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Ab stract: In the pa per the ex cess risk of lung can cer in ci dence af ter ra don ex po sure is an a lyzed. It was
sup posed for the eval u a tion of the ra don risk that the depth of the mucose shell of the smok ers is greater
than that of the non-smok ers. For dif fer en ti at ing of the risk be tween smok ing and ra don ex po sure, two
cal cu la tion mod els have been used: the ad di tive and multi pli ca tive model. Trans formed cells were
con sid ered as the ra di a tion risk pa ram e ters. It was found as a re sult of the quan ti fi ca tion of the health risk of 
ra don ex po sure, that the radiosensitivity of basal and se cre tory cells in the lung tis sue is dif fer ent for
smok ers and non-smok ers. The value of ex cess rel a tive risk of lung can cer per unit ex po sure ob tained in

our study is ERR = (2.1-3.8)´10
-3

 WLM for smok ers and ERR = (8.81-13.27)´10
-3

 WLM for
non smok ers (con sid er ing the un der ground me dium in mines). Fur ther, our re sults give an av er age value of

ex cess rel a tive risk per unit ex po sure in dwell ings ERR = (0.40-0.69)´10
-3

 Bq.m
-3

 for smok ers and

(1.69-2.61)´10
-3

 Bq.m
-3

 for non -smok ers.

1. Introduction

The In ter na tional Agency for Re search on Can cer has clas si fied 222Rn as a pri mar ily
hu man car cin o gen on the ba sis of find ings in un der ground min ers ex posed to 222Rn prog -
eny. In 1999 the Na tional Re search Coun cil of the Na tional Acad emy of Sci ences pub -
lished the BEIR VI re port, which as sessed the risks to the U.S. pop u la tion from ra don in
homes [1]. The com mit tee con cluded that in door ra don is the sec ond lead ing cause of lung 
can cer af ter cig a rette smok ing. There fore, in this time great at ten tion is given to the pre -
cise quan ti fi ca tion of health risk of ra don prod ucts in ha la tion in dwell ings as well as in
work ing ar eas. To quan tify the pos si ble lung can cer risk from in door ra don ex po sure three 
dif fer ent types of ap proaches can be taken into con sid er ation:
1. „dosimetric ap proach“, which pro ceeds from the ob served ex cess risk of lung can cer
among the atomic bomb sur vi vors.
2. re sults of di rect ep i de mi o log i cal stud ies in pop u la tion groups ex posed res i den tially,
3. the trans fer of ex po sure risk mod els us ing the data from 222Rn ex posed min ers.

In ter ac tion be tween two risk fac tors, smok ing and ra don ex po sure, can be as sessed us -
ing the fol low ing mod els:
Ad di tive risk model

rr s w r r RR r RRA S w( , ) ( ) ( )= + - + -0 0 01 1      (1)

Multi pli ca tive risk model
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rr s w r RR RRM S w( , ) = 0      (2)

where s - num ber of smoked cig a rettes, w - ra don ex po sure, rr - dis ease risk, RR
S 

, RR
w

rel a tive risk of lung can cer from smok ing and ra don ex po sure, r
0
 is the back ground dis ease

rate in the ab sence of ex po sure and smok ing.
The rel a tive risk RR(w) of lung can cer is de ter mined by the equa tion:

RR w
rr s w

rr s

rr s w

r RRS

( )
( , )

( , )

( , )
= =

0 0

     (3)

When the in ter ac tion be tween smok ing and ra don ex po sure is ad di tive, it fol lows for
the ob served rel a tive risk:
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     (4)

In the case of multi pli ca tive in ter ac tion, the fol low ing equa tion is valid

RR
rr

r RR
RRM

M

S

w= =
0

     (5)

2. Materials and method

The geo met ric model used for the cal cu la tion of Lung Can cer Risk is dis played in Fig. 1. 
Bron chial air ways are ap prox i mated by a cyl in der tube of di am e ter 4400 mm. The al pha ac -
tiv ity con cen tra tions of 214Po and 218Po in the dif fer ent bron chial air ways were com puted for 
ex po sure con di tions, which are typ i cal for un der ground min ers, are given by the ICRP Pub -
li ca tion 66 Hu man Re spi ra tory Track Model (HRTM) [2]. 214Po and 218Po al pha par ti cles
were emit ted isotropically from the mu cus/“sol” layer, with ex po nen tially de creas ing source 
dis tri bu tion (half-value layer 6 mm). The thick ness of the mu cus source shell was 11 mm for
a non-smoker and 30 mm for smok ers (Fig. 2) [3]. En ergy de po si tion in the tis sue and in the
air gap was cal cu lated by the Bethe-Bloch equa tion. The tar get nu clei of bron chial ep i the -
lium were rep re sented by spheres of 5 mm di am e ter and have been placed in the lung tis sue
in 5 mm steps along the ra dii of the cyl in der. Dur ing the sim u la tion of al pha par ti cles in ter ac -
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Fig. 1. Geo met ric model of a bron chial air way used to cal cu late microdosimetric pa ram e ters in tar get
cells.



tion with the lung tis sue, spe cific en er gies, LET, as well as other char ac ter is tics within in di -
vid ual cells (nec es sary for the cal cu la tion of prob a bil i ties of bi ol ogy end points), were
de ter mined by the geo met ric model. The de tailed de scrip tion of the bi ol ogy end points cal -
cu la tion by us ing the microdosimetric mod els can be found in [4]. 
For the given thick ness of the mu cus, the ra di a tion re sponse R wmucus ( ) (for dif fer ent cu mu -
la tive lung ex po sures w), was ob tained by sum ma tion of re spec tive prob a bil i ties of bi o log i -
cal re sponses over all depths (in 5 mm steps) in air way gen er a tion:

R w p i TSmucus i mucus
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where TS i mucus,  are the prob a bil i ties of cell trans for ma tion. In our cal cu la tions the het er o ge -
neous depth dis tri bu tions p i( ) [5] of tar get nu clei were con sid ered.

The thick ness of the mu cus shell was in flu enced by the smok ing habit (11 mm for
non-smok ers and 30 mm for smok ers). We in serted the mean cy cle time t of bron chial cells 
into the model. The bi o log i cal re sponse for co horts Ycohort has been cal cu lated as fol lows:

Y w q R w q Rcohort N m N m( ) ( ) ( )= * *
*

+ - *11 30
365

1m m

t

t exposure

( )w*
*

t

t exposure 365
            (7)

and the rel a tive ra di a tion (ra don) risk (ac cord ing to the con struc tion of the re sponse func -
tion) is ex pressed as

RR w Y ww cohort( ) ( )= + *1 b      (8)

where R11mm (R30mm ) are the weighted bi o log i cal end points for the thick ness of the mu cus
source 11 mm (30 mm); w is the cu mu lated ex po sure, t exposure  is the time of ex po sure, qN  is
the frac tion of non smok ers and b is the cal i bra tion fac tor.

For cal cu la tion of the rel a tive risk RR, we re ceive the fol low ing equations for the ad di -
tive and multi pli ca tive models:

RR
rr

r RR RR
Y wA

A

S S

cohort= = +
0

1
b

( )    (9)
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Fig. 2. Model of tar get cell nu clei (se cre tory and basal cells) and bron chial wall in the bron chi re gion.



RR
rr

r RR
Y wM

M

S

cohort= = +
0

1 b ( )  (10)

Both equa tions have the same lin ear shape :

RR w Y wcohort( ) ( )= + *1 g   (11)

The val ues of beta are: b g= RRS  for the ad di tive model and b g=  for the multi pli ca tive
model.

The pa ram e ters of g were ob tained by fit ting equa tion (11) on the ep i de mi o log i cal
Lubin's data [1, 6] us ing the weighted least squares method (as the weight the re cip ro cal
value of square de vi a tion was used).

2.1 The risk es ti ma tion for smok ers and non-smok ers

The rel a tive risks RR of min ers have been cal cu lated through the cal i bra tion con stant g
for var i ous types of mod els and for var i ous smok ing hab its:
• for the multi pli ca tive risk model (non smok ers):

R R wM N, ( )= +1 11g mm   (12)

• for the multi pli ca tive risk model (smok ers):

RR R wM S, ( )= +1 30g mm   (13)

• for the ad di tive risk model (non smok ers):

R RR s R wA N cohort, ( ) ( )= +1 11g mm   (14) 

• for the ad di tive risk model (smok ers):

RR
RR s

RR s
R wA S

S cohort

S

,

( )

( )
( )= +1 30g m

smoker

m    (15)

where scohort  pres ents the av er age num ber of smoked cig a rettes in the co hort used for cal i -
bra tion pur poses and ssmoker  is the av er age num ber of smoked cig a rettes by smok ers.

The ra tio be tween ex cess rel a tive risk at WLM (ERR/WLM) of non smok ers (N) and
smok ers (S) de pends on dif fer ent risk mod els used and it can be ex pressed by the fol low -
ing equa tions: 

( / )

( / )

,

,

ERR WLM

ERR WLM

dRR

dw
dRR

dw

d

dw
R

N

S M

M N

M S

é

ë
ê

ù

û
ú = =

11

30

m

m

m

m

( )

( )

w

d

dw
R w

  (16)

( / )

( / )
(

,

,

ERR WLM

ERR WLM

dRR

dw
dRR

dw

RR sN

S A

A N

A S

é

ë
ê

ù

û
ú = = smoker )

( )

( )

d

dw
R w

d

dw
R w

11

30

m

m

m

m

=  (17)

 =
é

ë
ê

ù

û
úRR s

ERR WLM

ERR WLM
N

S M

( )
( / )

( / )
smoker

136                            R. BÖHM, K. HOLÝ



One WLM is de fined as the ex po sure to 1 WL con cen tra tion of ra don prog eny po ten tial al -
pha en ergy in air for 170 h (1 work ing month). The WL is de fined as any com bi na tion of ra -
don (or thoron) prog eny in air that ul ti mately re leases 1.3´105 MeV of al pha en ergy dur ing
the de cay.

It can be stated from Equa tion (16, 17) that the ra tio RR sS ( )smoker  is greater for the ad di -
tive risk model than for that multi pli ca tive model. The value of  RR sS ( )smoker , de pends on
the num ber of smoked cig a rettes per day ssmoker  in the min ers co horts. Ac cord ing to the
pub lished data in BEIR VI, it could be sup posed for smok ers now a days that RRS = 22 and 
RRS = 94.  for the smok ing min ers in the past. 

3. Results and discussion

3.1 Cal i bra tion of Microdosimetric Mod els

From the equa tion rep re sent ing the cal i bra tion (11) the rel a tive risk dis tri bu tion has
been es ti mated for min ers, sup pos ing that the pro lif er a tion time has 3 val ues: t = 30 d,
t = 100 d, t = 180 d [1, 7]. One can con clude from the ob tained re sults that the op ti mal
value of the pro lif er a tion time is t = 180 d. This value was used in our fur ther con sid er -
ations. The multi pli ca tive risk model al lowed us to de ter mine, from the cal i bra tion Equa -
tions(12) and (13), the dis tri bu tion of RR for min ers-smok ers and min ers-non smok ers.
The re sults were com pared with avail able ep i de mi o log i cal data (Fig. 3) and they are sum -
ma rised in Ta ble 1. The risk rap idly in creases in the re gion of low ex po sures, but sat u ra -
tion can oc cur in the re gion of in ter me di ate and high ex po sures. In the whole in ves ti gated
range the risk of non-smok ers is higher than that of smok ers. 

We have de rived the ex cess rel a tive risk per unit of ex po sure ERR/WLM from these
re sults. The pre dicted val ues are com pa ra ble with the ep i de mi o log i cal data in the range of
the sup posed un cer tain ties (Ta ble 1). It fol lows from Ta ble 1 that tha ra tio of ex cess rel a -
tive risk to WLM ( ERR/WLM), be tween the non-smok ers (N) and smok ers (S) groups is: 
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Fig. 3. Rel a tive risk of lung can cer for smok ers (Ñ) and non smok ers (�) from epidemiologic data of

Lubin and as sess ment from two-mu ta tion model (hatched sec tions). The lines rep re sent the 95 % con -
fi dence limit (up per, lower) in ter val.
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Ta ble 1. The val ues of ex cess rel a tive risk ERR per WLM for non smok ers, smok ers and min ers.

Sta tus ERR/WLM [10-3]

Type of smok ing

sta tus

Our
Lubin [6]

LET model Thresh old spe cific en ergy model Track model

Smoker
2.11

(1.64-2.58)

2.44

(1.94-2.93)

3.76

(2.99-4.53)

4.80

(1.80-12.70)

Nosmoker
10.12

(7.86-12.37)

8.81

(7.02-10.61)

13.27

(10.55-16.00)

10.20

(1.50-71.80)

All
3.71

(2.88-4.54)

3.71

(2.96-4.47)

5.66

(4.50-6.82)
-

The value pre dicted by multi pli ca tive model is com pa ra ble with the pub lished
epidemilogical data in BEIR VI:

( / )

( / )

ERR WLM

ERR WLM
n

s BEIRVI

é

ë
ê

ù

û
ú » 2  (19)

For this rea son the ad di tive model has been re jected.
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Fig. 4. Rel a tive risk of can cer in duc tion in smoker (3), non smoker (1) and nor mal (2) pop u la tion cal cu -
lated by microdosimetric mod els. The data are com pared to con trol stud ies of res i den tial ra don [10].
The lines rep re sent the 95 % con fi dence limit (up per, lower) in ter val.



3.2 The es ti ma tion of lung can cer in ci dence rel a tive to the risk for nor mal pop u la tion

Some typ i cal ex po sure con di tions in dwell ings (ICRP66) [2] were sim u lated us ing the
pre sented model as sum ing that 35 % of pop u la tion are smok ers. In Fig. 4 dependences of
the RR as a func tion of ex po sure for dwell ings [8] are shown. The cal cu lated av er age
value for pop u la tion is ERR » 015.  per ra don ac tiv ity of 100 Bq.m-3.

Sim i lar val ues have been pub lished by Lubin and Boice [9], ana lys ing the ep i de mi o -
log i cal data of lung can cer in ci dence in the co horts of pop u la tion ex posed in dwell ings in
var i ous parts of world (Can ada, China, Fin land, Swe den and USA). Com bi na tion of the
re sults from all pub lished data al lowed Lubin to con firm the trend of increase of the can cer 
risk with the ra don ex po sure. He pos tu lated for the vol ume ac tiv ity of ra don equal to
100 Bq.m-3, the value of ERR = 09.  (0.01-0.20) per ra don ac tiv ity of 100 Bq.m-3.

The other source of in for ma tion about RR were the ep i de mi o log i cal stud ies of more
than 7000 lung can cer cases re ported from 14 Eu ro pean coun tries com piled by Darby et
al. [10]. The ex cess rel a tive to the risk from this source gives the value of ERR = 017.
(95 % CI: 0.03-0.37) per ra don ac tiv ity of 100 Bq.m-3.

The re sults from both sources give com par a tive re sults with our val ues of ERR per ra -
don ac tiv ity of 100 Bq.m-3, tak ing into ac count the uncertainties by the es ti ma tion of the
vol ume ac tiv i ties of ra don. Ta ble 2 shows es ti mated ex cess rel a tive to the risk for lung
can cer by cat e go ries of smok ing sta tus.

Ta ble 2. The pre dicted av er age ex cess rel a tive risk for lung can cer per 100 Bq.m
-3

 ra don con cen tra tion
for smok ers, non smok ers and pop u la tion.

Model
ERR/WLM 10-3 Bq-1.m3

Smo ker Non smoker All

Bound ary
0.5

(0.4-0.6)

1.9

(1.7-2.2)

1.4

(1.3-1.6)

LET
0.4

(0.4-0.5)

2.3

(2.0-2.25)

1.6

(1.4-1.8)

Track
0.5

(0.5-0.6)

2.0

(1.7-2.2)

1.5

(1.3-1.6)

The most sig nif i cant source of in for ma tion for the ra di a tion risk es ti ma tion from ra don 
and ra don de cay prod ucts in ha la tion in dwell ings still re mains on the epidemilogical data
from the stud ies of lung can cer in ci dence in ura nium mines.

3.3 Radiosensitivity of basal and se cret cells

The ra tio be tween radiosensitivity of basal and se cre tory cells was de ter mined also by
microdosimetric mod els usig Equation (20):

P
T

T
bazal

sekre

=   (20)
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where Tbazal , Tsekret  rep re sent the mean value of prob a bil ity with which the basal or se cre tory
cells with ex po sure lower than 100 WLM are trans formed. The re sults of cal cu la tion are
pre sented in Ta ble 3, where the mean value of P is es ti mated for the range with ex po sure
lower than 100 WLM from equa tion:

P P W dW= ò
1

100
0

100

( )   (21)

It fol lows from these anal y ses that ERR of basal cells is 4.3–6.3 times higher than the
risk of se cre tory cells. The basal cells ab sorb ap prox i mately 2 times lower dose than the
se cre tory cells. It is sup posed from this rea son that the radiosensitivity of basal cells per
unit of ab sorbed dose is by 8-12 times greater than radiosensitivity of se cre tory cells per
unit ab sorbed dose.

Ta ble 3. The ra tio of sen si tiv ity of basal and se cre tory cells for smoker and non smoker sta tus.

Model
Sta tus

Non smoker Smoker

Bor der energie 4.1 3.8

LET 3.6 2.9

Track 5.6 3.7

Our re sults agree with the pub lished data by Hofmann [11], where the ra tio of prob a -
bil ity of trans for ma tion of basal cells to trans for ma tion of se cre tory cells reached the
value of 2.4 for 218Po and the value 5.4 for 214Po for ex po sure of 20 WLM.

Ac cord ing to ICRP 66 [2] the dose de pos ited in lung tis sue can be cal cu lated as an arith -
me tic mean of dose in basal and se cre tory cells. This method has been cho sen namely be -
cause of sup pos ing equal radiosensitivity of both types of cells. By the anal y ses de scribed in 
this work the sen si tiv ity of basal cells per unit ab sorbed dose is 8-12 times higher com pared
to the sen si tiv ity of se cre tory cells. This would need re val u a tion of the val ues of weight ing
co ef fi cients of tar get cells in the Rec om men da tion of ICRP in the fu ture.

4. Conclusion

• The value of ex cess rel a tive risk is (ERR/WLM) = (2.1-3.8)´10-3 WLM-1 for
smok ers and that of the non smok ers is (ERR/WLM) = (8.8-13.3)´10-3 WLM-1,
con sid er ing the un der ground me dium.

• The av er age value of ex cess rel a tive risk per unit ex po sure in dwell ings is
ERR = 0.04 (0.04-0.05) per 100 Bq.m-3 for smok ers and for non smok ers
ERR = 0.51 (0.19-0.23) per 100 Bq.m-3.

• The sen si tiv ity of basal cells per unit ab sorbed dose is 8-12 times higher com pared
to the sen si tiv ity of se cre tory cells. This would need re val u a tion of the val ues of
weight ing co ef fi cients of tar get cells in the Rec om men da tion of ICRP in the fu ture.
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• Microdosimetric mod els give ad e quate de scrip tions of ra di a tion re sponse lung tis -
sue un der the in flu ence of sig nif i cant ef fects (time since ex po sure, in verse efect …). 
For this rea son the model is suit able for risk pre dic tion in dwell ings and work ing
sites. Microdosimetric mod els are very help ful and suit able for pre dic tion of the ra -
don risk for un der ground con di tions, as well as for in door ra don risk eval u a tion, and 
they are also able to take into ac count the in flu ence of the smok ing habit.
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