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The Quantitative Risks of Mesothelioma and Lung
Cancer in Relation to Asbestos Exposure

JOHN T. HODGSON* and ANDREW DARNTON

Epidemiology and Medical Statistics Unit, Health and Safety Executive, Magdalen House, Stanley
Precinct, Boorle L20 3QZ, UK

Mortality reports on asbestos exposed cohorts which gave information on exposure levels
from which (as a minimum) a cohort average cumulative exposure could be estimated -were
reviewed. At exposure levels seen in occupational cohorts it Is concluded that the exposure
specific risk of mesothelioma from the three principal commercial asbestos types is broadly
in the ratio 1:100:500 for chrysotile, amosite and crocldolite respectively. For lung cancer

the conclusions are less clear cut. Cohorts exposed only to crocldolite or amosite record °
similar exposure specific risk'levels (around 5% excess lung cancer per Uml.yr); but chryso-
tile exposed cohorts show a less consistent picture, with a clear discrepancy between the
mortality experience of a cohort of chrysotile textile workers in Carolina and the Quebec
miners cohort. Taking account of the excess risk recorded by cohorts with mixed fibre
. exposures (generally<1%), the Carolina experience looks uptyplically high. It is suggested
, that a best estimate lung cancer risk for chrysotile alone would be 0.1%, with a highest
" reasonable estimate of 0.5%. The risk differential between chrysotile and the two amphibole

fibres for lung cancer is thus between 1:10 and 1:50.

Examination of the inter-study dose response relationship for the arnphibole fibres suggests
a non.linear relationship for all three cancer endpoints (pleural and peritoneal mesothell- -
omas, and lung cancer). The peritoneal mesothelioma risk is proportional to the square of
cumulative exposure, lung cancer risk lies between a linear and square relationship and
pleural mesothelioma seems to rise less than linearly with cumulative dose, Although these
non-linear relationships provide a best fit to the data, statistical and other uncertainties mean
that a linear relationship remains arguable for pleural and lung tumours (bul not for perito-
neal tumours).’

Based on these considerations, and a discussion of the associated uncertainties, a series of
quantified risk summary statements for different levels of cumulative exposure are presented.
Crowa Copyright ® 2000 Published by Elsevier Science Ltd on behalf of British Occupational
Hyglene Society. All rights reserved .

Keywords: asbestos, amphibole hypothesis; exposure-response; fung cuncer; mesothelioma: quantified risk assess-
ment .

has produced quantified estimates of the risk from
amphiboles (a collective minerulogical term covering
crocidolite and amosite). A review commissioned by
the HSE in the 1980s from Professors Richard Doll
and Julian Peto (1985) gave estimates for chrysolile
alone; more recently a review by the Health Effects
Institute (£991) produced estimates for an unspecified
mixture of fibre types. An INSERM review (1996)
also ignored differences in ﬁbrc type. nnd drew heav-
ily on the HEI review.

The studies included in this review were selected

INTRODUCTION

There has been much debate on the relative hazard-
ousness of the three main asbestos types: crocidolite,
amosite and chrysotile (commonly known as blue,
brown and white asbestos respectively), but no sys-
tematic attempt to quantify the differences. Existing
published quantitative risk assessments have mostly
not distinguished bewween the fibre types. and none
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by reviewing the materiol referenced in the Doll and
Peto, HEI and INSERM reports and identifying all
cohort mortality reports for which quantified data on
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exposure was available either as an average for the
cohort as & whole. or for individual subgroups. Seven-
teen such cohorts were identified (Albin ¢f al., 1990a;
de Kleck er al.. 1994; Dement et al., 1994; Enterline
. eral., 1987: Finkelstein. 1984; Hughes er al., 1987:
Liddell er al.. 1997. McDonald ¢r al.. 1983b, 1934;
Meuberges and Kundi, 1990; Newhouse and Sullivan,
1989; Peto ¢r al.. 1985: Piolatto et al., 1990; Seidman
et al, 1986: Scidman und Selikoff, 1990; Sluis-
Cremer et al., 1992; Talcott er al., 1989). Three of
. the selected cohorts have been split into sub-cohorts
which have been separately treated in this review: the
South African crocidolite and amosite mining cohorts
have been treated separately; the New Orleans asbes-
tos cement cohort has been split into the two separate
plants covered, since the mix of fibres used in the (wo
plants was different; and the Carolina textile cohort
has been split by sex, since the results for men and
women were rather different. The cohorts have been
referred to by their geographical location except for
cohorts 3 (Enterline er al., 1987) and 17 (Newhouse
and Sullivan. 1989) which are ideatified by o com-
pany name, and cohort LS (Albin er al., 1990a) where
the name of the principal author on the cohort has
been used.

Information extracted
[nformation was extracted from the identified
reports on the following:

o The number of deaths in the cohort from all causes
and from lung cancer, and the corresponding
SMRs;

® Dose specific lung cancer SMRs {or rates),
where available;

o The number of mesothelioma deaths in the cohort
{for pleurat and peritoneal mesothelioma
separately);

® The rates of mesothchoma by categories of time
since first exposure;

e The processitype of work being carried out;

e Cohort receuitment peciod and duration of follow
up;

® Average agc at first exposure, when available;

e The type(s) of asbestos fibre used in the process;

e The average fibre levels for the entire cohort and
the avernge employment duration for workers in
the cohort, or simply the average cumulative
exposure for the entire cohort;

. Information about the smoking habits of the work-
ers in the cohort where available;

e The sex of the workers.

Some general issues on the summary of outcome
and exposure measures are discussed below. A more
detailed discussion on some of these points is given
in Appendix A, and the extracted data is shown in
full in Tables (2 and 13,

Excess lung cuncer measure

Excess overall lung cancer mortality has been
expressed as a percentage excess of expected lung
cancer monality per unit of cumulative exposure.

Ry = 100(OL=EME_X)

Where Op and £, are the numbers of observed and
expected lung cuncers, respectively and X is cohort
mean exposure. This estimate of the lung cancer risk
is described us the ‘cohort average’ estimate. 95%
confidence limits for the cohort average estimate R
have been calculated assuming a Poisson distribution
for O,.

Mexothelioma measure

Mesothelioma mortality was expressed as a per
cent of expected montality trom all causes (adjusted
to an age of ficst’ exposure of 30) per unit of cumulat-
ive exposure,

R = L0Q0H(ENX)

Where Oy is the number of mesothcllann deaths,
E . the t1o1al expected deaths from all causes adjusted
to an age of first exposure of 30, and X the mean
cumulative exposure. (See Appendix A for a dis-
cussion of this measure, and the calculation of E,).
When the expected alt cuuses mortality was not avail-
able, the denominator was taken to be the total
observed deaths less the total of asbestos-related
deaths (mesothelioma, asbestosis and any excess fung
cancer-deaths). A 95% confidence interval for R, was
calculated assuming a Poisson distribution for Oy.

Treatment of ‘bést evidence' cause of death dara

In some studies causes of death have been assigned
in two ways, one based purely on data given on the
death certificates (DC), the other using other data (e.g.

—autopsy reports) to establish a ‘best evidence' (BE)

cause of death. For lung cancer this review has gener-
ally used the DC data, since this preserves compas-
ability with the reference rates, and with the majority
of other studies. For mesothelioma however, the BE
data has been used, since reference rates are inappro-

.priate, and most studies use some sort of best evi-

dence judgement to identify mesotheliomas.

It might be thought that where reference rates are
derived from DC data (as in the SMR analyses in
this report) the observed deaths on a DC basis should
always be used. The argument is not as clear cut as
it seems. The coding of death certificates is subject
to a range of ervors, and the net ervor in the count of
deaths coded to lung cancer on national death certifi-
cates will be determined by the balance of these errors

across the whole population. One of these errors is

the tendency of pleural mesothelioma deaths to be
coded to lung cancer. In the population as a whole,
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this error is very small, but in an asbestos exposed
cohort it may have a substantial effect. Leaving the
miscoded mesotheliomas in the lung cancer count will
overstate the true lung cancer SMR. Excluding them
will in theory understate it, but only to the small
extent that this error affects the population as a whole.
The best available approximation t0 a true estimate
of the risk is therefore to exclude the miscoded meso-
theliomas, and this has been done for this review.

Derivation of cohort mean exposure estimates

Mecan exposure for cohorts was calculated in differ-
ent ways, depending on the available information.
When data was given for separate exposure groups.
the cohort mean was calculated by weighting the indi-
vidual group means by the expected deaths from lung
cancer in the group. On the assumption that excess
risk is proportional to cumulative exposure, this
weighting preserves the same proportionality when
the results from subgroups with different exposures
are aggregated, it is therefore the optimal statistical
measure of aggregate exposure.

Where mean exposure values for individual dose
categories were not given, the midpoints were used.
The top exposure category was usually given as an

- open interval (e.g. exposures>100 f/mlyr): in these
cases a value was chosen based on a view of the high-
est likely exposure and the distribution of individuals
across all exposure categonies. It was assumed that
where the highest category contains a relatively small
proportion of the population, the category mean will
be a smaller multiple of the lower band than other-
wise. )

For coharts where results for exposure specific sub-
groups were not given, the cohort mean was either
given directly (cohorts 4, 13 and 15); derived from
information given on the distribution of individual
doses (cohorts 1 and 7), or on the exposure of internal
controls (cohort 17), or by multiplying a mean
exposure level by mean exposure duration (cohorts 8
and 14).

Exposure estimates given in particle counts were
converted to counts of ‘regulated fibres’ (fibres with
an aspect ratio greater than 3:l, and length>=5
microns), using conversion factors calculated by the
report authors where possible. The most commonly
used -conversion was | mppcf (million particles per
cubic foot)=3 f/ml (fibres per millilitre), and this was
the value adopted for the Johns Manville cohor,
where a conversion was not given. For the Massachu-
seuts cohort, where the fibre involved was crocidolite
(rather than chrysotile as in the other cohorts with
‘particle counts), an independent expert hygienist was
asked for un ussessment (see Appendix B).

The exposure estimates for Wittenoom have been
questioned by Rogers (1990) who hus suggested—
having re-exumined some of the original samples
using modem light and electaon microscopy—that the
levels may have been underestimated by up to a fuctor

of 10. Details of this reassessed data were to be pub-
lished, but these have not so far appeared in print.
It is therefore difficult to know whether to make an
adjustment to the published estimates, and if so by
how much. Similar comments may of course apply to

.other cohorts and introducing a correction might then

distort rather than correct the overall picture. de Klerk
and colleagues, developing estimates of environmen-
ul risk at Wittenoom (1992) use a factor of 4 without
detailed discussion. The cffect of using this adjusted
exposure level is examined as a variant of the main
analyses.

-
Exposure-specific risk estimaies

Itis generally assumed that the most reliable guide
to dose-specific risk is provided by\exposure"malyses
using estimates of individual exposure. This is clearly
the case when these individual exposure values can
be accurately determined. However this assumption
is very much not the case in the studies in this review.
Not only are there the inevitable problems of extrapo-
lating ecarlier exposures on the basis of more recent
measurements; there are also problems of converting
the most usual historic measurements (in terms of
particle counts) to the more relevant measure of fibre
counts. Direct fibre counting only became generally
used in the 1970s.

In these circumstances it is at least arguable that
global assessments of average exposure, set against
overall mortality outcomes, should be preferred.
Exposure-response regressions with inaccurate indi-
vidual exposure assignments will produce a slope
estimate biased downwards. Use of an overall assess-
ment will also minimise the error introduced by con-
version from particle counts to fibres, since these
average conversion factors will represent a more
accurate conversion for the totality of exposure than
for a particular individuat:

However, the arguments are not all one way. Over-
all mortality outcomes can only be assessed against
some outside reference—usually the regional or
national population—and this may not represent a
true baseline level for the exposed population in ques-
tion. ‘Assessment of an internal exposure response
gives some check on this issue. A complete absence
of exposure response must cast some doubt on any
overall excess being counted as a measure of risk (the
Albin and Connecticut cohorts are examples of this).

Cohort-level risk measures were chosen for this
review both because these allow a wider ronge of data
to be assessed than if attention is restricted to internal
exposure response analyses and since (as argued
above) cohort-level exposure estimates are likely to
be more accurate than individual exposures.

‘Smoking

The evidence on the joint effect of smoking and
asbestos exposure on lung cancer has been reviewed
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recently (Vainio and Bofetta, 1994) who conclude
that the overall evidence indicates an interaction in
the multiplicative region. This implics that the rela-
tive risk of lung cancer due to asbestos exposure will
be the same for smokers and non-smokers alike. Thus
SMRs for lung cancer based on a reference popu-
fation with the same smoking habits as the cohort
members should only reflect the effect on mortality
due to asbestos exposure. An carlier review by Berry
et al. (1985) estimated that the effect of asbestos
exposure was about 1.8 times greater in non-smokers
than in smokers (though with confidence limits which
did not exclude a simple multiplicative interaction).
if this is the case the observed effect of asbestos on
lung cancer cates will be greater in populations with
lower smoking prevalence. However, given the rela-
tive lung cancer risks typical of smoking (about 15-
fold) and asbestos exposure (about 2-fold) together
with the generally high prevalence of smoking in the
observed populations, the scope for bias—if there is
indeed a differential effect of the scale suggested—
is limited. In cither case, a problem arises when the
smoking habits of the cohort members differ from
those of the reference population, which is the case
far some of the cohorts reviewed. For this reason, any
information about smoking given in the studies was
summarised. The amount of information given was
very variable, and could be categorised as follows:

1. No information given, (Ferodo, US [nsulators, Pat-
erson, South Africa, Johns Maaville, Albin).

2. The percentage of the cohornt that smoked, usually
based on a cross sectional survey conducted in a
particular year, (Connecticut, Balangero, Quebec,
Pennsylvania, Rochdale, Wittenoom).

3. Comparison of the prevalence of smoking in the
cohort and the reference population, (New Orle-
ans, Massachusetts, Carolina).

4. Estimation of the effect of any differences in
prevalence—for example calculation of smoker
adjusted lung cancer SMRs, (Vocklabruck)

5. Daw on prevalence of smoking within exposure™

" categories—but with no external comparison

(Ontario). . '

Most studies fell within the first two of the above
categories. In these cases only subjective judgements
could be made by the authors about the smoking hab-
its-of the cohort members. Also, cross sectional stud-
ies were often based on a small proportion of the

" cohort and may not be very representative. For most
studies which addressed the issue the authors con-
cluded that there was no major difference in smoking
prevalence or that the slight differences in prevalence
were not likely to change the expected number of
lung cancer deaths in a substantial way. Of the studies
where comparative smoking data were given, the
Vocklabruck cohort showed the largest difference in
cohort smoking habits and those of the general popu-

I. T. Hodgson and A. Daminn

lation. and this was the only study where an explicit
adjustment for smoking was made. Unadjusted data
was used for all other studies.

Fibre rvpe and indusiry process

For the purpose of summarising the information
given in the swdies, each cohornt was given a fibre
type classification of 1, 2 or 3 letters according to the
type of fibre used, with the letters y, a and o rep-
reseating  chrysotile, amosite and  crocidolite
exposures respectively. For example:

‘yao'  means all three commercial asbestos types
were used in the cohort

‘yo' means chrysotile and crocidolite were used

‘a’ means only amosite was used

The order of the letters indicates the relative impor-
tance of the fibres used. Very small quantities of fibre
were ignored in some cohorts (Carolina, New Orleans
plant |, Connecticut), the reasoning for this in each
case is set out in Appendix A (Table 14). In a similar
way, for display in tabular and graphical data sum-
maries. industry process was coded as gollows.

o

Mines

Cement

Textiles

Insulation Products

Friction Products

Lagging and work with insulation
Other

orm—+4da0z

Meta-analytic issues

The aim of a meta-analysis is to identify where evi-
dence from different studies is discrepant; ideally, to
explain the reasons for the discrepancies; and where
data from different studies are coherent to combine
them into a common summary which will be more
precise and soundly based than the estimate from any
single study. For this review the coherence of esti-
mates of R_ and Ry from different studies has been
assessed in a Poisson regression framewark, fiting a
common value of the parameter of interest across a
group of studies and testing the residual deviance
between the observed and predicted numbers of
events (mesothelioma or lung cancer deaths) in the
studies in the group. Confidence limits around the
group estimates were calculated by profile likelihood
methods. Confidence limits are not shown for the
means of groups which show very significant hetero-
geneity, since such limits have no ready interpret-
ation. Indeed, in this situation it is not clear that the
mean’ itself has any natural meaning. Faced with
cleadly discrepant data, purely statistical criteria can-

not be used to decide on a ‘corvect” summary or .

compromise estimate.

The statistical analyses in this report only take

account of the statistical vaciability of the mortality
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outcomes. The statistical vanability in expected mor-
tality levels and cohort average exposures are
ignored. This means that calculated confidence inter-
vals will be narrower and statistical distinctions
sharper than they would be if these variabilities were
known and allowed for. This needs to be bome in
mind in the interpretation of these analyses.

RESULTS

Overview

Figure | shows a graphical comparison of the
mesothelioma and lung cancer risk coefficients. In
order to plot zero values (which convert to minus
infinity on the log scale), convenient nominal positive
values smaller than any real non-zero value in the
(relevant) data have been used. These are in the range
0.001-0.002 for R_ and between 0.0001 and 0.0003
for. R\. The three panels of Fig. | display the same
data, with each cohort represented by its cohort code,
fibre type and process. Cohorts which did not show
a statistically significant excess of lung cancer (R)
are shown in brackets.

Both risk measures cover about three orders of
magnitude. For the bulk of the data risk estimates for
" lung-cancer and mesothelioma are strongly correlated
with R, very .roughly equal to 100 Ry. This hetero-
geneity seems more readily explicable in terms of
fibre type than process. For example there are mining
and asbestos cement cohorts at both extremes of the
risk scale, while all the amphibole cohorts are at the
high risk¥end of the séale. But there are not really
enough examples within each category statistically to
driw definitive conclusions of this type.

Total mesothelioma

The -summarised data for total (pleural and
peritoneal) mesothelioma mortality are shown in
Table | and Fig. 2. The estimates of Ry for crocido-
“lite cohorts are closely grouped around an average
value of 0.51. Similarly, the two amosite cohors
show results statistically consistent with their average
of 0.10.-The results from mixed fibre cohorts cover
a wide range from a value close to that seen for the
crocidolite cohorts (Ry=0.59 for Ontario). to values
nearly three orders of mugnitude lower, close 1o those
seen in the chrysotile mining cohorts. The test for het-
crogeneity is very clearly significant (£<0.001). The
ranking of mixed cohorts by mesothelioma risk does
not appear (0 correspond either to process or fibre
mix.

If the exposure estimate for Wittenoom is increased
by a factor of 4, the summary value of R, falls to
0.15, and the consistency of the three crocidolite
vulues is completely lost (P<0.001).

Three of the six chrysotile cohorts had no observed
niesothelioma deaths. The rates in the two chrysotile
‘mining cohorts are similar at arourd 0.0015, while the

(a)

cohort code
1
{134
15
0.1 12
(13a)
§d14
0.01 117 2m
[5a)
(10)
0.001 3
P
T
zero s - ‘4 2t
(b) . fibre type
oY
3 a
% 0.1 = Yn°
L a
g y“gba
2 o0 fro y Y
E-] {ya) ’
2 v
= 0.001 —2
z T y y
ero [
N
) process
M8
c
0.1 ™ 1
ﬁ’ﬂT
0.01 {F) c T
(€
AU
0.001 M
-
zero L,'. F T
zero 0.01 0.1 1 10
Lung cancer risk (R)

Fig. {. Comparison of expasure-specific risks of mesothelioma
and lung cancer (% per f/ml.yr), with cohorts labelied by cohort
code, fibre type and process. [Note: the two coincident cohors
in the top right of the chunt are Ontario (4, yo, C) and SA
crocidulite mines (130, 0, M). Symbols in brackets indicate u
non-significant lung cancer excess).’
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Tuble 1. Summary of mnesothelioma mortality dua and exposire-specific risk estimutes

0§

Cohon Cohort name Process  Fibre Mesathelioma deaths Total Adjustient  Average Mesathelioma risk expressed as P-vahwe for
number ’ cxpected factor for  cumulative  percentage tal expected monality per heterogenity
mortality age first exposure fa.yr (R,)
exposed {f/ml.yr)
Totat Numbes Unadjusted  Adjusied for ~ 95%Cl
aumber peritoneal ape at tirst
expasure

14 Massachusetts o] o s 3 83 0.74 120 0.50 0.68 (0.22,1.6)
1 Wittencom M ° n” 10 6018 1.08 2 ¢ 0.52 048 (0.38,0.60)
130 SA crocidolite mines M ) 20 2 223.2* 093 16.4 0.55 (.59 (0.36,0.91)

Total - Crocidolite 9 5 0.51 .41.0.61) 0.6

cohorts .
12 Paterson ! a 17 9 3559 0.6 65 0.073 012 10.068,0.19)
13a SA amosite mines M a 4 1 305.7* 093 23.6 0L.U56 0.060 11.016,0.015) =

Total - .amosite cohorts 21 10 0.10  (0.062,0.15) 0.2 o
4 Ontario c yo 17 8 622 on 60 046 0.59 (L3409 i
1S . Albin C yuo 13 0 4913 { 13 0.2 0.2 .11,035) &
7 Vockiabruck c yo 5 1 530.2 1.0 a5 0.038 0.036 0.012,0.084) §
8 US/Canada insulitors L yuo 453 282 31706 [ KE) 500 0y 0.026 (11.024,0.029) o
1t Pennsylvania TF ya 14 4 821.4 1.08 60 0.029 0027 (0.043,0.044) a
9 Rochdale T yo 10 0 6025 1 4 0.022 0022 (001 >
17 Ferodo F yo 13 0 2646.3 ! 35 0.014 0.014 (0.0075,0.024) Q
So New Octeans (plant 2,yo) c yo 3 ¢ 0 1.26 93/ 0015 0012 (0.0024,0.034) 3
Sa New Oricans (plant 1) C ya ! 0 294.5 0.85 v 0.004 0.005  (0.0001,0.028) 3
3 Johns Manville retirees | yuo 8 2 7625 i 50 0.001 0.001 (0.0005,0.0028)

: . 0.02t . P<uul

2m Carolina (men) T y | I 411 1.34 28" 0.017 0.m3 (0.0016,0.047) .
10 Balangero M y 2 G 225.4 1.2 o 0003 00025 ((1.0003,0.009)
6 : M y -3 Q 59127 i 6(X) 0.001 000 (0.0006,0.0013)
2f Carolina (women) . T y 0 - 299.2 1.4 26 0 0 (0,0.035)
Sy New Orleans (plant 2,y) C y 0 - 9 1.26 2 0 1] (0.0.033)
16 Connecticut F y 0 - 550.7° 0.93 46 0 0 (0,0.016)

Pooled chrysotile

estimates

Total 7 - 0 00010 (0.0007,0.0014) 0.8

- excluding Caralina 3s 0 0.0010  (0.0007,0.0013) @.6Y

men &

-~ excluding mines 70 0 ® 0.0033  (0.0006,0.010) o0.14

*Reduced by a factor_of 0.67 to exclude expected deaths less than 10 yr fron first exposure (see Appendix C).
*Expected all cause monality in plant 2 panitioned in propontion to share of expected lung cancer.
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Fig. 2. Exposure-specific mesothelioma montality (R,,) by cohort and fibre type groupings, showing 95% confidence intervals.
Group means labelled in capitals. Confidence Intervals not shown for groups with very significant heterogeneity.

two cases seen in among men in the Carolina cohort
produce an estimate, with wide confidence limits, of
0.0I3—@ou( an order of magnitude higher than for
"the mines cohorts. The very wide confidence limits
for the three cohorts where no cases were observed
are’ statistically consistent with either end of this

range. Indeed there is no significant heterogeneity

between R,, estimates in the chrysotile group,
although the total shows some tendency to heterogen-
eity (P=0.11). If the mines cohorts are excluded, the
central combined estimate of R, increases t0 0.0033,
but with wide confidence limits (0.0006-0.01) and
with a similar level of heterogeneity (P=0.14). With
the Carolina men excluded, the remaining data are
coherent (P for heterogeneity=0.69), and the mean
estimate of R, is 0.001 (95% Cl 0.0007 0 0.0013)
No summary estimate of Ry, has been calculated for
the mixed fibre cohorts, since these are so clearly stat-
istically heterogeneous. This heterogeneity is plausi-
bly explicable by variations in the mix of fibres
encountered. The cstimates from the pure fibre
cohorts suggest a difference in potency approaching
two orders of magnitude between chrysotile and
amosite, and a further five-fold difference between
amosite and crocidolite. If these gross differences are
even approximately correct, quite small variations in
the fibre mix in the cohorts exposed to several fibre
types could have imponant effects on the mesotheli-
omu risk in the cohort. This would have the conse-
quence that the generally measured fibre levels would

be an unreliable estimate of the true risk status. This
will be particularly true where the history of usage of
different fibre types has varied-over time.

Lung cancer

The summary data for lung cancer is shown in
Table 2 and Fig. 3. The pure fibre groupings are less
coherent for R than for Ry, although the general pic-
ture is similar, with higher values for the amphibole
cohorts, lower values for most of the chrysotile
cohorts and intermediate values for the mixed
exposure groups. The Carolina cohort is the one clear
exception to this pattern. The mean estimate for the
three crocidolite cohorts is 4.2% per f/ml.yr (95% CI
2.8-5.8). The two amosite cohorts give somewhat dif-
ferent results, and despite the wide confidence limits
on the South African data they are not statistically
consistent (P=0.022). Their joint mean is 5.2% per
f/ml.yr (95% CI 4.0-6.5). The five amphibole cohorts
taken together are also not a statistically consistent
group (P=0.027), with a joint mean of 4.8% per
f/ml.yr (95% CI 3.9-5.8). The heterogeneity is mainly

_due to the SA amosite cohort, and if this is set aside -

the remaining four amphibole cohorts are just statisti-
cally consistent (P=0.072) with a joint mean of 5.1%
per /ml.yr (95% CI 4.1-6.2). If the exposure estimate
for Wittenoom is increased by a factor of 4, the sum-
mary value of R falls to 2 for the combined amphi-
bole cohorts and to 1.1 for the three crocidolile

B




Table 2. Summary of lung cancer monality data and exposure-specific risk esiim:ncs

Cahon Cohort name Process  Fibre Lung cancer deaths Average Lung camwer risk (% P-value for
number cumulative  expected lung cancer per heterogeneity
exposure {hwl.yr)
S ({ml.yr)
Observed  Expected SMR  Excess % Excess R, (95% C1)

14 Massachusetts o ] 8 0.6 13.1 74 1210 120 10 (3.9.21)

130 SA crocodolite mines ‘M [ 19 102 1.86 88 8s.S 16.4 52 0.71,12)

1 Wittenoom M o 87 '48.7 .79 383 78.6 23 34 (1.9.5.2)
Total - erocidolite cohoris i 42 (2.8,5.8) 0.0%0
All amphibole cohorts 4.8 3.9,5.8) 0.027
ex. SA amosite . 5.1 (d.1,6.2) 0.072

12 Paterson 1 a 98 205 4.78 ns 378 65 58 (4.4,0.74)

13a SA amosite mines M a 21 14.5 145 6.5 448 2316 19 (—0445.1)
Total - amosite cohorts 5.2 (4.0,6.5) 0.0

15 Albin C yao as 194 1.8 15.6 80 13 6.2 (-0.72.21)

4 Oniario C yo 22 53 4.14 16.7 314 60 5.2 (2.2.8.8)

50 New Orleans (plant 2, yo) c yo 3 177 175 133 5.1 9 0.81 (0.21,1.6)

11 Peansylvania TF ya 50 138 1.48 16.2 419 60 08 (0.16,1.6)

8 US/Cunada insulators L yao 934 256.8 164 617 264 500 053 (0.48,0.58)

7 Vockiabruck Cl yo 47 422 1.1 48 1.4 25 045 (-0.72,19)

9 Rochdale T yo S6 374 L9 18.9 S 138 032 {0.10,0.20)

3 Johns Maaville retirees l yuo n 284 257 44.6 157 750 0.2 (0.14,0.30)

Sa New Ordeans (plant 1) C ya 2 25 093 -15 -6.7 I 0 (=1).53,0.54)

17 Ferodo F yo 24! 2425 0.99 -5 -0.6 s ] (~0.36,0.36)
All mixed 047 r<oaut
Mixed cxcl. Ontario, Insulators 0.3 (0.16,0.50) 0.036
and JM .

2f Carolina (women) T y 38 13.8 225 242 175 - 26 6.7 3.6.11)

2m Carolina (men) T y 74 322 23 418 130 2% 16 (2.9.6.7)

Sy New Orleans (plant 2, y) c y 42 324 13 9.6 296 » 1.3 (~0.29.3.1)

16 Connecticut F y 49 358 1.37 13.2 369 © 46 0.80 (0.029,1.8)

6 "Quebec M y 587 4316 1.36 155 36 600 0.06 (0.042,0.079)

10 ‘Balengeno M y 19 173 i1 1.2 98 300 0.03 (-0.11,024)

: All pure chrysotile 0.062 r<o.001
Pure chrysotile excluding mines 23 0.0013
Pure chrysotile excluding mines 0.060 10.043,0.079) 0.9t
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/ig. 3. Exposure-specific excess lung cancer montality (R,) by cohort and fibre type groupings, showing 95% confidence intervals.
Group means labelled in capitals. Confidence intervals not shown for groups with very significant heterogeneiry.

cohorts, but both groupings now show very signifi-
cant heterogeneity (£<0.001).

Among lht:.k mixed cohorts, two stand out with parti-
cularly high™values (Ontario and Albin). Both are
asbestos cement cohorts, and both also had high lev-
els of mesothelioma mortality. The values for R, for
these two cohorts are both more than six umes the
level of the next highest observation,

The heterogeneity among the mixed fibre cohons
is driven principally by three of them: Ontario,
US/Canada Insulators and the Johns Manville
retirces. Other reviewers (Doll and Peto, 1985;
Hughes and Weill, 1986), have remarked on the
unusually high risk estimate implied by the Ontario
cohort and have suggested that the exposure estimates

for this group may have been underestimated.

Another potential contribution to the high risk of lung
cancer in this cohort is exposure to silica: 8 out of
26 workers with post mortem examinations showed
signs of silicosis (Finkelstein and Vingilis, 1984).
There are clearly considerable uncertainties in the
" estimation of average exposures for the US/Canada
Insulators cohort, since this is averaged over a very
i8¢ cohort with no doubt very variable exposure
.periences and over a long time period. The size of
.aiis group means that the value adopted for it will
determine statistically the average risk in this group.
The study of retirees from the Johns Manville asbes-
t0s products company is unusual in basing its esti-
mates exclusively on (ollow-up of retired individuals

from the age of 65. There is no obvious theoretical
reason why this should produce a seriously biased
estimate of risk, though asbestos related mortality at
ages below 65 will be missed. This cohort has been
followed up almost to extinction, and if the impact
of asbestos exposure on mortality eventually declines
after the cessation of exposure, then cohorts with near
complete lifetime follow up will tend to show rather
lower excess mortalities than those where survivors
form a substantial propertion of the cchort. In
addition, the Johns Manville cohort was one where
the authors had-not suggested a conversion factor
from particles 1o fibres, and this review has used the
most comunonly used value of 3 /ml=] mppcf. If this'
conversion implies higher exposure than in fact took
place (the recent review by Lash et al. (1997), used
a value of 1.4 borrowed from the New Orleans
cohort), then the risk coefficient implied here would
be 100 low. If these three cohorts are excluded from
the group the remaining eight are just statistically
consistent (P=0.056), and their joint mean is 0.32
(95% Cl 0.16-0.50).

The six chrysotile cohorts fall into two groups: the .

two Carolina cohorts give values around 6% per
f/imb.yr; the other four, including the two mines
cohorts and dominated by the large Quebec cohort,
are consistent with a joint R estimate of 0.06% per
f/mLyr (95% Cl 0.043-0.079). The Connecticut and
New Orleans (chrysotile only) cohorts give central
estimates of R substantially above this value, (0.80
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and 1.3 respectively) but both confidence intervals are
very wide. Even if the mines cohonts are excluded
there is still very clear statistical inconsistency
between the Carolina results and those from Con-
necticut and New Orleans (P=0.0013). The Carolina
results are also out of line with the two other (mixed
fibre) textile cohorts—Rochdale and Penrnsylvania—
whose 95% confidence intervals for R, have no over-
lap with those for Carolina.

RISK ASSESSMENT AT MODERATE AND HIGHER
CUMULATIVE EXPOSURES

Mesothelioma

The quantified risk for mesothelioma at the kinds
of cumulative exposure levels recorded in the
reviewed cohorts—say, from 10 f/ml.yr upwards—
presents a reasonably coherent picture, with values of
R, in round figures, of 0.5, 0.1 and 0.001 (at most
0.003) for crocidolite, amosite and chrysotile respect-
ively (see Fig. 2). :

Lung cancer

It is more difficult to come to a clear view of the
quantified risks of lung cancer, because ol the incon-
sistency of the results especially for the chrysotile
cohorts (see Fig. J). The amphibole estimates are
reasonably consistent. [n round figures the estimates
fall in the range 2-10% per f/ml.yr. The mean for the
crocidolite group is rather lower (4.2) than that for
the amaosite group (5.2), though their confidence lim-
its overlap substantially. The mean cisk fof all amphi-
bole cohorts is 4.8% per f/mlLyr (95%Cl 3.9-5.8), but
with some evidence of heterogeneity (P=0.027). If the
SA amosite cohort data are set aside, the remaining
data are reasonably consistent (£=0.072), and the
mean estimate becomes 5.1 (95%CI 4.1-6.2). In
round figures, a value of 5% per f/ml.yr would rep-
resent a reasonable risk estimate for both amphibole
fibre types.

The pure chrysotile cohorts produce estimates of
R, spanning two orders of magritude, from a value
of 6.7 for the Carolina women to 0.03 for Balengero
mine. How should this very wide range of R esti-
mates be interpreted? As far as evidence. from ‘pure’
exposure goes there are only two strongly informative
cohorts: Quebec and Carolina. The differences
between these two has been studied and discussed

_ extensively but, finally, inconclusively. The hypoth-

esis that mineral oil used to suppress dust in the Caro-
lina plant may have contributed to the lung cancer
excess has been addressed by an intermal case~control
analysis of this factor reported by Dement et al.
(1994) and Dement (1991)). The most recent report

- (Dement et al., 1994), shows that the odds ratios for

different cumulative asbestos exposure categories are
essentially unchanged by the addition of a varisble
representing subjects’ typical level of exposure to

mineral oil (slight, moderute, high). The coefficients
for these categories in the joiat model were not
reported. but were as follows, expressed as odds
«atios rclative to “slight’ exposure;

Mineral oil Odds ratio 95%
exposure Confidence
interval
Moderate 112 0.57-2.21
High 1.47 03-2.75

(Dement. personal communication)

Although these ORs are not statistically significant
(and do aot form a suatistically significant trend).
there is some suggestion that mineral oil may have a
role in enhancing the asbestos effect, particularly
since all the effect of exposure duration is absorbed
in the asbestos measure (workers were assigned to
oil exposure categories according to the assessed oil
exposure fevel at which they had spent the longest
proportion of.their employment in the plant). Early
results from this case conuol study showed a cross
tabulation of cases and controls by asbestos exposure
and mineral oil category (Dement, 1991), without for-
mal modelling. Crude odds ratios on this data suggest
that the asbestos response is pmgrcsf&ely steeper
with increasing minecal oil category. If mineral oil
does have an enhancing effect, the anomalous
increase in estimated exposure specific lung cancer
risk for men in the Rochdale cohort first exposed after
1950 could be explained, since dust suppression using
mineral oil was introduced from that date (Peto er al..
1985). The regression slope estimate of R for the
men ficst exposed after 1950 is 1.3 (95%C1 0.37-2.6).
three times the value for men first exposed between
1930 and 1950.

The plausible suggestion that the longer fibre used
in textile processes are responsible seems to be con-
tradicted by the comparative analyses of lung fibre
burdens in Quebec and Carolina cohorts reported by
Sébastien er al. (1989). They found that the pro-

_poctionate distribution of fibres by length was very
similar in Quebec and Carolina lungs. Nevertheless,
the notion that the longer fibres used in textile pro-
cesses do represent a higher risk, is consistent with
experimental evidence that longer fibres are more car-
cinogenic (Meldrum, 1996; Stanton er al., 198l:
Miller er al., 1999). Green et al. (1997) have shown
that the mean length and aspect ratio of chrysotile
fibres in the lungs of Carolina workers are greater
than in a local population control series: and than in

the lungs of workers from the Albin cohort (Albin et -

al., 1990a.b). _

Both studies on the lung content of Carolina work-
ecs have found amphibole (crocidolite or_amosite)
fibres in an appreciable proportion of them, though at
much lower levels than for chrysotile and its associa-
ted tremolite. Sébastien er al. (1989 report that amphi-
bole fibres at concentrations >0.1 f/ug (fibres >5
microns long) were oaly found in the lungs of work-
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ers hired before 1940, which conflicts with the period
of known use of crocidolite yamn (in very small quan-
tities——see Appendix A) in the plant after 1950. This
naisés the possibility that some amphibole formed part
of the exposuce mix in this cohort in an carty period,
Green et al. (1997) show that the levels of amphibole
are higher in Carolina workers than in local controls
(2-fold difference in geometric mean, P=0.031) but
much less suikingly than ‘for chrysotile (3-fold,
P<0.0001) or wemolite (14-fold, P<0.0001). They
also report that amphibole at levels >1.0 f/ug (all fibre
lengths) were found in only one of the ten lung cancer
cases for whom this datum was available. This last
observation limits the extent to which amphibole
exposure—perhaps unrecognised—might play 2 role
in this cohort. Whatever mechanism is in play does
not appear 0 apply—to the same extent, at least—
to the other (wo (extile cohorts reviewed. As already
pointed out, the Pennsylvania and Rochdale cohorts
(with mixed fibre exposures) both give substantially
lower estimates of R,.

If it is accepted that some such feature of the pro-
cessing in the Carolina cohort has genuinely produced
a much higher risk than seen in other chrysotile
~aharts the question can be asked how typical these
..eatures are of the bulk of applications? Looked at in
the wider context of cohorts with mixed fibre
exposure, the R, value for Carolina looks untypically
high. Setting aside the possibility that amphibole
presents a higher risk of lung cancer, the observations
of R, from mixed fibre cohorts can be taken as
informativegdf the Ry level for chrysatile. This sug-
gests that in typical applications (including other tex-
tile processes) R, for chrysotile is generaily lower
than the value derived from the Carolina cohort. The
median R_ for the 16 cohorts with some chrysotile
exposure is 0.5, compared 10 4.5 for Carolina men
and 6.7 for Carolina women. All but two of the mixed
fibre cohorts give an R, estimate less than 1, and of
the two exceptions one (Albin) has a confidence limit
including zero, and the other (Ontario) shows features
suggestive of significant exposure to crocidolite (see
below, Fig. 4 and related text)..

To the extent that amphibole fibrex make a dispro-
portianate coatribution to the lung cancer risk in the
mixed exposure cohons—and the evidence presented
here suggests that they do—the typical risk of lung
cancer from chrysotile exposure would be even lower.
In most circumstances a value of 0.5% per f/ml.yr
should probably be regarded as an upper limit (o the
lung cancer risk from pure (commercial) ‘chrysotile.
The mean R, estimate for mixed fibre cohorts exclud-

ng the three with particular interpretational difficult-
ies is 0.32% per fimlyr with an upper 95% confi-
dence limit of 0.50.

It should be noted that a value of (1.5% per /ml.yr
is not as far out of line with the Carolina observations
as it might seem. The ‘cohort averuge' risk estimute
from this cohort (6.7 for women, 4.7 for men) prob-

100 /
“ /| /’/
P
£
F] v A /
g 0.1 v
L4
zero "'l.; oy
0.1 1 B 100

Pleural (%excess)

Fig. 4. Comparison of excess mortality from pleural and perito-
neal mesothelioma. showing fibre type.

ably overestimates the risk, which from internal
analysis is | for women and 3 for men (Dement er
al.. 1994, p. 439). The exposure response regressions
on this cohort give an intercept close to zero excess
Tisk at zero dose, and there is thus no reason 10 sus-
pect serious error in the reference rates (with conse-
quential doubts about interpreting the slope). There is
also the possibility of inaccuracies in the conversion
of particle counts to fibre counts. One early report on
this cohort (McDonald er al., 19832) suggested that
the average conversion factor should be about 6 f/ml
10 | mppef. If this were true, the risk per f/mlyr
would be halved.

A ‘best estimate’ of the lung cancer risk would be
lower than 0.5% per f/ml.yr. Noting that the mean
risk of the mixed fibre cohorts (excluding the three
mentioned above) is 0.32% per f/ml.yr, and that the
amphibole risk is over 10 times higher, it is possible
that virtually all the observed risk could be explained
by rather less than 10% of amphibole in the mixed
exposures. However there is no direct evidence on
which an estimate of the risk of ‘pure’ chrysotile
could be hased. Apan from the Balangero cohort, all
the chrysotile evidence considered here effectively
relates 1o Canadian chrysotile, since this was the
dominant source of fibre for the other chrysotile
cohorts. The risk of "commercial’ chrysotile as esti-
mated from the mining cohorts is 0.06% per f/ml.yr.
Given that the processing of chrysotile may produce
some additional risk, the best estimate should be set
higher than the mines level, say at 0.1% per f/ml.yr.
The overall risk, of a mixture of 96% chrysotile with

a risk of 0.1, and 4% amphibole with a risk of 5.1

wuould be 0.3% per {/ml.yr.

EXTRAFPOLATION TO LOW EXPOSURES

All these cohort observations reflect the effect of
cxposure 1o high levels of asbestos. The main interest

A}
H
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in quantitative sk assessment in current conditions
is 10 apply this evidence to the estimation of the risks
associated with exposure fevels 100-1000 times
lower. The standard assumption is that, other things
being equal, the risk will be proportional to dose: but
this is more a cautious default assumption than any-
thing more soundly based. To quote from the HEI
review: “The assumption of dose-linearity for low-
dose assessment purposes is thus a widely accepted
and scientifically reasonable compromise rather than
an established scientific principle of carcinogenesis™.

However, if the true relationship between exposure
and response was not linear, the impact on low dose
extrapolations could be dramatic. There iy some indi-
cation in the present data suggesting a non-linecar
exposure response, pacticularly for peritoneal meso-
thelioma, and the next sections examine this question.

Relationship of pleural and peritoneal mesothelioma

Figure 4 plots the percentage excess momality from
peritoneal mesothelioma against that from pleural
mesothelioma. Cohorts with no mesothelioma cases
of either kind are excluded. Cohorts with no perito-
neal mesotheliomas are plotted on the peritoneal scale
on or close to the 0.01 ordinate. The positioning of
the cohort points strongly suggests a pattemn of two
alignments, one defined by the pure crocidolite
cohorts. the other by the two pure amosite cohorts.
Four mixed exposure cohorts lie very close to the
amosite line: the US/Canada Insulators, New Orleans
plant 1, the Johas Maaville retirees and the Albin
cohorts. All but the last of these clearly had amosite
as the main amphibole fibre. The point representing
the Ontario cohort lies very close to the crocidolite
line, suggesting perhaps that the anomalous results
from this cohort may be explained by underestimated
exposure to crocidolite.

The position of the (male) Carolina cohort seems
somewhat anomalous. The single peritoneal meso-
thelioma in this group -is the only. one in a cohort
without material amphibole exposure, and the equal-

(and the pure tibre quantitied cohorts) is showa in
Fig. 5.

'Tth is still an apparen; separation between cro-
Fndolute and amosite cohons, though the segregation
is now fess clear cut (as might be expected given the
small numbers often involved). There is. of course
considerable statistical uncertainty in both of these
variables. and a simple regression (in which uncer-
tainty about ‘X’ values is ignored) would be mislead-
ing. Table 4 summarises the results of regressions in
which the fit is optimised in both variubles simul-
taneously (fit being measured by deviance..assumiag
Poisson varation for the numbers of mesotheliomas
at cuch site).

Fitting a single line through all the dutu produces
a line with a slope (on the log-log scale) of 1.2, but
the overall fit is unsatisfactory (P<0.001). Allowing
the two fibres to have separate fits makes a very sig-
nificant improvement to the fit (P<0.001), and both
fits have steepér slopes (2.3 for crocidolite and 3.1
for amosite — aot shown in table). These slopes are
not very precisely determined, and constraining them
to be equal does not materially degrade the fit
(P=0.75). The central estimate for this common slope
is 2.4. _";

This model provides a very close statistical fit to
all but two of the cohorts, The two exceptions are the
gas mask cohorts in Canada (McDonald and McDon-
ald, 1978) and in Leyland (Acheson er al., 1982).
which contribute 6.1 and 4.5 respectively to the total
deviance. Possible reasons for these cohorts to be
untypical can be identified. The Leyland cohort was
not ascertained from employment records, but from
occupational details recorded on the wartime popu-
lation register compiled in September 1939. If the
numbers directly involved with gas mask assembly
have been over estimated the percentage excess mor-
talities will be proportionately under estimated. [f, for
example, only 2/3rds of the identified women were
in fact exposed, the expected mortality denominator
would fall to around 120, and the residual falls from

ity between pleural and peritoneal aumbers (one of 6.1 to 4.3—still an outlier, but materially less exareme

cach) is only otherwise seen in cohorts with much
higher levels of mesothelioma (and substantial amphi-
bole exposure). The possibility of unrecognised
amphibole exposure again suggests itself, but too
much should not be read into this single peritoneal
case. [t is clear that the three fibre types produce dif-
ferent mesothelioma responses overall. The question
of differential responses by mesothelioma site can
really only be addressed for the amphibole fibres.
This relationship does not depend on quantified
exposure data, and if it is real it should be reproduced

in other cohorts with predominant . amphibole..

exposure. The most informative cohorts will be those
with crocidolite or amosite exposure, but aot both.
A Medline search identified eight such cohorts. The
relevant data are summarised in Table 3, and a plot
of the percent excess mortalities from these cohorts

(P=0.038 instead of 0.014). The overall excess mor-
tality from mesothelioma recorded in the Leyland
cohort is much lower.than in the Nottingham cohort
engaged on the same process: 2.7% at Leyland and
16.5% at Nottingham, agaid suggesting the possibility
of underestimation (eg by dilution of the exposed
population), perhaps substantial.

The assessment of mesothelioma in the Canadian
gas mask cohort was particularly exhaustive, involv-
ing review of pathological data for all cancer cases.
Three of the six peritoneal cases were only idealified
after this review. If the number of peritoneal meso-
theliomas is reduced by three, the residual. for this -
cohort falls from 4.5 (P=0.034) to 2.0 (P=0.16).

However these are post-hoc rationalisations, and it
is oot clear whether it is better to remove these
cohorts from the model or not. Despite the large
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Table 3. Additional data on pleural and peritoneal mesothelioma from cohorts with predominant exposure to crocidolite
or amosite (but not both), and without reported quantified cumulative exposures

.

Cohort Process  Fibre Sex Expected all Pleural

Peritoneal
cause

No. Reference morality No. % Excess No. % Excess
monality mortality

18  Jones er al. (1996) [ f 400* $3 13 14 35

19 Acheson er al. (1982) Gas masks o f 185 3 1.6 2 1.1
(Leyland group)

20 McDonald and oy mf 41° 3 73 6 14.6
McDonald (1978)

21 Hilt e al. (1981) 0o o m 5t 1 20 I 20

22 Levin er al. (1998) 1 a m 1336 4 3 2 K]

23 Parolan et al. (1987) { Y mf 115.) 2 1.7 { 0.87

24 Finkelstein (1989) I -2 m 1.89 2 106

25 Acheson er al. (1984) I ay m 298.8 4 1.3 1

*Estimated as observed deaths Jess asbestos related &eams.
*Estimated assuming 25% mortlity from age 31 1o 68.
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Fig. S. Joint distribution of excess mortality from pleural and

peritoneal mesothelioma, showing fibre type. (Note: Label size

(area) roughly proportion to total mesothelioma numbers in
’ each cohort).

residuals for these two cohorts, the overall residual
deviance for the inclusive data {model 2) indicates a
satisfactory fit (P=0.22). If the two- outliers are
removed, the separate fibre model fits the data almost
exactly, and the slopes for the two fibres are very
similar (model 3) and higher (around 3.2) than the
4 for the fit including them. In cither case the single
« model is rejected in favour of separate fits to the
wao fibre types, with similar slopes. The peritoneal
rate is proportional (o at leust the square—perhaps as
much as the cube—of the pleural rate.

The_form of the relationship is unusual and some-
what surprising, since both outcomes refiect the effect
- of the same carcinogenic insult to the same type of

tissue. If true, it is presumably related to the dynamics
controlling the distribution of asbestos fibres around
the body. Note that this relationship does not depend
on the cumulative exposure, and is therefore not sub-
ject to the uncertainties actached to exposure esti-
mation. Whatever its physical/biological explanation,
thesc observations imply that at Jeast one of these out-
comes has a non-lincar relationship with exposure.

Pleural mesothelioma and cumulative exposure

To examine this question more closely, Fig. 6
shows a plot of excess mortality from pleural meso-
thelioma against cumulative exposure with cohorts
represented by their fibre type code. Figure 7 shows
a similar plot for peritoneal mesothelioma. The points
for the pure amphibole cohorts show a clear pattern
of alignment, with the slopes for pleural mesotheli-
oma less than 1 and those—for peritoneal mesotheli-
oma greater than 1.

Table 5 summarises the results of Poisson
regression fits to the relationship between percentage

excess mortality from pleural cancer and cumulative

exposure, and the observed data points and selected
regression lines are shown in Fig. 6. The relationship
is modelled as linear on a log scale for each variable,
and therefore has the form P, = A,X" where Py is
the percent excess morality from pleural cancer, X
is cumulative exposure and A, and r are regression
parameters. The cormresponding predicted number of

pleural cancers for a given cohort is ALX"E,/100 .
(where E,; is expected all cause deaths adjusted to -

an age at exposure of 30). The parameters were esti-
mated by minimising thé residual deviance between
the observed and predicted numbers of pleural cancer
for each (pure fibre) cohort.

It is clear that a wide range of slopes () are statisti-
cally consistent with the duta. With independent fits
to euch fibre type the slopes are 0.62, 1.2 and 0.72
for crocidolite, amosite and chrysotile respectively.
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Tuble 4. Joint Puisson regression (structure madel) of relationship between pleural und : .
o) o ( 7 ) H
(Fperitoneal=A.%pleural®) e and peritoncal mesutheliom \}'
Mude! A b Residual deviance Degrees of P
freedom

. All data 0.24 1.2 6 1t <
2. By fibre. common slope 0.00¢
0 0.0089 2.4 120 6
3 0.26 24 rl 5 ?,;32’
Overall 131 n 0.22
3. Fit excluding Leyland und Canadiun ygus
mask duty
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a 0.17 .t 1.0 4 0.91
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Fig. 6. Excess mortatity (rom pleural mesothelioms against
cumulative exposure, showing fibre type. Regression lines fit- 0.1
ted 10 pure fibre cohort. Bold lines indicate fits with slope con- 10 100 100

strained 10 be common across fibre types, narrow lines are
unconsindined fits.

(The fit for amosite is of course completely determ-
ined since there are only two observations.) The total
residual deviance is 3.93. Moving to a model in which
the three slopes are constrnined to be equal, the
residual deviance increases marginally to 4.53, an
increase of 0.6 with a cormresponding increase of 2
degrees of freedom (df), clearly not a statistically sig-
niticant change in overall fit (P=0.74), nor for any
individual fibre type. The best fitting common slope is
0.75. Using deviance differences to construct 8 95%
confidence limits for the common slope gives ésti-
mated upper and lower limits of 0.27 and 1.3.

Peritoneal mesothelioma and cumulative exposure
Figure 7 and Table 6 show similar regression
analyses for peritoneal cancer. Again the crocidolite
and amosite points align themselves on two parallel
lines. The small numbers of observed events means
that the statistical uncertainties are quite wide. There

Cumulative exposure (fiml.yr)

Fig. 7. Excess monality from peritoneal mesothelioma against
cumulative exposure, showing fibre type. Regression lines fit-
ted to pure fibre cohorts. Bold lines Indicate fits with slope .
constrained to be common across fibre types, narow lines are
unconstrained fits (the slopes are identical for crocidolite).

is very litde difference between the slopes (¢) for the
two fibres, and the best common slope is 2.1, with
a deviance based 95% confidence interval from 1.2
t029.

The single peritoneal mesothelioma among the
Carolina men, together with zero cases in the other
chrysotile cohorts generates a negative valuc of £ If
a common slope is imposed over all three fibes the
best estimate is 1.6, but with significant heterogeneity
(P=0.0025~data not shown). Only the amphibole
cohorts have enough data to draw valid conclusions
on peritoncal mesotheliomas.

The comparison of pleural and -peritoneal slopd
independent of exposure levels suggested a ratio of
slopes between 2.4 and 3.2. If the ratio of the esti-
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Table 5. Possion regression of pleural cancer against cumulative exposure by fibre type

Fivfibre type Ag r 95% Cl for r Residual =~ Degrees of P
: deviance freedom

I. Independent fits
[ . 14 0.62 (~0.54, 1.43) 025 | 0.62
a 0.02 1.2 (-0.32, 3.5) 0
y 0.0057 0.72 (0.17. 1.79) 1.68 4 0.45
Ovenall 393 L) 0.56
2. Best common slope
o 093 0.36 2 0.84
3 0.13 0.75 0.27.1.3) 0.49 | 0.48
y 0.0047 3.68 6 0.72
Overall 4.53 7 0.72.
3. Common slope, amphiboles only - .

o 0.88 0.39 2 0.82
a8 0.120 on (—0.069, 1.62) 0.44 1 0.51
Overalt 0.83 2 ~ 0.66

Table 6. Possion regression of peritoneal cancer against cumulative exposure by fibre type
Fivfibre type Ay ! 95% Cl for ¢ Residual Degrees of P
deviance freedom
I. Independent fits
~ 0.0022 2.} (0.93, 2.9) 0.10 1 0.75
0.00018 2.4 (0.41,6.4) _

' 1.4 -7 (-22,09N) 2.60 4 0.63
Overall . 2.70 5 0.75
2. Common slope, amphiboles only
o -0.0022 0.10 2 0.95

. 2.0 1.2,29) { 0.76 -
a 0.0006 0.09 2 091!
Ovenall. 0.19 :

.Q‘

mates of the peritoneal and pleural slopes is con-
strained 10 be 2.4, the best fit pleural and peritoneal
slopes are : 0.86 (95%CI 0.51-1.15) and 2.1 (95%CI
1.2-3.6). If the ratio of slopes is constrained to be
3.2. the estimated values are r=0.67 (95%Cl 0.40-
0.90) and r=2.1 (95%CI 1.3-2.9).

Support for a convex (r<l|) increase of pleural
mesothelioma risk with exposure can be found in the
detailed dose-specific analyses of the Wittenoom
mesotheliomas by Berry (1991). Most of these cases
(62 of 72) were pleural. Figure & plots the constant
terms in the four exposure categories of Berry's
analysis against their mean cumulative exposure. The
slope is very close to 0.5. In addition, Coggon et al.
(1995), concluded from a comparison of the ranking
of occupations by mortality from pleural and perito-
neal cancers and from asbestosis that “a more plaus-
ible explanation {of the difTerent rankings) is that the

»ure response relations for mesothelioma and
sstosis are non-linear, with the risk of pleural
mesothelioma rising relatively more steeply at low
exposures, but less steeply at high exposures™.
" A non-lineur relationship between exposure and the
rates of pleural und peritoneal mesotheliomu meuns
that the percent excess mortality per [fml.yr (R,,) will

Scals constant
T
[ ]

/

1 10 100 1000
Mean cumulative expasure (fimbyr}

Fig. 8. Sculing consunt in the four exposure groups of Berry

(1991) analysis of the Wittenoom crocidolite cohon. plotted

aguinst the mean cumulative exposure in each group, The plodt-

tced fine ix proportional to the square root of cumulutive
exposure.

not provide a consistent summary of the cffect for
mesotheliomu at the two sites considered individu-
ally. Euach udditional unit of exposure will add-—pro-

gressively—less risk for pleural tumours, and more

for peritoneal tumours. The point at which the ubsol-
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Fig. 9. Percent excess lung cancer by cumulative exposure, showing fibre type. with regression lines fitted lo:f)urc fibre cohorts
{A: combined amphibole data. ([) slope (ree, (2) slope fixed=l; Y: chrysotile data, (() all data, slope free (2) excl. Carolina,
slope free, (3) excl. Carolina. slope fAixed=1).

ute risks for tumours at the two sites are predicted to
be equal is around 90f/ml.yr for crocidolite, around
55{/ml.yr for amosite. Below these values pleural
tumours are more common, and at higher levels per-
itoneal tumours dominate. It happens that across the
scale of cumulative exposure values in the reviewed
cohorts (from about {0 to nearly 1000 f/ml.yr), the
relationship between exposure and total mesotheli-
oma risk is not far from linear, so the summary index
R,, does provide a reasonable index of the overall
mesothelioma risk over this range.

Lung cancer

If pleural and peritoneal mesothelioma have a non-
linear relationship with asbestos exposure, the ques-
tion acises as to whether the relationship for lung can-
cer is linear. Figure 9 shows a plot of perceat excess
lung cancer against cumulative exposure and Table
7 summarises regression results for lung cancer by

cumulative exposure. There is no significant diffec-
ence between the regressions for crocidolite and
amosite points, so these are treated together. Using all
the data, independent fits for amphibole fibres gives
a concave relationship (r=1.6), and for chrysotile a
negative slope (r=-0.25). These are clearly inconsist-
ent with each other, and both depart very significantly
from linearity (£<0.001).

The negative slope for chrysotile depends entirely
on the Carolina data, and if this is removed the slope
is just positive (r=0.039) with a CI that just includes
1. Clearly the data for chrysotile-only cohorts do not
provide .a coherent basis for direct estimation of the

—exposure—response slope, and some appeal to the evi-

dence provided by cohorts with mixed exposure is
necessary (as in the discussion of Table 2 and Fig. 3).

The concave siope for amphibole cohorts is largely
dependant on the two extreme poiats, the Massachu-
setts and SA amosite cohorts. The lung cancer excess
in the SA amosite cohort is quite small and statisti-

Table 7. Poisson regression of lung cancer agninst cumulative exposure by fibre type

Fivfibre type S A r 95% ClI for r Residual Degrees P
- deviance of
freedom ¢
Combined amphibole
0.49 1.6 (t., 2.0 235 3 0.50
...excluding Massachusetts and SA amosite:
11 14 (0.89, 2.0) . 083 | 036
Chrysotile ...excluding Carolina 195 -0.27 (—~0.44, -0.07) 198 4 <0.001
) 275 0.030 (-0.26, L.1) 091 2 0.63
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cally unstable, and the exposure estimate for the Mas-
sachusetts cohort is based on fairly slender evidence.

-- If these two cohorts are removed the best fit slope

becomes 1.4, with a confidence interval that
includes 1.

The Massachusetts cohort with its very high levels
of excess mortality, and as cohort with the highest
estimated mean exposure to crocidolite, has an
important—though not determining—impact on the
estimates. It is unfortunate that the exposure estimates
are somewhat speculative (see Appendix B). At the
same time it should be noted that in relation to a prior
expectation of a linear dose response the cffects of
this observation on the pleural and lung cancer esti-
mates are opposite: the pleural slope is flatiened and
the lung slope is steepened. This does not of course
prove that the exposure estimate is correct, but if it
is matenally in error then ecither the pleural or the
lung slope is even further from linear than suggested
by the present analyses.

DEVELOPMENT OF NON-LINEAR RISK ESTIMATES

Mesothelioma .

The data in Tables 5 and 6 and Figs. 6 and 7 sug-
gest the following model with separate components
for pleural and peritoneal tumours:

Pu=A X +AX

where Py, is the percent excess mortality, r and ¢ are
the pleural and peritonest slopes of the exposure
response onh log-log scale, A, and A, are constants
of proportionality for the pleural and peritoneal
clements of the risk respectively, and X is cumulative
expasure in f/ml.yr.

If the information about the ratio of r and ¢ from
the non-quantified cohorts is ignored, the best fit
values using all the data are r=0.75 and =2.1. With-
out the chrysotile data, the estimate of r is essentially
the same (0.77). Analysis of the ratio r/r including the
non-quantified cohonts (Table 4) indicates values for
this ratio around 2.4 with all the data, around 3.2
excluding the two outlying cohorts. If a simulaneous
fit is made to the full dawa with the ratio of pleural
and peritoneal slopes fixed at 2.4, the resulting esti-
mates (using only the amphibole data) are =0.86 and
r=2.1. If the ratio of slopes is constrained to be 3.2,
the estimated values are r=0.67 and =2.1.

There is linle 1o choose between values of r from
0.67 o 0.86. We-will use a slope of 0.75 as our best
estimate for r. The estimates for 7 are less vaniable,

"in any case have no bearing on risk estimates at

4 levels, We will wke /=2.1 as the best estimalc.

How wide a margin of uncertuinty should be
allowed on these slopes? On purely statistical criteria,
values of r between 0.4 and 1.2 could be chosea.
However a slope as low as 0.4 seems unlikely on
physical grounds. Berry's analysis of Wittenoom duta

using individual doses implies a slope of about 0.5,
but the uncenainties of individual dose assignment
are likely to have biased this estimate downwards.
The argument above suggests that the lower end of
range ‘should be set at 0.67 or lower. We will take
0.6 to represent the lower end of the plausible slope
range.

There are quite strong a priori reasons for using a -

slope of 1. It is the value that all previous risk esti-
mations have used, and represents a natwral assump-
tion (effect is proportional to cause) in the absence
of evidence to the contrary. A linear relationship is
also (in most models) consistent with the data. We
therefore take r=| as the upper end of the slope range.
Different slopes imply different best fit values for A,
and A, These estimates and their 95% confidence
intervals for the three fibre types are shown in
Table 8.

Effects of exposure duration and age ai first exposure

This formulation does not take duration of
exposure or age at first exposure into account. The
HE! (and similar) risk models (sece Appendix A)
imply that for equivalent cumulative exposures. short
exposure times produce larger risks than long
exposure times. (in other words 10 f/ml for ) yr is
worse than | f/ml for 10 yr); and that exposure at
younger ages will produce higher excess mortality
rates. All the amphibole cohorts considered here had
shon exposures (averaging about 2 yr). The suggested
risk mode] for amphiboles is therefore appropriate for
short exposures, but will overstate the risk from
extended exposure periods. The chrysotile coef-
ficiens are effectively determined by the Quebec
cohort, where the average exposure durations were
quite long (avernging about 10 yr). A given cumulat-
ive exposure accrued over 2 yr (stanting at age 30)
produces about 40% more deaths as the same
exposure accrued over 10 yr. For general risk assess-
ment purposes, where short exposures are more likely
10 be at issue, the chrysotile coefficient should be
increased by a factor of 1.4. Reductions in the
exposure accrual time below 2 yr have very little
impact on the dsk.

The risk estimates summarised above apply to
exposure starting at age 30. Table 9 shows adjustment
factors derived from the HEI model to convert risk
estimates for an age at exposure of 30 to other
exposure ages. :

Predicied effects at very long follow up

It can reasonably be questioned whether a given
asbestos exposure witl continue to generate a constant
excess mesothelioma mortulity beyond 40 or SO yr
follow up. The evidence from cohorts with long fol-
low up is thut the incidence eventually falls. In the
Paterson cohort a significant falt is seen for follow
up beyond 35 yr. tn the US/Canada insulators there

e > it ——
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Table 8. Estimated coelficients® with 95% confidence intervals for constants in the risk prediction eyuation for £y, ut
three levels of the slope coefficient .

Slope/Fibre Ay 95% C! C A 95% CI
Best estinate slope (=0.75, r=2.1)
Crocidolite 0.94* 0.71,1.2) 0.0022 (0.0011.0.0039)
Amosite 0.13" (0.060.0.25) 0.0006 (0.00025.0.0012)
Chrysotile 0.0047* {1.0030.0.0069)
High slope (=1, =2.5)
Crocidolite 0.4) (0.33",0.54) 0.00053 (0.00029.0.00087)
Amosite 0.052 11.022,0.099) 0.00012 (0.000049.0.00024)
Chrysotile V00970 10.00064",0.0014)
Low slope {r=0.6, r=1.7)
Crocidolite LS - (1.1.1.99 0.0083 (0.0043.0.014)
Amosite 0.24 (0.11,0.44°%) 0.003 (0.0013.0.0058)
Chrysotile 0.012 1{0.0073.0.018%)

*Cocfficients used for risk extrapolation ut low doses shown in bold:
best estimate, "lowest arguable, “highest arguable (see Table | (). Numbers of peritoneal mesotheliomus at low doses are
negligible. For short exposure, chrysotile coelficients should be multiplied by 1.4.

Table 9. Adjustment factors to convert estimates of meso-
thelioma mortalicy due to asbestos exposure starting at age
) 30 to other exposure start ages

Age 20 25 3§ . 40
Factor 2.1 1.5 0.6 04

Table 10. Estimated coefficients with 95% confidence
intervals for constants in the risk prediction equation for
P for chosen levels of the slope coefficient r

Fibre/model A, 95% Cl
Amphibole
’ Linear (r-1) 4.8 -
Best (r=1.3) 1.6 12, 1.9)
Steepest 049 (0.37,0.62)
(r=1.6)
. Chrysotile”
Best (=1.3)  0.028 -
Cautious model-max of: .
Linear (r=1) 0.5 -
Steepest 0.039 -
(r=1.6)

'A linear model is not strictly statistically consistent with
the abserved data. The line with A =4.8 is the single best fi.
*Non-statistical uncertainties dominate choice of chrysatile
models, 95% confidence intervals cannot be properly calcu-
lated. See text for discussion.

is a fall beyond 50 yr. Qualitatively it seems clear
that the risk does not increase indefinitely, but there
is insufficient evidence on very long follow up to fix
the risk profile in this period. A rough and ready way
of limiting the predicted risk at very long: follow up
periods is to truncate the predictions at some age. The
Doll and Peto and HEI reports both truncated their
predictions at age 80, and we will follow this coaven-
tion, [t is Jikely that this would still overstate the risk
from exposure at ages below 20, and wuncation of

. the predicted effect at 60 yr follow up might then

be ‘appropriate.

Lung cancer’

The data i Table 7 and Fig. 9 suggest that the
celation between lung cancer and cumulative
exposure may be concuve—i.e. that the excess lung
cancer risk is proportional to a powcc',gren(er than"{
of cumulative exposure. Statistically’ the range of.

powers consisteat with all the amphibole data is from

1.1 10 2.1. Without the two extreme cohorts the range
becomes 0.89-2.0 with a ceatral estimate of 1.4. No

previous analysis of the epidemiological data has sug- :

gested a concave relationship, though experimeatal
data for a wide range of carcinogens (Hoel and Pont-
ier, 1995) suggest they may be quite common. Across
the range of exposures in a single swdy, and given
the unicentainties in individual exposure estimation, a
moderate degree of non-linearity will be difficult to
detect.

The reasonably arguable values for r fall in the
interval | to 2: a degree on conservatism and sormne
doubts about the two extreme cohorts lead us to prefer
the lower end of this interval. We will take r=1 (a

— linear relationship) and r=1.6 to represent the fattest

and stecpest slopes for risk assessment, and the mid
point of this range (r=1.3) as our best estimate
assumption.

The estimates and 95% confidence limits for the
constant term A, in a modet for lung cancer
P s AX with r=1 (linear) 1.3, and 1.6 based on
amphibole data are showsn in Table 10. As already
discussed, the inconsistencies in the pure chrysotile
data rule out a direct estimate of the exposure-
response slope based on this data. The dominant
uncertainties for chrysotile are the reasons for the
observed differences in exposure-specific lung cancer
risk, rather than the statistical uncertainties in estimat-
ing this risk level. This uncertainty is already reflecteéd

in the five-fold difference between our ‘best’ and:

‘cautious’ estimates of Ry (0.1 and 0.5 respectively).
In the absence of a better approach we will assume

Y
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the same range of possible slopes for the chrysotile
lung cancer relationship as for the amphiboles, and

determine the scaling constant by fixing the predicted -

excess mortality at the median exposure for chrysotile
cohorts (70 f/ml.yr) 10 0.1% for the best estimate and
0.5% for the cautious estimate. The resulting values
are shown in Table 10,

The pattern of excess lung cancer—broadly con-
stant relative excess from 10" to 40 (perhaps more)
years from exposure (see Appendix A) implies that
for exposure starts between 20 and 40 yr of age there
is very little difference in the predicted risk. There
may be some decline for very long follow up, but the
rate of decline is unknown. As for mesothelioma we
address this possibility approximately by truncating
the predicted excess at age 80.

IS THERE A THRESHOLD?

Another question with important implications for
risk at low levels of exposure is whether. there is a
threshold for cancer initiation by asbestos. The HSE's
recent Review of fibre toxicology (Meldrum, 1996),
presents arguments mainly on a toxicological basis

1 believing that there may be a threshold for asbes-
i0s induced lung cancer. The argument is essentially
based on a view of the carcinogenic process induced
by asbestos as being an extension of the chronic
inflammatory processes producing fibrosis. It is
widely" agreed -that heavy doses of chrysotile are
required to produce lung fibrosis. And some evidence
has been degved from the New Orleans cohort sug-
gesting a threshold dose of about 30 f/ml.yr for radio-
logical- fibrosis (Weill, 1994). Analysis of necropsy
material from the Carolina cohort also shows a dis-
tinct step increase in fibrosis score for cumulative
exposures around 20-30 [/ml.yr (Green et al., 1997).
This does not apply to amphibole exposure: radiologi-
cal fibrosis which progressed after the cessation of
exposure has been documented (Sluis-Cremer, 1991),
in South African amphibole miners under medical
surveillance and with cumulative doses less than 5
f/ml.yr. This suggests that if a threshold appiies to the
lung cancer effect of amphibole asbestos, it is very

" low. The adoption of a slightly concave exposure

response  slope entails a moderalely threshold-like
behaviour.

Several lines of argument also suggest that any
threshold for mesothelioma is at a very low level.
Some cohorts (Neuberger and Kundi, 1990; New-
house and Sullivan, 1989; McDonald and McDonald,
'Q78; Thomas er al., 1982; Rossiter and Coles, 1980),
_¢e produced mesotheliomas in conditions where no

. <xcess lung cancer was seen. Occupmionul PMRs for

British men suggest that the range of jobs for which
mesotheliomu rutes ure above background levels is
very wide (Hutchings er al., 1995: Hodgson e al.,

1997). Also the proportion of mesothelioms cases in
population studies for whum no likely source of

asbestos exposure can be identified is often quite
high. All these observations suggest that relatively
brief exposures may carry a low, but non-zero, risk
of causing mesothelioma.

Some authors (flgren and Browne, 1991 Liddell,
1993) have argued for a mesothelioma threshold, or
threshold-like behaviour of the dose-response. Such
arguments are fraught with statistical and logical dif-
ficulties. The attempt (ligren and Browne, 1991) to

deduce a ‘threshold’ by identifying the lowest esti- .

mated dose received by any observed case is a logical
nonsense. Furthermore, the existence of zero cases jn
a dose category (human or animal) should not be
automatically interpeted as zero risk. Direct statistical
confirmation of a threshold from human data is vir-
wally impossible. One would need “accurate “assess-
ment of very low doses across a large population with
long term follow up. Case-control studies with lung
content measures of exposure (McDonald er al..
1989; Rédelsperger er al., 1999; Rogers et al., 1991)
do not suggest any threshold, or downward inflexion
of the dose response at the lower end of their
exposure scales. Some of the animal data cited by
lgren and Browne are suggestive of a threshold—
particularly that from intra-pleural and intra-perito-
neal injection—but it is not clear how this would
translate into a estimated human effect threshold for
exposure by inhalation. Taking this evidence together
we do not believe there is a good case for assuming
any threshold for mesothelioma risk.

QUANTIFIED RISK ASSESSMENT

Under current conditions. the main interest in the
health risks of asbestos relates to exposure circum-
stances well outside the range for which we have
direct observations. The statements we can’ make
about risk therefore incorporate two kinds of uncer-
tainty. First there is the usual statistical uncertainty
of inferring underlying risk from observations in
particular groups. This kind of uncertainty depends
essentially on the number of events (in this case can-
cer deaths) observed. The uncentainty can therefore—
given some assumptions—be quantified: the more
observed events, the less the statistical uncertainty.
Statistica! uncertainty is expressed as a confidence
interval (a range of values with—conventionally—a
95% probability of covering the true value).

The second kind of uncenainty relates to the ques-
tion whether the relationship between exposure and
outcome seen in the observed range continues to hold
outside that range. This kind of uncertainty cannot be
quantified statisticaily. Qualitatively one can reason-
ably argue thut the agreement will be better for
exposures close to. the observed range, but with
increasing distance from the observed range our con-
fidence that we know what to expect decreases. For
exumple, previous ussessments of cuncer risk from
asbestos huve all ussumed that the effect is linear.
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This review has presented evidence suggesting that
this may not be the case. Uncertainty about the stopes
of exposure-response lines has an increasing impact
with increasing distance from the vbserved range.
Also the strength of qualitative arguments such as
those advanced in the HSE review (Meldrum, 1996),
in favour of a threshold for the lung cancer effect
increase as exposure falls.

All the above implies that simply to present a table
of risk estimates—or even risk ranges—for different
cumulative exposures cannot capture the changing
balance of the different kinds of uncertainty, Table
Il gives a verbal assessment of risk at a range of
representative cumulative exposures. No estimates
have been given for lifetime risks lower than | in
100 000, and this level is referved to as ‘insignificant’.
A lifetime risk of 1 in 100 000 corresponds to an
annual risk well below 1 in a million, which HSE has
suggested (Health and Safety Executive, 1999) as a
“guideline for the boundary between the broadly
acceptable and (olerable regions {of fatal risk to an
individual).” It is also well below the level at which
it is suggested that mesothelioma would occur in the
absence of asbestos exposure: a clear majority of the
very few mesotheliomas that would occur at this level
would not be caused by asbestos.

Mesothelioma risks in the observed cohorts have
been expressed as a percentage (Py,) of total expected
mortality in order to standardise observations from
different follow up configurations. To make predic-
tions of risk this measure must be converted back into
absolute terms, and this is done using the average
male life table discussed in Appendix A. For
exposures starting at age 30 the excess mortality esti-
mate P, is applied to the total expected morality
from age 40 to age 79 (allowing a 10 yr minimum
latency, and truncating risk at age 80). The life table
predicts that about 70% of survivors to age 30 will
die between the ages of 40 and 80. Absolute risk esti-
mates can therefore be derived from the Py, value for
a given exposure by multiplying by a factor of 0.7.
Lung cancer risks bave been expressed as a percent-
age excess of expected lung cancer mortality. The
major determinant of this underlying lung cancer risk
is smoking—especially cigarette smoking—and the
number of asbestos-related lung cancers will be affec-
ted by the prevalence of smoking in the exposed
population. Currently (in 1997) about 9.5% of male
deaths between the ages of 40 and 79 dre due to lung
cancer. For women the figure is 7%, reflecting differ-
ences in past smoking. Total survival to age 80 is
{ower in men than in women, and combining data f{or
survival and proportionate mortality from lung cancer
it can be predicted that for 1000 30-yr-old men 54
will die of lung cancer between the ages of 40 and
79. For women the number is 28. Thus for a popu-
lation with the past smoking habits of British men
aged 60+ (the ages at which most lung cancers occur),
the lung cancer risk from asbestos exposure is given

by 0.054P,. For women with typical past smoking
habits the figure would be 0.023~P,.

Table 11 makes statements ubout the lifctime rsks
.of exposures accumulated over short (up to 3 yr) per-
iods from age 30. The factors given in Table 10 can
be used (0 apply the mesothelioma estimates to other
ages at exposure. The lung cancer estimates are based
on 1997 male lung cancer rates. They are not seasi-
tive to age at exposure,

For the lung cancer risk due to chrysotile two prin-
cipal figures are given: a best estimate and a cautious
estimate. A risk estimate derived from the Carolina
cohort is also given, with the qualification that this
might be arguable in ‘exceptional circumstances’.
These exceptional circumstances cannot be defined
with any certainty since the features of exposure at
this plant responsible for the very high lung cancer
risks there are not known. Exposure to textile grade
(i.e. long fibre) chrysotile is presumably necessary,
but does not seem to be sufficient, since other textile
plants have recorded much lower exposure-specific
risk (even with additional exposure to amphibole
fibre). The spraying of the aw fibre with mineral oil
{as a dust suppression measure) has been suggested
as a possible explanation. This hypotHesis seems to
be supported by a case-control study of lung cancers
at Carolina (though the relevant results have not been
fully reported), and by observations from another
asbestos textile plant (Rochdale), where men first
employed after oil spraying was introduced had three
times the exposure-specific risk of those first
employed in earlier periods (though still lower than
the Carolina risk).

The main uncertainties in this picture relate to the
effects of chrysotile, particularly at low doses. The
application of these estimates in the assessment of a
pasticular risk situation will depend on the purposes
of that particular assessment, and the extent to which
a precautionary approach is appropriate.

DISCUSSION

There have been a number of papers (Cullen, 1998:
Stayner et al., 1996; Nicholson and Landrigan, 1996;
Smith' and Wright, 1996), in the literature recently
which directly or indirectly consider whether there
are differences in potency between the fibre types as
causes of mesothelioma and lung cancer. The claim
that there are important differences is often described
as ‘the amphibole hypothesis’. In its strongest form
this has been said to claim that pure chrysotile (i.e.
without any associated tremolite fibre) would present

little or no carcinogenic risk. At the other extreme, it |

has been argued (Smith and Wright, 1996), that there
is virtually no difference between the risks presented
by the different fibre types. Most commentators (¢.8.
Doll and Peto, 1985; Hughes and Weill, 1986; Henlth
Effects Institute, 1991) have considered that the
amphibole fibre types are more dangerdus, parti-
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Table 11. Summary statements of the quantitative cancer risks from asbestos exposure at different levels of cumulative expasure**<4
)

Fibre

Mesothelioma

Lung cancer

Risk summaries for cumulative exposures between 10 and 100 Uinlyrs
Best estimate about 400 deaths per 100 000 exposed for cach f/ml.yr of cumulauve Rising from about 150 (range 100 10 250) excess lung cancer deaths per 100 000

Crocidolite

Amosite

Chrysotile

exposure. Up to 2-fold uncertainty.

Best estimate about 65 deaths per 100 000 exposed for cach f/ml.yr of cumulative
cxposure. 2-fold 10 4-fold uncertainty.

Best estimate about 2" deaths per 100 000 exposed for each f/ml.yr of cumulative
exposure. Up to 3-fold uncenamty

Risk summaries for cumulative exposurcs of | {/mlLyrs

Crocidolite
Amoasite

Chrysotile

Best estimate about 650 deaths per 100 0K expased. Highest nrguablc estimale
1500, lowest 250.

Best estimate about 90 ceaths per 100 000 expased. Highest arguable estimate 300,

lowest I5.
Best estimate about § deaths per 100 000 exposed. Highest arguable estimate 20,
lowest |.

Risk summaries for cumulative exposures of 0.1 U/ml.yrs

Crocidolite
Amosite

Chrysotile

Risk summaries (or cumulative. exposures of 0.01 U/ml.yrs
Best estimate about 20 deaths per 100 000 exposed. Highest arguable cstimate 100,

Crocidolite

Amosile

Chrysotile

Best estimate about 100 deaths per 100 000 exposed. Righest arguable estimate
350, lowest 25.

Best estimate about 15 deaths per 100 000 exposed. Highest arguable estimate 80,

lowest 2.
Risk probably insignificant, highest arguable estimate 4 deaths per 100 000

cxposed.
|

lowest 2.

Best estimate about 3 death per 100 000 exposed. Highesi arguable estimate 20,
lowest insignificant.

Risk probably insignificant, highest arguable estimate 1 deaths per 100 000
exposed.

P P U—
.

exposed for each {/m! yr of cumulative exposure at 10 (/ml.yrs to 350 (range 250
to 550) at 100 f/ml.yrs.

Best estimate about 5 excess lung cancer deaths per 100 000 exposed for each f/m]
yr of cumulative exposure. Cautious estimate 30. In exceptional circumstances (sce
note ¢) it is arguable that an estimate of 100 might be justified.

Best estimute about 85 (range 20 to 250) excess fung cancer deaths per 100 000
exposed.

Best estimutc about 2 excess lung cancer deaths per 100 000 exposed. Cautious
estimate 30 per 100 O(X). 1n exceptional circumstances (sce note €) it is arguable
that an estimate of 100 per 100 000 might be justified. The case for a threshold—ic
zero, or at least very low risk—is arguable.

Best estimate about 4 (range <1 10 25) excess lung cancer deaths per 100 000
exposed.

Excess lung cancer deaths probably insignificant. Cautious estimate 3 per 100 000.
Ine (see note ¢) it is arguable that an estimate of 10 per
100 000 might bc justified. The case for a threshold—ic zero, or at least very low
risk—is strongly arguable.

Risk is probably insignificant (range <| to 3 excess lung cancer deaths per
100 000 exposed). Mesothelioma is now the dominant risk, so precise cstimation of
the lung cancer risk is not critical. |

Risk of excess lung cancer very probably insignificant except in exceplional
circuinstances (see note ¢) when it is arguable that an estimate of | death per
100 000 might be justified. The case for a threshold—ie zero, or at least very low
risk—is strongly arguable.

(Continued an next pige)
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Table 1. (continued)

Fibre Mesathelioma Luag cancer

Risk summaries for.cumulative exposures of 0.005 [/mlLyr and lower :
At these levels only mesathelioma need be considered. The absolute risk is low—, but quantitative uncenainties-are very consideruble,
Crocidolite  Best estimate about 10 deaths per 100 000 exposed. Highest arguable estimate 55, Insignificant, possibly zero
lowest. Best estimate fulls 10 insignificant level at (0.0002 fAml.yr, and highest
urguable risk becomes insignificant at 6x107° Fulb.yr
Amosite Best estimate about 2 deuths per 100 000 exposed highest arguable litetime risk t5,
falling 1o <I (ie. insignificant) a1 7X107* Umbyr
Chrysotile  Insignificam . Insigniticant, very pussibly zero

*Exposure assumed (0 be accumulated over short—up to 5 yr periods stating al uge 30. For exposune at other ages adjust the prodicted mesathelionu liguves using e factors in Table
9. Estimates for longer periods of cxposure can be npproximated by making separute estimates for successive S-yeur periads amd .uklm;, the resulting visks (this will slighly overestinane
risk). Estimates have been rounded 10 ncarest 5 in second significant digit (or 10 one significant digit when fess than 10). -

*The lung cancer risk is based on British male morulity in 1997 when 9.5% of mule deaths at nges 40-79 were duc (0 lung Ccancer. Tlus represents an average for a population with a
pust patiern of smoking similar 1o that of older British men. 1n 1996 23% of men aged 60+ had never (or only occussionally) smwoked, and 25% weee curmem simokers. For lifetine
smokers the tung cancer risk will be about double the stated levels, for non-smokers ubout a sixih (if the imeraction with asbestos is multiplicative) or aboul a third if the relative risk
is higher than in non-smokers as suggested by Berry ef al. (1985).

“The lung cancer risk arguable in *exceptional circumstances is derived from the Carolinu cobant using a value of R, of 2.19 taken from the analysis of Stayner ef ol It should only be
considered whese there is simultancous exposure (0 fextile grade (i.c. long fibre) chrysotile and mineral vil or sone analugous CO-exposur.

“The simple pro ruia formulae proposed in this table do not tuke account of the impact of competing causes of mortality. The impact will he trivial so long as ihe predicied asbestos
related monality is low, and limited-for predicted (individual cause) mortality below ubout 30 percent. Above this level the individual asbestos refated diseases (including asbestosis,
which is not covered by this analysis) will reduce eanch other's observed impact. In this situation all that cun usefully be predicted is that total asbestos refated morality will be very

high indeed. ..
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cularly for mesothelioma, but some (Cullen. 1998:
Stayner ef al., 1996) have regarded the extent of these
differences as unimportant, particulacly since chryso-
tile has been overwhelmingly the most commonly
used fibre.

The interpretation of the whole body of evidence
depends importantly on the interpretation of results
from cohorts with predominantly chrysotile exposure
together with a minority contribution—usually a few
per cent—from amphiboles. As long as the difference
in potency is not extreme these cohorts can be reason-
ably interpreted as indicating the risk of chrysotile
exposure. Byt if the differences in potency are very
substantial this is no longer the case. Furthermore,
in this situation an additional source of error in the
estimation of exposure will be introduced. since the
measured exposure (mainly of chrysotile) will ofien
be a poor proxy for the relevant exposure.

The data in this review suggest that order of magni-
tude differences in potency may indeed apply for
mesotheliomy, and probably also for lung cancer. The
main reason this review differs from earlier similar
reviews is in its use of the information from the
amphibole mining cohorts in South Africa and Aus-

-alia. The publication of mortality results from the
vouth African mines seems to have gone almost
unnoticed. The Australian cohort has been the subject
of a series of publications with varying analytical
approaches and varying results. One of these analyses
gave a lung cancer risk from the cohort of around 1%
per fibre/ml.yr, and this is the value thal has been
most usually guoted, but this is probably an underesti-
niate due to incomplete follow up at older ages. This
review is also the only one to have exploited the
(admitedly uncenain) quantitative exposure infor-
mation in the Massachusetts cohort.

lmplications of the non-lineur exposure response for
mesothelivina

A non-linear relationship between the rates of pleu-
ral and peritoneal mesothelioma is more readily
explicable if the cancer risk is proportional to some
function of the concentration of fibres in the target
tissue, rather than the simple number burden.

If concentration rather than number burden is the
relevant parameter, then the possibility of a threshold
type relationship becomes much more plausible, since
if the effect depends on fibres acting together, there
must presumably be some point at which individual
fibres are simply too far apart 10 exen any joint effect.
Nf course, if the mechanisms of distribution of fibres

thin the lung and pleura are such that fibres tend
{0 be delivercd preferentially to purticular areas—und
there is evidence that this is the cuse in the pleura
(Boutin e al.. 1996)—the effective threshold level
may be very low. In uny cuse such u threshold is
unlikely 10 be a shurp cut-off. Rundom variations in
the distribution of fibres in particulur lungs, und dif-

ferences in individual susceptibility will mean that the
exposure response curve simply starts to descend
more steeply from some point on the cumulative
exposure scale.

Also, fibre concentration is the more plausible
exposure metric for the production of fibrosis, so this
interpretation is consistent with the link suggested by
the HSE fibre review (and by other authors) between
the two processes. [t should be noted that the sugges-
tion is not that tumours arise directly from fibrosis,
but that both are products of an underlying inlamma-
tory process.

If fibre concentration in tissue is the key risk meas-
ure, the extreme sensitivity in animal experiments to
intra-peritoneal and intra-tracheal instillation of mass-
ive fibre doses is also readily explicable.

Combined with the knowledge of the much greater
solubility of chrysotile in the lung, this may also
explain why asbestos related diseases have only been
clearly seen with heavy chrysotile exposures. 1If
exposures are heavy and sustained a sufficient con-
centration of fibre in the lung may be maintined to
trigger both fibrosis and malignancy. The extreme rar-
ity of peritoneal mesothelioma in cohorts exposed to
chrysotile alone may also be explained. If the route
by which asbestos reaches the peritoneum is from the
pleural cavity, it may well be that chrysotile fibres do
not survive long enough in body tissues to make the
journey in sufficient numbers.

Chrysotile and asbestos related malignancy

Smith and Wright (1996), showed a ranking of 25
cohort studies by proportional mortality from pleural
mesothelioma and argued that since chrysotile was
the primary exposure for two of the top 10 cohorts
and present as part of the mix in six of them, and that
the picture for crocidolite in terms of its presence in
the mix was similar, while amosite was less evident
than either of the other two fibre types, that chrysotile
must therefore be similarly potent as a cause of pleu-
ral mesothelioma. What this argument ignores is any
quantification of exposure. Without quantification it
is very difficult to draw any conclusion about relative
risk from a simple ranking by mesothelioma rate. In
relation to the 25 cohorts identified in this review an
equally pertinent observation might be that all of
them involved exposure to one or other of the amphi-
bole fibres. Smith and Wright also present arguments
based on the relative levels of moruality from pleural

mesothelioma and from excess lung cancer to suggest-

that there is only moderate difference between the
polency of chrysotile and the amphibole fibres for
causing mesothelioma—they suggest a factor of three
or four. However this argument is based on the
assumption that all fibre types are equally potent for
lung cancer. If this review is comect in suggesting
that this is not the case, these arguments are not valid.

Nicholson und Lundrigan (1996). present similor
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arguments based on the assumed equivalence of the
fibre types to cause lung cancer. They also show an
analysis of the mesothelioma mortality of a smali sub-
set of the US insulators study which shows that the
pattern of deaths over time implies that members of
this cohort were exposed to a pleural carcinogen
before 1935. Since, reportedly, amosite was first used
from around 1933, and prior to this date only chryso-
tile was used, some of these deaths must have been
due to chrysotile. The authors do not mention the
possible role of crocidolite, but if we accept that no
amphibole fibre was used before 1935 by US insu-
lation workers, these observations do show that some
of the cases in this cohort must have been caused by
exposure to chrysotile prior to 1935, These exposures
will often have been heavy. In fact the contemporary
US trade journal *Asbestos’ (published moathly from
July 1919) makes it clear that both amosite and cro-
cidolite were used -in the US through the 1920s,
though probably in limited quantities, since the US
industry seems to have been resistant to their use on
technical grounds, and chrysotile was the fibre of
choice for most apphcnuons

Stayner ef al.'s review of the issues (l996) sets
out similar arguments, and aiso points to the evidence
that all three commercial fibre types have produced
a similar level of lung tumours in animal inhalation
experiments. This is the most problematic evidence

to reconcile with the human evidence that amphibole -

fibres are substantially more potent lung carcinogens.
However, the time periods needed to induce cancer

_in humans (yr) and in rats (months) are very different,

and it is at least plausible that all fibces are equally
potent in rats because none of them are materially

. ¢cleared from the rat lung over the moaths needed to.

initiate a rat lung tumour. By contrast, in humans
chrysotile (cleared in months) might have less effect
than the amphibole fibres (cleared in years). A
detailed claboration of this argument has recently
been published by Berry (1999). It may also be rel-
evant that the animal experiments were made with
exposure concentrations massively in excess of those
represented in the human data. The differences in the
human data summarised in this review seem reason-
ably clear (certainly in respect of mesothelioma), and
are based oa a range of independent data. In the end,
if a choice has to be made between animal and human
evidence as a basis for assessing human risk, adequate
human data must be given priority.

Many of the arguments presented against the
*amphibole hypothesis’ in connection with mesotheli-
oma are variants on the basic theme that it is simply
unbelievable that such a small component of the
exposure could be responsible for the observed risk.
If it is true that the mesothelioma risk is proportional

. to a less than unit power of exposure, then these argu-

ments are comrect in their basic perception that a dis-
proportionate effect of the amphibole component was

required Lo explain the data. Low fevels of amphibole
do have a disproportionate effect.
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Appendix A

EXTRACTED COHORT DATA

The detils of cxtracted data is shown in Tubles 12
and 13, with explunatory notes in Tubles 14 und 15.

SUMMARISING MORTALITY AND EXPOSURE
MEASURES - THE CHOICE OF FOLLOW UP
PERIOD IN RELATION TO EXPOSURE PERIOD

LUNG CANCER

For most of the studies considered in this review,
mortality was reported for the period 20 or more years
from first exposure. The reason for this is that it is
assumed that this represents a period in which the
cffect of exposure will be fully expressed. Deaths
observed in the period immediately following first
exposure will be unaffected by that exposure, and the
effect of exposure will become progressively mace
apparent as follow up time increases. Comparisons
of observed and expected deaths that include periods
immediately after first exposure willpintroduce some
downward bias to the assessed risk”level.

Evidence on the levels of excess in different per-
iods after exposure suggests that between 0 or 20
and about 40 yr from exposure the lung cancer r’
is reasonably stable. Beyond 40 or 45 yr follow
there may be some decline,in cisk, but the extent 0
which this may have diluted recorded lung cancer risk
in these cohonts seems limited (for example, there is
very little difference between the US/Canada insu-
lators lung cancer SMR calculated over all follow up
from 20 yr and one restricted to the period between
20 and 40 yr). No adjustment for differences in maxi-
mal follow up between cohorts has therefore been
applied.

The impact of follow up less than 10 yr being
included in the reported results, and the related prob-
lem of choosing an average exposure appropriate to
the observed mortality needs to be considered. If .
observed and expected mortality from observations

. less than 10 yr from first exposure are uninformative

of the possible effects of the exposure the inclusion
of such observations in the reported results for a
cohort, will dilute any actually occurring effect. Pro-
vided there is a reasonable amount of informative fol-
low up on every cohort member this dilution effect
can probably be ignored, since the observed and
from the carly
(uninformative) follow up will be outweighed for all
individuals by their later observations. But if a high
proportion of a cohort generates mainly uninforma-
tive follow up, reported overall results may be seri-
ously distorted. This can happen if recruitment to,
cohort continues to the end of follow up. Subjeci.
starting within 10 yr of the end of follow up will con-
tribute no informative mortality data.




Table 12, Summary of cohont P part 1)

. Cohort identification

Process  Fibee . Scex Avernge - Typical  Predicted monality Number Deaths by all causes Mcsothelioma -
’ ageat’ follow for typical follow up of years deaths
first up™ from avg. age first  latency
- fXxposure ' expased”
Cade Name Releccnce Propuntion Relative Ohs Exp SMR Total % Excess
to age at number monality
. first
expasure -
of 30
1 Wittenoom  de Kierk es al, (1994) M o m 29 35 0.24 1.08 - 10 719 601.8¢ 1.19 T2 12
2m Carolinn Dement ¢1 al. (1994) T y* m 26 41 032 134 s 607 410.1 148 2 0.49
{men)
2 Carolina . T y* f 20 41 0.32 1.34 15 362 299.2 1.2t 0 0
(women) .
k] Johns Entedline e1 al. (1987) | yao w kY 65 i | age>65 944 7625 1.24 8 ]
Manville
retirees
4 Ontario Finkclstein (1984 c yo m A3 7 a.n 0.1 20 108 62.2 1.73 17 27
Sa . New Ousteans Hughes ¢ al. {1947) (& ya® m A2 as 0.3 .85 20 259 294.5 0.8 ! 0.34
(plant 1) .
So New Orleans c yo m Py 18 0.27 1.26 20 603 614.1 098 3 0.49
tplant 2)
G ” N Liddell e7 ol. (1997} M y m 23 n | | age>SS 6587  5912.7° 1.1 33¢ 0.56
7 Vockisbruck Neuberger and Kundi (o yo wf 24 68 0.95 1.0 20 540 530.2¢ - 5 0.94
(1990) .
8 US/Canada  Seidman and Sclikoll L yao* m 24 62 09 109 20 4626 3170.6 1.46 453 14
insulators (1990) ’ : '
9 - Rochdale Peto er al. (1985) T yo* m 30 42 045 I 20 727 6U2.5¢ 1.21 10 1.7
10 Balangero Piolaito et al. (19910 M y m 27 47 (1 %]] 1.2 20 k1Y) 2254 1.4 2 0.89
1" Pennsylvania McDonald e al. (1983ab) TF yo* m 29 40 035 LOR’ 20 895 821.1 1.09 14 1.7
12 Paterson Seidman er ol. (1986) ! o m 7 40 0.6 0.63 S 593 31559 1.67 17 4.8
11a SA amosite  Sluis-Cremer ef ol. (1992) M a m 3 40 04 091 0 06438 456.3° 1.42 4 0.88
mines
130 SA 4 M o m 3 0 04 09 0 23 e 1y 20 6
crocidolite
mines
14 Massachusetts Talcott ef al. (1989) (o] ° m 34 n 0.4 0.74 0 28 83 137 5 60
15 Albin Albin ef al. (1990ab) c yao® m 0 62 0.98 I 20 592 493° 1.2 13 26
16 Connecticut  McDonald ef al. (1984) F y* m 3 40 041 093 20 557 550.7 (K]} 0 0
1?7 Ferodo Newhouse and Sullivan F yo* mf 30 45 0.56 { 10 5n 2646.3 097 13 049

(1989)
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*Notes on starred entrics in Tablc §4.

*Follow up duration which divides the observation ficld beyond the minimun lateacy into two cqual arcas.

*See lext.
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Table 13. Summary of cohor duta (part 2)"

Cohont Lung cancer deaths Average Basis for  Lung canceg risk expressed as % Mesathelioma risk expressed us
code - cumulative average expected lung cancer per f/ml.yr
exposure exposure .
Observed Diagnostic Expected SMR Excess % Excess (fnlyr) estimate oo SMR Regression % ‘fotal expected Estimated
basis (see Avemge regression slupe mortality per fmlyr (R,,) K, in
(see b‘;‘::‘i) (RO slope intermatl HES
codes : v Unadjusted  Adjusted for  "odel
below?) ) . age at first
exposure
1 87 - DC 48.7 1.9 383 79 23e ind 34 31 0.7 w 54* 0.52 048 13.8 =
2m 74 DC 322 23 41.8 130 28 CutAv 46 3= - 0.m? 0013 - x
. 2f 38 DC 13.8 275 24.2 175 26 CalAv 6.2 1* - 0 0 - §
. 3 VL] DC 284 257 44.6 157 750 CalAv 0.2t 0.18 - 0.0014 0.0014 - F
' 4 2 BE 53 4.14 | 16.7 314 60 texl 5.2 - - 0.53 0.68 13 >
) Sa 21 DC 225 093 -5 -6.7 EP) CwmAv 0 0.03 - 0.0024 0002y - 2
50 Lk DC 50.1 1.46 229 16 47 CutAv 09?7 .76 - 0.006Y 0.0053 - >
6 587¢ pC 431.6 1.36 155.4 36 600 CiAv 0.06)* 0:037‘ 0.012¢ 0.0000 a.000v oo ;
7 .47  DC 422 L1 48 1 25*  ind 045 - 0.038 0.036 - g
8 934+ BE 256.8 3.64 677.2 264 500 L*D 0.53 - 0.029 0.027 1.7 5
9 56* bC 37.1 1.51 189 51 138*  CaAv 0.37 . OSI - 0.022 0.022 09 s
© 10 19 DC 17.3 I.} 12 10 300 CutAv 0.03 e - 0.003 0.0025 -
11 50* DC 338 1.48 16.2 48 60 CatAv 0.80 -* - 0.029 0.027 -
12 98+ BE 205 478 .5 378 65 CutAv 58 27 - 0.073 0.117 3.0
134 . 21- DC 14.5¢ 145 6.5 45 231.6" text 1.9 - - [X1AT) 0.06 23
130 . 19* DC 10.2¢ 1.86 8.8 86 16.4* text 5.2 - - 0.55 059 34
14 8 DC 0.6 13.1 7.4 1210 120+ L*D 10 - - 0.5 0.68 -
15 35 *BE 19.4+ 1.8 15.6 80 i3 text 6.2 - 0 013 0.18 -
16 - 49 DC 358 137 13.2 37 46 CatAv 0.80 B - 0 0 -
17 24)* DC 2425 - 099 =15 --0.6 35+ con 0 - 0.058+ 004 0.014 -
*Notes on starred envies in Table 15. y
*DC: Death cenificate; BE: Best evidence; CatAv: Exposure category mid points weighted by expected monality; ind: Mean of individual dose distribution (person weighted); L*D: Mcan
exposure level times mean exposure duration; text: Value given in text, assumed to be mean of individual dose distribution (person® weighted); con: Mean exposure of controts matched
10 lung cancer cases.




Table 14. Explanatory notes on .  tdota

Cohont identification General cohort notes Fibre type - . Deaths By All Causes Mesothelioma mortality
Code Name Obs Exp
f,

t Wittenoom - Deaths to age 65 (evidence of incomplete death ascertainment a older ages)

2m Carolina {men) Very small amounts of crocidolite yam were used, but raw crocidolite fibre was not processed. The
quantity of crocidolite used was about 0.002% of the total

2f Carolina (women)

3 Johns Manville

retirees . :
4 Ontario Production and maintenance workers only
Sa New Orleans (plant 1) Excl. men with <3 months Mainly chrysotile, amasitc used from early 1940s; crocodolile used occasionally Two additional
: -employment from 1962 (too recent to affect observed mortality) mesotheliomas at <20 yr
So New Orieans (plant 2) Excl. men with <6 months Mainly chrysotile, crocidolite used in pipe production process latency. A further four
employment occurred after end of
formal follow up
6 Quebec Excluding Asbestos factory, but including cases at  Table 9 and text
. ages <55 and the smaller Thetford mines

7 Vocklabruck Observed less S mesotheliomas and 4.8 excess lung

cancers

8 US/Canada insulators - Nicholson and Landrigan (1996) estimate the expasure to have been 60% chrysotile and 40% amosite,
based on published product compositions. Analyses of lung burden in lungs from 16 US insulation workers
given by Langer and Nolan (1989) found amosite in all 16, chrysotile in half of them and crocidolite in

: three. :

9 Rochdale ' Predominantly chrysotile, Expected all cause deaths cannot be restricted 10 men with >1 yr employment
but from mid 1930s a excess mesothelioma - and mean exposure - therefare expressed for whole
consitent 5% or so was  cohont
crocidolite.

10 Balangero

1 Peansylvania About 10% of the Rbre

——

d was amosite.
! Very small ainouats of
crocidolite were also
used, but little was
handled as raw fibre
(Continued on next page)
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Table 14. (continued)

Cohort identification Genernl cohort notes .

Cuode

Name

Fibre type Deuths By All Causes Mesothelivna monility

Obs Exp

12
13a

13¢
14
15

16

Puterson
SA amosite mines

SA crocidolite mines
Mussachusetts
Albin

Conaecticut Data on men exposed<<| year excluded

Ferodo

Reported .expected number reduced to estinate the
aumber relating to 1M yr from first exposure (details
in Appendix C)

Muainly chrysotite (>95%), Expected number estimated fram observed wd all cause RR
with smalier amounts of
crocidolite and amasite. -
Reeent crocidolite use
<{%, never > 3-1%. Up
ta 18% of amaosite ased
briefly during the 1950s.
1t is not clear which
amphibole should be seen
as the most important -
amosite because of the
relatively high percentage
used during a limited
period or crocidolite -
because of its regular

historic use at low levels,
Chrysotile was the only type of asbestos used until 1957 when some anthuphytlite was added far sanw

product lines. Aboui 400 ibs of crocidolite was handled experimentally on a few occasions in the
luborntory, but only between 1964 and 1972. Given the small scate and timing of this amphibole use, the
cohont has been treated as chrysolile anly

Apart from two periods before 1944, when crocidolite asbestos was used on uné panticular cantruct, only
chrysotle asbestus has been used,
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- Table 15. Explanatory notes on cotrit-data®

Mesothelioma risk coefficient

Cotiont Lung cancer mortality Average cumulative exposure Lung cancer risk coefficient
code (/i y) K, in HEI model
: s, SMR regression slope Regression Slope — intemal
A From Berry (1995) Coceflicient for exposure group  Inferred from analyses in From de Klerk er al. (1992)
covering cotiort mean in Berry  Armstrong er al. (1989) and de
(1991) Klerk er al. (1991)
2m Table § Given in text of main reference; Stayner et al. (1997) give an overall estimate of 2.19
2f :
3 Excl. 4 mesotheliomas Table 2 Reported value of 0.56, .
caonversion factor 3
4 Excl. an estinated 4 Exposure specific rates
mesotheliomas inconsitent, wide rnge of slopes
. can be fitted.
Sa Exluding 1 mesothelioma Tables 8. 10 and 11
So
6 Data for ashestos factory cannot Tabke ¥ Puoisson regression (data in Table Fram Liddell ef ol. (1998) Fitted valuex33/38 10 adjust for
be consistemly excluded, but 8) (Table 3) fuctory cases
impact on risk estimate is minor . ’
7 Smoking adjusied dawa for 20+  Estimuated from Fig. 4 in Neuberger
yr latency from Neuberger and  and Kundi (1991)
Kundi (1993) : ’
3 Excluding an estimated 42 The range of exposure conditions likely to have been met by this group, and the long time period over
mesotheliomas (half the, which (hese exposures wese accrued means that any estisnate of the levels of expasure will be very
difference between DC and BE  approximate. Other reviews have adopted notional values of average exposuse level as 15-30 f/m! and
mesothclioma numbers) average expasure duration as 25 yr, implying a mean cumulative exposure around 500 (/ml.yr, this is
likely to be very uncertain estimate.
9 Excluding workers with <! yr  Overall mean is 73 [/ml.yr (Table 16); mean exposure duration 7.9 yr
employment (Table 7); thus mean level around 10 Uml; half the man years
contributed by short tesm men (Table B); assuming exposures of 5
f/mb.yr for shon tenm men implics expasure of 138 /mb.yr for men
_with >1 yr exposure.
10 From Table 3: the result is sensitive Reported dose specific data has not been used here, since comparison of the man-years in the dose
“10 the choice of mean dose-in the  specific categories of Table 3 of Piolatto er al. (1990) with the number of men in these category
highest category (which covers 30% strongly suggests that all the man-years of follow-up for men in each category has been assigned to
of nien). With the top dose mean  the dose category they cventually achieve, the exposure response is thus biased downwards by an
set-at SO0 {/ml.yr the overall mean  unknown amount, ,
is 250. increasing (0 400 if the top
dose mean is set at 1000 fiml.yr. A
vatue of 300 has been adopted for
this review.
(Continued on next page)
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Table 15. (continued)

vonftg ‘v pue vosdpoH ‘L I

Cohort Lung cancer mortality Average cumulative exposure (f/mi Lung cancer risk coefficient Mesothelioma risk cocflicient
code y) K, in HEI model
SMR regression slope Regression Slope -— internal
1 Excluding three (McDonald, Table § The dose categories of the three mesotheliomas coded as
personal communication) respiratory cancer not known, $o an udjusted exposure-response
mesotheliomas. Expected cannot be fitted,
. multiplied by reposnted by SMR
for lowest expasure category
0.669) ! )
12 Excluding-an estimated four Table XVi Paisson regression (Table V1)
mesotheliomas
13a Observed an expected reduced  Reported means adjusted 1o reflect weighing of expected nwosality >10 yr from first exposure (sce
130 by the estimated expected Appendix C) '
numbers within 10 yr from first |
exposure (See Appendix C).
Obscrved numbers also reduced ) )
by the estimaied number of ’
mesotheliomas coded (0 lung .
capncer (1 in {3a, § in |30)
14 Burdeu, personal communication (se¢ Appendix B)
15 Lung cancer taken to be respiratory cancer excluding pleural
mesothliomas, RR interpreted as SMR :

16 Table 3 Morality data were reposted by cumulalive exposure, but high monality in shont term workers
makes interpreiation of this data difficult. The highest respiratory cancer monality is seen in the
lowest exposure category. This remains the case if short term workers are excluded: low-dose men
in all employment duration categories had high levels of respiratory cuncer monality (Table 8). The
most likely explanation seems to be that exposures have been wrongly assigned at the individual
level, The available job details genecally only allowed worker histocics 10 be described by
depaniment, rather than process. Because of this the exposure—response data is not used here.

17 Total observed lung cancer=lung From Berry and Newhouse (1983)  From Bemry and Newhouse (1983) (case coatrol, analysis)

and pleural cancers less pleural  (mean exposuse of lung cancer
mesotheliomas controls)

¥

*Tables or figures referred to are those {ound in the muin references listed in Tuble 12, unless otherwise spevified.
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DEFINITION OF AVERAGE EXPOSURE

The inclusion of large numbers of cobort members
who contribute no informative follow up may also
bias the average exposure. An appropriately weighted
average exposure will give zero weight to individual
exposures in this group. If only a simple mean is
used, and if this [ate entrant group is large and has—

as is likely—systematically lower exposures, the '

apparent cohort exposure will be too low in relation
to the observed mortality, and the estimated risk per
unit exposure will be exaggerated.

REVIEW OF COHORTS WITH POTENTIAL EFFECT
DILUTION OR BIASSED EXPOSURE AVERAGES

The potential biases discussed in the preceding
paragraphs will not apply where the reported mor-
tality excludes observations before the tenth year of
follow up (or a later year), and where the average
exposure has been weighted by expected lung cancer
mortality. This leaves the following cohorts as poten-
tally affected: Wittenoom, Ontario, Vocklabruck,
US/Canada insulators, Balangero, Paterson, SA
mines, Massachusetts, Albin and Ferodo. Table 16
summarises the relevant data.

The possibility of dilution due to uninformative fol-
low-up needs to be considered for the SA mines and
for the Massachusetts and Paterson cohorts. This can
certainly be ignored for Massachusetts and Paterson
cohorts, because of their combination of limited
recruitment:period with long follow up. It cannot be
dismissed Tor the SA mines, and an adjustment will
be developed below (Appendix C). '

The possibility that a simple mean of individual
exposures (the available figure) will be a poor proxy
for the desired average weighted by expected lung
cancer mortality- needs to be considered for all the
cohorts listed in Table 16. For all but one there are
reasons (summarised individually below) for believ-
ing that the available figure is an acceptable proxy.

¢ For Wittenoom, the measure of excess mortality
used has been truncated at subjects’ 65th birth-
days. The effect of this is broadly to equalise the
follow up durations (and therefore the expected
mortality weights) of different first exposure
groups.

® The recruitment period of the Ontario cohon is
relatively short, and no mention is made of major
variations in exposure conditions.

¢ Only 18% of the Vocklabruck cohort started their
exposure after 1969: described as ‘the decisive
year in improving the dust situation',

® The basis for the ‘mean’ exposure in- the
US/Canadian insulators cohort (drawn from pre-
vious reviews) is very uncertain. It is not based on
averaging known or estimated individual
exposures, It is plausible that conditions may not
have changed greaty over the relevant period (up
to 1966). '

¢ The narrow range of first exposure dates for the

Massachusetts cohort implies limited scope for
changes in average levels, and the long minimum
follow up also means that even if there were such
changes, the weighting applied to carly and late
entrants would be similar.

s Comparison of the most recent follow up report on
the Balangero mine cohort with a previous report
(recruitment to 19635, follow up to 1975), suggests
that only a relatively small proportion of the latest
fohon were first exposed after 1965; though it is
not entirely clear how the two cohorts relate to
cach other, and the minimum employment quali-
fication time was more restrictive (1 yr) for the
later report than for the carlier (1 moath), so the
comparison is -not strmightforward. There was
reportedly little change in exposure conditions
between 1946 and 1960. Some downward bias in
the derived exposure average is possible, but the
extent of this is difficult to quantify. Even on an
unadjusted basis, the derived risk per unit
exposure for this cohort is one of the lowest seen.

Table 16. Recruitment and fotlow up configurations for cohorts with potential effect dilution or biassed exposure averages

Recruitment follow up
Cohort Numbers of  From To From To Maximum  Follow up
years ’ follow up  on latest
latency o eatrants (yr)
Wittenoom 10 1943 1966 1943 1986 44 20 '
Ontario - 20 1948 1959 1948 1977 30 .18
Vocklabruck 20 1907 1979 1950 1990 84 1
US/Canada insulators 20 1907 1966 1967 1986 80 20
Batangero 20 1930 1986 1946 1987 58 1
Paterson -5 1941 1945 1941 1982 42 37
SA mines 0 1925 1980 1946 1980 56 0
Masgsachusetts 0 1951 1953 1953 ° 1988 38 s
~Albin : 20 1907 1977 1927 1986 80 9 .
Ferodo 10 1920 1977 1942 1979 60 2 !
[}
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® For the Albin cohort, major exposure changes
started to apply only from the fate 1960s, the last
10 yr of 70 yr of intake. The scope for bias is
therefore limited.

¢ The average exposure used for the Ferodo cohort
is that of controls matched to lung cancer cuses.
It is therefore—indirectly—weighted in the appro-
priate way.

The one exception is the SA mines cohort. The
report on this cohort shows that a large proportion of
the cohont (amosite and crocidolite workers
combined) were first exposed less than 10 yr from the
" end of follow up. [llustrative exposure data is also
shown which implies that these workers were
exposed to levels 4-6 times lower than those which
applied before about 1950. Some adjustment to the
reported individual mean exposure is therefore indi-
cated.

This adjustment, and the related adjustment to
exclude observed and expected mortality arising from
uninformative follow up are described in detail in
Appendix C. Briefly, we conclude that both the
observed excess lung cancer and the associated cumu-
lative exposure should be adjusted upwards, the
exposure by rather more than the monality excess.
The implied dose specific risk is reduced by about
a quarter. :

SUMMARY MEASURES FOR MESOTHELIOMA

Mesothelioma incidence rate rises very steeply
with time since exposure, and this complicates the
choice of a summary measure that will be properly
comparuble across cohorts. Comparisons between
cohorts with different follow up times (or different
mixes of follow up times) should be adjusted to allow
for the impact of those differences on the observed
mesothelioma mortality. One solution is to fit a stat-

istical model. The following formulation was used in

the HEI report, and is fairly typical:
r=KyL{(1=10}*~{¢~10~D))

where L is exposure level expressed in £ml, D is
exposure duration in yr and the contents of the curly
brackets {} are set to zero if<0.

However not all cohorts have the ‘data needed to
fit the HEI (or similar) models. A pragmatic way of
making an equivalent adjustment is to. ‘express
observed mesothelioma numbers as a percentage of
expected monality from all causes, since this too is a
measure which increases steeply with follow up time.

The expected mortality from all causes has one
-drawback as a denominator for mesothelioma risk: it
is dependent on age at first exposure. This would not
be a serious problem if the mean age at first exposure
was similar in differenc cohorts, but this is not the

J. T. Hodgson and A. Darnton

case. For those cohorts for which the mean age at first -

exposure is given or can be estimated, it ranges from
23 tor Quebec to 37 for Paterson, with a mean across
cohorts of about 30. We have therefore standardised
the expected all cause mortality figure given for each
cohort to an assumed mean age at first exposure of
30. The amount of adjustment applied has been calcu-
lated using the following formula:

EAdj = E,\M)a/l"’..

Where £, is the adjusted expected all cause mor-
tality to be used as denominator for the observed
mesothelioma mortality; a is the mean age at first
exposure for the cohort in question; £, is the acwal
expected all cause mortality from the person years
in which the mesotheliomas arose; M,q and M, are
proportional expected all cause mortality estimates
for the “typical’ follow up duration for the cohort (the
follow up duration that divides the observation field
beyond the minimum latency into two equal areas)
from ages 3O and a respectively. The schedule of all
cause death rates used to calculate M;, and M,, was
rate=exp(~9.61+.0936a)—where a is age in yr—
which provides a close fit to male all®ause mortality
in Australia, Austria, USA and Great Britain (using
data taken from the mid 1970s). The 6t is less good
for South African and for Swedish death rates, but the
adjustment depends on the ratio (M;o/M,) of expected

deaths in different—and quite wide—age ranges, a

measure that is not sensitive to the precise undertying
life table. So for convenience the sanie life table
approximation was used for all cohorts. For the two
cohorts where mean age at first exposure was not
available (Rochdale and Albin), a mean age of 30
was assumed.

A similar argument to that set out above in celation
to the effect of uninformative follow up on recorded
lung cancer mortality in the SA mines cohorts also
applies to the excess mortality from mesothelioma.
All the recorded mesotheliomas in these cohorts
occurred more than 10 yr from first exposure. An esti-
mate of the expected all cause mortality arising from
follow up less than 10 yr from first exposure has been
subtracted from the reported total expected all cause
mortality, and this adjusted figure used as the denomi-

nator for excess mesothelioma mortality in these -

cohorts. Details of this calculation are given -in
Appendix C.

COMPARISON OF COHORT AVERAGE RISK
MEASURES WITH ALTERNATIVES BASED ON
INTERNAL COMPARISONS )

For reasons explained in the main report, this
review has taken cohort level measures of exposure
and outcome as the basic units of observation. In the
next two sections these cohort-level measures arc
compared to the corresponding internal analyses for’
those cohorts where both are available. -




COMPARISON OF RISK MEASURES—
MESOTHELIOMA

For cohorts where details of mesothelioma deaths
and person years by time from first exposure were
given, the HEI model fitted to these rates. The model
was fitted using values for individual calendar years
.of time from first exposure aggregated to give the
reported latency categories. Best fit was assessed by
maximum likelihood methods assuming a Poisson
distribution, and the resulting estimates of K\ are
shown in Table 12. .

Figure 10 compares the two altemative measures
of mesothelioma risk: the HEI coefficient X,, and the
percent excess mortality per U/ml.yr index Ry,. There
is good agreement between these measures. The most
discrepant point relates to the Quebec cohont (code
6), though this is on either measure clearly the lowest
value. It may be relevant that the HEI parameter K,
for the Quebec cohort was calculated using data based
on age at death as a proxy for time since exposure,

- . since this will have introduced additional inaccuracy.
“The HEI formula may be preferred for the purposes
“:of risk.projection, but the altemative measure seems
.provide an equally valid summary of the relative
vels of mesothelioma risk in these cohorts.

COMPARISON OF RISK MEASURES—LUNG
' CANCER

Where exposurc response regressions were
reported by authors, the regression slope has been
noted: this prdvides the ‘regression slope’ estimate of
the lung cancer risk. For cohorts where dose-specific
SMR data had been reported, but no regression analy-
sis was reported, a Poisson regression fit was calcu-
lated. .

The association between the cohort average esti-
mate of R, with the regression slope estimate, for
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Fig. 10. Comparison of sliemative measures of mesotheliomu
. monality.
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studies where both measures were available is shown
in Fig. 11, There is a clear overall relationship,
viewed across the whole risk scale. The discrepant
points are those with substantial statistical uncee-
tainty, either because they are based on small differ-
ences between observed and expected cases (Sa—
New Orleans, plant 1; and |7—Ferodo) or because
of uncertainties deriving from the small size of the
reference population (15—~Albin).

The most discrepant point relates to the Albin
cohort, which was analysed as an unmatched case-
control study in relation to a control cohont of non.
asbestos exposed industrial workers from the same
area. The overall RR for respiratory cancer excluding
mesothelioma was 1.8 (though with a wide confi-
dence interval: 0.9-3.7) and the mean cumulative
exposure was 13 £/ml.yt, giving a cohort average esti-
mate of R, of 6.2% per f/ml.yr (with an even wider
confidence interval: —0.8-21). The value of the
internal regression slope in relation to exposure is not
reported, though we are told that it was not statisti-
cally significant (£=0.5). Inspection of the RRs for
the three exposure calegories implies that the slope
would have been about 0.05. Whether this discrep-
ancy reflects inaccuracy in the baseline, or in the
exposure measurements (or a mix of these) is difficult
to say. The high mesothelioma risk in this cohort
tends to suggest that the cohort average measure is
nearer the wruth, but substantial uncertainty must
remain.

A further discrepant point relates-to women in the
Carolina cohort (2f), where the regression implies
R =1, while the cohont average gives R =6.7. The
authors suggest that the low regression slope may
reflect uncentainties in women's employment histories
(which would tend to flatien the regression slope).

There is some tendency for the cohort average esti-
mate to be larger than the comresponding regression
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slope for those cohorts with clearly positive results.
This might be predicted from the Rattening of
regression slopes by inaccuracies in exposure esti-
mates. But it can also reflect inadequacies in baseline
rates. For example, the two-fold difference between
the cohort average and regression slope measures for
the Quebec cohort reflects the SMR of about 1.3 seen
in all the low dose subgroups, and which the authors
interpret as non-asbestos related. Nevertheless, the
broad agreement between the two measures across
studies suggests that valid conclusions can be drawn
from the cohort average measure.

Appendix B

FIBRE-PARTICLE CONVERSION FOR
CROCIDOLITE CIGARETTE FILTER COHORT
NOTE BY DR G. BURDETT

The measurements in 1952 which gave an average
of 80 particles per mi, within the Massachusetts stan-
dard of 175 particles per ml, almost certainly refer to
impinger measurements, which were frequently made
for insurance company purposes.

The aormal units are millions of particles per cubic
foot (mppcf). As one cubic foot is equivalent to
28 316.8 ml the value of 80 particles per ml is equiv-
alent to 2.265 mppcf and 175 particles per ml is equi-
valent to § mppcf.

Five mppcf was the threshold value in force from
the 1930s to the 1960s (maybe even until 1972) when
it was replaced by a membrane filter limit of 10 £/ml,
which has been falling ever since.

As the units suggest, the method only counted par-
ticles using relatively low powered microscopy and
would overlook many of the respirable fibres and is
a very indirect measurement of the fibre level. It
should also be remembered that impingers have poor
capture efficiency below 1 pm. .

It is also noted that cotton and acetate fibres were
mixed, carded and deposited on crepe paper under dry
conditions. This would suggest that fibres made up
many of the particles but I have not referved to the
patent to work out quantities used to estimate the
fibre percentage.

My best guesstimate is that 30% of the particles
were fibres but only about 10% of the fibres seen
would be crocidolite (it is more dusty, but has very
few >1 um fibres compared to the other dusts).

This would mean about 3% of the count was cro-
cidolite.fibres or about 2.5 f/ml>1 um wide. To con-
vert to the current index we generally find one can
assume only some 4% of the >5 pm long crocidolite
fibres were visible as compared with the current
index. This is equivalent to a concentration of about
60 crocidolite fibres pee mi using a modem version
of the membrane filter method.

This is several times higher than the better factories

at this time but not too far away from what was prob-

ably present assuming some exhaust control on the'
bag opening, carding and mixing areas. Unflortunately
no mention of the control system is made.

Also it is probably an average value that has been
given for both the wet and dry methods as both were
in use. [t is probable given that the sampling locations
are unknown that higher concentrations occurred in
the dry areas: around 100 f/ml as measured by the
current method.

Of course this is very approximate, but 100 f/ml
looks to be a good maximum exposure with TWA of
60 (/ml.

Appendix C

DEVELOPMENT OF ADJUSTVMENTS TO THE
SOUTH AFRICAN MINES COHORT DATA

~ The starting point for the adjustment of the
reported results from this cohort is the data given in
Tables t and 2 of the published paper, which give
illustrative data on exposure levels in different per-
iods (Table 1) and a breakdown of the whole cohort
by year of birth and date of first exyposure (Table 2).

The average age at first exposure‘of the groups rep-
resented by the cells of Table 2 can be estimated
using the mid points of the year of birth and year
of first employment categories (1900 and 1935 were
assumed for the earliest birth and employment categ-
ories respectively). Age specific all cause and lung
cancer rates for white South African men in 1955,
1963 and 1975 were then used to calculate the distri-
bution of expected lung cancer deaths by time since
first exposure in each cell. The rates for 1955 were
also used for the cells relating to first employment
between 1941 and 1950, but the expected number was
reduced by a factor of 0.64 to allow for the fact that
cause specific follow up was only recorded from
1949. '

The total expected lung cancers calculated in this
way (39.3) agrees quite closely to the value reported
in the paper (36.6) and the proportion of expected
lung cancer deaths arising from follow up less than
10 yr from first exposure is 0.23. The reported
observed and expected lung cancers in the two pure
fibre subcohorts have therefore been reduced by 0.23
times the expected numbers given.

The data reported in Table | was used to estimate
approximate relative exposure levels at ten yeac inter-
vals from 1945. Taking 1945 as 1, the numbers used
were 1, 0.6, 0.35, 0.25 for amosite; and 1, 0.5, 0.25,
0.15 for crocidolite. Exposures in the 1930s were
assumed to be the same as in the 1940s. To derive
an expected lung cancer weighting for this relative
exposure pattern, the expected lung cancers in each
birth-start cell from the 10th anniversary of first
employment to the end of follow up in 1980 was cal,

i

culated in a similar way to that described for the first

10 yr of follow up. The resulting distribution. of
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Table 17. Derivation of comection factor for reporied mean exposure using assumed relative exposure and weighting
factors by year of first employment in asbestos mines

Data item

Year of first employment

Mean weighted by

Before 1940  1941-50 1951-60 1961-70 1971-80 Persons Expected

lung cancer
Relative exposure
Crocidolite ) ] 0.S 0.25 0.15 0.35 0.6
Amosite - - 0.6 0.3 0.25 0.44 0.68
Weighting factors , Totals
Persons 62 - 404 1355 2408 2088 m7
Expected lung 1.68 6.75 11.59 4,36 0 30.38
cancers >10 yr from
st exposure

expected lung cancers in the five date of start groups
is shown in Table 17.

Table 17 also shows the numbers of individuals in
each group, and the assumed relative levels of
exposure. Mean exposures are calculated using the
two alternative weightings. The expected lung cancer
weighted means are larger than the comesponding
person weighted means by a factor of 1.71 for cro-
cidolite and 1.55 for amosite. The reported mean

exposures have been adjusted using these factors for
use in this review.

Similar calculations for all cause deaths imply that
the proportion of expected all cause deaths falling in
the first 10 yr of follow up is 33%. The all cause
mortality denominator for the observed mesotheli-
omas in the two subcohorts has therefore been
reduced by a factor of 0.67.
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