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Chemicals of the isocyanate family are required for the production of a variety of commercial 
products, including insulation materials, automobile upholstery, furniture, and surface coatings. 
They are highly reactive with other chemicals containing hydrogen atoms. Early reports of 
medical toxicity appeared 25 yr ago and have been conjirmed on a worldwide basis. Adverse 
respiratory symptoms have been the chief concern, and a wide spectrum of work-related lung 
diseases has been described. Although some of these reactions were undoubtedly due to primary 
irritation, the majori presented with airways obstructive abnormalities clearly identijed as 
classic asthma. The possibility of an underlying hypersensitivity mechanism was suggested by 
the insidious onset of symptoms, a latency period of weeks to months, peripheral and tissue 
eosinophilia, and the elicitation of symptoms after exposure to very small subtoxic levels of these 
chemicals. Some cases consistent with the unique clinical features of hypersensitivity 
pneumonitis have also been recognized. Early animal experimental studies had suggested that 
immunologic factors were important etiologic components of these syndromes. However, when 
several independent groups of investigators could not conjirm these preliminary results, the 
pathogenesis of these diseases soon became a highly controversial subject. Current experimental 
and clinical approaches have therefore been redirected to encompass the role of 
nonimmunologic mechanisms in the pathogenesis of adverse isocyanate reactions. Collectively, 
these recent investigations suggest that both immunologic and nonimmunologic mechanisms 
appear to be operative as causes of isocyanate-induced asthma. There is in vitro evidence both 

for and against possible speci’c pharmacologic effects of diisocyanate compounds. Parallel 
bronchoprovocation studies comparing the activities of diisocyanates, methacholine, and 
histamine suggest that diisocyanates may act either as direct pharmacologic agonists or as 
inducers of nonspecific bronchial reactivity. Recent evidence of immunoreactivity to both 
monofunctional and bifunctional isocyanates in several animal models and sensitized workers 
has also mandated a reassessment of immunologic factors. Hapten-spect$c, IgE-mediated 
antibody responses have been observed in both animal and human investigations. However, only 
a small subset of sensitized workers developed specijic IgE antibodies to p-tolyl monoisocyanate 
andlor hexyl monoisocyanate. Both IgE and precipitating antibodies have been reported in 
several cases of workers sensitized to methylene diphenyl diisocyanate. Some toluene 
diisocyanate-sensitive patients also exhibit other types of immunologic responses, including 
antigen-induced lymphocyte transformation and synthesis of a leukocyte inhibitory factor. 
Detailed immunologic investigations have not yet been carried out in most of the suspected cases 
of hypersensitivity pneumonitis. Other possible nonimmunologic sequelae of isocyanate reactions 
include chronic bronchitis, recurrent pneumonia, pulmonary edema, and pulmonary emphysema. 
However, the question of chronic pulmonary disability associated with these diseases is poorly 
understood and requires further long-term investigation. Despite the brisk controversy that still 
exists about the pathogenesis of isocyanate-induced pulmonary diseases, new data derived from 
animal models and clinical investigation of sensitized workers suggest that application of several 
innovative approaches could result in early detection and treatment of clinical reactions. These 
are considered in the context of pre-employment screening, serial monitoring in the 
workplace, and postemployment surveillance. (.I ALLERGY CLIN IMMUNOL 70:24, 1982.) 
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Abbreviations used 
TDI: Toluene diisocyanate 
HDI: Hexamethylene diisocyanate 
MDI: Methylene diphenyi diisocyanate 
NDI: Naphthalene diisocyanate 

PAPI: Polymethylene polyphenyl isocyanate 
PTI: Para-tolyl monoisocyanate 

PBL: Peripheral blood lymphocytes 
NAD: New antigenic determinants 

LIF: Leukocyte inhibitory factor 
HSA: Human serum albumin 

include HDI, MDI, NDI, and PAPI. The polymeriza- 
tion end products of chemical reactions between 
isocyanates and compounds containing active hydro- 
gen atoms include such substances as rigid or flexible 
foams, surface (e.g., wire) coatings, adhesives, rub- 
ber, and fibers. TDI was used extensively by the 
German military-industrial complex during World 
War II. Shortly after large-scale commercial produc- 
tion of this compound was started by a major German 
chemical company in 1947, there was a rapidly ex- 
panding use of TDI-derived consumer products, in- 
cluding packaging, insulation materials, upholstery, 
paint, furniture, and plastics. For example, the de- 
mand for manufactured polyurethane foam products 
in the United States increased exponentially since 
195.5. Large-scale production of flexible foams shaped 
into blocks or sheets should contain no free TDI after 
proper curing, and the proper atmospheric control of 
TDI in these operations is easily achieved by modern 
engineering techniques. Health problems are more 
likely to be observed in the production of rigid poly- 
urethane foams, which are generated with portable 
manufacturing equipment. Other operations that are 
particularly hazardous are spray blowing or frothing 
of the material directly on the surface of other polymer- 
izing materials. Occupations with potential risks of 
isocyanate exposure’ include the following: diisocya- 
nate workers, polyurethane foam makers, upholstery 
workers, spray painters, wire coating workers, plastic 
foam makers, plastic molders, and rubber workers. 

Early history of medical toxicity 

Although human toxicity to TDI was apparently 
observed in Germany during World War II, the first 
published reports appeared in the French literature 
and in rapid succession from other countries in 
Europe.* The initial report of toxicity in the United 
States occurred in 1956.3 Since that time, medical 
hazards associated with isocyanate exposure have 
been recognized with greater frequency, and case re- 
ports have appeared from every industrialized country 
in the world. Although these early publications were 
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FIG. 1. Chemical structures of three major diisocyanates. 

anecdotal, it is noteworthy that a wide spectrum of 
respiratory illnesses was described, including acute 
bronchitis, asthma, chronic bronchitis, bronchopneu- 
monia, bronchiectasis, bronchiolitis obliterans, em- 
physema, hypersensitivity pneumonitis, and pulmo- 
nary fibrosis. 

Inhaled isocyanate vapors or aerosols act as corro- 
sive agents, with irritant manifestations at low con- 
centrations. They primarily affect the upper respira- 
tory tract in experimental animals. Tracheitis and 
bronchitis with sloughing of superficial epithelium 
occur after exposure to 2 ppm for 4 hr. Rapid coagu- 
lation necrosis of epithelium after inhalation of 5 ppm 
suggests direct chemical injury. Long strips of ne- 
crotic epithelium are surrounded by inflammatory 
cells, which may then evoke a foreign-body inflamma- 
tory response. Apart from focal areas of peribronchial 
pneumonia, the parenchyma is relatively uninvolved. 
It is noteworthy that the morphologic appearance of 
lamina propria and smooth muscle appears to be nor- 
mal after exposure levels of 2 ppm. The most dra- 
matic human counterpart to animal toxicologic studies 
occurred in 35 firemen accidentally exposed to mas- 
sive concentrations of TDI vapors while they were 
combating a fire in a polyurethane foam manufactur- 
ing p1ant.j The majority of these men experienced 
severe primary irritant effects of the upper respiratory 
tract. Gastrointestinal and central nervous system 
symptoms appeared in more than half of this group. 
Although objective indices of lung function were ab- 
normal for 6 mo after the event, susceptibility to respi- 
ratory infections and cognitive changes apparently per- 
sisted for as long as 4 yr. 

In contrast to overdose reactions, the possibility of 
hypersensitivity as a primary etiologic factor in the 
pathogenesis of isocyanate-induced lung disease was 
suggested by the insidious onset of asthmatic symp- 
toms in a subpopulation (about 10%) of exposed 
workers, gradual progression of duration and severity 
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of symptoms over a period of weeks to months, eosin- 
ophilia in many patients, and prompt recurrence of 
symptoms after exposure to subtoxic levels (co.005 
ppm) of isocyanate. Prompt recognition of this symp- 
tom complex was essential because continued expo- 
sure may have been responsible for several cases of 
fatal status asthmaticus. 6 Chronic symptoms of fever, 
malaise, nonproductive cough, and progressive dys- 
pnea in a few patients suggested the possibility of 
hypersensitivity pneumonitis.7 Alveolar infiltrates that 
cleared soon after removal from isocyanate exposure in 
the workplace were also consistent with this disease.8 

During the period from 1960 to 1969, there was a 
shift of emphasis to long-term epidemiologic studies 
to establish safe occupational threshold limit values. 
In the early part of this period the threshold limit 
value was reduced from 0.1 to 0.02 ppm by the Occu- 
pational Safety and Health Administration. l Although 
this value may prevent toxic reactions and the devel- 
opment of sensitization in the vast majority of ex- 
posed workers, it has since become evident that 
asthma-reactive workers are still at ‘risk under work 
conditions defined as safe by these limit values. One 
of the most interesting long-term epidemiologic stud- 
ies was undertaken by Wegman et a1.,s who investi- 
gated serial pulmonary function measurements pro- 
spectively in workers exposed to TDI levels well 
below the threshold limit value of 0.02 ppm. Al- 
though complete physiologic data at the conclusion of 
the period were available in only 57 of the original 
112 members of the study group, the completed 
cohort ‘included asymptomatic workers as well as 
those who had developed symptoms during the course 
of the study. The results of this investigation sug- 
gested that workers exposed to acceptable levels of 
TDI and who remained on the job over a period of 2 
yr developed significant declines in their one second 
forced expiratory volumes. Several other prospective 
studies failed to confirm a decrease in pulmonary 
function in asymptomatic workers exposed to “safe” 
threshold limit values of TDI.‘O, I1 The disparate re- 
sults obtained in these three studies could be ex- 
plained by different study populations (polyurethane 
foam product workers vs TDI workers), type of expo- 
sure (continuous vs intermittent), or the technique of 
measuring pulmonary function during the long-term 
surveillance period. A recent long-term epidemio- 
logic study demonstrated that chronic exposure to 
MD1 tended to cause restriction of pulmonary func- 
tion, as indexed by decrease of vital capacity and a 
decline in the carbon monoxide gas-transfer test.” 
These physiologic parameters were significantly 
lower in the group with the longest exposure to this 
agent. 

The current threshold limit value of TDI was estab- 

lished by early experimental animal studies, which 
focused primarily on establishing relatively “safe” 
threshold levels at which the primary irritant effects of 
isocyanates would not occur. Later, the immunologic 
aspects of TDI effects were also studied in animals in 
the hope of understanding the nature and/or mecha- 
nisms of the apparent sensitization process in man. 
Antibody responses in rabbits after parenteral im- 
munization with TDI-protein conjugates were re- 
ported by Scheel et al. l3 It was also claimed that in- 
jection of TDI-protein conjugates could stimulate the 
formation of a circulating antibody directed against 
the TDI haptenic residue. Whether these antibodies 
were specifically directed against the hapten or the 
carrier determinant in the TDI-protein conjugates 
could not be ascertained by examining the raw data of 
these experiments, Similar results after parenteral 
immunization of rabbits were also obtained by Avery 
et a1.14 Stevens and Palmer’j studied the effect of TDI 
exposure at various concentrations in small num- 
bers of guinea pigs and monkeys and were not able 
to demonstrate significant immunologic responses. 
These conflicting experimental results in several lab- 
oratories that were probing the possible significance 
of immunopathogenesis raised the question of whether 
the variability inherent in the production of isocyanate 
protein conjugates could account for interlaboratory 
differences.“j It could be argued that the kinetics of 
TDI interactions with proteins are so dependent on 
minor deviations of the preparatory conditions that 
one could not predict whether undersubstitution or 
oversubstitution of carrier protein with the isocyanate 
ligand might result or whether extensive protein cross- 
linking might completely bury the haptenic determi- 
nant. It was therefore self-evident that resolution of 
these early experimental conflicts would be a high 
priority for the current generation of research inves- 
tigators. 

Pathogenesis of diisocyanate-induced 
asthma: current research 

Since there was no early consensus about the etio- 
logic role of hypersensitivity in experimental animals, 
alternative explanations were sought. The pharma- 
cologic effects of diisocyanate compounds were ex- 
plored in greater detail by several in vitro techniques. 
Data from one of these studies suggested that rela- 
tively high concentrations of TDI within a narrow 
dose range exhibited a partial beta-agonist effect on 
synthesis of cyclic AMP by human PBL. l7 Additional 
experiments revealed that TDI competed with isopro- 
terenol-induced production of intracellular cyclic 
AMP of PBL. However, similar to the partial beta- 
agonist effect, this receptor inhibition occurred only 
within a restricted concentration range of TDI. More- 
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TABLE I. Comparison of PTI-specific IgE results in symptomatic or bronchoprovocation-positive 
workers studied in different occupational health surveys 

No. of No. of 
symptomatic positive PTI Ligand substitution 

Investigator workers RAST % Positive (mole/mole protein) Interpretation of test 

Karol et al.“-’ Unknown 18 Unknown 10 or 15 >456 net cpm 
Gallagher et a1.3” 151 4 3 13 Binding 3% or >; 2X pool of 

normal control sera and 2~ 
HSA control 

Butcher et al.“j 26 4 or 5 15-19 16 Total CPM or 2x HSA 
control 

Baur et a1.“7 55 9 16 Unknown >0.5 Phadebas RAST U/ml 
Da& et aLs7 12 0 0 57 Total CPM of 3000-4000 

CPM = counts per minute. 

over, the hydrophobic nature of TDI required the use 
of a high concentration (10%) of dimethyl sulfoxide 
solvent, which could alter phospholipid mobility and 
render membranous receptors more vulnerable to 
TDI. The antagonist property of TDI differed from 
classic beta-adrenergic blockade because it also af- 
fected prostaglandin E 117 and glucagon receptors’* 
and it partially attenuated antigen-induced histamine 
release of peripheral blood leukocytes.‘* The compet- 
itive effect of several diisocyanate compounds on 
isoproterenol-induced cyclic AMP was also demon- 
strated in the frog erythrocyte model system, but a 
partial beta-agonist effect for these compounds was 
not confirmed because their inhibition of adenylate 
cyclase activity was diminished by a mechanism not 
dependent on activation of beta-adrenergic recep- 
tors.lg There was also an unconfirmed report that TDI 
reduced the activity of erythrocyte anti-cholinesterase 
activity.‘O Collectively, these recent experimental data 
suggest that isocyanates may cause nonspecific inhi- 
bition of a variety of membrane receptors and enzyme 
systems-effects that are consistent with the highly 
reactive properties of these substances. 

Possible pharmacologic and/or reflex effects have 
also been evaluated in sensitized workers by paral- 
lel bronchoprovocation studies with diisocyanates, 
methacholine, and histamine. Most investigators re- 
ported that sensitized workers respond in a dose- 
response fashion to challenge with diisocyanate com- 
pounds. *l+ In the case of TDI, positive reactions 
were obtained at challenge doses as low as 0.0001 
ppm.26 Recent viral infections may convert TDI non- 
responders to responders. 24 The majority but not all 
workers manifesting positive responses also have 
nonspecific bronchial hyperreactivity after challenge 
with methacholine.23, Z, 28 However, it is noteworthy 
that there is a small subset of sensitized workers who 
show no evidence of hyperreactivity to methacholine 
challenge.*” It is of further interest that almost one 

half of TDI bronchoprovocation-positive patients 
failed to show manifestations of histamine hyperreac- 
tivity.2g Therefore, under appropriate conditions that 
cannot be defined precisely at the present time, diiso- 
cyanate compounds may act either as direct pharma- 
cologic agonists or as inducers of nonspecific bron- 
chial hyperreactivity. Alternatively, it is possible that 
pre-existent bronchial hyperreactivity may predispose 
some workers to subsequent development of airway 
responsiveness to these compounds.27 Although at- 
tractive from the standpoint of pre-employment selec- 
tion, this theory has not been adequately tested. One 
of these investigations encountered a very interesting 
phenomenon of diisocyanate pharmacologic crossre- 
activity. 26 In some workers with TDI asthma, positive 
challenge responses were also elicited by other diiso- 
cyanate compounds to which there was no previous 
history of exposure. 

Although most investigators now agree that non- 
immunologic mechanisms are involved in the com- 
plex pathophysiologic pathways of TDI asthma, the 
role of immunologic factors should also be reconsid- 
ered because of more convincing experimental evi- 
dence recently obtained in independent laboratories. 
One group of investigators focused attention on im- 
mune responses induced by monofunctional isocya- 
nate protein conjugates. 3o Monoisocyanates were 
selected for these studies because of previous incon- 
sistent results with bifunctional reagents such as TDI. 
The immunogenic potential of p-tolyl and hexyl 
monoisocyanates was investigated in experimental an- 
imals31-33 and workers sensitized to diisocyanates .30 In 
the English short-hair strain of guinea pigs, hapten- 
specific precipitating and homocytotropic antibodies 
were produced by immunization with monoisocya- 
nate-protein conjugates, but the titers of homocyto- 
tropic antibodies were low in the individual ani- 
mals.“2, 33 Small amounts of IgE antibodies were also 
detected in about half of the immunized guinea pigs.“2 
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Specific IgE antibodies to monofunctional isocya- 
nates have been reported in sensitized workers.27, 34-36 
The incidence of positive reactions in symptomatic 
workers fluctuates considerably from laboratory to 
laboratory (Table I). Some of this variance may be 
partly due to differences of interpreting significant 
results by this method and in part to the obligatory 
requirement of continuous allergenic exposure for on- 
going IgE synthesis, especially in nonatopic persons. 
However, as illustrated by a recent survey, complete 
failure to detect PTI-specific antibodies in sensitized 
workers could also be attributed to ligand oversubsti- 
tution or the hapten-protein conjugate used in the 
substrate of this testsi Although the initial reports of 
PTI-specific antibodies in sensitized workers sug- 
gested that this test could be used as a screening pro- 
cedure for detection of subclinical reactivity in ex- 
posed workers, other investigators were not able to 
confirm the test’s overall sensitivity as a predictor of 
asthmatic symptoms occurring after exposure to di- 
isocyanate.3j-“7 

Despite the complexity of bifunctional isocyanate- 
protein interactions, our laboratory elected to use such 
reagents in both animal and human investigations be- 
cause workers are exposed to diisocyanates in the 
workplace. To ensure reproducibility of results, a 
standard preparatory technique of bifunctional iso- 
cyanate reagents was first developed.16 This method 
yielded hapten-protein conjugates with stable ratios of 
bis-to-mono ureido derivatives (ranging from 2: 1 to 
3.5 : 1). Such conjugates were also determined to have 
a moderate degree of ligand substitution. Hapten- 
specific antibodies to these reagents were produced 
after immunization of susceptible strains of mice and 
guinea pigs.“s, 3g Diisocyanate-specific precipitating 
and IgE antibodies were produced in several strains of 
guinea pigs under the appropriate conditions of paren- 
teral immunization. IgE antibodies to both TDI and 
HDI were observed in all of the immunized English 
short-hair strain animals. The uniform appearance of 
IgE reactions in these experiments was noteworthy 
because previous investigators had reported that only 
about half of these animals had synthesized antibodies 
of this class after immunization with monofunctional 
isocyanate compounds. 32 Moreover, the absolute ti- 
ters of specific IgE antibodies obtained in our studies 
were several orders of magnitude higher than those 
previously reported after respiratory immunization of 
guinea pigs with monofunctional and/or bifunctional 
isocyanate compounds. Further analysis of these re- 
sults indicated that the immune response mounted by 
guinea pigs immunized with diisocyanate haptenated 
protein conjugates was heterogeneous and involved 
multiple specificities for hapten, carrier protein, and 
NAD. Although apparent crossreactions between TDI 

and HDI were noted in these studies, the experimental 
evidence suggested that these were not hapten-specific 
and were in fact caused by crossreactivity between 
NAD in these hapten-protein conjugates. The guinea 
pig model also permitted correlation between the aller- 
genic properties of guinea pig antisera induced by di- 
isocyanates and in vivo respiratory responses after pas- 
sive sensitization of immunologically virgin animals. 
These studies revealed that a minimum potency (1: 
160) of diisocyanate-specific guinea pig IgE antisera 
was required for the appearance of significant physio- 
logic responses in passively sensitized guinea pigs. 

We also re-evaluated the usefulness of bifunctional 
(TDI) conjugates in detecting immunoreactivity of 
TDI-sensitive workers. In a survey of 639 workers of 
a large automobile fabricating plant, there were no 
positive RAST results to the bifunctional conjugate, 
while four of 1.5 1 symptomatic workers were found to 
have significant titers of p-tolyl-specific IgE.40 This 
incidence of p-tolyl-specific IgE was less than that 
reported by three other investigative teams.27, 34, 3j 
However, additional studies of current symptomatic 
workers revealed other evidence of immunologic 
reactivity to TDI-protein conjugates.“‘j Nine of the 15 
workers demonstrated the presence of a specific LIF 
when their peripheral blood leukocytes were chal- 
lenged with small concentrations of the TDI-protein 
conjugate. Some of these workers also exhibited pos- 
itive LIF responses to HDI-protein conjugates even 
though they had never been exposed to this chemical. 
The most likely explanation for this unexpected reac- 
tion was the presence of NAD, which had first been 
noted in previous animal experimental work. Positive 
LIF results in this study appeared to corroborate an 
earlier report of antigen (TDI)-induced lymphocyte 
proliferation in six of seven sensitive workers.14 Al- 
though neither of these techniques can be equated 
exclusively with delayed hypersensitivity, their oc- 
currence in symptomatic workers assessed at two dif- 
ferent medical centers suggested that greater attention 
should be given to the significance of sensitized lym- 
phocytes in this disease. However, final judgment on 
the role of cell-mediated immunity must be open- 
ended because another investigator failed to confirm 
the presence of isocyanate-induced lymphocyte pro- 
liferation in five asthmatic workers.** Immediate skin 
reactivity in our investigation was also observed in 
three of four patients who consented to have these 
tests performed. Two other surveys of TDI-reactive 
airways disease revealed positive intradermal skin 
tests to TDI-HSA conjugates.*‘* 41 In one of these 
reports more than half of the affected workers exhib- 
ited positive skin reactions.41 

It is apparent that a global evaluation of all previous 
and current clinical studies does not permit a consen- 
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sus statement about the relative significance of immu- 
nologic factors in the final occurrence of clinical 
asthma. However, the majority of recent clinical sur- 
veys of TDI asthma have demonstrated some degree 
of immunoreactivity in subpopulations of TDI asthma. 
Further, our clinical studies indicated that the immu- 
nologic response occurring after exposure to isocya- 
nates was heterogeneous. It was also suggested that 
this diversity could be advantageous in seeking ways 
of classifying various clinical subpopulations of 
isocyanate reactions. In this regard, four clinical sub- 
populations of sensitive workers were identified: (1) a 
small subset of workers with positive RAST results to 
a monoisocyanate protein adduct, (2) a greater num- 
ber of reactive workers with positive LIF responses to 
diisocyanate protein conjugates, (3) a smaller group 
of workers with both positive LIF and direct skin-test 
responses to diisocyanate protein conjugates, and (4) 
another category of workers with no evidence of im- 
munologic reactivity. It was also postulated that 
properly prepared and well-characterized bifunctional 
isocyanate conjugates could be used for future as- 
sessment of the LIF response or screening of workers 
by the direct skin-test technique. The value of such 
reagents in previous RAST surveys was negligible, 
but this could be subject to qualification in view of 
several recent reports of positive TDI-HSA-specific 
RAST results in sensitive workers.2i’ 34 

Other nonasthmatic pulmonary reactions 

Although some of the early reports of TDI sen- 
sitization described cases of pneumonia, pulmonary 
infiltrates, and pulmonary fibrosis, the possibility of 
hypersensitivity pneumonitis induced by isocyanates 
had not been seriously entertained until several recent 
case reports. In the first of these series of reports, four 
workers developed dyspnea associated with restrictive 
lung disease and reduced gas transfer.8 One worker 
who had bilateral radiographic opacities was sub- 
jected to open-lung biopsy. The biopsy specimen re- 
vealed lesions ranging from an acute centrilobular 
inflammatory infiltrate to end-stage fibrosis. Later, a 
worker exposed to diisocyanates used in finishing 
bathtubs developed a symptom complex suggestive of 
hypersensitivity pneumonitis.12 Inhalation challenge 
study in this subject demonstrated restrictive changes 
and reduced gas transfer without wheezing. This 
worker also experienced systemic symptoms of fever, 
leukocytosis, and generalized malaise after the ex- 
perimental challenge. Recently, several cases of ad- 
verse reactions to MD1 were also reported.4” Sig- 
nificant levels of precipitating specific IgG antibody 
to MDI-HSA were demonstrated in these workers. 
Although none of these clinical reports investigated 
delayed hypersensitivity mechanisms, previous obser- 

vations of specific lymphocyte transformation and LIF 
in other cases of TDI lung disease should provide im- 
petus for future studies of cell-mediated immunity as a 
contributory factor in the development of hypersensi- 
tivity pneumonitis and other chronic inflammatory 
reactions of the lung occurring after TDI exposure. 

Chronic pulmonary disability induced by diisocya- 
nate compounds is one of the most controversial as- 
pects in this work-related problem. Some cases in the 
early literature apparently experienced recurrent epi- 
sodes of asthmatic bronchitis and/or bronchopneu- 
monia. A few of these workers could not continue 
their work and eventually died, with final diagnoses 
of chronic bronchitis, emphysema, and car pulmonale 
attributed to the prolonged diisocyanate exposure. As 
previously discussed, the possibility of long-term de- 
crease of ventilatory capacity in most workers ex- 
posed to low levels (less than 0.02 ppm) of diisocya- 
nates must still be considered as a potentially serious 
adverse effect and one that could occur insidiously 
without overt symptoms of respiratory difficulty.g 

Future directions: pre-employment 
screening, serial monitoring, and 
post-employment surveillance 

Personal or family histories of atopic diseases do 
not constitute absolute contraindications to long-term, 
low-level exposure to diisocyanate compounds. How- 
ever, previous history of personal asthma or other 
evidence of nonspecific bronchial reactivity such as 
hypersensitivity responses to methacholine, hista- 
mine, cold air, or exercise would appear to be valid 
reasons for denying employment. The workplace 
must be monitored continuously with the idea of 
maintaining threshold limit values well below 0.02 
ppm. If the data on long-term loss of pulmonary 
function are eventually confirned, it is possible that 
the present threshold limit value of 0.02 ppm may 
have to be adjusted downward to 0.005 ppm. Serial 
lung ventilatory tests should be monitored for early 
evidence of obstructive changes. Some investigators 
have proposed that periodic methacholine testing may 
be a way of detecting early changes of nonspecific 
bronchial hyperreactivity. ** However, it should be 
recognized that 20% to 30% of workers may not ex- 
hibit such hypersensitivity responsiveness and there- 
fore methacholine testing would not be expected to 
detect all cases of TDI hyperresponsiveness. The 
RAST to either monoisocyanate or diisocyanate pro- 
tein conjugates will detect only about 3% to 16% of 
affected workers.*7* 35, 36, 4o At present it is merely an 
adjunctive aid and should not be used as an all-or- 
none screening technique. The most reliable diagnos- 
tic test is a dose-response bronchial challenge with the 
suspected isocyanate. However, this must be per- 
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formed under controlled conditions with meticulous 
and continuous monitoring of TDI as it is delivered 
and as it exits from the challenge chamber. Therefore 
it is only available as a practical screening procedure 
in relatively few medical centers. Monitoring for 
possible hypersensitivity pneumonitis should include 
tests for lung volume and gas transfer abnormalities, 
periodic chest x-rays, and the presence of serum pre- 
cipitins. 

Several diagnostic techniques should be considered 
more seriously in future clinical investigations of TDI 
lung disease. More attention should be given to the 
possibility that direct skin testing could be a simpler 
method of detecting IgE-mediated sensitivity in af- 
fected workers. The value of in vitro lymphocyte tests 
as correlates of delayed hypersensitivity should be 
investigated more thoroughly, especially in patients 
who develop evidence of chronic lung changes by 
x-ray or pulmonary function testing. Reliable tech- 
niques for detecting isocyanate-specific IgG antibody 
should be assessed more thoroughly in cases of 
asthma and hypersensitivity pneumonitis induced by 
isocyanates. Specific IgG is of proven diagnostic 
value in hypersensitivity pneumonitis and may also be 
relevant in the proper interpretation of the RAST 
technique because it may compete and therefore inter- 
fere with specific IgE antibody binding to antigen- 
coupled substrate. 

Lung diffusing capacity should be evaluated regu- 
larly in cases of suspected hypersensitivity pneumo- 
nitis. Other indices of bronchial reactivity such as 
cold air and exercise may prove to be more acceptable 
than methacholine in the workplace situation, and the 
reliability of these indices should be determined by 
direct comparison with methacholine testing in this 
disease. 

Serious prospective studies should be encouraged 
to investigate workers who are forced to retire be- 
cause of isocyanate-induced disability. If possible, 
serologic and lung-function testing should be con- 
tinued for several years. It is known that some work- 
ers with other types of occupationally induced asthma 
may continue to have obstructive defects for several 
years after leaving their sites of employment.44 Apart 
from a single report, it is not yet known whether such 
an analogy can be applied to TDI-induced asthma.4” 

There are many unresolved questions about patho- 
genesis and practical management of TDI-induced re- 
spiratory diseases. Foremost priority should be as- 
signed to research objectives that seek to integrate the 
significance of immunologic and nonimmunologic 
factors in the pathophysiology of asthma and other 
chronic pulmonary lesions related to isocyanate expo- 
sure. In this regard, investigation of the effects of 
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isocyanates on bronchial interepithelial tight junctions 
would appear to be a particularly promising approach 
to the formulation of a Unitarian model of TDI 
asthma. There is urgent need to standardize the prep- 
aration, analysis, and storage of test antigens. A cen- 
tral reference bank for known positive PTI- or TDI- 
specific IgG and IgE human sera should be established 
to encourage better quality control of serologic tests 
performed by different laboratories. For example, it 
would be most helpful if RAST results could be com- 
pared with high-titered specific human sera as well as 
with control sera derived from cord blood. Inter- 
laboratory controversies about specificity and sen- 
sitivity of these tests would also be resolved more 
objectively by comparing data with reliable reference 
standards. Ideally, a long-term multicenter study 
using the same tests reagents and monitoring tech- 
niques would tend to develop a consensus among in- 
vestigators in the most cost-efficient manner. Phar- 
macologic and immunologic crossreactions between 
various isocyanates should be evaluated more exten- 
sively because many plants make use of different 
isocyanates in separate locations. The questions of 
asymptomatic decrease of lung function as a result of 
long-term exposure and the duration of disability after 
termination of exposure are amenable to scientific as- 
sessment, but such studies would be possible only 
through the combined resources of an industrial- 
medical-governmental collaborative effort. 

I am grateful for the professional collaboration of Drs. 
C. S. T. Tse, E. Chen, J. Gallagher, and S. M. Brooks, for 
the technical assistance of Ms. G. Splansky, and for the 
secretarial help of Ms. Jan Shulman. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

National Institute of Occupational Safety and Health: Criteria 
for a recommended standard and occupational exposure 
to toluene diisocyanate. Bethesda, 1973, DHEW Publication 
No. HSM 73-l 1022. 
Brugsch HG, Elkins HB: Toluene diisocyanate (TDI) toxicity. 
N Engl J Med 268:353, 1963. 
Woodbury JW: Asthmatic syndrome following exposure to 
tolylene diisocyanate. Ind Med Surg 24:540, 1956. 
Duncan B, Scheel LD, Fairchild EJ, Killens R, Graham S: 
Toluene diisocyanate inhalation toxicity; pathology and mor- 
tality. Am Ind Hyg J 23:447, 1962. 
Axford AT, McKerrow CB, Jones P, Le Quesne PM: Acciden- 
tal exposure to isocyanate fumes in a group of firemen. Br J 
Ind Med 33:65, 1976. 
Schur E: Injury from Desmodur lacquers-irritating gas or 
allergy? Med Lin 54: 168, 1959. 
Blake BL, Mackay JB, Rainey HB, Weston WJ: Pulmonary 
opacities resulting from diisocyanate exposure. J College 
Radio1 Aust 9:45, 1965. 
Charles J, Bernstein A, Jones B, Jones DJ, Edwards JH, Seal 
RME, Seaton A: Hypersensitivity pneumonitis after exposure 
to isocyanates. Thorax 31: 127, 1976. 
Wegman DH, Peters JM, Pagnotto LJ: Chronic pulmonary 



VOLUME 70 
NUMBER 1 

Isocyanate-induced pulmonary diseases 31 

function loss from exposure to TDI. Br J Ind Med 34:196, 
1977. 

10. Adams WGF: Long-term effects on the health of men engaged 
in the manufacture of tolylene. Br J Ind Med 32:72, 1975. 

11. Butcher BT, Jones RN, O’Neil CE, Glindmeyer HW, Diem 
JE, Dharmarajan V, Weill H, Salvaggio JE: Longitudinal 
study of workers employed in the manufacture of toluene 
diisocyanate. Am Rev Respir Dis 116:411, 1977. 

12. Pham QT, Cavelier C, Mereau P, Mur JM, Cicolella A: 
Isocyanates and respiratory function: a study of workers pro- 
ducing polyurethane foam moulding. Ann Occup Hyg 21: 121, 
1978. 

13. &heel LD, Killens R, Josephson A: Immunochemical aspects 
of toluene diisocyanate (TDI) toxicity. Ind Hyg J 25:179, 
1964. 

14. Avery SB, Stetson DM, Pan PM, Mathews KP: Immunologi- 
cal investigation of individuals with toluene diisocyanate 
asthma. Clin Exp Immunol 4:585, 1969. 

15. Stevens MA, Palmer R: The effect of tolylene diisocyanate on 
certain laboratory animals. Proc R Sot Med 63:380, 1970. 

16. Tse CST, Pesce AJ: Chemical characterization of isocyanate- 
protein conjugates. Toxic01 Appl Pharmacol 51:39, 1979. 

17. Davies RJ, Butcher BT, O’Neil CE, Salvaggio JE: The in vitro 
effect of toluene diisocyanate on lymphocyte cyclic adenosine 
monophosphate production by isoproterenol, prostaglandin 
and histamine. A possible mode of action. J ALLERGY CLIN 
IMMUNOL 60:223, 1977. 

18. VanErt M, Battigelli MC: Mechanism of respiratory injury by 
TDI (toluene diisocyanate). Ann Allergy 35: 142, 1975. 

19. McKay RT, Brooks SM, Johnson C: Isocyanate-induced abnor- 
malities of beta adrenergic receptor function. Chest 8O(Suppl.): 
61, 1981. 

20. Trevisan A, Moro G: Role of acetylcholinesterase inhibition in 
toluene diisocyanate (TDI) induced bronchoconstriction. Int 
Arch Occup Environ Health 49: 129, 198 I. 

21. Pepys J, Pickering CAC, Terry DJ: Asthma due to inhaled 
chemical agents-tolylene diisocyanate. Clin Allergy 2:225, 
1972. 

22. Butcher BT, Salvaggio JE, Weill H, Ziskind MM: Toluene 
diisocyanate (TDI) pulmonary disease: immunologic and inha- 
lation challenge studies. J ALLERGY CLIN IMMUNOL 58:89, 
1976. 

23. Zedda S, Ciria A, Aresini G, Sala C: Occupational type test for 
the etiological diagnosis of asthma due to toluene diisocyanate. 
Respiration 33:14, 1976. 

24. Chester EH, Martinez-Catinchi FL, Schwartz HJ, Horowitz J, 
Fleming GM, Gerblich AA, McDonald EW, Brethauer R: Pat- 
terns of airway reactivity to asthma produced by exposure to 
toluene diisocyanate. Chest 75(Suppl.):229, 1979. 

25. Smith AB, Brooks SM, Blanchard J, Bernstein IL, Gallagher 
J: Absence of airway hyperreactivity to methacholine in a 
worker sensitized to toluene diisocyanate (TDI). J Occup Med 
22:327, 1980. 

26. O’Brien IM, Harries MG, Burge PS, Pepys J: Toluene 
diisocyanate-induced asthma. I. Reactions to TDI, MDI, HDI 
and histamine. Clin Allergy 9: 1, 1979. 

27. Baur V, Fruhmann G: Specific IgE antibodies in patients with 
isocyanate asthma. Chest SO(Suppl.):73, 1981. 

28. Butcher BT, Salvaggio JE, O’Neil CE, Weill H, Garg 0: 
Toluene diisocyanate pulmonary disease: immunopharmaco- 

logic and mecholyl challenge studies. J ALLERGY CLIN IMMU- 
NOL 59:223, 1977. 

29. O’Brien IM, Newman-Taylor AJ, Burge PS, Harries MG, 
Fawcett IW, Pepys J: Toluene diisocyanate-induced asthma. 
II. Inhalation challenge tests and bronchial reactivity studies. 
Clin Allergy 9:7, 1979. 

30. Karol MH. Ioset HH, Alarie YC: Tolyl-specific IgE antibodies 
in workers with hypersensitivity to toluene diisocyanate. Ind 
Hyg Assoc J 39:454, 1978. 

31. Karol MH, Ioset HH, Riley EJ, Alarie YC: Hapten-specific 
respiratory hypersensitivity in guinea pigs. Am Ind Hyg Assoc 
J 39:546, 1978. 

32. Karol MH, Hauth BA, Alarie Y: Pulmonary hypersensitivity to 
hexyl isocyanate-ovalbumin aerosol in guinea pigs. Toxic01 
Appl Pharmacol 51:73, 1979. 

33. Karol MH, Dixon C, Brady M, Alarie Y: Immunologic sen- 
sitization and pulmonary hypersensitivity by repeated inhala- 
tion of aromatic isocyanates. Toxic01 Appl Pharmacol53:260, 
1980. 

34. Karol MH, Sandberg T, Riley EJ, Alarie Y: Longitudinal 
study of tolyl-reactive IgE antibodies in workers hypersensi- 
tive to TDI. J Occup Med 21:354, 1979. 

35. Butcher BT, O’NeiI CE, Reed MA, Salvaggio JE: Radioaller- 
gosorbent testing of toluene diisocyanate-reactive individuals 
using p-tolyl isocyanate antigen. J ALLERGY CLIN IMMUNOL 
66:213, 1980. 

36. Gallagher JS, Tse CST, Brooks SM, Bernstein IL: Diverse 
profiles of immunoreactivity in toluene diisocyanate (TDI) 
asthma. J Occup Med 23:610, 198 1. 

37. Danks JM, Cromwell 0, Buckingham JA, Newman-Taylor 
AJ, and Davies RJ: Toluene-diisocyanate induced asthma: 
evaluation of antibodies in the serum of affected workers 
against a tolyl mono-isocyanate protein conjugate. Clin Al- 
lergy 11:161, 1981. 

38. Tse CST, Chen SE, Bernstein IL: Induction of murine reaginic 
antibodies by toluene diisocyanate. Am Rev Respir Dis 120: 
829, 1979. 

39. Chen SE, Bernstein IL: The guinea pig model of diisocyanate 
sensitization. I. Immunological studies. J ALLERGY CLIN 
IMMUNOL 69(Suppl.):l23, 1982. 

40. McKay RT, Brooks SM: Toluene diisocyanate (TDI): bio- 
chemical and physiological studies. Am Rev Respir Dis 
123: 132, 1981. 

41. Cirla AM, Inzoli S, Aresini G, Naur C, Briatico G, Zedda S: 
Evaluation of the diagnostic criteria in occupational asthma 
caused by isocyanates. Med Lav: 66:5, 1975. 

42. Fink JN, Schlueter DP: Bathtub refinisher’s lung: an unusual 
response to toluene diisocyanate. Am Rev Respir Dis 118:955, 
1978. 

43. Zeiss CR, Kanellakes TM, Bellone JD, Levitz D, Pruzansky 
JJ, Patterson R: Immunoglobulin E-mediated asthma and hy- 
persensitivity pneumonitis with precipitating anti-hapten an- 
tibodies due to diphenylmethane diisocyanate (MDI) exposure. 
J ALLERGY CLIN IMMUNOL 65:346, 1980. 

44. Ghan-Yeung M: Fate of occupational asthma: a follow-up 
study of patients with occupational asthma due to western red 
cedar (Thuja p&a). Am Rev Respir Dis 116:1023, 1977. 

45. Pain MCF, Symons MB: Bronchial reactivity in occupational 
asthma. Med J Aust 1:522, 1972. 


