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The study aims to present the dosimetric properties of a novel line 142py beta-emitting source in an organ-specific
prostate phantom for its potential use in prostate brachytherapy. The line 1#?Pr sources containing in capillary
glass tubes, were produced through 141Pr(n,y)l“zPr reaction at a thermal neutron flux of 2.5x10'?n-cm~2s !ina
250 kW Triga Mark II research reactor. Each tube containing ~100 mg 141pr (100%), when irradiated for 25 min,
resulted in a dose rate of ~2 Gy/h suitable for brachytherapy, even after a decay time of 10-12 h. Dosimetric
characterization of line *2Pr sources were performed in terms of source strength, non-uniformity and active source
length according to NCS-14, ICRU-72, and AAPM TG-60/TG-149 protocols by using EBT3 radiochromic film and
ExradinW1 plastic scintillator detector (PSD). Measurements were conducted both in free-air and in water-
equivalent solid phantoms, followed by dose mapping in a patient-specific, 3D printed anthropomorphic pel-
vic phantom representing prostate (target), bladder, and rectum (organs-at-risk). Although it does not exactly
represent a brachytherapy treatment case, the dosimetric results indicate that line *?Pr sources can be used in
brachytherapy applications at least as a medium-dose-rate brachytherapy source.

The produced novel line 142pr beta sources exhibited low dose non-uniformities (0.8-3.7%) and source
strengths of approx. 2-3 Gy/h at 10 h post-production. Dose profiles obtained on the prostate phantom indicated
a steep beta dose fall-off and favorable dose distributions at OARs. The overall results indicate that line **?Pr beta
sources meet the essential dosimetric requirements for brachytherapy sources, and it may serve as a promising
candidate for future interstitial prostate applications, pending further pre-clinical evaluation.

1. Introduction prostate tumor in EBRT are at most 85-90 Gy.

In addition, the treatment of 10-20% of radiotherapy patients is

Prostate cancer is the most common non-cutaneous cancer in men.
According to the most recent SEER Cancer Statistics Review (CSR) data
between 1975 and 2017, 217730 men are estimated to have been
diagnosed with prostate cancer in 2010 resulting in 32050 prostate
cancer related to death [1]. Several treatment modalities— including
external beam radiotherapy (EBRT), brachytherapy, and surgery—are
routinely applied depending on tumor stage, anatomy, and
patient-specific clinical factors. Brachytherapy enables the delivery of
highly localized radiation to the tumor with rapid dose fall-off, offering
improved organs-at-risk (OARs) sparing relative to EBRT. The effec-
tiveness of any brachytherapy modality strongly depends on the sta-
bility, uniformity, and dosimetric accuracy of the radioactive sources
used in treatment. In brachytherapy, the doses of about 150 Gy can be
delivered to a prostate tumor [2]. On the other hand, the doses given to a
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performed using brachytherapy, although external radiotherapy is more
commonly employed for cancer treatment in a typical radiotherapy
center [3-5]. In fact, brachytherapy is a well-known cancer therapy
technique in which a radioactive source is placed near or in the tumor to
irradiate the cancer cells locally while delivering a reduced dose to the
surrounding healthy tissue. Taking advantage of the physical properties
of practically available radionuclides including decay modes, half-lives,
and decay energies, various practical insertion or deployment methods
have been developed to obtain more efficient brachytherapy treatment
programs for patients [6]. Furthermore, following the identification of
intraprostatic lesions using mpMRI, PET/CT, or their combined use,
several studies have applied brachytherapy as a boost (focal boost)
treatment to achieve dose escalation in these targeted regions [7,8].

In this context, one of the main goals of the brachytherapy studies is
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also to develop "new types of brachytherapy sources" that offer specific
advantages for the specific organs such as the prostate or the eyes.
Although photon-emitting brachytherapy sources such as °Ir and 251
are widely used in clinical practice, beta-emitting sources offer several
advantages over photon sources, particularly in applications requiring
shallow dose penetration, reduced shielding requirements, and
improved sparing of adjacent healthy tissues [2]. As a new candidate
brachytherapy source, the desired activity of *2Pr radionuclide can be
produced easily from praseodymium-141 (natural abundance: 100%),
which is a member of the rare earth elements (REEs). Owing to its favorable
nuclear and dosimetric characteristics, 142pr is considered suitable for
beta brachytherapy applications; it has a half-life of 19.14 h, a high beta
emission probability (96.3%), and a maximum beta energy of 2.16 MeV,
resulting in a high beta-to-dose conversion factor and potentially
favorable dose fall-off for localized treatments [9-11]. The radial dose
function, g(r), suggested in the AAPM Task Group Report No. 43 [12],
accounts for dose fall-off on the transverse plane. Fig. 1 shows that 14?Pr,
as a beta-emitting source, exhibits a much steeper dose fall-off compared
to the gamma sources commonly used in brachytherapy applications [2,
13].

Hence, it is worth investigating it as an alternative new beta source.
Earlier studies have evaluated '*?Pr radioisotope in glass seed configu-
rations; however, there is limited experimental evidence regarding the
dosimetric properties of line- *?Pr sources or their suitability for
interstitial applications such as prostate brachytherapy [2,14]. It is also
worth noting that a novel line-1*?Pr beta source has not previously used
in any brachytherapy applications in phantom studies. In order for
therapeutic applications and biodistribution studies, cyclotron-based
production of 142pr via radiolanthanides such as nat. La(a,n)!*?Pr,
142Ce(p,11)142Pr, and nat. Pr(d,p)142Pr reactions was theoretically
calculated using TALYS-1.2 and EMPIRE-2.19 beta codes [15].

On the other hand, recent advancements in 3D printing technologies
allow rapid fabrication of patient-specific, anthropomorphic phantoms
with tissue-equivalent properties, enabling the experimental evaluation
of brachytherapy sources under clinically realistic geometries. Specif-
ically, in this study, a pelvic group phantom incorporating the prostate,
urethra, bladder, and rectum allows direct assessment of the dose dis-
tribution and the dosimetric impact of source placement in target rela-
tive to OARs.

The aim of this study is to quantitatively characterize the novel line
142pr beta sources in free-air and in solid water equivalent media and
investigate the dose distributions on a patient-specific, tissue-equivalent
anthropomorphic pelvic group phantom to assess its suitability and
potential application in interstitial prostate brachytherapy by using
EBT3 radiochromic film and Exradin W1 plastic scintillation dosimetry
(PSD) techniques.

2. Materials and methods

In this study, first, 142py radioisotope source was produced at a 250
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kW TRIGA Mark II research reactor. Then the dosimetric tests of the
produced nine(9) line *?Pr beta sources encapsulated in capillary glass
tubes were performed for their characterization according to interna-
tional adopted medical protocols for brachytherapy sources. To deter-
mine the dose distributions on the phantom, a pelvic-group phantom
consisting of the prostate gland (target) and the adjacent organs at risk
(bladder and rectum) was constructed using 3D printing technology.
Then, the dose distributions created by the *?Pr line brachytherapy
sources in specific regions of the pelvic-group organ phantom were
measured using EBT3 radiochromic film dosimetry (RFD) and
polystyrene-based Exradin W1 plastic scintillation dosimetry (PSD).

2.1. Physical basis of 1*?Pr radioisotope for use in brachytherapy

142pr is a promising beta-emitting radionuclide for brachytherapy
due to its relatively high beta dose-conversion coefficient (Dg = 0.810
MeV/(Bqes)) [16], which is larger than values for commonly used beta
sources such as °°Ru (Dg = 0.01 MeV/(Bg-s)) and 32p (Dg = 0.695
MeV/(Bq-s)). The decay properties of 142p, (half-life: 19.14 h, Eppax =
2.1616 MeV, beta intensity: 96.3%) [17,18] allow clinically relevant
dose rates to be delivered in short treatment periods. Particularly, a high
beta dose conversion factor of 1*2Pr ensures an effective delivery of the
desired dose to a specific target organ such as the prostate gland or
ophthalmic organs, in a given treatment period while it also shortens the
overall treatment time. In order to protect healthy tissues and minimize
the doses given to the structures neighboring the target organ, the beta
range of '*2Pr is very short and this is another advantage in brachy-
therapy. These distinctive properties of 1*?Pr make it a new candidate
radioisotope for use in brachytherapy.

For instance, the maximum beta range of 1*?Pr in ICRU-44 soft tissue
was estimated to be ~1 cm from Flammersfeld empirical formula [19] as
follows:

p-Ruax (g-cm™2) =0.11 x {\/1 +22.4(Epmar)” —1}

Where Rpq. is maximum beta range and p is tissue density and Egmqax is
maximum beta energy (in MeV).

The estimated beta range provides a critical insight into the selection
of PLA thermoplastic material for the development of an anthropo-
morphic pelvic-group phantom. In addition to the physical properties of
PLA material for its proper fabrication using 3D printing, the radiation
absorption properties are also carefully considered in phantom design
and development, especially by utilizing the range, half-value layer
(HVL) and radio sensitivity in terms of Hounsfield unit (HU) coefficient
for PLA material.

Although *?Pr emits a low-intensity gamma photon (1575.7 keV,
3.7%), the contribution of photon dose is still a negligible amount in
brachytherapy applications. Thus, in practice, for the activity charac-
terization of *Pr source, '*?Pr emits a gamma-ray of 1575.7 keV when
it was measured with a radionuclide dose calibrator based on a an
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Fig. 1. Radial dose function, g(r), on the transverse plane for the beta-emitting 1**Pr source and commonly used photon-emitting brachytherapy sources (***Ir, 1°°pd,
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chamber or a HPGe detector [17]. It is evident that the contribution of
gamma dose to the total dose from 14?Pr line source itself, as well as from
the capsule material, as determined through gamma spectrometric
measurements, is low due to the 2*Na residual activity in the glass
capsule.

2.2. Production of 1*?Pr beta source for brachytherapy

In the production of 1#?Pr, the key advantages are its relatively high
thermal neutron capture cross section (6, = 11.42 b) and the 100%
natural abundance of the stable 1*'Pr target isotope [20]. Accordingly,
Pry03 powder (99.99% analytical purity, M = 329.81 g/mol) was
selected as the target material for brachytherapy source production
because it is inexpensive, stable, and readily available. It is also worth
noting that the production method of the 14?Pr brachytherapy source in
a reactor flux has already been patented [21]. Approximately 100 mg
Pry03 powder was filled into capillary glass tubes (outer diameter: 1.75
mm, inner diameter: 1.3 mm, length: 70 mm) with a nominal filling
height of ~50 mm. The glass tubes were sealed and marked with color
labels (Fig. 2).

The irradiations were performed for 25 min at approx. 2.5 x 102
n-cm~ 2.5~ ! in the central irradiation channel of 250 kW TRIGA Mark II
reactor (Istanbul Technical University). Details of the production
method of the medium- or high-dose-rate (MDR or HDR) 142py beta
brachytherapy sources are described in Ref. [20]. The neutron flux in the
reactor channel was also measured by using gold-foil activation method
[21]. The induced radioactivity of *?Pr can be calculated using the
following equation:

.0 )
A(Bg) =0.6022 0+ Wﬁ (1— ) ¢ e @

Where, ¢ is neutron flux (n-em~2:s™Y); o: thermal neutron cross section
of 1*1Pr isotope is 11.42 b; w: irradiated target isotope mass (g); 0: target
isotope abundance (141Pr: 100%); A: decay constant of 142p,. (s_l); M:
atomic mass of “*!Pr (140.90765 gomol’l); tirr; irradiation time tj(s)
and tgecay: decay time (s).

The activities of the produced line **2Pr sources were measured using
a 44.8% relative efficient, well-type HPGe detector(Canberra GCW
4023). However the details of the used method are not mentioned to
save the space.

2.3. Dosimetric tests and characterization of 1*2Pr beta source

In order to verify the suitability of present line 1*?Pr beta sources for
brachytherapy purposes, the essential requirements stipulated by the
medical protocols mentioned above were investigated experimentally.
Two independent detector systems were used: (1) EBT3 radiochromic
film, which enables to obtain a high-resolution 2-D mapping of dose
distributions and characterization of sources, and (2) ExradinW1 plastic
scintillation detector, which enables to perform the real-time dose-rate
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a) Examples of line source filled with Pr,Os in the capillary glass
tubes (Color coded CPr-22 to CPr-31)

Fig. 2. A photo of the sealed capillary glass tubes filled with Pr,O3 for pro-
duction *2Pr sources.
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measurements in small radiation fields at millimeter-scale distances [22,
23]. In parallel to new advancements in detector technology, a small
volume plastic dosimeter has already used for ophthalmic plaque eye
therapy to complete mapping of the dose distributions [24]. In this
study, first time Exradin W1 PSD detector was preferred because of its
very small size for adaption it to placement position, high radiation
sensitivity (nC/Gy), and other superior features which make it very
suitable for “small-area dosimetry” at high dose rate therapy measure-
ments, as stated in IAEA TRS 483 protocol [24].

2.3.1. Calibration procedure of a radiochromic EBT3 film dosimeter

EBT3 radiochromic films were calibrated in the dose range of
0.91-90.3 Gy by using a clinic linac (Elekta, Precise) with 6 MeV elec-
tron beams. Those films were scanned in a three-channels (red, green
and blue-RGB) Epson Expression 11000XL flatbed scanner (Epson Seiko
Corp.) at a 72 dpi resolution and 48 bit color image depth. Images were
analyzed in ImageJ software using RGB channels. The film measure-
ments were pre-processed with a 3 x 3 pixel smoothing filter to reduce
noise and improve reproducibility. Five ROIs were sampled, and
weighted mean pixel values were calculated to minimize inherent film
non-uniformity. Optical density-to-dose curves were obtained by using
polynomial fits. The more details of calibration procedure of EBT3 film
RFD technique are described in the literature [25,26].

2.3.2. Calibration procedure of an ExradinW1 plastic scintillator dosimeter

Absolute dose calibration of ExradinW1 PSD was performed using an
acrylic PMMA phantom and RW3 slab phantoms with a 6 MeV electron
beam delivered by a linac (Varian TrueBeam). This special calibration
method has already been described for an Exradin W1 PSD system [22,
23].

The details of PSD calibration procedure are not given to save space
but it is worth noting that some settings are outlined in order to obtain
the absolute dose calibration constants. PSD readings were corrected for
Cherenkov light using maximum fiber length condition at the 40 x 40
cm? radiation field size and (b) minimum fiber length condition at 40 x
40 cm? radiation field size, and (¢) minimum fiber length condition at
10 x 10 cm? radiation field sizes (Fig. 3). Then, the dose calibration
constants were derived from these measurements.

2.4. Chracterization of line!**Pr beta source for its suitability in
brachytherapy application

The suitability of the line *?Pr sources produced for purpose of
potential use in brachytherapy was characterized in terms of several
dosimetric parameters, namely source strength, non-uniformity, and active
source length (ASL), defined in NCS-14 [27], ICRU-72 [28], and AAPM
TG-60/TG-149 [29,30]. To achieve this, the experimental setups were
configured to perform the dosimetric tests both in free-air and in a solid
water equivalent RW3 phantom.

2.4.1. Active source length

ASL (mm) was determined from the longitudinal dose profile
measured at r = 2 mm from the source axis of a line beta source [27].
The absorbed dose at this distance was normalized to 100%, and ASL
was defined as the distance between the two 50% isodose points along
the central longitudinal axis. As seen in Fig. 4 (a), the ASL and source
non-uniformity tests for this line beta sources, the dose measurements
were carried out on a RW3 solid water phantom. As an example, the
image of nominal 50 mm long *?Pr line source was obtained from a
piece of EBT3 radiochromic film, as shown in Fig. 4 (b). For estimation
of ASL and non-uniformity values, the irradiated EBT3 films were sub-
sequently analyzed.

2.4.2. Source strength
The source strength, D (ro) of the used line 142p; peta sources was
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Fig. 3. A calibration setup of ExradinW1 plastic scintillator: (a) maximum fiber length condition at the 40 x 40 cm? field size (b) minimum fiber length condition at
40 x 40 cm? field size (¢) minimum fiber length condition at 10 x 10 cm? radiation field size.

142pr Line Source

EBT3 Radiochromic Film

RWS3 Solid Water Phantom

142pr Line Source

Fig. 4. (a) A schematic illustration of the set-up for determination of active source length (ASL) and non-uniformity measurement. (b) A photograph of a line 4?Pr

beta source on EBT3 film piece placed on RW3 water phantom.

measured according to AAPM TG-60 and AAPM TG-149 medical pro-
tocols, which are routinely used in commercial intravascular brachy-
therapy systems. The source strength, D (ro) is determined from the
absorbed dose rate measured in a water-equivalent RW3 solid phantom
using an Exradin W1 PSD positioned 2 mm from the source center.
Consistently, the NCS-14 formalism defines the average absorbed dose
rate along the active source length-excluding a margin M at both ends-at
the same 2-mm reference distance.

Two different measurement setups were configured as shown in
Fig. 5(a) and (b). In the first setup, ExradinW1 PSD detector was put into
the tissue-equivalent bolus layer with a 0.5-cm thick, and positioned 2
mm from the source, which was placed perpendicular to RW3 phantom.
In the second setup, the source-strength measurements were performed
in free-air, with use of a line '*?Pr beta source and the PSD detector
aligned orthogonally and positioned at a distance of 2 mm using a
dedicated plastic holder and supporting fixtures.

It should be noted that the source-strength values of the line
sources were measured immediately after their transport from the
reactor site, and the absorbed-dose-rate values were corrected to the
production date and time. In addition, dose-rate values corresponding to
10 h post-production were also determined.

142Pr

2.4.3. Determination of non-uniformity of line 1*2Pr beta source

Non-uniformity, U (%) is an important parameter for the source to be
used in brachytherapy because it affects the uniformity of the dose
delivered to the target organ. In this study, the non-uniformity, U (%) of
line *2Pr beta sources was assessed using three different approaches
described in NCS-14, AAPM TG-60, and ICRU-72 protocols.

a)

PSD

According to NCS-14, non-uniformity, Us (%) is defined as the
maximum deviation from the average absorbed dose (or dose rate) along
the active source length, expressed as a percentage. The evaluation is
performed over the ASL after excluding a margin M at both ends. In this
work, M was selected as 12.5% of the source physical length. Accord-
ingly, the non-uniformity Ut (%) of the beta source was calculated by the
following formula:

U (%) = max (| Dimin — Davg|, |Dmax — Davg|) / Davgx100 3)

where, Dy, Dmin, and Davg denote the maximum, minimum and average
relative values of the absorbed dose/dose rate within the ASL-2M length,
respectively.

According to AAPM TG-60, the non-uniformity, Upapym (%) should be
within +£10% over the centered two-thirds (2/3) of the treatment length,
provided that this region is at least 30 mm long, and the dose mea-
surements are performed at a 2-mm reference distance from the source.
The percentage non-uniformity of the beta source, Upapy (%) is derived
from the dose range between Dy, and Dy, within this centered two-
thirds segment using the following formula:

Unapm (%) = 100x(Dpmin / Dinax) 4

For the present case of a line 1*?Pr beta source with a nominal 50-
mm-long, this criterion corresponds to 33.3 mm, and the requirement
is met.

According to ICRU 72, the non-uniformity, Ujcry (%) of a beta source
should be within +20% over the centered two-thirds (2/3) of its active
length. In accordance with ICRU 72, the percentage non-uniformity,
Uicru (%) of a beta source can be calculated using the following formula:

2mm

Bolus

142Pr Line Source

RW3 Solid Water Phantom

b)
142pr |ine PSD
Source z
mm
Detector
Si rt
Source 5 Sl
Holder I
4
4

Fig. 5. A setup for measurement of source strength in solid water phantom and in free-air. (a) Source strength measurement in RW3 solid water phantom. (b) Source

strength measurement in free-air.
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UICRU(O/O) = 100x(Dma.x - Dmin) /Davg (5)

where, Dinax, Dmin, and Dgye denote the maximum, minimum and average
absorbed dose rates, respectively.

2.5. The percentage dose distribution in free-air and in solid water
phantom

The percentage dose distributions in free air and water are expected
to show similar exponential fall-off behavior, while the resulting dose
differences arise from the different absorption and scattering properties
of air and water. Free-air dose measurements were performed first by
fixing a line *2Pr source in a plastic locator and positioning an EBT3
film perpendicular to the source at a defined height to minimize back-
scatter contributions (Fig. 6(a)).

For dose measurements in water-equivalent RW3 solid phantom, a 5
cm x 10 cm EBT3 film piece was placed between two 30 cm x 30 cm
RWS3 slabs, providing a 4 cm thick of total backscatter material (Fig. 6
(b)). The film was mounted flush with the phantom surface, and the
142pr line beta source was positioned perpendicularly until a maximum
dose of 10 Gy is delivered.

2.6. Loading of line 1*2Pr sources into prostate phantom and dose
measurements

The dose distribution profiles were obtained in a tissue-equivalent
anthropomorphic pelvic group phantom consisting the prostate gland,
bladder, and rectum, representing realistic anatomical details for pre-
clinical studies. The pelvic group phantom used for in-phantom mea-
surements was produced from a suitable thermoplastic material using
3D printing technology after its soft-tissue equivalency had been eval-
uated and verified. The confirmed tissue equivalency enables an accu-
rate characterization of dose behavior within a clinically relevant
phantom geometry that mimics the prostate, rectum, and bladder.

To this end, an anatomically realistic pelvic phantom model was
firstly generated starting with 1-mm CT slices of a prostate cancer pa-
tient. The organ contours (prostate, bladder, and rectum) were
segmented by an experienced radiation oncologist in the Department of
Radiation Oncology using ITK-SNAP software (Ver.3.8.0) [31], then
converted to a STL image format, and subsequently fabricated by 3D
printing technology. Due to the limited number of produced sources,
interstitial irradiation of the whole prostate gland was not feasible;
therefore, during 3D model generation, a hypothetical target volume
surrounding the urethra was defined to simulate a focal brachytherapy
approach. The positions of line 1*?Pr sources within the target were
incorporated into a 3D model of the prostate gland using SolidWorks. Six
(6) holes with a 2-mm diameter were drawn at 60° intervals around the
urethra. As shown in Fig. 7(a), each hole was positioned 2.5 mm from
the urethral wall and extended to a depth of 33.2 mm from the inferior
surface of the prostate. To mimic the urethra, the central canal of the
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prostate was modeled with a 6-mm diameter, allowing the insertion of a
small 3-mm diameter-PSD detector.

As seen in Fig. 7(b), six(6)-line sources encapsulated in the capillary
glasses (coded as CPr-22, CPr-25, CPr-26, CPr-29, CPr-30, CPr-31) were
then inserted into the holes within the prostate phantom.

After approx. 10 h elapsed after the production of line 1#?Pr sources
in a reactor, the present pelvic group phantom model enables to perform
real time dose rate measurements using an Exradin W1 PSD detector
because the size of urethral position can accommodates it during irra-
diation when line *?Pr sources are inserted into the prostate gland
(target). The 3D model of the pelvic-group phantom is seen in Fig. 8(a),
and the anthropomorphic pelvic group phantom produced from this 3D
model is also seen in Fig. 8(b) as a prototype.

Since a water medium provides more realistic beta-particle back-
scattering, as described in Section 2.5, the bladder compartment of the
pelvic group phantom was filled with approximately 200 g of water
before the sources were loaded into the prostate gland, while the rectum
compartment was also filled with a sufficient amount of water. All
phantom openings were sealed to prevent water leakage.

Two-dimensional dose distributions were determined using EBT3
radiochromic films. For this purpose, six(6)-line 142pr sources were left
in the phantom for extended irradiation periods consistent with their
source strengths; thus, the total irradiation time was approximately 18 h
in this experimental work. EBT3 films were positioned circumferentially
around the prostate gland and at the prostate-rectum and prostate—-
bladder contact regions, as shown in Fig. 9.

In addition, dose-rate measurements were performed using an
Exradin W1 PSD at three locations: the center of the prostate (within the
urethra), the prostate-rectum interface, and the nearest point of the
bladder to the prostate.

3. Dosimetric results

Before the source characterization procedure, the mean activity of
142pr in each line glass capsule was determined to be 325 MBq + 2.5%
based on gamma spectrometric activity measurements. The ASL (in mm)
and non-uniformity (U%) values of the nine 142pr Jine sources are given
in Table 1.

An example of the film response created by a line 1*?Pr source on an
EBT3 film piece is shown in Fig. 10(a). Fig. 10(b). This means that the
percentage-dose variation along the active source length of an
exampled-line 142pr source (here CPr-30 code)and its uniformity within
the margins (M).

The dose profile was generated from normalized dose values which
extracted from the pixel values of the irradiated EBT3 film using ImageJ
software. Analysis of the non-uniformity was made according to three
different formalisms described in Section 2.4.3 (NCS-14, AAPM TG-60,
and ICRU-72). The plotted curves illustrate the uniformity across the
central region of the source and the expected dose fall-off toward the
ends, with the ASL and margin (M) regions indicated for each formalism.

(b)

Solid Water
Phantom

< 142pr Line Source}

Radiochromic

- Film

Fig. 6. Experimental setups designed for determination of % dose decreasing behavior (a) in free-air medium and (b) in a RW3 water-equivalent solid phan-

tom medium.
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42pr Line Source —»|

Rectum

PSD Contact Point

Prostate Gland +—Rectum

~ Bladder Contact

Phantom
Holder

(b)

Fig. 7. A configuration of six(6) line 1*?Pr beta sources loaded into the holes surrounding the urethra in a pelvic group phantom, (a) Top view of source position
holes and central urethral hole, (b) A photograph of an Exradin W1 PSD placed in the central urethral hole (i.e., measurement channel) and surrounding line sources.

Bladder

Prostate Gland

Target

Rectum

Bladder Prostate Gland
Urethra

Fig. 8. (a) The object images of prostate gland, bladder and rectum constructed from CT scans of the patients, (b) Anthropomorphic pelvic group organs produced

from a tissue-equivalent thermoplastic material by 3D printing technology.

The non-uniformity values of line 1*?Pr sources were found to be
0.87-2.43% when the net dose-measurement length (ASL-2M) was
used, as prescribed in the NCS-14 report. For comparison, the dose non-
uniformities of the same line 1*?Pr sources were found to be 1.15-3.69%
according to AAPM TG-60, and 1.14-3.63% according to ICRU-72.

Additionally, the source strength values of six(6) line *?Pr sources
are given in Table 2, where they were measured using an ExradinW1
PSD system.

These dose rate values are the average of the measurement repeated
three times. The total uncertainty for the measured dose rate values is
estimated to be max. 4.18% for ExradinW1 PSD system. The coefficient
of variation (COV) values ranged from 0.35 to 1.32% in free-air dose rate
measurements and the COV values ranged from 1.73 to 3.39% for the
dose rate measurements in RW3 solid water phantom.

It is worth noting that, after production of line 14?Pr beta sources had
source strengths of 12.5-17.3 Gy/h in free-air according to the AAPM
TG-60/149 protocol, whereas in the solid water phantom the measured
strengths were obtained to be 3.3-4.0 Gy/h, thus reducing the dose rates
due to attenuation in the water-equivalent material. This result is nor-
mally expected.

The dose profiles of a line 1*?Pr source in free-air and in a solid-water
RW3 phantom are shown in Fig. 11.

Since the male-patient CT dataset is used in this study, the volume of
the target embedded within the prostate gland and those of the adjacent
organs at risk (bladder and rectum) were determined to be 6.52 cm3,
209.9 cm®, and 29.8 cm?, respectively. The target within the prostate
measured 17.7 mm in the anterior-posterior (A-P) direction, 33.2 mm in
the inferior-superior (I-P) direction, and 17.7 mm in the medial-lateral
(M-L) direction. The dose-rate(s), D (Gy/h) values given in Table 3 were
measured using an ExradinW1 PSD system at OARs positions and at the
target embedded within the prostate gland in the pelvic group phantom,
following the insertion of six (6)- line 142p; beta sources, all measure-
ments were performed 10 h after source production.

Two-dimensional dose-distribution maps for the prostate, bladder
neck, and rectum contact regions were obtained using EBT3 radio-
chromic films. As shown in Fig. 12(a), the prostate dose distribution was

reconstructed from films positioned circumferentially around the pros-
tate phantom, with the x-axis representing the circumferential coordi-
nate (mm), the y-axis the superior-inferior (S-I) axis (mm), and the z-
axis the measured dose (Gy). The highest dose values, shown in red,
occurred along the posterior surface of the prostate phantom (Fig. 12
().

To assess dose deposition to the OARs, EBT3 films were placed at the
bladder-neck and rectum contact surfaces. The bladder-neck

142pr |ine Sources

Prostate Gland

Radiochromic
Film

Bladder

<—Rectum

Fig. 9. A photograph of anthropomorphic pelvic group phantom for obtaining
two-dimensional dose distributions by using EBT3 radiochromic film.
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Table 1
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Active source length and non-uniformity values measured for'*?Pr line beta sources according to three different medical protocols.

Line'*?Pr beta source  Pr,Oj tube filling length  Active Source Length

Net dose measurement length

Net dose measurement length ~ Non-uniformity

Code H (mm) ASLycs (mm) ASL-2M (mm) 2/3 of H (mm) Ut (%) Uaapm (%) Uscru (%)
CPr-22 50.95 44.08 31.34 33.97 0.87 1.68 1.67
CPr-23 48.79 43.14 30.94 32.53 1.60 2.40 2.38
CPr-25 50.07 43.69 31.17 33.38 0.79 2.82 2.80
CPr-26 47.41 41.06 29.20 31.61 2.43 3.25 3.22
CPr-27 50.39 44.82 32.22 33.59 0.78 1.15 1.14
CPr-28 48.88 41.81 29.59 32.59 1.58 2.33 2.31
CPr-29 51.17 47.92 35.13 34.11 1.25 2.31 2.28
CPr-30 51.41 42.51 29.66 34.27 1.38 2.71 2.69
CPr-31 49.56 41.70 29.31 33.04 1.42 3.69 3.63
Average 49.85 43.41 30.95 33.23 1.34 2.48 2.46

M: The margin specified by the NCS14 report, ASLycs: Active source length, H: Source physical length, Uy, source non-uniformity (in %) according to the NCS14 report,
Uaapm: Source non-uniformity (in %) according to the AAPM TG 60 report, and Ujcry. Source non-uniformity (in %) according to the ICRU 72 report using EBT3
radiochromic film pieces. The uncertainty range are estimated between 2.30% and 3.23% for EBT3 radiochromic film system depending on the use of Red, Green and

Blue Channel scanning in dose calculation.

192py ine Source

=3

Normalized Dose (%)

Distance (mm)

Fig. 10. (a) A'?Pr line source coded CPr-30 on EBT3 film piece (b) Percentage dose variation along the source length (Here a line CPr-30 source is at a far distance of

2 mm.

distribution (Fig. 12(b)) was mapped with the x-axis representing the S-I
axis, the y-axis the medial-lateral (M-L) axis, and the z-axis the
measured dose, with the maximum values (blue) located at the posterior
bladder region adjacent to the prostate (Fig. 12(d)).

Similarly, the rectum-contact dose distribution (Fig. 12(c)) was ob-
tained, with maximum dose values (red) observed at the anterior rectal
surface where it is in closest proximity to the prostate (Fig. 12(d)).

4. Discussions

4.1. Dosimetric measurements for the characterization of line 1*2Pr
brachytherapy source

Source non-uniformity is an important dosimetric quantity of
brachytherapy sources due to the higher scattering probability of beta
particles when compared with photons. The non-uniformities of the line
142p; beta sources given in Table 1 were generally very low, ranging
from 1.02% to 2.97% (mean: 2.1%). This means that a mean dose uni-
formity of 97.9% was achieved, and the obtained non-uniformity values
meet the requirements of all three medical protocols above mentioned.
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It is noted that the source non-uniformity should remain within +10%,
while the ICRU 72 report recommends a maximum deviation of 20%. As
given in Table 1, the percentage non-uniformities of the line #?Pr
sources based on NCS14, AAPM TG 60 and ICRU 72 protocols are very
similar, but differing by only 0.8% between AAPM TG-60 and ICRU-72.
The results for source non-uniformity criteria indicate that the line 14?Pr
beta sources meet this critical requirement for their potential use as an
alternative beta-emitting brachytherapy source. In other words, the
average source uniformity of the line **2Pr sources is 98.6%, and all
measured uniformity values remain well within the limits prescribed by
three different medical protocols. This means that a highly uniform dose
is delivered to tissue-equivalent phantoms.

Additionally, EBT3 film dosimetry also provided another suitable
measurement method for determining two-dimensional dose distribu-
tions using the small film pieces. The dose measurements using the EBT3
films were obtained with very low uncertainties of +3.2%. When
surveying the literature, line #?Pr capillary-tube-based radioactive
implant (CTRI) has already been proposed as a novel source design to
facilitate and enhance the use of p-emitting radionuclides such as 2Pr
for brachytherapy applications. Moreover, two types of commercial
brachytherapy sources were characterized using radiochromic films,
with reported dose non-uniformity values ranging from 5.2% to 9.4% for
32p and °Sr/°°Y sources [32]. Similarly, the dose non-uniformity of the
9051 /9%y intravascular brachytherapy source was reported in the range
of 5.1%-8.2% using radiochromic films [33].

One of the aims of the present study is to indicate the usability of a
relatively short-lived *?Pr source for brachytherapy applications;
therefore, immediate clinical use, following its production is not ex-
pected. Hence, it is obvious that there needs to perform further pre-
clinical studies. In this case, a post-production interval of approx. 10 h
was considered for both practical and clinic conditions point of view. In
addition, the amount of *'Pr target material used for source fabrication
was also optimized in this study. The average source strength of nine(9)-
line *?Pr sources was measured to be 9.94 Gy/h at 10 h post-production
and 14.29 Gy/h after decay correction to the time of production.

The line '*?Pr beta sources were tested both in free air and in a water-
equivalent slab phantom to characterize their dose-attenuation
behavior, as shown in Fig. 11. For the case of line *?Pr beta sources,
the normalized depth-dose profile in water-equivalent material
decreased to 50% at 2.55 mm and to 10% at 4.83 mm, while in free air
the corresponding 50%DD and 10%DD depths are 5.95 mm and 35.08
mm, respectively. These results indicate that most of the beta dose from
a 2pr source is absorbed within approximately 2.6 mm of water-
equivalent tissue. This shallow penetration supports the suitability of

Table 2
Source strength values of line'*?Pr sources measured in free-air and solid
phantom by an ExradinW1 plastic scintillator dosimeter.

In free-air In solid water RW3 phantom
Sample  After 10 h elapse After source 10 h elapse time
Code source time after production after source

production source production

production
AAPM AAPM NCS14 AAPM NCS14 AAPM
TG 60/149 TG 60/149 TG 60/ TG 60/
149 149
Source Strength
D (Gy/h) D (Gy/h) D(Gy/ D(Gy/ D(Gy/ DI(Gy/
h) h) h) h)

CPr-23 1252 8.72 2.78 3.28 1.94 2.28
CPr-25 13.42 9.34 2.94 3.59 2.05 2.50
CPr-28 13.84 9.63 3.02 3.49 2.10 2.43
CPr-29 1471 10.24 2.75 3.32 1.91 2.31
CPr-30 17.28 12.02 3.52 3.98 2.45 2.77
CPr-31  13.96 9.72 2.95 3.25 2.05 2.26
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142py source for sparing adjacent organs at risk-such as the bladder and
rectum-during interstitial prostate brachytherapy.

As another requirement for beta brachytherapy sources, the source
strength measurements in the water-equivalent solid phantom were
compared using AAPM TG-60/149 and NCS-14 formalisms. The average
dose rates were obtained to be 3.49 Gy/h immediately after production
and 2.43 Gy/h at 10 h according to AAPM TG-60/149, and 2.99 Gy/h
and 2.08 Gy/h at the corresponding times according to NCS-14. How-
ever, the source-strength values derived from AAPM TG-60/149 are
relatively higher by ~16.8%, reflecting methodological differences be-
tween the calculation algorithms of these two protocols.

4.2. Dose measurement results for a patient specific-anthropomorphic
prostate phantom

In this study, an interstitial prostate brachytherapy scenario was
adopted using a 3D-printed anthropomorphic pelvic group phantom to
evaluate dose distributions to the target and adjacent organs at risk.
External-beam treatments commonly employ schemes such as 45 Gy/25
fr, 46 Gy/23 fr, 35.7 Gy/13fr, and 37.5Gy/15 fr, while HDR boost re-
gimes typically include 15 Gy/3 fr, 11-22Gy/2 fr, and 12-15Gy/1fr
following external radiotherapy. HDR monotherapy schedules reported
in the literature include 34 Gy/4 fr, 36-38 Gy/4 fr, 31.5 Gy/3 fr, and 26
Gy/2 fr [11,34]. As seen in Fig. 7(a), six(6) line 42pr sources were
loaded into the prostate phantom by using a hexagonal geometric
arrangement of the sources, thus resulting in a spatial continuity of the
composite dose region via the overlap of low-level isodose volumes. In
this source arrangement, the dose rate at the urethral center (target
point) was measured to be 7.02 Gy/h, which falls within the medium
dose rate (MDR) brachytherapy category according to ICRU Report 38
[37]. This dose rate value could exceed 12 Gy/h-approaching HDR
levels-by increasing the number of sources as well as their activities, or
changing their placement positions in the target. The overall experi-
mental findings support the suitability of the newly proposed radioac-
tive *?Pr source, which exhibits distinct characteristics as a
beta-emitting brachytherapy source. The short half-life of **?Pr (19.14
h) enables clinically feasible treatment times compatible with HDR
boost schedules. Based on a total applied activity of approximately 2
GBq, the time required to deliver 15 Gy in a 15 Gy/1 fr boost regimen
was calculated to be 2 h 15 min in this evaluation.

During this irradiation period, the maximum rectal dose estimated to
be 9.31 Gy (i.e., 62.1% of the target dose), whereas the bladder-neck
dose estimated to be only 0.16 Gy (i.e., 1.1% of the target dose), as
seen in Fig. 12 (d). The elevated rectal dose is primarily attributable to
the average source length (49.85 mm) exceeding the chosen prostate
height (33.2 mm), resulting in approx. 16.6 mm of each source
extending beyond the superior prostate boundary. If the source length
shortens in future source designs, it is expected to reduce the rectal dose.
Despite this, adequate dose delivery to the target was achieved, con-
firming the suitability of line ***Pr source as a medium-dose-rate (MDR)
beta-emitting brachytherapy source.

It should be noted that, the desired dose rate is achieved at the center
of the target volume, however, the limited number of sources was used
for evaluation of a hypothetical focal-target irradiation scenario. On the
other hand, in brachytherapy practice, when a lesion within the prostate
is identified using mpMRI, PET/CT, or a combination of these imaging
modalities, brachytherapy can also be applied as a focal therapy
approach. Given that the developed brachytherapy source is a beta-
emitting source, it was anticipated to be particularly advantageous in
such focal treatment scenarios. Accordingly, in the present experimental
configuration, due to the insufficient number of available line '42Pr
sources, dose-rate measurements were performed in a target volume
smaller than the prostate gland, representing a focal target within the
prostate. The dose measurements around the entire prostate phantom
were carried out using EBT3 films, however, the dose measurements
outside the target center could not be performed within the implanted
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Fig. 11. The change in percentage dose (deep dose) of a***Pr line source with increasing the distance in air and water equivalent solid phantom, (a) shown in linear

scale, (b) shown in logarithmic scale.

Table 3
Dose rates measured in an anthropomorphic pelvic phantom using ExradinW1
plastic scintillator dosimeter.

Dose rate at the target Dose rate at the rectum Dose rate at the bladder

center(urethra)” contact point” neck contact point”
D (Gy/h) D (Gy/h) D (Gy/h)
7.02 4.35 0.08

*:As of production date and time of the sources is March 05, 2020 in Triga Mark
II reactor (ITU, Istanbul) is calculated to be 10.08 Gy/h at prostate target (in the
urethra), 6.26 Gy/h at rectum and 0.11 Gy/h at bladder neck contact point.

@ at 10 h elapsed after source production.

target region, as the target was fully surrounded by prostate tissue. The
dose values measured at the target center, selected points on OARs, and
around the prostate periphery were therefore insufficient to fully char-
acterize target coverage by the developed sources. These can be
considered a limitation of the present study. This implies for future
studies that increasing the number of sources will enable more
comprehensive dose-distribution measurements around the prostate for
the evaluation of target coverage for the entire prostate gland.

The other point is that the unwanted gamma activity arises from the
weak-intensity 1575.71 keV (3.7%) gamma-ray of 142p, (t12=19.14h)
and from the intense 1368.63-keV (99.9%) gamma-ray of 24Na (t12 =
14.96 h) generated by residual activation in the soda-lime glass capsule.
For the contribution of 2*Na from the glass capsule, this value was
estimated to be 5.71% for a mean **2Pr source activity of approximately
325 MBq. These emissions may introduce unwanted exposure to sur-
rounding tissues, and could be eliminated by selecting suitable encap-
sulation materials with a lower neutron-capture cross sections rather
than an ordinary glass. From a clinical implementation point of view, a
number of requirements must also be met before this new #?Pr source
can be used in routine brachytherapy applications. For instance, glass
encapsulation is not suitable for clinical use because it exhibits several
undesirable properties for patient applications. Furthermore, because
the current source length exceeded the prostate dimension, elevated

SLAXis Distanee. (mm)

rectal doses were observed. Future studies will employ source lengths
matched to prostate anatomy, enabling improved rectal sparing.

5. Conclusion

This study presents a comprehensive dosimetric evaluation of line
142pr beta sources and indicates their potential use for interstitial
prostate brachytherapy. Using two different dosimetry techniques, the
sources were quantitatively characterized in terms of active source
length, source non-uniformity, and source strength according to NCS-14,
ICRU-72, and AAPM TG-60/TG-149 recommendations.

The results show that *?Pr activities suitable for prostate brachy-
therapy can be produced efficiently in a research reactor through *!Pr
(n,7)**?Pr reaction. Due to the favorable nuclear properties of the
monoisotopic rare-earth element(REE) 141Pr, 142py radioisotopede can
be produced in a cost-effective manner even in small research reactor
facilities. The produced '#?Pr beta sources exhibited very low source
non-uniformity values (~1-3%), but they give uniform longitudinal
dose profiles, and medium-dose-rate strengths (~10 Gy/h at 10 h post-
irradiation). Hence they meet fully the essential performance criteria for
beta-emitting brachytherapy sources.

The dose measurements performed in a patient-specific anthropo-
morphic pelvic phantom indicated that line *?Pr beta sources can
deliver clinically relevant doses to the prostate while maintaining rapid
dose fall-off toward adjacent organs at risk. While the desired dose-rate
levels were achieved within the target, two-dimensional dose mea-
surements also indicated comparatively low dose deposition at the
bladder neck and rectal surfaces. Optimization of source length relative
to prostate anatomy is expected to further improve OARs sparing.

It is also important to note that clinical brachytherapy procedures
require radioactive sources to be delivered through applicators or nee-
dles, unlike the phantom-based source placement used in this experi-
mental study. Therefore, additional evaluations of **?Pr sources under
clinically realistic applicator-based conditions will be necessary prior to
translation into clinical practice. Although the glass encapsulation is

Fig. 12. Two dimensional dose distributions on the anthropomorphic pelvic group phantom measured by EBT3 film (a) Dose distribution histogram for the periphery
of prostate phantom, (b) posterior of bladder phantom surface, (c) rectum contact point to the prostate, (d) two-dimensional dose profile for anthropomorphic pelvic

group phantom.
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cheap and suitable for experimental phantom studies, it is not appro-
priate for patient treatments. Future work should therefore focus on the
development of low-activation, biocompatible encapsulation materials
designed specifically for clinical brachytherapy delivery systems.

In conclusion, the measured dosimetric properties the line *?pr
sources fully meet all the requirements specified in the above-mentioned
medical protocols for brachytherapy sources. The dose distributions
measured on an anthropomorphic pelvic phantom indicated that line
142p; beta source is a promising candidate for interstitial prostate
brachytherapy after some preclinical considerations have been made.
Lastly, the favorable characteristics of '*?Pr such as decay properties,
shallow beta penetration in tissue and practical production pathways
might make it an alternative brachytherapy source in clinic use. This
142pr source might also be incorporated into localized prostate brachy-
therapy as well as superficial or ophthalmic beta-emitting plaque ap-
plications, following further investigations.
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