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Introduction  
The present analysis was conducted in the frame of European project 
"Quantification of lung cancer risk after low radon exposure and low exposure 
rate: synthesis from epidemiologic and experimental data" (contract FIGH-
CT1999-00013) [Tirmarche et al, 2003]. The overall goal of the project 
related to uranium miners was the evaluation of lung cancer dose-response 
relationship and of dose rate effects among European uranium miners exposed 
to low doses and low dose rates of radon decay products. In addition, 
modifying factors like attained age, age at exposure and time since exposure 
were investigated. The joint analysis of French and Czech uranium miners was 
conducted mainly in order to increase the statistical power and to allow a 
more detailed description of the variation of dose-response relationship in 
time. 
 
Methods 
Study population 
French cohort of uranium miners was established in 1980 and first analyses 
based on 1785 miners were published in 1993 [Tirmarche et al, 1993]. This 
initial cohort was enlarged by workers employed for at least one year as 
miners in French uranium mines. The present French cohort includes 5098 
workers. The Czech cohort of uranium miners, established in 1970 and firstly 
reported in 1971 [Sevc et al, 1971], included 4320 miners who worked for at 
least four years in West Bohemia uranium mines. Because the objectives of the 
above project was the study of the risk at low exposure rates, miners who 
worked at high exposure rates were excluded from the present study as in 
[Tomasek et al, 1999]. In addition, the resulting subcohort was extended by 
miners who worked at very low levels after 1968 [Placek et al, 1997]. 
Together the present Czech study consists of 5002 miners. 
 
Method of follow-up 
Details of methods of follow-up are given elsewhere [Laurier et al, 2004, 
Tomasek et al, 1994]. In brief, the follow-up in the French cohort relied on 
information from the administrative and medical files of COGEMA and since 
1986 on the French national mortality database. In the Czech cohort, vital 
status was obtained from various sources, namely the Ministry of the Interior, 
the Social Security Office, and local administrations. Information on causes of 
death was collected from local death registries. The present follow-up in both 
cohorts was end of 1994 and 1995 in the French and Czech study, respectively.  
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Exposure estimates 
Exposure estimates in the cohorts are based on somewhat different 
approaches. In the French cohort exposures before 1956 were retrospectively 
determined by a working group of experts using ambience measurements of 
mines characteristics, duration and location of work of each miner. Since 
1956, recording of the annual radon exposure of all workers has been 
systematic. Each exposure variable was registered in the miner’s file as 
individual annual exposures [Tirmarche et al, 1993, Rogel et al, 2002]. In 
Czech uranium mines, radon measurements exist since 1949 [Tomasek et al, 
1994], and individual exposure data are available since 1968 [Placek et al, 
1997]. However, in early years, data on measurements were not always 
available in some shafts and estimates of exposure have to be extrapolated. 
In the present French and Czech joint study, method of exposure assessment is 
labelled ‘Measured’ when based on measured data, and ‘Estimated’ otherwise. 
The proportion of years with measured exposure is 94% and 96% in the French 
and Czech study, respectively. 
 
Radon exposure is expressed in Working Level Months (WLM). The Working 
Level (WL) is defined as the concentration of short-lived radon daughters per 
litre of air that gives rise to 1.3×105 MeV of alpha energy after complete 
decay. One WLM of cumulative exposure corresponds to exposure to 1 WL 
during 170 hours, and is equivalent to 3.5 mJ.h.m-3 . 
 
 
Method of analyses 
The analyses were based on excess relative risk (ERR) models. In view of 
differences of exposure estimates, we used a modification of the general 
dependence on cumulated exposure distinguishing the ground of individual 
exposures. The total cumulated exposure W was considered in two components 
WE and WM, ie. ‘Estimated’ and ‘Measured’ cumulated exposures. All 
exposures were lagged by 5 years.  
 ERR = � W         model 1 
 ERR = �M WM  + �E WE       model 2 
 
In addition, we analyzed the effect of exposure rate using the similar 
approach as [Tomasek, 1995], namely: 
 ERR = �M1 WM1 + �M2 WM2 + �M3 WM3+ �E1 WE1+ �E2 WE2  model 3 
where subscripts M1 – M3 stand for exposure rates of measured exposures in 
three categories 0-2, 2-4, 4+ WL. For estimated exposures, we used only two 
categories 0-4 and 4+ WL denoted by subscripts E1 and E2. 
 
Similarly as in [Sevc et al, 1993], the modifying effect of other factors like 
time since exposure, age at exposure, and attained age were accounted for by 
exponential terms as follows: 
 ERR = (�M WM + �E WE) exp(� (X-X0))     model 4.1 
where X denotes attained age (AA), age at first exposure (A1E) or time since 
first exposure (T1E) and X0 denotes a centring constant (50 for attained age, 
30 for age at 1st exposure and 20 for time since 1st exposure). In order to 
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investigate relationship between modifying factors, we also used models with 
two of the above factors  
 ERR = (�M WM + �E WE) exp( � (X-X0)+� (Z-Z0) ) .   model 4.2 
Model with three modifiers was not fitted because T1E + A1E = AA. 
 
 
Results 
Estimates of excess relative risk per WLM 
By the end of study period, a total of 574 lung cancers were observed, 125 and 
449 in the French and Czech study, respectively. The overall coefficient of 
excess relative risk per unit exposure in the joint study was 0.0162 (Table 1). 
When the quality of exposure was accounted for, the excess relative risk per 
WLM for measured exposure was substantially higher 0.0276 (Table 1). Model 
2 gave a significantly better fit to the data than model 1 (chi-square = 19.1, 
with p<0.001). 
Table 1: Effect of exposure assessment (measured/estimated) 
 
Model  ERR/WLM 95%CI 
1 overall 0.0162 0.0105 - 

0.0244 
    
2 measure

d 
0.0276 0.0175 - 

0.0434 
 estimate

d 
0.0035 -.0006 - 

0.0105 
 
 
Effect of exposure rate 
Investigation of exposure rate effect revealed no differences between 
ERR/WLM estimated in categories of exposure rate both for measured and 
estimated exposures (Table 2). Due to limited data, estimated exposures were 
considered in only two categories 0-4WL and >4WL. 
 
Table 2: Exposure rate specific ERR/WLM (Model 3) 
 
 measured exposures  estimated exposures 
Exposure 
rate 

ERR/WLM 95%CI  ERR/WLM 95%CI 

  <2WL  0.0282 0.0164 - 
0.0469 

 

 2-4WL  0.0280 0.0152 - 
0.0481 

 

0.0101b 0.0050 - 
0.0333 

  >4WL  0.0236 0.0018 – 
0.0571 

 0.0034 0.0008 - 
0.0106 

p-value a 0.942   0.454  
a test for homogeneity of estimates  
b estimate in category <4 WL 
 
Effect of time since exposure and age at exposure 
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In developing the model, we investigated the modifying effect of time since 1st 
exposure, age at 1st exposure and attained age using firstly one factor in the 
model (Table 3, models 4.1). Of the three above modifiers, attained age was 
the most important, followed by time since 1st exposure and there was no 
modifying effect of age at 1st exposure. However, when two modifying 
variables were included in the model, the pattern was different. Modifying 
effects of time since 1st exposure and age at 1st exposure disappeared when 
attained age was included in addition in the model and the effects of time 
since 1st exposure and age at 1st exposure were simultaneously both 
significant when attained age was excluded from the model. These results 
reflect mutual relations between all the three variables.  
 
Table 3: Modifying effects of time since exposure, age at exposure, and 
attained age 
 

Model Modifying factors Relative 
change 

per 10 years 

 
95%CI 

 
p-

value 
chi-sq 

a

4.1 T1E Time since 1st 
exposure 

0.67 0.50 – 
0.91 

0.009 6.8

4.1 A1E Age at 1st exposure 1.01 0.73 – 
1.40 

0.990 0.1

4.1 AA Attained age 0.48 0.31 – 
0.73 

<0.001 11.9

4.2 T1E&AA Time since 1st 
exposure 

0.79 0.56 - 
1.11 

0.148 13.9

 & Attained age 0.55 0.34 - 
0.87 

0.007 

4.2 
T1E&A1E 

Time since 1st 
exposure 

0.45 0.29 – 
0.70 

<0.001 13.0

 & Age at 1st 
exposure 

0.57 0.37 – 
0.90 

0.013 

a difference in deviances against model 2  
 
 
In conclusion, models with any two modifiers are equivalent in terms of similar 
deviances and there is no substantial difference between models 4.2 and 
model 4.1 AA. The best prediction of the risk can be based on Model 4.2 
T1E&A1E or Model 4.2 T1E&AA. For measured exposures, the explicit forms 
are as follows: 
 ERR = 0.0481 exp(-0.0795 (T1E-20) -0.0554 (A1E-30)) W5+   

 ERR = 0.0508 exp(-0.0241 (T1E-20) -0.0603 (AA-50)) W5+   

These two models are suitable particularly for short exposures, where the 
dependence on time since and age at 1st exposure is more appropriate. For 
long duration exposures, Model 4.1 AA should describe the risk better. The 
explicit form of this model is: 
 ERR = 0.0463 exp(-0.0733 (AA-50) ) W5+   

 
The complex behaviour of age at 1st exposure can be better seen if 
coefficients ERR/WLM are estimated in categories of time since 1st exposure 
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and age at 1st exposure simultaneously. These are shown in Table 4 together 
with numbers of cases of lung cancer. In first two categories of age at 1st 
exposure, the overall risk reflects mainly periods of more than 15 years since 
1st exposure. On the other hand, in the oldest category of age at 1st 
exposure, the risk reflects mainly the risk in earlier periods after exposure. 
 
Table 4: Estimates of ERR/WLM in categories of time since 1st exposure and 

age at 1st exposure and corresponding numbers of lung cancers (in 
brackets). Bold figures are substantial for overall estimate 
 

age at 
1st 

time since  1st exposure  

exposur
e 

0-14 15-29 30+ overall 

    -29 0.123 
(16) 

0.031 (87) 0.023 
(117) 

0.027 
(220) 

30-39 0.051 
(24) 

0.031 
(109) 

0.023 (68) 0.029 
(201) 

40+   0.037 
(66) 

0.021 (75) 0.027 (12) 0.026 
(153) 

 
 
 
Comparison to other risk projection models 
The results of the present study were compared to other models derived in the 
past by several notable bodies. Differences between the prediction of the risk 
are illustrated in terms of lifetime occupational exposure, similarly as in the 
ICRP-65 recommendation [ICRP, 1994]. The comparison includes models of 
BEIR IV [BEIR, 1988], ICRP-65 (GSF projection model, see Annex A of [ICRP, 
1994] or [Chmelevsky et al, 1994]), and BEIR VI (attained age-time since 
exposure-concentration model, [BEIR, 1999]). The forms of these models are 
given below: 
 
BEIR IV: 

ERR = �(AA) (W5-14 + 0.5 W15+) 
where 
 �(AA) = 0.030  for  AA<55 
 �(AA) = 0.025  for  55 ≤ AA ≤ 64 
 �(AA) = 0.010  for  AA>64 
and W5-14 is radon exposure cumulated from 5 to 14 years before, and W5-14 is 
the exposure cumulated more than 15 years ago 
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ICRP-65 (GSF): 
 ERR = ∑�(AE) �(T) WT 
where T denotes time since exposure and AE denotes age at current exposure 
and where 
 �(T) = 0   for T ≤4 
 �(T) = (T-4)/4   for 4 < T < 8 
 �(T) = 1   for 8 ≤ T ≤ 12 
 �(T) = exp(-0.069 (T-12) ) for T > 12 
 
 �(AE) = 0.036   for AE < 25 
 �(AE) = 0.032   for 25 ≤ AE < 30 
 �(AE) = 0.030   for 30 ≤ AE < 35 
 �(AE) = 0.0285   for 35 ≤ AE < 40 
 �(AE) = 0.027   for 40 ≤ AE < 45 
 �(AE) = 0.0255   for 45 ≤ AE < 50 
 �(AE) = 0.022   for 50 ≤ AE < 55 
 �(AE) = 0.018   for 55 ≤ AE 
and where WT is radon exposure in time T. 
 
 
BEIR VI:  
 ERR = �(AA) (W5-14 + 0.78 W15-24 + 0.51 W25+)  
where AA stands for attained age and  
 �(AA) = 0.077  for  AA  ≤ 54 
 �(AA) = 0.044  for  55 ≤ AA ≤ 64 
 �(AA) = 0.022  for  65 ≤ AA ≤ 74 

�(AA) = 0.007  for  75 ≤ AA 
for exposure rate <0.5 WL, 

and where W5-14 , W15-24  and W25+   are radon exposures cumulated 5 to 14, 15 
to 24, and more than 25 years before, respectively.  
 
 
The present model derived from the joint French and Czech study (Model 4.1 
AA) for measured exposures: 
 ERR = 0.0463 exp(-0.0733 (AA-50) ) W5+   

where W5+ is radon exposure cumulated up to 5 years before. 
 
The development of relative risk from an occupational exposure is shown at 
Figure 1.  
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Fig. 1: Excess relative risk for an occupational exposure (from age 18 to 
64 at a constant level of 1 WLM per year) under four different risk 
projection models 

 
The prediction in ages over 70 according to all models is similar. In younger 
ages, however, the models are different. Generally, historically older models 
(BEIR IV and ICRP-65) predict here lower risks in comparison to new models 
(BEIR VI and the present model), mainly because the inverse exposure rate 
effect was not accounted for in the first two models, but it was considered in 
the BEIR VI concentration model. In our present model, which was derived in 
conditions of relatively low exposure rates, the modification by exposure rate 
was not significant and therefore not necessary. The prediction at younger 
ages (below age 45) from the present model is somewhat higher in comparison 
to the BEIR VI model. 
 
 
Acknowledgement 
 
This research was supported by European Commission (Contracts FIGH-
CT1999-00013 and FI6R 516483). 
 
 
References 
BEIR IV. Health Risks of Radon and Other Internally Deposited Alpha-Emitters: 

BEIR IV. Committee on the Biological Effects of Ionizing Radiations, National 
Research Council. National Academy Press, Washington DC, 1988. 

BEIR VI. Health effects of exposure to radon. National Research Council (BEIR 
VI). National Academy Press, Washington DC, 1999. 



8 

Chmelevsky D, Barclay D, Kellerer AM, Tomasek L, Kunz E, Placek V. 
Probability of causation for lung cancer after exposure to radon progeny: a 
comparison of models and data. Health Phys 67:15-23, 1994. 

International Commission of Radiological Protection. Protection against 
Radon-222 at home and at work. Annals of the ICRP, Publication 65, Vol 
23(2). Pergamon Press, 1994. 

Laurier D, Tirmarche M, Mitton N, Valenty M, Gelas JM, Quesne B, Richard P, 
Poveda S. An update of cancer mortality among the French cohort of 
uranium miners: extended follow-up and new source of data for causes of 
death. Eur J Epidemiol 19: 139-146, 2004. 

Placek V, Tomasek L, Heribanová A, Kunz E. Lung cancer and exposure to 
radon under present mining conditions. Pracov Lék 49:14-20, 1997 [in 
Czech]. 

Rogel A, Laurier D, Tirmarche M, Quesne B. Lung cancer risk in the French 
cohort of uranium miners; J Radiol Protect 22(3A): A101-106, 2002. 

Sevc J, Placek V, Jerabek J. Lung cancer risk in relation to long-term radiation 
exposure in uranium mines. In: Proceedings of the 4th Conference on 
Radiation Hygiene, Jasná pod Chopkom (Slovakia) Part II: 315-326, 1971. 

Sevc J, Tomasek L, Kunz E, Placek V, Chmelevsky D, Barclay D, Kellerer AM. A 
survey of the Czechoslovak follow-up of lung cancer mortality in uranium 
miners. Health Phys 64: 355-69, 1993. 

Tirmarche M, Raphalen A, Allin F, Chameaud J, Bredon P. Mortality of a cohort 
of French uranium miners exposed to relatively low radon concentrations. 
Br J Cancer 67: 1090-1097, 1993. 

Tirmarche M, Laurier D, Bergot D, Billon S, Brueske-Hohlfeld I, Collier C, 
Grosche B, Bijwaard H, Hammer G, Haylock R, Heidenreich W, Kaiser C, 
Kreuzer M, Leenhouts H, Brugmans M, Monchaux G, Morlier J, Muirhead C, 
Rispens S, Rogel A, Schaffrath-Rosario A, Schnelzer M, Tomasek L, Tschense 
A, Wichmann H. Quantification of lung cancer risk after low radon exposure 
and low exposure rate: synthesis from epidemiological and experimental 
data. Final scientific report, February 2000-July 2003. Contract FIGH-
CT1999-00013. Brussels, Belgium: European Commission DG XII; October 
2003.  

Tomasek L, Darby SC, Fearn T, Swerdlow AJ, Placek V, Kunz E. Pattern of lung 
cancer mortality among uranium miners in West Bohemia with varying rates 
of exposure to radon and its progeny. Radiat Res 137: 251-261, 1994. 

Tomasek L. Epidemiological studies of Czech miners, Wissenschaft und Umwelt 
3: 163-168, 1995. 

Tomasek L, Placek V. Radon exposure and lung cancer risk. Radiat Res 152: 
S59-S63, 1999. 

 


