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ABSTRACT In the case of accidental exposure to ionising radiation, estimation of the ahsorhed 
dose in the organism is an important indicator for evaluating the hiological 
consequences. To complete the clinical and hiological investigations, physical 
dosimetry methods can he used to provide an  estimate of the absorhed dose and its 
distribution in the organism. This article describes the development of calculation 
tools in physical dosimetry, in particular a numerical anthropomorphic pbantom 
which can he adapted to each individual. A standard model was developed from the 
data avaiiahle in the ICPR Publication 23. A set of tests was carried out with the 
model dimensions heing modifed to study the effect of morphology on the dose 
calculation. A comparison was made with another standard model used in internal 
dosimetry. These studies highlight the parameters to he taken into account in the 
model, depending on whether the accident is local or global. 

Caractérisation d’un modèle anthropomorphe numérique pour la reconstitution 
d’accident radiologique. 
En cas de surexposition d’un individu aux rayonnements ionisants, la dose absorbée 
dans l’organisme est un indicateur important pour évaluer les conséquences 
biologiques. En complément des données cliniques et biologiques, des techniques de 
dosimétrie physique permettent de fournir une estimation de la dose reçue et de sa 
distribution dans I’organkme. Cet article décrit le développement d’outils de calcul 
de dosimétrie physique, en particulier un fantôme anthropomorphe numérique, 
adaptable à chaque individu. Un modèle standard a été développé à partir des 
données de la CIPR 23. Une série de tests a été effectuée en faisant varier les 
dimensions du modèle afin d’étudier l’effet de la morphologie sur le calcul de dose. 
Une comparaison avec un autre fantôme utilisé pour les calculs en dosimétrie interne 
a été réalisée. Ces études ont permis de mettre en avant les paramètres à considérer 
lors d’une modélisation en fonction du type d’accident : global ou localisé. 

RÉSUMÉ 

1. Introduction 

The analysis of radiological accidents which have occurred during recent decades 
has revealed that each has its own special features and originality (IAEA, 1998). 

* 
** 
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This has resulted in the development of a set of techniques and recommendations 
to be applied by the various specialists concerned when an accident occurs. Most 
of these accidents are due to radioactive sources and generally involve a small 
number of people. Between 1944 and 1993, there were 300 accidents resulting in 
partial or total exposure of individuals requiring medical treatment (Lefaix et 
Daburon, 1998). Since 1990, there have been over 30 deaths due to accidents 
involving radioactive sources used for industrial or medical purposes. The most 
frequently used sources are 19*Ir, 137Cs and %O whose energies range from a few 
hundred keV to 1.5 MeV (de Oliveira, 1987). The radiological consequences of 
accidents involving these various sources can Vary widely, since a large number of 
parameters, such as energy, distance and exposure duration, come into play. 

Physical dosimetry and biological dosimetry, which are often complementary, 
are just two of the many techniques used to estimate doses after a radiological ac- 
cident, thereby providing valuable information for physicians. The aim of physical 
dosimetry is to determine dose distributions within the organism and doses to or- 
gans. For this to be possible, the accident situation has to be recreated. Several ap- 
proaches can be used to physically recreate the accident situation: 

experiments, using a model made of “tissue equivalent” matenal and fitted 
with dosimeters adapted to the type of radiation, a source and an environment 
which are as realistic as possible; 
calculations, using either analytical codes or probabilistic computer codes 
based on the Monte Carlo method. 

The method used depends on the type of accident. However, in most cases, 
reconstruction by computer is more flexible. Computer tools already exist in the 
medical field, for treatment by radiotherapy for example, but generally speaking, 
doses can only be calculated for specific configurations. Now, a way has to be 
found to model various sources (dimensions, shape and energy spectrum) and the 
morphology and posture of irradiation victims. 

In concrete terms, a Computer-Aided Design (CAD) application is used to mo- 
del the entire geometry of the accident and a Monte Carlo code is used to simulate 
particle transport. 

The main aim of this work was to qualify the numerical anthropomorphic mo- 
del. To do this, a preliminary study was carried out to verify the data associated 
with the existing model and make the necessary adjustments to obtain a represen- 
tation as realistic as possible of reference man (ICRP, 1975). The influence of geo- 
metric accuracy, associated with the CAD tool, on the result of the dose calculation 
was then studied. Then, a series of six models, based on the existing model and of 
different heights and weights, was created so that the influence of these two 
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parameters on the dose calculation result could be studied. Finally, a third study 
provided the opportunity to compare Our anthropomorphic model to other existing 
models. The computer code was validated during a preliminary study (Roux et al., 
2000). 

2. The tools 

Given the constraints imposed by the approach adopted, it was essential to have a 
powerful CAD tool for constructing a complex anthropomorphic model and the 
main elements of its environment (source, Wall, screen etc.). Furthermore, as far as 
operational requirements were concerned, the tool had to be interactive and 
capable of allowing the height and position of the phantom to be changed rapidly 
to adapt to the particular circumstances of a given accident. Finally, the geometnc 
standard used by the tool had to be compatible with the dose calculation code. A 
compromise was reached by using the MGED (Multi-device Graphies EDitor) 
CAD application (BRL, 1992) in conjunction with the MORSE (Multigroup Oak 
Ridge Stochastic Expenment) Monte Carlo code (Emmett, 1985). 

2.1. CALI: geornetric construction 

MGED is a CAD tool based on the principle of combinational geometry which can 
be used to combine basic solids with simple geometnc shapes (spheres, ovoids, 
parallelepipeds etc.) or more complex ones (for example truncated cones) using 
Boolean operators. These combinations determine the regions to which specific 
materials qualified by composition and density will be allocated. Thus, each region 
becomes a physical element of the overall model, for example an organ of the 
model, the radiation source, etc. Al1 the regions can then be gathered into groups 
according to different cntena: materials, part of the body, etc. The functional 
groups can easily be manipulated, for example they can be rotated, displaced or 
have scale factors applied to them, so that the geometry can be rapidly adapted to 
that of the accident. 

An anthropomorphic phantom representing a man was created in this way. It 
consisted of 173 basic solids forming 123 regions (Figs. 1 a and lb) and including 
the skeleton and the organs. 

2.2. The MORSE code 

Of al1 the existing Monte Carlo codes, the MORSE code is the only one with which 
the standard geometry mentioned above can be used. It is a multi-group 3D 
transport code for neutrons and photons. Each particle generated by the code 

RADIOPROTECTION -VOL. 36 -No 1 (2M)l) 59 

Article published by EDP Sciences and available at http://www.edpsciences.org/radiopro

http://www.edpsciences.org/radiopro


A. ROUX et al. 

Figure 1 - Representat‘on of the phantom’s envelope (a) and its skeleion (b), front and side views. 
Reprksentat‘on de l’enveloppe du fantôme (a) et de son squeleüe (b), vues face et profil. 

is followed throughout its lifetime. This is determined using pseudo-random 
numbers whose frequency distribution is govemed by the various physical 
interaction laws applicable to the particle in the medium through which it is 
passing. Every time there is a collision, a statistical weight is assigned to the 
particle, corresponding to the probability of its emergence after the collision. The 
life of a particle cornes to an end when it meets an “empty” region constituting 
the geometrical limit of the problem or when its energy drops below the cut-off 
energy. Biases can also be used to improve the statistics (Bielajew and Rogers, 
1988). At each calculation point, the code gives the fluence energy distribution, 
normalised to one source particle; the total fluence is obtained taking into account 
the activity of the source and the duration of exposure. The absorbed dose is then 
obtained by weighting the fluence by a Kerma-fluence conversion factor (Hubbell, 
1982) and by roughly assuming that the Kerma represents the dose. 

3. Qualification of the anthropomorphic model 

The aim of the work described here was to qualify the numerical anthropomorphic 
model created using the combinational geometry principle. First of all, the existing 
model was studied to improve it and assess the influence of modelling accuracy 
and morphological parameters on the absorbed dose results. Then, comparisons 
were made with another anthropomorphic model to assess the influence of the 
geometric model as a whole. 
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Figure 2 - Representation of organs of ihe model. 

Représenfoton des organes du modèle. 

organ in Our model, however great, is not necessarily of any importance and does 
not imply that Our model is unrealistic. Indeed, the stomach for example has a size, 
a shape and a position which have very important variations. The main factors res- 
ponsible for these changes are the degree to which the stomach is full, the extent 
to which the muscles are contracted, the respiration phase and the position of the 
body. In Our case, we modelled the container and the contents in a single solid. This 
gave a value very close to that of the MIRD model (402 g). 

3.2. The influence of the accuracy of the geometnc model 

When a radiological accident occurs, it is useful to have a numerical phantom 
which can be adapted to better correspond to the morphology of the irradiated 
individual. However, a lack of morphological information means that approxima- 
tions are made as regards the model and this leads to uncertainties in the 
dose distribution calculation. It is not easy to quantify the importance of these 
approximations for the phantom as a whole since it depends on the configuration 
of the case being studied. Nevertheless, this effect can be studied and better 
understood for regions of special interest. Sensitivity tests were carried out for two 
parts of the hnman body, the torso and the thigh, which, along with the hand, are 
the most commonly affected during local irradiation accidents (de Oliveira, 1987). 
The conclusions were identical in both cases; only the results obtained for the thigh 
are described here. 

The aim of the study was to assess the effect of a change in thigh size on the 
absorbed dose distribution. The diameter of the thigh model varies within 1 cm; 
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Figure 3 - Thigh and femur envelope modelled 
using the MGED applicah'on. 
Modélisation di l'enveloppe de la cuisse 
et du fémurpur I'appIiCatiOn MGED. 

Figure 4 - Cross-section of thigh, modeüing of two 
solids. 
Section de la cuisse, nwdéüsation de 
deux solides. 

this value corresponds to the maximum error which c m  be made when the model 
is adjusted to the real thigh. 4 6oCo source was placed at the front of the thigh, 
simulating a source in the front pocket of a pair of trousers. The thigh and femur 
used are shown in Figure 3. Using pictures of the patient obtained by means of 
magnetic resonance imagery techniques, the various parts of the thigh model and 
the femur position were adjusted. Two sizes of solids (Truncated General Cone) 
were tested to simulate the thigh. One of the solids completely surrounded the 
thigh (TGCmax) while the other (TGCmin) was smaller (Fig. 4). They could be 
considered as representing the highest amount of uncertainty obtained when a part 
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Figure 5 - Absorbed doses ai differenipoints for two sizes of ihigh. 
Doses absorbées à différents points pour deux tailles de cuisse. 

of the body i s  modelled using this technique (measurement uncertainty of the 
patient’s thigh, mode1 approximation). The two solids differed in size by around 
1 cm along each axis. In both cases, the distance between the source and the skin 
was kept constant. The points where the doses were of the greatest interest, given 
the position of the source, were the femoral artery and the femur. 

The results show that a decrease of 1 cm along the axes of the thigh leads to an 
increase of 15% in the absorbed dose to the femoral artery and around 30% to the 
femur (Fig. 5). These results depend on the morphology of each individual and the 
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position of the source. but show the importance of having an accurate model. Since 
this accuracy cannot be quantified for each patient, special attention should be paid 
to the early stages of the reconstruction work. 

3.3. The influence of the height and mass parameters of the model on 
dose calculution 

A series of six models was created so that dose variation as a function of height 
and mass could be studied. The first of the six models corresponded to the standard 
anthropomorphic mode1 characterised using the data found in the MIRD 
publications and ICRP Publication 23 (1975). It was 170 cm ta11 and weighed 
70 kg. Two other heights, 155 cm and 185 cm, were selected. These covered a 
representative sample of the population and were sufîiciently different for the 
effect of height on dose value to be observed. Two mass values were chosen for 
each height on the basis of the body m a s  indexes [mass (kg) / height (m)I2 
(Clairand, 1999). These indexes are 23.5 kg m-2 and 27 kg m-2 respectively and 
correspond to a person of average build and someone of stout build. Thus, the 
characteristics of the six models were as follows: 170 cm - 70 kg, 170 cm - 78.2 kg, 
185 cm - 80.3 kg, 185 cm - 92.4 kg, 155 cm - 56.5 kg, 155 cm - 64.9 kg. They were 
referred to as models a, O, c, d, e and f respectively. 

The siudy of the effect of mass and height was carried out using two types of 
source, 1921r and 6oCo, placed alongside the left thigh. Calculation points to obser- 
ve dose variations were placed at different points on the model: the thyroid, the top 
and base of the spine, the right and left lungs, the stomach, the intestines and the 
gonads. An average whole body dose was also calculated for each model. 

The results, shown in Figure 6, are those obtained from calculations made 
using the 1921r source. The dose at each point was normalised to 1 for Mode1 a. The 
first thing we noticed was that height had more effect on the absorbed dose than 
mass at al1 points except the gonads. At the various points studied, the absorbed 
dose decreased as the height increased. The absorbed dose dropped by 12 to 60% 
when the height varied between 155 cm and 170 cm and by 12 to 55% (reaching 
as much as 110% at the top of the spine) when the height varied between 170 cm 
and 185 cm for a given build. The absorbed dose varied very little (by around 5%)  
whkn the m a s  varied for a given height. This shows that mass has very little effect 
on absorbed dose whereas height has a considerable effect. As far as the gonads 
were concerned, mass and height had an identical effect on the absorbed dose. 
Indeed, unlike the other calculation points, the gonads were located close to the 
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Figure 7 - Variation in average absorbed dose as a function of the weight and height of the model. 

Variarion de la dose absorbée moyenne en fonction du poids et de la huuleur du modèie. 

source and most of the absorbed dose at this point was due to direct radiation. The 
dose is therefore directly connected to the thichess of the material penetrated and 
thk varies when height and m a s  are modified. It should also be noted that a varia- 
tion in m a s  leads to considerable variation in the absorbed dose to the thyroid in 
models e and f and to the top of the spine in models a and b. 

The influence of the two parameters studied is different as regards the whole 
body average dose (Fig. 7). The average dose results show differences, depending 
on the models selected but regardless of the source (1921r or 6oCo). These differen- 
ces are identical when m a s  or height is changed. The average dose decreases 
when one or both of these parameters are increased. Indeed, the average dose is di- 
rectly related to the volume in which it is measured and mass and height both have 
an impact on this volume. Furthermore, dose dispersion between the two extremi- 
ties of the body is greater as the volume increases. 

3.4. Cornpansons with other rnodels 

A supplementary study, which contributed to the validation of the numerical 
model, compared the results obtained with Our model and those obtained with 
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Figure 8 - Representation of the skeleton of Our model (a) and thni of the MIRD phantom (h) using 
the MGED applicalion. 
Représentution du squelelte de notre modèle (a) el de celui du fantôme MiRD (b) utilisant 
l'application MGED. 

another model: the MIRD phantom. This is a standard model commonly used in 
intemal dosirnetry. The cornparison focused on the regions which were the most 
sensitive to radiation and on certain organs. 

3.4.1. Comparison of absorbed doses to the skeleton 

To begin with, the cornparison focused on the skeleton (Figs. Sa and 8b). Some of 
its components, such as active bone marrow, are highly sensitive to radioactivity 
and are spread very evenly throughout the skeleton. Absorbed dose estimates at 
various points on the skeleton and the average dose (bone and bone marrow) have 
therefore provided interesting information. 

The skeleton of the MIRD phantom was recreated using the MGED application 
and data taken from the various MIRD publications. This phantom does not 
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TABLE II 
Cornparison hetween weights delements for boih skeletons rnodels 

Comparaison entre les poids des éléments des deux modèles de squelettes. 

* Only the ~capulas are taken into account in the mode1 
** Contains the cranium and the jaw. 

correspond exactly to the standard MIRD phantom referred to in previous 
publications. The data relating to the head are different (-1 8% of the mass) as are 
those of the spine (-6% of the mass), because of geometnc representation 
problems posed by the CAD tool. The doses were calculated using the MORSE 
code in both cases (the MIRD and Our model). 

The masses of the various parts of the skeleton are shown in Table II. They 
have been divided into categories according to their percentage of bone marrow 
(Cristy, 1981), which must be known if the average dose to the bone marrow is to 
be obtained from the doses at vanous points. Generally speaking, the difference in 
mass between the two models is not very high (around 10%) over the entire skele- 
ton. However, there are variations at certain points, for example in the “am” and 
“leg” regions. Indeed, Our modei has higher masses in these regions but includes 
the hands and feet which do not exist in the MIRD model. Likewise, the collarbo- 
nes are not represented in the MIRD phantom. It should be pointed out that the nbs 
in Our model were simulated using a material comprising bone and soft tissue in 
identical proportions as regards volume. Only bone m a s  is shown in Table II. 

Irradiation of the skeleton was simulated using a %O source placed one metre 
from the entrance to the model at stomach height. Absorbed dose calculations were 
made at various points on the skeletons of the two models and an average dose was 
deduced for each (by weighting the dose at the different points by the m a s  of the 
part of the skeleton represented by each of the points). 

It can be seen that the results obtained are very similar for a number of calcu- 
lation points (Fig. 9). On the other hand, there are points at which the absorbed 
dose is higher for the MIRD model than for ours: the values Vary between 20 and 
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40% in the middle of the spine, at the top of the leg and along the entire length of 
the arm. The differences obtained on the arm are mainly due to the fact that it was 
in a different position from the rest of the phantom and the source (Figs. 8a 
and 8b). The difference observed in the middle of the spine can be explained by 
the fact that the shape of the spine was not the same for the two models. Indeed, 
whereas in the MIRD phantom the spine was represented by a single vertical cy- 
linder, in Our model it was represented by a series of cylinders (Fig. l),  some of 
which, including that containing the calculation point, are further back than the rest 
of the skeleton and therefore further from the source. As far as the top of the leg i s  
concerned, the difference is due to a geometric effect, since the pelvis provides 
more of a screen in Our model. As regards the average dose to the skeleton as a 
whole, the two configurations are more or less identical. The average dose results 
differ by less than 1 %. 

3.4.2. Cornparison of absorbed doses to the organs 

In this section, we focus on the average absorbed dose to the organs, calculated 
using two different phantoms and two different computer codes. 

This study was camed out in collaboration with the Moscow Physical Enginee- 
ring Institute. In the Russian institute, the physics department is studying radiodia- 
gnosis and in this context, implements various dose estimate methods. 

The computer code used by the Russian team i s  the FASTER Monte Carlo code 
(Lebedev et al., 1989). In this code, each interaction point is treated as a fresh sour- 
ce of direct radiation which contributes to the dose at each detection point. The fol- 
lowing interaction point is determined using a Monte Carlo method. Like the 
MORSE code, it is an energy multi-group code whose effective cross-sections for 
photons are taken from Hubbell’s tables (Hubbell, 1982). The numerical model 
used by the Russian team i s  a phantom based on the MIRD phantom (Cristy, 
1980). The doses are calculated at various points on the phantom, evenly spread in 
the volumes of each organ. The statistical uncertainty for the calculation results at 
various points is less than 3%. 

Simulations were camed out by both teams using the same configuration. A 
6oCo source was placed one metre behind the phantom, facing it at the base of the 
lungs. The organs studied were the brain, the lungs, the heart, the liver, the stomach 
and the gonads, along with the skeleton which was available to both teams. These 
organs were chosen because of their varying degrees of sensitivity to radiation and 
their positions throughout the body. The results of the average dose companson for 
each organ are shown in Figure IO.  They show that there is little difference 
between the two models. Indeed, they differ by less than 7%. In this comparison, 
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Figure 10 - Comparison behveen absorbed doses to the organs in MO anthropomorphic rnodels. 
Comparaison entre les doses absorbées par les organes dans deux modèles anihropo- 
morphiques. 

the codes used similar calculation techniques. Furthermore, an earlier study of the 
MORSE code had shown it to be very similar to other Monte Carlo codes in a scat- 
tering medium (Roux et al., 2000). Consequently, the differences in the dose re- 
sults are mainly due to the differences in the geometric models. 

4. Discussion 

The aim of this study was to qualify and validate the anthropomorphic model in 
order to obtain a model as close as possible to the one described in ICRP 
Publication 23 (1975). To this end, a compromise was reached between the height 
of the model, the exact shape of its constituent parts and the constraints imposed 
by geometry. 

Dunng the study, it became apparent that the accuracy of the model had an im- 
portant effect on dose calculation. The uncertainty surrounding the dose, which is 
related to this parameter, increases as the distance between the source and the 
points studied decreases, since the dose gradient is steeper close to the source. 

A sensitivity study of dose as a function of the height and mass of an individual 
was carried out. When calculating the average dose, the effects of height and mass 
are comparable since both of these parameters contribute in fine to volume 
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variation. On the other hand, the variations in the absorbed dose, observed at 
different points in the body, show that height has a greater influence. Therefore, if 
the sources of uncertainty encountered when calculating doses are to be reduced, 
it will be important to have morphological information on patients, particularly 
their heights. 

Generally speaking, the code developed in the laboratory and the correspon- 
ding computer code are satisfactory for reconstructing accidents since they can be 
put in operation quickly (usually within 48 to 72 hours), regardless of the configu- 
ration. The absorbed dose results at different points and the average dose results 
are accurate enough to be used by medical teams. Furthermore, the physical re- 
construction of an accident complements other dosimetric techniques by providing 
specific information, such as deep dose distributions. The uncertainty correspon- 
ding to the dose results is between 1.5 and 30% depending on the configuration and 
includes both statistical and geometric uncertainty. However, the most signifiant 
uncertainty is that associated with the geometry of the model. An improvement 
could be made by developing a more realistic phantom, using scanner images or 
magnetic resonance images (MRI) then redefining it using a series of small volu- 
mes known as voxels. Indeed, experience has shown that MRI data are available 
for certain local irradiation accidents. In this case, and in order to use al1 the mor- 
phological information to the full, a totally realistic model could be developed. As 
regards Our application, a number of issues still have to be resolved, for example, 
the development of tools which could be used to describe the contours of organs. 
Furthermore, as regards accident reconstruction, certain functions should be pre- 
served, such as the possibility of changing the patient's position. 

5. Conclusion 

Once we had validated the calculation tool and assessed the effect of precision on 
the dose result, we attempted to qualify Our numerical anthropomorphic model. 

Due to the functions provided by the CAD application, this model is perfectly 
capable of meeting accident reconstruction requirements. Indeed, based as it is on 
a model established using standard data, the morphology and position of the model 
can be changed rapidly. However, i t  is also a source of uncertainty as regards the 
dose calculation; this is directly due to the geometric construction mode. This 
uncertainty depends on the case being studied. In the case of local irradiation, it is 
important to know the deep dose or the dose at specific points. We therefore tried 
to obtain a representation of the irradiated part which resembled the individual as 
much as possible, either by using the data on the patient himself (MRI, scanner, 
etc.) for positioning organs and bones and determining external contours, or by 
adjusting the model according to external morphological data (heights, thigh 
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measurements, etc.). On the other hand, in the event of global irradiation, where 
we concentrate on an average dose to the whole body, the accuracy of the geometry 
is less critical than in the case of local irradiation. External morphological data 
(height and mass) suffice for adapting the model. This is even more true the further 
the source is from the individual. 

The importance of the geometric model and the corresponding accuracy there- 
fore depend on the type of accident being dealt with. The uncertainty associated 
with absorbed dose calculations in the case of local irradiation can reach 30%, 
whereas it would be around 10% for global irradiation. The absorbed dose accura- 
cy is nonetheless sufficient for it to be interpreted by physicians. Indeed, one 
symptom cannot be associated with a single dose (Nénot, 1990). It will depend hi- 
ghly on the extent to which the irradiated individual is sensitive to radiation, the 
start of the dose, the breakdown etc. Moreover, in the case of local irradiation, the 
deep doses obtained, albeit with a considerable amount of uncertainty, shed light 
on an in-depth effect which cannot be investigated using other techniques. This in- 
formation would only be available to the c h i c  when the symptoms appeared. In 
al1 the cases studied, the dose results obtained using Our anthropomorphic model 
comply with those obtained using other models, such as that of the MIRD. The ad- 
vantage is that the construction tool used makes it possible to preserve the func- 
tions which are indispensable for reconstruction, namely changing position and 
height, for example. 
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