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Objectives   The few studies examining the risk of circulatory system diseases (CSD) associated with ionizing 
radiation have reported inconsistent results. Radon, a known pulmonary carcinogen, emits ionizing radiation. 
The aim of this study was to examine CSD mortality in a French cohort of uranium miners and evaluate the 
plausibility of an association with radon exposure. 

Methods   The cohort included men employed as uranium miners for ≥1 year between 1946–1990. We obtained 
vital status and cause of death from national registers and reconstructed radon exposure for each year. Exposure–
risk relations were estimated with a linear excess relative risk (ERR) model using a 5-year lag time. 

Results   The cohort comprised 5086 miners, followed up for a mean duration of 30.1 years. The average cumula-
tive exposure of the radon-exposed miners was 36.6 working level months (WLM). A total of 1411 deaths were 
observed, including 319 deaths due to CSD. No excess risk was found for this overall cause of death. A significant 
positive trend was observed between deaths from cerebrovascular diseases (CeVD) and cumulative radon expo-
sure, together with a significant ERR per 100 WLM [ERR per 100 WLM 0.49, 95% confidence interval (95% CI) 
0.07–1.23)]. Hard physical activity was identified as a potential modifying factor of the exposure–risk relation.

Conclusions   For the first time in a cohort of uranium miners, our results suggest an association between CeVD 
mortality and cumulative radon exposure. Due to a lack of data, which limited our ability to assess possible 
confounding by cardiovascular risk factors, these findings should be interpreted with caution.
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It has been postulated that exposure to high doses of 
external ionizing radiation may lead to the premature 
development of atherosclerosis and consequently to an 
increased risk of coronary heart disease. Evidence for this 
hypothesis has come from animal experiments (1, 2), the 
excess number of coronary heart disease deaths among 
women treated with radiation for breast cancer (3), and 
clinical reports of patients treated with radiotherapy who 
developed premature atherosclerosis thereafter (4). Very 
high doses of radiation to the heart can result in fibrotic 
and small vessel damage in the pericardium, myocardium 
and coronary vasculature, and subsequent myocardial 
infarction is the most common fatal complication (5).

At low doses of external ionizing radiation, the poten-
tial effects of radiation on non-cancer diseases have 

been reported only occasionally. The first evidence of an 
increased risk of circulatory system diseases (CSD) asso-
ciated with low doses of external ionizing radiation came 
from an analysis of mortality data in the lifespan cohort 
study of Japanese atomic bomb survivors (6). This study 
observed an association with external dose for both coro-
nary heart diseases and cerebrovascular diseases (CeVD). 
McGale & Darby (7) reviewed all epidemiological studies 
reporting results about associations between low doses of 
ionizing radiation and CSD. Of 26 identified studies, only 
one – concerning US radiology technologists – provided 
appreciable evidence of an association between cumula-
tive radiation exposure and CSD (8). Other evidence that 
low doses of external ionizing radiation are associated 
with an increased risk of CSD has come from a cohort 
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of international nuclear workers (9) and a recent study of 
Chernobyl clean-up workers (10). These results have not, 
however, shown a consistent pattern of increased mortal-
ity from CSD. More recently, other literature reviews 
confirmed this statement (11–13) indicating that the cur-
rent knowledge is insufficient to support convincingly a 
causal interpretation of the observed associations. 

Regarding the effects of internal contaminations, the 
available literature providing information on a potential 
risk of CSD is even more limited. Uranium miners con-
stitute an interesting study population in this respect, as 
they are generally exposed to high levels of radon gas 
concentration. This radioactive gas could be inhaled 
and lead to internal irradiation due to the alpha emitters 
present amongst its decay products. Since the beginning 
of the 1980s, many studies of uranium miners cohorts 
have examined the relations between radon exposure and 
cancer mortality, focusing especially on lung cancer (14, 
15). They have concluded that cumulative exposure to 
radon is associated with an increase in lung cancer mor-
tality. Several studies have suggested that radon exposure 
might also induce other kinds of cancer, such as leukemia, 
non-Hodgkin’s lymphoma, malignant melanoma, mul-
tiple myeloma, and cancers of the pancreas, stomach and 
kidney, as well as other non-malignant respiratory dis-
eases (16–24). Nonetheless, the only significant positive 
association reported to date between cumulative radon 
exposure and any cause of mortality is for lung cancer. 

The analysis of CSD risks related to radon exposure 
is a very new topic, and only a few studies have exam-
ined them in detail. Four studies reported a decrease 
(23, 25–27) in cardiovascular mortality among miners 
exposed to radon compared with the general population, 
while one study found similar risk (17). Conversely, 
elevated mortality from coronary heart disease and non-
rheumatic circulatory diseases was found in a cohort 
of sulphide-ore miners exposed to radon (28) and in a 
Czech cohort of uranium miners (29). A significant posi-
tive joint effect of radon and arsenic on CSD mortality 
was found in a cohort of Chinese tin miners (30). The 
Newfoundland fluorspar miner cohort study also found 
an elevated death rate from coronary heart diseases 
among miners with high cumulative radon exposure, 
but this finding was based on a relatively small num-
ber of deaths and was not statistically significant (31). 
Reanalysis of this cohort with ten additional years of 
follow-up showed no association between radon expo-
sure and mortality from either CSD, acute myocardial 
infarction, or CeVD (32). A recent report about a large 
German uranium miner cohort found no trend with 
increasing cumulative exposure to radon for the risk of 
death from CSD for either the heart disease or stroke 
subgroups (33). All these findings should be interpreted 
with caution because it is unclear whether they reflect 
real associations, random variations, or confounding. 

In 2007, we updated the mortality data for a French 
cohort of uranium miners from 1946–1999, including five 
additional years of follow-up (34). The analysis confirmed 
an increased risk of lung cancer death associated with 
radon exposure, even at low levels of exposure. The aim 
of this current study was to examine the CSD mortality 
in this French cohort of uranium miners and evaluate the 
possibility of an association with radon exposure. We 
consider the risk of death from CSD as a whole and from 
two subgroups: ischemic heart disease (IHD) and CeVD. 

Methods

Cohort description and follow-up

Previous publications have described the development 
of a French cohort of uranium miners (26, 34, 35). The 
cohort comprised 5086 individuals. It included all males 
employed as uranium miners in the CEA-COGEMA 
group [the French Atomic Energy Commission (CEA) 
and the COmpagnie GEnérale des MAtières Nuclé-
aires (COGEMA today known as AREVA NC) were in 
charge of uranium exploitation in France] for ≥1 year 
between 1946–1990. The follow-up began in 1946 and 
ran through 31 December 1999. The date of cohort 
entry for each individual was defined as the date of first 
employment as a uranium miner plus one year. Vital 
status was obtained from the French national vital status 
registry and classified into four categories: (i) dead, (ii) 
alive, (iii) alive at 85 years (age limit of follow-up), and 
(iv) lost to follow-up. Cause of death information came 
from the French national mortality database (direct or 
initial cause of death, as well as two antecedent causes 
or morbid conditions that contributed to death), supple-
mented by information from the COGEMA occupatio-
nal medicine department. Causes of death were coded 
according to the International Classification of Disease 
(ICD) – the 8th revision for deaths before 1979 and the 
9th revision for subsequent deaths.

Cause of death from circulatory system diseases

The overall group of deaths due to CSD corresponds to 
ICD 8 codes “390–458” and ICD 9 codes “390–459”. 
IHD corresponds to ICD 8 and 9 codes “410–414” and 
CeVD to ICD 8 and 9 codes “430–438”.

Place and type of work

The French uranium mines were located in four regions 
and were active over different periods: Limousin (1946–
1995), Vendée (1949–1991), Forez (1946–1978), and 
Hérault (1978–1997). The worksite was recorded every 
year for each miner. For this analysis, each miner was 
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classified at a single mine location (ie, the one where he 
worked the most years). The cohort included underground 
and open-pit miners, and miners working both above and 
below the surface. The miners’ working histories were 
reconstructed from their occupational records. 

Based on information about the type of job they did, 
we classified physical activity for each miner and every 
year as “low”, “intermediate”, or “hard”. Low physical 
activity corresponded to administrative, driving, or 
laboratory work; intermediate activity related to work 
in the mines not directly involving extraction, such as 
being an electrician or timberman. Until the end of the 
1970s, before the implementation of intensive mecha-
nization, drillers and hewers performed hard physical 
labor. For this analysis, physical activity was classified 
on a 4-point scale according to the number of years of 
hard physical labor (0=no hard physical activity; 1=0–4 
years; 2=5–14 years; and 3=≥15 years). This information 
was reconstructed for 5066 uranium miners.

Radon exposure 

Exposure to radon and its radioactive decay products 
was estimated individually for each year of employment. 
The methods of measurement changed over time (34). 
For the years before 1956, annual individual exposure 
was retrospectively reconstructed by a group of experts, 
from environmental measurements in mine air and 
information about the place and duration of work. From 
1956–1982, exposure was estimated from individual 
records. Exposure for each miner was routinely recorded 
each month in files, based on measurements of ambi-
ent radon gas concentrations at worksites and adjusted 
for time worked. Since 1983, radon exposure has been 
measured by individual dosimeters that determine the 
potential alpha energy of radon decay products. The 
exposure unit used for radon and decay products is the 
working-level month (WLM). The WL is defined as the 
concentration of short-lived radon daughters per litre 
of air that gives rise to 1.3×10e5 MeV of alpha energy 
after complete decay. One WLM of cumulative exposure 
corresponds to exposure to 1 WL for 1 month (170 h) 
and is equivalent to 3.5 mJ.h.m-3. 

In 1956, large-scale ventilation was introduced in 
French mines, reducing radon exposure considerably. 
Mean annual exposure before 1956 was 21.3 WLM; 
after 1956, it was 1.7 WLM.

Statistical analysis

For each miner, the number of person-years was calculated 
as the time between entry into and exit from the cohort. 
Person-years were distributed into a 5-dimensional table: 
(i) attained age (10 categories), (ii) calendar year (11 
categories), (iii) duration of employment (8 categories), 

(iv) age at first employment (8 categories), and (v) cumu-
lative radon (6 categories). The expected numbers of 
deaths were calculated by multiplying person-years by 
the appropriate cause-specific mortality rates. National 
mortality rates for the general population of French men 
were used as reference rates. We assessed risk of death 
for cohort members using standardized mortality ratios 
(SMR) and estimated relative risks (RR) with an internal 
reference group of the 953 miners not exposed to radon. 
We calculated the 95% confidence intervals (95% CI) for 
the SMR and RR using Byar’s and Wald’s approxima-
tions, respectively (36). 

We tested trends in SMR and RR according to cumu-
lative radon exposure and duration of employment using 
Mantel’s trend tests. The risk of death was estimated 
for categories of cumulative radon exposure (0, 0–10, 
10–50, 50–100, 100–200 and ≥200 WLM and employ-
ment duration (1–5, 5–10, 10–15, 15–20, 20–25, 25–30, 
30–35 and ≥35 years). A 5-year lag time was applied for 
cumulative radon exposure to take into account a mini-
mum latent period between exposure and effect. No lag 
time was applied to the duration of employment. 

The exposure–risk relation was estimated with a linear 
excess relative risk (ERR) model, where the RR=1 + βw, 
where w=cumulative radon exposure lagged by 5 years 
(in WLM) and β=estimated ERR per 100 WLM. 

We estimated the ERR with both external and internal 
regression analyses. For the external analyses, the base-
line risk was assumed to be proportional to the expected 
number of deaths derived from national mortality rates. 
For the internal analyses, the baseline risk was stratified 
by calendar year and attained age. Poisson regression was 
used to fit these models. We used SAS (SAS Institute, 
Cary NC, USA) and EPICURE (HiroSoft International 
Corporation, Seattle, WA, USA) software for statistical 
analyses and applied the AMFIT module of EPICURE 
to calculate maximum likelihood parameter estimates, 
likelihood-based CI and likelihood ratio tests.

Sensitivity analyses also applied 10-, 20-, and 30-
year lag times. Additional stratification for two time-
independent variables was also considered, namely, hard 
physical activity and mine location. 

Results

Cohort characteristics

Table 1 summarizes the cohort’s characteristics. The 
study included 5086 subjects who contributed 153 063 
person-years of follow-up. Overall, 3492 (70%) miners 
were still alive at the end of the follow-up, 1467 (28.8%) 
were deceased, 66 (1.3%) were lost to follow-up and 
61 (1.2%) were ≥85 years. Miners started working at 
a mean age of 27.8 years and worked for an average 
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duration of 16.4 years. The follow-up was relatively 
long with a mean duration of 30.1 years. Of 5086 
miners, 4133 were exposed to radon, and the average 
cumulative exposure was 36.6 WLM. Mean age at first 
radon exposure was 29.1 years, and the average duration 
of exposure was 11.8 years.

All-cause and all-cancer mortality

The SMR and RR for all causes were not statistically 
significant in this cohort (results not shown). The SMR 
for all cancers was significantly >1 and significantly <1 
for all causes excluding cancers and external causes. 
The RR was not statistically significant for either. A 

significant decreasing trend according to duration of 
employment was observed for overall mortality and all 
causes of death excluding cancers and external causes. 
Significant positive trends were observed according to 
cumulative radon exposure for overall and all-cancer 
mortality and for mortality from all causes exclud-
ing cancers and external causes. Similar results were 
observed for SMR and RR, except for deaths from all 
causes excluding cancers and external causes, which 
showed no significant trend according to cumulative 
radon exposure for the internal reference.

Mortality from circulatory system diseases

Table 2 shows the SMR and RR for different causes 
of CSD mortality. Overall it did not differ between 
miners and the French male population. Neither SMR 
nor RR differed significantly from 1 for CSD [N=319, 
SMR 0.93 (95% CI 0.83–1.04) and RR 0.92 (95% CI 
0.72–1.19)]. This was also true for the subgroups with 
IHD [N=125, SMR 0.94 (95% CI 0.78–1.12) and RR 
0.90 (95% CI 0.60–1.35)] and CeVD [N=80, SMR 1.00 
(95% CI 0.79–1.24) and RR 1.39 (95% CI 0.81–2.38)]. 
SMR and RR values were similar in both subgroups.

Trends with cumulative radon exposure were tested 
for all deaths from CSD, IHD and CeVD (table 2). 
The results for SMR and RR were similar for all three 
groups. Significant decreasing trends were observed 
according to the duration of employment for all CSD 
and IHD. Only CeVD showed a positive trend with 
cumulative radon exposure.

After we observed this significant positive trend 
for CeVD according to cumulative radon exposure, we 
conducted complementary detailed analyses of varia-
tions of mortality. Variations in CeVD mortality were 

Table 1. Characteristics of the French cohort of uranium miners. 
[WLM = working level month]

			  All subjects (N=5086)

		  Number 	Percentage	 Mean	 Range

General characteristics		

	 Number of subjects	 5086	 100	 ·	 ··
	 Number of person-years	 153 063	 100	 ·	 ··
	 Number of deaths	 1467	 28.8	 ·	 ··
	 Age at first employment (years)	 ·	 ··	 27.8 	15.0–67.4
	 Duration of employment (years)	 ·	 ··	 16.4 	 1.0–54.0
	 Duration of follow-up (years)	 ·	 ··	 30.1 	 0.1–53.7

Radon exposure characteristics a		

	 Age at first exposure (years)	 ·	 ··	 29.1 	15.0–63.0
	 Cumulative exposure (WLM)	 ·	 ··	 36.6 	0.1–960.1
	 Duration of exposure (years)	 ·	 ··	 11.8 	 1.0–37.0
	 Annual exposure <1956 (WLM)	 ·	 ··	 21.3	 0.1–99.0
	 Annual exposure ≥1956 (WLM)	 ·	 ··	 1.7	 0.1–15.3

a Only among radon-exposed miners (4133 miners).

Table 2. Standardized mortality ratios (SMR) and relative risk (RR) of death from diseases of the circulatory system and trend tests with 
duration of employment and cumulative radon exposure. [95% CI = 95% confidence interval]

Cause of death a	 Observed deaths	 External reference	 Internal reference

	 N	 %	 SMR b	 95% CI	 Trend test	 RR c	 95% CI	  Trend test

					     Duration	 Cumulative			   Duration	 Cumulative  
					     of	 radon			   of	 radon 	
					     employment	 exposure			   employment	 exposure
					     (P-value) d	 (P-value) d			   (P-value) d	 (P-value) d

All circulatory system diseases (390–459)	 319	 6.2	 0.93	 0.83–1.04	 0.02 e	 0.18	 0.92	 0.72–1.19	 0.001 e	 0.37

Ischemic heart diseases (410–414)	 125	 2.4	 0.94	 0.78–1.12	 0.03 e	 >0.50	 0.90	 0.60–1.35	 0.02 e	 >0.50

Cerebrovascular diseases (430–438)	 80	 1.6	 1.00	 0.79–1.24	 >0.50	 0.02 f	 1.39	 0.81–2.38	 >0.50	 0.03 f

a The code according to the International Classification of Diseases, 9th revision in parentheses.
b The reference group is the French male population.
c The reference category is made of non-radon-exposed miners. 
d Degree of significance of a Mantel’s trend test. 
e Negative significant trend.
f	 Positive significant trend.
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examined by calendar period, attained age, duration 
of employment, and age at time of first employment 
(figure 1). Figure 1A shows that, up to 1991, the num-
ber of expected deaths from CeVD is higher than that 
of observed deaths; after 1992, both become similar. 
Figure 1B shows the global lack of difference between 
the numbers of observed and expected deaths, except 
for an excess, not statistically significant, of observed 
deaths among the miners aged 65–70 years. A specific 
pattern of CeVD mortality linked with the duration of 
employment cannot be deduced from figure 1C. Finally, 
figure 1D shows a statistically non-significant excess of 
observed deaths for miners who started working at the 
age of 25–30 years.

Radon exposure and risk of circulatory system disease

Table 3 shows the estimated ERR per 100 WLM for 
the three categories of CSD mortality associated with 
cumulative radon exposure for both the internal and 
external Poisson regression analyses. Results were con-
sistent with those from the trend tests. Estimated ERR 
was significant only for CeVD and was similar for the 
internal [ERR per 100 WLM 0.44 (95% CI 0.04–1.16)] 
and external [ERR per 100 WLM 0.49 (95% CI 0.07–
1.23)] regression analyses. For IHD, lower confidence 
bounds could not be estimated. SMR by categories of 

radon exposure together with a linear ERR model for 
CeVD mortality are presented in figure 2. Above 50 
WLM, the risk of CeVD mortality increased, albeit not 
significantly.

The main analysis used a 5-year lag period. In the 
sensitivity analysis, ERR per 100 WLM was estimated 
with three different lag periods: 10, 20, and 30 years, 
with the internal regression. This did not change the 
results, which remained non-significant for overall CSD 
and IHD for the different lag analyses. For the CeVD 
subgroup, however, the estimated ERR per 100 WLM 
remained significant and increased with the lag period 
(table 4).

The second part of the sensitivity analysis stratified 
the workers according to two supplementary variables: 
hard physical activity and mine location (reflecting the 
geological characteristics of the mine). Both stratifi-
cations had no impact on the estimated ERR per 100 
WLM for overall CSD and IHD. For CeVD, the ERR 
per 100 WLM estimated after stratification for hard 
physical activity was not significant [ERR per 100 
WLM 0.21 (95% CI -*–1.01), P=0.29]. It was, however, 
significant after stratification for mine location [ERR 
per 100 WLM 0.54 (95% CI 0.07–1.41), P=0.015] 
and almost significant after stratification for both hard 
physical activity and mine location [ERR per 100 WLM 
0.51 (95% CI -*–1.7), P=0.058]. 

Figure 1. Variations of observed and expected numbers of cerebrovascular deaths from 1946–1999 in the French cohort of uranium miners with: 
(A) calendar year; (B) attained age; (C) duration of employment; and (D) age at first employment.
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Figure 1: Variations of observed and expected numbers of cerebrovascular deaths from 1946 
to 1999 in the French cohort of uranium miners with: (A) calendar year; (B) attained age; (C) 
duration of employment; (D) age at first employment 
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Discussion 

This first detailed analysis of CSD mortality in the 
French uranium miner cohort found no excess risk 
for CSD, IHD, or CeVD mortality. We did, however, 
observe a significant increase in CeVD mortality risk 
with cumulative radon exposure that had not been shown 
in the earlier analyses. This relation was confirmed with 
other lag intervals. Risks of CSD and IHD were not 
associated with cumulative radon exposure.

Characteristics of the French cohort

This cohort of French uranium miners was characterized 
by its long follow-up and very low levels of cumulative 
radon exposure. Its high quality of exposure assessment 
was also notable, especially after 1955, thanks to indi-
vidual dosimetric recording. Moreover, the high quality 

Table 3. Risk of mortality from overall circulatory system, isch-
emic, and cerebrovascular diseases associated with cumulative 
radon exposure in the French cohort of uranium miners. [RR = rel-
ative risk, WLM = working level month, 95% CI = 95% confidence 
interval]

Regression	 Intercept	 Excessive	 95% CI
type		  per RR 
		  100 WLM

All circulatory system diseases

	 External a	 0.89	 0.102	 -0.04–0.30
	 Internal b	 -	 0.064	 -0.06–0.25

Ischemic heart disease

	 External	 0.93	 0.013	 - c–0.28
	 Internal	 -	 0.007	 - c–0.27

Cerebrovascular disease

	 External	 0.83	 0.492	 0.07–1.23
	 Internal	 -	 0.437	 0.04–1.16

a The reference group is the French male population.
b The reference group consists of non-radon-exposed miners.
c Not estimated.
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Figure 2: Cerebrovascular mortality risk associated with cumulative radon exposure in the 
French cohort of uranium miners, 1946-1999  
SMR: Standardized Mortality Ratio; CI: Confidence Interval; ERR model: linear excess 
relative risk model with external reference; WLM: Working Level Month. 
 

Figure 2. Cerebrovascular mortal-
ity risk associated with cumulative 
radon exposure in the French cohort 
of uranium miners, 1946–1999. 
[SMR=standardized mortality ratio, 
95% CI=95% confidence interval, 
ERR model=linear excess relative 
risk model with external reference, 
WLM=working level month]

Table 4. Excess relative risk associated with cumulative radon exposure estimated with 5-, 10-, 20-, and 30-year lag periods. [ERR=excess 
relative risk, WLM=working level month, 95% CI=95% confidence interval]

Cause of death	 5-year lag	 10-year lag	 20-year lag	 30-year lag

	 ERR per	 95% CI a	 ERR per	 95% CI a	 ERR per	 95% CI a	 ERR per	 95% CI a

	 100 WLM		  100 WLM		  100 WLM		  100 WLM

All circulatory system diseases	 0.064	 -0.06–0.25	 0.067	 -0.06–0.25	 0.065	 -0.07–0.26	 0.08	 -0.083–0.34
Ischemic heart disease	 0.007	 - b–0.27	 0.008	 - b–0.28	 -0.025	 - b–0.25	 -0.126	 – b

Cerebrovascular disease	 0.44	 0.037–1.16	 0.46 c	 0.047–1.21	 0.53 d	 0.066–1.37	 0.85 e	 0.17–2.17

a Obtained from internal regression
b Not estimated; degree of significance of a two-sided likelihood ratio test comparing the models with and without radon exposure.
c P=0.021.
d P=0.016.
e P=0.005.
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of the follow-up was evident by the very low percentage 
of miners lost to follow-up (1.3%, N=63) and the low 
percentage of deaths for which the cause of death is 
missing (4%, N=56).

Definition of circulatory system disease subgroups

In this analysis, we used subgroups of CSD similar to 
those of other studies [ie, IHD and CeVD (8, 10, 30, 32, 
33)]. It has been recently suggested that IHD might be 
a particularly sensitive endpoint for radiation exposure 
to the heart arteries (37). In the French cohort, the IHD 
subgroup represented almost 40% of the CSD deaths 
(ie, 125 dead miners). Several studies have shown an 
increased risk of CeVD associated with external ionizing 
radiation (6, 10). In the French cohort, this subgroup 
accounted for 80 dead miners.

CSD are particularly subject to misclassification 
bias (38). A European project indicated, however, that 
the French national cause-of-death statistics from car-
diovascular diseases are reliable and that when the 
subcategories are adequately grouped (such as IHD and 
CeVD), the published mortality data can be considered 
to be sufficient for epidemiological purposes (39). We 
therefore chose to focus our analysis on only two sub-
groups, with a sufficient number of deaths. The use of 
different sources of information for causes of death may 
also lead to a misclassification bias. Information for our 
cohort came from two sources. After 1968, the French 
national mortality database provided causes for 97.4% 
of the deaths, while information from the occupational 
medical department was used only as a complementary 
source. To avoid this potential misclassification bias, 
mortality was analyzed for miners who died between 
1968–1999; this analysis confirmed the results from 
the main analysis and thus the absence of any misclas-
sification bias.

Misclassification bias might also have stemmed from 
a classification error between the initial and associated 
causes of death. We therefore performed mortality 
analyses that took into account the initial and associated 
CeVD causes of death. These results also confirmed the 
absence of misclassification bias.

Mortality from circulatory system diseases 

Our analysis did not show any excess risk of overall 
CSD, IHD, or CeVD mortality among the French ura-
nium miners. These results confirmed those of previous 
analyses of this cohort (26). Similarly, other studies of 
radon-exposed miners have found no excess risk of CSD 
mortality (17, 33, 40). On the other hand, other studies 
of radon-exposed miners have reached different and 
inconsistent results for detailed CSD mortality. A sig-
nificant excess mortality risk for coronary heart disease 

was found in a cohort of sulphide-ore miners exposed 
to radon [observed=44, expected=22.1 (28)]. Another 
elevated SMR for non-rheumatic circulatory disease 
was found in a Czech cohort of uranium miners [SMR 
1.16 (95% CI 1.08–1.25) (29)]. Still other studies report 
significantly reduced risks of circulatory and coronary 
mortality. In a cohort study of Newfoundland fluorspar 
miners, the SMR for coronary heart disease was 0.86 
(95% CI 0.74–0.89) (32). In a Colorado Plateau uranium 
miner cohort, the SMR for heart disease was 0.6 (95% 
CI 0.4–0.6) and 0.4 (95% CI 0.2–0.7) for circulatory dis-
eases (27). The significantly lower death rates in those 
studies reflect the healthy-worker effect. To evaluate 
this effect, likely to be large for cardiovascular diseases 
(38), we considered an internal reference population. In 
our cohort, both the SMR and RR were similar for CSD 
and IHD. Nevertheless, the SMR calculated for CeVD 
was equal to 1.00 (95% CI 0.8–1.2) while the RR was 
equal to 1.39 (95% CI 0.8–2.4), possibly because of the 
healthy-worker effect. Trends with duration of employ-
ment also show the existence of this effect. Indeed, in 
most industries, individuals employed for very short 
periods of time have substantially higher mortality rates 
than those employed for longer periods (41). Detailed 
analyses showed that the decreasing trend for CeVD can 
be partly explained by a significant deficit of mortality 
in the category of workers employed for 30–35 years. 

Radon exposure and risk of circulatory system diseases

Our analysis did not find an association between cumu-
lative radon exposure and either overall CSD or IHD 
mortality. A significant positive trend according to 
cumulative radon exposure was nonetheless found for 
the CeVD subgroup. This result was confirmed by both 
the internal [ERR per 100 WLM 0.44 (95% CI 0.04–
1.16)] and external [ERR per 100 WLM 0.49 (95% CI 
0.07–1.23)] regression analyses. The consistency of the 
significant trend and ERR obtained with both internal 
and external reference groups consolidated the validity 
of the association observed between cumulative radon 
exposure and CeVD mortality. We controlled for the 
effects of age and calendar period in all our analyses. 
Nevertheless, we were unable to test for a potential 
modifying effect of attained age or time since exposure 
as has been seen for lung cancer risk (42). Additional 
analyses were performed to determine the range of 
exposure for which a significant relation between radon 
exposure and CeVD risk was observed. Analyses showed 
that the observed relation was no more significant when 
the exposure range was restricted to 0–275 WLM. 

Several studies have reported analyses about the 
relation between radon exposure and CSD. Xuan et al 
(30) reported significant positive trends for coronary 
heart disease and CeVD in the Chinese tin cohort, but 
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they could not separate the effects of radon and arsenic 
on cardiovascular mortality. They did not demonstrate 
the existence of an exposure–risk relation. In the Czech 
cohort of uranium miners, a statistically non-significant, 
negative trend with cumulative radon exposure was 
observed for non-rheumatic circulatory diseases (29). 
In the large German cohort, there was no trend for the 
risk of CSD with increasing cumulative exposure for 
either the heart disease or stroke subgroups (33). The 
Newfoundland cohort study of fluorspar miners found 
elevated death rates from coronary heart diseases among 
the miners with higher cumulative radon exposure, but 
this finding was based on a relatively small number of 
deaths and was not statistically significant [RR 1.46 
(95% CI 0.77–2.75)] for miners with cumulative radon 
exposure ≥1000 WLM (31). When mortality data were 
updated for an additional 10 years, through the end of 
2001, no relation was found between cumulative radon 
exposure and mortality from CSD, acute myocardial 
infarction, or CeVD (32). 

The briefness of the average duration of radon expo-
sure (5.6 years) may explain this finding, because the 
pathophysiological processes that lead to death in circu-
latory system diseases are known to be long. 

To our knowledge, no other study of miners has 
reported such an association between radon exposure 
and CeVD risk as observed in our study. This could be 
a chance finding. But on the other hand, the character-
istics of this French cohort (ie, good quality of exposure 
assessment, long duration of exposure, long duration of 
follow-up) may play a role in this discrepancy. In some 
studies, the briefness of the average duration of radon 
exposure may explain the absence of an association if 
the pathophysiological processes that lead to death in 
circulatory system diseases is very long. In addition, we 
performed a sensitivity analysis that showed an increase 
in the estimated ERR per 100 WLM with the lag period 
in our cohort. The estimated ERR was twice as high with 
a 30-year lag time [ERR per 100 WLM 0.85 (95% CI 
0.17–2.17)] than with a 5-year lag time [ERR per 100 
WLM 0.44 (95% CI 0.037–1.16)]. This result may be 
a supplementary argument in favor of a link between 
CeVD and cumulative radon exposure, if as pointed out 
above, circulatory diseases develop over a long period 
before becoming lethal.

Potential biological mechanism 

Several authors have suggested that 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 CSD 
(31, 43). Much research has been initiated to investi-
gate the possible effects of low doses of radiation on 
the arteries, especially in the framework of ongoing 

European research projects. Several mechanisms have 
been proposed (2, 12, 13). Three main hypotheses could 
be mentioned. The first one is the inflammation theory; 
it implies an over-expression of pro-inflammatory mol-
ecules, such as interleukin 6 and C-reactive protein, 
which could lead to a inflammatory process associated 
with endothelial damage and dysfunction, responsible 
for the development of atherosclerosis. The second 
hypothesis is called the microvasculature theory; it is 
based on the vascular radiation-induced damage (such 
as fibrosis or thickening of the coronary arteries) that 
is observed after high doses of irradiation. The third is 
the monoclonal theory, in which a genetic instability 
induced by radiation may be responsible for the transfor-
mation and monoclonal proliferation of smooth muscle 
cells and the development of atheromatous plaques (2). 
In a recent paper, Little et al (13) proposed an arguably 
more plausible mechanism for fractionated low-dose 
effects based on monocyte-cell killing in the intima. 

Nevertheless, for the time being, no potential mecha-
nism seems to be sufficient to explain a causal rela-
tionship between radiation exposure and CSD risk, 
and mechanisms may even be different for coronary 
arteries, the myocardium, or peripheral arteries. To our 
knowledge, no specific mechanism is suspected for 
cerebral vessels. But in the case of CeVD, we could 
also hypothesize that the association is not only due to a 
direct effect, but rather some modification of CeVD risk 
factors, such as hypertension or cholesterolemia. In this 
regard, it is interesting to mention that among atomic-
bomb survivors, in addition to the association observed 
with a stroke (6), a dose–response relationship was also 
observed with hypertension (44) and cholesterol level 
(45). In that case, the vascular epithelium may not be the 
only organ pertaining to an association between CeVD 
risk and radiation exposure; several organs involved in 
the regulation of these parameters, such as the kidney 
or the liver, may also be relevant. 

Among miners, radon exposure is expressed in 
WLM. This unit corresponds to the potential alpha 
energy due to radon decay products, and it is considered 
to be a good indicator of the dose delivered to the lung 
after inhalation. Nevertheless, WLM is not an organ-
dose unit, and the dose absorbed by other organs may 
be very different from that of the lung. The US National 
Research Council report on the health effects of expo-
sure to radon stated that, according to dosimetric esti-
mates, doses to the blood and arteries are less than 1% 
of those absorbed by the lung (15). More recently, some 
calculations of doses to specific organs were recently 
developed in the framework of the European Alpha-Risk 
collaborative research project (www.alpha-risk.org), 
based on a close collaboration between epidemiologists 
and dosimetrists. Doses to the red bone marrow, liver, 
and kidney were estimated (46). These calculations 

http://www.alpha-risk.org
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considered the multiple chronic exposures of the miners 
to radon gas and radon decay products, external gamma 
exposure, and incorporation of long-lived radionuclides 
due to inhalation of uranium ore dust. The estimated 
doses were indeed much lower than those delivered to 
the lungs, but they were in some instances not negligi-
ble. The relationship between CeVD risk and cumulated 
radon exposure observed in our study should therefore 
be cautiously considered with respect to the existence 
of a potential dose–risk relationship, but we think that 
an analysis of CSD risk on the basis of specific organ 
dose estimations constitutes a very interesting route of 
research for the future. 

In summary, although our results show a significant 
relationship between CeVD risk and radon exposure, we 
must remain very careful about interpreting a potential 
causal association. This result has to be confirmed by 
other studies on miners, and more research is needed to 
explore the potential susceptibility of cerebral vessels 
to ionizing radiation. 

Other factors

The appropriate interpretation of our results requires 
a discussion of the potential limitations of our study, 
including confounding risk factors. 

Numerous risk factors for CSD have been identified, 
and our findings may be biased by our inability to adjust 
for their influence. Occupational factors that are associ-
ated with an increased risk of CSD include stress levels, 
shift work, noise, and temperature (47). Other risk fac-
tors include diabetes, obesity, cholesterol, triglyceride 
levels, and alcohol intake (48). Socioeconomic status 
has also been shown to be associated with cardiovas-
cular disease risk. Unfortunately, data on these factors 
were not available in our cohort. In addition, tobacco 
consumption is known to be an important risk factor for 
CSD. Information on smoking habits was not available 
individually for all miners from the French cohort. The 
Newfoundland uranium cohort did not find that smoking 
status confounded the risk estimated for coronary heart 
disease (32). It would be interesting in future studies to 
adjust results for covariates such as tobacco, blood pres-
sure, or body mass index. Collection of such information 
from medical archives may be possible in the future 
from a nested case–control approach.

The working conditions and some pollutants present 
in the mine atmosphere may also play a role in the CSD 
risk of miners. In previous analyses of our cohort, hard 
physical activity and mine type appeared as modifying 
factors of the radon-lung cancer risk relationship (42). 
Accordingly, we took these factors into account in this 
analysis. After adjusting for hard physical activity, 
the estimated ERR was not significant, thus suggest-
ing an interaction between hard physical activity and 

cumulative radon exposure for CeVD risk. In addi-
tion to radon, miners were exposed to other pollutants 
present in the mines’ atmosphere. These pollutants 
included other radiological exposures, such as gamma 
rays, uranium ore dust, fine dust, temperature, or diesel 
exhausts among others. Individual information about 
these pollutants is rarely available, and their potential 
impact is difficult to evaluate. Sjörgren’s review (49) 
has suggested that particulate matter, and specially the 
ultrafine components of dust, might have effects on the 
development of IHD. Moreover, another study suggested 
that particulate matter may be responsible for changing 
red cell adhesiveness on lung endothelial cells (50). 
Exposure to fine dust, therefore, can possibly play a role 
in the risk for CSD and confound the estimated relation-
ship between radon exposure and CeVD risk. But this 
exposure varies a lot in mines according to the ventila-
tion and extraction method, and individual exposure 
estimates are generally not available in miner cohorts. 
Other hazardous substances present in the underground 
environment, such as external gamma radiation, may 
also have contributed to modifying the exposure–risk 
relation. Several studies, such as the lifespan cohort 
study, observed an increased risk of CeVD associated 
with external ionizing radiation (5, 6). However, it is 
important to note that the exposure of atomic-bomb 
survivors was very different from that of miners: in the 
former, exposure was delivered over a very short time 
interval whereas the dose was cumulated over the whole 
working life among the latter. In other studies of miners, 
no association have been observed between CeVD and 
cumulative gamma radiation (29, 33). Miners were also 
exposed to ore dust, which could lead to non-negligible 
doses to specific organs due to the incorporation of 
long-lived radionuclides. Gamma and uranium ore dust 
exposures were reconstructed in the French cohort after 
1956. In the future, statistical models should be devel-
oped to take into account simultaneously the effects of 
radon, gamma, and ore dust exposure on CeVD risk.

Concluding remarks

Results about the potential relationship between ionizing 
radiation and CSD in studies of miners have been few 
and inconclusive. Studies from Canadian and German 
miner cohorts did not support an association between 
circulatory diseases and exposure to radon (32, 33). Like 
these studies, we did not find any excess of cardiovascu-
lar mortality. But our results suggested the existence of 
an association between CeVD mortality and cumulative 
radon exposure. This is the first uranium miner cohort 
study in which such an association has been observed. 
One important advantage of this French cohort is the 
quality of the radon exposure assessment. Hard physi-
cal activity has been identified as a potential modifying 
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factor of the exposure–risk relation. However, our find-
ings should be interpreted with caution as possible 
confounding by several CSD risk factors could not be 
adequately assessed. 

Further extension of this work may be done in the 
future by integrating information on smoking and other 
biological indicators (considering exposures other than 
radon in uranium mines) and calculating organ dosage 
on the basis of what was initiated in the framework of 
the European α-risk collaborative research project.
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