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Lung cancer risk in relation to indoor radon was examined in three case-control studies in Stockholm
(Sweden), New Jersey (United States), and Shenyang (People’s Republic of China). Year-long measurements
of radon gas were made in current and past homes of 966 women who developed lung cancer and of 1,158
control women, included in the combined analysis. Nearly 14 percent of the participants were estimated to
have a time-weighted, mean, radon concentration in their homes of more than 4 pCi/1 (150 Bq/m3) during the
period from five to 35 years prior to the date of lung cancer diagnosis (or comparable date for controls). There
was a tendency for risk to increase with increasing levels of radon in NJ and Stockholm, but the trends for
individual studies and overall were not statistically significant. The estimates of the excess relative risk for
indoor exposure per pCi/1 were 0.18 (95 percent [CI] = – 0.04-0.70) in NJ, 0.06 (CI = - 0.05-0.34) in Stock-
helm, and -0.02 (CI = - 0.03) for Shenyang; these estimates did not differ significantly from each other.
The overall excess RR per pCi/1 was 0.00 (CI = – 0.05-0.07); the confidence limits were sufficiently broad,
however, that the overall estimate was still compatible with extrapolations of risks from miners. Cigarette
smoking was the predominant cause of lung cancer with the RR significantly elevated in all studies. Within
smoking categories, the trend in risk with increasing mean radon concentration was inconsistent. Analyses of
data from several studies are complicated by the possibility that there may exist important differences in
study bases which might affect results, and which may be controlled only partially through adjustment pro-
cedures. Future efforts to combine various residential studies will need to be attentive to the intrinsic limi-
tations of studies to detect low levels of risk as well as the unique uncertainties associated with estimating,
accurately, cumulative exposure to indoor radon. Cancer Causes and Control 1994, 5, 114-128
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Radon exposure and lung cancer

Introduction

Radon (radon-222) is an inert gas that can percolate
through the earth’s crust and accumulate in under.
ground tunnels and residential dwellings. At suf- 
ficiently high concentrations, radon and its
a particle-emitting decay products (polonium-214,
polonium-218 have been shown to cause lung cancer
among underground miners, especially those who
smoke cigarettes. 1 There is concern that residential
exposures might be responsible for a considerable
number of lung cancer deaths in the general popu-
lation.2,3 However, because there are substantial differ-
ences between an underground mine and a domestic
residence, estimates of risk derived from studies of
miners must be applied cautiously to the indoor
environment.4 Direct assessments of risk from residen-
tial radon thus are being sought through epidemiologic
studies of lung cancer in the general population.5,6 Such
studies, though, are not without methodologic prob-
lems which can severely limit their accuracy and ability
to demonstrate, convincingly, a radon risk.7 Until large
investigations of sufficient precision can be conducted,
available studies will have to be combined and ana-
lyzed in parallel to provide direct evidence of the level
of risk from residential radon. We report the first such
attempt in pooling results from three, recent case-con-
trol studies of lung cancer where cumulative exposure
was estimated from year-long measurements of radon
gas in at least one residence of each subject.

Although numerous descriptive or ecologic surveys
have attempted to correlate estimates of radon
exposure with rates of lung cancer,5 results are of lim-
ited usefulness because radon exposure and cigarette-
smoking status are not known for individuals and
effects of nondifferential misclassification can be sub-
stantial. 8 When we began the current analysis, three
comprehensive, analytic, case-control studies had been
conducted: in Shenyang (People’s Republic of China);9

New Jersey (United States);10,11 and Stockholm
(Sweden).12 Each study estimated cumulative exposure
to radon based on year-long residential measurements.
Exposure concentrations were compared between
women with lung cancer and control subjects, and
cigarette smoking was evaluated in the analysis. No
association of lung cancer with indoor radon was
found in China, whereas increases were suggested in
NJ and Sweden.

Units measuring radon concentration differ be-
tween homes and mines. In mines, the Working Level
(WL) unit is a measure of a-particle energy released by
radon and its short-lived decay products. The measure
of cumulative exposure to radon progeny in the mine is
the Working Level Month (WLM); one WLM is equiv-

alent to 170 hours of exposure to one WL. One WLM
would result in a dose to lung tissue of approximately
0.5 rad.13 Based on studies of underground miners,
exposure to one WLM would be predicted to increase
the relative risk (RR) of lung cancer by 1.34 percent
(95 percent confidence interval [CI] = 0.9-2 .6),1 i.e.,
RR= 1.013 for one WLM cumulative exposure to
radon, compared with ‘unexposed’ miners.

In the US, residential concentrations are expressed in
units of activity (rate of atomic decays) of radon gas, in
picocuries per liter (pCi/1). When radon is in equilib-
rium with its decay products, one pCi/1 equals 0.01
WL. However, because of ventilation and air exchange
in homes, the equilibrium of radon with its decay prod-
ucts, and therefore the energy available, is about 50 per-
cent, although this can vary widely .14 Thus, in a home
environment, one pCi/1 corresponds to about 0.005
WL. Assuming 75 percent occupancy, a typical resi-
dential exposure for one year would be about O.2 WLM
(= 0.005 WL x 365 d x 24 h/170 h x 0.75). Depending

exposure to one pCi/1 for one year could result in a
lung dose-equivalent of between two and four rem.15

In other countries, residential radon is expressed in
becquerels per cubic meter (Bq/m3). Under equilib-
rium conditions, one pCi/1 is equivalent to 2.2 decays
per minute of radon progeny in one liter of air, and one
pCi/1 equals 37 Bq/m3. The distribution of indoor
radon is approximately log normal, with arithmetic
mean concentration in the US of about one to 1.5 pCi/1
in living areas. 16,17 Concentrations, however, vary
widely; in Sweden the mean is about 2.6 pCi/1,18 while
in Great Britain, the mean is 0.5 pCi/1.19 The US
Environmental Protection Agency (EPA) has rec-
ommended that remedial action be taken for home
concentrations exceeding four pCi/1 and should be
considered between two pCi/l and four pCi/l20 Other
countries have established different guidelines. In
Sweden, the recommended action level for radon miti-
gation corresponds to about 10 pCi/1 in existing
homes, and four pCi/1 for new construction,21 while in
the United Kingdom, the action level is five pCi/1.19

Materials and methods

Stockholm

Study subjects. The methods of the Swedish investi-
gation have been described elsewhere.12 Women sus-
pected of having lung cancer on admission between
1983 and 1985 to the three clinical departments of pul-
monary medicine and the only department of thoracic
surgery in Stockholm County were interviewed.
Those subsequently diagnosed as having lung cancer
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were classified as cases (n = 210), while those sub-
sequently found not to have lung cancer were classified
as hospital controls (n = 191). Population controls
(n = 209) were obtained from Stockholm County
population registers. For each case, one control was
selected randomly from among the women born on the
same day as the case.

Data collection. Subjects were interviewed by phys-
icians using a structured questionnaire. For cases and
hospital controls, information was obtained on
admission. Population controls were interviewed by
personal visit or by telephone. Information was
obtained on smoking, exposure to environmental
tobacco smoke, occupational history, and consump-
tion of foods rich in vitamins A and C. Also obtained
was a history of all residences in which the subject lived
for two or more years since birth or arrival in Sweden.
The residential history included information on type
of house, building material, and year of construction.
Data from parish registries on past residences were
used to verify and supplement the residential histories.

Methods of radon concentration measurement.
Measurements were sought for ail dwellings where the
subject resided for two years or more between 1945
and the end of observation, 1983-85. For the hospital-
based subjects, the end of observation was five years
prior to the date of the study interview; for the popu-
lation controls, it was five years prior to the interview
of the corresponding case. In the 2,118 residences so
identified, no measurements could be made in 27.4 per-
cent: in 11.2 percent because the house no longer
existed; in 4.4 percent because the house was located
abroad; in 3.2 percent because the current house owner
refused; and in 8.6 percent for various other reasons
(Table 1).12

Year-long radon-concentration measurements were
made in 1,339 dwellings using two a-track detectors
(Terradex Corp., Type SF).22 Generally, one detector
was deployed in the livingroom and one in the bed-
room. In another 234 dwellings (15 percent), measure-
ments were made for two weeks during the winter
season using thermoluminescence detectors (TLDs)
designed by the Swedish Institute of Radiation Protec-
tion. The TLD was placed in the livingroom for one
week and in the bedroom for another week (Table 1).
The two methods gave readings that had correlations
above 0.8, although the TLD values were higher on
average, reflecting decreased ventilation in the colder
months. In the estimation of radon concentrations, the
TLD values were adjusted empirically before being
included with the a-track detector data.23 The radon-
concentration value assigned to a house was either the

mean of the two a-track readings or the adjusted TLD
reading (Table 2), The higher level for the TLD mean
value is because this type of measurement was per-
formed more often in dwellings which were in areas
with a greater likelihood of high radon-gas emanation
from the ground.24

New Jersey

Study subjects. The technical aspects of the NJ study
have been presented elsewhere.10,11  The cases were
1,306 NJ female residents who were newly diagnosed
with histologically confirmed lung cancer from August
1982 through September 1983. They were identified
from hospital pathology records and from the NJ State
Cancer Registry and death certificate files. Interviews
were obtained for 994 women (76 percent). For cases
who were interviewed in person (n = 532), controls
were selected from the New Jersey driver’s license file
for those under age 65 and from the Health Care
Financing Administration file for those aged 65 and
over; these groups were frequency-matched to the
cases on race and age. For cases with next-of-kin
respondents (n = 462), controls were selected at ran-
dom from death certificates with no mention of respir-
atory disease, and individually matched to cases by
race, age, and closest date of death. Altogether 1,449
controls were identified from these sources, and inter-
views were obtained for 995 women (69 percent).

Data collection. Subjects or surrogate respondents
were interviewed by trained staff of the NJ Depart-
ment of Health using a structured questionnaire. The
subjects themselves provided 53 percent of the inter-
views; spouses provided 17 percent; and other next-of-
kin, 29 percent. Information was obtained on lifetime
smoking history, smoking among other household
members, lifetime residential and occupational histor-
ies, and consumption of food high in vitamin A. Infor-
mation on specific street-address of past residences was
collected several years after the original interview
through subsequent telephone contacts. During visits
to the residences eligible for radon measurement,
information was obtained on house characteristics,
including heat circulation and changes involving con-
struction, heating, and ventilation.

Methods of radon measurement. The NJ radon study
included a sub-sample of the original lung-cancer
study groups (Table 1). Houses to be measured were
included in the study in two phases. In Phase I, a single
‘index’ residence per subject was chosen in which the
subject lived for at least 10 years in the 10- to 30-year
period prior to diagnosis or selection. In Phase II, the
residence criteria were broadened, adding additional
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subjects and additional houses. The eligibility period period from five to 30 years prior to diagnosis, and all
for the ‘index’ residence was extended to cover the houses were enrolled in which a subject resided for
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four or more years in the six NJ counties with high
average radon-levels, or for seven or more years in the
rest of the state (Table 1). Of the 994 cases and 995 con-
trols with completed interviews, 661 cases (66 percent)
and 667 controls (67 percent) had residences which
were eligible under the Phase II criteria.

Terradex Type SF detectors were deployed for one
year. In each dwelling, one detector was placed in the
living area, usually the master bedroom, and another in
the lowest habitable level, usually the basement. In
addition, four-day screening measurements were made
under closed-house conditions during the heating sea-
son, using charcoal canister detectors placed near the
a-track detectors. The screening measurements were
used primarily as a backup if long-term measurements
could not be completed and to identify homes requir-
ing immediate mitigation. The radon concentration
assigned to the house in this analysis is the non-base-
ment, primary living are α -track measurement, when
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available (76 percent of houses). When unavailable, the
non-basement radon concentrations were estimated
from other measurements in descending order of
priority: (i) basement α -track (5.4 percent); (ii) base-
ment charcoal canister with upstairs canister (6.5 per-
cent); (iii) upstairs charcoal canister (1.4 percent). The
estimates were derived from regression equations
based on complete sets of measurements which also
took into account the heating system (forced air cf
other). Canister readings below minimum detectable
concentration (MDC) were assigned the MDC value.
Apartments above the second floor (10.6 percent) were
assigned a value of 0.40 pCi/l (Table l, Table 2). Usable
measurements were obtained for 480 cases, and 422
controls, or 74 and 72 percent respectively, of those
eligible under the Phase II criteria.

Shenyang

Study subjects. The methods and results of this study



Radon exposure and lung cancer

have been described elsewhere.9,25 Candidate cases
were female residents of Shenyang,  between 30 and 69
years old, identified in the Shenyang Cancer Registry
through diagnoses of primary lung cancer between
September 1985 and September 1987. A rapid-ascer-
tainment system during the study period expedited
review of diagnostic materials. A population-based,
age-matched control group of women was selected
from the Shenyang general population as follows. A
population-weighted, probability sample was ob-
tained from 1,400 geographic administrative units of
Shenyang. In each selected administrative unit, one
household was chosen at random, with replacement,
and its members were listed. A five-year age group was
selected with a probability weight determined so as to
reflect the age distribution of the cases. Finally, one
woman in that age group was chosen at random from
among those on the household list. A total of 397 cases
and 391 control subjects had detectors placed in their
houses; these numbers represent 95 and 99 percent of
eligible cases and controls, respectively. These subjects
represent a subset of the entire study population; for
budget reasons, the radon-measurement component of
the study ended prior to the termination of case
acquisition.

Data collection. Nurses trained in interviewing sought
personal interviews with the subjects, except for those
who were too ill or deceased. Participation rates were
95 percent for cases and 97 percent for controls. For
most patients, the time between diagnosis and inter-
view was less than one month. A structured question-
naire was used in an interview to inquire about
smoking by the subject and other household members,
occupation, prior medical conditions, residential
history, and housing characteristics such as indoor air
pollution. A time-weighted index of lifetime air-pol-
lution exposure was determined from these character-
istics which included type of heating, fuel used for
cooking, and whether cooking facilities were located in
a separate kitchen or combined with livingroom or
bedroom.25

Methods of radon measurement. Two a-track Type SF
detectors were placed for one year in the current resi-
dence of each case and control. One detector usually
was located in the livingroom and one in the bedroom.
Nearly all homes were single-story. For individuals
who lived in the current house less than five years, a
prior Shenyang residence was tested, provided that it
was accessible and that the subject lived there at least
five years. Detectors were collected for 308 cases (78
percent) and 356 controls (91 percent).

Combined analysis
In the present analysis, exposures to radon were esti-
mated for subjects who resided in at least one measured
house during the period from five to 35 years prior to
the index date. This time interval was chosen because
studies of underground miners indicate that a mini-
mum latency period of five years before radiogenic
lung cancer would develop, and that the risk decreases
with time since exposure. Further, it was important to
limit the historical reconstruction of exposures, since
we are concerned that estimates of radon exposure
become increasingly inaccurate as the interval of time
between the measurement date and years to which the
measurement pertained lengthened. Ten Stockholm
cases and 25 controls were excluded because no house
measurements were available in the time period
covered. Because of the criteria under which the NJ
subjects were recruited into the radon component, all
met the five- to 35-year time-window requirement. In
Shenyang, 13 cases and 15 controls did not reside in the
measured residence during the five- to 35-year period
considered here. Nine additional Shenyang subjects
were excluded because of incorrect data, so that 286
cases and 341 controls are included in this analysis.

Several measures were computed to assess radon
exposure. One measure was time-weighted, mean,
radon concentration in pCi/l for all measured resi-
dences. For subjects with a single measured home, the
exposure estimate was the value ascribed to the home
(Table 2). When more than one home was measured,
the exposure estimate was the mean radon-concen-
tration of all measured homes weighted by the time
spent in the home. We also computed a measure of
cumulative exposure to radon gas in pCi/l-y in the
five-to 35-year period of interest. Because, for some
subjects, radon gas measurements could not be
obtained in all prior residences in the five- to 35-year
period, we imputed radon concentration values for
missing time intervals. We used the mean radon con-
centration for subjects of the same case-control status,
study location, and smoking group. Except for a com-
parison with miners’ studies, we present results only
for time-weighted, mean, radon concentration; analy-
ses using estimated cumulative exposure produced
essentially the same results.

The data were analyzed using a multiple regression
program for binary data, as implemented in the EPI-
CURE package of programs for personal computers.26

To control for confounding, most analyses were strati-
fied on study location (Stockholm, NJ, Shenyang), age
(O-54, 55-64, 65+ years), smoking status, and cigarette
consumption (nonsmoker; former smoker; and two
levels of current cigarette consumption, 1-19 and 20+
cigarettes per day). In addition, we also adjusted for an
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index of the degree of air pollution (score values 0,
0.1-1.5, >1.5 as described in Xu et al25) for the
Shenyang data and for residency (Stockholm, else-
where) for the Stockholm data. For regression analyses
with continuous radon exposure, the odds of disease
outcome (D = 1 denotes a case and D = 0 denotes a
control) was modeled

gory. In some instances, the P -values were quite dif-
ferent. The reasons for this will be considered in the
Discussion.

Results

The mean years of residence for which direct measure-
ments were available during the period five to 35 years
prior to the reference date were 23 years in Stockholm,
22 years in NJ, and 18 years in Shenyang (Table 1);
these years correspond to 77, 73, and 60 percent of the
designated exposure period. Few subjects in the Stock-
holm and Shenyang studies were exposed to estimated,
mean, time-weighted concentrations of radon below
two pCi/l, while in NJ, few were exposed in excess of
two pCi/l (Table 3). After adjustment for smoking, age,
air pollution, and residency, the relative risks (RR) of
lung cancer increased slightly with increasing radon
exposure in Stockholm and in NJ, but not in Shenyang;
trends in the RRs were not statistically significant. The
trend for Stockholm based on category medians, how-
ever, was nearly significant, P = 0.07. The highest
exposure group in the Stockholm data, >=4 pCi/l, had
an RR of 1.6, about equal to that in the highest
exposure group in the NJ data, >=2 pCi/l. For all data

P(D = 1 ¦  x,r)

P(D = 0 ¦ x,r)
=  e α x (1 + β r)

where x was a vector of adjustment variables, r was
radon exposure and α and β were their associated
parameters. In most analyses presented here, r was
time-weighted, mean, radon concentration in pCi/1
and β was the exposure-response parameter, interpret-
able as excess RR for exposure at a mean concentration
of one pCi/l. Two-sided trend tests were carried out
using a score test, i.e., a test of β = 0 in the above model.
This score test is equivalent to a score test under an
exponential model in r, since the regression under the
null hypothesis was the same and with stratification on
the x variables equivalent to the standard Mantel-
extension test of trend. The P- values for the test of
trend were conducted by including r as a continuous
variable or as a median exposure within exposure cate-



combined, there was no increase in RRs with mean
concentration (P = 0.94). Overall, RRs showed no sig-
nificant increase with exposure concentration.

Within smoking groups, there were no consistent
trends among the studies in the RR of lung cancer with
increasing estimated radon-concentration (Table 4). In
Stockholm, the steepest gradient in risk occurred
among those smoking 20 or more cigarettes per day,
although the trend was not significant (P = 0.20). There
were no comparable increasing trends in the highest
smoking category of the other groups. Among non-
smokers, RRs exhibited no significant trend; for con-
centrations of 2.0 pCi/l and greater, all RRs were
elevated but the gradient was flat. In NJ, there was no
trend in RRs with exposure among nonsmokers; how-
ever, there was a suggestive positive relationship be-
tween radon exposure and lung cancer risk among
former smokers (P = 0.12), due to an elevated RR in the
highest pCi/l category, which included only eight cases
and one control. A positive trend also was suggested
among” smokers of one to nineteen cigarettes/day
(P= 0.15). In contrast with the Stockholm findings, in
NJ there was a negative relationship in the highest
smoking category, although that also was not signifi-
cant (P = 0.21). The Shenyang data showed no clear
trends with amount of estimated exposure for any

Radon exposure and lung cancer

smoking category. In the combined analysis, among
former smokers there was only an irregular trend with
radon exposure (P= 0.11); trends in the other groups
were unremarkable.

When nonsmokers were used as the referent cate-
gory (Table 4), the RRs for smoking categories,
adjusted for age, air pollution residency, and radon
exposure, were similar between Stockholm and NJ; but
the RRs for former smokers was somewhat lower in
Stockholm (RR = 2.0) than in NJ (RR = 3.8). The RRs
for Shenyang were lower in both current smoking
groups than those in the other two study areas.

The excess relative risks (ERRs) per pCi/l, overall
and within categories of several variables, are shown in
Table 5. As suggested by Tables 3 and 4, the overall
ERR/pCi/l was greatest for the NJ study; lower, but
positive, for Stockholm; and slightly negative for
Shenyang. No exposure-response trend was signifi-
cantly different from zero. For each study, tests of non-
linearity in the exposure-response relationship were
not significant. Within study, ERR/pCi/l were homo-
geneous (and not different from zero) across categories
of age and smoking status (Tables); for Stockholm and
NJ, there was a suggestion of a greater ERR/pCi/l at
the youngest ages. AS suggested by the RRs in Table 4,
in Stockholm the exposure-response trend was flat
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Table 5. Excess relative risk of lung cancer and 95% confi-
dence interval (CI) for time-weighted mean Rn concen-
tration, by age at interview, smoking status and studya.
Models adjusted for age, smoking status, residency for
Stockholm, air pollution for Shenyang and, where appli-
cable, study

among nonsmokers. The largest ERR/pCi/l was 1.17
in the >=20 cig/d group, but was based on 24 cases and
11 controls and was not statistically different from the
others. In the combined data, the overall ERR/pCi/l
was 0.00 (95 percent confidence interval [CI] = – 0.05-
0.07) and did not vary by age or smoking status. With
indicator variables for study included as adjustment
variables, the ERR/pCi/l estimates were homogeneous
across the studies.

Figure 1 shows a comparison of the observed RRs
for each study (a-c), and all data combined (d), fitted
estimates from the linear ERR models, and the con-
stant ERR model from the BEIR IV Report.1 Although
known to be inappropriate because of the variation of
exposure effects with attained age and time since
exposure occurred, the BEIR IV Committee fitted a
constant ERR model to four studies of miners and esti-
mated an overall summary ERR/WLM of 1.34 percent.
This ERR/WLM estimate however was not directly
comparable to estimates from the indoor exposure
data. For the figures, the estimated ERR/WLM for the
miners was taken as 0.96 percent; the 1.34 percent was
multiplied by 0.8 to adjust for differences between
exposures in miners and homes (the K-factor for adults
defined in National Research Council4) and by 0.9 to
reflect an older mean age at lung cancer (incidence) for
the case-control studies, 62 years, as compared with the
mean age at lung cancer (death) for the miners, 57 years.
No adjustment was made for extrapolation from males

(miners) to females. For the indoor radon series, the
time-weighted, mean concentration was converted to
WLM assuming a 30-year exposure period, an equilib-
rium factor of 0.5, and a home occupancy factor of 75
percent, resulting in the standard conversion that occu-
pancy in a home at one pCi/l roughly corresponds to
an exposure to radon progeny of about 0.2 WLM/y. In
panel (a), the category-specific RRs for Stockholm lay
entirely above the fitted line. This is a consequence of
the choice of categorization for exposure (see Dis-
cussion); there was no significant lack of fit or curvi-
linearity in the exposure-response. The estimates and
CIs for ERR/WLM for Stockholm, NJ, and Shenyang
data were therefore 1.2 percent (CI = -0.8-6.8), 3.6
percent (CI = -0.8-14.0) and 0 percent (CI =     
1.4), respectively, compared with 0.96 percent for the
miners. The estimate of ERR/WLM for the Stockholm
data was similar to the estimate from the miners’ data,
while the NJ estimate was about four times larger;
however, when combined with the Shenyang data, no
positive trend was seen. The figures indicate that each
study and all data combined are consistent both with
the miners’ data and with no effect of exposure. Simi-
larly, the confidence limits for the individual, category-
specific, RR estimates were wide and all RRs, save one
from the Shenyang data, were statistically consistent
with the studies of underground miners and with no
effect of exposure.

Estimates of cumulative radon exposure included
imputation of exposure values for residence time in
unmeasured houses. The cumulative-exposure mea-
sure showed similar relationships to lung cancer risk as
the mean time-weighted concentration, and results
therefore are not presented in detail. The trends in the
RRs using the continuous exposure variable were not
significant for the Stockholm data (P= 0.50), or those
from Shenyang (P = 0.32), while the trend in the NJ
data was of marginal significance (P= 0.07). No trend
was evident in the joint analysis.

Adenocarcinomas were the most common histo-
logic type in all three studies. When controlling forage,
smoking, residency in Stockholm, and air pollution in
Shenyang, there were no significant trends in histo-
logic-specific RRs with increasing mean pCi/1 or
cumulative radon exposure in the individual studies
(except for ‘other histologic types’ in NJ) or in the
combined data (Table 6).

Discussion

Studies of underground miners and laboratory animals
leave little doubt that exposure to high levels of radon
can increase markedly the risk of Iung cancer.l Radon is
also the largest contrrbutor to radiation exposure of the
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Figure 1. Relative risk (RR) of lung cancer and 95% confidence interval (CI) by categories of cumulative working level months
(WLM) and fitted excess relative risk models and their 95% CI for each indoor radon study [Stockholm (a); New Jersey (b);
Shenyang (c)] and for all data combined(d), and for the constant excess RR model from the BEIR IV Report’ of four cohorts of
underground miners. The miners’ model was adjusted for extrapolation from mines to homes and for age differences between

I miners and the indoor studies; see text for details. For Shenyang (c), lower CI is undefined.

public and has been estimated to cause many thousands
of lung cancer deaths per year.2,20 However, despite a
comprehensive analysis of nearly 1,000 women with
lung cancer and a similar number of controls, we were
unable to demonstrate a clear and consistent relation-
ship between indoor radon and lung cancer. Further,
analyses among miners suggest that, because the joint
radon-exposure and smoking-RR relationship is likely
intermediate between a multiplicative and additive
association.1 RRs for radon exposure should be greater
in nonsmokers than in smokers; no such patterns were
observed. In Stockholm and NJ, there was a suggestion
of an increased risk with exposure within selected sub-
groups; however there was little consistency, as sub-
groups differed. The lack of consistent results maybe
due to the inherent difficulties in exposure assessment
and in control of potent confounding influences such
as cigarette smoking, as well as to the statistical diffi-

culties in detecting relatively small increases in lung
cancer risk. This latter issue is complicated further by
uncertainties in the extrapolation of lung cancer risk
from studies of underground miners.

Research on indoor radon is subject to several
inherent methodologic limitations.7 Estimates of radon
exposure are based on recent measurements which may
not accurately reflect levels in previous years. In
addition, even accurate characterizations of radon con-
centrations in homes may be poor predictors of indi-
vidual exposures, which depend upon actual time spent
indoors, living habits, and house alterations.27 To esti-
mate exposures in homes where measurements were
not possible, several methods were used to ‘impute
exposures that occurred as far back in time as World
War II. These imputation procedures induce great
uncertainties in estimating past exposures, and any
misclassification of exposure would result in a loss of-
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a 
RR for radon concentration with multiplicative adjustment for age at  interview, smoking status end air pollution for Shenyang and resi-
dency for Stockholm.

b P-value for test of radon exposure responsetrend using continuous concentration variable. Parentheses indicate negative trends.
C P-value for test of radon exposure response trend using category median value. Parentheses indicate negative trends.
d Excludes 74 cases with unknown type.

power to demonstrate a radon effect. Also, increased
mobility, which forces a narrowing of the exposure
distribution for individuals,7 can influence the ability
to detect an effect, with substantial loss of power as the
mean number of residences rises.

As expected, cigarette smoking was the most striking
cause of lung cancer in each of the study groups, with
RRs in Stockholm and NJ almost 14-fold for women
smoking 20 or more cigarettes per day. The RRs for
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smoking were noticeably lower in Shenyang, reaching
threefold in the highest smoking category. Although
much lower than for the other two study populations,
the smoking results for the Shenyang data were con-
sistent with the larger parent study of lung cancer in
729 males and 520 females,25 where smokers had an
overall threefold higher risk than nonsmokers, and
with other lung cancer case-control studies conducted
throughout China,28-31 where RRs were typically of this
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magnitude. Because the anticipated level of risk from
indoor radon is in the order of 1.1- to 1.5-fold, a slight
misclassification of individuals with regard to smoking
duration or quantity could cloud or confound a poss-
ible association between radon and lung cancer risk.

As mentioned, there was (seemingly) a lack of con-
sistency in results for the three studies, making the
joint analysis problematic and results difficult to inter-
pret. However, the major function of a joint analysis is
to assess formally the variation of effects among the
studies. In no instance among the three studies was
there significant heterogeneity of effects. Thus, differ-
ences among studies could have been due to chance
alone. However, in the evaluation of subtle differences,
such as between studies or variations of trend across
level of other factors, large numbers of subjects are
required to achieve high power.7

In a statistical sense, as suggested by the confidence
limits for the RRs and for the fitted exposure-response
models in Figure 1, the data from the three studies of
indoor radon are not inconsistent with extrapolations
based on investigations of underground miners. More-
over, even this figure is misleading, since the sampling

and non-sampling variability in the estimates from the
studies of miners, perhaps as great as a factor of two to
four,’ have not been depicted. Because of the wide con-
fidence limits, the possibility of an association between
indoor exposure to radon gas and lung cancer cannot
be excluded. In addition, because of the wide confi-
dence limits about the risk estimates for the indoor
studies and the absence of an effect for all data com-
bined, the possibility that the level of lung cancer risk
from indoor radon is less than the level predicted stu-
dies of miners cannot be excluded. It is informative to
discuss why these differences might arise.

There are notable differences in host and exposure
characteristics between the combined series and
studies of underground miners which might limit com-
parability of findings. The combined series of indoor
radon was large, but included only women; 37 percent
of cases were nonsmokers; exposure occurred over
many years at a relatively low rate; and exposure esti-
mates were based on recent conditions in the home.
Analyses of underground-miner studies,l however,
included 360 lung cancers, involved only men, mainly
cigarette smokers, in a very dusty and polluted
environment, with exposure to a wide range of radon
levels over a limited number of years, and cumulative
exposure estimated from intermittent sampling.

Circumstances associated with underground mines
have led some to question whether extrapolations from
miner studies have direct relevance to residential situa-
tions.32 The role of concomitant exposures and lung
cancer risk among underground miners has not been

clearly elucidated. Cigarette smoking appears to inter-
act with radon in a manner that greatly enhances the
development of lung cancer. Conceivably, other car-
cinogenic mine-exposures and lung irritants, such as
airborne particulate, also might heighten the carcino-
genic potential of continuous radon exposure. Some
examples of such exposures are arsenic,30,31  silica,33 and
diesel and blasting fumes.34 It has been suggested that
exposures that damage or irritate lung tissue and pro-
mote cell proliferation might potentate the carcino-
genic effect of radon,4 and this is supported by recent
experimental evidence.35 It is unknown to what degree
such factors were present among the cohorts used to
develop the BEIR IV risk model, although silica,
arsenic, and asbestos were not thought to present
major hazards.1

On the other hand, there is some evidence to suggest
that the home radon exposure might be relatively more
hazardous than radon exposure in the mine because of
a lower exposure rate. Three miner studies.30,36,37 have
reported an inverse dose-rate effect, i.e., the lung can-
cer risk was seen to increase as dose rate diminished.
Such an effect is supported somewhat by data on high-
dose in animals38 and by an independent evaluation of
several miner studies.39 The exposure levels over which
the inverse dose-rate effect has been seen, however,
have been quite large, and the possible role of high-
dose cellular killing cannot be discounted. Dose-rate
effects may prove to be important determinants of lung
cancer risk, although it has been hypothesized that
such effects may taper off at the much lower radon-
exposure rates experienced in residential settings.40

There are several other biologic and dosimetric pos-
sibilities for differences between domestic studies and
miner predictions. Radon gas (pCi/1) was measured in
the homes whereas exposure measurements for miners
were of radon progeny (WL). Conversions of pCi/1 to
WLM would be incorrect if the equilibrium factor be-
tween radon and its decay products was less than the
0.5 value commonly used. The amount of time actually
spent in the home is critical and a 75 percent occupancy
is usually assumed. If the actual occupancy was less,
e.g., 65 percent,15,18,27 and radon exposure at other loca-
tions varied appreciably, then considerable error
would be introduced into cumulative exposure esti-
mates. Finally, based on physical characteristics of
inhaled radon and the biologic features of the respira-
tory tract, it has been suggested recently4 that exposure
to radon in the home should be less effective in causing
lung cancer than in the mine and that risk estimates
based on miner studies should be reduced by about 30
percent.

The studies from NJ and Stockholm suggested posi-
tive exposure-response relationships, while no such
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trend was evident in the Shenyang data; however, the
heterogeneity was not statistically significant. Pro-
vided such differences were not due to chance, it may
be informative to discuss why they might have arisen.
In contrast to Stockholm and NJ, environmental pol-
lution was more severe in Shenyang. For females,
smoky indoor air, primarily from coal-burning stoves,
and smoky outdoor air, from living in proximity to
industrial factories, were associated with a twofold
greater risk of lung cancer. Incomplete control of con-
founding from air pollution could have affected
results. High indoor-particulate concentrations could
have played a role by reducing the fraction of unat-
tached radon progeny and the effects of the measured
radon-gas exposure. However, there was no evidence
in the data that the presence of indoor air pollution
influenced results. The relationship between estimate
radon-gas exposure and lung cancer in Shenyang was
similar within and across categories of an air pollution
index.

It may also be useful to compare the RR trends
within the Stockholm and NJ data although differ-
ences in trend within and between the data sets were
not statistically significant and could have arisen by
chance. The magnitude of the exposure-response esti-
mate was threefold larger in the NJ data than the Stock-
holm data. The exposure-response trend in the NJ data
was due principally to the RR in the highest exposure
category, 2.0 pCi/1 or higher, which included 23 cases
and 13 controls. The suggested positive trend in risk
with radon exposure occurred in moderate smokers
(1-19 cig/day), while RRs declined among heavy
smokers (20+ cig/day). In the Stockholm data, the sug-
gested trend with exposure was greatest in heavy
smokers. The apparent positive trend in the Stockholm
data occurred only among residents of Stockholm,
while there was no trend with exposure among the
women who resided outside of Stockholm.41 The rea-
sons for this difference are not clear.

Although all studies relied primarily on year-long
α -track detectors, the accuracy of estimated exposure
may have differed. For the Shenyang data, subjects had
a shorter mean occupancy-time in measured homes
which may have reduced accuracy. In Stockholm,
about 13 percent of the α -track measurement data were
supplemented by two-week TLD measurements; in
NJ, about 23 percent of the α -track data for living areas
was supplemented with basement-area data or with
short-term charcoal-canister measurements. The sup-
plementation procedures were based on multiple lin-
ear-regression equations, thus adding random error to
the exposure estimate. The relative magnitude and
impact of these various sources of measurement error
are uncertain.

Because of the need for comparability among the
three studies in the definition of exposure to indoor
radon, our analyses differed slightly from the individ-
ual reports. These differences, however, did not affect
inference. The negative results from Shenyang and the
trends with exposure in the Stockholm and NJ reports,
overall and within various sub-groups, were generally
similar to those reported. Differences between the cur-
rent and published results were likely due to several
factors: (i) slightly different sets of data; (ii) different
procedures for defining the exposure period of inter-
est; (iii) a different categorization of pCi/l; and (iv) dif-
ferent procedures for the imputation of missing radon
measurements and of unmeasured time periods.

Interestingly, in a few instances, the level of statisti-
cal significance of tests of trend in indoor radon and
lung cancer risk exhibited a difference between the
analyses based on continuous and categorical exposure
variables, particularly for the Stockholm data (Tables
3,4, and 6). The reason for this difference is partly the
result of the choice of categorization and the use of
median values for the tests of trend. The analysis using
a continuous exposure variable has the advantage of
avoiding the arbitrariness involved in the choice of cut-
points. On the other hand, trend statistics based on cat-
egorical medians reduce the influence of extreme
values. The influence of choice of categorization and
use of continuous exposure variables on P -values for
tests of trend indicates a lack of robustness in inference
and thus suggests cautious interpretation of results.
The lack of consistency within and across studies for a
radon effect overall and within smoking categories also
reflects, perhaps, the small exposure effects to be
detected together with uncertainties in estimation of
exposure.

Each of the three studies had limitations which were
addressed in the individual publications. The Shenyang
series was conducted in an area of high indoor pol-
lution, although analyses were unaffected by adjust-
ment for the index of air pollution. The NJ series had a
limited range of exposures and included few nonsmok-
ers (14 percent). The Stockholm series also included
few nonsmokers (19 percent), and adjustment for
home occupancy or by the BEIR IV time-since-
exposure weights, which emphasize more recent
exposures, weakened the evidence for an association.12

In the analysis of exposure to radon, we adjusted RRs
for age, cigarette use, an air pollution index (for
Shenyang), and residency status (for Stockholm).
However, it is uncertain to what extent other,
unknown limitations in the individual studies influ-
enced our results.

In summary, the results from the individual studies
are statistically consistent with each other, consistent

126 Cancer Causes and Control. Vol 5. 1994



Radon exposure and lung cancer

with extrapolation from miners, and consistent with
no observed effects of exposure. Future efforts to com-
bine similar studies are needed to clarify the carcino-
genic potential of indoor radon.
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