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ABSTRACT The survival of 354 claimants for compensation for pulmonary asbestosis among

former workers of the Wittenoom crocidolite mine and mill in Western Australia has been
examined. There were 118 deaths up to December 1982. The median time between start of work
and claim for compensation was 17 years. The standardised mortality ratio (SMR) for deaths
from all causes was 2-65 (p < 0-0001). The SMR for pneumoconiosis was 177-2 (p < 0.0001),
bronchitis and emphysema 2-6 (p = 0.04), tuberculosis 44-6 (p < 0-0001), respiratory cancer

(including five deaths from malignant pleural mesothelioma) 6-4 (p < 0-0001), gastrointestinal
cancer 1 6 (p = 0 22), all other cancers 1 6 (p = 0.17), heart disease 1.4 (p = 0 07), and all other
causes 2 18 (p = 0.004). Plain chest radiographs taken within two years of claiming compensa-

tion were found for 238 subjects and were categorised independently by two observers according
to the International Labour Organisation criteria without knowledge of exposure or compensa-

tion details. Profusion of radiographic opacities, age at claiming compensation, work in the
Wittenoom mill, and degree of disability awarded by the pneumoconiosis medical board were
significant predictors of survival, but total estimated exposure to asbestos was not. Radiographic
profusion and degree of disability were, however, predictable by total exposure. The median
survival from claim for compensation was 17 years in subjects with ILO category 1
pneumoconiosis, 12 years in category 2, and three years in category 3.

Increased mortality has been observed both in
asbestos workers' -3 and in men with radiographic
changes of pulmonary asbestosis.4' The causes of
premature death which have been identified
repeatedly are pulmonary fibrosis, carcinoma of the
lung, and malignant mesothelioma of the pleura and
peritoneum. An increased frequency of death from
primary malignancies arising in other sites has also
been renorted but with less consistency. The present
study examines the mortality experience and deter-
minants of mortality in claimants for workers com-
pensation among former workers in the crocidolite
industry at Wittenoom in Western Australia.

Crocidolite was mined and milled at Wittenoom
Gorge and the nearby Colonial Gorge between
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1943 and 1966 by a single company. Workers were
exposed to crocidolite in high concentrations for
relatively short periods, the average duration of
employment being under four months.8 There was
also exposure to silica, especially in the mine. Em-
ployment records of the company have been
retained and form the basis of a continuing study'
which has shown an excess of mortality in the work-
force from pneumoconiosis, respiratory cancer,
malignant pleural mesothelioma, and tuberculosis.
As crocidolite may be more fibrogenic than other
types of asbestos9 '0 and is more carcinogenic" a
study of the Wittenoom workers provides a unique
opportunity for investigating the determinants of
mortality from various causes after exposure to this
type of asbestos. The present study was undertaken
to extend the findings of an earlier study' in a rela-
tively heavily exposed subgroup with almost com-
plete follow up.
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Subjects

Out of about 7000 workers at Wittenoom, 354
men applied for financial compensation for
pneumoconiosis between 1947 and December 1982.
Some did not complete the application procedure as
awards were for "disability" and those still in em-
ployment were considered ineligible for compensa-
tion. They nevertheless often had asbestos related
diseases and have been retained in this study. Plain
chest radiographs were found for 280 of these men
and had been taken within two years of an applica-
tion for compensation in 241 men. Two men who
died before consideration of compensation but after
their radiographs had been obtained and one whose
application was not considered until after December
1982 were not included in the analysis of radio-
graphic changes. Of the remaining 238 men, 168
were awarded financial compensation for disability
resulting from pneumoconiosis.

Methods

The work histories of the subjects applying for com-
pensation were extracted from old employment
records and supplemented by details from records of
public hospitals in Western Australia and the Perth
Chest Clinic and from questionnaires returned by
former workers as part of the follow up study of all
previous employees.'

Plain chest radiographs were sought from the
Perth Chest Clinic, the Sir Charles Gairdner Hospi-
tal, and other public hospitals where men applying
for compensation had been seen. The radiographs
were classified separately by two observers accord-
ing to the 1980 International Classification of
Radiographs of Pneumoconiosis.'2 Films were read
without a knowledge of the exposure histories or
details of compensation.
The duration and place of work at Wittenoom for

each individual have been documented as part of a
long term follow up study of the cohort.' The con-
centrations of airborne respirable fibres of crocido-
lite (greater than 5,u in length) in various workplaces
were estimated from the results of a survey under-
taken on behalf of the Mines Department of West-
ern Australia in 1966.'3 Samples for counting the
number of fibres were taken with a Casella long
running thermal precipitator. The duration of most
samples was between four and five hours. A Casella
gravimetric dust sampler and a Hexhlet were used
for collecting total dust to estimate mass. Earlier
measurements of dust concentrations using a
konimeter had been made at Wittenoom periodi-
cally since 1948 by the Mines Department of West-
ern Australia. The results from these surveys did not

include fibre counts and had an upper limit of 1000
particles per cubic centimeter. They indicate, how-
ever, that the relative concentrations of total dust in
the mill and mine have remained similar throughout
the life of their operations. The 1966 results have
been used to estimate earlier fibre counts, although
historical information suggests that absolute fibre
counts were higher for mill workers in Wittenoom
Gorge before 1957, when a new mill was commis-
sioned in Colonial Gorge. Total exposure for each
individual, in fibre/cc years, was estimated from the
occupational history and the 1966 fibre counts.

Altogether 118 deaths were identified by a search
of all death registers in Australia from 1948 to
December 1980 and the Western Australia Death
Register up to December 1982. Of the remaining
236 subjects, 189 were known to be alive after
December 1982 either by direct contact via mail or
telephone or by a search of the February 1983
Commonwealth electoral roll. By searching depar-
ture records of the Commonwealth Department of
Immigration a further 16 subjects were found to
have left Australia permanently. Seventeen of the
remaining 31 subjects had been known to be alive
on 31 December 1980. The final 14 subjects were
not traced beyond their initial application for com-
pensation when all had addresses in Western
Australia. As a result of these searches it is consi-
dered unlikely that any deaths occurring in Australia
would have been missed.
The observed numbers of deaths were compared

with the numbers expected, calculated by the man-
years method'4 '5 using age, period, and sex specific
death rates for Western Australia. In computing
expected numbers of deaths, subjects were followed
from date of claim for compensation and those not
known to be dead were censored on permanent
departure from Australia or at 31 December 1982
whichever was earlier. This latter date was chosen to
avoid bias in follow up resulting from subjects who
have died being more easy to trace in official
records. Using this date ensures no overestimation
of death rates.

Causes of death were classified into the following
groups according to codes of the ninth revision of
the International Classification of Diseases (ICD9)
(or their earlier equivalents}: pneumoconiosis,
5000-29, 5050-9; bronchitis and emphysema,
4900-29; tuberculosis 100-189, respiratory neo-
plasms 1600-39, 2120-9, 2310-9; 2356-9, 2391;
other respiratory diseases, 4600-5199 (less
pneumoconiosis, bronchitis, and emphysema);
gastrointestinal neoplasms, 1500-99, 2110-9,
2301-9, 2350-5, 2390; other neoplasms, 1400-
2399 (less respiratory and gastrointestinal neo-
plasms); heart disease, 4100-4149; and other cir-
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Table 1 Standardised mortality ratios in 354 claimants for compensation for pulmonary asbestosis

Cause of death Observed deaths Expected deaths OIE Probability
(one tailed test)

All causes 118 44-5 2-65 0 000
Pneumoconiosis 28 0-16 177-2 0 000
Bronchitis and emphysema 5 1-96 2 56 0 044
Tuberculosis 5 0-11 44-64 0 000
Other respiratory disease 1 1-56 0-64 0-740
Respiratory neoplasms* 26 4-09 6-36 0 000
Gastrointestinal cancer 5 3-23 1-55 0-224
Other cancer 6 3-72 1-61 0-173
Heart disease 22 15-37 1-43 0-065
Other circulatory diseases 4 6-95 0-58 0-916
All other 16 7-35 2-18 0-004

*Including five cases of malignant pleural mesothelioma.

culatory disease, 3900-4599 (less heart disease).
Curves were fitted by the Kaplan-Meier

method'6 '' for survival from the date of the radio-
graph closest to the date of claim for asbestosis. The
effects of recorded variables on survival were
examined by life table regression analysis,'8 19 with
years of follow up from the above date as the fun-
damental time variable. The variables examined
were age at starting work at Wittenoom, time since
starting work, (log) total exposure, workplace at
Wittenoom, radiographic profusion of small
opacities (in major ILO categories from 0 to 3 for
survival curves but in minor categories in all other
analyses), and, where applicable, the percentage
disability assessed by the medical panel. Information
on smoking was not included in the analysis because
of insufficient data.
The determinants of radiographic profusion and

degree of disability at the time of application for
compensation were analysed by multivariate step-
wise linear least squares regression analysis.20 2' The
independent variables were age at starting work,

0 5 10 15 20 25
Years survival

Fig 1 Survival from time ofradiograph within two years of
compensation for asbestos related disease in 238 subjects
compared with normal population.

(log) total exposure, work place at Wittenoom, and
time since starting work. The determinants of
degree of disability were similarly analysed with
these same independent variables.

Results

There were 118 deaths in the 354 subjects studied
and there was a significant excess of deaths from all
causes (table 1, fig 1). Pneumoconiosis, malignant
pleural mesothelioma, respiratory cancer, bronchitis
and emphysema, and tuberculosis all contributed to
the excess mortality.

Plain chest radiographs taken within two years of
application for compensation were available for 238
subjects. Subjects in whom chest radiographs were
found were younger at starting work (mean 32-3
years, standard error of mean 0-54 years) than those
in whom the chest radiographs could not be found
(mean 38-7 years, standard error of mean 1-19
years). Only 25% of the subjects with radiographs
had died compared with 50% of the 116 subjects
without x ray films. The geometric mean total
estimated exposure to asbestos did not differ
significantly between those with radiographs and
those without (56 fibres/cc years, 95% confidence
interval 29-99 fibre/cc years, compared with 74
fibres/cc years, 95% confidence interval 49-113
fibre/cc years). (The estimated geometric mean total
asbestos exposure of the whole population' was 7
fibres/cc years.) The pattern of mortality in the 238
subjects with radiographs did not differ significantly
from the pattern observed in the other 116 subjects.
By comparison with the general population the ratio
of observed to expected numbers of deaths in these
238 subjects was 2*33. Pneumoconiosis (14 deaths,
O/E 162-9) and respiratory neoplasms (14 deaths,
O/E 5-72) were the most common causes of death.
The relation between radiographic category and

mortality was examined separately for each reader's
observations of radiographic changes. There were
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Table 2 Agreement between observers in assignment ofILO classification ofparenchymal asbestosis in radiographs taken
within two years ofclaim for compensation in 238 subjects

Reader 2: ILO grade ofpneumoconiosis
0/0 0/1 1/0 1/1 1/2 211 2/2 2/3 3/2 3/3 3/4

0/0 33 6 7 4
0/1 14 6 7 4 2

1/0 8 2 20 16 7 1
1/1 5 15 7 4 4
1/2 3 6 8 0 1

Reader 1: ILO grade ofpneumoconiosis 2/1 3 8 3 1
2/2 5 8 2 1 1
2/3 3 1 1

3/2 2 1
3/3 1 1 2 1
3/4 1

Kendalls tau B = 0-73. p < 0-001.

Table 3 Predictors ofcause ofdeath in 238 subjects with valid radiographs (proportional hazards regression analysis)
Reader Relatve risks (p)

All causes 1 Profusion* Age started workt Years since started workt Millworking
(52 deaths) 1-26 (0.0001)§ 1-63 (0.002) 1-75 (0-013) 1-76 (0-036)

2 Profusion* Age started workt Years since started workt Millworking1-23 (0-0005) 1-58 (0.003) 1-74 (0-013) 1-73 (0.042)
Pneumoconiosis Profusion* Millworking
(14 deaths) 1 1-50 (0-0001) 3-08 (0.052)

2 Profusion* Millworking
1-54 (0.0001) 3 25 (0-044)

Lung cancert 1 & 2 Years since started workt Age started workt
(12 deaths) 3 05 (0.025) 2-02 (0.040)

* Relative risk per minor ILO category.
tRelative risk per 10 years.
tDoes not include mesothelioma.
§p values in parentheses of difference of relative risk from unity.

no appreciable differences in the findings for the two
readers. A comparison of their classification of the
radiographs taken within two years of the claim for
compensation shows a high degree of concurrence
(table 2) (Kendall's tau B = 0 73, p < 0.001).
The significant determinants of death from all

causes in the 238 subjects with radiographs near the
ILO Category
o
-1
--- 2
x329.0.3

X2 5 32-19 pz-00000

0 5 10 15 20 25
Years survival

Fig 2 Survival from time ofradiograph within two years of
compensation in 238 subjects according to degree of
radiographic abnormality. (Reader 2.)

time of claim for compensation were found to be
profusion of small opacities on the plain chest radio-
graph, age at starting work, time since starting work,
and working in the mill (table 3). The estimated
total cumulative exposure was not a predictor of
mortality. To investigate the possibility that under-
estimation of exposure in the mill was responsible
for this negative finding, various values for mill

1 000'

0.800

0600-

0.400.

0-2001

- Onsile
- Mine
- Unknown
...Mill

, ... I x2=767 p00533
X ... '

I ..........

I ...

0 5 10 15 20 25
Years survival

Fig 3 Survivalfrom time ofradiograph within two years of
compensation in 238 subjects according to site ofwork.
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Table 4 Determinants ofradiographic profusion in 238 subjects*

Reader Partial regression Standard error of b Probability
coefficient: b

1 (Log) exposure 0-346 0-095 0.0003
Time since starting work 0-077 0-021 00003
Age at starting work 0-049 0-018 0-006
Constant -1-702 0-894
Multiple correlation coefficient: = R= 10 1%

2 (Log) exposure 0-388 0-098 0-0001
Time since starting work 0-078 0-021 0-0002
Age at starting work 0-046 0-018 0.011
Constant -1-473 0-923
Multiple correlation coefficient: R2 = 10-4%

*Multiple linear least squares regression. Values are for last step.
Variables in order of stepwise inclusion.
Profusion measured in minor categories of ILO classification.
Time and age measured in years.

exposure were tried in the equation until total
exposure became a significant predictor of mortality
and replaced mill working in the equation. This
occurred only when the estimated mill exposure was

increased by a factor of 50 (corresponding to an

absolute fibre count of 5000 fibre/cc).
The median survival from the time of compensa-

tion claim for subjects with ILO category 1
pneumoconiosis was 17 years. For subjects with ILO
category 2 pneumoconiosis median survival was 12
years and for subjects with category 3 disease only
three years (fig 2). The median survival for mill
workers was 17 years from the time of applying for
compensation, whereas only 40% of mine workers
who had applied for compensation had died before
31 December 1982 (fig 3).
When the 14 deaths from pneumoconiosis were

considered separately, profusion and having worked
in the mill remained positive predictors of death
(table 3).
For the 12 subjects who died from lung cancer,

age at starting work and time since starting work
remained significant positive risk factors for death.

Because profusion of radiographic opacities was

found to be a significant determinant of death,
whereas estimated total exposure was not, the
determinants of profusion were investigated. These
were found to be (log) total exposure, age at starting
work, and time since starting work (table 4).

In the 168 subjects who had completed full com-
pensation procedures and who had been awarded
compensation for disability by the pneumoconiosis
medical board the percentage disability awarded
was a positive predictor of death from all causes

(table 5). In addition it was a significant predictor of
death from pneumoconiosis and the most important
predictor of death from lung cancer. The median
survival time from compensation claim has not yet
been reached for subjects awarded less than 25%
disability (fig 4). For subjects with 26-50% disabil-
ity the median survival was 24 years, for 51-75%
disability 14 years, and for 76-100% disability 12
years. The percentage disability awarded by the
medical panel was itself predicted by the total
exposure to asbestos (p < 0-0001) and the age at
starting work (p = 0.045) (table 6).

able 5 Predictors ofcause ofdeath in 168 subjects assessed for disability (proportional hazards regression analysis. (p values in
rentheses for difference ofrelative risk from unity)

Reader Relative risks (p)

11 causes Profusion* Years since starting workt %Disabilityt Millworking Age starting workt
(52 deaths) 1 1.26 (0-0001)§ 2 50 (0-0005) 1.17 (0-013) 1-79 (0-047) 1-38 (0.072)

2 Profusion* Years since starting workt %Disability4 Millworking Age starting workt
1-26 (0.0007) 2 53 (0-0005) 1-21 (0.0027) 1-60 (0.109) 1-34 (0-105)

ieumoconiosis I Profusion* %Disabilityt Miliworking
(14 deaths) 1-43 (0.0002) 1-33 (0.006) 3-59 (0.031)

2 Profusion* %Disabilityt Millworking
1-39 (0.003) 1-33 (0.008) 2-92 (0.07)

ang cancer§ 1 & 2 %Disabilityt Years since starting workt
(10 deaths) 1-44 (0-009) 4-84 (0-009)

Relative risk per minor ILO category.
Relative risk per 10 years.
Relative risk per 10% disability.
Does not include mesotheliomas.
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Fig 4 Survival from time ofradiograph wi
compensation in 168 subjects according to
disability compensation awarded.

Discussion

The results of this study of subjec
crocidolite are in agreement with ot
populations exposed to asbestos
increased mortality from pneumo

cinoma of the lung, and malignant
Increased mortality from bronchitis ai

was also observed. This may be due t(
pneumoconiosis and misclassification
death, or to a high proportion of cig;
in this population. Symptoms of b
been found in subjects with asbestos
smoke,7 however, and asbestos may
limitation by peribronchial fibrosis.22
ity ratio for bronchitis and emphys
reflect a true excess of asbestos relat4
ease in these subjects. Although an e)
intestinal cancers has been report
exposed asbestos workers,27 there wa
increase in death rates for non-respira
the men in this study or in the cohor
the total workforce.' The excess deat

Table 6 Predictors ofpercent disability ii

Variable Partial Stani
regression error
coefficient: b

(Log) cumulative
exposure 5-38 1-27

Age first started
work (years) 0-441 0 21

Constant 13-34 9-76
Multiple correlation coefficient: R2 = 10-6%

*Multiple linear least-square regression. Value
Variables in order of stepwise inclusion.

0- 241. culosis in this study may be attributed to the large
25_'49. numbers of European immigrants in the Wittenoom
75-100X. population and possibly to the co-existence of
D-84 p=0-0001 silicosis since the crocidolite existed in siliceous par-

ent rock.
Examination of the determinants of survival

showed that working in the mill was associated
with excess mortality from all causes and from
pneumoconiosis (but not from lung cancer). This
effect was independent of the estimated total expos-

.............. .. ure to asbestos based on fibre counts performed in
1966. Working in the mill may have been dispropor-
tionately hazardous because the concentrations of

20 25 dust in the mill were actually higher than the 1966
measurements indicate, or because of differing fibre

thin two years of dimensions between mill and mine. The 1966
percentage exposure concentrations may well have been con-

servative estimates of usual concentrations in the
two mills because historical information suggests
that the old mill in Wittenoom Gorge which oper-
ated before 1957 was much dustier than the new
mill in Colonial Gorge, and because we have no

:ts exposed to means of estimating the effects of the long hours of
:her studies of overtime that were common for the workforce."

in showing Exposure in the mill, however, is unlikely to have
coniosis, car- been underestimated by the factor of 50 necessary
mesothelioma. to make total exposure a significant predictor of
nd emphysema mortality in place of a history of working in the mill.
D unrecognised In addition, the risk of carcinoma of the lung in
of the cause of asbestos workers has been shown to be related to
arette smokers the amount of exposure.'-3 Therefore a simple
tronchitis have underestimation of fibre counts in the mill would
sis who do not have been expected to cause mill working to predict
cause airflow mortality from carcinoma of the lung as well as

25 The morbid- pneumoconiosis. Elsewhere occupational exposure
ema may thus to refined asbestos fibre has been shown to be more
ed airways dis- dangerous than exposure to unrefined asbestos,26
Kcess of gastro- perhaps due to the effect of processing on fibre
ted in heavily dimensions27 and airborne dispersion. This effect
Is no significant may have been operating at Wittenoom. It could
itory cancers in also have been due to different smoking habits in
rt composed of mill and mine, although available information does
ths from tuber- not suggest this.

The lack of an effect of degree of asbestos expos-
ure on mortality from carcinoma of the lung in these

n 168 subjects* subjects is unexplained. It may be due to subject
dardPselection and the limited range of exposure of all

r(b) subjects in this cohort, the small numbers of cases of
carcinoma, or the inability to include data on
tobacco use in the statistical model. Additionally,

<0 0001 the assumption of independence of competing
5 0-042 causes of death implicit in the analysis, whereby

_ people dying from other causes than the one for
which risks are being estimated are included in the

-s are for last step. alive/censored group is probably invalid because of
the common exposure agent and the common site of
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disease. Therefore the three different analyses must
be viewed as a whole and any interpretations of
significant effects regarded as comparative rather
than absolute considering the proportionately large
numbers of deaths from lung cancer and asbestosis.
It should be noted that positive predictive effects of
age at starting work and time since starting work on
risk of lung cancer imply a positive effect of age at
radiography on risk of death from lung cancer.
Indeed age at radiography could replace these other
two variables in the model.
The study shows that death from pneumoconiosis

may be predicted by the degree of profusion of small
opacities on the plain chest radiograph indepen-
dently of age. Survival was greatly shortened once
category 3 had been reached. Previous investiga-
tions have shown only that the presence or absence
of pneumoconiosis on the radiographs of subjects
who are still at work predicts mortality,4-7 28 but the
duration of survival has not previously been related
to the radiographic severity of pneumoconiosis.

While estimates of total exposure per se were not
predictive of mortality from any cause, the radio-
graphic profusion of small opacities was predictive.
Probably the effect of exposure on mortality has
been mediated through the individual tissue
response to inhaled asbestos, and the radiographic
profusion score reflects the degree of response to
some extent. Investigation of the determinants of
profusion showed exposure to be the single most
important predictor of eventual radiographic out-
come even in this group, most of whom had rela-
tively high exposure in comparison with the total
workforce. Profusion was also seen to be dependent
on the time since starting work (which is consistent
with the progressive nature of asbestosis in these
subjects) and on increasing age at starting work
(which has been suggested in earlier investiga-
tions).29 It could be, however, that the latter merely
reflects increased likelihood of other exposures
before starting work at Wittenoom or that the two
variables together are simply reflecting an effect of
age on the radiographic appearances associated with
asbestos exposure.
When the percentage disability determined by the

medical panel was included in the estimation of
possible determinants of mortality, it was a
significant predictor of death from all causes in addi-
tion to death from pneumoconiosis and from lung
cancer. It was the single best predictor of death from
lung cancer. These findings probably relate to the
accurate recognition of sick subjects by the medical
panel. The percentage disability awarded was itself a
function of total exposure to asbestos, and the age at
first starting work. It is uncertain how these vari-
ables were being recognised by the examining physi-

cians. They are likely to have taken radiographic
profusion into account which was itself strongly
related to exposure, or they may have been more
sympathetic towards individuals who had a history
of higher exposure.

This study has shown excessive mortality of
claimants for pneumoconiosis compensation among
Wittenoom crocidolite workers and that the survival
of these subjects is significantly related to the
radiographic category of asbestosis and the percen-
tage disability for which compensation payments
were made. An excess of mortality has been shown
to be associated with work in the mill at Wittenoom,
which cannot be satisfactorily accounted for by
estimates of the total exposure of the subjects to
asbestos.

The help of Dr J Cassidy and staff of the Perth Chest
Clinic, Miss E Bingle, Mrs J Eccles, and Mrs B
Blunsdon is gratefully acknowledged.
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