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Abstract. Studies of uranium miners conducted since the late 1960s demonstrated that the risk

depends on cumulated exposure in terms of working level months (WLM) integrating both

duration of exposure and concentration of radon. It has been also demonstrated that the risk from

radon decreases with time since exposure. The present analysis of temporal changes of relative

risk is based on a model, where the total individual exposure is partitioned into components in

dependence on time. Exposure to radon is studied in a cohort of 9411 Czech uranium miners

with 766 cases of lung cancer and in a residential study of 11 803 inhabitants exposed to radon in

houses with 218 cases. In addition, temporal patterns of the risk from smoking are analyzed in a

case-control study of patients from a major Prague hospital including 566 cases. For both

carcinogens, the relative risk decreases with time since exposure. The risk from exposures before

20-34 years is 36% and 34% in comparison to period 5-19 for smoking and radon, respectively.

The effect of exposures from more distant periods 35-49 is only 5% for smoking and 14% for

radon in comparison to 5-19 years. This substantial decrease of relative risk with time may

contribute to a better evaluation of remediation measures taken in houses and in the cost

effectiveness of remediation. Combined effect of smoking and radon is studied by a nested case-

control approach including 434 cases and 962 controls. Analyses of the joint effects of smoking

and radon, conducted in the occupational and the residential studies, suggest a sub-multiplicative

interaction. The relative risk from radon among non-smokers is higher by a factor of 2-3 in

comparison to smokers, suggesting different patterns of lung deposition and clearance among

smokers and non-smokers.

1. Introduction

Epidemiological evidence of lung cancer risk from cigarettes has been known since the 1950s

and quantitative assessments linking the risk and the amount of cigarettes smoked have been

described in terms of duration, intensity of smoking and time since quitting. The evidence of

lung cancer risk from radon is more recent. Studies of uranium miners conducted since the late

1960s demonstrated that the risk depends on cumulated exposure in terms of working level

months (WLM) integrating both duration of exposure and concentration of radon. For smoking,

the pack-years (PKY) represent the analogous variable. It has been also demonstrated that the

risk from radon decreases with time since exposure. The present analysis of temporal changes of

relative risk is based on a model, where the total individual exposure is partitioned into

components in dependence on time, ie. pack-years are separated according to the time when

smoked. This approach integrates both the time since quitting smoking in ex-smokers and the

amount of cigarettes. The objectives of the work is to compare the temporal modification of the

risk from occupational and residential radon exposure and from smoking. It will be also studied a

potential interaction of radon and smoking.

2. Methods

The evaluation of exposures protracted over several years may be complicated, when the effect

of exposure simultaneously changes with time. The simplest and most commonly used approach

is to relate the risk to exposure cumulated to the age at risk, except for a few years' lag, which

allows for a minimal period between the exposure and the expression of the risk. The linear

model of relative risk (RR) is described by
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RR = 1 + b D, (1)

where D is the cumulated exposure, and b is the coefficient of relative risk. The relative risk

described by such a variable does not reflect the period when exposures incurred. The

assessment of time between exposure and time in chronic exposures cannot be simply based on

period since last exposure, particularly in occupational conditions because annual doses usually

decreased to doses close to zero. An approach incorporating the cumulated exposure and time in

two periods was suggested by Muller and Kusiak in the BEIR VI report [1] for risk evaluation

among uranium miners. This approach was further refined in BEIR VI [2]. The total individual

cumulated exposure (D) is partitioned into components (Dt) in dependence on the time the

exposures incurred:

D = D1 + D2 + … + Dk . (2)

The model of relative risk is then as follows:

RR = 1 + b1 D1 + b2 D1 + … + bk Dk . (3)

The parameters bj in this model represent time specific coefficients of relative risk.

Exposure of smoking is treated similarly, ie. pack-years are split according to the time when

smoked. When cumulated exposure (pack-years of cigarettes), the risk coefficient b represents an

average of time specific risk coefficients. On the other hand, when intensity of smoking

(cigarettes per day) are used, the general coefficient b is approximately equal to the sum of time

specific coefficients.

The above model was applied in two cohort studies of lung cancer and radon and in a case-

control hospital based study conducted in a major Prague hospital department of pneumology.

The study population of miners was selected from a total of 9960 uranium miners exposed

underground to radon. The details of the study are given elsewhere [3, 4]. In brief, the cohort

involves uranium miners exposed in two different periods. A total of 4339 miners from the older

cohort (S) were employed in the Jáchymov region (West Bohemia) in the period 1948-63 [3].

The other 5621 miners belong to the newer cohort (N) and were employed in the Příbram mines
(Central Bohemia) during 1968-88, when hygienic measures had already been fully introduced

[4]. In order to eliminate effects of extremely high concentrations of radon, only miners who

worked in exposure levels below 8WL
1
 were selected for the present study. A total of 9411 men

satisfied this condition. The follow-up of the cohort relied mainly on the Czech p0opulation

registry; causes of deaths were obtained from local death registries. Exposure estimates in the

study were derived from large numbers of measurements of radon commencing already in 1949.

Each man’s annual exposures to radon progeny were estimated combining measurement data

with the men’s registered employment details, including duration of underground work at

different shafts and job category.

The population in the residential study included a total of 11 803 people who resided in 80

villages of the Middle Bohemian Pluton (241 km
2
) for at least 3 years in the period 1960-99.

Exposure estimates was based on measurements of radon in most houses of the study area

(80%). Radon concentrations in other houses were derived from mapping of radon in the Czech

Republic. Smoking data are available for 72% of cohort. Similarly as in the study of uranium

miners, the relative risk model in this study was considered in dependence on cumulated radon

exposure in terms of kBq·m
-3

·Y combining radon concentration and years of residence. In

addition, we used the dependence of the risk on averaged radon concentration over several

periods (5-34, 5-19, and 20-34). Further details of this study can be found elsewhere [5].

                                                
1
 One WL (working level) corresponds to 130 000 MeV of potential alpha energy released by the short-

lived progeny in equilibrium with radon in one litre of air (3.7 kBq/m
3
)
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The model of temporal changes of the risk was also applied in the evaluation of lung cancer risk

from smoking among patients of the Prague hospital department of pneumology. This study was

originally conducted among female in-patients of the department [6, 7]. In the recent two years, a

parallel study of male patients was also included. The present analysis is based on a total of 566

cases and 1869 controls selected from visitors of other patients of the department. In all analyses

age, sex, and region of residence were adjusted for by stratification.

In modelling lung cancer risk, we assumed the minimum latency period of five years, which is

mostly used in radon studies [1]. It is estimated that mean time from malignant change to

diagnosis is about ten years for all types combined, for small cell types this time is about three

years [8].

Parameters in the models were fitted by the maximum likelihood method, Poisson and

unconditional logistic regression in the cohort and case-control studies, respectively.

3. Results

3.1. Risk from radon exposure among miners and in the residential study

By the end of 1999, a total of 766 cases were observed in the cohort of uranium miners. The risk

of lung cancer depends linearly on cumulated exposure in term of working level months

(WLM
2
). However, the slope in terms of excess relative risk per unit exposure is not constant in

time but decreases with time since exposure (Table 1). The risk after 35 years is about 1/7 in

comparison to the risk in the first 20 years after exposure.

Table 1. Time specific estimates of excess relative risk per unit exposure in the cohort of

uranium miners (ERR/WLM) and in the residential cohort (ERR/100Bq·m
-3

, ERR/kBq·m
-3

·Y)

Model

Years since

exposure

ERR/

WLM 90%CI
ERR/

kBq·m
-3

·Y 90%CI
ERR/

100Bq·m
-3 90%CI

1.1 5-49 0.018 0.013 – 0.023 0.018 0.001 – 0.054 0.084 0.008 – 0.249

1.2 5-19 0.044 0.033 – 0.056

20-34 0.015 0.010 – 0.020 not estimated not estimated

34-49 0.006 0.002 – 0.010

1.3 5-34 0.024 0.017 – 0.030 0.026 0.008 – 0.083 0.074 0.009 – 0.220

35-49 0.003 0.000 – 0.007 -.002 -.070 – 0.099 0.003 -.190 – 0.294

1.4 5-34 0.021 0.016 – 0.025 0.025 0.002 – 0.071 0.076 0.007 – 0.215

1.5 5-19 0.036 0.028 – 0.044 0.038 0.003 – 0.131 0.060 0.005 – 0.207

20-34 0.012 0.008 – 0.016 0.012 -.083 – 0.106 0.016 -.126 – 0.157

By the end of 1999 a total of 218 cases of lung cancer were observed in the cohort of residents

which represent a ratio 1.15 in relation to national mortality data. In comparison to the study of

uranium miners, the cumulated exposure to radon is about by one order of magnitude lower. The

relative risk coefficients estimated from this study show similar temporal dependence as

observed in the study of uranium miners (Table 1, models 1.3 and 1.5). The models in terms of

averaged concentration that use only one period (model 1.1 and 1.2) result in similar risk

coefficients, but when temporal specification is added, the risk is differentiated. For a constant

exposure in the entire period 5-34, the risk is approximately the sum of risks from the two

periods. It can be concluded that about 2/3 of the whole risk can be attributed to the period 5-19

previous years. The difference between models 1.3 and 1.4 in context of remediation is

graphically shown in Figure 1. According to model 1.5, the relative risk 20 years after

remediation is about 1.2 in contrast to relative risk of about 1.4 from model 1.4 at the same time.

                                                
2
 One Working Level Month (WLM) is cumulated exposure at one working level (WL) for one working

month (170 hours)
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Figure 1. Relative risk after remediation from 1000 Bq/m
3
 to 100 Bq/m

3

3.2. Temporal patterns of smoking in the case-control study

During the study period 1998-2002, a total of  566 cases were included in the study at the

hospital department of pneumology. In evaluating temporal patterns of smoking, important

information consists in ex-smokers. In the present study, a total of 203 ex-smokers among cases

were identified in comparison to 248 current smokers (Table 2). As expected, the relative risk

among ex-smokers was different. Relative risk among ex-smokers, who quitted before less than

10 years, was comparable to that of current smokers. On the other hand, the relative risk among

people who stopped smoking before more than 20 years was much close to never-smokers than

to current smokers.

Table 2. Relative risk of lung cancer by time since quitting smoking

Years since quitting cases controls OR 
1 95%CI

never smoker 115 982 1.00

current smoker 248 475 7.81 5.80 – 10.52

  0–9 133 169 9.71 6.91 – 13.63

10–19 41 141 2.72 1.75 – 4.23

20+ 29 102 1.93 1.16 – 3.20
   1

 adjusted for sex, age, and region of residence

Table 3. Estimates of time specific excess relative risk per average number of cigarettes per day

(ERR/CPD) and per pack-years (ERR/PKY)

Model Period ERR/CPD 95%CI Deviance ERR/PKY 
1 95%CI Deviance

2.1 5-49 0.56 0.39 – 0.74 2025.1 0.26 0.18 – 0.34 2021.2

2.2 5-34 0.49 0.34 – 0.65 2015.8 0.33 0.23 – 0.43 2016.5

2.3 5-19 0.46 0.32 – 0.59 2021.9 0.60 0.42 – 0.79 2024.2

2.4 5-34 0.50 0.34 – 0.66 2015.8 0.33 0.23 – 0.44 2016.5

35-49 -.01 -.12 – 0.11 -.01 -.16 – 0.14

2.5 5-19 0.38 0.22 – 0.53 2014.2 0.48 0.27 – 0.69 2014.9

20-34 0.12 0.01 – 0.23 0.19 0.03 – 0.35

2.6 5-19 0.38 0.22 – 0.54 2014.1 0.48 0.27 – 0.70 2014.8

20-34 0.10 -.04 – 0.25 0.18 -.02 – 0.37

35-49 0.02 -.11 – 0.15 0.02 -.15 – 0.19

re
m

e
d
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n

model 1.4

model 1.5
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Model of relative risk was fitted both for cumulated exposure in terms of pack-years (PKY) and

for intensity of smoking in terms of cigarettes per day (CPD). Results in terms of relative risk

coefficients per unit exposure are shown in Table 3. In addition, for each model in the table a

measure of fit in terms of deviance are displayed. Generally, lower deviance means better fit.

The temporal modification of relative risk coefficients is presented in Table 3 for different time

periods for pack-years in time windows and for average number of cigarettes per day, where

non-smoking years contribute to the average resulting in decrease of the average. By comparing

deviances, models in terms of pack-years and cigarettes per day are practically equivalent if

more than one time period is used. It can be concluded that the risk after more than 35 years is

negligible, ie. cigarettes in the distant past have no practical effect on the risk of lung cancer. The

resulting best model is the one which takes account of exposure in two periods 5-19 and 20-34

years previously. However, the risk corresponding to the two periods differs by a factor 30-40%.

3.3. Combined effects of radon and smoking

The nested-in case-control study was conducted in the study of uranium miners. When the study

of Jáchymov uranium miners was established, smoking data were not available. However, some

data on smoking were recorded in medical files among cases of lung cancer. Therefore, a nested

case-control study it was conducted. Controls were randomly selected from the cohort and

matched to cases according to year of birth and age in five year groups. As detailed data on

smoking were limited, mainly when the information was obtained from relatives, the

questionnaire on smoking was simplified to information on ever-, never-smoker and the year of

cessation. Data were collected from 434 cases of lung cancer (417 from medical records, 6 from

previous correspondence, and 11 from relatives). From the total of 1223 selected controls,

smoking data were completed for 962 miners (181 from medical files, 444 from previous

correspondence, and 337 from relatives). Non-response among 261 controls included 177 men

without identified relatives and 84 men whose relatives did not reply. The analysis of lung

cancer risk from smoking and radon was based on logistic regression (stratified for year of birth

and attained age in five year groups). Models of relative risk in the nested-in study were in the

following forms:

RR = 1 + b W , (model 3.1)

RR = rS (1 + b W) , (model 3.2)

RR = rS (1 + bS W) . (model 3.3)

In model 1, smoking information is ignored,. In model 2, the risk of lung cancer in non-exposed

population (rS) is differentiated for non-smokers, ex-smokers (quit before 10 years or more), and

other smokers, assuming that the relative risk from radon (b) is the same in all groups. In model

3, different relative risks (bS) in non-smokers and smokers are assumed additionally.

Table 4. Estimates of excess relative risk (ERR/WLM) in the nested study

Model ERR/WLM 
a 90%CI ERR/kBq·m

-3
·Y 90%CI

3.1 smoking ignored 0.019 0.013 – 0.030 0.018 0.000 – 0.056

3.2 smoking adjusted 0.019 0.012 – 0.030 0.021 0.000 – 0.065

non-smokers 0.049 <.000 – 0.275 0.041 <0.000 – 2.52
3.3

smokers 0.018 0.011 – 0.029 0.018 <0.000 – 0.063
a ERR/WLM related to exposure window before 5-34 years

With the exception of non-smokers, the risk coefficients are practically equal (Table 4) and

reflect the prevailing influence of smoking. In contrast, the risk coefficient among non-smokers

is 2.7 times higher (95%CI: 0.7 – 15.0). This relative difference is not significant (p=0.236), but

similar results were observed in the residential cohort study, where this factor is 2.3 (90%CI 0.1 -

44). In addition, the estimates of the relative risk from smoking (rS) in model 3.3 are in line with

generally known ten-fold excess and confirm suitability of the method used (Table 5).
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Table 5. Estimates of relative risk from smoking (rS) in model 3.3

Smoking category rS 95%CI

non-smokers 1.0

ex-smokers (quit before 20 years or more) 4.9 1.6 – 14.7

other smokers 12.0 4.2 – 34.7

smokers in the residential study 7.8 2.7 – 22.0

The results of the nested-in study suggest that the combined effect of radon and smoking is sub-

multiplicative (Table 6). Approximately ten-fold risk from smoking in the not-exposed

population is roughly equivalent to the risk form radon exposure of 200 WLM, but the relative

risk from the same exposure is less than half of the product of the risks.

Table 6. Relative risk from radon and smoking

Cumulated exposure to radon Non-smokers Smokers

non-exposed 1 12

20 WLM 2.0 16.3

50 WLM 2.5 22.8

100 WLM 5.9 33.6

200 WLM 10.8 55.2

4. Discussion

In dose-response analyses, the minimum latency period is usual in most studies. The choice of

five years in occupational studies of miners originates from the fact that no increase of the risk

was seen in the first 5 years since first exposure [3]. In studies of smoking, the 5 year minimum

latency period seems to be appropriate for two reasons. Firstly, in analyzing cessation of

smoking in most studies, the risk corresponding to 0-4 years of non-smoking is not lower than

the risk among current smokers [9]. Secondly, lung cancer rates in population statistics are not

substantially elevated before age 30. On the other hand, smokers usually start smoking at about

age of 20, which suggests about ten year minimum latency period. According to Geddes [8], for

all types the ten year lag would be appropriate. The five year lag takes account the shorter

latency period for the small cell type. We prefer using the same period in all analyses.

The temporal modification of the risk from smoking has been studied in several papers. The

most common approach is based on a simple comparison of the risk in different groups of ex-

smokers in dependence on years since quitting [10]. In some studies such relative risks are

adjusted for duration of smoking [9] or pack-years [11]. In such approaches the risk among ex-

smokers is compared to the risk among current smokers assuming that all cigarettes (past and

recent) smoked by current smokers have the same effect irrespective of time when smoked. For

instance, if duration of smoking is adjusted for, the difference in risk among current and ex-

smokers partly reflects the temporal aspect of the effect, assuming the same duration of

exposure. This is appropriate for relatively short exposure, say 10 years. If exposures take

several decades, the effects from more distant and recent exposures in current smokers are

assumed equal. On the other hand, the exposures in ex-smokers includes only distant past

cigarettes. In our models such inconsistencies are avoided. Temporal models were recently

suggested by Hauptmann [12], where the dependence of the risk on total exposure (in terms of

pack-years) is studied by sliding time windows of fixed width. The contribution from selected

time interval is compared with the remaining exposure, which is assumed equally acting.

Analyses similar to our model 2.3 (Table 3) for one time window of 5-15 years were conducted

in a German study of lung cancer risk and indoor radon [13].
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The quantitative assessments linking the risk and the amount of cigarettes smoked have been

described in terms of duration, intensity of smoking, or cumulated exposure in terms of pack-

years. Each of the variables has undoubtedly a significant effect on the risk. If only one variable

is used for prediction, it is implicitly assumed that the others are constant. For instance, the

model based on duration assumes the same number cigarettes a day, which may be more or less

correct in current male smokers of age 20-50, as changes in smoking are usual after age of 50. If

the dependence is only in terms of average number of cigarettes per day, the duration is assumed

similar, for instance a population of a given age interval smoking since usual age 20. The

dependence on pack-years integrates both the duration and intensity of smoking, but ignoring

years since cessation. Results in the present paper (Table 3) confirms these speculations.

Cigarettes per day provide a good prediction in current smokers , but pack-years of cigarettes

give a better prediction both in current and ex-smokers. Similar findings were reported by

Leffondre [11]. When fixed time windows are used, these two predictors are equivalent.

Considering negligible effect of cigarettes smoked before more than 35 years, the prediction in

terms of daily number cigarettes is reasonable. In ex-smokers the average takes into account zero

values at non-smoking years.

Similar inference holds in evaluating the risk from indoor radon. In a settled population, where

radon concentration in houses are constant, the risk can be based on an average concentration of

radon. But when changes in houses are expected, time and concentration integrating variables

(ERR/kBq·m
-3

·Y) are more appropriate. In both approaches, the relevant past exposure should be

limited by a fixed interval, say 5-30 years. The cumulated exposure that takes into account all

years spent in houses since birth are not correct, particularly for the risk evaluation at ages over

50. The preferred model with two exposure windows 5-19 and 20-34 years in the residential

study (Table 1, model 1.3) was compared to one window model in terms of radon concentration

(ERR/100Bq·m
-3

). Risk coefficients were practically equal: 0.065 and 0.063 for the two

windows, respectively, in contrast to our preferred model 1.3, where the time specific risk

coefficients were 0.060 and 0.016 giving the relative risk 1.076 from exposure of 100Bq·m
-3

during previous 5-34 years. Time specific improvement (model 1.3) can be of use in the

assessment of radon remediation measures and in cost benefit analyses as shown in Figure 1.

The present results allow to compare the risk of lung cancer from radon and smoking. In terms of

detriment, 11 WLM is approximately equivalent to 1 pack-year of cigarettes and one cigarette

per day roughly corresponds to 770 Bq m
-3

.

The analyses of the combined effect from radon and smoking brought two important outcomes.

Firstly, results of the nested-in study confirmed that estimates of excess relative risk from radon

exposure are not affected by higher smoking prevalence among miners (68% as estimated from

the control group). The estimate of relative risk in the entire cohort study ERR/WLM=0.020

(95%CI: 0.014 – 0.028) is practically alike, when smoking information is accounted for (Table 4,

model 2.2). However, such estimates have to be adjusted or stratified for age and year of birth.

The second finding is in higher relative risk from radon that was observed among non-smokers.

Similar 2.1 times higher (95%CI: 0.2 – 18.7) coefficient of relative risk among non-smokers was

reported in other studies of miners (China, Colorado, New Mexico, Newfoundland, Malmberget,

[2]). The confidence intervals of this factor are relatively wide and reflect mainly low numbers

of lung cancers among non-smokers. (33 in our study, 64 in joint studies of BEIR VI). The

different pattern of the risk in smokers and non-smokers is likely to be related to differences in

lung deposition, thickness of the mucous and clearance in smokers and non-smokers.

5. Conclusions

The present research showed similar temporal patterns of the risk from both smoking and radon.

For both carcinogens, the relative risk decreases with time since exposure. The risk from

exposures before 20-34 years is about 1/3 in comparison to period 5-19 for smoking and radon.
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The effect of exposures from more distant periods 35-49 is about 10 times lower, implying that

in the risk evaluation, exposures before more than 35 years should be ignored. The relative risk

from radon among non-smokers was consistently higher in the occupational and residential

studies.
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