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Wicked Problems in Occupational and Environmental Health

• How to establish causality?

• When to act in the face of uncertainties?

• What is the role of the scientific community in pushing for (in)action?



How much data is enough?; Implementing 
regulation for occupational diesel exhaust

• Hazard identification
• Animal and mechanistic data
• Epidemiological evidence

• Risk characterization
• Exposure-response
• Burden

• Conclusion & Outlook
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Hazard identification I

IARC monograph, Vol 46, 1988

• There is limited evidence for the carcinogenicity in humans of diesel 
engine exhaust (N=16  studies / ± 14 pos).

• There is sufficient evidence for the carcinogenicity in experimental animals 
of whole diesel engine exhaust.

Overall evaluation
Diesel engine exhaust is probably carcinogenic to humans (2A).

• Potential carcinogen in humans (NIOSH)
• Likely to be carcinogenic to humans by inhalation (EPA)
• Reasonably anticipated to be human carcinogens (NTP)



Hazard Identification – Limitations in epidemiological data

• Lack of control for confounding
• Smoking

• Insufficient (quantitative) exposure assessment

• Lack of exposure -response associations within and across occupations
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IARC monograph, Vol 105, 2012
Animal and Mechanistic Evidence

The Working Group concluded that there was:

• “sufficient evidence” in experimental animals for the 
carcinogenicity of whole diesel-engine exhaust, of diesel-engine 
exhaust particles, and of extracts of diesel-engine exhaust 
particles.

• “strong evidence” for the ability of whole diesel-engine exhaust 
to induce cancer in humans through genotoxicity.

• Bulky DNA adducts, Chromosomal damage, oxidative stress etc.



IARC monograph, Vol 105, 2012
Epidemiological Evidence 

• Several new studies were conducted to address the 
previously noted short-comings

• Lack of control for confounding
• Smoking

• Insufficient (quantitative) exposure assessment

• Lack of exposure -response associations



The NCI/NIOSH project
Diesel Exhaust in Miners Study (DEMS)          

• 8 US non-metal mining facilities (i.e. Trona, Salt, Potash)

• 12,315 blue-collar workers

• Mean yrs 8.0 underground (n=8,307)

• First diesel use 1947 – 1967

• Mortality assessment through 1997 (50 yrs)

• Nested case-control study
• 198 lung cancer cases and 611 matched controls 

• Next-of-kin interview (smoking, other jobs)

• Extensive exposure assessment 
• Diesel exhaust

• silica, asbestos, radon (negligible)



Estimation of Historical DE Exposure Levels Underground

REC!

Historical area measurements!

Detailed information on determinants!
Horsepower used, exhaust air flow rates, new engine technology!

‘98 -2001!‘76!Date of Dieselization!
1947 - 1967!

Mine-
specific 
regression 
models

Reference



Underground Miner Lung Cancer Mortality



Odds Ratio for cumulative REC exposure by smoking intensity
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US Trucking Industry (Garshick et al., 2012)

• Retrospective cohort study
• 54,319 make unionized trucking company workers
• Employed in 1985 in 4 US companies

• Mortality through 2000

• 779 lung cancer cases

• Analysis limited to 31,135 men with 1+ yrs of work

• Detailed exposure assessment



Exposure Modeling Approach

• Personal EC measurements
• 36 field visits to truck terminals across the US
• > 4000 shift/area samples of EC

• Historical back-extrapolation based on Coefficient of Haze and historical 
survey in the trucking industry



Lung cancer HRs associated with each quartile of cumulative EC 
exposure

Cumulative
μg/m3-yr < 31 31 to < 72 72 to < 150 > 150
Cases 122 179 202 248

Hazard Ratio 1.00
1.31
(1.01 - 1.71)

1.38 
(1.02 - 1.87)

1.48
(1.05 - 2.10)

*Analyses corrected for tenure excluding mechanics



IARC monograph, Vol 105, 2012
Diesel engine exhaust and lung cancer 

• The findings of the new cohort studies were supported 
by those in other occupational groups and by case–
control studies including various occupations involving 
exposure to diesel-engine exhaust.



The SYNERGY project            

• Started January 2007

• Joint effects of occupational carcinogens and smoking

• 11 case-control studies pooled

• 13,304 lung cancer cases and 16,282 controls

• Individual lifetime detailed data on occupation and smoking

• Semi-quantitative exposure assessment for DME



Lung cancer risk associated with 
cumulative DME exposure

Never 7676 57.7 10320 63.4 1.00 1.00   Reference
Q1 1269 9.5 1513 9.3 1.04 0.96 –– 1.13 0.98 0.90 –– 1.08
Q2 1325 10.0 1497 9.2 1.14 1.05 –– 1.23 1.05 0.96 –– 1.15
Q3 1440 10.8 1503 9.2 1.23 1.14 –– 1.34 1.07 0.97 –– 1.17
Q4 1594 12.0 1450 8.9 1.43 1.32 –– 1.55 1.31 1.20 –– 1.44

Test for trend, p-value <0.001 <0.001
Trend among exposed, p-value <0.001 <0.001

% % OR2 95% CI
  Reference

95% CICases Controls OR1

OR1 adjusted for age, sex, study, List A
OR2 in addition cigarette pack-years, time-since-quitting smoking



Epidemiology: meta-analysis 
Lipsett & Campleman, 1999

• 30 of 47 studies included
• Factors consistent with higher 

study quality were associated with 
higher risk estimates (adjustment 
for smoking, ¯ likelihood of 
selection bias,  power)

• Pooled RR-estimate 1.47 (1.29-
1.67)



IARC monograph, Vol 105, 2012
Summary Hazard identification

• There is sufficient evidence for the carcinogenicity in 
humans of diesel engine exhaust. Diesel engine 
exhaust causes lung cancer. Also, a positive 
association between diesel engine exhaust and bladder 
cancer has been observed.

• There is sufficient evidence for the carcinogenicity in 
experimental animals of whole diesel engine exhaust.

Overall evaluation
• Diesel engine exhaust is carcinogenic to humans 

(Group 1).
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Wicked Problems in Occupational and Environmental Health

• How to establish causality?

• When to act in the face of uncertainties?

• What is the role of the scientific community in pushing for (in)action?



Outline

• Hazard identification
• Animal and mechanistic data
• Epidemiological evidence

• Risk characterization
• Exposure-response
• Burden



Risk Characterisation

• At the time of the IARC evaluation, three US occupational cohort studies of 
cumulative exposure to elemental carbon (EC; a marker of DEE) and lung 
cancer mortality had reported exposure-response estimates:

• A study of non-metal miners (198 lung cancer deaths) (Silverman et al. 2012)

• Two independent studies of trucking industry workers (779 and 994 lung cancer deaths, 
respectively) (Garshick et al. 2012; Steenland et al. 1998). 

• A fourth cohort study of potash miners (68 lung cancers) with EC exposure-response data 
was published after the IARC evaluation (Mohner et al. 2013). 



Exposure –response DEE and Lung Cancer Risk



Exposure –response DEE and Lung Cancer Risk

• Choice of studies
• Choice of risk estimates
• Choice of lag-times
• Choice of model

Uncertainty



Exposure –response DEE and Lung Cancer Risk

• Re-analyses of the ERC based on
• Original analyses published by Vermeulen et al. N=1
• Sensitivity analyses published by Vermeulen et al. N=2-9
• Alternative (published) ERCs by Crump et al. N=10-14

Critical note
• Original study; protocolized, blind to study results
• Re-analyses not protocolized but post hoc approaches



Exposure –response DEE and Lung Cancer Risk

Range ERC Slope factor: 0.000605 – 0.001181



Acceptable and Maximal Tolerable Risk



Outline

• Hazard identification
• Animal and mechanistic data
• Epidemiological evidence

• Risk characterization
• Exposure-response
• Burden

• Conclusion & Outlook
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Evolution of Diesel Technology



New Technology Diesel Engine (NTDE) Reduces Emissions 
Across a Broad Spectrum of Compounds

Herner et al., 2009
Liu et al., 2009
Khalek et al., 2010

The potential benefits of particulate matter reduction using a catalyzed 
DPF may be confounded by increases in NO2 emission and release of 
reactive ultrafine particles (Karthikeyan et al., 2013)



Diesel Emission Standards Overtime

US# ?

Europe# ?

Russia#

Japan#

China*#

India*#

Australia#

Argen9na#

Brazil#

19
87
#

19
95
#

19
90
#

20
00
#

20
05
#

20
10
#

20
15
#

Implementa*on,Schedule,of,Global,,
Nonroad,Heavy,Duty,Diesel,Emission,Standards,

Tier#2#
Tier#4#(final)#

*#Na9onwide#

Data#from#dieselnet#hMp://www.dieselnet.com/standards/#

No#PM#standard#
“New#Technology#Diesel”#

US#

Europe#

Russia#

Japan#

China*#

India*#

Australia#

Argen9na#

Brazil#

19
87
#

19
95
#

19
90
#

20
00
#

20
05
#

20
10
#

20
15
#

Implementa)on+Schedule+of+Global++
On5highway+Heavy+Duty+Diesel+Emission+Standards+

Euro#1#/#US1988#
Euro#4#/#US1994#
Euro#6#/#US2010#

*#Na9onwide#

Data#from#dieselnet#hKp://www.dieselnet.com/standards/#

No#PM#standard#
“New#Technology#Diesel”#

Scheepers and Vermeulen, OEM, 2012 



Wicked Problems in Occupational and Environmental Health

• How to establish causality?
• To keep doing our rigorous research

• When to act in the face of uncertainties?
• Balance between the possible impact and the actual uncertainty there is
• In diesel there is uncertainty in the exact ERC but not so much in the consequence

• What is the role of the scientific community in pushing for (in)action?
• We have to keep providing the scientific basis for decision making
• However, we do have a responsibility to ensure that the information is used (correctly)



Acknowledgements

NCI
• Debra Silverman
• Patricia Stewart
• Joseph Coble
• Jay Lubin
• Aaron Blair
• Claudine Samanice
• Sholom Wacholder

NIOSH
• Michael Attfield
• Patricia Schleiff
• Daniel Yereb
• Rebecca Stanevich

Utrecht University
• Lutzen Portengen
• Jelle Vlaanderen

Harvard Medical School
• Eric Garshick

Emory University
• Kyle Steenland



Timeline

1890

1976

1988

2012


