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Background: Diisocyanates, a group of highly reactive chemicals, have frequently been associated
with occupational asthma. We evaluated respiratory health in workers at a new wood products
manufacturing plant that uses methylene diphenyl diisocyanate (MDI), and was designed and
operated with a goal of minimizing worker exposures.
Methods: Health surveys using standardized respiratory questionnaires were done prior to the
initial use of diisocyanates in the plant, and semiannually thereafter for a period of 2 years. Other
testing included occupational and work practice histories, serial peak flow measurements,
spirometry, methacholine challenge, and measurement of specific IgE antibodies to MDI-
albumin conjugate.
Results: Of 214 plant employees who participated in at least one health survey, a follow-up survey
was also available from 178 employees (83%). New-onset asthma-like symptoms (NAS) were
reported by 15 of 56 workers (27%) in areas with the highest potential for exposures to liquid
MDI monomer and prepolymer, vs 0 of 43 workers in the lowest potential exposure areas
(p 5 0.001). In the areas with high potential exposure, NAS developed in 47% of workers who had
noted MDI skin staining, vs 19% without skin stains (p 5 0.07). Working around and cleaning up
liquid MDI represented a significant risk for asthma-like symptoms in both current smokers and
nonsmokers; work with finished wood products did not. Asthma-like symptoms were associated
with variable airflow limitation (odds ratio [OR], 5.0; confidence interval [CI], 1.4 to 18.7) and
specific IgE to MDI-albumin (OR, 3.2; CI, 1.1 to 9.0), but not with skin prick tests to common
aeroallergens (OR, 1.1; CI, 0.5 to 2.7).
Conclusions: During the first 2 years of operation, in a plant designed and operated to control
exposure to diisocyanates, the development of asthma-like symptoms was reported in a relatively
high proportion of the employees who worked with liquid MDI. To prevent asthma symptoms
among workers, careful control of respiratory tract exposures associated with liquid MDI is
important, especially during cleanup activities. Strict limitation of skin contact with diisocyanates
may also be necessary. (CHEST 2000; 118:1183–1193)
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Background

O ccupational asthma has become the most com-
monly reported occupational respiratory dis-

ease.1,2 Diisocyanates, a group of highly reactive

chemicals, have been frequently associated with the
new onset of asthma in relation to work exposures,
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although for industrial settings in which exposures to
these chemicals are well controlled, a low prevalence
of symptoms has been reported.3–12 Recently, an
opportunity was provided to prospectively study the
workforce at a newly constructed manufacturing
plant in which composite wood products are made
utilizing a mixture of methylene diphenyl diisocya-
nate (MDI) monomer and oligomers as a wood
binder. The management designed the plant to
minimize worker exposure, including engineering
controls and a comprehensive personal protection
program, as they were aware that diisocyanate-
induced asthma had been reported from other wood-
processing facilities.13 Respiratory protection in-
cluded positive pressure air-supplied hoods in the
areas of greatest concern, and air-purifying negative
pressure respirators in other areas. A medical screen-
ing program was established among plant employees
in order to serially evaluate respiratory health, and
assess potential risk factors as part of health surveil-
lance. We surveyed the plant workforce shortly
before the initial delivery of diisocyanates to the
plant, and semiannually for a period of 2 years
thereafter. This article describes the prevalence of
asthma-like symptoms and their association with
potential MDI exposures in specific work areas, work
practices, and job activities in this plant.

Process Description

The plant produces a laminated wood product.
Briefly, logs, primarily yellow poplar, are brought to
the plant by individual contractors, and are stored for
subsequent processing in the wood yard. The logs
are debarked and placed into stranding machines.
The stranding machines produce thin strands of
wood about 12 inches long. The strands pass through
a dryer to reduce moisture content and are then
placed into a blender, where they are coated with a
liquid diisocyanate resin (monomer and prepoly-
mers) and a wax. The strands are then aligned and
compacted, using heat and pressure, into a laminated
wood billet. The billets are cooled, trimmed, sanded,
and cut into lengths and sizes appropriate for specific
products. The final product is then packaged and
shipped out of the plant by truck.

Materials and Methods

The study protocol was reviewed and approved by the National
Institute for Occupational Safety and Health (NIOSH) Institu-
tional Review Board, and all participants gave written informed
consent.

Questionnaires

In 1995, prior to the initiation of production in the plant, a
trained NIOSH survey team traveled to the plant and performed

the first health survey of all workers who had been hired at that
point. The survey included administration of a respiratory health
questionnaire comprised of elements from previous standard
instruments (British Medical Research Council, 1976).14,15 Initial
production at the plant began several months later, and follow-up
health surveys were performed every 6 months for 2 years.
Workers who were newly recruited during the follow-up period
were also asked to complete the initial questionnaire, at the first
survey following their hiring. After production began, participat-
ing workers were asked to complete an occupational history,
documenting the specific job activities performed and any occu-
pational exposures to wood and diisocyanates, as well as other
potential hazards in the plant. During the recording of occupa-
tional histories, the interviewers had noted that several employ-
ees had stains from the liquid MDI resin on their clothing and
skin. To follow up on this observation, during the two health
surveys performed in 1996, workers were asked to also complete
a short questionnaire about certain job activities and work
practices. Each worker was asked about the cleanup of accidental
spills of MDI, and whether he or she had noticed MDI stains on
his or her clothing and/or skin. Individuals were queried about
whether they participated in cleaning of the blender, where MDI
is applied to the wood strands. Finally, the use of respiratory
protection was assessed. Workers were asked if they used the
required respiratory protection when potentially exposed to
MDI, and whether they briefly removed the respirator (eg, to talk
or cough) at any time while in a potential exposure area.

Physiologic and Immunologic Assessments

Spirometric testing and 8-day serial peak flow logs were
requested at each biannual survey, while methacholine inhalation
and bronchodilator testing were performed only at the initial and
final surveys. Skin prick testing for 18 common aeroallergens was
done only on the initial survey. Serum for total and MDI-
albumin-specific IgE was collected on a yearly basis. Radioaller-
gosorbent testing (RAST) scores in the top quartile were consid-
ered positive. Cross-shift, cross-week, and overall changes in
FEV1 . 10%, and peak flow variability . 20% were considered
evidence of variable airflow limitation. Cross-shift change 5
100 3 (pre-shift FEV1 2 post-shift FEV1)/(predicted FEV1).
Cross-week change 5 100 3 (beginning-of-week FEV1 2 end-
of-week FEV1)/(predicted FEV1). Overall change (spirometry
variation across all surveys, with predicted value calculated based
upon age at the initial survey) 5 100 3 (largest FEV1 2 smallest
FEV1)/(predicted FEV1). Peak flow variation 5 (weekly maxi-
mum 2 weekly minimum)/(weekly mean). Bronchial hyperre-
sponsiveness was determined by a $ 15% drop from baseline
FEV1 after inhalation of # 25 mg/mL methacholine aerosol, or a
. 10% increase in FEV1 after inhaled bronchodilator. (See
Appendix for detailed methods.)

Exposure Classification

Based on the information reported in the occupational histo-
ries, exposure indexes were assigned to individuals and to work
areas. The first index of exposure was derived from each individ-
ual’s report of his involvement with either diisocyanates or
diisocyanate-containing products. Workers reported their job
exposures as follows: (1) never enter areas with diisocyanate or
diisocyanate-containing products; (2) enter areas with diisocya-
nates or diisocyanate-containing products but never worked
directly with them; or (3) work directly with diisocyanates or
diisocyanate-containing products. The latter included the com-
posite MDI/wood products, which after cooling were thought to
release little free diisocyanate.
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Since exposure to the liquid MDI resin was a particular
concern, a second index of exposure was derived. Workers were
asked to report any occupational contact with liquid diisocyanate,
either during the manufacturing process or through cleanup
activities or spills. Based on the responses from all the workers
assigned to a given work area, work areas were assigned a level of
potential exposure to liquid MDI resin: low, , 20% of workers
report exposure; intermediate, 20 to 50% report exposure; and
high, . 50% of workers report liquid MDI resin exposures.
Workers in job activities that required them to travel throughout
the plant (eg, maintenance) were assigned to the high exposure
category, unless they reported never working directly with diiso-
cyanate-containing products, in which case they were assigned to
the intermediate exposure category. Finally, the prior work
histories of all participants were assessed for previous jobs with
exposure to diisocyanate or other potential asthma-causing sub-
stances.

Case Definitions

Cases of asthma-like symptoms were defined based on the
questionnaire responses. A case was defined as the presence of
the following: (1) current or previous asthma (either self-reported
or doctor diagnosed); or (2) current use of an inhaled broncho-
dilator medication; or (3) current asthma attacks, characterized
by shortness of breath and wheezing, with normal breathing
between attacks. Asthma-like symptoms were classified as fol-
lows: (1) initial asthma-like symptoms (IAS), in workers who met
the case definition on the initial questionnaire; (2) follow-up
asthma-like symptoms (FAS), in workers who met the case
definition at any follow-up examination; and new-onset asthma-
like symptoms (NAS), in workers who met the case definition for
FAS but not for IAS.

Analysis

The prevalence of cases was evaluated in relation to each
employee’s report of work with MDI or MDI-containing prod-
ucts, potential exposure to liquid MDI resin, and specific job
activities and work practices. (see “Materials and Methods”).
Results of the physiologic and immunologic tests among individ-
uals who met the FAS case definition were compared to results

among those who did not meet this definition. A logistic regres-
sion model was used to investigate the combined effects of
smoking and potential exposure to liquid MDI. All statistical
analyses were accomplished with personal computer software
(SAS version 6.12; SAS Institute; Cary, NC) using x2 analysis and
Student’s t test.

Results

Study Participants

During the entire 2-year study period, a total of
276 individuals were employed, at least briefly, in the
plant. Over the study period, a total of 214 employ-
ees completed the initial questionnaire, with 108
enrolling in the study prior to the first delivery of
MDI to the plant. Of the 214 participants, 178 also
participated in at least one follow-up survey. Of
these 178 workers, a complete occupational history
was available for 144, of whom over half (77 of 144)
had completed the initial health survey prior to the
first delivery of MDI to the plant and also reported
no previous MDI exposures. The remaining 67 of
144 workers either had entered the study some time
after MDI was already in use at the current plant, or
indicated a previous job with MDI exposure. For
these 67 workers, there was a possibility that IAS
were related to current or previous job exposures to
MDI. The questionnaire on work activities and
practices was completed by 108 of 144 plant workers.

Table 1 shows the demographics of the workers
who participated in the health surveys. The group of
workers who did not return for follow-up were not
markedly different from the group that did return, in
relation to age, gender, height, weight, education,
and smoking patterns.

Overall, among the 178 participating workers, 32

Table 1—Demographics and Smoking Among Wood Product Plant Workers by Level of Participation*

Variables

Initial and Follow-up
Questionnaire,

N 5 178
Only Initial Questionnaire,

N 5 36

Initial, Follow-up, and
Occupational Questionnaire,

N 5 144

Male, n 5 155 Female, n 5 23 Male, n 5 33 Female, n 5 3 Male, n 5 125 Female, n 5 19

Initial age, yr 31.1 6 8.5 31.8 6 7.3 32.4 6 8.7 33.1 6 12.6 31.0 6 8.5 32.6 6 7.5
Height, inches 68.4 6 12.1 64.1 6 2.2 69.9 6 2.8 65.0 6 1.0 69.0 6 10.6 64.2 6 2.2
Weight, lb 196 6 32.1 141 6 31.0 194 6 35.3 135 6 25.3 196 6 33.0 147 6 30.9
Grade, yr 13.5 6 1.8 13.8 6 1.7 13.7 6 2.0 12.3 6 0.6 13.6 6 1.8 13.7 6 1.8
Smoking status: initial

Current 44 (24.7) 6 (16.7) 35 (24.3)
Ex-smoker 22 (12.4) 5 (13.9) 18 (12.5)
Never smoker 112 (62.9) 25 (69.4) 91 (63.2)
Pack-yrs† 12.0 6 13.6 18.9 6 11.4 11.3 6 9.9

Smoking status: last follow-up
Current 41 (23.0) N/A 32 (22.2)
Pack-yrs† 15.8 6 16.2 N/A 15.4 6 11.3

*Data are presented as mean 6 SD or No. (%). N/A 5 not available.
†Current and ex-smokers only.
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workers (20%) met the FAS case definition, while 22
workers (12%) met the NAS case definition. In the
NAS group, the duration of work prior to symptom
onset ranged from 3 to 22 months (mean, 11
months). Table 2 shows the distribution of specific
criteria for determining the cases of asthma-like
symptoms among these 178 plant workers. For most
of the NAS cases (17 of 22), the presence of attacks
of wheezing was the sole defining criterion. Of the 20
workers who met the criteria for IAS, 15 workers
reported no work with diisocyanates prior to the

onset of respiratory symptoms, 2 workers meeting
the IAS case definition had some potential work
exposure to MDI prior to symptom onset, and for 3
workers, the timing of symptom onset in relation to
potential exposure was indeterminate.

Exposure Classifications and Case Prevalence

The prevalence of NAS and FAS cases showed
clear relationships with individual reported exposure
(Fig 1, top, A). Case distribution was also assessed by

Figure 1. Asthma-like symptom case prevalence by individual MDI involvement (top, A) or work area
potential MDI exposure (bottom, B; n 5 144). * 5 p , 0.05; ** 5 p , 0.01; *** 5 p , 0.001.

Table 2—Criteria Met for Asthma-Like Symptoms by Case Definitions in Wood Product Plant Workers (N 5 178)

Case
Definition No.

Criteria

Doctor Diagnosis, % (No.) Self-diagnosis, % (No.) Asthma Attacks, % (No.) Asthma Medication, % (No.)

IAS 20 50 (10) 65 (13) 65 (13) 20 (4)
FAS 32 16 (5) 34 (11) 91 (29) 16 (5)
NAS 22 5 (1) 23 (5) 95 (21) 5 (1)
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work areas, based on the potential exposures to
liquid diisocyanates in the group of workers assigned
to the area (Table 3). The prevalence of both new
and follow-up cases increased progressively in work
areas categorized as low, intermediate, or high po-
tential exposure to liquid diisocyanate (Fig 1, bottom,
B). The prevalence of FAS reached 39% among
workers in areas with the highest exposure potential
to liquid MDI, while NAS was documented in 27%
of workers from these areas, vs 0% in the lowest
exposure areas (p , 0.001). The distribution of IAS
showed no clear relationship to either individual or
work-area exposures.

Job activities and work practices were evaluated.
Workers who reported cleaning the MDI blender at
least once had a higher prevalence of NAS and FAS,
when compared to those who never performed that
activity (NAS, 28% vs 10% [p , 0.03]; FAS, 38% vs
15% [p , 0.01]). Among those employees who re-
ported they had either worked directly with liquid
MDI, or had been involved in the cleanup of this
material, over one third were found to be cases on
follow-up, vs only 12% of those who did not report
these activities (p 5 0.001). In contrast, individuals
who reported sawing or otherwise working with the
MDI-laminated wood product did not appear to be
at an increased risk (Fig 2, top, A). The 32 employees
who reported being current smokers at their last
follow-up survey were also analyzed separately from
the 112 nonsmokers. Both groups showed a signifi-
cant relationship between work with potential expo-
sure to liquid MDI and FAS, although the propor-
tion of exposed workers with symptoms was higher
among current smokers (Fig 2, bottom, B). To
further investigate the combined effects of current
smoking and potential exposure to liquid MDI, a
logistic modeling procedure was used (Table 4). In
this model, individual reports of work involving
exposure to liquid MDI were significantly associated
with FAS, while current smoking was not. A term for

the interaction between exposure and current smok-
ing also remained in the model, suggesting an in-
creased risk of symptoms among exposed workers
who also smoked.

FAS and NAS were significantly more prevalent
among workers who indicated that they had briefly
removed respiratory protection, than among individ-
uals who reported never doing this (Fig 3). Interest-
ingly, among workers who subsequently indicated
briefly removing their respirators at work, 18% had
met the IAS case definition; in contrast, of the
individuals who reported they never removed their
respirators, none had started out with asthma symp-
toms (p 5 0.05).

The prevalence of both NAS and FAS were also
significantly greater in the group of workers who
reported observing an MDI stain on their skin at
least once, compared to those who had never ob-
served such a stain. A similar although somewhat less
pronounced increase in NAS and FAS was seen in
association with reports of MDI clothing stains (Fig 4).

Physiologic and Immunologic Tests and Case
Prevalence

Among the 178 study participants who had com-
pleted at least one follow-up questionnaire, results
were available for spirometry (n 5 160), peak flow
(n 5 130), methacholine testing (n 5 103), blood
tests (n 5 100), and skin tests (n 5 138). To assess
the validity of the case definitions based on the
questionnaire responses, comparisons were made to
the results of physiologic and immunologic testing.
The results of all tests available at each survey were
evaluated in relation to case status. The available
physiologic data tended to confirm the validity of the
questionnaire-based case definitions used in this
study. Workers with FAS showed more physiologic
evidence of bronchial responsiveness, variable air-
flow limitation, and specific immunologic sensitiza-

Table 3—Case Prevalence, Self-Reported Contact With MDI, and Potential MDI Exposure, by Work Area in a Wood
Product Plant (N 5 144)*

Work Area Workers, No.
Work With Liquid

MDI, % (No.)
Clean Up MDI
Spills, % (No.)

Exposure
Potential

FAS
Cases, %

(No.)

NAS
Cases, %

(No.)

Office 24 17 (4) 13 (3) Low 8 (2) 0
Outside 19 5 (1) 16 (3) Low 0 0
Products 30 10 (3) 27 (8) Int 13 (4) 13 (4)
Green wood 9 33 (3) 67 (6) High 22 (2) 11 (1)
Dryer 21 24 (5) 52 (11) High 38 (8) 29 (6)
Blender/press 12 92 (11) 92 (11) High 42 (5) 33 (4)
Entire plant 29 55 (16) 55 (16) High/int 28 (8) 17 (5)
Total 144 30 (43) 40 (58) All 20 (29) 14 (20)

*int 5 intermediate.
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tion than those without FAS (Table 5). Among those
with initial and follow-up questionnaires and sero-
logic results, 4 of 12 workers with NAS (33%) had
MDI-albumin-specific IgE, vs 20 of 88 workers
(22.7%) without NAS (p 5 0.47).

The prevalence of cases was also evaluated in

relation to the workers’ skin test responses to com-
mon aeroallergens. Overall, among the 138 individ-
uals with valid test results, 53% showed a reaction
(. 5-mm mean wheal diameter) to one or more of

Figure 3. Asthma-like symptom case prevalence by self-
reported brief removal of protective respirator (n 5 108). * 5
p , 0.05; ** 5 p , 0.01; *** 5 p , 0.001.

Table 4—Logistic Model of FAS in Wood Product
Plant Workers

Variables Parameter p Value OR CI

Intercept 21.7765 0.0001
Smoking* 21.2680 0.2378 0.28 0.03–2.3
MDI† 0.9555 0.0498 2.6 1.0–6.8
Smoking MDI‡ 2.4945 0.0558 12.1 0.94–156

*Smoking 5 current cigarette smoker at last follow-up.
†MDI 5 individual report of work with liquid MDI, in process or
during cleanup.

‡Smoking MDI 5 interaction between current smoking and liquid
MDI exposure.

Figure 2. Asthma-like symptom case prevalence by work with liquid MDI or laminated wood products
(top, A; n 5 144), and by work with liquid MDI for nonsmokers (n 5 112) and smokers (n 5 32;
bottom, B). * 5 p , 0.05; ** 5 p , 0.01; Y 5 yes; N 5 no.
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the skin test antigens, including 56% of the FAS
cases and 52% of the non-FAS cases (odds ratio
[OR], 1.1; confidence interval [CI], 0.5 to 2.7). When
atopy was defined as showing two or more positive
skin responses, 41% of both FAS cases and non-FAS
cases were atopic (OR, 1.0; CI, 0.4 to 2.4). Among

workers who had both serologic results and work-
practice information, the occurrence of specific IgE
to MDI-human serum antigen (HSA) was also as-
sessed in relation to the skin or clothing stains. No
significant association was noted between a report of
skin or clothing MDI exposure and a positive result
on RAST for MDI-HSA.

Discussion

Respiratory disease among workers exposed to the
group of commercially useful diisocyanate com-
pounds has been recognized since the 1950s, and
exposure limits have been established in the United
States and other countries for both ceiling values and
time-weighted average exposures.16 However, recent
reports continue to implicate diisocyanates, includ-
ing MDI, as one of the most frequent causes of
new-onset occupational asthma.3–6 We assessed re-
spiratory health among workers during the first 2

Table 5—Physiologic and Immunologic Test Results
Among Wood Product Plant Workers With FAS*

Abnormality FAS Not FAS p Value†

DFEV1 . 10% (single survey) 5/30 (16.7) 5/131 (3.8) 0.009
DFEV1 . 10% (2 yr) 10/30 (33) 26/140 (19) 0.073
Methacholine responsiveness 10/20 (50) 25/84 (30) 0.085
Serial peak flow 8/23 (35) 23/107 (21) 0.175
Specific IgE to MDI-albumin 9/21 (43) 15/79 (19) 0.023
Atopy by skin prick tests 15/27 (56) 58/111 (52) 0.926

*Data presented as No./total cases (%).
†p value by x2 for comparison of prevalence of abnormality among
FAS vs not FAS.

Figure 4. Asthma-like symptom case prevalence by skin or clothing MDI stains in all workers (top, A;
n 5 108) and high exposure group (bottom, B; n 5 41). * 5 p 5 0.07; ** 5 p , 0.01; *** 5 p , 0.001.
See Fig 2 legend for abbreviations.
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years of operation of a wood products plant that used
MDI. The plant had been designed with special
consideration to the health risks of workers. Engi-
neering exposure controls included physical isolation
and negative pressure ventilation of areas with po-
tential MDI exposure, local exhaust ventilation of
saws, and a device that allowed cooling of the billets
before handling. In addition, plant management had
established and supported a comprehensive personal
protection program, including protective clothing
and air-supplied respirators in high potential expo-
sure areas. In spite of these efforts, NAS during the
2-year study was documented in one third of the
individuals working in the MDI blending and press
area, while new symptoms were also reported by 10
to 30% of those working in adjacent areas. Physio-
logic and immunologic testing tended to confirm the
validity of the asthma-like symptoms reported on
standardized questionnaires. However, case defini-
tions based on questionnaires are generally found to
have high sensitivity but low specificity. Asthma-like
symptoms reported during workplace medical sur-
veys or health screening are not synonymous with
occupational asthma, and require clinical confirma-
tion. Thus, although the true prevalence cannot be
determined from the results of this study, it is very
unlikely that all participants with respiratory symp-
toms have occupational asthma. Additionally, in the
absence of the results of specific challenge tests
among the symptomatic workers, the prevalence of
respiratory tract sensitization to MDI in this study
cannot be determined.

It is well established that inhalation of sufficient
concentrations of diisocyanates can cause asthma,
with the prevalence of asthma symptoms increasing
with estimates of workplace exposure.17,18 Although
no environmental diisocyanate sampling is available
to us from the 2-year study period, an Occupational
Safety and Health Administration (OSHA) inspec-
tion was performed in November, 1997, about 7
months after the last health survey. Six personal
breathing zone samplers were worn by employees in
the plant, and were analyzed for MDI using the
OSHA method 47. Two “bulk” samples and one wipe
sample of dust from a worker’s glove were also taken.
None of the air samples had detectable levels of
diisocyanate, but one glove wipe sample did show a
measurable quantity of MDI (0.078 mg in the sam-
ple). If the available OSHA measurements were
representative of plant exposures, then they do not
explain the high proportion of asthma-like symptoms
in these workers. However, several of the study
findings may help to shed light on the risks observed.
The onset of asthma has previously been associated
with brief elevated exposures to diisocyanates, such
as process upsets or material spills.3 In the current

study, a number of participants reported working
with or cleaning spills of liquid MDI. Consistent with
the previous anecdotal reports, the development of
asthma symptoms was highly associated with these
activities. Additionally, due to its low vapor pressure
at room temperature, exposure risk from MDI is
thought to increase with application of heat. In the
study plant, the development of symptoms was re-
ported by workers in a number of plant areas, but
was somewhat more common among employees who
worked near the heated billet press. However, it was
not possible to firmly implicate heat as a risk factor,
since this was also the area of greatest potential
employee exposure to MDI.

Overall, the study findings are consistent with
many previous reports indicating that respiratory
symptoms can result from workplace MDI expo-
sures. However, in part, study workers with individ-
ual concerns about the potential workplace hazards
might simply have been more likely to report respi-
ratory tract symptoms. Conceivably, some of the
respiratory symptoms reported by these workers
could have been related to the knowledge gained
during hazard training, and the subsequent in-
creased awareness of the potential exposures. How-
ever, if this had been an important effect in this
study, then the strongest associations would have
been expected between symptoms and the individual
worker’s report of their personal MDI involvement
at work. In fact, the development of symptoms was
observed to be more closely associated with grouped
exposure categories, work locations, and job activi-
ties, compared to individual self-reported exposures
(Fig 1, 2). Thus, the pattern of the respiratory
symptoms reported by workers in this study is more
suggestive of an effect of actual job exposures, rather
than individual worker perceptions and concerns.

The skin is recognized as an antigen-presenting
organ, and previous animal studies have suggested
that skin exposure to isocyanates can lead to the
development of respiratory sensitization.19 In our
study, clothing and skin staining with MDI were
both highly associated with asthma-like symptoms,
the strength of the association being somewhat
greater for skin than for clothing stains. Among the
wood product workers who reported MDI skin
stains, 11 of 21 workers (52%) reported asthma-like
symptoms at follow-up, suggesting a possible role for
skin exposures in the development of asthma symp-
toms. Alternatively, the symptoms associated with
the skin staining could have been due to higher
inhalational exposures associated with the stains.
However, a strong association persisted even after
stratification for potential exposure to liquid MDI.
Both skin and clothing stains should indicate similar
respiratory exposure. That asthma symptoms were
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slightly more associated with skin stains than clothing
stains suggests that the skin contact may be a
potential site for sensitization.

We also observed a significant association between
asthma-like symptoms and brief removal of respira-
tory protection. Even brief periods of respirator
removal might permit a transient high exposure,
sufficient to initiate sensitization and subsequent
development of symptomatic asthma. An alternative
explanation is suggested by the finding that many
workers with asthma-like symptoms on their initial
survey also subsequently reported that they briefly
removed the respirator, perhaps due to the occur-
rence of cough or other asthma-related respiratory
symptoms. Thus, although brief removal of the
respirators was found to be associated with asthma-
like symptoms, the results of this study cannot
determine if either or both of these explanations are
correct.

Of interest, work in several areas of the plant,
including the handling and sawing of the composite
MDI-wood products, was not associated with in-
creased risk. The apparent absence of risk in these
activities may be related to the installation of engi-
neering controls directed at these exposures (includ-
ing a billet cooler and local exhaust ventilation), as
well as appreciable use of respiratory protection in
this area.

The study was unique for two reasons: (1) the
facility had been designed with considerable atten-
tion to worker health concerns, and should have
represented a “best case” situation; and (2) many
workers completed an initial health survey prior to
the delivery of MDI to the plant and were followed
for up to 2 years. The concurrent testing that was
completed was helpful in validating the case defini-
tion with respect to evidence for variable airflow
limitation, methacholine responsiveness, and immu-
nologic sensitization to MDI-albumin conjugate.20–23

Unfortunately, for a number of reasons, full partici-
pation in the confirmatory physiologic and immuno-
logic testing was not obtained, and specific inhalation
challenge testing was not available. An additional
limitation of the study was the lack of systematic
environmental measurements from the study period,
so that a direct comparison of health outcomes and
contemporaneous measured exposures is not possible.

Conclusion

Asthma-like symptoms developed in a relatively
high proportion of workers during the first 2 years of
production at a composite wood products manufac-
turing plant utilizing MDI. Certain job activities,
including the cleanup of MDI spills and cleaning the

MDI blender, were associated with asthma-like
symptoms, highlighting the critical importance of
controlling exposures during those activities. Skin
staining with MDI was also associated with NAS,
suggesting that the skin may be a potential site for
immunologic sensitization, with subsequent risk for
development of respiratory symptoms. In contrast,
work with composite MDI-wood products was not
associated with increased risk, at least in part due to
the engineering controls directed at these exposures,
as well as a comprehensive respiratory protection
policy. Medical screening of exposed workers may
result in early detection of asthma cases, and fewer
symptoms after removal; however, primary preven-
tion measures for diisocyanate-related asthma re-
main priorities.24,25 Users of diisocyanates should
consider the results of this study when designing
strategies for the prevention of work-related asthma.
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Appendix

Spirometry, Methacholine, and Bronchodilator
Tests

Spirometry was performed using a dry rolling seal spirometer
interfaced with a dedicated microprocessor.26 Equipment and
procedures met or exceeded those recommended by the Amer-
ican Thoracic Society for the performance of diagnostic spirom-
etry.27 A minimum of five acceptable blows were recorded at
each session. Spirometry was performed on a single occasion
during the initial health survey, and up to three times during
subsequent surveys (preshift and postshift the first workday, and
postshift the last workday of the work week). The largest values
of FEV1 and FVC at each session were selected, and compared
to reference values.28 During the first and last workplace surveys,
participants with spirometry results above the lower limit of
normal were requested to complete methacholine inhalation
challenge testing, based on a protocol modified from Chatham et
al29 and O’Connor et al.30 For individuals with abnormal results,
spirometry was repeated at least 10 min after three inhalations of
90-mg metered doses of albuterol. Methacholine responsiveness
was determined by a . 15% drop from baseline FEV1 after
inhalation of , 25 mg/mL methacholine aerosol, or a . 10%
increase in FEV1 after inhaled bronchodilator.

Serial Peak Flow Recordings

At each follow-up survey, workers were given mini-Wright
peak flowmeters and log sheets. They were asked to record three
peak flows every 2 h, while awake, for 8 consecutive days. Log
sheets had 12 suggested recording times for each study day,
starting at 2:00 am. Many workers were required to use respira-
tory protection while at work, and it was thus not possible for
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them to perform peak flow efforts during their work shift. All
peak flow logs were screened for apparent validity, and record-
ings that did not appear to be valid were eliminated from the
analysis. The largest of the three values at each recording time
was used in all calculations. Maximum and minimum peak flows
were determined for each day and for the study week. Peak flow
variation was calculated as the difference between the weekly
maximum and minimum readings divided by the period mean. To
account for a learning effect, data from the first day were omitted
from the calculation of variation. For each apparently valid 8-day
peak flow recording, variable airflow limitation was considered
present if the peak flow variation was . 20%.31,32

Skin Prick Testing

Tests were performed on the volar surface of the lower arms.
The skin was cleansed with isopropyl alcohol and allowed to dry.
Sites for testing were marked at least 1 inch apart. Histamine and
glycerol were used for positive and negative controls, respec-
tively, while 18 common aeroallergens (Greer Laboratories;
Lenoir, NC) were used for testing. Each material to be tested was
applied from a plastic well using a disposable sterile device
(DermaPic System; Greer Laboratories). The device has an
indentation that holds a drop of the liquid being applied,
surrounded by multiple points. As the device was rotated a
one-quarter turn, and light pressure applied, the skin was
scratched and the liquid contacted the scratch. The site was
gently blotted with gauze approximately 1 min later. After 15 min
and 30 min, the greatest and the smallest diameters of each wheal
were recorded. For each allergen, if the average of the two
diameters was . 5 mm, the test was considered positive. An
individual participant’s results were excluded if (1) there was no
reaction to histamine; or (2) there was a positive reaction (. 5
mm) to the negative control.

Serologic Studies

A protein-isocyanate conjugate was prepared by reacting HSA,
2 mg/mL, suspended in phosphate buffered saline solution (pH,
7.4) at 40°C with MDI aerosol for 4 h. The MDI aerosol was
generated by heating 5 g of MDI to 125°C in an impinger that
was flushed with dry nitrogen, and the nitrogen bubbled through
the protein solution at constant flow rate of 2 L/min. The
resulting conjugate was found to contain approximately 1.5 mol of
isocyanate per mol protein based on the analysis of free amines
before and after conjugation. Extracts were prepared from three
wood samples taken from the plant. The first was made from the
raw wood strands after they had been dried, the second from
wood strands coated with the MDI prepolymer, and the third
from the finished wood product produced by the plant. The
samples were ground into fine particulates, suspended in 0.05
mol/L ammonium carbonate as a 10% (weight per volume)
suspension, and gently mixed overnight at 4°C. The particulates
were removed by centrifugation, and the extracts were dried by
lyophilization. The resulting residue was redissolved in a carbon-
ate buffer (pH, 9.6) and dialyzed against the same buffer. The
total protein content of the dialyzed extracts was determined by
the Lowry method.

The MDI-HSA conjugate and the three wood extracts were
coupled to cyanogen bromide-activated Sepharose 4B beads
(Pharmacia BioTech; Kalamazoo, MI) according to the recom-
mended procedure of the manufacturer. The coupling efficiency
for each protein was determined by monitoring the absorbance at
280 nm before and after reacting with the beads; between 70%
and 80% of the available protein was bound by the beads. The
beads were suspended in RAST buffer (0.1 mol/L phosphate
buffer, pH 7.4, containing 4% fetal calf serum, 0.1% Tween 20,

and 0.1% sodium azide) and stored at 4°C as a 10% (volume per
volume) suspension until used in the RAST assay.

A radioallergosorbent test was developed for each antigen
extract using standard procedures.33 Briefly, allergen-coated
beads were reacted with 0.05 mL serum for 3 h at room
temperature on a tube rotator, washed three times with radioal-
lergosorbent test wash solution, and reacted with iodine-125
labeled anti-human IgE (Pharmacia Diagnostics). After overnight
incubation, the tubes were washed as above and counted in a
gamma scintillation counter. HSA-coupled beads were included
in each assay to determine nonspecific binding. RAST scores
were calculated as the ratio of percent counts bound by antigen-
coated beads divided by the percent counts bound by HSA-
coated beads. For each antigen tested, a preliminary assay was
carried out using sera from 20 to 50 exposed subjects. From that
screen, two sera showing high levels of binding and two sera with
low-level binding were selected and used to titrate each antigen
preparation. The titration was accomplished by using different
volumes of beads (25 to 300 mL) in the radioallergosorbent test
assay to determine optimal antigen concentrations (ie, the bead
volume that yielded maximal binding with the reactive sera, and
little nonspecific binding). The optimal antigen concentration
was then used to assay all sera. Both saline solution controls and
sera from nonexposed individuals were used to determine the
nonspecific binding values for each antigen, and these were
found to be the same or less than the serum nonspecific binding
values (ie, HSA-coated beads). RAST scores were calculated for
each serum as the following ratio: IgE bound to allergen-coated
beads/IgE bound to HSA-coated beads.
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