UNIVERSITA WORLD COUNCIL ON ISOTOPES
DEGLI STUDI INFN WC /|

DI MILANO

Istituto Nazionale di Fisica Nucleare

Geant4 image-based cellular dosimetry for in-vitro Ag-111-
irradiated LNCaP cells within the ISOLPHARM project

Giulia Saveria Valli (University of Siena and Legnaro National Laboratories of INFN)

- DIPARTIMENTO DI
UNIVERSITA /| SCIENZE FISICHE, DELLA TERRA
DI SIENA / E DELL'AMBIENTE INFN IQ%LDHQQM
1240 — DSFTA

Istituto Nazionale di Fisica Nucleare SPES exotic beams for medicine

Co-authors: Alberto Arzenton (University of Padova & National Institute for Nuclear Physics), Aurora Leso (University of Ferrara & National Institute for Nuclear Physics), Davide Serafini
(National Institute for Nuclear Physics), Antonietta Donzella (University of Brescia & National Institute for Nuclear Physics), Stefano Corradetti (National Institute for Nuclear Physics), Marcello
Lunardon (University of Padova & National Institute for Nuclear Physics), Emilio Mariotti (University of Siena & National Institute for Nuclear Physics), Alberto Andrighetto (National Institute for
Nuclear Physics) .
FLorence 15-19 FEB 2026

T = . 8 %20

|2TH INTERNATIONAL
CONFERENCE onN |ISOTOPES

S
Z
>
e
=
P
Z
S

FROM CULTU
TO SUSTAIN

ISOTOPIC TIM
RA
AB

-

el
Tt
cx




NNNNNNNNNNNNNNNNN
CONFERENCE on ISOTOPES

Contents

* Scientific background

* The ISOLPHARM project

* Motivation of the study

* Geant4 image-based cell dosimetry
* Results

* Conclusions and future perspectives

Giulia Saveria Valli — g.valli@student.unisi.it



Contents

* Scientific background

Giulia Saveria Valli — g.valli@student.unisi.it



FLORENCE 15-19 FEB 2026

lC 12426 .

121+ INTERNATIONAL
CONFERENCE on ISOTOPES

Keeps Growing

Estimated number of new cancer cases
and deaths worldwide per year

|The Global Cancer Burden

Targeted Radionuclide Therapy

24.1M

* Cancers are the second cause of death after cardiovascular “M I I
diseases o
statista %
* There are many types of cancer treatment. One of them,
Targeted Radionuclide Therapy (TRNT) is emerging as a e
" NCER
promising approach - . '@mmuwommpv
OPTIONS
* TRNT employs a systemic treatment using tumor type-specific PR
biologic vectors labeled with a radionuclide to treat cancerous s _ s THERAPY
cells, especially metastases and disseminated tumor cells that e f-;f 3 s ST
NE M/ N s ,\U“ -f, ) 4 A A
cannot be treated by External Beam Radiotherapy (EBRT) TRANSPLANTATION | \ T 4 THERAPY
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Radiopharmaceuticals

* Radiopharmaceuticals (RPs), or

’”\
medicinal radiocompounds, are a v 9
group of pharmaceutical drugs N/
containing radioactive isotopes used in -e.e-e-e-\\_ﬂ .
TRNT and as diagnostic agents. v
* In therapeutic RPs, high-energy types I { | I
of radiation with short ran_ge in tissue, Radioactive o Targeting Target Cancer
such as alpha or beta particles, destroy isotope Linker molecule protein cell

or weaken unwanted cells or tissues,
like tumours or overactive thyroid cells.
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The ISOLPHARM project

* |SOLPHARM aims to develop innovative RPs using _‘ RS SILICO o
nuclides produced via Isotope Separation OnLine Oz ([ TR 2 & —
(ISOL) in the Selective Production of Exotic Species

(SPES) facility, under commissioning at the Isobaic
o on beam
Legnaro National Laboratories of the National ap / -
Institute for Nuclear Physics (LNL-INFN) S )T gz
Prqton Production Extr: :(ct on Mass
(C)I/Jcrllgtign) Target lonization Separation

| g////l_ _j H Q ) M INFN Precine g, ST i

R Chemical
SPES exolic beams for medi Istituto Nazionale di Fisica Nucleare ) . W Separation

OO X0 I y Radiolabeling
ror 4 T

In vivo 3D Scaffolds
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An innovative radionuclide: Ag-111

111Cd 112Cd 113Cd

STABLE STABLE 8.04e+15 y * Ag-111 has several attractive properties for nuclear medical
12.795% 24 .109% 12.227%
321008 purposes
» Ep- =360 keV

— B © > ty/, = 7.4 days
110ag » E, =245.40 keV and 342.13 keV
24.56 s
p-=99.7%

e=0.3%

.001

dN/dE o

0.0005

T T
0 200 400 600 800 1000

Eneray [keV]
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An innovative radionuclide: Ag-111

111Cd
STABLE
12.795%

110Ag
24.56 s

p-=99.7%
e=0.3%

112Cd
STABLE
24 .109%

113cd

8.04e+15
12.227%
p-=100%

Y

* Ag-111 has several attractive properties for nuclear medical
purposes

» Suitable for TRT! @
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An innovative radionuclide: Ag-111

Electron CSDA range in cortical bone

CSDA range in cortical bone
77Lu (496 keV): 578.2 um
11Ag (1036 keV): 1423.5 um

* Ag-111 has several attractive properties for nuclear medical
purposes

» Average tissue penetration = 1.8 mm, longer than the one
of Lu-177 , which could be sometimes unsatisfactory for
the treatment of bone metastases (as confirmed by
medical physicists from IRST D. Amadori, Meldola)

X
x !8°Re (1072 keV): 1484.7 um
1484.7 um
X235 um
X
78.2
x5 pm
0 200 400 600 800 1000 1200 1400

Electron energy (keV)
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Objective

v’ Estimation of the absorbed dose and of the survival fraction of a cell culture irradiated with Ag-111
through a microdosimetric model, which uses the microscopic images of the culture and Geant4

Montecarlo toolkit

Average cumulated dose per cell nucleus
5 —e— Membrane Dose
E 0.1 ~8- Cytoplasm Dose
8
0.08—
0.06[—
bli \ G EAN I 4 .04~ Average surviving fraction after 6 days
- A SIMULATION TOOLKIT L 2
0.02[— 1.8F
N 1.6
V | |
% 50 100 4
1.2]

Uptake [%]

0.8

0.

>
Average surviving fraction [%]

0.

S

0.2

P A P SN BRI IR B B
100 200 300 400 500 600 700 800
Activity [kBa]
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Why?

* |In order to complement and plan in-vitro experiments
for the correct evaluation of the effectiveness of RPs
one could use microdosimetry calculations to
estimate the RBE of different nuclides

In-silico computations will be used
as a screening tool for use prior to
in-vitro testing

v

This study plays a key role in facilitating a comparative assessment of the Ag-111 radionuclide against
other radionuclides used in radiotherapeutic applications
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Dose and geometry

0.18 A
. . . . 0.16 A
In in-silico computations: @
o
M 0.14 oy Peeren
H H - -9- ource: Membrane
e spherical models for non-spherical cell types can lead lg Gburde:Eyfogfasn]
to errors in the dose estimate [1] = 0121 Source: Nucleus
®
. . . . . =
e dose calculations using a sample of identical cell sizes ¢ 0101
rather than a distribution of sizes can give large errors
as well 0.08 7
.. ________________ P===—=— ...__—.——.——.'.j
O.IO 0:2 0.'4 0:6 O,‘8 110

. . . Eccentricit
The following computations are tailored to handle the X
[1] A. Donzella et al. “Monte Carlo dosimetry of Ag-111 in simplified cell

non-spherlcal cell geomEtry' Improving dose pred|ct|ons geometries in the framework of the ISOLPHARM project”. In: Applied
Radiation and Isotopes 225 (2025), p. 111979
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A 3-bin histogram repre:

Phase |
Image study

* Cell > Probability * Wedge model
Density Function * Geant4 simulations
(PDF) * Curve dose per event vs

wedge radius

[2] T. L. Palmer et al. “Microdosimetry modeling with Auger emitters in
generalized cell geometry”. In: Physics in Medicine & Biology 66.11 (June

2021)

Phase lll
Generation of cells

* Lognormal
distribution of mean
radii

* Bin - PDF

Giulia Saveria Valli — g.valli@student.unisi.it

Phase IV

Dose & surviving
fraction (SF)

* Activity association
* Dose & SF calculation
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Image analysis with Image)

1. Image thresholdlng

(Imagel logo)

2. CeIIs segmentation 3. Cell radii analysis

<. @Q\(ﬁ Cellula numero 1
e ﬂ j K/L r_1=28.5848 p_1=0.1429
3 s ° - \g N\P g} r_2=12.4525 p_2 = 0.1571
O 1.75x1.29 rnr\YZ";'/"nfn;’ \ : @”G ga“v o= - 3 = 16-3202 P- 3 = 0-07143
O rax gz 832 0 om . % , ﬂi r_4=20.1879 p_4 = 0.08571
“T e s - <§ r_5=24.0555 p_5 = 0.07143
LNCaP cells - & 0;? - F 7, r_6=27.9232 p_6 = 0.06429
. e * . N r_7=31.7909 p_7=0.1
(Lymph Node Carcinoma of the Prostate) 7 b .o % ot r 8 =35.6586 p_8 = 0.1429
a\v‘“ﬁx . Y= - o 2 3/5; :ﬁ@ r_9=39.5263 p_9 = 0.1143
. .. . . e ) r_10 = 43.394 p_10 = 0.05
— At the end every cell has its own radii PDF e T THUTIR e e st
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The wedge model

I3

In 3 dimensions

I

Spherical cap representation of wedge

In Geant4

A 3-bin histogram representation

Calculation of the
absorbed dose (in the cell
nucleus) per event for 100
different wedge radii
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The generation of cells

e Simulation of 10000 cells with different mean radii

* Lognormal distribution

e Every bin of the distribution
is associated to a PDF (from
image analysis)

Cellula numero 1
r_1=8.5848 p_1=0.1429

r_2=12.4525
r_3=16.3202
r_4=20.1879
r_5=24.0555
r_6=27.9232
r_7 = 31.7909
r_8 =35.6586
r_9=39.5263
r_10 = 43.394

p_2=0.1571
p_3 = 0.07143
p_4 = 0.08571
p_5=0.07143
p_6 = 0.06429
p_7=0.1

p_8 = 0.1429
p_9=0.1143
p_10 = 0.05

r_mean = 24.5176

HEEEEEEEEEEEREEREAEEE R TR AR TR EE®

Mean radii distribution

Counts

Histogram

Entries
Mean
Std Dev

40
20.08
13.95

40 60

Mean radii [um]
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S-value calculations

* S-value: absorbed dose (in the cell nucleus) per nuclear decay

Swedge =(Ti) - pi H|S(cy = n)(r;) - p;

* source: membrane
* target: nucleus

e source: cytoplasm
e target: nucleus

Giulia Saveria Valli — g.valli@student.unisi.it
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S-value calculations

* S-value: absorbed dose (in the cell nucleus) per nuclear decay

Swedge (r;) = S(m - n)

(r;)

-p; +S(cy - n)

Dependence of S on radius 7;
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S-value calculations

* S-value: absorbed dose (in the cell nucleus) per nuclear decay

Swedge(ri) — S(m - Tl)(’l‘i) Dil T S(Cy - Tl)(‘l”i) | Pi

Probability of the radius r;
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S-value calculations

* S-value: absorbed dose (in the cell nucleus) per nuclear decay

#wedges
St = ) Sm =) (1) pi + S(ey > W) - by
L

Giulia Saveria Valli — g.valli@student.unisi.it
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y Activity distribution
h_activity
E Entries 40
» The activity is assigned randomly to each cell using a 2000~ o ooooen
lognormal distribution 1800
1600 —
1400
£ 1200
Hypothesis S 1000~
800—
1. Applied activity: 100 kBq 600
2. Uptake: 2% 400
3. Inthe cytoplasm: 60% 200/
4. Inthe membrane: 40% oC
0195 0.196 0.197 0.198 0.199 0.2 0.201 0.202 0.203 0.204 0.205

Activity [Bq]
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1 a/B =5 Gy
*  The Linear Quadratic (LQ) F
. — _ 2
model is used: P = ¢ ~*P~AD
| o= | o=
Ko .0 ~
. o o = -
e Acellis marked alive if § < P, e s
for & € [0,1] B g QeL B .
§ g [ Total Survival I
. (2] | wn L a Component — — |
*  The average survival High o/ One-hit
e - High a \ i hi |
probability is then: N,/ Low a/f — — \ e
N 0.01 L L 1 ! 1 L J 0.01 1 1 1 1 ] 1 ! )
cells o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
Dose (Gy) Dose (Gy)
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e Results

Giulia Saveria Valli — g.valli@student.unisi.it

26



|\ 15-19 FEB 2026

Q—/O\ 121+ INTERNATIONAL
CONFERENCE on ISOTOPES

S-value curves

Interpolating curve RN =7 um

Interpolating curve RN =10 um

L 25— @ 12
o i S i
c a |
> - > L
T G o
|_|20_ —_ -
) - ) -
3 3 r
a B A s
15— -
| 6_
10— B
B al—
s i
_I 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |I 2I_l L1
20 40 60 80 100 120 20

Radius [um]
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S-value distribution

S-value distribution

1500

4000—
3500
3000 _
= , Large span of dose values mainly due to the
g 2500 varying cell geometry
S -
S 20001

1000

500

0 20 40 60 80 100 120 140 160 180 200
S-value [uGy/Bqg/s]
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Absorbed dose VS time

Average cumulated dose per cell nucleus

g’ B —e— Membrane Dose
lé. 0.1 —&— Cytoplasm Dose
8
0.08—
0.06—
0.04—
0.02—
O_ 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0 50 100 150 200 250
Time [hours]

The applied activity is 100 kBq

Dose [Gy]

0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Average cumulated dose per cell nucleus

—e— Membrane + cytoplasm

C>O

50 100 150 200 250
Time [hours]
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SF VS applied activity VS cellular uptake

Average surviving fraction [%]

Average surviving fraction after 1 day Average surviving fraction after 6 days Average surviving fraction after 10 days
2r 2r 2r
1.8 1.8 1.8
1.6 1.6 1.6
- = - = -
14— c 1.4 c 1.4
L il C il L
= g E 8 =8
g 1.2: i__» g 1.2: ":; g 1.2:
) - £ ) o £ I =
< - = < - = < =
o C g o C g o C
> o8 @ > o8 @ > o8
- & E ) C
0.6_— o 0.6_— > 0.6_—
c < C < c
0.4 0.4 0.4—
0.2 0.2 0.2
0:....I....I....I....I....I....I....I.... 0:....I....I....I....I....I....I....I.... 0:....I....I....I....I....I....I....I....
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Activity [kBq] Activity [kBq] Activity [kBq]
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Conclusions and future perspectives

v’ Estimation of the absorbed dose and of the survival fraction with the
microdosimetric algorithm developed === it could be used as comparative
assessment of Ag-111 against other radionuclides

v The analysis took into account the irregular cell geometries, as traditional
spherical cell models can lead to significant errors

» In any case, a validation of the microdosimetric model results through future
experiments with internalized Ag-111 is needed
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Thanks for your kind attention!

O

Giulia Saveria Valli — g.valli@student.unisi.it

33



NNNNNNNNNNNNNNNNN
CONFERENCE on ISOTOPES

Environmental and cross dose

Emisphere (water) of radius 3 mm

Cylinder (water) of height ~15 um

Box (polystyrene) of height 1 mm (0 D

Box (steel) of height 5 mm

Geometry S-value [pGy/Bq/s-mL]

Hemisphere 24.597
Cylinder 1.1364
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