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Using the nano-scaled radionuclides in the radionuclide therapy significantly reduces the par-
ticles trapping in the organs vessels and avoids thrombosis formations. Additionally, uniform
distribution in the target organ may be another benefit of the nanoradionuclides in the
radionuclide therapy. Monte Carlo simulation was conducted to model a mathematical hu-
manoid phantom and the liver cells of the simulated phantom were filled with the °°Y
nanospheres. Healthy organs doses, fatal and nonfatal risks of the surrounding organs were
estimated. The estimations and calculations were made in four different distribution patterns
of the radionuclide seeds. Maximum doses and risks estimated for the surrounding organs
were obtained in the high edge concentrated distribution model of the liver including the
nanoradionuclides. For the dose equivalent, effective dose, fatal and non-fatal risks, the values
obtained as 7.51E-03 Sv/Bq, 3.01E-01 Sv/Bq, and 9.16E-01 cases/10* persons for the blad-
der, colon, and kidney of the modeled phantom, respectively. The mentioned values were the
maximum values among the studied modeled distributions. Maximum values of Normal Tis-
sue Complication Probability for the healthy organs calculated as 5.9-8.9 %. Result of using
nanoparticles of the °°Y provides promising dosimetric properties in MC simulation results
considering non-toxicity reports for the radionuclide.
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INTRODUCTION

Nowadays, radiation therapy has been established
as a choice of the cancer treatment or palliation beside the
chemotherapy and surgery. To deliver the prescribed radi-
ation dose to the target site with a nearby source, the high
dose rate and rapid dose drop off after cancerous region
has been great advantages for radionuclide therapy
sources. In some cases, like liver metastasis, internal
radionuclide therapy is the best choice for the cancer treat-
ment and management. In the radionuclide therapy tech-
nique, optimization of the methods and sources requires
detailed study of the sources dosimetric characteristics and
methods advantages and pitfalls before clinical implemen-
tation. Some researchers have conducted studies on the
sources energy, sources size effects on the treatment qual-
ity as well as the configuration of the sources implantation
[1-6]. Otherwise, there are many ongoing researches on
the application of the radionuclides in the cancer treatment
and palliation. Some of the radionuclides have been veri-
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fied and validated as good radiation therapy outcome. In
case of the yttrium-90 (*°Y) radionuclide, high linear en-
ergy transfer (LET) factor of the 5~ particles emitted from
the radionuclide rather than photons and distribution of the
nanoscaled particles may be effective in the metastases re-
moving. The liver is unique in having two blood supplies —
an artery (the hepatic artery) and a large vein (the portal
vein). The normal liver gets about 75 % of its blood from
the portal vein and only 25 % of its blood comes from the
hepatic artery. When a tumor grows in the liver, it may re-
ceive almost all of its blood supply from the hepatic artery.
Y microspheres are injected as beads with the radioac-
tive material directly into the arteries supplying the blood
to the liver tumor site. Since the beads are placed directly
into the tumor vessels, it does not have the profound im-
pacton the body when compared to other therapies such as
systemic  chemotherapy. Using the nano-scaled
radionuclides might have potential advantages in this re-
gard. Using radionuclide therapy for the liver tumors kill-
ing may offer promising results in the treatment quality
and outcome because the external whole liver radiother-
apy might impose a dose to the liver's normal parenchyma.
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Toxicity of **Y-microspher radionuclide therapy after the
intra-arterial radionuclide therapy has been studied and re-
ported its toxicity in grade 3-4 tumors treatment lower for
clinical study than laboratory findings [7-14]. We con-
ducted the current study to finding out if using Y
nanospheres instead of its microspheres offers the patient
undergoing liver radionuclide therapy any advantage? Al-
though it is obvious that the probability of the radionuclide
particles trapping in the liver vessels reduces significantly
according to the particles size reduction. Additionally, dis-
tribution of the nanoparticles will be relatively uniform
rather than microspheres. But, it is important to find out
dosimetric advantages of the nano-scaled radionuclide.
On the other hand, in addition to the uniform distribution
and low probability of the particles trapping, the dose dis-
tribution around the radioactive particles filled liver was
important in this study. For this reason, in addition to the
liver absorbed dose characterization, a dose to the sur-
rounding organs was calculated and normal tissue compli-
cation probability (NTCP) was found for the organs. Fi-
nally, advantages and disadvantages of using the
nanospheres were discussed.n this study, the patient or-
gans doses from the *°Y nanoradionuclide injected to the
liver for the metastases treatment werestudied and esti-
mated. Fatality and non-fatal risks associated with the
nanoparticle for the surrounding organs were also studied
in the current study.

MATERIALS AND METHODS

MCNPX (2.6.0) code of Monte Carlo (MC) re-
leased by the Los Alamos national laboratory (LANL)
was used in all simulations and calculations carried out
for this study. For the patient organs simulation, a math-
ematical-based adult phantom was manipulated so that
the ?°Y nanoparticles modeled as a filled lattice resem-
bling the radionuclide therapy radiation sources in the
phantom's simulated liver. Size of the modeled
radionuclide nanospheres considered to be 4 nano-
meters (4-10° m) and each side of the voxels in the liver
modeled as 1 micrometer (1-10° m). For making our
estimations closer to the realistic situation, four differ-
ent patterns of the radionuclide distribution in the liver
were considered in the simulations. Distribution of the
Y radionuclides in the liver was considered as uni-
form, highly concentrated in the center, increasing the
concentration from the center toward the edges and
with irregular distribution. The modeled “°Y
radionuclide was - emitter with the Ey;,, of 2.28 MeV
and its half-life was considered 64 hours in the calcula-
tions. Additionally, energy spectrum of the
nanoradionuclides was modeled so they were emitted
P~ particles with E, ., equal to 0.651 MeV in the isotro-
pic radiation emission pattern. As we know the *°Y is
produced by the neutron activation according to the
¥Y(n, »°Y nuclear reaction. The activated
radionuclide is associated with the specific activity of

400 MBg/mg. It decays through pure 8~ emission to the
stable state of “°Zr. For our model benchmarking and
validation, normalized specific absorption fraction
(SAF) for an initial particle of the emitted [~
nanoradionuclides was calculated and compared with
the published data. Modeling the liver as the source of
[, the particles and produced photons from 8~ interac-
tions with surrounding material were simulated and ab-
sorption fraction in the liver and kidney (for ) and
lung for the photons were calculated and plotted — figs.1
and 2 show the results. It was seen as a good agreement
between our derived data and published data. Thus,
comparison of the results with the published data
benchmarked our mode for using for the calculations
[15-20].

Using the simulation results, absorbed dose
equivalent, effective dose, fatal and non-fatal risks due
to the radiation, the doses were estimated for the pa-
tient organs as the guidelines and tabulated in tab. 1.

p=% (1)

where, the mean value of de (in J) is the mean energy
imparted to matter of mass dm (in kg) by ionizing radi-
ation and a special name given to D is (Gy). In the
microdosimetry where dm is very small, imparted en-
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Figure 1. Calculated SAF for liver and kidney in
our modeling. The values were derived in the uniform
distribution of nanoradionuclide in the liver
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Figure 2. Calculated SAF for the lung of used phantom
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Table 1. Organ doses and risk estimation in the liver *’Y radionuclide therapy

Organ Dose equiylalent Non-fatal risk (cases per | Fatal risk (cases per 10,000 | Nominal risk adjusted for
[SvBq ] 10,000 persons per Sv) persons per Sv) lethality and quality of life
1. Ovaries 7.34E-01 1.69E-02 1.210E-02 6.46E-02
2. Leg bones 1.63E-03 6.36E-03 5.22E-03 8.31E-03
3. Arm bones 4.78E-03 1.86E-03 1.53E-03 2.44E-03
4. Pelvis bones 7.54E-03 2.94E-03 2.41E-03 3.85E-03
5. Spine bones 4.65E-03 1.81E-03 1.49E-03 2.37E-03
6. Skull bone 4.95E-03 1.93E-03 1.58E-03 2.52E-03
7. Spine bone 4.65E-05 1.81E-03 1.49E-03 2.37E-03
8. Skull bone 4.95E-03 1.93E-03 1.58E-03 2.52E-03
9. Rib cage bone 6.59E-03 2.57E-03 2.11E-03 3.36E-06
10. Clavicles bone 8.36E-03 3.26E-03 2.68E-02 4.26E-02
11. Scapulae 2.26E-03 8.81E-03 7.23E-03 1.15E-02
12. Colon 1.12E-03 3.83E-03 3.51E-03 5.53E-03
13. Lungs 6.42E-03 8.09E-03 6.52E-03 7.25E-03
14. Stomach 4.05E-01 5.47E-02 2.65E-02 3.12E-02
15. Bladder 1.35E-01 4.19E-02 1.62E-02 3.17E-02
16. Breasts 1.83E-02 1.45E-02 6.04E-03 1.13E-02
17. Liver 8.36E-01 4.70E-01 9.71E-01 1.01E+00
18. Esophagus 1.38E-01 2.49E-01 3.19E-02 3.41E-02
19. Thyroid 3.09E-03 9.36E-02 6.80E-03 3.03E-02
20. Skin 2.07E-05 2.07E-02 4.14E-05 8.28E-05
21. Adrenals 3.92E-03 1.44E-02 1.38E-02 4.32E-01
22. Brain 4.49E-05 1.65E-04 1.58E-04 4.95E-03
23. Kidney 4.49E-05 1.65E-04 1.58E-04 4.95E-03
24. Pancreas 6.78E-04 2.48E-03 2.39E-03 7.47E-02
25. Spleen 3.50E-04 1.28E-03 1.23E-03 3.86E-02
26. Thymus 3.06E-03 1.12E-02 1.08E-02 3.37E-01
27. Uterus 8.10E-04 2.97E-03 2.86E-03 8.93E-02

ergy is taken to account instead of its mean value.
Then, D has fluctuations in small masses and the fluc-
tuations increase with the absorber mass decreasing.
But, in our applied scale, the mean value of the im-
parted energy is inserted in the equation.

Equivalent dose (H) in Sv is calculated by the
production of D and radiation weighting factor wy as

Hy :%WRDT,R 2

where wy, is different for different type and energy of
radiation. Its value recommended for the photon and
electron in all of energies as 1. Dry is the dose in a
point due to the radiation R in an organ or tissue 7. Ef-
fective dose formulation has been recommended as

E=>wr2XwpDry 3)
T R

where wr and wy are tissue weighting factor and radia-
tion weighting factor, respectively. Dy, is the point
dose due to the radiation field R in a tissue 7. The unit
of £ is same as H and is Sv.

Fatal and non-fatal risks were calculated using
the obtained effective dose and ICRP [21] tabulated
nominal risk per Sv in 10* persons. The studied organs
included testes ovaries, pancreas, genitalia, leg bones,
arm bones, pelvis bone, spine bone, skull bone, rib

cage bone, clavicles bone, scapulae, colon (large intes-
tine), lungs, stomach wall, bladder, breasts, liver,
esophagus, thyroid, skin, adrenals, brain, kidney, mus-
cle, spleen, thymus, and uterus. Using our MC model
the absorbed dose was calculated for the different or-
gans. Energy deposition in the organs was obtained in
terms of MeV and converted to the J/kg unit which is
equal to the unit of absorbed dose (Gy). The absorbed
dose obtained per particle emission (Gy/Bq) and con-
sidering the total B~ emission from the nanosources,
absorbed dose for each of the organs was tallied. Addi-
tionally, maximum range of the emitted 8~ particles in
the liver tissue was calculated by the MC simulation.
Because we assumed that for the radioactive *°Y filled
liver, the interaction of the emitted particles with the
atoms in the liver cells and surrounding tissues may
produce Bremsstrahlung-ray, then, the photon spectra
were also tallied at the modeled liver cell in the low en-
ergies and narrow energy bins. The spectrum was de-
rived by the F4 tally and determining the energy bins in
which the photon numbers would be tallied in data
card of the written input file. Derived produced X-ray
spectrum in the liver tissue was shown in fig. 3. The re-
sults tabulated in tab. 1 obtained for the nanoparticles
uniform distributed condition. The same values were
calculated for the other patterns of distribution and the
results were compared. Because of the fact that the sur-
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Figure 3. MC derived the ~ particle produced brems-
strahlung X-ray photons spectra at the modeled liver

rounding organs may be exposed more than those that
are far from the liver, normal tissue complication prob-
ability (NTCP) for the organs near the sources were
calculated according to the obtained data and recom-
mended method as presented by the following formu-
lation of the relative seriality model. Below equations
were used for the organs NTCP calculation. The prob-
ability for controlling a tumor or tumor control proba-
bility (TCP) can be calculated using the following
equation [16]

ey—(nd/Dg)(ey—InIn2)
€

P(D)=e" “

P(D) is the probability of tumor in an organ. Dx
is the dose for which the response is 50 % and y is the
maximum normalized value of the dose response gra-
dient. The parameter 7 is the number of fractions. Tu-
mor control probability (TCP) for a heterogeneous tu-
mor in an organ is defined in eq. (5).

N A
TCP =]1 P (D) K (%)

Normal tissue complication probability for both
serial and parallel tissues can be calculated from

N 1/s
NTCP {1—1‘1 [1-P. (D) ]A”} (6)

In eq. (6) for NTCP calculation, s is the parame-
ter describing the tissue structure (serial or parallel).
NTCP for the liver and surrounding organs were cal-
culated using the described formulations [16]. The
spectra were derived for each of the studied
radionuclide distribution separately and compared.
Dose absorption in the energy bins was tallied for both
of the irradiations.

RESULTS

Our MC code calculation results estimated the
patient's organs doses, effective doses, fatal and
non-fatal risks estimations, in the liver 2°Y

nanoradionuclide therapy.Interactions between the
Y radionuclides and tissue produced low energy
Bremsstrahlung X-ray. From the fig. 1, peak of the
produced Bremsstrahlung X-ray photons lies around
240 keV. Additionally, both X-ray photons and
nanoradionuclides emitted S~ particles spectra at the
spine bone surface were derived by the MC simulation
and were shown in fig. 2. Then, the liver filled by the
%0Y nanoradionuclides can be considered as 8~ and
X-ray source and photons spectra were shown in fig. 3.
Some of the Bremsstrahlung photons deposit their en-
ergy far from the production origin. Then, a dose of
some organs that are far from the liver was also calcu-
lated. Radiation spectra at the spine bone surface were
derived for - and X-ray photons and were shown in
fig. 4. After the tissue included the radiation sources,
ovaries absorbed maximum dose in uniform distribu-
tion model of the sources in the liver. Our code calcula-
tion results showed dose absorption and the estimated
risks higher for the distribution in which the
radionuclide concentration is high in the liver edges.
Absorbed dose equivalent, fatal and non-fatal esti-
mated risks values were obtained in the uniform distri-
bution as 7.34-107 Sv/Bq, 9.71-102 Sv/Bq, and
4.71-107" cases per 10* persons for the ovaries, liver
and liver, respectively. The values were obtained for
the high edge-concentrated model as 7.51-1073 Sv/Bq,
3.01-107" Sv/Bq, and 9.16-107! cases per 10* persons

2107,
—=— High concentrated in center
1.8107'°q —e— Uniform distribution

_10] —>— High concentrated in edges
1610779 Irregular disribution
1.4107"°

1.2107"°4
1107
8107
6107
41074
2107

(@) 0.01

Beta particle fluence at the spine bone (beta per decay)

Energy [MeV]

~10
2.0107" 5 —a— High concentrated in center
1.8-107'° ] —e— Uniform distribution
—o— High concentrated in edges

10-1° ]
1.610 —o— Irregular disribution

1.4107°
1.2107"°

1.0107° /D/“/D_\
8.0107" / o\
6.0107"" N

e

Beta particle fluence at the spine bone (beta per decay)

11 4 7/' N
4.010 — N
,
20107 ] ~,.:;;5E%
0.0 - i
—2.0107"" 4 T
(b) 0.01 01 Energy [MeV]
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Table 2. Comparison of doses and the estimated risk between the studied modeled distributions of the radionuclide

particles in liver

Distribution (1)

Distribution model (uniform concentration)

Distribution (2)
(concentration in liver's | (concentration in liver's
edges) center)

Distribution (3) Distribution (4)

(irregular concentration)

Maximum dose equivalent

(Sv) 7.34E-03 (ovaries)

7.51E-03 (bladder)

7.09E-03 (spine bone) 7.29E-03 (ovaries)

Maximum effective

dose (Sv) 3.67E-04 (ovaries)

3.75E-04 (bladder)

7.09E-05 (spine bone) 3.64E-04 (ovaries)

Maximum estimated fatal

risk (cases/10*persons/Sv) 2.65E-02 (stomach)

3.01E-02 (colon)

2.28E-02 (adrenals) 2.69E-02 (stomach)

Maximum estimated
non-fatal risk

i 9.36E-02 (thyroid)
(Cases/10"persons/Sv)

1.16 E-01(kidney)

8.93E-02 (colon) 9.31E-02 (thyroid)

for the bladder, colon and kidney of the modeled phan-
tom respectively. Table 2, shows the maximum values
obtained in the high concentration in the edges of the
liver condition. In contrast, lower values were ob-
tained for dose and risk estimation calculated in cen-
tral concentrated modeled liver among the studied
models of distribution. Among the modeled distribu-
tions, irregular and uniform filled liver showed good
agreement in the result of dose and risk calculations
rather than the others. Table 2 shows that only slight
difference is between the two irregular and uniform
radionuclide distributions models results. As the mod-
eling of the distribution pattern in the real case is
nearly impossible because of person to person varia-
tions in distribution, considering uniform filled liver
with the nano °°Y sources may be good estimator
model for the surrounding organs doses calcula-
tion.As it can be seen in fig. 5, photons have energy
less than 100 keV and photoelectric phenomenon has
high cross-section in this energy range with bone. Ad-
ditionally, when the radionuclide particles were con-
centrated at the center of liver, more beta particles in-
teracted with tissue and more photons produced in the
liver. Then, the liver as a virtual photon point like
source emits more photons. In contrast, both of the ra-
diation fluence had minimum value when the
nanoparticles are concentrated in the edges of liver. In
addition, a slight shift can be seen in the peak of energy
of both photon and beta spectra. Dose distribution in
the narrow energy bins was derived for the spine bone
in both photon and beta irradiation originating from
the liver. Figure 5 shows the absorbed dose distribu-
tion in the energy bins.

Our study considered the received dose in two
parts; dose from the = particles emitted from the
nanoparticles and X-ray produced in the emitted parti-
cles and tissue interactions. The results showed that
around 34 % of the bone absorbed dose was due to the
beta particles and 66 % originated from the X-ray pho-
tons. Because spine bone is closer to the liver than the
other studied organs and beta particles expect to have
higher portion in the irradiation field rather than those at
greater distances from the liver, it may be deduced that
X-ray has the main role in distant organs irradiation

3.0107%

25107 4

2.0107% 1

15107

Absorbed dose [GyBq ]

1.0107%7 ]

50107287

0.0 4

T T T T T l
(a) 0.0 50107 1.0107™ 15107 20107 25107 30107

Energy [MeV]
1.4107° 4
1.2:1072%
1.0107%°
8.0-107 1
6.0107%7

4010777

Absorbed dose [GyBq ]

2.0-107"]
0.0

-2.010% . T : . . . s
) 00 50107 10107 15107 20107 25107 30107

Energy [MeV]

Figure 5. Absorbed dose spectra at the spine bone from
the emitted S~ particles (a) and absorbed dose spectra at
the spine bone from the emitted S~ particles produced
bremsstrahlung X-ray photons (b)

such as brain. 8.9 %, 5.9 %, and 8.7 % of NTCP were
obtained for ovaries, bladder and spine bone,respec-
tively. For the target organ, liver, it obtained as 31 %.
Figure 1 shows that almost all of the nanoradionuclides
emitted energy was absorbed in the target organ (liver).
Figure 5 shows the value of dose absorption in narrow
energy bins. Total doses for the studied organs are also
tabulated in the results section.

DISCUSSION

This means that other organs, those located at dis-
tances greaterthan 11.98 mm from the liver were exposed
by the photons produced at the 8~ interactions with the
body atoms.Owing to a distance from the liver edge and
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according to the emitted particles maximum range, ova-
ries are not exposed to 8~ particles and the produced pho-
tons can reach to ovaries, while for the center filled liver
model of *°Y distribution bone surface showed absorbed
maximum dose equivalent. It may be attributed to the
fact that the bones are nearby and on the other hand, low
energy of the photons and high atomic number of the tis-
sue has led to photo-electric effect with high cross-sec-
tion. Auger electrons and characteristic X-ray produc-
tion also participate in the bone dose. High atomic
number of bone and low energy of the photons provided
a condition in which the photo-electric predominantly
occurred and the ejected photoelectrons could be highly
absorbed in the bone tissue. According to the results, it
can be seen that the non-fatal risks is higher than fatal
risks. It may be because of the fact that non-fatal risks in-
clude all of the stochastic effects such as heredity effects.
In the low doses, deterministic effects which lead to
death do not occur, but the secondary induced non-fatal
malignancies and heredity risk induction is dominant.
Mass and consequently concentration of the required
radionuclide for delivering 30 Gy dose to the liver can be
obtained from its specific activity. It can be deduced from
the results that modeling the uniform distribution may
give good results that are relatively close to real estima-
tion of the organs doses and the associated risks. The
agreement may be due to the fact that the resultant of the
irregular diffusion of the nanoparticles in the liver tissue
is close to a uniform one in case of the surrounding or-
gans irradiation. For f~ and photon irradiation of the
other organs, the liver may be considered as a virtual
point like isotropic source. This hypothesis may be an ex-
planation to why the results were close in the two distri-
bution models. This agreement can also be seen in the ra-
diation fluence at the spine bone surface in the four
distributions study. In some cases, there are differences in
the organs with maximum dose values. The difference
can be attributed to the fact that displacement of the
radionuclides concentration from the center to edges of
the liver can lead to difference in the virtual source char-
acteristics as mentioned above. Considering the 8 parti-
cles maximum range of 12 cm in the soft tissue and pro-
duced X-ray photons displacement of the beta particles
and photons origin may alter the other organs received
dose. The shift may be attributed to the radiation sources
origin shift from the center toward the edge and vice
versa. The fluence in case of both photon and beta radia-
tions is in good agreement for the uniform and irregular
distribution models rather than the others. This result
shows that the resultant of the irregular pattern of the
radionuclide distribution is close to the uniform one.
Then, even if the sources distribute irregularly, a uniform
modeling can estimate the result relatively precisely
rather than the other patterns. Of the patient organs, spine
bone received the maximum dose equivalent in one of
the studied models. Then, it may be true to say that the
distant organs received dose completely from the X-ray
photons. According to the radiation dose tolerance of the
studied organs and obtained doses, if we consider 30 Gy
dose to be delivered to the liver for avoiding the in-
duced-diseases, none of the organs receive a dose more
than its tolerance. But, secondary induced malignancies
may be observed in the follow -up program. Highest fatal

and non-fatal risk was seen for the colon and stomach, re-
spectively, and minimum fatal and non-fatal risk was
calculated for the leg bones of the patient. Then, radiation
induced hereditary complications and secondary cancers
may be observed in the long run after treatment. Analyti-
cal NTCP calculation conducted for the organs received
highest dose. According to the calculations, NTCP ob-
tained for ovaries, bladder, and spine bone were 8.9 %,
5.9 %, and 8.7 %, respectively. Those results showed that
the maximum NTCP using the *°Y nanoradionuclides in-
jected to the liver is 5.9-8.9 %. Those values for the
NTCP while the liver metastases are treated is low. For
the liver as the organ involved with the cancer and to be
treated, NTCP found was 31 %. Considering the deleteri-
ous effect of the radionuclide on the cancer cells and the
induced complications in the liver tissue, the nano-
radionuclide seems to be an effective treatment method
for the liver cancer treatment or palliation. Almost all of
the radionuclides emitted energy was absorbed in the tar-
get organ. Calculated NTCP for the organ filled by the
radionuclide (target organ) is low and comparing the
benefits and complication probability of liver shows that
the nanoradionuclides toxicity is acceptable and low. In
the current work, we studied and evaluated physically in
details the nanoradionuclide injection into the cancerous
liver by the MC simulation. Obtained data can be used
injustifying that the method's benefits outweighits haz-
ards to the patient healthy organs. In the current study,
size of the radionuclides in nanoscale was 4 nm, which
offered advantages such as nearly uniform distribution
and significant reduction in the probability of the throm-
bosis occurrence and entrapment of the particles at the
vessels. Our study has major differences from the other
similar studies in this regard. Two radiation sources of
beta particles and produced X-ray photons were consid-
ered in peripheral organs dose calculations. Also the cur-
rent study dealt with different distributions of the sources
in the tissue and each of the conditions led to different re-
sults. Additionally, our calculations were not only about
the organs doses, but also the risks associated with the or-
gans due to the absorbed dose were studied. And, it
should be mentioned here that the radionuclides were
studied in nanoscale rather than micro-scale. This com-
parison between the studies reveals the effect of the
sources size on the dose distribution. Besides, in our
point of view the nanoscale size of the radionuclide of-
fers an important advantage for this type of treatment; as
the larger particles may cause obstructions and blocking
the vital vessels. On the other hand, precise data scoring
around the radionuclide therapy sources and the radia-
tion toxicity is important in terms of treatment outcome
and providing more reliable criteria for treatment selec-
tion [7, 16, 22-32].

CONCLUSIONS

This study presents the results of the healthy organs
doses and secondary radiation induced fatal and non-fatal
risks estimation in the liver radionuclide therapy with *°Y
nanoparticle. The nanosources four different distributions
studied and the results compared led us to a conclusion
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that the irregular and uniform distribution results are close
in the organs doses and risk estimation. Based on those re-
sults, we propose that modeling the uniform filled organ in
the radionuclide therapy can be good agreement with the
real case data. Additionally, according to the data ob-
tained, NTCP of the studied radionuclide is low both for
the healthy organs and the cancerous liver. On the other
hand, we concluded from the results that the healthy or-
gans doses were similar due to the Bremsstrahlung X-ray
produced in the beta particles and tissues. We found that in
the liver filled with the nanoradionuclides, surrounding or-
gans were irradiated by two radiation sources; 5~ and pho-
tons. In addition, it can be deduced that the main radiation
field imposed excess dose to the distant organs was the
photon radiation. Overall, we concluded that the nano-
scaled studied radionuclide is a good choice for liver
metastases and other organs NTCP was low. Then, we
propose *°Y nanoradionuclide as a good radiation source
for the removing of liver metastases. Future studies and
clinical trials are proposed to finding out more detailed and
precise data in the studied nanoradionuclides use. In addi-
tion, dose distribution and side effects were satisfactory.

ACKNOWLEDGEMENTS

The authors would like to thank Tabriz Univer-
sity of Medical Sciences research affairs.

AUTHORS' CONTRIBUTIONS

Main idea of this work was developed by H.
Ghiasi. The paper text was written by A. Mesbahi and
S. M. Ghavami.

REFERENCES

[11  Moore, S., Park, M. A., Mueller,S., Activity Estima-
tion Performance in Y-90 Microsphere Bremsstrah-
lung SPECT, Journal of Nuclear Medicine, 50 (2009),
2, pp. 1433-1437

[2]  Zhou,J., etal.,Dosimetry of Y-90 Liquid Brachytherapy
in Dogs with Osteosarcoma Using PET-CT, Journal of
Nuclear Medicine, 52 (2011), 1, pp. 1-129

[31 Yankevich, U., et al., Y-90 Microspheres Treatment
Response Monitoring: PET/CT or Diagnostic MR?,
Journal of Nuclear Medicine, 56 (2015), 3, pp.
1335-1339

[4] Moore, S., et al., Measurement of Y-90 Resin
Microsphere Activity Using Dose Calibrators, Jour-
nal of Nuclear Medicine, 48 (2007), 2, pp. 70-74

[5] Wahidi, J., et al., Y-90 Sir-Sphere Treatment of Liver
Cancer and Alternative Imaging Methods, Journal of
Nuclear Medicine, 55 (2014), 1, pp. 2706-2710

[6] Rhymer, S., Parker, J. A., Palmer, M., Detection of
Y-90 Extravasation by Bremsstrahlung Imaging for Pa-
tients Undergoing Yttrium-90-ibritumomab Tiuxetan
(Zevalin) Therapy, Journal of Nuclear Medicine, 49
(2008), 1,pp. 417-424

[71 Bozkurt, M., et al., Value of FDG-PET at 4 Weeks Af-
ter Y-90 Resin Microsphere Therapy for Early Re-

[16]

[17]

(18]

[24]

(23]

sponse Evaluation, Journal of Nuclear Medicine, 50
(2009), 2, pp. 1618-1624

Civelek, A., SIRS-Spheres (Y-90 Microspheres)
Therapy for Unrespectable Metastatic Liver Disease:
Pitfalls from Tracer Preparation for Injection to Image
Interpretation, Journal of Nuclear Medicine, 52
(2011), 1, pp. 1082-1086

Frey, E., et al., Estimation of Post-Therapy Marrow
Dose Rate in Myeloablative Y-90 Ibritumomab
Tiuxetan Therapy, Journal of Nuclear Medicine, 47
(2006), 1, pp. 156-161

Grana, C., et al., High Dose Y-90-Ibritumomab-Tiuxetan
with Autologous Stem Cell Transplantation in Refrac-
tory-Resistant NHL Patients, Journal of Nuclear Medi-
cine, 51 (2010), 2, pp. 172-175

Kucuk, O., et al., Y-90 Microsphere Therapy in Pa-
tients with Hemangioendothelioma, Journal of Nu-
clear Medicine, 50 (2009), 2, pp. 1106-1112

Maza, S., et al., Y-90 Ibritumomab Tiuxetan Treat-
ment in Primary Cutaneous B-Cell Lymphomas: Ini-
tial Results of a Prospective Study, Journal of Nuclear
Medicine, 47 (2006), 1, pp. 99-106

Mueller, S., et al., Dosimetric Considerations for the
Radioembolisaton of Hyperperfused Liver Tumors
with Y-90 Microspheres, Journal of Nuclear Medi-
cine, 49 (2008), 1, pp. 386-391

Mueller, S., et al., Y-90 Microsphere Dosimetry in
Hepatic Malignancies, Journal of Nuclear Medicine,
50(2009), 2, pp. 210-217

Kratochwil, C., et al., Selective Arterial Administra-
tion of Y-90 and Lu-177 Labeled DOTATOC in the
Treatment of Patients with a Gastroenteropancreatic
Neuroendocrine Tumor, Journal of Nuclear Medi-
cine, 51 (2010), 2, pp. 334-340

Mueller, S., et al., Comparison of Y-90 SIRT Dosime-
try Strategies Based on Modeling Normal Tissue
Complication Probability (NTCP), Journal of Nu-
clear Medicine, 51 (2010), 2, pp. 13-19

Zhang, Z., et al., Results of Y-90 SIR-Spheres Treat-
ment of Unrespectable Hepatic Metastatic Carcinoid
and Neuroendocrine Tumors, Journal of Nuclear
Medicine, 48 (2007), 1, pp. 37-43

Zhang, Z., et al., Y-90 SIR-Spheres Treatment of
Unrespectable Hepatic Metastatic Carcinoid and
Neuroendocrine Tumors (NET), Journal of Nuclear
Medicine, 49 (2008), 1, pp. 116-121

Zhang, Z., et al., Y-90 SIR-Sphere Treatment of
Unrespectable Liver Cancers, Journal of Nuclear
Medicine, 51 (2010), 2, pp. 161-168

Zhang, Z., et al., Comparison of Therapeutic Re-
sponse Using RECIST Criteria: Y-90 SIR-Spheres
and TheraSphere Treatment of Unrespectable
Hepatocellular Carcinoma, Journal of Nuclear Medi-
cine, 54 (2013), 2, pp. 224-230

**% International Comission on Radiological Protec-
tion. ICRP ann (2007), ICRP 103, pp. 1-34

Anand, A., et al., Y-90 PET and Bremsstrahlung: Pa-
rameters for Optimal Imaging Post-Radioembolic
Therapy, Journal of Nuclear Medicine, 52 (2011), 2,
pp. 1079-1085

Barber, T, et al., The Feasibility of PET/CT Imaging
in Y-90 Radiation Synovectomy: Initial Experience,
Journal of Nuclear Medicine, 53 (2012), 1, pp.
2174-2181

Baur, B., et al., Zr-89-, Y-90- and Lu-177-Labeling
and Biological Testing of Mesoporous Silica Based
Nanoparticles, Journal of Nuclear Medicine, 56
(2015), 3, pp. 1064-1071

Frey, E., et al., Estimation of Post-Therapy Marrow
Dose Rate in Myeloablative Y-90 Ibritumomab



S. M. Ghavami, et al.: Monte Carlo Modeling of the Yttrium-90 Nanospheres ...

96 Nuclear Technology & Radiation Protection: Year 2016, Vol. 31, No. 1, pp. 89-96
Tiuxetan Therapy, Journal of Nuclear Medicine, 47 [30] Prasad, V., et al., Survival Benefits and Efficacy of
(20006), 1, pp. 156-161 Peptide Receptor Radionuclide Therapy (PRRT) Us-

[26] Jiang, M., et al., Characterization of Extrahepatic Dis- ing Y-90/Lu-177 DOTA-TATE in Pancreatic
tribution of Tc-99m Macroaggregated Albumin Neuroendocrine Tumor (pNET), Journal of Nuclear
(MAA) on Hepatic Perfusion Imaging Studies (HPI) Medicine, 50 (2009), 2, pp. 43-50
and Impact on Yttrium-90 (Y-90) Microsphere Ther- [31] Prasad,V., Baum, R., Renal Toxicity of Two Cycles of
apy, Journal of Nuclear Medicine, 50 (2009), 2, pp. Peptide Receptor Radionuclide Therapy (PRRT) as
214-220 Determined by Serial Measurements of the Glomeru-

[27] Maus,S., et al., Microparticles Based on Biocompatible, lar Filtration Rate (GFR) Using Tc-99M DTPA: Com-
Biodegradable Polymers, Possible Surrogates for Y-90 parison between Y-90 DOTA-TATE and Lu-177
Labelled SIR-Spheres?, Journal of Nuclear Medicine, DOTA-TATE, Journal of Nuclear Medicine, 48
52(2011), 1, pp. 1594-1600 (2007), 2, pp. 37-43

[28] Patel, U., et al., Evaluation of Lung Shunting from [32] Tollefson, C., Krause, S., Nguyen, B., Utility of
Tc-99m MAA Imaging and its Effect to Y-90 SPECT/CT Imaging in Y-90 Microsphere Therapy,
Microsphere Treatment Dose, Journal of Nuclear Journal of Nuclear Medicine, 56 (2015), 2, pp.
Medicine, 47 (2006), 1, pp. 555-562 2517-2525

[29] Prasad,V., Baum, R., Long Term Follow-Up of Tubular
Renal Function after Peptide Receptor Radionuclide .

Therapy with Y-00 DOTA-TATE/Lu-177 DOTA-TATE, Received on November 18, 2015
Journal of Nuclear Medicine, 49 (2008), 1, pp. 102-108 Accepted on February 8, 2016

Cejeq Mocracpa TABAMMU, Xocenn TMACU, Acrap MECBAXHA

MOHTE KAPJIO MOJIEIOBAIBE IIPUMEHE HAHOC®EPA UTPUIYMA-90
3A TEPAIINJY JETPE PAINOHYK/ININMA " IIPOPAYYH JO3A Y OPTAHUMA

ITpumena paguoHyKIuja HAHOMETAPCKUX AUMEH3Uja y Tepaluju paJuoHyKIuuMa 3Ha4ajHO
cMamyje 3aycTaBibalke YecTUlla Y TKUBUMA OpraHa M JONPUHOCH M30eraBamy HacTajamba TpoMOo3e.
YuudpomHa pacnojiesia YeCTHIA y >KeJbeHOM OpraHy MoKe OUTH J0JJaTHA KOPUCT Off HAHOPAANOHYKIIN/A Y
tepanuju. MonTe Kapno cumynanmjoMm MOfieIOBaHM MaTeMaTWIKU XyMaHH (paHToM U hemnuje jeTpe y
¢panToMy ucnymwene cy HaHocepama utpujyma-90. IlpouewmeHe cy go3e y 3[paBUM OpraHuMa Kao H
(paranuu u HedaTalHu PU3MLHU 3a OKONIHE opraHe. [IpoueHe u mpopauyHu ypabeHu cy 3a deTupu
pasnuuuTa y3opKa (pyHKIHje pacrnofele pagfuoHyKIuga. MakcuMaiaHe A03¢ ¥ PU3UIM MPOLCHCHH 3a
OKOJIHE OpraHe yTBpbeHMm cy y MOJedy jeTpe ca BHCOKOM KOHIICHTPAlUjOM Yy pacrnojenu ca
HaHOpaJuOHyKIuAnMa. [JoOujeHe BPENHOCTH 3a €KBUBAJEHTHY 03y, €(eKTHBHY H03y, (paTanHe u
nedaranne pusuke usznoce 7.51-10 Sv/Bq, 3.01-107" Sv/Bq, u 9.16:107 (cmyuajeBa/10* ocoba),
pecneKkTUBHO, 3a OelmKy, aebeno npeBo u 6yoper danToma. HaBenene BpegHocTu HajBehe cy meby
BpeJHOCTUMAa MOJEJOBAaHUX pacnopena. MakcuMaliHe BpegHOCTM BEpoBaTHOhe 3a HacTaHak
KOMIUTMKAIMje HOPMAJIHOT TKWBa 37IpaBuX opraHa m3Hoce 5.9-8.9 %. Y pesymraruma Monte Kapio
cuMmyjanuja, OpUMeHe HaHouecTuna wurpujyma-90 mokasyjy o6ehapajyha posmmeTpujcka cBOjcTBa
y3uMajyhu y 063up U3BelITaje 0 HeTOKCHYHOCTH PAaiuOHYKIIIAA.

Kmwyune peuu: uitipujym-90, yHyiupautrba 0o3umeitipuja, aiicopb608ana 003a y opzZaHumd,
ipoyena pusuka, epaiuja paouoHyKAUOUMA



