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controlled confounding and can be rejected.Implications:
Background: Studies of underground miners exposed to ra- Until ongoing case—control studies of indoor radon are com-
dioactive radon and its decay products have found that ex- pleted and the data are pooled and analyzed, the studies of
posure increases risk of lung cancer. Consequently, whenunderground miners remain the best source of data to use to
radon was found to accumulate in houses, there was concernassess risk from indoor radon. This meta-analysis provides
about the public health impact from exposure to a known support for their general validity. [J Natl Cancer Inst 1997,
carcinogen. Estimates on the basis of studies of underground 89:49-57]

miners suggest that indoor radon may account for 6000-
36000 lung cancer deaths each year in the United States. gjeyen comprehensive studies of underground miners ex-
Because of differences between working in underground ey 1o radioactive radon gas and its alpha-particle emitting
mines and living in houses, estimates are subject to MAjor 4ecay products all found that exposure increases the risk of
uncertainties. Numerous case—control studies were Iauncheddying of lung cancer [reviewed irL)]. As a consequence, when

to assess directly the lung cancer risk from indoor radon. "\yas found that radon could accumulate in houses, albeit at
Some studies report positive or weakly positive findings, qncentrations usually much lower than in mines, there was
while others report no increased risk. Thus, the potential oncern about a possible significant public health hazard from
hazard from indoor radon remains answered only indirectly exposure to a known human carcinog@j (

through miner studies, experimental animal studies, and cel-  \yith the use of miner-based risk models and after adjustment
IL_JIar studies. Purpose:T_o provide more information on the ¢, offects of exposure in mines as compared with hon@s (
risk of lung cancer from indoor radon, we conducted a meta- ,qq0r radon may account for 6000-36 000 lung cancer deaths
analysis of all case—control studies that included at least 200 551, year in the United State$)(Because of the major differ-
case subjects each and that used long-term indoor radon gnceg petween working in underground mines and living in
measurements.Methods: Eight studies were available and 5565, some have questioned the validity of extrapolating risks
included a total of 4263 lung cancer case subjects and 6612,m male miners to home residents, particularly to females and
control subjects. From the published results of each study, (, chilgren, and have taken issue with current estimates of radon-
confounder-adjusted relative risk (RR) estimates and 95% ,yripytable lung cancers6). Miners experienced higher ex-

confidence intervals (Cls) for categories of radon concentra- g re rates and were frequently exposed to other potential lung
tion were obtained, and weighted linear regression analyses 4 cinogens and lung irritants, such as arsenic and silica. In
were performed. Results:The combined trend in the RRwas 4 4g4ition. a high proportion of miners were smokers.

significantly different fromozero (two-sided P = .03), a#]d an  To address concerns about extrapolating risk from miners,
estimated RR of 1.14 (95@ cl= 1.0-1.3) at 150 Ba/mwas  ymerous epidemiologic case—control studies were launched in
found. An influence analysis indicated that no single study e past decade to assess directly lung cancer risk from indoor
dominated the combined results. The exposure-response ;qon. Major studies have now been publish@dl§), and re-
trend was similar to model-based extrapolations from min- g 1ts seemingly are equivocal§,17. Some studies7(9,13,13

ers and_ to RRs computed directly from miners _V‘_"th IOV‘_’ report positive or weakly positive findings, while other8, (
cumulative exposures. However, there were significant dif- 11 15 15 report no increased risk, even at the highest indoor
ferences in the study-specific estimates of the exposure re-54on |evel. A pooled analysis of three studies with nearly 1000
sponse (two-sidedP<.001), which were not explained by study |, cancer cases estimated no trend overall. The estimated rela-
differences in percent of the defined exposure interval cov- e risk (RR) for long-term residence in a house with a radon
ered by radon measurements, mean number of residences,qncentration of 150 Bg/fnwas 1.0 (95% confidence interval
per subject, and other factors. Conclusions: Meta-analyses [CI] = 0.8-1.3) (8. Thus, the question concerning whether

are valuable for identifying differences among studies and i, qqor radon poses a significant health hazard, particularly for
for summarizing results, but they should be interpreted cau-

tiously when expected RRs are low as with indoor radon

exposure, when there is study heterogeneity and where
there is the potential for confounding and exposure misclas-  *Affiliations of authors:J. H. Lubin, Epidemiology and Biostatistics Program,

sification. Nonetheless, the results of this meta-analysis sug-Division of Cancer Epidemiology and Genetics, National Cancer Institute,
gest that the risk from indoor radon is not Iikely to be mark- Bethesda, MD; J. D. Boice, Jr., International Epidemiology Institute, Rockville,
edly greater th_an that predlcted from miners ahd indicate Correspondence toJay H. Lubin, Ph.D., National Institutes of Health, Ex-

that the negative exposure response reported in Some eCO-cytive Plaza North, Rm. 403, Bethesda, MD 20892.

logic studies is likely due to model misspecification or un-  See“Notes” following “References.”
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people living in homes with high radon concentrations, remairendom effects model, the variance of the estimatp atcounts for variability
answered onIy indirectly, through miner studies, experimeng{pong studies, so that precision is not overstaggd2§. The 95% CI for the

. . estimate of the RR for a unit increase in exposure isl@&xp[1.96 x / var({©*)],
animal studies, and cellular and molecular studig). ( whereb* denotes the summary estimate under a random effects model.

The mixed results from indoor radon studies may be theanalyses of radon progeny exposure among miners are usually based on linear
consequence of inherent limitations, principally low expecteflbdels in the excess RR of the form RR 1 + Bx, as opposed to the log-linear
RRs, estimated at 1.1-1.3 at 150 Ba/m_ concentration that is form of model [1]. In this analysis, we departed from the linear excess RR
equaled or exceeded in about 6% of U.S. houQ@);, @.nd the modeling fotr) two real_sons. Fi:jstl, folr_ the indodor| radon (_ja_ta, |RRs ellre smaI‘I, S0

. . . - S ) ifferences between linear and log-linear models are minimal. Analyses using a
extreme uncertainty in estimating accurately individuals pa]%rf(fear excess RR model did not affect conclusions. Second, with linear excess
exposure based on current radon measurements of housesgRfodels, the (asymptotic) variance estimate of the exposure resgre(
analysis of study power and exposure uncertainty indicates tbakeriously in error when data are limite6(27. In contrast, with a log-linear
a single case—control study in excess of 5000-15 000 Iung canwegel, exposure-response estimates are unconstrained, ranging from minus in-
cases may be needed to have sufficient power to detect an expo@d%to plus infinity, and the surface of the likelihood function is usually more

. . symmetric. As a result, the (asymptotic) variance estimate for the logarithm of
response equal to the trend estimated from miner stugigs ( the exposure response is more accurate when data are limited. Because the

I.:’ooling of origiljal data_ from existing studies offers an alt.ers'ummary exposure-response estimate relies on weights based on study-specific
native to conducting a single large study. Efforts at poolingriances, we used model [1] to minimize possible distortions from less accurate
completed and ongoing radon studies are under way; howeweriance estimates from a linear excess RR model.
results are unlikely within the next several yeaPSZ)( Until Note that all related figures (i.e., Figs. 1-3) use the same scales for the axes to

. . - allow direct comparisons.
studies are pooled, meta-analysis offers the best opportunity 36" & parisons
characterizing existing information. In this article, we presentReaglts

meta-analysis of completed case—control studies of indoor ra-

don. Overall, 4263 lung cancer case subjects and 6612 control
) subjects contributed to the meta-analysis. RRs and 95% Cls for
Subjects and Methods each study are shown in Fig. 1. The figure also shows an RR of

There have been eight case—control studies of indoor radon and lung car‘?teqnd eXtraDOIated RRs for indoor exposures on the basis of a

that enrolled a minimum of 200 case subjects and measured one or more hoﬂ@é‘@nt combined analysis of miner daﬂ?t (The miner extrapo-
for radon concentrations for all, or nearly all, subjects, by use of long-tertation assumes 25 years of exposure to indoor radon at a constant

alpha-track detectors (Table 1). [Two studies have been reported from Finlaggncentration for a 65-year-old male. The estimate of RR is

the earlier study ) is denoted Finland-l, and the more recent stufly i§ similar to the estimate on the basis of the BEIR IV risk model
denoted Finland-11.] Each of the studies had particular strengths and weaknes

es. . - . .
Because it is not possible to know how the impact of any perceived weaknés%veloped earlier by the National Research Council's Commit-

might actually influence results and because knowing results of a study ni§€ On the Biological Effects of lonizing Radiation (BEIR.

color any assessment of study quality, all studies were included in the mefdie figure suggests that RRs from indoor studies are consistent

analysis. with the extrapolation based on miner studies. The Cls for the
From the published results of each study, confounder-adjusted RR estim%ividum RRs are |arge and most overlap an RR of 1 suggest-

and 95% Cls for categories of radon concentration in Boere obtained. . ' . . '

Mean or median concentrations within categories were used as the quantita'tpvg that results may also l_)e congstent with no effect of radon.

value for regression modeling. If means or medians were not available, midOWeVer, although there is a wide range of RRs, more of the

points of categories or, for open-ended categories, representative values \RRS exceed 1 than are 1 or less, and there appears to be a genera

used as the quantitative values for radon level. To evaluate study heterogen¢éndency for elevated RRs with higher radon levels. In the meta-

a number of study-related factors were examined. These included the fOIIOWi%aIySiS we formally assess results from the various studies
overall mean radon level, percent of the defined exposure interval covered by '

radon measurement data, mean number of residences per subject within thévlodel [1] was fit to each StUdy with radon concentration as

exposure interval, mean number of measured residences per subject, percetfgd€gressor variable. Except for the Finland-I study, log-linear
of case subjects who smoked, percentage of eligible case subjects included imft@dels in radon level provided good fits to the data (Fig. 2), and
radon analysis, percentage of homes with year-long radon measurements, fpfsre were no significant deviations from linearity. For the Fin-
centage living case subjects, and percentage female case subjects. land-1 study, a quadratic term significantly improved the fit of

Weighted linear regression analyses of the natural logarithm of the can-

founder-adjusted RR estimates were carried out, using inverse variancezlm% model P = '03)' For Slmp|IC|ty when computing summary

weights @3). Thus, each study contributed in relation to the precision of it§Stimates, the eStimate. @f from model [1] using OnW_ 'jadon
estimate, which was related to the numbers of case and control subjects ande@wel was used for the Finland-I study. The study-specific values

distribution of exposure. For each study, we fit a log-linear RR model that pasdegt the exponential of the estimates in units of 150 Bﬁ/m;_,
through the quantitative value for the base-line category. For radon aiigiel exp(o- x 150) are shown in Table 2. The fitted RRs at 150
i del ! ! . .
regression modet was Bg/m® ranged from 0.8 to 1.8 and were in good agreement with
log[RRX;%)] = B(X = Xo), [1]1 the estimates provided in or derived from the original reports.
o For four studies, the lower limit of the 95% Cls for the estimates

wherex, was the quantitative value for the referent category fatite exposure- of ex (B) was areater than 1 (su esting a sianificant exposure
response parameter. P g a9 9 ; 9 p

Model [1] was fit to each study, and estimates@f i = 1,..., 8were response); for one study, the C! for the estimate of B){P(as
obtained. Under a fixed-effects model, it is assumed that the true exposw@@tirely below 1. For three studies, the Cls for the estimates of
response parametgiis the same for all studies. However, because of differencesxp(3) included 1, suggesting no significant radon effect. Since
in study design, type of living environment, populations, and other factors, tB%ta on individual subjects were not available and we fit model

effects of exposure could be expected to vary from study to study. The rand . . .
effects model, wher@,, .. . . By is assumed to be a random sample from ff] rather than a linear excess RR model, these estimates dif-

normal distribution with meas, was therefore used to compute summary exter€d, although only slightly, from estimates provided in the
posure-response estimates. Details are given in the “Appendix” section. Irogiginal publications.
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Table 1. Summary of the eight principal lung cancer case—control studies with long-term measurements of indoor radon concentration*

Study and site Radon
(reference No.) Subjects concentrationt Radon extremes Summary of overall results
Finland-1 (7) Males: 238 case subjects anilean of 220 Bg/m 40%>174 Bg/m  Quintile categories <80, 80-126, 127-173, 174-274, and
434 control subjects =275 Bg/n? with RRs of 1.0, 1.1, 1.7, 1.9, and 1.1,
respectively P value for test trend >.05
Finland-11 (8) 517 matched case and Medium of 66.6 Bg/m, 9%>200 Bqg/ni Categories <50, 50-99, 100-199, 200-399, aDO0
control pairs, among means of 103 and 96 Bg/m® with RRs of 1.0, 1.0, 1.0, 0.9, and 1.3,
residents of one single- Bg/m for case respectively
family home for= 19 y subjects and control
subjects, respectively
New Jersey, Females: 433 case subjects Median of 22 Bg/m, 1%>148 Bg/m Categories <37, 37-73, 74-147, ard 48 Bg/n? with
United Statesq,10 and 402 control subjects mean of 26 Bg/r RRs of 1.0, 1.1, 1.3, and 4.2, respectiveyvalue for

test of trend .04; highest category had 6 case patients
and 2 control subjects

Shenyang, Chinal() Females: 308 case subjects Median of 85 Bg/m, 20%>148 Bg/m  Categories <74, 74-147, 148-295, ar@96 Bg/n? with

and 362 control subjects mean of 118 Bg/r RRs of 1.0, 0.9, 0.9, and 0.7, respectively
Winnipeg, MB, Females: 250 case subjects Means of 120 and 200 24%3>144 Bg/m  Categories (estimated) <72, 72-144, 145-287, z288
Canada 12 and 250 control subjects; Bg/m for bedrooms Bg/m® with RRs of 1.0, 1.0, 0.8, and 1.0, respectively,
males: 488 case subjects  and basements, using bedroom and 1.0, 0.8, 0.9, and 0.6 using
and 488 control subjects respectively basement measurements
Stockholdm, Sweden Females: 210 case subjects Mean of 128 Bg/m 28%>150 Bg/m  Categories <75, 75-110, 111-150, and 151 Btywith
(13 and 191 hospital and 209 RRs of 1.0, 1.2, 1.3, and 1.7, respectivddvalue for
population control subjects test of trend .05. No trend after adjustment for
residential occupancy or BEIR IV weighting of
exposuref
Sweden 14) Males and females: 1281  Mean of 107 Bg/m 25%>117 Bg/m  Categories<50, 51-80, 81-140, 141-400, and >400
case subjects and 2576 Bg/m® with RRs of 1.0, 1.1, 1.0, 1.3, and 1.8,
control subjects respectively P value for test of trend <.05
Missouri, United Female nonsmokers: 538  Mean of 67 Bg/m for ~ 7%>148 Bg/m Quintile categories <30, 30-43, 44-63, 64-91, an@ll
States case subjects and 1183 case subjects and Bg/m® with RRs of 1.0, 1.0, 0.8, 0.9, and 1.2,
(15 control subjects control subjects respectively

*RR = relative risk.

TMost studies incorporated 1-year measurements as the principal source of exposure data. The Swedish study used 3-month winter measurements, a
Finland-1 used 2-month winter measurements. The New Jersey and Stockholm studies used measurements of less than 1-year duration for 9% and 13% of su
respectively.

fResidential exposures were weighted, with exposures 5-14 years prior to the index date given full weight and greater than or equal to 15 years before given
weight. BEIR = Biological Effects of lonizing Radiation.

For all studies combined, the summary estimate of exposu(#:0-1.6), and 1.20 (1.0-1.5). We adjusted these RRs to a base-
response trend differed significantly from zei® & .03). The line of zero radon level by multiplying by exp{(x x.), whereb*
fitted RR at 150 Bg/miwas 1.14 (95% Ck 1.0-1.3). A test of is the random effects estimate f andx, was the mean con-
homogeneity of the estimates was rejectgf[q df] = 52.8; centration for the lowest radon category 34.2 BY/hig. 3
P<.001). A detailed radon effects analysis indicated that bshows the adjusted RRs (solid squares) and the linéo&xpx),
tween-study variability was substantial relative to within-studyherex is radon level. The model [1] provided a good fit to the
variability. combined data, with no significant departure from linearity.

Definitions for base-line categories for calculating RRs dif- Mean cumulative exposure in the miner studies was more
fered for the various studies, necessitating an adjustment of than 20 times greater than exposure from living 25 years in an
study-specific RRs before they could be used to obtain RRs forerage U.S. house, which has an estimated arithmetic mean
specific categories for all studies combined. By use of the fittedpncentration of 46 Bg/f(20). In pooled miner data, there were
study-specific log-linear models, RRs for each study we&23 000 person-years of follow-up and 107 lung cancer cases
shifted to a base-line concentration of “zero” radon level bgmong nonexposed miners and 506 474 person-years of follow-
multiplying each RR by exp x;;), wherex, was the concen- up and 358 lung cancer cases among miners exposed to fewer
tration for the base-line category for thith study andb, the than 50 Working Level Months{WLM) (4), which is a level of
estimate of@;. By use of mean radon concentrations for altumulative exposure that might be experienced by long-term
studies and all categories, five categories were created on thsidents in houses with radon levels in excess of 400 Bg/m
basis of quintiles, <55.4, 55.5-88.7, 88.8-142.2, 142.3-250Be correspondence between exposures for miners in WLM and
and=250.9 Bg/ni. By use of model [1] wittB(x — X,) replaced radon concentrations in homes in Bd/mas made assuming 25
by an intercept parameter and four parameters for four indicaje@ars of exposure, standard residential occupancy assumptions
variables for radon categories, estimates of RR (95% Cls) for thie., living for 1 year in a house at 37 Bofris approximately
radon categories were 1.0, 1.06 (0.9-1.3), 1.06 (0.9-1.3), 1.€@ual to 0.2 WLM of exposure), and a 0.8 correction factor that
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measurements, percent of living case subjects, and percentage of

AR For atudly, female case subjects were obtained for each study. Fig. 5 plots
30 W Finland-l & Shenyang these data by the study-specific, exposure-response estimates.
l : O Fnlang-l A winnipes Correlation coefficients, which are also shown, were not signifi-
7 ¥ Sweden @ Missoun cantly different from zero. None of the variables, individually or
5 7 Stockholm 3 Mew Jersey L. L i X i
] J) jointly, significantly improved the regression model. With these
x Pooled miner estimate variablgs ip th-e. regression, the test of homogeneity, of. . ,bg
= was still significant %[7 df] = 27.5; P<.001), although the
< chi-squared value was much reduced. The summary estimate of
i — exposure response changed only slightly and was 1.13 at 150
2 S Bg/m® (95% Cl = 1.0-1.3). The sign of the correlation coeffi-
\ cients suggested that studies with higher exposure-response es-
— timates were those with lower coverage of the exposure-time
Relative nsk = 1 window, mean number of residences, lower percentage of living
. case subjects, and lower percentage with 1-year radon measure-
0.3 ments of houses and with higher percentage of smokers, higher

T T T T T T T T T

0 100 200 300 400 percentage of females, higher inclusion of eligible subjects,
higher measured residences per subject, and higher overall mean
radon concentration.

Analyses of miner data indicate that the joint RR for smoking
Fig. 1. Relative Risks (RRs) from eight lung cancer case—control studies §hq radon progeny exposure is most likely intermediate between
indoor radon levels. Dashed line extrapolation of RR from miner<l, while ltiolicati d additi iati Ilth h the ioint
the dotted line depicts a RR of 1. a multiplicative and additive association, although the joint as-

sociation is consistent with a multiplicative relationship. This
implies that RRs in nonsmokers should be greater than those in
. . smokers. The New Jersey, Shenyang, Stockholm, Sweden, and
accounts for a reduced delivery of dose for indoor exposure 9 : : .
issouri studies either enrolled only nonsmokers or presented

mpared with mine ex r&)( For exampl miner ex- S
compared wit e exposurd)( For example, a ere RRs by radon levels for nonsmokers; the studies included 61,

posed to 25 WLM was assumed to have approximately the sa ) :
exposure as an individual living 25 years in a house with a radg%%’ 38, 178, and 538 nonsmoking lung cancer case subjects,

concentration of 231 Bg/A = 37 x 25 WLM/(25 years x 0.2 respectively. For nonsmokers in the five studies, fitted RRs at

x 0.8)]. In the miner data, RRs were calculated for categoriesjogg ?Oi/f r?ar; tZ?:tba:aslls ?L?rzde:e[rg r\]/\(/)e;(_a ?1?Zar?tZrZan?j§1t1hZIR1R
1-9, 10-19, 20-29, 30-39, and 40-49 WLM. Fig. 3 shows R <, Fespectively. w Ignifi Wi

an 955 s fom te miner cata (open squares, | £V " fof e i suces o o e comned s
A log-linear model was fit to the miner RRs under 50 WLM!ES u y exposu b :

The model-based estimate of RR was 1.13 at 150 B@%% gave an RR at 150 Bgffrof 1.18 (95% Cl= 0.8-1.6), similar

i i i 0 -
Cl = 1.0-1.2), essentially the same as the 1.14 estimate from {Rethe estimate for these five studies, 1.24 (95%-C11.0-1.5),

meta-analysis of residential studies. As suggested from a Covr\ﬁrlen smoking was ignored. The summary estimate for non-

parison of Fig. 3 with Fig. 1, the RRs for miner exposures und rrnokers should be viewed _cautlously, since it was strongly in-
50 WLM were similar to extrapolations using the miner-base enced by results from a single study, the Stockholm study. In

risk model, which was developed in data with generally highg‘F| influence analysis, the summary estimate dropped to 1.02
exposures than in residential studies. when the Stockholm study was omitted.
The indoor studies were carried out in five countries, Canada, )
China, Finland, Sweden, and the United States. To investighdSCussion
the influence of any single study on the overall parameter esti-
mate and its Cl, Fig. 4 shows the results of an influence analysis,In the meta-analysis, an increased RR was observed with
in which eight summary estimates were computed on the basigjoéater radon level, and the summary exposure-response trend
subsets of seven studies, omitting each study in turn. The figuvas statistically significant. In addition, the summary exposure-
indicates that the overall estimates changed very little when am®gponse estimate for the indoor studies was similar to extrapo-
single study is omitted. When the Finland-I, New Jersey, Stodtions using miner-based models and similar to the exposure
holm, or Sweden studies were omitted, 95% Cls included 1.response fitted to RRs from miner studies, using data only from
Meta-analyses are used to evaluate similarities and diffeniners with low total cumulative exposure, less than 50 WLM.
ences among studies, as well as to summarize results. In ®bus, this analysis supports a deleterious effect of high indoor
analysis, study-specific, exposure-response estimates were teon levels that is consistent with extrapolations of risk using
erogeneous. To examine these differences, values for ovenalher-based models.
mean radon level, percent of exposure interval covered by radonAlthough overall results showed a significant trend, results
measurement data, mean number of homes per subject, mmaist be cautiously interpreted, since meta-analyses have known
number of measured homes per subject, percentage of case Buotitations (28-32. Although publication bias is unlikely to be a
jects who smoked, percentage of eligible case subjects inclugedblem, data for the analysis are limited to published RRs and
in the radon analysis, percentage of homes with year-long radols. Indoor radon studies define an exposure-time window, usu-

Rn concentration {Bg/m3)
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Fig. 2. Relative risks (RRs) for radon concentration categories and fitted exposure-response models for each case—control study. Fitted lines are adjusted tc
through the quantitative value for the baseline category. Models fit to the logarithm of the RRs are linear with respect to radon. There was a significant depar
from linearity in the Finland-I data, and also shown is the model which is linear and quadratic with respect to radon.

ally 30-40 years prior to the subject’s enrollment date, so thabuld exist for 5 years prior to incidence versus 5 years prior to
including a 5-year lag interval the relevant exposure period cadeath.

ers 25-35 years. Radon measurements in houses typically coveBtudies of miners show that the exposure-response relation-
60%-70% of the exposure window, and various methods akip for radon progeny exposure decreases with attained age,
used to impute missing measurements. Improper imputatitime since exposure occurred, and exposure rate or exposure
methods for residential gaps can introduce ba®,(but in a duration and that the exposure response is larger in never-
meta-analysis, it is not possible to evaluate imputation procgnokers than in smokerd)( These patterns could not be ad-
dures. We also could not explore the robustness of RR trendsdmgpately evaluated in the meta-analysis, further suggesting a
studying effects of choice of cut-points. The Missodrbfand cautious interpretation of the result.

Stockholm (3) studies reported® values for tests for linear The combined data from the meta-analysis of indoor radon
trend that sometimes differed markedly, depending on whetheair@ consistent with extrapolations based on data from studies on
continuous radon concentration or a category-specific mean waslerground miners. This is reassuring, since at one time it was
used as the quantitative score variable. With summary data, ssoligested that residential radon exposure might be relatively
sensitivity cannot be evaluated. Examinations of potential comore hazardous than radon exposure in mines because of a lower
founding variables or subtle variations of effects are also nexposure rate34,35. Studies of miners4(,34,36,37 have re-
possible, except for those presented in the original reports. ported an inverse exposure-rate effect, i.e., for equal total expo-
nally, some studies were of lung cancer incidence, while othexsre, lung cancer risk increased as exposure rate diminished and
were of lung cancer mortality, and different exposure windowuration of exposure increased. However, for miners, the in-
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Table 2. Estimates of the relative risk (RR) at 150 BG/and the 95%
confidence interval (Cl) for each study and for all studies combined 5
Reported in

Study RR* 95% ClI original papert
Finland-1% 1.30 1.09-1.55 NA 7
Finland-Il 1.01 094-1.09 1.02 = o
New Jersey 1.83 1.15-2.90 1.77 o Combined estimate from
Shenyang 0.84 0.78-0.91 0.928 @ all studics and 95% G
Winnipeg 0.96 0.86-1.08 0.97 =
Stockholm 1.83 1.34-2.50 1.79 x
Sweden 1.20 1.13-1.27 1.15 - R i i % """"""""""""
Missouri 112 0.92-1.36 NA e _—IF ¥ i i : £ }j
Combined 1.14 1.01-1.30 B VT Sttt it

O

i

*Values shown are estimated RR at 150 Bg/ire., expb x 150), whereb
was the estimate of obtained from a weighted linear regression fitting thg
model log(RR)= B(X — Xo), wherex, is the quantitative value for the lowest
radon category ang is the category-specific radon level. LA T T T T T J T T
tRR at 150 Bg/ry based on or computed from exposure-response relatign- &"‘\b’ @906:‘ }@«‘i‘* £ 00\‘:'3@ .‘3@“‘@ @eﬁ‘}o ﬁsd“’“

ship provided in original reports. Exposure response was not available (NA)|in ® * i = w = = W
Finland-l and Missouri studies.

FFor Finland-1, there was a significant departure from lineafty( .03). The

estimated RR for 150 Bgffrunder a linear-quadratic model was 1.71. Fig. 4. Results of an influence analysis showing estimated summary relative

§Taken from results in pooled analysiss). risks and 95% confidence intervals (Cls) at 150 BYy/aomputed by omitting

ICombined estimate and CI based on a random effects model. Fixed effeec?gh study in turn. Also shown is the summary estimate for all eight studies
estimate was 1.11 (95% Gt 1.07-1.15) (solid line) and its 95% CI (dashed lines).

were evident in the other four data sets. These differences could

30 p——— have arisen for many reasons, since the studies were carried out
J; W Indeor studies (Case-Canto) in many countries, source populations differed, and adjustment
5 4 O Mmer studies icohort) for important confounding factors may have been incomplete.
1 [~ Feotogic sudy of Canen (45 LagHfinear fit a ndoor For example, environmental pollution was likely severe in

cata with 9885 Gl . CL:
1 Shenyang, although results were similar within and across cat-

egories of an air pollution index1{). The apparent positive
trend in the Stockholm data occurred only among residents of
the city of Stockholm 13), while there was no trend with ex-
posure among the women who resided outside of the 4idy. (
Also, trends diminished when more weight was given to recent
exposures, suggesting that RRs were heavily influenced by past
exposures, contradicting results in miners. In the Missouri data,
the trend in the RRs was greater when the interview respondent
was the subject rather than a next-of-kin, suggesting possible
recall bias. However, substantial recall bias seems unlikely,
Radon concentration (Bg/m3) since radon exposure was based on physical measurements, and
data suggested that the ability of surrogates to recall past resi-
Fig. 3. Summary relative risks (RR) from the meta-analysis of indoor radolences was goodl®). The Finland-I {) and Stockholm 13)
studies and RRs from the pooled analysis of underground miner studies, seadies measured winter radon levels for 2 and 3 months, re-

stricted to exposures under 50 Working Level Montfs Also, included are a spectively, and comparability of the exposure-response esti-
RR of 1, the fitted exposure response and its 95% confidence interval (Cl) fr%n? o) L .
ates with other studies is uncertain.

the indoor radon studies, and the estimated linear RR based on the ecologiC . . .
analysis by Coher4(). As suggested by Greenlan29j, we carried out an objective,

although limited, comparison of studies, using data on quality-
related factors abstracted from the published reports. None of the
crease in the effectiveness of exposure, due to the inverse eariables considered were significantly correlated with the re-
posure-rate effect, diminished at total exposures below abaults of the studies or explained the heterogeneity of the studies.
50-100 WLM (38,39. This diminution can be explained, since dNevertheless, the direction of the correlations suggested some
cell cannot “experience” an exposure-rate effect if the probnateresting possibilities, as well as some results that were counter-
ability of more than one traversal of a cell by an alpha particlatuitive, that could be explored in future pooling of data. For
is low (38). example, improved exposure assessment and less exposure mis-
There was significant heterogeneity in the exposure-respomsassification may result in less attenuation of the exposure re-
estimates, further suggesting a cautious interpretation of resutisonse41). This pattern is suggested by the positive correlation
The Finland-1, New Jersey, Stockholm, and Sweden studies suagefficients for the exposure-response estimates with the mean
gested positive exposure-response relationships, while no trendmber of measured residences per subject and with the per-
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Fig. 5. Fitted relative risk estimates at 150 Bd/imnd summary variables for each study of indoor radon and lung cancer, and the correlation coefficients (

centage of case subjects identified who were actually enrolled, 150 Bg/ni were 1.8 for New Jersey, 0.8 for Shenyang, and 1.8
and by the negative correlation coefficient for the number &br Stockholm, with a summary estimate of 1.1, and were within
residences per subject (the more residences, the greater potetiiteatange of estimates from the pooled analysis. The differences,
for missing data and increased exposure misclassificatioalthough slight, were likely because of the different data that
However, this pattern is not entirely consistent, because a greatere used in the two analyses. Our meta-analysis relied on RRs
percent coverage of the exposure-time window and percentagel Cls from the published reports. In contrast, in the pooled
of subjects with 1-year measurements of radon would be eanalysis, original data were used, and to ensure comparability,
pected to result in less exposure misclassification and thereforedeéinitions of the exposure-time window and cut points for the
positively correlated with exposure-response estimates, but neggposure categories were standardized, resulting in different
tive correlations were observed for these variables. Finally, with thembers of case and control subjects than in the original reports.
evidence of linearity at residential ranges of exposure, there is noBecause radon data on individuals are obtained in case—
obvious reason why the magnitude of the exposure-resporsatrol studies, they are intrinsically superior to ecologic stud-
estimate should be positively correlated with mean radon levigs, in which lung cancer rates are compared with summary
Data from three of the studies considered in this metaeasures of exposure using linear regression models. For ex-
analysis, the New Jersey, Shenyang, and Stockholm studesple, with ecologic data, it is not known whether persons who
have been previously pooled and included nearly 1000 ludg in a specific county actually lived there for a meaningful
cancer cased8). The study-specific estimates of RR (95% Clperiod of time, smoking histories are not known, and individual
at 150 per Bg/miwere 1.7 (0.8-3.8), 0.9 (0.0-1.2), and 1.2 (0.8radon progeny exposure cannot be determined. As seen in sur-
2.4), respectively; the pooled exposure-response relationstgys, radon levels in homes in the same geographic area can
was flat, with an RR estimate (95% CI) at 150 per Boh1.0 vary by several orders of magnitud20(42, essentially negating
(0.8-1.3). In our meta-analysis, the study-specific RR estimatibge value of average county-wide estimates for individuals re-
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siding in the county, when the age-adjusted disease rates are(84129. Marginally, b, O N(8,1Mm; + 7%). The variance of the

a simple linear function of exposure. summary estimate is

Ecologic studies are used primarily as hypothesis-generating
studies, because there are recognized limitations that can seri- EWizVaf(bi)
ously compromise their validity4@-45. Results from ecologic var(b) = (E )2
studies of lung cancer and residential radd)(have been W
mixed and offer limited insights into the consequences of resi- Ewﬁ(ll\/\/i +19)
dential radon effects. Unfortunately, a good deal of publicity has NV
been given to the results of a large ecologic study),(that (EWi)
found a negative exposure-response relationship between county 1 2 sz
lung cancer rates and county radon levels. Greenland and Robins = =1
(48) demonstrated how the inclusion of area level regressors EWi (Zwi)z

variables, for example, smoking, may not entirely adjust for
confounding at the level of the individual when the risk model i8N estimate of? is obtained from the expression
nonlinear and smc_>king effects are multiplicative, as is approxi- 2=(Q-k+ 1w - wdS w.,
mately the case with radon progeny exposure. An evaluation by
Gilbert (49) supported the potential residual confounding bwhereQ is the test statistic for the test of homogeneity (25). The
smoking, showing negative coefficients for the regression wériance estimate is the sum of two terms, the sampling variation
disease rates for several smoking-related cancers, not includwithin study, and the variation between studies. An updated
lung cancer, on radon concentration. The ecologic analysis $iynmary estimate based on the:H 12 = 1iw:* for the variance
Cohen 47) fitted a linear model, which resulted in a decliningf b, is used, namely,
linear excess RR trend of 0.002 per B§/(fig. 3). Comparing . N .
the ecologic regression line to RRs from residential studies and b =% wrb/Z w,
from miner studies, it is clear that the negative exposure fgith variance 1¥ w;*.
sponse is contradicted by both the miner data and by indoor|n the meta-analysis, vd{) = 0.0006+ 0.0032, where the
radon studies. first term is the within-study variance and the second term is the

In summary, there was a significant exposure-response ref@tween-study variance. The result suggests substantial be-
tionship in the current analysis with an estimated RR at 1%@een-study variability.
Bg/m® of 1.14, and results were generally confirmatory of
miner-based extrapolations of risk. However, meta-analyses References
known to have numerous limitations, including an inability to . ) )
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