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● Cases of mesothelioma in women with no occupational exposure 

● Asbestos cement plant outside of Goor gave away waste for free to 

local residents, used for driveways 1960-70

● 83 contaminated roads, 33,500 m2

● Air sampling 1986: 1674 fibres/m3  5 m from roads 

● 23% crocidolite, remainder chrysotile

● Clean Up Asbestos Act 2003

– 347 private, 42 public sites

Environmental exposure, NL



Contaminated soils

Driece et al. J Expo Sci Environ (2010) 20, 478–485

● 130 000 inhabitants

● 1.8 cases of mesothelioma per year



Context

● 2006: The Dutch Health Council proposed a re-evaluation of limits



Trouw Jan. 16th, 2010



Fiber types

● Serpentine minerals

– Chrysotile (white asbestos)

● Amphibole minerals

– Actinolite, amosite (brown asbetsos), 

anthophyllite, crocidolite (blue asbestos), tremolite 

= commercially important types

Amphibole hypothesis

– Claim: carcinogenicity of asbestos due to amphiboles

– Industry’s (and lobbyists’) justification for continued use

• 95% of asbestos produced since 1995, and nearly 100% today = chrysotile



● Properties

– tensile strength 

– heat resistance

– flexibility

● Applications

– Textiles, friction products (brake 
pads), construction materials, 
asphalt roof coatings, electrical 
insulation, shipping

– Currently 85% used in asbestos 
cement corrugated sheets, pipes

Usefulness



Still a problem?

● ~90,000 deaths worldwide annually due to 

occupational asbestos exposures (WHO 2006)

– 43,000 mesothelioma

– 39,000 lung cancer  

– 7,000 asbestosis

WHO Report on the Elimination of Asbestos Related Disease



Production

● Top producers: Russia, China, Canada, Brazil

● 2.15 million tons, $ 500 million in 2003

Source: US Geological Survey http://minerals.usgs.gov/minerals/pubs/commodity/asbestos/mcs-2010-asbes.pdf

Virta RL. U.S. Geological Survey; 2005  http://pubs.usgs.gov/circ/2005/1255/kk/ 



Exposure, globally

● Top consumers: China, India, Kazakhstan, Russia, Thailand, Ukraine

● Less stringent occupational safety regulations

Workers package asbestos in Zhangye, China Corrugated asbestos roofing, slums of India 

Environ Health Perspect. 2010 July; 118(7): A298–A303. 



Exposure, NL

● Environmental exposure 1960-2007 around Goor

● (Controlled) exposure during demolition

● Currently negligible occupational exposure

● Continued disease burden due to historic exposures

● Compensation still an issue

● Estimated 12% fewer lung cancer

cases without historic exposure

● ~350 mesothelioma deaths/yr

(male to female ratio 6.5 : 1)

Observed and predicted 
mesothelioma deaths, NL

Segura O et al. Occup Environ Med 2003;60:50-55



Regulation

● Banned in the Netherlands since 1993

– EU OEL 0.1 f/ml

– NL OEL since revision of ARBOwet 0.01 f/ml

● Banned in the all EU member states since 2005 

● International

– UN Rotterdam Convention: Prior Informed Consent Procedure 
for certain Hazardous Chemicals and Pesticides in International 
Trade 

• 28 hazardous substances, including amphiboles

• Must inform importers of risks

– excluding chrysotile (most recently in 2008)



Cumulative exposure (f/ml-yr)
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Other meta-analyses

● Hodgson & Darnton 2000

– HSE, UK

– Best fit dose-response across 

cohorts

– ‘Ecological’ analysis

● Berman & Crump 2008

– EPA, USA

– Linear dose-response within 

cohorts

– ‘Uncertainty factors’ – wide CI 

bounds

CE (f/ml-yr)
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New meta-analysis

● Aim: Update Dutch standards

● Controversy over differences in fiber potencies, especially with 

respect to lung cancer

● Other reviews inadequately addressed study quality

● Warranted new meta-analysis

– Investigate possible sources of heterogeneity in lung cancer 

potency estimates of asbestos (KLs)



Our meta-analysis

● Search & inclusion

– Lung cancer AND quantitative exposure data 

– n=  2826  PubMed hits; 296 when limited to English, cohort or case-control 
studies

● Characteristics

– 19 studies: 18 cohort, 1 case-control

– Locations: USA, Italy, Canada, Australia, UK, Sweden, Belgium

– Industries: mines, mills, textiles, friction products, insulation, cement

– Fiber type: chrysotile, amphibole, mixed

– Follow-up: 1920s-1980s 

– Range of cumulative exposures: 0 - 4710 f/ml-yr

– SMRs, RR, ORs



Exposure-response model

● RR = α(1 + KL x CE10)

– Fit a linear model 

– Poisson regression 

● Intercept (α)

– Background lung cancer risk 

– α>1.5  misclassification of exposure?

– α =1 for classic risk assessment

– α estimated to explore heterogeneity

Reference:  U.S. EPA. (U.S. Environmental Protection Agency). Airborne Asbestos Health Assessment Update. 

Washington, DC: U.S. EPA; 1986. EPA/6000/8-84/003E.



Exposure assessment

● Cumulative exposure (CE10)
– occupational exposure: 8 hr/day, 240 days/yr

– lagged 10 years

● 1920s  impinger
– particles impacted in liquid, counted by 

optical microscopy 

– all particles < 10  μm in length

– millions of particles per cubic foot of air (mppcf) 

● 1960s  phase contrast microscopy (PCM) 
– membrane filter sampling method, counted by PCM

– fiber = length ≥ 5 µm, length-to-width ratio of ≥ 3:1 

– area of filter *  no. fibers / volume of air sampled

– fibers/ml-years

● 2000s  transmission electron microscopy (TEM)
– high resolution



Quality criteria considered

● fiber definition >5µm, aspect ratio 3:1

● amphibole fraction

● measurement device: impinger, precipitator, membrane filter

● analytic technique: phase contrast microscopy (PCM)

● units in fibers or particles

● conversion factors (mppcf  f/ml-yr)

– internal vs. external (generic, industry specific, expert judgement)

– factory wide vs. area specific

● sufficient # samples (or unknown)

● personal vs. stationary 

● ratio of midpoints of highest CE : lowest CE categories

● ratio of highest : lowest average exposures 

● coverage of measurements over follow-up

● coverage of PCM measurements over follow-up

● calculation of exposure data: AM, GM, range, midpoint

● assignment of exposure

– duration

– JEM

● job history

– completeness, source of records 

● sufficient lag time – CE10

(adapted from Vlaanderen et al., EHP 2008)
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Categorical study-level covariates 

1) Sufficient documentation

– No. of measurements, variability, details of analytical procedures

2) Ratio of highest : lowest CE midpoint >50

– Limited contrast ↑ likelihood of attenuation

3) Conversion factor internal, external, generic

– Internal: based on parallel impinger & PCM measurements within the 
dept/setting

4) Coverage of exposure data >30% of exposure history?

– Estimates extent of back-extrapolation of exposure levels

5) Accuracy of job histories

– Changes in job titles or tasks
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● Upper plot = temporal distribution of work history years; calendar years for which 
exposure measurements are available are shaded  

● Lower plot = bar graph of the number measurements

Vlaanderen J et al. Occup Environ Med 2010;67:636-638
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Methods

● Considerable heterogeneity (I2 = 64%)

– random effects meta-analysis

• Weighted ‘average’ of risk estimates based on precision

• SAS PROC MIXED, STATA metareg

● Univariate and multivariate meta-regression

– KLs = dependent variable; Fiber + Covariate = independent variables

• Linear and spline models

• Also: truncated to low-exposures

● Restriction to high quality studies

– stepwise elimination of studies based on study-level covariates



Meta-analysis: forest plot



Meta-analysis: stratified by quality crit.

Inclusion
No. of 

studies
Summary KL

(95%CI)
p-value

All studies 19 0.13 (0.04–0.22) -

Fiber                 Chrysotile
5 0.04 (-0.04–0.12)

0.06
Amphiboles 4 0.33  (0.09–0.56)

Mixed 10 0.13  (0.03–0.23)

Documentation    Insufficient
8 0.11 (-0.04–0.23)

0.29

Sufficient 11 0.18  (0.07–0.29)

CE ratio (highest : lowest)     ≤50 
9 0.11 (-0.05–0.26) 0.38

>50 10 0.20  (0.06–0.35)

CF (mppcf to f-yr/ml)      External
6 0.13 (-0.06–0.31) 0.69

Internal 13 0.16  (0.04–0.29)

Coverage of exposure data      ≤30%
7 0.08 (-0.01–0.16) 0.04

>30% 12 0.28  (0.11–0.45)

Job histories    Incomplete information 
5 0.04 (-0.11–0.20) 0.08

Accurate 14 0.20  (0.08–0.31)



Stepwise exclusion

Exclusion
No. 

studies

Meta-KL*100

(95%CI)

All 19 studies 19 0.13 (0.04–0.22)

- Studies with insufficient documentation 11 0.18 (0.04-0.33)

- studies with external conversion factors 9 0.19 (0.03-0.35)

- studies with inaccurate job histories 6 0.35 (0.09-0.60)

- studies with coverage 30% 3 0.48 (0.16-0.80)



Sensitivity analyses

● Similar pattern 

– with B&C and H&D estimates

– with fixed effect meta analysis

– with differently derived slopes (KLs)

• with intercept fixed to 1

• the uppermost CE category removed 



Flexible meta-regression

● Scatterplot of risk estimates (n=104 from the 19 studies)

van der Bij et al. Lung cancer risk at low asbestos exposure: meta-

regression of the exposure-response relationship.   submitted



Flexible meta-regression

van der Bij et al. Lung cancer risk at low asbestos exposure: meta-

regression of the exposure-response relationship.   submitted



Discussion & Conclusions

● Limitations

– Lack of exposure assessment details for most studies

– Too few studies per category, correlation between possible determinants of KLs

● Classic debate:  Charleston textile vs. Quebec mining chrysotile KLs

– Higher proportion of fibers < 5 μm in length in mining, vs textile industry

– Animal studies suggest longer, thinner fibers are more biologically active

● Discussion

– Linear model best fit?

– Modification of fiber size (TEM) on exposure-response association

● Meta-analyses should transparently evalute the effect of quality on 
exposure-response slopes

– Non-differential exposure misclassification may lead to attenuation of ‘true’ KL

– Highest:lowest CE ratio, % coverage of exposure history, accuracy of job 
histories influenced slopes (KLs)

● Sheds doubt on amphibole hypothesis, especially w.r.t. lung cancer



Implications

● Health Council of the Netherlands report

– Asbest: Risico’s van milieu- en beroepsmatige blootstelling, June 2010

• Risk assessment based on KLs calculated with an intercept fixed =1

• Standards: maximum permissible risk (MPR), negligible risk (NR)

• Occupational exposure limit (OEL)

Environmental Occupational

Current

(based on mesothelioma)

Proposed

(based on lung cancer 

and mesothelioma)

Curre nt

OEL

Proposed

(based on lung cancer 

and mesothelioma)

Exposure 

TEM-based

(fibres/m3)

MPR

10-4

NR

10-6

MPR

10-4

NR

10-6

4x10-3 4x10-5

Chrysotile 100 000 10 000 2 800 28

20 000 fibres/m3

(TEM) 

= 10 000 fibres/m3

or 

0.01 fibres/ml (PCM)

200 000 2 000

Mixed 

≤ 20 %amphibole

1 300 13 130 000 1 300

Amphibole 1 000 100 300 3 42 000 420



Acknowledgements

● “A Meta-Analysis of Asbestos and Lung Cancer: Is Better Quality 
Exposure Assessment Associated with Steeper Slopes of the 
Exposure-Response Relationships?” Provisionally accepted:
Environmental Health Perspectives 

● Co-authors

Roel Vermeulen1,2, Sies Dogger3, Leslie Stayner4, Lützen Portengen1, Alex 
Burdorf5, Dick Heederik1,2

1 Utrecht University, Institute for Risk Assessment Sciences, Division of Environmental 
Epidemiology

2 Julius Center for Health Studies and Primary Care and Public Health, University Medical Center 
Utrecht

3 Health Council of the Netherlands, The Hague

4 University of Chicago, Department of Epidemiology and Biostatistics

5 Erasmus University Rotterdam, Rotterdam, Department of Public Health





Extra



Egger’s regression test (bias 0.696; p=0.04) 

Trim-and-fill: 7 imputed studies
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Influential studies

  0.03   0.16  0.05   0.27   0.36

 Quebec mines and mills

 Italian mine and mill

 Connecticut friction products plant

 South Carolina textiles plant

 North Carolina textiles plants

 Wittenoom, Australia mine

 Patterson, New Jersey insulation factory

 Tyler, Texas  insulation factory

 Libby, Montana mines and mills

 British friction products factory

 Ontario cement plant

 New Orleans cement plants

 Swedish cement plant

 Belgium cement plant

 U.S. factory retirees

 U.S. insulation workers

 Pennsylvania textiles plant

 Rochdale, UK textiles plant

 Stockholm population

 Study ommited

 Meta-analysis random-effects estimates (linear form)

 

Both chrysotile 

exposed cohorts



Multivariate meta-analysis

Table 3. Univariate and multivariate meta-regression models of lung cancer potency (KL), with fiber type and exposure 

assessment covariates modelled as independent variables.

Estimate (β)  95% CI      p value AIC

Univariate 

Fiber: Amphiboles/mixed 0.13 -0.03, 0.29 0.10 28.7

Documentation: Sufficient 0.07 -0.13, 0.28 0.46 30.6

CE ratio: >50 0.09 -0.13, 0.31 0.38 30.3

Conversion factor: Internal 0.04 -0.18, 0.26 0.70 30.8

Coverage of exposure data: >30% 0.19 -0.02, 0.40 0.08 27.6

Job histories: Accurate 0.16 -0.02, 0.33 0.08 27.9

Multivariate

Fiber: Amphiboles/mixed 0.14 -0.03, 0.32 0.09 30.9

Documentation: Sufficient 0.08 -0.09, 0.25 0.34

Fiber: Amphiboles/mixed 0.15 -0.04, 0.34 0.12 30.9

CE ratio: >50 0.09 -0.10, 0.28 0.33

Fiber: Amphiboles/mixed 0.15 -0.02, 0.32 0.08 31.0

Conversion factor: Internal 0.07 -0.11, 0.26 0.40

Fiber: Amphiboles/mixed 0.13 0.002, 0.26 0.05 27.1

Coverage of exposure data: >30% 0.18 0.01, 0.36 0.04

Fiber: Amphiboles/mixed 0.05 -0.09, 0.41 0.72 30.1

Job histories: Accurate 0.13 -0.14, 0.40 0.32

Fiber types amphiboles and mixed exposures were grouped. For each covariate (fiber type and five exposure assessment 

covariates), a reference category was chosen as denoted in Table 2.


