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he long-term health of people

working in industrial and research

facilities involving ionising
radiation has been the subject of extensive
investigation over the past two decades.'3
The known effects of acute exposure to
higher levels of radiation have led to
questions about the health risks associated
with lower-level chronic exposures.

The Lucas Heights Science and
Technology Centre (LHSTC), the site of
Auwstralia’s only nuclear reactor, has been in
operation since 1959 in the Sutherland Shire,
about 32 kilometres south-west of Sydney’s
central business district.

Previous reports looked at the health of
both the workers at LHSTC and the residents
of the surrounding area in the Sutherland
Shire.3”40The findings of the cross-sectional
survey of the Lucas Heights facility in 1975-
76 showed no evidence of an association
between radiation and cancer;3"% likewise,
the findings of the studies among Sutherland
Shire residents found no such
association.3°4% However, the cross-sectional
nature of the survey was not the best to
explore diseases of long latency such as
malignancies.®® Taylor et al. (1993)
suggested that if adverse health effects were
arising as a result of reactor operation, they
would be more apparent in LHSTC workers
rather than in local residents.*°

This paper presents the first longitudinal
study to investigate the effects of external
exposure to ionising radiation in workers at
LHSTC. This study had two objectives:47-4
» Toassess whether workers at LHSTC had

different levels of mortality, specifically
cancer mortality, from the New South
Wales (NSW) and Australian populations.
Given the limitations in the studies carried
out to date, the potential value of a
historical cohort study of all personnel
who had worked in the plant became
apparent.“

* To contribute to the International
Collaborative Study of Cancer Risk
among Radiation Workers in the Nuclear
Industry, co-ordinated by the
International Agency for Research on
Cancer (IARC). This large study brings
together data on approximately half a
million nuclear industry workers from 14
countries including Australia, Europe, the
United States and others;*-¢ it aims to
estimate as precisely as possible the risk
of contracting cancer from long-term
exposure to low levels of ionising
radiation at the workplace.

Materials and methods

A retrospective cohort study, based on
records of exposure and employment at
LHSTC and linking with State and national
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registries of cancer and death, was undertaken to estimate the
cancer risks of exposure to low levels of ionising radiation among
LHSTC workers.*®

Ethical issues such as privacy and confidentiality were addressed
to comply with the recommendations provided by the National
Health and Medical Research Council (NHMRC) of Australia.>®5!
Approvals were obtained from the Committee on Experimental
Procedures Involving Human Subjects at the University of New
South Wales, and the ethics committees at both the Australian
Institute of Health and Welfare (AIHW) and the New South Wales
Cancer Council .*

Data were collected and abstracted from hard copy files of
personnel, dosimetry, and medical records. Identifying and
demographic information including surname, given names,
maiden name, date of birth, sex, last known address, in addition
to job history and job classification, were abstracted from
personnel files.

All LHSTC workers entering radiation classified areas with
potential for exposure to radiation were required to wear a personal
dosimeter (film badge) to monitor external radiation to the body.
Measurements of employees’ external radiation exposure were
recorded in historical personal dosimetry files. In this paper,
workers were classified according to whether they were monitored
or not for external exposure to ionising radiation based on
dosimetry files. Employees without dosimetry records were
considered not to have been exposed.

Collected data were entered into an Access database with a
unique identifying number assigned to each worker. This identifier
was then used in the analyses.

Study population and inception cohorts

The study population consisted of 7,076 workers who were
employed at LHSTC between 1 January 1957 and 31 December
1998.

The period of follow-up for mortality and cancer was dictated
by the establishment of State and national case registries.
Specifically, cancer mortality data in NSW were available from
1972 at the NSW Central Cancer Registry (NSW CCR), and
national all-cause mortality data were available from 1980 at
AIHW. This led to the adoption of two inception cohorts for the
purpose of the risk analysis, defined on the basis of period of
employment. These inception cohorts, [72-98] and [80-98],
reflected the coverage of follow-up achieved and were used to
examine cancer mortality and all-cause mortality respectively.
Inception cohort [72-98] included workers in employment on or
after 1/1/1972 up to 31/12/1998; inception cohort [80-98] included
workers in employment on or after 1/1/1980 up to 31/12/1998.

Follow-up strategies

Deaths in the cohort were identified through electronic linkage
with the national register of mortality and the NSW cancer registry
for a passive follow-up of workers to the end of 1998. The linkage
with the registries was undertaken using the probabilistic record
linkage package Automatch.5?

For the follow-up period 1980-1998, vital status and specific
causes of deaths among LHSTC workers were ascertained by
matching the cohort names, sex and date of birth to the
computerised National Death Index (NDI) covering deaths in
Australia since 1980. The AIHW compiled the NDI data from the
Registrars of Births, Deaths, and Marriages in each State and

Table 1: Comparison of the inception cohorts used in the analyses. Also included are the groups of people excluded

from the analyses, and the total study cohort.

Inception cohorts

Excluded workers

Total study cohort

[72-98] % [80-98] % Left 1957-71 % 1957-98 %
Number of workers 4,717 100.0 3,543 100.0 2,306 100.0 7,023 100.0
Men 3,402 72.1 2,544 71.8 1,810 78.5 5,212 74.2
Women 1,315 27.9 999 28.2 496 215 1,811 25.8
SES job classification
Unknown 42 0.9 34 1.0 18 0.8 60 0.9
Management and professional 1,116 23.7 978 27.6 251 10.9 1,367 195
Technical 1,429 30.3 934 26.4 766 33.2 2,195 31.3
Administration 815 17.3 581 16.4 458 19.9 1,273 18.1
Craftsperson 1,315 27.9 1,016 28.7 813 35.3 2,128 30.3
Period of first employment
Pre-1960 276 5.9 191 5.4 495 215 771 11.0
1960s 753 16.0 512 145 1,671 725 2,424 345
1970s 1,459 30.9 611 17.3 140 6.1 1,599 22.8
1980s 1,232 26.1 1,232 34.8 - - 1,232 175
1990s 997 21.2 997 28.1 - - 997 14.2
Non-monitored 2,113 44.8 1,466 41.4 1,158 50.2 3,271 46.6
Monitored 2,604 55.2 2,077 58.6 1,148 49.6 3,752 53.4
Person-years 81,946.88 46,089.22 — -
Average duration of follow-up (years) 17.37 13.01 - -
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Territory. These data include the dates and the underlying causes
of deaths, which were coded according to the 9th revision of the
International Classification of Diseases (ICD-9)%2 by the
Australian Bureau of Statistics. The associated causes of death
are not included.

The gap in the follow-up was narrowed by ascertaining cancer
deaths in the period 1972-79 through electronic linkage with the
NSW CCR, which has been recording cancer incidence and cancer
mortality in NSW since January 1972. The NSW CCR has since
been passively following up cases registered with cancer on its
database; when death occurs, the cause and date of death based
on the medical certificate are recorded on the NSW CCR.

Hence the period 1980-98 has the most complete follow-up, as
deaths occurring in workers in this period could potentially be
recorded. The period 1972-79 had a recording of deaths, mainly
from cancer causes, in NSW only; deaths from causes other than
cancer remained largely untraced.

Data collected from various sources, at the cancer and death
registers and at LHSTC, were validated and verified for
consistency. The overlap in the follow-up period among the
registers served as a validation tool to identify inconsistencies in
the mortality data. Assessment of the methodology of linkage
results was also carried out by checking deaths in workers at
LHSTC from other sources such as information on cause of death
when available on personnel, medical or dosimetry files archived
at LHSTC.

Statistical methods

Standardised mortality ratios (SMRs) were computed to
compare the study outcomes in workers at LHSTC with the general
population of Australia or NSW. The SMRs were based on age-,
sex-, and calendar year-specific death rates for Australia or NSW.

The analyses of all-cause and all-causes other than cancer
mortality were based on inception cohort [80-98], which had the
most complete follow-up for all-cause mortality.

Cancer mortality analyses were based on inception cohort [72-
98], which had the longer follow-up period for cancer deaths.

Co-variables considered in the analyses included period of first
employment, socio-economic status, age at risk and time since
first employment.*” “‘Period of first employment’ was stratified
into five categories: pre-1960s, 1960s, 1970s, 1980s and 1990s.
Socio-economic status was based on job classification (SES job),
where four categories were used: management and professional
(merged into one category), technical, administration,
craftsperson; these job categories were based on the job held for
the longest duration. The time-dependent variables ‘time since
first employment’ and ‘age at risk’ were used as measures to
examine the healthy workers’ effect.> The age at risk is the attained
age at the end of follow-up, that is the minimum of the ‘age at
death’ and the ‘age at the end of follow-up’. For ‘time since first
employment’, person-years and events were stratified in categories
of less than 10 years, 10-19 years, 20-29 years and 30 years or
more. As for ‘age at risk’, it was stratified in three categories
(<65, 65-74, =75 years). 95% confidence intervals for SMRs were
calculated using the quadratic approximation to the Poisson log
likelihood.5* Microsoft Access was used for data processing and
STATA 5.0 (Stata Corporation, College Station, Texas) was used
for statistical analyses.

Results

Because of incomplete data, 53 workers were excluded from the
total study cohort; they all did not have an employment date, 48
did not have a termination date, eight had missing date of birth,
and six had missing information regarding sex. All 53 excluded
workers were not monitored for radiation. Of the remaining 7,023
workers, 5,212 (74.2%) were men and 1,811 (25.8%) were women
(see Table 1). They were distributed almost equally among non-
monitored (3,271, 46.6%) and monitored (3,752, 53.4%) workers.
Men (64.4%) formed the majority of the monitored group.

Table 2: Vital status of the inception cohort [72-98] of LHSTC workers as of 31 December 1998.

Date of last termination [72-79] %

[80-98] % Total %

Inception cohort [72-98]
In employment on or after 1/1/72 — 31/12/98 1,174 100.0

3,543 100.0 4,717 9 100.0

Vital status

Alive 42 0.3 930 26.2 934 19.8
Assumed alive 27° 2.3 2,420 68.3 2,447 51.9
Dead 169¢ 14.4 1934 5.4 362 7.7
Unknown 974¢ 83.0 of 0.0 974h 20.6
Total number of workers for whom vital 200 17.0 3,543 100.0 3,743 79.4

status was accounted for

Notes:

(a) Four were still alive at the end of the study period as they died after 31 December 1998 (Death sources: 3 from NDI; and 1 from NSW CCR).
(b) Vital status accounted for as follows: 27 were registered as having developed cancer after 31 December 1979, and were assumed alive at the end of the study

period.
(c) Death sources: 125 from NDI; 21 from NSW CCR; and 23 from LHSTC files.
(d) Death sources: 185 from NDI; six from NSW CCR; and 2 from LHSTC files.

(e) Of these 974 workers, three were registered by the NSW CCR as having developed cancer between 1972-1979, and their vital status was not ascertained. All 974

workers were included as alive in the analyses.
(f) Overseas migration is not accounted for.

(g) Consists of 2,113 (44.8%) non-monitored and 2,604 (55.2%) monitored workers.

(h) Consists of 576 (59.1%) non-monitored and 398 (40.9%) monitored workers.
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Inception cohorts [72-98] and [80-98] consisted of 4,717 and
3,543 workers respectively. The key characteristics of these cohorts
are summarised in Table 1. The average duration of follow-up
was 17.4 and 13.0 years for inception cohorts [72-98] and [80-
98] respectively. The mean cumulative external dose in the
monitored employees was 18.7 mSv and 20.11 mSv for cohort
[72-98] and cohort [80-98] respectively.

Workers excluded from the inception cohorts were those who
left employment between 1957 and 1971 (see Table 1). They
consist of 2,306 workers divided equally between monitored
(49.6%) and non-monitored (50.2%) workers. The distributions
among the categories of socio-economic status for this excluded
group were also comparable to that of the two inception cohorts.
The majority (72.5%) of this excluded group, however, was first
employed at LHSTC in the 1960s.

Linkage results are summarised in Table 2. Cross-checks
between the file resulting from the linkage with the NDI and the
file resulting from the linkage with the NSW CCR database
identified four additional cancer deaths that were caught by the
NDI linkage and were missed by the linkage with the NSW CCR
database. Additional verifications proved that the four cancer
deaths were recorded on the NSW CCR database but were missed
by the NSW CCR linkage process. Four NSW cancer deaths based
on matched pairs resulting from the linkage with the NDI seemed
acceptable matches based on limited information provided by the
NDI, but were later dismissed as true cases based on additional
information obtained from the NSW CCR. Five cancer deaths
and two non-cancer deaths were caught by the linkage with the
NSW CCR database but were missed by the NDI linkage even
though they all occurred after 1980.

Table 3: Standardised mortality ratios (SMRs) for (1) all-cause mortality comparing rates in the study population to
those of Australia (AUS) — inception cohort [80-98]; (2) all causes other than cancer mortality, comparing rates in the
study population to those of Australia (AUS) — inception cohort [80-98]; and (3) all cancer mortality, comparing rates in

the study population to those of New South Wales (NSW) — inception cohort [72-98].

All-causes other than
cancer mortality
Inception cohort [80-98]

All-cause mortality
Inception cohort [80-98]

All cancer mortality
Inception cohort [72-98]

Observed SMR 95% Cl Observed SMR 95% Cl Observed SMR 95% ClI
AUS AUS NSW
All workers 1932 0.69 0.60-0.80 1122 0.60 0.50-0.73 135 0.81  0.69-0.96
Sex
Men 172 0.68 0.58-0.79 103 0.60 0.50-0.73 113 0.78  0.65-0.93
Women 21 0.82 0.53-1.26 9 0.63  0.33-1.22 22 1.09 0.72-1.65
SES job classification
Unknown 0 0.00 - 0 0.00 - 1 0.60 0.08-4.27
Management and prof. 29 0.33 0.23-0.48 18 0.31  0.20-0.49 16 0.39  0.24-0.63
Technical 63 0.71 0.56-0.91 33 0.55 0.39-0.78 45 0.98 0.73-1.32
Administration 36 1.06 0.76-1.47 20 0.94 0.60-1.45 25 1.03 0.69-1.52
Craftsperson 65 0.96 0.75-1.22 41 0.90 0.66-1.22 48 0.91 0.68-1.21
Period of first employment
Pre-1960 39 0.62 0.45-0.84 21 0.51  0.33-0.78 29 0.73  0.50-1.04
1960s 85 0.76 0.61-0.94 50 0.68  0.52-0.90 63 0.86 0.67-1.10
1970s 41 0.71 0.52-0.97 26 0.69 0.47-1.01 30 0.77 0.54-1.10
1980s 25 0.64 0.43-0.95 14 0.51 0.30-0.86 11 0.95 0.52-1.71
1990s 3 0.41 0.13-1.28 1 0.18 0.03-1.29 2 1.17 0.29-4.67
Time since first employment
<10 years 20 0.52 0.33-0.80 12 0.42  0.24-0.74 16 0.88 0.54-1.44
10-20 years 45 0.74 0.56-0.99 29 0.72  0.50-1.03 32 0.74 0.52-1.04
20-30 years 73 0.74 0.59-0.93 42 0.65  0.48-0.88 51 0.84 0.64-1.11
230 years 55 0.68 0.52-0.88 29 0.56  0.39-0.80 36 0.83  0.60-1.15
Age at risk
<65 years 104 0.67 0.55-0.81 66 0.63  0.50-0.81 60 0.73  0.57-0.94
65-75 years 70 0.70 0.56-0.89 34 0.53 0.38-0.74 55 0.97 0.75-1.27
=75 years 19 0.78 0.50-1.23 12 0.69 0.39-1.22 20 0.75 0.48-1.15
Monitored
No 49 0.86 0.65-1.13 30 0.81 0.56-1.15 33 0.75  0.53-1.06
Yes 144 0.65 0.55-0.76 82 0.55  0.45-0.69 102 0.84  0.69-1.02
Number of workers 3,543 3,543 4,717
Average follow-up (years) 13.01 13.01 17.37

Notes:
Figures in bold: p<0.05

(a) Includes two deaths from non-linkage source with unknown cause (LHSTC files).
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All-cause mortality analyses were based on 193 deaths in the
3,543 workers in cohort [80-98] with 135 cancer deaths in the
4,717 workers in cohort [72-98] (see Table 3).

All-cause mortality

All-cause mortality in workers at LHSTC was 31% lower than
in the national population (SMR=0.69; 95% CI 0.60-0.80 based
on 193 deaths) (see Table 3). Mortality from causes other than
cancer was even lower at 40% below the national rates (SMR=0.60;
95% C1 0.50-0.73). The SMRs remained low even after 30 years
of employment (SMR=0.68; 95% CI 0.52-0.88), suggesting that
factors other than the selection of healthy workers into the
workforce have contributed to the low mortality rates in LHSTC
workers.

The overall all-cause SMR for monitored workers was
significantly in deficit (SMR=0.65; 95% CI 0.55-0.76), and lower
than for non-monitored workers (SMR=0.86; 95% CI 0.65- 1.13).
A significant deficit in all causes other than cancer SMR was also
observed for monitored workers (SMR=0.55; 95% CI 0.45-0.69).

Cancer mortality

Mortality from all cancers combined based on inception cohort
[72-98] was 19% below that of the NSW population (SMR=0.81;
95% CI 0.69-0.96) based on 135 cancer deaths, but was
substantially higher than the SMR from all causes other than cancer
(SMR=0.60; 95% CI 0.50-0.73) (see Table 3).

Socio-economic status was inversely related to the cancer

mortality rates in workers at LHSTC. The lowest SMR for all-
cancer mortality was observed for workers in the management
and professional category (SMR=0.39; 95% CI 0.24-0.63), with
the highest SMRs seen for workers in the lowest SES categories
(see Table 3).

All-cancer SMR in monitored workers was in deficit (SMR=0.84;
95% CI 0.69-1.02), but higher than the SMR in non-monitored
workers (SMR=0.75; 95% CI 0.53-1.06) (see Table 3).

Mortality from cancer of the pleura and other thoracic organs

The only significant excess in comparing cancer mortality in
workers at LHSTC to the NSW rates occurred for cancer of the
pleura and other thoracic organs (SMR=21.11; 95% CI 8.79-
50.72) (see Table 4). Rates were significantly elevated in both
monitored (SMR=23.53; 95% CI 8.83-62.69) and non-monitored
workers (SMR=14.97; 95% CI 2.11-106.24). The SMR in the
non-monitored group was based on the death of one woman from
cancer of the thymus (ICD-9 164.0). In the monitored group, the
SMR was based on the death of four men from cancer of the
pleura (ICD-9 164.9). Confidence intervals were very wide due
to the small number of cases.

Mortality from lung cancer

There were 26 deaths from lung cancer identified in the study
cohort, with an SMR of 0.63 (95% CI 0.43-0.92) (see Table 4).
Monitored workers also showed a deficit in lung cancer mortality
(SMR=0.55; 95% CI 0.35-0.87).

Table 5: Mortality from cancer groups (SMRs). Observed and expected numbers of cancer mortality, and SMRs, for
groups of cancer sites among non-monitored and monitored workers.

Inception cohort [72-98] Non-monitored workers Monitored workers All workers
Cancer mortality @) m (] © @) m (] © @] m () ©
X a X a X al
Cancer site ICD-9 codes) & O ;% X @ O ;% B 2 T % x
@ @ © @ ® @
2 3 z @) 2 Q z @) < =4 z @)
g &8 2 2z z &8 2
pd pd pd
0 0 0
z =2 2
Smoking related cancers?® 13 1464 0.89 0.52-1.53 35 52.13 0.67 0.48-0.94 48 66.77 0.72 0.54-0.95
(140-150, 157, 161-162,
188, 189°)
Cancers not related to 20 29.33 0.68 0.44-1.06 67 69.68 0.96 0.76-1.22 87 99.00 0.88 0.71-1.08
smoking (140-208 except
140-150, 157, 161-162,
188, 189)
Radiosensitive solid 19 2257 0.84 0.54-1.32 57 61.64 092 0.71-1.20 76 84.21 0.90 0.72-1.13
cancersP (150, 151, 153,
162, 174, 188, 189, 191, 192)
Non-radiosensitive solid 12 17.15 0.70 0.40-1.23 36 49.14 0.73 0.53-1.02 48 66.29 0.72 0.55-0.96
cancers (140-149, 152,
154-161, 163-173, 175-187,
190, 193-199)
Hemato- and lymphopoeitic 2 425 0.47 0.12-1.88 9 11.02 0.82 0.43-157 11 15.27 0.72 0.40-1.30
cancers (200-208)
All cancers (140-208) 33 4397 0.75 0.53-1.06 102 122.80 0.84 0.69-1.02 135 165.77 0.81 0.69-0.96

Notes:

Figures in bold: p<0.05

(a) According to IARC (1986).°
(b) According to BEIR V (1990).6%

(c) The NSW rates for cancers of the renal pelvis (ICD-9 189.1) were not available separately, so ICD-9 code 189 (kidney) was included in the smoking-related

cancers.
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Table 4: Cancer mortality by monitoring status (SMRs). Observed and expected numbers of cancer mortality, and
SMRs, for specific cancer sites among non-monitored and monitored workers.

Inception cohort [72-98] Non-monitored Monitored All
workers workers workers
Cancer mortality o 0 2 0‘3 o 0 2 U‘S e 2 U‘S
Cancer site e 3 Pyl > e 3 Pyl > e 3 = >
(ICD-9 codes) S é 5 = S é G Q 5 i G 2
o % s o L% s o % =S
= = =
Buccal and pharynx 2 118 1.70 0.42-6.78 2 432 046 0.12-1.85 4 550 0.73 0.27-1.94
(140-149)
Oesophagus (150) 0 0.78 0.00 - 4 273 147 055391 4 351 114 0.43-3.04
Stomach (151) 1 184 054 0.08-3.86 5 6.06 0.83 0.34-1.98 6 7.90 0.76 0.34-1.69
Small intestine (152) 0 011 0.00 - 1 0.29 3.48 0.49-24.67 1 040 249 0.35-17.71
Colon (153) 1 355 0.28 0.04-2.00 14 954 147 0.87-2.48 15 13.08 1.15 0.69-1.90
Rectum (154) 0 2.00 0.00 - 2 631 032 0.08-1.27 2 832 024 0.06-0.96
Liver (155) 0 048 0.00 — 1 167 0.60 0.08-4.26 1 214 047 0.07-3.31
Gall bladder (156) 0 048 0.00 - 0 117 0.00 - 0 1.66 0.00 -
Pancreas (157) 0 171 0.00 - 2 491 041 0.10-1.63 2 6.62 0.30 0.08-1.21
Nasal cavity 0 0.09 0.00 - 0 0.27 0.00 - 0 0.36 0.00 -
and sinuses (160)
Larynx (161) 0 033 0.00 - 0 1.48 0.00 - 0 1.81 0.00 -
Lung (162) 8 8.79 0.91 0.46-1.82 18 32.71 0.55 0.35-0.87 26 4150 0.63 0.43-0.92
Pleura & other thoracic 1 0.07 1497 2.11-106.24 4 017 2353 8.83-62.69 5 024 2111 8.79-50.72
organs (163-164)
Bone (170) 0 0.12 0.00 - 0 024 0.00 - 0 0.36 0.00 -
Connective tissue (171) 0 0.25 0.00 - 1 060 166 0.23-11.77 1 085 118 0.17-8.34
Melanoma of the 4 1.69 2.37 0.89-6.30 7 451 155 0.74-3.25 11 6.20 1.77 0.98-3.20
skin (172)
Breast (174)2 5 419 1.19 0.50-2.87 2 076 262 0.66-10.49 7 495 141 0.67-2.97
Cervix uteri (180)2 0 0.69 0.00 - 0 014 0.00 - 0 0.83 0.00 -
Body of uterus (182)2 0 026 0.00 - 0 0.04 0.00 - 0 0.30 0.00 -
Ovary (183)2 0 0.97 0.00 - 0 017 0.00 - 0 114 0.00 -
Prostate (185)° 3 240 1.25 0.40-3.87 9 1053 0.85 0.44-1.64 12 1294 0.93 0.53-1.63
Testis (186)° 0 011 0.00 - 0 0.26 0.00 - 0 0.38 0.00 -
Bladder (188) 2 084 239 0.60-9.56 4 3.03 132 0.50-3.52 6 386 1.55 0.70-3.46
Kidney (189) 1 101 0.99 0.14-7.00 5 295 169 0.71-4.08 6 396 151 0.68-3.37
Eye (190) 0 0.08 0.00 - 0 019 0.00 - 0 0.27 0.00 -
Brain and CNS (191-192) 1 1.56 0.64 0.09-4.54 5 388 129 0.54-3.10 6 544 110 0.50-2.45
Thyroid (193) 0 0.09 0.00 - 1 021 477 0.67-33.89 1 030 334 0.47-23.69
ll-defined & unspecified 2  3.39 0.59 0.15-2.36 6 9.53 063 0.28-1.40 8 1292 0.62 0.31-1.24
(159, 165, 195, 199)
Non-hodgkin 1 177 056 0.08-4.01 2 448 045 0.11-1.79 3 6.25 048 0.15-1.49
lymphoma (200, 202)
Hodgkin's disease (201) 1 0.25 4.03  0.57-28.63 1 055 181 0.26-12.87 2 080 250 0.63-10.00
Multiple myeloma (203) 0 063 0.00 - 0 1.88 0.00 - 0 251 0.00 -
All leukemias (204-208) 0 160 0.00 - 6 411 1.46 0.66-3.25 6 571 1.05 0.47-2.34
All cancers except
leukemia (140-203) 33 42.37 0.78 0.55-1.10 96 117.69 0.82 0.67-1.00 129 160.06 0.81 0.68-0.96
All cancers (140-208) 33 43.97 0.75 0.53-1.06 102 122.80 0.84 0.69-1.02 135 165.77 0.81 0.69-0.96

Notes:

Figures in bold: p<0.05
(a) Women only.

(b) Men only.

234 AUSTRALIAN AND NEW ZEALAND JOURNAL OF PUBLIC HEALTH 2005 voL. 29 no. 3



Hazards

Mortality rates among nuclear industry workers

Mortality from other cancers

Mortality from cancer of the rectum was significantly in deficit
when compared with the NSW rates (SMR=0.24; 95% CI 0.06-
0.96) (see Table 4).

Because of the relatively small number of deaths from many types
of cancers, other analyses were based on broader groups of cancers,
including smoking-related cancers, cancers not related to smoking,
radiosensitive solid cancers, non-radiosensitive solid cancers, and
hemato- and lymphopoeitic solid cancers (see Table 5).

Mortality from smoking-related cancers

Cancer mortality from the group of smoking-related cancers
was significantly in deficit in monitored workers (SMR=0.72;
95% CI 0.72-0.95) and all workers combined (SMR=0.67; 95%
Cl 0.48-0.94) (see Table 5). The low SMR for smoking-related
cancers was influenced by the SMR for lung cancer, which
represented 54% (26 of 48) of all deaths from smoking-related
cancers.

Mortality from radiosensitive and non-radiosensitive
solid cancers

The SMR for the group of radiosensitive solid cancers was in
deficit, although not significantly so (SMR=0.90; 95% CI 0.72-
1.13) (see Table 5). In contrast, mortality from the group of non-
radiosensitive solid cancers was significantly in deficit
(SMR=0.72; 95% CI 0.55-0.96).

Discussion

All-cause mortality

Low SMRs are not unique to this study. Other studies of workers
in the nuclear industry have also found lower overall mortality
rates compared with those of the general popul-
ation,!1:18:20.21.2324:3033 |t has been recognised that employed people
have lower rates of mortality than the general population. This
*healthy worker effect’ results from the fact that a requirement for
participation in most workforces is an absence of major chronic
illnesses.®*%5-5" The initial recruitment into the workforce on the
basis of good health suggests that SMRs are usually lowest in the
first few years after first employment.>” Later, other factors such
as socio-economic characteristics and better health-related
behaviours continue to ensure a lower mortality level in the longer
term among the employed.*

In this study, the SMRs remained low even after 30 years of
employment, suggesting that factors other than the selection of
healthy workers into the workforce have contributed to the low
mortality rates in LHSTC workers.

One reason for the low SMRs observed in the overall cohort at
LHSTC might be the preponderance of workers of higher socio-
economic status. A similar phenomenon was reported in Los
Alamos National Laboratory workers? and in Rocketdyne/
Atomics International employees.* Socio-economic status, as
assessed by job description, was strongly inversely related to the
death rates in the LHSTC workforce.

Mortality differentials by socio-economic status may be partly
due to differences in specific health-related behaviours, such as

smoking and alcohol consumption, between the LHSTC workforce
and the national population. In this study, only very limited
information on health-related behaviours could be abstracted and
their effects therefore could not be systematically examined.

Cancer mortality

While the healthy worker effect is known to affect the outcome
of the overall mortality rates, it is generally believed that it has a
limited effect on death from cancers.?

An increased risk of pleural cancer has been previously reported
in other studies of nuclear industry workers, including the
Sellafield study,?* the UK combined analysis,?® and the NRRW
study,®® although the UK combined and the NRRW cohorts
overlapped considerably and both included the Sellafield cohort.
However, the raised overall mortality from cancer of the pleura
and other thoracic organs in workers at LHSTC is unlikely to be
related to radiation exposure, since SMRs were elevated for both
monitored and non-monitored workers.

Exposure to asbestos is recognised to be a major risk factor for
pleural cancer, and in particular for mesothelioma.% All four pleural
cancer deaths occurring in the monitored group were among male
workers who were first employed at LHSTC before 1964, when
asbestos was widely used in many industries. Senior occupational
hygienists at LHSTC indicated that ashestos was used on site during
the construction of the reactor in the late 1950s, and continued to
be used in the 1960s. Asbestos removal by LHSTC employees took
place from 1986 until December 1992 to remove asbestos lagging
on pipes, boilers and hot water containers. It is also possible that
workers were exposed in previous employment.

In the absence of smoking data for workers at LHSTC,
confounding by cigarette smoking could not be evaluated directly.
Instead, the socio-economic status (SES) was used as a broad
indicator of health-related behaviours as it is known that people at
higher SES levels generally smoke less than those of lower SES.>®

One explanation of the significant deficits in the SMRs for
lung cancer and smoking-related cancers in monitored workers at
LHSTC is that they smoked less than the NSW population. While
the majority of workers in the monitored group in the inception
cohort [72-98] belong to the higher SES job classifications
(management and professional 28.8% or technical 37.9%), the
majority of workers in the non-monitored group are of lower SES
job categories (administration 33.0% or craftsperson 28.4%). This
suggests that monitored workers might have smoked less than
non-monitored workers.

Although solid cancers have been previously found to be
associated with occupational radiation exposure,® in our study
the SMR for radiosensitive solid cancers at sites recognised to be
radiosensitive was in deficit, although not significantly so. A
possible explanation is the limited level of exposure received by
this cohort. Leukemia excluding chronic lymphocytic leukemia
has also been associated with occupational radiation exposure in
previous studies.”%2224 In our study, a non-significant small
excess for all leukemias was reported (SMR=1.46; 95% CI 0.66-
3.25) among monitored workers. The wide confidence interval,
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reflecting a limited number of cases, as well as the low exposure
levels compared with some other occupational cohorts, are
plausible explanations.

Study limitations

As with many retrospective cohort studies, this study is subject
to methodological limitations. First, it was not possible to collect
information on a range of potential risk factors, both occupational
and lifestyle related. It is therefore possible that unadjusted
confounding has contributed to some of the relationships observed.
For instance, information on exposure to asbestos, had it been
available, may have allowed further investigation of the elevated
SMR for cancer of the pleura found in workers at LHSTC.
Similarly, the possible role of smoking could not be evaluated in
this cohort because of the lack of information on smoking status.

A second limitation of this study was the incomplete
ascertainment of vital status (see Table 2). Assuming no death in
those who may have left Australia after 1980, approximately 80%
of workers in cohort [72-98] were accounted for because (1) they
were still employed by the end of the study, (2) they were recorded
as having died, or (3) they left employment after 1980 and were
assumed to be alive because there was no record of their death on
the NDI, which documents death in Australia from 1980. The
remaining 20% of workers with unknown vital status left
employment between 1972-79 and were not recorded as having
died or developed cancer. In the analyses, it was assumed that all
those workers with unknown vital status were alive at the end of
the study (31 December 1998). If in fact some had died, this
assumption has the effect of inflating person-years at risk and
thus slightly decreasing SMRs.5?

Third, the ascertainment of vital status and causes of deaths
were based on linkage to routine registers. Linkage results may
be incomplete and misclassification of causes of death and other
recording errors may have occurred. A sensitivity analysis of the
linkage with the NDI and the NSW CCR death records revealed
that 81 of the 83 deaths recorded on LHSTC files between 1980
and 1998 were identified by the electronic linkage. The remaining
two deaths that were originally missed were identified in a second
round of verifications on the NDI database. Therefore, it appeared
that the sensitivity of the linkage was high and it was likely that
most deaths occurring past 1980 were accounted for.

Since the associated causes of death are not recorded in the
National Death Index, only the underlying causes of death were
accounted for. The rates used for SMR calculations were based
on the same principle, and are therefore a valid basis for calculation
of the mortality ratio. It is possible that the absolute cause-specific
death rate may have differed if associated causes had been used.

Mortality data are inherently limited as a means of assessing
cancer causation, because they are influenced by trends and
patterns in treatment. It is possible that people who developed
cancer in the cohort under study experienced different treatment
outcomes compared with the NSW comparison population.

Finally, the small number of observed events for most specific
cancers resulted in low precision in estimating effects of radiation

exposure. For instance, the significant deficit in the mortality from
cancer of the rectum was based on only two deaths in the monitored

group.

Conclusion

The focus of this analysis was a comparison of mortality among
LHSTC employees with the Australian and the NSW populations.
All-cause and cancer-specific mortality were reduced in LHSTC
workers, and were generally similar in monitored and non-
monitored workers. More detailed analyses of dosimetry data will
follow, as will pooled analyses with similar studies internationally.

Acknowledgements

The authors would like to thank ANSTO for providing funding
and logistic support in collecting the data, and IARC for providing
scientific assistance on the project.

References

1. Polednak AP, Frome EL. Mortality among men employed between 1943 and
1947 at a uranium-processing plant. J Occup Med. 1981;23:169-78.

2. Rinsky RA, Zumwalde RD, Waxweiler RJ, Murray WE, Bierbaum PJ,
Landrigan PJ, et al. Cancer mortality at a naval nuclear shipyard. Lancet.
1981;1:231-5.

3. Dupree EA, Cragle DL, McLain RW, Crawford-Brown DJ, Teta MJ. Mortality
among workers at a uranium processing facility, the Linde air products
company ceramics plant, 1943-1949. Scand J Work Environ Health.
1987;13:100-7.

4. Hadjimichael OC, Ostfeld AM, D’Atri DA, Brubaker RE. Mortality and cancer
incidence experience of employees in a nuclear fuels fabrication plant. J Occup
Med. 1983;25(1):48-61.

5. Acquavella JF, Wiggs LD, Waxweiler RJ, MacDonell DG, Tietjen GL,
Wilkinson GS. Mortality among workers at the Pantex weapons facility. Health
Phys. 1985;48:735-46.

6. Beral V, Inskip H, Fraser P, Booth M, Coleman D, Rose G. Mortality of
employees of the United Kingdom Atomic Energy Authority, 1946-1979.
Br Med J. 1985;291:440-7.

7. Smith PG, Douglas AJ. Mortality of workers at the Sellafield plant of British
Nuclear Fuels. Br Med J. 1986;293:845-54.

8. Artalejo FR, Lara SC, de Andres Manzano B, Ferruelo MG, Martin LI, del
Rey Calero J. Occupational exposure to ionising radiation and mortality among
workers of the former Spanish Nuclear Energy Board. Occup Environ Med.
1987;54:202-8.

9. Howe GR, Weeks JL, Miller AB, Chiarelli AM, Etezadi-Amoli J. A Study of
the Health of the Employees of Atomic Energy of Canada Limited. IV. Analysis
of Mortality during the Period 1950-1981. Ontario (CAN): Atomic Energy of
Canada Ltd; 1987. Open Literature Report No.: AECL-9442.

10. Wilkinson GS, Tietjen GL, Wiggs LD, Galke WA, Acquavella JF, Reyes M, et
al. Mortality among plutonium and other radiation workers at a plutonium
weapons facility. Am J Epidemiol. 1987;125(2):231-50.

11. Beral V, Fraser P, Carpenter L, Booth M, Brown A, Rose G. Mortality of
employees of the atomic weapons establishment, 1951-82. Br Med J.
1988;297:757-70.

12. Checkoway H, Pearce NE, Crowford-Brown DJ, Cragle DL. Radiation doses
and cause-specific mortality among workers at a nuclear materials fabrication
plant. Am J Epidemiol. 1988;127(2):255-66.

13. Cragle DL, McLain RW, Qualters JR, Hickey JLS, Wilkinson GS, Tankersley
WG, et al. Mortality among workers at a nuclear fuels production facility.
Am J Ind Med. 1988;14:379-401.

14. Binks K, Thomas DI, McElvenny D. Mortality of Workers at the Chapelcross
Plant of British Nuclear Fuels. In: Goldfinch EP, editor. Radiation Protection
— Theory and Practice: Malvern 89. Proceedings of the Fourth International
Symposium of the Society for Radiological Protection; 1989 June 4-9; Malvern,
UK. London (UK): Institute of Physics Publishing; 1989. p. 49-52.

15. Gilbert ES, Petersen GR, Buchanan JA. Mortality of workers at the Hanford
site: 1945-1981. Health Phys. 1989;56:11-25.

16. Frome EL, Cragle DL, McLain RW. Poisson regression analysis of the mortality
among a cohort of World War Il nuclear industry workers. Radiat Res.
1990;123:138-52.

17. Wiggs LD, Cox-de-Vore CA, Wilkinson GS, Reyes M. Mortality among
workers exposed to external ionizing radiation at a nuclear facility in Ohio.
J Occup Med. 1991;33:632-7.

236 AUSTRALIAN AND NEW ZEALAND JOURNAL OF PUBLIC HEALTH

2005 voL. 29 Nno. 3



Hazards

Mortality rates among nuclear industry workers

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wing S, Shy CM, Wood JL, Wolf S, Cragle DL, Frome EL. Mortality among
workers at Oak Ridge National Laboratory. Evidence of radiation effects in
follow-up through 1984. J Am Med Assoc. 1991;265(11): 1397-1402.
Kendall GM, Muirhead CR, MacGibbon BH, O’Hagan JA, Conquest AJ,
Goodill AA. Mortality and occupational exposure to radiation: first analysis
of the national registry for radiation workers. Br Med J. 1992;304:220-5.
Fraser P, Carpenter L, Maconochie N, Higgins C, Booth M, Beral V. Cancer
mortality and morbidity in employees of the United Kingdom Atomic Energy
Authority, 1946-86. Br J Cancer. 1993;67:615-24.

Gilbert ES, Omohundro JA, Buchanan JA, Holter NA. Mortality of workers
at the Hanford Site: 1945-1986. Health Phys. 1993;64:577-90.

Gribbin MA, Weeks JL, Howe GR. Cancer mortality (1956-1985) among
male employees of Atomic Energy of Canada Limited with respect to
occupational exposure to external low-linear-energy-transfer ionizing
radiation. Radiat Res. 1993;133:375-80.

Carpenter L, Higgins C, Douglas A, Fraser P, Beral V, Smith P. Combined
analysis of mortality in three United Kingdom nuclear industry workforces,
1946-1988. Radiat Res. 1994;138:224-38.

Douglas AJ, Omar RZ, Smith PG. Cancer mortality and morbidity among
workers at the Sellafield plant of British Nuclear Fuels. Br J Cancer.
1994,70:1232-43.

Wiggs LD, Johnson ER, Cox-de-Vore CA, Voelz GL. Mortality through 1990
among white male workers at the Los Alamos National Laboratory: considering
exposures to plutonium and external ionizing radiation. Health Phys.
1994,67(6):577-88.

Loomis DP, Wolf SH. Mortality of workers at a nuclear materials production
plant at Oak Ridge, Tennessee, 1947-1990. Am J Ind Med. 1996;29:131-41.
Frome EL, Cragle DL, Watkins JP, Wing S, Shy CM, Tankersley WG. A
mortality study of employees of the nuclear industry in Oak Ridge, Tennessee.
Radiat Res. 1997;148:64-80.

Ashmore JP, Krewski D, Zielinski JM, Jiang H, Semenciw R, Band PR. First
analysis of mortality and occupational radiation exposure based on The
National Dose Registry of Canada. Am J Epidemiol. 1998;148(6):564-74.
McGeoghegan D, Binks K. The mortality and cancer morbidity experience of
employees at the Chapelcross plant of British Nuclear Fuels LTD, 1955-1995.
In: Thorne MC, editor. Proceedings of the 6th The Society for Radiological
Protection International Symposium; 1999 June 14-18; Southport, United
Kingdom. London: The Society for Radiological Protection; 1999. p. 261-4.
Muirhead CR, Goodill AA, Haylock RGE, Vokes J, Little MP, Jackson DA, et
al. Occupational radiation exposure and mortality: second analysis of the
National Registry for radiation workers. J Radiol Prot. 1999;19(1):3-26.
Omar RZ, Barber JA, Smith PG. Cancer mortality and morbidity among
plutonium workers at the Sellafield Plant of British Nuclear Fuels. Br J Cancer.
1999;79(7/8):1288-1301.

Ritz B. Radiation exposure and cancer mortality in uranium processing
workers. Epidemiology. 1999;10(5): 531-8.

Ritz B, Morgenstern H, Froines J, Young BB. Effects of exposure to external
ionizing radiation on cancer mortality in nuclear workers monitored for
radiation at Rocketdyne/Atomics International. Am J Ind Med. 1999;35:21-
31.

Gilbert ES. Some confounding factors in the study of mortality and
occupational exposure. Am J Epidemiol. 1982;116:177-88.

Howe GR, Chiarelli AM, Lindsay JP. Components and modifiers of the healthy
worker effect: evidence from three occupational cohorts and implications for
industrial compensation. Am J Epidemiol. 1988;128:1364-75.

Carpenter L, Beral V, Fraser P, Booth M. Health-related selection and death
rates in the United Kingdom Atomic Energy Authority workforce. Br J Ind
Med. 1990;47:248-58.

Ferguson D. Survey of Health of Employees in the Research Establishment of
the Australian Atomic Energy Commission at Lucas Heights, Sydney. 1st
Report, Analysis of Medical Interview Data. Sydney (AUST): Department of
Occupational and Environmental Health, School of Public Health and Tropical
Medicine, The University of Sydney; 1978 May.

Ferguson D. Survey of Health of Employees in the Research Establishment of
the Australian Atomic Energy Commission at Lucas Heights, Sydney. 2nd
Report, Interpretation of Hazard and Recommendations. Sydney (AUST):
Department of Occupational and Environmental Health, School of Public
Health and Tropical Medicine, The University of Sydney; 1979 April.
Lancaster P, Kidd S, Liu J, Mann J, Pedisich E, Shafir E, et al. Health outcomes
among the residents of Sutherland Shire, New South Wales. Appendix 2. In:
Future Reaction — Appendices: Report of the Research Reactor Review.
Canberra (AUST): National Perinatal Statistics Unit, Australian Institute of
Health and Welfare; 1993. p. 81-122.

Taylor R, Coates M, Smith D, Hayes L. Investigation of aspects of health
status of the population of Sutherland Shire, Lucas Heights, research reactor
review — incidence of leukaemia and lymphoma and all-cause mortality in
Sutherland and Warringah Shires, aggregations of postcodes within Sutherland
Shire and NSW, 1970-1990. Appendix 4. In: Future Reaction — Appendices:
Report of the Research Reactor Review. Sydney (AUST): NSW Cancer
Council; 1993. p. 183-206.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

International Agency for Research on Cancer. Meeting on Cancer Risk Among
Nuclear Industry Workers. Lyon (FRA): IARC, World Health Organization;
1988. IARC Internal Report No.: 88/001.

International Agency for Research on Cancer. International Collaborative
Study of Cancer Risk Among Nuclear Industry Workers. Protocol of the
Feasibility Study. Lyon (FRA): IARC, World Health Organization; 1990. IARC
Internal Report No.: 90/001A.

International Agency for Research on Cancer. International Collaborative
Study of Cancer Risk Among Nuclear Industry Workers. | — Report of the
Feasibility Study. Lyon (FRA): IARC, World Health Organization; 1992a.
IARC Internal Report No.: 92/001.

Martuzzi M, Cardis E. Etudes epidemiologiques sur les travailleurs du
nucleaire. Rev Generale Nucleaire. 1996;6:42-5.

International Agency for Research on Cancer. International Collaborative
Study of Cancer Risk among Nuclear Industry Workers. Il — Protocol. Lyon
(FRA): IARC, World Health Organization; 1992b. IARC Internal Report No.:
92/001.

Cardis E, Martuzzi M. Improving the estimates of radiation induced cancer
risk. Seguridad Nuclear. 1998;6:31-7.

Habib RR. Retrospective Cohort Study of cancer incidence and mortality
among nuclear industry workers at Lucas Heights Science and Technology
Centre: Data Collection. Proceedings of the 6th International Symposium,
Epidemiology and Occupational Risks; 1998 April 22-24; Graz, Austria.
Habib RR. The Retrospective Cohort Study of Cancer Incidence and Mortality
among Nuclear Industry Workers at Lucas Heights Science and Technology
Centre [PhD Thesis]. Sydney (AUST): School of Community Medicine, The
University of New South Wales; 2001.

Habib RR, Kaldor J. An epidemiological study of cancer incidence and
mortality among nuclear industry workers at Lucas Heights Science and
Technology Centre in collaboration with IARC. Proceedings of the 3rd
Conference on Nuclear Science and Engineering in Australia; 1999 October
27-18. Canberra, Australia.

National Health and Medical Research Council. Aspects of Privacy in Medical
Research —An Information Paper and Guidelines for the Protection of Privacy
in the Conduct of Medical Research. Endorsed by the National Health and
Medical Research Council. Australian Government Publishing Service,
Canberra. June, 1995a.

National Health and Medical Research Council. Report of 1995 Ethics
Workshops. Prepared by the Australian Health Ethics Committee, a principal
committee of the National Health and Medical Research Council. Canberra
(AUST): AGPS; 1995b.

World Health Organization. International Classification of Diseases, Injuries
and Causes of Death. 9th Revision 1975. Geneva (CHE): WHO; 1977.
Checkoway H, Pearce NE, Crowford-Brown DJ. Research Methods in
Occupational Epidemiology. Monographs in Epidemiology and Biostatistics;
Volume 13. London (UK): Oxford University Press; 1989.

Clayton D, Hills M. SAS10: analysis of follow-up studies with Stata 5.0.
College Station (TX): Stata Corporation; 1997 November. Stata Technical
Bulletin No.: 40. p 27-39.

Fox AJ, Collier PF. Low mortality rates in industrial cohort studies due to
selection for work and survival in the industry. Br J Prev Soc Med.
1976;30:225.

McMichael AJ. Standardised mortality ratios and the ‘healthy worker effect’:
scratching beneath the surface. J Occup Med. 1976;18:165.

Pearce NE, Checkoway H, Shy CM. Time-related factors as potential
confounders and effect modifiers in studies based on an occupational cohort.
Scand J Work Environ Health. 1986;12:97-107.

International Agency for Research on Cancer. Supplement No. 7, Overall
Evaluations of Carcinogenicity: An Updating of IARC Monographs. In:
Monographs on the Evaluation of Carcinogenic Risks to Humans. Lyon (FRA):
IARC; 1987. IARC Monograph Volumes No.: 1-42.

Hill DJ, White VM, Gray NJ. Australian patterns of tobacco smoking in 1989.
Med J Aust. 1991;154(12):797-801.

International Agency for Research on Cancer. Tobacco Smoking. In: IARC
Monographs on the Evaluation of Carcinogenic Risks to Humans. Lyon (FRA):
IARC; 1986. IARC Monograph Volume No.: 38.

Committee on the Biological Effects of lonising Radiation. Health Effects of
Exposure to Low Levels of lonizing Radiation. BEIR Committee; Board on
Radiation Effects Research; Commission on Life Sciences; National Research
Council. Washington (DC): National Academy Press; 1990.

Fellegi IP, Sunter AB. A theory for record linkage. J Am Stat Assoc.
1969;64:1183-1210.

2005 voL. 29 Nno. 3

AUSTRALIAN AND NEW ZEALAND JOURNAL OF PUBLIC HEALTH

237



