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Monte Carlo for Nuclear Medicine: 
vision and future requirements

CONCLUSIONS
l Vision? Only a personal perspective...
l Future requirements?

l Powerful HW? Already here
l Accurate MC tools & user-friendly interfaces? 

Already present, but:
l Need for accurate validation of new versions
l Crucial the completeness of source terms (radioactive decays)
l Clarity of documentation of MC codes and interfaces

l Direct involvement (or at least close collaboration) in hospitals as 
medical physicists and radiation protection experts, to identify 
together with clinicians the really USEFUL studies and applications



Applications of MC in NM
l Internal dosimetry

l Organ-level dosimetry: S factors
l 3D dosimetry: VSVs and DPKs
l Direct MC dosimetry

l Small-scale dosimetry and microdosimetry
l Tissutal structure
l Cellular and multi-cellular models

l Radioprotection: optimization of shielding
l Production of radionuclides: optimization of reactions 

and targetry
l Design of novel scanners



Shielding applications

l Shielding of beta sources with plastics (and secondary
high-Z absorbers)

l Evaluation of skin dose and dose to the extremities
during handling of sources and in cases of
contamination



The shielding of beta sources during
manipulation is obtained with low-Z materials,
which are able to absorb the high energy
electrons maximizing their energy loss by
inelasting collisions and thus minimizing the
energy losses by radiative (bremsstrahlung) X-
ray emission.
The small amount of bremsstrahlung emission
can be attenuated by an outer high-Z shield.

Requirements:
l Transparency
l Thermal conductivity
l Elasticity
l Operating range of temperatures

Beta shielding



Shielding of 90Y betas in plastics

Absorption curves in materialsMax. beta ranges and fluence of X-rays

E. Amato and D. Lizio. "Plastic materials as a radiation shield for β− sources: a comparative 
study through Monte Carlo calculation." Journal of Radiological Protection 29 (2009) 239.



90Y source in glass vial 
with PTFE shield

Dimensions (mm):
l vial: D=16 H=20 thick=1
l water source: half vial
l PTFE shield thick= 5
l “finger”: D=10 V=1 cm3 at 30 

from the source centre.

Opaque, but 
high-temperature resistant



90Y source in glass vial 
with PMMA shield

Dimensions (mm):
l vial: D=16 H=20 thick=1
l water source: H=2
l PMMA shield thick=13
l “finger”: D=10 V=1 cm3 at 35 

from the source centre.

Transparent



177Lu source in glass vial 
with PMMA and W shields

Dimensions (mm):
l vial: D=16 H=20 thick=1
l water source: H=2
l PMMA shield thick=13
l W shield thick=4
l “finger”: D=10 V=1 cm3 at 35 

from the source centre.



Skin dose evaluation

VARSKIN code

(RAMP - NRC)

Manipulation of 
shielded vials

Contamination of 
the skin

Contamination of 
tables and 
surfaces



Comparison Varskin vs. MC Gamos

E. Amato and A. Italiano. "Evaluation of skin absorbed doses during manipulation of 
radioactive sources: a comparison between the VARSKIN code and Monte Carlo 
simulations." Journal of Radiological Protection 38 (2018): 262.



Comparison Varskin vs. MC Gamos



l E. Amato, A. Italiano, L. Auditore, S. Baldari. 
l Radiation protection from external exposure to radionuclides: A Monte Carlo data handbook. 
l Physica Medica 46 (2018) 160



Organ-level internal dosimetry on 
anthropomorphic phantoms

s

t

𝐷̄!→# =
~𝐴!
𝑚#

𝐸dep =
~𝐴! 𝛥$𝜑$ + ∑% 𝑝% 𝐸%𝜑&!

𝑚#
= ~𝐴!𝑆!→#



Anthropomorphic phantoms

Adult and pediatric phantoms:

l ICRP (ICRP 110...)
lMIRD
lORNL
l Cristy & Eckermann
lKramer

Handbook of anatomical models for 
radiation dosimetry, 

Ed. Xu & Eckermann, CRC Press



lSnyder, et al. MIRD Pamphlet 11: S, Absorbed Dose per Unit Cumulated Activity for Selected 
Radionuclides and Organs. 1975; Society of Nuclear Medicine, Reston, VA.

lSnyder,et al. MIRD Pamphlet #5 Revised: Estimates of Absorbed Fractions for Monoenergetic 
Photon Sources Uniformly Distributed in Various Organs of a Heterogeneous Phantom. 1969; 
J Nucl Med Suppl Number 3

MIRD schema: organ S factors



The effect of simplistic geometries

Lee et al. “The effect of unrealistic thyroid vertical position on thyroid 
dose in the MIRD phantom”  Med. Phys. 2004, 31:2038



Amato, E., Cicone, F., Auditore, L., Baldari, S., Prior, J.O., Gnesin, S.
A Monte Carlo model for the internal dosimetry of choroid plexuses in nuclear medicine 
procedures (2018) Physica Medica, 49, 52-57.

Dosimetry of choroid plexuses



OpenDose



www.opendose.org



OpenDose



OpenDose



Sphere model

lStabin and Konijnenberg “Re-evaluation of absorbed 
fractions for photons and electrons in spheres of various 
sizes” J Nucl Med 2000; 41:149

lBardies and Chatal “Absorbed doses for internal 
radiotherapy from 22 beta-emitting radionuclides: beta 
dosimetry of small spheres” Phys Med Biol 1994 39:961

lBardies and Myers “A simplified approach to alpha 
dosimetry for small spheres labelled on the surface” Phys. 
Med. Biol. 1990 35 1551-61

Absorbed fractions
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Ellipsoidal model

Prolate, oblate, scalene ellipsoids; spheres
Radiations: photons, beta and alpha particles

ρ=3
𝑉
𝑆

𝜑 𝜌 = 1 +
𝜌'
𝜌!

()

E. Amato, D. Lizio, S. Baldari, “Absorbed fractions for photons in ellipsoidal volumes”, Phys. Med. Biol. 54 (2009) N479
E. Amato, D. Lizio, S. Baldari, “Absorbed fractions for electrons in ellipsoidal volumes”, Phys. Med. Biol. 56 (2011) 357
E. Amato, A. Italiano, S. Baldari, “Absorbed fractions for alpha particles in ellipsoidal volumes”, Phys. Med. Biol. 58 (2013)
5449



Analytic calculation of the self-dose in an 
ellpsoidal target

Semiaxes 
a, b, c
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Implementaion in an electronic spreadsheet
(177Lu example)



Voxel S factors (VSVs)
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E. Amato et al. Nucl Instr Meth A 2013

MIRD Pamphlet no. 17

www.medphys.it



Calculation of S factors for a generic l
and electron spectrum

For monoenergetic electrons (E) in a given voxel side (l), 
S factors can be calculated interpolating the fit 
parameters at (E,l):

For a generic electron spectrum dn(E)/dE, S factors can 
be derived by integration:
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Monoenergetic electrons: 10-2000 keV

𝐸dep 𝑅, =aexp −exp bR,
. +rexp −𝑅,!



Monoenergetic photons: 20-1000 keV

𝐸dep 𝑅, =
𝑎

𝑅,/+c



Calculation of S factors for a generic beta-
gamma emitting radionuclide in a voxel of side l

𝑆+ 𝑅, =
𝐸dep
𝑚

=
1
𝑚

4
dn 𝐸

dE
𝐸dep,l E,R, dE +2𝜙%𝑛e,i𝐸dep,l 𝐸0 ,R, +2𝜙1𝑛γ,j𝐸dep,l 𝐸& ,R

Integration
over the beta 

spectrum

Sum over the 
Auger and CE 

electrons

Sum over the
X and gamma 

photons

E. Amato, F. Minutoli, M. Pacilio, A. Campennì, S. Baldari. “An analytical method for computing
voxel S factors for electrons and photons” Med. Phys. 39 (11) (2012) 6808-6817.
E. Amato, A. Italiano, F. Minutoli, S. Baldari. “Use of the GEANT4 Monte Carlo to determine three-
dimensional dose factors for radionuclide dosimetry” Nucl. Instrum. Methods Phys. Res. A 708
(2013) 15-18



Dose Point Kernel (DPK)



MC calculation of DPK for 90Y

L. Auditore et al, The contribution of Internal Bremsstrahlung to the 90Y Dose Point Kernel, 
under revision



Direct MC Internal Dosimetry



Materials and density assignment



Materials and density assignment



Geometry from CT and Primaries from PET

D. Pistone, et al. “Monte Carlo based dose-rate assessment in 18F-Choline PET 
examination: a comparison between GATE and GAMOS codes”. 
Atti della Accademia Peloritana dei Pericolanti - Classe di Scienze Fisiche, Matematiche e 
Naturali, 98(1), p. A5, May 2020.



PET artifacts: motion blurirng, noise



18F-Choline MC dosimetry



Small-scale internal dosimetry

l Kidneys

l Liver

l Pancreas

l Bone marrow

l Cell clusters

l Capillary vessels



Kidney anatomy



Nephron model

About 600.000 nephrons in a human kidney

Hobbs, et al. "A nephron-based model of the 
kidneys for macro-to-micro α-particle 
dosimetry." Physics in Medicine & Biology 57 
(2012): 4403.



Kidney S values



Liver anatomical model

Stenvall, Anna, et al. "A small-scale anatomical dosimetry model of the liver." Physics in 
Medicine & Biology 59.13 (2014): 3353.



Liver S factors and absorbed doses



J. Högberg et al. “Heterogeneity of microsphere 
distribution inresected liver and tumour tissue 
followingselective intrahepatic radiotherapy” 
EJNMMI Research 2014,4:48

Dose heterogeneity in 
SIRT/TARE treatments



Bone marrow

Distribution in body is sex 
and age dependent. 
It is also modified by some 
disease.

Courtesy of M. Bardiès





Bone marrow irradiation
Red marrow itself:

Activity in extracellular fluid (plasma): blood
Activity in red blood cells: blood
Activity in bone marrow (marrow infiltrating disease)

Activity in bone (bone seeking agents): 
153Sm EDTMP, 166Re HEDP, 223Ra

Activity in organs and/or remainder of the body:
Gamma component

Courtesy of M. Bardiès



Bone marrow cavity model

Hobbs RF, et al. A bone marrow toxicity model for ²²³Ra alpha-emitter 
radiopharmaceutical therapy. Phys Med Biol. 2012 May 21;57(10):3207



Bone marrow dynamics

For every cellular position within the range of the α-emissions, there is a
time after the start of irradiation beyond which the number of decays
emanating from the trabecular surface are insufficient to deliver a reference
dose (2 Gy) to a target cell occupying that position.



Bone marrow dose under a threshold



Multi-regional cell models

𝐷 𝑟2 =2
3

~𝐴3 𝑆 𝑟2 ← 𝑟3

MIRD model (Goddu et al. “MIRD cellular S values” 1997)

Absorbed fractions calculated through a convolution of analytic 
expressions of the stopping power (Howell et al. 1989)

Range straggling and non-local energy deposition by energetic secondary 
particles are neglected.

N

C

CS

Cy



Significance of the MC calculation

Bousis et al. “A Monte Carlo 
study of cellular S-factors for 
1 keV to 1 MeV electrons” 
Phys. Med. Biol. 2009, 54 5023



Anti-angiogenic effects of RF

In solid tumors with rapidly-growing neo-vascularization, the combination between 
cytotoxic and anti-angiogenic effects is desirable.

Maximum dose to the capillary endotelium:
l Low diffusion range of the RF
l Low range of the radiations (Auger, α)

Maximum dose to the viable tumor:
l Low diffusion range of the RF
l High range of the radiations (β)

OR
l High diffusion range of the RF

X. Zhu,...A. Kassis “Solid-Tumor Radionuclide Therapy Dosimetry: New Paradigms in 
View of Tumor Microenvironment and Angiogenesis” Med. Phys. 2010

MC
EGS



23 layers
10-μm 
thick

Standard ICRPComposition and density1.06 g/cm31.09 g/cm31.03 g/cm3
GEANT4

Monte Carlo

Model of tumour capillary vessel surrounded by target tissue.

R = 250 μm
Tumour Edge

l
223Ra (219Rn, 215Po, 211Pb, 211Bi, 211Po, 207Tl)

l
131I

l
177Lu

l
111In

Anti-angiogenic effects of RF:
Extension to clinical radionuclides

E. Amato, et al. "A Monte Carlo approach to small-scale dosimetry of solid tumour 
microvasculature for nuclear medicine therapies with 223Ra-, 131I-, 177Lu- and 111In-labelled 
radiopharmaceuticals." Physica Medica 31 (2015): 536



RESULTS – SOURCE IN BLOOD

Radial dose profiles for sources located in blood (configuration A).



Radium-223

Iodine-131



Endothelial Cell Mean Dose (ECMD) 
and Tumour Edge Mean Dose (TEMD)


