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A historical cohort study was conducted in Misasa townTottori prefecture, Japan, whee radon
spas have been operating for a long time. Misasa town was divided into an elevated radon level
area and a contol area, with mean indoor radon levels of about 60 and 20 Bgfrespectivey. In
total, 3,083 subjects in the elevated radon levet@a and 1,248 in the combl area, all aged 40 or
older on January 1, 1976, wee followed up until December 31, 1993, for a mean period of 14
years. The mortality rates fom all causes exhibited no diffeence between the elevated radon level
area and the contol area for both sexes. No diffeence was observed in the incidence of all-site
cancers (age, period-adjusted rate ratios by Poissorg ession, RR=1.06, 95% confidence interval
(Cl) 0.79-1.42 for males, R=0.90, 95%CI 0.65-1.24 for females), while stomach cancer incidence
seemed to dewase for both sexes (R=0.70, 95%CIl 0.44-111 for male, RR=0.58, 95%CI 0.34—
1.00 for female) and lung cancer incidence for males only seemed torigase (AR=1.65, 95%ClI
0.83-3.30 for male, R=1.07, 95%CI 0.28-4.14 for female) in the elevated radon levelea. Cau-
tion is needed in the interpetation of these findings, howewe since the individual exposte level
was not measued and major confounding factors, such as smoking and diet, could not be con-
trolled in this study.
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The health #Hects arising from exposure to low-level radon level areas poses a hazard to human health. There-
radioactive radon-222, one of the important sources ofore, following the previous study conducted by Mifuete
exposure to ionizing radiatiom the human environment, al.,” on the bas of recently measured indoor radon con-
remain unclea Epdeniological studies of undground  centrations® a historical cohort study for a fixed popula-
miners and some experimental studies with laboratory anition was carried out in Misasa town to investigate further
mals have shaen that exposure to high-level radon and its the relationship between indoor radon exposure and can-
decay products may increase the risk of lung aarnite cer incidence.

Based on the linear nbweshdd mode, the Envronmen-

tal Protection Agency (BA) of the United States recom- MATERIALS AND METHODS

mended that indoor radon levels be kept below 4 pCi/m

(148 Bg/ni).¥ Howeve, the fact that air in undground  Study area and meastement ofindoor radon concen-
mines may contain other lung carcinogens or irtitaand  tration Misasa town, with a population of 8,430 in 1995,
the diferences in mode of exposure acquisition make thds located inTottori prefecture on the mainland of Japan,
validity of such an extrapolation uncertain. Also, case-and is historically divided into five districts—Misasa,
control studies for directly evaluating théfest of resi-  Asahi, Takeda Mitoku and Oshika. Asaland Takeda are
dential indoor radon on lung cancer with individual radonfurther divided into two districts because of their geo-
measurements have yielded no corickseslts® graphical location (Fig. 1). The spas are located only in

Misasa town inTottori prefecture, with a relatively Misasa district. From 1992 to 1995, a 24-h measurement
large population, possesses spas providing hot springf indoor radon concentratian 101 houses in the above
water with a high radon concentrati®nit is of public seven districts was carried out using the Packard Pico-Rad
concern whether living in the spa area or in other elevatedysten® The average (range) of indoor radon concentra-
tion (Bg/n¥) was 66.2 (25-121) for Misasa, 45M{78)

8 Present address: partment of Epidemiolgy, Fujian Medical ; ; _
Universiy, Fuzhou 350004, Fujiaf® R. China, for Asahi 1 (along theTakase river), 54.1 (15-194) for

"Present address: 888 Misasa, Misasa-Thtipri 682-0123. Asahi 2 (along thdenjin river), 39.1 (17-90) fofakeda
8To whom correspondence should be addressed. 1 (along the Kadani river), 60.7 (37-109) foakeda 2
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Fig. 1. Map of Japan with enlargement of Misasa town.

(along the Tenjin river), 25.2 (9-63) for Mitoku and 15.9 31, 1993, or to the date of death, whichever came first.

(11-22) for Oshika. From the viewpoint of geology, Mi- For cancer incidence rates, the date of diagnosis of first
sasa, Asahi 2 and Takeda 2 belong to the granite zoneancer was used as the end of observation, in addition to
while Mitoku, Oshika and Takeda 1 belong to the vol-the above events for mortality. Second primary cancer

canic rock zone. Asahi 1 has a mixed pattern. Accordinglywas not counted in this analysis. For subjects who emi-

the Misasa, Asahi 1, Asahi 2 and Takeda 2 districts wergrated from Misasa town, observations were censored at
defined as elevated radon level areas, while the Mitokuthe date of emigration.

Oshika, and Takeda 1 districts were taken as control Standardized mortality ratios (SMRs) were calculated

areas. In the elevated radon level areas, the averagesing annual sex and age-specific mortality rates in 1976—
(range) of indoor radon concentration (Bdfmvas 68.1 1993 from the Vital Statistics of Japan as reference rates.
(11-194), while in the control areas it was 19.9 (9-90). Standardized cancer incidence ratios (SIRs) were calcu-
Study subjects and data collection The residents in lated using the incidence rates observed in Tottori prefec-
Misasa town, aged 40 or older on January 1, 1976, werture as reference rates, since nationwide cancer incidence
selected as study subjects from the Population Registryates covering the entire observation period are not avail-
maintained at the Misasa Town Office. A follow-up was able. Cancer incidence rates in Tottori prefecture were

conducted from January 1, 1976 to December 31, 1993repared by 10-year age groups and 5-year calendar peri-
Mortality and migration were confirmed from the Popula- ods. The significance of SMRs and SIRs was tested

tion Registry at the Misasa Town Office. Causes of deattassuming the observed number of events followed a

were ascertained from death certificates in the KurayoshPoisson distribution with the mean given by the expected

Public Heath Center. The incidence of cancer was tracedumber of event3.

from the Tottori Cancer Registry. In order to compare directly cancer incidence rates

Statistical procedure For mortality rates, person-years at in the elevated radon level areas and the control area,
risk were calculated from January 1, 1976 to DecembePoisson regression analysis was performed by using
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GENMOD in the SAS software packatje.Variables as study subjects. The cohort characteristics and SMRs for
included in the regression model were age (40-59, 60-63Jeaths from all causes and cancer are given in Tables |
70-79, 80), period of study (1976-1985 and 1986—-1993)and Il. Mean age at entry was slightly lower in the ele-
and area (elevated radon level and control areas). vated radon level area than in the control area for both
males and females. The percent of emigration was a little
RESULTS higher in the elevated radon level area than that in the

control area for both males and females. Throughout the
Based on a list in the Misasa Town Office, 4,399 sub-observation, 1,351 deaths were reported, of which 317

jects were selected. After exclusion of 68 subjects whowere from cancer. For males, the mortality rates from all
migrated between an elevated radon level area and a conauses and from cancer in both the elevated radon level
trol area one or more times, 4,331 subjects were definedrea and the control area were not significantly different

Table 1.
Level and Control Areas, Misasa Cohort, Japan, 1976-1993

Male Female
ERLAY Control area ERLA Control area
No. of study subjects 1,382 564 1,701 684
Mean age at entry (SD) 56.8 (12.3) 57.7 (12.4) 57.8 (12.5) 58.8 (12.6)
Emigration (percent %) 130 (9.4%) 35 (6.2%) 216(12.7%) 55 (8.0%)
Person-years (mortality)) 18,708 7,701 24,235 10,151
Number of deaths from all causes 491 223 435 202
SMR (95%C?) 0.93 (0.85-1.01) 0.99 (0.85-1.13) 0.87 (0.79-0.95)  0.86 (0.75-0.99)

a) ERLA, elevated radon level area.

b) Person-years for mortality rate calculation (see text).
¢) ClI, confidence interval.

Table 1l.  Standardized Mortality Rat®g{SMRs) for Deaths from Cancer in Elevated Radon Level and Control Areas, Misasa
Cohort, Japan, 1976-1993
) ICD-9? Elevated radon level area Control area
Cancer site
code o EY SMR  95%CYP o E® SMR  95%CP
Males
All sites 140-208 140 136.5 1.03 0.86-1.21 58 57.7 1.01 0.76-1.30
Stomach 151 30 39.0 0.77 0.52-1.10 20 16.4 1.22 0.74-1.88
Colon, rectum 153, 154 10 125 0.80 0.38-1.47 4 53 0.75 0.20-1.93
Liver 155, 156 20 158 1.35 0.62-2.56 9 6.7 126 0.77-1.95
Lung 162 36 271 1.33 0.93-1.84 10 11.5 0.87 0.42-1.60
Leukemia 204-208 5 23 220 0.71-5.13 2 1.0 210 0.24-7.57
Females
All sites 140-208 80 95.7 0.84 0.66-1.04 39 428 0.91 0.65-1.25
Stomach 151 25 23.8 1.05 0.68-1.55 19 10.7 177 1.07-2.77
Colon, rectum 153, 154 10 116 0.86 0.41-1.58 6 5.2 1.15 0.42-2.50
Liver 155, 156 7 7.5 0.93 0.37-1.91 5 3.4 1.48 0.48-3.46
Lung 162 7 10.1 0.69 0.28-1.43 2 45 0.44 0.05-1.59
Leukemia 204-208 4 1.8 226 0.61-5.78 1 0.8 1.30 0.02-7.24

a) The respective Japanese nationwide cancer mortality rates were taken as reference values.
b) ICD-9, International Classification of Diseases, Ninth Revision.

¢) O, observed number of deaths.

d) E, expected number of deaths.

e) ClI, confidence interval.
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Table 1ll. Standardized Incidence RafiadSIRs) for Cancer in Elevated Radon Level Area and Control Area, Misasa Cohort, Japan,
1976-1993, Male
) ICD-9? Elevated radon level area Control area
Cancer site
code o) =0 SIR 95%CH o B SR 95%CP
All cancers 140-208, 2331 181 203.0 0.89 0.77-1.03 72 856 0.84 0.66-1.06
Oral cavity 141-149 2 3.1 064 0.07-2.30 0 1.3 — —
Esophagus 150 5 52 095 0.31-2.22 3 22 136 0.27-3.97
Stomach 151 49 67.8 0.72 0.53-0.96 29 285 1.02 0.68-1.46
Colon 153 7 120 058 0.23-1.20 3 51 059 0.12-1.72
Rectum 154 5 11.0 045 0.15-1.06 3 46 0.65 0.13-1.90
Liver 155 22 20.1 1.10 0.69-1.66 8 85 094 0.41-1.86
Gallbladder, bile ducts 156 1 46 0.22 0.00-1.22 3 19 155 0.31-4.52
Pancreas 157 5 8.7 057 0.19-1.34 0 3.7 — —
Nose, sinuses, etc. 160 2 1.4 1.44 0.16-5.19 0 0.6 — —
Larynx 161 4 28 143 0.38-3.66 4 1.2 3.39 0.91-8.68
Bronchus, lung 162 39 312 125 0.89-1.71 10 13.2 0.76 0.36-1.40
Prostate 185 6 6.7 090 0.33-1.95 1 29 035 0.00-1.94
Bladder 188 6 56 1.08 0.39-2.35 1 24 042 0.01-2.36
Lymphoma 200-203 10 51 197 0.94-3.63 1 21 047 0.01-2.59
Leukemia 204-208 5 21 238 0.77-5.54 2 09 228 0.26-8.23
Primary site 159, 165,
uncertain 195-199 7 5.9 1.19 0.47-2.44 0 2.5 — —
Other 6 95 0.63 0.23-1.38 2 40 050 0.06-1.81

a) The respective Tottori prefecture population cancer incidence was taken as a reference.
b) ICD-9, International Classification of Diseases, Ninth Revision.

¢) O, observed number of deaths.

d) E, expected number of deaths.

e) ClI, confidence interval.

from those of the Japanese population as a whole. For When directly compared between the elevated radon
females, the mortality rates from all causes and from canlevel area and the control area, the cancer incidence from
cer in both areas were generally low, although only theall cancers for both males and females showed no differ-
SMR for death from all causes was statistically signifi-ence (Table V). For stomach cancer, decreased relative
cant. risks were observed, which were marginally statistically
During the follow-up period, 417 incident cases of can-significant. Lung cancer incidence for males in the ele-
cer were ascertained. SIRs for the elevated radon levelated radon level area was slightly elevated, although it
areas and the control areas are shown in Tables Il and I\did not reach statistical significance. When the analysis
Decreased SIRs of all-site cancers were observed for botlas limited to those born in Misasa town, the results did
sexes and in both areas, among which the difference famot change substantially. Although the relative risk for
females in the elevated radon level area was statisticallfemale lung cancer was elevated from 1.07 to 1.85, this
significant (SIR0.76, 95%CI 0.62-0.91). When classified result was based on only 4 lung cancer cases after exclu-
by site, incidence rates of stomach cancer in the elevatesions.
radon level area were lower than those of Tottori prefec-
ture (SIR=0.72, 95%CI 0.53-0.96 for males, SIR73, DISCUSSION
95%Cl 0.49-1.04 for females, respectively), while those
in the control area were similar to or higher than the inci- The present study on 1976-1993 data affords no evi-
dence rates of Tottori prefecture as a whole. Incidence oflence that mortality from all causes and cancer incidence
male lung cancer in the elevated radon level area seemex all sites differed between the elevated radon level area
to be higher (SIR1.25, 95%CI 0.89-1.71) than that of and the adjacent control area, as compared to the previous
Tottori prefecture, while it seemed to be lower in the con-study on 1952-1988 datawhich showed statistically sig-
trol area (SIR0.76, 95%CI 0.36-1.40). In females, lung nificant lower mortality from all cancers in the high radon
cancer incidence rates in both areas seemed to be lowbackground area. Reasons for this discrepancy might
than that of Tottori prefecture. include the differences in methodology, i.e., a different
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Table IV. Standardized Incidence RatiqSIRs) for Cancer in Elevated Radon Level Area and Control Area, Misasa Cohort, Japan,
1976-1993, Female

) ICD-9? Elevated radon level area Control area
Cancer site
code o9 =) SIR 95%CP o B SR 95%CP

All cancers 140-208, 2331 110 145.6 0.76 0.62-0.91 54 63.8 0.85 0.64-1.10
Esophagus 150 1 1.1 0.95 0.01-5.29 1 0.5 2.11 0.03-11.73
Stomach 151 30 41.0 0.73 0.49-1.04 23 18.1 1.27 0.81-1.91
Colon 153 8 10.9 0.73 0.32-1.45 4 4.8 0.83 0.22-2.14
Rectum 154 7 7.3 0.96 0.38-1.97 4 3.2 1.24 0.33-3.19
Liver 155 3 8.3 0.36 0.07-1.05 3 3.7 0.81 0.16-2.38
Gallbladder, bile ducts 156 4 5.9 0.68 0.18-1.74 4 2.6 1.52 0.41-3.89
Pancreas 157 10 6.2 1.62 0.77-2.97 0 2.8 — —
Nose, sinuses, etc. 160 3 0.9 3.38 0.68-9.87 0 0.4 — —
Bronchus, lung 162 7 11.3 0.62 0.25-1.28 3 50 060 0.12-1.74
Breast 174 6 10.9 0.55 0.20-1.20 1 45 0.22 0.00-1.23
Uteri 179-182, 2331 8 12.6 0.64 0.27-1.25 2 54 0.37 0.04-1.35
Ovary 183 1 3.4 0.29 0.00-1.63 2 1.4 1.20 0.15-4.97
Bladder 188 2 2.1 0.94 0.11-3.39 1 1.0 1.02 0.01-5.66
Lymphoma 200-203 4 3.6 1.10 0.30-2.82 0 1.6 — —
Leukemia 204-208 4 1.8 2.24 0.60-5.73 1 0.8 1.30 0.02-7.24
Primary site 159, 165,

uncertain 195-199 5 5.6 0.90 0.29-2.09 1 25 0.40 0.01-2.24
Other 7 11.1 0.63 0.25-1.30 4 4.8 0.83 0.22-2.14

a) The respective Tottori prefecture population cancer incidence was taken as a reference.
b) ICD-9, International Classification of Diseases, Ninth Revision.

¢) O, observed number of deaths.

d) E, expected number of deaths.

e) ClI, confidence interval.

Table V. Relative Risks of Cancer Incidence for Elevated Radon Level Area versus Control Area by Poisson Regression Analysis for
Males and Females, Misasa Cohort, Japan, 1976-1993

All subjects (4,331 persons) Subjects born in Misasa (2,013 pefsons)
Site Male Female Male Female
Relative risk  95%CP Relative risk  95%CP Relative risk  95%CP Relative risk  95%CP
All sites 1.06 0.79-1.42 0.90 0.65-1.24 0.99 0.72-1.36 0.770.44-1.35
Lung cancer 1.65 0.82-3.30 1.07 0.28-4.14 1.67 0.67-4.17 1.85 0.19-17.83
Stomach cancer 0.70 0.44-1.11 0.58 0.34-1.00 0.67 0.40-1.12 0.65 0.24-1.73

a) Only subjects who were born in Misasa and did not move between an elevated radon level and a control area were included in the
analysis.

b) Relative risk was calculated by Poisson regression analysis; variables for age, period were also included; incidencerail the co
area was taken as the reference.

¢) ClI, confidence interval.

setting of the radon exposure area, sampling problems i@nly (DCO%) in the two areas covering the entire study
the previous study, a different period of survey and a posperiod could not be calculated. Nevertheless, in 1994, the
sible undercount of cancer cases in the radon exposuleCO% for all-site cancers was 21.6% (8/37) and 29.6%
area. The differences of registration rates in the two area@@/27) for the elevated radon level area and the control
and in the entire Tottori prefecture may also have affectedrea, respectively. In 1993, DCO% for all-site cancers in
the results. Unfortunately, the Percent of Death CertificateTohaku county, where Misasa town is located, was
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23.5%, which is slightly better than that in all of Tottori ach cancer are mainly diet, other life-style factors, and
prefecture (28.6%). Since there was no great difference iimfection byHelicobacter pylorj which could not be con-
DCO% between the elevated radon level area, the contrdtolled in our study® Considering the obviously different
area and all of Tottori prefecture, the registration ratepopulation characteristics between our subjects and min-
should have little impact on the results. ers, it is difficult to compare these results directly.
In the present study, male lung cancer risk was slightlyAnother possible explanation is that radon in drinking
raised, though the increase was not statistically signifiwater may be a protective factor against stomach cancer.
cant, in the elevated radon level area, whereas no elevat@ithe hypothesis of radiation hormesis, namely the stimula-
risk was observed in females, which might be due to theory action of low-dose irradiation, is a possible mecha-
few female lung cancer cases. Another explanation mighhism for this!¥ Actually, some of the well water in the
be found in the interaction between radon exposure andlevated radon level area showed a high concentration of
smoking, a habit much more prevalent among males tharadon, up to 400 Bg/litét. However, risk for stomach
among females in Japan. In fact, animal experimentgancer was lower at a spa area in Beppu, which has only
reveal a multiplicative synergistic relationshi@and stud-  a low radon concentratid®?. Some unknown factors asso-
ies with miners suggest a superadditive relatiodship ciated with a spa may have protective effects against
between smoking and radon exposure. Unfortunately, netomach cancer. However, further investigation is needed
smoking data for individual study subjects were availableto assess the association between radon exposure and
for this study. However, from 1983 the Misasa Town stomach cancer.
Office organized an annual health check-up program, in Several limitations in this study should be noted. First,
which current smoking habits were ascertained by interindividual cumulative radon exposure could not be esti-
view. The age-adjusted smoking rates, using the Japaneseated. Radon dosimetry in Misasa town is still inadequate
population in 1985 as a standard population, in the eledue to the limited number of measurements using only the
vated radon level area and the control area were 47.1%4-h Pico-Rad method. Furthermore, the wide range of
and 45.1% for males, and 5.1% and 0.9% for femalestadon concentration within the districts, especially in the
respectively. Assuming that the relative risk of lung can-elevated radon level area, indicates that a misclassification
cer from smoking in males is 5, the expected risk ratioof exposure exists. In order to overcome this drawback,
would be 1.03 for the elevated radon level area, comparedie are nhow conducting a case-control study for lung can-
to the control area, if other risk factors in the two areascer, measuring the individual indoor radon concentration
were equal. Therefore, a slightly elevated smoking rate idevels within the same cohort. Second, compared to the
the elevated radon level area contributes little to the eleindoor radon concentration in other countries, such as
vated RR observed for male lung cancer. It may be possiSweden or Finland, the concentration in Misasa town is
ble that frequent baths in spa springs influence the risk ohot very high, even in the elevated radon level area.
cancer, since the concentration of radon in the hot sp&iven a radon concentration of 70 B§/in the elevated
water is extremely higf. However, when the elevated radon level area, the cumulative exposure will be 18.5 to
radon level area was further divided into a spa area an87 working-level-months (WLM) for a 50-100 year dura-
other areas without a spa, the relative risks of male lundion, and the estimated relative risk for lung cancer will
cancer were 1.23 (95%CI 0.49-3.15) and 1.81 (95%Cbe 1.09-1.18 according to the reported médéhe sam-
0.93-3.53), compared to the control area. The emigratiomple size in the present study is not large enough to detect
rate from the elevated radon level area was higher thasuch a low risk. It is reported that the annual nationwide
that from the control area, which might cause bias. Neveraverage of indoor radon concentration is 20.8 B
theless, when the analysis was limited to only those bormelatively high average concentration was observed in
in Misasa town, whose emigration rates were almost thédiroshima, Yamaguchi, and Kagawa prefectures. In order
same in the two areas (approximately 3%), the relativao obtain more reliable data, it will be necessary to
risk for male lung cancer remained unchanged, indicatinggxpand the study areas to include other prefectures.
that the difference of emigration should have had no great Conflicting views exist on the relationship between
influence on the results. radon exposure and lung cancer. Recently, a pooled analy-
In our study, a low incidence of stomach cancer in thesis on data from 11 studies of radon-exposed miners
elevated radon level area was observed, which is consishowed that over the full range of radon exposure, to as
tent with the results of the previous stddwhereas in a low as 50-100 WLM, the relative risk relationship
combined analysis of 11 studies on miners, an elevatecemains lineat. Hei et al reported that many cells may
risk of stomach cancer has been repottedHowever, survive traversal by one to four particles to express a
since no dose-response relation was apparent, thosibse-dependent increase in the frequency of mutafibns,
authors proposed that the increased risk of stomach cancetich may provide a biological basis for the validity of
could not be attributed to radon. The risk factors for stomutilizing data from miners, although mutation may not be
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directly related to the carcinogenic process. Howetlee  these results, because of inadequate control of confound-
fact that air in undeground mines may contain other lung ing efects due to cigarette smokifg.

carcinogens or irritants, and theffdrences in mode of In general, in spite of the many limitations of this
exposure acquisition contribute uncertainties to the lineastudy, the results indicated that living in a radon spa area
extrapolation. Due to the fliculty of estimating radon and in other elevated radon level areas might have no
exposure over a lifetime, especially in the dynamic popu-major influence on mortality or all-site cancer incidence.
lation of Western countries, and incomplete control of But the éfects on cancers of individual sites need to be
confounding factors, the results of the eight case-controfurther investigated by a more extensive gtud

studies published to date, in which exposure was esti-
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