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Abstract

Purpose A novel method for prostate irradiation is inves-
tigated. Similarly to '*°I or '*Pd seed brachytherapy,
%*Y-avidin could be injected via the perineum under ul-
trasound image guidance. This study inspects the theoret-
ical feasibility with a dosimetric model based on Monte
Carlo simulation.

Methods A geometrical model of the prostate, urethra and
rectum was designed. The linear-quadratic model was ap-
plied to convert '*°I absorbed dose prescription/constraints
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into *°Y dose through biological effective dose (BED) cal-
culation. The optimal *°Y-avidin injection strategy for the
present model was obtained. Dose distribution was calculated
by Monte Carlo simulation (PENELOPE,GEANT4). Dose
volume histograms (DVH) for the prostate, urethra and rectum
were compared to typical DVHs of '#°I seed brachytherapy,
used routinely in our institute.

Results With *°Y-avidin, at least 95 % of the prostate must
receive more than 70 Gy. The absorbed dose to 10 % of the
urethra (Do, urethra) @and the maximum absorbed dose to
the rectum (Dax rectum) must be lower than 122 Gy. For
the present model, the optimum strategy consists in multi-
ple injections of **Y-avidin 50 ul drops, for a total volume
of 3.1 ml. The minimum activity to deliver the prescribed
absorbed dose is 0.7 GBq, which also fully respects ure-
thral and rectal constraints. The resulting dose map has a
maximum in the central region with a sharp decrease to-
wards the urethra and the prostate edge. Notably, Doy yre-
thra 18 95 Gy and Dyax rectum 18 below 2 Gy. Prostate
absorbed dose is higher with *°Y-avidin than '*°I seeds,
although the total volume receiving the prescribed absorbed
dose is 1-2 % lower. Urethral DVH strictly depends on the
%0y distribution, to be optimized according to prostate
shape; in our model, BED3gy; urethra 18 90 Gy with 20y-
avidin, whereas for patients receiving '*°I seeds it ranges
between 150 and 230 Gy. The rectal DVH is always more
favourable with *°Y.

Conclusion The methodology is theoretically feasible and
can deliver an effective treatment in T1-T2 prostate cancer.
Pharmacokinetic and biodistribution studies in prostate can-
cer patients are needed for validation.

Keywords Prostate - Avidin - Brachytherapy - *°Y - Monte
Carlo - Dosimetry
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Introduction

According to international recommendations, interstitial per-
manent brachytherapy with radioactive seeds is considered
an established treatment option for low-risk prostate cancer
[1, 2]. The possibility of using an ultrasound-guided
transperineal technique allows an accurate placement of the
seeds and a reliable delivery of the prescribed dose to the
prostate. Excellent biochemical and disease-free survival out-
comes of a large number of patients have been reported [3].

An optimal absorbed dose distribution is a critical determi-
nant of successful results with permanent seed implantation.
Seed migration, in which one or more implanted sources
migrate some distance from the proposed location, is a poten-
tial well-recognized side effect due to the fact that the radio-
active sources are small enough to migrate through the venous
plexus surrounding the prostate gland. The increased use of
brachytherapy has led to several reports addressing the risk of
seed embolization. The most frequent site of migration is the
lung [4], although rare migrations have been reported to the
heart [5], the kidney [6] and the vertebral venous plexus [7].
Seeds lost to migration detract from the overall dose expected
to cover the prostate volume with dosimetric detrimental con-
sequences and a potential change in the effectiveness of treat-
ment. These effects vary in different regions of the prostate: the
mean dose to the central region of the gland is roughly inde-
pendent of the amount of migration, while in the peripheral
region it is clearly inversely proportionate to this amount [8, 9].

In the present study, a new therapeutic approach is consid-
ered based on multiple injections of *°Y-labelled avidin in
small volumes (drops), designed to maximize the uniformity
of radiopharmaceutical distribution and, at the same time, the
irradiation of the gland. This represents a variation in the
approach named intraoperative avidination for radionuclide
therapy (IART®) already applied in breast cancer, in which
multiple injections of cold avidin are performed in the surgical
bed and *Y-biotin is injected systemically 1 day after surgery.
Thanks to the high affinity between avidin and biotin, the
radioactivity reaches the avidin in the surgical bed and irradi-
ates the tissues surrounding the excised tumour [10-12].

In the case of stage I-II prostate cancer, pre-targeting
with cold avidin is not required as for breast cancer since
surgery is not performed. Moreover, using radiolabelled
avidin, the required amount of activity is injected into the
prostate avoiding unneeded whole-body irradiation. In vitro
labelling of avidin can easily be obtained by incubation with
a defined amount of *°Y-biotin and then can directly be
injected into the prostate as for seed implantation. Details
on *°Y labelling of DOTA-biotin have been reported else-
where [13]. As reported for breast and bladder cancer [11,
14] avidin is retained at the site of injection, probably due to
the presence of an oligosaccharide and avidin high isoelec-
tric point as previously described [15].
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%*Y-avidin can be injected into the prostate using a device
similar to that used for seed implantation during interstitial
brachytherapy. In the present study, an example of injection
strategy, optimized and tailored for a specifically defined geo-
metrical model, is presented. The dosimetric results, obtained by
Monte Carlo simulation, are compared to typical performances
of '*I seed brachytherapy procedures. Although other radionu-
clides, such as 103pq and 132Cs, can be envisaged, our experi-
ence is focused on '*I, which is routinely used in our institute.

The aim is to establish whether the theoretical conditions
exist to put the proposed method into practice and if the
performance—in terms of absorbed dose distribution—can
be competitive with respect to '*°I seed brachytherapy.
Obviously, once the theoretical conditions have been eluci-
dated, a phase I study will be needed to test the practical
feasibility, together with a dosimetric analysis tailored to
individual patients, as is done for seed implants.

Materials and methods
Theoretical model
Tissue and template modelling

The details of the '*°I brachytherapy procedure have been
widely described elsewhere [16, 17]. Briefly, the seeds are
implanted under biplanar transrectal ultrasonography
(TRUS) with or without radioscopic guidance via preloaded
needles through predetermined template coordinates,
according to the preplan worksheet. The template, fixed on
the rectal ultrasound probe, is a 2-D grid, having 13 holes in
the horizontal direction and 9 holes in the vertical direction.
The distance between two contiguous holes is 5 mm; thus,
the template covers a 6 x4 cm region.

The design of this study assumes that the *°Y-avidin
injections can also be performed by inserting the needle into
the template holes, with the same 5-mm step from one
position to the next as for the brachytherapy seed implant.
The radiopharmaceutical can be released at different depths
along each injection line, resulting in a “train” of radioactive
drops. A graduated scale on the needle allows the operator
to measure the distance between two consecutive drops and
release them according to the scheme defined during the
treatment planning, by analogy with the '*°I seed procedure.

In order to simulate the *°Y treatment and compare
different possible designs for delivery, a geometrical model
was created to schematically represent the shape and posi-
tion of the prostate and the organs at risk (urethra and
rectum) with respect to the template. The urethra was
modelled as a 6 mm diameter cylinder, with the centre
coinciding with the central hole of the template. The pros-
tate was represented as a 2 cm radius sphere, concentric with
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the urethra, with a concavity in the lower half, to resemble the
typical shape of the gland. The total prostate volume was
27.5 ecm’®, well representative of the cases indicated for
brachytherapy. Finally, the rectum was represented by a cyl-
inder, having a 5 mm thickness wall, with the centre placed
2.3 cm far from the prostate centre. For the evaluation of the
rectal absorbed dose, only the wall was taken into account.
Figure 1 shows a transaxial representation of the scheme just
described, with the central section of the prostate (the one
with maximum extension) superimposed on the template.

Injection sites

Starting from the model above, the injection procedure must
be optimized in order to balance the therapeutic aim—a
uniform and effective irradiation of the gland without side
effects—with the procedure feasibility. Namely, it is neces-
sary to optimize the number and the position of the injec-
tions, together with the volume of each drop injected, while
respecting the constraints on the maximum injectable vol-
ume (realistically fixed at 4-5 ml, taking into account the
interstitial pressure), maximizing the prostate volume re-
ceiving the prescribed absorbed dose and avoiding the risk
of urethral involvement. The possibility of **Y-avidin diffu-
sion after injection also needs to be taken into account.

Considering all these elements, it follows that only a
limited number of the template holes can, in practice, be
used for *°Y-avidin injection. For example, the holes 5 mm
far from the central one are too close to the urethra, so they
must be excluded to avoid an unacceptable irradiation of the
organ at risk. In particular for the present model, different
possible injection strategies were investigated, both consid-
ering discrete (drops) and continuous releases along the
lines of injection, as well as different positions for the in-
jections and the drops inside the prostate. The absorbed dose
maps and the absorbed dose volume histograms (DVH) for
the prostate and urethra were compared; the rectal irradia-
tion was very limited in all cases.

L,
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P

Fig. 1 Transaxial representation of the geometrical model designed to
represent the prostate, urethra and rectum and their position with
respect to the injection template

#

The solutions providing the most favourable urethral
DVHs that deliver the prescribed absorbed dose to 95 %
of the prostate volume as well as the lowest absorbed dose
for the urethra and rectum were chosen for this study. The
parameters used to compare the urethral DVHs are de-
scribed in more detail in the “Absorbed dose prescription
and constraints” section. With this in mind, the injection
strategy that emerged as the most favourable required 22
positions for the injections (Fig. 2a), 13 of which were in the
outer ring (black circles) and the remaining 9 in the inner
ring (white circles).

Considering a lateral view of the prostate (Fig. 2b), it is
evident that a smaller number of activity deliveries can be
done along the lines of injections corresponding to the outer
ring (bold line), with respect to the inner ring (dotted line),
due to the smaller thickness of the prostate along the “z”
axis.

In the present model, the optimization procedure leads to
performing four deliveries along the injection lines of the
inner ring and only two along the injection lines of the outer
ring. The depths of injection, according to the coordinate
system in Fig. 2b, are: z=+0.5 cm in the case of the outer
ring and z=+0.5 cm and z==1.3 c¢m in the case of the inner
ring. In this way, the distance between two consecutive
drops is comparable to the maximum range of *°Y beta
particles (11 mm).

Under this hypothesis, a total of 62 drops of *°Y-avidin is
assumed to be injected. Considering a 50 pl volume for each
drop, the total volume injected into the prostate equals
3.1 ml. As suggested by previous studies of avidin in breast
cancer and of monoclonal antibodies in brain tumours, a
2 mm, isotropic avidin diffusion was assumed as a reason-
able and likely hypothesis [11, 18]. Thus, it was assumed
that, after the injection, the activity included in the 50 pl
drop (corresponding to a sphere with 2.3 mm radius) is
spread over a spherical volume with 4.3 mm radius. Uni-
form distribution of activity in the sphere was assumed. The
absorbed dose delivered to the prostate and the surrounding
tissues is given by the superimposition of the absorbed dose
delivered by each drop considered independently.

Absorbed dose computation

To calculate the absorbed dose distribution associated with
the whole procedure, the following steps were implemented.

First, the absorbed dose distribution inside and outside a
4.3 mm radius sphere, uniformly filled with °°Y, was calcu-
lated by means of Monte Carlo simulation with
PENELOPE-2008 code [19]. PENELOPE simulates
coupled electron-photon transport in arbitrary materials for
a wide energy range, from a few hundred eV to about
1 GeV, on the basis of both numerical databases and ana-
lytical cross-sectional models. Details on the code have been
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Fig. 2 Transaxial (a) and lateral (b) representation of the positions identified for °*Y-avidin injection and release of drops

described elsewhere [20]. For monitoring purposes, the
same simulation was also performed using GEANT4 ver-
sion 9.1 [21], a Monte Carlo simulation toolkit originally
developed for high energy physics and currently applied
also in the field of medical radiation physics [22-24].

For both simulation codes, the absorbed dose was tallied
at voxel level in a 111x111x 111 matrix of cubical voxels
having a 0.5 mm side, with the sphere at the centre of the
matrix. In this way, the absorbed dose was evaluated up to
more than 2 cm away from the sphere edge, twice the
maximum distance covered by *°Y beta particles, allowing
the Bremsstrahlung and backscatter contributions to be tak-
en fully into account.

Simulation of 107 primary particles was performed,
obtaining an absorbed dose uncertainty lower than 1 %
inside the sphere and lower than 5 % in the absorbed dose
tail, where less than 1 % of the maximum absorbed dose is
delivered. Simulation was performed in tissue-equivalent,
homogeneous water medium. Particle transport was simu-
lated down to 1 keV threshold, below which the residual
energy is assumed to be deposed locally. To include the
possibility of injecting drops of different volumes, the same
calculation was also repeated for 25 and 100 ul drops.
Considering the 2 mm diffusion, this required the simulation
of spheres with 3.8 and 4.9 mm radii, respectively.

To complete the calculation, a dedicated program was
written in Fortran language. The user is asked to input the
coordinates of all the points where a drop is released, and
the volume of each drop, choosing among the three volumes
available. The dose distributions due to all the injected drops
are summed up, and the program provides the dose map
over a 191x191%x191 voxel matrix (0.5 mm voxel side)
having the prostate at its centre [the (0,0,0) point of the
coordinate system is in the centre of the prostate]. So, the
absorbed dose is evaluated in a cubical volume with a
9.5 cm side, fully including the prostate and the surrounding
tissues of concern. In fact, since *°Y is a pure beta emitter,
the absorbed dose profile falls very sharply out of the gland,
and the cubical volume considered for absorbed dose

@ Springer

mapping is more than enough to completely consider every
relevant irradiation.

Transaxial images showing the absorbed dose map are
produced for a visual representation of the absorbed dose
distribution obtained. In addition, the prostate, the urethra
and the rectum, according to the geometrical model previ-
ously described, are converted into a voxelized form in
order to score the dosimetric parameters separately for each
organ: minimum, maximum and average absorbed dose, and
DVH. The program outputs the dose in terms of dose per
unit activity, meaning the total injected activity, summed
over all the drops. From this, it is possible to calculate the
activity which needs to be injected according to a prescribed
dose. At this stage, the eventuality that some of the *°Y-
avidin washes out of the prostate can also be accounted for
and the injected activity increased accordingly.

Absorbed dose prescription and constraints
1231 seed brachytherapy

In the case of ' seed brachytherapy, absorbed dose pre-
scription and absorbed dose constraints are fixed in terms of
minimum absorbed dose to the prostate and maximum
absorbed dose to the normal organs, urethra and rectum
[25]. Regarding the prostate, at least 95 % of the gland
volume must receive an absorbed dose higher than 145 Gy
(Dogs0,>145 Gy). Two dose-volume constraints are given for
the urethra: as a primary parameter, the absorbed dose
received by 10 % of the volume (Do) must not exceed
150 % of the reference prescription dose (D9, <220 Gy); as
a secondary parameter, the absorbed dose received by 30 %
of the volume (D3q0,) must not exceed 130 % of the refer-
ence prescription dose (D3¢0, <188 Gy). Finally, in the case
of the rectum, the absorbed dose received by a 2 cm® vol-
ume (D,..) must not exceed the reference prescription dose
(D3ec<145 Gy), and the absorbed dose received by a
0.1 cm® volume (Do.1cc) must not exceed 150 % of the
reference prescription dose (Dg 1..<220 Gy).
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Y-avidin therapy

The linear-quadratic model was applied to conveniently
translate the dose constraints reported above for the '*I
seed brachytherapy to the case of “’Y-avidin irradiation,
taking into account the different physical properties of the
two sources (summarized in Table 1) and tissue-specific
parameters. This invokes the biological effective dose
(BED) concept.

According to Fowler et al. [26, 27], in cases of prostate
tumour the effects of proliferation can be likely considered
negligible due to the slow repopulation; thus, the BED can
be calculated as:

D A
BED=D [14+>.— " 1
( %w) .

where D is the dose (Gy), o/ (Gy) is the radiobiological
parameter—typical of the cell line—that quantifies the
change of radiosensitivity when varying the dose fraction-
ation, A (h™') is the effective half-life of the radiopharma-
ceutical within the prostate (equal to the physical decay
constant of the radionuclide in case washout is absent) and
p (h™') is the sublethal damage recovery constant. Under
these assumptions, the values of the radiobiological param-
eters for the prostate tumour are considered to be: o/f3=
1.5 Gy and p=0.36 h™' [26].

Even for the healthy tissues, urethra and rectum, no
proliferation occurs, so Eq. 1 is used as well. The values
of the radiobiological parameters for the urethra and rectum
considered here are those usually reported for healthy tis-
sues: o/B=3 Gy and u=0.462 h™' [28]. Following these
formulations, the '2°I absorbed dose constraints were trans-
lated into BED constraints and then back into *°Y absorbed
dose constraints. The values are summarized in Table 2.

Activity calculation

Two different approaches can be used to calculate the activ-
ity to inject starting from the absorbed dose distribution
(expressed in terms of GyxGBq ). The first one is to
calculate the minimum activity required to accomplish with

Table 1 '*I and °°Y physical decay properties

1251 seeds Ny
Emission X,y B
Energy 27.4 keV Mean 935 keV —

31.4 keV
35.5 keV

Linear attenuation
coefficient 0.322 cm™

60 days 64 h

maximum 2.2 MeV

Penetration
in water

Physical half-life

Range mean 4 mm —

! maximum 11 mm

Table 2 Absorbed dose constraints for '*°I seed brachytherapy trans-
lated in terms of BED constraints (linear-quadratic model) and *°Y-
avidin absorbed dose constraints

Prostate Urethra Rectum
1257 seed  Dogso,>145 Gy Dy00,<220 Gy Dsec<145 Gy
dose D30,<188 Gy Dy 1cc<220 Gy
BED BEDys0,>163 Gy BED,0,<237 Gy BED,.<152 Gy

BEDj3(0,<200 Gy BEDg 1..<237 Gy
%%Y.avidin  Dose;>70 Gy D10, <122 Gy D5 <90 Gy
dose D300,<109 Gy Do <122 Gy

the absorbed dose prescription (i.e. to deliver the prescribed
absorbed dose to 95 % of the prostate volume) and verify if
the absorbed dose constraints for the organs at risk are also
respected. The second approach is to calculate the maximum
injectable activity that complies with the absorbed dose
constraints for the urethra and to verify whether the
absorbed dose prescription is also fulfilled. The absorbed
dose to the rectum is so low that it does not represent an
issue in any case.

Results

The absorbed dose profiles simulated with the PENELOPE
code for the 25, 50 and 100 ul spheres are reported in
Fig. 3a. Absorbed dose/disintegration (GyxGBq 'xs™') is
represented as a function of the distance from the sphere
centre. Comparing the profiles with those calculated with
GEANT4 (Fig. 3b), differences within 2 % were observed
inside the spheres, still keeping lower than 7 % in the tail, up
to the point where 95 % of the absorbed dose is delivered
(Ros). The average absorbed dose inside each sphere agrees
within £1 % with the value calculated using the model by
Amato et al. [29-31].

An example of the absorbed dose distribution obtained
with the injection strategy previously described is reported
in Fig. 4 in terms of absorbed dose per unit activity
(GyxGBq "), superimposed on the prostate and urethral
edges. DVHs in terms of absorbed dose per unit activity
(GyxGBq ") are reported in Fig. 5.

The typical absorbed dose distribution that can be
attained with this methodology shows a very high dose in
the central region of the prostate, though not uniform, and a
very sharp dose decrease when moving towards the urethra
and the prostate edge. For the geometrical model considered
here, and the hypothesis of no activity washing out the
prostate, 0.7 GBq (18 mCi) would be needed following
the “minimum required activity” approach, whereas a max-
imum of 0.86 GBq (23 mCi) could be injected according to
the “maximum injectable activity” approach. These values

@ Springer
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dose/disintegration (Gy/GBa/s)

distance from sphere centre (cm)

Fig. 3 a Absorbed dose profiles calculated with PENELOPE code for
25, 50 and 100 pl spheres uniformly filled with °°Y. Dose/disintegra-
tion is represented as a function of the distance from the sphere centre.

give an idea of the activity that could be required for patient
treatment.

Table 3 shows the DVH parameters for each case in terms
of both **Y-avidin absorbed dose and BED. By comparison
with Table 2 it is evident that the absorbed dose prescription
and the absorbed dose constraints are always respected in all
cases.

With regard to healthy tissue, both urethral and rectal
involvement can be reduced with *°Y-avidin compared to
1251 seed brachytherapy. This is certainly always true for the
rectum, thanks to the limited path of °°Y beta particles. It is
also very likely for the urethra, for the same reason. How-
ever, in the case of the urethra the DVH is more dependent
on the *°Y distribution, which can be different according to
the prostate shape.

To qualitatively assess these issues, a group of ten pa-
tients undergoing '*°I seeds brachytherapy at our institution
was considered. Only those patients with a prostate volume
comparable to that of the geometrical model were selected.
The best and the worst '*°I seed DVHs are shown in Fig. 6
for comparison with the *°Y-avidin model described here (in

Fig. 4 Transaxial image of the absorbed dose distribution per unit
injected activity obtained for the geometrical model and the injection
strategy considered for this study
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b Percentage difference between the absorbed dose profiles calculated
with PENELOPE and GEANT codes, represented as a function of the
distance from the sphere centre

the case of the minimum required activity approach). The
much higher maximum absorbed dose to the prostate
obtained with *°Y-avidin is clearly seen (Fig. 6a) in spite
of a slightly lower portion of the gland (1-2 % in this
example) receiving the prescribed absorbed dose with *°Y-
avidin rather than '*°I seeds. Figure 6b shows that the global
radiation burden to the urethra is lower in the case of *°Y-
avidin. However, *°Y-avidin urethral DVH is much less
steep than '*°I seed DVH when approaching the maximum
absorbed dose; this could be critical in the case of *°Y-avidin
irradiation since the maximum absorbed dose could be
appreciably higher than D¢, which does not happen in
the case of '*I irradiation. For this reason, during the *°Y-
avidin treatment planning, particular attention must be paid
to the urethral DVH even if the absorbed dose constraints
are fully respected. The negligible rectal absorbed dose
delivered with *°Y-avidin treatment as compared to '*I seed
brachytherapy is also made evident (Fig. 6¢).

Discussion

Despite the fact that the °*Y-avidin calculations do not refer
to a real patient, at this stage these results are enough to
confirm that the proposed methodology is theoretically fea-
sible, requiring a reasonable amount of activity, also from
the radiation protection point of view, and having the po-
tential to provide good treatment. Obviously, experimental
measurements are needed to verify the practical feasibility
of the injection procedure and the validity of the assump-
tions underlying the model. In particular, the amount of
avidin diffusion needs to be investigated, as well as the
stability of avidin position over time and with every patient
position (standing, lying, and moving). To achieve this aim,
a diagnostic study can be foreseen with the injection of a
tracer activity of radioisotope. A gamma-emitting isotope,
such as '"'In, could be considered in this phase for imaging
purposes to assess the stability/washout from the prostate
gland. In fact, images with hepatic and kidney accumulation
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would indicate that avidin washout occurs, thus allowing us
to quantify it [14].

The typical dose distribution obtained with this method,
with very steep absorbed dose profiles, is a consequence of
the limited range of *°Y beta particles. From the point of
view of urethral and rectal safety, this is a major advantage
over irradiation with '*°I gamma rays and X-rays, which
have a longer path. On the other hand, this kind of absorbed
dose distribution could lead to under-dosage in some por-
tions of the prostate.

When planning a treatment in clinical practice, for a
real patient, it will be fundamental to consider different
isotopes and different injection strategies, and to com-
pare the DVHs from competitive plans to identify the
best treatment option. Probably, '*°I and °°Y therapies
would determine the under-dosage of different portions
of the gland: typically, the part very proximal to the
urethra with *°Y-avidin and a portion of the superior or
inferior half of the prostate with '*’I seeds. This means
that one or the other technique could be more suitable,
according to the tumour localization evidenced by the biopsy.
Interestingly, prostate tumours appear predominantly in the
anterior peripheral zone [32, 33].

Table 3 Prostate, urethra and rectum DVH parameters in cases of *°Y-
avidin treatment following the minimum required activity or the max-
imum injectable activity approach. All data refer to the geometrical
model and the injection strategy considered for this study

Minimum required activity =~ Maximum injectable activity

Prostate  BEDgs0,=163 Gy BEDgs+,=247 Gy
Dose,=70 Gy Dosy,=90 Gy

Urethra  BED;¢0,=163 Gy Dige,=122 Gy
Dig0,=95 Gy BED¢+,=237 Gy
BEDj3¢0,=91 Gy D300,=49 Gy
D300,=62 Gy BED3¢0,=67 Gy

Rectum  BED,..<0.2 Gy BED,..<0.2 Gy
D<0.2 Gy D,.<0.2 Gy
BEDy.1c.=2 Gy BEDg.1..=3 Gy
Do.1ec=2 Gy Do.1cc=3 Gy

As regards the activity to be administered, it can be
highlighted that in injecting 0.86 GBq (maximum injectable
activity approach) rather than 0.70 GBq (minimum required
activity approach), the improvement in terms of target cov-
erage would be minimal, the fraction receiving the pre-
scribed absorbed dose being 96 % rather than 95 %. This
is understandable if we take into account the shape of the
prostate DVH (Fig. 5a): considering the very slow decrease
between 0 and 100 GyxGBq ', a fairly high activity varia-
tion (as in this case, from 0.7 to 0.86 GBq, +23 % increase)
may have very little impact.

The drawback is that a significant improvement in target
coverage may be difficult to attain. On the other hand, the
advantage of injecting the maximum injectable activity of
0.86 GBq, even assuming a 10-20 % washout, would guar-
antee more than 0.7 GBq retained in the prostate and thus
95 % target coverage. This is still in accordance with the
requirements of the absorbed dose prescription, which ac-
cepts a 5 % prostate volume receiving less than the pre-
scribed absorbed dose. Both the maximum injectable
activity and the minimum required activity approaches de-
liver much higher absorbed doses to the gland with respect
to '*°I brachytherapy, which is very interesting considering
the important role of absorbed dose escalation for prostate
cancer radiotherapy [28, 34].

There are also radiobiological considerations supporting
the use of *°Y-avidin for prostate therapy, especially in cases
of tumours with fairly high repopulation rates. It was
evidenced in fact that an optimum radionuclide half-life
exists according to many parameters, including the tumour
repopulation rate, the sublethal damage repair rate, the ra-
diosensitivity and the radiation relative biological effective-
ness [35]. When the repopulation rate is high, radionuclides
with small half-lives are more desirable, since they deliver a
higher initial dose rate and thus better compensate for the
repopulation effect. Incorporation of shrinkage effects leads
to a further reduction of the optimum half-life, so that the
use of short-lived radionuclides is often strongly indicated.
In some situations, particularly if the tumour o/f3 ratio is
lower than the normal tissue, the optimum half-life can be
lower than 100 h, making *°Y (64 h half-life) preferable to
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Fig. 6 Comparison between Prostate Urethra
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'25] (1,440 h half-life). Moreover, a higher dose rate
appeared to be desirable to treat higher grade lesions [16].
However, in regards to this it must be highlighted that when
repopulation is not negligible, Eq. 1 must be replaced by a
more elaborate expression that also takes into account the
effects of proliferation. The complete formulation, including
a coherent set of radiobiological parameters, has been
reported by the AAPM Report No. 137 [25] and by Wang
et al. [36]. With this different formulation the prescription
absorbed dose to the prostate would be higher than in Table 1
and higher activities would be required, possibly resulting in
a less favourable balance between target coverage and ure-
thral sparing as compared to the case with negligible prolif-
eration. To sum up, specific considerations should be done
for each case, in order to optimize the treatment not only in
terms of DVH comparison, but also from a wider point of
view including also radiobiology.

Further room for improvement can be foreseen for the
99Y-avidin methodology, in terms of both urethral sparing
and prostate coverage. First of all, the availability of a
template with a higher number of holes, separated by less
than 5 mm, would allow injecting the avidin more uniformly
and getting closer to the urethra, resulting in a more
favourable balance between the irradiation of the prostate
adjacent to the urethra and urethral sparing. Also, it would
be possible to inject activity closer to the prostate edge, and
possibly in the tissues immediately outside the prostate, for
better irradiation of the outer ring of the gland.

Moreover, with a more crowded template the possibility
to use '"’Lu-avidin rather than *°Y-avidin could be evaluat-
ed. Generally speaking, '"’Lu would be preferable for spar-
ing healthy tissue, since the lower energy of its beta particles
(maximum energy 0.5 MeV) guarantees an absorbed dose
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profile steeper than *°Y, and also for its gamma emission
producing in vivo imaging. However, with the template now
available, it must be excluded in favour of °°Y since the
short path of '"’Lu beta particles (maximum range 2 mm,
mean range 0.2 mm) would also result in a relevant under-
dosage of the prostate regions between two consecutive
drops, unless injecting higher amounts of liquid for a same
activity, which is not desirable.

Regarding the possibility of in vivo imaging, interesting
results could actually be also obtained with *°Y positron
emission tomography (PET) imaging, considering that in
this procedure quite a high amount of activity is injected
in a small volume [37]. Good quality images could be
obtained with reasonable acquisition times, with a resolu-
tion—typical of a PET scanner—even better than '"'Lu
imaging. A sort of post implant study could be done, even
if the images probably would not be detailed enough to
discriminate prostate and urethral dosimetry.

Last but not least, more advanced radiobiological models
could be applied to also take into account the dose hetero-
geneity and its impact on tumour control probability [38],
towards a tailored treatment planning fully accounting for
both physical and radiobiological issues.

Conclusion

A new methodology for prostate irradiation has been pro-
posed, based on the injection of *°Y-labelled avidin. The
%*Y-avidin treatment proved to be theoretically feasible. In
particular, the prescription absorbed dose can be fulfilled
respecting the absorbed dose constraints for the organs at
risk. The urethral irradiation is likely to be more favourable
with °°Y-avidin rather than '2I seeds. The rectum is
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completely spared with *°Y-avidin injection. Weak points of
the methodology have also been pointed out, allowing us to
think about possible strategies for optimization. Pharmaco-
kinetic and biodistribution clinical studies are needed to
validate the assumptions underlying this model and to assess
the new method in clinical practice.
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