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Abstract

Background: This study aims to estimate the association between radon and site‐
specific cancer mortality among a large contemporary cohort of male uranium

miners.

Methods: Annual occupational radon exposure was estimated based on a worker's

duration of underground mining in a year and estimates of potential alpha energy of

radon progeny in their location of work. Cancer mortality over the period 1977‐
1992 was ascertained for a cohort of 16 434 male underground uranium miners

employed in the Czech Republic between 1946 and 1992. Poisson regression was

used to estimate relationships between cumulative radiation exposure (in working

level months [WLM]) and site‐specific cancer mortality.

Results: Radon is positively associated with lung cancer mortality (excess relative

rate [ERR] per 100WLM= 0.2; 95% confidence interval [CI]: 0.10, 0.37). The best fit

of the dose‐response relationship between radon and lung cancer mortality was

linear and estimates of radon‐lung cancer associations varied by windows of time‐
since‐exposure. Positive associations between radon and several types of cancer

other than lung cancer were identified, notably chronic lymphocytic leukemia (CLL)

(ERR/100WLM= 0.24; 95% CI: [not determined [ND], 5.10]) and extrathoracic

cancer (ERR/100WLM= 0.12; 95% CI: [ND, 0.69]). We observed no associations

between radon and stomach cancer, nor between radon and several hematopoietic

cancer subtypes.

Conclusions: This study confirms the established radon‐lung cancer association and

suggests that radon may also be associated with other types of cancer mortality.

Further investigations of extrathoracic and CLL cancer, with the aim of obtaining

more precise estimates, are warranted to understand associations between radon

and cancers other than lung.
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1 | INTRODUCTION

Positive associations between radon exposure and lung cancer have

been reported in several studies.1‐3 Radon and its progeny is classi-

fied as a Group 1 carcinogen by the International Agency for Re-

search on Cancer.4 Several cohort studies of underground uranium

miners have demonstrated the association between radon exposure

and lung cancer, although magnitudes of associations vary somewhat

between studies. Strong positive associations between radon and

lung cancer, similar in size to the pooled Committee on the Biological

Effects of Ionizing Radiation (BEIR VI) analysis,2,5,6 have been re-

ported in four North American cohorts,7‐12 in a cohort of Czech

miners in Western Bohemia,13‐15 in a cohort of French uranium mi-

ners,16‐18 and in a large cohort of German uranium miners.

While several studies of uranium miners have confirmed positive

radon‐lung cancer associations, more research is needed examining

associations at lower levels, lower exposure rates, and under condi-

tions that are representative of modern occupational radon ex-

posures. Compared with many other uranium miner cohorts, the

Příbram cohort has a lower average radon exposure and a higher

proportion of workers with low cumulative exposures and low ex-

posure rates; and, many Příbram miners were exposed to conditions

representative of modern occupational conditions. The International

Committee for Radiological Protection (ICRP) currently recommends

an occupational exposure limit of four working level months (WLM)

per year averaged over 5 years,19 which is reflective of median ex-

posures in the Příbram cohort. Příbram miners also have lower

average exposures to other co‐pollutants compared with some other

uranium miner cohorts. Příbram miners were not occupationally ex-

posed to diesel exhaust exposure and industrial hygiene surveys in-

dicate low silica exposure in Příbram mines due to wet drilling

practices (Supporting Information Appendix A).20‐22

More research on radon‐cancer associations other than lung is

also needed. Epidemiological studies and dosimetric models suggest

that radon progeny may be associated with cancer types other

than lung.2 Human and animal models have demonstrated that

inhaled radon results in radon activity in blood, adipose tissue, and

organs.23‐25 Radon gas is soluble in water, so inhaled radon progeny

enters the bloodstream close to the airway and may cause leukemias

through irradiation of T lymphocytes. Radon gas is also soluble in fat,

so radon progeny reaches organs through proximity to adipose tis-

sue.25,26 Dosimetric models show that the liver, kidney, stomach, and

red bone marrow receive doses of radon progeny, although the doses

are orders of magnitude smaller than doses received by respiratory

tissues.27 Prior uranium miner studies have examined solid cancer

subtypes other than lung and reported excess mortality from leu-

kemia among miners in a Czech cohort,20 stomach cancer among

German and US miners,11,28,29 and kidney cancer among French

miners.30 While several uranium miner studies suggest exposure to

radon progeny is associated with solid cancer subtypes other than

lung, results are not consistent across studies, and several of the

positive findings are based on standardized mortality ratios that use

external comparison populations. Hematopoietic cancers have also

been investigated in some uranium miner cohorts. Investigators

studying red bone marrow doses among the German uranium cohort

reported associations between high‐linear energy transfer radiation,

mostly from radon gas, and myeloid leukemia.31 In an incidence case‐
cohort study of Příbram uranium miners, investigators reported po-

sitive associations between radon and both all leukemia combined

and chronic lymphocytic leukemia (CLL).20 Epidemiological studies of

nuclear workers and mechanistic evidence suggest that radiation

may increase CLL.32‐34

When radon and its progeny are inhaled, the tissues of the ex-

trathoracic respiratory system also receive radiation doses.35 The

association between cumulative radon exposure and rates of extra-

thoracic airway cancers has been characterized in only two groups of

uranium miners. Recent studies of the Ontario and German uranium

miners reported on the association between radon and extrathoracic

cancer.10,36 The German study found a positive association between

radon and extrathoracic cancer mortality while the Ontario study

found a negative association with extrathoracic cancer incidence and

mortality, although both studies had low statistical precision.

Dosimetric and epidemiological studies suggest radon exposure

causes cancers other than lung. In this analysis, we report on radon

exposure‐mortality analyses for lung cancer and other types of

cancer among a cohort of workers from the Příbram region of the

Czech Republic. Previously, two case‐cohort studies of cancer in-

cidence have been conducted using a subset of participants included

in the present cohort,20,21 and standardized mortality and incidence

ratios have been reported for the full cohort.37 This is the first report

of cancer mortality excess relative rates (ERRs) in the full cohort. This

study adds to the understanding of cancer mortality by analyzing a

large and historically significant uranium mining cohort routinely

exposed to levels of radon progeny reflective of modern occupational

exposures, examining cancers other than lung, and extrathoracic

cancers as a group.

2 | METHODS

2.1 | Study setting

Příbram uranium mine operations occurred between 1946 and 1991,

during which time over 46 000 workers were employed, producing

over 98 500 metric tons of uranium.22 Workers produced most of the

country's uranium through the collapse of the Soviet Union; and by

the 1960s over 70% of all uranium production took place in Příbram

(Supporting Information Appendix A).

2.2 | Cohort definition

The Příbram miner study is based on information collected from

employment records for the Příbram Uranium Industry (UI). Card

records were kept for compensation purposes for each worker and

subsequently computerized into an employment register containing
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41 741 males and 6106 females. Records included unique personal

identification numbers, dates of birth, dates of employment, and lo-

cation of employment within the mines (eg, underground, surface,

sorting ore).20,21 Male employees who worked at least 12 months

underground between 1949 and 1991, and were alive and residing in

Czechoslovakia on 1 January 1977 are included in the follow‐up
cohort.20,21

2.3 | Exposure assessment

An annual estimate of exposure to radon progeny, expressed in

WLM, was assigned to each miner based on their duration of un-

derground mining and estimates of potential alpha energy of radon

progeny in their location of work. Duration of time spent under-

ground was derived from the Czech UI employment records. Annual

radon exposure concentration estimates were based on measure-

ments by the Czech UI using area monitors. Before 1968, potential

alpha energy was estimated from more than 50 000 radon gas

measurements throughout the mines.20 Radon gas measurements

were converted to working levels using an equilibrium factor based

on mine ventilation practices (Supporting Information Appendix A).

From 1968 onward, direct measurements of the potential alpha en-

ergy of radon progeny were measured. Over 190 000 direct mea-

surements were taken through the mines between 1968 and 1992.20

Cumulative WLM of radon exposure was calculated for each miner

by summing annual estimates for each year of exposure.

2.4 | Other exposures

Diesel fumes and dust are a concern among miners and may cause

confounding of radon‐cancer associations. Unlike many other mining

operations, Příbram miners were not occupationally exposed to diesel

exhaust because all vehicles in the Příbram mines were electric (Sup-

porting Information Appendix A). Dust was measured in Příbrammines at

least monthly and is described in detail in prior studies.37 Average area

measurements of airborne dust in Příbram were the highest in the mid‐
1950s with an average concentration of 10.5mg/m3 in 1956. Dust con-

centrations decreased in the 1970s with the introduction of a strong

ventilation system; concentrations fell steeply and remained around

1mg/m3 until the end of the mining operations. While respirable dust

exposure was not measured for Příbram miners, a crude comparison

shows that dust levels are lower than the Wismut cohort, which has

estimated respirable dust shift average of 20mg/m3.38 Heavy metals in

dust sediments were measured in a pilot study and contained higher

levels of lead and lower levels of arsenic compared with the other major

Czech mine in the Jáchymov region (Supporting Information Appendix A).

The mean concentration of free crystalline silica in the total dust in Pří-

bram was estimated to be 15%, which is considered to be lower than

many other hard‐rock mines; dry drilling was not common in Czech mines

which may have contributed to lower silica levels (Supporting Information

Appendix A).

2.5 | Outcome assessment

Vital status for the period 1977‐1992 was obtained for each worker

from the Czech Central Register of Inhabitants using personal iden-

tification numbers listed on employment records. Person‐time for

workers who emigrated after the start of follow‐up was censored at

the date of emigration. For workers who died in the Příbram region

(approximately 30% of all deaths), the underlying cause of death was

coded by a nosologist. For workers who died outside this region,

underlying cause of death was obtained from district death registries,

and if possible, hard copy death certificates were obtained. Addi-

tional sources of vital status follow‐up included pensions, UI death

records, and medical documentation. The last date of follow‐up, and
vital status at the end of follow‐up were coded. The primary cause of

death was coded to the International Classification of Diseases, 9th

Edition (ICD‐9).20,21

Outcomes in this analysis were chosen based on epidemiological

and dosimetric studies of uranium miners and include lung, stomach,

kidney, liver, extrathoracic, and hematopoietic cancer subtypes. The

category of extrathoracic cancers, defined as all respiratory tissues

other than lung and bronchus, is grouped based on the ICRP dose

calculations,35 and includes the nasal passages, larynx, pharynx, or-

opharynx, and mouth.

2.6 | Statistical analyses

Miners contributed person‐time from the start of follow‐up (1 Jan-

uary 1977) until the earliest of the date of death among deceased

miners, date of migration out of the Czech Republic, or end of the

study period (12 December 1992). Person‐years and events were

enumerated and analyzed using Poisson regression analyses with

single units of person‐time without grouping, which yields compar-

able estimates to grouped analyses.39

The relationship between cumulative radon exposure (in k ca-

tegories) and cancer deaths of interest was modeled using the gen-

eral model form: β β β= ( + ∑ + ∑ )
=

−

=

−d xrate exp i
k

i i j k
p

j j0 1
1 1 . β1 – βk − 1

represents the log relative rate (RR) of cancer mortality per category

of lagged cumulative radon exposure in k groups (relative to the

referent group). β0 is the log rate of cancer among workers with the

referent level of cumulative WLM, and βj are parameters for effects

of the p covariates xj. Cumulative WLM was categorized as <25, 25 to

<50, 50 to <150, and 150+ WLM for subtypes of interest except lung

cancer. Due to the larger number of lung cancer deaths, lung cancer

rates were modeled with more exposure categories (<15, 15 to <25,

25 to <50, 50 to <75, 75 to <100, 100 to <150, 150 to <200, 200 to

<250, 250+ WLM).

Because the model forms for some outcomes of interest, such as

extrathoracic cancer, are not well established, we fitted both log‐
linear and linear regression model forms. A log‐linear model was fit

for continuous exposure, β β β= ( + + ∑ )
=

d xrate exp j
p

j j0 1 2 where β1

represents the log RR of cancer mortality per unit of lagged cumu-

lative radon exposure and βj are parameters for effects of the
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covariates xj. To account for an induction and latency times, 2‐, 5‐,
and 10‐year lags were applied to cumulative radon exposures. Model

fit and precision were used to determine final lag‐time choice.

Linear ERR and 95% confidence intervals [CIs] were estimated

by fitting a model for the association between continuous cumulative

WLM and deaths by cancer types of interest. ERRs were obtained

using a model form: = ( + ∑ )( + )
=

a a x a drate exp 1j
p

j j0 2 1 , where a1 is

the ERR per unit of lagged cumulative radon exposure d, and aj are

parameters for effects of the covariates xj. Variation in the radon

exposure‐cancer mortality association with time since exposure was

examined in analyses of lung cancer mortality; three windows of

exposure (10‐20 years, 20‐30 years, and 30+ years) were modeled

using a model form: = ( + ∑ )( + ∑ )
=

+

=
a a x a drate exp 1j

p
j j i i i0 4

2
1

3 , where

ai represents ERRs per unit of lagged cumulative radon exposure in

time windows di and aj are parameters for effects of the covariates xj.

Potential adjustment variables included age, year of follow‐up,
birth cohort groups (by decade of employment starting in 1890),

duration of employment, and time since exposure. Model fit was

assessed using Akaike information criterion. Due to the small number

of measured potential confounders, the final adjustment set was

mainly informed by a directed acyclical graph with the aim of se-

lecting the most parsimonious model. For most cancer outcomes, a

model with log‐age and birth cohort terms was the best fit; some

cancer outcomes with few deaths had improved fit when excluding

birth cohort terms or including interaction terms between birth co-

hort and age.

In sensitivity analyses of the lung cancer models, cumulative

WLM was restricted to workers with less than 250WLM to evaluate

the impact of a small proportion of workers with very high exposure

estimates. All statistical analyses were conducted using SAS statis-

tical software (SAS 9.4; SAS Institute Cary, NC); PROC NLP and

PROC NLMIXED with an iterative search were used to obtain profile

likelihood CIs for RRs and ERRs, respectively. CIs were considered

not determined (ND) if the lower CI was less than the negative in-

verse of highest cumulative exposure, −0.09.

3 | RESULTS

A total of 16 434 male underground uranium miners met cohort in-

clusion criteria. They contributed 231 499 person‐years during 16

years of follow‐up. During follow‐up, 25.6% of workers died. Cause of

death was available for 89.6% of deceased workers. Mean duration of

employment was 7 years and mean cumulative radon exposure was

53 WLM (Table 1). During follow‐up, 1416 malignant causes of death

were identified. This included 705 lung cancer deaths, 102 stomach

cancer deaths, 59 extrathoracic cancer deaths, and 58 hematopoietic

cancer deaths (Table 2).

Figure 1 shows RRs and 95% CIs for the association between

cumulative radon exposure under a 5‐year lagged exposure as-

sumption and lung cancer mortality using log‐linear RR models and

linear ERR models. The highest RR was observed in the 200 to less

than 250 WLM category (RR = 1.88; 95% CI: 1.23, 2.87). A log‐linear

RR model with continuous exposure was best fit with a quadratic

term for WLM (RR at 100WLM= 1.31; 95% CI: 1.17, 1.48; Table 2).

The linear model of ERR is also plotted in Figure 1. Lung cancer

mortality increased with higher cumulative radon exposure (ERR/

100WLM= 0.22; 95% CI: 0.10, 0.37). Lung cancer results were not

sensitive to exposure lag assumptions, such that 2‐, 5‐ and 10‐year
exposure lag assumptions yielded comparable estimates of associa-

tion. Estimates with 5‐year lag assumptions were reported to be

more directly comparable to estimates from other studies. At most

levels of cumulative exposure, the log‐linear RR estimates were

higher than the linear ERR estimates.

Lung cancer results by windows of time since exposure and re-

stricted to cumulative radon exposure less than 250 WLM are shown

in Table 3. Results were sensitive to restricting the model to workers

with less than 250 cumulative WLM, which increased the ERR per

100WLM to 0.32 (95% CI: 0.11, 0.53). Windows of exposure, where

only exposures within specific time intervals are considered re-

levant,40 showed substantial variations in rates across windows. In the

15‐ to 30‐year window before case failure, the radon‐lung cancer as-

sociation was the highest (ERR/100WLM=0.44; 95% CI: 0.21, 0.67).

In the 30+ year window before case failure, the radon‐lung cancer

association was lowest (ERR/100WLM=0.05; 95% CI: −0.11, 0.20).

We examined cancer subtypes other than lung. Linear ERRs for

other outcomes of interest are provided in Table 2. Positive but im-

precise associations were observed between cumulative radon ex-

posure and extrathoracic airway (ERR/100WLM=0.12; 95% CI: ND,

TABLE 1 Characteristics of the male Příbram uranium miner
cohort

Variable

Miners, n 16 434

Follow‐up period 1977‐1992
Person‐years 231 499

Employment factors, mean (range)

Duration of employment, years 7.0 (1.1‐37.9)
Year of birth 1935 (1886‐1957)
Year of hire 1963 (1946‐1975)
Age at hire 27.8 (18.0‐69.7)
Age at death 62 (22‐102)

Vital status, n (%)

Alive 12 209 (74.3)

Deceased 4212 (25.6)

Emigrated 12 (0.07)

Vital status unknown 1 (0.01)

Availability of cause of death 3776 (89.6)

Duration of follow‐up in years, mean (range) 14 (0.1‐16)

Radon

Cumulative radon in WLM, mean (range) 53.2 (1.2‐1121.9)
<10 WLM radon exposure, n (%) 4883 (30)

<50 WLM, n (%) 11 678 (71)

<100 WLM, n (%) 13 502 (82)

Abbreviation: WLM, working level month.
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0.69), liver (ERR/100WLM=0.06; 95% CI: ND, 0.58), kidney cancers

(ERR/100WLM=0.01; 95% CI: −0.05, 0.70), and CLL (ERR/

100WLM=0.24; 95% CI: ND, 5.10). Log‐linear RRs were similarly

positive but imprecise for these subtypes, and the magnitudes of as-

sociations were similar for linear and log‐linear models in all outcomes

with the exception of non‐Hodgkin's lymphoma. RRs for subtypes

other than lung were assessed by categories of cumulative radon ex-

posure (Supporting Information Appendix B Table S1). Although RRs

are imprecise, there was a positive dose‐response between cumulative

radon exposure and CLL mortality and extrathoracic cancer mortality.

TABLE 2 Linear excess relative rate and log‐linear relative ratesa of cancer types by cumulative working level month (WLM) radon exposure
among male Příbram uranium miners 1977‐1992

Cancer site (ICD‐9)
Number

of deaths

Crude death rate per

1000 person‐years
Linear ERR (95% CI)

per 100 WLMb

Log‐linear rate ratio

at 100 WLM (95% CI)b

Extrathoracic airway (140‐148,
160, 161)

59 0.25 0.12 (ND, 0.69) 1.10 (0.87, 1.39)

Stomach (151) 102 0.44 0.00 (−0.03, 0.29) 1.00 (0.82, 1.21)

Liver (155) 48 0.21 0.06 (ND, 0.58) 1.08 (0.85, 1.37)

Lung (162)c 705 3.02 0.22 (0.10, 0.37) 1.31 (1.17, 1.48)

Kidney (189) 41 0.18 0.01 (−0.05, 0.70) 1.01 (0.74, 1.37)

Non‐Hodgkin lymphoma

(200, 202)d
17 0.07 0.11 (ND, 4.87) 0.99 (0.57, 1.72)

Hodgkin lymphoma (201)d 8 0.03 −0.09 (ND, 1.95) 0.52 (0.12, 2.21)

Myeloma (203)d 8 0.03 −0.09 (ND, 14.73) 0.98 (0.52, 1.86)

CLL (204.1) 11 0.05 0.24 (ND, 5.10) 1.15 (0.72, 1.82)

Myeloid leukemia (205.0, 205.1)d 12 0.05 −0.09 (ND, 1.37) 0.75 (0.33, 1.67)

All hematopoietic (200‐208)d 58 0.25 −0.09 (ND, 0.33) 0.91 (0.67, 1.23)

Note: ND, not determined if lower CI is less than the negative inverse of highest cumulative exposure (−0.09).

Abbreviations: CI, confidence interval; CLL, chronic lymphocytic leukemia; ERR, excess relative rate; HL, Hodgkin lymphoma; ICD, International

Classification of Diseases; NHL, non‐Hodgkin lymphoma; WLM, working level month.
a5‐y exposure lag assumption: extrathoracic airway, stomach, liver, lung, kidney, myeloma, CLL, and all hematopoietic cancers. 2‐y exposure lag

assumption: NHL, HL, myeloid leukemia.
bAdjusted for age and birth cohort unless specified otherwise.
cAdjusted for age, birth cohort, and age‐birth cohort interaction. Log‐linear rate ratio model includes quadratic term for WLM.
dLinear ERR model is adjusted for age only.

F IGURE 1 Relative rate of lung cancer mortality per cumulative working level month (WLM) lagged 5 years among male underground
uranium miners in the Příbram region of the Czech Republic, 1977‐1992
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4 | DISCUSSION

We identified strong associations between radon and lung cancer

mortality, and positive associations between radon and cancer mortality

other than lung, namely extrathoracic cancers and CLL. Liver cancer was

also elevated but the magnitude of the association was lower compared

with lung and extrathoracic cancers or CLL. This study provides addi-

tional evidence regarding the positive exposure‐response relationship

between radon and lung cancer mortality. While the association be-

tween radon and lung cancer mortality has been observed in several

other cohorts of uranium miners, estimates vary across studies as co-

horts have different levels of radon exposure, rates of exposure, co‐
exposures, and smoking rates. This study provides lung cancer mortality

estimates among a cohort of miners with low radon exposures and

relatively few co‐pollutants. Lung cancer mortality persisted throughout

follow‐up in this cohort despite having lower radon exposures than

several other uranium miner studies.

Similar to other studies of uranium miners, a positive exposure‐
response relationship was observed between cumulative radon ex-

posure and lung cancer mortality. Characteristics of several recently

updated cohorts and the BEIR VI report are shown in Table 4, which

illustrates the variation in estimates between cohorts. The BEIR VI

analysis includes 11 cohorts of several types of miners, with a total of

60 606 workers. BEIR VI reports a mean cumulative radon exposure

of 164.4WLM and a combined ERR/100WLM of 0.76.2 Studies of

the French, German, and Ontario uranium miners have been updated

since the BEIR VI report. A study of 1785 French uranium miners

with a mean 71.3 cumulative WLM radon exposure reported an ERR/

100WLM of 0.6 (95% CI: 0.1, 1.2).17 In the study of 58 987 German

uranium miners with a mean 5‐year lagged exposure of 280WLM

among the exposed, an ERR/100WLM of 0.19 (95% CI: 0.17, 0.22)

was reported.41 Among the Ontario miners, an ERR/100WLM of

0.66 (95% CI: 0.44, 0.87) was reported in the cohort of 28 546

workers with a mean 21WLM lagged 5 years.10 This study, the BEIR

VI pooled analysis, and recent studies of the French, German, and

Ontario cohorts all support a positive association between radon

exposure and lung cancer mortality, however, effect estimates vary

as a result of working conditions, occupational co‐exposures, birth
cohort effects, model choices, dose rate effects, and other factors.

TABLE 3 Lung cancer mortality by cumulative working level
month (WLM)

Cumulative radon

exposure (WLM)

Excess relative rate/

100WLM (95% CI)

Windows of exposurea 5‐15 y 0.21 (−0.96,1.37)

15‐30 y 0.44 (0.21,0.67)

30+ y 0.05 (−0.11,0.20)

Restricted to <250WLMb 0.32 (0.11,0.53)

Note: Radon exposure by windows of time since exposure and by exposure

less than 250WLM, among male Příbram uranium miners 1977‐1992.
Abbreviations: CI, confidence interval; WLM, working level month.
aAdjusted for age and birth cohort.
bCumulative working level months under a 5‐year lag assumption.
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The Příbram lung cancer mortality estimate is lower than many other

cohorts, especially when compared with cohorts with similar mean

cumulative WLM. This difference may be due to the factors men-

tioned above or because of delayed start of follow‐up.
Estimates in this study are consistent with but slightly lower than

other studies because follow‐up began long after the start of mining

operations. This means lung cancer deaths before the start of follow

up are unobserved for 30 years after the start of mining operations.

This has several implications for the interpretation of results, parti-

cularly among the earliest birth cohorts. Workers who were em-

ployed at the start of mining operations had higher average radon

exposures because they worked before the implementation of a

strong ventilation system. The older workers who were alive at the

start of follow‐up survived the peak epidemic of lung cancer, which

likely occurred before the start of follow up for these workers. Older

workers also may have experienced more competing risks due to

advanced age. Birth cohort and interactions between age and birth

cohort were important adjustment variables in linear lung cancer

models. This may reflect missed deaths in the early birth cohorts that

occurred before the start of follow‐up. Thus, cohort selection criteria

and limited duration of follow‐up may have contributed to lower lung

cancer mortality estimates than in other recent studies. Additionally,

cause of death was missing for 10.4% of deceased workers, which

reduces power and decreases the sensitivity of the death certificates.

Data on smoking were obtained only for the subcohort of miners

and incident cancer cases that had developed at the time of selection

for a case‐cohort analysis. Therefore, we are unable to evaluate dif-

ferences in lung cancer death rates by smoking status. However, many

uranium miner studies have found that smoking is an effect measure

modifier of the radon‐lung cancer association, not a confounder.2,7,43

Therefore, we would not expect substantial changes in the overall point

estimate for the association between radon and lung cancer. Smoking is

an important risk factor for extrathoracic cancer as well, but to our

knowledge smoking has not been evaluated as a potential confounder

or modifier of the radon‐extrathoracic cancer association in any ur-

anium miner studies. In a forthcoming case‐cohort study, researchers

are investigating the effect of smoking on lung and extrathoracic cancer

rate estimates in the case‐cohort subpopulation.
The overall ERR/WLM was somewhat lower than in other ur-

anium miner studies when restricted to workers with less than

250WLM, suggesting an inverse dose rate effect. We observed a

higher ERR for lung cancer when we restricted the cohort to miners

with lower cumulative exposures, which has also been observed in

studies of subcohorts of miners who worked in periods of lower

exposures.6,30 ERR estimates were higher when adjusted for time

since exposure, and varied substantially by windows of exposure with

the highest estimate when exposures were in the 15‐ to 30‐year
window. Variation in risk with time since exposure has been ob-

served in other uranium mining cohorts, including the West Bohe-

mian Czech cohort, which reported substantial variations in

estimates by time since exposure, with a decrease in ERR/WLM with

increasing time since exposure.44,45 Variation by time since exposure

was also observed in BIER VI models.2

Cancers other than lung have been investigated in several other

uranium mining cohorts, as well as among Příbram miners. Two

analyses of cancer incidence among the Příbram miners have been

published to date.20,21 One report examined the incidence of leuke-

mia, lymphoma, and multiple myeloma in a case‐cohort study with a

stratified random subcohort of 2393 workers and 177 incident he-

matopoietic cancer cases, of which 53 were CLL cases. This study

found an elevated rate of leukemia, including CLL. Authors reported

an RR of 1.75 (95% CI: 1.10, 2.78) for all leukemia combined and an

RR of 1.98 (95% CI: 1.10, 3.59) for CLL comparing high radon ex-

posure (110WLM) to low radon exposure (3WLM). Positive asso-

ciations of radon exposure with myeloid leukemia and Hodgkin

lymphoma were also found.20 The present study supports the CLL

incidence findings from the incidence study of Příbram miners, re-

porting a positive but imprecise ERR and RR for CLL mortality.

However, the difference between incidence and mortality outcomes

in these studies is apparent for CLL. CLL has a high relative survi-

val46; there are only 11 CLL deaths, 42 fewer CLL fatalities than

incident cases reported by Rericha et al. Extended follow‐up will be

important for understanding radon‐CLL associations in this cohort

because median age at diagnosis of CLL is 70 years, and the average

age at end of follow‐up among Příbram miners is 58.

Extrathoracic cancer is another area of concern since inhalation of

radon and its progeny delivers radiation to the respiratory tract, and the

German study of uranium miners suggests radon may be associated

with extrathoracic cancer mortality.35,36 Two other uranium miner co-

horts have recently studied extrathoracic cancers as a group with

conflicting results. A study of extrathoracic cancer among Ontario ur-

anium miners found negative but imprecise associations with both in-

cidence (ERR/100WLM= −0.29; 95% CI: −0.57, 0.00) and mortality

(ERR/100WLM= −0.17; 95% CI: −0.64, 0.30).10 Another recent study

of extrathoracic cancer mortality among German uranium miners

showed a small but imprecise increase (ERR/100WLM=0.04; 95% CI:

−0.01, 0.08).36 Another case‐cohort study of Příbram miners found no

association between radon exposure and the incidence of non‐lung solid
cancers except for malignant melanoma and gallbladder cancer, but

examined extrathoracic cancers only by individual subtypes, reporting

no statistically significant associations.21 The current study aligns with

the results of the German study, reporting a positive but imprecise

association between radon progeny and extrathoracic cancer, although

in our study we had fewer extrathoracic cancer deaths than reported in

the large Wismut study. It is important to note that smoking is an

important risk factor for extrathoracic cancer; smoking was not eval-

uated in this study. The present study also did not identify any statis-

tically significant positive associations with non‐lung solid cancers.

However, there are several suggestive associations, particularly for the

group of extrathoracic cancers. The combined study of extrathoracic

cancer incidence in the case‐cohort study of Příbram miners will be an

important direction for future research, as more incident cases and

more detailed exposure estimates should improve the precision of

estimates.

In this cohort of miners exposed to relatively low radon levels

and with less occupational co‐pollutants compared with other
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uranium mining cohorts, we see that the associations between radon

and lung cancer persist. This study supports other findings that low‐
level, protracted radon exposure causes lung cancer. We also ex-

amined other cancer sites associated with radon inhalation in the

epidemiologic and dosimetric literature and identified extrathoracic

cancers and CLL as possible areas of concern. An extended follow‐up
of this cohort will improve the precision of these findings and allow

for observation of cancers following protracted induction and la-

tency. This study illustrates the importance of continuing to monitor

both historical and contemporary populations of underground

workers.
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