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Residential Radon Gas Exposure and Lung Cancer

The lowa Radon Lung Cancer Study

R, William Field,' Daniel J. Steck,? Brian J. Smith,® Christine P. Brus,” Eileen L. Fisher,! John 8. Neuberger,”
Charles E Platz,® Robert A. Robinson,® Robert F. Woolson,* and Charles F. Lynch’

Exposure to high concentrations of radon progeny (radon) produces lung cancer in both underground miners
and experimentally exposed laboratory animals. To determine the risk posed by residential radon exposure, the
authors performed a population-based, case-control epidemiologic study in lowa from 1993 to 1997. Subjects
were female lowa residents who had occupied their current home for at least 20 years. A total of 413 lung cancer
cases and 614 age-frequency-matched controls were included in the final analysis. Excess odds were calculated
per 11 working-level months for exposures that occurred 5-19 years (WLM,_ ) prior to diagnosis for cases or
prior to time of interview for controls. Eleven WLM, . is approximately equal to an average residential radon
exposure of 4 pCl/iter (148 Bg/m®) during this period. After adjustment for age, smoking, and education, the
authors found excess odds of 0.50 (95% confidence interval: 0.004, 1.81) and 0.83 {95% percent confidence
interval: 0.11, 3.34) using categorical radon exposure estimates for all cases and for live cases, respectively.
Slightly lower excess odds of 0.24 (95 percent confidence interval: —0.05, 0.92) and 0.49 (95 percent confidence
interval: 0.03, 1.84) per 11 WLM_ _ were noted for continuous radon exposure estimates for all subjects and live
subjects only. The observed risk estimates suggest that cumulative ambient radon exposure presents an

important environmental healith hazard. Am J Epidemiol 2000;151:1091-1102.

case-control studies: dose-response relationship, radiation:; lung neoplasms; radon; smoking; women's health

Lung cancer has been the leading cause of cancer
death in US women since 1987 (1). Risk estimates
derived from epidemiologic studies of underground
miners attribute about 18,600 lung cancer deaths
(range, 3.000-38,600) in the US population to residen-
tial **radon decay product (radon) exposure (2).
Residential radon exposure risk estimates extrapolated
from miners to the public are subject to many uncer-
tainties (3) because of inherent differences between
these populations and differences between the mine
and home environments (4, 5).
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Empirical evidence showing an increased lung cancer
incidence from residential radon exposure is lacking.
Numerous epidemiologic investigations using either eco-
logic (6--8) or case-control (9-19) designs have attempted
to examine the relation between residential radon expo-
sure and lung cancer. The case-control study design over-
comes many of the limitations inherent in ecologic stud-
ies (20-24). Ten of the more rigorously designed
case-control studies published to date (9-18) have not
shown a consistent pattern regarding the association
between radon exposure, cigarette smoking, and lung
cancer. Poor radon exposure estimates have impeded the
ability of case-control studies to detect underlying associ-
ations (19, 235). We conducted a population-based case-
control study of Towa women that incorporated a unique
combination of study design and enhanced dosimetric
techniques (19}, including individual mobility assess-
ment, population stability. expert histologic review, and a
high percentage of live cases, to determine whether or not
residential radon exposure exhibits a statistically signifi-
cant positive association with lung cancer.

MATERIALS AND METHODS

The lowa Radon Lung Cancer Study (IRLCS) had
four major components: 1) rapid reporting of cases; 2)
a mailed questionnaire followed by a face-to-face
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interview: 3) a comprehensive radon exposure assess-
ment; and 4) independent histopathologic review of
lung cancer tissues. The IRLCS protocols received
approval from the University of lowa’s Institutional
Review Board in accordance with guidelines from the
US Department of Health and Human Services.

Lung cancer cases

Lung cancer cases met the following inclusion criteria:
1) newly diagnosed with a microscopically confirmed pri-
mary invasive (not in situ) lung carcinoma, without any
prior primary invasive lung carcinoma; 2) female lowa
resident at time of diagnosis; 3) age 40-84 vyears; and
4} residence in the current home for 20 consecutive years
or more. A total of 1,974 female lung cancer cases were
dentified by the lowa Cancer Registry between May 1,
1993 and October 30, 1996. The lowa Cancer Registry
has been a member of the Surveillance. Epidemiology,
and End Results Program of the National Cancer Institute
since 1973. The consent of each case's physician was
obtained prior to contacting the subject. Rapid reporting
identified 90.3 percent of the cases, with a median time
between diagnosis and ascertainment of 20 days.

Forty-three percent of the 1,974 cases had lived in
their current home for at least 20 years. Thirty-one per-
cent (1 = 603) of the 1,974 cases identified met all eli-
gibility criteria. Of these, 440 cases (73 percent) con-
sented to take part in the study. Each subject or her next
of kin provided written informed consent prior to enroll-
ment into the IRLCS. Of the consenting cases, 431 (98
percent) completed the process of filling out mailed
questionnaires with follow-up in-person facilitation of
the questionnaires and placement of radon detectors.
The questionnaires included information concerning
family health history, demographics, occupational expo-
sures. smoking history, passive smoke exposure history,
previous nonmalignant lung disease, diet, and a detailed
section on characteristics of the home. Questionnaire
data were manually double-entered into the computer,
and a 10 percent random sample was selected to manu-
ally check against the original coded reports.

To obtain a reliable histologic diagnosis, we
retrieved pathologic materials after obtaining signed
permission from 423 of the 431 eligible lung cancer
cases or their next of kin. Two board-certified surgical
pathologists from the Department of Pathology at The
University of lowa Hospitals and Clinics reviewed the
pathologic material upon which a diagnosis of lung
cancer was made for these subjects. The reviewers
were blinded to the diagnosis on the pathology report
as well as to each other’s review diagnosis. The major
diagnostic groups were based on the World Health
Organization’s histologic typing of lung tumors and
included the major categories of small cell carcinoma,

squamous cell carcinoma, adenocarcinoma, and large
cell carcinoma (26). Additional details concerning the
histologic review are available elsewhere (27).

Final review of the 431 cases excluded 18 cases from
the study because their detectors were discarded by next
of kin after the case died. Radon measurements were
completed for 413 of the cases. Histologic materials
were not available for eight of these cases, and eight
others refused to sign the consent form granting permis-
sion to obtain histologic materials. The registry-reported
histologic subtype was used for classification of these
16 cases. The two surgical pathologists provided a con-
sensus histologic diagnosis for 397 (96 percent) of the
413 cases. Thirty-three lung cancers included in the
analyses were classified as carcinoma not otherwise
specified because there was either insufficient patho-
logic material to review or the material was of poor
quality. Risk analyses were performed on the 413 cases.

Controls

Controls met the following eligibility criteria: 1) no
prior primary invasive lung cancer at the time of initial
contact; 2) female Jowa resident at time of initial con-
tact; 3) age 40-84 years: 4) alive at time of interview;
and 5) residence in the current home for 20 consecutive
vears or more. Controls aged 40-64 were selected from
current driver’s license tapes provided by the lowa
Department of Transportation. Controls aged 65-84
were selected from a current tape made available
through the Health Care Financing Administration.
These two databases were chosen to provide a popula-
tion-based sampling frame (28, 29). Both controls
selected from driver’s license tapes and those selected
from Health Care Finance Administration records were
age-frequency matched with the lung cancer cases by
S-year age groups. Additional information concerning
contact with controls and the population representative-
ness is available elsewhere (27-29).

Forty-eight percent of the controls initially identified
through either current driver’s license tapes or Health
Care Financing Administration records had lived in
their current home for at least 20 years. A total of 1,337
eligible controls were identified between May 1, 1993
and October 30, 1996. Of the controls, 693 (52 percent)
consented to take part in the study. and of these, 625 (90
percent) completed the process of filling out the mailed
questionnaires with follow-up in-person review of the
questionnaire and placement of radon detectors. All
controls were alive at the time of the home visit. Risk
analyses were performed on the 614 controls who com-
pleted vearlong radon measurements.

A follow-up questionnaire that compared smoking
and working histories was routinely sent to eligible
controls who refused to participate in the study (n =
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The fifth component of the radon dosimetry assessment was the linkage between the various radon concentra-
tions and both the subject’s temporal and her spatial mobility (equation 1). A ume-weighted average radon expo-
sure for each subject was calculated based on average yearlong radon measurements performed in the current bed-
room (and the historical bedroom, if applicable), each level of the home, and in-home work area (if applicable).
For each subject. the average yearlong radon measurement was linked to percent time spent in the bedroom (and
the historical bedroom, if applicable), each level of the home, in-home work area (if applicable). outdoors, in other
buildings, and away on vacation or business travel. The current. average, vearlong radon measurement was
assumed to be constant over the years that the participant hived in the home; however, the temporal and spatial
activity (time spent in the bedroom. each level of the home, etc.) was allowed to vary for each subject by individ-
ual season and period of time as recorded in the face-to-face interview. A radon concentration of 0.95 pCi/liter (35
Bg/m*) was assumed for the subject’s radon exposure while the subject was away from home on vacation or busi-
ness. This value (0.95 pCi/liter) represents the mean for the national average single-family home indoor (1.5
pCi/liter) and national average outdoor (0.4 pCi/liter) radon concentrations (35-37). Exposure estimates were
available for all years that the subject had lived in the current home. Temporal and spatial mobility information was
collected in a way that allowed estimation of exposures by time windows for the participants. The retrospective
time window 5-19 vears prior to diagnosis for cases or prior to initial contact for controls was chosen to compute
a cumulative radon exposure for two reasons. First. studies of underground miners demonstrate that the latency
period for radiogenic cancer is 5 vears (3, 4}. Second, the 20-year time interval inclusion criteria allowed a rea-
sonable pool of eligible cases and eliminated the need to impute missing radon measurement data during this
period. Previous studies of underground miners exposed to radon indicated that radon exposure occurring 5-15
years prior to the development of lung cancer carried the greatest risk per unit exposure (4),

Mohility-linked working level month exposure for year v

A
WIM, = ——— g (1
170 % 100 E i ()
Mobility and radon concentrations
A = assumed equilibrium ratio of 50 percent

h,. = total hours spent at location / during the yth vear prior to enrollment

r; = radon concentration (pCi/liter) at location /

MB vearlong ATD measurement
HE,, HB-, ... veartong ATD measurements
WA yearlong ATD measurement
=< L. L, ... average of ATDs on L, L,. ... (other than MB. HB,, HB,, ..., and WA)
AB 0.5 X first-floor concentrations (figure 1)
a5 yeariong outdoor ATD measurements (figure 1)
AW (.95 pCi/liter

Locations

MEB Master bedroom

HB, HB,, ... Historic bedroom 1, 2, ...

WA Home work area

Lo Ls ... Home level 1, 2, ... (other than MB. HB,, HB,. ..., and WA
AB Another building

a8 Qutside

AW Away from home (other than AB and OS5)

Am J Epidemiol Vol 151, No. 11, 2000
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Statistical analyses

The associations between lung cancer risk and
observed radon exposures were studied by using linear
excess odds models in the form expressed in equation 2:

w

,,,,,,,,,,,,,,, = expiBy + DBt X L ywl (2)
I — . )

where 7 1s the conditional probability of lung cancer,
i is the cumulative working-level month radon expo-
sure for years 5-19 prior to study enrollment. and the
x, are potential confounding variables. Under a rare-
disease assumption. this model is of the same general
form as the excess relative risk models developed for
radon by the National Research Council (4).

Cumulative radon exposure was expressed in work-
ing-level months for exposures occurring 519 years
prior to diagnosis (WLMs_y) for cases or prior to the
time of interview for controls. WLM_,4 exposure was
analyzed both as a categorical and a continuous vari-
able. Subjects were partitioned a priori into five expo-
sure cells for the categorical analyses. The highest 15
percent of exposed cases and controls combined con-
stituted the fifth cell. The remaining subjects were
divided among four equal width intervals of WLMs 4
exposure. The median exposure within each of the
five categories was used as the quantitative value. For
the continuous analyses. actual WLMq_ , exposure
was used.

Continuous variables were included in the regres-
sion models to adjust for the effects of age, active
smoking, and attained education level. The measures
of active smoking most significantly associated with
lung cancer risk, years since smoking cessation and
cigarette pack-year rate, were selected for the regres-
sion model. Pack-year rate was defined as the average
number of packs smoked per year from birth until 5
vears prior to study enrollment (assumed latency
period for lung cancer) for controls or lung cancer
diagnosis for cases. Results are also presented for
never, light. and heavy smokers, where “light” and
“heavy” are based on the median pack-year rate
(208.2 median pack-years) among those who smoked
at least 100 cigarettes or who smoked for a period of
at least 6 months in their lifetime. Pack-year rate was
chosen for this categorization because 1t was most
strongly and significantly associated with lung cancer
risk. The data were analyzed using the S-PLUS staus-
tical package (38). Model parameters were estimated
via maximum likelihood techniques. Trend tests, tests
for heterogeneity, and 95 percent confidence mtervals
are two-sided and are based on the likelihood ratio
statistic.

Am J Epidemiol Vol 151, No. 11, 2000

RESULTS

The mean age at lung cancer diagnosis was 67.9
years, and, as expected, was comparable with the age
at contact for controls, 67.4 years (table 1). Cases had
a slightly higher median residency time within their
current home at time of contact. The percent of sub-
jects who attained a postsecondary education and the
number of children were both slightly higher for con-
trols. All of the controls were alive at the time of inter-
view. Rapid reporting led to a high percentage (68.5
percent) of live cases. For the remaining cases, next of
kin participated. The next of kin who completed ques-
tionnaires consisted of husbands (58.0 percent).
daughters (16.7 percent), sons (14.7 percent), sisters
(2.6 percent), brothers (1.3 percent). and other rela-
tives or friends (6.7 percent). Fifteen percent of the
time, more than one relative helped to complete the
proxy questionnaires. A slightly higher percent of
cases resided in urban areas. A significantly higher fre-
quency of previous lung disease was seen for cases. As
expected, the greatest difference observed between
cases and controls was the proportions of ever smok-
ers, with 86.4 and 32.5 percent of the cases and con-
trols, respectively. smoking for either at least 6 months
or 100 cigarettes in their lifetime. Among ever smok-
ers, the pack-year exposure was much higher for cases
compared with controls. Among former smokers,
cases stopped smoking more recently than did con-
trols. The odds ratio (OR) for lung cancer for women
who smoked at least 100 cigarettes or who smoked for
a period of at least 6 months in their lifetimes versus
women who never smoked was 13.2 (95 percent con-
fidence interval: 9.5, 18.3). In addition. ORs of 8.1 (95
percent confidence interval: 5.6, 11.7) and 29.0 (95
percent confidence mterval: 19.1, 43.9) were found for
light and heavy smokers, respectively, compared with
the never smokers. These findings are consistent with
previous risk estimates from large-scale. population-
based studies examining the relation between smoking
and lung cancer in women (39-41),

Data from the follow-up guestionnaire found no dif-
ferences between participation and refusals among
controls for the categories ever-worked, current
worker, ever smoked, and current smoker. In addition,
no significant differences were noted in the bedroom
radon concentrations (Wilcoxon rank-sum test. p =
0.17) between participating controls and the control
refusals (21 percent) who performed radon testing.

Radon dosimetry

Home radon concentrations. An average of four
radon detectors were placed at each study home. The
measurements followed an approximately log-normal
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TABLE 1. Demographic characteristics of cases and controls in the IRLCS*, lowa, 1993-1897

Cases Controls
No, % Years No. % Years
Total 413 614
Age (years)
4048 2.2 2.8
50-58 16.9 1892
60-69 38.0 376
70-84 42.9 40.4
Mean age at diagnosis {cases} or
contact {controls) 679 67.4
Residency in home (median) 33 3
Mean no. of children 3.0 3.2
Education (years)
<12 10.2 7.7
12 57.2 48.7
»12 326 436
in-person interview 68.5 100.0
Urban residential setting 82.3 71.7
Previous lung disease 43.6 26.5
Ever-smokerst 357 200
Smaoking (pack-years)
0-19 132 49.5
20-39 37.2 30.0
40-59 28.6 16.5
=60 21.0 4.0
Former smokerst 104 128
Years since cessation of smoking
<10 70.5 298
10-19 17.3 219
20-29 7.1 20.5
=30 5.1 27.8

# IRLCS, towa Radon Lung Cancer Study.

t individuals who smoked at least 100 cigarettes or for a period of at least 6 months in their lifstime.
1 Former smokers were individuals who had quit smoking for at least 5 years belore diagnosis for cases or for
al least 5 years before time of interview for controls,

distribution. Geometric mean radon concenfrations by
level of the home are presented in table 2. The mean
first- and second-story radon concentrations were
approximately half the concentrations detected in the
basemients of homes. The mean radon concentrations
found in the basement of case and control homes were
similar, while slightly higher radon concentrations
were noted for the first and second story of case
homes. Detailed information concerning the spatial
variation of radon concentrations in IRLCS homes is
presented elsewhere (42). The majority of basement

radon concentrations and a significant percentage of
first- and second-story radon concentrations exceeded
the US Environmental Protection Agency’s action
level of 4 pCi/liter (148 qum?‘} for both cases and con-
trols. Geographic areas that exhibited the highest first-
floor radon concentrations were located in areas of
western and central lowa (figure 1).

Outdoor radon concentrations. The outdoor radon
concentrations at the 111 geographically dispersed
sampling stations throughout lowa ranged from 0.2
pCi/liter (7.4 Bg/m™) to 1.5 pCi/liter (56 Bg/m’), with

Am J Epidemiol Vol 151, No. 11, 2000
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TABLE 2. Residential radon gas concentrations for the 1,027
IRLCS* homes, lowa, 19931997

Subjects No. Geometric mean % exceeding
and of (pCifliter) 4 pCiftiter

level of home homes {GBD#) (148 Bo/m®)
Controls

Basement 567 4.6 (2.2} 58.4

1 614 2.4 (2.2) 28.0

2 298 1.92.1) 17.1
Cases

Basement 363 4.5(2.2) 58.7

1 413 2.7 12.2) 32.7

2 209 2.1(2.1) 2086

* {RLCS, lowa Radon Lung Cancer Study; GSD, geometric stan-
dard deviation.

a mean and a geometric mean of 0.82 pCi/liter (0.27
standard deviation) and 0.78 pCi/liter (1.4 geometric
standard deviation). respectively. Geographic spatial
stmilarities between the first-floor and outdoor radon
concentrations were apparent (figure 1). Detailed
information concerning the modeling of outdoor
radon concentrations in lowa and its impact on radon
exposure assessment is available elsewhere (34).
Spatial and temporal occupancy patterns.
Temporal longitudinal trends in the mobility patterns
for cases and controls varied modestly over time (table
3). The mean time spent at home for the controls
ranged from a low of 69.4 percent at age 50-59 years
to a high of 81.5 percent at age 80-84 years. The mean
time spent at home for cases ranged from a low of 70.5
percent at age 40-49 years to a high of 81.6 percent at
age 80-84 years. Both controls and cases who lived in
either one- or two-story homes with basements spent
the majority of their residential occupancy on the first
story. Trends across age for both cases and controls
varied for other subgroups by number of children,

education, and urban/rural status. Additional informa-
tion concerning the spatial and temporal mobility pat-
terns of study subjects is published elsewhere (32).

Risk estimates

The WLM._, cumulative radon exposures followed
a log-normal distribution. Table 4 presents the esti-
mated odds ratio for lung cancer and tests of linear
trend for WLM._,, cumulative radon exposure for all
controls and cases and subset analyses of controls and
cases who were alive at the time of interview. The risk
estimates were adjusted for age, active smoking, and
education. For all lung cancer subjects, there was a
positive categorical trend (p = 0.05). Analyses restricted
to the 283 live cases and 614 live controls noted both
a strong categorical (p = 0.01) and a continuous (p =
0.03) trend. The fifth exposure category was also sta-
tistically significant (OR = 2.14, 95 percent confi-
dence interval: 1.12, 4.15).

Table 5 displays the 15-year cumulative radon expo-
sure risk at 11 WLM._, for all subjects and for live
subjects categorized by both the continuous and cate-
gorical variables. Eleven WLMq 4 is roughly equiva-
lent to an average residential exposure of 4 pCi/liter
(148 Bg/m?), assuming a 70 percent home occupancy
and the other assumptions of the BEIR VI report (2).
Excess odds of 0.24 (95 percent confidence interval:
(.05, 0.92) and 0.50 (95 percent confidence interval:
0.004, 1.81) per 11 WLM ,, were calculated for all
cases by using the continuous and categorical vari-
ables, respectively. Higher excess odds of 0.49 (95
percent confidence interval: 0.03, 1.84) and 0.83 (95
percent confidence interval: 0.11, 3.34) were noted per
1T WLM_,, for the live case subset for both the con-
tinuous and the categorical risk estimates, respectively.

The eftect of the urban or rural status of subjects was
examined by cl ¢ them as living within or out-

TABLE 3. Mean percent time spent at home, in another building, outside, and away on vacation or

business* IRLCS,t lowa, 1993~1897

N Cases Controls

~AgE
fvears) wther other .
years) Homme i:?{;i} Quitside Home guiié;:g Outside Poriay
Al 732 142 75 721 144 8.5 5.0
40-49 765 17.1 7.7 4.7 70.1 167 5.0 4.2
50-59 70.7 16.7 7.5 5.1 69.4 17.2 8.4 50
80-69 748 1186 7.2 §6 732 12.3 76 69
70-79 789 78 6.7 6.6 780 82 6.7 7.1
8084 B16 7.0 59 55 B15 62 6.8 55

* The category “another building” represents time spent in another building at work, volunteer work, shopping,
atc. The category “away” represents vacation time or work assignments at a gecgraphic location significantly away
from the usual residence or place of employment. The category “cutside” represents time spent in the outdoors,

but also includes time spent in a vehicie.
+ IRLCS, lowa Radon Lung Cancer Study.

Am J Epidemiol Vol 151, No. 11, 2000
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TABLE 4. Estimated odds ratios* for lung cancer and tesls of a linear trend for WLM, 1 cumulative

radon exposure, IRLCSY, lowa, 1983-1997

Al Alve
Median Cases/ P ame Cases!
ORt i controls OR 5% CI controls
WLM, | cumulative radon
exposuret

0-4.23 3.18 1.00 56/104 1.00 37/104

4.24~8.47 6.18 1.34 081,222 147/229 1.31 0.75, 2.31 98/229

8.48-12.70 10.50 173 .99, 3.04 877118 1.79 0.97,3.33 61/118

12.71-16.84 14.58 1.62 (.88, 2.98 56/75 1.74 0.88, 343 39/75

>16.95 21.16 1.79 0.99, 3.28 §7/88 214 112, 4.15 48/88
p for trend

Continuous 0.14 0.03

Categorical 0.05 0.01

* Estimates are adjusted for age. active smoking, and education.

TWLM, .

working-level months for exposures that occurred 5-18 years prior to diagnosis for cases or time of

interview for controls (1 working-level month is equivalent to 3.5 » 107 Jh/m?); IRLCS, lowa Radon Lung Cancer

Study; OR, odds ratio; Cl. confidence interval.

i The temporally and spatially weighted median WLM cumulative exposure over 5-19 years was 7.9 WLM and

8.6 WLM for all controls and cases, respectively.

side of city hmits, as well as by county type of resi-
dence (large urban, small urban, and rural counties).
After control for age, education, and active smoking,
the urban/rural status was not significantly associated
with radon exposure and lung cancer risk (p > 0.6);
likewise. subjects who worked outside the home were
not at a significantly higher risk ot lung cancer than
were those who did not (p > (0.5). No individual occu-
pation was found to be at an increased risk.

Figure 2 compares the IRLCS odds ratios with odds
ratios calculated using radon exposure methodologies
similar to some of the previously published residential
radon studies. The odds ratios labeled as the master
bedroom and hiving area (level 1) were based on a
simple arithmetic average of the radon measurements
from the two rooms. The odds ratios labeled as the
hasement were based on the average vearlong radon
concentration in the basement. The IRLCS radon

TABLE 5. Excess risk estimates* for WLM__ cumulative
radon exposure IRLCSY, lowa, 1993-1897

Con

0.24

0.49

Estimated excess odds are for an exposure of 11 working-
months for exposu f?fg that cccurred 5w!§ ;f%arﬁ prior to diag-
cases o ‘ i | and are

for Ve SM g-level
is ec;mmem 0 3 5 % mm ¥
T IRLCS, lowa Raésr ws”g Cancer Study, €I, confidence
nterval,

exposure methodology produced higher odds ratios
than did the other two commonly utilized radon expo-
sure methods.

Table 6 presents the estimated odds ratios by lung
cancer subtype. Large cell carcinoma exhibited a sta-
tistically significant trend for both the continuous (p =
0.04) and categorical (p = 0.03) risk estimates. A sug-
gestive dose-response trend was also observed for the
squamous cell carcinoma subset (categorical p for
trend = 0.06) with a significant categorical risk esti-
mate of 3.17 for the fifth exposure category. However,
the differences in the linear excess odds between histo-
logic types was not statistically significant (continuous
p = 0.58, categorical p = 0.65).

Additional analyses were performed to examine
whether or not the effect of radon differed according
to smoking status, education, and age (table 7). There
was no evidence of heterogeneity for these three fac-
tors using either continuous or categorical analyses.
The test statistics (continuous p value = .83, cate-
gorical p value = 0.66) for heterogeneity among the
categories of smoking failed to reject a multiplicative
effect between radon and smoking on lung cancer risk.

DISCUSSION

IRLCS data were analyzed by using both continu-
ous and categorical modeling of cumulative radon
exposure. Analyses based on continuous exposure
variables have the advantage of avoiding the discre-
tionary nature of gﬁ@(}smg cutpoints. On the other
hand. trend statistics based on categorical measures
tend to reduce the influence of extreme values. Similar
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FIGURE 2. Plots of risk estimates for the all cases and controls calculated by using alternative radon exposure estimate scenarios, IRLCS,
fowa, 1993-1997. IRLCS odds ratios, as reported in table 4, are presented for comparison. The odds ratios plotted as the master bedroom and
living area are based on a simple arithmetic average of the radon measurements from the two rooms. The odds ratios plotted for the basement
are based on the average yearlong radon concentration in the basement without consideration of retrospective subject mobility. An average
home occupancy of 70 percent time was assumed for the master bedroom and level 1 (living area) plot and the basement plot.

findings were noted for both the continuous and cate-
gorical analyses. Excess odds of 0.24 (95 percent con-
fidence interval: —=0.05, 0.92) and 0.49 (95 percent
confidence interval: 0.03. 1.84) per 11 WLMg_,, were
calculated by using the continuous variables for all
subjects and for live subjects, respectively. Slightly
higher excess odds of 0.50 (95 percent confidence
interval: 0.004, 1.81) and 0.83 (95 percent confidence
interval: 0.11, 3.34) per 11 WLM;_ ,, were noted for
the categorical variables for all subjects and for live
subjects. The results for the continuous and categori-
cal variables were in general agreement. Furthermore,
there is no significant correlation between radon expo-

sure and active smoking (a combination of years since
smoking cessation and pack-year rate) (p > 0.45).
Thus, it is unlikely that the observed excess odds for
radon exposure are due to residual confounding with
smoking. Overall. these results suggest that cumula-
tive radon exposure is a significant risk factor for lung
cancer in women.

A major advantage of the IRLCS was the rapid-
reporting mechanism of the study, which obtained a
high percentage (69 percent) of live cases. The use of
living subjects provided the maximal opportunity to
obtain valid information (e.g., mobility, residence,
education, smoking history. etc.) as well as represen-

TABLE 6. Estimated odds ratios” and 95% confidence intervals for lung cancer and tests of a linear trend for WLM__ t
cumulative radon exposure by cancer subtype, IRLCSt, lowa, 1993-1997%

WL, curnulative radon exposure pfor rend
No. of cazses 04573 424847 8481270 12.71-16.94 218,85

?fx;§+~ e - e - —- Continuous Categoncal
kY OR OR a5% Cl R 95% OR 95% Cl

cinoma (7= 175} 1.00 121 067,224 357 081308 188 030 385 1.35  0.64, 0.260 0,21
100 208 079,580 220 077,675 240 077740 347 108 018 0.08
15 136 048 288 183 070,495 135 040 444 144 047 033 0.41
113 033,451 187 050,7.90 189 042 958 342 093 004 $.03
1.00 160 060,482 133 039,464 175 048,645 285 096, 010 0.08

sted for age, active smoking, and education

included in each subtype analysis,

working-level months for exposures that occurred 5-19

" ! : sures 1 years priof to diagnosis for cases or time of interview for controls {1
month is equivalent 1o 3.5 « 107 Jh/mv); IRLCS, lowa Radon Lung Cancer Study; OR, odds ratic; Cl. confidence intervai,

§ Thirty-three lung cancers were classified as carcinoma not otherwise specified and 17 as adenosquamous. Histologic materials were

not avaifable for eight cases, and eight cases refused to sign the consent form grant

ing permission to obtain histologic materials. The reg-

istry-reported histologic subtype was available and ussd for these 16 cases.

Am J Epidemiol Vol 151, No. 11, 2000
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TABLE 7. Excessive risk estimates* for 5~19 working-level months (WLM, )}t cumulative radon
exposure within categories of other covariates for all cases and controis, IRLCS$, lowa, 1993~1997

Continuous

Categorncal

Excess Testfor Excess . Test for
o 895% Cif heterngeneily T 895% Cf raterogenaity
sk {p vaiue) risk {p valug)
Age {years)
4059 0.18 ~-0.13, 1.1 0.93 0.29 ~{.25, 1.88 079
6069 0.20 ~0.13, 0.97 0.43 -0.09, 1.78
7084 0.32 -(.08, 1.57 G.71 -(.003, 2.85
Education {years)
<12 -0.07 ~(.34, 1.20 0.71 0.08 -(3.39, 1.91 0.63
12 0.21 -0.07, 0.92 0.48 ~0.03, 1.80
=12 0.34 ~0.10, 1.47 0.65 -(3.05, 2.59
Smoking category
Never 0.22 ~0.20, 1.93 0.83 0.88 -0.05, 6.01 0.66
Light 0.33 ~0.05, 1.30 0.51 ~0.07.2.10
Heavy 0.14 ~0.12,1.04 0.20 ~(3.24, 148

* Estimated excess odds are for an exposure of 11 working-level months for exposures that occurred 5-19

years prior to diagnosis for cases or time of intervie

w for controis (WLM__ . Eleven WLM_  is approximately

equivalent to an average residential exposure of 4 pCi/liter (148 Bg/m?), assuming a 70 percent home occupancy
and the other assumptions of the BEIR V| report (4). Separate risk estimates are presented for the categories list-
ad above to test for departures from the multiplicative effects of the covariates in the excess odds model.

+ One WLM is equivalent to 3.5 x 10° Jhim®,

+ IRLCS. lowa Radon Lung Cancer Study; Cl, confidence interval.

ative radon measurements. The degree of temporal
and spatial radon variation is of particular concern in
other studies in which a high percentage of lung can-
cer participants are deceased and in studies that mea-
sure historical homes the participant lived in at some
time in the past. The radon concentrations that exist
after the participant moves out of the home may not
reflect radon concentrations that prevailed when
she lived there. Structural changes in the home or
hehavior differences between the new and the former
occupants, such as opening the windows more fre-
quently, may affect residential radon concentrations,
Radon measurements were performed for a second
year in the basement and bedroom of 280 {RLCS
homes. Compared with first-year measurements, sec-
ond-year measurements performed in homes of proxy
respondents had greater radon variation (coefficient of
variation = 21.9 percent. # = 27 measurements) com-
pared with nonproxy homes (coefficient of variation =
15.4 percent. n = 487 measurements). Retrospective
subject mobility information. used to derive radon
exposure, is obtained more accurately from the subject
serself than from the next of kin. resulting in less error
in exposure measures and stronger dose-response
trends. Therefore. the live-case subset provides a bet-
ter estimate of the risk posed by cumulative radon
SXposure.

The IRLCS had several other advantages over pre-
vious residential radon studies. The study was carried
out in fowa. which has the highest mean radon con-

centrations in the United States (43). Approximately
60 percent of the study participants’ basement radon
concentrations and 30 percent of the first-floor radon
concentrations exceeded the US Environmental
Protection Agency action level of 4 pCi/liter (148
Bg/m”’). Western lowa appeared to have uniformly
higher indoor and outdoor radon concentrations com-
pared with eastern Towa. In fact. large areas of western
lowa had outdoor radon concentrations comparable
with the national average indoor value for single-fam-
ily homes of 1.5 pCi/liter (56 Bg/m™). The high radon
concentrations in conjunction with a strict quality
assurance protocol contributed to accurate and precise
radon measurements (33). While previous residential
radon studies have imputed from 17 to 40 percent of
their radon measurements (9-15, 17. 18), the IRLCS
criteria requiring occupancy in the current home for at
least the previous 20 vears eliminated the need to
impute radon measurements from missing homes.
Lubin et al. (21) have pointed out that these gaps in
radon measurements seriously decrease the statistical
capacity of a study to detect an association, since the
impact of the imputation decreases the overall power
of a study,

A limitation of the IRLCS was the lower than
expected response rate for controls, which was likely
attributable to the inclusion criterion of a 20-year res-
idency in the current home. We have previously
shown that as time spent living in a home increases.
concern about radon decreases (44). The findings of

Am J Epiderniol Vol 151, No. 11, 2000
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the follow-up questionnaire support the representa-
tiveness of the participating controls. The residency
requirement was imperative in order to reduce radon
exposure misclassification. However. it is noteworthy
that the IRLCS findings are most generalizable to
Midwest women who have smoked at some time in
their Hives and have spent at least the last 20 years in
their current home.

The advancement of linking multiple radon measure-
ments with individual retrospective mobility provided a
comprehensive assessment of radon exposure. Since
the participants’ spatial and temporal mobility trends
were nonlinear (32), exposure misclassification
increases when assuming a constant, such as a 75 per-
cent home occupancy factor, which was common prac-
tice in previous studies. The IRLCS linkages between
radon concentrations and individual mobility mini-
mized exposure misclassification attributable to spatial
radon variation (42) and changes in the participant’s
retrospective mobility (32). The failure to link spatially
disparate concentrations of radon with the subject’s ret-
rospective mobility probably introduces random mis-
classification of radon exposure that leads to risk esti-
mates biased toward showing no association (45). To
support this assertion, we found that the a priori IRLCS
radon exposure methodology produced higher odds
ratios than did those methodologies that did not link the
subject’s retrospective mobility with multiple spatially
diverse radon concentrations (figure 2).

Previous case-control studies were performed in
Canada, China, Finland, Germany, Sweden, the United
Kingdom, and the United States (New Jersey and
Missouri). Lubin et al. have combined the relative risks
of eight of these studies (9-16, 46) in a meta-analysis
using weighted linear regression to provide a summary
excess odds of 0.14 at 4 pCi/liter (148 Bg/m?). The
excess odds at 4 pCifliter (148 Bg/m’) obtained in two
other recent studies in Germany (17) and the United
Kingdom (18) were in close agreement with the risk
estimates obtained from the meta-analysis. The esti-
mated excess odds of the IRLCS at 11 WLM, 4
{roughly equivalent to a 1 5-yvear exposure at an average
radon exposure of 4 pCi/liter) ranged from 0.24 for all
cases 1o 0.83 for live cases only. These observed excess
odds were slightly higher than those reported in most of
the previous residential radon studies. The enhanced
dosimetry techniques used in the IRLCS, which
reduced exposure misclassification, probably con-
tributed to the higher risk estimates. The IRLCS risk
estimates are in general agreement with the National
Research Council’s predicted cancer risk associated
with indoor radon exposure (2).

Independent pathologic review was performed for
96 percent of the cases. The review provided for more

Am J Epidemiol Vol 151, No. 11, 2000

reliable classification of lung cancer cases by mor-
phology. While a positive dose-response trend was
noted for large cell carcinoma and squamous cell car-
cinoma, no significant differences were noted for
radon risk estimates between the lung cancer subtypes.
However, the morphologic findings from the IRLCS
require cautious interpretation because of the limited
sample size for some of the subtypes.

In conclusion, the IRLCS examined the relation
between cumulative radon exposure and lung cancer
by uniquely combining enhanced dosimetric tech-
niques, individual mobility assessment, and expert
morphologic review with a population characterized
by stability, a high percentage of live cases, and a
potential for high radon exposure. Our findings sug-
gest that the ability to detect an association between
cumulative radon exposure and lung cancer requires 1)
a rigorously designed study minimizing radon expo-
sure misclassification and 2) a study location with rel-
atively high radon concentrations. Overall, the risk
estimates obtained in this study suggest that cumula-
tive radon exposure in the residential environment is
significantly associated with lung cancer risk.
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EPAMap of Radon gy population: ~ Female lowa residents, age 40-84 years,

_Zones both non-smokers and ever smokers, who

Radon and Real ‘had lived in their current home for at least
Fstate 20 consecutive years and completed

year-long radon measurements. Included

Radon in Water 413 lung cancer cases (86.4% ever

Radon Resistant New smokers) and 614 controls (32.5% ever
Construction (RRNC) ‘smokers).

BEIR VI Report Backgronnds " T Tows raon o camear stady Tad o

—on Radon ~ majorcomponents: I) rapid reporting of

~cases; 2) a mailed questionnaire followed
by a face-to-face interview; 3) a ;
i&comprehensive radon exposure assessment;
Radon Action Month ‘and, 4) independent histopathologic review |
of lung cancer tissues

Find a Radon
Service Professional

Radon Public Service
Announcement (PSA) The rapid case reporting allowed personal
‘interviews with a high percentage (69 %)
of cases, providing much more accurate
information than can be obtained by
mnterviewing relatives. This study
represents the most detailed attempt, to
date, to reconstruct total individual radon
exposure. Exposure reconstruction
‘included on-site measurements of home
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-radon with year-long tests on every level of
‘the home, in current & historical

bedrooms, and in "in-home" work areas.
These in-home measurements were linked

~with individual movements within the
‘home. Outside exposure as well as

exposures in other buildings were included

in the reconstruction. The independent

tissue review (performed on 96% of lung

‘cancer tissues) provided a reliable
classification of lung cancer cases.

"The risk estimates obtained in this study
suggest that cumulative [total] radon '
‘exposure in the residential environment is
significantly associated with lung cancer

risk." After adjusting for age, smoking, and

‘education, and using categorical radon
‘exposure levels, a 15 year exposure at

levels equivalent to EPA's action level of 4
pCi/L yielded excess odds of 0.50 i.e., an |
increase in lung cancer risk of 50% (95%
confidence interval: 0.004, 1.81) for total
cases and excess odds of 0.83 for cases

‘with personal interviews i.e., an increase in

lung cancer risk of 83% (95% confidence
interval: 0.11, 3.34). The higher risk found

for cases with personal interviews vs. the :
‘total cases most probably reflects the more

accurate exposure assessment obtained

from interviews with cases vs. interviews

with relatives.

EPA'S View of the Study:

The lowa sttidy is éxceptionally well

‘designed and well executed. It adds to the
‘body of knowledge which designates
residential radon as the second leading
‘cause of lung cancer. It supports EPA's
‘position and the National Academy of
Sciences' Institute of Medicine's 1999
report that radon exposure in homes is a
'public health problem. It confirms EPA's,
the Center for Disease Control's, and the
‘Surgeon General’s positions that all homes
'should be tested for radon, and all homes
testing over 4 pCi/L should be fixed. In
terms of scientific advancements, the study
%breaks new ground in estimating total :
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: ‘individual radon exposure.

University of lowa Center for Health |
%Effects of Environmental Contamination
Press Release, [xITdictimery]

‘Contains the Press Release; Abbreviated
‘Findings; Study Methodology; Questions
‘and Answers About the Study; and, Study
‘Contact and Additional Radon
[nformation.

§Press Quotes: 1 wanted to commend }ou()nmur“h}wa
Radon Lung Cancer Study. I believe the

To: R. William Field, methods you used to reduce the inherent

P h.D. , random error associated with ascertaining
ECoilege of Public Health, long-term residential radon exposure are
Dep artn’}ent of ‘critical to validly assessing the lung cancer
gﬁp{dem%ology risk from this source. As you correctly ’
;’U?“VQI‘S“Y of lowa, lowa ‘point out the random error in estimating
E;Cﬂ?y, lowa radon exposure has the potential to

substantially underestimate the slope of the
‘dose-response curve. Your estimates of :
risk are similar to my own in our study of
lung cancer among Missouri women,

‘where we used historic estimates of radon
§exposure from cumulative measures of
‘radon progeny in glass. [ believe that most
§fstudies published to date have been
§ineffective in reducing measurement error
‘and their dose-response results have :
suffered from a bias toward the null. I look |
gforward to the discussion your results will
‘generate and urge you to complete the
analysis of you radon progeny in glass
‘measurements data. Along with your
current manuscript, that data should help
clarify the true nature of the dose-response
ccurve between residential radon and lung
‘cancer risk. Again congratulations on a job
‘well done.

Signed:

‘Michael Alavanja, Dr. P.H.

‘Senior Investigator, Division of Cancer
‘Epidemiology and Genetics, National
‘Cancer Institute

"The Towa Study is a significant addition to
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our already strong understanding of indoor
radon and lung cancer. Its particular
[importance lies in the careful methodologic -
work done by the investigators on some
nagging scientific issues--particularly the
estimation of lifetime exposure to radon.”

Signed: Dr. Jonathan Samet, Professor and |
‘Chairman, Department of Epidemiology,
%Schooi of Hygiene and Public Health,
Johns Hopkins University, Baltimore,
‘Maryland.
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