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Es ti mat ing the health ef fects of ra don ex po sure is of great in ter est be cause ra don is con sid -
ered the sec ond lead ing cause of lung can cer af ter smok ing. The dose-re sponse curve is not
well un der stood at low-dose lev els where ra don ex po sure is es ti mated. There fore, the health
mech a nisms of ra di a tion due to ra don prog eny at the cel lu lar and mo lec u lar lev els are of in ter -
est for pro vid ing an in di ca tion of a pos si ble thresh old value above which the ex po sure may in -
di cate can cer for ma tion. In this pa per we pres ent a mac ro scopic and cel lu lar level nu mer i cal
anal y sis of the ra don-in duced dose es ti mates based on the Geant4 code sys tem. Mac ro scopic
es ti mates are as sessed based on pa tient-spe cific com puter to mog ra phy scans that pro vide ge -
om e tries eas ily ap pli ca ble to mod el ing ra di a tion ef fects of the ra don prog eny sources. A small
tis sue vol umes anal y sis based on the Geant4 code sys tem is de vel oped so as to pro vide in for -
ma tion about the in ter ac tions and par ti cle track struc tures at the mi cro scopic (cel lu lar) lev els
pro duc ing the dosimetric ef fects of ra don short-lived prog e nies. The re sults pre sented in this
pa per also call at ten tion to the ca pa bil i ties of Geant4 to pro vide ra don-re lated dosimetric pa -
ram e ters of large and small-scale bi o log i cal sys tems.
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IN TRO DUC TION

Ra don is con sid ered to be the sec ond lead ing
cause of lung can cer af ter smok ing [1]. It can be found
in high con cen tra tions in doors, world wide. Ep i de mi o -
log i cal stud ies have at tempted to quan tify the risks as -
so ci ated with pro longed ex po sures. Stud ies have found
a cor re la tion be tween low-dose ra don ex po sure and
lung can cer mor tal ity and as signed an ex cess rel a tive
risk of 11 % in crease in mor tal ity for ev ery 100 Bq/m3

in crease in in door ra don con cen tra tion [1]. Agen cies
such as the en vi ron men tal pro tec tion agency (EPA) and
the world health or ga ni za tion (WHO) have based their
rec om men da tions for remediation lev els of ra don con -
cen tra tion on the lin ear no-thresh old (LNT) dose-re -
sponse model put forth by ep i de mi o log i cal stud ies. The
as sump tion is that just one al pha par ti cle can cause
DNA dam age that would lead to the for ma tion of can -
cer. There are, how ever, con flict ing stud ies on the va -
lid ity of the LNT dose-re sponse model and the 2013
MELODI Com mit tee called for more re search on the
nano-scale lev els with the goal of iden ti fy ing the in ter -
ac tions and bi o log i cal re sponses that lead to DNA dam -
age, cell mu ta tion, and neo plas tic for ma tion [2]. 

In this pa per we show a sim u la tion model based
on the par ti cle track ing code Geant4 in mod el ing mac -
ro scopic and mi cro scopic ef fects of ra don ex po sure.
The mac ro scopic model is based on pa tient-spe cific
ge om e try from com puted to mog ra phy (CT) scans; the
ef fect is re lated to the es ti mate of dose rates in the
lungs re sult ing from the de cay of short-lived ra don
prog eny. Ad di tion ally, the in ter ac tions from the de cay
prod ucts in small tar get tis sue vol umes are an a lyzed
us ing the Geant4-DNA toolkit in es ti mat ing the mi cro -
scopic ef fects of ra don ex po sure. The ion iza tion
events of al pha par ti cles in ter act ing with the cell nu -
cleus are the main mech a nisms by which the ra di a tion
in duces dou ble-strand breaks in the DNA mol e cule,
whether through di rect in ter ac tions or hy dro ly sis and
the re lease of rad i cals in the vi cin ity of the DNA mol e -
cule [3].

METH ODS AND MA TE RI ALS

Ra don ex po sure

222Rn is a sig nif i cant source of low-dose ion iz -
ing ra di a tion that con trib utes to a ma jor ity of a per son's 
an nual back ground dose. The 238U de cay chain is de -
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tailed in tab. 1 [4], with the short-lived ra don prog eny
also shown. The gas eous, chem i cally in ert ra don
readily be comes air borne, but on its own poses lit tle
threat in typ i cal ac tiv ity con cen tra tions, be cause it
does not col lect or de posit in the body. The par tic u late
de cay prod ucts are likely to at tach to mol e cules in the
air (usu ally in di cated as the at tached frac tion) or a
smaller por tion may re main free of sur round ing par ti -
cles (called the un at tached frac tion) [5, 6]. A larger
por tion of these de cay prod ucts de posit in the main
bron chial bi fur ca tion and, due to their rel a tively short
half-lives, de cay where they are de pos ited [5, 6]. Al -
pha ra di a tion from the 218Po and 214Po de liv ers the ma -
jor ity of the dose due to its short-range in tis sue. Beta
and gamma emis sions con trib ute sig nif i cantly less to
the cu mu la tive ra di a tion dose and are of ten ne glected
when es ti mat ing the over all ra don ef fects.

There are two other ra don iso topes: 220Rn
(thoron) and 219Rn (actinon). Their gas eous form
might give them the chance to col lect in homes, but
their half-lives are so short (56 s and 4 s, re spec tively)
com pared to 222Rn that their chance of de cay ing be -
fore es cap ing their ma trix for ma tion and be com ing
air borne is much greater [5]. Thus, con tri bu tions of
thoron and ac tion prog e nies to the hu man lung dose
are usu ally ne glected.

Cur rently, lung can cer risk es ti mates for oc cu pa -
tional and res i den tial ra don ex po sures are based on ep -
i de mi o log i cal stud ies of min ers. Lung can cer mor tal -
ity is cor re lated with ex po sure to ra don prog eny in
min ers, typ i cally work ing in con di tions that do not
qual ify as low-dose ex po sure. The re sults of these
stud ies were then ex trap o lated to those whose ex po -
sure is res i den tial and cat e go rized as low-dose. Un cer -
tainty ac com pa nies ev ery mea sure ment or cal cu la tion, 
but is of ten ab sent when these ep i de mi o log i cal data
are used for res i den tial ra don ex po sure risk as sess -
ment. The Bi o log i cal Ef fects of Ion iz ing Ra di a tion,
BEIR VI, re port ad dressed these is sues in di cat ing that

data on in di vid ual ex po sures were not well-de fined in -
ter ims of the spa tial vari a tion of ra don con cen tra tions,
time spent in dif fer ent zones, and var i ous other pa ram -
e ters re lated to in di vid ual work loads, res pi ra tor use,
and dif fer ent pro fes sions [7].The re port also sig naled
the prob lem of ac cu rate re cord ing ex po sures in mines
where data was sup pressed if it was out side the es tab -
lished safety lim its. The re port in di cates that, as far as
these stud ies are con cerned, the un cer tain ties
amounted to “hun dreds of per cent” and, con se quently, 
put into ques tion all of the risk es ti mates based on
them.

There is, there fore, a clear need to min i mize the
risk of can cer mor tal ity due to ran dom ra don ex po sure
and to iden tify lev els at which the in door ra don con -
cen tra tion poses a less or equal risk to the ac cept able
one. The larg est chal lenge fac ing re search ers is to de -
fine the dose-re sponse re la tion ship at low doses. A
com pre hen sive re view of avail able bi o log i cal and bio -
phys i cal data sup ports a LNT risk model which pre -
dicts that the risk of can cer pro ceeds in a lin ear fash ion
at lower doses with out a thresh old and that the small est 
dose has the po ten tial to cause a small in crease in risk
to hu mans [8]. Co hort stud ies of min ers work ing in
high-to-mod er ate dose level en vi ron ments pro vide a
frame work from which to ex trap o late the ex cess rel a -
tive risk (ERR) at low-dose res i den tial con cen tra tions. 
The as so ci a tion be tween ra don and lung can cer risk
have been ex am ined in large-scale stud ies and pooled
stud ies to de ter mine how in creas ing ra don con cen tra -
tions are re lated to lung can cer mor tal ity.The bulk of
lit er a ture agrees that ra don ex po sure cor re lates to lung
can cer and that there is an ERR of about 15 % for each
100 Bq/m3 in crease in ra don con cen tra tion [1]. These
stud ies sup port the LNT dose-re sponse model which
states that ex po sure to ion iz ing ra di a tion and risk of
cell mu ta tion and neo plas tic trans for ma tion are lin -
early re lated [9]. Fur ther more, the Com mit tee on the
BEIR VII re port has also sup ported these find ings, cit -
ing the avail abil ity of new and more ex ten sive data
which have strength ened con fi dence in the es ti mates
[7]. Since the shape of the dose-re sponse curve at low
doses is not well un der stood, the risks es ti mated by the
ep i de mi o log i cal stud ies are also not well-known [2].
Fur ther re search on the mech a nisms of can cer for ma -
tion at the cel lu lar and DNA level is aimed to elu ci date
the shape of the dose-re sponse curve in the low-dose
re gime and im prove the pre ci sion of  ep i de mi o log i cal
stud ies.

Geant4 model as sess ment of mac ro scopic
health do sim e try quan ti ties from
ex po sure to ra don 

Ob tain ing dose es ti mates us ing CT scans al lows
for the use of unique, pa tient-spe cific ge om e tries. De -
vel oped as an open source Monte Carlo par ti cle track -
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Ta ble 1. 238U de cay chain with 222Rd short-lived progency [4]
238U decay chain Half-life Main decay path

238U 4.5×106 year a
234Th 24.1 d b
234Pa 1.159 min b
234U 2.4×105 year a

230Th 7.5×104 year a
226Ra 1600 year a
222Rn 3.8 d a
218Po 3.1 min a
214Pb 26.8 min b
214Bi 19.9 min b
214Po 164 ms a
210Pb 22.2 year b
210Bi 5.0 d b
210Po 138.4 d a
206Pb Stable –



ing code by CERN, Geant4 has ex panded into a
multidisciplinary sim u la tion and mod el ing tool that
in cludes codes and toolkits for med i cal ap pli ca tions
on large and small bi o log i cal scales. For dose as sess -
ment on an or gan scale, the Geant4 DICOM code [10]
al lows the user to in put DICOM files that de fine the
sim u la tion ge om e try. Each DICOM file from a CT
scan is a slice of ge om e try in the z-di rec tion and the
Hounsfield unit val ues cor re spond to tis sue den si ties
and ma te ri als de fined by the user. In the pre sented ra -
don ex po sure CT-based model, the ma te rial den si ties
are used to form the ICRU 46 re port [10]. Source def i -
ni tions are eas ily de scribed and mod i fied in a macro
file and can be placed in ar eas of in ter est by se lect ing
the co or di nates in a DICOM viewer. 

The set of DICOM files used in this study cor re -
spond to the CT scan of an adult per son torso. The file
struc ture amounts to 100 slices of 2.5 mm in its thick -
ness. To es ti mate the mac ro scopic ab sorbed or dose
equiv a lent in the lungs due to in ha la tion of short-lived
ra don prog eny, sources of dif fer ent types and shapes
were placed at the main bron chial bi fur ca tion in
DICOM ge om e try. These short-lived prog eny are both 
al pha and beta emit ters, as shown in tab. 1, in clud ing:
(a) alphas of en er gies 6.0 MeV and 7.69 MeV (cor re -
spond ing to the de cay en er gies of 218Po and 214Po), and 
(b) in ter me di ate beta par ti cles from the de cay of 214Pb
and 214Bi of en er gies 0.7117 MeV and 2.13 MeV, re -
spec tively. The beta de cay en er gies are cal cu lated as
the weighted en ergy of all beta ra dio ac tive de cay path -
ways for 214Pb and 214Bi. Lit er a ture pro vides vary ing
es ti mates of the con tri bu tion of the beta ra di a tion to
the to tal dose [11, 12]. For ex am ple, Fa kir et al. es ti -
mate that the con tri bu tion of beta and gamma ra di a tion 
to the ab sorbed dose is be low 1% [12], while Leon ard
et al. es ti mate the beta con tri bu tion to be about 20 %
[13]. Source shapes were cho sen based on those found
in lit er a ture (cy lin dri cal) [14], as well as those that
most closely ap prox i mate the bron chial bi fur ca tion
ge om e try (el lip soi dal) from the CT im age. These ge -
om e tries are ap prox i mated based on fig. 1.

The source vol umes were se lected to be spa tially 
ho mo ge neous with ra tios of short-lived prog eny
(218Po, 214Pb, 214Bi, and 214Po), to each other equal to
5:3:2:2 [13]. Ad di tion ally, the equi lib rium frac tion of
the prog eny to the ra don con cen tra tion was set to 0.4
[15]. The equi lib rium frac tion in di cates the frac tion of
ra don de cay prod uct con cen tra tion in re la tion to the
con cen tra tion of ra don gas. Typ i cal in door res i den tial
equi lib rium frac tions can vary from lo ca tion to lo ca -
tion, but are usu ally taken to be ~0.4 [15]. The Geant4
mac ro scopic model in cludes 108 source par ti cles
(such a high num ber of source par ti cles re sults in the
re duc tion of er ror, al though er ror quan ti fi ca tion is not
pro vided by Geant4). 

To an a lyze the Geant4 DICOM val ues, pa ram e -
ters like ra don con cen tra tion, ex pected num ber of dis -
in te gra tions in the source vol ume, time of ex po sure to
ra don in ha la tion, and ra di a tion qual ity fac tor, must all
be com bined. A con ser va tive es ti mate of the dose rate
as sumes that an in di vid ual is ex posed to a con cen tra -
tion of 222Rn equal to 148 Bq/m3 over 18 hours per day
per year; thus, the re la tion ship be tween the Geant4 ab -
sorbed dose value in Gy to the equiv a lent dose rate
[mrem per year) is de fined as fol lows

&D D N C F F V Q= -
A Rn E

1
a a  (1)

where DA is the ab sorbed dose (Gy), N – the num ber of
source par ti cles, CRn – the con cen tra tion of 222Rn
(pCi*/L), FE – the equi lib rium frac tion of short-lived
prog eny to 222Rn, Fa – the frac tion of al pha-emit ting
prog eny, V [m3] – the source vol ume, and Qa – the
qual ity fac tor of al pha ra di a tion for equiv a lent dose
cal cu la tions (in this study, taken to be 20). For beta
par ti cles, the Q is equal to 1.

Geant4 model as sess ment of nano-do sim e try
quan ti ties from ex po sure to ra don

The ten dency of the solid de cay prod ucts of ra -
don to at tach to aero sol par ti cles and de posit in bron -
chial bi fur ca tions leads to higher en ergy de po si tion in
very small sec tions of lung tis sue [16]. Sen si tive tar -
gets in the lungs in clude bron chial ep i the lial and bron -
chial se cre tory cells. To eval u ate the do sim e try pa ram -
e ters at this scale, quan ti ties re lated to par ti cle track
struc ture such as en ergy de po si tion, step length, and
in ter ac tion types along the track are of more in ter est
than the ab sorbed dose or dose equiv a lent. To un der -
stand these quan ti ties, the sim u la tion of al pha par ti cles 
of en er gies cor re spond ing to those of the ra don prog -
eny al pha-emit ters was cre ated us ing the Geant4-DNA 
toolkit and the dnaphysics ap pli ca tion[17, 18]. A cube
of liq uid wa ter of side length 100 mm rep re sents a
small sec tion of a lung tis sue. The gen eral par ti cle
source of alphas of en er gies 6.0 MeV and 7.69 MeV
are  com pared  to  a  range  of  al pha  par ti cle  en er gies

E. van den Akker, et al.: Es ti mat ing Dosimetric Quan ti ties of Ra don Prog eny ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2015, Vol. 30, No. 3, pp. 203-209 205

Fig ure 1. Sagittal view of source re gion above ca ri nal
ridge in main bron chial bi fur ca tion (Osirix), as mod eled
in Geant4 mac ro scopic do sim e try model *1 Ci = 3.7×1010 Bq



(1 MeV-10 MeV) to eval u ate the track struc ture and
re sult ing par ti cles in ter ac tions.

Ion iza tion events are of in ter est in ex am in ing the 
prob a bil ity of dou ble-strand breaks (DSB) in the DNA 
mol e cule. The ion iza tion events and their po si tions
can be grouped into clus ters cor re spond ing to the dis -
tance re quired to in duce breaks within the
10-base-pairs in the DNA. The den sity-based spa tial
clus ter ing of ap pli ca tions with the noise (DBSCAN)
al go rithm is ap pli ca ble since it re quires only two pa -
ram e ters: a Eu clid ean dis tance and a num ber of points
needed to form a clus ter. The scikit-learn li brary con -
tains a DBSCAN rou tine that was used for this pur -
pose [19]. The DBSCAN al go rithm has been suc cess -
fully used in other Monte Carlo DNA sim u la tions. The 
num ber of clus ters along the al pha par ti cle track and
their prob a bil ity of in ter act ing with the DNA mol e cule 
can be an a lyzed to es ti mate the num ber of DSB can di -
dates ex pected from the ex po sure to ra don prog eny.

RE SULTS

Geant4 mac ro scopic health do sim e try
quan ti ties from ex po sure to ra don

The equiv a lent dose rate from ex po sure to in -
door ra don con cen tra tion of 148 Bq/m3 (4 pCi/L) was
cal cu lated us ing pa tient CT scan data as de scribed in
the sec tion Ra don ex po sure. The re sult ing mac ro -
scopic equiv a lent dose val ues are sum ma rized in tab.
2. The frac tional con cen tra tion of al pha emit ters is
35.9 Bq/m3 and the frac tional con cen tra tion of beta
emit ters is 24.8 Bq/m3 for an in door ra don con cen tra -
tion of 148 Bq/m3 and an equi lib rium con cen tra tion of
0.4 and a 5:3:2:2 ra tio of short-lived prog eny to each
other. As can be seen, the equiv a lent ra di a tion dose
var ies only slightly with source shape. The vari a tions
in bron chial ge om e try have an ef fect on the dose. The
ex pected ef fec tive dose rate can be es ti mated add ing
the as pects anal y sis avail able in lit er a ture. The study
by Kend all and Smith [11] es ti mates that a per son ex -
posed to a 148 Bq/m3 (4 pCi/L) con cen tra tion of ra don

would re ceive an ef fec tive dose be tween 3.18-14.11
mSv per year (318-1411 mrem per year), based on
ICRP val ues of phan tom mod els [11] and not the real
hu man CT-data. In an other study by EL-Hussein et al.
[6], the ef fec tive dose rates were found to be be tween
2.28-6.62 mSv per year (228-662 mrem per year)for
the same ra don ex po sure, much closer to the  ef fec tive 
doses  pre sented  in  tab.  2 which were be tween 0.52-
-2.31 mSv per year (52-231 mrem per year). The dose
rates as shown in tab. 2 fall within the low end of this
range when the larg est source vol umes are used and
would cor re spond to lev els of low-dose ra di a tion. The
ac cepted tis sue-weight ing fac tor 0.12 was used with
the val ues in tab. 2 to ob tain the ef fec tive dose val ues
[5]. The dose rates ob tained with beta-par ti cle sources
rep re sent less than 1 % of those from al pha sources, in
agree ment with some of the val ues re ported in lit er a -
ture  [12]. 

Geant4 nanodosimetry quan ti ties
from ex po sure to ra don

The Geant4-DNA sim u la tions us ing dif fer ent en -
er gies of al pha par ti cles in the mi cro-vol ume of liq uid
wa ter fol low a sin gle al pha par ti cle through a small vol -
ume to de ter mine the in ter ac tions that oc cur in a small
sec tion of tis sue. Geant4 al lows for the track struc ture to 
be ex am ined for alphas of dif fer ent en er gies.

The in ter ac tions of the par ti cle and its sec ond ary
elec trons are stored in n-tuples in ROOT. The most
dom i nant par ti cle type is shown to be from sec ond ary
elec trons and the most com mon in ter ac tion was elec -
tron elas tic scat ter ing, as can be seen in fig. 2. ROOT
counts each in ter ac tion type and bins the re sults by
num ber. The in di cated in ter ac tions in fig. 2 are of in -
ter est be cause of their im por tance in cre at ing dou -
ble-strand breaks. In each en ergy cat e gory of alphas,
ion iza tions are a dom i nant in ter ac tion, es pe cially, and
expectedly, as en ergy in creases.The prox im ity of these 
ion iza tions to each other is also im por tant; the 1992
study by Brenner and Ward showed that mul ti ple ion -
iza tions within a site of 2-3 nm in length should “cor re -
late well” to the oc cur rence of dou ble-strand breaks in
the DNA mol e cule [20].

The ion iza tion events are clus tered into groups
of three or more within a dis tance of 3.2 nm of each
other. These clus ters form DSB can di dates. No as -
sump tions are made as to the po si tion of cells or cell
nu clei in the sim u la tion tis sue vol ume, so the clus ter -
ing tech nique does not dis tin guish be tween clus tered
SSB and clus tered DSB. How ever, the DSB can di -
dates do give a con ser va tive es ti mate of the cel lu lar
dam age in flicted by 222Rn prog eny. The num ber of
cells a par ti cle tra verses is cal cu lated us ing the ranges
of the al pha par ti cle in liq uid wa ter from ASTAR ta -
bles [21]. Ta ble 3 shows these ranges, as well as the
num ber of ion iza tion events asociated with the al pha
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Ta ble 2. Geant4 CT scan-based mac ro scopic equivalent
doses from al pha and beta par ti cles ex pressed in [mSv
per year] as a func tion of source shape (cyl in der, C, and
el lip soid, E)

Source type and
vol ume [mm3] Alphas Betas

C 817.2 4.36 0.03

E 817.6 4.36 0.03

C 1047.7 5.60 0.04

E 1047.8 5.60 0.04

C 2656.6 14.21 0.09

E 2658.7 19.26 0.09

C 3602.2 19.26 0.12

E 3602.2 19.24 0.12



par ti cle track (ob tained from Geant4). The DBSCAN
al go rithm was used to find the num ber of clus ters of
size up to 3.2 nm. These clus ters form DSB can di dates. 
No as sump tions are made as to the po si tion of cells or
cell nu clei in the sim u la tion tis sue vol ume, so the clus -

ter ing tech nique does not dis tin guish be tween
clus tered SSB and clus tered DSB. How ever, the DSB
can di dates do give a con ser va tive es ti mate of the cel -
lu lar dam age in flicted by 222Rn prog eny. 

As shown in tab. 3, a 6 MeV al pha par ti cle has a
range of about 49 mm in tis sue and it is there fore ex -
pected it will tra verse about 3 cells of di am e ter 15 mm.
The num ber of clus ters along the par ti cle track is di -
vided be tween the cells which the par ti cle tra verses.
Then the num ber of ion iza tion clus ters in each cell, Ni,
is mul ti plied by the prob a bil ity of hit ting the nu cleus
(the nu cleus takes about 10 % of the vol ume of the cell) 
and the prob a bil ity of hit ting the DNA mol e cule (the
DNA mol e cule takes about 0.5 % of the nu cleus [22]:

P P PDSB nucl DNA= (2)

This prob a bil ity is use ful when link ing the
macro CT scan model to the cel lu lar ef fects of 222Rn
prog eny ex po sure. Ta ble 4 shows the re sults of the
prob a bil ity of DNA mol e cule hits for each cell tra -
versed by an al pha par ti cle as so ci ated with 218Po or
214Po.

For an ac tiv ity con cen tra tion of al pha emit ter,
[Bqm–3], source vol ume, VS, and a cell cy cle of tcell in
days, the num ber of al pha-emit ting par ti cles de pos ited 
Ndep can be es ti mated with

N C F F Vadep Rn E S= (3)

Us ing the prob a bil ity of DNA hits by an ion iza -
tion clus ter (given in tab. 4), the num ber of cells tra -
versed by each al pha par ti cle, and Ndep, an es ti mate can 
be made of the num ber of DSB that oc cur in the tis sue
dur ing a cell cy cle

N N N PDSB dep traversed DSB= (4)

Us ing  the  same  ac tiv ity   con cen tra tion  of
148 Bq/m3 (as used in the CT scan model), an ex po -
sure time of 18 hours per day, and cell cy cle time 30
days, the ap prox i mate num ber of DSB in the main
bron chial bi fur ca tion are calculated for the two
larg est vol umes from the CT scan Geant4 model.
These are listed in tab. 5. To com pare the re sults for
dif fer ent al pha en er gies, the DNA dam age over dif -
fer ent en er gies was plot ted in fig. 3. These are com -
pared to the Dos Santos [22] stud ies and found to be 
about an or der or two lower. How ever, these stud -
ies made use of ex plicit ge om e tries with re spect to
cell struc ture and DNA den sity. The DNA den sity
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Fig ure 2. In ter ac tion types (a) and mi cro scopic tis sue ge -
om e try in Geant4-DNA (b). The in ter ac tions are: al pha
ex ci ta tions (23), al pha ion iza tions (24), al pha charge de -
crease to a+ (25), a+ ex ci ta tion (26), a+ ion iza tion (27), a+

charge de crease to he lium (28), a+ charge in crease (29),
he lium ex ci ta tion (30), he lium ion iza tion (31), and he -
lium charge in crease (32)

Ta ble 3. Al pha range in tis sue, num ber of ion iza tion
events along path length (from small vol ume model in
Geant4), and num ber of  cho sen  DBSCAN clus ter sizes

Al pha en ergy
[MeV]

ASTAR range
in tis sue

[mm]

Geant 4
ion iza tion

events

DBSCAN
clus ters
£ 3.2 nm

1 6 50,104 41

3 18 153,469 200

5 37 256,704 2,019

6 49 307,868 2,525

7.69 73 394,754 3,062

9 95 462,515 3,488

10 113 514,274 3,700

Ta ble 4. DNA mol e cule hits per cell tra versed by al pha
par ti cles of en er gies as so ci ated with short-lived ra don
prog eny

Al pha en ergy
[MeV]

Cells
tra versed

Ion iza tion
clus ters per cell

DNA hits per
cell

6 3 842 0.41

7.69 5 612 0.31



used here was about three times smaller than the
larg est one used in stud ies by Dos Santos.

CON CLU SIONS

In this pa per we pre sented two Geant4 mod els
de vel oped to as sess the dose rates, par ti cle track struc -
tures, and DNA dam ages as so ci ated with low-dose ex -
po sure to in door ra don.

The mac ro scopic Geant4 model is based on CT
scan  DICOM  data  pro vid ing  pa tient-spe cific  ge om -
e tries to es ti mate how the short-lived prog eny of ra don 
de posit dose in the main bron chial bi fur ca tion. The
sim u la tion re sults (us ing the larg est source vol umes)
were  in the range span ning ex am ples in lit er a ture to
those  ex pected for ex po sure to ra don con cen tra tions
at the  EPA-rec om mended  ac tion  level  of  148  Bq/m3

(4 pCi/L) (about 2.3 mSv per year or 230 mrem per
year) [23]. This model makes use of unique ge om e -
tries and fur ther work may in clude re spi ra tory dy nam -
ics, aero sol at tach ment, and other bi o log i cal pa ram e -
ters. The abil ity to cor re late dose rates and bi o log i cal
ef fects to in door ra don ac tiv ity con cen tra tions could
as sist med i cal pro fes sion als in pa tient treat ments, as
well as strengthen the pre dic tions made in ep i de mi o -
log i cal stud ies. 

Since the mech a nisms of can cer for ma tion are
not well known, nanodosimetric quan ti ties are an im -
por tant com po nent of the study. Based on the mi cro -
scopic Geant4 model, the al pha par ti cle track struc -
tures were ex am ined and ion iza tion events clus tered
us ing a DBSCAN al go rithm [19]. The clus ters were
used to es ti mate the prob a bil ity of an al pha-emit ter

caus ing a dou ble-strand break in the DNA mol e cule.
Al though the ge om e try of the Geant4-DNA model is
sim ple and the clus ter ing al go rithm does not dis tin -
guish be tween clus tered sin gle-strand and dou -
ble-strand breaks, this does of fer an es ti mate for the
num ber of DSBs ex pected in the tis sue of a per son ex -
posed to a par tic u lar con cen tra tion of in door 222Rn.
The es ti mates were lower than those found in sim i lar
stud ies (but not based on Geant4), in di cat ing that very
de tailed cell struc ture ge om e tries of fer more in sight
into the type of phys i cal dam age in flicted by ion iz ing
ra di a tion on the DNA mol e cule.

Lastly, this study showed that the Geant4 code is
well suit able for med i cal-based stud ies at mac ro scopic 
and mi cro scopic lev els. 
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Evelin VAN DEN AKER, Metju LUND, Tatjana JEVREMOVI]

PROCENA  DOZIMETRIJSKIH  PARAMETARA  RADONA  NA
OSNOVU  Geant4  SIMULACIJA  I  KORI[]EWA  KOMPJUTERIZOVANE 

TOMOGRAFIJE  I  ]ELIJSKOG  MODELA

Procena zdravstvenih efekata akumulacije radona u plu}ima od zna~aja je imaju}i u vidu
da je ra don posle pu{ewa drugi najva`niji faktor koji izaziva kancer. Korelacija izme|u doze
zra~ewa i pojave kancera nije dovoqno obja{wena u domenu niskih doza, to jest, u opsegu doza
akumulacije radona. Zato su istra`ivawa u ovoj oblasti od zna~aja, naro~ito poku{aji da se
analizira prag vrednosti doze iznad koje je mogu}e predvideti potencijalnu pojavu kancera usled
akumulacije radona i produkata raspada. U ovom radu prikazan je makroskopski i celularni
numeri~ki model procene doze radona i produkata radioaktivnog raspada kori{}ewem Geant4
koda. Makroskopski model zasnovan je na realnim podacima kompjuterizovane tomografije koji
omogu}uju modelovawe akumulacije radona u plu}ima u najegzaktnijim geometrijama. Mikro-
skopska analiza doze radona i produkata raspada analizirana je na nivou }elije. Ovaj model
omogu}ava analizu interakcija produkata radioaktivnog raspada i jonizacionih potencijala.
Rezultati ovih analiza tako|e pokazuju da Geant4 omogu}uje efektno modelovawe dozimetrijskih
parametara usled akumulacije radona i produkata raspada na makroskopskom i }elijskom nivou.

Kqu~ne re~i: dozimetrija, ra don, Geant4, kompjuterizovana tomografija


