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Background The California Department of Public Health received serial spirometry
data for flavoring manufacturing workers at 20 companies at risk of bronchiolitis
obliterans.
Methods We graded spirometry quality; identified individual workers with excessive
decline in forced expiratory volume in 1 s (FEV1) using relative longitudinal limits of
decline based on 4% average within-person variability; and analyzed declines by
occupational risk factors.
Results The quality of 1,696 spirometry tests from 724 workers varied by 17 pro-
viders, with poorer quality from commercial providers. Of 416 workers with at least
two tests, 40 (9.6%) had abnormal FEV1 decline. Of 289 workers with high quality
spirometry, 21 (7.3%) had abnormal decline. Only one of the 21 had airways obstruc-
tion. Abnormal FEV1 decline rates (per person-month) were greater among workers
at companies using �800 lbs/year diacetyl than at companies using lesser amounts.
Abnormal FEV1 decline rates were greater at companies previously having four-person
clusters of spirometric obstruction than at companies with no or only one worker with
obstruction.
Conclusions Spirometric surveillance of flavoring workers can identify individual
workers with an abnormal FEV1 decline for preventive intervention, even when the
FEV1 itself remains within the normal range. Good quality spirometry and classifica-
tion of abnormal with relative longitudinal limit of decline minimize misclassification
of possible work-related health effects. Am. J. Ind. Med. 55:657–668, 2012.
� 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Inhaling diacetyl (2,3-butanedione) and artificial

butter flavoring powders and vapors can cause fixed

obstructive lung disease and bronchiolitis obliterans in

flavoring-exposed workers [Kreiss, 2007]. Drafting of fed-

eral regulations is underway to prevent occupational lung

disease in workers in flavoring manufacturing, microwave

popcorn, and other food production industries. Even after

an occupational exposure limit is established for diacetyl,

medical surveillance will remain important for these work-

ers because substitutes that are themselves potentially

hazardous are now being used in place of diacetyl [Day

et al., 2011]. The quantitative toxicity of these substitutes

is still unknown, but 2,3-pentanedione, another alpha-

diketone, has epithelial toxicity comparable to diacetyl in

animal models [Hubbs et al., 2010; Morgan et al., 2011].

Thus, longitudinal testing of exposed workers for evidence

of excessive decline in forced expiratory volume in 1 s

(FEV1) may be the only way to assure early identification

of possible adverse health effects and to motivate exposure

control for both affected workers and co-workers at

risk from exposure to potentially hazardous flavoring

chemicals.

The major public health experience in monitoring

exposed workers in the flavoring industry over time has

been in California. Starting in 2006, the California

Department of Public Health (CDPH) asked flavoring

manufacturing companies to have their medical providers

submit personally identifiable spirometry and question-

naire data at 3- to 6-month intervals, as part of a joint

program with the California Division of Occupational

Safety and Health (Cal/OSHA) to protect the health of

flavoring workers [Kim et al., 2010]. The primary intent

of this public health surveillance was to follow back with

medical providers and companies when abnormalities in

spirometry suggested the need for further clinical evalua-

tion of individuals and preventive measures in the factory.

A second goal was to establish the extent of flavoring-

related morbidity in California and potential risk factors

that could result in prevention of disease. Initial cross-

sectional analyses of submitted data identified 18 workers

with spirometric obstruction, at least 12 of whom had

probable occupational fixed airways obstruction. Com-

pared to the general population, flavoring workers were

2.7 times more likely to have severe airways obstruction.

Risk factors for obstruction included younger age, Hispan-

ic ethnicity, liquid and powder production work, greater

company diacetyl usage, and having a co-worker with

obstruction [Kim et al., 2010].

This report presents analyses of submitted data with

the following objectives: (1) to assess the quality of

spirometry by company and provider; (2) to determine the

effect of spirometry quality on worker numbers judged to

have excessive FEV1 decline; (3) to quantify the longitudi-

nal change in FEV1 in terms of the mean rate of decline

and the rate of excessive declines by work-related risk

factors; and (4) to distill implications of the California

industry-wide spirometry surveillance for future monitor-

ing efforts for workers at risk of rapidly progressive occu-

pational lung diseases.

METHODS

Setting and Data Sources

CDPH disseminated medical provider guidelines,

including a worker questionnaire with validated questions

[CDPH, 2007], standards for spirometry testing, instructions

for spirometry reporting [Miller et al., 2005], and suggested

clinical evaluation for those found to have spirometric

abnormalities. Although CDPH recommended that surveil-

lance be supervised by a physician who is board-certified in

occupational or pulmonary medicine and promoted the use

of university-affiliated specialty clinics, flavor manufac-

turers chose their medical service providers. CDPH has

authority to receive personally identifiable information sub-

ject to the Health Insurance Portability and Accountability

Act, which permits medical providers to disclose protected

health information, without the written authorization of the

patient to whom the information pertains, to state health

departments or other public health authorities that are

authorized by law to collect or receive such information for

the purpose of preventing or controlling disease, injury,

or disability [U.S. Code of Federal Regulations, 2002].

The institutional review board of the National Institute for

Occupational Safety and Health (NIOSH) ruled that this

public health surveillance effort was not research (that

would have required informed consent from workers);

similar judgments were made at the Centers for Disease

Control’s Office of Workforce and Career Development and

at CDPH regarding its non-research status.

A total of 17 medical providers to 20 flavoring manu-

facturing companies submitted hardcopy questionnaire

and spirometry results collected from 4/13/2004 to 5/8/

2009, in many cases years after flavoring workers had

been interviewed and tested. All workers could be linked

to an employer which allowed us to examine company-

related potential risk factors such as quantity of diacetyl

used in 2006 (at the inception of the Cal/OSHA preven-

tion program) and clustering of obstructive lung disease.

Previously extracted questionnaire data through March

2008 [Kim et al., 2010] were available for 326 (78.4%) of

the 416 workers with serial tests. With this information,

we were able to assign 320 workers by their highest expo-

sure task into current production, production support, or

minimally exposed job categories. Likewise, we were able

to assign 205 of these 416 workers as currently working
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exclusively in production, production support, or minimal-

ly exposed job categories.

Spirometry Quality Scoring

Per medical surveillance guidelines [CDPH, 2007],

spirometers were to be configured to print the results from

the best three expiratory maneuvers. The submitted spi-

rometry reports were produced by a variety of spirometer

types; therefore reports did not share a common format or

contain the same information. All trials (i.e., expiratory

maneuvers) were reviewed for acceptability by our

spirometry expert (PE). From each submitted hardcopy

spirometry test report, we recorded the number of trials

displayed, the number of trials judged acceptable on the

report, whether the report provided information on each

trial’s extrapolated volume (used to correct the FEV1 for

slow starts), whether the report indicated if the test dem-

onstrated repeatability of the best trials, and the highest

two values of both FEV1 and forced vital capacity (FVC)

from maneuvers judged acceptable by PE and the spirom-

eter (when available). We calculated the absolute variabili-

ty (in milliliters) of FEV1 and FVC from these recorded

observations to assess repeatability and assign quality

scoring. For FEV1, we assigned quality grade A or B if

the highest two values were within 100 ml or within 101–

150 ml, respectively, of each other, and we defined these

two grades as evidence of a good quality test for FEV1

because they met American Thoracic Society repeatability

guidelines [Miller et al., 2005]. We assigned grade C if

the values were within 151–250 ml of each other. We

assigned grade D if only one trial was judged as accept-

able or if the values of two acceptable trials differed by

more than 250 ml. For submitted spirometry test reports

that displayed and/or reported only a single maneuver,

we could not independently determine quality based on

repeatability. For these tests, we assigned grade C� if the

report indicated that there were at least two acceptable

trials and that these demonstrated repeatability (although

the level of repeatability was unknown). We assigned

grade D� if the report indicated that only one trial was

acceptable. We assigned grade F if the report indicated or

PE determined that the test had no acceptable trials. We

assigned no quality grades to tests for which reports dis-

played results of only one trial and the reports did not

contain the information needed to determine acceptability

or repeatability. FVC test results were graded for quality

utilizing the same criteria as FEV1.

Interpretation of Spirometry
Test Results

We defined spirometric restriction as FVC below the

lower limit of normal (LLN) with a normal FEV1/FVC

ratio, as determined by NHANES III reference equations

[Hankinson et al., 1999]. We defined spirometric obstruc-

tion as FEV1/FVC and FEV1 below the LLN. We included

workers with both spirometric obstruction and spirometric

restriction (i.e., a ‘‘mixed’’ pattern) in the obstructed

group, because the low FVC in 90% of such cases among

general patient populations is due to hyperinflation and

not to a low total lung capacity [Dykstra et al., 1999].

Calculation of Longitudinal FEV1
Change and Determination of
Abnormal FEV1 Decline

For the longitudinal analyses, we excluded workers

who did not have at least two spirometry test dates 3 or

more months apart and examined longitudinal change in

lung function using two approaches, one continuous and

one categorical. For each worker we calculated the follow-

ing continuous variables: the absolute change in FEV1

(last measurement � first measurement), the relative

change in FEV1 (absolute change in FEV1 divided by the

first measurement and then multiplied by 100%), and the

slope of FEV1 decline (estimated from simple linear re-

gression and using all measurements for each individual)

expressed as both the change over time (units ¼ ml/year)

and as the percent change over time (units ¼ %/year).

In the second approach, we classified each worker as

having a normal or abnormal FEV1 decline categorically

using SPIROLA [Hnizdo et al., 2007; NIOSH, 2010], a

free-ware program developed by NIOSH to monitor and

evaluate lung function longitudinally. SPIROLA was used

to (1) calculate the average pair-wise within-person varia-

tion of the data and (2) to use this estimate to determine

and apply the relative longitudinal limit of decline to cate-

gorize abnormal FEV1 decline. The good quality data had

an average within-person variation of 4%, with which we

made the comparison for objective 2 (to determine the

effect of spirometry quality on worker numbers judged to

have excessive FEV1 decline). All spirometry data had an

average within-person variation of 5% with a correspond-

ing higher threshold for categorical classification of having

abnormal FEV1 decline.

Statistical Analysis

We prepared distributions of data quality by provider,

type of provider (i.e., academic or government vs. com-

mercial), and company. We examined abnormal FEV1

declines and group mean FEV1 changes by potential

occupational risk factors shown to be associated with

prevalence of spirometric obstruction in previous cross-

sectional analyses of this population. Occupational risk

factors were company use of �800 lbs of diacetyl in

2006; companies with four-person clusters of obstructive
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abnormalities (having a co-worker with obstruction) in

cross-sectional analyses; current production job; and cur-

rently performing any production task [Kim et al., 2010].

Using the spirometry records submitted to CDPH for each

company, we adjusted for duration of company medical

surveillance and workforce size by calculating frequency

of abnormal FEV1 decline using person-months of surveil-

lance by company. One set of analyses included all data

regardless of quality, and a second set of analyses included

only tests with good quality FEV1 data. We used SAS/

STAT1 software [SAS, 2004] to conduct all statistical

analyses. Chi-square was used for categorical data and

Student’s t-test for continuous data. Differences between

rates of abnormal FEV1 decline were tested using a nor-

mal approximation to the Poisson distribution. We consid-

ered a two-tailed P-value of �0.05 to be statistically

significant and higher P-values up to 0.1 as marginally

significant.

RESULTS

Worker Characteristics

Surveillance data submitted to CDPH included 585

(80.8%) male and 139 (19.2%) female flavoring workers,

with a median age at their first reported test session of

37.0 years (range: 17–69 years). There were 680 (93.9%)

workers with known race and ethnicity: 387 (53.5%)

Hispanic, 150 (20.7%) non-Hispanic White, 31 (4.3%)

non-Hispanic Black, 88 (12.2%) Asian, and 24 (3.3%) of

other race or ethnicity. Workers for whom more than one

spirometry test result was submitted had similar gender,

race, and ethnicity distributions, but they were significant-

ly older than workers tested only once (average age of

38.8 years vs. 35.0 years, P < 0.0001). Cigarette smoking

information was available for 77% of the workers with

serial spirometry measurements: 17.8% were current

smokers and 17.5% were former smokers. Participants

working in companies using �800 lbs/year diacetyl did

not differ significantly from participants working in com-

panies using less diacetyl in percentage of ever-smokers

(38.1% vs. 31.3%, P ¼ 0.24), but the workers with miss-

ing smoking information were not evenly distributed

between the high and low diacetyl-using companies. Only

35 (15.6%) of those missing smoking information worked

in companies using �800 lbs/year diacetyl, whereas

61 (31.8%) worked in companies using <800 lbs/year

diacetyl.

Of 724 workers for whom spirometry data were sub-

mitted, we could not confidently interpret the results from

47 because information on race/ethnicity was missing. Of

the remaining 677 workers, 156 (23.0%) had abnormal

spirometry during one or more tests, including 33 (4.9%)

with airways obstruction. Of the 416 workers with serial

tests (i.e., more than one), 411 had interpretable tests, and

19 (4.6%) had at least one test indicating airways obstruc-

tion. We previously reported 18 workers with airways

obstruction detected during cross-sectional analyses of

workers at 16 of the 20 companies [Kim et al., 2010].

Nine of these workers (including all five with severe

obstruction) had no additional spirometry tests submitted

as part of workplace screening.

Company Data

Companies varied with respect to the period of time

covered by submitted spirometry data (Table I). Testing

was not always submitted for every year after testing was

initiated, despite guidance that testing was to be per-

formed at least every 6 months and as often as every

3 months for companies with recognized cases of work-

related fixed obstruction. Fifty-five percent of companies

had more than one medical provider. Some companies

changed providers during the surveillance period in

response to feedback from CDPH staff that poor quality

tests had been submitted.

Medical Provider Data

The 17 medical providers submitted spirometry tests

on 724 workers at the 20 flavoring companies (Table II).

Six providers contributed 74% of all tests. Serial tests

were available for 416 workers: 193 (46.4%) with 2 tests,

149 (35.8%) with 3–4 tests, 44 (10.6%) with 5–6 tests,

and 30 (7.2%) with 7–8 tests. Intervals between first and

last tests for each worker ranged from 3 to 57 months,

with a mean of 20 months and a median of 16 months.

Among workers with serial tests, about two-thirds (65.9%)

had no more than 2 years of serial testing submitted, and

only 3.8% had more than 4 years. Of 416 workers with

serial tests, 215 (51.7%) were tested by two providers, and

30 (7.2%) were tested by three providers.

Spirometry Quality by Provider
and Company

The medical providers used 16 different models of

spirometers; the number of tests performed on each

spirometer model ranged from 8 to 309. Almost all of the

spirometers used by the medical providers can be config-

ured to store and print the numeric and graphic results of

the three best maneuvers within a test session, per CDPH

[2007] and American Thoracic Society guidelines [Miller

et al., 2005], but in many cases, only results from the

single ‘‘best’’ maneuver were submitted.

Overall, 71% of the tests received good quality grades

(i.e., grade A or B) for FEV1 (Table II). There were 109

660 Kreiss et al.



(6%) tests that were either not gradable or were graded F

for either FEV1 or FVC. No lung function measurements

were usable for one test due to a malfunction in the

spirometer; no FVC values were usable for five additional

tests because all available trials contained extra breaths,

although the FEV1 values for these tests were usable as

the extra breaths occurred after the first second of each

maneuver. Quality distributions for the 1,387 tests on the

416 workers with two or more spirometry tests were simi-

lar to those for the 308 workers with only one test (data

not shown).

Quality of submitted spirometry tests differed by pro-

vider (Table II). Good quality FEV1 tests ranged from 0%

to 99.1% of all tests by providers submitting at least 10

tests; ungradable or F quality FEV1 tests ranged from 0%

to 68.5% for these providers. Eight providers submitted

reports with no information on acceptability of trials, and

three other providers submitted reports with acceptability

information for <15% of tests. Similarly, 11 providers

submitted little or no information on repeatability. The

three non-profit (academic and government) medical pro-

viders submitting more than 100 tests each produced good

quality FEV1 tests for at least 94% of submitted tests. Of

the three commercial providers submitting more than 100

tests each, one had 82.5% good quality tests, one had

22.6% good quality tests, and one did not configure their

spirometers to print the results of the three best tests so

repeatability and acceptability could not be verified (0.7%

documented good quality).

As expected, companies varied in the quality of

spirometry tests submitted by their medical providers

(Table I). Good quality FEV1 data comprised at least 80%

of tests submitted for half the companies. However, for

two of the six companies represented by the largest num-

bers of workers with serial FEV1 data, accounting for

24% of all person-months of follow-up in our analyses,

rates of good quality tests were substantially lower—

28.6% and 47.1% of tests (data not shown).

TABLE I. Summary of1,696 SpirometryTests for 724Workers at the 20 Flavoring Companies, ofWhom416Had Serial Tests

Company Providersa
Tests

submitted (n)
Testswith

goodFEV1quality (%)
Workers
testedb (n)

Workerswith
serial testsb (n)

Years
testsperformed

Diacetyl use�800 lb/year
1 C,B 256 97.3 73 46 2006^2009
2 A, I 191 76.4 130 61 2006^2007
3 A 188 93.6 81 49 2005^2007
4 A,F 184 23.9 67 35 2005^2009
5 C,M 71 87.3 42 17 2006^2009
6 J,D 30 36.7 21 9 2007^2008
7 L 20 35.0 13 7 2006

Diacetyl use<800 lb/year
8 A,D,B 145 61.4 49 40 2006,2008,2009
9 A,H 142 40.8 51 34 2005^2008
10 G 114 82.5 30 19 2004^2009
11 A,B 86 95.3 32 24 2006^2009
12 E, J 79 82.3 41 23 2006^2008
13 K 49 53.1 29 20 2007^2009
14 B 40 95.0 21 10 2006^2008
15 A,N,P 38 60.5 12 6 2006^2009
16 A,O 33 30.3 14 9 2005^2009
17 B 16 93.8 11 3 2006^2007
18 B 6 83.3 3 3 2006^2007
19 B 5 80.0 1 1 2006^2007
20 Q 3 66.7 3 0 2009

All20companies
1̂ 20 A^Q 1,696 71.1 724 416 2004^2009

aMedical provider codes are consistent with those used inTable II and are listed in the chronological order flavoring employeeswere tested at each company.
bOf 416 workers with multiple tests, 408 (98.1%) were tested while working for the same flavoring company throughout the surveillance period. In this table, the 8 workers
thatworked atmore than one company were assigned to the companyproviding their most recent test.
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Abnormal FEV1 Declines

Basing determinations on an analysis of spirometry

data that did not consider test quality, 40 (9.6% of 416)

workers were identified with abnormal FEV1 decline

(Table III), ranging from 12.7% (�200 ml) over 8 months

to 49.3% (�1,700 ml) over 8 months. These 40 included

4 workers with obstructive abnormality (including one

with a mixed abnormality), 13 with restrictive abnormali-

ty, 22 with normal spirometry, and 1 without race informa-

tion. Workers with abnormal FEV1 declines clustered by

company: one company had seven such workers; one com-

pany had five; and two companies had four. Of the four

companies with four-person clusters of obstructive spirom-

etry in the cross-sectional study, three had at least three

cases of abnormal FEV1 decline. Companies using

�800 lbs diacetyl in 2006 had a statistically significant

excess of abnormal FEV1 decline compared to companies

using less diacetyl (7.3 vs. 3.0 per 1,000 person-months;

P ¼ 0.01) (Table IV). The mean follow-up interval for

workers in these companies was 15.9 months, compared

to 24.3 months in companies using less diacetyl

(P < 0.0001). The proportion of workers having more

than two measurements differed between the two sub-

groups (42.9% of the workers in companies using

�800 lbs vs. 66.1% of the workers in companies using

less, P < 0.0001). The seven companies using �800 lbs/

year of diacetyl accounted for 26 of the 40 workers with

abnormal FEV1 decline; 11.6% (26 of 224) of their work-

ers had abnormal FEV1 decline compared to 7.3% (14 of

192) of workers at companies using less diacetyl. Among

the subset of workers for which we had information on

current work tasks abstracted from questionnaires, work-

ing exclusively in production or working in any produc-

tion task carried about twice the rate of abnormal FEV1

decline than working exclusively in production support or

in minimally exposed jobs, but these differences were not

statistically significant.

Basing determinations on good quality data only, 21

(7.3% of 289) workers were identified with abnormal

TABLE II. Summary of SpirometryTests Submittedby the17 ParticipatingMedical Providers

Provider

Tests
submitted

(n)

FEV1QualityGrade (%of
tests submittedbyprovider) Number of

spirometer
models

Trial
acceptability
documentedb

(%)

Trial
repeatability
documentedc

(%)

Workers
withserial
testsd (n)A/B C C� D D� F NGa

Academicor governmentprovider
A 459 94.1 4.1 1.3 0.2 0.2 2 0.2 0.4 79
B 322 95.0 2.2 0.6 1.6 0.3 0.3 3 83.2 91.0 72
C 112 99.1 0.9 1 0 88.4 34
D 89 30.3 1.1 2.2 66.3 2 0 0 35
E 20 70.0 10.0 15.0 5.0 1 0 10.0 0

Commercial provider
F 140 0.7 85.7 12.9 0.7 2 99.3 99.3 33
G 114 82.5 2.6 3.5 6.1 5.3 1 13.2 7.0 19
H 106 22.6 2.8 6.6 66.0 1.9 3 67.9 3.8 27
I 95 61.1 10.5 14.7 1.1 8.4 4.2 2 2.1 1.1 0
J 78 79.5 11.5 3.8 1.3 3.8 1 98.7 98.7 22
K 49 53.1 30.6 10.2 6.1 1 0 0 20
L 20 35.0 20.0 40.0 5.0 1 0 0 7
M 37 75.7 8.1 5.4 10.8 2 81.1 81.1 13
N 24 45.8 25.0 20.8 8.3 1 0 0 5
O 23 0.0 47.8 52.2 2 100 65.2 8
P 5 60.0 20.0 20.0 1 0 0 0
Q 3 66.7 33.3 1 0 0 0

All17providers
A^Q 1,696 71.1 5.0 7.8 3.8 6.5 1.7 4.1 1̂ 3 37.0 39.5 416

aTest not gradable due to insufficient information on spirometry report.
bSpirometry report indicated the number of acceptable trials in the test.
cSpirometry report indicatedwhether the testmet repeatability criteria.
dNumber ofworkers tested two ormore times by the samemedical provider.
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declines (Table III), ranging from 9.8% (�440 ml) over

6 months to 49.3% (�1,700 ml) over 8 months. These

21 included 1 with obstruction (a worker who worked

exclusively at production tasks and developed obstruction

while under surveillance), 5 with restriction, 14 with

normal spirometry, and 1 without race information. The

worker with obstruction had an FEV1 decline of 23.9%

(�980 ml) over 25 months. Workers with abnormal

FEV1 declines clustered by company: One company had

six cases; two had three cases; and two had two cases.

Companies using �800 lbs diacetyl in 2006 had a signifi-

cant excess of abnormal FEV1 decline compared to

companies using less diacetyl (6.6 vs. 2.2 per 1,000

person-months; P ¼ 0.03) (Table IV). The mean follow-

up interval for workers in companies using �800 lbs

diacetyl was 13.8 months compared to 23.6 months in the

companies using less diacetyl (P < 0.0001). The propor-

tion of workers having more than two measurements

differed between the two subgroups (49.0% of the workers

in companies using �800 lbs vs. 81.3% of the workers

in companies using less, P < 0.0001). The seven compa-

nies using �800 lbs of diacetyl in 2006 accounted for

14 (66.7%) of the 21 workers with abnormal decline;

9.0% (14 of 155) of their workers had abnormal decline

compared to 5.2% (7 of 134) at companies using less

diacetyl.

TABLE III. Abnormal FEV1Declines by Flavoring Company and Spirometry Quality

Company

Analysis ofall tests regardless ofquality Analysis restricted to tests ofgoodquality

Person-months
of follow-upa

Abnormal
FEV1decline

Number of
workerswith

obstruction in the
initial cross-sectional

analysisb
Person-months
of follow-upa

Abnormal
FEV1decline

na
Rateper1,000
person-months na

Rate per1,000
person-months

Diacetyl use�800 lb/year
1 824 3 3.6 4 817 3 3.7
2 604 7 11.6 4 356 1 2.8
3 529 5 9.5 4 495 6 12.1
4 1019 4 3.9 0 145 0 0
5 349 2 5.7 4 278 3 10.8
6 190 2 10.5 0 26 0 0
7 56 3 53.6 NA 16 1 62.5
1̂ 7 3,570 26 7.3 16 2,132 14 6.6

Diacetyl use<800 lb/year
8 1,119 1 0.9 0 876 1 1.1
9 957 1 1.0 1 426 2 4.7
10 636 1 1.6 NA 540 0 0
11 662 1 1.5 0 647 1 1.5
12 320 3 9.4 NA 254 1 3.9
13 253 4 15.8 1 78 0 0
14 167 0 0 0 164 0 0
15 173 2 11.6 0 104 2 19.3
16 332 1 3.0 0 33 0 0
17 20 0 0 0 20 0 0
18 24 0 0 0 16 0 0
19c 7 0 0 0 � � �
20 0 � � NA 0 � �
8^20 4,670 14 3.0 2 3,157 7 2.2

All20companies
1̂ 20 8,240 40 4.9 18 5,290 21 4.0

NA, companies not included in the cross-sectional analysis [Kim et al., 2010].
aWorkerswith tenure atmore than one company are included in the company that submitted their most recent test.
bKim et al. [2010].
cCompany19 submittedno serial testswith good quality.
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Four of the 21 workers with abnormal FEV1 decline

based on good quality data were not among the 40 work-

ers with abnormal FEV1 decline based on all data. (Their

FEV1 declines based on all data were not sufficiently neg-

ative to meet criteria for abnormal FEV1 decline, even

though the good quality data subset showed that an abnor-

mal decline occurred during their monitoring period.) Two

of these four were in groups determined in our previous

cross-sectional analyses [Kim et al., 2010] to be at ‘‘high-

risk’’ for obstruction (i.e., company use of �800 lbs/year

diacetyl; and company with a four-person cluster of ob-

structive abnormalities). Thus, a total of 44 (10.6%) of the

416 workers with at least two spirometry tests were identi-

fied as having abnormal FEV1 decline using either all the

spirometry data or the subset of good quality spirometry.

Using the within-person variability of 5% for all qual-

ity spirometry resulted in 28 (6.7% of 416) persons having

excessive decline below the relative longitudinal limit of

decline, in comparison to the 40 (9.6%) persons identified

using the 4% within-person variability.

Absolute and Relative FEV1 Change

The 416 workers with two or more tests experienced

an overall mean absolute FEV1 change from first to last

test of �98.2 ml (range: �1,810 to þ830 ml), correspond-

ing to a relative percent FEV1 change of �2.4% (range:

�49.3% to þ35.8%). When normalized to annual FEV1

loss, the mean absolute change over the submitted spiro-

metry period was �71.3 ml/year (range: �2534.4 to

þ2435.0 ml/year). The 19 workers with at least one

obstructed test (4.6%) had an average FEV1 slope of

�220.6 ml/year versus �56.0 ml/year for those workers

without an obstructed test (P ¼ 0.23).

Restricting analysis to good quality data, the 289 work-

ers with at least two good quality tests experienced an

overall mean absolute FEV1 change from first to last test of

�113.6 ml (range: �1,810 to þ560 ml), corresponding to a

relative percent FEV1 change of �2.9% (range: �49.3%

to þ31.4%). When normalized to annual FEV1 loss, the

absolute change over the submitted spirometry period was

�84.7 ml/year (�2534.4 to þ926.8 ml/year). The 11 work-

ers with at least one obstructed test (3.8%) had an average

FEV1 slope of �97.5 ml/year versus �74.3 ml/year for

those workers without an obstructed test (P ¼ 0.76). Con-

sistent with the excess of abnormal FEV1 declines among

workers at companies using �800 lbs/year diacetyl, the

mean FEV1 change for companies using �800 lbs/year of

diacetyl was �114.3 ml/year compared to �50.4 ml/year

in companies using less diacetyl (P ¼ 0.06).

TABLE IV. Abnormal FEV1Declines by Exposure Risk Factors and Spirometry Quality

Exposure risk factor

Analysis ofall tests regardless ofquality Analysis restricted to tests ofgoodquality

Workers
with
serial
tests (n)

Mean
FEV1
decline
(ml/year)

Person-
months of
follow-up

Abnormal
FEV1decline

Workers
with
serial
tests (n)

Mean
FEV1
decline
(ml/year)

Person-
months of
follow-up

Abnormal
FEV1decline

n
Rateper1,000
person-months n

Rateper1,000
person-months

Highdiacetyl usea 416 289
�800 lbs/year 224 86.4 3,570 26 7.3d 155 114.3e 2,132 14 6.6d

<800 lbs/year 192 53.6 4,670 14 3.0 134 50.4 3,157 7 2.2
Obstruction clustersa 367 251
Fourcases 173 63.3 2,305 17 7.4d 142 96.0 1,946 13 6.7d

<Fourcases 194 47.5 4,923 16 3.2 109 50.8 2,534 6 2.4
Currentwork tasks�hierarchalb 320 234
Production 225 53.7 4,550 23 5.1 165 67.5 3,046 14 4.6
Productionsupport 72 44.2 1,655 4 2.4 53 89.6 969 2 2.1
Minimally exposed 23 67.9 384 1 2.6 16 63.6 236 1 4.2

Currentwork tasks�exclusivec 205 142
Production 120 50.5 2,105 12 5.7 82 89.2 1,366 8 5.9
Productionsupport 62 60.5 1,370 3 2.2 44 109.6 791 2 2.5
Minimally exposed 23 67.9 384 1 2.6 16 63.6 236 1 4.2

aWorkerswith tenure atmore than one company are included in the company that submitted their most recent test.
bWorkers assigned to category based onwork task associatedwith highest exposure [Kim et al., 2010].
cWorkers assigned to category if all currentwork taskswere in that category [Kim et al., 2010].
dStatistically different atP � 0.05.
eMarginally statistically different at 0.05 < P � 0.1.

664 Kreiss et al.



DISCUSSION

Voluntary industry-wide reporting of serial spirometry

for 416 flavoring-exposed workers to the California

Department of Public Health resulted in identification of

40 (9.6%) workers with abnormal declines in FEV1.

Whether limiting analyses to good quality spirometry pairs

(7.3% of 289 workers with abnormal FEV1 decline) or

including all quality spirometry (9.6% of 416 workers

with abnormal FEV1 decline), these percentages exceed

the 5% criterion on which the upper limits of normal

FEV1 decline are based. However, what does examination

of abnormal FEV1 decline potentially contribute to the

health of these flavoring workers? The answer to this

question depends on three factors: (1) Are additional

workers identified by serial testing as having abnormal

FEV1 declines who do not have obstructive abnormalities

on a single test? (2) Are workers with abnormal FEV1

declines likely to have an occupational cause? (3) Are

doctors, companies, and employees likely to respond to

abnormal FEV1 declines with preventive measures to pre-

vent progression to impairment?

Nine percent of workers with abnormal FEV1 declines

in serial spirometry data had obstructive abnormalities

during the period covered by submitted spirometry. The

person with abnormal FEV1 and abnormal FEV1 decline

using A and B quality spirometry developed obstruction

during surveillance on the occasion of his second test.

Thus, the workers identified in serial spirometry testing as

having abnormal FEV1 declines are additional workers

who may have experienced lung function loss within the

normal range of FEV1 as a result of flavoring exposures.

The minimal overlap between the 18 workers found to

have obstruction in the cross-sectional study and the 21

workers found to have abnormal FEV1 decline with good

quality spirometry in the current study suggests that the

obstructed workers may have left the industry, been reas-

signed to work that was not considered to merit surveil-

lance testing, or had no further abnormal fall in FEV1.

Follow-up of workers with abnormal declines in FEV1 is

intended to limit further flavoring exposure for those with

a possible occupational explanation, in order to prevent

them from developing irreversible fixed obstruction from

their workplace exposure.

The evidence for occupational cause in a portion of

those we identified with abnormal FEV1 declines is three-

fold. First, the prevalence of abnormal FEV1 decline is

high in this worker population, up to 10.6%, depending on

the quality subgroups considered. It is unlikely that work-

ers with a predisposition to developing airways obstruction

are preferentially employed in industries with flavoring

exposures. Second, a causal temporal sequence exists for

flavoring exposures preceding the occupational health ef-

fect, as measured in serial FEV1 decrements. Third, these

surveillance results demonstrate that a priori hypotheses

regarding occupational risk factors for abnormal FEV1

decline were affirmed. Companies with greater potential

for diacetyl exposures as a consequence of annual pound-

age used in 2006 had higher prevalence of abnormal FEV1

declines in their workers compared to companies using

less diacetyl. Workers with good quality spirometry who

worked in companies using more diacetyl tended to have

double the average annualized FEV1 decline of workers in

companies using lesser amounts of diacetyl. The compa-

nies with four-person clusters of workers with obstruction

in cross-sectional analyses [Kim et al., 2010] (a subset of

the companies using �800 lbs/year diacetyl) had signifi-

cantly higher rates of abnormal FEV1 decline. So although

not all workers with abnormal FEV1 declines may have an

occupational cause related to flavoring exposures, the

occupational risk factors are those associated with obstruc-

tive abnormalities demonstrated in the cross-sectional

analyses [Kim et al., 2010].

For serial spirometry to achieve its potential role in

preventing the development of irreversible fixed airways

obstruction due to flavoring exposures requires action on

the part of all those participating in medical surveillance.

Action on the part of physicians in response to abnormal

FEV1 declines has been inapparent to date. Some physi-

cians identifying mild and even moderate obstruction

among California flavoring workers did not report diag-

nostic evaluations of these patients to the California

Department of Public Health [Kim et al., 2010], despite

repeated prompting by health department physicians.

Some of these patients with airways obstruction did not

even have submitted evidence of post-bronchodilator spi-

rometry to differentiate fixed obstruction from more com-

mon lung diseases such as asthma. The majority of mild

and moderate cases of obstruction had no chest symptoms,

perhaps resulting in reluctance of workers and their physi-

cians to seek further evaluation. The incomplete clinical

information submitted by medical providers for some

flavoring companies is not reassuring regarding whether

these workers with airways obstruction were evaluated

clinically or counseled regarding protective measures.

Companies volunteered to participate in medical sur-

veillance in exchange for avoiding Cal/OSHA compliance

visits. In early 2009, Cal/OSHA restated in writing its

intention to enforce the agreement, at which point half of

the companies had their providers submit some additional

surveillance data, which have been incorporated into this

article. Thus, longitudinal analyses of serial data by public

health authorities as the tests were performed were im-

practical, and little evidence existed that medical providers

were evaluating serial measurements to detect abnormal

declines. Indeed, with the frequent changes in medical

providers, serial data were not consistently available to

providers to evaluate for interval FEV1 declines. Lack of
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comparability among spirometers within and between

providers may have also played a role in interpreting

longitudinal changes [Townsend and Occupational and

Environmental Lung Disorders Committee, 2011]. Lastly,

economic and workplace pressures on flavoring workers,

about half of whom are Hispanic in California, may have

contributed to difficulty in implementing preventive meas-

ures. One provider only notified employers of workers

with severe abnormalities in FEV1 because of concern for

protecting continued employment of those with lesser

degrees of impairment. All these factors diminish the like-

lihood of preventive action in response to individual ab-

normal FEV1 declines within the normal FEV1 range in

the current setting without regulation dictating surveil-

lance procedures and ensuring spirometry quality.

The results of our analysis of serial spirometry data

document challenges for most medical providers in pro-

viding good quality spirometry. Although some university-

affiliated medical providers and government teams provid-

ed top quality spirometry, some non-profit providers and

almost all commercial providers provided either dismal

quality spirometry or spirometry whose quality could not

be independently assessed. Quality grading guidelines

were set by the American Thoracic Society/European

Respiratory Society [Miller et al., 2005] with the knowl-

edge that 90% of adult patients can achieve A or B quality

spirometry with a competent technician [Enright et al.,

2004]. A more recent evaluation of technicians performing

spirometry for World Trade Center rescue workers argues

that at least 80% of spirometry test sessions should yield

good quality results as a criterion of adequate technician

performance [Enright et al., 2010]. In only one of 12 com-

mercial spirometry providers to California flavoring com-

panies could we document this level of spirometry quality.

While the importance of spirometry in surveillance is

undoubtedly recognized by most clinicians, the level of

attention to spirometry quality clearly varied, consistent

with most providers having inadequate quality assurance

programs. Physicians demonstrated poor control practices

by reviewing and interpreting poor quality tests and not

requiring repeat testing. Perhaps some physicians always

accepted the computer interpretations provided by the

spirometer.

While spirometry quality may be poor due to lack of

proper spirometry technologist training, of continued edu-

cation and practice, of patient cooperation, and the

spirometer itself, the supervising medical provider as the

end-user of these data serves as the final gate-keeper of

spirometry quality. The poor quality data submitted by

commercial and some academic providers may indicate

deficiency in spirometry education and interpretation skills

[Leuppi et al., 2010]. Indeed, one test submitted was inter-

preted as normal with an FEV1 of 7.21 L, a physiological-

ly impossible result for a man of normal stature. A day or

two of spirometry training is insufficient to guarantee

adequate performance by either physician or technologist

[Borg et al., 2010]. A performance-based certificate of

quality for technologists has been instituted [AARC,

2010] and may be useful in increasing the likelihood of a

quality product. Companies contracting for medical sur-

veillance examinations might consider fulfillment of quali-

ty criteria as a condition for payment. In the experience of

the California flavoring worker surveillance, nine of the

17 (53%) providers would not have merited payment un-

der such contractual language which would require at least

reconfiguring their spirometer systems to print the numeric

and graphic results from the three best spirometry maneu-

vers so that quality could be independently determined.

The number of workers identified with abnormal

FEV1 declines was influenced by spirometry quality, with

use of only good quality FEV1s resulting in identification

of about half (21) the number of workers in comparison to

using all spirometry data with the same evaluation criteri-

on reflecting an average 4% within-person variability.

When 5% within-person variability was used in the

SPIROLA program to calculate the relative longitudinal

limit of decline, the number of persons identified as hav-

ing abnormal FEV1 declines in all quality data was higher

than the number using the 4% criterion in the high quality

subset, but the rate of abnormality was lower among the

416 with serial measurements. Including poor and unveri-

fiable quality test results may have resulted in some false

positives. However, it is reassuring that results regarding

work-related risk factors were comparable in analyses

using all quality and good quality data, and it is possible

that some unverifiable quality tests may have actually

been good quality. Misclassification of health outcome

because of poor quality spirometry results in unnecessary

referral of workers for further medical evaluation. Money

wasted on poor quality medical surveillance impacts

employers and may impact workers who may be inappro-

priately restricted from further flavoring exposure.

The optimal frequency of periodic spirometry testing

to detect airways obstruction in flavoring workers depends

on several factors, including the pretest probability of

disease, how rapidly the disease progresses, and weighing

the consequences of false-positive and false-negative inter-

pretations of test results [Harber et al., 2009; Hnizdo

et al., 2010]. One worker in this study lost half of his lung

function in 8 months, and an incident case of obstruction

lost 1 L of FEV1 in 4.5 months. When a disease such as

bronchiolitis obliterans can progress very rapidly, more

frequent than annual testing of high-risk workers is advis-

able. In weighing sensitivity versus specificity [Wang and

Petsonk, 2004; Wang et al., 2006; Townsend and Occupa-

tional and Environmental Lung Disorders Committee,

2011], risk factors such as the occurrence of a case of

flavoring-related lung disease, large diacetyl or diacetyl
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substitute use, production work, and results of previous

spirometry, support the choice of shorter testing intervals.

Spirometry quality, reflected in low within-person varia-

tion, is the critical underpinning of being able to confi-

dently identify excessive FEV1 decline during the short

periods of follow-up that are pertinent to development of

flavoring-related lung disease [Hnizdo et al., 2010].

The limitations of this surveillance system were

many. The longitudinal results are unlikely to be represen-

tative, even of California flavoring workers. Companies

had their medical providers submit surveillance data for

differing durations of surveillance, which resulted in vary-

ing contributions to person-months of longitudinal follow-

up (apart from number of workers). The average duration

of spirometry monitoring from companies using �800 lbs/

year of diacetyl was shorter than from companies using

less diacetyl. These differences may have affected the pre-

cision of our estimates of FEV1 decline and thus our com-

parison of abnormal FEV1 decline rates. In analyses of

good quality data, our results were weighted towards

workers in companies whose providers submitted good

quality data; workers at companies contracting with com-

mercial spirometry providers are underrepresented in our

serial spirometry analyses using good quality data. Be-

cause providers generally did not use the CDPH question-

naire, we did not have complete data on worker job title,

tasks, or even smoking history; we lacked questionnaire

data on 22% of those with serial testing. Some spirometry

reports did not include information on race/ethnicity that

would have allowed classification of spirometric abnor-

mality. Despite these limitations, this surveillance effort

identified persons with abnormal declines that may have

been occupational and merit individual follow-up.

Some lessons from these surveillance data for antici-

pated regulation follow. Medical surveillance with serial

spirometry can identify workers at likely risk for irrevers-

ible lung disease related to diacetyl or its alpha-diketone

substitutes. Minimizing economic impact for employers

and workers would require improving spirometric quality

and interpretation of serial declines. Companies can moti-

vate the provision of good quality spirometry by making

contracts under which payment is limited to tests which

meet ATS quality goals (A or B grades) and under which

lesser quality tests must be repeated within 1 month. Pre-

cedent exists for withholding payment to health care pro-

viders to motivate improved performance [Milstein, 2009].

Medical providers (or companies) can stipulate that tech-

nologists are certified for performance (in contrast to sim-

ply attending a certified course) and provide quality

assurance for the spirometry services under their direction.

These changes may be more likely to occur with indepen-

dent audits of spirometry quality. Spirometry frequency

might be tailored to risk factors for fixed obstructive

lung disease and abnormal declines and by company

surveillance experience. Provision for transfer of spirome-

try records when company medical providers change

should be made in compliance with medical record priva-

cy regulations. Medical surveillance in this industry is

warranted because abnormal declines in FEV1 in workers

with occupational risk factors occurred in the period dur-

ing which the flavoring companies were participating in

an industry-wide prevention program with focused atten-

tion to respiratory protection and progressive increase in

use of engineering controls. The substitution of other

alpha-diketones, such as 2,3-pentanedione, for diacetyl is

unlikely to lower risk [Flake et al., 2010; Hubbs et al.,

2010; Morgan et al., 2011], and material safety data sheets

have not included information about the presence of sub-

stitutes or their possible hazards based on structure–activi-

ty relationships [Day et al., 2011]. Worker participation in

medical surveillance may depend on minimizing economic

impact of medical evaluations, salary support, job protec-

tion, and counseling regarding personal protective equip-

ment, work practices, and circumstances of restriction

from further exposure. The changing nature of flavoring

ingredients and improvement in engineering controls, per-

sonal protective equipment, and work practices may even-

tually make medical surveillance unnecessary. In the

meantime, it will be a challenge to design appropriate

regulations with procedures to evaluate their continuing

need.
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