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 IV. Microdosimetry  

The low energy photons considered in this work are not only slightly 
different from higher energy photons because of their dosimetric 
characteristics. They also differ in that they deposit their energy on much 
smaller distances than high energy photons. The secondary electrons 
generated in the medium, responsible for the energy deposition, induce a 
high number of ionization over short distances. As was already pointed out 
in the general introduction, this concentration of ionizations could be highly 
damaging for the cells. Some radiobiological and microdosimetric studies 
have already shown that 125I and 103Pd have indeed a RBE compared to 60Co 
higher than unity, which means that they are more biologically efficient than 
60Co γ-rays. The precise value of the RBE however varies a lot between 
studies. In this work, we have investigated the mechanism of energy 
deposition in water vapour on different scales using two different 
approaches. The first is the classical microdosimetric approach where we 
investigate the distributions of the energy deposition events in spheres of 1 
µm diameter as a function of their lineal energy y. This allows us to make a 
link between our work and the existing studies and the few experimental 
data obtained with wall-less proportional microdosimetric counters. The 
second approach is a cluster analysis at a nanometric scale. That scale is 
perhaps more representative for the mechanisms of interactions with the 
DNA in the nuclei. We have analysed the distribution of the clusters of 
ionizations as a function of their size in spheres of 2 and 10 nm radius. 

The results of this study have been published in Physics in Medicine 
and Biology. This paper is included in page 109 and will compose the major 
part of this chapter. 

A. Introduction 

1. The microdosimetric approach 
Many attempts have been tried to analyse the relationship between 

dose and effect in radiobiology. The first ones were based on concepts like 
LET. They pictured the charged particle tracks as straight lines with constant 
energy loss or as strings of ionizations regularly or randomly spaced along 
the trajectory of the particle with a density that corresponds to LET. This 
approach has however inherent limitations as was explained in the general 
introduction. So more sophisticated approaches were proposed, first by Lea 
(1955), then later by Rossi and his co-workers who laid the theoretical and 
experimental foundations of microdosimetry (Rossi 1959, Rossi 1960, Rossi 
1967, Rossi 1968, ICRU 36 1983). A coherent framework of concepts and 
quantities was proposed to quantify the statistics of energy deposition and 
the characteristic differences between various types of ionizing radiations. 
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Based on the assumption that only double strand breaks (DSB) can 
be really harmful for the cell, Rossi has also proposed his Theory of Dual 
Radiation Action (TDRA) (Kellerer and Rossi 1972). This theory allows to 
relate microdosimetry parameters to the biological effect. It assumes the 
assessment of Radiobiological Effect is a second-order process. The essence 
of the approach is to postulate the initial random products (sublesions) 
whose yield is proportional to energy imparted ε and that can react pairwise. 
A fixed reaction probability is assumed between sublesions less than a 
certain distance apart. Interactions beyond this distance are disregarded. On 
the basis of microdosimetric data for different radiations, such assumptions 
can be translated into dose-response relations. One can then try to identify 
those sizes of the reference region that agree best with the experimental 
observations for substantially different radiation qualities. This approach is 
chosen in the first simple version of dual-action theory. It leads to the very 
well known linear-quadratic equation for the relation between RBE and 
absorbed dose. 
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distribution, is an average of specific energy z produced in individual events 
in the site. 

This theory contains many simplifications and free assumptions, like 
the spherical shape of the sensitive region chosen rather because of the shape 
of the detectors used in microdosimetry than for any biological reason. The 
simplification is often satisfactory and sufficiently accurate to bring out the 
characteristic differences in the actions of various types of ionizing 
radiations. It has however some limitations as for the action of low-energy 
X-rays. For such radiations, the secondary charged particles ranges are 
substantially smaller than the site diameters of one or a few micrometers. 
Energy transfers produced by such tracks are, therefore, much more closely 
spaced than energy transfers randomly situated in the site. A one keV 
electron deposits its energy very locally in the nucleus of the cell and can 
thus be quite effective. This may lead to an increased biological 
effectiveness.  
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Figure 46 : Schematic diagram of energy deposition by a particle of large range 
(1) and a particle of short range (2). The specific energy z is equal in the two 
sites, but biological effectiveness is larger for the short-range particle because 
of smaller distances between sublesions. 

Kellerer and Rossi have proposed a generalised formulation of the 
dual Radiation Action based on the existence of a sensitive matrix whose 
geometric characteristics are represented by the function s(x), of an energy 
transfer distribution characterised by the function t(x) and of a function g(x) 
giving the probability of interaction between sublesions (Kellerer and Rossi 
1978). They obtain an equation for the average number of lesions per cell in 
the form of a linear-quadratic dose dependence regardless of the geometry of 
the sensitive matrix and of the type of radiation. 
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In the case of low dose or low dose rate, the linear component 
(intratrack action) dominates. On the other hand, when it is assumed that the 
sensitive sites are randomly dispersed over a spherical site of diameter d, and 
the combination probability g(x) is taken constant, as is assumed in the case 
of the simple TDRA, it can then be shown that ζξ = . This leads to an 
equation that has been often used as a simplified way to relate 
microdosimetric parameters and radiobiological effectiveness, quantified by 
RBE. Same effect means same surviving fraction. As the surviving fraction 

can be written as )()( 2
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In a first part of this work, we have used these concepts to analyse 
the radiobiological effectiveness of the radiations emitted by low energy 
photon brachytherapy sources by comparing their yD values. The results are 
presented in the next article. In summary, the MS have been calculated in 1 
µm diameter spheres using an event-by-event code named TRION (Lappa et 
al. 1993). This code allows simulating the transport of the electrons 
generated in a collision by a photon, and electrons down to 10 eV. It 
calculates too the microdosimetric parameters as the Microdosimetric 
Spectra (MS) and the parameters Dy . 

a) Description of the MC code TRION 
Trion is an event-by-event Monte Carlo code. The trajectories of 

particles are simulated following a collision scheme, in a detailed way, 
where each free path and interaction with the medium has to be sampled. 
The approximation adopted is the gas approximation where the matter is 
described as separate molecules. The simulated interactions for the charged 
particles are the ionizations of the molecular outer shells as well as of the K-
shell and the excitation of molecules. For sampling of energy transfer for 
ionization (McGuire 1971, Tan et al. 1978, Khare 1977), interpolation cross 
section constructed from the Born ionization cross section and the cross 
section of scattering on a free electron are used. The direction of the particles 
after collision is sampled after a binary collision model. For the K-shell, the 
movement of the electron bound to the atom and its bond with the nucleus is 
taken into account. The excitation of molecules by an electron is simulated 
according to the cross sections and mean excitation energies published by 
Paretzke and Berger (Paretzke 1978). The simulation of the elastic scattering 
of electrons is based on the Rutherford cross section including a correction 
term due to Molière (1948). Below 20 keV, a modified screening parameter 
is used (Berger). 

For photons, the probability of photoionization from the atomic 
inner shell is assumed to be equal to 1. The photoelectron energy is 
calculated by the energy conservation law. Its direction is generated from the 
Sauter distribution (Sauter 1931). The total photoionization cross section is 
determined experimentally (Veigele 1973). It is assumed that K-shell 
ionization causes emission of an Auger electron. Its direction is assumed to 
be isotropic and its energy is determined using ionization potentials of outer 
and K-shells. Finally, the photon energy after Compton scattering is 
evaluated according to the Klein-Nishina cross section. Particles directions 
and electron energy are calculated by the conservation laws. 

The results obtained using those cross section data have been 
compared to experimental results (Lappa et al. 1993). For electrons, which 
are the particles of interrest in our case, the calculated stopping powers agree 
very well with the measured values in water vapour and liquid water for 
electrons above 1keV. They are within the experimental uncertainties for 



 141 

electrons below 100 eV. These experimental uncertainties are quite high for 
low energy electrons which makes it impossible to distinguish water vapour 
from liquid water. Therefore, we can conclude that the gas approximation 
does not introduce a supplementary error. It is, however, an approximation 
that could introduce a bias in the results as the energy needed to produce a 
pair electron-ion in liquid is much lower than for the vapour, the number of 
ionization therefore is underestimated by our method. But, as will be 
discussed later, we should keep in mind that liquid water itself is an 
approximation for living tissue. At this very small scale, to be correct, we 
should analyse the interaction with DNA molecules and not water. This kind 
of study is then a first step to understand the mechanism of interaction 
between radiation and matter at a very small scale in a very well-known and 
very simple medium. 

TRION permits to calculate, starting from only the electron 
spectrum in the sensitive region, the distribution function ψ  and its 

moments )(nψ  for n = 0, 1 and 2 of the absorbed energy in spherical or 
cylindrical regions under condition of electronic equilibrium in the absorber 
irradiated by electrons or gamma-rays using the Fluctuation Detector 
Method (Lappa et al. 1993, Lappa 1984, Lappa et al. 1988). The case n=0 is 
the probability that a primary particle realizes an energy absorption event 
Q, { } )0(0 ψ=>= QPP , and the cases n=1 and n=2 are the two first 

moments )1(ψ=Q  and )2(2 ψ=Q . Starting from those results, it is 
possible to calculate microdosimetric characteristics like the frequency mean 
lineal energy and the dose-mean lineal energy: 

PlQyF =  and QlQyD
2=  

where l is the average cord of a sphere of radius r. 
The basic assumption in that method is that the process is 

Markovian; the interaction between particles is negligible. The site 
dimensions are assumed to be small compared to the typical distances in 
which the particle fluence changes significantly. In addition at least one of 
the following assumptions is assumed correct:  
-  the site is sphere. 
-  the site is oriented randomly and isotropically. 
-  the radiation fluence is isotropic. 

b) Summary of the results (see p 145) 
The situation of low energy X-rays is still an open question. It is 

certain that the ionization density of these X-rays is higher than for photons 
of higher energy as those of 60Co γ rays. We have calcultated their 
microdosimetric spectra, they are in the region between 1 and 10 keV/µm. 
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The MS and the parameter Dy  have been computed for the photon 
spectra emitted by the IBt 125I and 103Pd seeds for different distances from 
the sources in water. The MS and Dy  calculated for 1 cm in water for both 
isotopes is consistent with the very few data from the literature (Wuu et al. 
1996). For 103Pd, Dy  was found to be 4.05 keV/µm against 3.8 keV/µm in 

literature and for 125I Dy  was found to be 3.6 keV/µm against 3.5 keV/µm in 
literature. 

The initial spectrum of 125I is composed of photons energies of 27, 
31 and 35 keV, the spectrum of 103Pd is composed of three photon energies 
around 20 keV but also of a gamma emission of 357 keV of a very low 
intensity. This work has permitted to put into evidence the effect of the 
gamma ray of the 103Pd on the microdosimetric parameters. As these photons 
are attenuated much more slowly than the 20 keV photons in water, there is a 
hardening of the radiation with the distance for 103Pd that does not exist for 
125I. This hardening induces a slight shift of the MS toward the smaller value 
of y and a small decrease of Dy  with distance. 

Some calculations have been performed too for model 6711 from 
Amersham showing the influence of the fluorescence X-rays of 22 keV 
produced in the silver core of that seed. The presence of those rays decreases 
the mean energy of the photons emitted by these sources and potentially 
enhanced their biological effectiveness. 

2. The ionization cluster approach 
The use of the microdosimetry concepts is one kind of approach. 

Another kind of studies has been performed to analyse the energy deposition 
on smaller scales in the form of cluster analysis. This information in very 
small region is indeed very relevant as the range of the secondary electrons 
is extremely short. Monte Carlo techniques allow calculations to be 
performed down to nanometre distances, in which region direct experimental 
data are difficult to obtain and analytical methods based on LET and cord 
length distribution are not applicable. However, the information contained in 
these tracks must be summarised and simplified. One possible way of doing 
so is to use the cluster concept (Michalik 1991, Michalik 1993). 

In that approach, the conventional cluster algorithms designed for 
analysis of more dimensional data is applied to the track structure 
classification. In this study, the tracks are calculated with TRION and 
analysed segment by segment. A home-written program, CLUSTAN 
(Verhaegen 1996) is used to find clusters of ionizations formed by j 
ionizations contained in a sphere of radius p around a virtual centre. If the 
cluster contains j ionizations, it is said to be a cluster of order j. The 
distribution h(j, p) is computed. The form of the distributions depends on the 
ratio of the parameter p to the mean free path between ionizations, λi. For 
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1<<ip λ , the cluster of order 1 will be the most probable and the 
probability of occurrence of high-order clusters will decrease rapidly. With 
increasing ratio p/λi, the spectra will be wider and the greater the p/λi  the 
more probable will be the occurrence of the higher order clusters. 

a) Results (see p 145) 
The primary electron spectra have been calculated using the EGSnrc 

code. We have used the flexibility of this code that permits to select only the 
electrons generated in Compton or photoelectric events using the function 
IARG combined with the flag IAUSFL (Kawrakow 2003). These electrons 
have been tallied in bins according to their energy in order to obtain the 
primary electrons spectra that we needed. These spectra can be calculated at 
any position in the medium surrounding the seed. For each electron energy 
contained in these spectra, the cluster distribution is calculated. They are 
combined to obtain the cluster distribution for the complete primary electron 
spectrum. 
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b) Complementary calculations 
The distribution of 

clusters h(j, p) has been 
calculated for sites of 2 nm and 
10 nm of radius for 
monoenergetic electrons and 
for electrons generated by the 
passage of the photons of 103Pd 
and 125I in water. From the MS 
in a micron sphere, it was 
expected that 125I would 
produce more clusters of high 
order than 103Pd, and 
consequently have less single 
interaction. But it is the 
opposite that has been obtained. 
103Pd produces more single 
interactions than 125I. To 
support this, the microdosimetric spectra have been calculated in water for 
125I and 103Pd as function of the distance for 4 different sizes of site, radius of 
2 nm, 5 nm, 10 nm and 0.5 µm. Figure 47 shows the variation of the 
parameter Dy  for these 4 sites sizes and in function of the distance. It is 
interesting to notice that the same inversion occurs for the parameter yD 
when the site size decreases. For the 0.5 µm radius site, 125I shows lower 
values of Dy , when for 2 nm radii; 103Pd shows lower values of Dy . The 
inversion seems to occur in the region of 5 nm to 10 nm of radius. 

Contrary to the results we have obtained with the MS in 1 µm 
diameter sphere, 103Pd photons produce slightly more low order clusters than 
125I, what means that it could have a slightly less, or at least equivalent, 
radiobiological effectiveness. As it is pointed out in the preceding paper, this 
shows the real need for biological data to assess the most relevant site size. 
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V. Conclusion   

This work is dedicated to the study of low energy photons emitted by 
103Pd and 125I seeds used for brachytherapy applications like prostate or eye 
treatments. It includes different aspects: dosimetric and microdosimetric. 
The first part concerns the determination of the basic dosimetric parameters 
of two new types of such seeds. AAPM recommends that two studies based 
on measurements and/or on Monte Carlo calculations are performed in two 
independents laboratories for each new type of seed. The total of the two 
studies must contain calculations and measurements. In that context, we 
have determined for the first time the dosimetric data for the Iodine source 
“InterSource125” from IBt and we have performed the second study for the 
palladium source “InterSource103” from the same company. On the other 
hand, we have taken advantage of this basic study to analyse more closely 
some of the steps involved in this determination. 

A general remark could be that the low energy photons differ in a 
fundamental way from the higher energy photons. Indeed, in megavoltage 
beams, or even already for 192Ir sources, Compton effect is dominant in 
water. In contrast, in the range of energies considered here, between 20 and 
30 keV, photoelectric effect becomes of increasing importance. At 30 keV in 
water, about 40% of the interactions are of photoelectric type and at 20 keV, 
it climbs to about 65%. Moreover, as photoelectric effect is more or less 
proportional to 4Z , the effect of the presence of high Z components is 
enhanced. This invalidates many of the assumptions commonly made for the 
dosimetry in megavoltage beams. For example, the commonly used water 
substitutes, like polystyrene or polymethylmetacrylate (PMMA), or even 
specially engineered materials, like WT1 from RMI, cannot anymore be 
considered as water substitutes when used for low energy photons. If water 
equivalence is really needed, we have shown that new materials should be 
used, like for example, RW1 from PTW-Freiburg. It is even possible to 
question the use of water itself as tissue substitute at these energies as even 
soft tissues contain high-Z materials as Na, P, S, Cl or K in various amounts. 
These elements are traces only, but their cross sections for photoelectric 
effect are high, so their dosimetric importance must probably not be 
underestimated. 

The great importance of photoelectric effect induces a high 
attenuation, which has a considerable influence on the measurements too. 
Firstly, the presence of the high gradients imposes the use of detectors with a 
high spatial resolution and a very precise positioning. TLDs are an ideal 
choice, also because of the generally low dose rates involved. We have 
however shown too that at these energies their presence, as small as they can 
be, should not be neglected. In contrast to the case of measurements in 



 162 

megavoltage beams, they can not be considered as small cavities. Moreover, 
they induce a perturbation in the photon fluence whose consequence is that 
the TLDs can not be considered either as perfect large cavities,. The 
perturbation they introduce must be taken into account, especially for 103Pd. 
For absolute measurements, an additional concern arises from their energy 
correction factors. TLDs are usually calibrated in megavoltage beams or in 
60Co ray beams; their response in those beams is very different from their 
response to 125I or 103Pd photons. Therefore, energy correction factors must 
be applied, which yields unfortunately supplementary uncertainties. The 
problem of the use of TLDs for low energies in itself is probably not trivial 
and would need some more investigations. For example, Monte Carlo 
calculations could be used to simulate their response at low energies and to 
compare it to megavoltage beams and thus calculate theoretically the energy 
correction factor. Some studies have been published on the subject but are 
still controversial (Das et al 1996, Davis et al. 2003). A few very preliminary 
simulations, not shown in this work, using point sources for 125I and 103Pd as 
well as for an imaginary 6MV linac beam seem promising. 

In this study, we have used two different Monte Carlo codes, EGSnrc 
and MCNP4C. It was intended first as a consistency test only, but in the 
process, it has allowed us to investigate the basic databases used in these 
Monte Carlo codes. As these codes use different default cross section 
libraries, we have been able to show that the use of different cross section 
libraries can have an influence on the calculated clinical data, especially on 
the radial dose functions. For 125I, the deviations can be as high as 9% higher 
at 7cm from the seed with MCNP than with EGSnrc and it is even 17% at 
5cm from a 103Pd seed. The main discrepancies between those databases 
concern the photoelectric effect cross sections; it has consequently an 
influence only for low energy photon sources. It was particularly serious for 
MCNP for which the default data for photoelectric effect differed from the 
XCOM distribution from the National Institute of Technology and Standard 
(NIST) by as much as 10% at 30 keV. For EGSnrc, the differences were 
smaller, but the data could still be improved. These databases were indeed 
improved, EGSnrc by Hobeila and Seuntjens (2003) from McGill University 
and MCNP4C by T. Bohm et al. (2003) from University of Wisconsin and 
thanks to the cooperation of these authors, we have been able to use updated 
libraries for both codes. That has reduced the differences between the results 
to the statistical uncertainties. Although the accuracy of the cross section 
database is still questionable, the comparison with experiments was also 
improved at the condition to use the perturbation correction factors for the 
TLD measurements. Indeed, very recently, AAPM has published an update 
to the TG-43 (Rivard et al. 2004) that recommends careful assessment of the 
type of cross section libraries used in the calculations. They recommend 
moreover being particularly meticulous regarding the correction factors to 
apply to the TLDs measurements. 
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Another question concerning the low energy photons concerns their 
biological effectiveness. The generally accepted hypothesis is that as the 
effectiveness of a radiation is related to the ionization density in matter, one 
should expect to see an effect when going from high energy photons to lower 
energies as the ionization density is increasing. However, there are only very 
few radiobiological data to support this hypothesis or, all the more so, to 
quantify it. It is not the goal of this work to study radiobiology, but some 
basic information can be gathered from purely physical mechanisms. The 
first possibility to try to obtain radiobiological information starting from 
purely physical data is to use the theory of Dual Radiation Action (Kellerer 
and Rossi 1972) or the generalised one (Kellerer and Rossi 1978). According 
to that theory, it is possible to deduce RBE from the microdosimetric Dy  
parameter in the case of low dose and/or low dose rate. In a first approach, it 
was the method we have used. We have not deduced RBE, but we have used 

Dy  to compare the radiation quality. We have calculated the microdosimetry 
spectra in the classical volume used for this kind of studies, a sphere of 1 
µm. Our results at 1cm from the seed in water are concordant with the 
results from the literature (Wuu et al. 1996). ). For 103Pd, Dy  was found to 

be 4.05 keV/µm against 3.8 keV/µm in literature and for 125I Dy  was found 
to be 3.6 keV/µm against 3.5 keV/µm in literature. We have shown however 
that for 103Pd, Dy  varies with the distance from the seed due to the 
hardening of the photon spectrum of that isotope. 

Moreover, the seeds themselves are made of different materials. 
Usually the encapsulation is in titanium, but they can contain other metals 
like silver, platinum or iridium. Although the dimensions of the seeds are 
extremely small, it was already shown that due the high attenuation of the 
photons, especially in metals, the interior design can influence in a 
noticeable way the dose distribution around the sources. It has been shown 
by several authors that even movements inside the seed could cause 
dosimetric modifications. But the position is not the only parameter, the type 
of metal is also important for the dosimetry, as for the effect of the X-ray 
fluorescence photons generated by silver. This justify once more, if 
necessary, the use of different dosimetric data for each type of seed. In the 
microdosimetric study, we have shown that the presence of those X-ray 
fluorescence photons has also a influence on Dy , and consequently, on the 
potential radiobiological effectiveness as they lower the mean energy of the 
radiation. 

In a second approach, we have used the following reasoning: It is 
acknowledged that the effectiveness of a radiation is related to the number of 
double stand breaks (DSB) produced in DNA molecules as these breaks, 
contrary to single strand breaks (SSB), can not be repaired. These breaks are 
caused by ionizations in or close to the DNA molecule. Thus using an event-
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by-event Monte Carlo code called TRION (Lappa et al. 1993) and a home-
made code called CLUSTAN (Verhaegen 1996), we have investigated the 
distribution of clusters of ionizations of 2 nm and 10 nm radii in water 
vapour with density 1. If a radiation produces a large number of clusters of 
high order (containing a large number of ionizations), it is more likely that if 
this radiation crosses a DNA molecule, it could cause DSB. From that 
assessment, it is then possible to compare radiations potential efficiencies by 
comparing their induced ionizations cluster distributions. So, we have 
compared 103Pd and 125I on that basis and found that in those extremely small 
volumes, the importance of the very low energy electrons created by 
Compton interactions should not be underestimated. Indeed, these electrons 
deposit their energy on extremely short distances; an electron of 1 keV has a 
range of 45 nm in water, much smaller than the ICRU sphere of 1 µm. As 
the energy of those electrons is very small, they have only a small effect on 
the microdosimetric spectra in 1µm spheres. The concentration of 
ionizations they produce however is very high and consequently very 
efficient to destroy DNA if those electrons are produced in the proximity of 
the molecule. The energies of 125I and 103Pd are very close, but it is the range 
of energies where the relative importance of Compton Effect and 
Photoelectric effect are switching in water, so interactions of 103Pd photons 
in water produce essentially photoelectrons when interactions of 125I in water 
still produce more Compton effects. 125I produce consequently more low 
energy electrons than 103Pd. When we compute the cluster distributions for 
these two isotopes, the effect of the low energy Compton electrons appears 
in the fact that 125I produces slightly more high order clusters than 103Pd, 
contrary to what was expected from the microdosimetric spectra analysis. 

Of course, this is only a first step in the microdosimetric and 
nanodosimetric study, it would for example be very interesting to remove 
one of the most problematic approximations that has been done, from a 
physical point of view, namely, the fact that we analyse interaction in water, 
and not even in liquid water, but in water vapour. DNA is a very complex 
molecule, containing atoms of H, O, C, N, and P and even the first thin layer 
of water surrounding it is very special due to hydrogen bridges with the 
DNA molecule. As was shown extensively in this work, for photon 
interactions, the rapid increase of the photoelectric effect cross sections in 
the energy region we are considering implies that the real composition of the 
medium can not be approximated. On the other hand, when considering the 
transport of electrons down to a few eV, the state of the medium becomes 
important too due to the existence of collective effect in condensed matter. 

Another still existing question that we have pointed out is the size of 
the target that we should use in this kind of study, i.e. classical 
microdosimetry or cluster analysis, as we found opposite results just by 
changing the scale of the analysis. This could only be solved however by 
more radiobiological studies. Some of these studies are currently in progress. 
One of these is an in-vivo study that concerns the regeneration of intestinal 
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crypts in mice after irradiation. That biological endpoint has been shown to 
be a good indicator of the biological effectiveness of the radiation (Withers 
and Elkind 1970). This technique has been used for many years by the 
research team of Dr Gueulette (Gueulette et al. 1996a, Gueulette et al. 
1996b) for the study of biological effectiveness and the radiobiological 
calibration of non-conventional radiation beams. It has been used worldwide 
for the intercomparison of clinical beams of neutron, proton and heavy ion, 
and also for boron neutron capture therapy (BNCT) beams. That endpoint 
has recently been adapted to study the low energy photons of 125I and 103Pd 
(Ying et al. 2003). Some in-vivo measurements have been made recently 
with 125I compared to 60Co where the biological endpoint was the response of 
the treated tumour evaluated in terms of inhibition of growth (Lehnert et al. 
2004). However the radiobiological studies for low energy isotopes are often 
facing the problem of the inhomogeneity of the dose rate. This interferes 
with the other parameters in the determination of radiobiological effect and 
could explain the large uncertainty still existing for the RBE of 125I and 
103Pd. 

In conclusion, low energy photons physics is a very interesting and a 
quite challenging domain in dosimetry. The use of low energy photons in 
brachytherapy will certainly continue to spread in the coming years and the 
developments in medical techniques and the increase of the know-how of the 
medical doctors will certainly induce the need for a more and more accurate 
dosimetry. Many studies have already reported the direct relation between 
dose to the prostate and PSA-free survival like for example Stock et al. 
(2002) or dose to the surroundings organs and urethra and morbidity like 
rectum bleeding (Zapatero et al. 2004, Merrick et al 2003), urinary 
disfunctions (Merrick et al. 2004, Salem et al. 2003) or erectile disfunctions 
(Merrick et al 2002). Discrepancies between Monte Carlo simulations are 
now explained by the cross section data, but uncertainties of 10% in the 
measured dosimetric data are still accepted in the last update of the TG-43 
while for external radiotherapy, the precision on the absolute dose delivered 
for external radiotherapy should be less than 2%. It is evident that for 
brachytherapy it is not possible to avoid hot spots inside the tumour due to 
the presence of the sources, however, concerns about the eventual presence 
of cold spots can be raised as it has been shown to have a direct influence on 
the local relapse. On the other hand, even if the dose decreases very rapidly 
with the distance from the source, dose to organs at risk should be assessed 
with the maximum possible accuracy. For the level of doses used for eye 
treatments for example, a 10% difference on the dose delivered to the lens or 
to the optical nerve could perhaps be significant for the preservation of 
vision after the treatment. In the present state, it is however very difficult to 
assess as it is the limit of the precision on the dosimetric data. 

So even if photons are considered as a very well-known radiation, 
detailed investigations should clearly be continued. As we have shown, 
improvement can be made regarding the dosimetry as for the different 
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correction factors that have to be used for TLD measurements. It would 
certainly be interesting also to investigate other detectors for the 
measurements. The developments in radiochromic film technology seems, 
for example, very promising and should be pursued. On the other hand, 
efforts are needed from radiobiologists to assess the Relative Biological 
Efficiency of these radiations. This, together with the development of event-
by-event Monte Carlo codes, could help to understand the mechanism of 
interactions between radiations and living tissues at a very basic level and 
the interesting influence of the very low energy electrons that is, for the 
moment, only presumed. In the next few years, it is clear that cooperation 
between physicists, medical doctors and radiobiologists will bring the 
knowledge about low energy photons to the level that is now reached for 
high energies photons, for the physical data as well as for the radiobiological 
data. 




