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Objectives The association between cumulative radon exposure and coronary heart disease mortality was 
studied in a retrospective cohort investigation of Newfoundland fluorspar miners. 
Methods Multivariate Poisson regression techniques were used to estimate relative risks of coronary heart 
disease mortality by level of radon exposure. Relative risks (RR) were adjusted by attained age, calendar period, 
duration of exposure, and smoking status. Death from coronary heart disease was the outcome measure of 
interest and was identified by record linkage to the Canadian Mortality Database. 
Results An elevated risk for mortality from coronary heart disease was observed among miners with a 
cumulative radon exposure exceeding 1000 working-level months [RR 1.5, 95% confidence interval (95% CI) 
0.77-2.751, The association between radon exposure and coronary heart disease was not statistically significant 
according to a test for trend across exposure categories (P = 0.09). The smokers were 1.8 times more likely than 
the nonsmokers to die from coronary heart disease (95% CI 1 .I-2.8). 
C O ~ C ~ U S ~ O ~ S  These results suggest a positive association between coronary heart disease and radon exposure. 
However, these findings should be interpreted cautiously due to the inability to control for the confounding 
influence of other known risk factors of coronary heart disease. 

Key terms cohort study, healthy worker effect, occupational exposure, radon. 

It has been postulated that exposure to radiation may 
lead to the premature development of atherosclerosis and 
consequently to an increased risk of coronary heart dis- 
ease (CHD). Evidence for this hypothesis comes from 
animal experiments (I), excess CHD deaths among wom- 
en treated with radiation for breast cancer (2), and clini- 
cal reports of patients treated with radiotherapy who then 
developed premature atherosclerosis (3). An autopsy 
study which found increased alpha radiation in athero- 
sclerotic plaques (4) and the monoclonal theory of athero- 
sclerosis (5) provide further evidence for radiation being 
an etiologic factor for CHD. 

The causal relationship between radiation exposure 
and cancer of the bronchus and lung has long been estab- 
lished (6). An excess risk of mortality from tuberculosis 
and other nonmalignant respiratory diseases has also been 
observed in several mining cohorts exposed to radon 
progeny (6). It is thought that most of these excess deaths 
are a consequence of exposure to silica (6). Excesses of 
cancers of the stomach (7-9), skin (10-1 I), buccal 
cavity, and pharynx (12) have also been observed in 
some radiation-exposed mining populations. However, a 

recent collaborative analysis of 11 mining cohorts sug- 
gest that the risk for cancers (other than lung) resulting 
from exposures to high concentrations of radon are neg- 
ligible (13). Other possible adverse effects of radon ex- 
posure include chronic obstructive pulmonary disease, 
reproductive outcomes, and nonmalignant respiratory and 
renal diseases (14). 

In populations of radiation-exposed miners, assess- 
ment of the dose-response relationship of lung cancer 
has been of primary interest, and analyses of possible 
CHD associations have often been neglected. Some of 
these studies have reported a decreased standardized mor- 
tality ratio (SMR) for CHD among miners when com- 
pared with that of the general population (9, 15-16). 
Conversely, an elevated SMR for CHD was found for a 
cohort of sulfide-ore miners exposed to radon (17). 

The comparison of the mortality experience of an 
occupational cohort to the general population is biased 
by the healthy worker effect. Specifically, those who are 
healthy enough to work will be expected to have mortali- 
ty rates that are less than that of the general population. 
The healthy worker effect produces lower mortality rates 
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for several causes of death and may therefore mask real 
effects (18). The healthy worker effect is likely to be 
small for diseases that are unlikely to be present at the 
time of employment, diseases with symptoms that occur 
only a few years before death, and diseases whose risk 
factors have not been addressed in the selection process 
(19). Consequently, the healthy worker effect is likely to 
be small for lung cancer. The healthy worker effect is 
likely to be large for diseases that appear early in life and 
prevent participation in the labor force, diseases that 
have a long duration and interfere with employment at 
times when people are likely to be members of the work 
force, and diseases whose risk factors can be addressed 
in the selection process for entry and continuance in the 
work force (19). Therefore, the healthy worker effect is 
likely to be large for CHD, and, as such, the use of an 
SMR to evaluate the risk owing to radon exposure may 
not be appropriate. 

This study examines the relationship between radon 
exposure and CHD in a cohort of Newfoundland fluor- 
spar miners in which an excess of lung cancer from 
underground radon exposure had already been deter- 
mined. Our analyses make use of an internal comparison 
group that represents a suitable means of controlling for 
the healthy worker effect (18). 

Subjects and methods 

Study cohort 
The initial cohort consisted of 21 11 underground miners 
and 550 surface workers employed by either the St Law- 
rence Fluorspar Company or by Newfoundland Fluor- 
spar Limited. The cohort members who lacked adequate 
personal identifying information or who had died before 
1950 were dropped from the analysis. Most of those 
excluded from the analysis were short-term workers dur- 
ing World War 11. The remaining 1772 underground 

Table 1. Characteristics of the Newfoundland fluorspar miner co- 
hort. (WLM = working-level months) 

Characteristic Percentage Mean SE 
of cohort 

Calendar period of 
first employment 

<I940 
1940 < 1960 
1960 or later 

Smoking habit 
Never smoker 6.5 
Former smoker 17.6 
Current smoker 34.5 
Unknown 41.3 

Duration of exposure (years) 5.7 5.9 
Age at first exposure (years) 28.7 16.1 
Cumulative exposure (WLM) 379 799 

miners and 352 surface workers were those analyzed in 
the 1988 report (1 2). For this analysis, a further 28 under- 
ground miners and 31 surface workers who were born 
before 1900 and for whom no death information was 
available were dropped, as it was assumed that death 
data had been missed. The final cohort of miners in- 
cluded 1743 underground miners and 321 millers or sur- 
face workers. A profile of the characteristics of the 
mining cohort is presented in table 1. This cohort con- 
sisted of men who were exposed to radon for an average 
of 5.7 years. 

Radon exposure assessment 
Estimates of working-level months according to year, 
mine, and occupation between 1933-1960 were pro- 
vided by the Atomic Energy Control Board of Canada 
(20). These values were based on levels measured in 
1960, a review of historical work conditions of the mine, 
and mine architecture. From 1960 to 1967 the average 
exposure was 0.5 working levels. One working level is 
defined as the concentration of short-lived radon daugh- 
ters that gives rise to 1.3 x lo5 MeV of alpha radiation. 
From 1968 on, the radiation levels were measured more 
frequently. In 1969, daily exposures for each worker 
were recorded according to radiation levels in the work- 
place on a given day. Cumulative exposures were ex- 
pressed in working-level months (WLM). One working- 
level month is equivalent to exposure to 1 working level 
for 170 h). 

Smoking information 
A survey was conducted in 1993 to update previously 
collected data on the smoking habits of the fluorspar 
miner cohort. Previous surveys to ascertain smoking be- 
havior were conducted in 1960, 1966, and 1970 in St 
Lawrence, Newfoundland, by Health and Welfare Cana- 
da and in 1978 by the Atomic Energy Control Board. 
Smoking status (current, former or never smoker) could 
be determined for 59% of the cohort. 

Mortality follow-up 
The vital status of the cohort members between 1926 and 
1984 had previously been ascertained (12). The mortali- 
ty experience of the cohort was updated to the end of 
1990 by manually tracing all members of the cohort 
through the Canadian Mortality Database operated by 
Statistics Canada. The linkage was performed by em- 
ployees who were blind as to the exposure status. Copies 
of microfilmed death certificates were obtained, and 
the underlying causes of death were coded according to 
the 8th revision of the International Classification of 
Diseases by the Nosology Reference Centre of Sta- 
tistics Canada. As with previous analyses, persons not 
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found were assumed to be alive for the purposes of the 
analysis. 

CHD (8th revision of the International Classifica- 
tion of Diseases rubrics 410-414) was selected when 
listed as the underlying cause of death. Deaths from 
respiratory disease were classified using the 8th revi- 
sion of the International Classification of Diseases ru- 
brics 460-5 19. 

Mortality was analyzed from the beginning of 1950 
to the end of 1990. Mortality before 1950 was not exam- 
ined to facilitate comparisons with previously published 
results. Furthermore, the quality of Newfoundland death 
certificates before 1950 precluded their use (12). 

Statistical analysis 

For each miner, person-years were accumulated from the 
date of first employment until death or the end of the 
study period, which was 31 December 1990. Poisson 
regression models were used to fit relative risk models 
using the software program EPICURE (21). 

The person-years were cross-classified by various 
time-dependent factors. Attained age was categorized as 
< 45,45-< 55,55-< 65,65- <75 and 2 75 years. Per- 
son-years were also cross-classified by the calendar pe- 
riods 1950 - < 1965, 1965 - < 1975, and 2 1975. For 
each miner, duration of exposure was categorized as < 10, 
10- < 20 and 2 20 years. Cumulative exposure to radon 
was categorized into 5 groups as 0, 0'-<250, 250- 
< 500, 500-< 1000 and 2 1000 working-level months. 

The miners were classified as either smokers, non- 
smokers, or workers with an unknown smoking status. 
Due to the low prevalence of never smokers in this popu- 
lation and because CHD risk falls relatively quickly upon 
smoking cessation to almost that of never smokers (22), 
never smokers were combined with former smokers to 
form the nonsmoking category. Smoking status was de- 
termined from the last interview for which smoking sta- 
tus was reported. 

Dose rate was examined with the inclusion of a cov- 
ariate representing duration of exposure into a model 
containing cumulative working-level months. If an ele- 
vated risk of CHD mortality was found by increasing 
duration of exposure, exposure to radon over a longer 
period of time would be suggested to be more harmful 
than an equivalent cumulative dose received over a short- 
er period. Conversely, a decreased risk of CHD mortality 
for longer periods of exposure would suggest that high 
levels of exposure a over shorter period of time may be 
more relevant. 

With the use of a model analogous to that used by 
Lubin et a1 (23) to examine lung cancer, it was assumed 
that the CHD mortality rate, r(x,z,w), depended on cumu- 
lative working-level months, w; covariates that described 
the background mortality rate, x; and a vector of covari- 
ates, z ,  that could modify the dose-response relationship. 

In our example, the x covariates included categories of 
period of exposure and attained age, while the z covari- 
ates consisted of smoking status and duration of expo- 
sure. The relative risk model used was 

where ro(x) represented the background CHD mortality 
rate. The background rate was modeled as ro(x) = 
exp(ax), where a represented the parameter vector of the 
background covariates. In the same fashion, the relative- 
risk component of the model, RR(z,w), was modeled 
using an exponential term. 

The model was refitted by substituting the mean dose 
in working-level months for each of the 5 categories of 
cumulative radon exposure. In other words, radon expo- 
sure was modeled as a continuous covariate. This proce- 
dure enabled the significance of a trend in risk to be 
assessed by comparing the deviances of the models with 
and without continuous working-level months. The like- 
lihood ratio test statistic, which was based on the differ- 
ence in the model deviances, was approximately dis- 
tributed as a chi-square with 1 degree of freedom. The P- 
values that were used to assess the trend in risk by dura- 
tion of exposure and smoking status were calculated in 
the same manner. However, the significance level of the 
test for trend in smoking is based only on those observa- 
tions for which smoking status is known. 

Results 

Between 1950 and 1990,199 CHD deaths were observed 
among the miners. The results of the regression analyses 
are presented in table 2. An increased risk of CHD mor- 
tality was observed among the miners with cumulative 
radon exposures above 500 working-level months, al- 
though there was no monotonic relationship between 
increasing risk and increasing exposure and the test for 
trend was not statistically significant (P = 0.09). Miners 
exposed to a cumulative radon exposure of at least 1000 
working-level months had a relative risk of 1.46 when 
compared with those with no exposure. Smoking status 
was a significant predictor of CHD mortality (P = 0.01) 
with smokers having a risk that was approximately 
1.8 times that of nonsmokers. The interaction term for 
cumulative radon exposure and smoking status was not 
significant (results not shown). Finally, a decreased risk 
was observed with longer durations of exposure. When 
compared with those for workers exposed for less than 
10 years, the relative risk of CHD mortality was 0.76 and 
0.33 for those exposed for 10-<20 and 220 years, 
respectively. Although not statistically significant, there 
was the suggestion of an increased risk of fatal respira- 
tory disease with radon exposure (table 3). 
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Table 2. Poisson regression estimates of the relative riska for coronary heart disease (CHD) mortality among Newfoundland fluorspar 
miners, 1950-1990. (RR = relative risk, 95% GI = 95% contidence interval, WLM = working-level months) 

Covariate Person- CHD RR 95% CI P-valueb 
years deaths 

Cumulative radon exposure 
0 WLM 
> 0-250 WLM 
250 < 500 WLM 
500 s 1000 WLM 
r 1000 WLM 

Smoking status 
Nonsmoker 
Smoker 
Unknown 

Duration of exposure 
< 10 years 
10 s 20 years 
2 20 years 

a Background CHD rates are adjusted for attained age and period. 
The P-value for test for trend is based on the likelihood ratio test statistic with 1 degree of freedom which compares the models with and without the 
covariate measured on a continuous scale. 
Only those miners with known smoking status were included in this test of trend. 

Table 3. Poisson regression estimates of the relative riska of respiratory disease mortality of Newfoundland fluorspar miners, 1950- 
1990. ( R R  = relative risk, 95% CI = 95% confidence interval, WLM = working-level months) 

Covariate Person- Respiratory RR 95% CI P-valueb 
vears deaths 

Cumulative radon exposure 
O W I M  - . . 
> 0-250 WLM 
250 5 500 WLM 
500 < 1000 WLM 
2 1000 WLM 

Smoking status 
Nonsmoker 
Smoker 
Unknown 

Duration of exposure 
< 10 years 49 422 35 1 .O - 0.18 
10 < 20 years 6 369 9 1.61 0.62-4.1 8 
r 20 years 1 236 4 2.18 0.68-7.02 

a The background rates for coronary heart disease were adjusted for attained age and period. 
b The P-value for test for trend is based on the likelihood ratio test statistic with 1 degree of freedom which compares the models with and without the 

covariate measured on a continuous scale. 
Only those miners with known smoking status were included in this test of trend. 

Discussion If radiation exposure increases the risk of CHD mor- 
tality, an occupational group exposed to radon could 
have higher CHD mortality rates than the general popu- 
lation. Previous analyses of the same cohort over a 
shorter follow-up period yielded an SMR for diseases of 
the circulatory system that was 0.88 of that of the general 
Newfoundland population (12). This value is consistent 
with that of other studies of miners exposed to radon 
progeny (9, 15-16). An elevated SMR was found for a 
cohort of sulfide ore miners exposed to radon progeny 
(17). However, these miners were also exposed to several 
other CHD risk factors, including polycyclic aromatic 
hydrocarbons, nitroglycerin, noise, and stress. As previ- 
ously detailed, the use of the SMR for CHD in these 

The principal recipient of alpha irradiation from radon 
daughter products is the lung. However, radon can also 
be absorbed into the blood and longer lived decay prod- 
ucts could potentially cause adverse effects at sites other 
than the lung (14). The actual dose delivered to other 
organs is dependent on the relative fraction of attached 
and free daughter products and on the size of the aerosol 
to which they are attached and on pulmonary function 
(24). Small amounts of alpha radiation in the arterial 
wall may cause subtle injuries to arterial structures and 
thus contribute to the development of atherosclerosis and 
consequently CHD (4). 
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studies is likely to be heavily influenced by the healthy 
worker effect and, to a less extent, by the failure to 
identify all deaths among cohort members. 

Unlike previous studies, our use of an internal com- 
parison population largely removes the healthy worker 
effect. While it is conceivable that employees not healthy 
enough to work in the mines were assigned to surface 
work, they were still healthy enough to be employed. It 
is likely that surface workers resembled underground 
workers to a greater extent than did the entire male popu- 
lation of Newfoundland. Both surface workers and un- 
derground miners lived in the same locality, their smok- 
ing levels appeared comparable, and the socioeconomic 
status between the 2 groups, at least as indicated by wage 
scales, were fairly similar. 

This study suggests that workers exposed to high 
levels of radon progeny have a greater risk of CHD 
mortality. Our analyses also revealed a decreased risk of 
CHD mortality among miners exposed to radon for a 
longer period, after control for cumulative radon expo- 
sure. Conversely, for lung cancer an inverse dose-rate 
effect has been noted with radon exposure and lung can- 
cer risk (25). In other words, the risk of lung cancer is 
greater among those exposed to radon over a long period 
than among those exposed to an equivalent lifetime dose 
over a shorter period. For CHD, it is possible that, for 
fixed cumulative dose, shorter duration of exposure at a 
high rate may be more harmful than a longer duration of 
exposure at low rates. Alternatively, and especially for 
cardiovascular disease, miners who were employed for a 
longer duration may have been more healthy and at a 
reduced risk of developing CHD than those employed 
over a shorter period of time when the exposure levels to 
radon progeny may have been higher. Our finding should 
be interpreted cautiously due to the small number of 
CHD deaths that occurred in the upper 2 categories of 
exposure duration. 

The potential for death linkages to be missed should 
have been modest based on the results of previous stud- 
ies that have examined the completeness of the Canadian 
mortality data base and the record linkage process em- 
ployed by Statistics Canada (26). It is unlikely that the 
deaths missed occurred in a systematic way that would 
have biased the results. 

Numerous risk factors for CHD have been identified, 
and, as a result, these findings may be biased by the 
inability to adjust for their influence. Occupational fac- 
tors that are associated with an increased risk of CHD 
include levels of physical activity, stress, shift work, 
noise, and temperature (27). Other risk factors include 
diabetes, obesity, cholesterol, triglyceride levels, and al- 
cohol intake (28). The presented risk estimates were ad- 
justed solely for age, period, and smoking status. Fur- 
thermore, residual confounding by smoking status may 
exist, as information was lacking for 41% of this cohort 

and because smoking status was modeled as a fixed 
rather than a time-dependent covariate. 

Underground miners were also exposed to silica, die- 
sel fumes, and other particulates and gases that may 
result in airflow obstruction or fibrosis. The relationship 
between the possible respiratory damage induced by 
these exposures and the subsequent development of CHD 
is unclear. Cumulative radon exposure was weakly asso- 
ciated in the current study with an increased risk of fatal 
respiratory diseases. Animals exposed to high levels of 
radon have an increased risk of emphysema and intersti- 
tial fibrosis (8). As well, because both radon and dust 
levels were dependent on ventilation rates, radon levels 
may be a surrogate measure for dust levels. 

In this cohort, the mean exposure for underground 
miners was 378.6 working-level months over an average 
of 5.7 years of exposure. Although the current Canadian 
occupational standard of radon exposure is 4.0 working- 
level months (29), few workers are now exposed to any- 
where near these levels. These analyses revealed a non- 
significant elevated risk of CHD mortality among miners 
exposed to very high concentrations of radon progeny. 
Nonetheless, the findings should be interpreted cautious- 
ly as the possible confounding influence of several fac- 
tors could not be adequately assessed. 
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