NIRS—M-140

Chiiﬁg ISSN 1343-0769

WMEMERE LI F—21) — X No.27

F Y., ZTOANMNDREEE T

F Bl
i
I #%A]

WO PRI 48 B A S8 AT



7 Fv.

WMEMEREELIF -1 —X No.27

ZDOANBNDOREEET

T EH
LI HH ?/‘7

i

TUHTRR I 46 & It 28T



Radon and Thoron
- Opportunities, Properties and Health Effects -

Proceedings of the 27th NIRS Seminar on Environmental
Research held at Chiba, December 2-3, 1999

Edited by
Michikuni SHIMO
and
Yuji YAMADA

June, 2000

National Institute of Radiological Sciences
Chiba, Japan



X

ATTEDANTIOREBZ ATREORT, 7 F Ui, FIRZIXD Y Th {JE L —BO AL 12 b Bk
RRN, FLFEEICINTWS, ZOEBIZLT L —RTIE RV, RATH—ORFERFFT AT
HHEVWH)EER, HHETHEIMOENBRENLI S, —FTIRESHE (FFY) BRLLTO
BHPRRIID LGP OTEREINTVALAZ LR EFERIZHLEBDNS,

ZODIWEIEFEZRYESTAHAT, S RUBVURYILEQREL L TR LIPS hzBE, BN
NTIREE . BRZITTHI0EIC RS, BERCIE, 197741 [ARBERE L BRG] LEL%
SEIEESE I F—CTHY LiFoh TR, FEE L TUNEZEDTRELIF—TTRY EIF5 /20135
HiZ RS, FEAOEDOERNT FViBEORA 2 WiBlER & IR L BIREOHRE D 6. FEEDHIERM OB
B, BRAAT FURE, rov, BEFMEOEHBEBICIEIRENZI) I LOITEALLE, ZOH
NI Ny e ZDOTFHREEIZL 2 ABINOZEICHET 2 ESTFOESS L (BB IS,

BEH T, ShETIZERANT FUigEL L EREFHEEICOVWT, HIERORREZEOTEE
HICFRER RS 2 SN TE T 5, BRI, FMER EFHEBEMNGS0%E. ItRRLESEoS
TELIZHE - IEIFED SN TWEY, ZOELHENRTL., WEFL LTOEMEEN» L, 5 F
YOEY~DOEBEHRARL [T F U BEREEHE] CEBEFBLIN TS, X512, REEDS DM
TERIEMEIZEDLE T, BRBEEEIGEV LRV TOANDEBIZOWTALADE 2 2T L %
HEZIZETEANY.TONDOD2H 5,

AL, LEROTEOT. PRIELRBIITbNAE2IHRELI F—TORERXEMY T &
Db DTHbB, MO HVOBEDLYIZ, 197TTEDBRICENTICHABEINZT FVEEDY VY RI Y A,
IT-S0RBERERL. o TCIORLENFSHOMED—BIRLE 2D L2 EL,

TR BN 3 F—ETEER
T EH



10.

7 P VBEY VRV T AFOFEE

19774ELIBE. EIACRHRB SN2 FrBEED Y Y RIYTA, I+ —%
() WITEBEEZR, YV UVRIYTLONE

. 1977 EBFESHIBRSE L I +— [ AMBRE L BABETR]

(REF DT FgE LK)

. 1987 MEFFEISHEESE L I F— [EEEEICBIILT FUBELZ0 ) A2 ]

(B8 7 FUHEEL,LHE, KBLE T)

1991919 Roy v vBYma [BES N

(& - HIEE:, RE, WRIRE 28, MR, BE

. 1993 FREHFERL VRYTL [FF ]

(W, KIE, Zofth)

. 1994 WEERFSE22IEIREE 1 I F — A1 & SR

(BARSED L ONEHEIR . 7 FY)

. 1995 FREFFHEEMEER [ 0¥ L 2OBRBEOMHIRNE £E) )

(hoyo s, BE, BE. BREAEE)

. 1997 HAIKREEREY YRV A [ABBEDS Kk b

(85 L RIS, BT

. 1997 BMEBER Y —22ay 7T [TO%T7514 ]

(B, BYER, WEFM. EFRE)

. 1999 By AR Tw A [EFRAORE ]

(B . HEFM, ENELRER)
1999 WMEMSE27TRIERE LI F— [ FVy—FDABNOFE T C|
(B3 W, BEE., FY vy 2 R, BE. EYEE)



)

I. J FvaHAIBSH
I-1. 5 FYHEIEEOBIR
I-2. WEBEDSERE
I-3. IhHhsnT FUaEHl

FeRIEE [KCFICBITHT P

0. bHXEDZ FViRE

I-1. BAS FrigEneERHRE

—2. BAT F VBRI

—3. BEBEBIIBITAT FUEE

—4. BNoI FUVBE~ARRELHLELT

=H B3 H

0. HEDFEE

m—1. #ELI N~
m—2. BELT Fr
M—-3. k&I F~
M—4. HZEBHREI N>

V. +oriE
V—1. BEFO MO VEE LR - 25
N—2. Mo iZkaBESRS

V. BRI

V-1, MEFHE

V= 2. boEOREFEE

V3. MESHE L AWERT A -y

HEH B
Bt #B=
ARER  FEA
BH  ER

4T =B
H. Climent
HR et
=t #

(1110}
KE Bl

T EHE
W
Al BA

U [ 7 F O RABREICL B0 A L BESEERTIECITERERIC X 5 54

VI. BREE

. BEIRRVIICABT FUEBOEZ S
SEBRIC BT A EERE
BIERGHRIC & B mkRE
BYEBROBIR

=SS s s
[
=W DN e

G. Monchaux

TR ORE
MR
BEH &



Contents

I -1. Radon Measuring Methods — Retrospective Radon Monitoring H. KOJIMA 1
T -2. Quality Assurance of Radon Measurement K. YAMASAKI 9
I -3. Measurement Techniques of Radon and its Associated Radionuclides

for the Future Study S. TOKONAMI 14

Special Lecture

Radon in Hydrology K. HORIUCHI = 22
Il -1. Measurement of Nationwide Indoor Radon Concentration in Japan - T. SANADA 31
II -2. Locality of Indoor Radon Concentration K. FUIIMOTO 39
II -3. Radon Concentrations in Some Workplaces T. HATTORI 46
II -4. Outdoor Radon Concentration in Japan - Around Ningyo-toge S.FURUTA 54
Il -1. Radon Related to the Earthquake Y. YASUOKA 64
Il -2. Correlation Analysis Applied to Atmospheric Radon and Typhoomn -« H. CLIMENT 70
IT-3. Radon Measurement in the Underground Water S.TASAKA 76
Il -4. Power Cable and Radon ‘J.SAEGUSA 9%
IV-1. Characterization of Environmental Thoron and its Progeny T. YAMASAKI 101
IV-2. Dose Contribution of Inhalation of Thoron and its Progeny to the Effective

Dose to the Public H. YONEHARA 109
V -1. Dose Estimation Methods for Human Exposure to Radon Decay Products - M. SHIMO 118
V -2. Effective Dose due to Radon in Japan T.IMOTO 124
V -3. Bio-medical Parameters in Lung Dosimetry N.ISHIGURE 131

Special Lecture
Radon-induced Lung Cancers in Rats : Influence of Dose-rate and of Combined

Exposure to Tobacco Smoke and Other Agents G. MONCHAUX 142
VI-1. Health Effects of Radon : A Review of BEIR VI Report M.DOI 156
VI-2. Epidemiologic Studies in Misasa Area - T.SOBUE 168
VI-3. Chromosome Aberrations Induced by Environmental Radiation I. HAYATA 174

VI-4. A Review of Experimental Animal Studies H.OGATA 179




B E — EH d%tyyavi
List of Chair-persons (Sessional Order)

tyvaryl F e )il m#E  (EHRFE)
The 1* Session Tuguo NISHIKAWA (Fukui University)
FERIGEE 1 A E URGTREERARTZERT)
Special Lecture 1 Kiyoshi NAKAMURA (National Institute of Radiological Sciences)
tyaryl bIEEDT FVIEE A RN (&IRKEF)
The 2™ Session Kazuhisa KOMURA (Kanazawa University)
tyaryll BEOFREE WT &k (BaHREER AR

The 3" Session

tyiaryN Mo iE
The 4" Session

tyarV HEEESM

The 5* Session

FeplEE I
Special Lecture II

tyarv WREE

The 6™ Session

LA =45
ﬁ‘g Eﬁ

"l:illL

Discussion

Tetsuya SAKASHITA (National Institute of Radiological Sciences)

fH Xk (BEHEKRF)
Takao IIDA (Nagoya University)

H¥E @ (KOEER?)
Michiaki KAI (Qita University of Nursing and Health Sciences)

IREHE— (BSEREERERER)
Yoichi OGHISO (National Institute of Radiological Sciences)

BwH —Kk (B EHFER)
Kazuo SAKAI (Central Research Institute of Electric Power Industry)

T  EE  (BOREZERETZER)

Michikuni SHIMO (National Institute of Radiological Sciences)
Bt B=  (SEREFRERER)

Kenzo FUJIMOTO (National Institute of Radiological Sciences)



e BA
Nobuhito ISHIGURE

A RE
Takeshi IMOTO

A Wt
Hiromitsu OGATA

JVEY IV ”
Helen CLIMENT
RE #E
Hiroshi KOJIMA
=52

Jun SAEGUSA

HH ##
Tetsuya SANADA

T EE
Michikuni SHIMO

MRIT K
Tomotaka SOBUE

Mk s
Shigeki TASAKA

TE HE
Masahiro DOI

nEH R

(A+HIE, Frgi319994:128 2 HEE)

List of Contributors (The Order of the Kana Syllabary)

BERE R ST FEAT
National Institute of
Radiological Sciences

R
The University of Tokyo

AR L
National Institute of Public Health

BETRIE R A BT RT
National Institute of
Radiological Sciences

R EA A

Science University of Tokyo

S WA Sy

Japan Atomic Energy
Research Institute

BAEGH £ 5 —
Japan Chemical Analysis Center

BETRE R S 7R
National Institute of
Radiological Sciences

Es Aty —

National Cancer Center
Research Institute

I B R
Gifu University

BRI 4 SR FERT
National Institute of
Radiological Sciences

KK EF]
Shinji TOKONAMI

MREp  BEF
Takatoshi HATTORI

RH B
Isamu HAYATA

BT #£=
Kenzo FUJIIMOTO

HH ER
Sadaaki FURUTA

WA AT
Kimiko HORIUCHI

EvYa— Valia
Georges MONCHAUX

£ ES
Yumi YASUOKA

g =
Keizo YAMASAKI

i 18
Tadashi YAMASAKI

KRR e
Hidenori YONEHARA

BEHRREE A A BT FeAT
National Institute of
Radiological Sciences

EVALP ST

Central Research Institute of
Electric Power Industry

TR 48 & I FE T
National Institute of
Radiological Sciences

B RRER R SR T
National Institute of
Radiological Sciences

IREL A 7 Vg

Japan Nuclear Cycle
Development Institute

RELTRE

Otsuma Women's University

75 v ABRFHF
CEA

RSBk

Kobe Pharmaceutical University

oty =IOl A
Research Reactor Institute of
Kyoto University

hERES
Chubu Electric Power Company, Inc.

BORE &R FERT
National Institute of
Radiological Sciences



«

I 7 Fahllsdh AAAAAAAAAAAAEA AA AAAAAA

7 F ¥ BIEED BIR —Retrospective Radon Monitoring

RE
RRERbRSE BT

Radon Measuring Methods—Retrospective Radon Monitoring

Hiroshi KOJIMA
Science University of Tokyo
2641, Yamasaki, Noda-shi, 278 —8510, Japan

Abstract

One of the major difficulties in carrying out epidemiological surveys on indoor radon is accurately
assessing individual radon exposures. For estimating the historical radon exposures for few decades,
several researchers have presented methods for the measurement of a long-lived radon daughter
210pp (219p0) in household objects. The methods are called as a retrospective radon monitoring.
There are two kinds of method in the retrospective monitoring. One is the volume trap technique in
which the 2!°Po activity deposited in porous materials like spongy materials used for mattresses and
cushions is measured. The other is the surface trap technique in which the surface activity of 2'°Po
trapped by « -recoil driven implantation on the surface of mirror and glass in household is counted.

In this report, I will describe both measuring principles of methods of volume and surface traps
and survey about several sources of error to cause by applying both techniques to exposure assess-

ment in indoor environment.
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Fig.1 Specific sample activity as a function of the radon exposure.
Different symbols refer to different sample densities.
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Fig.4 The growth of implanted ?'°Pb in four different framed sheets
in a radon dwelling for 3.5 y.
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Quality Assurance of Radon Measurement

Keizo YAMASAKI
Research Reactor Institute of Kyoto University
Noda, Kumatori-cho, Sennan-gun, Osaka 590-0494, Japan

Abstract

Calibration and quality control are important aspects of any radon and radon progeny measure-
ment program. The only primary standards are the vials of 2?Ra solution prepared by the National
Institute of Standards and Technology (NIST)in USA. Radon calibrations are this based on labora-
tory standards that are referred to as being traceable to NIST. Calibration of radon counter is
accomplished by transferring a known amount of radon gas from solution to the counting system.
There are presently no standards for the short-lived radon progeny. Measurements of the progeny
must be made with device which have meticuoly calibrated flow rates, frequent efficiency measure-
ments of the counting device and replicate samples in order to ensure stability.

Quality assurance should consists of some form of standard samples, along with duplicates and
blanket samples. Results on standards are a measure of the accuracy of the system and results on
duplicates are measure of the precision and reproducibility. One practical approach to calibration is
to establish a room or chamber and attempt to maintain a fixed radon concentration. It is easier to
maintain a constant radon atmosphere, than a constant radon progeny atmosphere in a room-sized
chamber, particularly when sampling.
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Measurement Techniques of Radon and its Associated Radionuclides for the Future Study
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Abstract

The following problems on radon face us : establishment of the dose assessment, exposure due to
thoron and technologically-enhanced exposure due to radon/thoron based on human activities. The
radon problem has not yet been solved. When estimating dose, two different approaches are used
for assessment. One is an epidemiological approach. In the epidemiological approach, the dose is
derived from the relationship between the alpha exposure, i. e., the potential alpha energy concen-
tration and the estimated excess relative risk for lung cancer among miners. The other is a dosimetric
approach. The dose is derived from laboratory investigation in this case. There is a three-time dif-
ference between the two. It is obvious that information on the particle size of radon progeny is
indispensable for accurate dose assessment. In order to combine the two estimates from the two
approaches, both mine and home aerosols should be sufficiently characterized. As the second prob-
lem, recent studies have shown that attention must be paid to thoron because high thoron concentra-
tions were occasionally observed in some areas. Although most of passive radon detectors are gen-
erally designed to minimize the entry of thoron, some of them were affected by the presence of
thoron. It is important to understand the performance of the detector with an adequate thoron expo-
sure facility before practical use. As the third problem, radon/thoron concentrations might be
enhanced in a closed environment. In this circumstance, their concentrations should be mitigated
with proper countermeasures. Building materials can be recognized as the their sources. Exhalation
rates of radon and thoron from walls were measured in a traditional Japanese wooden house where
a high thoron concentration was observed. No radon exhalation was detected but thoron exhalation
rate was as high as that from soil. The dose due to thoron progeny cannot be ignored in such indoor
environment.
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Table 1 Typical characteristics of radon progeny aerosols in mines and homes.

parameter mines homes
unattached fraction of PAEC (f,) 0.005 (with diesel) 0.03 (smokers)
0.02-0.09 (w/o diesel) 0.08 (non smokers)
particle size 250 nm (AMD) 150 nm (AMD)
2.5 (GSD) 2.5 (GSD)

PAEC: potential alpha energy concentration
AMD: activity median diameter, GSD: geometric standard deviation

Adapted from "Comparative dosimetry of radon in mines and homes" (NRC 1991),

which was a companion to the BEIR IV(1988). -
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Fig. 1 The relationship between the computed activity median diameter (AMD)
and the count median diameter (CMD) with several different geometric
standard deviations (GSD).
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Fig. 2 The estimated activity weighted particle size distribution of the unattached
218Pg, Temperature=20.6 ‘C ; relative humidity=20 %; geometric mean diameter
(GMD)=0.73 nm ; geometric standard deviation (GSD)=1.34.
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Table 2 Conversion factors on radon and thoron concentrations.
measuring device radon thoron remarks
Radtrak 6.74 4.51 ref. Pearson & Spangler 1991
German monitor 10.14 10.17 ref. Urban & Piesch 1981
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Radon in Hydrology

Kimiko HORIUCHI
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2-7-1, Karakida, Tama-shi, 206-8540, Japan

Abstract

Hydrology is the science which deals with the waters of the earth, their occurrence, circulation
and distribution on the planet, their physical and chemical properties and their interactions with the
physical and biological environments including their responses to human activity.

Hydrology is a field which covers the entire history if the cycle of water in the earth.

Ground water is very important for us to live. But it is very difficult for us to control ground water,
because of complicated natural phenomena. 2*’Rn belongs to the rare gas elements which have
lowest possibility of chemical reaction, the disturbance of the concentration in ground water caused
by the chemical reaction with the rocks and soils is negligible. Therefore, from the variation of 2*’Rn
concentration due to ground water movement, the system and mechanism of ground water can ana-
lyzed easily. In radioisotopé hydrology, ***Rn is a good tracer to analyze water circulation and the
changes caused by human activities by studying the changing distribution patterns of >*’Rn concen-
trations in water.

In future, for further understanding of the complicated natural phenomena, 22Rn isotope hydrology
will require correlative examination with some kinds of tracers.
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Measurement of Nationwide Indoor Radon Concentration in Japan

Tetsuya SANADA
Japan Chemical Analysis Center
295-3, Sanno-cho, Inage-ku, Chiba-shi 263-0002, Japan

Abstract

Indoor Rn (**?Rn) concentrations in Japan were measured to estimate the effective dose to the
general public due to Rn and its progeny. Twenty houses were selected in each prefecture throughout
Japan. As a total, 940 houses were subjected to the measurement using passive Rn monitors. The
Rn monitor was installed in a bedroom or a living room in each house for successive four three-month
periods. Calibration experiments were carried out in a Rn chamber of the NRPB in the UK. The
calibration factor was obtained to be 0.0282 =+ 0.0014 tracks cm™ Bq™' m® day™!. The annual mean
indoor Rn concentration was estimated from the four measurements in each house. The mean, median
and geometric mean of indoor Rn concentration in Japan were obtained to be 15.5, 11.7 and 12.7 Bq
m>, respectively. The Rn concentration showed approximately a log-normal distribution. Seasonal
and structural dependence of Rn concentration was observed. Seasonal variation of Rn concentra-
tion showed the lowest in summer. The effective dose to the general public due to Rn and its proge-

ny was estimated to be 0.47 mSv y ! in Japan.
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Fig.1 Relationship between the track density and integrated Rn concentration.
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Fig. 2 Histogram of indoor Rn concentration.
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Table 1 Annual mean indoor Rn concentration in senven regions (Bqm3).

Number of Arithmetic Standard

Region houses mean deviation Median 90 percentile ~ Maximum
Hokkaido & Tohoku 138 16.0 12.9 124 31 85
Kanto 134 12.4 9.5 9.7 22 70
Chubu 174 14.1 94 11.5 26 63
Kinki 132 17.1 16.2 12.7 29 143
Chugoku 95 16.7 9.8 14.4 29 55
Shikoku 78 14.4 8.7 12.2 21 61
Kyushu & Okinawa 148 17.6 204 12.7 29 208
Total 899 15.5 13.5 11.7 27 208

Table 2 Annual mean indoor Rn concentration in each house structure type (Bqm™).
Structure type Nl;lmber of Arithmetic Star'ldz?rd Median 90 percentile ~ Maximum
ouses mean deviation
Wooden 597 12.9 8.1 10.9 21 78
Concrete 182 23.1 155 18.7 47 94
Steel frame 90 12.8 95 11.0 20 77
Concrete block 16 425 554 22.6 163 208
Prefabricated 6 10.0 38 9.5 17 17
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Fig. 3 Seasonal variation of indoor Rn concentration.
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Locality of Indoor Radon Concentration

Kenzo FUIIMOTO
National Institute of Radiological Sciences
4-9-1, Anagawa, Inage-ku, Chiba 263-8555, Japan

Abstract

Indoor radon concentration in Japan shows a lower value compared to other countries. Even the
maximum value is in the range of a few hundred Bqm™. However, the indoor radon concentration
reveals some locality. One typical locality is found in Hokkaido area where they have relatively
higher radon concentration than what is expected from the gamma exposure rate since the gamma
exposure rate has relatively good relationship with indoor radon. In Hokkaido they have more air
tight building than other parts of Japan due to the cold weather in winter. The year of construction
was also considered to obtain the current radon concentration for each structure type as a function
of year of construction. The indoor radon concentration in wooden houses was found to be relatively
constant with year of house construction until 1960 and then decrease, whereas the radon concentra-
tion in concrete houses increased sharply in house constructed after 1970. This time trend is found
every area in Japan. Seasonal variation was observed in the successive four three-month period meas-
urements. In general the highest radon concentration was observed in the measurement from October
to December while the lowest from June to August. However, the prefectures facing Japan Sea show
a different pattern, i. e., the seasonal variation is suppressed and the measurement during April to
June shows the lowest concentration.
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Fig. 1 Average exposure rate and indoor radon concentration in each prefecture in Japan.

Correlation between Indoor Radon Concentration and Dose Rate in Air from

Terrestrial Gamma Radiation in Japan.
—_— Health Physics 75(3), 291-296, 1998.

Correlation coeff.: 0.3118
(95% confidence interval: 0.2844 - 0.3387)

Slope: 0.00439 1:0.00021
Intercept: 1.011 +0.010
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Fig. 2 Correlation between indoor radon concentration and exposure rate in each municipality.
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Fig.4 Prefectural average of indoor radon concentration in wooden houses.
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Radon Concentrations in Some Workplaces

Takatoshi HATTORI
Central Research Institute of Electric Power Industry
2-11-1, Iwado Kita, Komae-shi, Tokyo 201-8511, Japan

Abstract

Ventilation systems installed in indoor workplaces are periodically operated during business
hours. In order to assess worker's radiation exposure level accurately, it is necessary to give careful
considerations to the actual exposure time and the diurnal variations of radon concentration, equi-
librium factor, F, and unattached fraction of potential alpha energy, fp.

In this study, the simultaneous measurements of radon concentration, F and f, were carried out
for more than a year in the three kind workplaces, outdoor air, office rooms in the concrete building
and nuclear power stations. As a result, the ratios of radon concentration averaged during business
hours to one-day mean concentration were about 80% for outdoor air, about 65% in the office room
and about 95% in the nuclear power station. The dose due to inhalation of radon progeny during
business hours in workplaces were approximately 80%, 55% and 80% of those obtained from one-
day mean values for outdoor, office and nuclear power station workers, respectively. Annual dose
for office workers was highest of three kinds of workers. Taking business hours into consideration,
about 20% of the dose for office workers decreased and the dose level was almost the same as for
outdoor workers. It should be noted that dose assessment for workplaces without considering the
actual exposure time would lead it to overestimation.
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Table 1 Outlines of subject of our investigation.

Nuclear power Nuclear power

Outdoor  Office room A Office room B plant A plant B

i Dec. 1993 Dec. 1993 Jul. 1994 Aug. 1991
Period of -~ e ~ ~
measurements .- 1995  Jul. 1994  Feb. 1995 Nov. 1992
Locations Tokyo Tokyo Hokkaido Shizuoka
{Komae-shi) (Komae-shi)

<0.1h" , 8:30-17:30

mixture of recirculated air and outdoor air 14|-i1 1.3h.1

7-10h™ | 8:00-20:00 alt time

recirculated air

ventilation
rate
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Fig. 1 Diumal variations of a)??Rn concentration, b) equilibrium factor,
c) unattached fraction and d)aerosol concentration obtained in out-
door air, office rooms and nuclear power plamts.

BRETOYYEIR, 2ERHBECNEZTo2EFOREROBRBAOHEIIE, 108, 128, 1488
FVI6RDT7T— 7 DFH e, ARHMBICHEZIToBABLUF 71 ARTIRR2HB L U160 F
— Y DFHEROTHE BRI O, SBFRETFOT FIEEIR, 1BFHOT FVBEBIIHLT, B
HNTIIHB0%. + 714 ANTIIH65%. BFHIREMOBRBATIINDB % THo72Z bbb, FIT
DVTid, WTFNOMBIIB VT L, BHEEHL 1 HOPHMEIH 0% T L 7=, BIBRRE
D, & 1 BFHDOf,DMEIR. BI B L CEFHREFOREBATIE, HI0%AT—H LA, + 74
AN TIIEBER T O f, 055510~ 30 % B EK A 5 72,



Table 2 Comparison between mean values during business hour and one-day mean values of “?Rn
concentration, equilibrium factor, F, unattached fraction, f;, and aerosol concentration
obtained in outdoor air, office rooms and nuclear power plants.

Nuclear power Nuclear power

Outdoor  Office room A  Office room B plant A plant B

Mean during -
Mean during  An (Bg.m) 3.0 8.1 1.0 34 37
( F 0.71 0.44 0.40 0.28 0.31
'p 0.025 0.019 0.023 0.063 0.054
3 4 4 4 3 3
Aerosol (em”) 43x10 24x10 21x10 2.0x10 45x%x10
One—d%y mean Rn (Bq.m :5 38 128 16.2 39 38
® 0.69 047 0.44 0.28 0.32
fo 0.024 0.026 0.026 0.071 0.054
3 4 4 4 3 3
Aerosol {cm™)  3.7x 10 1.5x10 14x10 1.6x10 5.2x10
Rn 80 63 68 88 97
A/BX100(%) F 102 95 90 100 95
fp 103 72 88 89 100
Aerosol 117 161 147 132 87
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Table 3 Occupancy time of workers for dosimetry.

Occupancy time ( h.d")

Place
Outdoor  Office  Nuclear power
worker  worker  plant worker
Indoor
Dwelling 16 14 14
Office 0 8 0
Nuclear
power plant Y 0 8
Qutdoor 8 2 2




Table4 Effective dose equivalents of outdoor, office and nuclear power plant
worker exposed during business hour.

Effective dose equivalent [, Sv.(8h)™]

Model Outdoor Office  Nuclear power

worker  worker plant worker

with mean values
during business hour

Jacobi-Eisfeld 0.19 0.30 0.10
James-Birchall 0.20 0.30 0.16

with one-day mean values

Jacobi-Eisfeld 0.23 0.53 0.12

James-Birchall 0.25 0.59 0.19
A/B x 100 (%)

Jacobi-Eisfeld 82 57 84

James-Birchall 83 52 80

TO8HHOTEHEE AV CEE Ly — AW TRDIz, + 714 AREEB L UCRFHRERRE
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James-Birchall € 7V % M L 720 MRS, BB TEHHREFICT FORBEICL o TR 2HEII,
BIViEEE CIRBBIE & ZRICVC A VIREBSHERE RO 80 %, 7 1 AMEE TIIH95%, BTN
BETHRELTIIIN0%THHI LABELPE LD,
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Table 5 Annual effective dose equivalents of outdoor,
office and nuclear power plant worker.

Effective dose equivalent (mSv.y)

Model Outdoor Office Nuclear power

worker worker plant worker

with mean values
during business hour

Jacobi-Eisfeld 0.32 0.35 0.28
James-Birchall 0.35 0.37 0.32

with one-day mean values

Jacobi-Eisfeld 0.34 0.44 0.29

James-Birchall 0.37 0.48 0.34
A/B x 100 (%)

Jacobi-Eisfeld 96 80 96

James-Birchall 96 78 95
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Outdoor Radon Concentration in Japan - Around Ningyo-toge

Sada-aki FURUTA, Kimio ITO and Yuu ISHIMORI
Ningyo-toge Environmental Engineering Center
Japan Nuclear Cycle Development Institute
1550, Kamisaibara-mura, Tomata-gun, Okayama 708-0698, Japan

Abstract

It would be known that radon in the human environment greatly affected the exposure from natu-
ral radiation. Many investigations of indoor radon concentration have been carried out according to
the development of the passive radon monitors. However, the investigations of the outdoor radon
concentration are not so many. Because outdoor radon concentration is generally lower than indoor
one, passive monitors with high sensitivity are necessary and priority has been given to the residential
environment from the viewpoint of the exposure to human body. In our country nationwide investi-
gations of outdoor radon concentration were systematically carried out twice. One was by the
National Institute of Radiological Science as part of the investigation of the national indoor radon
concentration from 1986 to 1987, and the other was by the Japan Chemical Analysis Center at
every prefecture in Japan from 1997 to 1998. The results were reported about 5 Bg/m> and 6.3
Bg/m’ respectively as an annual average in Japan. In addition to these data, some of granite regions
or hot spring areas, relatively high outdoor radon concentrations over than 50 Bg/m3 are observed.
Several high radon concentrations were also observed in the mountains on the closed uranium mine
exploration areas around Ningyo-toge.

These outdoor radon concentrations are introduced here from published documents, and it is sug-
gested that it is important to make clear investigated objective and place of the limited data from
each document, when the outdoor radon is discussed. And further investigations would be necessary
because these outdoor radon concentrations are not sufficiently.
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Table 1 Outdoor radon concentration in Japan reported in documents.
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Fig.1 Histogram of outdoor radon concentration measured by JAC? (annual average of each point).
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Fig. 2 Location of the measuring points on and around the waste rock pile sites.
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Fig. 3 Radon concentration on and around the waste rock pile sites in fiscal 1996.
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Table 2 The summary of radon and equilibrium equivalent radon concentration around Ningyo-toge.
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Fig. 5 Radon concentration on and around the Katamo waste rock piles site in fiscal 1996.
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Radon Related to the Earthquake

Yumi YASUOKA and Masaki SHINOGI
Kobe Pharmaceutical University
4-19-1, Moyoyamakita-machi, Higashinada-ku, Kobe-shi 658-8558, Japan

Abstract

Several clear hydrological and geochemical anomalies were recorded before the 1995 Kobe
earthquake (January 17, 1995). The radon concentration in groundwater increased from the initial
level measured in October 1994. It reached the highest level on January 8,1995, and then dropped
suddenly to the previous background level before the earthquake. The remarkable increases in the
atmospheric radon concentration were observed from November 1994 until the earthquake. The
atmospheric radon data was collected from April 1984 to January 1996. The other anomalies
include chemical-composition changes in groundwater,and an increase in groundwater discharge.

In the former cases, the monitoring stations were located within the aftershock region. These
anomalies began several month before the earthquake. The starting points of the anomalies can be
regarded as reflecting the initiation of the preparation stage of the earthquake rupture. Given these

data are enough constraints for a specific mechanism to explain these anomalies.
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Fig. 2 The map showing the aftershocks of the Kobe earthquake.
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Fig. 4 Radon concentration changes in groundwater at the NMY site in Nishinomiya City.
(G.Igarashi, et. : Science, 269 : 60-61, 1995.)
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Correlation Analysis Applied to Atmospheric Radon and Typhoon

Helen CLIMENT, Katsuhiro MIYAMOTO, Shinji TOKONAMI and Yuji YAMADA
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4-9-1, Anagawa, Inage-ku, Chiba 263-8555, Japan

Abstract

A drastic variation of the atmospheric radon concentration was observed when a typhoon went
across our measurement site last September. The following climatic data were continuously acquired
on the site : air pressure, temperature in the air and in the soil, humidity in the soil, wind speed, wind
direction and rainfall. The data were analyzed using time-series analysis method, i.e. Correlation and
Spectrum Analysis, to point out the possible relationship between radon and an environmental vari-
able. Some correlations appeared between radon concentrations and typhoon effect data such as tem-

perature, humidity, wind direction and air pressure.

Keywords
Radon, Statistical Analysis, Typhoon, Climatic data, Correlation.

Introduction

A study on the relationship between radon concentrations and environmental variables has been
carried out using Correlation and Spectrum Analysisl). Several typhoons occurred in 1998. When
the fifth typhoon went across our measurement site in September, atmospheric radon concentrations
varied drastically. The following meteorological data were simultaneously acquired during that
period : air pressure, temperature, relative humidity, wind speed, wind direction and rainfall. The

influence of those variables on radon concentrations variations has been pointed out several times>

4567.8) Unfortunately the observation of the raw data does not answer the following questions :
which climatic variable has an influence on radon concentrations, what is the type of influence and
the time delay. To study quantitatively those effects we analyzed the data with Correlation and
Spectrum Analysis. The cross correlogramme function between radon concentrations and an envi-
ronmental variable time series shows the type of relation and gives the response time in the case of

an input-output relation®

. Moreover the cross correlation function is the unit impulse response in
the case of a random input function. The only hypothesis is that the environmental variable is the

input function and radon concentration the output function of the system.



Materials and Methods
Correlation and spectrum analysis

The time series are analyzed on the basis of Fourier Transform. The time series are compared by
the auto-correlation function. The cross correlogramme corresponds to the auto-correlation func-
tion between two defined time series x and y for increasing time steps k positive or negative. If the
input is a random function, the cross correlogramme will be the transfer function. Otherwise, the
response will be a reverse correlation. A causal relation can not show a symmetrical correlo-
gramme. It would mean that the effect plays a part on the cause. A symmetrical relation means
that the two functions are the effect of the same cause.

The cross correlogramme function is calculated as follow :
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In the calculation of the cross correlation function, the following is assumed : the variable is con-
sidered as the input function, or the cause, while radon is considered as the output function or the
effect. The cross correlogramme shows how environmental variables affect radon concentrations.
Figure 1 describes the different types for cross correlogramme. Figures 1(a)and (b)show a
causeto-effect relationship (where "t" is the response time) and the input determines the output. In
Figure 1(c), the two functions have a common cause and the cross correlogramme is symmetrical.
A "flat" correlogramme means that the two functions are independent variables.

Radon measurements

The experimental site is located at the National Institute of Radiological Sciences, Japan. In this
region, the bedrock is metamorphic type covered by 150 m of volcanic ash soil. Radon concentra-
tions were continuously measured in a one floor concrete building. This building has been used as
an electrical facility 20 years before and is now naturally ventilated. The ventilation rate measured
by CO2 method was 0.05h™!. Radon was measured with an Electrostatic Radon Monitor?. The
climatic data were continuously recorded by a weather station on the same site. All the data were
acquired with a sampling frequency of 1 hour. The data from September 1998 to January 1999
were considered for the analysis.

Results & Discussion
Figures 2 show the raw data. From all the climatic variables measured, three of them seem to be
related to the change in radon concentrations. Those variables are pressure (figure 2.a), rainfall



(figure2.b) and wind speeds (figure 2.c). When air pressure decreases, radon concentrations
increase. This effect is known as the pumping effect, depleting the upper layers of the soil in radon?.
The occurrence of rainfall leads to an increase of radon concentrations. Precipitation increases the
humidity of the soil and thus the emanation power. When the soil is saturated with water, less
radon reaches the surface because of the small radon diffusion factor in the water. When wind
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cause.

speed increases radon concentration are increasing. Wind sweeps the upper layers of the soil.
Figure 3(a)shows the cross correlogramme functions between the time series of radon concen-
tration and temperature in the air plus temperature in the soil. For the temperature in the air as well



concentrations*
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Fig. 3.a Cross correlogramme functions for radon (output)and temperature
(input) time series (i is the temperature of the air, Tso10 and Tsa30

is the temperature in the soil at respectively 10 and 30 cm depth).

Fig. 3.b Cross correlogramme functions for radon (output) and pressure,
humidity and rain (inputs) time series.

-600 400 -200 0 200 400 600

Fig. 3.c Cross correlogramme functions for radon (output)and wind speed
and wind direction (input) time series.

as the temperature in the soil at 30cm depth, the response of radon concentrations is an inverse cor-
relation without time delay. No relation is observed between radon concentration and the tempera-
ture in the soil at 10cm depth. The raw data did not show those relations. However when tempera-
ture changes, a temperature gradient appears between the bottom and the top of the hole where
radon concentrations are measured. This results in a pressure gradient and the variation of radon

Figure 3 (b)displays the cross correlogramme functions between radon concentrations and
humidity in the air, air pressure and rain time series. In the case of humidity and rainfall, the
response is a correlation without time delay. Rainfall, closely related to humidity in the soil,



5.6.7)  The relation between rainfall and radon concentration

increases the production rate of radon
time series was suggested by the raw data while no obvious relationship appeared with humidity.
In the case of air pressure, the response is a symmetrical correlogramme, i.e. the time series of
radon and air pressure are related to the variation of the same variable. The role of air pressure on
radon transport is known as its pumping or piston effect™ 8 The cross correlogramme confirms the
relation between radon concentration and air pressure observed on the raw data.

Figure 3 (c) shows the cross correlogramme function between the time series of radon concentra-
tion wind speed and wind direction. While radon concentration time series is correlated to the wind
direction without response time, no relationship appears between radon concentration and wind
speed time series. Buildings under three directions surround the site where radon concentrations
are measured ; therefore, wind direction is an important variable. Wind sweeps the upper layers of

the soil and radon concentrations are decreasing9).

Conclusion

Correlation and Spectrum Analysis were used to study the response of radon concentrations to
the variation of some climatic variables. Correlation and Spectrum Analysis are a useful tool that
connects observation of the raw data with modeling. The only assumption is to consider an envi-
ronmental variable time series as the input function and radon concentration times series as the out-
put function of the system. The cross spectrum function confirmed the relationship between radon
concentration time series and the times series of air pressure, humidity, rainfall, wind direction, air
temperature and temperature in the soil at 30cm depth. The impact of the typhoon was clearly dis-
played on the raw data and confirmed with the statistical analysis.
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Radon Measurement in the Underground Water
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Abstract

The in-suit radon measurment system was developed for the continuous monitoring in the ground-
water radon concentration of the monitoring well. This system is consist of an underwater radon
detector and a small-sized radon data logger. We have measured the continuous radon concentration
of the groundwater during the period 18-December 1996 to 2-February 1998, by using of the new
measurment system in the monitoring well, No.18, at the NINGYO-TOGE WORKS, Japan Nuclear
Cycle Development Institute. The groundwater radon concentration was seasonally changed by the
rainfall, snowfall and snowmelt. The highest value of radon concentration was recorded to be 70Bq/l
on 2-March 1997, just before the snowmelt. The lowest value was 0.21Bg/l on 3-September 1997,
just before the falling of the water temperature. The monthly avarage of the ground water radon con-
centration were obtained among a year. The highest value was 64Bg/l1 with the lowest water tem-
perature 7 C in the monitoring well on February 1997. The lowest value was 0.82Bg/l with the
highest water temperature 18°C on August 1997. The groundwater radon concentration in No.18
well was suddenly increasing by the rain fall, after that was decreasing in according to ’Rn decay
curve during the period 20-May 1997 to 21-July 1997. Five clear samples of the increase of radon
concentration were observed at 21-May, 27-May, 6-Jun, 28-Jun and 8-July 1997 with the rainfall.
The increase rate of the radon concentration Bg/l with the rainfall mm was estimated to be about
0.019(Bg/1)/mm at 28-Jun 1997.
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1channel, 50 impedance

Analog Input acceptable input voltage: 0~ +1.24V
peak voltage detect
input signal risetime: 150 ns~5u s
ADC resolution 8bits
Frequency maximum 10kHz
. internal trigger mode
ADC igger threshold setting: 10mV~600mV
Interrupt signal INT signal output

Sampling interval adjustable interval:1/16s~150min
28.8kB RAM for maximum 1,440 sampling

Recording memory with a push switch to dump the data for PC
Display LCD(20 char. X 2 lines)
rotary switch: check the past data of 1,440 sampling
Display switch display mode: 2wl’o and mPo count mode
or concentration mode
Supply voltage +12V with the car battery
DC-DC converter +12V—=>45V,+12V— 12V, efficiency 60%
+5V * 26mA

Power consumption | 112V - 13mA, -12V - 10mA (amplifier for radon
detector)

Size 55(H) X 220(W) X 160(D)mm

Weight 800g
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Abstract

Henshaw er al. reported the attraction of radon progeny to the vicinity of power frequency electro-
magnetic (EM) fields. They observed 2'®Po and 2!*Po deposition distribution on the track detectors
set around various configurations of EM-fields source, and concluded that it should be examined
this leads to increased exposure to human body from radon progeny. On the other hand, Miles et al.
recently showed results of measurements of them in high and low environmental EM-fields to indi-
cate there are no correlation. To interpret these two different conclusions, we investigated the behavior
of charged 222Rn progeny by measuring the pattern and magnitude of the deposition rate of decay prod-
ucts on both CR-39 track detectors and imaging plates under various conditions includ-ing the cases
Henshaw pointed out. It was concluded that the attachment to wire cables should be increased mainly
by electric component of low frequency EM-fields and possibly by electric field induced by chang-
ing magnetic component. It may be deduced that deposition rate of 2'®Po and 2'*Po on the surroundings
will be enhanced, and as a consequence, atmospheric concentration of them will not be changed or
theoretically reduced.
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Fig. 3 Distribution of etch pits on CR-39 detector placed upon a copper plate with 240 V AC applied.
a : the arrangement of the apparatus. b : results.
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Fig.5 Distribution of etch pits on CR-39 detectors placed in the alternative magnetic field.
a: arrangement of CR-39 detectors. b : results (number 66 was set on the wall of enclosure
23 cm apart from the center of electromag-nets, 67 was directly on the electromagnet).
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Fig.7 Induced electric field around the pair of electromagnet. The horizontal axis r is the distance
from the center of electromagnets. The direction of electric field is tangential.
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Characterization of Environmental Thoron and its Progeny

Tadashi YAMASAKI
Chubu Electric Power Company, Inc.
20-1, Kitasekiyama, Ohdaka-cho, Midori-ku, Nagoya, 459-8522, Japan

Abstract

Thoron (**°Rn) has such a short half-life (T1/,=56s) that indoor thoron concentration is strongly
affected by the structure of building materials, because thoron would not have enough time to migrate
from inside the building material to indoor air space without significant decay. The typical Japanese
dwellings have the interior wall made of soil, therefore indoor thoron and thoron progeny concentra-
tions are relative high. In such a case, thoron progeny may make a significant contribution to the pub-
lic dose equivalent of the Japanese. In order to assess the risk of thoron or thoron progeny, the char-
acterizations are presented. For thoron concentration measurements, a passive cup monitor is used.
For thoron progeny concentration measurements, an active potential alpha-energy monitor is used.
As results of measurements and calculations, thoron concentration is decreasing exponentially with the
distance from wall. On the other hand, the concentrations of >'?Pb and 2!?Bi are spatially homoge-

neous in the ordinary living environment.
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Fig.1 Decay products of Uranium series and Thorium series.
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Fig. 2 Passive cup monitor for radon and thoron.
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Fig. 3 Integrating potential alpha-energy monitor for thoron progeny.

3. FEEMRE
IRy oy oBRBEREORMIT, —RICEFEEMRE L LTERINS, FEHEMBREL X, B

ME(T7 Froeboy) b BBENRGEERETH A LIREL AL SICEIEINARTF Y VXL - T
77 « TARNVF—BRE (PAEC) L fll%E L7 PAEC £ 25— T % L 2 DBBEOIRIEBRETH 5, Eo TH
fIiEBq m3TRT LD TEL, FFY V¥V - ThT77 - TEMF— L3, £TOBRBENEEHE
Wb ECTHREBLAZLEZIIBHET S a ORI NVF—ORMTREN, BEMiIMeVE LS, ZOBRIE
DToRTERENS,

SEHLEES ¥ i8R (EER) =2.85 X 10° X PAEC - « - + - - (1)

EHEAN b o i8R (BET) =212 X 109 XPAEC + + « - - - (2)

—103 —



I. BIEHRR

1. BA O RERTERRG

Fig. 4 (3. BEMEZARELRE(3 ~128) - a2 )= M2~78H) - HEM(2 ~ 75 o 3EHEIZHT
T, FRYBIV I ViEBEOFHENMZRLAKTHS, RODFHW LI LT, T F VT3ROS
WA, RETEORBE TR MO VBENEL 2o TWAI L THH, Thid, LEIIHERICZEIE .
o s D RN EOPEHREAIKEL BB 7012, BRI OBAZRFN MO V2RI ER TV
DTHBHLEZLNTVWES, Bib, BN M Y ORERIL, AAMEOBRERROLIBETHL LR 5,

Kkt
---0---
e 10}
E
* 7 A IRRH
o Tt
3
=]
o«
o WL ! 1 { L ] L | I !
2 5 10 2 6 9 12 3 6 10
{ { l { { { { { { {
5 10 \ 5 9 12 3 6 9 l
A A A A A A A R B A
W oZE M M (19914~ 199448)
300 _ ' .
PP o YRE [ e
250 + -
- I
o Wr P Lol ——
- "’o "e." "" ‘~“. . ._O 7 vAr 151 8
cg 150 F'G._\' ",' "-o" 'Q‘\ | "O",¢' ....... e
- , ‘¢
W 100 - 04
L+

R R A A A AR A R A A
MoE B M (19914E~19944F)

Fig.4 Results of indoor radon and thoron concentrations as an example.
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Fig.5 Results of indoor thoron progeny concentrations as an example.
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Fig. 6 Relationship between indoor thoron and thoron progeny concentrations.
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Table 1 EET and RT-ratio in various countries.
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SRS 0.04~8. 22 0. 10
V. ENBEY
1.BELATRER

FRE L POV OERDECZZOFFEHTHY . BRICBVCTHET 2 BNIIILET 5 R 2541
BT Frid, TOBEBROMNEICEFRZ CH—REIILoTWEAS, BT SEIICHELTLES +
O RBERPOBESMETFoREBICRLLEZONS, Fig. 712, BEREZZONLKR,NSOME
MLy TEZ YRRV THELLI FUyBIT MO ViBEORBRZRT, BRI FViBERIEFTIC
BRE—ETH 57, BN M VBEIIRAEETH 2 K0 SIEREBEHICHED L Twb 2 Lavhh b,
2. 5tEICLZER

BAO Oy O%4g - B, Mo VEBEORA - BE BRICIANRLOKHR, o v IERED
BEANORELZEL, bOry - Mo VIEBERES Y. EFREOIRKECTEE L. Z0BE, —k
W IER R D DBATI, Fig. 8 IIRT L )10, MOV IZBEED HIBES % 7055, 22Pb LI
O Mo VIRBRBIERANTH—REIC o T a LEMRE SN, B, ANOBIE ICRbFEST 5 4%Bi
L8203, —MMLBRNCRESHZREZEVEDIZ, PO Y OREBRMESR b O S EEEOBERE
B ExBRT ALENE . MO VRS ORERERREY, B BEZOWIT ( E5FMICBEER
SiFshs,

V.ZEDH

HAEAD X ) L BEL & E AW BERR T, BRI S6H LR ICEEGD P oy THEBRERT
WCHEELTBY, A\OBHARBSHEPSOHBLEZ 2548121, PorBXU Mo v EEICERT S

— 106 —



——Rn-220 |

Rn-222

PP « PR

o o o o
m5432

Am..E.umv uolje.juasuoy

150 200 250 300

100

50

Height from the floor (cm)

Fig. 7 Distributions of indoor radon and thoron concentrations by measurements.
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Fig. 8 Distributions of indoor thoron and thoron progeny concentrations by calculations.
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Dose Contribution of Inhalation of Thoron and its Progeny to the Effective Dose to the Public

Hidenori YONEHARA
National Institute of Radiological Sciences
4-9-1, Anagawa Inage-ku, Chiba 263-8555, Japan

Abstract

Studies on the evaluation of dose from indoor thoron (*?°Rn)and its progeny were reviewed.
Although sufficient information connected to indoor radon concentrations is available to estimate
the effective dose to the public, there is not enough information for indoor thoron levels. From the
results of survey carried out so far in European countries, US, and Japan, the indoor thoron concen-
trations range from nearly O to 400 Bq m™ and the average value is about 3 Bq m™. The equivalent
equilibrium concentrations of the progeny range from 0.1 Bq m™ to 4 Bq m™ and the average con-
centration in the world was estimated to be 0.3 Bq m™. Calculated from these values, the average
annual effective dose equivalent due to inhalation of indoor thoron and its progeny were estimated
to be about 70 mSv in UNSCEAR 1993 Report. The factors influencing the concentrations of indoor
thoron and its progeny and the approach to precise estimates of the effective dose was also discussed.
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Fig. 1 Result of measurements of thoron concentration at the different distance
fram the wall under different conditions of turbulence.
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Sl LI VIRBREOERENTEL Ro/2Z 45, B L ABBEREORLEZHZL L LEE
2RTWV5, 2O BHEIZOWTOEERL, MEEEEOMFHIRI2bDEEZ LMD,

I.BERICETS FOCELCZDBEEBEREDEREL AN
INFTIITONAEBA MO VBEOREMEORK R T Table 1 1277, —RBEFERECOBAND v

Table 1 Results of surveys of thoron concentration.

Country, (Method) Thoron Concentration [ Tn/Rn Reference
Number of sample, (Bq/m*)
A.MeanxSD, (Range) .

Austria 19 (3.3-74) Steinh 4 usler et al. Healt
9 houses Phys.1975
U.S. (Two filter method) (0 -30) 0.2310.37  |Schery, Health Phys. 1985
25 houses,
W.Germany, Reincking, Radiat.  Prot.
(Electroprecipitation Dosim., 1992
with SSB) (3.9-19.1)
Under ground 5 7.6
Car garage 1 0.7
Lecture room 1
Japan, (Passive Cup Quo et al., J. Nucl. Sci
at 20cm from wall) Technol. 1995
Wooden © 1160
Ferro-concreate 42
Prefabricated 23
Japan. Hiroshima (Cup Doi & Kobayashi, Health
at 20cm from wall) 84.7+15.6 3.3 Phys., 1994
21houses
Japan, (cup) 18.5 National Survey by the
217 houses (0-384) Science and  Technology

(11 prefectures) Agency
x:: ! house Chung, WH, Tokonami, S.,
D 1h 17.9 Furukawa, M. Radiat. Prot.

aegu ouse 82.9 Dosim., 1998
China Wei et al.,, Proc. Int. Conf

AT 168 )
Dwellings in high On High Levels of Natural
background area Radjoactivity., 1990.
. 3 UNSCEAR 1993
World Average
9 (2 -20) ICRP Publ.50 (1986)
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W DOWEMFFEIZ. 19854E Schery 12 & % b DWARAT, HARTD, Guo bR 1/ES i &k v AL
AT bNI, BEENTFOT FYBELEREIIBVTS, S FY - P VvRRIE=Y -2 BT,
FNVBELLJIIBEF -y LT YBESHES N, 2OFEHHEI, W185Bym’ TH 5 1%,
Z OfEl3, UNSCEARIQOSEHREE W IZB T2 HARDFEHETH S 3 Bym® DEEDETH B, ZD X
IWHAROPEFBRIIMROFEHELHRTHBETH S, CORETIE. HEHROMEIEBES,H
0cmBEDNMBICEKBINIHEIE . AVTFERET5HEROFRMETHMTIE, ThdDOFHH
LR EVEEZ NS,

P UIBEEORIEIX, TN VBB ERERICINT CIEELBEEIREINTVREVWDT, 12
LALDBETANIBEIZE DT 774 TEFRBVWONS 2D, ¥V FVOEMRBRSAIEIIATEE
TdHb, Table 2 (122N F TITONZBHN MO VBEBORE/HREL R L2, Ihs0fix, WEY >
TINBL R, BOBEROBFSRZORBRTH ), BEFMEZIT) -2OOLEICBITH2REMEERLT
ZLIEITELRV, INLOERF T LD L, HRORBRIZEIT L FEEM b v~ #8E (BET) 20.1~ 4
Bq/m® D#iF & 72 575, UNSCEAR19934E#i & & Y CIZEETOFHEZ . 0.3Bym’® & LTWw5b, FADF
#fE130.1Bgm’ L LTV B DT, BERNEERIEND 3ETH S, HETIIGuo bW DHllEE 234
DEADFHEHL7Bgm® TH ), HROFHEL Y SEWMEICLZ>TEY, HFICTEBORETIE, L
BREDOHBymBEDORENH S, 7 FVOBELEMKIC T AR LY S b O VIREEOHHHREN
DESFKRECDT, BEFMO-DI121F, BEEOFYEE Y RO L2EESNEV, LArL, bavy
EEEOHIEIX, RIAMOFEHERCEY » 7VOREIRTETH L0, Ny I TETO TV HA
DHEERDPSIBBERELFE 77 7 7 2R LTHELLII LV RBE LD B, Guob Vi, BED D
0cm DB THEL- POV FADEEQ (02) & 1 VIR CTP & T 5 L BRMICAR THET
EpLHELTVS,

Crr=0.013Q (0.2)

ERORAEMTL, FHETIEZOBBERIIZIZT-HL TVwEA, BL4OEOHBEIFRIZERVD
FTCIEARV, o, PO VBERIRESE T AZEMABERTOT, MO VRBERE S S ORTF
TEATHIEDPL, FRVOLI T ADOBEDP CIRBERELHET A ICRIKRELBENEL LA
BREAD 2o

UNSCEAREEFH T, POV ICHT 27— PZLVOT, 7 F/EZEREICT Mo ViEBEO
BELOFHEELZRDO T, 7 FVIBEEOFHHEICBRELER L CE RO HEELEET L EVIF
ErAVWTWS, PHEMEETHS FY - rayHOHE/EROL Y Jid, 0.007~0.01TH Y,
UNSCEAR1982 5 &7 T3, HRDFEHHEE0.05L LTWE, ZDMEIEF, PHEMEEOLTHY .
RF VX NVT VT 7IIVE-—TORTET L, W0.7% %%, UNSCEARIOSSEHEE 0TIz, KE
NI Ry - O VBBEORBHIEOEREPORF VY VTV T 7 TR VF—DOREZTLOTVS
D, CORRDPS, BFU YA NT VT 7 LRI NVF—DLOBEDOFHMHEIZ, 058 LTW5b, & Schery”
BT P VEHEL PO VIBEBEORTF VY VTV T 7 TANF—OHIZOWT T L D72 R % Table 3
IZRT o SNHDFHEIZTUNSCEARIREENME L KEIT 2V, COLDOFHNLELZ0S5L TS LHE
BEREEFRLT, BATOEDRELETORRIIBRET L L, H017L %5, 2F) b rORE
FH5E, FFVDITRBETHILEN) I LIl b,
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Table 2 Results of surveys of indoor thoron progeny.

Country, Equilivlium  equivalent  thoron (EET/EEC  |Reference
Number of sample concentration (EET) (Bg/m?)
A. MeanxSD Range
Laboratory 0.13 (ThB) Harly et al.. Health Phys
0.10 (ThC) 1973
Germany (Salzburg) [0.89 (ThC) 0.0037- [0.053 Steinhdusler et al. 1975
2.3
W.Germany, 0.37 0.046 Wick 1979
32 houses
W.Germany, 250 0.3-0.6 Jacobi 1980
Salzburg, 729 person |1 (ThC) Steinhzusler et al. 1980
Norway, 22 houses 0.7 0.1-1.1 |0.04 Stranden, Health Phys. 1980
Canada, 95 houses 1.5 0.02 Gunning & Scott, Health
(Elliott Lake) Phys.1982
W.Germany, 0.2 (median) 0.1-0.6 Keller et al. Radiat. Environ.
148 houses Biophys. 1982
US, 68 houses 0.28+£0.04 0.05 Schery, Health Phys. 1985
Hong Kong, 10 houses |0.77+0.33 0.04 Tso & Li, Health Phys. 1987
U.K., 390 houses 0.6 (Estimate whole Wrixon et al. NRPB-R190,
UK 0.3) 1988
U.S. 70 houses 0.15+0.11 Dudney ea al., Health Phys.
~ (4 States) ~2.6+1.61 1990
U.S. Colorado 0.083-1. |10.09 Martz et al. Health Phys.,
9 0.58 1990
Sweden, 9 houses 0.3 0.1-0.6 |0.,01 Mjénes et al., Radiat. Prot.
Dosim., 1992
Japan, 23 houses 0.72+0.24 0.007 Guo et al., Radiat. Prot..
) (concrete) 0.037 Dosim., 1992
3.52+2.48 (mud) 0.028
1.72+£0.12
World Average 0.7 0.2-1.2 |0.05 UNSCEAR 1982
0.5 ICRP Publ. 50 (1986)
0.5 0.47 - UNSCEAR 1988
0.3 0.7 (ThC) UNSCEAR 1993

EEC:Equilivlium equivalent radon concentration

V. 25T

FarBIUFOEBEORETFMIZOWVWTIX, T Fr LAk EHSN-MAERIEIEZL, BAE
POBEADLTHIIBFEFT VI DHEEFHVTV S, RA L7 BEEOFRAEE~NDLERILER
DENDOBE~NOBITIZOWVTIE, TN F TIIW. Jacobil® D% A, C. James 522k » TfTbh 7z b
O > {aAE O B8 SHIE 7V OFFFEIC STV 5, ICRP Publication50 2V 33 & UFUNSCEAR 1988 4E#t
EF16 1903EMEEW ICBVTRETMICAV oM O v OBRE-REWREREE Table 4 I27RT, &
DRI, ZORBOMEIZ, FEALHET IR TV RWVWL, BEDT F Y EEDICRPEDTIITH R i
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Table 3 Ratio of PAEC for Rn progeny to “?Rn progeny at various locations.
(Schery, cited from BEIR VI)

Location PAEC(**°Rn)
PAEC(**Rn)
Country (district) Sample number
ltaly (Latiumn) 50 dewellings 1.3
Canada(Elliot Lake) 90 dewellings 0.3
Hungary 22 dewellings 0.5
Norway 22 dewellings 0.5
Germany(western) 150 dewellings 0.8
Germany(south western) 95 dewaellings 0.5
France (Finistere) 219dewellings 0.3
United States (20 states) 68 measurements 0.6
United States (Colorado) 12 indoor locations 0.3
Hong Kong 10 indoor sites 0.8

FIZBVTH MR Y ICH - RERBOIRIIEN T, UNSCEARIISSEHEHE® T, REN
b BLUZORBEOBMAIBERA YLD OLMERE T & ORIURE & ERHREYENDOBREREK
ZTable 5 IR T TNIZEAET FUVIRBHEICL AMEDIZLEA LD, HEHEIIHTLLD0THLHD
AL, PO VIREEORAIE, HRFEOII,IC, BREME,. B, T, Mt LNoBRELE
HT&iv, BRNO MO VEEHEIIC X 5 SEEOBRIRME (WERELE L -HE) 0EHHRELE~OF
SoEEE, FiA67%, BH15%, BEEL %, REEHA %, 2 %L 25,

COWMBEIZLD L, TFVBIUFOEBEOWRAIIZL HHEIL, T F U T ADRE-RELTHRRE
A, BRI HARTO05D 1 BETH 5 (772 LIBIEORE SFEEMBE L L OO T, BFEORE
T, F NV HTRAOFLIIERTELBETH S, LoT. 7 VNV HBOBEOBBHEIL, TLAL
BT FVRBREILIA2DDTHY ., TNOPEFEIHTH VMORBEIIRITLEVOT, 3L ALHH
BIURE - KEX~OBRELE>TWwD, —F, PO VOBEIE, MOV HAORE-RELERBREIC
DVTIE, 7 PV ERERIC, IBEEOZ IR TEEITNIVE3005D 1) 25, barFAOHE
i, WORBBEOREROEFHOHLDT, ERTELVIEAELH S,

7 FYONBRZEFMICB VTR, &I, BREEEBICIZZEFMO7 Fu—F X0 b, EEEFEWN
RTHOLNZ)AZRBERCTHIBY A2 2Rk0B7 7u0—FOHE*ERTAEMICH S, L1L,
BHEOEZAH, MO UHBROPEBICETAEFAERIWESIIL 5 b0 T, oy OTHEH168
Bgm® T % HEOH BARSHRIIE T, JEAREOEE CHNER SN 25 HidADHEINIRS
nNTwhv, XoT, PaYRAIZX S ) X2 HREIFE S5 T, ICRP Publication50 Tix, J F
Y- MO YORBEICL 52— BRETOBBRICL AMPADOEENHEMEHEEL TWEH, ZOHEIS
BOWTIEBE-RERERBICBIILI N - bu 2BV T, JF VO A7RE*ERTAZ L
REoT B Y OBEZFMELTVWE, ZOHRTFIZL L E—HFRIEICBITAT FY - O v OFEHSEM
BEZZNEFN, 15, 05Bg/m’ L LT, 1005 A4 ) OB MG %, 5 FU4932, rur336k
LTw5,
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Table 4 Mean dose conversion coefficients for indoor and outdoor
exposure to thoron and its progeny.

Location Thoron gas Thoron progeny Reference
Effective dose per Effective dose per
unit integrating unit integrating EEC
concentration
nSv/ (Bghm?3) nSv/ (Bghm?®)
Indoor - 39 ICRP Publ. 50  (1986)
Outdoor - 39
Indoor 0.1 32 UNSCEAR 1988
Outdoor 0.11 10
indoor 0.11 32 UNSCEAR 1993
Outdoor 0.11 10

Table 5 Dose factors for indoor and outdoor inhalation of thoron and its progeny
by members of the public presented in UNSCEAR 1988 report.

Thoron gas Thoron progeny
Organ or tissue Dose rate per unit{Dose per unit Dose rate per unit concentration
concentration intake Indoors Outdoors
uGy y’' perBgm? nGy Bq"! uGy y"' perBqm® uGy y' per Bgm?

Lungs 0.25 14 78 25
Red bone Marrow 0.02 0.8 4.5 1.4
Bone lining cells 0.18 9 50 16
Liver 0.02 1 5.6 1.8
Kidneys 0.10 6 34 11
Spleen 0.004 0.2 1.1 0.4
Other soft tissues '0.002 0.1 0.6 0.04
Effective dose 0.96 50 280 88
equivalent uSvy'perBqm® |nSvBqg’ uSvy'perBgm® |[uSvy'perBgm®

V.sbUIC
INETIZBRZZEH I, PO OREFSIE, —BRARICBV T T FYERBRLTEH W EE
AONBA, E72, BELNV, BEHERY A7FMICBTRALZBIHE V. BROLERED
B TRET 5 B8 BARBSTRMIE R RAEEE 2 LORRLRECOREE BT v
WS OMBIIERATERWEEZ LN, 5HBO O VIS CHREFMICET AMEREETH 5,
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Dose Estimation Methods for Human Exposure to Radon Decay Products

Michikuni SHIMO
National Institute of Radiological Sciences
4-9-1, Anagawa, Inage-ku, Chiba 263-85535, Japan

Abstract

The dose estimation methods for human exposed to radon and radon progenyare introduced in
UNSCEAR, ICRP and BEIR reports etc. The methods are dividedinto two classes ; one is the dosi-
metric approach and the other is the epidemiological approach. UNSCEAR has continuously adopt-
ed the former method since1977 Report, while ICRP has introduced two methods since the publica-
tion 32. In this paper, features of two dose estimation methods and the difference among doses respec-
tively obtained by two methods are introduced.

I.I3U®IC ,

5 FYFREREICE 2 NMEOBREEEHEICOWT, IhITItEEMSEEES, BERKSR#ES
B%. KEBEREES L EEHMOBEBERESIC L o TIRENT & /-, EER2ZE S (UNSCEAR) T
X, MEENTFEICIIBEAEZHEMISBALTETEY, 72, EBRHRSHE#EZRE S (ICRP) #it
BEETIE, BE, REZNFEL S CIORENFRIILIREEE2HEOTE CRBINTE 1245,
ICRP Publ.32(1993) i3k, MFHEICOWTERL TS, MPETHEEEINSE T F U TREEOKREZ L
R &, EBEHFHECLIBIREFENFERILIEOBLZ2/3BEL S, 22Tk, BEFNF
T EEFHFEO ZOOMBRHEFTEI OV TS EXS,

I. EBEEHGE

ERRE (EHRELR)FENH KL, MEFNHEL, TPV OBRET- 7 LERERET -5 &
DORBD L EMBEFIEET 5k, DZOoWH b, DT, JEICFOERFE - FHEEELT,

1. BEEOFE

I PV TFREEOBBRICL 2EDRELERTE5E6. 7 FVBEDSC, FREETE 7 727 4,
FHREEL 7 OV ORE - WES e EOYEEHIE, FIERICE T AERRR L, s 8ER
BERAZRTHLEN DL, 7 FVBEPLENRELROLBET, INLOBERPEDRATF v 7T
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B5T50%K 1 OWIEIIR L, UTICHARSEHEEERNTIE, BTHFT FUigE, FH7 7
7%, R, BERERBEOARTIZENSNLY, T2 TW) BERERBIIARKCIIEERE,
CEMMEZI TE—IEYV L LABEERLTCBY, 2 oBL2 % &5 KL DERIPHEERERLED
FIZEINHZLIZBELRZITNTZ L 2\,

(D) EhmE R EN

Z DFEIXTUNSCEAR T1982E R, —BE L THRAINTVE DT, EMHEEDHEERII2ED
LBYTHA,

E=Q-F:-T:Ky [mSv] (1

ZZT.Q IFViEE [Bgymi

F F#&772% [—]
T I PTERE X MM (8,760h)  [h]
Ky : BEBREREE  [mSv(Bg-h-m®)]

Thbo

) BERERBOEN

ZOHETIE, MEREREKuOBERIREFWTEICESV TV L2012, REBHTHOLD LTV,
DTIORL 72O~V FDHETH 5,

@ BAIBETEES Y DRTF VY X VTV 7 7 TR LF— (554 X 10° I/Bq) DEH

ORI, T F U FRIEHED 8o, 2Mpb, MBiDFNENOBARETFEL Y ORTF V¥ VT VT 7
INVFE—DFEWo 72 DT, MNERHBDLVERTH S, BEZLUTOIIIZLTEHESINS,

218pg : 6.0 MeV + 7.69 MeV = 3.7 MeV =2.19 pJ
—2.19pJ + 4 (0.00378) =5.79 X 10™% J/Bq
FARIZ LT,
24py - 286 X 1070 J/Bq
2145 . 210 X 109 J/Bq

L, The IFBEOME L T, 554 X10°)/BqL %5,

QEINE & EWHEORERE(BA 2 Svil. BA . 3 Sv/T; 1982 Report)

MEIZEZ OGN/ ANV F— (BRE) ] PEOREOENREL L HPIIBOTEERELRTH S
. COMIZIE., BETPREICL o TEBT 5 FREEO 7Y — AP ES 2 E L, RTFoik
EWMMNEZEETLDICHVAIETVORY )7, BT ERBECHABMERE R EBNEL, BEIC
WE BMETHR VA, 1982 UNSCEAR CIE U T OEIIRRENT WS,

BREEL I LT 28v]
BANETEZ I LT 38v]

BANDOEHEE T 5 EBEVIIROBHIZL S, Thbb, BAOZ 7oV VHTFEFEN LD K
EVEDTF—FIIEDTVTVE, LB, OEEZ 1kg& LTWABDT, BHIZHIZ a BIZX o TEY
B 1IDZANF—RIDH o726 T 5 &, Z1Ud2.4Sv GRIEEAT EFRE X BT E 2% =0.12 X 20)
WSS %,

@ 1 BB OMNEE (BW © 0.8m%h, E4} : 1.0m%h ; 1982 Report)
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7 P FRBEFEOWATIE, FEEHIKE 5T 5, 1982UNSCEAR TIILAT OEARREN T 5,
BAEAEL I LT 0.8m>h
BAMEAEZ ISR LT ¢ 1.0m’h
L7zh%> T, #EWRELREKu (1982 UNSCEAR) (KD & 9 12% 5,
BA : Ku=OX@X®=87%X10° [mSv/(Bq-h-m™)]
B4 Ku=OX@X®=17%10% [mSv/(Bq-h-m™)]

& Z AH%, 1988UNSCEAR #ii5E B & UF1993UNSCEAR Tl MEMBEREUIEN & BADKEIE %A <
0. ROLH) IZA—OBEFRRIN TS,

1988UNSCEAR : Ku=10X10% [mSv/(Bq-h-m™)]
1993UNSCEAR : Ku=9 X 10® [mSv/(Bq-h-m™)]

BREBADOXFI % o/l LT, MESMOBANTE L DT — ¥ HPEFESNBITONT,
TZDRIZEDNRDIZL L oI EDBBITONTWS, 1988EHMEDEMEIZ, 192EHEORA L E
NOMETHZ O BBEL TSNS, T2, ZORMEL 1993FEHE L D&, FU2Z2RaBE 0
T 5 FEEMT K iREEAT16 Bgm® A 5 15Bg/m ICEE I N7 Th 5,

2. EHFWH &

Z D FEEILICRP Publication 65 THREA Sz, FAETRREANIZOVTLA2ERET. ThWzExR
IRED, BHOFHE 7 77 ¥ 204 L L THRERERB(RERERG) IZEOTLE>TVS, 2T
2, RROBEEECRENEFBIZEL 2T ER00w, $hbh, BRNEBMIT CEHMEL %
TRIELE S0 BE,S, RERERNICFEE 7 7 7 538D 2VWE, 2 W REZNAELAL
FEATERHT AL LTS, L7z o T, RELXFTA7-012, HERERW LT IRERERK
&35,

(1) EREEEN
ICRP Publication 65 DFERIZFEDOWT, ERHREENEEALXE L TELLERRD L IR B,
E=Q - F:T- K [mSv] 2

ZIT.Q I9FViEE [Bym®]
F F#E7727% [—]
T  PTERRBX R (8,760h)  [h]
Ki . BERERYE  [mSw(Bqh'm?3)]
Thb,
2)MERERKY OEH
Lo, BEOREMERVOBEEFELZATE, £ITlX, V7 VHREDEET—5 (T FV
BREEN)ORBEL L EBEBRELER L L2 oHE SN BERESHV LTV A,
OBREEY ) OBERE
REENY ) OEERE (REBGCHERGRH) 13, 75 v HRE0EZT— ¥ LAKR, KE. EE, HE.
TIN M) ITRONAEESFERICET AT VT, ROEITRENT S,
(BEm=R BERE] 80X10%4(mJ-h-m3)!
B, BEEOT— 7 EWLMEMTRENTVA I EHFEZVA, mIhm3~DHEEIZIZ ] WLM=
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354mJ-h-m B DOEFRIIBEEE T 5,
@ FEhE Y ) DIFERER
EREE Y ) OBEREIL, RBEBEFAOFT -4 h o0 A 755 E LT, AREEEZEHIZHMTIT
KOOLNTHEY, KDL ITRENRTV A,
[(EEMER, EihRE] | 7.3X10%msv)? ; A%
56X 10*(mSv) ! ; k&
L7zHo T, MERERNT, 20 [O0@IL 58] 1C04%2FLAZ LICL->TRELZ LIZR S,
Q) MERBRBOAE
CZTR, BB LzL ) IZ, MERERRLLTROLDOT, 042F L [OO@IZX 5] 128
Db, Thbb,
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Effective Dose due to Radon in Japan

Takeshi IMOTO
The University of Tokyo
Yayoi 2-11-16, Bunkyo-ku, Tokyo 113-0032, Japan

Abstract

The annual effective dose due to 22?Rn series for the Japanese public was estimated as 0.46mSv/y.
Variation range of each dosimetric parameter used in the calculation (that is radon concentration,
occupancy factor, unattached fraction ratio of radon progeny, size distribution of radon progeny and
equilibrium factor) was also discussed and systematic error of the effective dose was estimated. The
data number of Japanese parameters is not enough to determine the representative value. However,
since each parameter includes tens to hundreds percent of error, the effective dose estimated in this
paper should not be so different from the real average. In the near future, the Japanese out-door
concentration will be reported. As new information on parameters is obtained, the Japanese effec-
tive dose can be estimated more precisely.

I.IzU s

I RV L 2 ESREOHE M FEIZR, RELFT 2207 /u—F2dbb, €DV LD,
OHEMHGEES Y DRTF VY ¥ VT VT 7 T3 VF— [IBql. OQFNENRE % EDREIILRT B0
DL [SvI] B X U@WHER [mdh] O3 ENEL L THE SN HERERE [(mSvBghm™3] 12X
5 [MEFNT7u—F] Ths, EEMFEES(UNSCEAR) IHEFC—ELTCIOFELRAL
TWBL2I, 30 E2id, 7T VEILHEE LR EREOBEET - 7 Ik o TEOWZRERE LY
DIBEMRZHEICRTE ENIHERERY (mSvBqhm®] 23 [EZEMT Fa—F]| THb, EE
BEt#RBi#E R E 4 (ICRP) Tld, fEkME L BEEBHEL TV, S FYCETIRFOBESE
(Publication65?) Tld, %%, T4bbLBEHT 70 —F DA LA L TWv5, UNSCEAR & ICRP DEHFT
D|EZZ WAL L, BERBEHLE(9X 100) 2RERETRN 60X 108 DM 15 LFMEIh T b2
O, ZOFRT 70 —-FOREIZL ) ENREOREREGIRE S ELoTLE ) L) MEPRFR
NEFHE-TVE, CTTREZDEICODVWTOSRIIET, LVFEMRNNTA— s 2 RIREEETS
MBOFELZBICL > T, bPEDT FUICLARELXITMT 5, /2. BEFHEIIFSFTH/T7 21—
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FGA=FDOED [FHT7 775 1200WTIE, EBIZLDPEAT— 7 2 RICFOBMNLE 2 EEL,
SR RIC RIS TREAE T 5,

I. b EDRNDIRE DOFFH
EERIE R B & (UNSCEAR1993)%12 L MUE, MESFIT FTu—FI2L 5T F U/ IEEORA I
WY HEMHREIIUTORTHESINS,

H=Q XF XTiXK

T,
H; £ERELE [mSvyl] Q; 7 FVigE [Bqm™]
F;¥#772% [—] T ; B EREX 8760 [hy]
K ; MERELRE [mSv/Bghm™] i 1BA. 25524
Thb,

E51Z, MERELKKIE, THRE, J F U REEOWEBENE G SRS, BE5M4). W%
FRRE (REXE TV, ENME~OREE, BRE, 275 v A), BEHRWERE. AT ERESE
DEL DBEZHIIGA=F 2o TREENL I EDPHON TV A (IBIR), HHEME OHE %I
BEIET 51212, BN OBBZI/IT X —F 2OV ThAEMEOKEY ED. FORITH
HOBMERHEREEZTET LI L1050, COBREZCOXBPBERLTVE L)L, ThED/8F A—
FISHEMTESH TS 500N, EVICHEAEEZ 20 D5 Z LICHEEILETH 5,

Table 1 (ZbHEDESREDOFEICHERA LT A5 257T, Ihbid, ITHRSDbBEDfE
BEEZOEHBEZRICRODONLBETH S,

Table 1 Parameters used in the Japanese radon dosimetry.

Parameters Unit Indoor QOutdoor
H Effective dose mSv y! 0.44 0.02
Q Radon conc. Bqm3 15.5 5
F Equilibrium factor - 0.4 0.6
T QOccupancy factor x 8760 hy! 0.9x8760 | 0.1x8760
K Conversion coefficient mSv/Bghm3 [ 9x 106 9x 106
i 1:indoor 2:outdoor

RO Y, UNSCEAR1993Cid, K=9X10° [mSvBghm™3] E5HEL TV %, KIZHFH5TH5L D
NTA—%i3, BRORKREL L {—H L TWBEDTUREERHIE TV DOBEAMEL EOMBEIZE 2 5
CITRZDZ T OVEOREBINEICHVAI LN TELLER 2, LFRICFOMOARMEDINT A
— 5 %A L. BRELBNOBBREL 4 ICEHE LNz L 572,

H=(155X0.4X0.9 X 8760 X 9 X 107) + (5 X 0.6 X 0.1 X 8760 X 9 X 105)
=046 [mSvsy]
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H A DEIRIZ L HEARIGARAAE04) ELINEICEYATIN S FUFTRAZ00000HBEES
X, FEOHEEOFNEFN2 BEELRBELONTWVS,

O. bFEDINT X — 42 DREMEE T OEENE

"Table 1 TRHWADLPEMED/NF A =5k, BRICW L 2P0HmEFIZL VREFSNEHRIN TS,
BIZIE, [5 F v O NEEEFE MRS REE (0 A REYIEES . FR1045 A)] 9200 Lo
Thb, COBREETIE. 7 F VL 2EREBLRBE I T 52BICERTRENTIXA—-F 200 T,
EFOBHREEHEL, BEEZET, SBRIOTBICLEL R AHRICOVTOHEDIT2To T b,
B4 ZAEPOCHEET 537 X — 5 OFEPER SN TV EOKRESZIL L BEETH L, LL,
ZOWMEEOEEL, HRAORFMBEE L TCOBBIL TwiWnid, ZZTRIORENZHRES, ¢
bbb [ 7 FV/RENE - MEfHiRAREE (BOTREFARESHET. 7 FVigElE - SEFmEE
&, PHRI04E3 )] OTHRINDIEDT A — 5 2BAT 5, ‘

Table 2 12T F Y OEHBEBEEICEEDDH L/35 A— 5 L ZOEEELBEEHE L/, 2ZDDI2,
FARICAOTHEFH SN EHRAORKMIR L2 BT, FELLZOWTREBEOREICELBED
BERE % iR 5

Table 2 Dosimetric parameters determined for the calculation of the effective dose
due to radon and its progeny (as representative values).

Japan World
Ref Final report of radon concentration UNSCEAR
erence measurements and dosimetry - (1998) (1993)
Representative Variation Representative value
value
a1 Indoor 15.5 Indoor *1 Indoor 40
Radon conc.[Bqm?] - Outdoor 5 Outdoor 4~7 Outdoor 10
S Indoor 0.4 Indoor 0.3~0.5 Indoor 0.4
Equilibrium factorl— | o (30006 Outdoor 0.5~0.7 Outdoor 0.8
Indoor 0.9 Indoor 0.85~0.95 Indoor 0.8
Occupancy factorl—] Outdoor0.1 | Outdoor 0.05~0.15 Outdoor 0.2
Unattached fraction 0.03 Indoor 0.02~0.05 Indoor 0.1
ratio of progenyl—] ’ Outdoor 0.02~0.06 | Outdoor 0.02-0.03
Particle size
Jistribution"?[ £m, 0 g 0.2, 24 0.1~0.3,2~3 0.2, Not reported
*“lestimateq for each region
2AMD
“SEngland, Norway 0.04~0.2
Germany 0.096 ( smoking 0.006, outdoor 0.02 )
UNSCEAR 1988 0.025
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72720, ZOFBOBRIZIIEETREESH L 2L HFABICHREIA TV, BETOREICIZIS
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CCITHETAREOT -7 LT, EFIIHFME T 77 ¥ HEF % HEIBAT 5,
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500miCHiEY 5 3REETHHIY 27— T
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7ol 23, BEHOY Y BAFRSWAEIZT A
HEEIL, BEIESRVFEE T 7 7 5 IEK
S BrERTHE, T2, BERKT 55
AFWZ, L7 VEONFEBMSMEL 5F : : : ; :
BIZREEAT A, BICT T 2> OBIERME Feb  Apil  Jme Awg Ot Dec
PEVEXIZ, 74V ML= a YRR Month
FZICHN, FET7 7 29BN EL LB, 2O

F value

Fig.1 Monthly variation of F.
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ZEFICHR) ZE IHEFTFMEOFEL L CTIIMBIL LT E T ATEEND 5, 72k 213, WA TRA
L7297 FUiBEOREREOERIII r ABORELLTILOLNTWADT, FEHIISL T, &iF
BEZZE L HREFMOLED,D Lk, B F T, AFNRKTOENT-4 %, fEkEBHD
FFYDONRFG A - THREFHEL 725G L, 37AFHONRIA—FICI WV FEREL-BEL KT S
& Table 3 DEY &L o7z,

Table 3 Comparison between annual mean and seasonal mean on effective dose calculation.

Conversion Effective Dose
Raﬁ;) n q%nc' F value [rggo] coefficient of the dwelling
am [mSv/ Bghm9] [1Svy1]
Annual mean 1725 +1.89 0.43 +0.09 0.52 0.30 £0.02
I term mean 11.94 £4.01 0.43 +0.22 0.50
II term mean 13.22 +3.23 0.26 £0.21 0.53 9x10°%
0.25 £0.01
I term mean 26.20 +2.80 0.41 *0.11 0.53
IV term mean 13.22 +4.78 047 £0.13 0.50

OF: Occupancy factor
I; April-June II; July-September III; October-December IV; January-March

ZOT—FOFETEZ DEEDREZ, —EFHDIRT 2 — % % V725812 X 1iZ0.30mSv.
3y AT LICHELCERET 2 HBETIZ025mSy &4 D, EHHMOEIZ X > TET DM =
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EHEOLEEICOWTIX, ESIZF— 2 0ERZESVLEND 5,
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IHRZELoTVWRVWHERELTIE, NFXA— SV DOREEEZMET A LIRS LI LTiERV, LaL,
ERIZENZNDONRT A= I BHLBREOEHRLzFH-TWAE I L EETNE, SEES L EWER
BOFERRICOVTRECEBoTVRVWERERTE S, BA T FVBEOLERERERLZ0OMD
B-BmeRoLedil, SOLIHEERVEMEITELLLTHAI,
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radiation, New York, United Nations (1982)
2 ) United Nations Scientific Committee on the Effects of Atomic Radiation. Sources, biological effects and risks of
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Bio-medical Parameters in Lung Dosimetry

Nobuhito ISHIGURE
National Institute of Radiological Sciences
4-9-1, Anagawa, Inage-ku, Chiba 263-8555, Japan

Abstract

Study on dosimetry for radon exposure should primarily be targeted to get reliable prediction of
risks for members of public. To achieve this goal, it should contribute to interpret epidemiological
evidence of cancer induction among uranium miners through reasonable retrospective dose estimation
for them. As well as field study to inspect characteristics of radon atmosphere, method to evaluate
dose as "a quantity of cause", which is supported by bio-medical understanding should be investigated.
In this report, relations of dose with bio-medical parameters such as dissolution half time of materials
at airway surface into blood, types of target cells and their locations in airway wall and relative sen-
sitivities for cancer induction among the regions of airways have been described. Dose estimation
models in ICRP publication 66 have been applied. Though the ICRP has applied epidemiological data
to risk estimation in the case of radon exposure, the use of the models in Publication 66 could be help-

ful to compare lung doses resulting from different parameters.
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PHEZ I FERNATRZV, 25 50HBMICRIVTHITEENTH 5,

I.BEFHEETIVERENIA—4

1. REFMOFIE

Fig. 1 127 FY FREEORABBROBEFTFMOFIELZ KT A F —20—Bl%RT,

Y, FREBOSELEZLRENOLD 7 VT IV AL P LREBEIZBIT 5 —EHM OBEEHAK
oMb, LOEICEMNEBDO AN F—RNEEERETH I LIZL D, RaA, RaB, RaC'E4 DfHE.
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Fig.1 Diagram showing procedures to calculate doses to lung by inhaled radon progenies.
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Fig.2 Frequency distribution of unattached fractions (fp) for different attachment rates of radon progeny to ambient acrosols.
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Table 1 Target cells of human respiratory tracts.
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Table 2 Effects of lung doses on assumptions for types of target cells in respiratory tracts.
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Table 3 Partition of detriment among respiratory tract tissues.
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Table 4 Effects of lung doses on partition of detriment among respiratory tract tissues.
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Radon-induced Lung Cancers in Rats : Influence of Dose-rate

and of Combined Exposure to Tobacco Smoke and Other Agents
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BP 6, F-92265 Fontenay aux Roses Cedex, France

Abstract

Experimental animal studies were used in addition to epidemiological studies to investigate the
effects of exposure, exposure rate and other factors in predicting risks resulting from human exposures.
The advantage of animal data is that animal experiments are generally conducted under carefully
controlled conditions and that exposure and exposure rate can be estimated more accurately. A dose-
effect relationship was established for cumulative exposures varying from 0.09 J h m>(25 WLM).
up to 21.6 T h m™ (6,000 WLM) which was very similar for medium and high cumulative exposures
to that observed in uranium miners. A trend towards increasing tumour risk with decreased exposure
rate was observed in rats exposed at cumulative exposures higher than 0.72 J h m™ (200 WLM). In
contrast, the results obtained at low cumulative exposure, comparable to domes-tic indoor exposures
showed no evidence of an inverse exposure-rate effect. Chronic radon exposure at 0.09 J h m™(25
WLM), protracted over a 18 months period, at a potential alpha energy concentration (PAEC)of
0.042 mJ m>(2 WL), resulted in fewer lung carcinoma in rats than a similar cumulative exposure
protracted over 4 to 6 months at 2.1 mJ m™ (100 WL). Moreover, the preliminary results of a new
series of experiments, carried out to investigate the influence of exposure rate on lung cancer induc-
tion, indicate that at relatively low cumulative exposures comparable to lifetime exposures in high-
~ radon houses or current underground mining exposures of about 0.36 J h m™ (100 WLM), the risk
of lung cancer in rats decreases with decreasing PAEC, i.e., with exposure rate. These data suggest
that in terms of risk of induction of lung cancer, there is a complex interplay between cumulative
exposure and exposure rate, resulting in an optimal combination of these two parameters.

Moreover, the effects in rats of combined exposure to radon and other environmental or industrial
airborne pollutants, such as tobacco smoke, mineral fibres, diesel exhausts, minerals from metallic
mine ores, ozone and chlorinated compounds, that may act synergistically with radon exposure, are
reviewed in relation with the possibility of combined exposure for workers in different industries.

Introduction

Experimental animal studies were used in addition to epidemiological studies to investigate the
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effects of exposure, exposure rate and other factors in predicting risks resulting from human exposures
both in the home and in the workplace. The advantage of animal data is that animal experiments are
generally conducted under carefully controlled conditions and that exposure and exposure rate can be
estimated more accurately. Radon animal data, obtained primarily in adult rats, were provided
mainly by the Pacific Northwest National Laboratory (PNNL, formerly PNL)in USA and our labo-
ratory in France". This paper summarises the main data and the results of ongoing experiments on
the influence of exposure rate on lung cancer induction.

Moreover, as combined exposure to various carcinogenic agents is common in some mine environ-
ments, the potential co-carcinogenic effects of industrial ad/or environmental airborne pollutants,
such as tobacco smoke, mineral fibres, diesel exhausts, minerals from metallic mine ores, ozone or
chlorinated compounds, acting in combination with radon exposure, were studied in rats. This paper
summarises the results of these studies in relation with the possibility of combined exposure for

workers in different industries.

Effects of exposure to radon and progeny
It has been previously demonstrated that exposure to radon and its progeny induces lung cancers

2,3)

in rats Although the oat-cell carcinomas that are common in humans were not found in rats,

other histological types of lung cancers, especially squamous cell carcinomas and primitive lung ade-

nocarcinomas, were very similar to those observed in humans* > )

. Unlike human lung tumours, which
are of bronchial origin, lung tumours in rats are originating from terminal and respiratory bron-chioles
and the deep lung, or even from the bronchial tree cells.

An excess risk of lung cancer was observed in rats at cumulative exposure as low as 0.09 J h m™
(25WLM) performed at relatively high potential alpha energy concentration (PAEC) of 2.1 mJ m™
(100WL)®. A dose-effect relationship was established showing that the incidence of lung carcino-
mas in rats exposed to radon/radon progeny increased with cumulative exposure (Figure 1). The
incidence of lung carcinomas increased for cumulative exposures varying from 0.09 J h m™ (25WLM)
to 10.8 J h m™(3,000WLM), and decreased thereafter. For medium and high cumulative exposures,

this pattern was very similar to that observed in uranium miners® .

Influence of exposure rate

Despite the fact that significant cumulative exposures at typical residential exposure rates of about
1.8 10 J h m™ per week, approximately 0.005 WLM per week, cannot be tested in a shortlived
species like the rat, the rat model is valuable for reducing the uncertainties that exist in human data,
particularly in regard to the exposure-rate effect. In PNL lifespan animal experiments, a trend towards
increasing tumour risk with decreased exposure rate has been reported in Wistar rats exposed at 2.1
mJ m3(100WL)and 21 mJ m3(1,000WL)and cumulative exposures varying from 2.3 J h m™
(640WLM) up to 18.4 T hm™(5,120WLM) 7.
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Fig.1 Dose-effect relationship observed in rats exposed to radon/radon progeny.

A similar trend was observed in our experiments in Sprague-Dawley rats exposed at 3.6 J h m™
(1,000WLM) cumulative exposure up to 21.6 J h m™(6,000WLM) and high exposure rates varying
from 0.25 mJ h m™(70WLM per week)to 0.9 mJ m™(250WLM per week)®. In contrast, the results
obtained at low cumulative exposure, comparable to domestic indoor exposures showed no evidence
of an inverse exposure-rate effect. Indeed, chronic radon exposure at 0.09 J h m73(25WLM), protract-
ed over a 18 months period at an alpha potential energy of 0.042 mJ m™3(2WL), resulted in fewer
lung carcinomas in rats than a similar cumulative exposure delivered over a 4 to 6 months period at
a potential alpha energy of 2.1 mJ m3(100WL)®. The lung cancer incidence in rats exposed at
low exposure rate (0.60%) was slightly lower than that in control animals (0.63%).

Under the Fourth CEC Research and Development Framework Programme, a new series of experi-
ments was carried out to investigate specifically the influence of exposure rate on lung cancer induc-
tion in rats. These studies were conducted at relatively low cumulative exposure comparable to life-
time exposures in high-radon houses or current underground mining exposures of about 0.36 J h
m (100 WLM). The animal experiments were conducted concomitantly both at CEA (France) and
AEA-Technology, plc (Harwell, UK). Where possible, the experimental conditions used at the two
laboratories were similar, for example both groups used rats of the same strain, sex and age. In addi-
tion, the metrology of the radon exposure atmospheres and the reporting of pathology were standard-
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ised between the two groups. The principal differences between the exposure conditions were that
exposures were conducted during the working day at CEA without introduction of carrier aerosol
and continuously (24 hours per day) using Carnauba wax as carrier aerosol at Harwell. The prelimi-
nary results of the ongoing experiments conducted at CEA are reported below.

Radon exposure

Exposures were designed to investigate the role of PAEC and protraction of exposure which have
been demonstrated to be the main important parameters for lung cancer induction in experimental
animals. All the CEA animal exposures were performed at the CEA-University of Limoges radon
inhalation facility located in Razés (France). Radon gas emanation from uranium ore was introduced
into the 10 m’ stainless steel chambers through a dilution system and the radon progeny were
attached to the ambient aerosol (natural aerosol). The duration of exposure sessions was 6 hours.
Exposures were conducted under static conditions without air renewal in the chambers. During the
exposures, monitoring of the potential alpha energy concentration (PAEC), equilibrium factor F,
unattached fraction f;, radon progeny concentrations and environmental conditions were performed
using recognised methods agreed between AEA and CEA in previous metrology inter-comparison
exercises” . Inhalation parameters of the different exposure groups are summarised in Table 1.

Table 1 Distribution of rats and characteristics of exposure to radon/radon progeny between the different experimental groups.

Experimental Number Age Cumulative exposure PAEC
groups of at start F A
rats of mJ h m* WLM m) m* WL
exposure
(months)
Gr. 0 RnCt) @ 120 - =09 =025 = 0.0004 =0.002 - -
Gr. 1 (RoPC)® 240 3 378 105 391125 188 + 60 0.14+£0.03 | 0.25+0.04
Gr. 2 (RoFr) @ 240 3 385 107 3.05+0.95 147 + 46 0.20+0.04 | 0.18 +0.06
Gr.3 (RuD3)@ 240 3 361 100 1.21+040 | 583194 | 0.09+0.03 | 033 +£0.03
Gr. 4 (RnD12) ¢ 240 25 358 100 0.27+0.01 13 +£0.01 0.08 +0.01 | 0.30+0.03
Gr. 5 (RnDG) @ 211 3 151 42 0.37+0.16 180+ 8.0 | 0.14+0.04 | 0.25+0.06

Group 0 : untreated controls

Group 1 : exposed to radon from 29-04-1996 to 28-05-1996
Group 2 : exposed to radon from 11-07-1996 to 02-10-1996
Group 3 : exposed to radon from 03-03-1997 to 03-06-1997
Group 4 : exposed to radon from 01-12-1997 to 11-12-1998
Group 5 : exposed to radon from 29-04-1996 to 14-10-1996

e AL &R

In these studies, experiments were performed at a cumulative exposure of 360 mJ h m™ (100WLM)
and PAEC varying from 0.22 mJ m™(12-13WL)to 3.15 mJ m(150WL). Group 0(RnCt)was an
unexposed control group. Group 1(RnPC) was used as a positive control group and was exposed to
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radon and progeny at a cumulative exposure of about 360 mJ h m™>(100WLM) and high PAEC of
3.15 mJ m~3 (150 WL) which was expected to induce a lung cancer incidence of about 10%. Group
2 (RnFr) was exposed to a similar cumulative exposure of 360 mJ h m™3 (100WLM) and high PAEC
as Group 1, but the exposure of this group was protracted over a 3 months period, at 1 or 2 sessions
per week, instead of 5 sessions per week delivered for 4 weeks in Group 1. Group 3 (RnD3) was
exposed to a similar cumulative radon exposure of 360 mJ h m> (100WLM), but at a lower PAEC
of about 1.2 mJ m™(50WL). Group 4 (RnD12)was exposed to a similar cumulative radon exposure
of 360 mJ h m™ (100WLM), but at a lower PAEC of about 0.27 mJ m™> (13WL). Group 5 (RnD6)
was initially scheduled to be exposed at the same cumulative exposure of 360 mJ h m™(100WLM)
as other groups, but at lower PAEC of about 0.3 mJ m 3 (15WL). In fact, due to works for renewal
and refurbishment of the radon inhalation facility, the exposure of this group was stopped at a cumula-
tive exposure of 151 mJ h m™> (42WLM). However, this point should be very informative, since in
our experience, we did not have data on experiments conducted at such cumulative exposure and
PAEC.

Animals and histologic analysis

Exposed rats were 12 week-old, male, specific-pathogen-free Sprague-Dawley rats (Ico : OFA
SD, IFFA-CREDO, France). During exposure, they were housed in wire stainless steel cages within
the inhalation chambers. Litter consisted in sawdust removed daily before the beginning of exposure.
Food (AO4 from UAR, France) and water were given freely. After exposure, rats were kept and reg-
ularly observed until death and euthanasied when moribund. Necropsies consisted of a complete
examination of all the organs and recording any abnormalities. The lungs were carefully observed
and any nodules detected by a gentle palpation. Lungs, selected organs and organs with suspicious
lesions were taken systematically for histopathological examination. Lungs were fixed in situ by
intratracheal instillation of 10% neutral buffered formalin (NBF). Thoracic lymph nodes and sur-
rounding tissues from the mediastinum, including heart, were fixed all together. If no lesion was
observed, samples from liver, spleen, kidneys and the whole brain were fixed in NBF after all the
organs had been systematically weighted. Any suspicious lesion from other organs was taken and
fixed. Sagittal sections of the nasal and paranasal cavities were performed and any macroscopic
lesion fixed. Tissues were fixed in NBF by immersion before processing and embedding in paraffin
wax. Serial 5-um thick sections were performed taking care to trim only the sufficient tissue for
histopathological diagnosis in order to keep remaining tissue from the lesion available for further
studies on biological markers. Routine process consisted in haematoxylin-eosin-saffron staining. In
addition, selected special histochemical stainings including Alcian-blue for mucus detection in ade-
nocarcinoma and/or immunohistochemical methods were used. Proliferative preneoplastic lesions
and lung tumours were classified according to the classification published in the EULEP Color
Atlas'?.
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Results

These studies are not yet fully completed. However, the majority of rats have died or were killed
when moribund and then autopsied. In the first four experimental groups, group 0(RnCt)), and
groups 1 (RnPC), 2(RnFr), 3(RnD3), and 5 (RnD6) all the rats have been autopsied. In contrast, in
Group 4 (RnD12), about 34% of the rats, 82 of 240, are still alive. Table 2 shows the distribution of
lung tumours larger than 5 mm in diameter at macroscopic examination. In our experience, lung
tumours larger than 5 mm in diameter at autopsy were found to be almost exclusively malignant
tumours. In rats exposed to similar cumulative exposure and decreasing PAEC, the proportion of
lung tumours larger than 5 mm at macroscopic examination decreases from 10% in Group 1 (RnPC)
to 3.33% in Group 3 (RnD3)and 1.27% in Group 4(RnD12). However, this last group should be
regarded cautiously since all the rats from this group have not yet been autopsied. On the other hand,
in group 2 (RnFr) which was exposed to radon at similar cumulative exposure and PAEC as group
1(RnPC), but protracted over a 3-months period, the incidence (5.41%) of macroscopic lung tumours
observed is marginally significantly lower than that of Group 1(10%). In group 5 (RnD6)exposed
at lower cumulative exposure of 151 mJ h m™3(42WLM) and lower PAEC of 0.37 mJ
m 2 (18WL) than other groups, 5 lung tumours larger than 5 mm at macroscopic examina-

tion (2.36% ) were observed.

Table 2 Distribution of macroscopic lung tumours with a diameter larger than 5mm
observed at autopsy in rats between the different experimental groups.

Number Number Number Total Proportion
Experimental of rats of rats with | of rats with number (%)
groups with lung single multiple | of tumours | of tumours
tumours |lung tumours | lung tumours| @>25mm | @ >5mm
@>25mm |
Group 0 (RnCt) 0/120 0 0 0 0
Group 1 (RnPC) 22/240 22 2 24 10.0
Group 2 (RnFr) 13/240 13 0 13 541
Group 3 (RnD3) 8/240 8 0 8 3.33
Group 4 (RnD12) 2/158 2 0 1 1.27
Group 5 (RnD6) 5/211 5 0 5 2.36

In these experiments, the histopathological study is still in progress. All the tumours confirmed at
histopathological examination as being lung carcinomas were tumours larger than 5 mm in diameter
at macroscopic examination. The distribution of the histological types of lung carcinomas observed
until now in the different experimental groups is listed in Table 3.
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Table 3 Distribution of histological types of lung carcinomas between the different experimental groups.

Squamous cell Adenosquamous
carcinomas carcinomas Adenocarcinomas
Group 1 (RnP(C) 6 1 7
Group 2 (RnFr) 1 1 3
Group 3 (RnD3) 0 0 2
Group 5 (RnD6) 0 0 2

Until now, in group 1(RnPC), exposed at a 378 mJ h m™>(105WLM) cumulative exposure and
high PAEC of 3.91 mJ m>(188WL), 6 squamous cell carcinomas, 1 adenosquamous carcinoma
and 7 adenocarcinomas were observed. In group 2 (RnFr), exposed at a 385 mJ h m™ (107WLM)
cumulative exposure and similar PAEC of 3.06 mJ m™(147WL)but protracted over a 3 months
period, 1 squamous cell carcinoma, 1 adenosquamous carcinoma and 3 adenocarcinomas were
observed. In group 3 (RnD3)exposed at 361 mJ h m™>(100WLM) but lower PAEC of 1.21 mJ
m 3 (58WL), 2 papillary adenocarcinomas were observed. In group 5 (RnD6), exposed at 151 mJ h
m 3 (42WLM)but lower PAEC of 0.37 mJ m>(18WL), 2 papillary adenocarcinomas were also
observed. It should be pointed out that squamous cell carcinomas were observed only in rats
exposed at high exposure rate.

A full statistical analysis of the survival and tumour incidences of this study will not be possible
until all animals have been analysed.

Combined effects of radon and other industrial or environmental airborne pollutants

Combined exposure to radon and tobacco smoke

The first experiments were carried out to investigate the effects of inhalation of radon and its
daughters at various cumulative doses, before or after various passive exposures to tobacco smoke!?,
using cigarettes with and without filters. For a 1000 WLM radon exposure, the incidence of lung
carcinomas was slightly lower in rats exposed to tobacco smoke before radon exposure than in rats
exposed to radon alone, but the distribution of the different histological types of tumours were simi-
lar in the two groups. In contrast, a highly significant excess of lung carcinomas, mainly of the

3. In

squamous cell type, was observed in the group exposed to tobacco smoke after radon exposure
this group, the incidence of lung carcinomas was almost four times greater than in the group

exposed to radon alone.
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The results of further studies in which rats were exposed to cigarette smoke following exposure to
radon showed that for the same tobacco smoke exposure, the incidence of lung carcinomas increased
with the cumulative dose of radon. In the same way, for an identical cumulative dose of radon and
its daughters, the incidence of lung carcinomas increased with the cumulative exposure to tobacco
smoke!? .

The induction of lung carcinomas was less efficient in rats exposed to tobacco smoke produced

by filter cigarettes than in those exposed to cigarettes without filters')

. The incidence of lung car-
cinomas was higher, but not statistically significant in the groups exposed to radon and tobacco
smoke combined than in the group exposed to radon alone. Moreover, the proportion of lung carci-
nomas was higher in the group exposed to unfiltered cigarettes than in the group exposed to filtered
cigarettes. In the group exposed to radon and unfiltered cigarettes, the increased incidence of lung
carcinomas was mainly related to an increased incidence of squamous cell carcinomas. These find-
ings suggested a stronger synergistic effect of radon and unfiltered cigarettes compared to that of
radon and filtered cigarettesl4),.

In rats exposed to radon and tobacco smoke combined, for the same radon exposure, the incidence
of lung carcinomas was greatly increased in the group exposed to radon and tobacco smoke compared
with the grdup exposed to radon only. Tumours observed in the groups exposed to radon and tobacco
smoke were larger and more invasive than in the groups exposed to radon alone. These tumours also
spread more to the pleura and the presence of intrapulmonary metastases or of multiple tumours in the
lung was observed. For the same radon exposure, the mean latent period for lung carcinomas was
shorter in the group exposed to radon and then to tobacco smoke compared with the group exposed
to radon alone. For an identical tobacco smoke exposure of 350 hours, the mean latency period was
inversely related to the cumulative radon dose. All these results showed a clear co-carcinogenic effect

of exposure to radon and radon daughters and tobacco smoke in rats.

Combined exposure to radon and mineral fibres and other industrial or environmental airborne pol-
lutants

The experimental protocol described above was used to study the potential co-carcinogenic effects
of radon and mineral fibres. Acid treated chrysotile fibres were shown to exhibit less carcino-genic

activity in vivo than untreated fibres'® )

. These experiments were designed to investigate the potential
synergistic action of different kinds of untreated or acid treated asbestos fibres and other mineral
dusts injected into the pleural cavity of rats after previous inhalation of radon and its daughters. In
these experiments, 60 rats exposed to radon alone were used as controls. Ten groups of 10 rats each
were exposed to the same dose of radon and then, 2 weeks later were injected intrapleurally with 2 mg
of mineral dust, untreated or acid treated asbestos fibres, glass fibres and two varieties of quartz. No
rats were exposed to mineral fibres alone.

The potential carcinogenic or co-carcinogenic role of 4 minerals present in the ores of metallic
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mines was also investigated'®. These included, nemalite (a contaminant of Quebec chrysotile),
biotite (present in many granites and in the French uranium ore), iron pyrites (present in various
iron and gold ores), and finally iron-rich chlorite (present in iron, tungsten and gold ores).

The use of diesel-powered vehicles is steadily increasing world-wide. Experimentally, some evi-
dence of a carcinogenic effect has been previously reported in rats after exposure to diesel exhaust
containing high concentrations of diesel soot particles for periods of up to 2 years'”. The potential
synergistic effects of diesel exhaust were investigated in rats after previous exposure to radon and
radon daughters'® .

Suggestions of co-carcinogenicity were also observed in rats exposed first to radon progeny 3.5 J
h m~3(1000WLM) and one month later to ozone 0.2 mL.I"! (0.2 ppm) by inhalation. A clear but non-
significant increase in lung cancers was observed in the group exposed to radon and ozone combined
as compared with the group exposed to radon alone'®.

Chlorinated compounds are widely used in a variety of commercial forms for industrial and med-
ical applications. Exposure to dichloromethane (methylene chloride)induces lung and liver cancers
in mice. The aim of this study was to test the potential carcinogenic or co-carcinogenic effect of
dichloromethane in rats, acting either alone, as a complete carcinogen, or as a promoter after local
pulmonary irradiation by inhalation of radon®”,

The results of these different studies are summarised in Table 4.

Discussion

The results of these studies showed that lung carcinomas could be induced in rats by exposure to
radon and its progeny. A dose-effect relationship was established for cumulative exposures varying
from 0.09 J h m™3(25WLM)up to 21.6 J h m(6,000WLM)?. An excess of lung cancer was
observed in rats exposed to cumulative exposures similar to those to which former uranium miners
were exposed, i. €., from 72 mJ h m ™ (200WLM) to 10.8 T h m™ (3,000WLM), but only at high expo-
sure rate. For low cumulative exposures, exposure at low exposure rates resulted in fewer induced
lung carcinomas than similar exposures at higher exposure rates®.

The ongoing studies on the influence of exposure rate are not yet fully completed and the
histopathology study is still in progress. Full statistical analysis of all animals is required before full
conclusions can be drawn. However, on the basis of autopsy macroscopic findings and of prelimi-
nary histopathological results, the results of this study could be compared with those of an historical
control group of 785 rats and with those of previous experiments in rats exposed at various cumula-
tive exposures and exposure rates.

The preliminary results of these studies indicate that at relatively low cumulative exposures of
0.36 J h m™3(100WLM), comparable to lifetime exposures in high-radon houses or current under-
ground mining exposures, the risk of lung cancer in rats decreases with PAEC, i. e., exposure rate.
They confirm the results obtained at lower cumulative exposure showing that for the same cumulative
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Table 4  Effects of combined exposure to radon and other environmental or industrial airborne pollutants.

Experiments Results Conclusion
Increased incidence of lung
Radon carcinomas Multiplicative
+ up to 4 times greater than in Effect
Cigarette Smoke rats exposed to radon
progeny alone
1/3 Lung Carcinomas
Radon 1/3 Pleural Mesotheliomas Additive
+ 1/3 Combined Pulmonary Effect
Mineral Fibres Pleural Tumours
in excess
Radon
+ Slight non significant excess No clear
Minerals of synergistic
from lung carcinomas effect
Metallic Mine Ores
Radon Slight non significant excess No clear
+ " of lung carcinomas synergistic
Diesel Exhausts effect
Radon Slight non significant excess No clear
+ of lung carcinomas synergistic
Ozone 0.2 ppm effect
Radon No excess
+ of No synergistic effect
Methylene Chloride lung cancer
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exposure of 0.09 J h m™(25WLM), the relative risk (RR) of lung cancer decreases from 4.45 in rats
exposed at 3.15 mJ m™3 (150WL)to 3.48 in rats exposed at 2.1 mJ m™(100WL)and to 0.94 in rats
exposed at 0.042 mJ m 3 (2WL). These preliminary results also indicate that the risk of lung tumour
induction for rats is maximum for cumulative exposures ranging from 0.09 J h m™(25WLM) up to
360 mJ h m™ (100WLM) and PAEC ranging from 1.05 mJ m™3(50WL)up to 3.15 mJ m3(150WL),
i.e., exposure rates ranging from 18 mJ h m™ per week (5 WLM per week)and 90 mJ h m™ per week
(25 WLM per week). These data suggest that the induction of lung cancer results from a complex
interplay between cumulative exposure and exposure rate, with an optimal combination of exposure
rate at a given exposure level.

The significance of exposure rates in assessing the hazards of domestic radon exposure was
addressed on biophysical grounds by Brennerm), who concluded that, when cumulative exposures
are sufficiently low that multiple traversals of target cells by alpha particles are rare-that is the case
for typical domestic radon exposures-, all exposure-rate enhancement effects disappear. The results
of recent experiments conducted by Miller et al. using a microbeam source??, showed that traversal of
cell nuclei by a single alpha particle induced significantly lower oncogenic transformation in the
C3H10T1/2 mouse fibroblast system than does a Poisson-distributed mean of one alpha particle,
suggesting that cells traversed by multiple alpha particles contribute most of the risk.

In this respect, based on dose-rate effect considerations, extrapolation of lower exposure-rate
miner data to residential exposures-where no target cell is traversed by more than a single alpha par-
ticle-may overestimate risks associated with typical residential exposures and exposure rates. Our
recent data in rats appear to follow this same trend and to support the hypothesis that, at low doses,
the risk of lung cancer is governed by the rate at which the dose is delivered, and not by the total
cumulative dose alone. Likewise, recent data from R. Mitchell et a2 following chronic exposures to
high concentrations of natural uranium ore dust alone also indicate that malignant lung tumour risks
are not directly proportional to dose, but are directly proportional to dose rate.

These data are also consistent with that of underground miners?” showing an inverse dose-rate
effect at high cumulative exposures, but a diminution of this effect at cumulative exposures lower
than 0.18 J h m™(50WLM). They support both the existence of an inverse dose-rate effect at high
cumulative exposure, as well as its diminution or disappearance at low cumulative exposures.

The results of the studies on combined exposure to radon and other agents demonstrate the poten-
tial co-carcinogenic action of various environmental or industrial airborne pollutants acting in com-
bination with radon exposure. They showed either a multiplicative, an additive or nil effect. The
strongest co-carcinogenic effect was shown by combined exposure first to radon and then to tobacco
smoke and resulted in an increased incidence of lung carcinomas, mainly of the squamous cell type.
These results also indicated the possible application of this “radon model” to the investi-gation of
possible interactions between exposure to two occupational and/or environmental pollu-tants. The
importance of such an experimental model for risk assessment should be emphasised since human
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industrial occupational or environmental exposures are nearly always not single but multiple expo-
sures.

However, in the majority of co-carcinogenesis studies reported here, strong synergistic effects
could be observed only when the potential co-carcinogens were administered at high doses, as reported
for combined exposures to radon and cigarette smoke. The co-carcinogenic effect of radon, which
has been observed in high-level exposures, cannot be extrapolated to humans exposed in the domestic

environment as they are never exposed to such high levels?V.
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Abstract

Radon and its progeny are regarded as the largest contributor of natural radiation exposure to the
human irradiation. Epidemiological follow-up studies on the radium painters and the miners in silver,
fluorspar, niobium and uranium mines suggested the risk of radon and its progeny exposure to induce
the lung cancer. In recent years, it came to notice that we should pay more attention to the uncertain-
ties in these epidemiological studies taking some synergistic effects between radon and other environ-
mental carcinogens, such as mine dust, smoking habit, arsenic, etc into account. In spite of these
deficiencies, it is still widely accepted that the residents in the house with elevated radon and its
progeny concentrations will have an excess risk of lung cancer mortality associated with their radon
progeny exposure.

The Committee on the Biological Effects of Ionizing Radiations, U.S.A reviewed the major four
epidemiological studies by Lundin et al. (1971), Muller et al. (1983), Radford and Renard (1984),
Howe et al. (1986), and Hornung et al. (1987)in BEIR IV report(1988). New evidence since
1989 has been reviewed in the recent BEIR VI report(1999) , and the approaches to assess the lung
cancer risk posed by residential radon exposure has been reexamined. The BEIR VI report preferred
two new risk projection models, and discussed uncertainties related to the induction of lung cancer
at low level radon exposure and the impact of tobacco smoking. These models were based only on
the pooled analysis of epidemiological studies of miners by Lubin et al. 1995, and not on the meta-
analysis of case-control studies on residential radon and lung cancer by Lubin and Boice 1997.
Excess lifetime risks of lung cancer mortality are also evaluated for U.S.A. Japanese and Swedish
populations averaged over 1980-1984 using the Time-Since-Exposure (TSE)model in BEIR IV
report, the Exposure-Age-Concentration (EAC) model and the Exposure-Age-Duration (EAD) model
in BEIR VI report.
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P, 2EMIABENEHELD), 2L, FENT FUEEEMPAICET 2 BEREHEIHERNT
ERINLDTH5, :

FEIZ. CREITIX, 19854 LIRE. BRBRET (BPA)FICI 2RENT FUBEREL S, TEILNL
(149Bqm3) #BX 2 ERHF T FVBEL AT ARBIEE R sh, [BRNZEEDS FUFgk] i1,
HEMEL %o Tz, EREPAMS ERERBERETL., HOOIEFERAT4TEERALTIIF
VERSAF Y v R—V] ERAWICHEEL. RENTH T F UV BEOEVE (County) IXASAEY A
e Sn, BEERICEBHLZEANTS FVRERBNR(BECI > TRBEZED ) PEIE SR
72DTHD, 7 FMEBALK RICBET 214 2 BEP(RE 250 ORBBIHMEL, A—/N—<—7F
v NCEHEBEOESE T FVIRERES v b (FEIOEERERLEGRRIME N EE D/ Y ¥ TRIRIES) A5
FENTWDORIOEATH S,

THUIZH LT, ¥y Y= KEDCohen#i% 5 13, 2K 1729F8 (County) i2B VT, KEHNT N i
BERRAHE R CREIRBERET . M - BORBEANZEI 2 £IC X 2 WA R) & TBE (County) HIZ&EE
L. ZNENOFICBIT2MPABEBRL UKL T [BHAORENT FViBEOFEHEIFBVEIZL,
FiASARBENE] TEERLE, 2O LD5, Cohen#iRidfERD [L EWED R WEMREIKE
L7-E- SRR 1ICED Q) A 7S - FHlIICBEM 2T 5L L b2, REAS FroY A7
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BICEHELTEXRTETENVULESEEENTWAERE By Ths | LHBICEERL, ThE2R
FTERVELEY,

Cohen % & OFAIL, HISAHBEBIZE (ecological study) D—2TdH 5, HIBMHEHEIL, EROEM
B - MRy - BRI 2046 ISR S 5 — IR RAREL L Bl 3 2 BT ORKTH Y . OF—HMICB
% 5 Hus R O PR % FXC ISR L OB % TR 5 Jik (FRIBAFSE. Cohen#ki% & DFERZE10 13
COHRETHS), QR—EFMIZOWT, BRFAR L IRFREEOBRELILERH L FiE( L v FfZE),
OFERDEFNRZNIIOVTEREAE, FHERE% BT 2 i (EFILBRIZ) S92, Higiam
BgEid, REBWASICERTE, FLWEIIRED /2D DO FHIE L LTIRBEHTH S5, BAICD
WTERLERROFELXFEL THEM L TV ERTIR VWO T, MoER(KKRF) DEETHERENE
DoNLUREND D, COZEPDL, CohenBUiESLDERIT, BMLVWBHIZEILEINEZ LIZh o7z
25, REEZSABIZEH O Lubin- 512k 5% 5 S&glHBEER 2 MR L L - BERETE (A
Xak— MIE)ORE LEED 2, KETEHRIN-RKBNT FY LEROM AV ICHT 2 BEHR
BREDOHA (X 7) 541819 &5 |CBERIVEEE T TIREENMAABIY X 7 (EEY A7) H#EE
FNOYET# MRS Z & 127% o772, BEIR-VIHESE (1999)213, 2D X9 HHRIEAO T T, BER-IVHE®E?
DYETRE LTEEI N DTH S,

I.567 > U X FHBNERE & 3FRABTOBE
1. 8iUFBEIR— rREMEOREL

BEIR- VI & & (1999)29 T3, £k ® K E (Colorado Plateau)®, # + ¥ (Ontario)?. %5 %
(Beaverlodge)®, A7 x —7 > (Malmberget)® D 5 » SR HBEEF AL SR E L-RIME 25— M
RERDTRET L L b2, RE(EHE)Z, F x I (Western Bohemia)??, 7 F ¥ (Newfoundland)?,
1 J % (Northwest Territories)?, K[ (Grants, New Mexico)®, *+—X } 51 7 (&)%), 75 v & (hEf
3FUNP T BT BT BB EF LR E LB E Ik — MFERIZOWTOREEZMEI TV 2, BiC
JLUBRDIEERE ORI BEE L 0FE), YROBENT F VEERERNE/HERE L OWE
ZOWTOIEERRERRFSLHRERAOLE, REHEOFESOZBRTFNOBRBEERESEROSENE
2oV, 11035 — MIEZRERICHEMABE A 5T 5%, BER-VIFEED 25T 5 K8
I EE a3k — MIROFHMEER BN L2b 02 R 1 ITRT,

Table 1l Summary of the 11 underground miner studies (after Tables A-1, D-12 and D-18 in BEIR VI report, 1999).

Numberof Number of Number of Mean Mean Mean ERR (%)/WLM Smoking

Location Follow-up period Type of mine miners  Person-years lung cancers WLM(*) WL(*) Duration with 95%CI data Reference
Colorado, US.A. 1950-90 Uranium 3,347 79,556 334 578.6 11.7 39 0.42 (0.3-0.7) available 3
Ontario, Canada 1955-86 Uranium 21,346 300,608 285 31.0 09 30 0.89 (0.5-1.5) - 4
Beaverlodge, Canada 1950-80 Uranium 6,895 67,080 56 212 13 17 2.21 (0.9-5.6) - 5
Malmberget, Sweden 1951-91 - Iron 1,294 32,452 79 80.6 04 18.2 0.95 (0.1-4.1) available 6
China 1976-87 Tin 13,649 134,842 936 286.0 1.7 129 0.16 (0.1-0.2) available 21
W.Bohemia, Czechoslovakia 1952-90 Uranium 4320 102,650 701 196.8 28 6.7 0.34 (0.2-0.6) - 22
Newfoundland, Canada 1950-84 Fluorspar 1,751 33,795 112 3884 49 48 0.76 (0.4-1.3) available 23
Port Radium, Canada 1950-80 Uranium 1,420 31,454 39 2430 149 12 0.19 (0.1-0.6) - 24
New Mexico, US.A. 1943-85 Uranium 3457 46,800 68 1109 16 56 1.72 (0.6-6.7) available 25
Radium Hill, Australia 1948-87 Uranium 1,457 24,138 31 76 0.7 11 5.06 (1.0-12.2) available 26
Three mines, France 1948-86 Uranium 1,769 39,172 45 59.4 0.8 7.2 0.36 (0.0-1.2) - 27

{*) Weighted by person-years; includes 5 year lag interval.
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NG DEEATA S, BEIR-VIEREED ClE, 7 F Y EMiPACETAENUVAZEFLELT22O0
HLVY A ZHEEFVEREL TS, —Dld, FEROBEBEE (WLM, T—F 27 - LRV - <
> R) DYREE A% B B (Time-Since-Exposure) 12 & A2 fIEIZ, SMEXTSER R . BEYME () ICX 5%
ExMAL [BREREE-FRH-BEPHEAD)] EFVTHYH. bI—2d, FilL 7 > (FHEHMh)
BELANLV(WL, 7T—FY7 - LNV IZLBREZMAL FREREE-FH-BE LNV (EAC)] £
FNTH%b, BEIR-IVIREED (2517 2 [BREHZEMERE(TSE) ] £F VL, BER-VIREED I2B1T5
[(REREE -FH-BEHM(EAD) | ©7V., (REBRZEE-FR-BEL NV (EAC)] EFVEL LD
TR2IZART,

Table 2 Comparison of preferred risk models in BEIR IV (1988)and BEIR VI (1999) reports.

BEIR IV (1988) BEIR VI (1999)
Time-Since-Exposure model Exposure-Age-Duration model Exposure-Age-Concentration-model
Bx 100  2.5(95%CI 2.2-2.6) B x 100 0.553(95%CI10.271-1.125) B x 100 7.681 (95%CI 3.969-14.864)
Time-since-exposure windows Time-since-exposure windows Time-since-exposure windows
8 5.15y 1.00 8 5.15y 1.00 8 515y 1.00
8 15-25y 0.5 8 1525y 0.72 0 1525y 0.78
8 15+ 0.5 B 25y+ 0.44 0 25y 0.51
Attained Age (years) Attained Age (years) Attained Age (years)
¢ age 55 12 o< age 55 1.00 ¢< age 55 1.00
 age 55-64 1.0  age 55-64 0.52  age 55-64 0.57
® age 6574 0.4 0 age 6574 0.28 ® age 6574 0.29
¢ age 75y+ 0.4 ¢ age 75y+ 0.13 ¢ age 75y+ 0.09
Duration of Exposure (years) Exposure rate (WL)
Y <5y 1.00 Y <05WL 100
Y 5-14y 2.78 ¥ 05-1.0WL 0.49
Y 15-24y 442 ¥ 10-30WL 0.37
Y 25-34y 6.62 Y 3.0-5.0WL 0.32
Y 3sy+ 10.20 ¥ 5.0-150WL 0.17
¥ 15.0WL+ 0.11

Rerative risk (RR) =1+ ﬁ x (0 5-15 XWS-IS +0 15-24 X W15,24+ 925+ XW25+) XP XY,
Here ¢ , denotes attained age, a in years, ¥ , denotes either exposure duration in years or radon progeny concentration
categories in WL.

FNENOMEXT) X 7 7V (TSE-model, EAD-model X FEAC-model) 2*H . F£&H7-0 0.1, 0.5, B&
ULOWLM®D 5 F U #IE GRER) 2 £EIC Do TRITLGE OERFBRF A RIEHRMHEE () X
P)EHEELZBEREZM 1 aRUORIbIIRT, K1 ald, KEOBHIMGIAFETE (1980-1984 £ D)
R LAHEEERET. K1bid, BROBLHIMATAFETER (1980-1984 4 DFH) % 25T L 7-HEER/ R
ERLIZDDTHE, CNOLDERINI A2 %, 2ERICOIoTHRETAZLICE) (H1aB LUK
1b D& HAR & F it () CHE NS OEBICHEY T 5) . EERRNSCABIHFREER() R )%
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Fig. 1-a Excess Probability of lung cancer mortality by age projected to American population averaged over 1980-1984 by
Time-Since-Exposure (TSE) model (BEIR IV, 1988), Exposure-Age-Duration (EAD)and Exposure-Age-
Concentration (EAC) models (BEIR VI, 1999) at potential alpha energy exposure rate of 0.1, 0.5 and 1.0 WLM/y.
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Fig. 1-b  Excess Probability of lung cancer mortality by age projected to Japanese population averaged over 1980-1984 by
Time-Since-Exposure (TSE) model (BEIR IV, 1988), Exposure-Age-Duration (EAD) and Exposure-Age-
Concentration (EAC) models (BEIR VI, 1999) at potential alpha energy exposure rate of 0.1, 0.5 and 1.0 WLM/y.
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WETHIEDTED, £bH72) LOWLMD T F I (REA S F Vi 224 Bgm®, 4% 3 28) 1
BT 5, kEE BADBEL(1980-1984 £ D) Z NEFNIIH T 2 £ EBEM A A BRICHERHEE () R 7)
HEEE, I RAZEFVEICEF LD TR (LR)IRT, 7 FVAEMIA Y R Z7HEMEIZ. KE
B (HEBREE-FB-BEL NV (EAC)) EFVEBEA L THEL-HEED9.20(95% EHEX M
4.86-17.1) X 104 WLM 1225, BAKZMEIC [REERZBEM(TSE)] T7VEEH L (HELALBED
0.95(95% S #EX F10.84-0.99) X 10* WLM! ¥ C—HREV2H 5,

KB - BEORBHRE 28— FMREME, . BNENRED 2 OARICBI 2HFENEENS
BRI, BB R ERE A 100E8EICBVTT7.30 X105 mSv I L iEE &SR TWAER), =0
HRMNPEOL BRRRHE . LSBT - — ML ST ENTZT FUEEMPA Y A 7 HEEE
(WLM'L, £3 (LB)ZBR)Lokr s, 7 FVBREE-EHREREHRE (mSy WLM ™) 28 1 L85 %
&3 (TER)ITET, CNOEENTTU—FI2L 55 FUBRBEE-EDHEREREOKEEMIZ, &
. B3, AU AZERETAICEL Y, REBEI [REREE-FiR-REL )V (EAC)] €7
VEBERLCHEELEHE121312.6(95% S X 6.66-23.4)mSv WIM L L HEE S, HARLMEIC [BE
HAEHR (TSE) | EF V2B L CHE L7258 12131.30(95% 5 1EIX 4 1.15-1.35) mSv WLM™* & #E%E
Eha,

Table 3 Excess lifetime mortality of lung cancer per unit potential alpha energy exposure (in WLM) evaluated by risk projection mod-
els to the population of U.S.A. and Japan averaged over 1980-1984. BEIR [V -Time-Since-Exposure (TSE) model, BEIR
VI -Exposure-Age-Duration (EAD) ~model and BEIR V] -Exposure-Age-Concentration (EAC) -model are applied to each
population for an exposure rate of 1 WLM per year. The ratio of these mortalities and 7.3 X 10 mSv’, the nominal proba-
bility coefficient of stochastic effects for whole population (ICRP 1991) are the dose conversion factors in mSv per WLM.

Excess life-time luns cancer mortaliz per 10,000 person WLM 595%CI!
Population Sex BEIR IV-TSE-model BEIR VI-EAD- model BEIR VI-EAC-model

- — —————— —————
- Male 500 (440 - 520 ) 622 (310 - 1226 ) 020 (486 - 1707 )
US-A.-1980-1984  pomale 182 (161 - 189 ) 236 (116 - 475 ) 352 (183 - 671 )
Male 265 (233 - 275 ) 304 (150 - 610 ) 437 (228 - 829
Female 095 (084 - 099 ) 105 (052 - 213 ) 148 (077 - 285 )

Effective dose (mSv) per WLM (95%CI)
BEIR IV-TSE-model BEIR VI-EAD-model BEIR VI-EAC-model

Male 685 ( 6.03 - 7.12) 852 ( 424 - 168) 126 ( 6.66 - 23.4)
Female 250 ( 220 - 259) 324 ( 159 - 651) 482 ( 251 - 9.19)

Male 362 ( 320 - 377) 417 ( 2.06 - 835) 599 ( 313 - 114)
Female 130 ( 115 - 135) 144( 071 - 292) 203 ( 105 - 3.91)
* Annual exposure rate for above risk projection was fixed at 1 WLM/y.

Japan 1980-1984

U.S.A. 1980-1984

Japan 1980-1984

IR b % 2 B A 3Rk 45 % Publication 65 %) T, %k - EISZAEFAERTZEAT (NIH) 2550 % L 72428 AL4£
B CKRE, £E, B4R, #E, 7=V b)) 328175 A\OEEKFTOWE L LFHHE) 12, [REREERE
BI(TSE) | EF VD% @AL., —ARENSE LB FUBEE -ENREREANETEE LT
388 mSvWLM 1 #REL T 5 (EFWT 7O —F),

—% . EIRHETEE#E B &8 E Publication 66 30 TR S W 7-RAEE 7V % AV C, Birchall &
Jamesid, 7 NFVBRRE-ENGEREHEEE. 172 mSv WLM L (EAFEHE) . 15 mSv WLM L (Frafl) &
KELTWVE D (IMRAEEFVICL 2HREET 70 —F),
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ERBETHR #EERIE. 7 VUV BRRE-FUREREREZEE T AEE L TEFNY Tu—F
ZHRATAHLLTVAS, L L, RI(TR) LY, ERENT 7u—FI2BWTh, XY A7 RHOE
XM, VA ZHEEOHRE LR (B, HH. ZOMsSHERTI) RUHEBT 5 27 iEE
ETNVOERICLY, FFEEICKERIEFIELEZ L IZHALH»THE, ZD LD %Y R 7 FMHEDAH
EWEERLALT, MRREETVERAWS FUBER-E0HEREREBHEMHE L 0FRVIZOWN
TORE LT LENDH A9,

2. REANT KM AICEET 2ESAEHE

BEIR-VI#E#(1999) 0 T3, LETEMENLREBRT F ¥ LA ICHET 2 E2HEMEY, &
%4 HE (case-control) FF 5% & Hi3giAHEY (ecological study) 78 & 12 KB L T, AV #5234 TV 5, Lubin
15 D8AE (X 5) 5T OO & 2 o 7 BE 3 (case-control) HFZE CREIBY . 71 > 5 ¥ FIOD
E2, hFFO Ay —F o WODBMBEER4IRT, SEEMHBREICBIZRES FUiBEL 4
v AW (X ) 2 7 OEE) OBR %K 2 12787, Lubinldt 5 OBA (X 7)) M P 0ER. RBHS F
IREE L~V 150 Bq m 312 BT B MiAS ABIEHIRT ) R 2 (Combined Relative Risk) % 1.14 (95% 1S 1EIX

Table 4 Summary of 8 case-control studies and their meta-analysis on residential radon and lung cancer
(after Tables G-21 and G-25 in BEIR V[ report, 1999).

Number of  Number of Radon level of Radon level of Relative Risk
Study cases controls cases (Bqm-3)  controls (Bq m-3) Comments at 150 Bgm-3 95%Cl Reference
New Jersey, US.A. 480 442 19 19 female only 1.83 (1.15-2.90) 8
Missouri, US.A. 538 1,183 67 67 nonsmoking females 112  (0.92-1.36) 9
Finland-I 238 415 17¢ 274 - 130 (1.09-1.55) 10
Finland-TI 517 517 103 96 - 101 (0.94-1.09) 11
Shenyang, China 308 356 104 107 female only 084 (0.78-0.91) 12
Winnipeg, Canada 738 738 115 126 - 096  (0.86-1.08) 13
Stockholm, Sweden 201 378 115 107 female only 1.83  (1.34-2.50) 14
Nationwide, Sweden 1,281 2,576 56 56 - 120 (1.13-1.27) 15
Combined 3,283 6,605 1.14 (1.01-1.30) 18
New Jersey, female, US.A. Missouri, nonsmoking female, US.A. Finland-1 Finland-II
10} B 10}F 4 10 4 0 4
N-] K ° .g
i i : £ } g
§|a++ -§10+++ + E gl-.*{ { Zite ¢ & +-+
0.1 I 1 A 01 I I 1 1 0.1 L 1 1 I 01

. . . L
0 100 200 30 400 500 o 100 200 30 00 500 ] 100 200 300 40 500 0 100 200 300 40 500

Radon concentration in Bqm® Radon concentration in Bq m” Radon concentration in Bq m® Radon concentration in Bq m”
Shenyang, female, China Winnipeg, Canada Stockholm female Sweden Nationwide

1] | w0} 9 10 1 o}

-] -] o

% JIE +

3 .

e b it e Jlevs

M T TR e T YT T o ™m0 T R I
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Fig. 2 Odds ratios from 8 lung cancer case-control studies of indoor radon.3 9 10: 11.12.13,14,15)
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1.01-130) LH#EE LT %, 150 Bqm3D T FVREORBIZBWTC, FEHER(T KV TALT KU
HREDOBSTTEE ) % 04, BRICHEAET HERMILERE 08, FHBEHB % 30E L 2 EFNRET 53 &,
REWNT FAIZXAEFERES FUBER(WLM) X, BLZF20WLME %25 (84 BR), L7255 T
A EBRBERHASABIEY A 7 iE, 0.7%(95% EHEXE0.05%-1.5%) L |E ST (I8 52R), K1 IIRLE
ShLEE IR — MBI A ) A HEEET L, MABFET AL LTV A,

ZD—}T, BEIR-VIHEE(1999)213, BEXRMEICS T 2ME N (RERET— 5, FABHET
=%, ZOMBAT—% (AR LZEECTRET2BEOAEL L), 5loBLEILL 2 RBEOHEANTH
BHF— 5 OEEME, o) ZMA<HEETEY ., BILFEHE IR — MVFEICBIT S U X 7 iEEE D H
LOAEIL L o TREANT FUIZ L BMPSAZEREET HONERRIIBNTELE LTS,

HoisAE R (ecological study) FFFEIC DWW TIE, S DBILEHWREL THRARTVWL 0D, gl /N4 7
ARBENCEATVITRRENSH S L LT, ) A7 2#EETHRBICIE L5V ERETWS,

BEIR-VIHEE (1999) 2125135 2 & D RMEIZ, Cohen > DHITMHBERZ® | L5 EIE 2K — b
WRICBIT B ) R 7 HEEY . RURBAT F ¥ LA ICET 2 BERRRIZED X 7 55 O8R5
L7-H3 ICEHENTV S, '

L# L. BER-VI#EE (1999) 0 0 L TV A MBS 2 T AND 251X, KBNS NV iREH150
BqmBIZiz v 323, BENBHIEZEBRL TOMPAY A7 BBRETELWZ EIC2EY, b
PEOEERERNT FVEELNIVOFERHEIZISBgm3THs I enb, bPEEICBVWTREAT FU
FiAS AN S 5 BENIBII A ERL /28 LTH, MidSAY X7 3B TELW(IZENEV)DTH 5,

30

| RRs from:
B Indoor studies (case-control)
O] Miner studies (cohort)

\

Log-linear fit to indaor
data with 95% CI

Estimated risk
from miner model!

Relative risk

Y T T T T T
0 100 200 300 400

Radon concentration (Bq/m°)

Fig. 3 Relative risks from meta-analysis of indoor radon and lung cancer studies and relative risks from pooled analysis of under-
ground-miner studies, of which exposures were restricted to under 50 WLM. Linear relative risk based on ecological analy-
sis by Cohen (1995)is included. (after Figure 3-2 in BEIR V] report, 1999)
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O. &8

19884E 12, REIFM RO BHEBSROEY F1HE BT 5Z B4 (BEIR) iZ. BER IVHEEFIZE
WT, SILFBEOHRAME I R— MRFRICI AN A RHEL, T F UV BEEEBEYOBABIE L
1 WLM & 72 Y Ofilihs A O @EIMXH ) R 7 12%501.34% (95% S HEX ] 0.8%-2.3%) & . FIRHIMH (Latency-
Period), #3 < 442885 M (Time-Since-Exposure) . fE#f (Attained age) % Z/E L 72 AEEMATA Y X 7 H#EE
EFIVEREL,

19994 2R KR S N/ BEIR-VIFREEIX, FICLubin b IZ X A2BETRERELEIC. 7 RV EMPAIKCET
5H5QHEFNALGLILFEHEORAME IF— IR, REANT F ¥ LA BT 2 s AaR R
78, BEXEIE) OMBEN L Y2 -k, KEORBHNT Fr EMilAICET 5 BENRMEL A S -
SFIZ & > T L. BEIR-IVEREE TRESNEERRHMPABIEY A7 2#ETSAEFVORE
LERET 2 T2 DTH S,

SLFEHEDOHRAME IR — MIRORBELICL Y, SOICFHEMZ 220D A 7EFHEETVAREN
7B, TROEDEFNVIZEDT FUMAAY A2 H#EEEIL, BER-IVIZBIFAHERDY A7 HEET N
X aHEEBLRESEDRV, RENT FVIBELMAAICET 3 BETBHEICOWVWCL, B0
FABICBITARES R L LT, 2% - SHI2X D, T FUiBE150 Bq m 3128V T304 <
L7z & & OffE—+ExE Y A 2 (Combined Relative Risk) & L T 1.14(95% 5 X 1.01-1.30) MR s iz, &
nid, PERE04, BHERE0S L LTHET S L, 1 WM 72 0 OIfiATA OBEHR ) 2 7 0.7%(95%
BHEX [ 0.05%-1.5%) [ZH%ST %,

F &
1.WIM(7—%>7 - LNV« TV A):

SRS F > #EE 100 pCi L(3,700 Bqm 3EEC) DEBEICB W TIT0 sl L2 HAED T FVBREE%
1WLM &\, 1 WLM = 3,700 Bqm EEC X 170 hrs = 6.29 X 10°(Bqm 3ECC hr) T %,
2. FESMES F ¥ #2E (Bqm™ EEC) !

5 Ry HA(#2Rn) & T F 154588 (B8P0, 2MPb, 21Bi, 2MPo, 210pb) SIS FHICH B LIE L7 L &,
EROETHRRT VX VTN T 7 ZANF - LAFEDRT A NT VT 7 ZANKF—%5256F F
VISR O THIRE Y, FHESM S NV EE (Bqm S EEC) £\ ), T NV RARE (Bqm®) (23 5 P
45 ¥ R (Bqm™ EEC) DI % FEHEBE S |
3. DN IWLMOBKITL 2576 TRANT F Vg !

FEFRE04, [EELRE08 L L7ZGE.

#£H7:9 1 WLM =6.29 X 10°(BqmECC hr) /(365 days X 24 hrs)

=71.8(Bqm ECC)
=71.8(Bqm™ECC)/ 0.8 /04
=224 (Bqm™)
4.7 N # ARELS0 Bq m™>, BEMMI0E, FEAK0L, BERROBDEEORAT NV RESR
(WLM) : .
150 Bqm™ X 304E X 365 H /4E X 24 B,/ H X 04 X 0.8 / 6.29 X 10° =20.0 WLM
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Epidemiologic Studies in Misasa Area
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Abstract

In order to investigate an association between residential radon exposure and risk of lung cancer,
a case-control study was conducted in Misasa Town, Tottori Prefecture, Japan. The case series con-
sisted of 28 people who had died of lung cancer in the years 1976-96 and 36 controls chosen randomly
from the residents in 1976, matched by sex and year of birth. Individual residential radon concen-
trations were measured for 1 year with alpha track detectors. The average radon concentration was
46 Bg/m? for cases and 51 Bg/m? for controls. Compared to the level of 24 or less Bq/m>, the adjusted
odds ratios of lung cancer associated with radon levels of 25-49, 50-99 and 100 or more Bq/m3,
were 1.13(95% confidence interval; 0.29-4.40), 1.23(0.16-9.39) and 0.25 (0.03-2.33), respectively.
None of the estimates showed statistical significance, due to small sample size. When the subjects
were limited to only include residents of more than 30 years, the estimates did not change substan-
tially. This study did not find that the risk pattern of lung cancer, possibly associated with residen-
tial radon exposure, in Misasa Town differed from patterns observed in other countries.
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Table 1 Demographic characteristics of cases, controls and study population.

Case Control Study population
N % N % N %
Sex
Male 26 92.9 33 91.7 1,972 44.8
Female 2 7.1 3 8.3 2,428 55.2
Year of birth
-1896 2 7.1 2 5.6 313 7.1
1897-1906 6 21.4 7 194 622 14.1
1907-1916 9 32.1 12 333 940 214
1917-1926 9 32.1 11 30.6 1,230 28.0
1927-1936 2 7.1 4 11.1 1,295 294
District
Oshika 2 7.1 5 139 527 12.0
Mitoku 3 10.7 5 139 559 12.7
Misasa spa 6 214 19 52.8 1,237 28.1
Asahi 1 3 10.7 1 2.8 548 12.5
Asahi 2 7 25.0 3 83 854 19.4
Takeda 1 2 7.1 1 2.8 329 7.5
Takeda 2 5 17.9 2 5.6 346 7.9
Total 28 100.0 36 100.0 4,400 100.0
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Table 2 Characteristics of houses used for radon measurements by cases and controls.

Case Control
N (%) N (%)

Years since construction

Less than 10 years 4 14.3 S 139

10-19 years 2 7.1 5 139

20-29 years 6 21.4 8§ 222

30-39 years 3 17.9 5 139

More than 40 years 9 32.1 11 306

Unknown 2 7.1 2 5.6
Type of house

Wood, single-family house

one story 9 32,1 5 139
two stories 19 67.9 30 833

Unknown 0 0.0 1 2.8
History of construction change

Yes 12 42.9 11 30.6

No 15 53.6 22 61.1

Unknown 1 3.6 3 8.3
Materials of window frame "

Aluminum sash 20 714 26 722

Wood 4 14.3 7 194

Unknown 4 14.3 3 8.3
Air conditioner "

Yes 5 17.9 17 472

No 20 71.4 18 50.0

Unknown 3 10.7 1 2.8
Total 28 100.0 36 100.0

1) room where detector was located

B Case (n=28) mean=46 (Bq/m’)
[J Control (n=36) mean=51 (Bq/m?)

(IS | INIEIN ST
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Fig. 1 Distribution of annual average of indoor radon concentration among cases and controls.
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Table 3 Duration and concentration of residential radon measurements for cases and controls.

Case Control

Mean SDV Med® Min” Max? Mean SD" Med” Min> Max®

First measurement )
Duration (days) 199 41 189 156 385 185 20 180 151 234

Radon concentration (Bg/m3) 42 47 28 7 222 44 41 31 7 204
Second measurement
Duration (days) 179 18 183 126 201 181 19 186 134 224
Radon concentratdon (Bg/m3) 49 73 31 7 400 58 59 37 11 296
1) standard deviation
2) median
3) minimum
4) maximum

Table 4 Distribution of residential history and risk factor characteristics among cases and controls.

Male Female
Case Control Case- Control
N % N % N % N %

Duration of residence at current address
From birth (less than 5 years old) 15 577 19 576 50.0 1 333
From marriage (20-29 years old) 4 154 6 182 1 500 1 333
From more than 30 years old

—

Residing over 30 years 4 154 5 152 0 00 o0 00
Residing less than 29 years 2 77 3 9.1 0 00 o0 00
Unknown I 38 0 0.0 0 00 1 333
Smoking status
Current smoker 20 769 14 424 0 00 o0 00
Ex-smoker 3 115 10 303 0 00 0O 00
Nonsmoker 3 115 8 242 2 1000 3 100.0
Unknown 0 00 1 3.0 0 00 0 00
History of occupational exposure
Yes 3 115 1 3.0 0 00 0 00
No 23 885 32 970 2 1000 3 100.0
Total 26 100.0 33 100.0 2 1000 3 100.0

Table 5 Age and smoking adjusted odds ratio for lung cancer deaths associated with residential radon.

Subjects Case Control Adjusted odds ratio "
Residential radon level (Bq/m3 ) N % N % (95% confidence interval)
All subjects
<=24 9 321 10 286 1.00 ?
25-49 14 500 17 48.6 1.13 (0.29-4.40)
50-99 3 107 4 114 1.23 (0.16-9.39)
100=< 2 71 4 114 0.25 (0.03-2.33)
Total 28 100.0 35 100.0
Residents for more than 30 years
<=24 8 320 8 258 1.00 ?
25-49 13 520 15 484 1.00 (0.24-4.15)
50-99 2 80 4 129 0.74 (0.07-7.86)
100=< 2 80 4 129 0.27 (0.03-2.53)
Total 25 100.0 31 100.0

1) Adjusted for sex, year of birth, smoking status and occupational history
2) Reference category
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- Chromosome Aberrations Induced by Environmental Radiation

Isamu HAYATA
National Institute of Radiological Sciences
4-9-1, Anagawa, Inage-ku, Chiba 263-8555, Japan

Abstract
In the southern China there is a special area where the level of natural radiation is 3 to 5 times
higher than other areas. Cytogenetic studies were performed in the residents in this high background

radiation area (HBRA) and in control area! 23

. Increase of the frequency with dose was observed
in unstable type (dicentrics, rings) aberrations while no such increase was observed in stable type
(translocation) aberrations. The frequency of stable type aberrations was much higher than that of
unstable type aberrations. Dicentrics and translocations are induced in the same ratio¥. Cancer
mortality in HBRA was not different from that in control”. Induction rate of dicentrics is reported
to be about 3 in 10,000 cells per cGys). The average dose people in the world receives is 0.24 cSv
per year® ), Therefore, the ratio of radiation-induced translocations by natural radiation in people in
con-trol area should theoretically be about 4.8 in 1000 cells at the age of 60 years old. The frequen-
cy of translocation at that age is almost 20 in 1000 cells in control population in the USA!?. As far
as the radiation is within the level at least 3 times higher than that in control area, the effect of radia-

tion may be buried in the larger effect of mutagens other than radiation in normal circumstances.
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A Review of Experimental Animal Studies

Hiromitsu OGATA
National Institute of Public Health
4-6-1, Shirokanedai, Minato-ku, Tokyo 108-8638, Japan

Abstract

The risk of radon-induced lung cancer has been estimated from epidemiological data of under-
ground miners exposed to radon progeny. However large uncertainties affect risk estimates derived
from these data especially at low dose exposures. Animal experiments conducted under a variety of
exposure condition can complement epidemiological studies and provide valuable information on
the carcinogenicity of radon exposures for humans. Moreover, numerical analysis of experimental
data is particularly useful for estimating quantitative risks, such as the dose-response relationship,
the interaction of combined factors, or the effect of fractionation or protraction of the dose. Numeri-
cal estimates of carcinogenic risk of human radon exposure require extrapolations from data observed
in animal experiments, and it is necessary to use of some mathematical methods. Animal data for
risk assessment of radon were obtained mainly in France and USA, and they provided many impor-
tant findings on the dose or time dependences of tumor rate and the influence of other factors. In
this paper, animal experimental studies are reviewed in the perspective of quantitative risk assessment,
with emphasis on the method of extrapolation of experimental data from animal to human.

[.3U&IC

ANEOREICHT ST Fro) A 7EHEICBW T, TORENRBLOS ITBEFHFE L BWERITE
REDWTWE, BEIZDWTR, RPLEILY TV ZOMOBTIRILFEE TS 25— MK
PITONTEY, TRLEDEL DEEMELS, 7 PV LZOTHREM(LT., 7 Fr LB)~ORYR
BIZLVHDPADERENLZENHAL PR o TS, EEAMERNRE LIRS DEFET— 755,
FRyOY)AZHEBIZBIIAEELEREL > TWAI LIV TTO RV, LA LEAL, BFEH
BEOF— o) A7 ZIFHEICHEAT A ICH->Tid, BEEXLMEREOXEERLZEICET AR
WHEEE, BERBOARE. 3+ — MR OBRZERGOEL ES  OBBEL V. h b OREFHER
ELTIAZEEBEICKRELBEL2ELERTVE, ZDL) REFHMAEORRLRELZHI 7 7u—F
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ELT, —RICBELEHRZOMOER% 712K L 2B EBMAESITh T\ 5, BiyEERT%R
WBITAERBEL LTI, FFYORAEFTNR NV XA M) —ORE. EREED X =X LD
ZEBBITONLN, L BB AV FHERERZT— 7 LOEBENRELR L oS, bk, 2RO
BMEERE RV FrORMBEERIEECTH S, TNHOFERTIE, 7 FVICBRESELF v b
RA X EORCRIIBIT BB ABEDOEEL T, BEUCER, RMERHR, MER L OBEER)
B VOB EIT) ZE LT —< o Twh, 20X LREHBBEERITICITI VA, T2
VA, AFVARETTbNTWS, SNETIfTbN7:T F/BREICHET 2B EROBEE T Cross,
Monchaux 512 X DL {RBA SR TV ALY REETIE, HENLZY A ZFHEE V) BE» 58D
EBROBEREAMBAL., SSICEHMERT—F O MEFIIBIT 2 Y R FHENDIBR % EIZOWTEER
5,

I.BMEBROBE

B, 7 FVEBCHT 2 KEEL RYBESYERIE, £127 7 ¥ ADETF T (Commissariat 2
I'Bergie Atomique, CEA) 3 X UK#AEHA%H (Compagnie Générale des Matiéres Nucléaires, COGEMA), 7 A
1) 1 @ Pacific Northwest National Laboratory (PNNL), 4 %1 A ® AEA Technology 72 £ T{Th T\ A %%
(Table 1), EROBIER T — ¥ ODERE % LD RH 5. CEA-COGEMA (3[R %) & PNNL DB EER
F— I HPROEELRBREL ZoTwb, WITNHEMIE L TIZFEIZT v I (CEA-COGEMA T specific-
pathogen-free (SPF) Sprague-Dawley, PNNL TlZ SPF Wistar) B\ 51 TH Y, PNNL TIZZDffIc ¥ — 7
WRRNLAT = ESHVLNTWS, 7 v MOEFEAD 5V 2 ITCEA-COGEMA DBk H i b K#
BThh, TO—EOHETIE. BEIS00ELEDT v MIDWT, T FYEZDREHE L RARE
SELBRETEICHEFEL BTN TS, £0Mfl, #1353, T4 —ENVHRT A, ST A P2 ED
FRBREERIITHLN TS, LT CIdFEIZCEA-COGEMA DERT — ¥ 122\ T, 7 FVBREIZL S
FidsA ) A2 OBEWNREETFME V) BE, S, RECEFR, MEFRIHR. MER L OXEHRE
Ex LI ZOMEEZRRS,

Table 1 Main animal experiments of radon-induced lung cancer.

Number of  Cumulative

Laboratory Animal animals exposure(WLM)

CEA-COGEMA(France) Rat 15000 25~10000
Beagle dog 100

PNNL (USA) Hamster 800 80~10000
Rat 6000

AEA Technology(UK) Rat 2000 100~3000
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FE 25~ 3000WLM* DHEFET, BEEICHA L THEME 2% ~35%) LTW»5349 ) Zh o 0l k
BERGEBIE, BEF— 5 (EERES120~360WLM) & B LTWa Z s hTwa %Y,
E 5 IZEWEREE 3000 ~ 10000WLM O#FHTlX, 7 v MIELWEGERIERO N0, WMiSARE
HOBETARLNTVAEMY) , wFnIZLTh, BEHEHEE 25~ 3000WLM OHFA Tl & < ICERI %
WERUNBIRE BET BRI v, '

2. REFHF :

LRIBREE200WLM U EOERTIZ, MAZHD T F Vi#HEI131200 ~ 3500WL T, MERPRIILT
LORBMICERBINTVRY, 2070, Bl v BERIIIHERIIE L TEHSRONS, BlIE,
LHRBEE300WLMOBATOBRERMICL o THiMABERII2BS %25 80% F TORIFHY, 20
£ LEBHREOEE. FALEREBRBEE COIRERIEL., 2oRBMICOI-2BEOHH, MIARE
AT B EAHRD N TV B2, —F | BiRE (FREZEBWLM) OR4E. FALEREEE T,
EEEE (100WL) BREE D 5 AYMEIEEE (2 WL) I THiATA SRS L T 557, Zh o oEmIzsA
YBFNLRT 70 —-FIZE-o T RON, BRFEBTRVHLYWLHHRERIIRIBOLNDE DD,
HBMEVBEEECTIIZO L) BRI LV LAREI RTS8,

3. RERLOEADR

5 FrORBAFTEICETABHERE LT, #8a, GWFA M, 71— B VHERL EOBERRE
EAFOFEBIZOVTHBRBEERIFTbON TS H0ILI2131) | CEA-COGEMA DEERTIE, 1 & DIk
BERDI L, 7 LI NTOBEEHEIROEE T, & <ICT FEE (1600WLM) (2 BB 5T % £
S50BERITA L7358 1 Mis A (E ISR L) RESHELS LI L TWw A Y, 72751, BERICT
VBB LIZEARIRAZOBMEIRSN TRV, PNNLTHDE - VREAWTI Ky nNan
BEBREIFARLNTVAY, PR ) A7 BIMIED SR TWARWD,, 20, 714 —ELet VY
T B2V TH A 017%#Mé%6@ﬁ# RHLNTVAELDOD, WIFNHHEITNAEEEZIIRE
ESNTBLT, BELER IZIRE->TWiV,

I. BRBRT— 2 &AW Y X 75

BENLZEFVERCTEWERT - 2B A LI2XoTY AZRE() A7 O¥EmMERES D
BELLTERLE) 2ERTAIENTE, 2OMBICE - TEET— 7 L ORBRPLEROBWEERT
— OB L EAREL D, COL) RBEMETFNVICE—RI2EEZZONS, 1DI3EFET—
BT ABEICHCONLHMEAIFENETNTHY, b)) IDIZEERIED A I = X LIZED LAY
ZHEFTNTH 5,

*Working Level Month OB, EHITS F ¥ IREHE O 13 Working Level(WL) Tl 5 5, 1WL =20.8 X 1076)/m3,
1WLK = 3.5 X 103Jn/m®
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WL ORDOEEREL, EBRTFT—FPORLEICLIV T A= EKD, T FyBIUTRTHBEIC
L BHH VREIDOCTHEBIT 2 1To T3 1610819 | 2nfk®  1mGydh 72 ) 1~3WLM &\ ) 25
BREAEETHLIEERB LTS, 72770, TRODEIZERIZE o TRZ ) WLM D & BRI &
(GY) NOEBBEEZROL Z L, EROFEICBVTCEELEED—DOTHHEVLD, T/,
Monchaux 513, SEF A ML AT v MRREOEEIZETAERIZBNT, BErLEEREFTO
B EZEELC, BERERIIDE, 3RFA—FDTL TASHERELTVEY, Pikebid, 20D
SAi %, MIEAEALT B FTOBMEEFVELLZLDEEZTWAE,, HRDSAATE T TORE
PRI, PARETITOERE LR EDINT A—% 2T 5 7-0121F, — %2, EFERICAS 20
DHERELIABIVERDbN S, EELIZ, BN — FERIIREEL LYW ET7 V2 @A
LT, 7 FYEFDMDBHERDOBEL LIZOWTRIFLTWS2S | X512, PNNLOT — ¥ %
W7z Gilbert & DEEDIFFETIE, MERZEE L EFVHEHE K, EHEBEEE 1000WLM LT T
REERFBOFRAEICHE L CUERERGRYEDH S EHRBRERTVED, ZOMBEFFIETL % v
TS, WIMBANH7-0 DT v MIBIFBHIBABEDY X 7 BEFMEFVEIRE L -HED
EREICD25 ) A7 QBN ITFEBRIC L o TEFFTRKEVDOD, BLXZF1X10*~9X104THY, &
FT7—5 LB W EHARIBEN TV (Table 2)o = D & ) REFTEIE TNV % B 2EH T,
EPFRRA N =X LIEBBEIEZER SN TRV, L > T, EFVORRICH /2o TTHIZERD
Ty LOBBENEEL %5 2 LS,

Table 2 Risk factor of lung cancer throughout the life span per cumulative exposure.

Range of cumulative exposure
Animal (WLM) in which lung cancer Risk factor (WLM ™)

risk increased
Rat 25~3000 1~9X10~*
Dog 13000~15000 03~2X107°
Human 100~1000 1~4X107*
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