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Fiber Burden and Patterns of Asbestos-related Disease

. ‘in Workers with Heavy Mixed Amosite and
Chrysotile Exposure

ANDREW CHURG and SVERRE VEDAL

Departments of Pathology and Medicine, University of British Columbia, Vancouver, British Columbia, Canada

To attempt lo determine the mineralogic factors that relate to the appearance of specilic types of asbestos-
related disease in workers with heavy mixed exposure to amphiboles and chrysotile, we analyzed the pul-
monary asbestos fiber burden in a series of 144 shipyard workers and insulators from the Pacific North-
west. Amosite was found in all lungs, and tremolite and chrysotile in most lungs, but the vast majority of
fibers were amosite. Tremolite and chrysotile concentrations were significantly correlated, indicating that
the tremolite originated from chrysotile products, but no correlation was found betwsen tremolile or chryso-
tile concentration and amosite concentration. Time since last axposure was correlated with decraasing
amosite concentration and the calculated clearance haif time was about 20 yr. In a muitiple regression
analysis that accounted for the presence of more than one disease in many subjects, a high concentration
of amosite fibers was correlated with the presence of airway fibrosis and asbestosis, whereas subjects with
mesothelioma. lung cancer, pleural plagues, or no asbestos-related disease had about the same, much
lower, amosite concentration. No relationship was found betwesn the concentration of chrysotile or Irerno-
lite and any disease. Analysis of fiber size measures (length, width, aspect ratio, surfacs, mass) showed
that pleural plagues ware sirongly associated with high aspect ratio amosite fibers and suggested that
mesotheliomas were associated with low aspect ratio amasite fibers. We congluds that, in this population,
the major residual fiber is amosite, and only amosite concentrations correlate with the presence ot spscific
diseases, raising questions about the role of chrysotile in disease induction. There ars distinct differences
inthe relationship of fiber burden and disease comparing workers with heavy amosite sxposure to chryso-
tilte miners and millers; in particular, mesothelioma appears at much iower amosite burdens than does
asbestosis, in contrast 10 the situation previously reported for chrysotile-induced mesothelioma. Amosite
clearanca from the lung is extremely siow, requiring decades. Except for pleural plaques, the association
of fiber size and dissase ramains uncertain. Churg A, Vedal S. Flber burden and patterns of asbestos-
refated disease in workers with heavy mixed amosits and chrysotile exposure. Am J Respir Crit Care
Med 1994;150:663-9.

That heavy occupational exposure fo asbestos produces a vari-
ety of pleuropulmonary diseases is well established, but rauch
less information is available aboul the relationship ¢f pulmonary
asbestos fiber burden, taken in its broadest sensa of fiber con-
centration, fiber type, and fiber size, and the appearance of spa-
cific diseases. A varisty of studies have investigated this issue
{1-6), but most have considsred only the issus of fiber concentra-
tion, and chrysotile has not always been separated from amphi-
bole. Furthermore, many such studies compare exposed work-
ers with nonexposed convrols, and this approach may yield
misleading information, particularly in respect to fiber size differ-
ences (see DISCUSSION).

In this study we examine a large group of shipyard and insula-
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tion workers and workers in refated trades with heavy mixed
amphibole and chrysotile exposure to ask the question: Within
a group of heavily exposed workers, what are the mineralogic mea-
suras that correlate with tha appearance of specific diseases? We
atso compare our rasults with data from a previous, similarly de-
signed, study of chrysotile miners and millers, and with various
fiber size-rolated predictions from the experimental and human
literatura.

METHODS

Casas for this study were selected from a series of approximately 160
aulopsy lungs referved to our laboratory for mineral analysis (and, in many
cases, for pathologic diagnosis as wslil). These cases constituted ali the
cases received and analyzed by our laboratory from 1981 through 1391
for which the following critaria were met. All of the casas were from tha
Pacific Northwest {Oregon, Washington, British Columbia) and all of the
patients had been at some time in their careers shipyard workers, asbes-
tos insulators, or in relatsd trades such as pipsfitters. Approximately halt
the cases were medical-legal rafesrals and halt were initially referred by
pathologists, although after complation of diagnoses and mineral analy-
sis, the majority of cases reterred by pathologists became medical-legal
cases. We were thus able to oblain detailed occupationa? and smokin
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TABLE 1
DEMOGRAPHIC AND DISEASE DATA
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electron microscopy. In gensrat if only one sample was anatyzed it was
taken from the peripharal upper lobe, and it two were analyzed, then both
peripheral and central upper lobe were used. An additional piecs of lung

13Dl

vanable N Maan so Range was drisd to constant weight o aliow expression of rasults n tarms of

Al subjects. N = 134 fivers per gram dry lung. For each sample, a minimum of 50 rangomly
Sex 134M, 10F selected grid squares ware examined and all asbestos fibers longer than
Age 136 66 9.3 37-86 0.5 um found were counied, measured, and identilied using a combina-
Smoking, pack-years 126 30 a3 0-150 tion of fiver morphology, and fiber chemistry as detsrmined by ensrgy-
E;z\sct;rirw :?2 ig 13 R 2(‘;22 dispersiye x-ray s_pedm.scopy. Hbef concentrations were calculated using
Yoars sinc fast oxposure "3 " ' a7 an algomhm mlalnng_ wen.gm of lung tissue used and number of grid squares

Subjects withaut asbastos-induced disease. N = 8 -examfned' Crocidolite libers were found in onlya very few cases. usually
Sex au in quite small numbers, and have been excluded from all analyses.
Age 3 72 a8 §0-84 The foliowing tiber characteristics were included in ths analyses: fi-
Smoking, pack-years 8 37 10 20-50 ber type, fiber concentration, and mean fiber size (langth, width. aspect
Exposure. yt § 3 a7 19-43 ratio, surface area, mass). Initial inspection showed that liber concentra-
Latency, yr 5 47 94 38-63 tion was log-normatly distributed, and statistical anatyses were performed
Years sincs last exposure 5 14 6.3 5-20 using log-transtormed values. Geometric means were calculated for pre-

No. Subjects Having

sentalion of ths data on concentration. The fiber size data were best nor-

Disease No. Subjects Only This Diseass malizad using a square root ransformation and the data are presented
- ' using means derived from the square rools. Pearson correlation coeffi-
Asbesiosis 23 3 : cati . .
Airway fibrosis 16 p cienis were used 10 assess Ihe association between two continuous vari-
Masothelioma 83 13 ables. For each fiber type, concentration or size values for subjects with
Lung cancer a3 12 each specific dispase were initially compared with subjects without any
Pleural plagues 103 . 3 disease using f lests. Howsver, because most cases had more than one
No asbestos dissase 8 disease, mulliple regression modsis in which the asbestos measurs of

Subjects with multipls diseasses

intarast was regrassad on indicator variablas fos sach of the dissases plus
any relevant covariates were construciad. All statistical calculations were

Plagues Plus No. Lung Cancer Plus  No. Moesothelioma Plus  Ne. performad using SYSTAT (8).
Asbastosis 17 Asbestosis 8 Asbestosis 5
Airway fiprosis 14 Airway librosis 8  Alrway fibrosis 9 RESULTS

tMesothelioma (334
Lung cancer 16

histories from legal records in about 75% of the cases. Historic data for
the remaining cases werg obtained from referring pathologists or clini-
clans. All of the patients were sither known (o have been exposed o mix-
tures of amphibole (amaosite) and chrysotite, or presumed {0 be so ex-
posed because of general historic information about the types and levels
of asbestos exposure encountered in these specific occupations.

The lungs for each case wers reviewed by standard gross and micro-
scopic technigues to determine the presence of each of the asbestos-
related diseases listed in Table 1. In most casas four standard histologic
sections (two upper lobe, two lowsr lobe) were prepared. A number of
cases were excluded because we could not dstermine whether pleural
plaques were prasent from the pathologic material and neither autopsy
nor radiologic data could be obtained to answer this question, leaving
144 casas for the study. .

Asbestos-induced airway fibrosis as used hers dsnotes a specific pat-
tern of asbestos-induced fibrotic thickening of the wails of membranous
and respiratory bronchioles {see ref. 7 for a complete description and iltus-
trations of this lesion), and a case was considered to have airway librosis
if any airways fitting this pattern were observed, Asbestosis is used to
refer to dittuse intarstitial fibrosis allecting alveolar walls along with the

presence of at lzast one ashesios body in the lissus seclions; airway dis-

ease by itsel! was not considered asbesicsis. Only one case showed both
of thase lesions. .

For each case at least one 5-g sample of formalin-fixed lung tissue
was dissolved in bleach. and the mineral fibers collected for analytical

Demographic data and the number of subjects in the sample with
specific asbestos-related disease are shownin Table 1, along with
data on the subjects with no asbsstos-related disease. Exposure
to asbestos was generally long (mean 20 yr, range less than 1
to 50 yr); no actual exposure measurements were available, but
historic data indicate that exposure levels in many instances were
high. Most subjects had more than one asbestos-related disease,
as listed in Table 1.

Table 2 shows corralations of asbestos exposure with log fibes
concentrations. Amosite concentration decreased withtime since
1ast exposure, but was not associated with length of exposure or
exposure latency, or with age. The amosite tissue halt-lifs, esli-
mated from a regression of concentration on tims since last expo-
surs, was 20 yr. Neither tremolite nor chrysotile concentration was
associated with any measure of asbestos exposure. Table 3 lists
correlations between the concentrations of the various fiber types:
A moderately strong corrslation (R = 0.37, p < 0.001) was seen
bstween tremalite and chrysotile concentrations, but there was
no corrslation between tremolite or chrysotile concentration and
amosite concentration.

Amosite fibers were found in alt 144 cases, chrysotile fibers
in 102 cases, and tromolits fibers in 125 cases. Mean fiber con-
centrations in subjects with the various asbestos-refated diseases
were compared with those with no asbestos-related diseass for
amaosite (Table 4), chrysotile (Table 5), and Yremolite (Table 6).
Where no chrysotile or tremolite was detected, a concentration

TABLE 2
CORRELATIONS {p VALUE) OF ASBESTOS EXPOSURE AND FIBER CONCENTRATION

Age Exposure Latency Time Since Last Exposura
Log amosite -0.12 (0.15) 0.12 (0.18} -0.15 (0.12} -0.28 {0.002)
Log tramohte ~ 0.02{0.85) 0.09 (0.31) 0.14 (0.13) ~0.05 {0.59)
Lag chrysolls 0.03 (0.71) 0.07 {0.47) -0.02 (0.83) -0.11 {0.24)

HWBUI0010307



K © 7 Churg and vedai: amasite Asbestos and Disease

. TABLE 3
CORRELATIONS OF CONCENTAATIONS OF DIFFERENT FIBEAS

Tremolts “chrysonle
Amosie " chrysoule
Amosite " iremolitg

A = 037 p < G001
A = 010p = 0.1
Ra002p =087

of zero was assumed. Subjects with asbestasis had significantly
higher amosite concentrations than subjects with no asbestos-
relaled disease, and this also appsared to be true for subjects
with airway fibrosis. Multiple linear regression models, in which
fiber concentrations were regressed on indicator variables for each
asbestos-related disease, were gensrated in an altempt to deter-
mine associations between concentration and disease that were
independent of the presence of other asbastos-related diseases.
! These models confirmed the association of asbestosis and air-
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way fibrosis with high amosite liber burdens {Tadles 4 and 7). No
correlations were found between chrysotile or tremolite concen-
tration and the presence of any disease; the few values which
appeas significant in Table 5 acwually reflect higher concentrations
in the subjects without disease compared with those with disease.
Table 7 shows (he regression coetficianis and standard errors for
these models.

We attempted to examins the effects of long versus short fibers
of amosite using an arbitrary definition of long” as greater than
8 um (see DISCUSSION), and regressing the concentration of long
or short fibers on the same disease indicator variables used above.
Because of the very high correlation (r = 0.99) between cancen-
traticns of long and short fibers, this procedure produced results
essentially identical to those found using total fiber concentrations.

The association of amosite fiber length and aspect ratio with
the asbestos-related diseases is shown in Tables 8 and 9. Fiber

TABLE 4

GEOMETRIC MEAN AMOSITE CONCENTRATIONS IN SUBJECTS WITH ASBESTOS-RELATED
DISEASE COMPARED WITH SUBJECTS WITHOUT ANY DISEASE®

Multipte
Cases With Disease Casas Without Disease Regrassion
! Test! Modei¥
Disease N Geomelic Mean SO N Geomelric Mean sD (] [(1)
Asbestosis 23 10 B.& 8 0.87 S.1 < 0.00% < Q.00
Airway fibrosis 16 43 12 8 0.87 5.1 0.072 a.00
Mesothelioma 83 0.85 7.6 8 0.67 51 0.74 o2t
Lung cancar 32 1.1 8.3 8 0.67 5.1 0.53 0.20
Ploural plagues 103 1.4 7.8 4 0.67 5.1 0.3% 0.08

° Concentration values in milions of fibers/g dry lung. -

¢ Muttipls reg modet

t Comparison of cases with specified dissase 1o 1ho3e wilh no dissase by © lest.
g for ins presence of more than one disass in mosal Subjects.

TABLE $

GEOMETRIC MEAN CHRYSOTILE CONCENTRATIONS IN SUBJECTS WITH ASBESTOS-RELATED
DISEASE COMPARED WITH SUBJECTS WITHOUT ANY DISEASE®

Multiple
Cases With Disousa Cases Without Dissase Rograssiont
¢ Test? Modet
Dissase N Geometric Mean SD N Geormatric Mean 5D {P) P
Asbestosis . 23 0.005 300 ] 0.035 81 0.38 0.38
Airway tibrosis 18 ] 1000 8 0.035 )] 0.006 0.06
Mesathelioma 83 0.004 250 8 0.035 81 0.28 0.67
Lung cances 32 0.031 150 8 0.035 1] 0.95 0.30
Plsural plaques 103 0.004 250 8 0.035 81 0.29 0.30
* Concontesnon values in milbong of fibers/g dry lung.
YComparlsm of cases with sp.c:ﬁod dlsmsse (o those with no diseass by 1 tast,
J e mooe! g for the p of more (han one diseasa in most subjects. .
TABLE 6
GEOMETRIC MEAN TREMOUITE CONCENTRATIONS IN SUBJECTS WiTH
ASBESTOS-RELATED DISEASE COMPARED WITH SUBJECTS WITHOUT ANY DISEASE®
Muitipis
’ . . Regression
i Ci
Cases With Disease Cases Without Disease R~ Mode
Disease N Geomatric Mean S0 ™ Geametric Mean S0 13 {»}
Ashesiosis 23 0.038 125 8 0.07% a5 0.67 0.27
Airway fibrosis 8 0.092 73 8 0079 8% 0.93 082
Mesgtheliorna 83 0.051 63 g 0.079 as 0.78 0.81
Lung cancer 32 0.21 i3 8 0.479 85 0.43 0.31
Plaural plaques 103 0.049 -5 8 0.079 85 0.76 0.20
. * Gone: values 1n roili of i g ary lung.

t Companson of cases wilh specifiad disease 10 thase wih ng diseass by ¢ tast,
t )

mode @ tor ihe 0

el

& of mai® than one 8338 it MOS! subjects.
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TABLE 7

LINEAR REGRESSION MODELS OF ASBESTOS FIBER CONCENTRATION
ON ASBESTOS-AELATED DISEASES®

Airway Lung Ploural
Fiber Intercapt Asbestosis Fibrosis Mesothelioma Cancer Plaques "
Amosite 1333 2,59 {0.46)T 1.76 (050" - 0.55 {0.44} - 0.63 (0.49} 068 (0.3n% o029
Chryso}isc 10.14 -1.15 (1.31) - 277 (1.45)% - 0.54 {1.25) 147 {1.39) -1.32 (1.07) 0.06
Tramolita 11.94 - 1.07 {0.96} 0.25 {1.06) - 0.22 (0.91) 1.03 (2.0 -1.00 (0.78) 0.04

“ Concantration 0212 a3 fiberslg dry fung, Enines are regresson cobificients of log Aber counts, with standard erors of the costfhoents in

garenthexg, on gacty of the

0 the Mosed.

Tocoon
tp <010
TABLE 8
MEAN AMOSITE FIBER LENGTH IN SUBJECTS WiTH
ASBESTOS-RELATED DISEASE
. . Muhiple
Cases With Disease Cases Without Dissase Regression
) Mean® Mean” t Testt Modeit
Oissase N (nemy N (um) ®) 2]
Asbastosia 23 6.4 : 4.6 0.18 0.33
Airway fibrosis 16 6.0 8 4.8 0.29 0.64
Mesothelioma 83 5.5 8 4.6 0.48 0.32
Lung cancar 32 5.7 8 4.5 0.39 0.73
Plaural plaques 103 5.9 8 4.8 0.3 0.16

* Mean derived from square rook tranaformed values.

70mpmw§asawﬁnsudﬁndwmm~mnodMuownwmingsqmmottrandoﬂneom

$ Muttipie regr

modet ing for the p

of more han one diossse i MO SUDBCES Ana USING SQUEND ToK] TANSIONMES values,

TABLE 9

MEAN AMOSITE ASPECT RATIO IN SUBJECTS WITH ASBESTOS-RELATED. DISEASE
COMPARED WITH SUBJECTS WITHOUT ANY OISEASE

Multiple
Cases With Disease Cases Without Diseasa Ragression
t Test Modei¥
Dissase N Mean® N Mean® 4] ()]
Asbestos 23 45 ] 38 0.48 0.48
Airway hbrosis 18 37 8 38 0.92 0.72
MpsoiRslioma 83 38 8 38 0.99 0.077
Lung cancer 32 39 8 38 0.80 0.50
Pigural plaquss 103 a0 8 36 0.73 0.004

© Msan derived Fom squame rool ransformed valuss.

T Comparison of cases with 3pecifind diseass 1o those with no diseess by f 18st using squars root TansiomMmed valuss,

¢ muttipie regraasion moded

g for the p

length was not associated with dissase. On initial comparison of
the aspect ratio data {i.e., analyzed by simple f test), no differ-
ences were seen because of confounding due {0 the presence
of mulliple diseases. The muitiple regression analysis, which
reflects the associations of each disease with aspect ratio inde-
pandent of associated diseases, indicated that the subjects with
plagues had signiticantly higher aspect ratios than those without
disease, and that the subjects with mesothelioma had near sig-
nificantly lower ratios. This latter conclusion is not apparent in Ta-
bie 8, but if ons comparss the mean aspect ratios in Subjects with
both mesotheliomna and plaque (37, n = 69), subjects with plaque
but not masothelioma (47, n = 34), subjects with mesoihelioma
but not ptaque (30, n = 14), and subjects without diseass (36,
n = 8), then it becomes clear {hat the aspect ratios associated
with plague alone are higher and the aspect ratios associated with
mesothelioma alone are lower than the aspect ratios in subjects
with no disease.

No associations between amosite fiber width, surface area,

of more 1han one disease in most subjects and uaing square oot transionmed values.

or mass and specific diseasas were observed. Because of the
low concentrations of chrysotile and tremolite fibers no attempt
was made 10 evaluale associations between chrysotile or remo-
lite size measuras and diseass.

DISCUSSION

In this study we have examined the relationship of a variely of
fiber-related measures and specific asbestos-related diseases to
atternpt 1o determine which of thess measures are responsible
for the appearance of given diseases within a heavily exposed
workforce. As noted in the introduction, this question has been
studied by several groups, with somewhat incansistent results.

For both amphiboles and chrysotile thera is general agreement
that patients with asbestosis have the highest lung burdens {1-6),
but no agreement about what size of fiber is related 10 asbesto-
sis. Experimentalty long fibers appear to be much more fibrogenic
than shori fibers (3-12), but in previous studies of both amosite-
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and chrysotile-induced asbestosis in humans (13, 14), we found
that the concentration of short fibers correlated betier with fibro-
sis grade than did the concentration of long fibers, Whether these
tindings reflect local interference with clearance mechanisms (15,
16). an effect of moditying agents such as cigaretie ssoke which
particularly appears to increase short fiber retention (17}, or
whether the experimental data simply do not apply to humans,
remains unresolved.

There is also general agreement that, for amaosite- or crocidolite-
induced disease, mesotheliomas and plaques appear at much
lower burdens than does asbestosis {2~5). How cases of amphi-
bole-induced mesothelioma and amphibole-induced plaques re-
late to each other in terms of fiber burden has been less clear
(2-4). as, indeed, has the question of what factors discriminale
between these two pleural diseases.

The effect of fiber size on the induction of mesothelioma has
been an area of considerable interest. Stanton and colleagues
{18) criginally proposed that, within a specific set of fiber lengths,
relatively longer and thinner (i.e., higher-aspect-ratio) fibers have
a greater propensity to induce mesotheliorna than do shorter and
thicker (lowar-aspect-ratio) fibers; experimental studies by Davis
and colleagues (11, 12) have suggested that fibers shorter than
about 5 um have little propsnsity to induce mesothslioma.

Again, the question of how well such predictions apply to hu-
mans is unresolved. In a general sense, the reported human data
on the ability of tremolite to induce mesothelioma are consistent
with tha Stanton hypothesis, because populations exposed to long
high-aspect-ratio tremaolits fibars ({for example, those at the Libby
vermiculite mins [19] and those in the Metsovo area of Gresce
{20]) have much higher incidences of mesothelioma than do Que-
bec chrysotile miners and millers whose exposure is to shorter

fibers with lower aspect ratios {23). McDonald and cowarkers (21} -

and Rogers and coworkers (22) performed case controt studies
of patients with masothelioma compared with control subjects;
the former group found that the concentration of amphiboles (amo-
site, crocidolite, tremolite) fonger than B pm was the best predic-
tor of masothelioma, with no contribution by shorter fibers, whereas
the latter group found that shorter fibers, including fibers of chryso-
tile, also appeared to be important.

it shoutd be noted that both these studies used a general pop-
ulation control group, and this may have influenced the resuits,
because persons with occupational asbestos expoasurs generally
have much longer fibers in their lungs than do persons in the gen-
eral population inhaling asbestos from ambient air (23). This obser-
vation also raises a related issue which returns to the basic ques-
tion raised in this study; namely, that while it is clear that persons
with asbestos-induced pleuropulmonary disease have consider-
ably higher fiber burdens than members of the general popula-
tion, it is not clear whether fiber concentration differences, fiber
dimension difierences {24, 25), or some other faclors explain the
occurrence of disease among mambers of an exposed workiorce.

In this report we have studied a workforce with heavy, but none-
theless quite variable, exposure to both amphiboles and chryso-
tile. The imitations of our approach must be siressed. The group
is not ideal in many respects. No details of exposure levels are
available for these workars, and we were unable to corralale expo-
surg in years with measured fiber burdens. This is not surprising,
because many mambers of the group had exposure for only a
few years to the very high fiber levels that prevailed inside ships
during construction and ripout during World War U.

A second potential problem is the selected nature of the sub-
jects for whom we obtained lung tissue. In our previous study of
chrysotile minars and millers (7) we used sequential autopsy cases,
and in the prasent study, sequential cases referred lor mineral
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analysis (and sometimes diagnosis). Both sats of cases tend to
include those who have a disease which sither is clearly com-
pensable, or will be if a centain diagnosis or a certain mineral bur-
den can be established. Thus nsither group can be regarded as
providing any useful data about the refative frequency of the vari-
ous asbestos-related dissases. However, we are interested in
examining the relationship of diseasa to {iber concentration and
size measures, and the fatter data could not be known by those
referring the cases. Thus salecnon per se should not affect our
results.

Selection does, however, limit the statistical power of the study.
Most of the cases refatred to our laboratory are referred bacause
they have disease. Lungs from workers with this type of exposure
and no disease are hard to obtain and thus the reference (no dis-
eass) group is quite small. Power calculations for amosite show
that we would be unable to statistically detact anything less than
a lenifold increase in fiber counts in the disease groups refative
to the group with no disease. But the multipte linear regression
analysis, by estimaling differences in fiber counts batwaen each
disease and the no diseass group independsent of the associa-
tions of sach disease with the other diseases, effectively snhanced
the ability 1o detect dilferences due to airway fibrosis and to pleu-
ral plaque by removing the etfect of the diseases (in this case
mesothelioma and lung cancer) that did not have higher fiber
counts than the no disease group. it is clear that many of the dif-
ferences that are not statistically significant {for example, the amo-
site concentrations in subjects with mesotheliomas and lung can-
cers —see Table 4) are very smail and are unliksly to be biclogically
important.

Moreover, we are dealing with a population in which each sub-
ject tends to have mora than one asbestos-related disease. This
problem can be accounted for to some extent by multiple regres-
sion analyses, but might in theory be betier approached using
groups of subjects having enly one disease. However, since expo-
sure sufficient to produce diseass appears to produce muitiple
abnormalities in many patients, it is probably unrealistic to expect
to find such a set of subjects. indeed, although we and others
have proposed a general schema which relates fiber concenira-
tion and disease pattsrn in amphibols-exposed workers {(2-5), the
failure to account for the sffects of multiple diseasss turns out
to have created some subtle errors, as discussed subsequently.

Lastly, we have deliberately chosen not to include exposure
in our models, In part we have made this choice because thare
is, for reasons menlioned previously, no correlation between expo-
sure as measured in years and fiber concentration in this group
of workers. More important, howeves, we have excluded years of
exposure because we are specifically inlerested in the effects of
fiber burden, irespective of nominal exposure, and disease. In
this sense fiber burden serves as our measure of exposure, and
including both fiber concentration and ysars of exposure appears
to us to be analytically incorrect. Similar comments apply to years
since last exposure.

Our results show clearly that, despite known historic exposure
1o amosite and chrysotile, amosite is by tar ths predominant resid-
val fiber, and there are corrplations between amosite measures
and disease. Chrysotile was prasent inconstantly and in relatively
small amounts, and no correlations were found between chryso-
tita measures and disease. Similar observations have been made
by others (5) and there is general agreement that chrysoiile does
not persist in lung tissue (1). For this reason analyses of this rype
by definition grossly underestimate chrysotile exposure, and there-
fore considerable caution must be exercised in drawing conclu-
sions about the sffects of chrysotile.

We have proposed elsewhare thal tremolite, which is anatural
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minor constituent of chrysotile ore, might serve as a substitute
markar for chrysctile, and that tremolite rather than chrysotile may
aclually be the agent responsible lof "chrysotile-induced” mescthe-
lioma and perhaps other diseases as well (5). In a previous study
of fiber burden in chirysctite miners and miflers (6), treamolite con-
centrations and sizes correfated wall with the presencs of spe-
cific diseases, whereas chrysotile measures did not provide cor-
relations after accounting for the presence of tremolite. The fact
that there is a correlation between chrysotile and tremolite con-
centration in the present study confirms the idea that the tremo-
lite seen in these tungs is derived from the chrysatile, but we were
unable 10 show any correlations between tramolite measures and
diseasa. itis possible that this failure simply reflects very low con-
tarnination of processed chrysatile products with tremolite, and
hence very low lung burdens of iremolite. But the failure to find
correlations of disease and either chrysotile or tremolite burden
again raises quaestions about the role of chrysotile in workers with
this type of mixed exposurs.

QOur results smphasiza the importance of high fiber concen-
tration in the induction of airway librosis and asbestosis by amo-
site; this conclusion is similar 1o that reached in our study of chryso-
tile miners and millers (6). However, thers is a marked difference
in the relationship of mescthelioma and fiber burden between
these two studies. For amosite our data confirm in a formal fash-
ion that mesothelioma typically appears at much lower burdens
than are sesn with asbestosis or airway fibrosis, whereas our pre-
vious study showed that chrysctile-induced mesothelioma ap-
pearsd at very high fiber burdens of tremolite and chrysotile, bur-
dsns comparable 0 those that produce asbestosis or airway
fibrosis. These findings support the idea that, even whare a role
for cheysotile ore {chrysotile plus tremolite) is unequivacal, there
are major differences in the relationship of fiber conceniration and
disease between these fibers and amosite or crocidolite.

A new finding from the present work is that, in contrast to pre-
vious conclusions that we and others have reached that mesothe-
liomas appear at greater fiber burdens than do plagues {2-4), the
current data suggest that fiber concentration does not discrimi-
nate among heavily exposed subjects with mesothselioma, lung
cancer, of no asbestes-related disease, and the association of pleu-
ral plaques with increased amosite concentration is marginal. The
ditterances between this study and previous ones most likely arise
from the use of regression tachniques that account for the pres-
ence of multiple diseases in some subjects. This observation also
emphasizes the necsssity to examine measures other than fiber
concentration to attempt10 determine which mineralogic measures
arg associated with different diseases.

Measures of fiber size do provide soms information in this re-
gard. In particular, there is an association of high aspect ratio with
the presence of pleural plaques, perhaps implying that high-
aspect-ratio fibers specifically play a role in the genesis of plaques.
Exactly the same association of plaques and high-aspect-ratio
fibers was found for tremaolite in our study of chrysotile miners
and millers (6). suggesting the importance of aspact ratio in the
production of pleural ptaques with all types of asbestos.

it is also clear that, in our study, mesotheliomas are not asso-
ciated with long fibers and in fact are probably associated with
lower-aspect-ratio fibers than are found in subjects without
asbestos-rejated disease. This is a surprising finding that contra-
dicts the experimental data cited previously and aiso the studies
of McDonald and coworkers (21) and Rogers and coworkers (22)
that concluded that mesotheliomas are associated with long fibers.
The latter may possibly be explained by examining Tables 8 and
9. because, overall. subjects with asbestos-related disease tend,
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as a group, to have longer and higher-aspect-ratio fibers than those
with no asbestos-relaled diseass, and even our subjects with expo-
sure but no disease have longer fibers in their lungs than mem-
bers of the general population (23), the group used as control sub-
jects by McDonald and coworkers (21) and Rogers and coworkers
{22). Nonetheless, we cannot explain the anomalous finding of
low-aspect-ratio fibers in subjects with mesothelioma compared
with exposed subjects with no disease, and again must ask
whether the experimental data really apply 1o humans, and what
specific role long, high-aspect-ratio fibers play in the genesis of
masothefioma.

It has also been proposed from experimental studies (26} and
reviews of human data {15, 24, 25) that fiber surface area might
be the most important predicior of some dissases. This idea makes
intuitive sense if available surface reactants {for example, iron 10
catalyze the generation of active oxygan species} are important
in producing disease. However. in this study we ware inabla to
find an association of fiber widilh, surface area, or mass with
disaase.

An additional point that emaerges from our data is the slow clear-
ance of amosite from the lung. In a recent review (1), we noted
that, despite marked intertaboratory variations in fiber counting
methods and despite quite discrepant interlaboratory resutlls for
any given specimen (27), the available data suggest that ciear-
ance hait times for amosite and crocidolite are on the order of
yoars to decades. The present calculation of a clearance haif time
of 20 yr for amosits fits into this pattern. In contrast, in most stud-
ies, including this one, there is no correlation between chrysotile
concentration and lime since last exposure when times are mea-
sured inyears. This finding implies thatthe bulk of chrysotile clear-
ance must be complseted within weeks to months of exposure.

In one sensa our results are disappointing because the mod-
ols examining correlations with fiber conceniration or with fiber
size measures (and even models combining concentration and
size measures) fail 1o provide fiber-related discriminating factors
for some diseasses. in particular, it remains unclear what faclors
favor the davelopment of amphibole-induced mesothelioma, a
question of considarable importance. This issue needs further
examination.
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