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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 crocidolite respectively. For lung cancer
the conclusions are less clear cut. Cohorts exposed only to crocidolite or amosite record
similar exposure specific risk levels (around 5% excess lung cancer per f/ml.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 (generallyc1%), the Carolina experience looks uptypically 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 amphibole fibres suggests
a non-linear relationship for all three cancer endpoints (pleural and peritoneal mesotheli-
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 (but 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.
Crown Copyright [0 2000 Published by Elsevier Science Ltd on behalf of British Occupational
Hygiene Society. All rights reserved
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INTRODUCTION has produced quantified estimates of the risk from

There has been much debate on the relative haza%pph'bqles ( collect.|ve mlnergloglcal te(m covering
focidolite and amosite). A review commissioned by

ousness of the three main asbestos types: crocidoli 5 HSE in the 1980s from Professors Richard Doll

amosite and thysotne (commonly known as blueand Julian Peto (1985) gave estimates for chrysotile
brown and white asbestos respectively), but no sys:

. - . —_.-7alone; more recently a review by the Health Effects
tematic attempt to quantify the differences. Existing__.. . .
. o . stitute (1991) produced estimates for an unspecified
published quantitative risk assessments have mos

A : ixture of fibre types. An INSERM review (1996)
not distinguished between the fibre types, and No%so ignored differences in fibre type, and drew heav-

ily on the HEI review.
The studies included in this review were selected
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exposure was available either as an average for tB&cess lung cancer measure

cohort as a whole, or for individual subgroups. Seven- Excess overall lung cancer mortality has been
teen such cohorts were identified (Alléhal, 1990a; expressed as a percentage excess of expected lung
de Klerk et al,, 1994; Dementt al., 1994; Enterline cancer mortality per unit of cumulative exposure.

et al, 1987; Finkelstein, 1984; Hughet al., 1987; _

Liddell et al, 1997; McDonaldet al.g, 1983b, 1984; R =1000.~E)/(E.X)
Neuberger and Kundi, 1990; Newhouse and Sullivan,
1989; Petcet al., 1985; Piolatteet al., 1990; Seidman WhereO, and E, are the numbers of observed and
et al, 1986; Seidman and Selikoff, 1990; Sluis-expected lung cancers, respectively afds cohort
Cremeret al, 1992; Talcottet al, 1989). Three of mean exposure. This estimate of the lung cancer risk
the selected cohorts have been split into sub-cohoits described as the ‘cohort average’ estimate. 95%
which have been separately treated in this review: tlmnfidence limits for the cohort average estimBte
South African crocidolite and amosite mining cohortiave been calculated assuming a Poisson distribution
have been treated separately; the New Orleans asbis-O, .

tos cement cohort has been split into the two separate

plants covered, since the mix of fibres used in the twlelesothelioma measure

plants was different; and the Carolina textile cohort . .
. . Mesothelioma mortality was expressed as a per
has been split by sex, since the results for men and . .
. cent of expected mortality from all causes (adjusted
women were rather different. The cohorts have bee{n : -
- . : 0 an age of first exposure of 30) per unit of cumulat-
referred to by their geographical location except folrv e exposure
cohorts 3 (Enterlinest al., 1987) and 17 (Newhouse P '
and Sullivan, 1989) which are identified by a com- Ruv = 1000/(EagiX)
pany name, and cohort 15 (Albet al., 1990a) where

the name of the principal author on the cohort ha\%lhere Ow is the number of mesothelioma deaths

been used. Eaq; the total expected deaths from all causes adjusted
to an age of first exposure of 30, axdthe mean
Information extracted cumulative exposure. (See Appendix A for a dis-
Information was extracted from the identifiedcussion of this measure, and the calculatiorEgf).
reports on the following: When the expected all causes mortality was not avail-

able, the denominator was taken to be the total
® The number of deaths in the cohort from all causesbserved deaths less the total of asbestos-related
and from lung cancer, and the correspondingeaths (mesothelioma, asbestosis and any excess lung
SMRs; cancer deaths). A 95% confidence interval Ry was
® Dose specific lung cancer SMRs (or rateskalculated assuming a Poisson distribution @.
where available;

e The number of mesothelioma deaths in the cohort .
Treatment of ‘best evidence’ cause of death data

(for pleural and peritoneal mesothelioma - .
separately); In some studies causes of death have been assigned
® The rates of mesothelioma by categories of tim two ways, one based purely on _data given on the
since first exposure; eath certificates (DC), the other using other data (e.g.
® The process/type of’ work being carried out; autopsy reports) to establish a ‘bgst eyidence’ (BE)
e Cohort recruitment period and duration of followcause of death. For lung cancer this review has gener-
up; ally used the DC data, since this preserves compar-
' ability with the reference rates, and with the majority

® Average age at first exposure, when available; f oth di heli h h
® The type(s) of asbestos fibre used in the procesg, other studies. For mesothelioma however, the BE

e The average fibre levels for the entire cohort an ata has been used, since reference rates are inappro-

the average employment duration for workers iIpnate, and most studies use some sort of best evi-

the cohort, or simply the average Cumulativ(gence_judgement to identify mesotheliomas.
exposure for the entire cohort; It might be thought that where reference rates are

¢ Information about the smoking habits of the Work-de.r'ved from DC data (as in the SMR analyses n
ers in the cohort where available; this report) the observed deaths on a DC basis should
e The sex of the workers. always be used. The argument is not as clear cut as
it seems. The coding of death certificates is subject

to a range of errors, and the net error in the count of

Some general issues on the summary of outconaskeaths coded to lung cancer on national death certifi-
and exposure measures are discussed below. A maeeges will be determined by the balance of these errors
detailed discussion on some of these points is givetross the whole population. One of these errors is
in Appendix A, and the extracted data is shown ithe tendency of pleural mesothelioma deaths to be
full in Tables 12 and 13. coded to lung cancer. In the population as a whole,
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this error is very small, but in an asbestos exposenf 10. Details of this reassessed data were to be pub-
cohort it may have a substantial effect. Leaving thished, but these have not so far appeared in print.
miscoded mesotheliomas in the lung cancer count will is therefore difficult to know whether to make an
overstate the true lung cancer SMR. Excluding themdjustment to the published estimates, and if so by
will in theory understate it, but only to the smallhow much. Similar comments may of course apply to
extent that this error affects the population as a wholether cohorts and introducing a correction might then
The best available approximation to a true estimatdistort rather than correct the overall picture. de Klerk
of the risk is therefore to exclude the miscoded mesand colleagues, developing estimates of environmen-
theliomas, and this has been done for this review. tal risk at Wittenoom (1992) use a factor of 4 without
detailed discussion. The effect of using this adjusted
Derivation of cohort mean exposure estimates exposure level is examined as a variant of the main
Mean exposure for cohorts was calculated in differanalyses.
ent ways, depending on the available information.
When data was given for separate exposure groups L .
S . Xposure-specific risk estimates
the cohort mean was calculated by weighting the indi="" - . .
. It is generally assumed that the most reliable guide
vidual group means by the expected deaths from Iur%g PR .
. - dose-specific risk is provided by exposure analyses
cancer in the group. On the assumption that excess. h oo .
o . - -USing estimates of individual exposure. This is clearly
risk is proportional to cumulative exposure, thls,[ R
he case when these individual exposure values can

weighting preserves the same prgportionality Wheﬁe accurately determined. However this assumption
the results from subgroups with different exposurer very much not the case in the studies in this review.

o . |
are aggregated, it is therefore the optimal StatIStlcﬁot only are there the inevitable problems of extrapo-

measure of aggregate exposure. . . X
s lating earlier exposures on the basis of more recent
Where mean exposure values for individual dosg ] .
. . N easurements; there are also problems of converting
categories were not given, the midpoints were useg. N .
. e most usual historic measurements (in terms of
The top exposure category was usually given as an

open interval (e.g. exposures>100 f/mlyr): in thesgamde counts) to the more relevant measure of fibre

cases a value was chosen based on a view of the hichtg-g gtlsn ggeig;'gge counting only became generally

est likely exposure and the distribution of individuals {n these circumstances it is at least arguable that

across all exposure categories. It was assumed th .
. . : obal assessments of average exposure, set against
where the highest category contains a relatively sm .

verall mortality outcomes, should be preferred.

proportion of the population, the category mean wil . o S
be a smaller multiple of the lower band than other- XPOSUTE—TESPONSEe regressions .W'th inaccurate indi-
wise vidual exposure assignments will produce a slope

- gstimate biased downwards. Use of an overall assess-
For cohorts where results for exposure specific sub- . o .

) - ment will also minimise the error introduced by con-
groups were not given, the cohort mean was elth(\E/Earsion from particle counts to fibres, since these
given directly (cohorts 4, 13 and 15); derived from P '

; . . R Lo average conversion factors will represent a more
information given on the distribution of individual 9 P

doses (cohorts 1 and 7), or on the exposure of interr%fr C;r;;elrtﬁz%rl]gfirﬁfi\?icgzgr he totality of exposure than

controls (cohort 17), or by muItipIyin_g a mean . wever, the arguments are not all one way. Over-
exposure level by mean exposure duration (cohorts Eﬁ s T
all mortality outcomes can only be assessed against

and 14). . )
. . . . some outside reference—usually the regional or
Exposure estimates given in particle counts were_.. : .
national population—and this may not represent a

converted to counts of ‘regulated fibres’ (fibres Wltqrue baseline level for the exposed population in ques-

an aspect ratio greater than 3:1, and length> . -
. . . tion. Assessment of an internal exposure response
microns), using conversion factors calculated by the.

. jves some check on this issue. A complete absence
report authors where possible. The most common
. o : f exposure response must cast some doubt on any
used conversion was 1 mppcf (million particles PEGverall excess being counted as a measure of risk (the
cubic footx3 f/ml (fibres per millilitre), and this was g

the value adopted for the Johns Manville Cohorf?\lbln and Conngcucut cohorts are examples of thls_).
Cohort-level risk measures were chosen for this

where a conversion was not given. For the Massachu- - .
LS —,..review both because these allow a wider range of data
setts cohort, where the fibre involved was crocidolit . L - .
. ) . To be assessed than if attention is restricted to internal
(rather than chrysotile as in the other cohorts wit

particle counts), an independent expert hygienist wagposure response analyses and since (as argued

asked for an assessment (see Appendix B). a%ove) cohort-level exposure estimates are likely to

The exposure estimates for Wittenoom have beebr(Ie more accurate than individual exposures.

questioned by Rogers (1990) who has suggested—

having re-examined some of the original sampleSmoking

using modern light and electron microscopy—that the The evidence on the joint effect of smoking and
levels may have been underestimated by up to a factasbestos exposure on lung cancer has been reviewed
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recently (Vainio and Bofetta, 1994) who concluddation, and this was the only study where an explicit
that the overall evidence indicates an interaction iadjustment for smoking was made. Unadjusted data
the multiplicative region. This implies that the rela-was used for all other studies.

tive risk of lung cancer due to asbestos exposure will
be the same for smokers and non-smokers alike. Thu% )

SMRs for lung cancer based on a reference popﬁl re type and industry Process - . .
lation with the same smoking habits as the cohort, For .the purpose of summarising the !nformat!on
members should only reflect the effect on mortalit Iven In th? st.udles, each cohort was given a fibre
due to asbestos exposure. An earlier review by Ber pe clas_S|f|cat|on of 1 2 or 3 |etters according to the
et al. (1985) estimated that the effect of asbesto pe o.f fibre used,'W|th the Igtters y, a and o rep-
exposure was about 1.8 times greater in non-smokdfSenting chryso.tlle, amosite and  crocidolite
than in smokers (though with confidence limits whiclfXPOsures respectively. For example:

did not exclude a simple multiplicative interaction).‘yao' means all three commercial asbestos types

If this is the case the observed effect of asbestos on were used in the cohort
lung cancer rates will be greater in populations witkyg’ means chrysotile and crocidolite were used
lower smoking prevalence. However, given the relagy’ means only amosite was used

tive lung cancer risks typical of smoking (about 15-
f0|d) and asbestos exposure (about 2_fo|d) togetherThe Ol’der Of the |etterS indicates the relative impOI‘-
Wlth the genera”y h|gh preva'ence Of Smoking in théance Of the fibres Used. Very Sma” quantities Of fibl’e
observed populations, the scope for bias—if there Were ignored in some cohorts (Carolina, New Orleans
indeed a differential effect of the scale suggested-Rlant 1, Connecticut), the reasoning for this in each
is limited. In either case, a problem arises when thease is set out in Appendix A (Table 14). In a similar
smoking habits of the cohort members differ fromvay, for display in tabular and graphical data sum-
those of the reference population, which is the cadgaries, industry process was coded as follows.

for some of the cohorts reviewed. For this reason, any

information about smoking given in the studies wag. '\élgriZnt
summarised. The amount of information given wa Textiles
very variable, and could be categorised as follows:, Insulation Products
1. No information given, (Ferodo, US Insulators, PatF Friction Products
erson, South Africa, Johns Manville, Albin). L Lagging and work with insulation
2. The percentage of the cohort that smoked, usualfy Other

based on a cross sectional survey conducted in a
particular year, (Connecticut, Balangero, Quebe%lleta—
Pennsylvania, Rochdale, Wittenoom).

X N The aim of a meta-analysis is to identify where evi-
3. Comparison of the prevalence of smoking in th . U T o
. ence from different studies is discrepant; ideally, to
cohort and the reference population, (New Orle:

) explain the reasons for the discrepancies; and where

ans, Massachusetts, Carolina). . . .
M. . . data from different studies are coherent to combine
4. Estimation of the effect of any differences in

. them into a common summary which will be more
prevalence—for example calculation of smoker

adjusted lung cancer SMRs, (Vocklabruck) precise and soundly.baseq than the estimate from any
\ o single study. For this review the coherence of esti-
5. Data on prevalence of smoking within exposuré . -
. ) -__mates ofR_andR,, from different studies has been
categories—but with no external comparison - . . L
. assessed in a Poisson regression framework, fitting a
(Ontario). .
common value of the parameter of interest across a
group of studies and testing the residual deviance
Most studies fell within the first two of the abovebetween the observed and predicted numbers of
categories. In these cases only subjective judgemeetgents (mesothelioma or lung cancer deaths) in the
could be made by the authors about the smoking hastudies in the group. Confidence limits around the
its of the cohort members. Also, cross sectional studfroup estimates were calculated by profile likelihood
ies were often based on a small proportion of thmethods. Confidence limits are not shown for the
cohort and may not be very representative. For mosteans of groups which show very significant hetero-
studies which addressed the issue the authors cayeneity, since such limits have no ready interpret-
cluded that there was no major difference in smokingtion. Indeed, in this situation it is not clear that the
prevalence or that the slight differences in prevalenceean itself has any natural meaning. Faced with
were not likely to change the expected number aflearly discrepant data, purely statistical criteria can-
lung cancer deaths in a substantial way. Of the studiest be used to decide on a ‘correct’ summary or
where comparative smoking data were given, theompromise estimate.
Vocklabruck cohort showed the largest difference in The statistical analyses in this report only take
cohort smoking habits and those of the general popaecount of the statistical variability of the mortality

analytic issues
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outcomes. The statistical variability in expected mor (a)

tality levels and cohort average exposures ai cohort code
ignored. This means that calculated confidence inte 1 233
vals will be narrower and statistical distinctions i
sharper than they would be if these variabilities wer 15
known and allowed for. This needs to be borne i 0.1 12
mind in the interpretation of these analyses. (13a)

311
5

2m

0.01 17

5a)

Overview (10)

Figure 1 shows a graphical comparison of th 0.001 3

mesothelioma and lung cancer risk coefficients. |

order to plot zero values (which convert to minus L
zero

RESULTS

P

infinity on the log scale), convenient nominal positive 16 2f
values smaller than any real non-zero value in tr
(relevant) data have been used. These are in the rar
0.001-0.002 foR, and between 0.0001 and 0.000:  (P) fibre type
for Ry. The three panels of Fig. 1 display the sam 1
data, with each cohort represented by its cohort coc
fibre type and process. Cohorts which did not shov;ﬁ
a statistically significant excess of lung canc®)( < 0.1 a
are shown in brackets. 2

Both risk measures cover about three orders (g
magnitude. For the bulk of the data risk estimates fc.2  0.01 yo)
lung cancer and mesothelioma are strongly correlat2 (ya)
with R_, very roughly equal to 10®,,. This hetero-
geneity seems more readily explicable in terms c
fibre type than process. For example there are minir
and asbestos cement cohorts at both extremes of -
risk scale, while all the amphibole cohorts are at th zero (L\,\ y y
high risk end of the scale. But there are not reall
enough examples within each category statistically 1 (c)
draw definitive conclusions of this type. 1

v)

B
4
= 0.001 yao

process

Total mesothelioma c
The summarised data for total (pleural anc 0.1 L
peritoneal) mesothelioma mortality are shown it -ﬁ)TF
Table 1 and Fig. 2. The estimatesRy, for crocido- (F)
lite cohorts are closely grouped around an avera 0.01 c
value of 0.51. Similarly, the two amosite cohorts (C)
show results statistically consistent with their averag (M)
of 0.10. The results from mixed fibre cohorts cove 0.001 —M
a wide range from a value close to that seen for tt
crocidolite cohorts R,=0.59 for Ontario) to values
nearly three orders of magnitude lower, close to thos zero L\f
seen in the chrysotile mining cohorts. The test for he zero 0.01 0.1 1 10
erogeneity is very clearly significanP{€0.001). The
ranking of mixed cohorts by mesothelioma risk doe.
not appear to correspond either to process or fibigy. 1. Comparison of exposure-specific risks of mesothelioma
mix. and lung cancer (% per f/ml.yr), with cohorts labelled by cohort
If the exposure estimate for Wittenoom is increasegPde, fibre type and process. [Note: the two coincident cohorts
by a factor of 4, the summary value &, falls to " 1€ 10 1O o U craf ate Oar (5 vo, ) a5
0.15, and the consistency of the three crocidolité non-significant lung cancer excess).
values is completely lost?<0.001).
Three of the six chrysotile cohorts had no observed
mesothelioma deaths. The rates in the two chrysotile
mining cohorts are similar at around 0.0015, while the

F T

Lung cancer risk (R.)
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Fig. 2. Exposure-specific mesothelioma mortali,) 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 cohdré an unreliable estimate of the true risk status. This
produce an estimate, with wide confidence limits, ofvill be particularly true where the history of usage of
0.013—about an order of magnitude higher than fatifferent fibre types has varied over time.

the mines cohorts. The very wide confidence limits

for the three cohorts where no cases were observed

are statistically consistent with either end of thidung cancer

range. Indeed there is no significant heterogeneity The summary data for lung cancer is shown in
between Ry, estimates in the chrysotile group,Table 2 and Fig. 3. The pure fibre groupings are less
although the total shows some tendency to heterogeroherent folR_ than forR,,, although the general pic-
eity (P=0.11). If the mines cohorts are excluded, théure is similar, with higher values for the amphibole
central combined estimate &, increases to 0.0033, cohorts, lower values for most of the chrysotile
but with wide confidence limits (0.0006—0.01) anctohorts and intermediate values for the mixed
with a similar level of heterogeneityP€0.14). With exposure groups. The Carolina cohort is the one clear
the Carolina men excluded, the remaining data aexception to this pattern. The mean estimate for the
coherent P for heterogeneity0.69), and the mean three crocidolite cohorts is 4.2% per f/ml.yr (95% CI
estimate ofR,, is 0.001 (95% CI 0.0007 to 0.0013)2.8-5.8). The two amosite cohorts give somewhat dif-
No summary estimate dR, has been calculated for ferent results, and despite the wide confidence limits
the mixed fibre cohorts, since these are so clearly statr the South African data they are not statistically
istically heterogeneous. This heterogeneity is plaustonsistent P=0.022). Their joint mean is 5.2% per
bly explicable by variations in the mix of fibresf/ml.yr (95% CI 4.0-6.5). The five amphibole cohorts
encountered. The estimates from the pure fibmaken together are also not a statistically consistent
cohorts suggest a difference in potency approachimgoup =0.027), with a joint mean of 4.8% per
two orders of magnitude between chrysotile anfiml.yr (95% CI 3.9-5.8). The heterogeneity is mainly
amosite, and a further five-fold difference betweedue to the SA amosite cohort, and if this is set aside
amosite and crocidolite. If these gross differences atbe remaining four amphibole cohorts are just statisti-
even approximately correct, quite small variations igally consistent®=0.072) with a joint mean of 5.1%
the fibre mix in the cohorts exposed to several fibrper f/ml.yr (95% CI 4.1-6.2). If the exposure estimate
types could have important effects on the mesothelier Wittenoom is increased by a factor of 4, the sum-
oma risk in the cohort. This would have the consemary value ofR,_ falls to 2 for the combined amphi-
quence that the generally measured fibre levels woubwle cohorts and to 1.1 for the three crocidolite
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Fig. 3. Exposure-specific excess lung cancer mortaRty 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.

cohorts, but both groupings now show very signififrom the age of 65. There is no obvious theoretical
cant heterogeneityP<0.001). reason why this should produce a seriously biased
Among the mixed cohorts, two stand out with partiestimate of risk, though asbestos related mortality at
cularly high values (Ontario and Albin). Both areages below 65 will be missed. This cohort has been
asbestos cement cohorts, and both also had high ldellowed up almost to extinction, and if the impact
els of mesothelioma mortality. The values far for of asbestos exposure on mortality eventually declines
these two cohorts are both more than six times thadter the cessation of exposure, then cohorts with near
level of the next highest observation. complete lifetime follow up will tend to show rather
The heterogeneity among the mixed fibre cohort®wer excess mortalities than those where survivors
is driven principally by three of them: Ontario,form a substantial proportion of the cohort. In
US/Canada Insulators and the Johns Manvilladdition, the Johns Manville cohort was one where
retirees. Other reviewers (Doll and Peto, 1985he authors had not suggested a conversion factor
Hughes and Weill, 1986), have remarked on th&om particles to fibres, and this review has used the
unusually high risk estimate implied by the Ontarianost commonly used value of 3 /el mppcf. If this
cohort and have suggested that the exposure estimateaversion implies higher exposure than in fact took
for this group may have been underestimategblace (the recent review by Lagt al (1997), used
Another potential contribution to the high risk of lunga value of 1.4 borrowed from the New Orleans
cancer in this cohort is exposure to silica: 8 out ofohort), then the risk coefficient implied here would
26 workers with post mortem examinations showebe too low. If these three cohorts are excluded from
signs of silicosis (Finkelstein and Vingilis, 1984).the group the remaining eight are just statistically
There are clearly considerable uncertainties in theonsistent P=0.056), and their joint mean is 0.32
estimation of average exposures for the US/Cana@@5% Cl 0.16-0.50).
Insulators cohort, since this is averaged over a very The six chrysotile cohorts fall into two groups: the
large cohort with no doubt very variable exposuréwo Carolina cohorts give values around 6% per
experiences and over a long time period. The size &ml.yr; the other four, including the two mines
this group means that the value adopted for it wiltohorts and dominated by the large Quebec cohort,
determine statistically the average risk in this groupare consistent with a joinR_ estimate of 0.06% per
The study of retirees from the Johns Manville asbes$fml.yr (95% CI 0.043-0.079). The Connecticut and
tos products company is unusual in basing its estNew Orleans (chrysotile only) cohorts give central
mates exclusively on follow-up of retired individualsestimates oRR_ substantially above this value, (0.80
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and 1.3 respectively) but both confidence intervals araineral oil (slight, moderate, high). The coefficients

very wide. Even if the mines cohorts are excludetbr these categories in the joint model were not

there is still very clear statistical inconsistencyeported, but were as follows, expressed as odds
between the Carolina results and those from Comatios relative to ‘slight’ exposure:

resuls are also out of e ith the two ather (mred @ 01 Odds rato 95%

fibre) textile cohorts—Rochdale and F’enns.ylvania—e xposure in(t:grgg?ence
0, 1 1 -
s S ol e BT O ogaa 12 bepane
P ' High 1.47 0.8-2.75
(Dement, personal communication)
RISK ASSESSMENT AT MODERATE AND HIGHER Although these ORs are not statistically significant
CUMULATIVE EXPOSURES (and do not form a statistically significant trend),

Mesothelioma there is some suggestion that mineral oil may have a

The quantified risk for mesothelioma at the kind§0!® in enhancing the asbestos effect, particularly
of cumulative exposure levels recorded in th&NCce all the effect of exposumuration is absorbed
reviewed cohorts—say, from 10 f/ml.yr upwards—i” the asbestos measure (workers were assigned to
presents a reasonably coherent picture, with values @f €xposure categories according to the assessed oil
Rw, in round figures, of 0.5, 0.1 and 0.001 (at mosgXPosure level at which they had spent the longest

0.003) for crocidolite, amosite and chrysotile respecRroportion of their employment in the plant). Early
ively (see Fig. 2). results from this case control study showed a cross

tabulation of cases and controls by asbestos exposure
and mineral oil category (Dement, 1991), without for-

Lung cancer mal modelling. Crude odds ratios on this data suggest

It is more difficult to come to a clear view of thethat the asbestos response is progressively steeper
quantified risks of lung cancer, because of the inconwvith increasing mineral oil category. If mineral olil
sistency of the results especially for the chrysotildoes have an enhancing effect, the anomalous
cohorts (see Fig. 3). The amphibole estimates aigcrease in estimated exposure specific lung cancer
reasonably consistent. In round figures the estimatdsk for men in the Rochdale cohort first exposed after
fall in the range 2—-10% per f/ml.yr. The mean for thel950 could be explained, since dust suppression using
crocidolite group is rather lower (4.2) than that formineral oil was introduced from that date (Petcal.,
the amosite group (5.2), though their confidence limk985). The regression slope estimateRyf for the
its overlap substantially. The mean risk for all amphimen first exposed after 1950 is 1.3 (95%Cl 0.37-2.6),
bole cohorts is 4.8% per f/iml.yr (95%CI 3.9-5.8), buthree times the value for men first exposed between
with some evidence of heterogeneiB=0.027). If the 1930 and 1950.
SA amosite cohort data are set aside, the remainingThe plausible suggestion that the longer fibre used
data are reasonably consistei®=0.072), and the in textile processes are responsible seems to be con-
mean estimate becomes 5.1 (95%Cl| 4.1-6.2). Imadicted by the comparative analyses of lung fibre
round figures, a value of 5% per f/ml.yr would rep-burdens in Quebec and Carolina cohorts reported by
resent a reasonable risk estimate for both amphibdB&bastienet al. (1989). They found that the pro-
fibre types. portionate distribution of fibres by length was very

The pure chrysotile cohorts produce estimates aimilar in Quebec and Carolina lungs. Nevertheless,
R_ spanning two orders of magnitude, from a valuéhe notion that the longer fibres used in textile pro-
of 6.7 for the Carolina women to 0.03 for Balenger@esses do represent a higher risk, is consistent with
mine. How should this very wide range & esti- experimental evidence that longer fibres are more car-
mates be interpreted? As far as evidence from ‘pureinogenic (Meldrum, 1996; Stantoet al, 1981,
exposure goes there are only two strongly informativ®liller et al., 1999). Greeret al. (1997) have shown
cohorts: Quebec and Carolina. The differencethat the mean length and aspect ratio of chrysotile
between these two has been studied and discusgimtes in the lungs of Carolina workers are greater
extensively but, finally, inconclusively. The hypoth-than in a local population control series; and than in
esis that mineral oil used to suppress dust in the Carihre lungs of workers from the Albin cohort (Albiet
lina plant may have contributed to the lung canceal., 1990a,b).
excess has been addressed by an internal case-contr@oth studies on the lung content of Carolina work-
analysis of this factor reported by Demeet al. ers have found amphibole (crocidolite or amosite)
(1994) and Dement (1991)). The most recent repoiibres in an appreciable proportion of them, though at
(Dementet al,, 1994), shows that the odds ratios fomuch lower levels than for chrysotile and its associa-
different cumulative asbestos exposure categories desl tremolite. Skastieret al. (1989 report that amphi-
essentially unchanged by the addition of a variableole fibres at concentrations >0.1ud/ (fibres >5
representing subjects’ typical level of exposure tamicrons long) were only found in the lungs of work-
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ers hired before 1940, which conflicts with the periot 100
of known use of crocidolite yarn (in very small quan-

tities—see Appendix A) in the plant after 1950. This y/
raises the possibility that some amphibole formed pa
of the exposure mix in this cohort in an early period
Greenet al. (1997) show that the levels of amphiboleg
are higher in Carolina workers than in local control:
(2-fold difference in geometric mea®=0.031) but
much less strikingly than for chrysotile (5-fold,
P<0.0001) or tremolite (14-foldP<0.0001). They
also report that amphibole at levels >1.ad/(all fibre
lengths) were found in only one of the ten lung cance
cases for whom this datum was available. This la:
observation limits the extent to which amphibole
exposure—perhaps unrecognised—might play a ro
in this cohort. Whatever mechanism is in play doe 0.1 1 10 100
not appear to apply—to the same extent, at least- Pleural (%excess)

to the other two textile cohorts reviewed. As alread}é_
pointed out, the Pennsylvania and Rochdale cohortd" + co
(with mixed fibre exposures) both give substantially

lower estimates oR,. ably overestimates the risk, which from internal

If it is accepted that some such feature of the Praanalysis is 1 for women and 3 for men (Demett
cessing in the Carolina cohort has genuinely producegl 1994, p. 439). The exposure response regressions
a much higher risk than seen in other chrysotilgn this cohort give an intercept close to zero excess
cohorts the question can be asked how typical theggk at zero dose, and there is thus no reason to sus-
features are of the bulk of applications? Looked at igect serious error in the reference rates (with conse-
the wider context of cohorts with mixed fibreqyential doubts about interpreting the slope). There is
exposure, th&_value for Carolina looks untypically a|so the possibility of inaccuracies in the conversion
high. Setting aside the possibility that amphibolgyf particle counts to fibre counts. One early report on
presents a higher risk of lung cancer, the observatiofi§is cohort (McDonaldet al, 1983a) suggested that
of R from mixed fibre cohorts can be taken aghe average conversion factor should be about 6 f/ml
informative of theR_ level for chrysotile. This sug- o 1 mppcf. If this were true, the risk per fiml.yr
gests that in typical applications (including other texgyould be halved.

tile processesR_ for chrysotile is generally lower A ‘pest estimate’ of the lung cancer risk would be
than the value derived from the Carolina cohort. Thgywer than 0.5% per fimlyr. Noting that the mean
medianR_ for the 16 cohorts with some chrysotilerisk of the mixed fibre cohorts (excluding the three
exposure is 0.5, compared to 4.5 for Carolina mementioned above) is 0.32% per f/ml.yr, and that the
and 6.7 for Carolina women. All but two of the mixedamphibole risk is over 10 times higher, it is possible
fibre cohorts give amR_estimate less than 1, and ofthat virtually all the observed risk could be explained
the two exceptions one (Albin) has a confidence limigy rather less than 10% of amphibole in the mixed
including zero, and the other (Ontario) shows featurgsposures. However there is no direct evidence on
suggestive of significant exposure to crocidolite (seghich an estimate of the risk of ‘pure’ chrysotile
below, Fig. 4 and related text). ~ could be based. Apart from the Balangero cohort, all

To the extent that amphibole fibres make a disprqne chrysotile evidence considered here effectively
portionate contribution to the lung cancer risk in theg|ates to Canadian chrysotile, since this was the
mixed exposure cohorts—and the evidence preseniggminant source of fibre for the other chrysotile
here suggests that they do—the typical risk of lungonhorts. The risk of ‘commercial’ chrysotile as esti-
cancer from chrysotile exposure would be even lowemated from the mining cohorts is 0.06% per f/ml.yr.
In most circumstances a value of 0.5% per f/ml.yGijyen that the processing of chrysotile may produce
should probably be regarded as an upper limit to theyme additional risk, the best estimate should be set
lung cancer risk from pure (commercial) chrysotilepigher than the mines level, say at 0.1% per f/mlLyr.
The mearR,_estimate for mixed fibre cohorts exclud-The overall risk, of a mixture of 96% chrysotile with
ing the three with particular interpretational difficult-5 yisk of 0.1, and 4% amphibole with a risk of 5.1
ies is 0.32% per f/ml.yr with an upper 95% confiyould be 0.3% per fiml.yr.
dence limit of 0.50.

It should be noted that a value of 0.5% per f/ml.yr
is not as far out of line with the Carolina observations
as it might seem. The ‘cohort average’ risk estimate All these cohort observations reflect the effect of
from this cohort (6.7 for women, 4.7 for men) prob-exposure to high levels of asbestos. The main interest
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EXTRAPOLATION TO LOW EXPOSURES
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in quantitative risk assessment in current condition®&nd the pure fibre quantified cohorts) is shown in
is to apply this evidence to the estimation of the riskEig. 5.
associated with exposure levels 100-1000 times There is still an apparent separation between cro-
lower. The standard assumption is that, other thingsdolite and amosite cohorts, though the segregation
being equal, the risk will be proportional to dose; buis now less clear cut (as might be expected given the
this is more a cautious default assumption than angmall numbers often involved). There is, of course
thing more soundly based. To quote from the HEtonsiderable statistical uncertainty in both of these
review: “The assumption of dose-linearity for low-variables, and a simple regression (in which uncer-
dose assessment purposes is thus a widely acceptaidty about X' values is ignored) would be mislead-
and scientifically reasonable compromise rather thang. Table 4 summarises the results of regressions in
an established scientific principle of carcinogenesistvhich the fit is optimised in both variables simul-
However, if the true relationship between exposuraneously (fit being measured by deviance, assuming
and response was not linear, the impact on low dog®wisson variation for the numbers of mesotheliomas
extrapolations could be dramatic. There is some indit each site).
cation in the present data suggesting a non-linearFitting a single line through all the data produces
exposure response, particularly for peritoneal mesea-line with a slope (on the log—log scale) of 1.2, but
thelioma, and the next sections examine this questiathe overall fit is unsatisfactoryP&0.001). Allowing
the two fibres to have separate fits makes a very sig-
Relationship of pleural and peritoneal mesothelioma nificant improvement to the fitR<<0.001), and both
Figure 4 plots the percentage excess mortality froffiits have steeper slopes (2.3 for crocidolite and 3.1
peritoneal mesothelioma against that from pleurdbr amosite — not shown in table). These slopes are
mesothelioma. Cohorts with no mesothelioma case®t very precisely determined, and constraining them
of either kind are excluded. Cohorts with no peritoto be equal does not materially degrade the fit
neal mesotheliomas are plotted on the peritoneal scgfe=0.75). The central estimate for this common slope
on or close to the 0.01 ordinate. The positioning of 2.4.
the cohort points strongly suggests a pattern of two This model provides a very close statistical fit to
alignments, one defined by the pure crocidolitall but two of the cohorts. The two exceptions are the
cohorts, the other by the two pure amosite cohortgas mask cohorts in Canada (McDonald and McDon-
Four mixed exposure cohorts lie very close to thald, 1978) and in Leyland (Achesocet al, 1982),
amosite line: the US/Canada Insulators, New Orleamghich contribute 6.1 and 4.5 respectively to the total
plant 1, the Johns Manville retirees and the Albimleviance. Possible reasons for these cohorts to be
cohorts. All but the last of these clearly had amositantypical can be identified. The Leyland cohort was
as the main amphibole fibre. The point representingot ascertained from employment records, but from
the Ontario cohort lies very close to the crocidoliteoccupational details recorded on the wartime popu-
line, suggesting perhaps that the anomalous resulédion register compiled in September 1939. If the
from this cohort may be explained by underestimatedumbers directly involved with gas mask assembly
exposure to crocidolite. have been over estimated the percentage excess mor-
The position of the (male) Carolina cohort seemtlities will be proportionately under estimated. If, for
somewhat anomalous. The single peritoneal mesexample, only 2/3rds of the identified women were
thelioma in this group is the only one in a cohorin fact exposed, the expected mortality denominator
without material amphibole exposure, and the equalvould fall to around 120, and the residual falls from
ity between pleural and peritoneal numbers (one @.1 to 4.3—still an outlier, but materially less extreme
each) is only otherwise seen in cohorts with muckP=0.038 instead of 0.014). The overall excess mor-
higher levels of mesothelioma (and substantial amphality from mesothelioma recorded in the Leyland
bole exposure). The possibility of unrecognisedohort is much lower than in the Nottingham cohort
amphibole exposure again suggests itself, but temgaged on the same process: 2.7% at Leyland and
much should not be read into this single peritonedl6.5% at Nottingham, again suggesting the possibility
case. It is clear that the three fibre types produce diéf underestimation (eg by dilution of the exposed
ferent mesothelioma responses overall. The questipopulation), perhaps substantial.
of differential responses by mesothelioma site can The assessment of mesothelioma in the Canadian
really only be addressed for the amphibole fibres. gas mask cohort was particularly exhaustive, involv-
This relationship does not depend on quantifiethg review of pathological data for all cancer cases.
exposure data, and if it is real it should be reproducethree of the six peritoneal cases were only identified
in other cohorts with predominant amphiboleafter this review. If the number of peritoneal meso-
exposure. The most informative cohorts will be thostheliomas is reduced by three, the residual for this
with crocidolite or amosite exposure, but not bothcohort falls from 4.5 P=0.034) to 2.0 P=0.16).
A Medline search identified eight such cohorts. The However these are post-hoc rationalisations, and it
relevant data are summarised in Table 3, and a pligt not clear whether it is better to remove these
of the percent excess mortalities from these cohorté®horts from the model or not. Despite the large



Quantitative risks of mesothelioma and lung cancer 577

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
mortality mortality
18 Joneset al. (1996) o] f 400 53 13 14 3.5
19  Achesoret al. (1982) Gas masks o f 185 3 1.6 2 1.1
(Leyland group)
20 McDonald and oy mf &1 3 7.3 6 14.6
McDonald (1978)
21  Hilt et al. (1981) (e} o m 5 1 20 1 20
22 Levinet al (1998) I a m 133.6 4 3 2 15
23 Parolariet al. (1987) | a mf 115.1 2 1.7 1 0.87
24 Finkelstein (1989) | a m 1.89 2 106
25  Achesoret al. (1984) | ay m 298.8 4 1.3 1 0.33
aEstimated as observed deaths less asbestos related deaths.
PEstimated assuming 25% mortality from age 31 to 68.
1000 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-
100 |2 ject to the uncertainties attached to exposure esti-
mation. atever its physical/biological explanation,

/ tion. Whatever its physical/biological explanat
o . .

these observations imply that at least one of these out-
comes has a non-linear relationship with exposure.

To examine this question more closely, Fig. 6
a Z shows a plot of excess mortality from pleural meso-
1 o thelioma against cumulative exposure with cohorts
represented by their fibre type code. Figure 7 shows
A 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-
01 L\ oma less than 1 and those for peritoneal mesotheli-
zero 1 10 100
oma greater than 1.
Pleural mesothelioma (%) Table 5 summarises the results of Poisson
Fig. 5. Joint distribution of excess mortality from pleural and'€gression fits to the relationship between percentage
peritoneal mesothelioma, showing fibre type. [Note: Label sizexcess mortality from pleural cancer and cumulative
(area) roughly proportion to total mesothelioma numbers i@xposure, and the observed data points and selected
each cohort] regression lines are shown in Fig. 6. The relationship
is modelled as linear on a log scale for each variable,
residuals for these two cohorts, the overall residuand therefore has the form, = A, X" where Py, is
deviance for the inclusive data (model 2) indicates #he percent excess mortality from pleural cancér,
satisfactory fit P=0.22). If the two outliers are is cumulative exposure anél, andr are regression
removed, the separate fibre model fits the data almgsrameters. The corresponding predicted number of
exactly, and the slopes for the two fibres are vergleural cancers for a given cohort #,X"Exy/100
similar (model 3) and higher (around 3.2) than th¢whereE,y; is expected all cause deaths adjusted to
2.4 for the fit including them. In either case the singlen age at exposure of 30). The parameters were esti-
line model is rejected in favour of separate fits to thenated by minimising the residual deviance between
two fibre types, with similar slopes. The peritoneathe observed and predicted numbers of pleural cancer
rate is proportional to at least the square—perhaps s each (pure fibre) cohort.
much as the cube—of the pleural rate. It is clear that a wide range of slope3 &re statisti-
The form of the relationship is unusual and someeally consistent with the data. With independent fits
what surprising, since both outcomes reflect the effeth each fibre type the slopes are 0.62, 1.2 and 0.72
of the same carcinogenic insult to the same type &br crocidolite, amosite and chrysotile respectively.

/
% Pleural mesothelioma and cumulative exposure

Peritoneal mesothelioma (%)
-
o
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Table 4. Joint Poisson regression (structure model) of relationship between pleural and peritoneal mesotheliomas
(YoperitoneatA.%pleuraP)

Model A b Residual deviance Degrees of P
freedom
1. All data 0.21 1.2 31.6 11 <0.001
2. By fibre, common slope
0 0.0089 2.4 12.0 6 0.06
a 0.26 2.4 1.1 5 0.95
Overall 13.1 10 0.22
3. Fit excluding Leyland and Canadian gas
mask data
By fibre
0 0.00074 3.3 0.1 3 0.98
a 0.17 3.1 1.0 4 0.91
Overall 1.1 7 0.99
100 100
10 y
= yao y
= yao < 10
£ / yo e yao
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(7]
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Fig. 6. Excess mortality from pleural mesothelioma agains
cumulative exposure, showing fibre type. Regression lines fi 0.1
ted to pure fibre cohort. Bold lines indicate fits with slope con 10 100 1000
strained to be common across fibre types, narrow lines a i
unconstrained fits. Cumulative exposure (f/ml.yr)

Fig. 7. Excess mortality from peritoneal mesothelioma against

. L cumulative exposure, showing fibre type. Regression lines fit-
(The fit for amosite is of course completely dQtermt'ed to pure fibre cohorts. Bold lines indicate fits with slope

ined since there are only two observations.) The totghnstrained to be common across fibre types, narrow lines are
residual deviance is 3.93. Moving to a model in which unconstrained fits (the slopes are identical for crocidolite).
the three slopes are constrained to be equal, the
residual deviance increases marginally to 4.53, an
increase of 0.6 with a corresponding increase of gv
dggrees of freedgrmlt), clear[y n_ot a statistically sig- a deviance based 95% confidence interval from 1.2
nificant change in overall fitR=0.74), nor for any 0 2.9

individual fibre type. The best fitting common slope is™ -~

0.75. Using deviance differences to construct a 95%) Th? single peritoneal mesothehoma among the
; S - Carolina men, together with zero cases in the other
confidence limits for the common slope gives esti-

mated upper and lower limits of 0.27 and 1.3. chrysotile cohorts_g(_enerates a negative valu_e of
a common slope is imposed over all three fibres the

best estimate is 1.6, but with significant heterogeneity
Peritoneal mesothelioma and cumulative exposure (P=0.0025—data not shown). Only the amphibole
Figure 7 and Table 6 show similar regressiomohorts have enough data to draw valid conclusions
analyses for peritoneal cancer. Again the crocidoliten peritoneal mesotheliomas.
and amosite points align themselves on two parallel The comparison of pleural and peritoneal slopes
lines. The small numbers of observed events meamglependent of exposure levels suggested a ratio of
that the statistical uncertainties are quite wide. Thedopes between 2.4 and 3.2. If the ratio of the esti-

very little difference between the slopesy for the
o fibres, and the best common slope is 2.1, with
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Table 5. Possion regression of pleural cancer against cumulative exposure by fibre type

Fit/fibre type Ay r 95% ClI forr Residual Degrees of P
deviance freedom

1. Independent fits

o} 14 0.62 (0.54, 1.43) 0.25 1 0.62

a 0.02 1.2 €£0.32, 3.5) 0

y 0.0057 0.72 (0.17, 1.79) 3.68 4 0.45
Overall 3.93 5 0.56

2. Best common slope

o} 0.93 0.36 2 0.84

a 0.13 0.75 (0.27,1.3) 0.49 1 0.48
y 0.0047 3.68 6 0.72

Overall 4.53 7 0.72

3. Common slope, amphiboles only

0 0.88 0.39 2 0.82

a 0.120 0.77 £0.069, 1.62) 0.44 1 0.51
Overall 0.83 2 0.66

Table 6. Possion regression of peritoneal cancer against cumulative exposure by fibre type

Fit/fibre type A t 95% ClI fort Residual Degrees of P
deviance freedom

1. Independent fits

o} 0.0022 21 (0.93, 2.9) 0.10 1 0.75

a 0.00018 24 (0.41,6.4)

y 14 -1.7 (—22, 0.91) 2.60 4 0.63

Overall 2.70 5 0.75

2. Common slope, amphiboles only

o} 0.0022 0.10 2 0.95
21 (1.2,2.9) 1 0.76

a 0.0006 0.09 2 0.91

Overall 0.19

mates of the peritoneal and pleural slopes is col 10
strained to be 2.4, the best fit pleural and peritone
slopes are : 0.86 (95%CI 0.51-1.15) and 2.1 (95%( u
1.2-3.6). If the ratio of slopes is constrained to b
3.2, the estimated values are0.67 (95%CI 0.40—
0.90) andt=2.1 (95%CI 1.3-2.9).

Support for a convexr&l) increase of pleural
mesothelioma risk with exposure can be found in thg
detailed dose-specific analyses of the Wittenool
mesotheliomas by Berry (1991). Most of these cast /

le constant

(62 of 72) were pleural. Figure 8 plots the constar
terms in the four exposure categories of Berry: 1
analysis against their mean cumulative exposure. Tl
slope is very close to 0.5. In addition, Coggenal.
(1995), concluded from a comparison of the rankingig. 8. Scaling constant in the four exposure groups of Berry
of occupations by mortality from pleural and perito{1991) analysis of the Wittenoom crocidolite cohort, plotted
neal cancers and from asbestosis that “a more p|aly§ainst th_e mean CL_JmuIative exposure in each group. The _plot—
ible explanation [of the different rankings] is that the®d ne is pmport'onale)t(oOtshueresquare root of cumulative
exposure response relations for mesothelioma and P ’
asbestosis are non-linear, with the risk of pleural
mesothelioma rising relatively more steeply at lowot provide a consistent summary of the effect for
exposures, but less steeply at high exposures”.  mesothelioma at the two sites considered individu-
A non-linear relationship between exposure and thedly. Each additional unit of exposure will add—pro-
rates of pleural and peritoneal mesothelioma meagsessively—less risk for pleural tumours, and more
that the percent excess mortality per f/mL.R,§ will  for peritoneal tumours. The point at which the absol-

1 10 100 1000

Mean cumulative exposure (f/ml.yr)
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(a) amphibole and mixed cohorts, (b)  chrysotile and mixed cohorts,
fit to amphibole data fits to chrysotile
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Fig. 9. Percent excess lung cancer by cumulative exposure, showing fibre type, with regression lines fitted to pure fibre cohorts
(A: combined amphibole data, (1) slope free, (2) slope fxedY: chrysotile data, (1) all data, slope free (2) excl. Carolina,
slope free, (3) excl. Carolina, slope fixel.

ute risks for tumours at the two sites are predicted twumulative exposure. There is no significant differ-
be equal is around 90f/ml.yr for crocidolite, arouncence between the regressions for crocidolite and
55f/ml.yr for amosite. Below these values pleurahmosite points, so these are treated together. Using all
tumours are more common, and at higher levels pethe data, independent fits for amphibole fibres gives
itoneal tumours dominate. It happens that across tlaeconcave relationshipr£1.6), and for chrysotile a
scale of cumulative exposure values in the revieweatkgative sloperE—0.25). These are clearly inconsist-
cohorts (from about 10 to nearly 1000 f/ml.yr), theent with each other, and both depart very significantly
relationship between exposure and total mesothefrom linearity (P<<0.001).
oma risk is not far from linear, so the summary index The negative slope for chrysotile depends entirely
Ry does provide a reasonable index of the overatin the Carolina data, and if this is removed the slope
mesothelioma risk over this range. is just positive £=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
Lung cancer .
. . exposure—response slope, and some appeal to the evi-
If pleural and peritoneal mesothelioma have a non; . . . .
. : D dence provided by cohorts with mixed exposure is
linear relationship with asbestos exposure, the ques-

) . . ; necessary (as in the discussion of Table 2 and Fig. 3).
tion arises as to whether the relationship for lung can- . .
The concave slope for amphibole cohorts is largely

cer is linear. Figure 9 shows a plot of percent exces )
. . ependant on the two extreme points, the Massachu-
lung cancer against cumulative exposure and Table .
- - setts and SA amosite cohorts. The lung cancer excess
7 summarises regression results for lung cancer b . . . S
if the SA amosite cohort is quite small and statisti-

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

Fit/fibre type A r 95% ClI forr Residual Degrees P
deviance of
freedom

Combined amphibole

0.49 1.6 (1.1, 2.1) 2.35 3 0.50
...excluding Massachusetts and SA amosite:

11 1.4 (0.89, 2.0) 0.83 1 0.36
Chrysotile...excluding Carolina 195 -0.27 (~0.44,-0.07) 19.8 4 <0.001

275 0.030 €0.26, 1.1) 0.91 2 0.63
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cally unstable, and the exposure estimate for the Magsing individual doses implies a slope of about 0.5,
sachusetts cohort is based on fairly slender evidendrit the uncertainties of individual dose assignment
If these two cohorts are removed the best fit slopare likely to have biased this estimate downwards.
becomes 1.4, with a confidence interval thalThe argument above suggests that the lower end of
includes 1. range should be set at 0.67 or lower. We will take
The Massachusetts cohort with its very high level.6 to represent the lower end of the plausible slope
of excess mortality, and as cohort with the highesange.
estimated mean exposure to crocidolite, has anThere are quite strong priori reasons for using a
important—though not determining—impact on theslope of 1. It is the value that all previous risk esti-
estimates. It is unfortunate that the exposure estimatemtions have used, and represents a natural assump-
are somewhat speculative (see Appendix B). At thigon (effect is proportional to cause) in the absence
same time it should be noted that in relation to a pricof evidence to the contrary. A linear relationship is
expectation of a linear dose response the effects also (in most models) consistent with the data. We
this observation on the pleural and lung cancer estherefore take=1 as the upper end of the slope range.
mates are opposite: the pleural slope is flattened abifferent slopes imply different best fit values fAy,
the lung slope is steepened. This does not of couraaed A,. These estimates and their 95% confidence
prove that the exposure estimate is correct, but if intervals for the three fibre types are shown in
is materially in error then either the pleural or thelrable 8.
lung slope is even further from linear than suggested

by the present analyses. Effects of exposure duration and age at first exposure

This formulation does not take duration of
DEVELOPMENT OF NON-LINEAR RISK ESTIMATES exposure or age at first exposure into account. The
. HEI (and similar) risk models (see Appendix A)
Mesothelioma imply that for equivalent cumulative exposures, short
The data in Tables 5 and 6 and Figs. 6 and 7 sug; Ply req >XP ’
. . xposure times produce larger risks than long
gest the following model with separate components . . .
for pleural and peritoneal tumours: exposure times, (in other words 10 f/ml for 1 yr is
' worse than 1 f/ml for 10 yr); and that exposure at
Pu = AgX + A X younger ages will produce higher excess mortality
rates. All the amphibole cohorts considered here had
short exposures (averaging about 2 yr). The suggested
risk model for amphiboles is therefore appropriate for
8 - ;
short exposures, but will overstate the risk from
extended exposure periods. The chrysotile coef-
ficients are effectively determined by the Quebec
: cohort, where the average exposure durations were
exposure in f/mlyr. . . .
quite long (averaging about 10 yr). A given cumulat-

If the information about the ratio af andt from ive exposure accrued over 2 yr (starting at age 30)
the non-quantified cohorts is ignored, the best fit P y 9 9

0
values using all the data are0.75 andt=2.1. With- produces about 40% more deaths as _the same
) : . . exposure accrued over 10 yr. For general risk assess-
out the chrysotile data, the estimateraé essentially

the same (0.77). Analysis of the ratio including the ment purposes, where short exposures are more likely

non-quantified cohorts (Table 4) indicates values fotP be at issue, the chrysotile coefficient should be

this ratio around 2.4 with all the data, around 3_ihcreased by a factor of 1.4. Reductions in the

excluding the two outlying cohorts. If a simultaneous. PosU® accrual time below 2 yr have very litte

fit is made to the full data with the ratio of pleuralImloaCt on the risk.

. . : . The risk estimates summarised above apply to
and peritoneal slopes fixed at 2.4, the resulting eSte'z_x osure starting at age 30. Table 9 shows adjustment
mates (using only the amphibole data) ex8.86 and P 9 g . !

_ . . g actors derived from the HEI model to convert risk
t=2.1. If the ratio of slopes is constrained to be 3.2, .

. _ eéstimates for an age at exposure of 30 to other
the estimated values are0.67 andt=2.1.

There is little to choose between valuesrdfom ~ €XPOSUIe ages.
0.67 to 0.86. We will use a slope of 0.75 as our best
estimate forr. The estimates fot are less variable, Predicted effects at very long follow up
and in any case have no bearing on risk estimates atlt can reasonably be questioned whether a given
low levels. We will taket=2.1 as the best estimate. asbestos exposure will continue to generate a constant
How wide a margin of uncertainty should beexcess mesothelioma mortality beyond 40 or 50 yr
allowed on these slopes? On purely statistical criteriéggllow up. The evidence from cohorts with long fol-
values ofr between 0.4 and 1.2 could be choserow up is that the incidence eventually falls. In the
However a slope as low as 0.4 seems unlikely oRaterson cohort a significant fall is seen for follow
physical grounds. Berry’s analysis of Wittenoom datap beyond 35 yr. In the US/Canada insulators there

wherePy, is the percent excess mortalityandt are
the pleural and peritoneal slopes of the exposu
response on a log—log scaks, andA,, are constants
of proportionality for the pleural and peritoneal
elements of the risk respectively, ads cumulative
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Table 8. Estimated coefficieitsvith 95% confidence intervals for constants in the risk prediction equatioffoat
three levels of the slope coefficient

Slope/Fibre Ay 95% CI A 95% ClI
Best estimate slopg£0.75,t=2.1)
Crocidolite 0.94 (0.71,1.2) 0.0022 (0.0011,0.0039)
Amosite 0.12 (0.060,0.25) 0.0006 (0.00025,0.0012)
Chrysotile 0.0047 (0.0030,0.0069)
High slope (=1, t=2.5)
Crocidolite 0.43 0.33,0.54) 0.00053 (0.00029,0.00087)
Amosite 0.052 0.022,0.099) 0.00012 (0.000049,0.00024)
Chrysotile 0.000970  Q.00064,0.0014)
Low slope ¢=0.6,t=1.7)
Crocidolite 15 1.1.9) 0.0083 (0.0043,0.014)
Amosite 0.24 (0.1D.4%) 0.003 (0.0013,0.0058)
Chrysotile 0.012 (0.0078,018)

aCoefficients used for risk extrapolation at low doses shown in bold:
aest estimate’lowest arguablethighest arguable (see Table 11). Numbers of peritoneal mesotheliomas at low doses are
negligible. For short exposure, chrysotile coefficients should be multiplied by 1.4.

Table 9. Adjustment factors to convert estimates of mes@ung cancer
thelioma mortality due to asbestos exposure starting at ageThe data in Table 7 and Fig. 9 suggest that the

30 to other exposure start ages . .

relation between lung cancer and cumulative
Age 20 25 35 40 exposure may be concave—i.e. that the excess lung
Factor 2.1 15 0.6 0.4 cancer risk is proportional to a power greater than 1
of cumulative exposure. Statistically the range of

powers consistent with all the amphibole data is from

Table 10. Estimated coefficients with 95% confidencd.l to 2.1. Without the two extreme cohorts the range
intervals for constants in the risk prediction equation fohecomes 0.89-2.0 with a central estimate of 1.4. No
P_ for chosen levels of the slope coefficiant previous analysis of the epidemiological data has sug-

Fibre/model A 95% Cl gested a concave relationship, though experimental
data for a wide range of carcinogens (Hoel and Port-
Amphibole _ ier, 1995) suggest they may be quite common. Across
Linear (-1) 4.8 = the range of exposures in a single study, and given
Best ¢=1.3) 1.6 (1.2, 1.9) th tainties in individual timati
Steepest 0.49 (0.37,0.62) the uncertainties in individual exposure estimation, a
(r=1.6) moderate degree of non-linearity will be difficult to
Chrysotile detect.
Cautious model E;?:t 2?1-3) 0.028 - The reasonably arguable values forfall in the
utiou -Linexar ('r=1) 05 ) interval 1 to 2: a degree on conservatism and some
Steepest 0.039 b_ doubts about the two extreme cohorts lead us to prefer
(r=1.6) the lower end of this interval. We will take=1 (a

linear relationship) and=1.6 to represent the flattest

3A linear model is not Stricﬂy Statistica“y consistent W|thand Steepest S|Opes for risk assessment. and the mid
the observed data. The line with=4.8 is the single best fit. . : i ' .
PNon-statistical uncertainties dominate choice of chrysotilQOlnt of this range r=1.3) as our best estimate

models, 95% confidence intervals cannot be properly calc@Ssumption.
lated. See text for discussion. The estimates and 95% confidence limits for the

constant termA_ in a model for lung cancer

is a fall beyond 50 yr. Qualitatively it seems cleaf’ =AX with r=1 (linear) 1.3, and 1.6 based on
that the risk does not increase indefinitely, but ther@mphibole data are shown in Table 10. As already
is insufficient evidence on very long follow up to fix discussed, the inconsistencies in the pure chrysotile
the risk profile in this period. A rough and ready wayfata rule out a direct estimate of the exposure—
of limiting the predicted risk at very long follow up response slope based on this data. The dominant
periods is to truncate the predictions at some age. THacertainties for chrysotile are the reasons for the
Doll and Peto and HEI reports both truncated theipbserved differences in exposure-specific lung cancer
predictions at age 80, and we will follow this conven{isk, rather than the statistical uncertainties in estimat-
tion. It is likely that this would still overstate the risk ing this risk level. This uncertainty is already reflected
from exposure at ages below 20, and truncation a@fi the five-fold difference between our ‘best’ and
the predicted effect at 60 yr follow up might then'cautious’ estimates oR_ (0.1 and 0.5 respectively).
be appropriate. In the absence of a better approach we will assume
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the same range of possible slopes for the chrysotigsbestos exposure can be identified is often quite
lung cancer relationship as for the amphiboles, arfugh. All these observations suggest that relatively
determine the scaling constant by fixing the predictelorief exposures may carry a low, but non-zero, risk
excess mortality at the median exposure for chrysotilef causing mesothelioma.
cohorts (70 f/ml.yr) to 0.1% for the best estimate and Some authors (ligren and Browne, 1991; Liddell,
0.5% for the cautious estimate. The resulting value993) have argued for a mesothelioma threshold, or
are shown in Table 10. threshold-like behaviour of the dose-response. Such
The pattern of excess lung cancer—broadly corarguments are fraught with statistical and logical dif-
stant relative excess from 10 to 40 (perhaps morégulties. The attempt (ligren and Browne, 1991) to
years from exposure (see Appendix A) implies thadeduce a ‘threshold’ by identifying the lowest esti-
for exposure starts between 20 and 40 yr of age themeated dose received by any observed case is a logical
is very little difference in the predicted risk. Therenonsense. Furthermore, the existence of zero cases in
may be some decline for very long follow up, but thea dose category (human or animal) should not be
rate of decline is unknown. As for mesothelioma wautomatically interpeted as zero risk. Direct statistical
address this possibility approximately by truncatingonfirmation of a threshold from human data is vir-
the predicted excess at age 80. tually 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 (McDonat al.,
Another question with important implications for1989; Ralelspergeet al, 1999; Rogert al., 1991)
risk at low levels of exposure is whether there is do not suggest any threshold, or downward inflexion
threshold for cancer initiation by asbestos. The HSE&f the dose response at the lower end of their
recentReview of fibre toxicologyMeldrum, 1996), exposure scales. Some of the animal data cited by
presents arguments mainly on a toxicological basligren and Browne are suggestive of a threshold—
for believing that there may be a threshold for asbegarticularly that from intra-pleural and intra-perito-
tos induced lung cancer. The argument is essentialial injection—but it is not clear how this would
based on a view of the carcinogenic process inducédnslate into a estimated human effect threshold for
by asbestos as being an extension of the chroméxposure by inhalation. Taking this evidence together
inflammatory processes producing fibrosis. It isve do not believe there is a good case for assuming
widely agreed that heavy doses of chrysotile areny threshold for mesothelioma risk.
required to produce lung fibrosis. And some evidence
has been derived 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 Under current conditions, the main interest in the
material from the Carolina cohort also shows a didiealth risks of asbestos relates to exposure circum-
tinct step increase in fibrosis score for cumulativetances well outside the range for which we have
exposures around 20-30 f/ml.yr (Greenal., 1997). direct observations. The statements we can make
This does not apply to amphibole exposure: radiologabout risk therefore incorporate two kinds of uncer-
cal fibrosis which progressed after the cessation tdinty. First there is the usual statistical uncertainty
exposure has been documented (Sluis-Cremer, 1994), inferring underlying risk from observations in
in South African amphibole miners under medicaparticular groups. This kind of uncertainty depends
surveillance and with cumulative doses less than éssentially on the number of events (in this case can-
f/ml.yr. This suggests that if a threshold applies to theer deaths) observed. The uncertainty can therefore—
lung cancer effect of amphibole asbestos, it is vergiven some assumptions—be quantified: the more
low. The adoption of a slightly concave exposur@bserved events, the less the statistical uncertainty.
response slope entails a moderately threshold-liktatistical uncertainty is expressed as a confidence
behaviour. interval (a range of values with—conventionally—a
Several lines of argument also suggest that ar8b% probability of covering the true value).
threshold for mesothelioma is at a very low level. The second kind of uncertainty relates to the ques-
Some cohorts (Neuberger and Kundi, 1990; Newtion whether the relationship between exposure and
house and Sullivan, 1989; McDonald and McDonaldyutcome seen in the observed range continues to hold
1978; Thomaet al., 1982; Rossiter and Coles, 1980)putside that range. This kind of uncertainty cannot be
have produced mesotheliomas in conditions where mpantified statistically. Qualitatively one can reason-
excess lung cancer was seen. Occupational PMRs fly argue that the agreement will be better for
British men suggest that the range of jobs for whiclkexposures close to the observed range, but with
mesothelioma rates are above background levelsirereasing distance from the observed range our con-
very wide (Hutchingset al, 1995; Hodgsoret al, fidence that we know what to expect decreases. For
1997). Also the proportion of mesothelioma cases iexample, previous assessments of cancer risk from
population studies for whom no likely source ofasbestos have all assumed that the effect is linear.

IS THERE A THRESHOLD?

QUANTIFIED RISK ASSESSMENT
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This review has presented evidence suggesting that 0.054°_. For women with typical past smoking
this may not be the case. Uncertainty about the slopkabits the figure would be 0.0P8.
of exposure—response lines has an increasing impacfTable 11 makes statements about the lifetime risks
with increasing distance from the observed rangef exposures accumulated over short (up to 5 yr) per-
Also the strength of qualitative arguments such &asds from age 30. The factors given in Table 10 can
those advanced in the HSE review (Meldrum, 1996he used to apply the mesothelioma estimates to other
in favour of a threshold for the lung cancer effechges at exposure. The lung cancer estimates are based
increase as exposure falls. on 1997 male lung cancer rates. They are not sensi-
All the above implies that simply to present a tablgive to age at exposure.
of risk estimates—or even risk ranges—for different For the lung cancer risk due to chrysotile two prin-
cumulative exposures cannot capture the changirgpal figures are given: a best estimate and a cautious
balance of the different kinds of uncertainty. Tablestimate. A risk estimate derived from the Carolina
11 gives a verbal assessment of risk at a range obhort is also given, with the qualification that this
representative cumulative exposures. No estimatesght be arguable in ‘exceptional circumstances’.
have been given for lifetime risks lower than 1 inThese exceptional circumstances cannot be defined
100 000, and this level is referred to as ‘insignificant'with any certainty since the features of exposure at
A lifetime risk of 1 in 100 000 corresponds to anthis plant responsible for the very high lung cancer
annual risk well below 1 in a million, which HSE hasrisks there are not known. Exposure to textile grade
suggested (Health and Safety Executive, 1999) as(iee. long fibre) chrysotile is presumably necessary,
“guideline for the boundary between the broadljut does not seem to be sufficient, since other textile
acceptable and tolerable regions [of fatal risk to aplants have recorded much lower exposure-specific
individual].” It is also well below the level at which risk (even with additional exposure to amphibole
it is suggested that mesothelioma would occur in thigbre). The spraying of the raw fibre with mineral oil
absence of asbestos exposure: a clear majority of tfes a dust suppression measure) has been suggested
very few mesotheliomas that would occur at this leveds a possible explanation. This hypothesis seems to
would not be caused by asbestos. be supported by a case-control study of lung cancers
Mesothelioma risks in the observed cohorts havat Carolina (though the relevant results have not been
been expressed as a percentd®g) ©f total expected fully reported), and by observations from another
mortality in order to standardise observations fromasbestos textile plant (Rochdale), where men first
different follow up configurations. To make predic-employed after oil spraying was introduced had three
tions of risk this measure must be converted back intones the exposure-specific risk of those first
absolute terms, and this is done using the averagenployed in earlier periods (though still lower than
male life table discussed in Appendix A. Forthe Carolina risk).
exposures starting at age 30 the excess mortality esti-The main uncertainties in this picture relate to the
mate Py, is applied to the total expected mortalityeffects of chrysotile, particularly at low doses. The
from age 40 to age 79 (allowing a 10 yr minimumapplication of these estimates in the assessment of a
latency, and truncating risk at age 80). The life tablparticular risk situation will depend on the purposes
predicts that about 70% of survivors to age 30 wilbf that particular assessment, and the extent to which
die between the ages of 40 and 80. Absolute risk est-precautionary approach is appropriate.
mates can therefore be derived from #g value for
a given exposure by multiplying by a factor of 0.7.
Lung cancer risks have been expressed as a percent-
age excess of expected lung cancer mortality. The There have been a number of papers (Cullen, 1998;
major determinant of this underlying lung cancer risiStayneret al., 1996; Nicholson and Landrigan, 1996;
is smoking—especially cigarette smoking—and th&mith and Wright, 1996), in the literature recently
number of asbestos-related lung cancers will be affeeshich directly or indirectly consider whether there
ted by the prevalence of smoking in the exposedre differences in potency between the fibre types as
population. Currently (in 1997) about 9.5% of maleauses of mesothelioma and lung cancer. The claim
deaths between the ages of 40 and 79 are due to luthgit there are important differences is often described
cancer. For women the figure is 7%, reflecting differas ‘the amphibole hypothesis’. In its strongest form
ences in past smoking. Total survival to age 80 ithis has been said to claim that pure chrysotile (i.e.
lower in men than in women, and combining data fowithout any associated tremolite fibre) would present
survival and proportionate mortality from lung cancetittle or no carcinogenic risk. At the other extreme, it
it can be predicted that for 1000 30-yr-old men 5has been argued (Smith and Wright, 1996), that there
will die of lung cancer between the ages of 40 ant virtually no difference between the risks presented
79. For women the number is 28. Thus for a popwy the different fibre types. Most commentators (e.g.
lation with the past smoking habits of British menDoll and Peto, 1985; Hughes and Weill, 1986; Health
aged 60 (the ages at which most lung cancers occurkffects Institute, 1991) have considered that the
the lung cancer risk from asbestos exposure is givammphibole fibre types are more dangerous, parti-

DISCUSSION
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cularly for mesothelioma, but some (Cullen, 1998ferences in individual susceptibility will mean that the
Stayneret al., 1996) have regarded the extent of thesexposure response curve simply starts to descend
differences as unimportant, particularly since chrysanore steeply from some point on the cumulative
tile has been overwhelmingly the most commonlgxposure scale.
used fibre. Also, fibre concentration is the more plausible
The interpretation of the whole body of evidenceexposure metric for the production of fibrosis, so this
depends importantly on the interpretation of resultsterpretation is consistent with the link suggested by
from cohorts with predominantly chrysotile exposuréhe HSE fibre review (and by other authors) between
together with a minority contribution—usually a fewthe two processes. It should be noted that the sugges-
per cent—from amphiboles. As long as the differencgon is not that tumours arise directly from fibrosis,
in potency is not extreme these cohorts can be reasdnt that both are products of an underlying inflamma-
ably interpreted as indicating the risk of chrysotilgéory process.
exposure. But if the differences in potency are very If fibre concentration in tissue is the key risk meas-
substantial this is no longer the case. Furthermorare, the extreme sensitivity in animal experiments to
in this situation an additional source of error in théntra-peritoneal and intra-tracheal instillation of mass-
estimation of exposure will be introduced, since these fibre doses is also readily explicable.
measured exposure (mainly of chrysotile) will often Combined with the knowledge of the much greater
be a poor proxy for the relevant exposure. solubility of chrysotile in the lung, this may also
The data in this review suggest that order of magnexplain why asbestos related diseases have only been
tude differences in potency may indeed apply foclearly seen with heavy chrysotile exposures. If
mesothelioma, and probably also for lung cancer. Thexposures are heavy and sustained a sufficient con-
main reason this review differs from earlier similarcentration of fibre in the lung may be maintained to
reviews is in its use of the information from thetrigger both fibrosis and malignancy. The extreme rar-
amphibole mining cohorts in South Africa and Ausdty of peritoneal mesothelioma in cohorts exposed to
tralia. The publication of mortality results from thechrysotile alone may also be explained. If the route
South African mines seems to have gone almobly which asbestos reaches the peritoneum is from the
unnoticed. The Australian cohort has been the subjegieural cavity, it may well be that chrysotile fibres do
of a series of publications with varying analyticalnot survive long enough in body tissues to make the
approaches and varying results. One of these analygesrney in sufficient numbers.
gave a lung cancer risk from the cohort of around 1%
per fibre/mlLyr, and this is the value that has been
most usually quoted, but this is probably an underesiGhrysotile and asbestos related malignancy
mate due to incomplete follow up at older ages. This Smith and Wright (1996), showed a ranking of 25
review is also the only one to have exploited theohort studies by proportional mortality from pleural
(admittedly uncertain) quantitative exposure informesothelioma and argued that since chrysotile was
mation in the Massachusetts cohort. 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
Implications of the non-linear exposure response fothe mix was similar, while amosite was less evident
mesothelioma than either of the other two fibre types, that chrysotile
A non-linear relationship between the rates of pleunust therefore be similarly potent as a cause of pleu-
ral and peritoneal mesothelioma is more readilyal mesothelioma. What this argument ignores is any
explicable if the cancer risk is proportional to someuantification of exposure. Without quantification it
function of the concentration of fibres in the targets very difficult to draw any conclusion about relative
tissue, rather than the simple number burden. risk from a simple ranking by mesothelioma rate. In
If concentration rather than number burden is theelation to the 25 cohorts identified in this review an
relevant parameter, then the possibility of a thresholelqually pertinent observation might be that all of
type relationship becomes much more plausible, sintleem involved exposure to one or other of the amphi-
if the effect depends on fibres acting together, thetaole fibres. Smith and Wright also present arguments
must presumably be some point at which individudbased on the relative levels of mortality from pleural
fibres are simply too far apart to exert any joint effectmesothelioma and from excess lung cancer to suggest
Of course, if the mechanisms of distribution of fibreshat there is only moderate difference between the
within the lung and pleura are such that fibres tenpotency of chrysotile and the amphibole fibres for
to be delivered preferentially to particular areas—andausing mesothelioma—they suggest a factor of three
there is evidence that this is the case in the pleum four. However this argument is based on the
(Boutin et al, 1996)—the effective threshold levelassumption that all fibre types are equally potent for
may be very low. In any case such a threshold ising cancer. If this review is correct in suggesting
unlikely to be a sharp cut-off. Random variations irthat this is not the case, these arguments are not valid.
the distribution of fibres in particular lungs, and dif- Nicholson and Landrigan (1996), present similar
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arguments based on the assumed equivalence of tieguired to explain the data. Low levels of amphibole
fibre types to cause lung cancer. They also show aw have a disproportionate effect.
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DEFINITION OF AVERAGE EXPOSURE °

The inclusion of large numbers of cohort 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 late 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 averagg

exposure has been weighted by expected lung cancer

mortality. This leaves the following cohorts as poten-
tially 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 for 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.

597

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 th©ntario cohort is
relatively short, and no mention is made of major
variations in exposure conditions.

® Only 18% of theVocklabruck 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 insulatorscohort (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 greatly over the relevant period (up
to 1966).

The narrow range of first exposure dates for the
Massachusettscohort 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 early and late
entrants would be similar.

e Comparison of the most recent follow up report on

the Balangero mine cohort with a previous report
(recruitment to 1965, follow up to 1975), suggests
that only a relatively small proportion of the latest
cohort were first exposed after 1965; though it is
not entirely clear how the two cohorts relate to
each other, and the minimum employment quali-
fication time was more restrictive (1 yr) for the
later report than for the earlier (1 month), so the
comparison is not straightforward. 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 follow 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 (yn) entrants (yr)
Wittenoom 10 1943 1966 1943 1986 44 20
Ontario 20 1948 1959 1948 1977 30 18
Vocklabruck 20 1907 1979 1950 1990 84 11
US/Canada insulators 20 1907 1966 1967 1986 80 20
Balangero 20 1930 1986 1946 1987 58 1
Paterson 5 1941 1945 1941 1982 42 37
SA mines 0 1925 1980 1946 1980 56 0
Massachusetts 0 1951 1953 1953 1988 38 35
Albin 20 1907 1977 1927 1986 80 9
Ferodo 10 1920 1977 1942 1979 60 2
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e For the Albin cohort, major exposure changesase. For those cohorts for which the mean age at first
started to apply only from the late 1960s, the lagtxposure is given or can be estimated, it ranges from
10 yr of 70 yr of intake. The scope for bias is23 for Quebec to 37 for Paterson, with a mean across
therefore limited. cohorts of about 30. We have therefore standardised

® The average exposure used for fherodo cohort the expected all cause mortality figure given for each
is that of controls matched to lung cancer casesohort to an assumed mean age at first exposure of
It is therefore—indirectly—weighted in the appro-30. The amount of adjustment applied has been calcu-
priate way. lated using the following formula:

Eag = EAM3d/M,
The one exception is th8A mines cohort. The
report on this cohort shows that a large proportion ofvhere E,; is the adjusted expected all cause mor-
the cohort (amosite and crocidolite workersality to be used as denominator for the observed
combined) were first exposed less than 10 yr from th@esothelioma mortalitya is the mean age at first
end of follow up. lllustrative exposure data is alsexposure for the cohort in questioB; is the actual
shown which implies that these workers werexpected all cause mortality from the person years
exposed to levels 4-6 times lower than those whidh which the mesotheliomas aroskl;, and M, are
applied before about 1950. Some adjustment to thgoportional expected all cause mortality estimates
reported individual mean exposure is therefore indfor the ‘typical’ follow up duration for the cohort (the
cated. follow up duration that divides the observation field
This adjustment, and the related adjustment t9eyond the minimum latency into two equal areas)
exclude observed and expected mortality arising froffilom ages 30 ana respectively. The schedule of all
uninformative follow up are described in detail incause death rates used to calculatg &hd M, was

Appendix C. Briefly, we conclude that both therate=exp(—9.61+.093G)—where a is age in yr—

observed excess lung cancer and the associated cumtiich provides a close fit to male all cause mortality

lative exposure should be adjusted upwards, the Australia, Austria, USA and Great Britain (using
exposure by rather more than the mortality excesgata taken from the mid 1970s). The fit is less good

The implied dose specific risk is reduced by aboubr South African and for Swedish death rates, but the

a quarter. adjustment depends on the ratM(/M,) of expected

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

measure that is not sensitive to the precise underlying

life table. So for convenience the same life table
Mesothelioma incidence rate rises very steeplgPproximation was used for all cohorts. For the two
with time since exposure, and this complicates théohorts where mean age at first exposure was not

choice of a summary measure that will be properlpvailable (Rochdale and Albin), a mean age of 30

comparable across cohorts. Comparisons betwe@gs assumed.

cohorts with different follow up times (or different A similar argument to that set out above in relation

mixes of follow up times) should be adjusted to allowfo the effect of uninformative follow up on recorded

for the impact of those differences on the observeldng cancer mortality in the SA mines cohorts also

mesothelioma mortality. One solution is to fit a statpplies to the excess mortality from mesothelioma.
istical model. The following formulation was used inAll the recorded mesotheliomas in these cohorts

SUMMARY MEASURES FOR MESOTHELIOMA

the HEI report, and is fairly typical: occurred more than 10 yr from first exposure. An esti-
. mate of the expected all cause mortality arising from
r = KuL-[{t—10}*—{t-10-D}] follow up less than 10 yr from first exposure has been

subtracted from the reported total expected all cause
where L is exposure level expressed in f/nd is mortality, and this adjusted figure used as thg denomi-
exposure duration in yr and the contents of the curljator for excess mesothelioma mortality in these
brackets {} are set to zero<fO0. cohorts._ Details of this calculation are given in
However not all cohorts have the data needed fdPPendix C.
fit the HEI (or similar) models. A pragmatic way of
making an equivalent adjustment is to express COMPARISON OF COHORT AVERAGE RISK
observed mesothelioma numbers as a percentage ofMEASURES WITH ALTERNATIVES BASED ON
expected mortality from all causes, since this too is a INTERNAL COMPARISONS
measure which increases steeply with follow up time. For reasons explained in the main report, this
The expected mortality from all causes has oneeview has taken cohort level measures of exposure
drawback as a denominator for mesothelioma risk: #nd outcome as the basic units of observation. In the
is dependent on age at first exposure. This would noext two sections these cohort-level measures are
be a serious problem if the mean age at first exposucempared to the corresponding internal analyses for
was similar in different cohorts, but this is not thethose cohorts where both are available.
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COMPARISON OF RISK MEASURES— studies where both measures were available is shown
MESOTHELIOMA in Fig. 11. There is a clear overall relationship,

For cohorts where details of mesothelioma deatﬁ/sleweOI across the whole risk scale. The discrepant

. - r%oints are those with substantial statistical uncer-
and person years by time from first exposure we

given, the HEI model fitted to these rates. The modé?mty’ either because they are based on small differ-
’ - o ences between observed and expected cases (5a—
was fitted using values for individual calendar year

of time from first exposure aggregated to give th(gI ew Orleans, plant 1; and 17—Ferodo) or because

. - f uncertainties deriving from the small size of the
reported latency categories. Best fit was assessed . .
. N : . reference population (15—Albin).
maximum likelihood methods assuming a Poisson

distribution, and the resulting estimates I§f, are cohort, which was analysed as an unmatched case-

shown in Table 12. . '
. . control study in relation to a control cohort of non-
Figure 10 compares the two alternative measures

of mesothelioma risk: the HEI coefficiekt, and the asbestos exposed industrial workers from the same

percent excess mortality per fiml.yr ind&,. There area. The overall RR for respiratory cancer excluding

; mesothelioma was 1.8 (though with a wide confi-
is good agreement between these measures. The most ™. . .

. . ence interval: 0.9-3.7) and the mean cumulative
discrepant point relates to the Quebec cohort (co Je sosure was 13 f/mlvr. diving a cohort average esti-
6), though this is on either measure clearly the loweStP YT, giving 9

0 . )
value. It may be relevant that the HEI paramefgr mate_: ofR, Of 6.2% Per ffml.yr (with an even wider
. confidence interval:—0.8-21). The value of the

for the Quebec cohort was calculated using data base : . . .
on age at death as a proxy for time since exposur'g ernal regression slope in relatlon_to exposure is not
réported, though we are told that it was not statisti-

since this will have introduced additional inaccuracy(.:ally significant P=0.5). Inspection of the RRs for

The HEI formula may be preferred for the PUTPOSEH - “three exposure categories implies that the slope

of risk _prolect|on, but the_alternatlve MEasUre SEENz, ld have been about 0.05. Whether this discrep-
to provide an equally valid summary of the relative

. S ancy reflects inaccuracy in the baseline, or in the
levels of mesothelioma risk in these cohorts. . S
exposure measurements (or a mix of these) is difficult

to say. The high mesothelioma risk in this cohort
COMPARISON OF RISK MEASURES—LUNG tends to suggest that the cohort average measure is
CANCER nearer the truth, but substantial uncertainty must
remain.

Where exposure response regressions were . . .
. A further discrepant point relates to women in the
reported by authors, the regression slope has b}ﬁg

The most discrepant point relates to the Albin

T . . - y arolina cohort (2f), where the regression implies
noted: this provides the ‘regression slope’ estimate ¢f _ . : _
) R =1, while the cohort average give’ =6.7. The
the lung cancer risk. For cohorts where dose-specifi

SMR data had been reported, but no regression anafgqthorS sugge'st. th"‘.‘t the IOV\,/ regression slope may
. X LI flect uncertainties in women’s employment histories
sis was reported, a Poisson regression fit was cal

lated C(\J/\'/hich would tend to flatten the regression slope).

The association between the cohort average esti_There is some tendency for the cohort average esti-

mate of R_ with the regression slope estimate, formate to be larger than the corresponding regression

10
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Fig. 10. Comparison of alternative measures of mesothelionfag. 11. Comparison of alternative measures of lung cancer
mortality. mortality.
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slope for those cohorts with clearly positive resultsably present assuming some exhaust control on the
This might be predicted from the flattening ofbag opening, carding and mixing areas. Unfortunately
regression slopes by inaccuracies in exposure estie mention of the control system is made.

mates. But it can also reflect inadequacies in baselineAlso it is probably an average value that has been
rates. For example, the two-fold difference betweegiven for both the wet and dry methods as both were
the cohort average and regression slope measuresifouse. It is probable given that the sampling locations
the Quebec cohort reflects the SMR of about 1.3 seamne unknown that higher concentrations occurred in
in all the low dose subgroups, and which the authottbe dry areas: around 100 f/ml as measured by the
interpret as non-asbestos related. Nevertheless, tharent method.

broad agreement between the two measures acros©f course this is very approximate, but 100 f/ml
studies suggests that valid conclusions can be drawsoks to be a good maximum exposure with TWA of

from the cohort average measure. 60 f/ml.
Appendix B Appendix C
FIBRE-PARTICLE CONVERSION FOR DEVELOPMENT OF ADJUSTMENTS TO THE
CROCIDOLITE CIGARETTE FILTER COHORT SOUTH AFRICAN MINES COHORT DATA

NOTE BY DR G. BURDETT ) . .
The starting point for the adjustment of the

The measurements in 1952 which gave an averageported results from this cohort is the data given in
of 80 particles per ml, within the Massachusetts staf-ables 1 and 2 of the published paper, which give
dard of 175 particles per ml, almost certainly refer tdlustrative data on exposure levels in different per-
impinger measurements, which were frequently madeds (Table 1) and a breakdown of the whole cohort
for insurance company purposes. by year of birth and date of first exposure (Table 2).

The normal units are millions of particles per cubic The average age at first exposure of the groups rep-
foot (mppcf). As one cubic foot is equivalent toresented by the cells of Table 2 can be estimated
28 316.8 ml the value of 80 particles per ml is equivusing the mid points of the year of birth and year
alent to 2.265 mppcf and 175 particles per ml is equif first employment categories (1900 and 1935 were
valent to 5 mppcf. assumed for the earliest birth and employment categ-

Five mppcf was the threshold value in force fronories respectively). Age specific all cause and lung
the 1930s to the 1960s (maybe even until 1972) wherancer rates for white South African men in 1955,
it was replaced by a membrane filter limit of 10 f/ml,1965 and 1975 were then used to calculate the distri-
which has been falling ever since. bution of expected lung cancer deaths by time since

As the units suggest, the method only counted pafirst exposure in each cell. The rates for 1955 were
ticles using relatively low powered microscopy andilso used for the cells relating to first employment
would overlook many of the respirable fibres and ibetween 1941 and 1950, but the expected number was
a very indirect measurement of the fibre level. Iteduced by a factor of 0.64 to allow for the fact that
should also be remembered that impingers have pocaiuse specific follow up was only recorded from
capture efficiency below im. 1949.

It is also noted that cotton and acetate fibres were The total expected lung cancers calculated in this
mixed, carded and deposited on crepe paper under dvgy (39.3) agrees quite closely to the value reported
conditions. This would suggest that fibres made uip the paper (36.6) and the proportion of expected
many of the particles but | have not referred to th&ung cancer deaths arising from follow up less than
patent to work out quantities used to estimate th&0 yr from first exposure is 0.23. The reported
fibre percentage. observed and expected lung cancers in the two pure

My best guesstimate is that 30% of the particleSbre subcohorts have therefore been reduced by 0.23
were fibres but only about 10% of the fibres seetimes the expected numbers given.
would be crocidolite (it is more dusty, but has very The data reported in Table 1 was used to estimate
few >1 um fibres compared to the other dusts).  approximate relative exposure levels at ten year inter-

This would mean about 3% of the count was crovals from 1945. Taking 1945 as 1, the numbers used
cidolite fibres or about 2.5 f/mI>um wide. To con- were 1, 0.6, 0.35, 0.25 for amosite; and 1, 0.5, 0.25,
vert to the current index we generally find one caf.15 for crocidolite. Exposures in the 1930s were
assume only some 4% of the #n long crocidolite assumed to be the same as in the 1940s. To derive
fibres were visible as compared with the currerain expected lung cancer weighting for this relative
index. This is equivalent to a concentration of aboutxposure pattern, the expected lung cancers in each
60 crocidolite fibres per ml using a modern versiomirth-start cell from the 10th anniversary of first
of the membrane filter method. employment to the end of follow up in 1980 was cal-

This is several times higher than the better factorie=ulated in a similar way to that described for the first
at this time but not too far away from what was prob40 yr of follow up. The resulting distribution of
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Table 17. Derivation of correction factor for reported 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 1 1 0.5 0.25 0.15 0.35 0.6
Amosite 1 1 0.6 0.35 0.25 0.44 0.68
Weighting factors Totals
Persons 62 404 2355 2408 2088 7317
Expected lung 1.68 6.75 17.59 4.36 0 30.38

cancers >10 yr from
1st exposure

expected lung cancers in the five date of start grougxposures have been adjusted using these factors for
is shown in Table 17. use in this review.

Table 17 also shows the numbers of individuals in Similar calculations for all cause deaths imply that
each group, and the assumed relative levels die proportion of expected all cause deaths falling in
exposure. Mean exposures are calculated using tthe first 10 yr of follow up is 33%. The all cause
two alternative weightings. The expected lung cancenortality denominator for the observed mesotheli-
weighted means are larger than the correspondiognas in the two subcohorts has therefore been
person weighted means by a factor of 1.71 for craeeduced by a factor of 0.67.
cidolite and 1.55 for amosite. The reported mean



