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In the general population, evaluation of lung cancer risk from radon in houses is hampered by low levels of
exposure and by dosimetric uncertainties due to residential mobility. To address these limitations, the authors
conducted a case-control study in a predominantly rural area of China with low mobility and high radon levels.
Included were all lung cancer cases diagnosed between January 1994 and April 1998, aged 30-75 years, and
residing in two prelectures. Randomly selected, population-based controls were matched on age, sex, and
prefecture. Radon detectors were placed in all houses occupied for 2 or more years during the 5-30 years prior
to snroliment. Measuremsnis covered  77% ot the possible exposure time. Mean radon concentrations were
230.4 Ba/mv for cases (n = 768) and 222.2 Bg/m® for controls (n = 1,659). Lung cancer risk increased with
increasing radon level (p < 0.001). When a linear model was used, the excess odds ratios at 100 Bg/m*® were
0.19 (95% confidence interval: 0.05, 0.47) for all subjects and 0.31 (35% confidence Interval: 0.10, 0.81) for
subjects for whom coverage ol the exposure interval was 100%. Adjusting for exposure uncertainties increased
esbmates by 50%. Results support increased lung cancer risks with indoor radon exposures that may equal or
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excesd extrapolations based on miner data. Am J Epidemiol 2002;155:554-64.

environment and public health; lung neoplasms; radiation; radon

Studies of underground mincrs demonstrate that exposurce
to radioactive rudon gas and its decay products increases the
risk of lung cancer (1). Although significant risks bave been
observed for miners exposed to low levels and receiving
cumulative exposurcs comparable to those obtained by
residing long term in houses with high levels of radon (2),
direct demonstration of excess risks from residential radon
is needed 10 confirm the risk of residential exposures and to
affirm miner cxtrapolations.

Several case-control studies of residcntial radon have
been conducted (3-14). Some stdies have {ound no nisk
with indoor radon exposure, while others are consistent with
increasing risk with increasing indoor cxposure. Meta-
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analyses rcport a statistically signilicant excess risk from
radon exposure (15, 16) but also indicate significant hetero-
geneity among studies, although such variability is expected
(17, 18).

Low levels of cxposure to residential radon, resulting in
small cxcess risks, and uncertainties from reconstructing
historic exposures bave hampered cvaluation of risk (3, 11,
19, 20). To address these limitations, we conducted a case-
control study in an arca of China where indoor radon con-
centrations are high and residcntial mobility is low.

MATERIALS AND METHODS
Study area

The study was conductcd in Pingliang and Qingyang,
rural prefcctures in Gansu Province, China, with an adult
population of about 4 million. Prior to 1976, most residents
lived in underground dwcllings; however, sincc 1976, many
have moved to aboveground houses. In our study popula-
tion, 99 percent had lived in an underground dwelling some-
time durning their lives.

Underground dwellings consist ot several rooms, each a
tunnel 5-10 m lung, constructed arvund an excavated court-
yard. There are four basic designs: underground cave
dwellings, open-cut cave dwellings, ground cave dwellings,
and aboveground cave dwellings. Aboveground cave
dwecllings are constructed on the surface and have thick walls,
high ccilings, and other characteristics that mimic under-
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ground types (21-23). People also live in standard above-
ground dwellings with one or two stories, a single ridged roof
and rectangular rooms, and multilevel apartments. A stove,
which bums coul or other biomass, provides heating. The
chimney is routcd under a brick sleeping platform called a
kang, then vented outside, Fuel is added to the firchox through
an access door lucated either inside or outside the house.

Study subjects

Beginning in June 1995 and following approval by insti-
tutional review boards, we identified all persons aged 30-75
years who werc diagnosed with lung cancer between January
1994 and April 1998 and lived in the two prefectures. Cascs
were ascertained from cach prefecture hospital, a company
hospital located at a nearby oiifield, 15 county hospitals, and
Jocal clinics. We ulso reviewed records from antituberculosis
stations and from hospitals in the large nearby citics of
Lanzhou, Xian, Bagji, and Yinchuan to identify lung cancers
diagnosed in residents of the two prefeclurcs.

On the basis of clinical/radiologic symptoms suggestive
of lung cancer or pathologic evidence, 1,209 possible cases
were identificd. An expert panel of pathologists, radiolo-
gists, and clinicians from the Gansu Department of Health
reviewed all diagnoses. The panel cxcluded 271 subjects
because of insufficient supporting evidence or incorrect
diagnosis, leaving 938 cases. Of those cases, 43 could not be
located, 6 were outside the age range, and 3 had moved from
the area; therefore, 886 cascs remained (656 nales, 230
fcmales). Diagnoses of lung cancer were based on clini-
calftadiologic criteria for 533 cases (60 pcrcent) and on
pathulogic cvidence for 353 cases (40 percent). Among the
chnically/radiologically identified cases, 414 (78 percent)
died before the study period ended.

Wc randomly selected 1,968 controls from a list of all
persons included in the 1990 population census and fre-
quency matched on age in 1995 to cases in 5-ycar age
groups, within categories of scx and prefecture. The number
of controls in each stratum was based on twice the expected
number of lung cancers derived from a 1991 medical
records rcview. Among controls, 6 refused to be intcr-
viewed, 23 had moved from the area, 62 could not be
located. 73 dicd before 1994, 4 becaine cascs, and 35 were
not interviewed for other reasons. The study enrolled 1,310
male and 455 femalc controls.

After informed consent was obtained, intervicws were con-
ducted at home or at the hospital by trained interviewers using
a closcd-form, structured questionnaire. We asked questions
on demographic characteristics, smoking habits, diet and
cookiny practices, and occupational, residential, and medical
histories. If a subject was deceased or was too ill to partici-
pate, the interview was conducted with his or her next of kin,
usually the spouse. Surrogates provided information for 481
(54 percent) cascs and 71 (4 percent) controls,

Radon measurements

Interviewcrs placed two 1-year ulpha-track detectors in
cach respondent’s house (Track-etch; TechOps-Landauer,
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Glenwood, Illinois), one in the living area and one in the
sleeping area. Deteciors were placed in all former houses in
the study area that the subject occupied for 2 or more years
during the previous 30 years. For quelity assurance, we
placed colocated detectors in 20 percent of the houses.

We conducted a substudy to investigate variation in radon
levels within and between rooms, between dwellings, and
over time to provide data to adjust fur cxposure variability.
We placed six 1-ycar alpha-track detectors in each room
(two each at the front, middle, and back) of 55 houscs dur-
ing 3 consecutive years, starting in July 1996. A total of
1,654 detectors were placed in one o five rooms of each
house (mean, 2.3 rooms/house).

Assignment of radon exposure

We defined reference age as age at diagnosis for a case
and at inlcrview for & control. We designated 5-30 years
prior to the reference age as the time-relevant exposure
period most relatcd 1o lung cancer risk (1). For nearly all
cases (881 of 886) and controls (1,761 of 1,765), at least one
radon measurement was available. For 88 percent (775 of
881) of cuses and 95 percent (1,669 of 1,765) of controls, al
least onc mcasurement was within the exposure window
from 1.9 (for cases) and 1.6 (for controls) mean eligible res-
idenccs per subject.

For analysis, we used time-weighted average radon
concentration within the cxposure window measured in bec-
querels per cubic meter (Bg/m?), using number of years resi-
dent as weights. (Becquerel is an international unit of
radioactivity; | Bq = 1 disintegration per second.) Two con-
trols had clevated radon values (1,554 and 1,676 Bg/m?) that
were more than 40 percent higher than the next-langest value
and wcre omitted from our analyses, although this cxclusion
had little impact on inference. We impuled values for gaps in
residential listories due to missing measurements or for less
than 2 years of occupancy by using mean radon concentration
in the houses of controly, within house type and prefecture
(24). Alternatives, such as mean radon level within prefec-
ture, made little difference. To adjust variances for imputa-
tion, we selcctively coropuled estimates by using multiple
imputation (25, 26), but variance correction proved unncces-
sary because of high coverage of the eaposwe window.

Statistical analysis

We computed odds ratios adjusted for age, sex, prefec-
ture, tobacco use, and, where appropriate, other factors by
using unconditivnal logistic regression (27). We calculated
9S percent Wald confidence intervals for odds ratios and
uscd a score stalistic for tests of trend. We also fitted a lin-
ear madel, odds ratio(x) = 1 + B x, in which x was the mean
radon level and  was the excess odds ratio per
becquercl/cubic meter. We computed likelihood-bascd con-
fidence intervals for estimates of PB. omogcneity of P
across categorics of other factors was evaluated by using a
likelihood ratio test,

Three important sources of error in assessing radon expo-
sure were 1) detector measurcment error, 2) use of contem-
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porary measurements to estimate radon levels throughout
the house and in prior years, and 3) missing radon values.
Detector error was rclatively small and was ignored.
Estimation of radon induccd classical error, while missing
data induced Berkson error (3, 19). To adjust for error, we
restnicted data to subjects for whom coverage of the expo-
sure window was 70 percent or higher, thus minimizing
Berkson error, so that classical crror predominated.

Specifically, suppose that X, was the true, but unobserved
radon concentration in the ith house within the exposure
period, P, was the proportion of years spent in the ith house,
and Z, was the cstimated concentration. Further suppose that
true radon exposure for a person was 25 times L P.X;, while
observed radon exposure was 25 times LP.Z,. We assumed
that each X; was lognormally and independently distributed
with purameters p and 02 and that U; was a multiplicative
random error, independent of X, and lognormally distributed
with parameters 0 and t*. Then, Z, = X, x U, and is lognor-
mally distributed with parametcrs p and o + 12
Measurement data obtained from houses in the full study
provided estimates of p and ¢ + t*, while the radon sub-
study provided an estimate of 12,

For houses included in the substudy, arithmetic means
were 366.5, 338.4, 378.1, 361.0, and 343.2 Bq/m’ for under-
ground cave dwellings, open-cut cave dwcllings, gvound
cave dwellings, aboveground cave dwellings, and standard
abovcground dwellings, respectively. The corresponding
geometric means (and geometric standard deviations
(GSDy)) werc 338.7 Bg/m® (1.52), 314.2 Bg/m’ (1.50),
347.6 Bg/m’ (1.52), 336.0 Bg/m® (1.48), and 311.2 Bg/m’
(1.58). Apartments were not included in the substudy.
Houses had not been modified cxtensively, so we estimated
T by assuming that uncertainties resulted from random vari-
alions in radon concentration within houses and over time
and that residential mobility was unselated to radon, condi-
tional on housing type. Use of a component of variance
analysis estimated 12 as 0.16, or 2 GSD of about 1.5 for the
error distribution. We evaluated a range of GSDs—1.25,
1.5, and 1.6 (or coeflicients of variation of 0.23, 0.42, and
0.50)—to investigate the sensitivity of thc error on the
excess odds ratio.

Under our assumptions, the true value given the observed
value, denoted X,|Z;, was lognormally distributed with pa-
rameters (4 72 + log(Z) o®V/(1* + ¢%) and © o/ + o)
(18). We used a Monte Carlo approach to evaluate error. For
each subject’s house, we randomly sampled from the X;|Z,
distribution, computed a “true” time-wcighted average
radon concentration, and estimated the excess odds ratio per
becquerel/cubic meter. This process was repeated 1,000
times to obtain the empirical distribution of the estimated B
and its 95 percent confidence interval. This approach was
less formal than the ane uscd by Reeves et al. (19) but was
similar to the Lagarde et al. approach (20).

RESULTS
Demographlc and other risk factors

There were 768 cascs (563 males and 205 femalcs) and
1,659 controls (1,232 males and 427 femalcs) for whom

radon measurcments and data on the primary adjustment
factors were available. Although matching critcria included
age, controls were older than cases (table 1). Controls were
stlected from a list of all persons included in the 1990 pop-
ulation ccnsus on the basis of their age in 1995. Ages were
slightly higher than anticipated because controls were gen-
crally interviewcd after cases and enrollment was extended
for 6 additional months.

Cascs had more education, higher incomes, and fewer
cattle, and they were morc likcly to own a color television
and a rcfrigerator. We adjusted for ownership of a color tele-
vision und for number of catule, both representing socioeco-
nomic factors, and for age, scx, and prefecturc.

Most men smoked (92.3 percent), but most women did not
(10.4 percent). The udds ratio for cver smokers compared
with never smokers was 1.69 (95 percent confidence interval
(CI): 1.2, 2.4) and was simular for males and femalcs.
Empirical analyses indicated that the increasc in the logarithm
of the odds ratio per manufactured cigarette smoked per day
was one thind the incrcase per liang (50 g) of tobaccu smoked
per month in hand-rolled cigarcttes snd about the same per
liang of tobacco smuked per month in a pipe. We used these
results to create cigarette-cquivalcnts per day by summing
number of cigarettes smoked per day, 3.0 times liang per
month smoked in hand-rolled cigarettes, and liung per month
smoked in pipes. Among smokers, cases and controls smoked
17.9 and 12.9 cigaretie-equivalents per day for 30.3 and 29.7
years, respectively. We also created a smoking risk variable to
account for duration and number of cigarette-equivalents
smoked per day (table 2). Odds ratios increased with increas-
ing tobacco exposurc and were homogencous by sex.

Radon measurements

Radon detector values for 3,188 houses mcasured are dis-
played in figure 1, panel A. The arithmetic mean was 222.9
Bg/m’, thc geometric mean was 176.2 Bg/m’, and the GSD
was 2.08. Radon levels vanicd according lo the style of the
house; arithmetic means were 306.0, 299.4, 238.7, 2749,
207.2, and 69.0 Bg/m® for underground cave dwcllings, open-
cut cave dwellings, ground cave dwecllings, aboveground cave
dwellings, standard aboveground dwellings, and apartments,
respectively. Detector measurcments exhibited less skewness
compared with the estimated lognormal distribution (figure 1,
panel A). This pattern was similar when houses were classi-
ficd by indoor smokiness, type of fuel used (coal, firewood,
and sticks and twigs), and housing type (not shown).

We hypothesized that veatilation reduced radon fevels while
increasing variability. Figure | shows that concentrations of
less than (pancl B) and more than (panel C) 150 Bg/m? were
consistent with a lognormal distribution, with greater variabil-
ity at lower concentrations. For comparison with panel A,
anthinelic jeans and geometric mncans in panels B and C
show values for the unconditional lognormal distributions.

Radon exposure

Mean radon concentrations for cases and controls were
230.4 and 222.2 Bq/m®, respectively, and those for 81.6 per-

Am J Epidermiol Vol. 155, No. 6, 2002
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TABLE 1. Distribution of subjects and odds ratlos® for lung cancer by categories of demographlic variables, Gansu Province,

China, 1994~1968
Males Femaies
Verlable
Cases (%) Controls (%) OR Cases (%) Controls (%) OR
Reterence age (years)
<45 133 11.5 1.00¢ 17.1 11.5 1.00t
45-54 28.8 30.0 0.80 36.5 368 0.69
55-64 40.7 343 0.99 2.2 326 0.69
265 17.2 24.2 0.61% 14.2 18.2 0.55
Prelacture
Pingliang 51.0 443 1 00t 47.8 56.2 1.00t
Qingyang 490 55.7 0.77% 52.2 438 134
Education
Primary or lass 68 4 801 1.00t 88.8 95.8 1.00%
Technicaliocatonal 269 18.6 1.80 10.8 37 2.78
College or more 2.7 11 2792 0.5 0.5 1173
Martkal status
Married 90.9 89.0 1.00t 86.8 B5.2 1.00t
Widowed 8.2 9.1 0.99 127 14.8 0.88
Divorced 0.4 1.1 0.31 0.5 0.0
Never married 0.5 0.8 0.65 0.0 0.0
Income (renminbi§)
<2,000 23.9 24.0 1.00¢ 22.0 25.0 1.00t
2,000-2,999 18.0 241 0.74 166 19.8 0.99
3,000-4,789 28.9 31.0 0.94 268 28.3 1.18
24,800 29.1 209 1.403% 34.8 26.8 1.54¢
No. of persans in housshold
1-2 6.4 6.9 1.00t 9.3 5.6 1.00%
34 297 264 1.13 235 237 0.53
5-6 404 441 0.94 43.6 427 Q.57
27 23.4 22,6 1.06 235 27.8 0.50
Owny
Television
Black and white 495 50.1 0.96 46.1 50.6 0.83
Color 33.4 19.0 2.14% 31.3 17.3 231%
Tape tecorder 36.3 34.4 1.08 29.8 27.4 1.13
Relrigerator 6.4 1.8 3.88% 6.4 2.1 3.15
No. of cattle
0 48.3 30.2 1.00t 52.7 333 1.00t
1 29.0 30.9 0.56 224 335 0.42
22 227 38.0 0.35% 249 34.2 0.45%
No. of vehicles (21) 7.3 7.4 0.97 9.3 6.8 1.42
Total no.# 563 1,232 205 427

* Odds ratios (ORs) were adjusted for age and prefecture.
1 Referent category.

3 Test of trend of odds ratios, p < 0.01.

§ 1 ranminbi = US $0.12.

9 Referent category, nonownership of item.

# Numbers dlffer for each variable because ol missing data.

cent of cases and 76.3 percent of controls were at or aboye
150 Bq/m®. Odds ratios increascd significantly with increas-
ing concentration (p < 0.001) (table 3, figure 2). The test for
departure from linearity was not significant (p = 0.10). The
estimated excess odds ratio at 100 Bg/m® was 0.19 (95 per-
cent CI: 0.05, 0.47).

Am J Epidemio! Vol. 155, No. 6, 2002

Coverage of the exposure window ranged from 8 to 100
percent, with a mean of 76.7 percent (71.6 percent for
cascs and 79.1 percent for controls). We restricted data by
coverage, assuming that greater coverage indicated
improved cxposurc assessment and thus reduced misclas-
sification. Among subjects for whom coverage was 70 per-



Fri Apr 12 11:05:22 2002 Page 6 of 12

Order # 02707570DP02116334

From (613) 998-3256

Wang et al.

558

ro

)

re

id

han or equal to

Standardlzed normal variate
, and geometric standard deviation {GSD) for ail radon

- ~-
llm-.m !m.—m - =
EE
o 2
Bw o wa ﬁJ ww
o N ® on~w
N5 F =353
N " a [ ”2: o N~
-ﬂ lno __..M
MW& =30 MMS
L~ <uvuou Lo (LR
.......................... Lo La
T T
= ey
= = 9
. ) : L
m : 5 : 5
L L pedb L il ¥ 4.. R eic s B ik *—11111 P P ™
g ¢ ¢ = "~ § § ¢ = "~ & § &8 =

Mubg ‘vonenuesuod uy

[w/bg ‘vopesjuasuod uy

wbg ‘uopenuesuo uy

FIGURE 1. Probability plot, arithmebc mean (AM), geometric

mean (GM)
(panel B) or greater than (pansl C) 150 Bg/m? for the indoor radon

study conducted in Gansu Province, China, 19941868, Estimates
of AM, GM, and GSD for panels B and C refiect unconditlonal log-

normal distribulions.

cent or higher (463 cases and 1,143 controls with 98.1 per-
cent coverage), 90 percent or higher (398 cascs and 1,069
controls with 99.8 percent coverage), or 100 percent (366
cases and 1,045 controls) at 100 Bg/m?, the excess odds
ratios were 0.22 (95 percent Cl: 0.06, 0.54), 0.26 (95 per-

detector values (panel A) and for radon values less t
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TABLE 3. Odds ratios® for lung cencer, by time-welghted average radon concentration, for exposures 5-30 years prior to the

referent age, Gansu Province, China, 1894-1998

Radon concentration No. of No. of Mean
(Bq/m?) cases controls Total no. concentration ORt 85% Cl$
<100 61 166 227 69.3 1.00
100-148 80 227 307 128.0 1.00 07,15
150-198 190 355 545 178.0 1.42 1.0, 2.0
200-249 223 444 667 223.2 1.36 1.0,1.9
250-289 83 198 281 2738 1.28 0.8, 1.8
2300 131 269 400 410.4 1.58 1.1,23
Total 768 1,659 2,427 224.8§

* Odds ratios (ORs) were adjusted for referent age, sex, prefecture, smoking risk, and socioeconomic factors, as represented by ownership

of a color television and number of cattle.

t Excess odds ratic per 100 Bg/m?® was 0.19 (95% conlidence interval: 0.05, 0.47) based on the model OR(x) = 1 + Bx, where x s the radon

concentration.
$ Cl, confidence interval.

§ Mean radon concentrations for cases and controls were 230 4 and 222.2 Bq/m?, respectively.

OR=1+00018X

Odds ratio

S i T

Y L T ¥ T !
0 100 200 300 400 500

Radon concentration (X), Bg/m’

FIGURE 2. Odds ratios (OR) for categories of radon concentration
located at means within category and the fitted inear excess odds
ratio model (solid line), with 35% confidence limits (dashed lines), for
the indoor radon study conducted in Gansu Province, China,
1994-1998.

cent CI: 0.08, 0.66), and 0.31 (95 percent CI: 0.10, 0.81),
respectively.

There were 297 histologically conlired cases of lung can-
cer. The excess odds ratios for an exposure level of 100 Bg/m®
were 0.14 (95 percent CI; —0.03, 0.54) when confirmed cases
were used and 0.20 (95 percent CI: 0.03, 0.55) when clini-
cally diagnosed cases werc used. Neither cxcess odds rato
differed significantly from the overall value of 0.19.

Table 4 shows the odds ratios for radon within categories
of various other factors. There was no significant variation in
radon effects by any tactor except type of house. In addition,
we found a suggestion of declining cffects with refcrence
age. Type of house, smokiness, and coal referred to the house

Am J Epidemiol Vol. 155, No. 6, 2002

in which a subject lived the longest, but results were similar
for the current house. Heterogeneity was found in the excess
odds ratio by type of housc, with no trend for subjccts living
in standard aboveground dwellings or apartmeats. This dif-
fcrence in trend by house type was reduced when smoking
and housing type were included as stratification variables
and data were restricted. The excess odds ratios at 100 Bg/m®
(and p values for horoogeneity) for underground and stan-
dard housing types were 0.33 and 0.03 (p = 0.15), 0.32 and
(.10 (p = 0.35), and 0.35 and 0.17 (p = 0.54) when cover-
age of the exposure window was 70 percent or higher, 90
percent or higher, and 100 percent, respectively.

Next of kin werc intervicwed for 54.2 percent of the cases
and 4.0 percent of the controls. When data were Jimited to
subject respondents, the excess odds ratio estimate at 100
Bg/m?® was 0.24 (95 percent CI: 0.03, 0.80), similar to the
overall cxcess odds ratio estimate of 0.19.

Adjustment for uncertainty about radon exposure

Among subjects for whom coverage of thc exposure win-
dow was 70 percent or higher, the excess odds ratios at 100
Bq/m?, adjustcd for crror GSDs of 1.25, 1.5, and 1.6, were
0.27 (95 percent CI: 0.03, 0.69), 0.32 (95 percent Cl: 0.08,
1.37), and 0,59 (95 percent CI: 0.14, 2.73), respectively, in
contrast to the unadjusted estimate of 0.22 (95 pesrcent CI:
0.06, 0.54). Excess odds ratio cstimates, as well as the
widths of the confidence intervals, increased with greater
€XpOSUIT EITor.

DISCUSSION

This large casc-control study of Jung cancer was carried
out in an area of low residential mobility and high radon
conccntration. Mean radon concentration among the con-
trols in our study was similar to that found in a study in
Finland (9); about twice the mean concentration of radon in
the Swcden national (7), Winnipeg, Canada (5), and
Shenyang, China (14) studies; and about five times the US
national mean (28). The overall excess odds ratio at 100
By/m’ was 0.19 (95 percent CI: 0.05, 0.47). Adjustment for
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TABLE 4. Odds ratios® for lung cancer by time-welghted radon concentration, Gansu Province, China, 1994-19898

No. of No. of OR for radon concenirafion (Ba/m’) Excess OR at itos
Veariabie casas controls A5 150-199 200-240 250 100 Bg/m*t 4 $
Reference age (ysars)
<45 110 191 1.00 117 0.75 1.40 0.68 0.51
45-54 236 526 1.00 1.11 1.09 1.34 0.20
55-64 285 562 1.00 1.92 2.24 1.81 0.22
265 127 380 1.00 1.35 1.02 1.08 0.04
Sex
Male 563 1,232 1.00 1.28 1.41 1.35 0.22 0.62
Femule 205 427 1.00 186 1.24 1.81 0.12
Smoking status§
Never smoked 209 495 1.00 2.09 1.19 1.62 0.09 0.3¢
| 338 793 1.00 1.189 117 1.45 0.34
] 177 329 1.00 1.27 244 118 0.02
[0} 44 42 1.00 0.85 0.61 2.71 0.80
Previous diagnosis of
pulmonary tuberculosisy)
No 723 1,608 1.00 1.48 1.34 1.48 0.20 0.74
Yes 45 51 1.00 0.79 2.01 1.14 0.45
Previous diagnosis of
bronchitls or emphysema|
No €54 1,485 1.00 1.48 1.26 1.43 0.20 0.82
Yes 114 174 1.00 1.18 2.15 1.69 0.23
Type of houss
Undergroundd,** 439 1,030 1.00 1.66 1.86 2.03 0.50 0.02
Standard 329 629 1.00 1.29 1.00 0.93 -0.01
Smokiness of indoor air
dunng wintsr cooking**
Smoky 353 781 1.00 148 1.46 1.56 0.22 0.97
Not smoky 392 860 1.00 1.42 1.32 1.42 0.22
Amount of coal used
(kgMysare®
None 344 924 1.00 1.33 1.46 1.88 0.26 0.21
<1,000 152 317 1.00 1.89 2.08 1.72 o021
21,000 248 401 1.00 1.29 1.16 0.80 0.09

* Odds ratios (ORs) were adjusted for reference ege, sex, prefecture, smcking risk, and socioeconomic factors, as represented by

ownership of a color television and number of cattie.

t Excess odds ratio per 100 Bg/m? based on the model OR(x) = 1 + Bx, where x is the radon concentration.

3 Test of homogenelty of the estimated excess odds ratios.

§ Smoking risk levels: |, other; I, duration 230 years and amount 210: cigarettes/day; Ill, duration 240 years and amount 220 cigareties/day,

with subjects classified in the highest risk calegory.

1 Disease diagnosis by a physician 25 years prior to the referent age to minimize the possibility of ditferential bias.
¥ Underground dweliing includes all cavelike housing styles. Standard dwelling includes the standard aboveground style and apartments.

** Refen to the house In which the subject lived the longest.

our best estimate of exposure unccrtainty increascd the
excess odds ratio at 100 Bg/m’® by about 50 percent.

There have been several case-control studies of residen-
tial radon and lung cancer in which long-term detectors
were used (3—14). Meta-analyses of those studies estimated
an excess odds ratio of 0.1-0.2 at 100 By/m® (3, 15, 16).
Extrapolations based on results from miners exposed to low
radon concentrations result in exccss odds ratios of about
0.12 (2), similar to the combined estimate and slightly lower
thaso the unadjusted estirpate in our study.

Risk estimates from meta-analyses of residential studies
and from pooled miner analyses do not account for errors in

cxposurc assessment. Stability of our population may indi-
cale improved exposure assessment, rcsulting in the higher
excess odds ratio estimates. At 100 Bqg/m®, estimates of
excess odds ratios were 0.22, 0.26, and 0.31 when dats were
limited to subjects for whom cuverage of the exposure win-
dow was 70 perccnt or bigher, 90 percent or higher, and 100
percent, respectively.

Three recent studies with enhanced exposure assessments
also sugpest that the risk of lung cancer may be higher than
previously estimated. A study of Missouri women based
cxposurc on CR-39 surface imeasurement devices and
reported an excess odds ratio of 0.63 (95 percent CI: 0.1,

Am J Epldemiol Val. 155, No. 6, 2002
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1.9) at 100 Bqlm3 (11). These devices measurc cmissions
frora polonium-210 embedded in glass artifacts, such as pic-
ture frames and mirrors, which may better reflect historical
cxposurc than contemporary air measurements, since the
anifact serves as a continuous recording device. An Towa
study enrolled only long-term (20 years or more) residents,
thereby minimizing uncertainties resulting from residential
mobility (12). The cxposure assessment included measure-
ments throughout each house, rcsidential occupancy, and
time spent in other buildings and outdoors (29). The csti-
mated excess odds ratios at 100 Bq/m’ ranged from 0.16 (95
percent CI: 0.0, 0.6) for all subjects to 0.33 (95 percent Cl:
0.02, 1.23) for living subjects. A study in Finland cnrolled
residents of 20 years or more and estimated the excess odds
ratio at 100 Bg/m?® as 0.11 (95 percent CI: 0.9, 1.3) (4).

Precise characterization of exposure error and adjustment
of risk estimates are problematic. Prcvious adjustmenty
increased excess odds ratio cstimates by ahout 50-100 per-
cent. In a southwest England study, the estimate of the
excess odds ratin at 100 Bg/m? increased aficr adjustment
from Q.08 (95 percent CI: -0.03, 0.20) to0 0.12 (95 percent
CI: -0.05, 0.33) for all subjects and from 0.14 (95 percent
Cl: 0.01, 0.29) to 0.24 (95 percent CI: -0.01, 0.56) for sub-
jecls among whom coveruge of the exposure window was
complete (3). Depending on error assumptions, excess odds
ratio estimates in a3 Swedish study increased from 0.10 to
0.15-0.20 (20). Our best estimate of uncertainty increased
the excess odds ratio by about S0 percent.

Our evaluation of exposure misclassification did not
account for time spent in thc housc. Subjects reported
spending about half their ime indoors during adulthood. For
males and females, mcan occupancy duiing their adult years
was 11.8 (49 percent) and 11.9 (50 pcrcent) hours per day
during summer months and 12.8 (53 percent) and 13.7 (57
perccat) hours per day during winter months, respectively.
Because most subjects were farmers, time not spent in their
houses was likely spent outdoors. For our subjects, the
length of occupancy was less than the assumcd 60-90 per-
cent found in North American and European studies (30). In
our data, occupancy was related to reference age, increasing
1~1.5 hours between ages 40 and 70 ycars. However, we had
no data on the variation in occupancy throughout life, which
changes substantially during adulthood (12),

To our knowledge, there has been only one other large
study of radon and lung cancer in China (14). That study,
carried out in the northern industrial city of Shenyang,
included 308 lung cancer cases and 356 controls. Odds
ratios for all radon categories were less than one and were
nonsignificant. The absence of significant findings may
reflect the urban location, the higher levels of outdoor air
pollution, or lower radon levels, which were measurcd in
only a single bouse per subject. Subjects reported a median
of 24 years of residency, which reprcsents 19 years in the
5-30-year exposure-relevant period, and a mcdian radon
Jeve! of 85 Bq/m?, about 60 percent lower than in our study.
For subjects in our study who had occupied their current
house for at least 5 years, inean coverage was 28 of the pre-
vious 30 years, which represcnts 23 years during the expo-
sure-relevant period.

Am J Epidemiol Vol. 155, No. 6, 2002

Analyses of miners have suggested that the relative risk
trend for radon is higher for never smokers and younger per-
sons (1). Indoor radon studies, inclnding thc current one,
show inconsistent patterns of risk by smoking status and age
(tablc 5). Excess odds ratios seemed to decline with increas-
ing attained age in the Finland-II (4), Missouri-I (8),
Missouri-I (11), southwest England (3), and Stockholm,
Sweden (6) studies and suggestively in our study, but they
did not vary in the Finland-I (9) and lowa (12) studies. Data
trom the Stockholm study and living respondents in the
Missouri-I study provide only suggestive evidence for a
greater odds ratio trend with radon exposure for never
smokers,

Reasons for the differences in risk patterns for miners and
residentially exposcd subjccts arc unclcar. Comparative
dosimctry suggests an approximatc equivalence between
dose to target tissue for a given exposure in mines and in
houses (31). However, dosunetry comparisons do not take
into account other differences in the two environments, such
as exposwre (o other lung carcinogens and lung imritants in
mines. Another possible reason for the differences is low
power in individual studies to evaluate subtle variations,
since residential risks arc small and exposures are esimated
with uncertainty (18).

Because mincr studics included males only, these studies
are uninformative about radon risks for females. Risk
extrapolations to females for residential exposures have
relied on the assumption of equivalent susceptbility (1).
There is cvidence from the Finland-II (4) and southwest
England (3) studics that the excess odds ratio for radon is
higher for males than for femalcs; howcver, our study sug-
gests no such difterence (table 5). The question of differen-
tial effects by scx remains unrcsolved.

A potential confounder in our study was indoor air pollu-
tion, since most subjects used coal, wood, or sticks in a
stove or kang for cooking and hcating. In April 1995, we
measured particle-bound polycyclic aromatic hydrocarbons,
particulatc matter smaller than 10 microns (PM,,), carbon
monoxide, nitrogen dioxide, sulfur dioxide, and air
cxchange rate in 25 dwellings (22, 32). Ventilation rates
were high, averaging 1.5 air exchanges per hour, and
resultcd in pollutant levels that were episodic and elevated
only during stove use. Except for carbon monoxide and
PM,q, mean values were below US Ambient Air Quality
Standards (for more information, refer to the following
Internet Web site: http//www.epa.gov/airs/crileria.html).
We did not have air pollutant measurements for each study
housc; however, odds ratios for radon did not vary signifi-
cantly with level of indoor smokiness as reported by the
respondent. Odds ratio trends for radon were similar by
house typc after we included smoking risk and housc type as
stratification variables.

Infonnation on more than half of our cases came from
their next of kin, who may havc been less knowledgeable
about life events, raising the possibility that results might
bave been affected by differential misclassification.
However, odds ratios were similar after adjustment for
source of information or when data were restricted to sub-
Jject respondents only.



2002 '9 ON 'SGL °IoA roiwspidy [ wy

TABLE 5. Summary of excess odds ratios at a radon concentration of 100 Ba/m® and 95% confidence Intervais overall and within categories of effect modification
factors in published residentlal radon studies, with p values for results of tests of homaogeneity of excess odds ratios across categorles

Study (casea/controls) Overall axcess OR* Age at diagnosis
(raference no.) (95% Cl¢) e ™ e Smeiking o
Curment study All subjects’ Me: 022 <45:0.68 Never: 0.09 Refer I table 4
M- 563/1,232 0.19 (0.05, 0.47) F* 0.12 45-54: 020 1$:0.24
F: 205/427 p=062 55-64: 022 11: 0.02
265: 0.04 1Ii: 0.80
p=0381 p=0.39
Finland-1t (9) 0.57 (0.27, 0.99) <55: —0.29 Former: 0.10
M. 164/331 55-64' 0.0 1-9§
265:0.81 10-20: 0.38
p=067 220; ~0.19
p=0.99
Finland-Hl (4) 0.11 (-0.0G,031) M 0.18 <60 0.19 Never: —0.28 Occupational asbestos:
M. 478/479 F: —0.45 61-69:0.14 Formaer: 0.23 Never: 0.21
F:38/38 p=004 270. 0.02 1-9§: 0.20 Ever. -023
p=0.83 10-19: —=0.13 p=0.03
220:0.35
p=1.00
lowa (12) All gubjects’ 40-59.0.12 Never: 0.15 Education (no. ol years)
F: 413614 0.16 (-0.03, 0.61) 80-69:0 13 Lightq 0.22 <12: -0 05
Living subjects: 70-84-0 21 Heavy: 0.08 12:0.14
0.33 (0.02, 1.23) p=083 p=0.83 212:0.23
p=0.71
Missourk-i# (8) All subjects: Al Living: All;  Lwving:
F:538/1,183 0.05 (-0.13, 0.24) <65: 061 080 Never: 0.06 073
Living subjects: 65-74: 0.03 0.40 Former:. 002 008
0.47 (0.03, 1.40) 275: 0.08 027 p= 089 028
= 011 077
Missouri-tl (11) Surface monitors. Surface: Alr: Surface:  Air Education®®;
F.372/471 (surface) 247/299 (alr) 0.63 (0.07, 1.93) <65: 0.80 0.08 Never: 020 -~022 <12, 1.07
Alr monhors: 65-74: 0.47 —0.17 Former: 027 0.18 12,08
0.04 (-0.13, 0.57) 275: 053 183 Light to medium: 073 -0.32 213,04
= 084 013 Heavy: 2.53 1.08 p=0.05
p= 084 0.08 Previous lung disease:
No, 2 27
Yes, 0.97
p=0.05
Vegetable servings/week:
<7,04
7.22
28, 0.47
p= 0.05
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New Jerseyt (10)
F: 433/402

Shenyang, Chinat (14)
F: 3087356

Southwest England (3)
M: 667/2,108
F: 315/1,077

Stockholm, Swedent (6)
F: 210710

Sweden (7)
M 774/1 467
F: 586/1,380

Winnipeg, Canada (5)
M: 488/488
F. 2507250

Western Germany (13)
M: 1,214/1,865
F:235/432

0.28 ( -0.28, 0.97)

-0.04 (-0.23, 0.19)

All subjects: M:-0.14
0.08 (~-0.03,020) F:-0.13
Complete 30-year p=0.05

0.14 (0.01, 0.29)

0.52 (~0.05. 1.54)

0.10 (0.01, 0.22)

-0.06 (—0.14, 0.05)

All subjects:
-0.02 (—0.18, 0.17)
Radon-prone areas:
0.13(-0.12, 0.48)

<55: 0.31
55-64: —0.06
65-78: 0.10
p=036

<55, 0.99
55-84: 0.31
265.0.07
p=058

Never: 0.03
<153 3.18
15-24:1.17
225: —-0.43
p =043

Never: -0.13
tighttt: —0.16
Heavy: 0.10
p=0.58

Never: 0.04
Current: -0 04
Former: 0.19
Other: -0.23
p=042

Never: | 01
Former 0.08
1-04: 0.50
210:0.38
p=0.52

Never: 0.07
Former: 0.01
1-0§:016
210.0.18
p=0.68

No. of years worked outdoors:
0: -0.03
1-20: 0.12
221:0.22
p=0.36

* OR, odds ratio, Cl, confidence interval; M, male; F, female.

+ Smolang categories: |, other, I, duration 230 years and amount 210 cigarettes/day; i1, duration 240 years and amount 220 cigarettes/day, with subjects classified in tha highest risk category.

1 Estimates and tests from weighted regression, with reciprocals of the sums of the inverse numbers of cases and of controls as weights, using a linear odds ratio model
§ No. of cigarettas smoked per day.

1 Smoking categories: light, smoked <208.2 packs/year; heavy, smoked >208.2 packs/year.
¥ Based on linear model for odds ratio applied to original data.
** Results lor surface detactors placed on glass artifacts.

t1 Smolking categorles: light, smoked for <30 years or smoked 1-19 cigareltes/day for <40 years; hoavy, smoked >20 cigarettes for 230 years or amoked for 240 years.
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In conclusion, radon concentralions were high in our
study, exceeding those found in most previous indoar stud-
ies, and the population was stable and rural. Results provide
cvidence that high levels of residential radon increase the
risk of lung cancer and support the findings from meta-
analyses of indoor studies and from miners. In addition, our
estimates sugpest that effects of residential radon may egual
or exceed miner-based estimates, which are currently used
to evaluate risk.
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