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ABSTRACTS

Effective dose equivalents resulting from inhalation of indoor radon-222 daughters at
12 residential areas in Korea were assessed by a simple mathematical lung dosimetry
model based on the measurements of long-term averaged radon concentrations at 340
dwellings. The long-term averaged indoor radon-222 concentrations and corresponding
egilibrium equivalent radon concentration{ EECk.) measured by passive time-integrating
CR-39 radon cups are in the range of 33.82~6142 Bg/m*(median : 48.90 Bq/m®) and of
13.53~24.57 Bg/m*(median : 19.55 Bq/m®), respectively. The effective dose equvalent con-
version factor for the exposure to unit EECy, derived in this study was estimated 1.07X 10°
mSv/Bq - h*m?® for a reference adult and agreed well with those recommended by the
ICRP and UNSCEAR. The annual average dose equivalent to the lung (Hyue) from inhala-
tion exposure to measured EECr, was estimated to be 20.90 mSv and resulting effective
dose equivalent(Hz) was to be 1.25 mSv, which is about 50% of the natural radiation
exposure of 240 mSv/y to the public reported by the UNSCEAR.

Key words © lung dosimetry, inhalation exposure, CR-39 radon cup, EECy,, regional lung dose,
effective dose equivalent,

INTRODUCTION

Recently, human exposure due to inhalation of
indoor radon-222 and its daughters are of great
concerns in the worldwide scientific communities
as well as in public and has become one of the
active researches(1~7). This concern resulted
from the findings, that the radon daughters may
cause an excess lung cancer, which was deduced
from the radicepdmiological studies for 25,000~

30,000 uranium miners in several countries{4~
6).

The radon-222(hereinafter refered to radon),
produced from the radioactive decay of a trace
amount of Ra-226 in the primodial U-238 decay
chain, is an inert radioactive gas decaying into
short-lived daughters(Po-218, Bi-214, Pb-214 and
Po-210). Radon is currently believed as the main

source of human exposure to natural radiation
(5, 6).
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According to the recent report of the UNSCEAR
to the general assembly in 1988(5), the annual
effective dose equivalent(Hy) to the general pub-
lic due to inhalation of radon and its daughters
reaches 1.10 mSv, which is almost 50% of total
annual exposure of 240 mSv from natural radia-
tion and is much higher than those from artificial
radionuclides from industrial activities including
nuclear power generation(8).

It is now generally believed that there exists
a statistical linear non-threshold relationship bet-
ween the excess lung cancer incidences in ura-
niume miners and their accumulated radon dau-
ghters exposures(4~6), and thus it is important
in the public health point of view to evaluate the
excess lung cancer risk of general public from
long term continuous exposure of low levels of
indoor radon daughters.

In this study, the long-term averaged indoor
radon concentrations have been measured at 340
indoor locations in 12 residential areas by passive
time-integrating CR-39 radon cups. A simple ma-
thematical lung dosimetry model has been deri-
ved to estimate the lung and effective dose equi-
valent to the residents from inhalation of the in-
door radon and its daughters as the first step
to assess the resulting excess lung cancer risk
of general public in Korea.

MEASUREMENT OF

CONCENTRATIONS
OF RADON AND ITS DAUGHTERS

Membrane filtered CR-39 radon cups(in short
CR-39 radon cup, size : 4cm®X 3cm H, membrane
filter as diffusion barrier to discriminate Rn-220
and the radon daughters, pore size of 045 “m)
described elsewhere(9, 10) were placed at 340
dwellings in the 12 residential areas in Korea for
3 or 4 months from April until October, 1990. This

type of time-integrating radon measurement using
passive radon cup is especially effective in estima-
ting the indoor radon exposure, because it is resu-
Ited from long term continuous inhalation of in-
door radon and its daughters(11). The number
of alpah tracks per ufiit area of a CR-39 plastic
detector(allyl diglycol carbonate : C,HisO;, 0.6
Hm thick) is proportional to the number of radon
atoms diffused onto the detector surface(12], and
can be converted into a radon concentration in
the air by applying the radon detection factor ob-
tainable either by theory or by experiment
(10).

In this study the radon detection factor of the
CR-39 radon cup was determined in a series of
calibration experiments, in which radon cups were
exposed to the air of known radon concentrations
up to few thousands Bq/m?® inside the calibration
chamber for several hours to several days.
Details of this experiment were described else-
where(9, 10).

The radon detection factor, Kg, is the quotient
of the alpha track density to the radon exposure
of the CR-39 plastics as follows :

Brn-Bn  # tracks/cm’

Kﬂ= "
* Ern \ Bqg d m*®

T
ERn= f 0 CRn dt

= _%/—J‘; Que {l-exp (-Art)ldt (Bq dm™®
6V

where, 8rn, 8y is the number of tracks registered

)

per unit area of the exposed and non-exposed
CR-39, respectively(tracks/cm?), Eg, is the time-
integrated concentration of radon, i, e., radon ex-
posure of CR-39 from time 0 to time T(Bq - d ‘m™?
), V is the volume of radon chamber(m®), Q.
is the radioactivy of Ra-226 source which emana-
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tes radon inside the chamber (Bq) and A, is the
decay constant of radon (h).

The indoor radon concentration(Cy,) is, than,

obtained by follows 5

LR
Can—_f_(Bq/ma) @

Rn

where, 8, is the track density on CR-39 (tracks/cm?
).

MODELLING OF LUNG DOSIMETRY

Mathematical lung model

Many investigations have been made to quanti-
tavely estimate the doses and health effects due
to the inhalation of radon daughters, but the resu-
Its are much depending on the mathematical lung
models and assumptions for the absorption, trans-
fer and removal of submicron-sized radon daugh-
ters in the lung(1, 7, 13).

In this study, a simple mathematical lung dosi-
metry model, based primarily on the ICRP compa-
rtmental lung model(14, 15) and Jacobi-Eisfeld
lung dosimetry model(16), was used to estimate
the regional lung dose equivalents(Hrs, Hy, Hiung)
and the resulting effective dose equivalent(Hy).

This model adopts a reference adult(17) and
the best estimated values recommended by the
the OECD/NEA(1), ICRP{4) and UNSCRAER(5)
for the main parameters such as indoor residence
fraction, mean breathing rate and unattached ra-
don daughter fraction for the regional lung dose
estimation. Figure 1 shows the mathematical lung
mode] schematically describing the deposition, ra-
dioactive decay, biological removal and retention
of inhaled radon daughters in the lung regions,
and Table 1 lists the condition and assumptions
adopted in this model. This model excludes the

external part of a respiratory tract, the naso-pha-
ringeal(N-P) region, because it is just used as
a passage to the anatomical lung.

The mathematical balance among the regional
deposition, radioactive decay, biological transfer
and removal of radon daughters of unit concentra-
tion inhaled (1.0 Bg/m® can be expressed by
the following first order ordinary differential
equations.

* Tracheo-Bronchial(T-B) region

23T3= (10) {£.(1-dune) dumt (14 (1-dawe)

dats} Aa— (AatArsst Ame) Qun

3
* Pulmonary(P) region

( Rnd,1.0(Bg/m’) )

attached Rnd

f. Same as this process

(.95) {.03)
Q\I,“
Aew |, T-B Aro
Wnod |GI Tract I
.o Qu,r
p
kl.l-
i
Lymph
Py

Fig. 1. Geometrical lung model describing the
inhalation, deposition and removal pro-
cess of Rn-222 daughters.
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Table 1. Conditions used for evaluation of regional lung dose per unit exposure to Rn daughters

for an adult.

Paremeter Condition Ref.
® annual average residence - home : 0.65(~6,000h) 45
fraction(R) - indoor : 0.20(~1,500h)
- total ¢ 0.85(~7,500h)
® mean breathing rate(B) 0.75m’/h 145
of an adult(age 30)
® mean acitivity median 0.15um 24,5
aerodynamic diameter(AMAD)
® indoor equilibrium 04 5,10
factor(F)
@ unatteched radon daughter 124
fraction(f,)
- RaA 0.1(10%)
- RaBRaC 0(0%)
® composition of indoor 10,18
radon daughters
-GGG 10:08:06
® regional lung tissue mass
- Tracheo-Bronchial 46g 1,18
region(Mry)
- Pulmonary region(M,) 980g 17,18

d(?'; =10 {Qntt ( l'd“f"*) (l'd:..'ru) due.

+(1— 1) (Qedaye) (Q-dams) das} Aa
- (}\11+}\-P.B+)\«P. 1.) QP (4)

The definations and values of parameters used
in eqns (3) and (4) are shown in Table 2, 3 and
4. The solutions of eqns (3) and (4) with constant
inhalation condition(dQ/dT=0) can be written
in simple form as follows.

Q= Fi,k—hif' (BQ/ 'm?) (5)
Ak

Fie=1f, (1-dunp) dums+(1-f.) (1-dane) dume
Fir=Quw=Q1-F.,) (-duw) (1-Die) dsyp

where, k denotes the lung region (1: T-B, 2 : P),
Fu is the retention fraction of radon daughter
in the region k, A;4/Ax is the modifying factor inco-
rporating the radioactive decay, biological removal
of inhaled radon daughters in the region k of the
lung. ‘

The total concentration retained in the region
k is then the sum of concentration of the radon
daughters having concentration ratioof C; : C. 1 C;
inair. Therefore, the total concentration of radon
daughters retained in k region of the lung is given
by

Qs =(0.1680f, +0.040)C, +0.0175C, + 0.0211Cs
Q»=(0.0286f,+ 0.171)C; + 0.1128C, +0.1246Cs
)
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Table 2. Paramaters used in the lung dosimetry modelling

Symbol Unit Description Remarks
Qix Bg/m® Concentration of ith Rn-d retained eqn.3,4,5
mn region k of lung
k=1:T-B
2:p
ta - Unattached fraction of Rn-d in air
RaA : 0.1
RaB and RaC: 0.0
dux - Deposition fraction of unattached(u) Table 4
da or attached(a) Rn-d in region k of
lung
k=NP  N-P region
TB : T-B region
P P region
A m’ Decay constant of ith Rn-d Table 3
AtsB m? Biological removal constant of Rn-d Table 3
from T-B region to Bloods
ATBG m’ Biological removal constant of Ra-d Table 3
from T-B region to G.Ltracts
Aps m?! Biological removal constant of Ra-d Table 3
from P region to blood
AL m?! Biological removal constant of Ra-d Table 3
from P region to Lymph system
Ak m?! Effective removal constant in region eqn. 5
k of lung
Oue= g+ M,k)

LUNG DOSIMETRY

Given that radioactivities of radon daughters
were uniformly distributed in the regional lung
tissue mass, the absorbed dose in the region k
of the lung, incurred by the potential alpha energy
released from the radon daughters under constant
inhalation condition(0.75 Bg/m?® at indoor), can

be estimated by the energy absorption in tissue,

B 5 Gy w/Bq
M y h/Bq m%) (D)

k

Dy=16X10"

where, 1.6X 10" is the conversion factor (g-Gy
/MeV), B is the mean breathing rate of the refe-
rence adult in indoor(0.75m%h), E, is the poten-
tial alpha energy released from unit Bq of radon
daughters(34,520MeV/Bq) given in Table 5 and
M, is the mass(g) of the lung region k(k=1" T-
B, k=2:P).

The absorbed doses (Gy h'/Bq m® from
retained radon daughters in T-B and P region
of the lungs (Qu, Q,), assuming the unattached
fraction of RaB and RaC be 0, are then given
by
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Table 3. Radioactive decay constants and biclogical removal constants of radon daughters(10,13,

18).

(1) Decay constant (A,

Nuclides Half-life (min) Aa(/min)
RaA(Po-218) ) 3.05 0.2272
RaB(Pb-214) 26.8 0.0258
RaC(Bi-214) 19.7 0.0352

(2) Biological removal constants(A,)
Regions Compartment(rate) To(h) A o{m?
T-B Bloods (0.95) 0.24 0.048
G.Ltracts(0.05) 43 . 24%X10°7
P Bloods(0.8) 10" 0012
Lymph sys.(0.2) 12,0 9.62X10*
G.ltracts negligible

1) from Ref. 18

Table 4. Deposition fraction of inhaled radon
daughters in respiratory tracts(14, 19).

Rn-d dre drs dp
® unattached(u) 05 05 0
(f.: 0.0

® attached(a)
(AMAD : 0.15yum) 003 005 0157

a) from Ref. 19.

D15=9.00X 10"*{ (0.1680f, + 0.040)C,+ 0.0175C.

+0.0211Cs}
Dr=4.23X10*{(0.0286f, +0.171)C,+0.1128C,
+0.1246C3} ®

The regional lung dose equivalents(Hrs, Hp,
Hume), and the resulting effective dose equivalent
(Hp) (Sv h'/Bq m?) are then calculated as fol-

lows.

Hrs=9.00X10%{0.1680f,+ 0.040)C, + 0.0175C,
+0.0211C,} QF

Hp=4.23X10*{0.0286f,+ 0.171)C; + 0.1128C,
+0.1246C;} QF

Hiwng=Hm+He

He=Huwg Wr Wr=Wn=W,=1/2 Wi,) (9)

where, QF is the quality factor, Wy, is the weigh-
ting factor(4,5).

RESULTS AND DISCUSSIONS

Concentrations of indoor radon
and its daughters

Long term indoor radon concentrations in 340
dwellings were obtained from the number of tra-
cks per unit area of a CR-39 read by a microscope
and the radon detection factor, 0.164: 0.005(tra”
cks ¢cm?Bq d m®) determined in the calib-
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Table 5. Potential alpha energy per atom of Rn-222 daughters(1,4],

. Half-life Potential alpha energy, E,
Nuclide (sec) (Mev/atom) (MeV/Bg)? fraction
Po-218 184 13.7 3620 0.105
(RaA)
Pb-214 1608 7.69 17800 0.515
(RaB)
Bi-214 1182 7.69 13100 0.380
(RaC)
Po-214 0.00016 7.69 0.002 <<0.00001
(RaC)
Total 34520 100.0
D (MeV/atom) X T,
In2
+0. +0. "
%) Equlibrium factor, F:O.IOSCA 0.515C;+0.380C. _ EECy
cRn CRn
ration experiment (10]. Figure 2 is an example EECe,=F Cy, 10)

of the enlarged photograph of radon alpha tracks
on the surface of the chemically etched CR-39.

It is shown that the long-term averaged indoor
radon concentrations in the 12 residential areas
range from 33.82Bg/m’ to 61.42Bq/m® with geo-
metric mean of 48.90 Bq/m® as shown in Table
6. Figure 3 implies that the distribution of indoor
radon concentration seemed to follow log-normat
distribution, as reported in Sweden(5) and in
USA(s).

It is the daughters which are more important
in lung dosimetry, because radon is chemically
inert and give much less exposure to lung than
radon daughters do(2,6). The concentration of
radon daughters is usually given in terms of equi-
librium equivalent concentration of radon (EE-
Cro) and was simply obtaind by multiplying an
equilibrium factor (F) between indoor radon and
its daughters.

The UNSCEAR(5) recommends an indoor
equilibrium factor of 0.4, and this F-factor measu-
red at several indoor locations s in Deajon area
appeared to be 0.36+0.12 in this study, which
could be assumed to be 0.4(10).

The long-term average indoor EECk.'s in 12
residential areas estimated in this manner vary
from 1153 Bq/m® to 24.57 Bg/m® as tablulated
in Table 6 and the mean value is 19.56 Bq/m’.

The indoor radon concentrations and the corre-
sponding EECy,’s obtained in this study may not
be representative values in Korea, because the
number of samples are not enough to cover wide
area of the Korean and the measurements were
limited for 3~4 months in an year.
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Fig. 2. Enlarged views of radon alpha tracks on the CR-39 surface(X200).

: The elliptical shape of tracks were produced when incident alpha particles collide onto

the CR-39 surface between 10°(minimum critical angle){10) and 90° to the surface.

80
] Number Houses
70 -
60 B
50 A. Mean : 59.94 Bg/cubm
G. Mean . 48.86 Bq/cub.m
40 — G.SD : 66.60 Bg/cubm
| N : 340 Houses
30 4 )
20 ~
10 <
—I— [ ere— } e | / I—
0 H 1 i i 1 I 4 1 1 1 i T 1 T I I 1 i 1 i t 1 { 1 I 1 i ¥
1.0 20 30 40 5.0 6.0 70

Indoor Rn conc.(X 37 Bg/cub.m)

Fig. 3. Distribution of indoor radon concentrations at 340 dwellings in Korea.
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Table 6. Indoor Rn-222 and Rn daughters’ concentration in the 12 residential areas® in Korea.
(Measured from April, ‘90 to October, ‘90.)

No Cra EECr,
Areas” Sample Arith Mean Median Median
(pCi/L) (pCi/L) (Bg/m®) (Bq/m®
1. Ulsan 18 1.63 1.43 52.91 21.16
2. Kwangju 23 114 1.04 38.50 15.40
3. Taejon 37 1.32 1.18 43.66 17.46
4. Donghae 19 1.34 1.26 46.62 18.61
5. Sokcho 19 1.79 1.62 60.00 24.00
6. Seosan 34 2.17 1.68 62.16 24.86
Dangjin
7. Inchon 16 1.13 1.07 39.60 15.84
8. Nonsan 31 231 1.66 6142 24.57
9. Seoul 63 1.72 1.39 5143 20.57
10. KAERI 30 0.98 0914 33.82 13.53
Indoor ’
11. Chunchon 32 1.68 145 53.65 2146
12. Suwon 18 1.56 144 53.28 21.31
Total 340 Av.1.61 1.32 48.90 19.56

* including suburb area.

Dose assessment

From the simple mathematical lung dosimetry
model used in this study, the conversion functions
for the regional lung dose and effective dose equi-

valent(Hy) per unit exposure to EECk, for an

adult were determined by using eqn.(9). Dose:

conversion functions are given in Table 7.

The effective dose equivalent(Hy) for unit ex-
posure of indoor EECy, was calculated to be 1.07
X10° mSv h'/Bq m?® which corresponds to 6.
70 mSv/WLM and 1.90 Sv/J] h m® This is in
fairly good agreement with 1.02X10° mSv/Bq
h mPreported by ICRP(4) and 0.96X10°mSv/
Bqg h m® given by UNSCEAR(5]) as shown in
Table 8.

By using the dise conversion factors in Table
8 and assuming that a reference adult is annually
exposed to the EECy,s in 12 areas given in Table
6, the annual dose equivalent to tracheo-bronchial
region, pulmonary region, total lung and resulting
effective dose equivalent to an adult residing 6,000
hours a year at indoor were calculated and tabula-
ted in Table 9. These results show that the annual
averaged effective dose equivalent(Hg) is 1.25

mSy.
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Table 7. Conversion function per unit exposure of indoor Rn-222 daughters to a reference adult.

Absorbed dose : D

Dose AMAD : 0.15 um, Inhalation rate : 0.75 m*/h
T-B P Lung
D(mGy/WLM) 9.45f,+3.77 0.077f,+0.854 9.53f,+ 4.62
(4.715) (0.862) (5.57)
D(Gy/J h m*®) 2.70f,+ 1.07 0.0221,+0.244 2.72f,+1.31
(134) (0.246) (158)
D(nGy/Bq h m*) 15.1f, +6.03 0.123f,+1.370 15.22,+7.40
(7.54) (1.38) (8.92)
Effective dose equvalent - Hg
He(mSv/WLM) 11.44f,+55
(6.69)
He(Sv/] h m®) 3.26f,+ 1.58
(19D
He(nSv/Bq h m®) 18.26f,+8.88
(10.71)

. f, * unattached fraction of RaA, assume f, of indoor RaB and RaC to be 0.
Hi=Dm QF Wr+Dpy QF W, QF=20, W=

() :value when £,=0.1.

Wl’ = 0.06 = 1/2 WLung

for the assumed indoor radon daughters composition of 1.0 : 0.8 : 0.6.

Table 8. Dose conversion factors per unit indoor exposure of EECy, to a reference adult.

unit(X 10°*mSv/Bq h m*?)
Hry Hy Hing He Remarks
15.0 2.00 17.0 1.02 ICRP-50(’87)
14.0 1.82 16.0 0.96 UNSCEAR(’88)
15.0 2.86 17.9 107 This study('90) *

* AMD=0.15um, V=0.75m*h, R=7500 h/y,
£,=0.1(RaA). 0.0(RaB, Ra().
RaA ! RaB : RaC=1.0:0.8: 0.6 (Table 1).

CONCLUSIONS

1. The long-term averaged indoor radon-222 con-
centration measured by CR-39 radon cup in
12 areas in Korea was 48.90 Bq/m*(range : 33.
82~-61.42 Bq/m®). The equilibrium equivalent
concentration of radon(EECy,) was estimated

to be 19.55 Bg/m*(range - 13.53~24.86 Bg/m®
), by assuming 40% equilibrium between in-
door radon-222 and its daughters.

2. The effective dose equivalent (Hy) conversion
factor for unit exposure of EECg, was 1.07X 10°
mSv/Bq h m® which corresponds to 6.70
mSv/WLM and 1.90 Sv/] h m* This conve-



Si-Young Chang, et al.: Effective Dose Equivalent due to Inhalation of Indoor Radon-222 Daughters in Korea 11

Table 9. Effective dose equivalent due to inhalation of indoor EECk, in 12 residential areas in

Korea .
No EECk, Annual mean dose(mSv/y)
Areas* Samples (Bg/m® 2 He Hiune H" H
1. Ulsan 18 21.16 18.96 3.62 22.82 1.36 1.30
2. Kwangju 23 15.40 13.80 2.64 1645 0.98 0.94
3. Taejon 37 17.46 15.67 3.00 18.65 1.12 1.07
4. Donghac 19 18.61 16.67 3.18 19.87 1.19 1.14
5. Sokcho 19 24.00 21.50 411 25.63 1.54 1.48
6. Seosan 34 24.86 22.27 4.26 26.56 1.59 1.53
Dangjin
7. Inchon 16 15.84 14.20 2,71 1691 1.02 0.98
8. Nonsan 31 24.57 22.00 421 26.23 1.57 151
9. Seoul 63 20.57 18.42 3.52 2197 1.32 1.26
10. KAERI 30 13.53 12.12 231 14.45 0.86 0.83
Indoor
11. Chunchon 32 21.46 19.22 3.67 22.92 1.38 1.32
12. Suwon 18 2131 19.10 3.65 22.76 1.37 1.31
Total 340 Av.19.55 17.52 3.35 20.90 1.25 1.20

* including suburb area.
1) This study
2) ICRP-50(1988) Model.

rsion factor agreed well with 1.02X10° mSv
/Bq*h*m® of the ICRP(1987) and 096X
10° mSv/Bq * h * m™ of the UNSCEAR report
(1988).

3. The annual average effective dose equivalent

total natural radiation exposure which is curre-
ntly recognized to be 240 mSv/y by the UNS-
CEAR report. It seems clear that the radon
daughters are the single greatest natural ra-
dioactive sources to the public exposure in Ko-

(He) to the public in 12 areas from the expo-
sure to the long-term averaged indoor EECg,
obtained in this study has been estimated to
be 1.25 mSv(range : 0.83~1.53 mSv, depen-
ding on the area), when considering that the
annual average indoor residence time of the
public is 6,000 h and mean breathing rate at
indoor is 0.75 m*/h.

4. The indoor exposure to radon and its daugh-

ters appeared to contribute to nearly 50% of

rea. In this respect, it is recommended that
an intensive nationwide program on indoor ra-
don surveillance should be established for ac-
curate evaluation of the public exposure to in-
door radon and its daughters. The intensive
program could finally provide the lifetime ex-
cess lung cancer risk in Korea, attributable to
the long-term continuous exposure of the pub-
lic to indoor radon daughters.
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