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Key messages

What is already known about this subject?
►► Classical mathematical models based on the 
multistage model of tumour induction predict 
that rates of mesothelioma continuously 
increase with time since first exposure (TSFE) 
to asbestos, even after the end of external 
exposure.

►► However, the exact shape of the relationship 
between TSFE and mesothelioma risk is still a 
matter of debate, as very few studies provide 
sufficiently long enough follow-up to evaluate 
long-term trends.

What are the new findings?
►► This question was investigated in one of 
the largest asbestos databases in the world, 
including more than 50 000 subjects from 43 
different cohorts.

►► The risk for pleural mesothelioma does not 
increase indefinitely after the exposure to 
asbestos, but eventually reaches a plateau, 
and this trend is well described by a model 
accounting for a gradual elimination of the 
asbestos fibres.

How might this impact on policy or clinical 
practice in the foreseeable future?

►► These results are relevant for the prediction of 
future rates of mesothelioma and in asbestos 
litigations.

Abstract
Objectives  Models based on the multistage theory 
of cancer predict that rates of malignant mesothelioma 
continuously increase with time since first exposure 
(TSFE) to asbestos, even after the end of external 
exposure. However, recent epidemiological studies 
suggest that mesothelioma rates level off many years 
after first exposure to asbestos. A gradual clearance 
of asbestos from the lungs has been suggested as 
a possible explanation for this phenomenon. We 
analysed long-term trends of pleural and peritoneal 
cancer mortality in subjects exposed to asbestos to 
evaluate whether such trends were consistent with the 
clearance hypothesis.
Methods  We used data from a pool of 43 
Italian asbestos cohorts (51 801 subjects). The 
role of asbestos clearance was explored using 
the traditional mesothelioma multistage model, 
generalised to include a term representing 
elimination of fibres over time.
Results  Rates of pleural cancer increased until 40 
years of TSFE, but remained stable thereafter. On the 
other hand, we observed a monotonic increase of 
peritoneal cancer with TSFE. The model taking into 
account asbestos clearance fitted the data better than 
the traditional one for pleural (p=0.004) but not for 
peritoneal (p=0.09) cancer.
Conclusions  Rates of pleural cancer do not increase 
indefinitely after the exposure to asbestos, but 
eventually reach a plateau. This trend is well described 
by a model accounting for a gradual elimination of 
the asbestos fibres. These results are relevant for the 
prediction of future rates of mesothelioma and in 
asbestos litigations.

Introduction
Mathematical models based on the multistage 
model of tumour induction predict that rates of 
malignant mesothelioma continuously increase 
with time since first exposure (TSFE) to asbestos, 

even after the end of external exposure, according 
to the following formula:

	﻿‍ It = c (t− w)k,‍�
where I represents the incidence rate of mesothe-

lioma t years after the exposure, c is the cumulative 
exposure, w is the lag time, the period following 
the exposure during which it is assumed that the 
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Table 1  Number of cases, mortality rates and person-years of observation for pleural and peritoneal cancer, stratified by time since first exposure 
to asbestos

Time since first
exposure (years)

Cases of pleural 
cancer

Rate of pleural cancer (per 
1000 person-years)

Cases of peritoneal 
cancer

Rate of peritoneal cancer (per 
1000 person-years) Person-years

≤19 23 0.02 4 0.004 954 899

20–24 27 0.12 6 0.03 234 328

25–29 71 0.33 11 0.05 215 717

30–34 113 0.61 15 0.08 186 072

35–39 137 0.93 25 0.17 147 644

40–44 116 1.16 30 0.30 99 677

45–49 128 1.93 32 0.48 66 378

50–54 77 2.14 23 0.64 35 987

At least 55 58 2.08 29 1.04 27 906

Total 750 175 1 968 627

incidence of mesothelioma does not increase, and k represents the 
number of stages (minus 1) needed to induce mesothelioma.1 2

Studies conducted in the 1970s and in the 1980s reported a good 
agreement between the predictions based on the model proposed 
by Newhouse and Berry (hereafter referred to as the traditional 
model) and the observed rates of mesothelioma in occupational 
cohorts.3 However, more recent studies,4–7 characterised by longer 
follow-up times, suggest that the incidence of mesothelioma might 
level off many years after the first exposure to asbestos. It has been 
suggested that such a plateau can be due to the observed gradual 
elimination of asbestos fibres from the lungs.8–10 For this reason, 
later on Berry11 proposed an ‘elimination’ model,

	﻿‍ It = c (t− w)k exp(−λt),‍�
where the asbestos clearance is modelled assuming an expo-

nential decay of fibres. The exact shape of the relationship 
between TSFE to asbestos and risk of mesothelioma is still 
a matter of debate, as very few studies provide enough cases 
after 40 years of TSFE, the period after which the predictions 
of the two models start to diverge. To contribute to the evalu-
ation of the ‘elimination’ model and therefore of the clearance 
hypothesis, we previously used data from an Italian occupational 
cohort characterised by a very long follow-up time. Results of 
this study suggested a possible effect of asbestos clearance on 
mesothelioma risk, but were based on small numbers.12 In the 
present study, we replicated the analysis using data from a pool 
of 43 Italian asbestos cohorts.13 Cohorts included in this large 
database (51 801 workers) have very long follow-up times and 
include plants from different industrial sectors. This constitutes 
a unique opportunity for investigating long-term trends of meso-
thelioma. Specifically, we evaluated whether the elimination 
model fits the mortality data for pleural and peritoneal cancer 
better than the traditional model.

Methods
Data collection
The characteristics of the pooled study are reported in detail else-
where.13 Briefly, the study included data from 43 Italian asbestos 
cohorts. The industrial activities represented were asbestos cement 
(13 076 subjects), rolling stock (carriages and engines) construction 
and maintenance (23 810), shipyards (5120) and related activi-
ties (1170), glassworks (3727), harbour and dockyard workers 
(1939), and other industrial categories (882). Moreover, a cohort 
of Italian miners who worked at the crocidolite mine of Witte-
noom, Australia (300 subjects) and a non-occupational cohort of 
asbestos-cement workers’ wives (1777) were included in the pool 
as well. For the purposes of the present analysis, we classified 

the industrial activities in three groups: asbestos cement, rolling 
stock construction/maintenance and other activities. The cohorts 
included in this study were exposed to both chrysotile and croci-
dolite, with the exception of the Wittenoom miners who were 
exposed to crocidolite only. No cohort was exposed to chrysotile 
only.13

Follow-up of subjects and ascertainment of the causes of death 
were performed by the single research units that originally studied 
the participating cohorts. The registrar’s offices of the town of 
residence of the individuals were contacted to obtain informa-
tion on vital status, using a procedure commonly used in Italian 
cohort studies.5 Causes of death were provided by the registries 
of the causes of death of the different local health authorities 
for deaths that occurred from 1986 onwards and by the regis-
trar’s office of the municipality for deaths that occurred before 
1986. The underlying cause of death was coded according to the 
International Classification of Diseases (ICD), 8th, 9th and 10th 
Revisions, according to the date of death. The end of follow-up 
was different among the included cohorts, but it was in any case 
successive to 31 December 2010, in order to grant a sufficient 
length of follow-up. Information about the subjects from the 
different cohorts was collected by each research unit. Anony-
mised data were then sent to the study coordinating centre. 
Pooled information included gender, birthdate, vital status, date 
of death/last observation, causes of death, and date of start and 
end for each period of employment. Quality control of data led 
to the exclusion of 2635 records (4.8% of the initial 54 436). 
The final pooled cohort included 51 801 individuals (46 060 
men and 5741 women). Vital status was determined for 98.5% 
of the cohort, and the cause of death was identified for 95.0% 
of the dead subjects. At the end of follow-up, 22 045 subjects 
(42.6%) were dead, 28 987 (55.9%) alive and 769 (1.5%) lost to 
follow-up. The total number of person-years experienced from 
cohort members was 1 968 627 (table 1).

Statistical analysis
Rates of pleural and peritoneal cancer were modelled using 
the traditional and elimination model. Following the approach 
proposed in previous studies,7 12 the models were first log-trans-
formed in the following way:

	
‍log(ratet) = α+ βx X + β1 log(c) + k log(t− w) (Traditionalmodel)‍�

	
‍log(ratet) = α+ βx X + β1 log(c) + k log(t− w) + λt (Eliminationmodel)‍
�
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Table 2  Estimated parameter values and their 95% CI for pleural and 
peritoneal cancer in the elimination and traditional models

Models Parameter Pleural cancer Peritoneal cancer

Elimination model k 3.28 (2.29 to 4.27) 1.86 (0.30 to 3.44)

 �  λ (per year) 0.04 (0.01 to 0.07) −0.04 (−0.09 to 0.01)

Traditional model k 2.02 (1.62 to 2.42) 3.08 (2.19 to 3.98)

Likelihood ratio statistic  �  8.33 2.84

df  �  1 1

P value  �  0.004 0.09

Models adjusted for duration of employment, industrial sector and an interaction 
term of the two.

Figure 1  Observed and predicted rates of pleural cancer under different 
models, by time since first exposure. py, person-years.

where α, βx, β1, k and λ were the coefficients to be estimated. 
In the models, α represents the log of the baseline rate, X is a 
vector of covariates included for adjustment (see hereafter) with 
their coefficients βx, c is the cumulative exposure, t the number 
of years elapsed from the first exposure (TSFE), and w is the 
lag time. The two models were then analysed using standard 
methods for Poisson regression and were compared through like-
lihood ratio test. We did not set any constraint for the possible 
values of the coefficients. According to previous studies,12 14 we 
assumed a lag time of 5 years for both models. However, we also 
carried out sensitivity analyses varying the value of w between 0 
and 10. To ensure non-negative rates for each value of TSFE, we 
set (t−w) equal to 0 if (t−w) was less than 0. TSFE to asbestos 
of the subjects was assumed to be equal to the time since entry 
in the cohort. As cumulative exposure was not available in this 
study, duration of employment was used as a proxy of it in the 
analysis. We included in the models duration of employment, 
industrial activity and an interaction term of the two. Both TSFE 
and duration of employment were entered in the models in 
years, as continuous variables.

Several secondary analyses were conducted to further eval-
uate the robustness of our estimates. We repeated the analysis 
stratifying by industrial activity and sex to evaluate the presence 
of heterogeneity. We also adjusted the results for calendar year, 
to take into account possible changes in diagnostic accuracy. 
Different authors suggest that predictions based on models based 
on the multistage theory of cancer can be inaccurate in very old 
people.15–17 For this reason, we rerun the analysis censoring 
subjects at 80 years of age. Finally, we evaluated the influence of 
individual cohorts on the overall results by excluding one cohort 
at a time (leave-one-out approach).

The results of the Poisson regressions were expressed in terms 
of estimated coefficients and 95% CIs. Statistical significance 
was set to 5% in bilateral tests. Analyses were performed with 
the Stata V.12 software.

Results
Table 1 presents the distribution of the cases of pleural and peri-
toneal cancer and the person-years of observation by TSFE to 
asbestos in the pooled cohort. About 50% of pleural cancers and 
65% of peritoneal cancers developed after 40 years of TSFE. 
Rates of pleural cancer increased until 40 years of TSFE, but 
remained stable thereafter. On the other hand, a monotonic 
increase was evident for peritoneal cancer through all the cate-
gories of TSFE (table 1).

A comparison of the results obtained from the elimination and 
the traditional models is reported in table  2. The elimination 
model fitted the data better than the traditional model (p=0.004) 
for pleural cancer but not for peritoneal cancer (p=0.09). The 
estimated value of k for pleural cancer was 2.02 and 3.28 in the 

traditional and in the elimination model, respectively. The elim-
ination model estimated an asbestos clearance of 4% per year, 
corresponding to a half-life of 17 years.

Figure  1 shows the observed and predicted rates of pleural 
cancer under the traditional and the elimination models. The 
traditional model described the data well up to 40 years of TSFE, 
but grossly overestimated the rates thereafter. On the opposite, 
the elimination model was able to better describe the plateau 
observed in the last categories of TSFE.

Several secondary analyses were conducted to evaluate the 
robustness of the main analysis, but the results did not change 
appreciably. In particular, the estimated elimination rate for 
pleural cancer was consistent among the different industrial 
sectors (table 3) and between genders (for men: λ=0.04, 95% CI 
0.01 to 0.08; for women: λ=0.02, 95% CI −0.04 to 0.08).

The results did not change either when we adjusted for 
calendar time, to take into account possible changes in diagnostic 
accuracy over time (λ=0.05, 95% CI 0.02 to 0.08) and when we 
censored subjects at 80 years of age (λ=0.03, 95% CI 0.00 to 
0.07). Varying the values of the lag time in the models did not 
substantially change the results, with estimates of the elimination 
rate ranging between 0.03 and 0.07. Finally, the results did not 
change appreciably after the exclusion of one cohort at a time 
(leave-one-out method), with estimates of the elimination rate 
ranging between 0.04 and 0.06.

Discussion
In an analysis based on 43 Italian asbestos cohorts, we found 
a plateau in the rates for pleural cancer many years after the 
start of exposure. We also showed that a model accounting for 
a gradual elimination of the fibres fits the data better than the 
traditional one, which instead predicts a continuous increase of 
rates over time.

Our results are consistent with those from previous studies 
that evaluated the elimination model. A previous study that 
some of us carried out in the Eternit cohort reported λ=6% 
per year for pleural cancer.12 Berry and colleagues4 anal-
ysed the occurrence of mesothelioma in Wittenoom croci-
dolite miners and observed that the best fit was obtained by 
the model with λ=15% per year. This estimate confirmed a 
previous analysis published in 2004 using data from the same 
cohort.14 Reid and colleagues7 carried out a pooled anal-
ysis of mesothelioma mortality and incidence among eight 
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Table 3  Estimated parameter values and their 95% CI for the 
elimination model, stratified by industrial sector

Industrial sector Cases k λ (per year)

AC 400 3.57 (2.10 to 5.04) 0.03 (0.00 to 0.07)

Railways 193 5.34 (3.01 to 7.67) 0.06 (−0.01 to 0.13)

Other 157 2.17 (−0.15 to 4.48) 0.02 (−0.05 to 0.09)

Models adjusted for duration of employment.
AC, Asbestos Cement.

Figure 2  Observed rates and 95% CIs of pleural cancer in the Italian 
Pooled Cohort, in the North American Insulation Workers Cohort18 and in 
the Nottingham Mask Workers Cohort,6 against time since first exposure. 
Rates and CIs for the North American Insulation Workers Cohort and the 
Nottingham Mask Workers Cohort were estimated by the authors using 
data reported by Selikoff and Seidman18 and McDonald and colleagues.6 
py, person-years.

cohorts from Italy and Australia including individuals exposed 
to amphibole fibres. The authors observed the best fit for 
pleural cancer with λ=4% per year.7 Other published studies, 
although did not formally compare the elimination and tradi-
tional models, reported results that are in line with the plateau 
of pleural cancer that we observed in our study. Both the 
cohorts of insulation workers of Selikoff and Seidman18 and 
the cohort of gas-mask workers of McDonald and colleagues6 
show an increase in death rates for pleural cancer until 45 
years of latency, followed by a plateau thereafter (figure  2). 
Similar results were observed in the British Asbestos Survey,19 
reporting a decrease in mortality for mesothelioma after 50 
years of TSFE. A reduction in the rates of mesothelioma has 
been suggested also by other authors, although the results 
were based on small numbers of cases.11 20 21

Asbestos clearance is a plausible reason of the observed plateau 
in the rates of pleural cancer. We report here briefly the results 
of animal and human studies on the clearance of amphiboles, 
as cohorts in our pool were exposed either to mixed fibres or 
to amphiboles only. Different animal studies showed the elim-
ination of amphiboles after exposure by inhalation.22–25 More-
over, different human studies investigated the relation between 
lung burden of asbestos fibres and time from the cessation of 
exposure. A reduction in amphiboles lung burden over time was 
observed in South African miners,10 in Australian crocidolite 
miners,26 in shipyards and insulation workers exposed to amosite 
in the USA and Canada,9 and in former gas-mask workers in the 
UK.8 Estimated values for the half-life of amphiboles reported 

in these studies, ranging between 6 and 20 years, are consistent 
with our results, suggesting a half-life of 17 years.

The possible role of fibre clearance in the development of 
peritoneal cancer remains unclear. Our results are consistent 
with those reported by Reid and collaborators,7 which estimated 
an elimination rate not statistically different from zero in their 
pooled analysis. In general, the few studies that evaluated long-
term trends of peritoneal cancer reported a monotonic increase 
of this tumour over time, without any evidence of the plateau 
observed for pleural cancer.18 20 This different behaviour could 
be due to the route followed by the asbestos fibres to translo-
cate to the peritoneum. Different authors suggest that most of 
the fibres reach the peritoneum through the lymphatics.27 28 In 
particular, diaphragm is extremely rich in lymphatics both on the 
pleural and peritoneal side that connect into a common subme-
sothelial lacunar system, thus allowing the passage of fibres 
from the thoracic cavity to the abdomen.29 30 As most of the 
asbestos fibres are eliminated by the lung and the pleura through 
the lymphatics,28 31 it is possible that the clearance occurring at 
the thoracic level contributes to the translocation of the asbestos 
fibres to the peritoneum.

Levels of asbestos exposure could not be assessed in this study. 
Results of previous analyses on the same data suggest that expo-
sure of the participants was substantial. Mortality rates for asbes-
tosis, a good proxy of past asbestos exposure, were 300 times 
higher than expected.13 Such an increase was evident even for 
employees hired in 1970–1979, suggesting that the control of 
exposures was poor until the end of asbestos use in Italy.13 It 
is difficult to thoroughly evaluate how the use of duration as a 
proxy of cumulative exposure could have affected the results of 
our analysis. However, two pieces of information suggest that it 
is unlikely that this approach seriously biased our results. First, 
if it was the case, we should find a reduction of rates in the last 
categories of TSFE both for pleural and peritoneal cancer, as 
there is no reason to expect that misclassification of exposure 
acted differently on these two outcomes. In fact, very different 
trends were observed for pleural and peritoneal cancer, with a 
monotonic increase in the latter over time. Second, our results are 
consistent with those observed in the Wittenoom and gas-mask 
workers cohorts, where possible misclassification of exposure is 
not expected to be a major issue. Subjects in gas-mask workers 
cohort were characterised by a very short duration of expo-
sure (maximum duration: 4 years; mean duration: 1 year) and 
quite homogeneous levels of exposure; hence, their cumulative 
exposures are expected to be similar.6 Regarding the Wittenoom 
cohort, cumulative exposure was available and was explicitly 
taken into account in the analysis.14

Our study is based on the assessment of mesothelioma from 
the death certificates reporting pleural or peritoneal malig-
nancy as the underlying cause of death. Different authors 
suggest that the use of death certificates can determine an 
underestimation of mesothelioma occurrence.32–34 In partic-
ular, this misclassification of the outcome could have affected 
pleural cancers developed in old age, which in turn are expected 
to be more common in the last categories of TSFE. However, 
our results did not change when we provisionally excluded 
from the analysis subjects aged 80 years or more. Moreover, 
it should be noted that most of the deaths observed in the 
last categories of TSFE occurred in recent years, when the 
10th revision of ICD, including a specific diagnostic code for 
mesothelioma, was already available. For this reason, possible 
misdiagnosis of mesothelioma is expected to be reduced in 
the last categories of TSFE. This phenomenon, if anything, is 
expected to produce an increase in the rates in such categories, 
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not the observed reduction. Finally, it is noteworthy that the 
pooled analysis of Reid and colleagues7 was able to compare 
results for incidence and mortality and did not observe rele-
vant differences in trends with TSFE. Similar results were also 
obtained by the analysis of one of the cohorts included in the 
present study.5

A progressive attrition of the subjects at the highest risk in 
the cohort might explain the observed plateau in the mortality 
rates for pleural cancer. However, in this case a similar trend 
would be expected also for peritoneal cancer. For example, if 
heavy exposure to asbestos was expected to deplete the most 
vulnerable subjects from the cohort over time, this phenom-
enon would be expected to affect in a similar way pleural 
and peritoneal cancer, as they are both strongly associated 
to asbestos exposure. On the opposite, we observed a steady 
increase of the latter over time.

A direct consequence of the results of our study is that the 
predictions of future cases of pleural mesothelioma based on 
the traditional model could be overestimated.35–37 The differ-
ence between the predictions obtained by the different models 
can be substantial in some cases. Berry14 and colleagues showed 
the cumulative number of pleural mesothelioma predicted to 
occur in the Wittenoom cohort by 2020, according to the 
elimination model, was 50% lower than that predicted by the 
traditional model. For this reason we suggest to consider also 
the elimination model for the prediction of the future trends 
of the global mesothelioma epidemic. A second consequence 
of our results is that remote exposures to asbestos could have 
a lesser role in the development of pleural cancer than previ-
ously assumed. This can be of relevance in apportioning meso-
thelioma risk among multiple contributing sources of asbestos 
exposure during litigations.2 Also in this case we recommend 
assuming a non-zero elimination rate in models used for this 
kind of calculations.

Conclusions
The results of our study confirm that rates for pleural cancer do 
not increase indefinitely after the exposure to asbestos, but even-
tually reach a plateau. This trend is well described by a model 
accounting for a gradual elimination of the asbestos fibres. The 
elimination model should be considered for the prediction of 
future mesothelioma incidence in the general population and for 
the apportionment of mesothelioma risk in litigations. Finally, 
we urge future epidemiological studies to analyse pleural and 
peritoneal cancer separately in order to thoroughly take into 
account their different time trends.
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