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Abstract~In a cohort of some 11 000 men born 1891-1920 and emploved in the Quebec chrvsotile
production industry, mciuding a small asbesios products jactory. of 9780 men wio survived into
1936. B0OY are known 1o have died befors 1993, 38 probably from mesothelioma—33 in miners and
millers and five in factory workers. Among the 5041 miners and millers at Thetford Mines, thers
had been 4125 deaths from all zauses, including 25 (0.61%) from mesothelioma, a rate of 31.7 per
100 000 subject-years; the corresponding figures for the 4031 men at Asbestos were cight out of
3334 (0.24%. or §3.2 per 100 000 subsect-vears). Al the faciory in Asbestos. where ali 708
cmplovess were potenually exposed to crocidolite and. or amosite, there were 553 deaths. of which
five (0.90%) were dus to mesothelioma; the rate of 46.2 per 100 000 subject-years was 2.5 umes
higher than among the loczl miners and millers. Six of the 33 cases in miners and millers were in
men employed jrom 2 to S years and who might have been exposed to asbestos eisewhere:
otherwise, the 12 cases at Thetford were in men employed 20 vears or more and the five at Astestos
for at lzast 30 vears. The cases at Thetford were more common in miners than in millers, whereas
thase a1 Asbestos were all in millers. Within Thetford Mines, case-referent analvses showed a
substantially mncreased risk associated with vears of ernployment in a circumseribed group of five
munss (Area A), but not in a peripherally distributed group of ten mines (Area B): nor was the risk
reiatad 1o vears empioyed at Asbestos, either at the mine and mili or at the faciory. There was no
.ndicauon that risks were affzcted by the ievel of dust =xposure. A similar patiern in the prevaience
of pieural calcification had been observed at Thetford Mines.in the 1970s, These geographizal
differences, poth within the Thetiord rogion and betwzen it and Asbestos, suggest that the
sxpianation s mineralogical. Lung tissue analyses showed that th: concentration of tremohie fibres
was much higher in Area A than in Area B. 2 finding compatible with geological knowledge of the
region. These findings, probably related to tbe far greater biopersisiznce of amphibole fibres than
chrysotie, have important implications in the control of asbesios related disease and for wider

azpects of fibre toxicology. @ 1997 British Occupational Hygiene Society. Published by Elsevier
Science Lid. ‘

INTRODUCTION

In 1966. a cohort of some 11 000 men. born 1891 through 1920 and =mployed for
one month or more in the mining and milling of chrysotile m the Eastern Townships
of Quebec, or in a small asbestos products factory, was registered for study. After
exclusion of men lost to view. aimost all after very short employment before 1935,
the cohort consisted of 9780 men: 4175 registered in the main complex of mines and

qAuthor 10 whom correspondence should be addressed at Depanment of Occupational and

Environmental Medicinz, Natonal Heart and Lung Institute, Imperial College of Scremee, Technology
and Mediane, Dovehouse Sireet, London SW3 6LY. UK.

07

EXHIBIT

13




708 A. D. McDonald et al.

mills. under onz ownership for many vears, in the arsa of Thatford Minas, where
progucuon started in 1878; 866 in six smaller mines in the same region, the iargss:
twith 33S mzn 1n the cohort) set up a few ye=ars later, but ths rest much more

recently. the jatest in 1963; 403! men in the mine and mill opened in 1882 in a town
called Asbestos; and 708 in the asbestos products factory there, which was owned by
the same mning company.

Analyses of mortality have besn published at intervals since 1971, the most
recent on deaths to 1992 (Liddell er al.. 1997). At this point, a total of 8009 men
were known to have died. including 38 probably from mesothelioma. With thres
quarters of the cohort dzad and the youngest survivor aged 72, an almost compiete
picture of mortality from this discase can now be seen.

Although bnef references have besn made to the accurrence of mesothelioma in
all our reports on the cohort since the first (McDonald er al., 1971). no previous
attempt has been made at a comprehensive description. Initially there were very few
cases; later. when the number had grown to 2 dozen or so their classification oy
place of emplovment and exposure remained difficult 1o explain. Now, with more
knowledge of the widely differing opportunities for exposure of the cohort to
amphibole fibres—commercial and naturally occurring—a clearer and more
interpreiable pattern has emerged. The body of this paper is arranged in three
main sections, first a full description of the cases, second an analysis of sxposure-
response and third an sxamination of the question of fibrous tremolite in the
actiology of mesothelioma.

The rate of mortality from this discase was much hlgh-r for the factory in

Asbestos than for the other employess in that towri, but cur main objective relates
te miners and millers there and at Thetford Mines.

THE CASES
Ascertginment

The total of 38 cases was arrived at by investigating: all deaths in which the term
mesothelioma was mentioned on the death certificats; deaths coded since 1978 to
ICD* 163; and by ongoing ascertainment of malighant mesothelioma through ali
Canadian pathologists, 1966~1984. In addition. data from recent studies by Quebec
investigators with special interest in mesothelioma. notably Begin er al. (1992) and
Case ¢1 al. (1997), were used. Included are deaths where in our opinion, after review
of all accessible clinical and pathological sources of information, the cause was a
primary malignant mesothelial tumour, more likely than not. The diagnosis was
confirmed by full autopsy in 27 cases, but in cight of these the pathologist expressed
an clement of doubt In the 11 cases without autopsy, the diagnosis was based on
clinical evidence plus biopsy taken at open surgery, except one (TM1) diagnosed in
1956 by a needie biopsy only. '

After review of all the available evidence, an admitiedly subjective assessrent of
the diagnosis b'mg correct was high in 19, moderate in 14, and Jow (though more
likely than not) in five. Of the 38 cases, only 18 bad bc-n coocd on the death

* International Classification of Diseases, Ninth Revinion.



Mesotnelioma n ¢orvsotiiz miners and millers T0%
certificate 10 ICD 163 and the rzst to a variety of other diagnostic codes. In all zases
the diseass was pleural but in one (TM11) the peritonsum was also invaded.

. Zlectron microscopic anaivsas of drnied lung ussue have been made in all bus six
of the 27 casts of masotnelioma for which thers was an autopsy. All the informauon
which we have on the 35 cases i1s summarnsed in Table 1.

Trends

In the first report on mortality, to November 1966, there were thres deaths

ascribed to mesothelioma in a total of 2413 (0.12%) and in the last. to 1992, the
proporuon nad become 38 in 8009 (0.47%). The pattern of increasing mortaiity is

sesn dDelow:

Before 1950 1950-1974 1975-1984 1985-1992
Total d=aths 857 3405 2208 1539
Mesothelioma 0 6 i5 17
-~ Proporuona! mornality 0 0.18% 0.68% 1.10%

This trend undoubtedly refiects the long latent period for this tumour—and
possibly also some increase in diagnostic awareness.

Larency

The time from first emplovment to death for the 38 cases ranged from 21 10 60
vears {mean 47 years).

Employment

After exclusion of men lost, aimost all before 1935, the net entry and total deatns
of men first employed in the minss and mills of Thetiord were 5041 and 4123, of
which 25 (0.61%) were from mesothelioma, and for the mins and mill at Asbesios
4031 and 3331 of which eight (0.24%) were due to mesothelioma; the corresponding
figures for the factory in Asbestos were 708 and 533 of which five (0.90%) were from
this cause.

It can be seen in Table | that of the 38 cases, eight were employed for only 25
vears, whereas duration of employment in the remaining 30 cases ranged from 20 to
49 vears, with very similar average periods in the three groups (Thetford Mines 35
vears, Asbestos 36 years, factory 33 years). This raises the question of whether the
eight cases with short ernployment wers caused by exposure to asbestos elsewhers.
However, of the two cases in the factory, one was in a man (F1) known to have
worked for 3 years during the carding of pure crocidolite for military gas mask
filters (McDonald and McDonald, 1978) and whose dried lung at autopsy contained
3.96 crocidolite fibres per ug, and the other was in a man (F3) who worked over the
same period, but without autopsy or lung burden analysis. Of the six cases among
miners and millers, the diagnostic probability was high in one (A7), moderate but
with autopsy in four (TM21, TM25, Al and A4) and moderate without autopsy in
one {TM9). These six cases were in men who had spent almost all their working Jives

outside the Quebec mining industry, and in four (TM21, TM25, A4 and AT} it is -

conceivable that their other known employment entailed asbestos exposure. The
scanty information which we have about their work outside the mining mdustry is

summarised below, with ages in parenthesis; also shown are thc three available
resuits of lung burden amlysas in fibres per ug.
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T™® paker {16-38); nateirer {3870}

TM21 waichman {27-70)

TM23 wejcer {23-27) sajesman {28-65) chrvsotiie 1.€: tremolits 0.6
Al parger (20-60) cnrvsolile 11.1, tremoists 8.9
:-j army (23229} truck mechane (29-611

rming snpneer (20-27);

crosidohte 0.7
profzssor of engneenng (3665}

The concentration of tremolits fibres in the lungs of the barber (A1) was perha
rziated to the quality of talc used in his work.

‘ Zxcluding the factory workers, 9072 miners and millers of chrysotile at Thetiord

Mines and Asbestos were raced of whom 7456 {82%5) have died, 33 from suspecied

mesothelioma (PMR 0.44%). No casz was identified in some 4000 men emploved
iess than 2 vears (McDonald er al., 1994) and it is possibie that the six cases in men
smpioved from 2 to 5 vears were attributabie to some other source of asbestos
exposure. The 27 remaining cases were in men employed in the mines or mills ior
betwesn 20 and 48 vears; whereas all but thres of the 22 from Thetford Mines had
worked at some time as miners. none of the five at Asbestos had donz so. Of ths
cight cases of men at Thetford or Asbestos who had never worked in mining. five
had peen employed mainly as tradssmen, for sxampl

=, as mecnanics. electricians, or
carpenters.

Lung tissuc analyses

Of the 27 casss of mesothelioma for which there was an auiopsy, electron
microscopic analyses of dried lung tissue have been made in 19 miners and millers,
including five from Asbestos, and two factory workers {(Churg er al., 1993; Case er
al., 1997); detailed rzsults are in Table 1. Given the possibie effects of seiection, small
numbers. the inevitable uncertainty of diagnosis and the absence of conirols or
dsnominators, qusstions of risk and causation cannot be addressed; nevertheless
the findings. summansed in Table 2, are informative. It is fairly clear that tremolite
fibres predominated in the lungs of miners and miliers who died of mesothelioma.
especially in Thetiord Mines, although these men were sxposed overwheimimngly to
" chrysotile: howsver, in the two factory workers and in three of the five minsrs and
miliers from Asbestos there were substanual concentrauons of crocidolite.

Mortaliry rates

Liddell e: al. (1997), presented in their table 9 mesothelioma death rates per
100 000 subject-years, 19451992, for miners and millers, after age 53, by place of

Table 2. Asbestos fibre concentrations in jungs at autopsy from 21 mesothelioma cases (fibres per pg
. geometric means™)

Place of employment  Neo. of cases  Chrysotile  Tremolite Croddolite Amosite
Mines and mills

Thetford Mines 14 128 104.) ® *

Asbesios 5 43 - 1.5 i.? 0.3
Factory . ‘ .

Asbestos 2 2.1 0.5 64 0.3

*In caiculating grometric means, 8 zcro count has been replaced by half ﬁ\c detecubk fimit.
*All counts were 2210, that is below the deizctable lirnit.

ty
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cmployment and according 1o exposure accumulated by ags 55. There was littis
svidencs that risk was related 1o curnuiative ¢xposurz. and so 1t is not unreasonabis
toc quots ratss on 1h~ same bases but regardisss of the depres of sxposure: after
exciusion of the ons death at age 40 (TM1). ey were as follows:

Nutbper of Subsect-years Rate tpe: 100 000
mesotheiloma deaths {000s) subiect vears)

Thetiord Mines:

matn compiex and the oldest of the

smalier minss 23 65.14 2

the five smallest minss ] 6.01 6
Asoestos

mine and mi)! 8 60.64 i3z

faciory s 10.84 46.2

Thers arz two main reasons for the low rate for the five smallest mineas: the
smpioyess within the cohort were considerably vounger than elsewhers, that i5, few
of them had been born before 1900; and the mines had started so recently that there
were inadequate periods of latency. The other rates arz reasonably comparable. It
can be szen that the rate for miners and millers was over 2.5 times higher at Thetford
Mines (excluding the smallest mines) than at Asbestos (P~0.013), and the rate for

-the factory was 3.5 times that for mine and mill in Asbestos (P =0.02).

EXPOSURE-RESPONSE

xposure-rasponse relationships within placs of employment, we
sought ten referents for each case except the three from the smaller mines in the
Thetford region (TM12. TM21 and TM22). The selzction criteria were that, relative
to the case, the referent must have had a similar date of birth and survived 10 a
greater age, and must have started work at the same plax"c:~ of employment, that is
sither at the main complex in Thetford Mines or at the mine and mill in Asbestos or
in the factory there, and at 2 similar age. For most of the cases, more than 1en men
met these criteria, and a random sslection was made. However, for four cases (TM3,

TM23, TM6 and F4), we could find only six, five, three and two referents,

espectively. There were thus 326 refersnts in all for the 35 cases.

For these 361 subjects we calculated eight measures of exposure as follows: net
service (vears, adjusted for work-wesk*, and excluding gaps in employment); yesars
{adjusted) worked in each of six dust categories definedt in terms of million particies
per cubic foot (mpef); and accumulated dust exposure (mpef x years). For a case,
the calculations were carried out up to 10 years before death; for a referent. they
were carried out up to 10 years before he mchcd the age at which the relevant case
died.

Conditiona! logistic regression analysis by means of the EGRET package
(Statistics and Epidemiology Research Corporation, 1989), and assuming multi-
plicative relative risks, provided likelihood ratio (LR) statistics which are given in

To examinz =

Table 3; those in the last line of this table were obtained after pooling years in

*The working week had been of 6072 h before 1938, 48 h 1938-1949, and 40 h theseaker; see Ltdd.l!
£t al. (1997) Jor detaiis of adjustments.

{Dsfinitions arc not given because of the completely negative findings; set Table 3.

th
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- Tabie z Likslihood raho (LR) stausucs, with degress of freedom in brackets
Thetiord Mines Asbestos
Main compiex Mine and mill Factory
Net servics tadjusied vears) 794 (1) D04 (1: 0.00 (1}
) - P=0.003 P=0.85 F=099
Actumuiated dust exposurs {mpef x vears) 0.13 (1} 0.30 (Y 0.t6 (1
) ) , P=0.72 P=(,58 P=0.68
Years (adwsted) worked in different dust 0.79 () 0.54 (3) Did not converg:
catzgones P =068 P=09] ;

adjacent dust categories, to avoid purported protecuve efiecrs, .and thus reducing the
degrees of fresdom. The LR statistics can be referred 10 the x distribution with the
stated degrees of freedom and the corresponding approximate P values are included
in the table: all but one lic between (.58 and 0.99, implying minuscule effects.
However, that for net service at the main Thetford complex is of undoubted
statistical significancs: the corresponding odds ratio reiating 1o 20 years service is
2.31. with 90% coniidence limits of 1.35 and 3.93.

The opportunity was taken to compare risks among cases and referents at the

main complex in Thetford Mines 1n non- and ex-smokers with those of cigarette

smokers: the LR statistic with 1 dzgree of freedom was only 0.13 (P =0.91). about as
close as 1t 15 possible to get to ‘proving a negative'.

THE TREMOLITE HYPOTHESIS
Background

When this cohort was set up.in response to international rcqu*sts for study of the
- effects on human bealth of sxposure to pure chrysotile and other asbestos fibre

types. no serious thought was given to the possibility that the Qusbec ore body
might contain mineral fibres other than chrysotile. Nor was it thought that the
known use of crocidolite in the small products factory in Asbsstos was of any
scientific importance, even given the possibility of unrecorded movement of workess
bsiween it and the mines and mills. Soon. however, evidence that the situation was
not so simple began to unfold.

First, it was found that in our initial large scaic morbidity surveys of current and
past workers, there were qualitative and quantitative differences in exposure-
~ response between Thetford Mines and Asbestos, assessed radiographically (Rossiter

et al.. 1972). Parenchymal changes were more frequent and more systematically
related to estimates of cumulative dust exposure in Thetford Mines than m
Asbestos. Pleural changes showed even bigger differences in that calcification was
common in Thetford, but very seldom seen in Asbestos. As the chrysotile seemed
reasonably similar in the two areas, some other geological explanation seemed
probable, at least for the pleural changes. The results of a special study of pleural
calcification among workers in Thetford Mines by Gibbs (1979) sggportcd this view.
These changcs wer: more common among miners than millers and much more
common in men who had worked in a localised central group of mines than in other
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munss located penpherally. Giobs concluded that the cause might be related to some
mineral cioselv associated with chrysotile, possibly mica, talc or briinnerite.
few vears iater studies of lung tissue at autopsy itom muners and milirs in the
Thztford arza revealed the unexpected finding that. daspite overwhelming sxposure
ic chrysotiie, amphibole fibres in the tremolite series wers present in similar or
greater concentration (Pooley, 1976; Rowlands er al., 1982; Churg er al.,, 1984). This
ied to specuiation as to the relauve importancs of chrysotile and tremolite fibres 1n
the causation of human disease. Indications tha: this was no acadermnic question wers
snown by cohort mortality and radiographic studics of vermiculite mmners and
millers in Montana exposed to contamination by amphibols fibres in the tremolite
series but 10 no other type of asbestos (Amandus er al., 1988; Armstrong er al.,
1988). In terms of radiographic changes and meortality from jung cancer and
esothelioma the results of fibrous tremolits exposure wers on a par with crocidolits

anc thus might explain much of the disease observed in chrysotiis miners and
millers.

Geographical distributions

~ By the end of 1988, 33 deaths from mesothelioma had ‘been idzntified in the:
cohort, sufficient to show that the risk of this dissase was two to thres times higher
in miners and millers from Thetford Mines than from Asbestos and perhaps higher
stll in factory workers (McDonald er al., 1994). A small number of lung tissue
samples 1aken at autopsy from esx-employvess in the 1980s showed that fibrous
tremolite was present in both regions but that the level of #xposure may have besn
about three times higher in Thetford. '
- By the end of 1992, the total number of cases had grown to 38, all but five in
miners. and miliers, 25 from Thetford Mines and eight from Asbestos. A detailed
araiysis of work histories showed that the cases from Thetford were predominantly
T2n who had been employed n & localised area of five central mines (Area A)
rather than in ten mines located peripherally (Area B) (McDonald and McDonald,
i395). Lung burdern analyses mads some vears earlier by Sébastien er al. (1989)
sabsequently indicated that concentrations of remolite fibres, but not of cnrysotile.
were some four times higher in Area A than Area B. Moreover, the mines in Area A
were the same as those identified by Gibbs (1979) as carrving the highest risk of
pleural calcification. A recent re-analysis of representative samples of fibres from the
study by Sébastien er al. (1989) showed no important difference in dimensions or
elemental composition of- ¢ither chrysotiie or tremolite between the two areas.

Geological evidence

The potential importance of geographical differences in the distribution of
tremolite warrants some consideration of the geology of the region, well described
by Riordon (1957). Among the amphiboles, tremolite was rarely mentioned nor its
form, whether fibrous or not. The chrysotile in Arca A tends to be less harsh than in
Arsa B. Differences between mines were examined in a search for the actiology of
pleural calcification by Gibbs (1972). He noted that the distribution by mine of more

than 150 mineraljrock typss, indicated that rarely did 2 soccxﬁc mmcggl occur in
Area A which was not also found in Area B.

",
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A ksv factor in tremolite occurrencs may be the frequency and naturs of what
have peen termed 'acid/sveniticiaphtic/felspathic’ dyvkes. In Area A, thess aumarous
acid dykes occur as irreguiar shapes, often at shear zones in ths serpenumsed roc..
According to Cooks (1937) the freshest dvkes consisted mainly of oligoclase feldspur
alierzd througn kaolinisation to ‘nesdies of tremolite, acunolitz and colouriess
pyroxene’. Later, Riordon (1957) noted that serpentinised peridotite near contact
points with acid dykes was converted to talc and tremolitz. Whils tremoiits had been
noted to occur at the margins of dvkes in Arsa B, the pattern mn Area A would
probably result in iremolite, some in fibrous form, being mined with the ore. The
mimneral assemblages associated with tremolite in commercial chrysotiie sampies
{Addison and Davies, 1990) are not dissimilar itom those predicted for Area A if
tremolite were derived from ‘acid’ intrusive alteration. This adds credence to acidiz

dykes being the main factor in the higher sxposurs of workers in Area A 1o
tremolite,

The nypotitesis tested

Foliowing the prziiminary report by McDonald and McDonald (1995), a formal
test of the hypothesis thal the risk of mesothelioma was higher in the mines with
substantial tremolite contamination was made as follows. The dstailed work
histories of all cases and referents at the main complex in Thetford Mines wers re-
examined and for svery man sach period of employment was ciassified as in the
central or the peripheral area. One case {TMI13) and six referents had to be
elimimnated because of frequent unrecorded moves between Arsas A and B: also
eliminated were the 10 referents of case TM15 and another because his work record
could not be found. For the remaining 21 cases and 187 referents, periods of service
icalendar years, without adjustment for work week) were calculated: for cases. up 1o
10 years befors death; for referents, to the corresponding age of the relevant case. Of
tne 208 subjects, 104 (class C) had been employed only in the central minss and a
furth:r 69 (class P} only in peripheral mings, whils 33 (class M) had bad jobs in both

reas. The EGRET package was again used to carry out condmional logistic
regression anaiysis. The analyses reported in the first column of Table 3 were
repeated: the results were abmost identical, indicating that the exclusions had had
virtually no effect. The introduction of class {(C, M or P) as a factor into the analyses
indicated lower risks for men in class P than for the other men. After pooling classes
C and M, the LR statistic for the improvement in the it of net service. with 2 singlz
degree of freedom, was 6.33 (P=0.01). From the corresponding odds ratios in
Table 4, it is clear that service in the central area led to definite nisks of
mesothelioma. However, the odds ratio for class P is rather unsiable, as shown by

Table 4. Odds ratios {with 90% confidence iimits) at the main complex in Thetford Mines

Some ar all years All vears in
in centrat ares® peripheral area”
Net service (20 adjusted ycars) 2.50 (1.49—4.201 0.80 {0.27-2.38)

- Accumulated dust exposure (300 mpef x years) 1.28 (0.94-1.75) 0.32 {0.06-1.76)

*Classes Cand M. -
*Class P.

'y
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the very wids conidence intervals, and as the point =stimate is well below unity 1t 15
quite unrsabisuc. The siight indication that the risk in the czatral area was related 10
cumuiative exposurs is aimost certainiy a statistical artefact arising out of the
nzgative tendency in the paripheral area (the differsnce between arsas beine
associated with a ‘significant” LR staustic). One of the reasons that the ssumatss for
ziass P are so unreliable is that it contained only three cases (TM 1, TM3 and TM14),

A further analysis was carried out of net service in the two areas: it showed the
odds ratio in rejation to 20 vears work in the central area to be 2.55 (90% confidence
interval 1.52-4.27), a finding of high statistical significance compared to an odds
ratio of 1.1] (with very wide confidence interval, 0.47-2.62, and hence negligibls
significance: P=0.84) in the peripheral area; sez also McDonald and McDonaid
{1997). These odds ratios and those in Table 4 in reiation to net service are entirsly

compatible with that of 2.31 quoted above under Exposure-Response, particulariy
in the light of methodological diffsrances.

CONCLUSION

Of the 38 deaths from mesothelioma in this cobort, 27 were in miners and millers
with empioyment ranging from 20 to 48 vzars, and we conclude from the svidence
presented that these 27 deaths can be attributed with reasonable certainty to

_occupational exposure in the Quebec chrysotile production industry. For the six
further cases of men who worked in the mines and mills, employment was by
contrast for only 2—4 vears, and causation is more doubtful. This does not, however,
affect our main conclusions; in particular, these cases were included in the analyses.

In the factory, where the mesothelioma mortality rate was over thres times
higher than in miners and millers at Asbestos, two of the five cases were also in men
employed for less than 6 yzars, but they were present in the plant in the years 1940-

32 when crocidolite was being used in the manufacture of military gas mask filters
and were known to have worked near the carding operation. We believe therefore
that all five cases in factory workers should probably be attributed to work in the
piant, where ali employess were potentially exposed at some time to crocidolite and/
or amosits,  which could reasonably account for the greater risk. This finding,
although undoubtedly important, is not relevant to the main concern of this report.

That concern is with the astiology of the 33 cases in miners and millers, 235 at
Thetford Mines in 2 total of 4125 deaths from all causes (PMR 0.61%), and eight at
Asbestos among 3331 deaths (0.24%). Within Thetiord Mines, there is clear
evidence from case-referent analyses that the risk arising from empioyment in the
localised area of central mines in the main complex {Arsa A) was much higher than
10 the peripherally located mines (Area B}, where it was minuscule. A similar pattern
of risk was documented for pleural caicification in the 1970s. As we have no reason
to suspect that geographical variation in the character of chrysotile per se could
account for these differsnces, the presence of other minerals in or near the ore body
would appear to offer the best explanation. The only candidate capable of filling the
role is fibrous tremolite, and there is considerable supporung evidence. lts
pathogenicity and carcinogenicity have besn amply demonstrated and lung

burden analyses suggest that its geographical distribution in the mining region is
closely related to the pattern of mesothelioma risk. Geological knowledge. so far as

by
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1L goss. 1s also compatible with this hypothesis. It does not follow that pisura)
calcificaton and mesothehoma have the same mincralogical causs. althougn the
agents must be closely linked geologically. Indeec. there is ne consistant correiation
betwesn the prevalence of pleural calcificauon and mesotheiioma incidance
gensral populations or occupational groups (se2 McDonalé, 1997).

The fact-that the risk of mesothelioma was strongly related to vears of szrvice in
the central area at Thetford, but hardly at all to accumulated dust exposure,
suggests that employees were exposed to tremolite intermittently, probablv at

different 1intensities for periods of variable lengths and at irrsgular and fairly
infrequent intervals, and that the concentrations of tremoiits fibres in the working
snvironment were only poorlv—if at all-—related to prevailing dust lsvels. This is
- entrely reasonable having regard for the local geology and the nature of the mining
operations.

In Asbestos, Quebsc, where amphiboles were used in the factory from tims w
“ume. there was not inconsidsrabie movement of labour between the factory and ths
mill. and. perhaps, mins, so that a substantial proportion of those registerad as
minzrs or millers will have worked in the factory, and of course vice versa. Further,
some crocidolite was processed in the mill. It is not therefors surprising that
crocidolite and to a lesser extent armnosite fibres were found in the lungs of cases from
both the factory and the mill; no such fibres were found in the lungs of ths 14
autopsied cases at Thetford Mines. There must also have been some exposure to
tremolite, although to nothing like the sams extent as in the central area of Thetford
Mines.

The tremolite hypothesis, if correct, has several important implications. First, it
supports the widely but not universally held view that most, if not all, asbestos-
related mesotheliomas are caused by amphibole fibres. This in turn points to fibre
durability and biopersistence as critical factors in aetiology (McDonald. 1994), a
point of even greater relevance in assessing the safety of man-made mineral fibres.
Second, it implies that uncontaminated chrysotile carries very littte risk of
mesothelioma. In Asbsstos, exposures were not to uncontaminated chrysotile. but
aiso to some uwremolite and crocidolite, yet among the miners and millers only five

izaths from a total of over 3300 can be confidently atiributed to their work.

At present day levels of dust control the mesothelioma risk must be vanishingly
small. Even so, it remains dssirable to mimimise, perhaps by screening. the

contamination of commercial chrysotile by amphibois fibres, however gdifficult this
may be.

Acknowledgemenis—This 9aper‘ has depended on work on the cohort carried out continuously sinez 1965
und made possibie by the help of peopie und agencies 100 nurnerous to menuon. Spedific 19 the present

analysis, however, particular thanks are due to Marie Beauchemin, Marielle Olivier, Fernande Prouix and
Pay) Wilkinson.
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