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1. INTRODUCTION 
 
 Possible physics approaches to evaluate the efficacy of TAT are dosimetry, microdosimetry and 
nanodosimetry. 
 
 Dosimetry is adequate when mean absorbed dose to a macroscopic target volume is important to understand 
the biological effect of radiation. General purpose Monte Carlo (MC) codes, based on condensed history approach, 
are a very useful, cost effective tool to solve dosimetric problems. The condensed history approach is based on the 
use of multiple scattering theories to calculate the energy losses and angular changes in the direction of the 
particle. The short α particle range and high LET make the microdosimetric approach more suitable than 
dosimetry to study TAT from first physics principles, as this approach takes into account the stochastic nature of 
energy deposition at cellular level. 
 
 Microdosimetry approach [1] involves measuring the stochastic linear energy y = E/<l> and the specific 
energy z = E/m, where E is the energy deposited in a micron sized sensitive volume (SV), <l> is the average 
chord length, m is the mass of the SV.  The specific energy and lineal energy can be calculated in a cell or in 
subcellular entities. Equivalent dose or relative biological effectiveness (RBE) of a radiation field can then be 
determined by convolution of microdosimetric spectra with quality coefficients [1]. 
 
 Nanodosimetry approach is based on the observation that (1) there is a correlation between early radiation 
damage to genes and cells and the Single and Double Strand Breaks (SSB and DSB), produced by the incident 
radiation within, or in the close vicinity, of DNA segments, and that (2) there is a correlation between the yield 
observed for DSBs and the cluster size (number of ionisation) in a DNA segment [2]. 
 
  SSB and DSB can result from direct or indirect interactions of particles with the DNA molecule. The direct 
effect is due to interaction processes of the incident α particle and by the δ-electrons, produced along the α particle 
track. The indirect effect is due to the successive reactions of damaged sites with reactive species (e.g.  OH 
radicals) produced by the ionising particles [2]. Commonly, a DSB is defined as a minimum of two strand breaks 
occurring on opposite DNA strands at a distance of up to 10 base pairs [2].  The biological effectiveness of 
radiation on the microscopic scale is defined by its potential to produce complex DSBs. This is different to the 
conventional definition of relative biological effectiveness (RBE), which is based on the macroscopic absorbed 
dose in the case of dosimetry or on the distribution of lineal energy in the case of microdosimetry.  H. Nikjoo and 
co-authors [3] report that for α particles with energy of interest for TAT, the contribution of indirect effect on the 
DSB production is approximately 30%. This means that it is important to be able to estimate both direct and 
indirect effect of radiation at cellular level, when studying the efficacy of TAT. 
 
 When studying theoretically the efficacy of TAT by means of micro- and nano-dosimetry, it is important to 
model the interactions of particles with biological targets with the highest achievable accuracy. Condensed history 
Monte Carlo codes are not adequate in this case, as they are accurate as long as the discrete energy loss events 
treated are of magnitudes larger than the electronic binding energies [4]. At this point, track structure codes, 
modelling the interactions event by event, down to ~eV scale, come into play.  Nowadays there are several in-
house Monte Carlo track structure codes, however they are usually not open source and can be accessed only via 
collaboration with the code developers [4]. A review of available Monte Carlo codes can be found in [4]. 
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 Geant4 is the only general purpose, free, open source Monte Carlo code, with ad-hoc physics extensions to 
describe the interactions of particles with biological targets, down to the eV scale. It can be used to study the 
efficacy of TAT from first physics principles.  
 
 
2. TAT: Geant4 FOR DOSIMETRY MICRO- AND NANO-DOSIMETRY 
  
 Geant4 [5, 6] is a widely used Monte Carlo code, born for High Energy Physics experiments, and then 
applied to space science and medical physics as well, thanks to the extension of its physics models down to low 
energies. Geant4 is developed and maintained by an international Collaboration (more than 100 members), is 
open-source and free. Geant4 Schools and User Workshops are organised regularly to teach to use the MC code to 
beginners and communicate with users of the Toolkit. 
 
 Geant4 is widely used in medical physics [7] as it provides electromagnetic and hadronic physics models 
addressed to accurately describe the interactions of particles with matter for dosimetric studies. The Geant4 Low 
Energy Package [8] was born for medical physics applications, for dosimetric studies, with the two alternative 
approaches: (1) Low Energy, based on Livermore Evaluated Data Libraries, and (2) the Penelope code physics 
models. These physics models have been validated with respect to in-house experimental measurements and 
reference data, by means of independent studies conducted in labs around the world. One example of physics 
validation study is [9]. 
 
Geant4 provides ad-hoc physics models [10, 11] (usually referred as Geant4-DNA Package) to describe accurately 
the interactions of particles down to ~eV in micro- and nano-scale objects. Currently the Geant4-DNA Package 
handles the step-by-step modelling of physical interactions of incoming and secondary ionising radiation with 
biological medium (modelled as liquid water), including excitation, ionisation, elastic scattering, vibrational 
excitation and dissociative attachment for electrons, excitation, ionisation and charge change for protons, H, α, 
He+, He, ionisation for heavier ions. A review of Geant4-DNA Package physics processes can be found in [11] 
and [12]. At this stage the direct effect of radiation can be studied only. In December 2013 the modelling of the 
physico-chemical stage (free radical production, diffusion and interactions) should be released within Geant4 and 
it will be possible to study the indirect effect of radiation. 
 
The Geant4-DNA Package physics models are available in liquid water only, as this is widely accepted as an 
adequate modelling of biological entities. Such physics models are basically derived from water vapour 
measurements in the gas-phase approximation (this means that the cross sections are linearly scaled to the unit 
density of liquid water). To validate the Geant4-DNA Package with respect to experimental measurements is 
currently prohibited by the lack of experiments in liquid water, determined by the technical problem of producing 
thin liquid water target. As a consequence, it is possible to study the suitability only of the Geant4-DNA Package 
with respect to other MC track structure codes for micro- and nano- scale studies. An example of suitability 
studies can be found in [13, 14]. 
 
 Geant4 has also advanced capability in modelling geometries, from analytical human phantom models [15] 
(see Geant4 advanced example human_phantom) and voxelised geometries imported from CT scans (see Geant4 
extended example DICOM interface), down to the model of DNA helix [16]. 
 
In conclusion Geant4 responds to the requirements of TAT domain, as it provides: 
 
o accurate physics models, validated with respect to experiments and reference data when possible, 
o advanced capability in geometry,  
o capability to calculate dose (dosimetry), microscopic pattern of energy deposition related to the particle track 

structure (microdosimetry), and cluster size distributions in DNA segments (nanodosimetry).  
o user support. 
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 Geant4 has been used to calculate the efficacy of TAT, by means of the Geant4-DNA Package. The work 
has been documented in [17−19], result of the PhD thesis by C.Y. Huang, supervised by Prof. Barry Allen and Dr. 
Susanna Guatelli. This project shows that the therapeutic gain (TG) of TAT is approximately 180.  The high TG 
ensures that the tumor capillary endothelial cell (EC) nucleus receives a much higher cytotoxic dose than the 
capillary EC in normal tissue. Recently we submitted a paper for publication to Medical Physics where the higher 
efficacy of α emitters is demonstrated with respect to β emitters.   
 
 
4. CONCLUSIONS AND RECOMMENDATIONS 
 
 Monte Carlo codes represent a very useful tool to investigate TAT from first physics principles. In particular 
Geant4 has demonstrated to be adequate to study the efficacy of TAT by means of a microdosimetric approach 
[18]. 
 
 A Geant4-based study for TAT can be very suitable for PhD and post-doc programs, as the IAEA sponsored 
CRP, especially in developing countries. In this scenario the three recommendations below are provided: 
 
o One concern is about the CPU resources required to perform a Geant4-based study for TAT in a reasonable 

amount of time. Micro- and nano- dosimetry Geant4 studies can require very long execution times that can be 
limited, but not fully addressed, with simulation optimisation techniques.  The problem of computing 
resources can be easily overcome collaborating with an institute with adequate computing resources or using 
supercomputing facilities. In order to give an idea of required CPU resources, at CMRP we have an in-house 
cluster counting ~200 CPUs for ~15 students doing Geant4-based research in different medical physics 
domains. The simulation results of [18] and [19] were obtained using the CMRP cluster. 

 
o Beginners, especially students, often find difficult to start to use Geant4. The participation to a Geant4 School, 

organised by Geant4 members, can be a very effective way to break the ice with Geant4. Based on my 
experience [20, 21], hands-on courses of few days can be very successful, as they involve the active 
participation of students, and it is widely recognised that active learning is more effective. Schools based 
only on seminars by experts are suggested when the novel user of Geant4 is already familiar with the MC 
code. 

 
o The most successful strategy to achieve Geant4-based scientific sound results, in a reasonable time frame, is 

to have an initial period of training in a research center with deep Geant4 expertise for few months (at least 
six) and then work in the home institute. Collaboration with a Geant4 expert is highly recommended. 
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