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Abstract: Fixed airways obstruction was found in workers producing 
microwave popcorn in relation to inhaling synthetic butler flavoring 
volatiles in 2000. Since then, an industry-wide hazard of clinical 
bronchioli ti s obliterans was found in other microwave-popcorn plants, 
in flavoring manufacture, and in diacetyl (2,3 -butanedione) manu­
facture. Recently, workers in I food production and I flavoring man­
ufacturi ng facility have had excesses of spi rometri c restrictive 
abnonnalities. Evidence of flavoring-related excessive declines in 
forced expiratory volume in I second (FEV.) suggests that restriction 
in the latter flavoring plant is work-related. However, the pathologic 
and physiological correlates of restriction in flavoring·exposed workers 
remain uninvestigated. Diacetyl vapor causes respiratory epithelial 
necrosis in rodents. compatible with the pathologic mechanism for 
constrictive bronchiolitis, but exposures in flavoring manufacturing are 
more diverse than diacetyl. The diacetyl substi tute, 2,3-penlanedione, 
has comparable tox icity to diacetyl, and other members of the Cl-di­
ketone family have not been evaluated for respiratory toxicity. With 
the increasing spectrum of flavoring-related lung diseases and chemical 
exposures, pulmonologists caring for flavoring-exposed workers have 
novel challenges. These include examining excessive FEV I declines in 
serial spirometry and improving surveillance spi rometry quality so that 
excessive declines can be detected at an earlier stage. The best means 
of preventing pennanent impairment from irreversible occupational 
lung disease is 10 intervene for workers with excessive FEV . decline 
within the nonnal range and before diab'llostic criteria for occupational 
lung disease can be met. Regulation of diacetyl and 2,3-pentanedione, 
which does not yet exist, may not prevent all occupationa l lung disease 
in flavoring·exposed workers. 
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A novel pattern of occupational bronchiolitis obliterans was 
recognized among microwave-popcorn manufacturing 

workers in 2000. I This pattern was the gradual development of 
fixed airways obstruction, often within months of first ex­
posure, among workers exposed to butter flavoring volatiles 
without antecedent overexposure or spills. The pattern con­
trasted with that associated with silo-filler's disease (due to 
oxides of nitrogen), chemical warfare exposures (such as 
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mustard gas), and other noxious gases (such as ammonia, 
chlorine, phosgene, and sulfur dioxide). These latter etio logies 
of occupational bronchiolitis obliterans were identified by 
ac ute lung injury due to overwhelming accidental exposure, 
followed by apparent resolution, and then delayed develop· 
ment of bronchiolitis obliterans several weeks later. Thus, the 
relation between bronchiolitis obliterans and prior exposure 
incident was surmised in individual cases rather than through 
epidemiologic investigation of exposed populations. 

In contrast, the ri sk of bronchiolitis obliterans in micro· 
wave· popcorn workers was suggested by the recognition of an 
8-person case cluster of severe lung disease among former 
workers of a single factory, including 4 on lung transplant 
li sts.2 Four of these sentinel cases had been mixers of synthetic 
butter flavorings in heated oil, and the estimated prevalence of 
bronchiolitis obliterans in mixers was 21 times that of other 
workers in microwave-popcorn production. None reported 
apparent overexposure in the workp lace, and none had a work· 
related pattern of chest symptoms.] The cases had occurred 
insidiously over an 8-year period, and no known respiratory 
toxin was known to be present in the workplace. Indeed, ex­
ploration of the potential work·relatedness of the cases was 
triggered by the wife of a worker, who called a lawyer' s at­
tention to 4 cases. In tum, this lawyer referred the case list to a 
worker's compensation attorney who identified 4 additional 
cases and triggered medical record review.4 The occupational 
physician recognized the importance of public health inves­
tigation and reported the cases to the state health department, 
which en listed technical support from the National Institute for 
Occupational Safety and Health (NIOSH), a component of the 
Centers for Disease Control and Prevention with a mandate to 
investigate emerging occupational diseases. An earlier attempt 
to engage occupational health professionals by a local 
pulmonary physician who had seen many of the cases was 
unproductive. He had called the regulatory agency, the Oc· 
cupational Safety and Health Administration, whose inspectors 
reported no regulated lung hazards in the plant. Enforcement of 
existing regulations regarding occupational exposures does not 
address emerging hazards, and the enforcement focus by those 
who measure workplace exposures is usually not informed by 
recogni tion of the health significance of disease clusters. 

The ensuing public health investigation in the micro­
wave-popcorn plant linked results of medical testing of current 
workers with both environmental characterization of work· 
place exposures and questionnaire interview data regarding 
demographics, symptom and diagnosis hi story, and job his­
tory.1 With this epidemiologic approach to the current worker 
population, a 3.3-fold excess of spirometric airways ob­
struct ion was demonstrated in plant workers in comparison 
with the US general population: never·smokcrs in the current 
workforce had a 10.8-fold risk of airways obstruction in 
comparison with never-smokers in the US general population. 
When job tenure was linked with job-specific estimates of 
exposure to diacetyl, the principal volatile found in workplace 
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air. cumulative diacetyl exposures were associated with air­
ways obstruction, with abnormal spirometry [airways ob­
struction or low forced vital capacity (FYC)]. and with 
decreased percent predicted forced expiratory volume in I 
second (FEY I)' Five of the 6 workers in the quality control 
laboratory. who each popped about 100 bags of microwave 
popcorn per shift, had fixed obstructive abnormalities, despite 
having average diacetyl exposures about one quarter of the 
average of most microwave-popcorn workers on the lines who 
filled and packaged the microwave-popcorn bags with com 
kernels and flavoring-containing oil. These quality control 
workers had higher exposures to other flavoring components 
when bags were microwaved and peak exposures when bags 
were opened to assess quali ty measures. 

ADDITIONAL MICROWAVE-POPCORN PLANT 
INVESTIGATIONS 

The new cross-sectional association between diacctyl and 
clinical bronchiolitis obl iterans among current workers in the 
index microwave-popcorn plant triggered systematic inves­
tigation of 5 additional microwave-popcorn plants (Table 1).5 
Workers in these next 5 plants had lower average diacetyl ex­
posures than workers in comparable jobs in the index micro­
wave-popcorn plant, but 4 of these plants had cases of severe 
fixed airways obstruction that were consistent with bronchiolitis 
obliterans. demonstrating an industry-wide hazard of flavoring­
related lung disease. Across the industry, mixers of flavoring in 
oil had excess risk of spirometric obstruction, and production 
line workers who worked in plants with isolated mixing areas 
had much less prevalence of airways obstruction than workers 
who worked in plants where mixing activities were conducted 
adjacent to the packaging lines. Mixers who had worked > 12 
months in mixing had greater prevalence of obstructive abnor­
malities than mixers with less work experience in mixing, con­
sistent with an exposure-response relationship between diacetyl 
and airways obstruction. 

In addition to these 5 microwave-popcorn investigations, 
NIOSH returned to the first sentinel plant to ass ist with the 
evaluation of recommended controls, intended to lower fla­
voring exposures for microwave-popcorn production workers.6 

The mixing room was isolated from the packaging lines, as 
was an area with heated holding tanks for flavorings mixed 
with oil. Microwave popping was isolated from the quality 
control worker laboratory and subject to exhaust venti lation. 
Despite adding additional ventilation to the new mixing room, 
all persons entering this area needed to wear air- line resp irators 
that provided uncontaminated ai r for breathing. Engineering 
controls resulted in diacetyl measurements be ing below the 
limit of detection for the remainder of plant workers. Co­
incident with the lowering of average diacetyl concentrations, 
those workers who participated in all 8 cross-sectional spi­
rometry surveys over nearly 3 years had their annualized FEV 1 

decrements fall from 144 to 40 mLly in the second year and 
then to 22 mL/year in the third year. This normalization of 
annual decline in FEY I constituted additiona l evidence that 
flavorings were a causal factor, as removal from exposure was 
accompanied by disappearance of a health effect. Similarly, 
workers hired after the initial cross-sectional survey with at 
least 3 seri al spirometry measurements had a lower prevalence 
of excessive decline in lung function (defined as a 300 mL and! 
or 10% decline from first to last spirometry test) when com­
pared with those workers who were present at the time of the 
historical higher exposures. These new hires had average FEY 1 

measurements of 95.8% predicted at their last survey, in 
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TABLE 1. Recent Reports (Since 2006) of Flavoring-exposed 
Worker Investigations of Airways Obstruction 

References Industry Type Significance/Findings 

Kanwn l Microwave Bronchiolitis obliterans cases in 5 of 
et al5 popcorn (6 6 plants demonstrated industry-

plants) wide risk, with proximity to 
mixing, including time as a mixer, 
conferring increased risk 

Kanwal Microwave Lowering flavoring exposures 
el al6 popcorn (index interrupted excessive annual FEY 1 

plant) decline in workers tested serially 
and new workers remained healthy 

Lockey Microwave Mixers and higher exposure workers 
et al7 popcorn (4 had more airways obstruction and 

plants) excessive FEY 1 decline, even with 
respirators 

van Rooy Diacetyl 4 of 102 process operaiors had 
et al8 manufacture bronchiolitis obliterans, previously 

misdiagnosed, with onset early in 
employment 

van Rooy Diacetyl Process operators had more chest 
et 319 manufacture symptoms and lower average FEV 1 

with diacetyl being plausible 
causal exposure 

Sahakian Popcorn popping 3 of 3 workers developed work-
et allo related asthma in adding flavors to 

popped com, with aldehydes 
predominating 

NIOSH I1 Cooking Grill cooks using butter-flavored oils 
had no excess obstruction 

COC12 Flavor 2 case reports of bronchiolitis 
manufacture obliterans in California triggered 

public health efforts across 
Cal ifornia industry 

Hendrick ll Flavor Bronchiolitis obliterans case report in 
manufacture worker manufacturing flavors for 

potato chips 
NIOSHI4 Flavor Investigation of 18 production 

manufacture workers with 3 cases of severe 
fixed airways obstruction among 
those exposed to powders 

NIOSHI5 Flavor 2 of 14 production workers had fixed 
manufacture airways obstruction, including an 

incident case over a 4.S-month 
testing interval 

Kim et al 16 Flavor Work-related risks of airways 
manufacture obstruction included greater 

company use of diacetyl, having a 
coworker with obstruction, 
production work, and work tenure 

Israel et al 17 Flavor Case report of incident case of fixed 
manufacture airways obstruction 

Kreiss Flavor Excessive FEY 1 decline associated 
et al18 manufacture with greater company diacetyl usc 

and occurred predominantly in 
workers with spirometry in the 
normal range 

FEV I indicales forced cxpiralOry volume in I second. 

contrast to workers with historically higher exposures, whose 
last FEY 1 measurements averaged 85.7% predicted. 

An industry-sponsored longitudinal study of a micro­
wave-popcorn plant also documented increased hazard for 
mixers and those with higher exposure.7 Before the advent of 
mandatory powered air-purifying respiratory protection for 
mixers of fl avorings in oil , mixers had a statistically significant 
decrease in the FEV 1 percent predicted of 6. 1 for non-Asian 
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males and 11 .8 for Asian males, in comparison with employees 
with no mixing room or quality assurance employment. 
Among non-Asian males, work as a mixer before the im­
plementation of respiratory protection was associated with an 
8-fold increased ri sk of airways obstruction [95% confidence 
interval (e I), 2.26-29.25], and work as a mixer after the im­
plementation of mandatory powered air-puri fying respiratory 
use was associated with a 5.7-fold increased risk of airways 
obstruction (95% CI, 1.23-26.24). Thus, even introducing a 
stringent respiratory protection program did not sufficiently 
protect mixers from developing occupational airways abnor­
malities. Having a cwnulative diacetyl exposure ~ 0.8 ppm­
years (exposures uncorrected for humidity and days to c)(traction 
and hence undcrestimations) was associated with airways 
obstruction (odds ratio, 9.2; 95% CI, 2.29-36.75) and with a 
decrease in the FEY 1 percent predicted of 10.3% for non-Asian 
and 12.7% for Asian males, compared with having a cumulative 
diacetyl exposure <0.8 ppm-years. Thus, longer andlor higher 
diacetyl exposure resulted in occupationa l effects on workers' 
airways. 

DIACETYL MANUFACTURING WORKERS 
Most synthetic butter flavorings are complex, with many 

chemicals present in addition to the historically predominant 
one, diacetyl. Dozens of other vo latile chemicals were com­
monly present in the air of microwave-pop com plants or in the 
headspacc of flavoring samples. Diacetyl manufactu re, in 
contrast, has only 3 feedstocks or contaminants: acetoin , ace­
taldehyde, and acetic ac id. Dutch investigators constructed a 
retrospective cohort of workers at a diacetyl manufacturing 
faci lity that operated from 1960 throujlh 2003, with 206 
workers potentia ll y exposed to diacetyl. Medical testing of 
175 members of this cohort identified 3 severe bronchiolitis 
obliterans cases among the 102 process operators, and a fourth 
case in a process operator was identified subsequently among 
the 10 living nonparticipants. Three of these cases had devel­
oped shortness of breath within I to 2 years of starting work at 
the plant and the fourth 14 years after starting work. All had 
received diagnoses of chronic obstructi ve pulmonary disease, 
despite 3 of them being nonsmokers, and the fourth, a smoker, 
also had received a diagnosis of asthma. The cross-sectional 
epidemiologic characterization of the cohort demonstrated 
excessive symptoms of continuous trouble with breathing, 
daily cough, and asthma attacks in comparison with the general 
population of the Netherlands.9 The process operator group 
reported significantly more ever trouble with breathing and 
shortness of breath in the last year and an average 292 mL 
decrement in FEY I in comparison with a minimall y exposed 
internal reference group. 

OTHER FOOD PRODUCTION WORKERS 
Food manufacturing workers have excessive obstructive 

lung disease in 3 population-based studies. 19 In a family 
business, all 3 workers developed work-related asthma while 
adding flavorings to corn they had popped without micro­
waves.1O Although a case report exists of bronchiolitis ob­
literans in a cook from "overheated cooking oil fumes,,,20 no 
obstructive disease excess existed among cooks at 3 com­
mercial kitchens who had previously used butter-flavored oil. II 

FLAVORI NG WORKER INVESTIGATIONS 
Recognition of bronchiolitis obliterans risk in butter fla­

voring-exposed, microwave-popcorn manufacturing workers 
prompted retrospective discovery of the same ri sk in flavoring 
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manufacturing workers. The first known report was in a 1986 
report of a NIOSH investigation at a ~Iant that manufactured 
fl avorings for the baking industry. I Two never-smoking 
workers aged 28 and 30 years, who prepared batches of fla­
vorings, developed progressive exertional dyspnea and cough 
within 4 to 5 months of starting work and severe fixed ob­
structive lung disease within 5 to 7 months of employment. 
Two former mixers aged 36 and 38 years in the facility had 
asymptomatic airways obstruction, 1 moderately severe, which 
may have been related to flavoring exposure. Diacetyl was 
used frequently in production, as were many other chemicals. 
An occupational etiology was suspected, but no cause could be 
determined in the presence of so many exposures. Once the 
risk of flavoring-related occupational lung disease had been 
publicized, NIOSH became aware of biopsy-documented case 
reports of constrictive bronchiolitis obliterans in other flavor­
ing manufacturing workers from New Jersey, Cincinnati,22 and 
Cal ifornia, 12 and of granulomatous pneumoniti s in Maryland. 
Lockey et al22 reported a cluster of 5 workers in a flavoring 
plant with clinical findings consistent with bronchiolitis ob­
literans who had normal spi rometry at the start of employment 
and developed moderate (60% to 69% predicted FEY I) to 
severe (35% to 49% pred icted FEY I) obstruction. After ces­
sation of exposure to flavoring chemicals, no further decl ines 
occurred over the next 4 to 5 years. Consultants for the Fla­
voring and Extract Manufacturers Association reported 4 cases 
in 3 flavoring manufacturing plants.23 A case of bronchiolitis 
obliterans occurred in England in a worker manufacturing 
flavors for potato chips. 13 As flavoring manufacturing occurs 
in batches for many different flavors, quantitative exposure­
response relations and specific chemical causation are difficult 
or impossible to determine. 

Much of the work on fixed obstructive lung disease in 
flavoring manufacturing workers derives from surveillance ef­
forts of the California Department of Public Health and the 
California Department of Industria l Relations (CaIOSHA), with 
some assistance from NIOSH. 14,15 After physician reports of 2 
case patients with bronchiolitis obliterans in 2 flavoring manu­
facturers,I2 the health department motivated voluntary reporting 
of spirometry, questionnaire results, and follow-up medical 
testing for workers in 20 flavoring manufacturing companies that 
received consultation from CaIOSHA. California flavoring 
workers had a 2.7-fold (95% CI, 1.2-6.4) prevalence of severe 
and very severe airways obstruction compared with the US 
population. 16 In workers less than 40 years old, the prevalence 
ratio was 15 times higher (95% CI, 5.1-44.1) than the general 
popUlation. Sixteen obstructed cases worked in 4 companies that 
used at least 800 Ibs/y of diacetyl compared with 2 obstructed 
cases in companies using less diacetyl, for an odds ratio of 4.5 
(95% CI, 1.03- I 9.9). The 17 workers with job history in­
formation had all worked in production or production support 
jobs, and those with moderate or worse airways obstruction had 
worked an average of 9.0 years compared with workers with 
mild airways obstruction who had worked an average of 1.5 
years (p = 0.02). Half of the 18 workers with airways obstruction 
reported no chest symptoms, particularly those with mild airways 
obstruction (5 of6) and even moderate airways obstruction (4 of 
7). Further medical testing was reported for only 13 workers, 12 
of whom had fixed airways obstruction without bronchodilator 
response. Details of some of the clinical cases have been re­
ported. 12,14.17 

The industry-wide surveillance of flavoring workers in 
California resulted in the report of serial spirometry test data 
for 416 workers administered from 2004 through March 
2009, of whom 9.6% had abnonnal FEY I decline (defined by 
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exceeding the relati ve longitudinal limit of decline appropriate 
to the within-person variation in the survei llance data set). 18 
Workers at companies using ~ 800 lbs/y of diacetyl had 
greater prevalence of abnormal FEY I decline than at compa­
nies using lesser amounts (7.3 vs. 3.0 per 1000 person-months 
of follow-up, P = O.OI). Using only high-quality spirometry 
data on a subset of 289 workers, only one of 21 with excessive 
FEV 1 decline had obstructive spirometry, and this worker lost 
23.9% (-980mL) of hi s baseline spirometry over 25 months. 
Thus, examination of excessive FEV I decline identified per­
sons with occupational risk of lung disease in addition to and 
perhaps before they wou ld develop abnormal obstructive spi­
rometry. The mean FEV I change for workers using ~ 800 lbs/ 
Y of diacetyl was - 114.3 mUy compared with -50AmUy in 
companies using less diacetyl (P=0.06). 

RESTRICTIVE SPIROMETRY IN 
FLAVORING-EXPOSED WORKERS 

In contrast to the fixed obstructive lung disease seen in 
California industry-wide surveillance and several workplace 
investigations,14- 16 I flavoring manufacturing worker pop­
ulation has had excesses of restrictive spirometry (FVC below 
lower limit of normal and normal FEY I/FYC ratio) and work­
related excessive declines of FEY I and FVC in a restri ctive 
pattern.24 Diacetyl was used nearly daily in this flavoring 
manufacturing facility , as well as many other Havoring 
chemicals. Among 106 production workers, 28% had re· 
striction , and 4% had airways obstruction (FEV I and FEV.I 
FVC below the lower limits of nonnal set at the fifth percentile 
of the normal distribution), I with a very severe «35% per­
cent predicted FEV.) mixed obstructive and restrictive ab­
nonnality (FEV" FVC, and FEV / FVC all below the lower 
limits of normal). The excess of restrictive abnormalities was 
3.8 times the expected preva lence in the US general population 
after adjustment for race, cthnicity, sex, age, smoking status, 
and body mass index. For 70 workers with serial spirometry 
tests, 19% had excessive FEV I decline compared with the 
relative longitudinal limit of decline appropriate to the within­
person variation in the surveillance clinic's data set. Workers 
currently working in areas with higher potential for flavorings 
exposure had a 7.0-fold odds of excessive FEV I decline (95% 
CI, 1.3-38.2) in comparison with workers who were not cur­
rently working in areas with higher potential for exposure . The 
workers in these areas with higher potential for flavorings 
exposure had 2.8 times greater average annual declines in 
FEV I than workers in other areas, and 5 of 13 workers with 
excessive FEV1 declines still had spirometry values within the 
normal range, suggesting that at-risk workers can be identified 
before they have impairment. Clinical evaluation to determine 
the nature of the excess disease in this worker popUlation is not 
yet available, despite indications that occupational exposures 
are associated with spirometric deterioration. 

Restrictive abnormalities or lung diseases have occurred in 
other diacetyl-cxposed and flavoring-exposed worker pop­
ulations (Table 2). One of the 8 former worker cases in the index 
plant had a predominantly restrictive pattern, and 2 of 3 ob­
structed cases with thoracoscopic lung biopsies had rare gran­
ulomas on biopsy.3 Among current workers in the index 
microwave-popcorn plant, the 3.3-fold excess of airways ob­
struction in comparison with the US population was derived by 
combining the II workers with pure airways obstruction with 10 
who had mixed airways obstruction and restriction (because air 
trapping can produce a restrictive picture). I However, combining 
those with pure restrictive spirometry with those with mixed 
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TABLE 2. Reports of Spirometric Restriction or Restrictive Disease 
in Flavoring-exposed Workers 

References Study Type 

NIOSH24 

Akpinar­
Elci et al) 

Cross-sectional, 
longitudinal 

Case series 

Kreiss et all Cross-sectional 

NIOSH2S Cross-sectional 

NlOSI·,26 Cross-sectional 

NIOSH27 Cross-sectional 

Day et a1 211 Cross-sectional 
NIOSH 29 Cross-sectional 

NIOSH 14 Cross-sectional. 
longitudinal 

NIOSHIS Cross-sectional, 
longitudinal 

Alleman and Case report 
Darceyl° 

Findings Pertinent to Restriction 

30/ 106 workers had low FVC alone; I 
had low FVC and airways 
obstruction; and 3 had airways 
obstruction. Excessive FEV I decline 
on serial spirometry, found in 13170 
workers, was associated with high 
potential for flavorings exposure 

1/9 cases had low FVC and airways 
obstruction with low RV, low TLC. 
and low OLCO with some 
reversibility postemployment 

10/116 had low FVC alone, of whom 7 
had low TLC; 10/116 had low FVC 
and airways obstruction; 11 /116 had 
pure airways obstruction. None had 
radiologic interstitial abnormali ties 

2135 had low FVC alone, both with 
low OLCO. low TLC, and low to 
normal 8MI; 3135 had low FVC and 
airways obstruction; 2135 had pure 
airways obstruction 

3139 ever with mixing experience had 
low FVC and low OLCO; 2 had low 
FVC and airways obstruction; 2 had 
pure obstruction; of 23 current 
mixers and quality control workers, 
2 had low FVC (I with low OLCO). 
2 had low FVC and airways 
obstruction, and 1 had pure 
obstruction 

3113 ever mixer current workers had 
low FVC alone and 2113 had low 
FVC and airways obstruction. Of 5 
mixer former workers, I had low 
FVC and airways obstruction 

4/22 workers had low FVC alone 
2115 flavoring production workers had 

restriction and I had restriction and 
fixed airways obstruction 

1/6 workers in liquid Havor production 
had low FVC alone 

1115 workers in laboratory had low 
FVC alone 

Worker in snack food plant spraying 
spices and Havorings on potato chips 
had bronchiolitis obliterans! 
organizing pneumonia (reslrictive) 
on biopsy 

8Ml indicales body mass index; OLCO, diffusing capacily of Ihe lung to 
carbon monoxide; FEV" forced expiralory volume in 1 second; FVC, forced 
vilal capacity; KV, residual volume; TLC. lotal lung capacity. 

airways obstruction and resniction would have resulted in a 
comparable resnictive excess. One worker with pure restrictive 
abnormalities had progressive disease over nearly 3 years of 
follow-up and had caseating granulomas on biopsy that, in the 
absence of infection, his physician attributed to his occupational 
flavoring exposure (unpublished NIOSH data). 

In a small microwave-popcorn planr25 with overall rates 
of obstructive or mixed obstructive and restrictive spirometric 
abnormalities similar to that in the index plant (20% vs. 18%, 
respectively). 2 of 35 workers had restriction, both of whom 
had low diffusing capacity (DLCO), low total lung capacity, 
and low body mass indices. One of the restricted workers had 
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possible basal bronchiectasis on high-resolution computed to­
mography scan. Three current workers had mixed. restrictive 
and obstructive abnormalities, and 2 had pure am",ays ob­
struction. These proportions of types of spirometric abnor­
malities among the 7 with abnormal spirometry were similar ~o 
the proportions in the index plant. One obstructed worker m 
this plant had granulomas, and an additional worker wi~h 
borderline airways obstruction (defined as an FEY I/FVC ratio 
below the lower limit of nonnal but normal FEY I) and low 
OLCO had biopsy-documented bronchiolitis obliterans. 

In the 2 largest microwave-popcorn plants, several mixers 
had pure restriction and others had a mixed obstructive and 
restrictive picture. In one of these plants,27 the proportions of 
those with restriction, mixed restriction and airways ob­
struction, and pure airways obstruction among the 7 (of 39) 
workers with current or former mixing experience were again 
similar to the index and small microwave-popcorn plant above: 
3, 2, and 2. Among the 9 mixers with at least 1.5 years in the 
mixing slurry room, I had restriction and a low OLCO,.2 had 
restriction and airways obstruction, and I had pure airways 
obstruction. Similarly, among current quality control workers, 
I had restriction and normal OLCO, and I had pure airways 
obstruction. At the other large microwave-popcorn plant,26 
3 of 5 current workers who had performed mixing tasks 
for :2::. 8 months had spirometric abnormalities, one of whom 
had restriction and 2 of whom had restriction and airways 
obstruction. Of 18 current and former workers who had been 
mixers, 3 had restriction, and 3 had restriction and obstruction; 
none had pure airways obstruction. 

In a small plant manufacturing baking mixes including 
diacetyl 18% of workers tested had restriction and none had 
airways' obstruction, for a 2.9-fold excess prevalence (95% CI, 
1.1-7.5) of spirometric restriction in comparison with the US 
population.28 With the findings of exc~s restric~on i~ '.hi s plant 
and the flavoring manufacturing plant, 2 the California mdustry­
wide flavoring worker surveillance data l6 arc of interest. Al­
though the prevalence of pure restriction at .8.8% .was .much 
greater than any airways obstruction (3.9'%) m California fla­
voring workers, office workers had a somewhat greater preva­
lence of restriction than production workers (13.6% vs. 6.4%, 
P~ O. I I). 

In another small plant that manufactured starter distillate 
(containing 4.5% diacetyl), other flavorings, colors, and bac­
terial blends used as silage inoculants and probiotics, 2 of 15 
flavoring production workers potentially exposed to d~acetyl 
had restriction and I had both restriction and fixed airways 
obstruction.29 

NIOSH has received unpublished case reports of a fla· 
voring-exposed worker in Maryland with granulo~atous ~ron­
chiolitis on biopsy, of restrictive interstitial lung disease m an 
employee who tested pumps by injecting butter-fla~o~d oil into 
kettles for popping com, and of pulmonary fibr~~ ls m a c.andy 
operator who added flavorings to mclted sugar. A pubhshed 
case of a spice technician who may have been ~xposcd t? ~a­
vorings in potato chip manufacture had irreversible restnchve 
disease with pathologic findings of bronchiolitis obliterans and 
organizing pneumonia.30 Whether restrictive physi?logy and 
diverse pathologies and diagnoses represent flavonng-related 
health outcomes requires more investigation. Certainly the 
common co-occurrence of pure restriction, mixed restriction and 
airways obstruction, and pure airways obstruction ~n most ~f ~e 
microwave-popcorn plants, along with the exceSSive restnctlve 
abnormalities in I flavoring manufacturing plant and I food 
production plant, suggest that the spectrum of. lung dise~e re­
lated to flavorings exposure docs not fit neatly mto the entity of 
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constrictive bronchiolitis. Although rare granulomas are seen 
commonly in biopsied cases, classic hypersensitivity pneumo­
nitis seems to be excluded by pathology, physiology, and ab· 
sence of response to corticosteroid treatment. 

ANI MAL TOXICOLOGY 
Diacetyl is a reactive cx-diketone that causes necrosis of 

the respiratory epithelium with sloughing of cells and dama~e 
below the basement membrane in both rats and mice.31, 2 

Diacetyl is al so a T-cell sensitizer in local lymph node assays 
after topica l exposures in mice,33 possibly mediated by for­
mation of haptens because of its reactivity with arginin.e an.d 
lysine residues on proteins. Oiacetyl's principal meta~ohsm IS 

to acetoin by diearbonyVL-xylulose reductase, which also 
cata lyzes the reduction of several other ~icarbonyl com~ounds 
including those that have been recently mtroduced as dlacetyl 
substitutes (2,3-pentandione, 2,3-hexanedione, and 2,3-hcpta­
nedione). Butter flavorings commonly contain n-buty~c acid, 
which inhibits dicarbonyl/L-xylulose reductase and IS more 
efficiently taken up in the nasal mucosa, thereby leaving more 
diacetyl in the vapor stream being delivered to the lung.14 

Unlike human beings, rodents are obligate nose breathers, 
and inhaled diacetyl causes respiratory epithelial injury in the 
nose and larynx far greater than in the intrathoracic airways 
and bronchioles where the predominant human lesion is lo­
cated. To demonstrate intrathoracic injury, rat models require 
high inhaled doses, intratracheal instillation of diacetyl, or­
opharyngeal aspiration, or short-duration high exposures sub­
chronically. With 15·minute exposures per day at 1200pp~ 
diacetyl 5 dlwk for 2 weeks, mice develop lymphocytiC 
inflamm'ation around bronchi and preterminal bronchi.12 

With a single oropharyngeal aspiration, mice developed a fi­
brohistiocytic response at the bronchioloalveolar junction after 
4 days. Evidence exists of dysregulation of airway sensory 
innervations and responses in rodents.15.16 The differences in 
rat airway diameter, resistance, and mucosal absorption differ 
from those of humans. Hybrid computational fluid dynamic­
physiologically based pharmacokinetic models have be~n de­
veloped to demonstrate the differing location of respiratory 
tract vapor absorption in rats and humans.14.17 The.differen~es 
in site of injury in humans and rodents reflect mterspecles 
differences in diacetyl dosimetry within the respiratory tract. 
With low levels of exercise that could occur in the workplace, 
diacetyl dose to the bronchiolar epithelium ~f man .may. be 
>40-fold than the dose received by the bronchIOlar epltheltum 
of experimentally exposed rodents.17 

Stimulated by CaIOSHA's regulation of food production 
ingredients containing > I % diacetyl (promulgated in De­
cember 2010), flavor manufacturers introduced Il-diketone 
substitutes for diacetyl in artificial butter flavorings, such as 
2,3-pentanedione, 2,3-hexanedione, a~d 2,3,~hepta~edion~. 28 
The limited toxicology spurred by findmg these substitutes m a 
workplace indicates that 2.3-pentanedione has comparab~e 
toxicity with diacety1.38,39 This might be expected .on the ~asiS 
of structure-activity relationships, as these substttutes differ 
only in the carbon chain lengths of 4 for diacetyl through 7 ~or 
the 2,3-heptanedione. lnhalation toxicology does not yet eXist 
for the higher order substitutes. 

CLINICAL APPROACH TO FLAVORING-EXPOSED 
WORKERS 

Pulmonologists seeing individual patients with a w~rk 
history of flavoring exposure most commonly see persons ~lth 
symptoms and/or objective abnormalities on lung function. 
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Before the association was made epidemiologically between 
flavoring exposure and clinical bronchiolitis obliterans, this 
diagnosis was missed by physicians, both in the United States 
and intemationally.40 Common misdiagnoses were asthma, 
emphysema, and bronchitis. Most pulmonologists were not 
aware that fixed obstructive lung disease consistent with 
bronchiolitis obliterans could develop gradually in the absence 
of an antecedent acute lung injury. Nonetheless, pulmonary 
functions with bronchodilator help to distinguish between 
asthma and bronchiolitis obliterans. Diffusing capacity and the 
natural history of smoking-related airways obstruction occur­
ring in persons older than age 50 serve to guide differentiation 
of emphysema from bronchiolitis obliterans. The character­
istics that commonly distinguish bronchiolitis obliterans in 
flavoring workers from other pulmonary diagnoses are youth, 
rapid evolution, absent improvement with bronchodi lators and 
corticosteroid agents, and air trapping shown by lung volumes 
and by mosaic attenuation on paired inspiratory and expiratory 
high resolution computerized tomography scans. Unlike oc­
cupational asthma that can occur in young people with short 
employment histories, no work-related pattern of symptoms is 
evident, and even prolonged cessation of exposure docs not 
result in improvement as bronchiolitis obliterans is an irre­
versible disease associated with bronchiolar scarring. Thus, 
clinical management is support ive with attention to absolute 
restriction from furthcr flavoring exposure, pulmonary re­
habilitation, immunization, and attention to supplemental 
oxygen if needed. Although some patients with flavoring­
related bronchiolitis obliterans have undergone lung transplant 
before the association with occupational exposure was identi­
fied, most with severe disease have stabilized aftcr cessation of 
exposure. The lack of progression of disease after exposure 
cessation, in contrast to the course of many other pulmonary 
diseases with similar impainnent, has allowed many patients 
listed for lung transplant to avoid transplant, which itself in­
duces bronchiolitis obliterans in a majority of recipients. 

Pathologic confinnation of bronchiolitis obliterans has been 
insensitive, even in workers with severe airways obstruction and 
no other evident cause. Special serial sections of bronchioles are 
required, and the disease is patchy. Even cxperienced chest 
pathologists have missed the diagnosis on open-lung or thor­
acoscopic biopsies. Accordingly, there is little justification to 
proceed to open biopsy unless there is a competing treatable 
diagnosis. 

The greater challenge to the pulmonologist is evaluation of 
the patient referred from workplace monitoring programs be­
cause of mild abnonnalities or excessive decline in FEV I while 
still being within the nonnal range of FEV I (Table 3). In these 
instances, the patient is commonly asymptomatic, and the dif­
ferential diagnosis of bronchiolitis obliterans is not aided by 
demonstrable air trapping. In such situations, the customary 
practice of making a diagnosis must be replaced by the pre­
cautionary principle of frequent fo llow-up to assess whether 
rapid decline or mild airways obstruction progresses, paired with 
follow back to the workplace to assess whether exposures can be 
lowered, whether other workers are affected, and whether res­
pit-atory protection can be enhanced. For an irreversible disease 
that may be developing, patient education is critical,41 so that the 
patient can balance risk of impairment with work practices, re­
location, or continued employment. The adversarial nature of the 
workers compensation system does not usually support the 
worker in following preventive counsel for the risk of this irre­
versible obstructive disease in its earliest or mild stages. 

The recent recognition of pure restrictive pulmonary 
function abnonnalities and excessive FEV I declines in fla-
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TABLE 3. Clinical Pearls for Pulmonologists Seeing Patients With 
Flavoring Exposure 

Pearls 

Suspect occupational lung disease 
or risk in asymptomatic patienls, 
Ihose with mild abnonnalilies or 
excessive FEY I decline 

Speclrum of flavoring-related lung 
disease is wide40 

Fixed airways obstruclion wilh air 
trapping may be clinical 
bronchiolitis obl iterans 

Assess excessive FEY I decline to 
identify susceplible persons 

Improve spirometry quality to be 
more health proleclive with 
smaller crilerion for excessive 
decline 

Healthy worker effeci makes 
cluster identification difficult 

Rationale and Tools! 
References 

Prevention of irreversible disease 
requires intervention in 
preclinical phase with lowering 
exposure, enhanced respiratory 
protection, and education. Give 
patient a copy ofNIOSH Alert: 
Preventing Lung Disease in 
Workers Who Use or Make 
Flavorings41 : http:// 
www.cdc.gov/nioshldocsl2004-
110Ipdfsl2004-110.pdf. 

Fixed airways obstruclion 
(bronchiolitis obliterans). 
asthma, bronchiolitis obliterans 
with organizing pneumooia. 
granulomatous pneumonitis, 
tracheomalacia and bronchio­
malacia. fibrosis. systemic 
symptoms, and restriction. 

Attribution of fixed airways 
obstruction to smoking in those 
less than SOy old is not credible 
because smoking-related 
decrements in lung function are 
small in the subset of smokers 
who develop emphysema, in 
comparison with the excessive 
declines seen in flavoring­
exposed workers. Smokers have 
less risk than never-smokers 
when flavoring-exposed. I 

Choose criterion for excessive 
decline based on spirometry 
quality and duration of serial 
spirometry with SPIROLA42 
fn:cware available at http:// 
www.cdc.gov/niosh/topics/ 
spirometrylspirola­
solftware.html. 

Post free NIOSH poster regarding 
common spirometry testing 
errors, avai lable at: http:// 
www.cdc.gov/nioshldocsl201 1-
135. Require ;;::: 80% of tests 10 

have A or B quality per most 
current A TSIERS 
recommendations for test 
session acceptability and 
repeatability and give feedback 
to spirometry technicians to 
enable Ihem to achieve higher 
quality tests.4J 

Impaired workers leave 
employment, and healthy 
current workers remain. In index 
popcorn plant. no current mixers 
were affected although it was a 
high-risk group.l In a small 
microwave-popcorn plant.2s 
none of 8 workers who had done 
mixing tasks had spirometric 
abnonnalities. In the 
Netherlands diacetyl plant. 
atTecled workers could nOI have 
been identified in cross­
sectional study.8.40 
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TABLE 3. (continued) 

Pearls 

Report concerns to public health 
agencies, not the OSHA 

Regulation is not always 
protective, when it exists and is 
enforced 

Be alen for emerging occupational 
lung diseases 

Rationale and Tools! 
References 

Public heailh agencies offer 
multidisciplinary expertise that 
can solve emerging issues, 
whereas regulators enforce 
existing regu lations. In the 
index microwave-popcom plant, 
a pulmonologist calling OSHA 
was told there were no lung 
hazards (known at the time). 
Call NIOSH at 1·800-232-2114 
to talk to public health 
occupational lung disease 
specialists. 

Regulations are constrained by 
economic feasibility and 
analytic limits of quant ification. 
Diacetyl and 2,3-pcntanedione 
have comparable toxicity, but 
diacetyl has a lower 
recommended exposure limit 
because the analytic method is 
more sensitive than the method 
for 2,3-pentanedione. No 
analytic method exists for 
diacetyl in powders. Chemicals 
are regu lated one-by-one, and 
inhalation toxicology docs not 
exist for most diacetyl 
substitutes. 

Thoughtful clinicians suspect new 
occupational risks and motivate 
public health agencies to pursue 
epidemiologic studies to 
identify risks in exposed 
populations. Many industries 
and occupations have elevations 
in obstructive disease, adjusted 
for smoking, without known 
cause.40 

FEV I indicates forced expiratory volume in I second; OSHA. Occupational 
Safety and Health Administration. 

voring-exposed workers calls for obtaining lung volumes, 
diffusing capacity. high reso lution computerized tomography 
scan, and consideration of lung biopsy. The pathologic nature 
and clinical course of restrictive disease in flavoring workers is 
still not clear, and diagnostic evaluation will be of public 
health interest to staff at the Division of Respiratory Disease 
Studies at NIOSH (1-800-232-2 114). The report of such cases 
will clarify the spectrum of flavoring~related disease so that 
clinicians will have better guidance in the future. 

For the pulmonologist administering a medical monitor~ 
ing program for a company with flavoring-exposed workers, 
regulations have been recommended with attention to cre­
dential s, components of medical screening and surveillance. 
spirometry quality and frequency, and need for examination of 
risk factors for preventive intervention.43 Because severe fla­
voring-related lung disease can occur within a few months of 
employment and progress rapidly, serial spirometry at 6-month 
intervals is advisab le and more frequently if cases of disease 
have occurred in coworkers with similar exposures. De-
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termining excessive decline in FEY I at such short intervals is 
nearly unprecedented in occupational surveillance require­
ments, and few in the pu lmonary community have much ex­
perience in evaluating serial FEY I declines for abnormality. 

The criteria for excessive FEY I decli ne are dependent on 
spirometry quality. Many pulmonary function laboratories and 
occupational medicine spirometry providers have poor quality 
control oversight. 18 Recognizing the frequent poor quality of 
spirometry, the American Thoracic Society and the American 
College of Occupational and Environmental Medicine su§­
gested that a 15% fall in FEY lover a year requires attention. 4 
This corresponds to a 6% intraindividual variation and would 
trigger evaluation of a fall of 600 mL in a person with a pre­
placement FEY I of 4.0 L. With a 4% intraindividual variation 
in a provider' s spirometry in a workforce monitoring program, 
a 10% decline over a year could be considered abnormal, for 
example, 400 mL in the person with a baseline FEY I of 4.0 L. 
NIOSH has developed free software to determine the criterion 
for excessive decline depending on quality and duration of 
follow-up (SPIROLA).42 A statistically derived set of criteria 
in normal working populations also exists for excellent quality 
spirometry in wor~lace monitoring over 6 months and an­
nually over 5 years 5,46; this has been used in following serial 
lung functions in microwave~popcom workers. 7.41 The better 
the spirometry quality, reflected in low intraindividual varia­
tion, the smaller the relative decline that can be identified as 
abnormal without misclassification.41 Excessive FEY1 decline 
can be more confidently identified after many years of serial 
spirometry, but flavoring-related obstructive disease some­
times arises too rapidly to benefit from a stable FEY I longi­
tudinal slope. 

To prevent impairment from an irreversible disease, the 
responsibility of the physician conducting worker monitoring 
is to identify "preclinical" presentations of workers who may 
be developing flavoring-related lung disease with excessive 
declines in FEY It which, if continued. wi ll result in impair­
ment from abnormal lung function. Neither physic ian nor 
asymptomatic worker may be accustomed to the need to take 
action from a precl inical signal. Indeed, with industry-wide 
surveillance of flavoring workers in California, most of those 
with mild and some with moderate obstructive abnormalities 
did not have diagnostic evaluations submitted to the Cali fornia 
Department of Public Health.16 In an individual flavoring 
worker with excessive FEY 1 decline or mild disease, worker 
education, rapid and frequent follow up, and motivation of 
enhanced personal protection are all potentia ll y important.41 

AREAS OF NEEDED AND ONGOING INQUIRY 
The rapid evolution of knowledge about occupational 

lung disease risk for flavoring-exposed workers has resulted in 
stakeholder and governmental efforts at risk assessment. Risk 
assessment is the basis for recommendations to concrol fla­
voring exposures to a level that protects most workers from 
development of occupational lung disease in a lifetime of work 
exposure. On the basis of animal toxicologic experiments, 
Maier et al48 suggested an exposure standard of 0.2 ppm di­
acetyl, but thi s was based on an assumption that there was a 
no-adverse-exposure level in animal experiments that had not 
been documented. On the basis of published human data in 2 
plants and quantitative structure-activity relationships, Egil­
man et al49 proposed an exposure limit of 0.00 1 ppm. Analyses 
of data from the serial cross-sectional studies at the index 
microwave-popcorn plant at NIOSH resulted in a draft Criteria 
Document for a Recommended Standard for Diacetyl and 
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2,3-Pentanedione with a recommended exposure limit of 
0 .005 ppm for diacetyl.43 Although 2,3-pentancdione was de­
scribed as having comparable toxicity, its recommended ex­
posure limit was 0 .0093, because no analytic technique was 
available to support a lower limit. In the event that the regu­
latory agency, the Occupational Safety and Health Admin­
istration, creates a permissible exposure limit, further 
constraints may exist, such as economic feasibility. Thus, ex­
posure limits are not guaranteed to protect workers from oc­
cupational health effects, even when adopted and enforced. An 
uncertainty that remains at present is whether short-term ex­
posure limits for IS-minute periods or whether a ceiling ex­
posure limit that sho uld never be exceeded can adequately 
protect flavoring workers, if enacted. 

Despite considerab le progress since a comprehensive re­
view through 2006,19 this summary documents many areas of 
needed inquiry. These include the underlying lung pathology 
of work-related restrictive spirometric abnormalities newly 
described in flavoring manufacturing and food preparation 
workers,24,28 which is necessary to understand the spectrum of 
lung disease found in excess among flavoring workers. Issues 
of worker susceptibility have arisen in NIOSH ri sk assessment 
efforts , which may reflect genetic determinants of risk of 
rapidly progressive disease wi thin months of employment in 
many workers. Protection of flavoring-exposed workers re­
quires earl y detection of excessive lung function decline, but 
the means of improving spirometry quality for medical sur­
veillance and clinical follow-up of workers who are sti ll nor­
mal are unclear and would require profound changes in 
pulmonary practice to motivate intervention when a diagnosis 
cannot be made. Finally, flavoring workers will likely continue 
to be exposed to unregu lated substitutes for which ex­
perimental toxicology will be unavailable or will lag years 
behind recommended or permissible exposure levels fo r di­
acetyl and 2,3-pentanedione. In the absence of toxicological 
information, workers and their downstream employers may not 
know the identity of substitutes introduced by flavoring man­
ufacturers, as the hazard communication standard does not 
apply to undocumented hazards or to those that constitute < I % 
of a mixture . In conclusion, flavoring-related research con­
tinues, even as the clinical and epidemiologic observations 
from more than a decade ago have culminated in health-pro­
tective responses to control exposure to a new class of resp i­
ratory epithe lial toxins. In tum, the diacetyl story is a humbling 
paradigm for keeping the li mits of our knowledge in mind as 
we see patients with uncommon presentations in industries 
using materials that we have generally regarded as safe be­
cause they are safe to eat or because they have not bcen studied 
for safety by inhalation. 
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