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The ISOLPHARM project of the INFN aims to study the properties of the 1'!Ag f~ emitter as a promising
core for novel radiopharmaceuticals. 1''Ag will be produced at the SPES facility of the Legnaro National
Laboratories, with high specific activity and remarkable yields, exploiting the ISOL technique. This work

;‘:}S::eleézlo method presents Monte Carlo dosimetry calculations at cellular level to assess the therapeutic potential of ! Ag within
Silver-111 the ADMIRAL project. Using the formalism introduced by the MIRD, S-values are calculated for a biological cell
ISOLPHARM exposed to different scenarios of activity distributions of 1! Ag. The results of dosimetry calculations performed
TRT with Geant4, MCNP6 and PHITS Monte Carlo codes are presented and discussed, showing a good mutual

agreement and also with the MIRDcell values. These results will be used within the ISOLPHARM project for
the planning of in-vitro experiments in 2D cell cultures and 3D tissue-mimicking scaffolds.

1. Introduction

In recent years, Targeted Radionuclide Therapy (TRT) is becom-
ing a promising strategy for cancer therapy, alongside the External
Beam Radiation Therapy (EBRT) (Brosch-Lenz et al., 2023; Sun et al.,
2023). The use of unconventional theranostic radionuclides signifi-
cantly enhances the potential and application of TRT, while also driving
fundamental research in this field. TRT relies on radiopharmaceuticals
- chemical compounds incorporating a radioactive isotope — designed
to deliver therapeutic and diagnostic effects through their specific
decay properties. For the development of high-quality radiopharmaceu-
ticals, radionuclides with high radionuclidic purity and, preferably, in a
carrier-free form, are essential. These features ensure preparations with
high purity and molar activity (Am), which is particularly critical when
designing receptor-based radiotracers. In fact, maintaining high Am
prevents the saturation of target receptors, thereby optimizing imaging
and therapeutic efficacy (Srivastava and Mausner, 2014).

A promising approach for the production of high-purity radioiso-
topes for medical applications, alternative to traditional production
routes in nuclear reactors or accelerators, is based on the Isotope
Separation On-Line (ISOL) technique (dos Santos Augusto et al., 2014).
This technique, that dates back to the early ’50s, is exploited in the
context of ISOLPHARM (ISOL technique for radioPHARMaceuticals),
a multidisciplinary research project aiming to produce innovative ra-
dioisotopes for nuclear medicine at the SPES facility (Selective Produc-
tion of Exotic Species) of the Italian INFN-LNL (National Institute for
Nuclear Physics — Legnaro National Laboratories) (Andrighetto et al.,
2019; Ballan et al., 2020).

SPES is equipped with a cyclotron that can accelerate a proton
beam towards a primary production target, inducing nuclear reactions
(e.g., proton-induced fission on 238U nuclei if a fissile uranium carbide
target is used Monetti et al., 2015). Due to the high temperature of
the target (about 2000 °C), the radioactive nuclear fragments produced
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Fig. 1. = decay spectrum of ''Ag from the IAEA nuclear database (International
Atomic Energy Agency (IAEA), 2025).

diffuse towards an ion source, where a part of them is ionized and
then extracted at low energy (Centofante et al., 2021; Lilli et al., 2023).
Then, the so-produced Radioactive Ion Beam (RIB) is transported along
a dedicated beam line and reaches a mass spectrometer (the Wien filter)
that selects only isotopes with a specific mass (Monetti et al., 2024). At
the exit of the Wien filter, the isobaric ion beam is collected onto a
secondary target system. After chemical purification, the radioisotope
of interest is finally ready to be extracted and used for labeling proper
radiopharmaceutical preparations, to be tested by means of preclinical
in-vitro and in-vivo studies (Ballan et al., 2021). Due to the mass sep-
aration step, the ISOL technique allows beams with high radionuclidic
purity and high specific activity to be produced at the SPES facility.
Some of these radionuclides are particularly interesting as a core for
innovative radiopharmaceuticals and have not been explored so far due
to their tricky production with current methods, which makes them
poorly available.

Using a uranium carbide matrix as primary production target, very
intense neutron-rich RIBs will be produced at SPES in the coming
years (Corradetti et al., 2021; Andrighetto et al., 2023). Among them,
several radioisotopes that exhibit f~ decay are promising in TRT be-
cause of their decay characteristics (i.e., half-life, radiation type and
released energy) (Corradetti and Andrighetto, 2020).

The latest experiment supported by the ISOLPHARM collaboration,
ADMIRAL (Advanced Dosimetry Methods and In-vitro Radiobiology
of Ag-111 Labeled radiopharmaceuticals,2023-2025), has the main
purpose of investigating the diagnostic and therapeutic properties of
the 111 Ag radioisotope (Serafini et al., 2025). 111Ag is a promising f~
emitter with a half-life of 7.45d. Its main p~ emission (I, 5= 92%)
has an average energy of 360.4keV, suitable for cancer therapy (the
spectrum is shown in Fig. 1). Furthermore, it emits two y rays of
medium energy (E, = 245.4keV, I, = 12%; E, = 342.1keV, I, =
6.7%). For these reasons, it potentially allows for simultaneous therapy
and monitoring in-vivo of the delivered dose by associated Single
Photon Emission Computed Tomography (SPECT) imaging (Tosato and
Asti, 2023). These ‘theranostic’ properties resemble those of 177Lu,
which was recently approved by the U.S. Food and Drug Administra-
tion (Brosch-Lenz et al., 2023; Tosato et al., 2023), and 186Re, which
has been recently tested in phase I/1I clinical trials (Denis-Bacelar et al.,
2017). Since with the ISOL technique the isotopic contaminants of
silver are removed by the mass separation, '1Ag will be produced
at SPES with high specific activity and good yields (Monetti et al.,
2015), up to 2Ci in target after 5days of operation (Corradetti and
Andrighetto, 2020).

Within ADMIRAL, the therapeutic potential of 111Ag is assessed
by means of cell survival experiments, exploiting 2D cell cultures
and 3D tissue-mimicking scaffolds to obtain realistic cell cultures in
dynamic conditions (Arzenton, 2023). To correlate the biological effect
measured in cells with the dose absorbed due to ''1Ag, Monte Carlo
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calculations are employed for a detailed dosimetry. In fact, the capacity
of 111 Ag to cause lethal damage depends on the amount of radioisotope
taken up by the cells and on their shapes and volumes. The computed
absorbed dose is then used as input for specific cell population models
to evaluate the cell survival fraction, based on several assumptions
about DNA damage and repair mechanisms. Finally, the outcome of
these models can be compared with the experimental data (Arzenton,
2023). Furthermore, simulations of the cytoplasmic environment with
specific tools, such as Geant4-DNA (Incerti et al., 2010), are performed
to directly predict the physicochemical processes leading to direct and
indirect radiation damage on the DNA (Leso, 2023).

In the present work, several Monte Carlo dosimetry calculations at
cellular level are discussed and compared, exploiting the formalism of
the cellular S-values introduced by the Committee on Medical Internal
Radiation Dose (MIRD) of the U.S. Society of Nuclear Medicine and
Molecular Imaging (SNMMI) (Bolch et al., 2009).

The paper is organized as follows. Section 2 illustrates the motiva-
tions of the study and describes the method used in the Monte Carlo cell
dosimetry simulations, based on the S-value formalism. The calculation
tools used in the study are discussed, detailing the physical models and
the options implemented in each of them. In Section 3, the results of the
calculations are presented for each of the different scenarios supposed
within the study; in particular, different spatial distributions of the 111
Ag activity, with respect to the target cell, are considered and discussed.
Finally, in Section 4 conclusions are drawn.

2. Calculation of cellular absorbed dose

To evaluate the effects of the 1! Ag radioisotope on cell survival in
the context of TRT, several in-vitro tests will be performed in the frame-
work of the ADMIRAL project, exploiting monolayer 2D cultures as well
as 3D scaffolds obtained from bioprinting (Doctor et al., 2020). These
radiobiological experimental data must be related to the absorbed dose
at cell level. The Monte Carlo method allows to calculate the absorbed
dose released in a biological cell model exposed to different activity
distributions of 111Ag.

Absorbed dose calculations have been performed using different
tools for Monte Carlo simulation: Geant4 version 11.1 (Agostinelli et al.,
2003; Allison et al., 2006, 2016), MCNP6 version 1.0 (Goorley et al.,
2013) and PHITS version 3.32 (Sato et al., 2024). They are able to
simulate the transport and interaction with the physical media for
several particles, including electrons and photons, in a user-defined
geometry. Specific information, such as the absorbed dose distribution
in assigned volumes, can be requested by the code user.

2.1. Monte Carlo method

Internal radiation dosimetry calculations are performed using the
S-value formalism introduced by the MIRD (Bolch et al., 2009). This
scheme allows for the evaluation of the absorbed dose at the cellular
level when a radiopharmaceutical preparation is administered to a
patient. It considers the case of target organs, tissues belonging to an
organ, voxelized tissues from SPECT or PET images and individual cells.

When the dose assessment concerns a single cell isolated or im-
mersed in a tissue, as is the case considered in the present study, it can
be assumed that both the source and the target masses remain constant
in time (Brosch-Lenz et al., 2023). Consequently, the dose D(ry,Tp)
(measured in Gy) absorbed by the cellular target r;, integrated over
the irradiation period T, can be written as:

D(ry, Tp) = Y, Alrs, Tp)S(rp—rs), )
rs
where A(rg,Tp), expressed in Bq s, is the time-integrated activity in

the source tissue rg. The proportionality constant S(rp«—rg), called
the S-value, represents the mean dose rate absorbed in r per unit
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Fig. 2. Spherical and ellipsoidal cell geometries used in this study (Reniero, 2023).

administered activity in rg. The S-value, depending on the specific
radionuclide, is measured in Gy/(Bq s).

The absorbed dose estimated with these assumptions depends on
the anatomic model considered. In the case of the present study,
the S-value in Eq. (1) is calculated for a biological cell exposed to
different activity distributions of 1'1Ag. The Monte Carlo geometry
model considers simplified spherical and ellipsoidal cell structures, with
dimensions similar to those generally found in the literature for this
type of study (see Fig. 2) (Sakata et al., 2020; Shin et al., 2021).
The spherical cell consists of two concentric spheres of radii 8 pm
(corresponding to the external membrane) and 5pm (corresponding
to the cell nucleus). The ellipsoidal cell has the same volume as the
spherical one: external membrane with major semi-axis of 14 um and
minor semi-axis of 2.5pm, nucleus with major semi-axis of 7 um and
minor semi-axis of 2.5 pm, coincident with the membrane one.

In a further analysis, it is studied how the S-values change when
altering the shape of the cell, in particular its eccentricity. Starting from
the spherical shape, the minor semi-axis of the cell is reduced from
8pum to 2.5pum in 11 steps, keeping the volume of the cell constant.
The nucleus is flattened until its minor semi-axis is equal to the one of
the cell.

The material of the cell (membrane, cytoplasm and nucleus) as
well as the external biological environment, modeled as a sphere
large enough to contain all the cellular structures, are supposed to be
water-equivalent (density p = 1g/cm?).

The source energy is sampled on the decay spectrum of !'1Ag in
its stable '11Cd isobar. Since '1'Ag is a 100% f~ emitter, for each
disintegration event of the 111 Ag radioisotope, the source emits one f~
electron. The generation volume depends on the spatial distribution of
the source rg, which in turn depends on the particular biological model
chosen to evaluate the efficacy of the drug. The study considers three
different scenarios:

» self-absorbed dose, when the source cell is the same as the target
cell and the electron is emitted from the cellular membrane, from
the cytoplasm or from the whole cell (in the eccentricity study,
the electron is also emitted from the nucleus);

cross-absorbed dose, when the source cell is moved at increasing
distance from the target cell and the electron is emitted from the
membrane or by the whole cell;

environmental dose, when the source electron is coming from the
space external to the target cell.

As in these calculations the cellular regions are characterized by uni-
form density, in the Monte Carlo model the events are homogeneously
distributed in the source volume and the flight directions are isotropic.
To build the membrane volume, a thickness of 0.01 um is attributed
to the membrane body. The assessment of S(rp«—rg) is performed
calculating the energy deposition in the target volume: either the whole
cell or its nucleus. The energy is then converted in average dose per
unit of cumulated activity (dose per source event in the Monte Carlo
calculation).
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Table 1
Comparison of S-Values in mGy/(Bq s) with nucleus target and spherical cell geometry.
Monte Carlo statistical uncertainties are lower than 1%.

Source GEANT4 MCNP6 PHITS MIRDcell
Membrane 0.071 0.069 0.066 0.064
Cytoplasm 0.115 0.111 0.106 0.118
Cell 0.183 0.172 0.165 0.168

2.2. Monte Carlo simulation setting

Due to the continuous slowing-down of electrons during their path,
following electrons in each single collision requires long calculation
times. To optimize the transport strategy in relation to the geometrical
dimensions of the model and to the energy range involved, different
physics models and libraries are utilized in Geant4, MCNP6 and PHITS.

In Geant4, the G4EmStandardPhysics_optiong3 library is im-
plemented, with a cut-off range of 0.1 mm for the electrons and
1 mm for the photons (Arzenton, 2024). Within this physics list,
the G4RadioactiveDecayPhysics library containing the decay
spectrum of 111Ag radioisotope is activated.

The MCNP6 algorithm used for electron energies above 100keV
is a Condensed-History transport (Schaart et al., 2002). It consists of
gathering the effects of many individual collisions inside a definite
material in single energy steps and sub-steps, driving the estep option
(estep=100 instead of 3 as calculated by default in water (Antoni and
Bourgois, 2017)). A Single-Event transport is set for electron energies
below 100 keV (instead of 1keV as by default) and until 1 keV, enabling
the ENDF/B VI.8 cross section database (EPRDATA12) (Grady Hughes,
2014). The differences in the results of the absorbed dose calculated in
the case of self-absorbed dose, using this optimized electron transport
method, compared to those calculated by the default method, are of
the order of 3%, with an increase in computation time by a factor of 3.
Concerning the photons, the cut-off energy is 1keV as for electrons.

In PHITS, the default cut-off energy of 1keV for electrons and
100keV for photons is adopted. The negs=1 option is used in the
Parameters section for the transport of electrons and photons based on
the EGS5 algorithm (Electron Gamma Shower Version 5) (Hirayama
et al., 2005). The DECDC nuclear decay database is implemented to
generate the decay spectrum of ''1Ag (Endo et al., 2005). No time
evolution is considered (dtime option=0).

The use of several codes with different models and libraries may
imply some discrepancies in the simulation results. For this reason, a
systematic deviation is expected.

3. Results and comparison between codes
3.1. Self-absorbed dose

Fig. 3 reports the results of the S-values calculated with the three
Monte Carlo codes for the case of self-absorbed dose from an activity
distribution of the 111Ag radioisotope on a spherical cell. The S-values
are compared to those provided by MIRDcell, a software tool widely
used in the medical field for internal radiation dosimetry (Vaziri et al.,
2014; Katugampola et al., 2022).

The source is located on the cell membrane, in the cytoplasm and
on the whole cell, while the energy deposition is scored in the cell
nucleus and over the whole cell. The S-values are in mGy/(Bq s). Each
simulation consists in the emission of 107 source events and takes
about one hour of running on a single PC (Intel Core i7-7700 CPU,
3.60 GHz and 16 GB RAM) for all Monte Carlo codes, sufficient to keep
the statistical error below 1%. In Tables 1 and 2 the S-values calculated
under all the conditions shown in Fig. 3 are reported.

In general, the dose depends on where the electron source is located,
given the geometries and dimensions involved in the study. When the
p~ decays occur in the whole cell (plot (c) in Fig. 3), the absorbed dose
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Fig. 3. S-values in the nucleus and over the whole cell for an activity distribution of ' Ag radioisotope in the spherical cell geometry. Source tissue on the membrane (a), in the
cytoplasm (b) and on the whole cell (c). Monte Carlo statistical uncertainties are lower than 1%.

Table 2
Comparison of S-Values in mGy/(Bq s) with whole cell target and spherical cell
geometry. Monte Carlo statistical uncertainties are lower than 1%.

Source GEANT4 MCNP6 PHITS MIRDcell

Membrane 0.083 0.097 0.093 0.091

Cytoplasm 0.128 0.131 0.125 0.114

Cell 0.126 0.141 0.135 0.138
Table 3

Comparison of S-Values in mGy/(Bq s) with nucleus target and ellipsoidal cell geometry.
Monte Carlo statistical uncertainties are lower than 1%.

Source GeanT4 MCNP6 PHITS

Membrane 0.085 0.082 0.075

Cytoplasm 0.075 0.073 0.067

Cell 0.149 0.138 0.128
Table 4

Comparison of S-Values in mGy/(Bq s) with whole cell target and ellipsoidal cell
geometry. Monte Carlo statistical uncertainties are lower than 1%.

Source GeanT4 MCNP6 PHITS
Membrane 0.072 0.084 0.078
Cytoplasm 0.091 0.107 0.099
Cell 0.098 0.114 0.106

in the spherical nucleus is 23% higher than in the whole cell (calculated
from the average of the values in the last row of Tables 1 and 2). The
opposite result occurs in the other cases where the source is distributed
on the membrane or in the cytoplasm (plots (a) and (b) in Fig. 3). The
difference in these cases is 25% for the membrane and 11% for the
cytoplasm (first and second rows of Tables 1 and 2).

Let us look now instead at the S-value on the whole cell (four
right blocks in each plot). When the electron activity is localized on
the cell membrane (a), the S-value results lower than if the activity is
distributed more internally, by 27% if in the cytoplasm (b) and 33% if
in the whole cell (c). This is due to the fact that the membrane is on
the boundary of the cell and the emission of electrons is isotropic, so
many of them do not enter the cell.

Regarding the comparison among the three developed Monte Carlo
codes, Fig. 3 shows that MCNP6 provides the highest S-value results
over the whole cell for each activity distribution. The same is true with
GeanT4 for S-values to the nucleus. Tables 1 and 2 evidence that the
difference between the S-values from all Monte Carlo codes and the
MIRDcell ones is generally a few percent and in the worst case less
than 15%, in agreement with the literature (Cai et al., 2017). This
result allows for a validation of the model calculations developed in
the present study.

In Fig. 4 a comparison is presented between the results of the self-
absorbed dose for a spherical cell and for an ellipsoidal cell. All the
S-values are calculated with Geant4. Tables 3 and 4 report the S-values

Nucleus target Whole cell target
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Fig. 4. Comparison of Geant4 calculated S-values with target in the nucleus (a) and in
the whole cell (b), for a spherical cell and for an ellipsoidal cell. Monte Carlo statistical
uncertainties are lower than 1%.
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Fig. 5. Behavior of S-values in the nucleus versus eccentricity, for an activity
distribution on the membrane (dark blue), in the cytoplasm (medium blue) and in
the nucleus (light blue). Monte Carlo statistical uncertainties are lower than 1%.

calculated with the three Monte Carlo codes in the different cases of
source and target bodies, for an ellipsoidal cell geometry. In the case
of the ellipsoidal cell, the dose absorbed is generally lower than that
calculated for the spherical cell, except than the dose absorbed by the
nucleus for source distribution on the membrane.

This fact is well evidenced by the behavior of the S-value curves
in the nucleus as a function of eccentricity, shown in Fig. 5. In this
study, the electron is emitted from the membrane, the cytoplasm and
the nucleus instead of by the whole cell, to emphasize how the dose
is affected by the shape of the cell when the source is placed more
internally. If the activity is on the membrane, the S-value in the nucleus
is initially a factor 1.6 lower than placing the source in the cytoplasm,
and a factor 2.6 lower for the source in the nucleus. However, unlike
the case of activity in the cytoplasm or in the nucleus, the S-value
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Fig. 6. Comparison of Geant4 calculated S-values with spherical cell geometry (a) and
ellipsoidal cell geometry (b) for 1! Ag and '8°Re considering the cell nucleus as target.

increases with eccentricity. This behavior is due to the progressive
thinning of the cytoplasm near the two poles touching the nucleus,
which places the membrane globally closer to the nucleus. Instead,
considering the activity sources in the cytoplasm and in the nucleus,
it is evident from Fig. 5 that the S-value decreases with e. This is
again due to the geometry: if the source is distributed in the cytoplasm,
the more the cell is flattened, the more the particles radiated in the
outer part of the cytoplasm are not able to reach the nucleus. On the
other hand, if the source is in the nucleus, with increased eccentricity
the outermost particles escape from the nucleus after a shorter path,
releasing a smaller portion of their energy in this region.

Concerning the 11 Ag radioisotope at these intracellular distances,
the dose deposited in the cellular target medium is mainly due to
electron interactions. Here, the photon dose is about 10* times lower
than the electron dose; the two contributions become comparable only
about 4.5 mm from the source, since a tiny fraction of the electrons
emitted reaches this distance (see Fig. 2.9 of Arzenton, 2024).

Finally, in order to present a comparison between the biological
effects of 1'1 Ag and a pure f~ emitter already used for clinical purposes,
Geant4 simulations were performed using a 186Re source. The same
geometrical settings for targets and sources have been used and the
resulting S-value comparison between the two radionuclides is pre-
sented in Fig. 6 (with the cell nucleus as target). As one can see,
when the source is located either on the membrane or within the
cytoplasm, the two radionuclides give similar results, with differences
within 28%. On the other hand, when the source is distributed in the
whole cell,'8Re shows higher S-values. This behavior can be explained
considering the emission characteristics of the two radionuclides: as
a matter of fact, compared to 1'Ag,'80Re emits a greater amount of
low-energy, short-range Auger and conversion electrons (International
Atomic Energy Agency (IAEA), 2025). When the source is distributed
in the whole cell, some of these electrons are emitted within or near
the nucleus, probably becoming responsible for the observed higher
energy deposition in the target. However, since drug internalization in
the cell nucleus is usually difficult, distributions of the two nuclides
on the membrane or in the cytoplasm can be expected to cause a
similar DNA damage yield per activity unit. Clearly, when developing
a therapeutic plan, one must take into account that '86Re has a shorter
half-life (~ 3.7d), which means a higher specific activity.

3.2. Cross-absorbed dose

In evaluating the cross-absorbed dose, the target cell is initially
positioned adjacent to the emitting cell. For the ellipsoidal geometry,
the cells are in contact in the plane of the major semi-axes (28 pm
distance between the centers). Then, the target cell is moved up to a
distance of 2-3 mm from the source cell, corresponding to hundreds of
radii or mayor axes (for the ellipsoidal cell). Simulations are performed
with Geant4 and PHITS, for activity distributions on both the membrane
and the whole cell. However, when the distance is much larger than the
cell radius, the cell shape and the source location become negligible, as
the two cells behave as if they were point-like.
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In Fig. 7, the S-values simulated in the whole cell are compared to
those of MIRDcell, for a membrane activity distribution on a spherical
cell. The points on the curves are calculated until 500 pm distance
with 107 events generated for each run, corresponding to a maximum
statistical error below 10%. The differences between the simulated
and MIRDcell S-values range from about 1% to 20%, in accordance
with the literature (Cai et al., 2017). The S-value decreases by 90%
or more already within 50 pm distance between centers (equivalent to
3 diameters), while at 150 pm the residual value is less than 1%. At a
distance of 500 pm between centers, the S-value decreases by a factor
of 103 compared to the contact case. This behavior has been observed
for all the activity distributions. For the ellipsoidal case, instead, the
required distance to decrease the S-value on the whole cell below 1%
is between 250 pm and 300 pm (depending on the activity distribution),
which is about 100 pm more with respect to the spherical case.

Finally, looking at the cross-absorbed dose for a spherical cell, a
clear decrease in S-values is observed after a few millimeters. This is
due to the decay properties of the p~ 11Ag radioisotope and to the
decreasing solid angle. As a matter of fact, electrons of 360.4keV,
the average energy distribution of the g~ spectrum, have a range in
water of approximately 1.1 mm (National Institute of Standards and
Technology (NIST), 2025).

3.3. Environmental dose

The last task carried out in this study is the calculation of the
dose absorbed by the cell when the radiopharmaceutical is placed in
the external environment. The study considers a spherical environment
with an increasing radius of up to 3 mm, enough for the S-value to
reach a plateau beyond which larger source distributions no longer
affect the cell dose intake. This is shown in Fig. 8, where the simulations
are performed with Geant4 and PHITS for a spherical cell. Also, it can
be seen that the S-value points on the two curves are compatible until
some percent even at large environment radii. For an ellipsoidal cell,
the differences of S-values, with respect to the ones calculated for the
spherical cell, are negligible after 2-3 cell radii (as in the previous case
of the cross-absorbed dose).

To maintain the statistical error below a few percent, the num-
ber of events in the Monte Carlo is determined considering that the
event/volume ratio outside the cell should remain constant, starting
from 10° with radius 0.1 mm and up to 5 - 10® with radius 3 mm. As a
consequence, the unit of measurement of the S-values is normalized per
source events and per unit of volume: mGy/(Bqs) pm?®. The simulations
with large radii take about 1 day of running on a single PC.
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Fig. 8. Environmental S-values calculated with Geanr4 and PHITS for a spherical cell.
Monte Carlo statistical uncertainties are under a few percent at all distances.

As underlined in Section 3.1, up to about 3 mm the energy released
in the cell by a 11Ag distribution in the surrounding environment
comes mainly from f~ decay, whose contribution becomes less impor-
tant than the decay photons only at distances higher than about 4-
5 mm. In conclusion, the plateau value, which is around 0.06 mGy/(Bq
s) pm?, can be used in the context of in-vitro experiments to account
for the concentration of activity outside the cells, that is, the one
coming from the non-internalized radiopharmaceutical. This scenario is
particularly reliable in the first rounds of radiobiological experiments,
where the radioisotope is administered without any carrier, which
prevents an effective uptake of 111 Ag in the cells.

4. Summary and conclusions

The Italian ADMIRAL project of INFN-LNL assesses the therapeutic
potential of the '1Ag radioisotope, a promising f~ emitter for cancer
therapy. Dosimetry calculations are performed with three different
tools for Monte Carlo simulation: Geant4, MCNP6 and PHITS. The S-
values formalism suggested by the American Committee on the Medical
Internal Radiation Dose (MIRD) is exploited by considering a biological
cell exposed to various activity distributions of 111Ag. These calcula-
tions will be useful to plan and understand the outcomes of in-vitro
cell survival experiments exploiting monolayer 2D cell cultures as well
as 3D scaffolds.

From the calculations performed in the case of self-absorbed dose,
it is deduced that all three Monte Carlo codes give S-values globally
in agreement with each other, and also with the MIRDcell values,
within 15%. This result is probably due to the systematic differences
between the models and the libraries used by the codes; nevertheless,
it is consistent with the data reported in the literature and allows for a
validation of the Monte Carlo model developed in the present study.

Dealing with self-absorption, the dose depends on the geometry of
both the source and target volumes. In general, for a spherical cell, the
dose deposited on the entire cell or in its nucleus is lower if the electron
source is distributed more externally. This behavior is not very different
from what occurs in the case of an ellipsoidal cell. However, in the
latter case, the absorption of the electron energy strongly depends on
the thinning of the nucleus. In addition, a comparison between 11Ag
and !86Re, a radionuclide currently undergoing clinical trials, revealed
that the S-values originating from their f~ radiations are very similar,
in the most likely cases where the drug is internalized in the cytoplasm
or bound to the cell membrane.

In the case of the cross-absorbed dose, the S-value decreases to
about 1% of its initial value when the distance from the source cell
reaches a few hundred microns, due to the p~ decay properties of
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11 Ag. Similarly, the external environment affects the dose imparted
to the cell at distances up to approximately 3 mm, where the y-ray
contribution is still negligible with respect to the p~. These features
open the possibility of employing the radioisotope in the treatment of
small to medium-sized tumors, without affecting nearby healthy tissues.
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