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This pa per aims to de scribe the pho ton beam char ac ter is tics in terms of en ergy and an gu lar
dis tri bu tion dur ing breast megavoltage pho ton ra dio ther apy of preg nant pa tients. Pho ton
beam char ac ter is tics are in ves ti gated at treat ment vol ume (breast) and the po si tion of the fe -
tus in the Tena phan tom us ing Monte Carlo sim u la tion. Pho ton beam en ergy spec tra are com -
pared across var i ous ma te ri als used as sub sti tutes for con struct ing phys i cal and com pu ta -
tional phan toms. Mean en er gies cal cu lated in sub sti tute ma te ri als de vel oped by our group
and used to build the Tena phan tom, dif fer up to 10 % from the cal cu lated ones in ICRU ref -
er ence tis sue ma te ri als. It was found ac cept able since this is less than the dif fer ences be tween
ICRP and ICRU ma te ri als. Then, the pho ton beam char ac ter is tics are in ves ti gated in the an -
thro po mor phic phan tom, Tena. Pho ton beam mean en ergy in the fe tal re gion of the phan tom
(out-of-field) is sig nif i cantly lower (more than 1 MeV) than at the breast po si tion (in-field).
The an gu lar dis tri bu tion of the pho ton beam at the breast po si tion pre dom i nantly shows a
for ward di rec tion, whereas, at the fe tus po si tion, the dis tri bu tion is more scat tered. When se -
lect ing a de tec tor, it is cru cial to con sider the dif fer ences in pho ton en ergy and an gu lar dis tri -
bu tions be tween in-field and out-of-field mea sure ment points to re duce mea sure ment un cer -
tain ties and en sure re li able data.
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IN TRO DUC TION 

Ac cord ing to the FIGO 2018 re port [1], the in ci -
dence of car ci noma dur ing preg nancy is re ported to be
1:1000-1:1500 preg nan cies. The in ci dence has in -
creased over the past 30 years [2]. With an in ci dence of 
1:10000 up to 1:3000, breast car ci noma is the most
com mon ma lig nant tu mor dur ing preg nancy [3]. Ra -
dio ther apy (RT) of preg nant pa tients has drawn spe -
cial at ten tion from sci en tific and clin i cal com mu ni ties
in the past few years [3-5].

Tech niques and data that can aid the med i cal
phys i cist who needs to plan the ra di a tion ther apy of a
preg nant pa tient us ing pho ton beams are given in sev -
eral re ports [6, 7]. It has been shown that treat ment
plan ning sys tems (TPS) ar not ac cu rate in as sess ing
out-of-field doses [8-10]. There are em pir i cal meth ods 
for fe tal dose es ti ma tion in pho ton ra dio ther apy based

on mea sure ments in sim ple ge om e try [7]. Mea sure -
ments in phan toms or Monte Carlo (MC) sim u la tions
could give more ac cu rate re sults, es pe cially if pa tient
anat omy is used close to the ac tual [3, 5]. Lu mi nes cent
de tec tors, such as ra dio photoluminescent (RPL),
thermoluminescent (TL), and op ti cally stim u lated lu -
mi nes cent (OSL) de tec tors, are widely used to mea -
sure pho ton out-of-filed doses in dif fer ent phan toms
dur ing var i ous RT pro ce dures [11-15]. De tec tors are
com monly cal i brated in the stan dard pho ton fields
(such as 137Cs and 60Co gamma fields). How ever,
out-of-field ra di a tion is made of sec ond ary/scat tered
ra di a tion and there is a dif fer ent en ergy and an gu lar
spec trum at var i ous po si tions in phan toms. There fore,
cor rec tion for en ergy and an gu lar de pend ence of TL,
OSL, and RPL de tec tors should be ap plied if needed
[11, 14]. In ad di tion to lu mi nes cent de tec tors, other
de tec tors such as films, di odes, ion cham bers, and
MOSFET are also used for out-of-field pho ton do sim -
e try [6]. To find out if cor rec tions are needed for a de -
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tec tor used for pho ton do sim e try, pho ton beam char ac -
ter is tics in terms of en ergy and an gu lar dis tri bu tion in
mea sure ment (fe tal) po si tions for RT of in ter est should 
be known.

The MC sim u la tions are a valu able re search
method since they can pro vide data be yond the ex per i -
men tal ap proach [16, 17]. How ever, their setup and
com pu ta tional time re quire sig nif i cant ef fort. Ad di -
tion ally, MC sim u la tions in volve un cer tain ties, such
as un der es ti mat ing the ab sorbed dose out side the pri -
mary ra di a tion field [18, 19].

This pa per aims to de scribe the pho ton beam
char ac ter is tics, spe cif i cally en ergy and an gu lar dis tri -
bu tion, dur ing breast pho ton ra dio ther apy for a preg -
nant pa tient. The pho ton beam char ac ter is tics are pre -
sented in the treat ment vol ume (breast) and the fe tus
po si tion (out side the treat ment field) us ing MC sim u -
la tion of RT beams in an an thro po mor phic phan tom.
These char ac ter is tics are com pared across dif fer ent
ma te ri als used as sub sti tutes for con struct ing phys i cal
or com pu ta tional phan toms.

MA TE RI ALS AND METH ODS

The MC sim u la tion, of Siemens Oncor med i cal
lin ear ac cel er a tor, was ap plied for the MV breast RT of 
the preg nant pa tient. The RT was sim u lated us ing the
3-D conformal RT tech nique with five beams (2 me -
dial, 2 lat eral, and one pos te rior). To ob tain in for ma -
tion that is be yond the ex per i ment and TPS data, MC
sim u la tions were per formed us ing Monte Carlo
N-Par ti cle trans port code (MCNP) ver sion 6.2 [20].
Pre vi ous pub li ca tions of this re search group ex ten -
sively tested the model of the ac cel er a tor used [21-24]. 
The ma te ri als used for the MC of the ac cel er a tor and
the ma te ri als for the phan tom were taken from the
Com pen dium of ma te rial com po si tion data for ra di a -
tion trans port mod el ing [25] and our pre vi ous pub li ca -
tion re spec tively [4]. The voxelized form of the preg -
nant fe male phan tom Tena was taken from Kopa~in et
al. [3]. The ENDF/ B-VII (Eval u ated Nu clear data file
B-VII) [26] cross- sec tion data li brar ies were used to
per form the sim u la tions. The ac cel er a tor model in -
cludes the tar get, pri mary collimator, flat ten ing fil ter,
multi-leaf collimator (with each of the 80 leaves mod -
eled sep a rately, as shown in fig. 1), and head cover.
Each gan try po si tion and field shape were mod eled in -
di vid u ally. The elec trons im ping ing on the tar get had
an en ergy of 6 MeV with a Gaussi an spread of 3 %.

To test the pho ton beam char ac ter is tics, sev eral
sets of MC sim u la tions were per formed. Since phys i -
cal and ra dio log i cal char ac ter is tics (phys i cal den sity,
ef fec tive atomic num ber, and CT num ber) of Tena sub -
sti tute ma te ri als are al ready proven as re li able [4], we
ad di tion ally com pared scat ter ing prop er ties with those 
com monly used in RT pro ce dures (ICRP) and ref er -
ence tis sue ma te ri als (ICRU). Scat ter ing prop er ties are 

tested us ing sim pli fied MC sim u la tions. Namely, the
source was de fined as iso tro pic with pho ton spec tra
ob tained from pre vi ous sim u la tions [3]. A box with di -
men sions of 30 cm  30 cm  30 cm was placed 90 cm
from the iso tro pic source. The box for scor ing spec tra
(5 cm  5 cm  0.2 cm, where the depth was 0.2 cm)
was set at the depths of 5 cm and 10 cm. These depths
are cho sen as rep re sen ta tive of the RT plan used in this
work. Both larger box and de tec tor boxes were filled
with soft, lung and bone tis sues that are de fined by
ICRP [27], ICRU [28], and Tena com po si tions [4]. In
each sim u la tion, 3109 par ti cles were sim u lated and an
F4 tally was used to cal cu late the spec tra in the de tec -
tor boxes. The re sults were ac cepted if all 10 sta tis ti cal
checks for each tally were sat is fied [29].

In the sec ond set of sim u la tions, the voxelized
preg nant fe male phan tom Tena was filled with Tena,
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Fig ure 1. The parts of the ac cel er a tor de picted us ing
MCNP plot ter ac cel er a tor head (a); po si tion of the leaves 
form ing the field F1 (b)



ICRU, and ICRP sub sti tute ma te ri als. A full ra di a tion
ther apy plan was ap plied to the phan tom as de fined in
our ear lier pub li ca tions [3, 4]. The treat ment plan con -
sisted of only five fields, which were suf fi cient to cover
the treat ment vol ume. Such a small num ber of fields en -
abled us to eas ily in cor po rate field ge om e try into the
MCNP in put since each leaf needs to be po si tioned
man u ally. Tal lies for re cord ing the spec tra and an gu lar
dis tri bu tion of the in ci dent par ti cles were po si tioned in
cubes with a 1 cm base and over lapped with voxelized
phan tom ge om e try. The spec tra were col lected in the fe -
tus's head (out side the treat ment field) po si tion and
isocenter point, fig. 2. The dis tance be tween these two
po si tions is 40 cm. Since the de tec tor at the out-of-field
po si tion has a lower prob a bil ity of sam pling in ci dent
par ti cles, to re duce the vari ance DXTRAN sphere with
a 10 cm ra dius was set in the fe tus' head. In this way, the
num ber of par ti cles that ar rive at the de tec tor in creases.
All the de tails re gard ing the sim u la tions are de scribed
in the pre vi ous pub li ca tion [4].

RE SULTS

In the first set of sim u la tions MC sim u la tions for
the cube filled with each ma te rial, de fined in three dif -
fer ent ways (us ing ICRP ma te rial, ICRU ma te rial, and
the Tena ma te ri als), were per formed to es ti mate the
mean en er gies at two dif fer ent depths (5 cm and 10 cm, 
tab. 1). For soft tis sue, mean en er gies cor re late closely
even for the depth of 10 cm, though for bone and lung
tis sue, the dif fer ences are larger. Rel a tive er rors of all
sim u la tions are be low 0.1 %.

To choose ap pro pri ate do sim e ters for mea sure -
ments in the treat ment vol ume and in the po si tion of
the fe tus (sec ond set of MC sim u la tions) pho ton spec -
tra were de ter mined at both po si tions. All ma te ri als
(Tena, ICRU, and ICRP) used in MC sim u la tions show 
that spec tra in treat ment vol ume and out side the treat -
ment field dif fer sig nif i cantly figs. 3(a)-3(c). Er ror
bars rep re sent rel a tive er rors but since the er ror for
most of the bins is be low 1 % they are barely vis i ble,
es pe cially in the breast po si tion.

Pho tons at the fe tus's po si tion (out side the treat -
ment field) showed a mean value of 0.3 MeV for Tena
and ICRP ma te ri als, while ICRU has a mean en ergy of
0.45 MeV. In the treat ment field, the mean val ues for
ICRP, Tena, and ICRU are 1.53 MeV, 1.54 MeV, and
1.52 MeV, re spec tively. Fig ure 4 pres ents the an gu lar
dis tri bu tion of pho tons in the breast and the po si tion of
the fe tus dur ing breast pho ton MV RT.

An gu lar dis tri bu tion at the po si tion of spe cial in -
ter est (breast and po si tion of the fe tus) was also cal cu -
lated in both po si tions. The prob a bil ity of pho ton an -
gle at the po si tion of the fe tus is marked in white while
at the breast po si tion is hatched. Er ror bars rep re sent
rel a tive er ror. At 0° in each po si tion (breast/fe tus) the
vec tor is di rected from the ac cel er a tor tar get to ward
the treat ment ta ble at a gan try an gle of 0°.

DIS CUS SIONS

Pho ton en er gies at two dif fer ent depths in ma te -
ri als de fined by ICRP, ICRU, and Tena phys i cal phan -
tom ma te ri als [3, 4] were in ves ti gated to ad di tion ally
val i date Tena sub sti tute ma te ri als. Mean en er gies for
these ma te ri als (ICRP, ICRU, and Tena), at two rep re -
sen ta tive depths (5 cm and 10 cm) were ex am ined. For
bone ma te rial, Tena ma te rial com po si tion over es ti -
mates the mean en er gies by ap prox i mately 7 % on both 
depths, while for lung tis sue the dose is un der es ti -
mated by 7 % when com pared to ICRU ma te ri als.  For
soft tis sue, the dif fer ence in mean en er gies is in the or -
der of 0.3 %, even at greater depths, for all three ma te -
ri als. This is sig nif i cant since most of the Tena phan -
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 Fig ure 2. Tena phan tom with ap prox i mate po si tions of the de tec tors marked with black dots

Ta ble 1. Mean en er gies at 5 cm and 10 cm depth in 30 cm ×
 30 cm × 30 cm box filled with dif fer ent tis sue sup ple ments
as de fined for ICRP, ICRU, and Tena ma te ri als

Ma te rial
Mean en ergy [MeV]

Bone Lung Soft tis sue
5 cm 10 cm 5 cm 10 cm 5 cm 10 cm

TENA 0.948 0.893 1.227 1.217 0.937 0.865
ICRP 0.864 0.789 0.921 0.848 0.935 0.863
ICRU 0.889 0.832 1.325 1.304 0.935 0.862



tom is cast from the soft tis sue sub sti tute ma te rial. MC
sim u la tions showed better agree ment of mean en er -
gies at 5 cm and 10 cm depth for Tena than for ICRP
sub sti tute ma te ri als when com pared to ICRU ref er -
ence ma te rial. This con firms the suit abil ity of Tena
sub sti tute ma te ri als for RT beam do sim e try in the
treat ment volume.

The sec ond part of the work was to de ter mine
pho ton beam char ac ter is tics in MV pho ton breast RT
in treat ment vol ume and the po si tion of the fe tus in the
Tena phan tom. Fig ure 3 shows pho ton en er gies at the
treat ment po si tion and the po si tion of the fe tus in the
Tena phan tom for Tena, ICRP, and ICRU ma te ri als. A
com par i son of spec tra and mean en er gies shows
agree ment in the treat ment po si tion as al ready shown
with the pre vi ous set of MC sim u la tions. Dif fer ences
in pho ton spec tra be tween Tena sub sti tute ma te rial and 
ICRU ref er ence ma te rial at the po si tion of the fe tus in -
crease. Nev er the less, in the same po si tion, pho ton
spec tra, as well as,  pho ton mean en ergy in Tena sub sti -
tute ma te rial are com pa ra ble to the ICRP sub sti tute
ma te ri als that are typ i cally used for math e mat i cal and
phys i cal phan tom cre ation. Re sults shown in fig. 3 in -
di cate sig nif i cant dif fer ences in pho ton spec tra be -
tween the treat ment vol ume and po si tion of the fe tus in 
the Tena phan tom. Sim i larly, fig. 4 shows large dif fer -
ences in the an gu lar dis tri bu tion of pho tons at these
po si tions. De tec tors that are widely used for mea sure -
ments of pho ton out-of-field doses in RT, such as RPL, 
TL, and OSL, might need a cor rec tion fac tor due to
changes in en ergy and an gu lar spec trum at dif fer ent
po si tions in phan toms [11, 14, 15, 30]. This change co -
mes be cause out-of-field ra di a tion is made of scat tered 
(sec ond ary) ra di a tion.  In for ma tion on spec tral or an -
gu lar dis tri bu tion and en ergy ranges, figs. 3(a)-3(c), or 
even the dose to the whole or gan, is valu able in for ma -
tion when choos ing the ap pro pri ate de tec tor for [10,
31]. The dif fer ence in mean en er gies at fe tal (in-field)
and breast (out-of-field) po si tion, ac cord ing to this
study re sults, is more than 1 MeV, fig. 3, so the de tec -
tors of choice must be sen si tive in both en ergy re gions
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Fig ure 3. Pho ton spec tra at the breast and the po si tion of
the fe tus for: Tena (a), ICRP (b), and ICRU ma te rial (c)

Fig ure 4. Prob a bil ity of pho ton an gle at the
breast and the po si tion of the fe tus dur ing
breast pho ton MV RT 



or ap pro pri ate cor rec tion fac tor must be ap plied. The
data from our sim u la tions showed that for the po si tion
of the fe tus, only 3 % of all the par ti cles im ping ing the
de tec tor have an gles that are per pen dic u lar to the ini -
tial beam, fig. 4, which is sig nif i cantly dif fer ent when
com pared to the par ti cles in side the ra di a tion field.
These re sults are valu able for ex per i ment setup since
some of the de tec tors might show dis crep an cies if ir ra -
di ated un der these con di tions [11, 30-32].

The TPS does not pro vide suf fi cient ac cu racy for
dose cal cu la tions in re gions far from the beam edge, as
is the case with preg nant pa tients [33, 34]. How ever, for
preg nant pa tients un der go ing ra di a tion ther apy, the fe -
tal dose is the cru cial in for ma tion needed for an op ti mal
treat ment pro cess. Se lect ing the ap pro pri ate de tec tor
for es ti mat ing the dose at the po si tion of the fe tus, re -
quires care ful con sid er ation of beam char ac ter is tics.
This is es sen tial for re duc ing mea sure ment un cer tainty
and ob tain ing re li able data.

CON CLU SION

The mean en er gies of Tena sub sti tute ma te ri als dif -
fer up to 10 % from ICRU ref er ence tis sue ma te ri als.
Pho ton mean en ergy in the fe tal re gion (out-of-field) is
sig nif i cantly lower (more than 1 MeV) than at the breast
po si tion (in-field). At the po si tion of the fe tus, only 3 %
of the par ti cles im ping ing the de tec tor have an gles per -
pen dic u lar to the ini tial beam. Dif fer ences in pho ton en -
ergy and an gu lar dis tri bu tions be tween in-field and
out-of-field points of mea sure ment need to be con sid ered 
to de crease mea sure ment un cer tain ties and ob tain re li -
able mea sure ment data.

AC KNOWL EDG MENT

This work was fi nanced by the EU-funded pro ject
SONORA - To wards safe, op ti mized, and per son al ized
ra di ol ogy and ra dio ther apy pro ce dures for preg nant pa -
tients (PI ANO FORTE HO RI ZON-EURATOM-2021-
NRT-01-09) and in sti tu tional pro jects IP- MEFOS and IP 
FDMZ.

AU THORS' CON TRI BU TIONS

D. Faj con ceived and de signed the study and su -
per vised the pro ject; H. Brki} per formed the sim u la -
tions, pre pared the graphics, and drafted the ini tial
manu script; V. Kopa~in and M. Kasaba{i} in ter -
preted the re sults and per formed the data anal y sis; M.
Majer, @. Kne`evi} and S. Mari}. crit i cally re viewed
the manu script for im por tant in tel lec tual con tent.

All au thors have read and ap proved the fi nal ver -
sion of the manu script.

ORCID NO

D. Faj: 0000-0002-4111-5459
H. Brki}: 0000-0001-6692-6875
V. Kopa~in: 0000-0002-3854-6602
M. Majer: 0000-0002-0781-2365
Ž. Kneževi}: 0000-0001-6669-8788
M. Kasabaši}: 0000-0002-6707-4317

REF ER ENCES

[1] Bhatla, N., Denny, L., FIGO Can cer Re port 2018, In -
ter na tional Jour nal of Gy ne col ogy & Ob stet rics, 143
(2018), pp. 2-3

[2] Basta, P., et al., Can cer Treat ment in Preg nant Women,
Con tem po rary On col ogy, 19 (2015), 5, p. 354

[3] Kopa~in, V., et al., De vel op ment of a Com pu ta tional
Preg nant Fe male Phan tom and Cal cu la tion of Fe tal
Dose Dur ing a Pho ton Breast Ra dio ther apy, Ra di ol -
ogy and On col ogy, 56 (2022), 4, pp. 541-551

[4] Kopa~in, V., et al., De vel op ment and Val i da tion of the 
Low-Cost Preg nant Fe male Phys i cal Phan tom for Fe -
tal Do sim e try in MV Pho ton Ra dio ther apy, Jour nal of 
Ap plied Clin i cal Med i cal Phys ics, (2023)

[5] De Saint-Hubert, M., et al., Fe tus Dose Cal cu la tion
Dur ing Pro ton Ther apy of Preg nant Phan toms Us ing
MCNPX and MCNP6. 2 Codes, Ra di a tion Mea sure -
ments, 149 (2021), 106665

[6] Kry, S. F., et al., AAPM TG 158: Mea sure ment and
Cal cu la tion of Doses Out side the Treated Vol ume
from Ex ter nal-Beam Ra di a tion Ther apy, Med i cal
Phys ics, 44 (2017), 10, pp. e391-e429

[7] Stovall, M., et al., Fe tal Dose from Ra dio ther apy with
Pho ton Beams: Re port of AAPM Ra di a tion Ther apy
Com mit tee Task Group No. 36, Med i cal Phys ics, 22
(1995), 1, pp. 63-82

[8] Howell, R., et al., S.K.-P. in M.& and 2010, Un de -
fined: Ac cu racy of Out-Of-Field Dose Cal cu la tions
by a Com mer cial Treat ment Plan ning Sys tem,
Iopscience.iop.org, 55 (2010), 23, 6999

[9] Majer, M., et al., Out-of-Field Doses in Pe di at ric
Craniospinal Ir ra di a tions with 3D-CRT, VMAT, and
Scan ning Pro ton Ra dio ther apy: A Phan tom Study,
Wiley On line Li brary, 49 (2022), 4, pp. 2672-2683

[10] Clouvas, A., et al., Ca pa bil i ties of Electret Ion Cham -
bers to Mea sure Ab sorbed Dose Out side the Treated
Vol ume, Dur ing Ex ter nal-Pho ton Ra di a tion Ther apy,
Nucl Technol Radiat, 36 (2021), 2, pp. 197-204

[11] Bordy, J. M., et al., Ra dio ther apy Out-Of-Field Do -
sim e try: Ex per i men tal and Com pu ta tional Re sults for 
Pho tons in a Wa ter Tank, Ra di a tion Mea sure ments,
57 (2013), pp. 29-34

[12] Miljani}, S., et al., Clin i cal Sim u la tions of Pros tate Ra -
dio ther apy Us ing BOMAB-Like Phan toms: Re sults for
Pho tons, Ra di a tion Mea sure ments, 57 (2013), pp. 35-47

[13] Stolarczyk, L., et al., Dose Dis tri bu tion of Sec ond ary
Ra di a tion in a Wa ter Phan tom for a Pro ton Pen cil
Beam-EURADOS WG9 Intercomparison Ex er cise,
Phys ics in Med i cine & Bi ol ogy, 63 (2018), 8, 085017

[14] De Saint-Hubert, M., et al., Out-Of-Field Doses in Chil -
dren Treated for Large Arteriovenous Mal for ma tions
Us ing Hypofractionated Gamma Knife Radiosurgery
and In ten sity-Mod u lated Ra di a tion Ther apy, Ra di a tion
Pro tec tion Do sim e try, 181 (2018), 2, pp. 100-110

[15] Majer, M., et al., Out-Of-Field Dose Mea sure ments
for 3-D Conformal and In ten sity Mod u lated Ra dio -

D. Faj, et al., Monte Carlo Sim u la tion of Pho ton Breast Ra dio ther apy of ...
158 Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2024, Vol. 39, No. 2, pp. 154-159



ther apy of a Pae di at ric Brain Tu mour, Ra di a tion Pro -
tec tion Do sim e try, 176 (2017), 3, pp. 331-340

[16] Pham, H., et al., Pho ton Beam Mod el ing, A Com par a -
tive Study of Primo and Gate Sim u la tion Toolkits for
the TrueBeam STx Linac, Nucl Technol Radiat, 39
(2024), 1, pp. 58-65

[17] Tang, X., et al., Sim u la tion and Mea sure ment of
X-Ray Scat tered Ra di a tion in Radiodiagnosis, Nucl
Technol Radiat, 38 (2023), 2, pp. 125-134

[18] Kolacio, M. Š., et al., Val i da tion of Two Cal cu la tion
Op tions Built in Elekta Mo naco Monte Carlo Based
Al go rithm Us ing MCNP Code, Ra di a tion Phys ics
and Chem is try, 179 (2021), 109237

[19] Andreo, P., Monte Carlo Sim u la tions in Ra dio ther apy
Do sim e try, Ra di a tion On col ogy, 13 (2018), 1

[20] Werner, C. J., et al., MCNP6. 2 Re lease Notes, Los Alamos 
Na tional Lab o ra tory, Re port LA-UR-18-20808, 2018

[21] Brki}, H., et al., In flu ence of Head Cover on the Neu -
tron Dose Equiv a lent in Monte Carlo Sim u la tions of
High En ergy Med i cal Lin ear Ac cel er a tor, Nucl
Technol Radiat, 33 (2019), 2, pp. 217-222

[22] Brki}, H. et al., The In flu ence of Field Size and
Off-Axis Dis tance on Photoneutron Spec tra of the 18
MV Siemens Oncor Lin ear Ac cel er a tor Beam, Ra di a -
tion Mea sure ments, 93 (2016), pp. 28-34

[23] Ivkovi}, A., et al., The In flu ence of Shield ing Re in -
force ment in a Vault with Lim ited Di men sions on the
Neu tron Dose Equiv a lent in Vi cin ity of Med i cal Elec -
tron Lin ear Ac cel er a tor, Ra di ol ogy and On col ogy, 54
(2020), 2, pp. 247-252

[24] Ivkovi}, A., et al., Ac cu racy of Em pir i cal For mu las in
Eval u a tion of Neu tron Dose Equiv a lent In side the
60Co Vaults Re con structed for Med i cal Lin ear Ac cel -
er a tors, In ter na tional Jour nal of Ra di a tion Re search,
18 (2020), 1, pp. 99-107

[25] Detwiler, R., et al., Com pen dium of Ma te rial Com po -
si tion Data for Ra di a tion Trans port Mod el ing, 2021

[26] Chadwick, M. B., et al., ENDF/B-VII. 0: Next Gen er -
a tion Eval u ated Nu clear Data Li brary for Nu clear
Sci ence and Tech nol ogy, Nu clear Data Sheets, 107
(2006), 12, pp. 2931-3060

[27] ***, ICRP: Re al is tic Ref er ence Phan toms: an
ICRP/ICRU Joint Ef fort, A Re port of Adult Ref er ence 
Com pu ta tional Phan toms, An nals of the ICRP, 39
(2009), 2, pp. 1-164

[28] ***, ICRU: Neu tron In ter ac tion Data for Body Tis -
sues, ICRU Re port, 46 (1992), pp. 1-8

[29] Forster, R. A., et al., Ten New Checks to As sess the Sta -
tis ti cal Qual ity of Monte Carlo So lu tions in MCNP1994

[30] Kaderka, R., et al., Out-Of-Field Dose Mea sure ments
in a Wa ter Phan tom Us ing Dif fer ent Ra dio ther apy
Mo dal i ties, Phys ics in Med i cine and Bi ol ogy, 57
(2012), 16, pp. 5059-5074

[31] Filipev, I., et al., A Monte Carlo Study to Eval u ate and 
Op ti mise the An gu lar De pend ence of the Octa - A 2-D 
Sil i con Ar ray De tec tor Used for Do sim e try in
Stereotactic Ra dio ther apy, Ra di a tion Mea sure ments,
166 (2023), 106979

[32] Silva, E. H., et al., En ergy and An gu lar De pend ence
of Radiophotoluminescent Glass Dosemeters for Eye
Lens Do sim e try, Ra di a tion Pro tec tion Do sim e try,
170 (2016), 1-4, pp. 208-212

[33] Kneževi}, Ž., et al., Pho ton Do sim e try Meth ods Out side 
the Tar get Vol ume in Ra di a tion Ther apy: Op ti cally
Stim u lated Lu mi nes cence (OSL), Thermoluminescence 
(TL) and Radiophotoluminescence (RPL) Do sim e try,
Ra di a tion Mea sure ments, 57 (2013), pp. 9-18

[34] Shine, N. S., et al., Out-of-Field Dose Cal cu la tion by a
Com mer cial Treat ment Plan ning Sys tem and Com par i -
son by Monte Carlo Sim u la tion for Varian TrueBeam®,
Jour nal of Med i cal Phys ics, 44 (2019), 3, p. 156

Re ceived on Au gust 13, 2024
Ac cepted on Oc to ber 7, 2024

D. Faj, et al., Monte Carlo Sim u la tion of Pho ton Breast Ra dio ther apy of ...
Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2024, Vol. 39, No. 2, pp. 154-159 159

Dario FAJ, Hrvoje BRKI], Vjekoslav KOPA^IN, Marija MAJER,
@eqka KNE@EVI], Svjetlana MARI], Mladen KASABA[I]

MONTE  KARLO  SIMULACIJE  FOTONSKE  RADIOTERAPIJE
DOJKE  TRUDNE  PACIJENTKIWE

Karakteristike snopa

Svrha ovoga rada je da se opi{u karakteristike energetske i ugaone raspodele fotona
tokom megavoltne fotonske radioterapije trudne pacijentkiwe. Karakteristike fotona
prikazane su u ciqanom volumenu (dojka) i fetalnom polo`aju, koriste}i Monte Karlo simulacije 
na antropomorfnom fantomu. Upore|ene su karakteristike za razli~ite materijale koji se
koriste kao zamena tkiva za izradu fizi~kih ili ra~unarskih fantoma. Sredwe energije Tena
supstitucijskih materijala razlikuju se do 10 % od  referentnih materijala. Fotonska
sredwa energija u fetalnom podru~ju zna~ajno je ni`a (vi{e od 1 ) od one u podru~ju dojke.
Fotonska ugaona distribucija na polo`aju dojke ima preferirani smer, dok je taj smer na fetalnom 
polo`aju raspr{en. Razlike u energiji fotona i ugaonoj raspodeli izme|u mernih ta~aka u poqu
zra~ewa i izvan wega moraju se uzeti u obzir za smawewe nesigurnosti merewa i dobijawa
pouzdanih mernih podataka.

Kqu~ne re~i: megavoltno fotonsko zra~ewe, Monte Karlo simulacija,
                          karakteristika snopa, trudnica


