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ABSTRACT PURPOSE: To perform dosimetric study of '*?Pr microspheres for the use as a possible choice of
radionuclide in microsphere brachytherapy of nonresectable hepatic tumor for faster dose delivery
and facilitated dosimetry for quality assurance.

METHODS AND MATERIALS: Dose distributions of '*Pr and °°Y microspheres within
hepatic tumors and blood vessels were calculated using MCNPX2.6 Monte Carlo code. The biolog-
ical effective doses (BEDs) for "**Pr and °°Y microspheres were calculated and compared using the
linear-quadratic model.

RESULTS: Dose distributions due to beta particles were similar for both '*?Pr and *°Y. Total
initial activity required to achieve the same total dose of 150 Gy at 2 cm from the center of the
tumor was 0.662 GBq and 0.191 GBq for "*?Pr and *°Y, respectively. For o/B ratio equal to
10 Gy, calculated BED values were 301.0 and 194.7 for "**Pr and °°Y, respectively, considering
a total physical dose of 150 Gy.

CONCLUSIONS: Total dose delivery and dose distributions for both "**Pr and °°Y within tumors
and blood vessels were obtained and compared. Shorter half-life of "*?Pr is an advantage, enabling
a faster dose delivery. The higher BED found for '**Pr implies potential improvement in the treat-
ment effectiveness. '“*Pr showed to be an attractive option for applications in microsphere brachy-
therapy. © 2013 American Brachytherapy Society. Published by Elsevier Inc. All rights reserved.

Keywords: Monte Carlo simulation; Praseodymium-142; Microsphere brachytherapy; Hepatic tumors

Introduction tumors, when standard treatments such as chemotherapy
and radiotherapy are not able to treat the malignancy.

The most common type of malignant liver cancer in
adults is hepatocellular carcinoma (HCC) (primary) and
metastasized colon cancer (secondary). About 80% of the
primary liver cancers are HCC. Primary HCC can be clas-
sified into two main groups: a primary single tumor that
grows and then spreads to other liver sites and multiple
primary tumors throughout the liver (usually as a conse-
quence of other ongoing liver cells damage or cirrhosis).
The latter is the most common type in the United States,
and the frequency of this type of HCC has been increasing

Microsphere brachytherapy has gained an increased
importance among cancer treatment modalities and
research topics in radiotherapy (1—4). It is a selective
internal radiation therapy, in which the target organ or
tumor site receives a relevantly higher dose, whereas the
surrounding healthy tissue receives a very lower dose
compared with other treatment modalities, for example,
the external beam radiation therapy. At the present stage,
the technique has been used for unresectable hepatic

Received 1 February 2013; received in revised form 18 June 2013;
accepted 21 June 2013.

Financial disclosure/Conflict of interest: The first and corresponding
authors acknowledge the support from a Ralph E. Powe Junior Faculty
Enhancement Award provided by Oak Ridge Associated Universities.

* Corresponding author. Department of Physics, East Carolina Univer-
sity, 1000 East Fifth Street, Greenville, NC 27858. Tel.: +1-252-414-4338;
fax: +1-252-328-6314.

E-mail address: k311jjw@gmail.com (J.W. Jung).

throughout Western countries (5). The estimated number of
new cases of liver and intrahepatic bile duct cancers in
2013 is 30,640, with estimated 21,670 cases (70.7%) result-
ing in deaths. Liver cancer is more common in the conti-
nents of Africa (especially in sub-Saharan countries) and
Asia (predominantly in the Eastern countries) (6).

Several beta emitters, for example, 90Y, 153Sm, 188Re,
32P, 166H0, and 142Pr, have been studied and their use in
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brachytherapy and microsphere brachytherapy has been
increasing (7—16). The most popular radioisotope being
currently used in microsphere brachytherapy is *°Y. It is
available in the form of glass or resin microsphere, under
the brand names of SIR-Sphere (Sirtex Medical Limited,
North Sydney, NSW, Australia) and TheraSphere (Nordion
Inc., Ottawa, ON, Canada). Production of Oy microspheres
is considered challenging and costly (17). Availability and
costs are therefore limiting factors for research improve-
ments and clinical widespread use of the technique.
Another issue related to the nuclide is the difficulty of
appropriate verification of the activity of the microspheres
for quality assurance (4). The activity of *°Y microspheres
is usually calculated based on the initial activity provided
by the vendor, decay constant, and the time elapsed since
the sample was produced. Direct verification of the total
activity at the treatment site has been challenging because
Y is primarily a beta minus emitter (°°Y additionally
undergoes internal pair production, and its branching ratio
is 31.867 + 0.47 x 107%) (18). This presents an issue in
cases where only a given part of the total activity of the
microspheres is delivered. Other nuclides have been
proposed as a possible choice for brachytherapy such as
32p (19).

The production of several radionuclides, including 32P,
20y, and **Pr, can be done by means of neutron activation
(NA). This method consists of bombarding the target atoms
with a flux of neutrons. The activity reached through NA is
proportional to the number of atoms in the sample, the
neutron flux in the reactor, the neutron energy, the neutron
absorption cross section of the parent, and the time in
which the parent target is exposed to the neutron flux.
Radionuclides with larger activation cross section reach
a higher saturation activity than those with smaller activa-
tion cross section. Therefore, smaller cross sections require
higher neutron fluence or longer time for activation. For
instance, 32p has a smaller thermal neutron absorption
cross section of the parent (¢ = 0.18 b) and lower beta
maximum energy (En.x = 1.709 MeV) compared with
Y (cross section of the parent ¢ = 1.28 b and
Enax = 2.284 MeV). On the other hand, '*’Pr presents
a larger neutron absorption cross section of the parent
(o = 11.40 b including that of a metastable state) and a rela-
tively high maximum beta energy (E,.x = 2.162 MeV).
The larger neutron absorption cross section of the parent
for "**Pr compared with *°Y allows more production and
allows for activation in low neutron fluence reactors. Some
authors also suggested the possibility of activation of '**Pr
using cyclotrons (20). In the previous studies, '**Pr glass
microspheres and seeds have been proposed for the treat-
ment of arteriovenous malformation and prostate cancer
(15, 16).

Another important factor to consider is the biological
effective dose (BED) to the hepatic parenchyma and
HCC, which varies greatly with the radionuclides used.
This dose is related to the dose delivery time by the

radionuclide and the rate of growth and repopulation, repair
rate, and other biological factors of the tumor or tissue
considered (21). Dose delivery time is closely related to
the half-life of the radionuclide. Effects of half-life to
obtain the maximum efficiency in delivering the total dose
(TD) have been discussed in previous studies. Armpilia
et al. (22) considered biological factors and tumor growth
rates applied in the linear-quadratic model for the assess-
ment of BED values. Studies obtained by Armpilia ef al.
suggested that radionuclides with shorter half-life yield
more BED. These benefits may not solely derive from the
shorter half-life as the BED to normal tissues is also depen-
dent on the dose rate. Therefore, care must be taken to
avoid failure of selective delivery (11, 23, 24).

In the present work, '*Pr was studied as a possible
choice of radionuclide for microsphere brachytherapy.
2Py is a beta-emitter radionuclide of rare earth elements.
It has a half-life of 19.12 h and undergoes beta decays
96.3% of the time, with maximum beta energy equal to
Eg- = 2.162 MeV, and presents a gamma yield of 3.7%,
with energy E, = 1.575 MeV. The gamma component of
"2Pr would potentially allow a direct verification of the
sample activity, using Nal detectors, and improved control
of possible contaminations, using a calibrated survey meter.
Based on the physical and radiobiological properties of this
radionuclide, "**Pr glass microspheres are proposed and
also compared with *°Y glass microspheres. The contribu-
tion to the TD and dose distribution due to the beta and
gamma emission of '**Pr was studied and compared with
that of °°Y. Tumors and blood vessels embolized with
2pr and *°Y microspheres were modeled and simulated
using MCNPX2.6 code. For the first time, dose distribu-
tions and dose coverage to a tumor due to both nuclides
were simulated and compared. This study aims to evaluate
the feasibility of using '"**Pr microspheres for microsphere
brachytherapy.

Methods and materials
Comparison of °°Y and '**Pr

Convolution techniques are often used for photon and
electron dose calculation. These methods are fast and have
a good agreement with Monte Carlo (MC) simulations for
simple geometries (25). Convolution techniques calculate
the TD by convolving the total energy released per unit
mass of a dose point kernel (DPK), which is the radial
distribution of dose around an isotropic point source in an
infinite water medium. DPK is used to calculate the dose
delivered by electrons and has no angular information.

Dose rates due to '**Pr and *°Y point sources were
calculated using BRAIN-DOSE DPK code (26). The
BRAIN-DOSE code is based on SADDE (27) and VAR-
SKIN (28) codes. BRAIN-DOSE code uses the DPK
method to integrate the Berger point kernels over the source
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volume using the scaled point kernels tabulated by Berger
(29)

Emax
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where p is the distance between source point and dose point
(centimeter); O is the density of the irradiated medium
(assumed to be unity for tissue) (grams per cubic centi-
meter); N(E) is the probability that a B~ particle is emitted
with energy E; Xoq is the radius (centimeter) of the sphere
within which 90% of the beta energy is deposited from
a point source in an infinite medium; and F is a function
of p and the Xoy and represents the dimensionless scaled
absorbed dose distribution.

Dose rates for point sources using both nuclides were
calculated using MCNPX2.6 MC code (30). It has been
shown that MCNPX2.6 can be used successfully for the
calculation of dose distributions for electrons when using
integrated TIGER series (ITS) style (DBCN 18 card = 1),
and it has been shown to be in agreement with other versions
of MCNP code (31, 32). It can be used for calculating several
particles, such as neutron, photon, electron, or coupled
neutron/photon/electron transport. Secondary radiations
such as positrons, K-edge characteristic x-rays, and brems-
strahlung are included in the default modeling of
MCNPX2.6. The continuous slowing down model is used
for the electron transport simulation (30). This model takes
into account several factors, including the energy, total path
length, and total stopping power of the electron; the electron
collisional stopping power due to collisions between particle
and atoms; the electron radioactive stopping power due to the
energy losses during interactions with the Coulomb force
field of the atoms or bremsstrahlung; statistical variations
in the amount of energy lost in each collision or energy strag-
gling; and multiple scattering distributions.

Figure 1 shows the beta spectrum for "*?Pr and *°Y (33,
34) used for the MCNPX2.6 simulation input. The geom-
etry of the sources was modeled, and a series of three-
dimensional (3D) mesh tallies (finite volumes used as
detectors by MCNPX2.6 for the 3D mapping of the energy
deposited in the medium) were positioned along the dose
tally points. The number of source electron histories
(NPS) was chosen so that there was less than 1.5% statis-
tical error for the points of interest, such as the points close
to the source delivering high-dose rates. To obtain less than
1.5% of statistical error, it was required to use at least
2.0 x 10" NPS per simulation. The “ITS style” energy-
indexing algorithm (DBCN 18 card = 1) was used. The
default ESTEP parameter (number of substeps per energy
step depends on the material in which the electrons are
traveling and ranges from 2 for Z = 3—15 for Z > 90)
was defined in the material card (35).

Several physical and radiobiological aspects, including
physical half-life, dose distribution, and BED for '**Pr
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Fig. 1. "*Pr and *°Y beta energy spectrum used for MC simulation (32,
33). MC = Monte Carlo.

and 90Y, were also compared in this work. Tables 1 and 2
list the properties of several beta emitters and the composi-
tion of "*?Pr and *°Y microspheres. "**Pr rare earth alumi-
nosilicate glass microspheres (17) are composed of 15.5%
silica, 8.1% aluminum, 44.5% praseodymium, and 32.1%
oxygen. During the NA process, three of the '**Pr rare earth
aluminosilicate glass components (Si, Al, and Pr) are
activated in the reactor. However, **Al has only 2.24-min
half-life, 31Si has 2.62-h half-life with a small yield of
gamma rays (0.07%), and the production of '**Pr with
13.57 d half-life is negligibly small during activation and
the gamma yield of it is 1.2 x 107°.

Dose rate for *°Y was calculated using DPK method,
and the results were compared with the benchmarked calcu-
lations from Berger, presented in the previous work from
Vynckier and Wambersie (42). The results from DPK
calculations were compared with MC results. Dose rates
produced by "*?Pr and *°Y point sources were also calcu-
lated using the DPK method and compared at 0.5 cm away
from the point sources.

Dose distribution due to an ensemble of microspheres

MCNPX2.6 code was used to simulate the dose deliv-
ered by a given ensemble of an uniformly distributed

Table 1

Physical properties of several beta emitters

Property 142py 0y 32p

Half-life (h) 19.12 64.0 342.7

Maximum beta energy (MeV) 2.162 2.281 1.709

Density of glass (g/cm’) 4.0 3.29 3.06

Gamma emissions for Brems®, 1.58 MeV, Brems® Brems®
imaging Y(3.7%)

Thermal neutron cross 75b (+3.9 b)° 1.28 b 0.17 b

section

# Bremsstrahlung.
® Cross section of metastable state.
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Table 2

Composition of '*?Pr and *°Y glass microspheres

Element 142pp2 Oy
Si 0.153 0.194
Al 0.081 0.106
Pr 0.445 0

Y 0 0.303
(0) 0.321 0.397
Total 1.000 1.000

REAS = rare earth aluminosilicate; YAS = Yttria-Alumina-Silica.
2 Composition of "*?Pr REAS glass (16).
® Composition of *°Y YAS glass (55, 56).

microspheres within a tumor for both beta and gamma
contributions for '**Pr and for beta contributions for *°Y.
A spherical tumor immersed in water was used in this
model. The tumor was assumed to be a sphere with
2.5 cm radius or approximately 65 cm® in volume as shown
in Fig. 2. This value was suggested based on the average
reported liver tumors volumes found in the literature (36).

MCNPX?2.6 was used to model the geometry of the glass
microspheres distributed within the tumor and the different
tumor sizes and surrounding water. The source was defined
using the source definition (SDEF) parameters in
MCNPX2.6. The source geometry had the radioisotope
uniformly distributed within the spherical or cylindrical
shape. Details of the radionuclide, such as beta energy
spectrum, glass density, and percent weight composition,
were also entered as parameters for the source definition
coding. Number of source electron histories and statistical
uncertainties were chosen as the same previously described.
3D mesh tallies were defined as covering the total tumor
volume, and extra margin was given to access the dose
deposited in the tumor vicinity. Dose rate calculations for
the gamma contribution were also performed using
MCNPX2.6 simulation. The differences in the code for
modeling the gamma component consist of changing the
particle type that the MC code will track, from electron

Water

dv

Ir=r]

\

:jun:e r

Fig. 2. Geometry used for analytical calculations. Tumor is filled with
activated "*?Pr microspheres and immersed into the water.

(E) to gamma (P), and changing the mash tally distance
ranges, because the gamma rays are more penetrating than
electrons. The source definitions and geometries used for
gamma modeling were the same as used for the electron
code.

Dose distribution of microspheres within blood vessels
for "Pr and *°Y

A realistic model of microsphere distribution within the
liver is proposed in this article. The analysis of post-treated
livers has shown that the highest concentration of micro-
spheres is located at the tumor boundaries and blood
vessels (37, 38). The microspheres are embolized espe-
cially within the tiny blood vessels surrounding the tumor
surface, responsible for providing blood supply to the
tumor. Dose distribution due to °°Y and '**Pr within
modeled blood vessels are simulated using MCNPX2.6
code.

This model uses cylindrical blood vessels with diameters
ranging from 25, 50, and 75 pm (diameters based on the
average sizes reported by Kennedy ef al. (37)) and same
length as the tumor diameter. Blood vessels were modeled
as a cylindrical volume source. The radioisotope was
uniformly distributed within the volume sources and
located in the center of a 0.2, 0.5, and 1.0 cm radius tumor.
Figure 3 shows the modeled blood vessel of 25 pm diam-
eter, both within central tumor and at the periphery of
a 0.5 cm tumor radius. A total activity of 8400 and 2500
Bq was used per microsphere of '**Pr and °°Y, respectively.
These activities resulted in the same number of disintegra-
tions for both nuclides during the entire treatment period.
The same number of disintegrations was chosen to calcu-
late the total physical dose (PD) delivered by each radionu-
clide for the same number of decays.

The same number of microspheres was considered for
both nuclides, that is, 1.2 X 10° microspheres per vial
(3). This vial has activity of 3 GBq for TheraSphere. To
deliver the same PD, an activity of 10.1 GBq would be
required for the "**Pr vial. The gamma component (3.7%)
of "*?Pr may raise concerns regarding the radiation protec-
tion. However, the specific gamma ray dose constant, I, for
2pr (8.050 x 107° mSv h™' MBq ') is considerably
smaller than that for the other nuclides used in nuclear
medicine and therapy, such as ''C (1.937 x 10~* mSv
h™" MBq™") and '*’Cs (1.032 x 107* mSv h™' MBq ™)
at 1 m from the source (39). The ambient dose rates for
2pr were calculated for a point source and compared with
the limits for occupational and general public exposures.

The PD distribution for each case was simulated.
However, to compare the efficacy of the treatment, the
BED should be also taken into account. Therefore, a biolog-
ical effective dose—volume histogram (40) was plotted for
each case studied to access the percent volume of the tumor
receiving BED higher than 150 Gy. The commonly used
target dose prescribed for microsphere brachytherapy is
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Fig. 3. Modeled blood vessel within and at the periphery of a 0.5 cm tumor radius. Microspheres were embolized within a 25 pum blood vessel.

between 120 and 180 Gy (4); therefore, 150 Gy was chosen
to represent the average treatment target dose. In the next
section, it will be discussed how to evaluate the BED based
on the PD.

Radiological characteristics and production methods for
2pr and *°y

The BED values were calculated applying the linear-
quadratic model for both '**Pr and °°Y. Considering the
relative biological effectiveness (RBE), the BED is re-
garded as the TD times the relative effectiveness (RE)
factor minus biological equivalent of the tumor repopula-
tion (BRF):

BED = (TD)(RE) — BRF.

The TD is expressed as follows:
—_ e(_ATet'f)] ,

where Ry is the initial dose rate, A the radionuclide decay
constant (per hour), and T, the effective treatment time
(hour), given by

T L K
€ = —= n P b)
ft 2 \RBE, R,

with K being the tumor repopulation factor (grays per
hour), standing for the biological dose required to offset
each day’s worth of tumor repopulation, given by

K =1n(2)/(aDT)

and RBE,, ., is the maximum RBE defined as the ratio of
linear sensitivity coefficient (o) for high linear energy
transfer (LET) test radiation to that for a reference low
LET radiation. The RE can be expressed as follows:

2RoA
(:u'tum - A)(“/ﬁmm)

where A, B, and C are defined as follows

RE =RBE,x +

A(B—C),

1
A= 1 —exp(—ATer)’
1= exp(—ZATeff)
B= 22 ’
o LoD~ Tl + 1)

Mg + A ,

with ., being the sublethal damage repair constant (h™h,
(ot/B)wum the inverse fractionation factor of the tumor (gray),
a the linear radiosensitivity coefficient (per gray), and
doubling time (DT) the average clonogen DT (h). A
numeral software package, Wolfram Mathematica
(Wolfram Research Inc., Champaign, IL), was used to
perform the BED calculations. BED values for both '**Pr
and *°Y given different values of HCC clonogenic DTs
were calculated. BED varies with the radionuclide proper-
ties, with the tumor radiobiological factors and DT. HCC
DTs vary greatly according to the tumor type: well, moder-
ately, or poorly differentiated. The rate of tumor growth
can be classified as slow (DT > 100 days), intermediate
(50 days < DT < 100 days), or rapid growing tumors
(DT < 50 days). The distribution of DT values within each
group is positively skewed, with some tumors presenting
very long DT values compared with the mean value. For
this reason, ranges of values were considered for BED
calculation rather than using mean values. DT values
for each group were classified as well-differentiated
(38—720 days), moderately differentiated (17—380 days),
and poorly differentiated HCCs (20—70 days), based on
the clinical values obtained in previous studies (41). An
a/f value of 10 Gy (tumoral liver) and a total PD of
150 Gy were used for both radionuclides. An o/f value
of 2.5 Gy was used for the healthy liver, and a total PD
of 10 Gy was used for both radionuclides to calculate the
BED for healthy tissues, based on the o/ values previously
reported in the literature (23). Total time to deliver 90%
of the prescribed dose was estimated for %Y and 142Pr,
by calculating the total time from the microsphere
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embolization procedure up to the time that only 10% of the
initial activity will be remaining in the patient’s system. A
total PD of 150 Gy was considered for both radionuclides
studied to compare the BED. The initial dose rate R, was
calculated by multiplying the total PD by the radionuclide
decay constant (A), and it can be derived as

©

PD= / Roe "dt =
0

Ro
A )

Comparison between the total times to deliver 90% of
the prescribed dose was also performed for *°Y and '*Pr.

Source activity and tumor target dose

Source activity for TheraSphere (*°Y glass micro-
spheres) was calculated based on the nominal target dose
and patients liver mass (3). In this study, a prescription dose
of 150 Gy was considered for calculation purposes. The
same total PD was considered for "**Pr and *°Y to compare
the effects for a fixed dose.

Results
Biological effective dose

The calculated values for BED for both '**Pr and *°Y for
the same total PD of 150 Gy are listed in Table 3. For
example, for the lowest DT value considered (17 days) or
the fastest growing tumor reported in the clinical literature,
the BED calculated for °°Y was 104.9 Gy, whereas the
BED calculated for "*?Pr was 260.0 Gy, representing an
increase of 147% of the BED. For the highest DT recorded,
720 days, calculated BED for *°Y was 192.3 Gy, and for
"2pr, it was 299.6 Gy, representing a 56.3% increase in
the BED. According to the calculated values of BED, the
difference among radionuclides increases as the DT
decreases, with the difference being more significant for
rapid growing tumors. For the healthy tissue, the calculated
BED for a total PD of 10 Gy was 12.0 Gy and 9.02 Gy for

Table 3

2pr and *°Y, respectively. The comparison of BEDs for
tumor and normal tissue in liver with PD is shown in Fig. 4.

Dose distribution curves for microsphere brachytherapy
models

Plots of the calculated DPK for '**Pr and °°Y point sour-
ces are shown in Fig. 5. DPK calculation results for *°Y
were also compared with the results available in the litera-
ture and benchmarked with the experimental data (42).
DPK calculations of dose versus distance for *°Y were in
close agreement with Berger (42) values for all relevant
distances considered in this work. The dose rates obtained
using MCNPX2.6 and BRAIN-DOSE were 0.120 mGy/h
and 0.119 mGy/h per kBq, respectively, at 0.5 cm away
from the source. Dose distributions from BRAIN-DOSE
and MCNPX2.6 codes for a '**Pr point source are dis-
played in Fig. 6. The calculated dose using BRAIN-
DOSE code was 4.26% higher than that of MCNPX2.6
code for this given distance. For distances beyond
0.6 cm, MCNPX2.6 presented a higher dose rate than the
one observed for BRAIN-DOSE calculations. The differ-
ences between these results are because of the fact that
MCNPX?2.6 accounts for radiation backscatter and multiple
electron interactions, as described by the continuous slow-
ing down model. These considerations will increase the
dose rate, especially in the range of average or higher
energy electrons. BRAIN-DOSE uses the convolution
method to calculate the dose, which does not account for
energy straggling radiation (24), therefore yielding a lower
dose for points away from the source. However, although
the differences are large for points beyond 0.6 cm, the dose
relative to the TD for these points is very small, for
example, at 0.8 cm, MCNPX2.6 calculates 0.0139 cGy/h
and BRAIN-DOSE gives 0.0004 cGy/h, representing less
than 0.05% of the dose rate at points close to the source.

MCNPX?2.6 provided the dose per particle for both beta
and gamma for '“Pr and beta contribution for *°Y.
Comparison of the total PD along the central axis due to
gamma and beta contributions for '**Pr and total PD due
to beta contribution for *°Y are presented in Fig. 7. For
the results shown in Fig. 7, it was considered a target dose
of 150 Gy within the tumor for both nuclides. From the

Calculated BED values for a total physical dose of 150 Gy for both '**Pr and *°Y

Tumor type Well differentiated Moderately differentiated Poorly differentiated

DT (d) 38 720 17 380 20 70
BED (Gy) °Y 143.4 1923 104.9 188.5 114.0 162.8
BED (Gy) '¥*Pr 279.1 299.6 260.0 298.1 264.8 287.7
% Change 95.1 56.3 148 58.1 132 76.7

BED = biological effective dose; DT = doubling time; HCC = hepatocellular carcinoma.

BED calculated for the three ranges of tumor growth or DTs for the different types of HCC. The distribution of DT values for each tumor type is posi-
tively skewed; therefore, ranges of values were considered for BED calculation, instead of a mean value. DT ranges for each tumor type were well-
differentiated (38—720 days), moderately differentiated (17—380 days), and poorly differentiated HCCs (20—70 days) (41). It is observed that the difference

for BED values is more pronounced for rapid growing tumors.
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Fig. 4. BED with physical dose for °°Y and '**Pr for (a) tumor (T) and (b)
nontumoral tissues (NT). BED = biological effective dose.

simulation, a beta and gamma dose per decay of
1.95 x 1072 Gy and 9.77 x 10~ Gy, respectively, were
obtained for '**Pr inside the tumor. A beta dose per decay

1e+2

1e+1

o
a

—_———

DPK calculations for "2Pr
- DPK calculations for °°Y
Berger Point Source calculations for Ly

1e+0 - ‘ 4\%
1e-1 A %A

1e-2 \G\FA I

o..
1e-3 | LN

Dose Rate (cGy/h/kBq)

Q.
1e-4 - 'Y S

1e-5 -

0.0 0.2 0.4 0.6 0.8 1.0
Distance (cm)
Fig. 5. DPK calculations for 1 kBq *°Y and "**Pr sources and comparison

with the benchmarked Berger point source calculations (15) for a 1 kBq
%Y source. DPK = dose point kernel.
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Fig. 6. DPK calculations and MCNPX2.6 simulation of the dose distribu-
tion for a 1 kBq '*?Pr. A very good agreement is observed between both
methods. The increased dose in the tail region for the MCNPX2.6 simula-
tion is because of the fact that DPK calculations does not take into account
the dose deposited due to scatter, only due to the primary beta, whereas
MCNPX2.6 does. DPK = dose point kernel.

of 2.36 x 10~ '* Gy was obtained for *°Y at the same point.
To obtain the desired total PD at the center, a total initial
activity of 0.662 and 0.191 GBq was calculated for "**Pr
and ?°Y, respectively. The beta contribution to the dose
drops quickly to zero for points outside the tumor, in this
case for points greater than 2.5 cm. Different sizes of spher-
ical tumors were also considered for references of dose
distributions inside and in the tumor surroundings. Dose
distributions per particle for tumor radii of 1.0, 2.0, 2.5,
3.0, 4.0, and 5.0 cm are displayed in Fig. 8. The total PD
distributions near the modeled blood vessels both inside
the tumor and at the tumor periphery completely filled with
142pr are shown in Fig. 9. Total radial dose presented in

160
0w ee0n0 %

140 e

'Y 142Pr
120 o 20y

100

80 1

Dose (Gy)

60
40
20 A

o
04 Ccoe e @ @ o @ 0. 0 0 0 0 0 o

Depth (cm)

Fig. 7. Central axis view of the beta and gamma contributions to the dose
due to "*?Pr and beta contribution due to *°Y. Gamma contribution to the
total dose for "*?Pr cannot be distinguished in the plot because it is about
100 times smaller than the beta dose at the origin.
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Fig. 8. Tumor radii ranging from 1 to 5 cm. Comparable dose decay
curves along the central axis per beta decay for '*?Pr (closed symbols)
and *°Y (open symbols).

Fig. 9 was calculated considering the total decays from the
entire treatment period of 120 microspheres or 1.0 x 10"
decays.

Based on the simulated PD distribution, the biological
effective dose—volume histogram distributions for both
%Y and '""*Pr were calculated for a TD of 150 Gy. The
summary of these findings for all the tumor vessels and
tumor sizes studied is listed in Table 4 for tumor DT of
20 days. The initial ambient dose rates due to the '**Pr
gamma component calculated for a vial containing
1.2 x 10° microspheres that has 10.1 GBq of '**Pr was
0.081 mSv/h. For this vial size and the entire life of this
nuclide, the total exposure is calculated to be 2.24 mSv.
This calculation was based on conservative assumption that
the attenuation from body was not accounted for and the
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Fig. 9. Total physical dose distribution (gray) generated by the 25 um
radius blood vessel within a 0.5 cm tumor both inside and at the tumor
periphery. The dose drops quickly to zero for regions outside the blood
vessel, delivering a high dose to the surrounding region.

Table 4

Percent of the tumor volume receiving a BED higher than 150 Gy for
different tumor radii and blood vessel diameters for both '**Pr and *°Y for
a 17-day doubling time

Blood vessel diameter®

Tumor radius 25.0 pm S50 pm 75 pm

(cm) 142p, 90y 142p, 90y 142p, 90y
0.2 89.2 60.0 100 100 100 100
0.5 19.9 11.9 40.2 28.6 57.8 44.0
1.0 5.77 4.93 10.7 11.1 15.7 14.0

BED = biological effective dose; BEDVH = biological effective
dose—volume histogram.

Values were obtained from the BEDVH analysis for both nuclides.

# Diameters were based on average hepatic blood vessel diameter sizes
reported in the literature (37).

family or caregivers always stayed with the patient at
1 m during the entire treatment period.

Discussion

Microsphere brachytherapy for the treatment of hepatic
malignancies using '“*Pr is an alternative possibility in
addition to the currently used radionuclide Y, especially
for rapid growing tumors with high DTs. '**Pr micro-
spheres can be easily activated in a low neutron flux reactor
such as 1 MW TRIGA (Training, Research, Isotopes, and
General Atomics) reactor. These TRIGA reactors are
usually found in several research centers, making it widely
available and possibly reducing total treatment costs for
microsphere brachytherapy of the liver because of the prox-
imity of the activation to the treatment site. Gamma-
emitting impurities generated during the activation process
are expected to be negligible. Therefore, they may not be
a concern regarding the additional dose to the patient and
staff. However, precaution should be considered during
production of microspheres for avoiding additional impuri-
ties. This would need to be confirmed via direct measure-
ment of the physical microspheres in the future study.

The time to deliver 90% of the dose (To) for '**Pr is
approximately 30% of Ty, for *°Y. This is one advantage
of using "**Pr over *°Y because of the fact that if the time
to deliver the dose decreases, the dose to the normal tissues
also decreases from migration (3). A second advantage is
that shorter half-lives are preferred because of the higher
BED to the HCC. Considering more dose to tumors and
irradiation to normal tissues, these ‘“*Pr microspheres
would be more efficacious to the patients with lower shunt-
ing fractions.

Spatial PD distributions and penetration ranges due to
'42pr were comparable with the ones of the currently used
radionuclide *°Y. Point sources as well for an ensemble of
microspheres were analyzed, and point source data could
be used to access the PD delivered to the patient. Ambient
dose rates and TD per a vial were calculated for gamma
component (3.7%) of 142p; to estimate the radiation safety
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risks presented by this nuclide. Based on the 10 CFR 35
(43), occupational limits (50 mSv) and public limits (5
mSv if infrequent) per year should be observed. Initial
ambient dose rates and TD were estimated to be 0.081
mSv/h and 2.24 mSv, respectively, which are below the
regulatory exposure limits at 1 m from the source. Radia-
tion levels to the public and staff should be kept as low
as reasonably achievable (ALARA). Therefore, additional
precaution should be considered such as avoiding proximity
with the patient by the caregivers and family within the first
few days after treatment.

The models used in this study of '**Pr were based on
uniform distribution of activity inside tumors and blood
vessels. A truly realistic model would place vessels filled
with microspheres through central tumor or at tumor perim-
eter. Other uniform distribution studies have been proposed
in the literature for °°Y dose distribution, for example,
partition models, in which the tumor and liver are subdi-
vided into small voxels, containing uniform activities
(44). In addition, models using uniform distribution of
activities have been used in imaging studies in the attempt
to improve the assessment of the dose delivered to the
patient (45). Tumor and liver sizes and shapes can vary
remarkably from one patient to another (46). For a more
detailed dose distribution in a particular patient, a computed
tomography (CT) scan of the patient would be necessary,
followed by a single-photon emission CT (SPECT) image
after dose administration to measure the actual bremsstrah-
lung distribution. Uniform distribution within voxels for
patient-specific dose determination was successfully used
by Kennedy et al. (37) to describe the dose distribution in
the tumor and adjacent organs as liver, kidney, and
stomach. The reverse technique, using the 192pr dose distri-
bution for a point source or a voxel, can be used for treat-
ment planning purposes. This opens possibilities for
a future route of this work, possibly starting phantom
measurements and animal trials before future clinical trial.

Blood vessels uniformly filled with '**Pr and *°Y micro-
spheres were modeled and simulated using a MC code.
Analysis of the dose distribution due to a single embolized
blood vessel leads to a more realistic estimation of how
microspheres are distributed in the tumor. Characterization
of high PD and BED constrained to short distances such as
obtained from a single blood vessel may be useful to the
current studies being performed on the bystander effect,
observed for highly localized doses (47).

Posttreatment biodistribution of the °°Y glass micro-
spheres and dose distribution has been assessed through the
detection of bremsstrahlung photons and scarce signal from
positron emission (18, 48, 49). The low-energy bremsstrah-
lung photons are highly scattered in the tissue, leading to
a very low signal and consequently a poor spatial resolution
of the dose distribution (45). One of the issues with using
SPECT for measurement of bremsstrahlung from °°Y is
determining directionality (50), which can be improved with
the use of pinhole cameras. In the attempt to improve

resolution, positron emission tomography (PET) has been
proposed in conjunction with CT imaging for the optimiza-
tion of *°Y processing (50). The range of travel in PET is
a limiting factor in the spatial resolution (51). Recently, the
administration of a gamma emitter (e.g., 177Lu) concurrent
with °°Y has been proposed as an attempt to overcome issues
related to the imaging resolution (49). The photon energy
spectrum of '""Lu is broad and therefore not being an ideal
candidate for imaging (52). The use of '®®Ho has been
proposed as a possible choice of radionuclide (13, 14).
However, '°®Ho uses the 81 keV photons for imaging and
corrects for the 1.4 MeV photons, which are seen as
unwanted scatter degrading the image.

The intrinsic gamma yield of '**Pr allows for potential
posttreatment imaging (53). Low-dose-rate monoenergetic
photon could be detected using conventional detectors
(i.e., Nal scintillation detector) for activity verification
before treatment, while delivering a very low dose to the
patient. '**Pr could be imaged with 1.58 MeV gamma
photons. As the photon signal is strong enough from this
isotope, xenon detectors could be used to image the micro-
spheres (54). Using good filtration and septa to reduce the
interdetector noise, the 1.58 MeV photon would allow for
accurate imaging of the microspheres, with the additional
benefit of the strong signal relative to '**Pr after penetrating
through the body. The detection of high-energy gamma
detection is still challenging because of more Compton
scattering and needs further investigation.

Conclusions

Dose distributions were studied for '**Pr and *°Y micro-
spheres for different distributions within a spherical tumor
model and cylindrical blood vessel model for the first time
in this article. Physical and biological properties of '**Pr
and *°Y were also studied and compared. The shorter
half-life presented by '**Pr compared with *°Y is a major
advantage in the radiobiological tumor response and can
also reduce the dose to adjacent organs because of micro-
spheres migration. The shorter half-life implies a higher
dose rate, reflected on the higher BED presented by '**Pr.
Therefore, these microspheres may be more beneficial than
%Y to the patients with lower shunting fraction. Results for
the dose distribution exhibited by *°Y are in agreement with
the values reported in the literature. Dose distribution
observed for '**Pr was comparable with the dose distribu-
tion presented by *°Y. TD contribution due to gamma yield
of "?Pr was small and therefore may not be practically
significant. This gamma yield, however, could be a potential
benefit for biodistribution, dose distribution, and dosimetry
assessment. This opens an opportunity for further explora-
tions of the possible imaging capabilities of the gamma
yield emitted by '*?Pr. '**Pr showed to be an attractive
option for applications in microsphere brachytherapy.
Future study would include experiment with live animals
for simulation validation purposes.
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