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IntroductionIntroduction
NIOSH did 6 HHEs in MW popcorn plant populationsNIOSH did 6 HHEs in MW popcorn plant populations

‐‐> 4  investigated   > 4  investigated   ‐‐> 3 analyzed   > 3 analyzed   ‐‐>  1 basis for risk assessment>  1 basis for risk assessment

CrossCross‐‐sectional designs: all but one HHEs did survey at one point in sectional designs: all but one HHEs did survey at one point in 
time;  plant used for RA did 8 in surveys over 32 monthstime;  plant used for RA did 8 in surveys over 32 months

Primary plant: ~360 active employees participated in 1 or more Primary plant: ~360 active employees participated in 1 or more y p p y p py p p y p p
surveyssurveys

Two approaches:Two approaches: 1)  loss of breathing capacity in surveyed population1)  loss of breathing capacity in surveyed populationpppp ) g p y y p p) g p y y p p
2)  onset of cases of pulmonary impairment2)  onset of cases of pulmonary impairment



Diacetyl airDiacetyl air‐‐sampling results (corrected) at four HHE study sites sampling results (corrected) at four HHE study sites yy p g ( ) yp g ( ) y
in major process areasin major process areas

Personal SamplesPersonal Samples

SiteSite

MixingMixing ProductionProduction Quality ControlQuality Control MaintenanceMaintenance

nn Mean Mean nn Mean Mean nn Mean Mean nn Mean Mean 

NN 11 0.79 0.79 77 0.740 0.740 22 0.250 0.250 22 0.160 0.160 

KK 55 0.31 0.31 77 0.040 0.040 33 0.0030.003 33 0.020 0.020 

LL 1010 1.15 1.15 3636 0.028 0.028 55 0.034 0.034 66 0.0140.014

GG 2525 2.36 2.36 112112 0.490 0.490 2020 0.370 0.370 1717 0.080 0.080 



Inherent variability of FEVInherent variability of FEV11 as observed in NHANES III populationas observed in NHANES III population

Observed Observed 
FEVFEV11

R2=0.69
RMSE=0.49

Predicted FEVPredicted FEV11



Regression models for percent of predicted FEVRegression models for percent of predicted FEV11 comparing comparing 
di t l t i t Sit Gdi t l t i t Sit Gdiacetyl exposure metrics at Site Gdiacetyl exposure metrics at Site G

AvgAvg(DA) (DA) 0.1280.128 94.9994.99 2.412.41 0.01670.0167

Cum(DACum(DA2.02.0)) 0.1420.142 94.6294.62 3.413.41 0.00070.0007

(Cum(DA))(Cum(DA))2.02.0 0.1480.148 94.7694.76 3.763.76 0.00020.0002

Duration Duration 0.1610.161 97.1797.17 4.434.43 99××1010−6−6

Cum(DA) Cum(DA) 0.1690.169 95.9595.95 4.834.83 1010−6−6

Cum(DACum(DA0.50.5) ) 0.1720.172 96.3896.38 4.954.95 77××1010−7−7

(Cum(DA))(Cum(DA))0 50 5 0 1740 174 97 3497 34 5 045 04 44××1010−7−7(Cum(DA))(Cum(DA))0.50.5 0.1740.174 97.3497.34 5.045.04 44××1010 77

(Cum(DA(Cum(DA0.50.5))))0.50.5 0.1760.176 98.2598.25 5.165.16 22××1010−7−7

Cum(DA)  =  cumulative exposure = Cum(DA)  =  cumulative exposure = ΣΣii (DA) over time(DA) over time( ) p( ) p ii ( )( )



Full regression models of percent of predicted FEVFull regression models of percent of predicted FEV11 for selected for selected 
DA t i t Sit GDA t i t Sit GDA exposure metrics at Site GDA exposure metrics at Site G

C (DA)C (DA) (C (DA))(C (DA))0 50 5 C (DAC (DA0 50 5))Cum(DA)Cum(DA) (Cum(DA))(Cum(DA))0.50.5 Cum(DACum(DA0.50.5))

RR22 = 0.169= 0.169 RR22 = 0.174= 0.174 RR22 = 0.172= 0.172

ββ PP ββ PP ββ PP

intercept   intercept   95.9595.95 —— 97.3497.34 —— 96.3896.38 ——

female      female      −−0.3860.386 0.820.82 0.0920.092 0.960.96 −0.306−0.306 0.860.86

hispanichispanic 1.991.99 0.400.40 1.421.42 0.550.55 1.701.70 0.470.47pp

black       black       8.588.58 0.450.45 7.787.78 0.490.49 8.308.30 0.460.46

smoke_eversmoke_ever 7.297.29 0.00200.0020 6.866.86 0.00380.0038 6.886.88 0.0040.004

packyrspackyrs −0 571−0 571 0 00080 0008 −0 562−0 562 0 00090 0009 −0 560−0 560 0 00090 0009packyrspackyrs 0.5710.571 0.00080.0008 0.5620.562 0.00090.0009 0.5600.560 0.00090.0009

packyr2     packyr2     0.00240.0024 0.360.36 0.00240.0024 0.340.34 0.00250.0025 0.320.32

DA exposure DA exposure −0.500−0.500 1010−6−6 −2.77−2.77 44××1010−7−7 −0.843−0.843 77××1010−7−7



Regression models for percent of predicted FEVRegression models for percent of predicted FEV11 at three at three 
HHE study sites comparing HHE study sites comparing diacetyldiacetyl exposure metricsexposure metrics

Cum(DA)Cum(DA) (Cum(DA))(Cum(DA))0.50.5Cum(DA)Cum(DA) (Cum(DA))(Cum(DA))

SiteSite ββ RR22 PP ββ RR22 PP

KK −7 77−7 77 0 3220 322 < 10< 10−7−7 −14 3−14 3 0 2860 286 1010−6−6KK −7.77−7.77 0.3220.322 < 10< 10 −14.3−14.3 0.2860.286 1010 66

LL −3.56−3.56 0.1380.138 0.00120.0012 −9.15−9.15 0.1460.146 0.00040.0004

GG 0 500 50 0 1690 169 1010 66 2 772 77 0 1740 174 < 10< 10 66GG −0.50−0.50 0.1690.169 1010−6−6 −2.77−2.77 0.1740.174 < 10< 10−6−6



Regression models for FEVRegression models for FEV11 /FVC at three HHE study sites /FVC at three HHE study sites 
comparing comparing diacetyldiacetyl exposure metricsexposure metrics

Cum(DA)Cum(DA) (Cum(DA))(Cum(DA))0.50.5Cum(DA)Cum(DA) (Cum(DA))(Cum(DA))0.50.5

SiteSite ββ RR22 PP ββ RR22 PP

KK 4 304 30 0 4490 449 1010 77 8 248 24 0 4200 420 1010 77KK −4.30−4.30 0.4490.449 < 10< 10−7−7 −8.24−8.24 0.4200.420 < 10< 10−7−7

LL −2.16−2.16 0.2130.213 < 10< 10−5−5 −5.26−5.26 0.2120.212 < 10< 10−5−5

GG −0.16−0.16 0.3420.342 0.00240.0024 −0.98−0.98 0.3460.346 0.00070.0007



Two definitions of case for onset of pulmonary impairmentTwo definitions of case for onset of pulmonary impairment

1) 1) FEVFEV11 < Lower Limit of Normal (< Lower Limit of Normal (LLofNLLofN)   )   -- defined from NHANES equations.defined from NHANES equations.

2)2) FEVFEV11 < < LLofNLLofN and  and  FEVFEV11/FVC < /FVC < LLofNLLofN

Date of onset defined:Date of onset defined:

average date when continuing symptoms began (from questionnaire)average date when continuing symptoms began (from questionnaire)

nonnon--symptomatic cases excludedsymptomatic cases excluded



Incidence of new cases (definition 2: FEVIncidence of new cases (definition 2: FEV11 and FEVand FEV11/FVC < /FVC < LLofNLLofN) in ) in 
Poisson regression with logPoisson regression with log‐‐linear modelslinear modelsPoisson regression with logPoisson regression with log linear modelslinear models

ModelModel MetricMetric
EffectEffect

EstimateEstimate
RRRR

5yr @ 25yr @ 2 ppmppm ΔΔ 2lnL2lnL WaldWald PPModel Model MetricMetric EstimateEstimate 5yr @ 2 5yr @ 2 ppmppm ΔΔ--2lnL2lnL Wald Wald PP
11 DurationDuration --0.0850.085 -- 0.00.0 0.230.23
22 Cum(DA)Cum(DA) 0.0120.012 -- -- 0.600.60
33 DurationDuration --0 3000 300 0 0230 02333 DurationDuration --0.3000.300 0.0230.023

Cum(DA)Cum(DA) 0.0900.090 2.462.46 5.315.31 0.160.16
44 DurationDuration --0.5550.555 0.0360.036

Cum(DACum(DA0 50 5)) 0 3160 316 9 379 37 5 505 50 0 0410 041Cum(DACum(DA0.50.5)) 0.3160.316 9.379.37 5.505.50 0.0410.041
55 DurationDuration --0.4110.411 0.00850.0085

(Cum(DA))(Cum(DA))0.50.5 0.8040.804 12.712.7 8.768.76 0.0050.005
66 D tiD ti 0 0880 088 0 240 2466 DurationDuration --0.0880.088 0.240.24

Avg(DA)Avg(DA) 0.4680.468 2.552.55 8.758.75 0.0010.001



Predicted rate ratios relative to a fixed baseline ratePredicted rate ratios relative to a fixed baseline rate

Case definition 2: Rate Case definition 2: Rate Ratio (relative to baseline: 0.0046Ratio (relative to baseline: 0.0046))

Cumulative Diacetyl Exposure (Cumulative Diacetyl Exposure (ppmppm--yrs)yrs)

< 0.5< 0.5 0.5<2.00.5<2.0 2.0<3.02.0<3.0 3.0<5.03.0<5.0 ≥ 5.0≥ 5.0 AllAll 0.5 0.5 0.5 2.00.5 2.0 2.0 3.02.0 3.0 3.0 5.03.0 5.0 ≥ 5.0≥ 5.0

(y
rs

)
(y

rs
)

< 0.5< 0.5 5.395.39 6.546.54 1.911.91 1.151.15 —— 5.675.67

0.5 <1.00.5 <1.0 4.394.39 6.226.22 6.576.57 7.707.70 5.395.39 5.595.59

D
ur

at
io

n 
(

D
ur

at
io

n 
(

1.0<2.01.0<2.0 4.264.26 3.723.72 7.007.00 7.637.63 6.986.98 6.226.22

2.0<4.02.0<4.0 2.542.54 4.434.43 4.704.70 5.615.61 7.747.74 6.636.63

≥ 4.0≥ 4.0 0.830.83 0.850.85 3.153.15 1.571.57 5.115.11 4.334.3300 0 830 83 0 850 85 3 53 5 55 55 3333

AllAll 4.224.22 4.894.89 5.855.85 6.176.17 5.855.85 5.355.35



Linear relativeLinear relative--rate model to describe incidence of cases with rate model to describe incidence of cases with 
apparent declining susceptibility or response to exposureapparent declining susceptibility or response to exposure

rate =rate =

apparent declining susceptibility or response to exposureapparent declining susceptibility or response to exposure

{exp({exp(α+βsmoker+γsex+δα+βsmoker+γsex+δ(age(age--40)+ε(age40)+ε(age--40)40)22)}  )}  ××

{1+θpackyrs+σ{1+θpackyrs+σHRXHRX +µ+µcumDAcumDA}}

HRXHRX = [DA]= [DA]22exp(−0.693dur/exp(−0.693dur/2.02.0)       )       –– for for halfhalf--life = 2.0 yrlife = 2.0 yr[ ][ ] p(p( )) yy

2 yr half2 yr half--life produces better fit than 1 yr life produces better fit than 1 yr 

[[DA]DA]22 fits better than [DA]fits better than [DA][[DA]DA]2  2  fits better than [DA]fits better than [DA]



Incidence of new cases (defn2: FEVIncidence of new cases (defn2: FEV11, FEV, FEV11/FVC < /FVC < LLofNLLofN)  )  
Poisson regression with linear relativePoisson regression with linear relative‐‐rate modelrate modelPoisson regression with linear relativePoisson regression with linear relative rate modelrate model

ParameterParameter EstimateEstimate RRRR LRTLRT PP valuevalue

interceptintercept −−15.515.5
smoke_eversmoke_ever −−0.680.68 0.510.51
Ind:femaleInd:female 0 970 97 2 632 63Ind:femaleInd:female 0.970.97 2.632.63
ageage--4040 0.0410.041 1.041.04
(age(age--40)40)22 −0.002−0.002 0.9980.998
packyrspackyrs 17.717.7 18.718.7
cum(DA)cum(DA) 12.312.3 13.313.3 2.192.19 0.070.07
HRX (tHRX (t--half =2 yr)half =2 yr) 69.869.8 70.870.8 7.787.78 0.00260.0026

Rate = {exp( α +Rate = {exp( α +βsmokerβsmoker ++γsexγsex +δ(age+δ(age--40) + ε(age40) + ε(age--40)40)22)}{1 +)}{1 +θpackyrsθpackyrs + + σHRXσHRX + µ+ µcumDAcumDA} } 

RR RR -- @  1 pack@  1 pack--yr, 1 yr, 1 ppmppm at day 1 (HRX), 1 at day 1 (HRX), 1 ppmppm--yr (cum(DA)); p value: oneyr (cum(DA)); p value: one--tailedtailed

HRX [DA]HRX [DA]22 ( 0 693d /2)( 0 693d /2) f h lff h lf lif 2 0lif 2 0HRX = [DA]HRX = [DA]22exp(−0.693dur/2)  exp(−0.693dur/2)  –– for halffor half--life = 2.0 yrlife = 2.0 yr



BMD paradigm: assumes uniform response BMD paradigm: assumes uniform response –– susceptibility susceptibility –– and and 
known distributionknown distributionknown distributionknown distribution



Benchmark dose for pulmonary impairment based on cum(DA) Benchmark dose for pulmonary impairment based on cum(DA) 
metric and 45 yr workmetric and 45 yr work‐‐lifelife

Percent of predicted FEVPercent of predicted FEV11

Excess Excess Prevalence per 1000Prevalence per 1000
DA DA 

((ppmppm))
cum. exp.cum. exp.
((ppmppm--yrs)yrs)

ModelModel--predicted  predicted  
ppFEVppFEV11 < 60% of predicted< 60% of predicted < 5< 5th th percentilepercentile

11 45.045.0 77.577.5 126.7126.7 366.8366.8
0 50 5 22 522 5 88 888 8 27 927 9 126 7126 70.50.5 22.522.5 88.888.8 27.927.9 126.7126.7
0.20.2 9.009.00 95.595.5 6.46.4 37.237.2
0.10.1 4.504.50 97.897.8 2.72.7 16.616.6
0.050.05 2.252.25 98.998.9 1.21.2 7.87.80.050.05 2.252.25 98.998.9 1.21.2 7.87.8
0.020.02 0.900.90 99.699.6 0.50.5 3.03.0
0.010.01 0.450.45 99.899.8 0.20.2 1.51.5
0.0050.005 0.2250.225 99.8999.89 0.10.1 0.70.7
0.0020.002 0.0900.090 99.9699.96 0.00.0 0.30.3
0.0010.001 0.0450.045 99.9899.98 0.00.0 0.10.1
0.00050.0005 0.02250.0225 99.9999.99 0.00.0 0.10.1
0 00020 0002 0 00900 0090 100 00100 00 0 00 0 0 00 00.00020.0002 0.00900.0090 100.00100.00 0.00.0 0.00.0



Empirical benchmark doses for FEVEmpirical benchmark doses for FEV11 and FEVand FEV11/FVC /FVC 
for 45 yrfor 45 yr worklifeworklife using NHANES populationusing NHANES populationfor 45 yr for 45 yr worklifeworklife using NHANES populationusing NHANES population

Excess prevalence (per Excess prevalence (per 1000) 1000) 

DA (DA (ppmppm)) FEVFEV11 FEVFEV11/FVC/FVC
11 532.5532.5 220.5220.5
0.50.5 202.9202.9 82.482.4
0.20.2 58.758.7 27.427.4
0.10.1 25.725.7 12.112.1
0.050.05 12.312.3 6.86.8
0 020 02 4 84 8 3 23 20.020.02 4.84.8 3.23.2
0.010.01 2.52.5 2.12.1
0.0050.005 1.31.3 1.01.0
0.0040.004 0.40.4 0.40.4
0.0030.003 0.20.2 0.30.3
0.0020.002 0.20.2 0.20.2
0.0010.001 0.10.1 0.10.1
0.00050.0005 0.10.1 0.10.1



Excess lifetime risk for becoming a case (definition 2) based on Excess lifetime risk for becoming a case (definition 2) based on 
liflif t bl (BEIR IV) l i f 45 kt bl (BEIR IV) l i f 45 k lifliflifelife‐‐table (BEIR IV) analysis for 45 yr worktable (BEIR IV) analysis for 45 yr work‐‐lifelife

DA (DA (ppmppm)) perper 10001000

11 248.8248.8
0.50.5 140.7140.7
0.20.2 60.860.8
0 10 1 31 231 20.10.1 31.231.2
0.050.05 15.815.8
0.020.02 6.46.4
0 010 01 3 23 20.010.01 3.23.2
0.005 0.005 1.61.6
0.0020.002 0.60.6
0.0010.001 0.30.3
0.00050.0005 0.20.2
0.00020.0002 0.10.1
0.00010.0001 0.00.0



Excess  lifetime risk of mortality associated with declining FEVExcess  lifetime risk of mortality associated with declining FEV11

••Published literature indicates 1% Published literature indicates 1% 
loss of FEVloss of FEV11 is associated with ~ 1.5% is associated with ~ 1.5% 

DA (DA (ppmppm)) Per 1000Per 1000
1 01 0 221 6221 6

increase  in mortality rate increase  in mortality rate 
independent of other risk factors independent of other risk factors 
such as age, gender, race, BMI.such as age, gender, race, BMI.

1.01.0 221.6221.6
0.50.5 121.1121.1
0.20.2 51.251.2
0 10 1 26 126 1

••This is not specific to This is not specific to bronchiolitisbronchiolitis
obliteransobliterans, rather a generic effect., rather a generic effect.

0.10.1 26.126.1
0.050.05 13.213.2
0.020.02 5.305.30
0 010 01 2 652 65

••Using  exposure response for FEVUsing  exposure response for FEV11

based on cum(DA), estimate excess based on cum(DA), estimate excess 
mortality with mortality with lifetablelifetable method:method:

0.010.01 2.652.65
0.0050.005 1.331.33
0.0020.002 0.530.53
0 0010 001

yy
0.0010.001 0.270.27
0.00050.0005 0.130.13
0.00020.0002 0.050.05



Summary of risk assessment findings in range Summary of risk assessment findings in range 
0 050 05 –– 0 0010 001 ppmppm diacetyldiacetyl0.05 0.05  0.001 0.001 ppmppm diacetyldiacetyl

Method Method (per 1000)(per 1000)
BMDBMD LifLif t blt blBMD BMD 

Excess Excess PrevalencePrevalence
LifeLife--tabletable

Excess Lifetime Excess Lifetime RiskRisk

DADA ImpairmentImpairment
FEVFEV FEVFEV /FVC/FVC CC tt

ppmppm ppbppb
FEVFEV11

(<(<LLofNLLofN))
FEVFEV11/FVC /FVC 
(<(<LLofNLLofN))

Case Case onset onset 
(definition 2)(definition 2) MortalityMortality

0.050.05 5050 12.312.3 6.86.8 15.815.8 13.213.2
0.020.02 2020 4.84.8 3.23.2 6.46.4 5.35.3
0.010.01 1010 2.52.5 2.12.1 3.23.2 2.72.7
0.0050.005 55 1.31.3 1.01.0 1.61.6 1.31.3
0 0040 004 44 1 11 1 0 80 8 1 31 3 1 11 10.0040.004 44 1.11.1 0.80.8 1.31.3 1.11.1
0.0030.003 33 0.60.6 0.60.6 1.01.0 0.80.8
0.0020.002 22 0.40.4 0.40.4 0.60.6 0.50.5
0 0010 001 11 0 20 2 0 30 3 0 30 3 0 30 30.0010.001 11 0.20.2 0.30.3 0.30.3 0.30.3



Summary of risk assessment findings by level of lifetime risk Summary of risk assessment findings by level of lifetime risk 
forfor diacetyldiacetylfor for diacetyldiacetyl

Method Method 
BMDBMD LifeLife tabletableBMD BMD 

Excess Excess PrevalencePrevalence
((ppb)ppb)

LifeLife--tabletable
Excess Excess Lifetime RiskLifetime Risk

((ppb)ppb)

I i tI i tImpairmentImpairment
Lifetime Lifetime 

RiskRisk
FEVFEV11

((LLofNLLofN))
FEVFEV11/FVC /FVC 
((LLofNLLofN))

Case Case onsetonset
(definition 2)(definition 2) MortalityMortality

1/101/10 300300 600600 300300 4004001/101/10 300300 600600 300300 400400
1/1001/100 4040 8080 3030 4040
1/10001/1000 44 55 33 44
1/100001/10000 0 40 4 0 50 5 0 20 2 0 40 41/100001/10000 0.40.4 0.50.5 0.20.2 0.40.4
1/1000001/100000 0.040.04 0.050.05 0.020.02 0.040.04



Issues addressed in NIOSH risk assessment for Issues addressed in NIOSH risk assessment for diacetyldiacetyl

•• Exposure assessment: unusually extensive with declining levels described Exposure assessment: unusually extensive with declining levels described 

•• Definition of impairment: analyses of outcomes that would encompass Definition of impairment: analyses of outcomes that would encompass 
both obstructive and restrictive disease produced concordant estimates of both obstructive and restrictive disease produced concordant estimates of 
risk as did three risk assessment methodsrisk as did three risk assessment methods

•• CrossCross‐‐sectional study limitations: affected workers leaving employment sectional study limitations: affected workers leaving employment 
likely has resulted in underlikely has resulted in under‐‐estimation of exposure response as didestimation of exposure response as didlikely has resulted in underlikely has resulted in under estimation of exposure response, as did estimation of exposure response, as did 
exclusion of asymptomatic cases in the incidence analysisexclusion of asymptomatic cases in the incidence analysis

• Apparent unknown variability in susceptibility required an ad hoc• Apparent unknown variability in susceptibility required an ad hoc 
statistical model specification which  accommodated higher risk in a  
declining subpopulation, or, generally declining susceptibility with 
exposure durationexposure duration



…Issues addressed…Issues addressed

•• 45 yr exposure in a single hypothetical population would under45 yr exposure in a single hypothetical population would under‐‐estimate estimate 
the impact of variable susceptibility (survivor bias)the impact of variable susceptibility (survivor bias)

•• Low dose extrapolation:  careerLow dose extrapolation:  career‐‐average DA exposures at Site G were average DA exposures at Site G were pp g pg p
below 0.01 below 0.01 ppmppm in 13% of workers;  proposed REL is only factor of 2 below in 13% of workers;  proposed REL is only factor of 2 below 
0.01 0.01 ppmppm..


