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Abstract 

In this study we present a modelling procedure that combines the standard 

electromagnetic physics of Geant4 for photons with the LEPTS event by 

event Monte Carlo simulation programme for secondary electrons. LEPTS 

provides detailed information of the energy deposition and the type and 

number of collision events taking place in a 1 m3 liquid water phantom when 
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irradiated with 6MV photons generated by a LINAC accelerator. The simu-

lation is compared to a radiobiological experiment determining the biologi-

cal effects (cell cycle alteration, early apoptosis, DNA damage) induced by 

the 6 MeV CLINAC radiation to a Jurkat T lymphocyte culture in a water 

phantom. Notable cell cycle alterations were found between 24 and 48 hours 

after a 2 Gy radiation dose. Early apoptosis and DNA fragmentation has 

been analysed at 48, 72 and 96 hours post irradiation. As expected, the se-

quence of the apoptotic process has been clear in the irradiated area up to 48 

hours after radiation. However, substantial apoptotic cells have also been 

identified outside of this area, in the penumbra and even in the low dose 

area, where a maximum in the percentage of DNA fragmentation is shown. 

We attributed this effect to the fact that although the average energy of pri-

mary and secondary particles in these areas is lower than those in the irradi-

ated area, their interaction cross sections are much higher, thereby increas-

ing the probability of producing damage. 

 

14.1. Introduction 

Photon radiotherapy has long been established as a useful tool for cancer 

treatment. The first powerful irradiation units were based on Co-60 radioac-

tive sources (Johns et al. 1951) emitting gamma rays of 1.17 and 1.33 MeV 

photon energies. A few years later linear electron accelerators (LINAC) 

were adapted to be suitable for radiotherapy applications. To produce ionis-

ing radiation, LINACs use either high energy electron beams or the corre-

sponding x-ray photon beams generated by stopping the electron beam with 

an appropriate tungsten target (Bremsstrahlung). These LINAC units have 

been used extensively in radiotherapy treatments, now reaching accelerator 

voltages up to 12-25 MeV (see Thwaites and Tuohy 2006 for historical de-

tails). A large representative percentage of these treatments were carried out 

at accelerating voltages around 6 MeV. The average energy of the corre-

sponding continuous x-ray energy distribution from a 6 MeV LINAC is 

around 1 MeV and is therefore similar to the average gamma-ray energy of 

the former Co-60 units. This allowed a translation of radiation dose concepts 

between the two techniques.  The reference unit for all these treatments is 

the absorbed dose (ICRU 2010), i.e. the total energy absorbed per unit mass 

of the medium in Gray [Joule/Kilogram = Gray] (ICRU 2011). As a direct 

measurement of the absorbed dose (D) is not feasible the standard procedure 

to evaluate D consists of measuring, with an ionisation chamber, the number 
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of ions (Ni) produced by the radiation. Assuming a constant energy (w) re-

quired to generate an ion-electron pair we can write D=wNi. Similarly, the 

radiobiological effect of the radiation is determined by its Relative Biologi-

cal Effectiveness (RBE) which is assumed to be proportional of the absorbed 

dose RBE = kD = kwNi, k being a constant which depends on the type of 

radiation and the type of irradiated tissue (ICRP 2003). 

After pioneering experiments to analyse the capability of non-ionizing radi-

ation to produce biological damage, (B. Boudaïffa et al. 2000) demonstrated 

in 2000 that low energy electrons were able to efficiently induce single 

(SSD) and double (DSB) strand breaks to DNA (B. Boudaïffa et al. 2000) 

through a resonant electron attachment process. Additional proof of these 

processes were found in the anion yield spectra observed by H. Abdoul-

Carime et al. 2004 and S. Ptasinska et al. 2005, and these DNA bond breaks 

have been positively identified as generated by dissociative electron attach-

ment (DEA). In DEA, incident electrons with energies much lower than the 

ionisation energy can resonantly attach to a molecule, thus forming a tem-

porary negative ion which decays by dissociating the molecule. These low 

energy dissociation processes in some cases include electronic and vibra-

tional excitation. Despite their relevance, these low-energy dissociations are 

not accounted for in traditional dosimetric methods focusing solely on the 

absorbed dose. As DEA can occur with electrons with energies close to zero 

(thermal energies), inducing molecular dissociation with almost no energy 

deposition, they can therefore provide a null contribution to the absorbed 

dose while still damaging the target. This damage, in the form of molecular 

dissociations, constitutes the beginning of possible biological damage if 

DNA repair mechanisms fail (Santivasi and Xia 2014). Molecular dissocia-

tions can therefore be seen as the radiation induced damage at the molecular 

level (RDML) and should be the basis for a new molecular level dosimetry 

termed “nanodosimetry”. A review on the main mechanisms to generate ra-

diation damage at the molecular level can be found in (Gómez-Tejedor and 

Fuss 2012). One method to model nanodosimetry to the required level of 

detail is a Monte Carlo simulation procedure (The Beginning 1987), if the 

user incorporated all the required molecular level interaction data (interac-

tion cross sections, angular and energy loss distribution functions). These 

would be included as input parameters in order to provide a detailed 3-di-

mensional map containing information on the energy deposition and type 

and number of interactions taking place in any defined volume of interest. 
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Since 2000, research groups world-wide have been devoted to measuring 

and calculating these input parameters, in order to establish complete data-

bases for modelling radiation damage at the molecular level. These include 

electron scattering cross sections with biologically relevant molecules and 

energy loss distribution functions, both in the gas and the condensed phase. 

Some of these results can be found in (Gómez-Tejedor and Fuss 2012) and 

references therein together with a summary of the most representative mod-

elling procedures. Some simulation programs (Geant4-DNA (Incerti et al. 

2010), PENELOPE (Salvat et al. 2003), LEPTS (Muñoz et al. 2005), 

PARTRAC (Friedland et al. 2010), EPOTRAN (Champio et al. 2012)) as 

well as others not mentioned in (Gómez-Tejedor and Fuss 2012) (Fluka 

(Battistoni et al. 2011), TRAX (Krämer and Kraft 1994)) have been spe-

cially designed to provide detailed information on single particle tracks and 

energy deposition in biological media, paying special attention to induced 

molecular damage to DNA components. 

Of the simulations developed to model nanodosimetry, the Low Energy Par-

ticle Track Simulation (LEPTS) code was developed by our group in 2004 

(Muñoz et al. 2005; Roldán et al. 2004) as a way to describe radiation dam-

age at the molecular level. LEPTS focuses on low-energy electron genera-

tion and induced target dissociations as descriptors of radiation damage. In 

this study we apply the LEPTS simulation procedure to a 1 m3 water phan-

tom irradiated with a LINAC accelerator operating at 6 MV acceleration 

voltage. We also observe experimentally the biological damage to Jurkat 

cell line cultures under the same irradiation conditions. The result of the 

simulation, in terms of energy deposition and type and number of processes 

taking place in selected points in the water phantom, is compared with the 

observed biological damage at those same points. The correlation between 

energy deposition and the number of induced molecular dissociations with 

the observed early apoptosis and nuclear DNA fragmentation provides rele-

vant information on the radiobiological effect of the radiation and could be 

used to assign RBE values based on molecular damage considerations. 

The remaining sections of this chapter are organised as follows: the main 

features of the present modelling procedures are summarised in Section 

14.2, including a review of the required input data with special attention to 

the recently incorporated processes. The radiobiological experiment per-

formed by irradiating Jurkat cell lines (immortalised human T lymphocytes 

associated with leukaemia disease (Schneider 1977)) within a liquid water 
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phantom is described in Section 14.3. Experimental and simulated results 

are presented, analysed and compared in Section 14.4 and finally, some con-

clusions of the present study together with new perspectives and future di-

rections are summarised in Section 14.5. 

14.2. Modelling photon and electron interactions in wa-

ter 

The simulation procedures used in this study are Monte Carlo based meth-

ods. A general review of the most representative algorithms used for this 

type of simulation can be found in (Muñoz et al. 2012). Within the present 

modelling procedure, all processes connected with photons are simulated 

with Geant4 (Agostinelli et al. 2003) using its standard electromagnetic 

physics package through the Geant4-based Architecture for Medicine-Ori-

ented Simulations (GAMOS).  Some details on this procedure will be given 

in Section 14.2.1. Every time a secondary electron via either Compton scat-

tering, photoelectric effect or pair creation is generated along the simulation 

procedure, their coordinates, kinetic energy and initial momentum vectors 

are stored in a text file which will be used to generate the subsequent elec-

tron track simulation procedure. This has been carried out with our Low 

Energy Particle Track Simulation (LEPTS) procedure (Muñoz et al. 2005), 

an event by event Monte Carlo code especially designed to be fully compat-

ible with Geant4 and particularly with the GAMOS interface. The LEPTS 

code has been detailed in previous publications (Muñoz et al. 2005; Roldán 

et al. 2004; Muñoz et al. 2007a; Muñoz et al. 2008; Blanco et al. 2013) and 

therefore only features relevant to the present study will be described in Sec-

tion 14.2.2. 

14.2.1 Simulation of X-ray photon interactions in water using GAMOS 

The primary photon beam used for this experimental and modelling study is 

constituted by the Bremsstrahlung x-ray radiation beam generated in a Var-

ian LINAC electron accelerator (CLINAC iX System) operating at 6 MV. 

A schematic diagram of the arrangement is shown in Fig.14.1. 
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Fig. 14.1 Schematic diagram of the irradiating arrangement 

Due to the high flux conditions required by such an accelerator in order to 

maintain a stable energy distribution of the emitted photons, experimental 

spectra are not available. A Monte Carlo simulation of the electron beam 

production, x-ray generation on the tungsten anode and further collimation 

has been carried out by (Lagares 2017). The energy and angular distributions 

simulated with this procedure are shown in Fig. 14.2. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14.2 X-ray energy (a) and angular (b) distributions for 6MV electron accelera-

tion voltage 

The photon beam is directed onto the top surface of a 1 m3 water phantom. 

The irradiated area on the phantom surface has 10 x 10 cm2 and it is placed 

at a vertical distance of 0.45 m from the X ray output collimators. 
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As mentioned, photon interactions with liquid water have been simulated 

with the electromagnetic standard physics package of the Geant4 simulation 

toolkit. This Geant4 physics package is based on the Evaluated Photon Data 

Library “EPDL97” (Cullen et al. 1997) which considers photoelectric, 

Compton, Rayleigh, pair production and Bremsstrahlung processes. In order 

to illustrate the relevance of these processes in the incident energy range the 

corresponding integral cross sections are plotted in Fig. 14.3 

 

 

Fig. 14.3 Integral cross sections for photon interaction with water derived from the 

EPDL97 data library  
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Fig. 14.4 shows the simulated interaction map of 5 x 104 photons by assum-

ing the initial energy distribution shown in Fig. 14.2, a 10 cm2 irradiated 

area and a vertical penetration of the photon beam into the 1 m3 water phan-

tom. The total initial energy transported by the primary photon beam is 

about 3.5 x 1010 eV which, according to the energy distribution shown in 

Fig. 14.2, gives an average energy of the beam of 1.76 x 106 eV. Some de-

tails of the photon interactions close to the border of the irradiated volume 

are shown in Fig. 14.4(b), indicating with different coloured and sized 

spheres the different photon interaction processes we are considering in this 

simulation (Compton scattering, photoelectric interaction, Rayleigh scatter-

ing and pair creation). 

 

 

Fig. 14.4 Simulated map of interactions caused by x-ray photons generated by the 

LINAC accelerator (6 MV operation voltage) in the 1 m3 liquid water phantom. 

Insert: detail of the selected area showing a colour code to indicate different events: 

, scattering Compton; , pair creation; , photoelectric effect. 

Secondary electrons produced by these photon interactions are generated by 

the simulation programme according to the Geant4-Livermore physics. As 

already mentioned, their positions and initial momentum vectors are stored 
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in a file which will be incorporated to the subsequent electron track simula-

tion. 

14.2.2 Modelling electron interactions with the Low Energy Particle 

Track Simulation (LEPTS) code 

The LEPTS procedure has been described with detail in previous publica-

tions (Muñoz et a. 2005; Roldán et al. 2004; Muñoz et a. 2012; Muñoz et a. 

2007a; Muñoz et a. 2008; Blanco 2013). Briefly, it is an event by event 

Monte Carlo simulation programme based on the GAMOS architecture 

(GAMOS). As mentioned above, the input electron source (position and mo-

mentum vector of each electron generated by any of the considered photon 

interactions) is determined by the Geant4-GAMOS simulation described in 

the previous section. The energy distribution of these electrons is broad, var-

ying from the low energy of those generated by small angle Compton scat-

tering and low-energy-photon photoelectric processes, the intermediate en-

ergies from pair creation events, to the high energy (close to the energy of 

the primary photons) of those generated by primary photoelectric interac-

tions and backscattered photons. Fig. 14.5 shows the energy distributions of 

the electrons generated by the considered photon interaction processes as 

given by the Geant4 simulation, using standard electromagnetic physics. In 

order to simplify the data requirements, the electron energy range has been 

divided into two impact energy regions from 0 – 10 keV and above 10 keV.  

For the higher energies, from 10 keV to 6 MeV, the electron energy distri-

butions are represented in Fig. 14.5 for each of the considered photon inter-

action processes. For these we have assumed that the incident energy is high 

enough to validate the Born approximation (Inokuti 1971; Inokuti and 

McDowel 1974). This assumption is based on previous electron scattering 

cross section experiments that we published some years ago for different 

molecules (García and Manero 1998; García and Blanco 2000), including 

water (Muñoz et a. 2007b). In this context, using the Born based data from 

the LLNL Evaluated Electron Data Library (Perkins et al. 1991) for the O 

and H atoms and considering the momentum transfer relation with the inci-

dent energy derived from this approximation, all the required data in terms 

of interaction probabilities, angular distribution of scattered electrons and 

energy deposition are straightforwardly derived.  
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Fig. 14.5 Energy distribution of the secondary electrons generated by the considered 

photon interaction processes 

For energies below 10 keV different theoretical and experimental tech-

niques, depending on the scattering process and the incident energy, are used 

to obtain the required input information for water. These inputs are namely 

the interaction probabilities (derived from the integral cross sections-ICS), 

the angular distribution functions (derived from the differential cross sec-

tions-DCS) and the energy loss distribution functions (derived from the ex-

perimental energy loss spectra-ELS). Details on the experimental and theo-

retical procedures used to derive these data are given in (Blanco et al. 2013) 

and therefore we only give a brief summary here focused on the three main 

categories of the required input information. 

14.2.2.1 Interaction probabilities 
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These data are directly derived from the integral elastic (IECS) and integral 

inelastic (IICS) cross sections. IECS values used in this simulation come 

100% from calculations. In fact, it is not possible to directly measure IECSs 

but they are commonly derived from the integration of differential cross sec-

tion (DCS) measurements which requires some additional theoretical ap-

proaches (Hishiyama et al. 2017). To produce the IECS we used our Inde-

pendent Atom Model (IAM) calculation complemented with the Screening 

Corrected Additivity Rule (SCAR) and considering interference effects 

(IAM-SCAR+I), see (Blanco et al. 2016) and references therein for details. 

This procedure has been demonstrated to be reliable within 10% for impact 

electron energies ranging from 10 eV to 10 keV for a great variety of mo-

lecular targets (Sanz et al. 2013; Sanz et al. 2014; Loupas et al. 2018). We 

should note here that we consider as elastic processes only those in which 

no energy is transferred to excite any internal degree of freedom of the target 

molecule, i.e. when the total kinetic energy of the projectile-target molecule 

system remains constant under the collision. Below 10 eV more sophisti-

cated approaches considering molecular orbitals and using “ab-initio” meth-

ods to account for electron correlations have been considered. In particular 

we included the R-matrix (Tennyson 2010) calculation for water (Faureet 

al. 2004), which showed a remarkable consistency with the IAM-SCAR+I 

calculations for different molecular targets (Sanz et al. 2013; Sanz et al. 

2014; Loupas et al. 2018). The IECS values in this simulation are shown in 

Fig. 14.6 together with those corresponding to the inelastic processes that 

will be described in the next paragraph. As shown in this figure, elastic col-

lisions are important at any incident energy. Being dominant for the lower 

energies they still represent about 50% of all the collision processes at the 

higher energies. As detailed previously (Blanco et al. 2013), our SCAR pro-

cedure has also been used to account for the overlapping of the molecular 

integral cross sections when considering a liquid environment. Liquid water 

is then modelled here as 103 kg/m3 density material constituted by single 

water molecules whose electron collision cross sections are reduced by the 

energy dependent condensation factor calculated with the SCAR method 

(see Blanco et al. 2013 for details). 

IICS is formed by the sum of the contributions of all the inelastic channels 

that are open (energetically accessible) at a given incident energy. For in-

creasing excitation energies, the first inelastic open channel corresponds to 

rotational excitation processes (0.012 eV average excitation energy at 300 

K (Polyansky et al. 2013)). Vibrational excitation, electronic excitation and 
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ionisation of water molecules have their threshold energies at 0.2 eV (Nishi-

mura and Gianturco 2004), 4.5 eV (Trajmar et al. 1973) and 12.8 eV (Müller 

and Cederbaum 2006), respectively. Condensation effects tend to lower the 

ionisation energy (Müller and Cederbaum 2006; Barth et al. 2009) hence we 

assumed an extrapolated ionisation energy of 10.79 eV for the liquid water. 

In these conditions, our IAM-SCAR+I calculation provided the reference 

data from which are derived most of the IICS values, although in some cases 

they needed to be complemented with available theoretical or experimental 

data. The selected input cross section sources for the 0-10 keV impact en-

ergy range can be summarised for each considered inelastic channel as fol-

lows: 

Rotational excitation cross-sections are calculated by assuming that the 

molecule behaves as a free rotor and making use of the first Born approxi-

mation (Muñoz et al. 2007b; Fuss et al. 2009)[33, 47] 

Vibrational excitation cross-section data come from a detailed compilation 

from the experimental data available in the literature as described in (Muñoz 

et al. 2008; Blanco et al. 2013). The overall experimental uncertainties as-

signed to these data are within 20-25%. 

Ionisation cross sections were measured by us by combining a transmission- 

beam apparatus with a time of flight mass spectrometer [48]. Typical uncer-

tainties assigned to these experimental data are within 7-10% (Muñoz et al. 

2008; Muñoz et al. 2007b). 

Electronic excitation cross-sections are taken from the literature (Muñoz et 

al. 2008). Having theoretical or experimental data on all electronic excited 

state available at each incident energy is almost impossible, even in the case 

of such an intensively studied molecule like water. As explained in (Muñoz 

et al. 2008) we compiled individual electronic excited state cross sections 

from previous experimental studies which were validated by comparison 

with recommended data from review articles such as that by (Itikawa and 

Mason 2005). 

Neutral dissociation cross sections. As explained in (Muñoz et al. 2008) the 

difference between our calculated total inelastic cross section and the sum 

of the cross sections corresponding to the ionisation, vibrational and elec-

tronic excitations, i.e. the “remaining” inelastic channels, are considered to 

be neutral dissociation processes. Direct measurements of neutral dissocia-

tion cross sections are very complicated and thus scarce but in a previous 

study we showed that this assumption is compatible with the few measure-

ments available in the literature (Kedzierski et al. 1998; Harb et al. 2001). 



13 

Inner-shell excitation and ionisation. The probability of exciting and ionis-

ing the k-shell of the oxygen atom forming the water molecule has been 

estimated from the energy loss spectra by correlating the total electron in-

tensity corresponding to these processes with that corresponding to the mo-

lecular excitation and ionisation processes. Although the cross section for 

inner-shell excitation and ionisation is about two orders of magnitude less 

than that corresponding to the valence shell, its average energy loss (around 

535 eV (Hitchcock and Brion 1980)) is more than one order of magnitude 

higher than the average energy of the outermost electron shell (around 35 

eV (Muñoz et al. 2007b)) and therefore they must be considered in the sim-

ulation procedure. 

Multiple ionisation cross sections. This is an inelastic channel recently in-

corporated to our modelling procedure. In our previous simulations using 

LEPTS we assumed that double ionisation of the water molecules was irrel-

evant due to the low cross section we may expect for this process. However, 

a recent calculation from (Oubaziz et al. 2015) revealed that the energy 

transferred in this type of process is several orders of magnitude higher than 

that for single ionisation and increases with the incident energy, being there-

fore important in terms of energy deposition. In fact, some discrepancies we 

showed between our simulated electron stopping power in water (Muñoz et 

al. 2007b) and that given on the NIST webpage for energies above 1 keV 

disappear when this process is included in the simulation. 

Electron attachment cross section. This is a resonant process whose cross 

sections have been accurately measured in several experiments which were 

compiled by (Itikawa and Mason 2005). We have taken the recommended 

cross section values from (Itikawa and Mason 2005). 

Thermalisation. Electrons with energy below 25 meV are considered as 

thermalised electrons in equilibrium with the medium.  

The scattering cross sections used to include all the above scattering pro-

cesses in the present simulation are plotted in Fig. 14.6. 
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Fig. 14.6 Electron scattering cross sections used for the LEPTS simulation for 

incident electron energies below 10 keV (see text for details) 

 

2.2.2 Angular distribution function 

An important feature of an event-by-event Monte Carlo simulation proce-

dure is sampling the angular distribution of scattered electrons for each sin-

gle collision. We will distinguish here between elastic and inelastic collision 

processes. 

For elastic scattering the calculated differential cross sections are normal-

ised to constitute the angular distribution probabilities for each incident en-

ergy. For inelastic scattering processes the sampling procedure is more com-

plicated since this angular distribution depends on the energy transferred to 

the target. In addition, for ionising collisions the energy and angular distri-

bution of the ejected electron are also needed. In theory we could derive this 

information from the double (DDCS) and triple (TDCS) differential cross 

sections. In practice this information is not available for all the required en-

ergies and the full integration of the available DDCS data is not always con-
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sistent with the measured total integral inelastic cross sections. For this rea-

son, we proposed a relatively simple empirical formula (Blanco et al. 2013) 

to derive the angular distribution of the inelastically scattered electrons as a 

function of the angular distribution corresponding to the elastic scattering 

and the transferred energy. This formula is the result of systematic energy 

loss spectrum measurements for different scattering angles and can be writ-

ten as: 

 

𝒅𝟐𝝈(𝑬)

𝒅𝛀𝚫𝑬
∝ (

𝒅𝝈(𝑬)

𝒅𝛀
)

𝒆𝒍

𝟏−𝚫𝐄/𝐄
,                              (1) 

 

Where (
𝒅𝝈(𝑬)

𝒅𝛀
)

𝒆𝒍

 
  is the angular distribution of elastically scattered electrons 

for the same incident energy and E is the energy loss during the collision. 

For ionising collisions, the energy of the ejected electron is given by E-IP, 

where IP is the ionisation potential, and its angular distribution is derived 

according to the energy and momentum conservation laws. 

 

14.2.2.3. Energy distribution functions 

 

The kinetic energy transferred in elastic processes is simply derived from 

the projectile to target molecule mass ratio and the scattering angle. For in-

elastic processes we followed different procedures depending on the inelas-

tic channel considered. For rotational excitation we assumed a constant en-

ergy loss which is the averaged rotational excitation energy at a temperature 

of 300 K, i.e. 0.015 eV. For vibrational excitation, electronic excitation and 

ionisation (valence and inner-shell) processes the energy loss distribution 

functions have been derived from the experimental energy loss spectra. For 

double ionisation processes we adopted the energy loss energies calculated 

by (Oubaziz et al. 2015). The energy loss distribution functions used in this 

simulation are plotted in Fig. 14.7 for the most representative inelastic chan-

nels. 
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Fig. 14.7 Energy loss distribution functions for different electron scattering pro-

cesses 

 

As already mentioned, the simulation programme generates a file of the po-

sitions and momenta (phase space) of all the electrons generated by the pho-

ton interactions. This is used as an electron source generator for the LEPTS 

code, hence constituting the primary particles for the event-by-event single 

track simulation procedure described above. To illustrate the electron track 

simulation procedure, Fig. 14.8 shows three representative stages: a) a top 

view of the photon interaction simulation shown in Fig. 14.4. Each dot rep-

resents a single photon collision event, most of them occurring within the 

irradiated 10x10 cm2 field, but events also take place outside of this region, 

defining a penumbra region. b) detail of electron tracks generated on the 

border of the irradiated field (penumbra). Note that the most energetic pho-

toelectrons penetrate up to 13 mm into the liquid water. c) a selected nano-

volume at the end of one of the electron tracks showing the type of collision 

events (see the legend of Fig. 14.8). d) numerical data, type and number of 

events taking place in the nanovolume. 
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Fig. 14.8 (a) top view of the irradiated area by the 6 MV primary photons; (b) detail 

of secondary electron tracks close to the border of the irradiated area; (c) detail 

(nanovolume) of the en of an electron track; (d) information about the number an 

type of collision events taking place in the nanovolume (note the colour code)   

 

14.3. Radiobiological effects on Jurkat cell cultures 

The X-ray beam generated by the Varian LINAC accelerator characterised 

in the previous sections, operating at 6 MV acceleration voltage, has been 

used to investigate the effect of radiation on Jurkat T lymphocyte cultures. 

Studies on Jurkat T cell signalling mechanisms have been summarised by 

(Abrahan and Weiss 2004). The experimental part of the present analysis 

includes a preliminary study to evaluate the radiation dose and time analysis 



19 

required to distinguish alterations of the cell cycle and apoptotic processes. 

Various experimental techniques were used to characterise the induced bio-

logical damage. Cell apoptosis was determined by analysing induced mem-

brane damage using an Annexin V staining technique (Kenis et al. 2004), 

and DNA fragmentation measurements were accomplished with a TUNEL 

assay method (Darzynkiewicz 2008). This is then compared with the full 

Monte Carlo simulation of the irradiation experiment, carried out using the 

LEPTS procedure described above, in order to correlate the energy deposi-

tion and the number of induced molecular dissociations with the observed 

cell alterations. Details on these experiments and modelling procedures will 

be given in the remainder of this section. 

 

14.3.1. Materials and experimental methods 

For this study, Jurkat cell (immortalised line of human T lymphocytes) cul-

tures were grown in a RPMI medium supplemented with 2 mM of L-gluta-

mine, 10% of fetal bovine serum and 1% of antibiotics (penicillin/strepto-

mycin) at 37oC in a 5% CO2, 100% humidity environment to reach the 

logarithmic phase. Cells were counted and introduced into the growth me-

dium with a concentration of 130000-170000 cell/ml and then distributed 

into a 96-well polystyrene cell culture cluster in order to be used the follow-

ing day. As mentioned, the preliminary experiment consisted of different 

doses (0.5, 1 and 2 Gy) of radiation and different time (6, 24, 48 and 72 h) 

analysis in order to determine the appropriate conditions for the cell cycle, 

membrane integrity and DNA damage measurements. 

14.3.1.1 The effect of radiation dose on the cell-division cycle as a function 

of time 

In order to determine the percentage of cells in different cell cycle phases 

(G0/G1, S, and G2/M) a staining DNA method has been used. Cells were first 

treated with ethanol to make the membranes firm and permeable and then 

quantitatively stained with a fluorescent dye, propidium iodide. This dye 

locates within the DNA double helix, as such the amount of DNA is propor-

tional to the amount of collocated dye, and also proportional to the fluores-

cence intensity. In these conditions the percentage of emitted fluorescence 

is correlated with the percentage of cells in each cycle phase. This study 

employed flow cytometry by acquiring 20000 events for each sample. 
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Fig. 14.9 Time evolution (6, 24, 48 and 72 h) of the cell cycle phase distribution for 

96-well samples containing Jurkat cell cultures (see text for details) for different 

radiation doses (0.5, 1 and 2 Gy). 

Fig. 14.9 shows the results of the cell cycle evolution, from 6 to 72 h, for 

different radiation doses, including those for the control non irradiated (NR) 

target. As shown, the effect of the radiation on the cell cycle is noticeable 6 

h after the irradiation for delivered doses higher than 0.5 Gy. However, the 

maximum effect (decreasing G1 and increasing G2) occurs at 24 h, particu-

larly for the 2 Gy radiation dose. 

14.3.1.2 Integrity of cell membrane evaluation using an Annexin-V assay 

The integrity of the cell membrane has been evaluated by means of an An-

nexine-V marking procedure. Phosphatidylserine (PS) is a phospholipidic 

component of the membrane which is held facing the inner side of the cyto-

plasmic membrane of normal cells. However, for apoptotic cells PS moves 

from the inner to the outer side, exposing the PS to the extracellular envi-

ronment. This event occurs very early within the programmed cell death 

process and can be quantified by flow cytometry by adding the Annexin-V 

protein linked to a fluorescein isothiocyanate (FITC). Annexin-V positive 

cells are then identified as those with the integrity of the plasmatic mem-

brane damaged. In order to quantify this phase of the apoptotic process 



21 

(early apoptosis) 20000 cells/sample were acquired by the cytometer to ac-

curately obtain the percentage of Annexin-V positive cells. The correspond-

ing results for different radiation doses (0.5, 1, 2 Gy) are shown in Fig. 

14.10. 

 

 

 

Fig. 14.10 Percentage of Annexin-V positive cells, normalised to the control (NR) 

sample, for different radiation doses 

As shown in Fig. 14.10 early apoptosis processes are present from 24 hours 

and they increase with both time and radiation dose. For 0.5 Gy this effect 

is almost inappreciable, less than 1%, showing a proportional dependence 

on radiation dose and reaching a maximum value of 4% 72 hours after the 2 

Gy irradiation. 

 

14.3.1.2 Apoptosis analysis based on a TUNEL assay technique 
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Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labelling 

(TUNEL) assay is a well-established technique (Kyrylkova et al. 2012) to 

label DNA damage produced by apoptosis and other possible agents. It is 

based on measuring the fragmentations of nuclear DNA, the biochemical 

hallmark of apoptosis, thus providing a simple and accurate detection of 

apoptotic cells even at the single cell level. In this experiment we used a 

DeadEnd™ Fluorometric TUNEL System in combination with a confocal 

microscope to directly visualise the induced nuclear DNA fragmentations. 

This system catalytically incorporates fluorescein-12-dUTP to the 3'-OH 

DNA ends by using Terminal Deoxynucleotidyl Transferase (TdT) to attach 

the polymer tail. The DNA labelled with fluorescein-12-dUTP can be visu-

alised with a fluorescence microscope and were counted within 5 visualised 

fields. The results are presented in terms of percentage of TUNEL positive 

cells with respect to the total number of cells.  

The results corresponding to the TUNEL assay are shown in Fig. 14.11. As 

expected, the maximum percentage of TUNEL positive cells is found for 2 

Gy and 72 hours after the irradiation. Note that the increase from 48 to 72 

hours is even more remarkable than in the case of the Annexin-V assay. 
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Fig. 14.11 Percentage of DNA fragmentation observed with the TUNEL assay for 

different times of analysis  

 

14.4. Radiobiological experiment versus Monte Carlo 

simulation 

Once the suitability of the 6MV X-ray beam delivering 2 Gy doses was con-

firmed to produce biological damage within the sensitivity range of our ex-

perimental techniques, a radiobiological experiment was designed to com-

pare to the prediction of our Monte Carlo modelling procedure. The 

irradiation took place in the 1x1x1 m3 water phantom shown in Fig. 14.12 

(a), according to the schematic shown in Fig. 14.11. Two 96-well plates, 

Plate 1 and Plate 2, were prepared to contain the same number of cells in 

each well. Each target plate was alternatively attached to the motorised X-

Y-Z coordinate axis device installed in the water phantom (see Fig. 14.12 

(a)) which is remotely operated. As indicated in Fig. 14.12 (b), the 96-wells 

constitute a 12 column (1 to 12) and 8 row (A to H) matrix for which the 

relevant position coordinates of each target are given by the distance be-

tween the well in question and column 3. The centre of the irradiated area is 

then placed between the D3 and E3 wells, while the C1 to C12 wells contain 

the target cells. Plate 1 was placed exactly in the zero position, i.e. with X = 

0 between D3 and E3, and Plate 2 was placed further along the positive X 

axis by 4 column widths, so that column 3 was now coincident with the 

location of column 7 of the previous plate. Note that under these conditions, 

columns from 3 to 9 of Plate 1 were within the irradiated area while for Plate 

2 columns from 7 to 12 are out of the irradiated area. With this configuration 

we cover the three regions of interest (irradiated, penumbra and low dose 

regions) including an overlap area to check the consistency between both 

results and estimate statistical uncertainties. We also prepared a third plate 

(NR plate) following the same treatment as that for the other two, which was 

not irradiated, as the control reference. The 12 wells of interest for the pre-

sent experiment, represented as W1 to W12, are then defined by their re-

spective X coordinate which ranges from X = 0 to X = 94.6 mm and they 

represent a combination of the utilised wells from Plate 1 and Plate 2. Plates 

were introduced into the water phantom by means of an appropriate sample 

holder designed by us for this purpose (Fig. 14.12 (c)) 

 

(a) (b) 



24  

            

                      

                                

 

Fig. 14.12 (a) water phantom used for the radiobiological experiment; (b) 96-well 

cell culture cluster configuration; (c) cell culture cluster on the sample holder to be 

introduced into the water phantom 

(c) 



25 

Taking into consideration the results of the previous experiment for different 

radiation doses the study followed the cell cycle at 24 and 48 hours after the 

2 Gy irradiation and the induced apoptosis (Annexin-V and TUNEL assays) 

at 48, 72 and 96 hours after the 2 Gy irradiation. 

For the Monte Carlo simulation, we assumed the configuration represented 

in Fig. 14.13. The simulated phase space of the primary radiation (see sec-

tion 14.2.1) covers a 100 x 100 mm2 area centred on the surface of the water 

phantom. The sample was located parallel but 100 mm below this surface 

(see Fig. 14.13) so the radiation was initially transported through this 100 

mm depth of water before reaching the target wells which for the simulation 

were assumed to contain just water. 

  

Fig. 14.13 Schematic configuration of the cell irradiation experiment used for the 

Monte Carlo simulation 

In order to determine the statistical uncertainty of the simulation, the refer-

ence value used was the energy deposited in each well. The criterion was to 

reproduce the energy deposited in the farthest well (W12) within 1%. In 

order to reach this limit, we generated 1010 initial photons whose energy and 

momentum distributions were given by the previous phase space simulation 
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(see Section 14.2.1). As mentioned above, the LEPTS simulation procedure 

will provide information about the energy deposition and the number of pro-

cesses taking place into each well both for incident photons (photoelectric, 

Compton scattering, Rayleigh scattering and pair creation processes) and 

secondary electrons (elastic scattering, single and multiple ionisation, inner 

shell ionisation, electronic excitation, neutral dissociation, vibrational and 

rotational excitation and electron attachment processes). 

We will now present the results and comparison of the radiobiological ex-

periment and the simulation. 

14.4.1. Cell cycle results  

The observed effect of the radiation on the cell cycle is the variation in the 

percentage of cells in each cycle phase. In a normal cycle the percentage of 

cells in the G1 phase (no proliferation phase) is higher than the percentage 

of cells in the G2 phase (preparing cell division). The results of the experi-

ment for the selected wells W1-W12 are shown in Figs. 14 and 15 for 24 

and 48 hours post irradiation, respectively. 24 hours post irradiation, be-

tween the positions W1-W6, there is an increase in the number of cells in 

the G2 phase with respect to the control (NR). This is interpreted as a halt 

in the normal cell cycle. Note that these positions are located in the irradiated 

area (see Figure 14.13) where the radiation level is higher, and its effect is 

stronger.  

 

Fig. 14.14 Percentage of cells in each phase (G0, G1, S, G2) as measured 24h after 

the 2Gy irradiation  
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At 48 hours post irradiation, the attenuation of the radiation effect is appre-

ciable (see Figure 14.15), with some recovery of the culture observed. This 

can be explained in terms of reparation mechanisms. 

 

Fig. 14.15 Percentage of cells in each phase (G0, G1, S, G2) as measured 48 h after 

the 2Gy irradiation  

 

14.4.2 Results on the apoptotic process 

As shown in Fig. 14.16, 48 hours post irradiation early apoptosis (Annexin-

V positive) is dominant versus nuclear DNA fragmentation (TUNEL posi-

tive). They do however follow a similar pattern. Both present a local broad 

maximum around the positions W5-W6 which are close to the penumbra 

area. Beyond this point both decrease, and then tend to increase again for 

the last wells, W10-W12. 
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Fig. 14.16 Early apoptosis and DNA fragmentation 48 h after the irradiation 

For the analysis carried out 72 hours after the irradiation we found an inver-

sion of the process observed in the previous analysis (see Fig. 14.17). DNA 

fragmentation notably increases from W2 to W9 indicating that the apop-

totic process is progressing.  
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Fig. 14.17 Early apoptosis and DNA fragmentation 72 h after the irradiation 

Finally, 96 hours after the irradiation results show large variation with little 

to no correlation between the observed cell death and the radiation regions 

(see Fig. 14.18). At this stage other cellular mechanisms related to cell re-

generation (proliferation and survival by damage reparation) and the aging 

of the culture are present. 
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Fig. 14.18 Early apoptosis and DNA fragmentation 96 h after the irradiation 

 

14.4.3 Results of the Monte Carlo simulation 

As mentioned above, the combined GAMOS-LEPTS simulation provided 

information about the energy deposition and the type and number of colli-

sion events taking place in each target well, both for photons and electrons. 

These results are numerically presented in Table 1 for each considered well. 

The energy deposition in the wells is given in eV and the number of events 

taking place are given by primary photon, i.e. the number of collision events 

for each considered process within the corresponding cell.  

Table 14.1 Simulated number of events, per incident photon, taking place in each 

target well by type of collision process for photons and electrons 

# 

Well 

Edep 

(eV) 

Photons Electrons 

Phot1 

(x106) 

Ray2 

(x106) 

Com3 

(x106) 

Pair4 

(x106) 

El5 Rot6 Att7 eExc8 vExc9 nD10 s-I11 d-I12 i-I13 Ther14 

1 50.0 1.96 1.99 114 0.54 168 302 0.069 0.399 0.392 2.67 1.00 0.014 0.006 0.79 
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2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

49.6 

49.7 

48.5 

48.9 

47.7 

42.8 

6.79 

4.31 

2.49 

1.99 

1.59 

1.67 

1.59 

1.85 

1.82 

1.63 

1.48 

1.55 

1.44 

1.32 

1.22 

1.19 

1.71 

1.80  

1.90  

1.72  

1.62 

1.46 

1.40 

1.28 

1.15 

1.07 

1.00 

113 

114 

110 

110 

104 

97 

46 

40 

30 

26 

23 

0.54 

0.54 

0.47 

0.61 

0.50 

0.44 

0.02 

0.01 

0.01 

  

  

167 

167 

163 

164 

160 

144 

25 

16 

10 

8 

6 

301 

301 

293 

295 

289 

259 

44 

29 

17 

14 

11 

0.069 

0.069 

0.067 

0.067 

0.066 

0.059 

0.010 

0.007 

0.004 

0.003 

0.003 

0.397 

0.397 

0.387 

0.390 

0.381 

0.341 

0.059 

0.039 

0.023 

0.018 

0.015 

 

0.390 

0.391 

0.380 

0.383 

0.375 

0.335 

0.057 

0.037 

0.022 

0.018 

0.014 

2.66 

2.66 

2.60 

2.61 

2.55 

2.29 

0.39 

0.26 

0.15 

0.12 

0.10 

1.00 

1.00 

0.98 

0.98 

0.96 

0.86 

0.15 

0.09 

0.06 

0.05 

0.04 

0.014 

0.014 

0.014 

0.014 

0.014 

0.012 

0.002 

0.001 

0.001 

0.001 

0.001 

0.006 

0.006 

0.006 

0.006 

0.006 

0.005 

0.001 

0.001 

0.79 

0.79 

0.77 

0.77 

0.76 

0.68 

0.12 

0.08 

0.05 

0.04 

0.03 

 

1 Photoelectric interaction 

2 Rayleigh scattering 

3 Compton scattering 

4 Pair creation 

5 Elastic scattering 

 

6 Rotational excitation 

7 Electron attachment 

8 Electronic excitation 

9 Vibrational excitation 

10 Neutral dissociation 

 

 

11 Single ionisation 

12 Double ionisation 

13 Inner shell ionisa-

tion 

14Thermalisation 

 

In order to illustrate the relationship between the energy deposition and the 

number of events, in Fig. 14.19 we have plotted the energy deposited in each 

well together with the number of ionisations and electron attachment pro-

cesses taking place in the well. As can be seen from this figure, the number 

of events is higher than the energy deposition for the wells far from the pe-

numbra area, from W9 to W12.  This is easily understood when considering 

that the average energy of both photons and electrons out of the irradiated 

area tends to be lower, and therefore the interaction cross section tend to be 

higher. Note that the electron impact ionisation cross section is maximum at 

70 eV incident energy, and that for electron attachment maxima values cor-

respond to impact energies below 10 eV. Only a slight difference is expected 
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(note that Fig. 14.19 is plotted on a logarithmic scale), mainly due to the 

quantised way in which photons interact with matter, while charged particles 

have a cascade of ‘slowing’ processes. This non-proportionality is also seen 

in the case of positrons, where we recently showed (Roldán et al. 2016) that 

there is a region at the very end of the positron tracks where the number of 

dissociative collision events is not proportional to the energy deposition, i.e. 

to the absorbed dose. 

 

Fig. 14.19 Results of the Monte Carlo simulation for the energy deposition, number 

of ionising and electron attachment events in each target well 

14.4.4 Correlation between the observed cell damage and the simulated en-

ergy deposition 

In Fig. 14.20 we have plotted the energy deposition and the observed cell 

damage (early apoptosis and DNA fragmentation) for each target well as a 

function of its distance from the centre of the irradiated area, measured 48 h 

after the 2 Gy irradiation. Statistical uncertainties of the measured cell dam-

age can be established within 15-30%. These are derived from the deviations 
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of the results corresponding to the overlapping wells during the two sets of 

measurements (Plate 1 and Plate 2, see the experimental arrangement de-

scribed in the introduction of Section 14.4). Within this uncertainty at 48 h 

most of the biological damage is produced in the irradiated area. Beyond the 

irradiated limit (X > 50 mm) this damage persists, and tends to increase, for 

distances between 65 and 85 mm from the centre. This increase confirms 

and justifies the relevance of low doses in producing biological alterations, 

as well as the importance of the penumbra region in dose control (Fowler 

1990; Rupnow et al. 1998).   

 

Fig. 14.20 Correlation between the energy deposition and the observed biological 

damage as a function of the distance to centre of the irradiated area, after 48 h of 

the 2 Gy irradiation. 

As expected, 72 h after the irradiation the situation changes. As shown in 

Fig. 14.21, early apoptosis clearly decays in the irradiated area, probably 

due to repair mechanisms. However early apoptosis still occurs outside of 

the irradiated region, reaching maximum values at 60 mm from the centre. 

Note that this is the penumbra area where, as shown in Fig. 14.7 (b) it was 
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exposed to a high density of secondary electrons coming out of the central 

area. The DNA fragmentation shows a different trend, increasing within the 

irradiated area, indicating an evolution of the apoptotic process. DNA frag-

mentation also increases in the penumbra area. 

 

Fig. 14.21 Correlation between the energy deposition and the observed biological 

damage as a function of the distance from the centre of the irradiated area, 72 h after 

2 Gy irradiation. 

As previously mentioned, 96 hours after the irradiation no correlation be-

tween the observed cell damage and the irradiation was found, indicating 

that at that time other cellular processes are dominating the evolution of the 

culture. 

14.5. Conclusions 

We have presented a modelling procedure that combines the standard elec-

tromagnetic physics of Geant4 for photons with the LEPTS event by event 

Monte Carlo simulation programme for secondary electrons. This provides 

detailed information on the energy deposition and the type and number of 

collision events taking place in a 1 m3 liquid water phantom when irradiated 
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with 6MV photons generated by a LINAC accelerator. Input data sources 

on interaction probabilities (cross sections) and energy and angular distribu-

tion functions have been critically discussed to obtain a complete set over 

the whole electron and photon energy range considered (0-6 MeV). This 

model has been used to simulate a radiobiological experiment to correlate 

these outputs with the biological effects (cell cycle alteration, early apopto-

sis, DNA fragmentation) induced in a Jurkat T lymphocyte culture by the 

described radiation. In these conditions early apoptosis and DNA fragmen-

tation have been analysed 48, 72 and 96 hours after the irradiation. Notable 

cell cycle alterations were found between 24 and 48 hours after the irradia-

tion when the dose delivered was 2 Gy. As expected, the irradiated area 

showed apoptotic processes up to 48 hours after the irradiation. However, 

substantial apoptotic cells have also been identified outside of this area, in 

the penumbra, and even in the low dose area, where a clear maximum per-

centage of DNA fragmentation is shown. We attribute this effect to the fact 

that despite the average energy of primary and secondary particles in these 

areas being lower than in the irradiated area, their interaction cross sections 

are much higher, increasing the probability of producing damage. This ef-

fect is reduced when using photons as the primary particle, but we would 

expect a remarkable effect when the primary beam is formed by charged 

particles. Charged particles gradually lose their energy in the medium, thus 

having a well-defined range into a water phantom. In the case of a charged 

particle beam, the radiobiological effectiveness of the radiation could be far 

from proportional to the absorbed dose, and further radiobiological studies 

will be needed to establish an appropriate RBE assignment. 
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