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Takashi Aoyama,®? Edward P. Radford,? Hidenori Yonehara,?
Hiroo Kato,” Masanobu Sakanoue®

Summary

A survey of indoor radon (**?Rn) concentrations in Hiroshima and Nagasaki
was carried out to assess the range of exposures expected among atomic-bomb
survivors. Two hundred dwellings (100 from each city), chiefly of members of the
Radiation Effects Research Foundation Life Span Study, were selected for this
survey. We used two types of etched-track alpha-particle detectors: a Terradex
detector (type SF) and an improved bare-track detector. Comparative measure-
ments showed that although there was an adequate correlation between the
values obtained using the two detectors, the geometric mean value for the
bare-track detector was 45% lower than that for the Terradex detector. This
difference was considered to be due to differences in the calibration methods and
in the sensitivities of the detectors to thoron {22031‘1).

The geometric mean values of the radon concentrations for 193 locations in
Hiroshima and 192 locations in Nagasaki measured by Terradex SF detectors
were 51.8 qu'm3 and 26.5 Bg/m®, respectively. The large difference is attribut-
able to the different geological environments of the two cities. Factors correla-
tiing with the indoor radon concentrations were also studied. The geometric
mean concentration was significantly higher in wooden houses with clay walls
than in other types of house. This tendency was especially strong in Hiroshima.

The difference between the estimated dose equivalents for exposure to radon
decay products in dwellings in Hiroshima and Nagasaki during the last 30 years
might amount to 0.8 Sv; however, no statistically significant difference was
observed in lung-cancer mortality in the low-dose range in either city. Never-
theless, the indoor radon concentrations estimated in this survey could have a
significant influence on the dose-response relationship for atomic-bomb expo-
sure.

$This technical report is based on Research Protocol 6-84. The full Japanese text will be
avatlable separately. Approved 23 July 1991; printed May 1993.

®Consultant, Department of Epidemiology, RERF; bDepartment of Experimental Radi-
ology, Shiga University of Medical Science; “professor emeritus, Kanazawa University.
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Introduction

Exposure of the bronchial epithelium to alpha radiation from the short-lived
decay products (daughters) of radon in residences is believed to contribute to a
significant number of lung cancers.!? Therefore, exposure in homes to variable
concentrations of radon daughters is a potential source of confounding in lung-
cancer studies. For example, the long-term follow-up of the effects of radiation
exposure in the atomic-bomb (A-bomb) survivors has shown a dose-related excess
of lung cancer,® but because in most cases the gamma-radiation doses were small,
variations in background exposure to radon daughters could be an important
modifier of the dose-response relationship.

Surveys of radon concentrations in Japanese houses are now under way in
several areas. Evaluations in other countries have shown that geological factors
related to the uranium content of adjacent soil, types of foundation and house
construction, home ventilation, and season of the year all determine the amount
of radon that can enter a house and the concentration present in it at any time.
In general, considerable variation from home to home has been found, for
reasons that are not clear. Although there has been considerable work on the
factors influencing indoor radon concentrations,® information about the factors
is not sufficient to explain the variation, especially for Japanese houses. We have
investigated the concentrations of radon present in various types of residences
in Hiroshima and Nagasaki to establish the variability of exposure expected
among those A-bomb survivors living in the two cities since 1950 and those
enrolled in the Atomic Bomb Casualty Commission/Radiation Effects Research
Foundation Life Span Study (LSS) population. In addition, we selected dwellings
representing different styles of construction to examine the effect such factors
could have on indoor radon concentrations.

Methods

Two hundred dwellings, 100 each in Hiroshima and Nagasaki, chiefly of
members of the LSS population of A-bomb survivors, were selected for measure-
ment. Selection was based on the following criteria: (a) all persons had to have
occupied that dwelling for at least 20 yr before measurement, and (b) the
dwellings had to reflect the various types of home construction common in Japan;
ie, 108 of the houses were one- or two-story traditional Japanese wooden con-
struction with clay in the walls and roof, 41 were modern houses made of
prefabricated materials such as plasterboard walls and ceilings, and 51 were
reinforced concrete buildings, including multistory apartment buildings. The
numbers of dwellings of each type selected for measurement in each city are given
in Table 1. Satisfactory results from at least one detector at each site were
obtained, except for one concrete dwelling in Nagasaki.

Radon measurements were made using two types of passive track-etch alpha-
ray detectors. One was a Terradex SF detector,® with a plastic cup and filter over
the alpha-track detector film. Such detectors are considered to measure inte-
grated radon concentrations only; radon daughters and thoron and its daughters
are considered to be excluded. Readings were made by Terradex Corp (Walnut
Creek, Calif) by counting the tracks on 1 mm?of the exposed film. The calibration
coefficient was 3.7 x 10~° (tracks mm~2)/(Bq m™ h).
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The other detector, developed at Shiga University of Medical Science (Otsu,
Japan), was a bare-track detector made of allyl diglycol carbonate, known as a
CR-39, manufactured by Solar Optical Japan (Osaka). After exposure, the detec-
tors were etched with 30% NaOH at 70°C for 5 h, and the number of pits was
scored at Shiga University of Medical Science using the method of Yonehara et
al.” The bare-track detector is sensitive not only to radon gas but also to its
daughters. The method was modified to account for altered deposition velocities
of radon daughters and the equilibrium factor present in houses. Thus the
improved bare-track method measures radon concentration by adjusting for the
contribution of radon daughters to the track density. A calibration experiment
carried out at the Shiga University of Medical Science yielded a measurement of
0.00424 (tracks cm™)/(Bq m™ h). This calibration coefficient was checked by
simultaneous comparisons with two types of passive radon monitors. One com-
parison measurement was done in about 80 houses using passive radon detectors
developed by Urban and Piesch® that were etched and scored by Kobayashi et al
at the National Institute of Radiological Sciences (Chiba) and calibrated by the
Australian Radiation Laboratory (Yallambie). The other comparison measure-
ment was made in four houses with an electrostatic integrating radon monitor
developed by Iida et al.?

In January 1985, two Terradex detectors each were placed in nearly all 200
houses and left for about 10 mos. In 101 cases, the two detectors were placed side
by side to check quality control. All of the detectors were placed about 180 c¢cm
from the floor, mounted on a wall either at a corner or at the middle of a wall. In
two-story houses, one detector was placed on each floor. A Shiga bare-track
detector was mounted adjacent to each Terradex detector. The Shiga detectors
were removed at the end of May 1985 to give a winter-spring reading and
replaced with a second detector for a summer-fall comparison.

When the detectors were installed in January 1985, a questionnaire concern-
ing the factors expected to correlate with the radon concentration was adminis-
tered to the head of each household. The responses to the questions are given in
the Appendix.

Table 1. Number and type of construction of dwellings selected for radon measure-
ments

Traditional wooden Modern prefabricated
Japanese structure structure Concrete
structure,

City 1story 2 stories 1story  2stories  multistory®  Total
Hiroshima 13 33 6 14 34 100
Nagasaki 29 21 14 19 17 100
Total 42 54 20 33 51 200

2The number of floors varied.
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Results

Because the measurement errors are considered to be generally larger for
passive versus active radon monitoring methods, measurement errors must be
examined carefully. In the present study, Terradex measurements for 101 dwell-
ings were made by placing two detectors in the same room of each house. Figure
1 shows the frequency distribution of the ratios of the larger of the two values
(a), measured by the detectors placed in the same room, divided by the smaller
value (b). As the figure shows, about 13% of the ratios of the two values were
higher than 3, and, in fact, in two instances the ratio was higher than 20. These
results indicate that there are some problems with the reliability of the Terradex
measurements.

The results of comparative measurement, made at 192 places using both types
of detectors, showed that the correlation coefficient of the two types of measure-
ments was .86 (see Figure 2). The geometric mean radon concentration measured
by the Terradex detector was 36.3 Bq/m?, and by the Shiga bare-track detector
was 16.4 Bg/m?, a difference of 45%. The results of these measurements are
shown in Table 2. The geometric mean of the concentrations in Hiroshima and
Nagasaki measured by the Terradex detectors were 51.8 Bg/m® and 26.6 Bg/m?
and the geometric standard deviations were 2.9 and 2.5, respectively. The
geometric means in Hiroshima and Nagasaki measured by Shiga bare-track
detectors were 26.3 Bqg/m® and 9.8 Bq/m?, and the geometric standard deviations
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Figure 1. Difference in radon concentrations measured by two Terradex detectors

placed side by side in the same room. The x-axis, a/b, is the ratio of the larger of the
two values (a) to the smaller (b).
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Figure 2. Correlation between radon concentrations measured by Terradex and Shiga
bare-track detectors.

were 2.6 and 2.4, respectively. The distribution of the radon concentrations in
Hiroshima and Nagasaki is presented in Figures 3a and 3b, which shows that
the radon concentrations in both cities are highly variable. The UNSCEAR
report? indicated that indoor radon concentrations measured in large-scale sur-
veys generally fit a log-normal distribution. From the results of a goodness-of-fit
test for log-normal distribution, the significance for data sets of the concentra-
tions measured in Hiroshima and Nagasaki was 0.168 and 0.09, respectively.
Although the samples measured in this survey do not conform well to a
log-normal distribution, the population of the concentrations could be assumed
to fit a log-normal distribution. Thus, ¢ tests were performed using the log-trans-
formed data for all of the statistical analyses to analyze all of the confounding
factors except for the smoking rate in the room. Analysis of variance was used to
examine the smoking rate.

Results were also classified according to construction method, and their distri-
butions were examined. Figure 4 presents these data, which show that the radon
distribution in the houses, regardless of construction method, was approxi-
mately, log-normal; however, for conventional wooden structures, the values are
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Table 2. Results of the radon concentration measurements made by Terradex and
Shiga bare-track detectors (Bg/m?)

Hiroshima Nagasaki
Statistics Terradex Shiga Terradex Shiga
No. sampled 193 100 192 93
Arithmetic 1083 43.1 40.6 13.6
mean
SD 213 541 42.3 11.9
Geometric 51.8 26.3 26.6 9.80
mean
Geometric SD 2.9 2.6 2.5 2.43
Median 45.5 23.1 241 10.3
Range 5.9-2422 4.6-290 2.6-202 0.1-75.7

Note: SD = standard deviation.

significantly higher in both cities ( p < .005 for Hiroshima, p < .03 for Nagasaki),
and their distribution is wider. This tendency is stronger in Hiroshima.

The effects of the types of materials used for walls and floors were studied, and
the results are shown in Figure 5. The values were also significantly higher in
houses made with clay walls in Hiroshima. Values were significantly higher for
houses with tatami (straw-mat) floors than for those with Western-style wood or
concrete floors in both cities, possibly because tatami mats are quite porous and
are usually placed on wooden flooring with cracks between the boards, ie, slats,
that radon gas can easily penetrate.

To examine differences in radon concentration by season, the Shiga bare-track
detectors were used in two periods: January to May (winter and spring) and June
to October (summer and autumn). As shown in Table 3, the means for these
periods did not differ significantly.

Our analysis of other factors correlated to radon concentration showed that
construction method strongly effected indoor radon concentration. Thus, we
limited our subsequent analysis to wooden houses. The correlation factors exam-
ined were (a) the material of the walls, (b) the material of the floors, (¢) the
location of the room (first or second floor), (d) the use of air conditioners or (e) the
use of heaters in the room, (f) the number of cigaretts smoked in the room, and
(g) the presence of pets. The results for the measurements with the Terradex
detectors (see Table 4) show significant differences in the geometric means
observed for different construction materials, for first or second floors (whole
sample and in Nagasaki), and for various smoking rates in the room (the whole
sample and in Hiroshima). The geometric mean values measured by the Shiga
bare-track detectors (Table 5) show tendencies similar to those described above.
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Discussion

Alpha-track detectors have been widely used to measure cumulative exposure
to radon and its short-lived daughters. Clearly, however, the method is subject
to error, as illustrated in the present study by the substantial variation among
101 sets of duplicate measurements made by two Terradex detectors placed side
by side (Figure 1). The routine method used in 1985-86 for Terradex devices
involved counting the tracks in a 1-mm? area of film surface, with 10 tracks in
this area expected from an exposure to 37 Bqg/m? of radon for 10 months. Thus,
at this or lower concentrations the statistical variation alone was +30%, or more.
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Figure 3a. Distribution of radon concentrations in dwellings in Hiroshima and Nagasaki
measured by Terradex detectors.
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Figure 3b. Distribution of radon concentrations in dwellings in Hiroshima and Nagasaki
measured by Shiga bare-track detectors.

In most cases the duplicate determinations were consistent with the statistical
variability expected around the mean of the two detectors, but a few cases were
well outside the expected range. We have no explanation for these aberrant
results.

There was good correlation between measurements made by Shiga bare-track
detectors and adjacent Terradex devices (Figure 2), but the Shiga detectors gave
a mean value that was 47% lower than that of the Terradex units, with some
evidence that the relative difference between the two methods increased as the
radon level decreased. One problem with bare-track detectors is that the plating
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of short-lived daughters directly onto the detector might vary due to room-air
turbulence and aerosol concentrations, including cigarette smoke. The Shiga
bare-track detectors have been checked by simultaneous comparisons with two
types of track-etch devices that were calibrated by the Australian Radiation
Laboratory. In a comparison with the passive radon monitor developed by Urban
and Piesch,® the correlation (correlation coefficient = .89) between the values
measured by the two types of detectors was good, and the mean values agreed.
Although there was good agreement among the values in a comparison with an
electrostatic integrating radon monitor,® large differences were found for a few
houses with clay-wall construction. In these locations the values measured by the
Shiga detectors were about 5 to 10 times higher than those measured by the
electrostatic integrating monitors. The Terradex detectors also recorded a high
track density in one of the locations where a large difference was found. These
results suggest that thoron concentrations could be quite high in some locations
near clay walls with a high content of 224Ra, and that the Terradex detector could
be as sensitive to thoron as the Shiga detector. From the configuration of the
Terradex detector, especially the ratio of the filter area to the cup volume, the
exchange rate of gases for the cup does not seem to be low enough to completely
prevent the entrance of thoron gas. Thus it is necessary to also consider the
effects of thoron on the values measured with both types of detectors used in this
study.

In examining the correlation between the measurements made by the Ter-
radex and Shiga detectors (Figure 2), we found that the Terradex values tended
to be higher at sites with low-level radon concentrations, possibly because the
Terradex detectors were affected by some background radiation exposure during
transportation. As evidence for this, H. Amano of the Japan Atomic Energy
Research Institute (Ibaraki), found that the background track density produced
in a Terradex detector transported by airplane between the United States and
Japan was quite high (H. Amano, personal communication). The track density as
a result of transportation from and to the United States was estimated to be 1.66
tracks/mm?, which is equivalent to an exposure to 6 Bq/m? of radon for 10 months.

10
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Such a background exposure could increase the Terradex detector values and
cause significant errors in measurements made at low-level radon concentra-
tions.

As described previously, there are problems with both methods of measure-
ment. Although it is not possible to determine which method is more accurate,
the values measured by Terradex devices are useful in comparisons of the levels
of radon concentration in various countries, because the detectors have been
widely used internationally.

A large difference was observed between the mean values of radon concentra-
tions for Hiroshima and Nagasaki. The primary reason for this is thought to be
the different geological environments of the two cities. The geology of Hiroshima
and its environs consists largely of granite, which has a high content of 226Ra.
The geology of Nagasaki and its environs, however, consists primarily of py-
roxenic andesite, which contains comparatively little 226Ra. This difference may
explain the difference between the radium content of the soil beneath houses and
of the clay used to make walls in the two cities.

No significant seasonal difference in radon concentration was found (Table 3).
Because the ventilation tends to increase with the use of heaters in the winter
and to decrease with the use of air conditioners in the summer, the usual
tendency for radon concentrations to be high in winter and low in summer has
diminished. In addition, the period of measurement was limited to 6 months.
These two factors might explain why differences between concentrations during
the winter and summer were not evident.

A tendency was also observed for decreased radon concentrations in newer
construction. This is considered to be due to a better seal between the room and
the ground and reduced use of clay and increased use of resinous materials in
walls.

Indoor radon concentrations were confirmed to be highly correlated with the
methods and materials of construction, the location of the room (first or second
floor), the inhabitants, and smoking rate (Table 4). A difference due to the
location of the room was observed in Nagasaki but not in Hiroshima. This
suggests that construction materials (clay walls in particular) were a major
source of radon in Hiroshima. The correlation of the radon concentrations with

Table 3. Seasonal differences in radon concentration (Bg/m3) measured by Shiga bare-
track detectors

Statistics ki)
Summer—autumn Winter-spring
Arithmetic mean 29.8 28.0
SD 442 45.2
Geometric mean 14.9 16.0
Geometric SD a5 2.7

Note: SD = standard deviation.

11
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Table 4. Geometric means of radon concentrations (Bg/m3) in wooden houses
measured by Terradex detectors in the presence of other confounding factors

Confounding factor Whole sample Hiroshima Nagasaki
1. Material of walls
Clay 59.9%¢ 95.5%° 38.4%4
Wood 18.4 18.9 17.8
Plasterboard 19.4 22.4 16.6
2. Material of floors
Tatami mat 2. 1ME B7.55¢ < - S i
Wood (Western-style floor) 19.7 27.0 16.7
Concrete 171 17.8 16.8
3. Location of room
First floor 53.7%¢ 94.8 34.5%'
Second floor 36.1 101 20.9
4, Air conditioner used in room
Yes 40.2 77.0 28.8
No 54.8 105 31.4
5. Heater used in room
Yes 46.4 90.4 30.8
No 62.6 113 26.8
6. Smoking rate (cigarettes)
More than 20 per day 36.0%8 59,59 30.2
About 10 per day 35.5°9 81.0°9 30.7
Several per day 41,69 68.3%9 27.5
None 57.8%¢ 1089 30.7
7. Pets present in room
Yes 50.4 105 31.5
No 48.7 93.8 30.0

aA significant difference was observed in within-category comparison using t test.
bThe null hypothesis of no difference among the mean values is rejected significantly.
¢p < .001.

dp = .05,

ép =.03.

{p = .009.

9p < .01,

12
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Table 5. Geometric means of radon concentrations (Bg/m?3) in wooden houses
measured with Shiga bare-track detectors in the presence of other confounding factors

Confounding factor Whole sample Hiroshima Nagasaki

1. Material of walls

Clay 27.4 51.5 15.2
Wood 10.2 171 9.2
Plasterboard 12.7 34.3 7.9

2. Material of floors

Tatami mat 221 49.7 11.7

Wood (Western-style floor) 12.2 16.8 11.0
3. Location of room

First floor 21.9 46.4 12.3

Second floor 11.8 59.5 6.0

4. Air conditioner used in room
Yes 135 28.0 9.8
No 27.0 56.2 13.2

5. Heater used in room
Yes 18.5 38.9 12.0
No ar.7 71.8 8.4

6. Smoking rate (cigarettes)

More than 20 per day 16.1 43.2 10.7

About 10 per day 11.0 17.1 10.6

Several per day 18.6 21.2 16.6

None 26.3 54.7 11.6
7. Pets present in room

Yes 23.2 48.9 13.8

No 20.5 46.4 11.0

the smoking rate in a room might be because a high smoking rate results in more
ventilation or because the ventilation rate is correlated with the socioeconomic
level of heavy smokers.!?

Using the results of the measurements with Terradex detectors and the
method outlined by the International Commission on Radiological Protection,'!
it is possible to estimate that the mean annual dose equivalents to bronchial
target tissue from inhaled radon daughters in Hiroshima and Nagasaki are

13
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0.046 Sv and 0.018 Sv, respectively. In these calculations, the equilibrium factor
for radon daughters was assumed to be 0.5, and the radon exposures while a
subject was not in his/her house were neglected. If such exposures occur for 30
years, the difference in dose equivalents in both cities is about 0.8 Sv, which is
too large to ignore when estimating the effects of A-bomb exposure. When the
dose-response curves in Hiroshima and Nagasaki for lung-cancer mortality are
compared,® the mortalities in both cities for the control group are almost equal,
but the shapes of the curves for the two cities differ in the range 0.1 Gy-0.8 Gy.
The dose-response relationships in both cities should show some effects of
exposure from the inhalation of indoor radon; however, a statistically significant
difference was not observed between lung-cancer mortalities in Hiroshima and
Nagasaki within the low-dose range. The lack of a significant difference might
be because the portion of the incidence attributable to indoor radon exposure is
only a small part of the total incidence. When estimates of the radiation doses of
A-bomb survivors are made, this source of radiation should also be considered.

Exposure to radon and its daughters is a continuous, long-term exposure at a
low dose rate. Some reports have noted that, in animals, the probability of
developing lung cancer induced by inhalation of alpha particles is higher at a
given low-dose range with low-dose-rate irradiation than with high-dose-rate
irradiation.’®!® This phenomenon is often observed with neutron irradiation. As
for a possible mechanism, it is thought that neutron irradiation following the first
exposure and the low-dose-rate irradiation have effects resembling that of a
carcinogenic promoter and also have a stimulative effect that promotes the
proliferation of malignant clones.1416

If we assume that alpha radiation also has the same promoterlike effect as
neutron radiation, then exposure to A-bomb radiation should produce a certain
type of damage in the DNA of pulmonary epithelial cells, and subsequent
continuous exposure to alpha rays from inhaled radon daughters should enhance
the development of lung cancer. It is also possible that this promoterlike effect is
a modifying factor that cannot be ignored in the development of lung cancer in
A-bomb survivors, and the foregoing hypothesis should be confirmed by experi-
mental studies using cultured cells and animals.

Other studies also point to radon’s role in carcinogenesis. Lucie!” found a
correlation between indoor radon concentration and the incidence of acute
myeloid leukemia. Henshaw et al'® have also reported that the incidences of
myeloid leukemia, cancer of the kidney, and certain childhood cancers correlate
significantly with indoor radon concentrations, and Cook-Mozaffari et al'® dis-
cussed the possibility of a causal relation between leukemia and indoor radon
exposure. Regarding mortality from leukemia and from all cancers except leuke-
mia in A-bomb survivors, although statistically significant differences between
the mortalities in both cities were not observed, the mortality in Hiroshima is
higher at face value than in Nagasaki at the same dose.

More studies on dosimetry in radon measurement and dose estimation in the
lung and other critical organs are needed to allow further analyses of the
confounding effects of additional radon exposure with large variance in A-bomb-
exposure dose-response relationships.
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Appendix

Appendix Table. Contents of the questionnaire administered to heads of households
for 193 locations in which both Terradex and Shiga bare-track detectors were placed

Question Answer No. sampled
1. Year of construction Before 1945 14
1945-1964 83
19651974 93
After 1974 3
2. Construction method Wooden 103
Ferroconcrete 49
Prefabricated 41
3. Style of house Detached 145
Tenement 9
Apartment building as
4. Presencs of house insulation Yes 31
No 162
5. Use of well water Yes 9
No 184
6. Location of room First floor 154
Second floor or higher 39
7. Use of the room Living room 163
Bedroom 17
Dining room 5
Drawing room 7
8. Area of the room (m?) 7.4 31
9.9 106
13.2 35
16.5 19
Continued
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Appendix Table. Continued

Question Answer No. sampled
9. Material used to finish surfaces
Walls Clay 102
Wood 22
Plasterboard 17
Floor Concrete or resin 6
Wood a4
Tatami mat 150
Ceiling Concrete 23
Wood 147
Plasterboard 18"
10. Window construction Aluminum 110
Steel 5
Wood 71
11. “Draftiness” of the room Very high 6
High 15
Low 54
Very low 118
12. Smoking rate of residents (cigarettes)
More than 20 per day a3
About 10 per day 37
Several per day 16
None 105
13. Heater used Yes 162
No 29
14. Air conditicner used Yes 83
No 108
15. Pets present Yes 24
No 167
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ChoDHRETE, 7 FYIBEEOYH 7 7 2 4 =13 0.5 L{GEL, HOOZELA T 21
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fOWETH, BBIcbiF 25 K roBEERIN TV S, Lucie i3, BAS Fvg
A& A EME MmO A OHBIMFHEERR U, Henshaw &' &, Bl FII05E, S
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R SR 1 B ) A AL L B & CHIK LA D& T It > Wi, DRIz
HEHcEELEGBESI AL - 2D, FRETRILAGDOHECROEIZER XD GV,
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5% Terradex BB L UBBEXTRRHEBE P E,r L1980 FIZH>VT
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Bmar sy —+t 49
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6. HEORHK 1 154
2 el L 39
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13.2 35
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9. HmtEFicHshHE
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K#r (#ER) 34
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