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Small airway hyperreactivity among lifelong
non-atopic non-smokers exposed to isocyanates
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ABSTRACT The development of isocyanate asthma is little understood. To gain more knowledge in
this area, a group of 20 workers occupationally exposed to isocyanates, five subjects with clinical
isocyanate asthma, and a control group of 10 people not exposed to isocyanate were examined with
lung function tests and a methacholine provocation test. Forced expiratory volume in one second
and tests aimed at detecting small airways obstruction such as volume of trapped gas, closing
volume, and wash out volume were made. To detect abnormal airway reactivity, tests were made
before and after inhalation of methacholine and of salbutamol. A significant increased reactivity to
methacholine in the exposed and asthma groups was seen compared with the control group as

measured by volume of trapped gas. The increase was reversed by inhaling salbutamol. In neither
group could a statistically significant reaction be shown in the large airways. The study group had
increased small airways reactivity of the same magnitude as the group with isocyanate asthma. The
subjects in the study group had no clinical symptoms or spirometric abnormalities. The volume of
trapped gas in combination with methacholine seems to disclose significantly altered reactivity of
the small airways in workers exposed to isocyanate with no subjective symptoms of disease.

Isocyanates even at very low levels, have a sensitising
effect on the airways' but most exposed workers have
no respiratory symptoms related to their exposure.2 It
has not been possible to establish any dose-response
relation3 but about 10% of workers exposed to tolu-
ene diisocyanate (TDI) eventually develop asthma.4

Exposure to TDI has been shown to give an annual
decline in the forced expiratory flow (FEF25 -7 and
FEF5o) that is greater than in an unexposed popu-
lation.5 Irrespective of symptoms of asthma, workers
exposed to TDI have an accelerated decline in lung
function as measured by forced expiratory volume in
one second (FEVy).6

Non-specific bronchial hyperreactivity is often
found in patients with asthma due to isocyanates.7
Bronchial hyperreactivity seems also to be a risk fac-
tor for the development of chronic obstructive lung
disease.8 Among patients with chronic obstructive
lung disease small airway changes are often found.9

Patients with asthma often have a functional im-
pairment of the small airways that is usually revers-
ible after inhaling bronchodilating drugs. To detect
provoked and rapidly reversible asthma in the small
airways, FEV, and maximum flow at 25% of vital
capacity have been found to be less sensitive than the
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volume of trapped gas (VTG). 0 Subjective symp-
toms may be absent until obstructive changes in large
airways occur, since small airway disease does not in-
crease resistance to breathing.
The purpose of the present study was to search for

small airway hyperreactivity among symptom free
workers exposed to isocyanate. The demonstration of
hyperreactivity at very low exposure is important for
the setting of hygienic limit values for isocyanates.
Our hypothesis was that isocyanates might cause
hyperreactivity in the small airways and that the
changes in reactivity could be detected before any
subjective symptoms had appeared.
The method used for measuring the VTG" has

been shown to be sensitive to abnormalities in the
small airways.12 By combining the VTG method with
methacholine inhalation we hoped to increase the sen-
sitivity for detecting abnormal reactivity in small air-
ways. To study the reversibility of obstruction in
small airways VTG was also measured before and
after inhalation of the /2 agonist salbutamol
(Ventoline, Glaxo).

Material

The study group (n = 20; 20-56 years) consisted of
men exposed to isocyanates at their workplaces in
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Malmo. They had been exposed to isocyanates in
different work procedures such as insulation of heat-
ing pipes, spray painting of vehicles, and poly-
urethane glueing. The local unions helped select the
study group. They were informed that we wished to
study workers with no respiratory symptoms. The
union safety officers supplied us with lists of workers
who had never smoked and were exposed to iso-
cyanates. The size of the study group was limited by
difficulties in finding workers who had never smoked.
Initially 24 workers were referred, four ofwhom were
not included in the final group. The reasons for exclu-
sion were in one a family history of asthma and raised
total IgE, in the second seven positive skin prick tests
to common allergens, in the third pleurisy, past lung
inflammation, and exposure to asbestos, and in the
fourth inability to participate because of allergic
symptoms.
The subjects in the study group all considered

themselves healthy and had no respiratory symptoms.
None had any history of asthma or other allergic dis-
ease or a family history of such diseases. They thus
constituted a healthy sample of workers exposed to
isocyanate.
The control group (n = 10; 24-41 years) comprised

non-smoking men with no previous lung disease or
history of asthma or allergy. They had no contact
with isocyanates or other lung irritating agents. For
the closing volume measurements, equipment failure
reduced the control group to only three subjects.
We also re-examined five subjects (aged 19-48) di-

agnosed as having asthma induced or worsened by
exposure to isocyanate. The diagnosis was made by
clinical signs of asthma and at least 20% decrease of
FEV, at methacholine inhalation. All were smokers
and had been removed from further exposure to iso-
cyanates for at least one year before the present exam-
ination and were free from symptoms of asthma at
the time of examination.
The study and control groups were comparable

with regard to age, height, and results of blood tests
such as total IgE, eosinophil leukocytes, and total leu-
kocytes.
The group with asthma had more eosinophil leuko-

cytes (mean = 190* 106/1) than the control (mean =
77* 106/1) and study (mean = 104* 106/1) groups. The
difference between the asthmatic group and the study
group was not statistically significant (0-05 < p <
0-1). The asthmatic group also had higher values of
total IgE (mean = 160 ku/1) than the study (mean =
45 ku/l) and the control (mean = 34 ku/l) groups but
the differences were not statistically significant.

Standard skin prick testing was performed in the
study group with a panel of 11 common allergens
(Soluprick, Nordiskt Allergilaboratorium, Copen-
hagen). Diluent and histamine controls were made.

Testing showed weak 2mm positive skin reaction to
diluted (1:100) home dust in one subject and positive
skin reactions to birch and common alder in another
subject in the study group. Neither had a family his-
tory of asthma or allergy, no history of atopic man-
ifestations, and both had normal total IgE (65 ku/I).
No positive skin prick test was found using albu-

min conjugated isocyanates. Nor did any of the study
group have isocyanate specific IgE antibodies tested
by radioimmunoassay test (RAST). Of 23 serum sam-
ples examined from the study and asthmatic groups,
one (from the subject group) had specific IgG anti-
bodies against methylene diisocyanate (MDI) and
TDI as shown by the enzyme linked immunosorbent
assay (ELISA) technique. No isocyanate specific IgM
antibodies were found by ELISA.

Exposure

The study group was occupationally exposed to com-
mon isocyanates such as TDI, MDI, and hexa-
methylene diisocyanate (HDI). Exposure had varied
in both intensity and duration and some subjects had
little exposure with months in between. Our hygienist
estimated the overall exposure to isocyanate to be be-
low the current Swedish occupational standards. At
most of the workplaces no measurements have been
made. Exposure measurements were done at one
workplace that insulated heating pipes, where per-
sonal samples in the breathing zone disclosed
MDI concentrations varying between 0 014 and
0-040 mg/m3 air. The current Swedish occupational
standard for MDI (five minute ceiling value) is
001 ppm or 007 mg/m3 air. During spraying pro-
cedures with isocyanates most subjects had used ac-
tive carbon filters. Exposure time for the study group
was between one and 22 years (mean 6 years).

Methods

All subjects in the study group were interviewed
about previous asthma and allergy in themselves or
their relatives. The study group was found to be
healthy by clinical examination and chest radiogra-
phy. They were all skin prick tested with common
standard allergens and albumin conjugated TDI,
MDI, and HDI.

Static and dynamic lung volumes were measured
with a Bernstein spirometer. Functional residual ca-
pacity (FRC), residual volume (RV), and total lung
capacity (TLC) were determined with the multiple
breath nitrogen method."3 Measurements of closing
volume, closing capacity,'4 and slope index'5 were
made with a single breath nitrogen washout method.
Washout volume was determined at 2% nitrogen
level in end expired air during a multiple breath nitro-
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gen washout.16
VTG was measured after washout to 2% nitrogen

in end expired air at the end of exhalation.'2 After a
deep inhalation of oxygen the patient rebreathed in a
closed lung bag system with a maximum of five
breaths, thereby mobilising nitrogen trapped in the
periphery of the lungs. Nitrogen concentration at the
end of the rebreathing period (FERN2) was then
measured. The VTG was calculated by the formula:
VTG = (TLC* FERN2 - FRC* 0 02)/0 80.
For bronchial provocation, a solution of metha-

choline was inhaled from a Pari nebuliser for two
minutes at the concentrations 0-00l%, 0-0I%, 0-1%,
and 1%. Since a 20% decrease of FEVY was not
reached, the provocation concentration for a 20% fall
of FEV, (PC2o-FEV,) was not calculated. For VTG
a clinical useful methacholine provoked increase is at
present not established.
The nebuliser was driven by compressed air

with a flow of 5 1/min giving an output of 221 mg
H20/min.Y The inhaled dose was thus in the mag-
nitude of 100mg solution, with a 44% deposition in
the periphery of the lung as measured by deposition
of 99mTc in our laboratory.

After each methacholine inhalation VTG, FEVY,
closing volume, and WOV were measured. After the
last dose of methacholine, 0 3 mg salbutamol was in-
haled from a dosimeter and the lung function tests
were repeated after 15 minutes.

Hjortsberg, Orbaik, Arborelius
STATISTICAL ANALYSIS
For comparison between groups, the measurements
were transformed to percentage of the predicted val-
ues calculated from reference equations including age
and height corrections. In the tables, however, the re-
sults are presented as uncorrected measurements.
Comparisons between groups were made using the
non-parametric Wilcoxon-Mann-Whitney test.
Spearman rank correlation was used to analyse the
dependence of the different variables on duration of
exposure.

Results

Before methacholine inhalation, VTG was equal
in the three groups. After the inhalation of
methacholine, VTG increased in both the study
and asthmatic groups (table 1), indicating increased
bronchial reactivity. After the inhalation of 0-001%
methacholine the difference between the study and
control groups was statistically significant (p < 0.05).
The difference became larger with increasing
methacholine concentrations and at inhalation of 1%
methacholine there was a large difference between the
study and control groups (p < 0 001). The increase of
VTG was reversed by inhaling salbutamol. The con-
trol group had only a slight increase in VTG after
inhaling 1% methacholine. No correlation was found
between VTG and exposure time (Spearman's r =

0-23, p = 0-31).

Table I Volume oftrapped gas (ml) before and after inhaling methacholine and salbutamol

Study group (n = 20) Asthmatic group (n = 5) Control group (n = 10)

Mean (Range) Mean (Range) Mean (Range)

Before 118 (65-166) 114 (87-141) 110 (71-159)
Concentration of methacholine:
0 001% 137* (81-280) 158 (77-338) 100 (79-127)
0 01% 134* (79-230) 175 (86-309) 100 (76-142)
0 1% 265** (91-1140) 212* (124-425) 118 (86-171)
1% 545*** (121-1115) 556** (258-981) 205 (110-368)

After salbutamol 157t (86-450) 145 (109-186) 106: (70-137)

Wilcoxon-Mann-Whitney test, p values in comparison with the control group: *p < 0-05; **p < 0-01; ***p < 0 001.
tn = 19; tn = 3.

Table 2 Wash out volume (1) before and after inhaling methacholine and salbutamol

Study group (n = 20) Asthmatic group (n = 5) Control group (n = 10)

Mean (Range) Mean (Range) Mean (Range)

Before 23-3 (14-34) 27-4 (20-37) 25 5 (18-35)
Concentration of methacholine:
0-001% 24-7 (14-35) 31-6 (21-49) 25-5 (20-34)
0 01% 24-7 (15-37) 28-2 (20-42) 26-9 (18-36)
0-1% 26-3 (16-44) 35-4 (24-61) 26-8 (18-38)
1% 46.0** (18-102) 41-2 (18-91) 28-2 (20-37)

After salbutamol 23-5 (13-37) 32-0 (24-48) 26-3 (21-36)

Wilcoxon-Mann-Whitney test, p value in comparisons with the control group: **p < 0-01.
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Small airway hyperreactivity among lifelong non-atopic non-smokers exposed to isocyanates

Table 3 Closing volume, closing capacity, and slope index before and after inhaling 1% methacholine and salbutwnol

827

Before methacholine Methacholine 1% After salbutanol

Mean (Range) Mean (Range) Mean (Range)

Closing volume (% VC):
Study group (n = 19) 166 (9-3-24-5) 18-1 (9-7-24.6) 16-5 (11-7-25-1)
Asthmatic group (n = 5) 19-8 (69-320) 20-0 (144-316) 15-9 (72-237)
Control group (n = 3) 10-3 (9-8-10-9) 9-9 (86-11-1) 10-6 (9-9-11-3)

Closing capacity (% TLC):
Study group (n = 19) 360 (22 8-464) 39-9 (28 6-510) 36-0 (26 248-7)
Asthmatic group (n = 5) 41.6* (315-53-1) 42-5* (33-0-51-3) 39 7* (34.1-50.9)
Control group (n = 3) 30-1 (25.2-35-0) 29-6 (27-1-32-2) 28-6 (245-33 3)

Slope index (% N2/l):
Study group (n = 19) 0-93 (0-60-160) 1-05 (0-60-180) 0-84 (0-401-20)
Asthmatic group (n = 5) 1.38* (0-801-80) 1t56* (080-280) 240 (0-60-80)
Control group (n = 3) 0-80 (0-80) 0-75 (0-70-080) 0-67 (040-080)

Wilcoxon-Mann-Whitney test, p value in comparisons with the control group: *p < 0-05.

Table 4 FEV1 (1) before and after inhaling methacholine and salbutamol

Study group (n = 20) Astlunatic group (n = 5) Control group (n = 10)

Mean (Range) Mean (Range) Mean (Range)

Before 4-28 (286-598) 4-14 (2745-10) 4-53 (4-00-5.48)
Concentration of methacholine:
0 001% 4-22 (2-53-5-87) 4 16 (2.82-5 10) 4-55 (3-95-5-59)
001% 4-27 (2.66-5-95) 4-13 (274-510) 457 (3.97-5.51)
0.1% 4-17 (2-58-5-78) 4-05 (2-80-4.80) 4-55 (3-89-5-65)
1% 4-06 (2-55-5.34) 3-73 (2-55-4-55) 451 (3-84-551)

After salbutamol 4.35* (2-69-603) 4-31 (2-91-5-51) 5-02t (4.55-5.48)

*n = 19; tn = 3.
Wilcoxon-Mann-Whitney test, no statistically significant difference in comparisons with the control group.

Washout volume also increased after methacholine
inhalation but was significant only after the inhala-
tion of 1% methacholine (table 2). Closing volume,
closing capacity, and slope index did not increase
significantly in the study group. In the asthmatic
group a slight increase was found after inhaling 1%
methacholine compared with the controls (table 3).
No large airway hyperreactivity as studied by FEV1
was found in any of the groups, although the asth-
matic group had a slight reaction at 1% meth-
acholine. The reaction was reversed with salbutamol
(table 4). Regression of FEV1, corrected for age and
height, on exposure time indicated a progressive low-
ering of FEV1 with an increase in exposure time. The
correlation was not statistically significant (Spear-
man's r = 0-32, p = 0-17).

Discussion

Our main finding is the demonstration of increased
VTG after the inhalation of methacholine in a group
of non-atopic symptom free lifelong non-smokers
exposed to isocyanates. The other methods used for
the study of small airways, such as washout volume,
closing volume, closing capacity, and slope index,
confirmed the small airway hyperreactivity found in
the study and asthmatic groups. Since the relative
changes before and after methacholine provocation

were larger for VTG, we conclude that this method is
more sensitive in detecting hyperreactivity in small
airways. Our results also indicate that closing volume
and VTG may not measure the same function in the
small airways. The short time reproducibility ofVTG
has an error for a single determination of 8 ml,"2 and
in our laboratory is 12 ml in subjects with asthma
(unpublished data).

Bronchial hyperreactivity was not found in the
large airways, as measured by fall of FEV1. The fall
did not exceed 20% after inhaling 1% or less meth-
acholine. This is in agreement with studies showing
lack of hyperreactivity in the large airways despite a
history of occupational asthma due to TDI. Never-
theless, hyperreactivity could be shown after the sub-
jects had been exposed to TDI by inhalation
challenge.18 Such exposure, even under controlled
conditions, certainly entails a greater risk than using
the highly sensitive VTG determination in combina-
tion with a methacholine provocation test.
The exposed workers had no history of asthma or

allergy. Subjects with raised total IgE and positive
skin prick tests to several common allergens were not
included, thus the study group is highly selected for
non-atopic subjects. We included one subject in the
study group with positive skin prick tests to two com-
mon allergens. His increase of VTG to methacholine
provocation was equal to the mean increase in the
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study group. As a sample, the exposed workers repre-
sent that part of the workforce exposed to isocyanate
with healthy lungs, but they had nevertheless devel-
oped non-specific small airway hyperreactivity. The
tendency to develop asthma is often hereditary but
lack of a family history of asthma did not hinder the
development of non-specific hyperreactivity.
The control group was considered to be a represen-

tative of a non-smoking non-allergic population but
since the subjects were not skin prick tested, some

with positive skin prick tests to common allergens
might have been included.
The same degree of hyperreactivity in the small air-

ways was present in both the symptom free non-
smoking isocyanate group and the group with
previous isocyanate induced asthma. Our findings
indicate that isocyanates, even at low exposures, must
be considered a health hazard. Since we have con-

trolled for smoking and allergy, we suggest that the
observed difference in small airways reactivity is
caused by exposure to isocyanates.

Three of the excluded subjects were tested with
methacholine and all showed a pronounced increase
in VTG. One of these symptom free subjects, who had
a negative skin prick test but a raised total IgE
(120 ku/1) and a mother with asthma, continued to be
exposed to isocyanates and two years later developed
clinical asthma. This indicates that increased VTG
after methacholine provocation might be a predictor
for the development of asthma.

This cross sectional study cannot predict that
abnormal reactivity in the small airways in the study
group may proceed to manifest obstructive lung dis-
ease. A prospective study among subjects exposed to
isocyanate is necessary to determine whether such a
risk exists. Nevertheless, the exposed workers, despite
a lack of disease, had the same degree of hyper-
reactivity as the group with previously manifest iso-
cyanate asthma.
Workers at risk from obstructive lung disease

might be detected at a preclinical stage with a provo-
cation test using methacholine and the subsequent
determination of VTG. Understanding the early
development of asthma is important, and more stud-
ies should be directed to diseases of small airways. It
might be possible to prevent progression to clinical
asthma or chronic obstructive lung disease.
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