyanates are known potential sensitisers, we are
inclined to believe that the amine exposure was an
important cause of the symptoms, since the concent-
rations (ppm) of the amines were up to 10 000 times
higher than those of the isocyanates, which were all
well below the Swedish threshold level. The similar
results obtained with the HPLC and GLC methods
indicate that isocyanates were probably not hydro-
lysed to amines in this working atmosphere, but this
will be investigated in future experiments. We can-
not exclude the possibility that high isocyanate con-
centrations may have occurred during near acci-
dents, but on these occasions extraordinary precau-
tions were taken to minimise exposure.

During the medical field study we searched for
signs of bronchial dysfunction by challenging the
workers with only two doses of nebulised
methacholine. This simplified procedure is faster
than the collection of dose-response data on airway
sensitivity by giving a series of challenge doses. It
was chosen so that workers need not be away from
production for too long. Although airway sensitivity
to methacholine is often studied in occupational
asthma, few population studies have been reported.
Thus it seemed appropriate to use two different con-
trol groups for comparison of the results. In the first
control group (production workers) mean of
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baseline FEV,, expressed as a percentage of pre-
dicted normal, was significantly lower than in con-
trol group 2 (laboratory staff). Several of the work-
ers in the first group decreased their FEV, more
than 15% and MEF4o more than 30% on challenge
with methacholine (10 mg). No such reaction was
seen in any of the individuals in control group 2.
Tobacco smoke, pyrolysis products, and industrial
chemicals other than isocyanates and amines may
account for the difference between our control
groups. The lack of appreciable response in any of
the individuals in control group 2 is probably also
due to the fact that this group basically consisted of
non-atopic individuals.
The study at the workplace showed that a consid-

erably higher proportion of the workers exposed to
isocyanate-amine reacted with a drop of FEV, or
MEF4o exceeding 25% and 55% respectively from
baseline on bronchial challenge with 10 mg of
methacholine than did the first control group,
matched for atopy and smoking. Comparison with
the results from the second control group shows an
even larger difference. This is a modest increase in
reactivity compared with the bronchial hyperreactiv-
ity commonly seen in established bronchial asthma
however, when pronounced reactions are often eli-
cited by 10 to 100-fold lower doses. It is more com-
parable with the change of bronchial reactivity
observed in healthy individuals after viral infections
and exposure to SO2, NO2, or ozone.37-39

It has been suggested that any noxious agent caus-
ing mucosal damage may increase bronchial reactiv-
ity as measured by lowered threshold levels to
methacholine or histamine.40 We believe that
exposure to amines may cause such mucosal damage
in workers producing polyurethane in a similar way
to dimethylethanolamine, which has been shown to
increase bronchial reactivity to histamine.24 Our
suspicions concerning amines are strengthened by
the fact that many of the workers also repeatedly
had blurred vision, with blue haze or fog and haloes
around lights. These are typical symptoms of trans-
ient oedema of the corneal epithelium and have
been related to exposure to some amines, including
N-methylmorpholine.4'4 It is possible that corneal
oedema (causing visual disturbances) and mucosal
damage resulting in increased bronchial reactivity
are common amine-induced delayed mucosal
responses. The fact that eye symptoms were particu-
larly frequent among subjects with increased
methacholine reactivity seems to support this
assumption. We believe that uncontrolled exposure
to amine represents a substantial health hazard in
workers engaged in the production of polyurethane.
We suggest that risk evaluation in the polyurethane
industry should include not only the occurrence of

isocyanates but also the amines, since the latter sub-
stances may be present in high concentrations.
Further investigations may furnish additional evi-
dence that, in some polyurethane production,
amines are the most important cause of respiratory
symptoms and occupational asthma. This work will
be continued by investigation of other groups of
exposed workers in the Swedish polyurethane indus-
try.

This study was supported by grants ASF 80/164 and
ASF 81/0714 from the Swedish Work Environment
Fund.
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