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Exposure to high concentrations of radon progeny (radon) produces lung cancer in both underground miners 
and experimentally exposed laboratory animais. To determine the risk posed by residential radon exposure, the 
authors performed a population-based, case-control epidemiologic study in Iowa from 1993 to 1997. Subjects 
were female Iowa 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 (WLMs-,.) prior to diagnosis for cases or 
prior to lime of interview for controls. Eleven WLMs--i, is approximately equal to an average residential radon 
exposure of 4 pClniter (148 Bq/m3

) during this period. Alter 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 an 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 WLMs-,, were noted for continuous radon exposure estimates for all subjects and live 
subjects only. The observed risk estimales suggest that cumulative ambient radon exposure presents an 
important environmental health hazard. Am J Epidemiol 2000; 151: 1091-1102. 
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Lung cancer has been the Jeading cause of cancer 
death in US women since 1987 ( 1 ). Risk estimates 
derived from epidemiologic studies of underground 
miners a11ribu1e about 18.600 Jung cancer deaths 
(range. 3.000-38,600) in the US population 10 residen­
tial 111radon decay producc (radon) exposure (2). 
Residential radon exposure risk estimates extrapolated 
from miners to the public are subjec! to many uncer­
caincies (3) because of inheren! differences becween 
chese populations and differences be1ween the mine 
and home environments (4. 5). 
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Empirical evidence showing an increased Jung cancer 
incidence from residential radon exposure is lacking. 
Numerous epidemiologic investigations using either eco­
logic (6-8) or case-contrai (9-19) designs have auempced 
10 examine the relation between residential radon expo­
sure and Jung cancer. The case-contrai study design over­
comes many of the limi1a1ions inherent in ecologic stud­
ies (20-24 ). Ten of che more rigorously designed 
case-contrai studies published to date (9-18) have not 
shown a consistent panem regarding the association 
becween radon exposure. cigarette smoking. and Jung 
cancer. Poor radon exposure estimates have impeded the 
ability of case-contrai srudies to detect underlying associ­
ations ( 19, 25). We conducted a population-based case­
comrol study of Iowa women chat incorporated a unique 
combination of scudy design and enhanced dosimecric 
cechniques ( 19), including individual mobility assess­
ment. population s1abili1y. expert histologie review. and a 
high percentage of live cases. 10 detennine whether or not 
residemial radon exposure exhibits a s1a1is1ically signifi­
cam positive association wich Jung cancer. 

MATERIALS AND METHODS 

The Iowa Radon Lung Cancer Study (IRLCS) had 
four major components: 1) rapid reporting of cases: 21 
a mailed questionnaire followed by a face-10-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 recei\'ed 
appro,·al from the Uni,·ersity of lowa's lnstitutional 
Review Board in accordance with guidelines from the 
US Department of Health and Hu man Sen'ict!,s. 

Lung cancer cases 

Lung cancer cases met the following inclusion criteria: 
1) newly diagnosed with a microscopically confirrned pri­
mary im·asive (not in situ) lung carcinoma. ,,·ithout any 
prior primary inrnsive Jung carcinoma: 2) ti!male Iowa 
residenc at time of diagnosis: 3) age 40-8~ years: and 
4) residence in the current home for 20 consecutive years 
or more. A total of 1 .974 female lung cancer cases were 
identified by the Iowa Cancer Registry between May 1. 
1993 and October 30, 1996. The Iowa 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 
identitied 90.3 percent of the cases. with a median time 
between diagnosis and ascertainmem of 20 days. 

Fo11y-1hree percent of the J ,97~ cases had lived in 
their current home for at Jeast 20 years. Thiny-one per­
cent (11 = 603) of the J ,97~ cases identified met ail eli­
S?ibilitv criteria. Of these. 440 cases (73 percent) con­
;ented to take part in the s1Udy. Each subject or her next 
of kin provided ,,·rinen inforrned 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 conceming 
family health history, demographics. occupalional 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 obiain a reliable histologie diagnosis. we 
retrie,·ed pathologie materials after obtaining signed 
permission from ~23 of the 431 eligible Jung cancer 
cases or their next of kin. Two board-ce11ified surgical 
pathologists from the Depanment of Pathology at The 
University of Iowa Hospitals and Clinics re\'iewed the! 
pathologie material upon which a diagnosis of Jung 
cancer was made for these su_bjects. The reviewers 
were blinded to the diagnosis on the pathology report 
as ,vell as to each other's review diagnosis. The major 
diagnostic groups were based on the World Health 
Organiza1ion ·s histologie typing of Jung tumors and 
included the major categories of small cell carcinoma. 

squamous cell carcinoma. adenocarcinoma. and large 
cell carcinoma ( 26). Additional details conceming the 
histolo2ic review are a,·ailable elsewhere (27 ). 

FinaÏ review of the ~31 cases excluded 18 cases from 
the studv because their detectors were discarded b, next 
of kin ;fter the case died. Radon measurements· were 
completed for 413 of the cases. Histologie m:uerials 
were not a,·ailable for eight of these cases. and eight 
others refused to sign the consent form granting permis­
sion to obtain histologie materials. The registry-reponed 
histologie subtype was used for classification of these 
16 cases. The two surgical pathologists pro,·ided a con­
sensus histologie 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
logie material to review or the material was of poor 
quality. Risk analyses were perfonned on the 413 cases. 

Controls 

Contrais met the following eligibility criteria: 1) no 
prior primary invasive lung cancer at the rime of initial 
contact: 2) female Iowa resident at time of initial con­
tact: 3) age -l0-84 years: 4) aliw at time of inten·iew: 
and 5) residence in the current home for :w consecuti,·e 
years or more. Contrais aged 40-64 were selected from 
current dri\'er·s license tapes pravided by the Iowa 
Depanment of Transportation. Contrais aged 65- 8-l 
were selected from a current tape made available 
thraugh the Health Care Financing Administration. 
These cwo databases were chosen to pravide a popula­
tion-based sampling frame (28. 29). Both controls 
selected from dri\'er's license tapes and those sel!'.'cted 
from Health Care Finance Administration records were 
age-frequency matched with the lung cancer cases by 
5-year age graups. Additional information conceming 
contact with controls and the population representati,·e­
ness is available elsewhere (27-29). 

Fo11y-eight percent of the controls initially identitied 
thraugh either current driver's license tapes or H!'.'alth 
Care Financing Administration records had liwd in 
their current home for at least 20 years. A total of 1 .337 
eligible contrais were identified between May 1. 1993 
and October 30. 1996. Of the controls. 693 (52 percent) 
consented to cake part in the study. and of the se. 615 190 
percent) completed the process of filling out the mailed 
questionnaires with follow-up in-person review oi the 
questionnaire and placement of radon detectors .. -\Il 
controls were al ive at the time of the home visit. Risk 
analyses were performed on the 614 controls who com­
pleted yearlong radon measurements. 

A follow-up questionnaire that compared smokin? 
and working histories was rautinely sent to eligibk ./ 
contrais who refused to participate in the study (11 = 
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6-+-4 ) .. .\ total of 224 controls retumed their question­
naire. Comparisons were made between participating 
and nonparticipating controls on the basis of question­
naire responses to having ever worked outside of the 
home. current working status. and smoking history. In 
addition. the eligible controls who retumed the short 
questionnaire were offered yearlong radon testing of 
their bedroom. 

Radon dosimetry 

The radon dosimetry assessment consisted of fü·e 
components: I) on-site residential assessment survey: 
2) on-site radon rneasurements: 3} regional ourdoor 
radon measurements; 4) assessment of subject's expo­
sure when in another building; and 5) linkage of his­
torical subject mobility with residential, outdoor. and 
other building radon concentraiions. A detailed 
description of the radon dosirnetry assessment is pre­
senred elsewhere ( 19, 27). Briefly. the first component 
was a residential assessment and dosimetry placement 
conducted in persan at 1he subjeci"s home. His1orical 
participant mobility wi1hin the home as well as time 
spen1 0U1side the home and in 01her buildings was 
ascertained by a face-10-face interYiew using a 
methodology described elsewhere ( 19, 27. 30-32}. 
The mobility assessment accounted for ail of the 1ime 
( 168 hours/week) from when 1he participanl mo,·ed 
into the current home until study enrollment. 

The second componenl of 1he radon dosime1ry 
assessment was on-site measuremenl of home radon 
gas concentraiions for each case and control. At least 
one Radtrak Alpha Track Detector (Landauer. Inc .. 
Glemrnod, Illinois) was placed on each ie,·el of the 
home. in current and historical bedrooms. and in in­
home work areas. Field technicians retrieved the 
detectors after the 1-year exposure period. ln ail, 4,626 
alpha-1rack de1ec1ors were placed a1 the 1.027 study 
sites. Overall. 97 percent of ail alpha-1rack de1ectors 

Outdoor Radon Concentrations 
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placed were retrie,·ed I year lacer. Inform,uion describ­
ing the IRLCS's Dosimetry Quality Assurance Plan 
and information detailing the accurncy and precision 
of IRLCS alpha-track de1ector measurements are pub­
lished elsewhere ( 33 ). 

The third component of the radon dosimerry assess­
ment was the measurement of annual average outdoor 
radon concentrations at 111 geographically dispersed 
locations in Iowa by using 129 US Environmental 
Protection Agency proficient alpha-rrack detectors. The 
outdoor radon concentrations and the radon concentra­
tions from the participants' first tloors were mapped by 
using a kriging procedure (figure I ). The outdoor radon 
e.xposure was esrimated from the local average of 1he 
kriged grid values derived from direct outdoor mea­
suremenrs. The exposure mode! assumed 1hat a subjec1 
was primarily exposed to radon outside the home at a 
variety of Joca1ions, and the exposure was weighted so 
thac 1he radon concentration within I mile ( 1.6 km) of 
the home accounted for 50 percent of the exposure wi1h 
incremental decreased weighting out to 20 miles (32 
km). Additional informa1ion concerning ou1door radon 
concentra1ions in Iowa is presented elsewhere (3-lJ. 

Es1ima1ed radon exposures in 01her buildings fwork. 
schools, churches. s1ores. etc.) \\ ere the fourth compo­
neni of our radon dosime1ry assessment. We sllldied 1he 
rela1ion between bedroom radon concentra1ions and 
radon concen1ra1ions in other buildings for approxi­
ma1ely J 00 women in nearby i\linneso1a. The resulls 
from this study sugges1ed 1hat 1he bes1 es1ima1e for 1he 
radon concentra1ions in other buildings is 0.5 limes 1he 
tirst-tloor residential radon concen1raiion. Thus. we also 
cons1ructed a kriged surface grid for the 01her buildings 
based on 0.5 times the first-tloor radon concen1ra1ions 
wi1hin the con1rols' homes. The exposure modcl 
assumed thàt a subjecl spenr time in many local build­
ings and assigned the average ,·alue of the 01her builJ­
ing kriged grid wi1hin a 20-mile (32-km) radius of her 
home as her average exposure in other buildings. 

First Floor Radon Concentrations 

FIGURE 1. Maps ol outdoor and lirsl-tloor radon concentrations in Iowa. IRLCS, 1993-1997. 
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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 time-weighted average radon expo­
sure for each subject was calculated based on average yearlong radon measurements perfonned in the current bed­
room (and the historical bedroom. if applicable). each 1e,·el 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. yearlong radon measurement was 
assumed to be constant over the years that the participant lived in the home: however, the temporal and spatial 
activity (time spent in the bedroom. each level of the home. etc.) was allowed 10 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/Jiter (35 
Bq/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/Jiter) and national average outdoor (0.4 pCi/liter) radon concentrations (35-37). Exposure estimates were 
available for all years chat the subject had lived in the current home. Temporal and spatial mobility infonnation was 
collected in a way that allowed estimation of exposures by cime windows for the participants. The retrospective 
time window 5-19 years prior to diagnosis for cases or prior to initial contact for controls was chosen to compute 
a cumulati\'e radon exposure for two reasons. First. studies of underground miners demonstrate that the latency 
period for radiogenic cancer is 5 years (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). 

Mobility-linked working Ie,·el month exposure for year y 

,. L 
WLM, = h11 r1 · 170 X 100 1 • 

l\Iobility and radon concentrations 

À = assumed equilibrium ratio of 50 percent 

'11,,· = total hours spent at location / during the yth year prior to enrollment 

r1 = radon concentration {pCi/liter) ac location I 

MB 
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WA 

yearlong ATD measurement 
yearlong ATD measurements 
yearlong ATD measurement 

( 1) 

= L 1,l'1 . .. . 

AB 

os 
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average of ATDs on L1• L~ • ... (other than MB. HB 1, HB~ . .. . , and WA) 

0.5 X first-floor concentrations (figure 1) 

MB 
HB1, HB~ • ... 
WA 

L,.~ •... 
AB 

os 
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yearlong outdoor ATD measurements (figure 1) 
0.95 pCi/liter 

Locations 

Master bedroom 
Historie bedroom 1. 2, ... 

Home work area 
Home level 1. 2 . ... (other than MB, HB 1, HB2, ••• , and WA 
Another building 
Outside 
Away from home (other than AB and OS) 
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Statistical analyses 

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

~ = exp{Po + L P,.r,} X [ 1 + :i<- (2) 
1 - ïï 

where .. is the conditional prabability of lung cancer. 
11· is the cumulatiYe workin~-level month rndon expo­
sure for years 5-19 prior to-study enrollmem. and the 
.r, are potential confounding variables. Under a rare­
disease assumption. this model is of the same general 
form as the excess relati,·e risk models de,·elûped for 
radon bv the National Research Council (4). 

Cunn~lative radon exposure was expressed in work­
im?-le,·el months for exposures occurring 5-19 years 
prior to diagnosis (WLM5_, 9) for cases or prier to the 
time of interview for contrais. WLM 5• 19 exposure was 
analyzed both as a categorical and a continuous ,·ari­
able. Subjects were partitioned a priori into fi,·e expo­
sure cells for the categorical analyses. The highest 15 
percent of exposed cases and controls combined con­
stituted the fifth cell. The remaining subjel"ts were 
divided among four equal width intervals of \\'L~J 5_19 

exposure. The median exposure within each of the 
five ca1e2ories ,,·as used as the quantitative ,·;iJue. For 
the continuous analyses. actual WLM5_19 exposure 
was used. 

Cominuous ,·ariables were inclucled in the regres­
sion models to adjust for the etïects of age. acti,·e 
smokin~. and attained education lc,·el. The mensures 
of acii,~ smoking most significantly associ:lled with 
lung cancer risk. years since smoking cessation and 
cigare11e pack-year rate. were selccted for the regres­
sion rnodel. Pack-vear rate was defined as the :l\·erage 
number of packs ;moked per year from birth umil 5 
years prior 10 study enrollment (assumed latency 
period for lung cancer) for controls or lung cancer 
dia2nosis for cases. Results are also presented for 
ne,~r. 1 ight. and heavy smokers. \\'here ··1 ight"" and 
'·hea\'\··· are based on the median pack-~ ear rate 
(208.i median pack-years) among chose who smoked 
ac least 100 ci2areHes or who smoked for a period of 
at least 6 months in their lifetime. Pack-year rate was 
chosen for this categorization because it ,,·as most 
strangly and signitïcantly associated with lung cancer 
risk. The data were analyzed using the S-PLCS statis­
tical package OS). Mode! parameters were es1imated 
via maximum Iikelihood techniques. Trend tem. tests 
for heterogeneity. and 95 percent confidence intervals 
are two-sided and are based on the likelihood ratio 
statisiic. 
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RESULTS 

The mean a2e at lun!! cancer di:1!!nosis was 6-.9 
years. and. as ixpected. ~\'as compar.;ble \\'Îth the Jfe 
ac contact for contrais. 67A years (!able 1 ). Cases h:!J 
a slightly higher median residency cime \\'ithin their 
current home at time of contact. The percent of sur­
jects who auained a postsecondary education and the 
number of children were both slightly higher for Cl)il­

trals. Ali of the contrais were ahe at the time of inter­
,·iew. Rapid reporting led to a high percent.1ge (6S.5 
percent) of live cases. For the remaining cases. next 0f 
kin panicip:ited. The next of kin who c:ompleced que~­
tionnaires consisted of husbands (58.0 percem 1. 

daughters ( 16. 7 percent). sons ( 1-t 7 percent). sis1ers 
(:2.6 percent). brathers ( 1.3 percent), and other rel.1-
tives or friends {6. 7 percent). Fifteen percent of 1he 
time. more than one relative helped 10 complete the 
pro.xy questionnaires. A slightly higher percent l1f 

cases resided in urban areas. A signitïcantly higher fr~­
quency of previous Jung disease was seen for cases. :.\5 

expected. the greacest difference obser\'ed bet\\ e~n 
cases and contrais was the proportions of e,·er smo1'­
ers. wich 86.-+ and 32.5 percent of the cases and <.:l''n­
trols. respectively, smoking for either at least 6 months 
or 100 ci2are11es in their lifetime. Among e\'er ~nwl..­
ers. the p;ck-year exposure was much higher for c:is~s 
compared \Vith contrais. Among former smoker~. 
cases stopped smoking more recently than did cc1n-
1rols. The odds ratio (OR) for lung cancer for wom~n 
who smoked ai least 100 cigarenes or who smoked for 
a period of ai least 6 months in their lifetimes \'er~u~ 
,,·ornen who never smoked was 13.2 (95 percent con­
fidence intenal: 9.5. 18.3). ln addition. ORs of 8.1 t95 
percent contïdence interval: 5.6. 11.7) and 29.0 t95 
percent confidence interval: 19.1.43.9) \\'ere found for 
lighc and he:l\'y smokers. respectively. compared wi1h 
the ne,·er smokers. These findings are consistent "i1h 
pre,·ious risk esiimates from large-~cale. population­
based studies examining the relation bet\\'een smokin~ 
and lung cancer in women (39---t I ). 

Data from the follow-up questionnaire found no dir­
ferences between participation and rèfusals amon~ 
contrais for the categories ever-worked. current 
worker, ever smoked. and current smoker. ln addition. 
no significant differences were noted in the bedraom 
radon concentrations (Wilcoxon rank-sum test. p = 
0.17) between participating contrais and the control 
refusais (21 percent) who performecl 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-nomul 
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TABLE 1. Demographic characteristics of cases and contrais in the IRLCS•, Iowa, 1993-1997 

Cases Controls 

No. o, .. Years No. % Years 

Total 413 614 

Age (years) 
4D-49 2.2 2.8 
50-59 16.9 19.2 
60-S9 38.0 37.6 
70-84 42.9 40.4 

Mean age at diagnosis (cases) or 
contact (contrais) 67.9 67.4 

Residency in home (median) 33 31 

Mean no. of children 3.0 3.2 

Education (years) 
<12 10.2 7.7 
12 57.2 48.7 
>12 32.6 43.6 

ln-person interview 68.5 100.0 

Urban residential setting 82.3 71.7 

Previous Jung disease 43.6 26.5 

Ever-smokerst 357 200 

Smoking (pack-years) 
0-19 13.2 49.5 
20-39 37.2 30.0 
40-59 28.6 16.5 
~60 21.0 4.0 

Former smokers:t 104 128 

Years since cessation of smoking 
<10 70.5 29.8 
10-19 17.3 21 .9 
20-29 7.1 20.5 
~30 5.1 27.8 

• IRLCS, Iowa Radon Lung Cancer Study. 
t lndividuals who smoked at teast 100 cigarettes or lor a period of at least 6 months in their lifetime. 
i Former smokers were individuals who had quit smoking for at least 5 years before diagnosis for cases or for 

at least 5 years before time of interview for contrais. 

radon concentrations and a significant percentage of 
first- and second-story radon concentrations exceeded 
the US En\'ironmental Protection Agency's action 
le\·el of 4 pCi/liter ( 148 Bq/m3

) for both cases and con­
trois. Geographic areas that exhibited the highest first­
floor radon concentrations were locaced in areas of 
western and central Iowa (figure I ). 

Outdoor radon concentrations. The outdoor radon 

0 

distribution. Geometric mean radon concentrations 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 
basements of homes. The mean radon concentrations 
found in the basement of case and contrai homes were 
similar, while slightly higher radon concentrations 
were no1ed for the firsc and second scory of case 
homes. Detailed information conceming the spatial 
variation of radon concentracions in IRLCS homes is 
presented elsewhere (42). The majority of basemenc 

concentrations ac the 111 geographically dispersed ~ 
sampling stations throughout Iowa ranged from 0.2 
pCi/liter (7A Bq/m-1) to 1.5 pCi/liter (56 Bq/m3), with 
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TABLE 2. Residentlal radon gas concentrations for the 1,027 
IRLCS• homes, Iowa, 1993-1997 

Subjecrs No. Geometnc mean % e•ceedong 
and ol (pCa/loter) 4 pC~l,ter 

levet of home homes (GSD·J (148 Bq.m') 

Contrais 
Basement 567 4.6 (2.2) 58.4 
1 614 2.4 (2.2) 28.0 
2 298 1.9 (2.1) 17.1 

Cases 
Basement 363 4.5 (2.2) 58.7 
1 413 2.7 (2.2) 32.7 

2 209 2. 1 (2.1) 20.6 

• IRLCS, Iowa Radon Lung Cancer Study; GSD, geometnc stan-
dard devialion. 

a mean and a 2eometric mean of 0.82 pCi/liter (0.27 
standard deviaÏion) and O. 78 pCi/li1er ( 1.4 geomeiric 
standard devia1ion), respec1ively. Geographic spatial 
similari1ies be1ween the firs1-floor and outdoor radon 
concentrations were apparem (figure 1 ). Deiailed 
information concerning the modeling of outdoor 
radon concentrations in Iowa and its impact on radon 
exposure assessmenl is availabk elsewhere (34). 

Spatial and temporal occupancy patterns. 
Temporal longitudinal trends in the mobility patlerns 
for cases and contrais \'aried modestly over time (table 
3). The mean time spent at home for the contrais 
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 
lime spent at home for cases ranged from a Jow of 70.5 
percent at age 40-49 years to a high of 81.6 percent at 
age 80-84 years. B01h contrais and cases who lived in 
ei1her one- or 1wo-story homes with basements spent 
1he majority of their residential occupancy on the tïrst 
story. Trends acrass age for bath cases and contrais 
varied for other subgraups by number of children. 

Residential Radon Gas Exposure 1097 

education. and urban/rural status. Addi1ional informa­
tion conceming the spatial and temporal mobility pat­
terns of :;cudy subjects is published elsewhere 132). 

Risk estimates 

The \\"L~·f 5_ 19 cumulative radon exposures followed 
a log-nonnal distribution. Table 4 presents the esti­
ma1ed odds ratio for lung cancer and 1es1s of linear 
trend for WL~5_19 cumulative radon exposure for all 
contrais and cases and subset analyses of contrais and 
cases who were ali,·e ac the time of interview. The risk 
estimates were adjusted for age, active smoking. and 
education. For all lung cancer subjects, there was a 
posici,·e categorical crend (p = 0.05). Analyses restricted 
to the 283 li\'e cases and 614 live contrais no1ed both 
a scrong categorical (p = 0.01) and a continuou:; (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 :it 11 WUvl5_ 19 for ail subjects and for live 
subjects categorized by both the continuous and cate­
gorical variables. Eleven WLM5_19 is roughly equiva­
lent to an a\·erage residential exposure of 4 pCi/liter 
( 1-48 Bq/m·\ assuming a 70 percent home occupancy 
and the other assumptions of che BEIR YI report (2). 
Excess odds of 0.2-4 (95 percent confidence interval: 
--0.05, 0.9.:!) and 0.50 (95 percent confidence interval: 
0.004, 1.81) per 11 WLM5_19 were calculaced for ail 
cases by using the continuous and categorical vari­
ables. respecti,·ely. Higher excess odds of OA9 (95 
percent confidence interval: 0.03, 1.84) and 0.83 (95 
percent confidence interval: 0.11, 3.34) were no1ed per 
11 WL:Vf_q,i for the live case subset for bo1h the con­
tinuous and the categorical risk estimates, respec1ively. 

The effect of the urban or rural status of subjects was 
examined by classifying 1hem as living within or out-

TABLE 3. Mean percent lime spent at home, in another building, outside, and away on vacation or 
business•, IRLCS,t Iowa, 1993-1997 

Age 
Cases Controfs 

(years) Home 
Another Outsode Away Home Another Outside Away building building 

Ali 73.2 14.2 7.6 5.0 72.1 14.4 8.5 5.0 

40-49 70.5 17.1 7.7 4.7 70.1 16.7 9.0 4.2 
50-59 70.7 16.7 7.5 5 .1 69.4 17.2 8 .4 5.0 
60-69 74 .6 11.6 7.2 66 73.2 12.3 7.6 6.9 
70-79 78.9 7.8 6.7 6.6 78.0 8.2 6.7 7.1 
80-84 81.6 7.0 5.9 5.5 81.5 6.2 6.8 5.5 

• The category ·another building· represents lime spent in another building al work, volunteer '!'JOrk, shopping, 
etc. The category ·away· represenls vacation hme or work assignments at a geographic location signilicantly away 
from the usual residence or place of employment. The category ·outs,cte· represenls lime spenl in the outdoors, 
but also includes lime spenl in a vehicle. 

t IRLCS, Iowa Radon Lung Cancer Sludy. 
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TABLE 4. Estimated odds ratios• for lung cancer and tests of a linear trend for WLM,_,.t cumulative 
radon exposure, IRLCSt, Iowa, 1993-1997 

Ali Alive 
Medran Cases. Casest ORt 95°, Clt controls OR 95"• Cl controls 

WLM,_,, cumulative radon 
exposurei 

Q-4.23 3.16 1.00 56/104 1.00 37/104 
4.24-8.47 6.18 1.34 0.81. 2.22 147/229 1.31 0.75, 2.31 98/229 
8.48-12.70 10.50 1.73 0.99, 3.04 871118 1.79 0.97, 3.33 61/118 
12.71-16.94 14.58 1.62 0 88. 2.99 56/75 1 .74 0.88. 3.43 39175 
>16.95 21 .16 1.79 0.99. 3.26 67/88 2.14 1. 12. 4.15 48/88 

p for trend 
Continuo us 0.14 0.03 
Categoncal 0.05 0.01 

• Estimates are adiusted for age, active smoking. and educatron. 
t WLM$-n' working-Jevel months for exposures thal occurred 5-1 9 years pnor to diagnosis for cases or lime of 

interview for controls (1 working-level month is equ,valent 10 3.5 x 10 3 Jh.m!J; IRLCS. Iowa Radon Lung Cancer 
Study: OR, odds ratio; Cl, confidence ,nterval. 

i The temporally and spalially weighted med,an WLM cumulative exposure over 5-19 years was 7.9 WLM and 
8.6 WLM for ail contrais and cases, respectively. 

side of city limits. 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 signitïcantly associated 
with radon exposure and lung cancer risk (p > 0.6): 
likewise. subjects who worked outside the home were 
not at a signiticantly higher risk of Jung cancer chan 
were those who did not (p > 0.5). No indi\'idual occu­
pation was found to be ac an increased risk. 

Figure 2 compares the IRLCS odds ratios with odds 
ratios calculated using radon exposure methodologies 
similar 10 some of the pre\'iously published residential 
radon studies. The odds ratios labeled as the master 
bedroom and living area (level 1) were based on a 
simple arithmetic average of the radon measurements 
from the two rooms. The odds ratios bbelèd as the 
basement were based on the a\'erage yearlong radon 
co01.:en1ration in the basement. The IRLCS radon 

TABLE 5. Excess risk estimates• for WLM,_,, cumulative 
radon exposure,IRLCSt, Iowa, 1993-1997 

Sub1ec1s 
Cont,nuous Ca1egoncal 

(cases.controls) Excess 95% Clt 
Excess 95°0 Cl 

nsk risk 

Ali (413/614) 0.24 -0.05 . 0.92 0 .50 0.004 , 1.81 
Live (283.'614) 0 49 0.03, 1.84 0.83 0.11,3.34 

• Estimated excess odds are for an exposure of 11 working· 
level months for exposures that occurred 5-19 years prier to drag­
nos,s for cases or time of interview for contrais (WLM,_,,) and are 
adjusted for age, active smoking, and education (1 working-level 
month is equivalent to 3.5 x 10·3 Jh/m3) 

t IRLCS. Iowa Radon Lung Cancer S1udy: Cl. confidence 
1n1erval. 

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 Jung 
cancer subtype. Large cell carcinoma exhibited a sta­
tistically significant trend for both the continuous (p = 
0.0-0 and cacegorical (p = O.OJ) 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 signitïcant categorical risk esti­
mate of 3.1 ï for the tifth exposure category. Howe\·er. 
the differences in the linear excess odds between hi sto­
logie types was not statistically significant (continuous 
p = 0.58. categorical p = 0.65). 

Additional analyses were performed lo examine 
whether or not the effect of radon differed according 
to smoking status. education. and age (table 7). There 
was no e\·idence of heterogeneity for these three fac­
tors using either continuous or categorical analy.,es. 
The cest st:11istics (continuous p value = 0.8J. catc­
gorical p ,·alue = 0.66) for heterogeneity among the 
caiegories of smoking failed to reject a multiplicati\'e 
effect bec,, een radon and smoking on lung cancer risk . 

DISCUSSION 

IRLCS data were analyzed by using both continu­
ous :rnd categorical modeling of cumulative radon 
exposure . . ..\nalyses based on continuous exposure 
\'ariables ha\'e the advantage of avoiding the discre­
tionary nalllre of choosing cutpoints. On the othe-
h~rnd. trend staciscics based on categorical measurl ) 
cend to reduce che influence of extreme \'a lues. Similar 
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FIGURE 2. Plots of risk estimates for the afl cases and controls calculated by using alternative radon exposure estimate scenarios. IALCS, 
Iowa, 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 :he 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 lime was assumed for the master bedroom and level 1 (living area) plot and the basement plot. 

findings were noted for bath the continuous and cate­
gorical analyses. Excess odds of 0.24 (95 percent con­
fidence inter\'al: -0.05, 0.92) and 0.49 (95 percent 
confidence interval: 0.03, 1.84) per 11 WLM5_19 were 
calculated by using the continuous variables for ail 
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 WLM5_19 were noted for 
the categorical variables for ail 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 yea.rs since 
smokjng 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 opponunity 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 Jung cancer and tests of a linear trend for WLMs-,,t 
cumulative radon exposure by cancer subtype, tRLCSt, Iowa, 1993-1997t 

WU..1,.., cumulalive radon exposure p lor lrend 

No. of cases 0-4.23 4.24-8.47 8.48-12.70 12.71-16.94 ~16 95 

(ORt) OR 95% Clt OR 95°~ Cl OR 95%CI OR 95%CI 
Conllnuous Ca:egoncal 

Adenocarc,noma (n = 175) 1.00 1.21 0.67. 2.2.: 1.57 0.81. 3.09 1.86 0.90. 3.85 l.35 0 64. 2.83 0.20 0.21 
Squamous (n = 82) 1.00 2.06 0.79. 5.90 2.20 0.77. 6.75 2.40 0.77. 7.90 3.17 1.08. 10.06 0.18 0.06 
Small cell (n = 74) 1.00 1.16 0.49. 2.86 1.83 0.70. 4.95 1.3ô 0.40, 4.44 1.44 0.47. 4.35 0.33 0.41 
Large cell (n = 32) 1.00 1.13 0.33. 4 51 1.87 0 50. 7.90 1.99 0.42. 9.56 3.42 0 93. 14.53 0.04 003 
Othe, (n = 50)§ 1.00 1.60 0.60. 4.82 1.33 0.39. 4.64 1.75 0.48. 6.45 2.95 0.96. 9.82 0.10 0.09 

• Estimates are adjusted for age, active smoking. and educa!lon. 
t WLMs- r· working-level months for exposures that occurred 5-19 years prior lo diagnosis lor cases or lime of interview lor contrais ( 1 

working-leve month is equivalent to 3.5 x 10-1 Jhlm'); IRLCS. Iowa Radon Lung Cancer Study; OR, odds ratio ; Cl, confidence interval. 
t Ali 6 t 4 controls were included in each subtype analys1s. · 
§ Thirty-three lung cancers were class1fied as carcinoma not otherwise specified and 17 as adenosquamous. Histologie materials were 

not available for eight cases, and eight cases refused to sign the consent form granting permission to obtain histologie materials. The reg· 
istry-reported histologie subtype was available and used for these 16 cases. 
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TABLE 7. Excessive risk estimates• for 5-19 working-level months (WLMs--,Jt cumulative radon 
exposure within categories of other covariates for all cases and controls. lRLCSt, Iowa, 1993-1997 

Cont,nuous Caregor,car 

Ex:ess Test for Excess Tesr for 

nsk 95'o cr: heterogene,ty 
risk 95'• Cl heterogene,ry 

(p value) (p value) 

Age (years) 
40-59 0.18 -0.13. 1.19 0.93 0.29 -0.25, 1.88 0.79 
6o-69 0.20 -0.13. 0.97 0.43 --0.09, 1. 76 
70-84 0.32 -0.08, 1.57 0.71 -0.003, 2.85 

Education (years) 
<12 -0.07 -0.34, 1.20 0.71 0.08 --0.39, 1. 91 0 69 
12 0.21 -0.07, 0.92 0.48 -0.03. 1.80 
>12 0.34 -0.10, 1.47 0.65 --0.05. 2.59 

Smol(ing category 
Never 0.22 -0.20, 1.93 0.83 0.88 -0.05. 6.01 0.66 
Li;ht 0.33 -0.05, 1.30 0.51 -0.07. 2.10 
Heavy 0.14 -0.12, 1.04 0.20 -0.24 , 1.48 

• 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 lime of interview for controls (WLMs--,1) . Eleven WLMs-,i is approximately 
equivalent to an average residential exposure of 4 pCi/liter (148 Bq/m3

). assuming a 70 percent home occupancy 
and the other assumptions of the BEfR VI report (4) . Separa1e risk estimates are presented for the categories fisl· 
ed above to test for departures from the multiplicative effects of the covariates in the excess odds modef. 

t One WLM is equivalent to 3.5 x 1 O > Jh/m3• 

i IRLCS, Iowa Radon Lung Cancer Study: Cl , confidence interval. 

tative radon measurements. The degree of temporal 
and spatial radon \'ariation is of particular concern in 
01her sllldies in which a high percentage of lung can­
cer participants are deceased and in studies rhat mea­
sure historical homes the participant lived in at some 
lime in the past. The radon concentrations that exist 
af1er the parricip:rnt mows out of the home may nor 
retlect radon concentrations rhat prevailed when 
she liYed there. Structural changes in the home or 
behavior differences between the new and the former 
occupams. such as opening the windows more fre­
quently. may affect residen1ial radon concentrn1ions. 
Radon measurements were performed for a second 
year in the basemenl and bedroom of :!SO IRLCS 
homes. Compared with tirsr-year measurements. sec­
ond-year measuremenls performed in homes of proxy 
respondenls had greater radon variat ion (coefficient of 
variation = 21 .9 percenr. 11 = 27 measurements) com­
pared with nonproxy homes (coefficient of ,·ariation = 
15.4 percenl. 11 = 487 measurements). Re1rospec1ive 
subjec1 mobili1y informa1ion. u~ed 10 derive rndon 
exposure. is obwined more accurately from the subjec1 
herself 1han from 1he nex1 of kin . resulting in less error 
in exposure measures and slronger dose-response 
trends. Therefore. the Ji,·e-case subset provides a bel· 
1er es1ima1e of che risk posed by cumulative radon 
exposure. 

The IRLCS had several other ad,·anlages over pre­
vious residential radon s1ud ies . The study was carried 
out in lo,,·a. which ha-; 1he highe :-1 mean r:1don con -

cen1ra1ions in the United States (43). Approximarely 
60 percent of the study panicipants' basement radon 
concentrations and 30 percent of the first-tloor radon 
concentrations exceeded the US Environmental 
Pro1e~1ion Agency action le\'el of 4 pCi/Jiter ( 1 ..is 
Bq/nr'). Western Iowa appeared to ha,·e unifonnly 
higher indoor and outdoor radon concentrations com­
pared with easrem Iowa. In fact. large areas of western 
Iowa had outdoor radon concentrations comparable 
wi1h the national a,·era2e indoor value for sin2le-fam­
ily homes of 1.5 pCi/liter (56 Bq/m3). The high radon 
concentrations in conjunction with a strict quality 
assurance prorocol contributed 10 accura1e and precise 
radon measurements (33 ). \Vhi le previous residential 
radon studies ha\'e imputed from 17 10 40 percent of 
1heir radon measurements (9-15, 17, 18), the IRLCS 
criteria requiring occupancy in the currenl home for at 
least the previous 20 years eliminated the need 10 
impute radon measuremems from missing homes . 
Lubin et al. (21) ha,·e pointed oui that these gaps in 
radon measurements seriously decrease the s1:11istical 
capaci1y of a s1udy 10 detec1 an association. since the 
impact of the imputation decreases the overall power 
of a study. 

A limitation of che IRLCS was the lower than 
expec1ed response rate for controls. which was likely 
a11ributable 10 the inclusion criterion of a 20-year res ­
idency in the current home. We have pre,·iously 
shown 1hat as time spent living in n home increases. 
concern about radon decreases (44) . The findings of 
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the follow-up que;;tionnaire support the represenrn­
ti\·eness of the participating controls. The re:-idency 
requiremenc was imperati\·e in order to reduce radon 
exposure mi:-classitication. However. it is noteworthy 
that the IRLCS tïndings are most generaliz:ible to 
J\.lidwest women who ha\·e smoked at some time in 
their lh·es and ha,·e spent at kast the las.t 20 years in 
their current home. 

The ad,· .. mcemem of linking multiple radon measure­
ments with individual retrospective mobility pro\·ided a 
comprehensi,·e assessmenl of radon exposure. Since 
the participants' sp:uial and temporal mobility trends 
were nonlinear <3.2). exposure misclassitïcation 
increases \\ hen assuming a constant. such as a ï5 per­
cent home œcupancy factor. which was common prac­
tice in pre,·ious studies. The IRLCS linkages between 
radon concentrations and individual mobility mini­
mized exposure misclassifïcation auributable 10 spatial 
radon variation (~::!) and changes in the participant's 
retrospecti\'e mobility (32). The failure 10 link sp:uially 
disparate concentrations of radon with the subject's ret­
rospecti\·e mobility probably introduces random mis­
classification of radon exposure that leads 10 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 chan did chose mechodologies thac did not link the 
subject's retrospecti,·e mobility with multiple spatially 
di\'erse radon concentrations (figure 2). 

Previous case-control studies were perfo1TT1ed in 
Canada. China. Finland. Gennany. Sweden, the l'nited 
Kingdom. and the United States (New Jersey and 
Missouri). Lubin et al. have combined the relati,·e risks 
of eight of these scudies (9-16. 46) in a meta-analysis 
using weighced linear regression to pro\'ide a summary 
excess oclds of 0.14 ac 4 pCi/liter ( l 48 Bq/rn·'i. The 
e.'(cess odds at 4 pCi/liter ( 14S Bq/m::) obtained in two 
other recent studies in German y ( 17) and the l' nited 
Kingdom ( I S) were in close agreement with the risk 
estimates obtained from the meta-analysis. The esti­
mated excess odds of the IRLCS ac 11 WL:Vl5_ 19 

(roughly equivalent to a 15-ye;lf exposure at an a,·erage 
radon exposure of~ pCi/liter) ranged from 0.24 for ail 
cases 10 0.83 for li"e cases only. These observed excess 
odds were slightly higher th=in those reported in most of 
the! previous residential radon studies. The enhJnced 
dosimetry techniques used in the lRLCS. which 
reduced exposure misclassitïcation. probabl~ con­
tributed to the higher risk estimaces. The lRLCS risk 
estimates are in general agreement wi1h the i\'a1ional 
Rese .. m.:h Council's predic1ed cancer ri sk associated 
with indoor radon exposure (~). 

lndependent pathologie re, ie\\' was performed for 
96 percent of the case:; . The re, iew pro,·ided for more 
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reliable cl=issitication of IunQ cancer cases b\' mor­
phology. \Vhile a positi\·e lose-response tre~d was 
noted for large cell carcinoma and squamous cell car­
cinoma. no signiticant differences were noted for 
radon risk estimates between the Jung cancer subtypes. 
However. the morphologie findings from the IRLCS 
require cautious interpretation because of the limiced 
sample size for some of the subtypes. 

ln 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 
morphologie re\'iew 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 abilicy to decect an association between 
cumulative radon exposure and Jung cancer requires Il 
a rigorously designed study minimizing radon expo­
sure misclassitication and 2) a study location with rel­
atively high radon concentrations. Overall. the risk 
estimates obtained in chis study suggest chat cumula­
tive radon exposure in the residential en\'ironment i:­
significantly associated with lung cancer risk. 
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