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Introduction

Ahhough the association of mesothe-
lioma with asbestos exposure is well es-
tablished, there is considerable con-
troversy concerning the relative carcino-
genic effects of the different types of
asbestos. It is generally agreed that com-
mercial forms of amphibole asbestos,
amosite and crocidolite (especially cro-
cidolite), can induce mesothelioma (1-8),
but it has been suggested that, in humans
(as opposed to experimental animal sys-
tems), chrysotile is either very weakly or
not at all carcinogenic in this regard (4-8).
For example, McDonald and associates
(6) found only 11 cases of mesothelioma
in a series of 4,547 deaths in Quebec
chrysotile industry workers, compared to
9 of 56 deaths (1) in a series of workers
who had assembled gas masks incor-
porating crocidolite asbestos. Berry and
Newhouse (8) studied a series of 13,000
asbestos factory workers exposed to
chrysatile and crocidolite, and conclud-
ed that only those exposed to crocidolite
developed mesothelioma. McDonald and
Fry (7) found a mesothelioma rate of
0.4/1,000 deaths in a factory processing
only chrysotile, compared to 12.6/ 1,000
deaths in a factory processing chrysotile
and amphiboles. Similar conclusions
were reached by Acheson and coworkers
(4.5)in 2 different exposure groups. How-
ever, many of these studies are confound-
ed by uncertainties regarding the exact
tvpe of fiber to which individual work-
ers may have been exposed.

Because more than 90% of the as-
bestos used world-wide is chrysotile, this
question is of considerable importance.
Mineralogic evaluation of tung tissue is
one method of producing exact daia re-
varding lung mineral burden, but to our
knowledge, no series of occupationally
exposed workers with mesothelioma have
been shown to have only chrysotile ore
components (see definition subsequent})
m thetr fungs. Wagner and assoctates (9)
attempred such ananabyvsis on lungs trom
WOTRSES 1N an asbestos tactory, and found
that, in addinon o chrysotile, amosite,
and especrally croadolite, were alsa pres-
ent, thus ruling out any detinitive con-
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SUMMARY Therole of chrysotile asbestos in the genesis of mesotheliomas in humans is disput.
ed. We analyzed the asbestos content of the lung in 6 long-term chrysotile miners and millers
whao had pleural mesotheliomas. In five patients, only chrysotile ore components (chrysotile and
tremolite/actinolite/anthophyliite types of amphibole asbestos) were found, while the sixth patient
presented both chrysotile ore components and amosite, a type of asbestos that is not derived
from the mining process. The mean number of fibersig dry lung for the 5 patients with mesothelio-
ma containing only chrysotile ore components was higher (chrysotile 64 x 10° and tremolite group
540 x 10%) than in a group of long-term chrysotile miner control subjects who had no asbestos-
related disease (chrysotile 23 x 10%, tremolite group 58 x 10%), but some patients with mesothelio-
ma had fiber burdens near the mean of the control range. Fiber sizes and aspect ratios in the
mesothelioma group were approximately the same as those in the control subjects, and analysis
of fiber distribution failed to show any preferential localization in the periphery of the lung. How-
ever, the concentration ratio of tremolite in the lungs of-the mesothelioma cases compared to
the controf cases was 9.3, while the ratio ot chrysotile was only 2.8. Our tindings provide strong
evidence that chrysotile mine dust (chrysotile and amphibole components) can produce mesothelio-
mas in humans; the greater relative amounts of tremolite group amphiboles present in the patients
with mesothelioma raise the possibility that these fibers may be important in the pathogenesis

of the tumors.
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clusions.; Langer and McCaughey (10)
have suggested, based on the observation
of chrysotile fibers in a tissue section of
tung, that a case of mesothelioma in a
brake repair worker was produced by
chrysotile asbestos; although this case
may .indeed represent a chrysotile-
induced mesothelioma, the volume of tis-
sue sampled is so small that amosite or
crocidolite might have been missed.

Chrysotile miners and millers represent
a population with, theoretically, exposure
only to chrysotile mine dust; in this pa-
per we analvze the mineral content in the
lungs of 6 such workers and demonsirate
that chrysotile mine dust can produce
mesotheliomas. We also examine the rela-
tionship of fiber number, fiber type, and
fiber size and shape 10 the development
of mesothelioma.

Throughout this paper, we shall use
the term “chryvsotile ore components™ and
“chrysotile mine dust” to signify both
chrysotile asbestos and the amphiboles
tremolite, actinolite, and anthophyllite,
which are integral parts of the chrvsotile
ore. These latter forms of ashestos are
essentially contaminants of the ore, and
are not purposehy mined. By compari-
son, the amphibole minerals amosite and
crocidolite ire torms of asbestos that are
completely uoreluted o chryvsoude and
which are mined and used commercualis.

Methods

The 6 cases analyzed in this study are derived
from a series of approximatzly 90 sequential
autopsies of long-term workers in the Que-
bec chrysotile industry; the autopsies were per-
formed from late 1980 through the end of 1983
atthe Hopital Général de la Région de 'Ami-
ante at Thetford Mines, Quebec. Cases and
exposure histories were obta ned through the
courtesy of Dr. M. Poulin and Mr. C. Pratte
of that institution. All tissues were fixed in
formalin,

The 6 patients with mescthelioma repre-
sent all the mesotheliomas present in the se-
ries of 90 cases. The diagnosis in all cases was
confirmed by finding the following: a typical
gross appearance of tumor encasing the lung,
no evidence of another primary at autopsy.
and the typical histologic and histochemical
features (1) of mesothelioma. All of the
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tumors in this report were of pleural cavity
origin. For comparison purposes, we used 9
previously published long-term chrysotile in-
dustry workers from the same autopsy series
(12); these 9 patients had neither mesothelio-
ma nor asbestos-induced parenchyvmal or air-
way fibrosis.

For mineralogic analysis, we followed the
same procedure as previously reported (12).
This consists, in brief, of dissolving 3-10 5-¢
samples of formalin fixed lung in bleach, col-
lecting the mineral particulate sediment on
a.Millipore filter, and transferring the parti-
cles to a coated electron microscope grid. The
grid is then scanned in the electron micro-
scope, and every fiber encountered is identi-
fied by a combination of morphology, elec-
tron diffraction, and energy dispersive X-ray
spectroscopy. For the present investigation,
a subpleural 0.5-cm deep sample and anoth-
er piece from 3 cm deep within the lung were
obtained and processed in order to compare

- central and peripheral distribution of fibers.
Approximately 100 fibers were examined for
each case. Results were caiculated using an
algorithm relating weight of tissue used and
grid area, and expressed as fibers/g dry lung.

A blank control was created for each test
sample. This was prepared by running the en-
tire preparatory procedure without tissue, and
scanning approximately 50 grid squares in the
electron microscope to detect contaminants
from solutions and air. In this study, only rare

particles of very short fiber chrysotile were _

found in the blanks. and these values wers
subtracied from the tes: vajues.

Results

Demographic data and occupational de-
tails are shown in table 1, and results of
mineralogic analysis are shown in table
2. Tremolite, actinolite, and anthophvl-
lite are grouped into 1 category, as we
have done previously (12). Five of the 6
patients with mesothelioma had only
chrysotile ore componentsin their lungs.
The sixth patient also had substantial lev-
els of amosite, and is excluded from the
calculations of mean fiber number, size,
etc., in order to deal with a mineralogi-
cally homogeneous population. For the
S patients with mesothelioma, the mean
number of chrysotile fibers was 64 + 65

Data
Dape
Oergth Getatn ot Qe
1730 Men a0 mmrne R Ml Wl
1987 Fiter Gacagrer i muil-menhanic
nomne
1984 Fioer bagqer anag sorter in miil,
miner
1983 Unaergroune m-ner only
1983 Fiber separalor miil
1981 No details avarlapie

{mean + SD)/g dry lung, and of the
tremolite group of amphiboles, 540 +
840 fibers/g dry lung. These values are
compared in table 2 1o those found in
the reference chrysotile miners (12), and
a group of 25 men without occupational
asbestos exposure (13). Although the pa-
tients with mesothelioma have higher
mean levels than the control subjects,
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there s considerable overlap e the
CSTOUPS,

I he distribution of tiber sizes i the
patients with mesothehoma compared ro
the controd group s shownmable 3 The
aspect tlength to widthy ratios tor vari-
ous fibers s <hown i table 4, the ratios
of numbers of fibers e central and pe-
ripheral sites are histed in table 5. and the
liber size distribution and aspect ratios
for fibers in central versus peripheral sites
are shown in tables 6 and 7. In all these
tables, the mesothel,oma group is com-
posed of patients | to 5 (those contain-
ing chrysotile ore components only). Be-
cause distributions of aspect ratios are
often skewed, geometric means are in-
cluded in tables 4 and 7 as well. There
were no differences ‘ound for tiber size
distribution or fiber aspect ratios either
between mesothelioma and control
groups, or between central and periph-
eral sample sites. There was no tendency

TABLE 2

NUMBERS OF FIBERS FOR ALL SITES
(ALL COUNTS AS FIBERS x 104G DRY LUNG)

Tremolite/Actinolite/ Amosite or

Case Chrysotile Anthophyliite Crocidolite
i - 63 244 0
T2 8 44 0
L] 69 320 o]
4 10 62 0
5 - 169 2023 0
Mean + SD* 64 * 65 540 = 840 0

6 ’ 44 54 70 (amosite)

Retference population of 9 chrysotile miners without mesothelioma (12):

Mean: - 23

58 Q.02

Reference population of 25 men without occupational asbestos exposure {13).

Mean: 0.6

0.3 o.M

* Mean valyes for 5 cases containing only chrysotile ore components.

TABLE 3

FiSzZR SIZ%

DISTRIZUTION FOR ALL SAMPLE SIiTES

Percent of fibers in size range

05t05 510 W0 10+ u

Chrysotiie

Mesothelioma Patients 110 5 89 9 2

Mining control group {12) 85 8 7
Tremolite/actinolite/anthophyliite . )

Mesothelioma Patients 1to 5 87 11 2

Mining control group (12} 94 6 0

TABLE 4

MEAN FIBER ASPECT RATIOS FOR ALL SAMPLE SITES®

Mesothelioma

Patients 1to 5 Caontrol Group (12)

Chrysotiie
Tremolitesactinolite anthophyliite

92
14

103 (60) 96
12 (1) 13

120 (583)
12 (9)

"W
" oW

* Values are mean = SO geomelnc mean in parentheses
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TABLE 5
MEAN VALUES OF RATIO OF NUMBERS OF CENTRAL

TO PERIPHERAL FIBERS

TremohterActinolite/

Chrysotile Antnochyllite

Mesothelioma patients

Patient 1 75 59

Patient 2 1.0 05

Patient 3 04 [

Patient 4 [oX 3] 05

Patient 5 36 1.1
Mean = SD 26 = 30 16 x 24
Control group: Mean = SD 23 = 31 20 = 11

TABLE 6

DISTRIBUTION OF FIBER SIZES IN PERIPHERAL VERSUS
CENTRAL SAMPLES OF MESOTHELIOMA PATIENTS 1 TO 5

Percent in Size Range

05105u 540 10 u 10+ u
Chrysotile _ -
Central - 87 12 1
Penpherat a5 4 1
Tremolite/Actinolite/Anthophyllite
Central 88 AR 1
Feripheral 86 12 2
TABLE 7
ASPECT RATIOS FOR FIBERS iIN CENTRAL VERSUS
PERIPHERAL SITES IN MESOTHELIOMA PATIENTS 1 7O 5°
Central Peripheral
Chrysotite 92 = 10%(57) 92 + 106 (62)
Tremolite/Actinolite/Anthophyllite 13 = 12 (11) 14 = 12 (10)

* Values are mean = SD: geometric mean in parentheses.

for fibers to concentrate in the periph- .

ery of the lung (table S).

The ratios of numbers of fibers of each
type in mesothelioma patients 1 to S ver-
sus the reference cases are shown in table
8. The ratio of tremolite (9.3) between
the groups is considerably higher than
that of chrysotile (2.8).

Discussion

As noted in INTRODUCTION, epidemiolog-
ic studies suggest that chrysotile is a rel-
atively weak mesothelial carcinogen in
man; however, it is clear that, even in
many factories that processed largely
chrysotile, amphibole was also used at
one point (3,8,9), and hence, actual tis-
sue analvsis is required to demonstrate
that only chrysotile or chrysotile ore com-
ponents are present before a given case
can be definitely ascribed to chrysotile
dustinhalation. The reguirement for such
anabvsis s welb thhustrared by our Patient
6. a long-term worker i the chryvsonle
industry, whose fungs contained large
amounts of amosite ishestos as well as
Chrvsonde ore dust. Tothis instanee, s

likely that the worker was employed in-

one of the asbestos processing factories
in Quebec that used amosite at various
times (14), but we were unable to obtain
enough occupational details to verify this
possibility. Amosite in chrysotile miners
has been demonstrated previously:
Rowlands and associates (15) found it in
the lungs of 2 of 47 Quebec chrysotile
workers, an observation that emphasizes
again the usefulness of confirming
epidemiologic studies with mineralogic
analysis. Nonetheless, our data from the
analysis of Patients 1 to S provide strong
evidence that chrysotile mine dust com-
ponents {(as defined) can induce
mesotheliomas.

Which of the minerals in the chryso-
tile ore is producing the tumors 15 @ mat-
ter of considerable importance. Asinour
previous study of chrysotile miners (12
and the study of Rowlands and assoui-
ates (15), we Tound more amphibole
(tremolite actinolite anthophyliite) de-
rived from the ore body than chrvsotile
i these funtes, anobsersvation that retlects
the Luilure of chirvsattle, oriemally pres-
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ent in the ore in much larger quantities
than amphibole, to accumulate in lung
tissue. Whether this phenomenon reflects
chemical leaching of the fibers (16), en-
hanced clearance of chrysotile compared
to amphibole, or low puimonary deposi-
tion of chrvsotile compared to amphi-
bole, is not clear. Our subsequent com-
ments must, therefore, be interpreted in
light of the fact that we cannot determine
what chrysotile load may have been pres-
ent in these lungs, although the study of
Rowlands and associates (15) suggests
that estimates of fiber burden derived
from mineralogic analysis correlate well
with estimates of dust exposure in these
workers.

The types, sizes, and distribution of
fibers that induce mesothelioma have
been the subject of considerable discus-
sion based on animal experiments (17,18),
measurements of mine dust size, and the-
oretical calculations of fiber deposition
in the lung (see Harington (19) for re-
view). Animal studies (17,18) have shown
that mesothelioma can be induced by vir-
tually any insoluble mineral fiber if it is
sufficiently small (particularly, diameter
less than 0.25 u and length greater than
8 u) and has a high aspect (length to
width) ratio. In contrast to the situation
in humans, chrysotile appears to be just
as effective as crocidolite in inducing
mesothelioma in animals (18). It has al-
so been postulated that, in humans who
are inhaling asbestos dust, mesothelio-
ma is induced by dust that penetrates far
into the periphery of the lung (19). Hence,
it is reasonable to suppose that patients
with mesothelioma might have either
higher aspect ratio fibers, or greater num-
bers of fibers, or more fibers in the pe-
riphery of the lung than patients with
roughly comparable exposure but no
mesotheliomas.

In fact, we were unable to find any con-
sistent differences in fiber size or fiber
aspect ratio between our S paticnts with
mesothelioma and 9 cont-ol subjects (12).
There was no evidence o7 a trend {or pe-
ripheral deposition of fibers in the pa-
tients with mesothelioma (table 3). One

TABLE 8

RATIOS OF NUMBERS OF FIBERS OF
DIFFERENT MINERALS IN MESOTHELIOMA
PATIENTS 1 TO & AND CONTROL GROUPY

Rt
Moot ionig
Minetal

Roterenoe (12

Cnevaotile 8

Tremonterac hnotte antiiopr i te R
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might alsosuspect, a priori, thal because
milhng the ore separates the tong fibers,
mesathelioma <hould be found m milkers
rather than miners. But 2 ot the S pa-
tients o whom we have detaited occupa-
tional nistories appear to have worked
only 1n the mines.

However, we did find differences in to-
(al fiber numbers and in the ratios of
types of fibers between the groups (1a-
bles 2 and &). The mean values of liber
load for the mesothelioma group were
considerably higher than those for the
control group, but 2 of the patients with
mesothelioma (Patients 2 and 4) had fi-
ber concentrations at or below the mean
for the reference group. Hence one can-
not easily ascribe the mesotheliomas only
to high overall numbers of fibers.

Of particular interest is the fact that
the patients with mesothelioma having
only chrysotile ore components had a
much higher ratio of tremolite group am-
phiboles (9.3) than chrysotile fibers (2.8)
compared to the control group (table 8),
and that this was not true of Patient 6,
in whom amosite was found. Stanton and
associates (17) and Wagner and cowork-
ers (20) have shown that long, thin, high
aspect ratio tremolite induces mesothelio-
ma in animals, whereas short thick fiber
tremolite is less effective or ineffective,
an observation that agrees with the the-
ory of Stanton and associates (17) that
tumor frequency is proportional to fiber
length and aspect ratio (aspect ratio
greater than 32 in the study of Stanton
and associates). But as Harington (19)
points out, the animal studies also show
that the requirement for high aspect ra-
tio or long length is not absolute, and
that large numbers of short lower aspect
fibers can induce mesothelioma. Our
chrysotile miners would presumably fall
into the latter category because the mean
aspect ratio for tremolite amphiboles in
their lungs is about 13 to 14 (table 4).

Our observations i chirvsonde nune n-
dusire workers thus raise the possibiling
that the amphrhole component of the
chryvsotle ore s important m the cenesis
of mesotheliomain tins group. This at-
uation mayv be similar 1o that reported
i mesothelioma patnents exposed to mis-
tures of chrysotife and the commercial
amphiboles  amosite and  crocidohite
(21,22). where the amphibole appears 1o
play a major role in tumor induction. Ad-
ditionally, because elevated levels of
tremolite and actinolite amphiboles have
been found in the lungs of some secon-
dary chrysotile industry workers, which
we (23, and Churg A, unpublished data)
and others (9) have analyzed, and in par-
ticular, because some of that amphibole
is of relatively long length (23), the same
conclusion might apply to textile work-
ers and others exposed to processed
chrysotile ore.
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