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Abstract

Occupational and environmental causes of bronchiolar disorders are recognized on the basis of 

case reports, case series, and, less commonly, epidemiologic investigations. Pathology may be 

limited to the bronchioles or also involve other components of the respiratory tract, including the 

alveoli. A range of clinical, functional, and radiographic findings, including symptomatic disease 

lacking abnormalities on noninvasive testing, poses a diagnostic challenge and highlights the value 

of surgical biopsy. Disease clusters in workplaces and communities have identified new etiologies, 

drawn attention to indolent disease that may otherwise have been categorized as idiopathic, and 

expanded the spectrum of histopathologic responses to an exposure. More sensitive noninvasive 

diagnostic tools, evidence-based therapies, and ongoing epidemiologic investigation of at-risk 

populations are needed to identify, treat, and prevent exposure-related bronchiolar disorders.
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Bronchiolar disorders encompass a spectrum of diseases involving the small airways (<2 

mm in diameter).1 Pathology may be limited to the bronchioles or also involve other 

components of the respiratory tract, including the alveoli. The varied clinical, functional, 

and radiographic findings of bronchiolar disorders, including symptomatic disease lacking 

abnormalities on noninvasive testing, pose a diagnostic challenge. Furthermore, the 

variability in presentation likely hinders the identification of occupational and 

environmental causes of bronchiolar disorders. Indeed, it is only in recent years that the 

traditional view of exposure-related bronchiolar disorders as acute sequela of overwhelming 

accidental exposures has given way to a more nuanced picture that includes disease of 

insidious onset without a recognized overexposure event. The occurrence and investigation 

of unanticipated disease clusters among workers or community members with shared 

exposures have been instrumental to this evolution.

The description of bronchiolar disorders is notable for a preponderance of terms that are 

inconsistently defined and used, inviting confusion. The term bronchiolitis indicates an 

inflammatory condition centered on the bronchioles.2 Cellular bronchiolitis is a useful term 
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to describe any cellular inflammatory infiltrate of the bronchioles; it can be acute, chronic, 

or follicular if germinal centers are present; respiratory with intraluminal and intra-alveolar 

pigmented macrophages; or necrotizing.3 Constrictive bronchiolitis indicates concentric 

narrowing of the bronchioles by fibrotic changes to the airway wall (Fig. 1).4 Proliferative 

bronchiolitis describes polyps of connective tissue in the bronchiolar lumen.5 Bronchiolitis 

obliterans organizing pneumonia (BOOP) refers to proliferative bronchiolitis with polyps in 

the alveolar ducts and alveoli and the presence of foamy macrophages in the alveoli (Fig. 2); 

the idiopathic form of BOOP is termed cryptogenic organizing pneumonia (COP).3 

Bronchiolitis obliterans and obliterative bronchiolitis have been used clinically and 

pathologically to describe both constrictive and proliferative bronchiolitis3,5; because these 

terms are imprecise, we specify the histopathology when possible. As we discuss diseases 

thought to have occupational or environmental causes, we use “BOOP” rather than “COP” 

for proliferative bronchiolitis with alveolar involvement. Other nonspecific or unique 

histopathologic patterns are described as such. Although hypersensitivity pneumonitis 

typically has bronchiolar involvement, its discussion is beyond the scope of this article.

Etiology and Histopathology

Occupational and environmental causes of bronchiolar disorders are recognized on the basis 

of case reports, case series, and, less commonly, epidemiologic investigations (Table 1). 

Oxides of nitrogen, encountered in feed silos, from explosives detonation, or in industrial 

settings, were some of the first exposures to be associated with bronchiolitis obliterans, 

specifically proliferative bronchiolitis; proliferative bronchiolitis with features of 

constrictive bronchiolitis has also been reported.6–12 The classic description of this and other 

irritant gas-related bronchiolitis is of an exposure event leading to acute pulmonary edema, 

followed by apparent recovery, a latent period lasting weeks, and then onset of progressive 

dyspnea.7,13–17 However, cases of irritant gas-related bronchiolitis in which symptom onset 

was delayed 10 days to a month after exposure have been reported.15,18–20 This delayed 

presentation raises the possibility of other indolent cases for which an association with an 

exposure goes unrecognized and the disease is thus considered “idiopathic.”

Indeed, the experience with flavoring-related bronchiolitis provides further evidence of 

indolent exposure-related disease. Two probable cases among flavoring manufacturing 

workers were investigated in 1985, but a cause could not be identified among the hundreds 

of ingredients handled.21 Later, a cluster of disease occurred among eight former workers of 

a microwave popcorn production facility who did not report an overexposure event22; two of 

three who underwent lung biopsy had constrictive bronchiolitis.23 An epidemiologic 

evaluation of the current workforce revealed increased rates of respiratory symptoms and 

airway obstruction in association with cumulative diacetyl exposure, implicating inhalation 

of this volatile butter flavoring chemical.22 Subsequently, cases of histopathologic 

constrictive bronchiolitis and/or abnormalities on noninvasive testing consistent with 

bronchiolitis have been documented among flavoring-exposed workers in additional 

popcorn facilities as well as in other industries, including diacetyl manufacture, flavoring 

manufacture, cookie production, and coffee roasting.24–27 Toxicologic studies have 

confirmed respiratory epithelial damage in animals exposed to diacetyl and its chemically 

related substitute, 2,3-pentanedione.28–31
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Two recently reported case series of constrictive bronchiolitis in the fiberglass-reinforced 

plastics industry highlight the challenges of identifying a causative agent.32,33 A total of 

eight cases, four of which were biopsy confirmed, were described among six boat builders, 

one cooling tower manufacturer, and one water storage tank repairer. Known or probable 

exposures included resin, styrene, methylethyl ketone peroxide, and dimethyl phthalate. The 

temporal relationship with employment, occurrence of cases in different workplaces with 

shared industrial processes, and lack of other known causes of constrictive bronchiolitis 

suggested an occupational etiology. The unexplained finding of excess mortality from 

nonmalignant respiratory disease in several epidemiologic studies of similar workforces also 

provides some corroboration that exposures in this industry may cause constrictive 

bronchiolitis.32,34 Nonetheless, further investigation is needed.

Lung disease related to synthetic fibers was suspected from case reports beginning in 1975, 

but confirmation required the recognition of case clusters, characterization of workplace 

exposures, and elimination of other possible causes.35 Investigations in the flock industry in 

the 1990s identified occupational exposure to nylon flock as associated with a unique 

bronchiolar histopathology, consisting of lymphocytic bronchiolitis and peribronchiolitis 

with lymphoid hyperplasia represented by lymphoid aggregates and follicles.36–39 Flock is a 

cut fiber of small diameter that is used to produce a velvet-like coating when applied to 

adhesive-coated fabric or other surfaces, such as automotive glove compartments and 

jewelry boxes. Nylon respirable dust is generated in the cutting of long filaments into flock, 

which itself is too large to reach the bronchioles. Although the lymphocytic bronchiolitis is a 

characteristic distinctive finding, a variety of other histopathologic findings were present in 

a portion of cases recognized in the setting of case clusters, including acute alveolar damage, 

BOOP, and increased macrophages with some foci reminiscent of desquamative interstitial 

pneumonitis.38–40 Reports of clinical and epidemiologic evidence of bronchiolar disease in 

nylon flock workers36,40–42 stimulated recognition of clinical and subclinical interstitial lung 

disease in work settings with other synthetic dusts, including polyethylene flock, 

polypropylene flock used in making plastic tows for fishing nets, and rayon flock in greeting 

card manufacture.43–45

Some of what we have learned about exposure-related bronchiolar disorders comes from the 

experiences of those involved as soldiers or civilians in wars and other conflicts. Case 

reports of bronchiolitis obliterans (specifically constrictive bronchiolitis) and chronic 

cellular bronchiolitis in two Iraqi Kurdish victims of chemical weapons attacks46,47 have 

been followed by extensive studies of the more than 30,000 Iranians exposed to sulfur 

mustard gas during the Iran–Iraq war in the 1980s. Bronchiolar disorders were suspected on 

the basis of radiologic findings and confirmed by histopathologic studies showing BOOP (n 

= 9) among 22 transbronchial biopsies and constrictive bronchiolitis (n = 5), chronic cellular 

bronchiolitis (n = 4), respiratory bronchiolitis (n = 1), follicular bronchiolitis (n = 1), and 

chronic peribronchiolitis (n = 1) among 15 surgical biopsies.48–50 Notably, there were no 

histopathologic differences between patients with severe exposures (defined by documented 

hospitalization at the time of exposure, often with accompanying symptoms such as skin 

blistering) and those with mild exposures (defined by lack of hospitalization at the time of 

exposure and the absence of history of acute symptoms such as skin blistering).50
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Bronchiolar disorders have also been noted in relation to the World Trade Center (WTC) 

disaster. These include a case report of bronchiolitis obliterans (specifically constrictive 

bronchiolitis) in a police officer who was present at the WTC on September 11, 2001, when 

the towers collapsed, and two case series demonstrating small airways disease (including 

chronic inflammation and fibrosis) among a total of 19 responders and community 

members.51–53 Although involvement of the bronchioles in these reported series was near 

universal, severity varied and the findings rarely met criteria for known histopathologic 

entities. Analyses of intact and digested lung tissue specimens demonstrated exposure to a 

variety of minerals (chrysotile asbestos, silica), metals (aluminum, steel, zirconium, 

chromium, copper, zinc, tin), and carbon nanotubes, the latter presumed to have formed 

during the disaster as a result of combustion in the presence of carbon and metals.52,53 

Mineral dust bronchiolitis related to asbestos, silica, iron oxide, aluminum oxide, coal, and 

other inorganic dusts has been described.54–56 Nonetheless, the detection of these materials 

in lung tissue does not exclude the possible causative role of gaseous exposures that 

undoubtedly occurred during the WTC collapse, but cannot be reconstructed. Larger 

retrospective and case–control studies using noninvasive testing have found evidence of 

small airways dysfunction in WTC-exposed patients with persistent respiratory 

symptoms,57–60 suggesting that the findings in the histopathologic series likely reflect a 

broader experience of symptomatic exposed workers and residents.

Bronchiolar disorders have been documented in a cohort of U.S. soldiers who served in Iraq 

and/or Afghanistan.61 Of 49 soldiers with exercise intolerance due to exertional dyspnea 

who underwent lung biopsy, 38 (78%) were found to have constrictive bronchiolitis. 

Twenty-eight of these 38 reported exposure to smoke from a sulfur mine fire near Mosul, 

Iraq, in 2003. Sulfur dioxide levels were reported to be as high as 125 ppm. Other common 

exposures were to dust storms, incinerated solid waste in burn pits, and incinerated human 

waste. Although a follow-up study did not identify bronchiolitis in a series of returning U.S. 

soldiers with new onset pulmonary symptoms, that study’s protocol did not include lung 

biopsy,62 which was essential to the diagnosis in the earlier series.61

Acute and chronic bronchiolar disorders were part of a spectrum of respiratory responses in 

the Bhopal disaster. On December 3, 1984, large amounts of methyl isocyanate and other 

poorly characterized chemicals were released into the atmosphere at a Union Carbide 

pesticide manufacturing plant in Bhopal, India, exposing an estimated 250,000 community 

members and causing thousands of deaths.63,64 Autopsies in those who died in the first days 

to weeks of exposure showed necrotizing or ulcerative changes of the trachea and major 

bronchi, areas of necrotizing bronchiolitis, and alveolar changes including septal thickening, 

hyaline membranes, and emphysematous areas.65 Subsequent autopsies in approximately 

170 deaths through 1988 provided evidence of progression to interstitial pneumonitis, with 

increased cellularity and fibrosis; desquamative interstitial pneumonitis, giant cell interstitial 

pneumonitis, and fibrosing alveolitis patterns were noted.65 In some cases, an atypical 

obliterative bronchiolitis marked by intraluminal and peribronchiolar inflammation was 

seen.65 Although reports of histopathology in more recent autopsies or in symptomatic long-

term survivors are lacking, a 1994 random sample of Bhopal residents, stratified by distance 

of original residence from the pesticide manufacturing plant, documented exposure-related 
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dyspnea, cough, and spirometric impairment, consistent with small airways disease due to 

the gas release 10 years prior.63

The Ardystil syndrome, an outbreak of BOOP among textile workers, demonstrates the 

value of identifying disease etiology for the purposes of prevention.66–69 In Spain, three 

cases of lung disease in young coworkers, including one death, prompted an epidemiologic 

investigation of eight textile factories where printing dyes were sprayed.67 Among a total of 

257 workers, 71 (28%) had respiratory abnormalities and 22 (9%)met a radiologic case 

definition of BOOP67; case series confirmed the histopathology.68,69 Clustering of the cases 

in a short time frame, in two of the factories, and among job titles with direct contact with 

aerosolized dyes implicated a change in a product used only by those two factories.67 

Specifically, Acramin FWR, a powder, had been changed to Acramin FWN, a liquid 

poliamidamine intended to be applied with a brush or sponge rather than by spraying.67–69 

Ultimately, the outbreak ended after spray printing of textiles was stopped at these factories, 

but not before a total of six deaths and one lung transplant had occurred.67 Subsequently, a 

smaller outbreak of five cases and one death was reported in Algerian textile workers for 

whom histopathology was not available.70 These workers developed lung disease similar to 

that described in the Spanish outbreak after Acramin FWN was obtained from the same 

distributor that supplied one of the Spanish factories.67,70,71

Epidemiologic investigation also led to the prevention of an unusual bronchiolar disorder 

associated with humidifier disinfectant use that was recently described among children and 

adults in Korea.72,73 Pediatric cases were recognized in springtime from2006 to 2011 and 

adult cases in the spring of 2011.72,74 The mortality rate in children was 58% (80/138), 

while among 17 adults, 53% died or required lung transplantation.72,74 The histopathology 

had features of constrictive bronchiolitis and BOOP, but was remarkable for evidence of 

acute injury such as necrotizing bronchiolitis and diffuse alveolar damage.72,74 Initial 

hypotheses about etiology included a novel infectious agent, dust storms, and a genetic 

disorder, but these were ultimately ruled out.74–76 Instead, the seasonality, clustering in 

families, and occurrence of many cases in peripartum women (who were thought to be more 

likely to stay inside) led investigators to suspect an environmental exposure in the 

home.73,74,76 Case–control studies demonstrated use of humidifier disinfectants, originally 

marketed for cleaning a humidifier’s water tank but instead used by the public as a water 

additive to suppress microbial growth, was an independent risk factor for disease in both 

children and adults.73,76 In the 2 years after a national ban on humidifier disinfectants was 

imposed, no additional cases were detected, providing further evidence for causation.72,73 

An in vivo study specifically implicated aerosolized polyhexamethylene guanidine, a major 

ingredient of humidifier disinfectants.77

Pathogenesis

The pathogenesis of most exposure-related bronchiolar diseases is not well characterized. 

For chemically induced obliterative bronchiolitis, the initial pathologic injury is bronchiolar 

epithelial damage.78,79 Injury may occur on account of strong acids or alkalis, generation of 

toxic free radicals,55 or other agent-specific mechanisms. The subsequent inflammation and 

fibroproliferative repair response result in fibrosis within the bronchiolar wall in the case of 
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constrictive bronchiolitis and fibrosis extending into the bronchiolar lumen, sometimes with 

alveolar extension, in proliferative bronchiolitis.79 Solubility and concentration of the agent, 

and the duration of the exposure, likely contribute to the type and severity of the lung 

injury.80

Diacetyl and 2,3-pentanedione, which cause indolent onset of constrictive bronchiolitis in 

flavoring-exposed workers, appear to cause toxicity through three described mechanisms of 

reactive carbonyl-induced damage.30 These mechanisms are modification of essential 

proteins, interactions with DNA, and reactive oxygen species-induced cell injury.81–85 

Animal data indicate that protein damage as measured by increased ubiquitination may be a 

biomarker of diacetyl-induced airway epithelial damage in the mouse.86 Ubiquitination is 

one of many potential responses to damaged protein.86 In animal models, diacetyl causes 

selective lethal toxicity to progenitor Club cells, which play a critical role as airway 

progenitor cells in humans.87,88 Indeed, an animal model of airways fibrosis has been 

developed in which Club cells are selectively targeted by naphthalene, which is metabolized 

by cytochrome P-450 monooxygenase system in the Club cells.89

For the lymphocytic bronchiolitis and peribronchiolitis of flock worker’s lung disease, the 

pathogenesis is likely very different from chemically induced epithelial damage. In this 

indolent bronchiolar disease distinct from hypersensitivity pneumonitis, the preponderance 

of lymphocytes suggests an immune mechanism, consistent with the relapse of workers who 

returned to the flocking environment. A possible contribution to the pathogenesis is 

mobilization of iron from endogenous sources around a synthetic fiber, resulting in oxidative 

stress.90

Presentation and Diagnosis

The symptoms of exposure-related bronchiolar disorders are generally nonspecific 

respiratory complaints: dyspnea, particularly with exertion; cough; and in some cases, 

wheeze.80,91 Nonetheless, a spectrum of presentations has been reported. Fever may be 

prominent in cases of proliferative bronchiolitis and BOOP, and also has been reported in 

some cases of constrictive bronchiolitis and in relation to flock exposure.7,9,10,23,41,42,69 

Fever was reported in 20% of adults and 26% of children with bronchiolar disorders 

associated with humidifier disinfectant use.72,74 Weight loss also has been described.23,37,67 

With some exposures, mucous membrane or skin irritation occurs23,46,92; epistaxis was 

commonly noted in the Ardystil syndrome.67–69 Examination may be entirely normal, or 

reveal crackles, wheeze, and rarely, clubbing.47,80,91

Many case reports and series describe impaired lung function. Reported spirometric 

abnormalities include obstructive, restrictive, and mixed patterns (Table 2). In cases with 

low forced vital capacity (FVC) on spirometry, lung volumes may either confirm 

restriction53,69 or provide evidence for obstruction with air trapping.23,93 A significant 

spirometric response to bronchodilators or bronchial hyper-responsiveness on methacholine 

challenge testing is unusual, but has been reported in some cases.23,37,51,61,69,93 Low 

diffusing capacity also has been noted (Table 2). Hypoxemia requiring acute or chronic 

oxygen therapy has been described.7,37,69,72,74,94 On bronchoalveolar lavage, a high 
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percentage of lymphocytes (>25%) is characteristic of BOOP, while a predominance of 

eosinophils (>10%) was found in some cases of flock workers’ lung disease and humidifier 

detergent-related lung disease.36,74,91

Despite such evidence of abnormal physiology, recent histopathologic series have 

demonstrated bronchiolar disease in the face of normal lung function. Most cases of sulfur 

mustard-related bronchiolar disorders had normal spirometry and normal diffusing 

capacity.49,50 The majority (84%) of returning U.S. soldiers with constrictive bronchiolitis 

had normal spirometry and approximately 40% had normal diffusing capacity.61 In the 

Ardystil syndrome, half of the biopsy-confirmed cases of BOOP had normal spirometry and 

nearly all had normal diffusing capacity at presentation; subsequent falls in FVC and 

diffusing capacity during treatment occurred.69 Thus, normal lung function does not 

preclude the diagnosis of bronchiolar disorders. Instead, the predominance of lung function 

abnormalities in some histopathologic series may reflect a clinical bias against the use of 

biopsy in patients with normal pulmonary physiology. King and colleagues61 were criticized 

for their diagnostic approach to soldiers with exertional dyspnea but normal lung function, 

and the validity of their histopathologic results was questioned.95,96 Yet epidemiologic 

studies of exposed populations at risk of bronchiolar disorders demonstrate the insensitivity 

of traditional lung function tests for identifying those with respiratory illness.24,67,97

Plain chest radiographs may be normal or show a spectrum of findings from hyperinflation 

to nodules to reticular infiltrates.5 Pneumothorax has been described.23,72 Alveolar 

infiltrates were noted in the Ardystil syndrome, reticulonodular or patchy infiltrates in flock 

workers’ lung disease, and ground glass opacities and consolidation in the Korean outbreak 

associated with humidifier detergent use.69,72,74,98 Tracheal abnormalities, including saber 

sheath narrowing, have been reported.22,48 High-resolution computed tomography (HRCT) 

offers more detailed information, often identifying abnormalities when the chest radiograph 

is normal. Several patterns have been described: centrilobular nodules and branching lines 

(commonly referred to as “tree in bud”); ground glass attenuation or alveolar consolidation; 

and low attenuation (mosaic perfusion) and air trapping.4,5 Dynamic HRCT with expiratory 

images is more sensitive for detecting mosaic perfusion and air trapping.4 Associations 

between HRCT patterns and histopathology are evident. Centrilobular nodules are typical of 

cellular bronchiolitis and also can be seen in proliferative bronchiolitis; ground glass 

attenuation is typical of BOOP; and mosaic perfusion and air trapping are seen in both 

proliferative and constrictive bronchiolitis.4,91

Nonetheless, variations in HRCT findings occur. In one case series of constrictive 

bronchiolitis, air trapping was a common finding, but ground glass and centrilobular nodules 

also were seen.93 Among six WTC-exposed patients suspected of having interstitial lung 

disease (rather than small airways disease) on the basis of HRCT findings, five had 

bronchiolitis or peribronchiolar fibrosis on biopsy.53 Multiple cavitary lesions were noted in 

a case of BOOP associated with exposure to benzalkonium compounds from a cleaning 

agent.99 HRCT features of flock workers’ lung disease include ground glass opacities and 

micronodules, but honeycombing was seen in some cases.98 Accompanying abnormalities in 

the larger airways are notable in some case series of exposure-related bronchiolar disorders, 

and include bronchial wall thickening; bronchiectasis; and dilated, irregular trachea and 
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major airways.23,25,48,53,98 Finally, as with lung function, HRCT can be normal despite 

biopsy-proven bronchiolar disease: most (68%) returning U.S. soldiers with constrictive 

bronchiolitis had normal HRCTs.61

Given the variable clinical, functional, and radiographic findings in exposure-related 

bronchiolar disorders, biopsy is warranted for symptoms that remain unexplained after a 

complete noninvasive evaluation. When a disease cluster is identified, biopsy is also useful 

in establishing the spectrum of histopathologic abnormalities associated with an exposure. 

Transbronchial biopsy may be sufficient for some disorders, such as BOOP, if the specimen 

is large enough to contain all the elements of the lesion and the clinical findings are 

compatible with the diagnosis.1,100 In other disorders, notably constrictive bronchiolitis, the 

patchy, subtle nature of the histological findings necessitates surgical lung biopsy.100,101 

Obtaining wedge biopsies from multiple lobes is recommended, as this approach increases 

the diagnostic yield.100 Lesions affecting the bronchioles tend to have a central lobular 

distribution, and this pattern is often best recognized at low magnification.3 However, 

additional techniques, such as special stains, immunohistochemistry, in situ hybridization, 

and electron microscopy, are often indicated.3 For instance, in advanced constrictive 

bronchiolitis, completely obliterated bronchioles may not be recognized without elastic 

stains that identify airway remnants adjacent to small vessels.5

Treatment and Clinical Course

The treatment of exposure-related bronchiolar disorders suffers from a weak, primarily 

anecdotal, evidence base. In addition to exposure cessation (discussed further later) and 

supportive measures like supplemental oxygen for hypoxemia and mechanical ventilation 

for respiratory failure, the most commonly cited therapy is corticosteroids. Inhaled, oral, and 

parenteral routes of administration have been reported. The use of prednisolone for silo 

filler’s disease was described in a 1956 case series in which the first two patients did not 

receive corticosteroids and died, while the second two received prednisolone or prednisone 

and had dramatic symptomatic improvement within 12 to 24 hours, followed by incomplete 

radiographic resolution over several months.7 Other publications on silo filler’s disease 

either describe robust responses to corticosteroids or attribute an observed lack of 

bronchiolitis following nitrous oxide exposure to early use of corticosteroids.9–11,15,18,19,92 

One of the two sisters who were exposed to chlorine gas in their home was treated with 

hydrocortisone and prednisone and had a complete recovery, while the other did not receive 

corticosteroids and had chronic dyspnea and reduced lung function more than 4 years 

later.102

Unfortunately, such a therapeutic benefit of corticosteroids appears to be unusual. A lack of 

response to corticosteroids is characteristic of bronchiolar disorders related to diacetyl, 

sulfur mustard, the WTC disaster, and humidifier disinfectant use.23,50,51,72,74 

Corticosteroids appeared to prevent disease progression in one patient exposed to 

thionylchloride but not in the other patient, who required prolonged critical care.20 

Idiopathic BOOP (COP) is usually responsive to corticosteroids, with a cure rate of 

80%.91,103 The case of benzalkonium compounds-associated BOOP promptly resolved with 

prednisone.99 Nonetheless, among 14 textile workers with Ardystil syndrome, 
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corticosteroids did not prevent initial progression in 11 or development of irreversible 

respiratory failure in 5.69 Introduction of corticosteroids at an earlier stage, when lung 

function was relatively more preserved, was associated with better outcomes.69 In a case of 

BOOP in a potato chip factory worker who handled seasonings, use of oral corticosteroids 

for 2 years resulted in an unfavorable but “stable” condition, characterized by disability and 

a requirement for supplemental oxygen.94 Other immunomodulatory drugs, including 

cyclophosphamide, hydroxychloroquine, and intravenous immunoglobulin, have been tried 

in some cases, without clear benefit.23,69,72,74

There is limited experience with other pharmacotherapies. Inhaled bronchodilators have 

been described as ineffective in many reports.22,36,37,47,50 However, as noted earlier, a 

bronchodilator response was documented in a minority of cases of exposure-related 

constrictive bronchiolitis, the Ardystil syndrome, and flock workers’ lung 

disease,23,37,61,69,93 suggesting bronchodilators may be useful in select patients. 

Bronchodilators appeared to benefit one WTC-exposed patient (with restrictive spirometry, 

mosaic attenuation on HRCT, and chronic bronchiolitis, bronchiolar fibrosis, and 

emphysema on histopathology) who did not respond to oral corticosteroids but experienced 

a marked reduction in lung volumes when inhaled corticosteroids and bronchodilators were 

discontinued.53 Macrolide antibiotics are effective in the idiopathic bronchiolar disorder 

diffuse panbronchiolitis and have shown some promise for idiopathic BOOP (COP) and 

early transplant-associated bronchiolitis obliterans syndrome, presumably due to anti-

inflammatory effects.104 Nonetheless, their use for exposure-related bronchiolar disorders 

has been infrequently described. In one case series of sulfur mustard-related disease, 

symptom progression despite macrolide therapy was noted.50 In the case of constrictive 

bronchiolitis in a WTC-exposed police officer, azithromycin was associated with substantial 

(>2 L) increases in FVC and forced expiratory volume in one second (FEV1), although 

dyspnea persisted.51 Oral N-acetylcysteine therapy resulted in reduced respiratory symptoms 

and improved pulmonary function compared with placebo in two small clinical trials 

involving Iranian sulfur mustard-exposed patients.105

Lung transplantation for exposure-related bronchiolar disorders has been reported 

occasionally. The first international alert on the Ardystil syndrome came in 1993 and noted 

that lung donors were needed to provide transplants for over 10 workers poisoned by paint 

fumes.71 One double lung transplantation was subsequently reported, with a good outcome 

at 33 months of follow-up.67,69 In the Korean humidifier disinfectant outbreak, four adults 

and one child underwent lung transplantation.72,74 For the adult patients, transplantations 

occurred in 2011 and all were alive as of the 2014 report; details on the pediatric 

transplantation were not provided.72,74 Two of the cases of constrictive bronchiolitis in the 

fiberglass-reinforced plastics industry underwent heart–lung or lung transplantation and 

experienced long-term survival: one died of complications more than 20 years later, while 

the other was alive at approximately 15 years of follow-up.32 Five microwave popcorn 

workers were on waiting lists in 2004,23 but to date none has undergone transplantation. An 

outbreak in Taiwan of constrictive bronchiolitis related to consumption of juice made from 

the Sauropus androgynus vegetable leaf led to single lung transplantation in eight patients; 
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progressive deterioration within a year was thought due to bronchiolitis obliterans syndrome 

in the transplanted lung.106

For ongoing exposures, exposure cessation is a mainstay of treatment. One fiberglass-

reinforced plastics industry worker whose clinical presentation was consistent with 

constrictive bronchiolitis reportedly improved away from work, although he remained 

disabled.32 Patients with flock workers’ lung disease who continued to work in the flock 

plant experienced no improvement or worsening of their condition despite corticosteroid 

therapy; those who left the workplace had symptomatic, functional, and radiographic 

improvement even without medication.36,37 Furthermore, those who improved and 

attempted to return to the workplace had subjective and objective relapses.37 In the Ardystil 

syndrome, epistaxis resolved quickly following removal from exposure, and all surviving 

patients had normalization of pulmonary function within 4 years of leaving the workplace.69 

In the series of nine former microwave popcorn workers, seven experienced improvement in 

cough—though not dyspnea— and stabilization of lung function after leaving 

employment.23 After controls to reduce diacetyl exposures were introduced at the plant, 

current workers had normalization of their mean annualized FEV1 decline, from about −140 

mL/year to −20 mL/year.107 Notably, this pattern has also been seen after short-term 

accidental exposures. Reports of chlorine gas exposure documented excessive declines in 

spirometric parameters during the first 2 years postexposure, after which rates of decline 

normalized.102,108 Patients suspected of having bronchiolar disease after exposure to 

ammonia had gradual deterioration of pulmonary function over the initial 2 to 6 months, 

followed by slight improvement and then stabilization with no subsequent change over a 2-

year follow-up.109 Emergency responders following the WTC disaster had large declines in 

FEV1 in the year following exposure that persisted without recovery or further excessive 

decline over the next 6 years.110 Notably, stabilization after exposure cessation is in contrast 

to the inexorable downhill course of bronchiolitis obliterans syndrome in transplant 

recipients.101

The long-term outcome of exposure-related bronchiolar disorders is often poor, although 

recovery from some exposures has been described. Apart from acute deaths due to 

pulmonary edema and deaths from proliferative bronchiolitis in the era before corticosteroid 

use, most cases of silo filler’s disease are described as recovering and being asymptomatic 

on follow-up, albeit some with residual functional and radiographic 

abnormalities.7,9–11,13,18,19 Chronic respiratory symptoms, lung function impairment, and 

excess respiratory disease mortality have been documented in diacetyl-exposed 

workers.22,23,111,112 Three of six cases of constrictive bronchiolitis in the fiberglass-

reinforced plastics industry died from respiratory disease or underwent lung transplantation, 

while the survivors had significant respiratory morbidity.32 A 20-year follow-up of nine 

cases of nylon flock workers’ lung disease demonstrated complete resolution in five and 

persistent lung disease in four, including two who progressed to hypoxemic respiratory 

failure and death 18 and 20 years after initial presentation.113 Progressive disease was also 

described in a case of polyethylene flock worker’s lung disease.43 An increased risk of lung 

cancer in flock workers has also been described.114 Fifteen years after exposure, sulfur 

mustard-exposed patients with bronchiolar disorders continued to have cough and 

dyspnea.49,50 Chronic respiratory symptoms, persistent but stable restrictive lung 
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physiology, and hypoxemia necessitating supplemental oxygen therapy were characteristic 

of WTC-exposed patients 4 to 6 years after the disaster.53 One to 6 years after the diagnosis 

of constrictive bronchiolitis in returning U.S. soldiers, half had left the service with a 

disability rating and more than half reported dyspnea on exertion and limited job 

opportunities due to respiratory impairment.61 Ten years after the Bhopal disaster, 

interviews with exposed community members revealed high prevalences of cough (54%) 

and dyspnea (84%); those reporting symptoms had reduced lung function.63 Although the 

Ardystil syndrome and the lung disease associated with humidifier disinfectant use had high 

short-term mortality, survivors were noted to have favorable, often complete, recovery 

during relatively short (maximum 5 years’) follow-up periods.69,72,115

Research Needs

A recurrent theme of this review is that the distinctions among types of bronchiolar 

disorders—in physiology, radiography, histopathology, and natural history—are not clear-

cut in the investigation of populations with a single causal exposure. In the past, individual 

cases of occupational or environmental bronchiolar disease were recognized following acute 

onset after accidental overexposures. Cases without objective functional and radiographic 

abnormalities, or those lacking a dramatic event or with delayed or indolent onset, may not 

have prompted consideration of a bronchiolar disorder in the differential diagnosis or an 

exposure as a possible etiology. Thus, the “classic” textbook descriptions of bronchiolar 

disorders suffer from the stereotypes that enabled their recognition, but should not be used to 

exclude consideration of the diagnosis in individuals who do not fall neatly into one 

category.

The indolent onset forms now being recognized as having occupational causes, such as 

flavoring-related constrictive bronchiolitis, were investigated because of severe disease 

clusters in defined workforces or industries. With sentinel cases prompting an investigation 

of coworkers, the evidence of bronchiolar disease broadened to a spectrum of spirometric 

indices, radiographic findings, and subclinical abnormalities. The disease spectrum requires 

further research, as many of the epidemiologic investigations in the last decade, for example 

in flavorings, concentrated on fixed obstructive disease.22,25 Recent recognition of 

pathologic constrictive bronchiolitis with normal or restrictive spirometry requires 

reevaluation of earlier and future data with definitions that include exertional dyspnea, 

recognizing that objective tests for identifying small airways disease are limited. In every 

population-based investigation following sentinel cases, evidence of subclinical or 

undiagnosed cases has been found. Examples include flavoring-related lung disease in 

microwave popcorn, diacetyl, and flavoring manufacturing; WTC responders; methyl 

isocyanate exposure in Bhopal; dye-exposed workers in Ardystil; and flock-exposed 

workers with several synthetic fibers.22,41,44,45,63,67,97,110,111 Follow-up of sentinel cases by 

epidemiologically examining the exposed population from which they came will generate 

the knowledge about risk factors and causes that allow prevention of additional cases.

Another need is for the development of better diagnostic and screening methods for small 

airways disease. Traditional tests such as spirometry have been shown to be insensitive for 

identifying bronchiolar disorders. A nontraditional test, impulse oscillometry, has been used 
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in studies of WTC-exposed subjects with persistent respiratory symptoms, and appears to be 

more sensitive than spirometry for distal airways disease in this setting.59,60,116 The 

performance of impulse oscillometry in other exposed populations at risk for bronchiolar 

disorders needs evaluation. Few biomarkers have been identified for exposure-related 

bronchiolar disorders. Biomarkers that have been explored in transplant-related bronchiolitis 

obliterans syndrome and idiopathic pulmonary fibrosis, including hyaluronan, amphiregulin, 

club cell secretory protein, and interleukin-8,117–120 may have utility for early identification 

of exposure-related bronchiolar disorders, and also could expand our limited understanding 

of pathogenesis.

Few treatments for exposure-related bronchiolar disorders have been subjected to formal 

clinical evaluation. Questions regarding choice of drugs (such as corticosteroids, anti-

inflammatories, and cytotoxic agents), dosing, optimal timing of initiation following 

exposure, and duration of therapy have not been addressed. Since bronchiolar diseases are 

rare, the best opportunity for randomized clinical trials would be in the setting of disasters, 

such as occurred in Bhopal in 1984 or at the WTC in 2001. Perhaps there is a role of 

government to prepare predisaster institutional review board approval for clinical trials 

pertinent to potential exposure to agents known to cause bronchiolar disorders, such as from 

train derailments, wartime exposures, or terrorist events. Otherwise, emergency care of 

casualties will remain a trial of corticosteroids with little evidence for their efficacy, 

particularly for constrictive bronchiolitis. Other modalities for treatment, such as whole lung 

lavage, could also be subjected to randomized clinical trial.

Several new causes of obliterative bronchiolitis have been identified when chemicals or 

processes were changed without considering the possible human health impact. In 

microwave popcorn manufacture, the diacetyl content of artificial butter flavoring was 

increased when low-fat popcorn began to be manufactured.121 In the Ardystil syndrome, a 

textile dye that had not been recognized as causing occupational lung disease began to be 

sprayed instead of applied by sponges.67–69 In Korea, chemicals manufactured for the 

cleaning of humidifiers were used by consumers as an additive to humidification water, 

resulting in an aerosol exposure that was not anticipated.73 When an environmental or 

occupational cause is suspected, exploration of changes in process or content are often 

helpful. Premarket inhalation toxicology evaluation is not a regulatory requirement, 

resulting in the potential for occupational or environmental lung disease in workers and the 

general public who inhale agents with unanticipated pulmonary toxicity.121
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Fig. 1. 
Constrictive bronchiolitis secondary to Sauropus androgynus ingestion. (A) The lumen of 

this bronchiole is completely obliterated by fibrous tissue. The smooth muscle layer is intact 

over the upper portion of the bronchiole. (B) A portion of the lumen of this bronchiole 

remains (upper center), whereas the remainder has been replaced by foamy histiocytes and a 

few chronic inflammatory cells. The smooth muscle layer is intact over the left and lower 

portions of the airway. (C) Eccentric obliteration of the bronchiolar lumen is apparent, with 

remaining lumen to the left and the rest replaced by fibrous tissue with a few inflammatory 
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cells. The smooth muscle layer is partially intact over the left and lower portions of the 

airway. (Images courtesy of Dr. Victor Roggli, Department of Pathology, Duke University 

School of Medicine).
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Fig. 2. 
Bronchiolitis obliterans organizing pneumonia. (A) Low power view shows young 

edematous connective tissue plugs within alveoli and an alveolar duct, with projection into 

the lumen of a respiratory bronchiole (proliferative bronchiolitis). (B) High power view 

shows young edematous connective tissue plug within an alveolus. Note the partial lining by 

epithelium (bottom) and the chronic inflammatory cells near the center of the plug. (Images 
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courtesy of Dr. Victor Roggli, Department of Pathology, Duke University School of 

Medicine).
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Table 1

Examples of known or suspected exposures causing bronchiolar disordersa

Exposure Illustrative setting References

Acramin FWN Textile printing 67–69

Ammonia Chemical industry, refrigerant 93,109,122–124

Benzalkonium compounds Floor polish spill 99

Bromine compounds Flavoring research and development 17

Chlorine Transportation spill, industrial accident 55,102,108

Chlorine-liberating disinfectant (powder) Cleaning 55

Cooking oil fumes Commercial cooking 125

Diacetyl and 2,3-pentanedione Microwave popcorn, diacetyl manufacture, flavoring 
manufacture, coffee roasting

22–27,30,31

Dimethyl disulfide 55

Dusts/gases/fumes World Trade Center collapse 51–53

Flock (fibers of nylon, polyethylene, polypropylene, 
rayon)

Upholstery, greeting cards, fishing nets manufacture, artificial 
snow on movie set

36,37,40,43–45,126

Fly ash Incineration of coal and oil 127

Food production dusts (possibly flavorings) Animal feed manufacture 128

Humidifier disinfectant (polyhexamethylene guanidine) Homes 72,74

Hydrochloric acid 55

Hydrogen sulfide Crude oil, natural gas, manure pits, toilets 129–132

Methyl isocyanate Bhopal pesticide manufacture leak 63,65,133,134

Mineral dusts (aluminum oxide, asbestos, coal, iron 
oxide, silica, others)

Coal mining, hard rock mining, photocopier toner 54–56,135

Oxides of nitrogen Explosive detonation, silage decomposition, nitric acid use, 
nitrocellulose fires, welding gases

7–15,18,19,136,137

Phosgene War gas, chemical manufacturing 138

Polymethylene polyphenol isocyanate Plastics factory maintenance 93

Sauropus androgynus Vegetable juice consumption for weight loss 139

Shoe dye Shoe shining parlor 140

Smoke inhalation Plastics factory fire, synthetic materials in house fire, Styrofoam 
combustion, photography processing fire (ammonia, nitrogen 
dioxide)

93,141–143

Sulfur dioxide Paper mill bleaching, sulfur mine fire 16,144

Sulfur mustard Chemical warfare 46–50,145,146

Thionyl chloride Lithium battery manufacture 20

a
Listed alphabetically by exposure.
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Table 2

Lung function patterns in cases of exposure-related bronchiolar disordersa

Exposure Histopathology Spirometry Diffusing capacity References

Nitrous oxide Proliferative bronchiolitis Restriction (1/1)
Obstruction (3/3)
Obstruction (1/1)

Low (1/1)
Low (1/3)
Low (1/1)

9
10
11

Diacetyl Constrictive bronchiolitis Obstruction (2/9)
Restriction (1/9)
Mixed (6/9)

Low (2/7) 23

Fiberglass-reinforced 
plastics (possibly styrene)

Constrictive bronchiolitis Obstruction (6/6)
Obstruction (2/2)

32
33

Nylon flock Lymphocytic bronchiolitis, peribronchiolitis Obstruction (3/20)
Restriction (10/20)
Normal (2/5)
Restriction (3/5)

Low (13/19)
Low (4/4)

37
39

Sulfur mustard BOOP, constrictive bronchiolitis, other Obstruction (1/1)
Obstruction (1/1)
Normal (13/15)
Obstruction (1/15)
Restriction (1/15)

Normal (23/23) 46
47
49
50

World Trade Center dust/
gases/fumes

Constrictive bronchiolitis; nondiagnostic 
bronchiolar abnormalities

Mixed (1/1)
Normal (1/7)
Restriction (5/7)
Mixed (1/7)
Restriction (5/8)
Mixed (3/8)

Low (1/1)
Low (3/5)
Low (8/8)

51
52
53

Sulfur mine fire, other 
combustion or dust

Constrictive bronchiolitis Normal (32/38)
Obstruction (2/38)
Restriction (3/38)
Mixed (1/38)

Low (23/38) 61

Acramin FWN (textile dye) BOOP Normal (7/14)
Restriction (5/14)
Obstruction (2/14)

Low (1/14) 69

Humidifier disinfectant Constrictive bronchiolitis, BOOP, acute 
changes

Restriction (9/9) Mean DLCO 41% 
predicted

74

a
Listed in order of citation in text. Abnormalities are shown as reported in the publications. Reference equations and interpretative strategies were 

not uniform across studies, which may have introduced some misclassification. Nonetheless, a spectrum of findings is evident.
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