
IN VES TI GA TION  OF  RA DIO LOG I CAL  PROP ER TIES  OF  IM AG ING
AGENTS  USED  IN  NU CLEAR  MED I CINE  WITH  DIF FER ENT

METH ODS  AND  GATE/GEANT4  SIM U LA TION  PRO GRAM

by

Turan SAHMARAN 1* and Taylan TUGRUL2

1 Kirikhan Vo ca tional School, Hatay Mustafa Kemal Uni ver sity, Hatay, Tur key
2 De part ment of Ra di a tion On col ogy, Fac ulty of Med i cine, Van Yüzüncü Yil Uni ver sity, Van, Tur key

Sci en tific pa per
https://doi.org/10.2298/NTRP2302116S

This study aims to de ter mine the ra dio log i cal prop er ties of var i ous radiopharmaceuticals
used in nu clear med i cine. In the study, mass at ten u a tion co ef fi cient val ues in dif fer ent en ergy
ranges were ob tained for six dif fer ent radiopharmaceuticals dimercaptosuccinic acid,
diethylenetriamine pentaacetate, mercaptoacetyltriglycine, hexamethylpropyleneamine
oxime, methoxyisobutylisonitrile, meth y lene diphosphate by us ing GATE sim u la tion pro -
gram, XCOM and WinXCom pro grams. Us ing these val ues, ef fec tive atomic num ber and
elec tron den sity val ues were cal cu lated with the help of the di rect method, in ter po la tion
method, Auto-Zeff soft ware, Phy-X/ZeXTra, XMuDat pro gram, and Mayneourd's for mula.
In ad di tion, the ef fec tive atomic num ber and elec tron den sity val ues ob tained were com pared
for each radiopharmaceutical, both among them selves and be tween the meth ods. When
radiopharmaceuticals were com pared among them selves in low and high-en ergy re gions, the
high est ef fec tive atomic num ber val ues were ob tained in dimercaptosuccinic acid, meth y lene
diphosphate, and mercaptoacetyltriglycine. The mass at ten u a tion co ef fi cient val ues cal cu -
lated us ing the GATE code in di cate that it is a suit able method for de ter min ing the mass at -
ten u a tion co ef fi cient for im ag ing agents with no ex per i men tal val ues. This study in di cates
that the sim u la tion ge om e try method is suit able to be used as an al ter na tive method for the ex -
per i ments. In ad di tion, the val ues ob tained for these mol e cules used as radiopharmaceuticals
were ex am ined for the first time.
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IN TRO DUC TION

The in crease in the use of ra di a tion for di ag no sis
and treat ment in fields such as ra di ol ogy, nu clear med i -
cine, and ra di a tion on col ogy in re cent years has in -
creased the im por tance of many fac tors that play an im -
por tant role in the in ter ac tion of ra di a tion with mat ter.
Know ing the phys i cal quan ti ties such as lin ear at ten u a -
tion co ef fi cient (µ), mass at ten u a tion co ef fi cient (m/r)m, 
ef fec tive atomic num ber (Zeff), ef fec tive elec tron den -
sity (Neff), mass en ergy ab sorp tion co ef fi cient (men/r),
and to tal atomic cross sec tion (sta) and un der stand ing
the be hav ior of gamma and X-ray in ter ac tions are es -
sen tial in med i cal im ag ing, ra di a tion do sim e try, and
health phys ics [1, 2]. The (m/r)m is the ba sic quan tity
used to de rive pa ram e ters such as en ergy stor age,
shield ing ef fect, Zeff,and Neff [2-10]. As with pure el e -
ments, in pho ton in ter ac tions of com pos ite ma te ri als,
atomic num bers in the en tire en ergy range can not be de -
fined by a sin gle num ber [11]. This num ber, which is
used to char ac ter ize com pos ite ma te ri als, is called Zeff

and has in for ma tion about the ma te rial. The Zeff de -
pends on the in com ing en ergy and the atomic num ber of 
the con sti tu tive el e ments [12, 13]. At a given pho ton en -
ergy, the in ter ac tion cross-sec tion is pro por tional to Zn.
The n is ex pected to be be tween 4 and 5 for the pho to -
elec tric ef fect, 1 for Compton, and 2 for pair for ma tion
[14]. 

The en ergy range from 5 keV to about 1500 keV is
widely uti lized in med i cine and bi o log i cal ap pli ca tions
[15]. In nu clear med i cine de part ments, radionuclides are
used for di ag no sis and treat ment in sim i lar en ergy
ranges. All of the radionuclides used in nu clear med i cine
are syn thetic and there are many dif fer ent pro duc tion
meth ods. Ra dio ac tive drugs con tain ing radionuclides in
their com po si tion are de fined as radiopharmaceuticals
that can be used for di ag no sis and treat ment in nu clear
med i cine ap pli ca tions [16].  Radiopharmaceuticals con -
sist of two struc tures. The first struc ture is the part that
emits ra di a tion, called the radionuclide, and the sec ond
struc ture is the part to which the radionuclide, called
phar ma ceu ti cal, is at tached. Radiopharmaceuticals col -
lect in cer tain tis sues or or gans, de pend ing on the prop er -
ties of the drug. Thanks to the ra di a tion emit ted by the
radionuclide to which it is at tached, the struc ture and
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func tion of the or gans to be im aged can be ex am ined or
some tu mors and in flam ma tory dis eases can be treated
[17]. More than 40 mil lion nu clear med i cine pro ce dures
are per formed each year, and the de mand for
radionuclides is in creas ing at an an nual rate of 5 % [18]. 
When radiopharmaceuticals are given for di ag no sis or
treat ment in the nu clear med i cine de part ment, the pa tient
is di rectly ex posed to ra di a tion. There fore, ex am in ing the 
in ter ac tion of these pharmaceuticals with ra di a tion gains
im por tance. In the lit er a ture, there are many ex per i men -
tal and the o ret i cal stud ies on ef fec tive atomic num ber,
pho ton at ten u a tion co ef fi cients, elec tron den sity, mo lar
at ten u a tion co ef fi cients, to tal and elec tronic cross-sec -
tions of some or ganic and in or ganic sub stances, al loys,
amino ac ids, poly mers, glasses, var i ous bi o log i cal com -
pounds [19-23]. How ever, the o ret i cal stud ies on Zeff,
Neff, and (m/r)m for radiopharmaceuticals in nu clear med -
i cine in which di ag nos tic and ther a peu tic ra di a tion are
used are lim ited in the lit er a ture. Nu clear med i cine ap pli -
ca tions in creas ing ev ery year, and the de mand for the
radionuclides used and the lim ited stud ies on this sub ject
have prompted us to do this study.

This study aims to de ter mine the ra dio log i cal
prop er ties of var i ous radiopharmaceuticals used in nu -
clear med i cine. In the study, (m/r)m val ues in dif fer ent
en ergy ranges were ob tained for six dif fer ent ra dio-
pharmaceuticals: dimercaptosuccinicacid (DMSA),
diethylenetriamine pentaacetate (DTPA), mercap-
toacetyltriglycine (MAG3), hexamethylpropylene-
amineoxime (HMPAO), methoxyisobutylisonitrile
(MIBI), methylenediphosphate (MDP) by us ing
GATE sim u la tion pro gram, XCOM and WinXCom
pro grams [24, 25]. Us ing these val ues, Zeff and Neff

val ues were cal cu lated with the help of the di rect

method, in ter po la tion method, Auto-Zeff soft ware
[26], Phy-X/ZeXTra, Mayneourd's for mula [27], and
sin gle-val ued XMuDat pro gram [28]. In ad di tion, the
Zeff and Neff val ues ob tained were com pared for each
radiopharmaceutical, both among them selves and be -
tween the meth ods. This in for ma tion is im por tant clin -
i cally and dosimetrically. It is also be lieved that the re -
sults ac quired may be use ful in var i ous ap pli ca tions
(health phys ics, shield ing, wa ter equiv a lent ma te rial,
nu clear med i cine, ra di ol ogy, etc.) where ra di a tion is
used. The mass at ten u a tion co ef fi cient is im por tant in
do sim e try to cal cu late the at ten u a tion cross-sec tion
cal cu la tions. In ad di tion, the val ues ob tained for these
mol e cules used as radiopharmaceuticals were ex am -
ined for the first time. It is also thought to be im por tant
for this study.

MA TE RIAL AND METH ODS

Se lec tion of radiopharmaceuticals

In these meth ods, ra di a tion is emit ted from the
pa tient's body thanks to the radiopharmaceuticals ap -
plied to the pa tient, and this emit ted ra di a tion is con -
verted into nu mer i cal data by the de vices used, pro -
cessed, and an im age is ob tained. Thanks to these
im ages ob tained, func tional ab nor mal i ties of or gans
and early im ag ing of tu mors are de tected and also use -
ful for treat ment plan ning. Con sid er ing all these,
radiopharmaceuticals such as DMSA, DTPA, MAG3,
HMPAO, MIBI, and MDP, which are fre quently used
in nu clear med i cine, were in cluded in this study. Ta ble
1 shows the list of radiopharmaceuticals with their
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Ta ble 1. List of radiopharmaceuticals with their chem i cal for mu las

Radiopharmaceutical Chem i cal for mula Mo lar mass [gmol–1] Mean atomic num ber

DMSA C4H6O4S2 182.22 6.30

DTPA C14H23N3O10 393.35 4.16

MAG3 C8H13N3O5S 263.27 4.63

HMPAO C13H28N4O2 272.39 3.19

MIBI C6H11NO 113.16 3.26

MDP CH6O8P2 208.00 6.43

Ta ble 2. Some com monly used radionuclides in nu clear med i cine [29, 30]

Radionuclide Phys i cal half-life De cay mode Prin ci pal Eg [MeV] Method of pro duc tion
11C 20.4 min b+ 0.511 Cy clo tron
18F 109.8 min b+ 0.511 Cy clo tron

68Ga 68 min b+, EC 0.511 Gen er a tor
67Ga 3.3 d EC 0.093, 0.185, 0.3 Cy clo tron
99mTc 6.03 h IT 0.14 Gen er a tor
111In 2.8 d EC 0.173, 0.247 Cy clo tron
131I 8.02 d b– 0.3645 Fis sion prod uct

201Tl 73 h EC 0.07, 0.167 Cy clo tron
177Lu 6.65 d b– 0.208 Re ac tor

123I 13.2 h EC 0.159 Cy clo tron
124I 4.2 d b+, EC 0.511 Cy clo tron

EC: elec tron cap ture; IT: iso meric tran si tion; b: beta de cay



chem i cal for mu las. Some com monly used ra dio-
nuclides in nu clear med i cine are given in tab. 2.

Cal cu la tion of Zeff by di rect method

The fol low ing for mula can be used to cal cu late
the Zeff of ma te ri als [31]

Z

f A

f
A

i i

ii

i
j

j ji

eff =

æ

è
çç

ö

ø
÷÷å

æ

è

ç
ç

ö

ø

÷
÷

æ

è
çç

ö

ø
÷÷å

m

r

m

rZ

(1)

where fi, m, r, (m/r)i, Ai, and Zj are the mo lar frac tion,
lin ear at ten u a tion co ef fi cient, den sity, mass at ten u a -
tion co ef fi cient, atomic weight, and atomic num ber,
re spec tively. With the help of the XCOM pro gram, the
to tal (m/r) of the el e ments in the ma te ri als were found.

Cal cu la tion of the at ten u a tion cross-sec tion

The fol low ing for mula can be used to cal cu late
the at ten u a tion cross-sec tion sa val ues of the com -
pounds
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where (m/r)m is the mass at ten u a tion co ef fi cient of the
ma te rial, N [g–1] – the Avo ga dro's con stant in atom, Wi 

– the weight frac tion of the i-th el e ment in a mol e cule
of tis sue sub sti tute ma te rial, and Ai – the atomic weight 
of the i-th el e ment in a mol e cule. The Wi and Ai are
dimensionless.  To cal cu late the Zeff, the cal cu lated at -
ten u a tion cross-sec tion val ues were in ter po lated for
the el e ments pro duced at the de sired en er gies in
WinXCom us ing the log a rith mic for mula
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where, s1 and s2 are the el e men tal cross-sec tions (barn 
per atom) in be tween which the atomic cross-sec tion
sa of the ma te ri als and Z1 and Z2 are atomic num bers of 
the el e ments cor re spond ing to the cross-sec tions s1

and s2, re spec tively.

Cal cu la tion of Zeff by XMuDat

The XMuDat com puter pro gram can pro duce a
sin gle value Zeff for com pounds [28]. The fol low ing
for mula can be used to cal cu late the Zeff of ma te ri als
for the XMuDat
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where ai is the frac tional num ber of the elec trons of the 
i-th el e ment and m – the a con stant be tween 3 and 5. It
is pre ferred that m is set to 3.6 for ma te ri als with Zeff < 6 
and 4.1 for ma te ri als with Zeff > 6 [32].

Cal cu la tion of Zeff by Auto-Zeff

The Auto-Zeff pro gram is used for rapid cal cu la -
tion of the en ergy-de pend ent ef fec tive atomic num ber, 
av er age atomic num bers, and spec tral weighted av er -
age atomic num bers. The cal cu la tion of the co ef fi -
cients for the ma te ri als is re lated to the lin ear ad dic -
tive ness of the frac tional com po nents and is com pared
with the pre vi ously cal cu lated ma trix at the sep a rate
en er gies. There fore, ef fec tive atomic num bers are ob -
tained through in ter po la tion of ad ja cent cross-sec tion
data [26, 33].  

Cal cu la tion of Zeff by Phy-X/ZeXTRa

The Phy-X/ZeXTRa is a new web pro gram for
cal cu lat ing Zeff val ues for pho tons, elec trons, pro tons,
al pha par ti cles, and car bon ions [27].  For pho tons, this 
pro gram uses the cross-sec tion li brar ies from the
WinXCom [25].

Cal cu la tion of elec tron den sity (Neff)

The fol low ing for mula can be used to cal cu late
the elec tron den sity [31]
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where <A> is the av er age atomic mass of ma te ri als, NA

– the Avo ga dro's num ber, and Zeff is the ef fec tive
atomic num ber.

Cal cu la tion of Zeff Mayneourd's for mula

The ef fec tive atomic num ber Zeff was first cal cu -
lated us ing the Mayneord for mula [34-36]
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where ai is the rel a tive elec tron frac tion of the i-th el e -
ment and Zi – the atomic num ber of each el e ment [37].

The GATE/Geant4 sim u la tion pro gram

The (m/r)m val ues were ob tained us ing the
GATE v8.1 sim u la tion  pro gram at 10 keV, 50 keV,
100  keV,  140  keV, 364 keV,  511 keV,  1022 keV, 
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1250 keV,  and  1500  keV  en er gies and 10 m × 10 m
field size with a source-sur face dis tance of 100 cm.
The main vol ume with 10 m × 10 m × 10 m size was
filled with air. Then, the Fluence Ac tor was lo cated in 
the de fined vol ume at a 100 cm dis tance from the
source to de ter mine how many par ti cles passed
through it. The frac tion weight of im ag ing agents and
se lected hu man or gans and their con cen tra tion were
clas si fied in side the Gatematerial list. The num ber of 
his to ries for all sim u la tions was  2 × 108 [10, 23]. 

RE SULT AND DIS CUS SION

The (m/r)m val ues of DMSA, DTPA, MAG3,
HMPAO, MIBI, and MDP for pho ton en er gies rang ing
from 1 keV to 100 MeV, fig. 1. Radiopharmaceuticals
con sist of el e ments with atomic num bers (Z) rang ing
from 1 to 16 (H:1, C:6, N:7, O:8, P:15, S:16). In fig. 1, it
was ob served that the (m/r)m val ues of all ra dio-
pharmaceuticals were max i mum at 1 keV en ergy, and the 
(m/r)m val ues de creased rap idly with in creas ing pho ton
en ergy over the range of 0.01 to 0.1 MeV. Up to 10 MeV
(m/r)m val ues con tinue to de crease. How ever, since
radiopharmaceuticals such as MDP, DMSA, and MAG3
con tain el e ments with high atomic num bers such as 16S
and 15P,  their  de cay  rate  is  slower than oth ers. These
el e ments  have  a  sud den  jump in (m/r)m val ues, around
3 keV, due to K-edge ab sorp tion. The sharp de crease up
to 0.1 MeV can be ex plained by the fact that pho to elec -
tric ab sorp tion is more dom i nant at lower en er gies, es pe -
cially for el e ments with high atomic num bers. In the en -
ergy range where pho to elec tric ab sorp tion is dom i nant,
the pho ton in ter ac tion cross-sec tion de pends on Z4-5 and
E3 [38-40].

Fig ure 1 shows the vari a tion of radiofarma-
ceuticals with (m/r)m for var i ous pho ton en ergy. The  Zeff

cal cu lated by var i ous meth ods in the 10 keV to 1 GeV
pho ton en ergy re gion are shown in fig. 2. Zeff be low 10
keV en ergy were not com pared due to un cer tainty (±25
%) in Auto-Zeff [26]. It has been found that Auto-Zeff,
Phy-X/ZeXTRa, di rect and in ter po la tion meth ods are in

har mony with the Zeff cal cu la tion in the 50 keV and 20
MeV en ergy re gions where the com po nent in ter ac tion
pro cess is dom i nant. While the ef fec tive atomic num ber
was found to be con stant in the me dium en ergy pho ton
re gion, sig nif i cant dif fer ences were found in the low
(<30 keV) and high (>20 MeV) pho ton re gions. The
(m/r)m ob tained with XCOM and GATE are given in tab.
3  (m/r)m  for im ag ing agents were ob tained us ing GATE
and dif fer ent meth ods and are pre sented in tab. 4.

The (m/r)m of se lected hu man or gans were found 
us ing the GATE sim u la tion pro gram to val i date the
mea sure ment ge om e try and func tion ing be fore the re -
sults were ob tained. These re sults were com pared with 
val ues ob tained from XCOM. It was found that the 
(m/r)m val ues for the se lected hu man or gans were very
close to the o ret i cal XCOM data re sults. The (m/r)m

val ues of im ag ing agents were ob tained us ing GATE at 
var i ous pho ton en er gies and com pared with dif fer ent
meth ods. Thus, it has been ob served that the GATE
sim u la tion pro gram pro vides pho ton in ter ac tion pa -
ram e ters for im ag ing agents. The (m/r)m val ues ob -
tained us ing the GATE sim u la tion pro gram were in
good agree ment with the re sults ob tained by dif fer ent
meth ods, tab. 3.

The Zeff val ues cal cu lated by Phy-X/ZeXTra and 
the di rect method were higher in the pho to elec tric ab -
sorp tion and pair for ma tion re gions when com pared to 
the Zeff val ues cal cu lated by the Auto-Zeff and in ter po -
la tion method. In the en ergy re gion where pair for ma -
tion is dom i nant, the dif fer ence be tween Zeff val ues is
less than in the pho to elec tric ab sorp tion re gion.
Büyükyildiz stated in his study [41] that the dif fer -
ences be tween the Zeff ob tained by di rect and in ter po -
la tion meth ods in the en ergy re gion where the pho to -
elec tric ef fect is dom i nant are large and not uni form. It
is thought to be due to the non-uni form vari a tion of
(m/r)m in this en ergy re gion. Sim i lar re sults were ob -
tained in our study. In ad di tion, since the Zeff has more
than one value for the di rect and in ter po la tion method
at the K ab sorp tion edge, which cor re sponds to the
high Z el e ment in radiopharmaceuticals, the two meth -
ods do not give com pat i ble re sults with each other. In
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Fig ure 1. Vari a tion of (m/r)m with
pho ton en ergy for var i ous
radiopharmaceuticals



di rect and in ter po la tion meth ods, dif fer ent weights are 
given to in di vid ual atomic num bers when cal cu lat ing
the weighted av er age [42]. It can be said that these dif -
fer ences are be cause the ab sorp tion pro cesses de pend
on the atomic num ber and en ergy. The Zeff cal cu lated
us ing the XMuDat pro gram of DMSA, DTPA, MAG3, 
HMPAO, MIBI, and MDP were found as 12.12, 6.90,
9.50, 6.22, 6.21, 11.13, re spec tively. The sin gle-val -
ued Zeff and Neff have been cal cu lated for
radiopharmaceuticals us ing the XMuDat pro gram. It
was seen that sig nif i cant dif fer ences oc cur be tween
the sin gle-val ued Zeff and the Zeff ob tained for dif fer ent 
en er gies, fig. 2. It is rec om mended that the XMuDat
pro gram can be used with safety at low pho ton en er -
gies up to 0.01 MeV where pho to elec tric ab sorp tion
pre dom i nates for cal cu la tion of Zeff and Neff since it
gives val ues close to the ones ob tained with the en -
ergy-de pend ent Mayneourd's for mula. Sim i lar re sults
were ob tained in Kurudirek 's study [34]. Since the ra -
di a tion en ergy used in nu clear med i cine is for di ag nos -
tic pur poses, their en er gies are quite low. There fore,
lower en er gies are pre ferred in tabs. 5 and 6.

As in other lit er a ture stud ies [3, 12, 27, 39], it
was found that the Zeff val ues cal cu lated by all four
meth ods in the Compton scat ter ing re gion and the cal -
cu la tion meth ods used were com pat i ble, but there was
a dif fer ence be tween the Zeff val ues in the pho to elec -
tric and pair for ma tion re gions.

CON CLU SIONS

In the en ergy re gion be tween 1 keV and 100
GeV, Zeff and Neff val ues for DMSA, DTPA, MAG3,
HMPAO, MIBI, and MDP used in nu clear med i cine
were cal cu lated us ing four dif fer ent meth ods. While
the Zeff val ues ob tained de pend on the chem i cal com -
pound of the ma te rial at low and high en er gies, it is ob -
served that this de pend ence weak ens in the mid dle en -
ergy re gion. The val ues ob tained as a re sult of the Neff
cal cu la tion are closely re lated to Zeff and Neff's ten -
dency to wards en ergy was found to be sim i lar to Zeff's
for all sam ples. While these four meth ods give good
re sults in the Compton scat ter ing re gion for the new
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Fig ure 2. The Zeff of radiopharmaceuticals cal cu lated by dif fer ent meth ods



ma te ri als to be Zeff cal cu lated, they give dif fer ent Zeff 

val ues in the low and high-en ergy re gions. There fore,
Zeff val ues need more ex per i men tal ac cu racy, es pe -
cially in high and low-en ergy re gions. When
radiopharmaceuticals were com pared among them -
selves in low and high-en ergy re gions, the high est Zeff

val ues were ob tained in DMSA, MDP, and MAG3, re -

spec tively. The low est Zeff value was ob tained in
DTPA, MIBI, and HMPAO. The Monte Carlo sim u -
lated (m/r)m for the im ag ing agents in some pho ton en -
er gies were found to be very close to the the o ret i cal
XCOM val ues and GATE sim u la tion pro gram. This
study in di cates that the sim u la tion ge om e try method is 
suit able to be used as an al ter na tive method for the ex -
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Ta ble 3. Com par i son of  (m/r)m  [cm2g–1] in en er gies com monly used in nu clear med i cine with XCOM and GATE re sults

Materials

Energy [keV]

140 364 511 1022

XCOM GATE XCOM GATE XCOM GATE XCOM GATE
aWater 0.1531 0.1528 0.1102 0.1095 0.0956 0.0953 0.0692 0.0679

aSoft tis sue 0.1524 0.1515 0.1093 0.1094 0.0944 0.0941 0.0691 0.0677
aMuscle 0.1521 0.1502 0.1094 0.1087 0.0953 0.0943 0.0697 0.0685

aBone 0.1526 0.1534 0.1103 0.1089 0.0917 0.0920 0.0664 0.0671
aBrain 0.1534 0.1517 0.1095 0.1087 0.0952 0.0947 0.0696 0.0673

aBreast 0.1527 0.1524 0.1097 0.1081 0.0954 0.0946 0.0695 0.0692
aTestis 0.1535 0.1512 0.1099 0.1083 0.0954 0.0962 0.0695 0.0689

aEye 0.1516 0.1501 0.1083 0.1087 0.0946 0.0942 0.0689 0.0681
aAdipose 0.1517 0.1516 0.1084 0.1097 0.0946 0.0944 0.0689 0.0677

aLung 0.1523 0.1527 0.1091 0.1076 0.0951 0.0952 0.0693 0.0682
aBlood 0.1524 0.1505 0.1092 0.1085 0.0951 0.0951 0.0693 0.0682

DMSA 0.1491 0.1485 0.1034 0.1026 0.0891 0.0887 0.0652 0.0638

DTPA 0.1464 0.1417 0.1055 0.1039 0.0914 0.0904 0.0661 0.0645

MAG3 0.1473 0.1468 0.1047 0.1037 0.0905 0.0912 0.0665 0.0647

HMPAO 0.1515 0.1489 0.1096 0.1068 0.0952 0.0945 0.0694 0.0678

MIBI 0.1502 0.1517 0.1087 0.1068 0.0943 0.0927 0.0697 0.0681

MDP 0.1451 0.1441 0.1013 0.1021 0.0881 0.0878 0.0643 0.0642

aICRU Re port 44, Tis sue Sub sti tutes in Ra di a tion Do sim e try and Mea sure ment, Bethesda (MD), USA, 2023

Ta ble 4. Com par i son of the (m/r)m [cm2g–1]ob tained for some en er gies with the dif fer ent meth ods

Ma te ri als Method
En ergy [MeV]

0.01 0.05 0.10 1.25 1.50

DMSA

XCOM 20.371 0.341 0.175 0.058 0.053

Phy-X/ZeXTRa 20.404 0.341 0.175 0.065 0.054

XMuDat 20.373 0.337 0.168 0.066 0.054

GATE 20.072 0.338 0.165 0.058 0.056

DTPA

XCOM 3.873 0.207 0.161 0.060 0.054

Phy-X/ZeXTRa 3.872 0.207 0.161 0.063 0.054

XMuDat 3.851 0.204 0.168 0.059 0.055

GATE 3.867 0.206 0,163 0.061 0.057

MAG3

XCOM 9.418 0.252 0.166 0.059 0.054

Phy X/ZeXTRa 9.418 0.252 0.167 0.059 0.054

XMuDat 9.405 0.246 0.167 0.058 0.053

GATE 9.407 0.249 0.164 0.055 0.055

HMPAO

XCOM 2.897 0.207 0.166 0.062 0.057

PhyX/ZeXTRa 2.897 0.208 0.165 0.063 0.057

XMuDat 2.883 0.216 0.158 0.064 0.054

GATE 2.889 0.205 0.155 0.063 0.052

MIBI

XCOM 2.871 0.206 0.166 0.062 0.056

Phy-X/ZeXTRa 2.870 0.206 0.165 0.062 0.056

XMuDat 2.856 0.215 0.158 0.061 0.055

GATE 2.868 0.220 0.163 0.063 0.056

MDP

XCOM 15.831 0.298 0.168 0.058 0.052

Phy-X/ZeXTRa 15.831 0.297 0.168 0.057 0.052

XMuDat 5.828 0.307 0.161 0.058 0.053

GATE 15.819 0.299 0.170 0.059 0.055
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Ta ble 5. The Zeff of radiopharmaceuticals cal cu lated by the Auto-Zeff, Phy-X/ZeXTRa, di rect, in ter po la tion,
XMuDat, and Mayneourd's for mula

Radiopharmaceuticals Method
En ergy [MeV]

0.01 0.05 0.1 1.25 XMuDat Mayneourd

DMSA

Di rect 13.75 8.21 6.33 5.87

In ter po la tion 9.90 8.62 6.57 5.89 12.12 11.71

Auto-Zeff 9.88 8.60 6.55 5.88

Phy-X/ZeXTRa 13.75 8.20 6.33 5.88

DTPA

Di rect 6.99 4.42 4.21 4.16

In ter po la tion 6.10 4.59 4.26 4.17 6.90 6.82

Auto-Zeff 6.07 4.58 4.24 4.16

Phy-X/ZeXTRa 7.00 4.42 4.20 4.16

MAG3

Di rect 10.96 5.62 4.80 4.63

In ter po la tion 7.70 5.94 4.86 4.61 9.50 9.04

Auto-Zeff 7.69 5.93 4.85 4.60

Phy-X/ZeXTRa 10.95 5.59 4.77 4.61

HMPAO

Di rect 6.19 3.37 3.23 3.19

In ter po la tion 5.24 3.49 3.26 3.18 6.22 6.13

Auto-Zeff 5.21 3.47 3.24 3.19

Phy-X/ZeXTRa 6.18 3.37 3.23 3.19

MIBI

Di rect 6.20 3.45 3.29 3.26

In ter po la tion 5.26 3.56 3.34 3.27 6.21 6.12

Auto-Zeff 5.24 3.54 3.31 3.26

Phy-X/ZeXTRa 6.19 3.44 3.30 3.26

MDP

Di rect 12.24 7.91 6.56 6.24

In ter po la tion 9.46 8.32 6.75 6.25 11.13 10.81

Auto-Zeff 9.44 8.30 6.74 6.23

Phy-X/ZeXTRa 12.24 7.90 6.56 6.23

Ta ble 6. The Neff (´1023 g–1) of radiopharmaceuticals cal cu lated by the Auto-Zeff, Phy-X/ZeXTRa,
di rect, in ter po la tion, XMuDat, and Mayneourd's for mula

Radiopharmaceuticals Method
En ergy [MeV]

0.01 0.05 0.1 1.25 XMuDat Mayneourd

DMSA

Di rect 7.27 4.33 3.35 3.11

In ter po la tion 5.23 4.56 3.47 3.12 3.11 3.51

Auto-Zeff 7.26 4.54 3.46 3.11

Phy-X/ZeXTRa 5.24 4.34 3.34 3.11

DTPA

Direct 5.35 3.38 3.22 3.18

Interpolation 4.66 3.52 3.25 3.19 3.18 3.11

Auto-Zeff 4.65 3.51 3.24 3.19

Phy-X/ZeXTRa 5.34 3.39 3.24 3.18

MAG3

Direct 7.52 3.86 3.30 3.18

In ter po la tion 5.28 4.07 3.33 3.16 3.16 3.52

Auto-Zeff 7.51 3.83 3.32 3.15

Phy-X/ZeXTRa 5.28 4.05 3.28 3.16

HMPAO

Direct 6.43 3.51 3.35 3.32

In ter po la tion 5.42 3.60 3.37 3.30 3.32 3.14

Auto-Zeff 6.42 3.59 3.37 3.31

Phy-X/ZeXTRa 5.43 3.50 3.35 3.32

MIBI

Di rect 6.26 3.48 3.33 3.30

In ter po la tion 5.30 3.58 3.35 3.30 3.30 3.13

Auto-Zeff 5.29 3.58 3.35 3.31

Phy-X/ZeXTRa 6.26 3.49 3.36 3.30

MDP

Di rect 6.02 3.89 3.22 3.06

In ter po la tion 4.65 4.08 3.32 3.07 3.07 3.29

Auto-Zeff 6.64 4.08 3.31 3.06

Phy-X/ZeXTRa 6.03 3.89 3.23 3.07



per i ments. It is thought that it would be ben e fi cial to
use m/r Zeff, and Neff val ues ob tained by dif fer ent
meth ods in var i ous ap pli ca tions such as health phys -
ics, en gi neer ing, and med i cal do sim e try.

AU THORS' CON TRI BU TIONS

T. Sahmaran: Con cep tu al iza tion, meth od ol ogy,
for mal anal y sis, cal cu la tions, and anal y ses – writ ing
the orig i nal draft. T. Tugrul: Con cep tu al iza tion, meth -
od ol ogy, orig i nal draft, writ ing – re view and ed it ing.
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Turan [AHMARAN, Tajlan TUGRUL

ISTRA@IVAWE  RAZLI^ITIM  METODAMA  I  GATE/GEANT4
PROGRAMOM SIMULACIJE  RADIOLO[KIH  SVOJSTVA  AGENASA  SLIKE

KOJI  SE  KORISTE  U  NUKLEARNOJ  MEDICINI 

Ciq rada je da se utvrde radiolo{ka svojstva razli~itih radiofarmaceutika koji se
koriste u nuklearnoj medicini. Kori{}ewem GATE programa za simulaciju, XCOM i WinXCom
programa, dobijene su vrednosti masenih koeficijenata slabqewa u razli~itim energetskim
opsezima za {est razli~itih radiofarmaceutika: dimerkaptosukcinske kiseline, dieti-
lentriamin penta-acetata, merkapto-acetil triglicina, heksametilpropilenamin oksima,
metoksi-izobutil-izonitrila i metilen difosfata. Koriste}i ove vrednosti, izra~unati su
efektivni atomski broj i vrednost gustine elektrona uz pomo} direktne metode, metode
interpolacije, Auto-Zeff softvera, Phy-X/ZeXTra i XMuDat programa i Majnardove formule.
Pored toga, dobijene vrednosti efektivnog atomskog broja i gustine elektrona upore|ene su za
svaki radiofarmaceutik, kako izme|u wih, tako i izme|u metoda. Kada su radiofarmaceutici
me|usobno upore|ivani u regionima niske i visoke energije, najve}e efektivne vrednosti
atomskog broja dobijene su u dimerkaptosukcinskoj kiselini, metilen difosfatu i mer-
kapto-acetil triglicinu. Vrednosti masenih koeficijenata slabqewa izra~unate kori{}ewem
GATE programa ukazuju na to da je to primerena metoda za odre|ivawe masenih koeficijenata
slabqewa agenasa za snimawe bez eksperimentalnih vrednosti. Rad pokazuje da je metoda
geometrijske simulacije pogodna za primenu kao alternativna metoda eksperimentima. Pored
toga, po prvi put ispitane su vrednosti dobijene za ove molekule koji se koriste kao
radiofarmaceutici.

Kqu~ne re~i: farmaceutik, nuklearna medicina, efektivni atomski broj, Monte Karlo 
.........................metoda


