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ABSTRACT
Objectives Exposure to asbestos fibres increases the
risk of mesothelioma and lung cancer. Although the vast
majority of mesothelioma cases are caused by asbestos
exposure, the number of asbestos-related lung cancers is
less clear. This number cannot be determined directly as
lung cancer causes are not clinically distinguishable but
may be estimated using varying modelling methods.
Methods We applied three different modelling
methods to the Dutch population supplemented with
uncertainty ranges (UR) due to uncertainty in model
input values. The first method estimated asbestos-related
lung cancer cases directly from observed and predicted
mesothelioma cases in an age-period-cohort analysis.
The second method used evidence on the fraction of
lung cancer cases attributable (population attributable
risk (PAR)) to asbestos exposure. The third method
incorporated risk estimates and population exposure
estimates to perform a life table analysis.
Results The three methods varied substantially in
incorporated evidence. Moreover, the estimated number
of asbestos-related lung cancer cases in the Netherlands
between 2011 and 2030 depended crucially on the
actual method applied, as the mesothelioma method
predicts 17 500 expected cases (UR 7000–57 000), the
PAR method predicts 12 150 cases (UR 6700–19 000),
and the life table analysis predicts 6800 cases (UR
6800–33 850).
Conclusions The three different methods described
resulted in absolute estimates varying by a factor of
∼2.5. These results show that accurate estimation of the
impact of asbestos exposure on the lung cancer burden
remains a challenge.

INTRODUCTION
Exposure to asbestos is known to increase the risk
of developing mesothelioma and lung cancer.1

While the vast majority of mesothelioma cases are
generally accepted as being caused by asbestos, the
proportion of all lung cancers that is asbestos-
related is less clear. This proportion cannot be
determined directly because asbestos-related lung
cancer is not clinically distinguishable from lung
cancer due to other causes.2 Consequently, the his-
torical number of asbestos-related lung cancers is
unknown and cannot be used to forecast the future
number of asbestos-related lung cancers. Estimates
of the disease burden are an important input to
healthcare decision-making and planning.

Prediction of the future number of asbestos-related
lung cancers in any population is therefore neces-
sarily based on mathematical models using a variety
of other sources of evidence.
To estimate the future number of asbestos-related

lung cancers in the general population, various
modelling methods might be applied, such as, for
example, life table analysis of the lung cancer risk
in exposed individuals.3 However, owing to the
limited availability of estimates of asbestos exposure
in the general population, this method of analysis is
often limited to cohorts of workers exposed in a
specific industry.4 An alternative modelling method
uses the population attributable risk (PAR), which
can be derived from lung cancer case–control or
cohort studies.5–7 Yet another modelling method
focuses on forecasting the number of mesothelioma
cases and converting these estimates in a prediction
of future lung cancer cases based on the observed
ratios of these two cancers in asbestos-exposed
populations.2 8–10

Any modelling method that is applied may
provide estimates of uncertainty surrounding the
predicted number of asbestos-related lung cancer
cases. However, this indicates only how the pre-
dicted number may vary given the uncertainty in
the input values for the model, assuming that the
model structure itself is correctly specified. In
general, this assumption cannot be verified. When
the correct model structure is unknown, structural
uncertainty therefore can and should be assessed by
comparing the results from different model
structures.

What this paper adds

▸ Many studies have estimated the historical
burden of asbestos-related lung cancer cases
but information on the expected future lung
cancer cases is still limited.

▸ We show that using three different plausible
modelling methods results in different absolute
estimates of future asbestos-related lung
cancers varying by a factor of 2.5.

▸ Although information on the relation between
asbestos and lung cancer is substantial,
accurate and robust estimation of the impact of
asbestos exposure on the future lung cancer
burden remains challenging.

342 Van der Bij S, et al. Occup Environ Med 2016;73:342–349. doi:10.1136/oemed-2014-102614

Methodology

group.bmj.com on July 5, 2017 - Published by http://oem.bmj.com/Downloaded from 

http://dx.doi.org/10.1136/oemed-2014-102614
http://dx.doi.org/10.1136/oemed-2014-102614
http://dx.doi.org/10.1136/oemed-2014-102614
http://crossmark.crossref.org/dialog/?doi=10.1136/oemed-2014-102614&domain=pdf&date_stamp=2016-02-08
http://oem.bmj.com
http://oem.bmj.com/
http://group.bmj.com


When estimating the number of lung cancer cases associated
with asbestos, the three commonly used models differ substan-
tially in model structure. Estimating the number of lung cancers
attributable to asbestos exposure directly from mesothelioma
cases typically requires evidence on the association between
these diseases. The PAR method depends on estimates of studies
about the proportion exposed and associated relative risk (RR).
The life table method projects the probability of lung cancer
among individuals and, in comparison with the PAR method,
typically allows the incorporation of additional evidence influen-
cing the future number of asbestos-related lung cancers, such as
the effect of competing causes of death, changes in risk levels
and different exposure scenarios.

In this paper, we compare these three modelling methods
with different structures for the prediction of the expected
asbestos-related lung cancers in the Netherlands from 2011 to
2030. In the first model, we estimate the asbestos-related lung
cancer cases directly from predicted mesothelioma cases; in the
second model, we make use of the PAR method, and in the
third model we use exposure information and the asbestos-
related lung cancer risk as a direct function of exposure in a life
table analysis. The three models were constructed on the basis
of the best available evidence. We discuss their advantages and
disadvantages, the evidence they incorporate, and compare their
results.

METHODS
Three model types were applied to predict the number of future
asbestos-related lung cancers in the Netherlands from 2011 to
2030. All methods were applied separately to men and women
and results were aggregated. Model specifications were limited
to the level of information that was available in the Dutch
context.

Model 1: mesothelioma model
Estimates of historical and future cases of asbestos-related lung
cancer can be derived directly from observed and predicted
mesothelioma cases through a conversion factor.10 To predict
the future number of mesothelioma cases, an age-period-cohort
(APC) analysis was used.11 The required data were provided by
Statistics Netherlands (CBS) and included the observed number
of mesothelioma deaths in 1969–2010, annual observed demo-
graphic distributions of the Dutch population in 1969–2010,
and annual expected demographic distributions for 2011–
2030.12 For the years 1969–1995, deaths due to mesothelioma
were identified by International Classification of Diseases,
Eighth/Ninth Revision (ICD-8/9) code 163.0 (pleural cancer).
Since this category did not include death due to non-pleural
mesothelioma, we divided the number of deaths by 0.95 as the
number of non-pleural mesothelioma deaths is estimated to be
around 5% of all mesothelioma deaths.13–15 For the years
1996–2010, the number of deaths due to mesothelioma was
identified by ICD-10 code C45 and included pleural and non-
pleural mesothelioma. All data were tabulated into 13 age
groups (31–35, 36–40,…, 86–90, and 91–95) and eight 5-year
periods following the years 1969–1970 (1971–1975, 1976–
1980,…, 2006–2010). This resulted in 20 partially overlapping
10-year birth cohorts (1876–1885,…, 1966–1975, 1971–1980)
and 1 of 6 years (1874–1880), which were identified by mid-
point year (thus, the birth cohort of 1965 comprised those born
between 1961 and 1970). Using the number of mesothelioma
deaths observed in 1969–2010, the age-specific mortality rates
and cohort RRs by year of birth were calculated using the APC
method separately for men and women. Since pleural

mesothelioma under the age of 40 years was very rare, the birth
cohort of 1965 was the youngest cohort for which a reliable
risk estimate could be obtained. Given that in the Netherlands
asbestos use after 1984 was very limited and an asbestos ban
was implemented in 1993,16 17 birth cohorts beyond 1965 were
assigned zero risk of mesothelioma and lung cancer due to
asbestos exposure. Estimated age-specific rates of mesothelioma
per birth cohort were projected on the expected future demo-
graphic distributions to predict the future number of mesotheli-
oma deaths (see online supplementary material for information
about the estimated age-specific mortality rates and birth cohort
risk). A sensitivity analysis was performed in which the birth
cohort of 1970 was assigned the risk of the birth cohort of
1965 instead of zero risk and birth cohorts beyond 1970 were
assigned zero risk, to simulate longer propagation of risk over
time. To estimate the future number of asbestos-related lung
cancers, an estimated smoking-adjusted ratio between mesotheli-
oma and lung cancer from a published meta-analysis was
applied.10 In the Netherlands, different types of asbestos have
been used; therefore, the ratio reported for mixed asbestos
fibres was used: a ratio of 1.5 (95% CI 1.1 to 2.0) asbestos-
related lung cancers per mesothelioma death.10

Model 2: PAR model
This model uses the number of lung cancers observed in 2010,
and the estimated PAR by age categories. In a Dutch study, it
was estimated that 11.6% of the lung cancer cases that occurred
in men aged 55–73 years in the period 1986–1990 were related
to asbestos exposure.7 This PAR was assumed to be fixed and
applicable to the total number of lung cancers in men
>40 years of age in 2010 and later years. All younger indivi-
duals, born after 1970, were assumed to be never exposed to
asbestos and had zero PAR.

For men, the distribution of lung cancer cases over age was
derived as the average of the observed distributions over age in
the years 2008–2010. When the age categories under consider-
ation contained both individuals born before and after 1970, a
linear interpolation of the PAR was used. The estimated PAR
values over time were then applied to the expected future
number of lung cancer cases which were calculated from the
observed lung cancer incidence in 2008–2010 and the expected
male demographic distribution in 2011–2030.12

Since no reliable PAR estimates were available for Dutch
women, first the ratio of the expected number of asbestos-
related lung cancers based on the PAR model to the observed
number of mesotheliomas among men in 2010 was estimated.
Then this ratio of 1.77 asbestos-related lung cancers per one
mesothelioma was applied to the observed number of mesothe-
liomas among women in 2010 to derive the number of asbestos-
related lung cancers in women in 2010. This resulted in a PAR
of 2.5% for women, which is only slightly less than the PAR of
3.8% found in a French study applying the same procedure.5

Model 3: life table model
In this model, the future number of asbestos-related lung
cancers was estimated on the basis of exposure information and
the asbestos-related lung cancer risk as a direct function of
exposure. To estimate the number of individuals exposed to
asbestos, data from the Netherlands cohort study (NLCS) were
used.18 The NLCS is a prospective cohort study started in 1986
among men and women aged 55–69 years (n=120 852). At
baseline, a comprehensive lifetime job history up to the year
1986 was collected for all participants, but only information
from a randomly drawn subcohort (n=5000) was entered
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digitally. Complete job histories were available for 4568
(91.4%) participants in the subcohort. Job titles were linked to
a general Finnish job-exposure matrix (FINJEM) for asbestos
exposure. FINJEM is a quantitative-exposure matrix that assigns
probabilities and mean levels of asbestos exposure to probably
exposed individuals based on International StandardClassification
of Occupations (ISCO) 68 coded occupation and time period (see
online supplementary material II).19 Subsequently, the cumula-
tive exposure in fibre years (f-y/mL) was calculated for each par-
ticipant by multiplying the exposure probability by the mean
level of exposure and the duration for each recorded job period,
then aggregating the exposure estimates over all job periods.

The age-specific job distribution of the NLCS cohort was
taken to be representative of the Dutch population for all
workers born during 1916–1931 (ie, aged 55–69 years in 1986)
and all those born subsequently, regardless of the calendar time
they worked. Asbestos exposure was assigned to these jobs if
held prior to 1990.

Finally, the proportions of probably exposed participants, esti-
mated from the NLCS cohort by age and gender, were multi-
plied by the corresponding age-specific and gender-specific
Dutch population in 1990. Results were extrapolated to the
year 2010 and cumulative exposures were then averaged by age
and gender.

To estimate the asbestos-related lung cancer risk, we estimated
age-specific lung cancer rates for men and women in the general
population. These rates were assessed by Poisson regression
using the number of observed lung cancer deaths in 2001–
2010.12 The asbestos-related lung cancer risk was determined

by multiplying lung cancer rates by the RR associated with
asbestos exposure. This RR was determined as RR=1
+KL×cumulative exposure, where KL(×100)=15.5. We used
this KL value as it was estimated from a population-based
cohort of individuals using FINJEM exposure estimates.20 21 To
estimate the future number of asbestos-related lung cancers, a
standard life table analysis of lung cancer was conducted.22

RESULTS
The specifications of the three applied models, in terms of
incorporated evidence, complexity, underlying assumptions,
advantages and disadvantages in the context of making future
projections, are summarised in table 1. This table allows an
informal comparison of the models and may be used to check
the incorporated evidence, and thereby feasibility, of each of the
models for application in other settings and countries.

Model 1: mesothelioma model
Figure 1 shows the number of future asbestos-related lung
cancers as estimated by the mesothelioma model. The left panel
shows the expected absolute number of asbestos-related lung
cancers per year. The right panel shows the corresponding
cumulative number of cases per year. On the basis of the
smoking-adjusted ratio of 1:1.5, the number of lung cancers
between 2011 and 2030 was estimated to be around 17 500.
The sensitivity analyses in which the birth cohort of 1970 was
assigned the risk of the birth cohort of 1965 yielded similar
results (data not shown). Figure 1 indicates that the annual

Table 1 Characteristics of the applied models to estimate lung cancer cases in the future

Model 1. Mesothelioma 2. PAR 3. Life table

Model type
Ratio of lung cancer to mesothelioma
cases PAR Life table

Evidence available and
used in the Dutch
context*

▸ Demographics
▸ Mesothelioma cases
▸ Ratio of mesothelioma to

asbestos-related lung cancer

▸ Demographics
▸ PAR
▸ Number of lung cancers (single point in time)

▸ Demographics
▸ Detailed information about asbestos

exposure levels
▸ Incidence of non-asbestos-related

lung cancer
▸ (Relative) risk of lung cancer from

asbestos exposure
Underlying
assumptions

▸ Mesothelioma is proxy for asbestos
exposure

▸ A single constant ratio can describe
the relation between mesothelioma
and lung cancer

▸ Risk of adjacent birth cohorts can be
well determined

▸ Accurate recording of mesothelioma
cases

▸ The PAR (from a single well-designed study) is
representative of the total population

▸ The PAR is representative for future years
▸ Lung cancer risk does not change over time

▸ Asbestos exposure is representative
of the total population

▸ Exposure response relation is known
▸ Lung cancer risk does not change

over time

Advantages ▸ Simple to construct
▸ Evidence commonly available
▸ Integrates the timing and level of

cumulative exposure

▸ Simple to construct
▸ Evidence commonly available from case–control or

case–cohort studies

▸ Gives detailed outcomes and allows
for estimation of other statistics (eg,
life expectancies)

Disadvantages ▸ Ratio between mesothelioma and
lung cancer depends heavily on fibre
type which decreases robustness of
results

▸ It is likely that the ratio is not
constant but depends on asbestos
exposure levels

▸ It is likely that ratio changes in
forecasting are due to differences in
the dynamics of the diseases

▸ Does not take into account competing risks
▸ Is a single indicator and does not easily take into

account changes in asbestos-related and
non-asbestos-related lung cancer risk (eg, it does not
easily take into account the effect of changes in
smoking behaviour)

▸ Requires evidence that may not be
(readily) available

▸ Can easily result in input that may be
uncertain as assumptions about the
input have to be made

*In other contexts, these models may be applied with either more or less detailed information, depending on availability.
PAR, population attributable risk.
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number of asbestos-related lung cancers is expected to increase
up to year 2022 and to decrease thereafter.

Model 2: PAR model
Figure 2 has a layout similar to figure 1, and shows the number
of future asbestos-related lung cancers as estimated by the PAR
model. In this figure, the annual number of asbestos-related
lung cancers decreased consistently over time, from 826 in 2011
to 371 in 2030. The cumulative number of asbestos-related lung
cancers between 2011 and 2030 was estimated to be around
12 150.

Model 3: life table model
On the basis of available exposure information, it was estimated
that in 2010 about 25% of all men aged 50 years or older, and
<1% of all women aged 50 years or older, might have been
exposed to asbestos. Among these probably exposed individuals,

the average cumulative exposure ranged from 0.1 to 3.6 f-y/mL
in men and from 0.1 to 0.9 f-y/mL in women (table 2).

Figure 3 has a layout similar to figures 1 and 2, and shows
the number of future asbestos-related lung cancers as estimated
by the life table model. Here, the annual number of asbestos-
related lung cancers decreased consistently over time, from 459
in 2011 to 207 in 2030. Finally, the total number of lung
cancers due to asbestos exposure between 2011 and 2030 was
estimated to be about 6800.

DISCUSSION
In this study, we compared different modelling methods to esti-
mate the number of future asbestos-related lung cancers. Instead
of applying just a single model, our analysis provides insight
into the uncertainty associated with model choice and specifica-
tion. The first model was relatively simple and estimated
asbestos-related lung cancer cases directly from observed and

Figure 1 Total number of asbestos-related lung cancer cases in 2011–2030 as estimated by the mesothelioma model, that is, based on the
estimated number of mesothelioma cases between 2011 and 2030.

Figure 2 Total number of asbestos-related lung cancer cases in 2011–2030 as estimated by the population attributable risk (PAR) model.
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predicted mesothelioma cases in an APC analysis. The second
model incorporated evidence on the fraction of lung cancer
cases attributable to asbestos exposure. The third model in our
study was the most comprehensive, incorporating exposure
information and exposure response functions for mesothelioma
and lung cancer, in a life table analysis on all individuals in the
Dutch population. In our setting, the third model was the most
comprehensive one. However, for each model approach, the

complexity may vary from very simple to highly complex,
depending on the evidence available in a particular setting.

Given the results of the three models applied, the expected
number of asbestos-related lung cancer cases in the Netherlands
in the period 2011–2030 varies from 6800 to 17 500. The
highest number of cases was estimated when the number of
asbestos-related lung cancers was related to the number of meso-
thelioma cases (model 1), whereas the lowest number of cases
was estimated by the life table method (model 3). In all three
models, we assumed that persons born after 1970 were at negli-
gible risk of asbestos-related lung cancer. There is very little
information on asbestos exposure after 1990, but in very rare
cases exposure could have occurred during demolition or main-
tenance. Hence, the actual number of future cases may be mar-
ginally higher than we predict for all three models.

It is not straightforward to determine which model is likely to
provide the best estimation of the future number of asbestos-
related lung cancers. Each model has its own advantages, yet all
three are based on assumptions and suffer from uncertainty in
input values, which substantially decreases the robustness of
their results (table 1). We can, however, identify the main uncer-
tainties for each of the three models (see online supplementary
material III).

The main uncertainties in model 1 relate to the choices in the
APC analysis, most notably the necessary constraints imposed
for identifiability of the model, expectations about future devel-
opments of birth cohort risks and the ratio between mesotheli-
oma and asbestos-related lung cancer. In our analysis, we
linearly projected estimated age-specific rates per birth cohort
on the expected future demographic distributions. Other types
of analysis have suggested that the peak of mesothelioma might
be earlier with a more rapid decline thereafter.23 24 In these
other analyses, current mortality is related to past asbestos
exposure and the age distribution of mortality is allowed to vary
for the different birth cohorts.23 24 We chose to use the same
method as a previous Dutch study performed 12 years ago,25 as
their derived predictions appear to closely match actual observa-
tions over the period 2000–2011. Compared with that previous
study, our future annual number of mesothelioma cases was
about 20% higher. However, these previous predictions com-
prised only pleural mesothelioma cases in individuals up to age

Table 2 Estimated population with probable exposure and
cumulative exposures among probably exposed persons in 2010*

Proportion of
population with
probable exposure (%)

Average cumulative
asbestos exposure level
among probably exposed
persons (f-y/mL)

Men aged, years
<20 0 −
20–40 3.8 0.0
40–49 14.6 0.1
50–59 21.9 0.6
60–69 25.6 1.4
70–79 26.9 2.3
80–89 26.3 3.1
90–94 21.4 3.6

Women aged, years
<20 0 −
20–40 0.2 0.0
40–49 0.4 0.1
50–59 0.8 0.4
60–69 0.9 0.7
70–79 1.0 0.6

80–89 0.8 0.6
90–94 0.2 0.9

*The cumulative exposure in fibre years (f-y/mL) was calculated for each participant
by multiplying the exposure probability by the mean level of exposure and the
duration for each recorded job period. These levels are on average quite low due to
our choice of asbestos assessment in which the level of exposure reflects the level of
exposure among all persons with probable exposure (as opposed to the level of
exposure among only those persons who were actually exposed). For further
information, see online supplementary material II.

Figure 3 Total number of asbestos-related lung cancer cases in 2011–2030 as estimated by the life table model.
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85 years, which may have resulted in lower estimates. If we
assume that our predictions might be overestimated by at most
20%, our expected number of asbestos-related lung cancers
would be lowered by about 5000. The assumption that birth
cohorts beyond 1965 had zero risk appeared to be reasonable as
the estimated risk for the male birth cohort of 1965 was indeed
very low (we estimated for the birth cohort of 1960 a 65%
lower risk compared with the birth cohort of 1940). Therefore,
our sensitivity analysis in which the birth cohort of 1970 was
assigned the risk of the birth cohort of 1965 yielded results very
similar to our base analysis. Another source of uncertainty could
be the number of recorded mesothelioma cases, given the inad-
equate coding scheme for mesothelioma prior to ICD-10.26

However, the Dutch mesothelioma deaths registry is believed to
be quite complete.15 25 The greatest uncertainty in model 1 is
likely to be in the ratio between mesothelioma and lung cancer,
which depends strongly on asbestos fibre type.10 Different types
of asbestos have been used in the past in the Netherlands. For
example, asbestos sprays contained amosite, whereas asbestos
cement products typically contained chrysotile but may have
also contained crocidolite (J Tempelman, Dutch asbestos expert,
personal communication 2011). Therefore, it is hard to define a
single ratio that can be applied universally to the general Dutch
population. Using the smoking-adjusted ratio estimated for
chrysotile (1:3) or amosite (1: 4.9) instead of mixed fibres
would have more than doubled the estimated number of
asbestos-related lung cancers.10 If the smoking-adjusted ratio for
crocidolite (1:0.6) had been applied, estimates would have
decreased by >50%. Moreover, the authors of the meta-analysis
from which we extracted the smoking-adjusted ratios stated that
these ratios are likely to be underestimates. This is due to the
fact that they applied a potentially exaggerated correction to
reduce ratio estimates from studies if smoking had not been
taken into account.10 If we used the unadjusted ratio for mixed
fibres (1:1.9), which is assumed to be an overestimate, we would
have estimated 22 100 cases. One could also argue that a ratio
of 1:1 might be more appropriate. This ratio has been observed
and used for estimations in the UK.2 27 28 Since the numbers of
mesotheliomas are comparable between the Netherlands and
the UK, it has been suggested that these countries are also com-
parable regarding asbestos exposure. Moreover, in the published
meta-analysis about the cancer ratios, there was a large amount
of unexplained variability between studies even after stratifica-
tion on fibre type; the IQR of the ratio for studies with mixed
asbestos fibres was 1.1–4.4.10 Discrepancies in the ratios might
be explained by the fact that mesothelioma has another asbestos
exposure–response relationship than lung cancer. When com-
paring the exposure–response relationships, the ratio is likely to
be affected by follow-up time, (mean) age at time of exposure
and exposure intensity.10 Other reasons for the discrepancies
may be found in potential confounding, different background of
lung cancer rates and smoking levels and misclassification of
mesothelioma cases.10 29 The majority of the studies included
in the meta-analyses comprised cohorts of highly exposed indi-
viduals from which the ratio between mesothelioma and lung
cancer was estimated. However, asbestos exposures at the popu-
lation level are likely to be lower. Hence, it might be inappropri-
ate to apply the mean meta-analysed ratio to the number of
mesothelioma cases as observed in the general population.
Moreover, since latency time is shorter for lung cancer than for
mesothelioma30 (ie, current lung cancer cases are associated
with later exposure periods than current mesothelioma cases),
one may expect the ratio between mesothelioma and lung
cancer to decrease over time. In addition, declining smoking

trends may reduce the ratio over time, as asbestos has a stronger
effect on lung cancer in smokers than in non-smokers, whereas
smoking has little or no effect on mesothelioma.31 These large
uncertainties in the ratio present significant challenges in esti-
mating the number of asbestos-related lung cancer from meso-
thelioma diagnoses. If we assume the true ratio is between 1:0.6
and 1:4.9, then our estimates of the total number of asbestos-
related lung cancer in the period between 2011 and 2030
would vary from around 7000 to 57 000 cases in the mesotheli-
oma model.

The main uncertainty in model 2 relates to the applied PAR.
We used a PAR of 11.6% estimated from a Dutch case–cohort
study.7 Although this estimate appears to be reasonable com-
pared with other studies, higher and lower PARs have also been
reported.5 6 32 33 A systematic review of asbestos-related cancer
in Europe estimated the PAR to be between 5.7% and 19%.32 A
very recent study estimated a PAR of 18% among men in
Lombardy.34 In the UK, a PAR of 8.9% among men was esti-
mated, which was based on an applied ratio of 1 asbestos-related
lung cancer per mesothelioma case.27 These differences in esti-
mates of the PAR are likely to be related to the methods
applied, as well as the actual amount of asbestos use in the past.
Moreover, we assumed that the estimated PAR in 1986–1990
for men aged 55–73 years was also applicable to all men above
the age of 40 years in 2010. However, this assumption may be
questionable as asbestos exposures are likely to have been lower
for younger men, resulting in a lower PAR. Another source of
uncertainty is related to the applied lung cancer rates. We
assumed observed age-specific lung cancer rates for 2008–2010
to be representative for the years 2010–2030. However, lung
cancer rates in future years may be 10–15% lower due to declin-
ing smoking rates.35 Owing to the large uncertainties in the
PAR estimates, results from model 2 are also uncertain. If we
assume that the overall PAR could range from 5.7% to 19%,
then our estimates of the total number of asbestos-related lung
cancer in the period 2011–2030 would vary from around 6700
to 19 000 cases in the PAR model.

The main uncertainties in model 3 relate to the exposure–
response relationship between asbestos and lung cancer risk, the
expected lung cancer rates, the estimated number of
asbestos-exposed individuals and their estimated cumulative
exposure levels. In a recent meta-regression analysis, a
KL(×100) value of 0.33–0.75 was estimated.20 21 36 This
summary KL value was primarily based on highly exposed indus-
trial populations and as such may not be directly applicable to
the general population. We therefore used a KL(×100) value of
15.5, which was observed in a population-based study that
applied FINJEM for the primary exposure estimates.21 Given
the similarities in our study populations, we assumed this KL

value to be the most appropriate. Still, using a very high KL

value, the results of model 3 were much lower than the
numbers predicted by model 1 and model 2. Therefore, the
results of model 3 imply that the other two methods tend to
overestimate the burden or that we might have underestimated
the exposed population in model 3. Results from the model
may be biased due to inaccuracies in occupational history data
and estimated cumulative exposure. In a sensitivity analysis,
exposure estimates from the NLCS cohort were calibrated using
predicted mesothelioma cases. For this, mesothelioma incidence
was calculated similar to the US Environmental Protection
Agency model with an estimated cumulative exposure potency
factor (Km) of 2.53e-8 for mixed fibre types.37 However, our
calibration procedure indicated that either cumulative exposures
or mesothelioma risks needed to be about three times higher in
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order to predict the same number of mesothelioma cases as was
observed on average in 2006–2010. If we assume that the
underestimation is more likely in the cumulative exposure,
exposure estimates should be increased by a factor 3. When we
repeated the analysis with the calibrated exposure data, the esti-
mate increased to 33 850 asbestos-related lung cancer cases.
Further assessment of the extent and direction of potential bias,
however, was not possible with available data. Assuming asbes-
tos exposure ranges from lower estimates that we calculated ori-
ginally to higher levels that we observed after the calibration,
the total number of asbestos-related lung cancer cases in the
period 2011–2030 would vary from around 6800 to 33 850 in
the life table analysis.

Having raised these concerns, the question remains as to
which model is most suitable for predicting the number of
asbestos-related lung cancers. Overall, our comparisons indicate
that none of the investigated models is a clear winner based on
all modelling aspects. Although the lifetime approach might be
intuitively preferable, high-quality exposure data are required
and the approach depends crucially on the adopted
exposure-response model, which is associated with considerable
uncertainty. The other two models offer pragmatic alternatives
but have their own limitations.38 40 While the starting point for
the mesothelioma model approach (ie, the mesothelioma projec-
tions) might be quite solid in many situations, particular atten-
tion needs to be paid to the various factors that may affect how
the ratio might change over time when making future predic-
tions. The PAR approach can be used if one wants to estimate
the number of cases in a specific year due to exposures over a
number of years in the past.38 However, the PAR approach is
potentially problematic, given that the validity of extrapolating
past PARs to the future is questionable. In addition, sex-specific
and age-specific PARs will most likely outperform generic sex-
specific PARs.39 Hence, the model to prefer is highly guided by
the available data and context.

In conclusion, the preferred method for estimating the
number of asbestos-related lung cancer cases in the general
population necessarily depends on the available evidence and
context. In addition, the robustness of results from any method
depends highly on the quality of evidence used as input.
Therefore, a more comprehensive method is not necessarily
better than a simple one. Results obtained by any one specific
method should always be interpreted with caution unless both
data collection and analysis are of undeniably high quality. In
the Netherlands, the available information on asbestos exposure
and lung cancer is extensive in comparison to other exposures.
Given the different assumptions and uncertainties present in all
three methods considered, there is considerable value in apply-
ing different methods and comparing their results. Only then is
insight gained into the robustness of the estimated number of
cases. We show that using three different methods results in dif-
ferent absolute estimates of the asbestos-related lung cancers
varying by a factor of 2.5.
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