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1. Introduction

Epidemiological studies of workers have provided a great part of knowledge on carcinogenic
effects of ionizing radiation. Historical studies of uranium miners, who experienced in the past rela-
tively high exposures, have clearly demonstrated the linear effect of cumulative exposure. One of such
studies is the cohort of uranium miners in West Bohemia (Jachymov) established by the late Josef Sevc
in 1970 [1]. As occupational and environmental exposures today are generally much lower, studies at
such conditions hardly show an effect. Nevertheless, the risk from lower exposures is assumed to fol-
low the same linear (non-threshold) relationship. The verification of this assumption was possible by
virtue of further cohort studies delineated also by Sevc.

2. Methods

The study population involve three cohorts of miners exposed to radon and its progeny. The
oldest cohort (S) comprises 4320 uranium miners at Jachymov and Horni Slavkov firstly exposed in
the period 1948-59, 5624 miners of the second cohort (N) entered the Pfibram uranium mines in 1968-
74, and the third cohort (L) includes 914 burnt-clay miners in the Rakovnik district employed under-
ground in the period 1960-80. The follow-up of the studies relied on the population registry, the pen-
sions office, local enquiries, and direct correspondence, the details are given elsewhere [2]. As the
employment of miners cover distinct calendar periods, the exposures experienced by the members of
the three cohorts substantially differed (Tab.I). In the S study, exposure estimates were derived from
large numbers of measurements of radon concentrations made in each mine-shaft since 1949. Mean
number per year and shaft was 223 in the period 1949-60. Each man's annual exposures to radon prog-
eny were estimated combining measurement data with the men's registered employment details (time
spent underground in particular mine-shafts and job category). In the whole N study and in the L study
since 1978, the exposure estimates were based on personal dosimetric records. Before 1978, the radon
concentrations in the L study were extrapolated using ventilation data. For historical reasons, the expo-
sures are given in terms of Working Level Months (WLM) \

The statistical analyses were based on relative risk models in the general form
O = c E ( 1 + ERR(W,Z) ), where O denotes the observed number of cases, E is the number expected
from national mortality data (age- and calendar year- specific), ERR is the excess relative risk function
depending on exposure W and modifying variables Z, and c is an intercept term that allows the mor-
tality rate for the 'unexposed' cohort to differ from that in the general population, in other words, the
value cE stands for an estimated number of cases in the cohort at hypothetical zero exposure. The
most simple model of relative risk assumes a linear dependence on total cumulative exposure W
lagged by 5 years. The coefficient of proportionality b (-ERR/WLM - Excess Relative Risk per
WLM) is constant in time and does not depend on any other factors: ERR(W,Z) = b W . The potential
effect of time related modifying factors is studied by the method of exposure windows which consists

f One Working Level equals any combination of radon progeny in one litre of air which results in the ultimate
emission of 1.3 xlO5 MeV of energy from alpha particles. WLM is time-integrated exposure measure, i.e. the
product of time in working months (170 hours) and working levels (1 WLM=3.54 mJh m"3).
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in separating the individual total past exposure into segments corresponding to different time periods
and age categories. For instance, to analyze the effect of age at exposure (-29,30-39,40-) and time
since exposure (5-14,15-24,25-39), the total W divides into 9 parts and the model of ERR takes the
form:

ERR(W,Z) = a -29b5-i4W .29 5-14+a -29bl5-24W -2915-24+a -29b25-39W -29 -39 +

+ a30-39 b5-l4 W30-39 5-14 + &30-39bl5-24 W30-39 15-24 + S30-39 b25-39 W30-29 25-39 +

+ a40- b5_i4W40- 5.14+ a40- bi5-24W40- 15-24+ 340- b25-39 W40- 25-39-

3. Results and discussion

By the end of 1995, a total of 888 cases of lung cancer were observed in the three cohorts (Tab.l),
most of them in the S cohort, reflecting thus the high exposures and age.

Tab.l. Cohorts status by 1995

Cohort

S
L
N

Since

1952
1960
1969

Size

4320
914

5624

Cases

771
61
50

O/E

4.67
2.23
1.38

Died

66%
4 5 %
1 1 %

WLM

155
18
6

Duration

9
14
5

The simple model of relative risk gives the ERR/WLM estimate of 0.014 for the whole range of cu-
mulative exposures 1-860 WLM (Fig.l). The intercept estimate in this model is 1.58 (95%CI*: 1.32-
1.89). The data relevant to very low exposure categories suggest a somewhat steeper slope.

Fig.l. Relative risk by cumulative exposure in the joint cohort (S+N+L)
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When exposures are restricted to <100 WLM (Fig.2), the ERR/WLM estimate is 0.023 (95%CI:
0.004-0.043). The intercept estimate of 1.25 (95%CI: 1.14-1.37) corresponds better to relative mortal-
ity (O/E) in the cohorts for very low exposure categories.

It is worth noticing that the relative risk in the exposure category 10-20 WLM already shows a signifi-
cant difference from the baseline rate.

The main reasons for differences between the above two global estimates of the ERR/WLM (Fig. 1
and 2) are: (1) the so-called exposure rate effect, which was observed in most miners studies [3], (2)
different periods of follow-up since exposure, and (3) age structure of miners at work, as all these three
factors modify substantially the linear model of relative risk (Tab. 3).

Cl = confidence interval
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Fig.2. Relative risk by cumulative exposure below 100 WLM
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Tab.3. Linear relative risk model modified by time-since-exposure, age-at-exposure, and exposure rate
in the joint cohort (S+N+L)

ERR/WLM *)

Time Since Exp
5-14

15-24
25-

Age at Exp
-29

30-39
40-

Exposure Rate
<8WL
>8 WL

0.123

1
0.25
0.06

1
0.55
0.25

1
0.35

95% CI

0.085-0.181

0.16-0.32
0.03 - 0.09

0.33 - 0.80
0.16-0.33

0.03 - 0.69

*) relative to TSE: 5-14 and AE: -29

The parameters of the complex model (Tab.3) translated into age-at-exposure and time-since-exposure
specific ERR/WLM coefficients simply illustrate changes in the risk coefficients (Tab.4).

Tab. 4. TSE & AE specific coefficients of ERR/WLM for exposure rate <8 WL

TSE

5-14
15-24

25-

-29

0.123
0.031
0.007

Age at Exposure

30-39

0.068
0.017
0.004

40-

0.031
0.008
0.002

The above models of lung cancer risk were developed without considering any influence of smok-
ing. As the S cohort was set up in 1970, when most of the members were not available for collecting
smoking data, the interaction of smoking and radon exposure was studied only in the N and L cohorts,
where smoking habits were available for 83% of the miners. In such analyses, the crucial point is a
sufficient number of cases among non-smokers. By 1995, only 3 cases of lung cancer were observed
in the non-smoker group. In order to analyze the effect of smoking, the miners were classified into two
groups: (1) non-smokers, ex-smokers, and regular smokers of less than 10 cigarettes per day, and (2)
regular smokers of at least 10 cigarettes per day. In this arrangement, about 60% of the cohort mem-
bers are in group 2.
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Tab.5. Relative Risk from Radon and

Smoking

Low (1)
High (2)

Cases

11
82

Smoking

O/E

0.43
3.04

ERR/WLM

.054

.060

Prague. 8-12 September 1997

95% CI

-0.027-0.136
0.006- 0.115

The estimated risk coefficients in the two groups show very little differences (Tab.5). In the joint
analysis of 6 cohorts of miners [3], where data on smoking were available (64 cases among non-
smokers), no significant difference was found as for the smoking status, though the risk coefficient
among non-smokers was higher. So far, the present results suggest that the linear relative risk model
is justifiable in any group of workers with any smoking prevalence. A conclusive inference can be
made when larger numbers are available.
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