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Abstract: 
 
Calibration of lung counting system dedicated to retention assessment of actinides in the lungs 
remains critical due to large uncertainties in calibration factors. Among them, the detector 
positioning, the chest wall thickness and composition (muscle/fat) assessment, and the 
distribution of the contamination are the main parameters influencing the detector response.  
In order to reduce these uncertainties, a numerical approach based on the application of voxel 
phantoms (numerical phantoms based on tomographic images, CT or MRI) associated to a 
Monte-Carlo code (namely MCNP) was developed. It led to the development of a dedicated 
tool, called OEDIPE, that allows to easily handle realistic voxel phantoms for the simulation 
of in vivo measurement (or dose calculation, application that will not be presented in this 
paper).  
The goal of this paper is to present our study of the influence of the lung distribution on 
calibration factors using both animal experimentations and our numerical method. Indeed, 
physical anthropomorphic phantoms used for calibration always consider a uniform 
distribution of the source in the lungs, which is not true in many contamination conditions. 
The purpose of the study is to compare the response of the measurement detectors using a real 
distribution of actinide particles in the lungs, obtained from animal experimentations, with the 
homogeneous one considered as the reference. This comparison was performed using 
OEDIPE that can almost simulate any source distribution. 
A non human primate was contaminated heterogeneously by intra-tracheal administration of 
actinide oxide. After euthanasia, gamma spectrometry measurements were performed on the 
pulmonary lobes to obtain the repartition of the contamination in the lungs. This realistic 
repartition was used to simulate an heterogeneous contamination in the numerical phantom of 
the non human primate, which was compared with a simulation of an homogeneous 
contamination presenting the same level of activity in the whole lung. Preliminary 
comparisons of these simulations show large discrepancies between right and left lung as it 
was observed with the actinide distribution measured for energies from 17 to 60 keV. 
Nevertheless, by summing the contribution of both detectors, the differences are not more 
than 10 %.  
This first study shows the power of our simulation tool associated to experimental data for the 
assessment of uncertainties in in vivo measurement. The final goal is to assess the 
uncertainties linked to physical phantoms used for calibration and in which heterogeneous 
contamination can not be reproduced. Further developments will be focused on the influence 
of biokinetic models on in vivo measurements. 
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I. INTRODUCTION 
 
The calibration of the counting systems, used in whole body counting to assess the retention 
of activity in the whole body or in a specific organ, is ensured by physical anthropomorphic 
phantoms. Although great efforts have been made to improve these phantoms, especially in 
lung counting, they represent a single average counting geometry and usually contain a 
uniform distribution of the radionuclide within the tissue substitute. This rough representation 
of human body results in large uncertainties on assessed activity and dose calculation. 
Consequently, significant assumptions have to be made in terms of phantom-based calibration 
factors such as Chest Wall Thickness (CWT), adipose content, source geometry in order to 
obtain more realistic calibration efficiencies applicable to a given subject. These corrections 
are particularly crucial and critical in in vivo measurement, especially for actinides (uranium, 
plutonium, americium …) owing to the absorption of low-energy photons in chest wall 
tissues. 
So, it was of great interest to develop a method which would be more sensitive to these types 
of variability in order to improve calibration. Techniques using numerical phantoms [1-7] 
associated with Monte Carlo computing techniques [8, 9] have thus been developed for the 
counting system calibration. Taking advantage of recent improvements in image-processing 
codes, our research program extended such investigations to the creation of numerical 
anthropomorphic phantoms based on personal physiological data obtained by computed 
tomography (CT) or magnetic resonance imaging (MRI). Thereby, a friendly Graphical User 
Interface was developed using these person-specific computational phantoms in association 
with MCNP calculation code [10-15]. This interface called OEDIPE (French acronym for 
“tool for internal personalized dose assessment”) allows in vivo measurement to be simulated 
and to improve calibration [18-20]. 
Using this numerical tool, a first approach to study the influence of the source distribution in 
the lungs on calibration factors has been performed. Since very few data are available on the 
geometric pattern of inhaled particle distribution in the lungs, a study was initiated in the 
frame of a collaboration between the Internal Dosimetry Laboratory (LEDI) of IRSN and the 
radiotoxicology laboratory (LRT) of CEA since this laboratory is specialized in biokinetic 
studies. The objective of the study is to model an actual contamination of actinides, 
distributed heterogeneously from one pulmonary lobe to another and obtained from animal 
experimentations; and to compare the simulation of lung in vivo measurement performed on 
this heterogeneous source with the simulation of the conditions considered as reference i. e.  a 
homogeneous distribution of inhaled material in the whole lung. This comparison was 
performed using OEDIPE that can almost simulate any source distribution. 
After a brief presentation of this interface and its functionalities, the experimental approach 
consisting of an intra-tracheal administration of actinides to a non human primate and 
measuring the retention of activity in its lungs by gamma spectrometry will be described. The 
results of the measurements will also be presented and discussed. Then, the numerical 
approach allowing to model, in the voxel phantom of the non human primate, the measured 
contamination of the pulmonary lobes, and to simulate in vivo measurements will be 
explained. The results of the numerical comparison between a homogeneous lung 
contamination (reference) and a heterogeneous one, based on the experimental measurements, 
will be presented and discussed. 
 
 

II. ŒDIPE TOOL 



 
ŒDIPE [10-15] is based on a Graphical User Interface developed under the IDL environment. 
The software's main goals are the fast creation of voxel phantoms [1-7] and automatic 
creation of the input file for the Monte Carlo code used to simulate particles transport through 
matters (MCNP or MCNPX, [8, 9]). The software comprises several modules that are 
described below. Several data types are required for the simulation. The first data type – 
anatomical images (CT, MRI etc.) – is segmented using the grey-level method or by outlining 
the organs (semi-automatic method using an external software, Dosigray®). Segmentation is 
followed by associating each voxel with the density value and material description 
corresponding to the tissue it belongs to, which is specified by ICRU [21-23]. The second 
required data type relates to the source description in terms of spatial repartition (point source, 
organ source, fraction of organ source) and nature. The last required data type is the nature of 
the output data chosen by the user (referred to as "tally" in the MCNP or MCNPX code). This 
can be a photon spectrum in one (or more) detector(s), which implies specifying type(s) and 
position(s) with respect to the phantom, or dose distribution in a specific region of the 
phantom.  
 
 

III. STUDY OF A REAL LUNG CONTAMINATION OBTAINED BY ANIMAL 
EXPERIMENTATION  

 
a. EXPERIMENTAL METHOD 

 
The experimental protocol described below was performed in agreement with the French 
regulations for animal experimentation (Ministry of Agriculture Act. N°87-848 October 19th, 
1987 modified May 19th, 2001). 
A 8 kg female Baboon (Papio papio) was contaminated with an acute intra-tracheal 
administration of MOX aerosol using specific devices located at the LRT [24]. The initial 
lung deposit activity was 800 kBq of MOX aerosol type MIMAS 4 (DAMA = 3.5 μm; 
specific activity: 12300 kBq.g-1), which isotopic composition is presented in table 1. 

MIMAS 238Pu 239Pu 240Pu 241Pu 242Pu 241Am Total 

Emitter α α α α β α α   

% activity α 64.46% 7.62% 12.26% 0.03%   0.05% 15.58% 100% 

% mass 1.78% 57.85% 25.47% 6.61% 6.12% 2.17%  100% 
 
Table 1: Isotopic composition of MOX compound type MIMAS 4. 
 
An in vivo lung measurement was performed every 2-3 days until euthanasia that was 
performed one month after contamination. 
Lungs were then removed and the 7 lobes were separated: four lobes in the right lung 
(superior LSD, middle LMD, inferior LID and accessory or azygos AZ) and three for the left 
lung (superior LSG, central LCG and inferior LIG) [25] (cf. figure 1 (a,b)) . 
 
Each lobe was counted in γ spectrometry by two different detectors: a proportional counter 
and a NaI scintillator. As these two detectors do not operate in the same range of energy (5-25 
keV for the proportional counter; 5-60 keV for the NaI), the results comparison allows to 
confirm measurements validity. 
Each of the 7 lobes was then carved like presented in the dissection plan in figure 1 (b) and 
each sub-part was weighted (fresh tissue) and counted by both detectors. 
 
 
 



                 
 
Figure 1: (a) Lung lobes and dissection plan; (b) Mass activity measured on the lobe sub-parts 
after euthanasia. 
 
 

b. EXPERIMENTAL RESULTS: 
 
The table 2 presents, as illustrated in dissection plan, the activity measured on the different 
lobes of the baboon. The activity corresponds to the total α activity, including all 
radionuclides. 
 

 Uncertainty (95%) 

 

Number  
of sub-parts 
of each lobe

Measured 
activity  
(kBq) 

Absolue 
(kBq) 

Relative 
(%) 

LSD 6 34.0 11.7 34.3% 
LMD 5 24.1 9.8 40.7% 
LID 7 96.9 19.7 20.3% 
AZ 3 39.3 12.5 31.9% 

Total of  
right lobes  194.3 27.9 14.3% 

LSG 7 142.2 23.8 16.8% 
LCG 5 50.6 14.2 28.1% 
LIG 8 322.4 35.9 11.1% 
Total of  
left lobes  515.2 45.4 8.8% 

Total of  
lobes  709.5 53.3 7.5% 

 
  Table 2: Characteristics in activity of the different lung lobes of the baboon. 
 
Despite quite large uncertainties, this contamination appears very heterogeneous, in terms of 
localisation and activity: indeed, there are important variations of mass activity from one lobe 
to another. Moreover, more than 70% of total activity is located in the left lobes.  
In order to assess the influence on in vivo measurement of such a repartition in the pulmonary 
lobes, a numerical approach was performed. The numerical phantom of the baboon was 
reconstructed and in vivo measurement simulations were realized by a two germanium 
detectors system. 
 

Left Right 



 
 

IV. SIMULATION OF THE MEASURED HETEROGENEOUS LUNG 
CONTAMINATION  AND COMPARISON WITH A HOMOGENEOUS ONE 
TAKEN AS REFERENCE 

 
In order to compare the realistic contamination in lungs and a homogeneous contamination in 
the whole lungs, experimental conditions were reproduced through simulation: a numerical 
phantom of the baboon was reconstructed from CT-scan images. The different pulmonary 
lobes were differentiated (segmented) on the phantom to reproduce the distribution of activity 
obtained from experimental data. 
 

a. NUMERICAL METHOD 
 

i. Acquirement of CT-scan images 
 
As the contaminated baboon could not having a CT-scan exam before euthanasia, the CT scan 
was performed on a baboon of similar corpulence (9 kg) under general anesthesia at the CT 
Scan Radiotherapy Centre of the Ecole Vétérinaire de Maisons-Alfort (cf. figure 2). 
137 images, 5 mm spaced, were acquired to cover the whole body of the baboon. Images 
resolution was 512*512 pixels, corresponding to pixels of 0.7*0.7 mm2. For the study, only 
37 images covering the thorax were used. 

                 
 
 Figure 2: Acquisition of CT-scan images of the baboon under general anesthesia. 
 
 

ii. Numerical reconstruction of the baboon 
 
The same procedure as described previously in paragraph II. was used to reconstruct the 
numerical phantom: the CT-scan images were segmented using Dosigray© software. Soft 
tissues, bones, and the spinal cord were dissociated, as well as, each of the 7 lobes (cf. figure 
3). 

                   
Figure 3: A CT-scan thoracic slice segmentation of the baboon with Dosigray© software and 
comparison with a CT-scan thoracic slice of a human being (178 cm, 73 kg). 
 



Nevertheless, as the lobes were not easily differentiable, this lobe segmentation was mainly 
based on the plans presented in figure 3 to position the lobes. Moreover, the lobes are 
overlapping each other, phenomenon that could not be taken into account in the segmentation 
for technical raisons (cf. figure 4); this lobe segmentation is finally not perfect but satisfactory 
enough for this study (comparison between two simulations). 
The major difference in thoracic morphology proportions between the baboon and a human 
being appears clearly on tomographic slices (cf. figure 3). Indeed, thoracic cage of the baboon 
is narrower on a mediolateral axis and wider on an anterior-posterior axis than those of a 
human being. 
The contours were then imported in OEDIPE where the numerical phantom of the baboon 
was reconstructed. The tissues constituting the phantom (soft tissues, bones, lungs) were 
defined by human tissues ICRU [21].  
 

                                            
Figure 4: 3D visualisation in Dosigray© software of the lungs and the spinal cord of the 
baboon numerical phantom (soft tissues in semi-transparently mode, bones in transparently). 
 
 

iii. Lung sources creation 
 
To study the influence on in vivo lung measurement of inhomogeneous repartition of activity 
in lungs, two types of source distribution were defined:  

• A distribution of activity homogeneous in the whole lungs, 
• A distribution of activity reproducing the repartition obtained at the LRT by 

gamma spectrometry of lobe sub-part retentions after euthanasia (cf. figure 1 
(b)). 

The homogeneous source in the whole lungs was defined with total activity of 177 kBq 
uniformly deposited in the whole volume of the lungs, which represents, as the isotopic 
composition of the MOX: 113.4 kBq of 238Pu; 1.3 kBq of 239Pu; 2.2 kBq of 240Pu and 2.3 kBq 
of 241Am. 
For the heterogeneous source, as it was impossible to discriminate at the segmentation step 
the different sub-parts of the lobes, the heterogeneity of the contamination within the lobes 
(cf. figure 1 (b)) was in fact not taken into account. So, the sources were distributed 
homogeneously within each of the 7 pulmonary lobes but specific activity differed from one 
lobe to another. The same total activity as the homogeneous contamination (177 kBq) was 
distributed in the lobes according to the repartition of the contamination (cf. table 2). For 
instance, 45% of these 177 kBq will thus be uniformly distributed in the left inferior lobe. 
 
 

iv. Simulations of in vivo measurement 
 
For non human primate in vivo measurement, the LRT is equipped with a counting system 
made of two germanium detectors (ORTEC) with 7.5 cm diameter; these detectors are 
positioned on each side of the thoracic cage (cf. figure 4). 



           
Figure 4: Lung in vivo measurement system dedicated to anesthetised non human primate at 
the LRT.  
 
As the model of this counting system was not validated yet, the study consisted of modeling a 
counting system using two detectors of the Internal Dosimetry Laboratory (Low Energy 
Germanium), that are quite similar to the LOAX (LOw energy AXial). The counting 
geometry visualisation is presented on figure 5. 

    
 
Figure 5: Sabrina© visualisation and by MCNP plotter (axial slice through the middle of the 
detectors) of the positioning of the two germanium detectors to the baboon numerical 
phantom. 
 
 

b. RESULTS OF THE NUMERICAL COMPARISON AND DISCUSSION 
 
The simulations of an homogeneous contamination and an heterogeneous one for such a 
geometry were compared by calculating the ratios of the counts under the energy peaks 
obtained with the simulations of an homogeneous contamination and an heterogeneous one 
(cf. table 3). 
The results at 17 and 21 keV (X-rays) correspond to the integral of counts over the areas 15-
19 keV and 19-23 keV; for the two γ-rays, the results correspond to the integral of count 
under photoelectric peaks. 
 

Right detector Left detector Sum Left + Right 
Energy 

Ratio Uncertainty Ratio Uncertainty Ratio Uncertainty

17 keV 0.71 3.3% 1.58 3.4% 1.12 2.6% 

21 keV 0.52 4.8% 1.49 4.9% 0.94 3.6% 

26.35 keV 0.51 4.4% 1.52 4.1% 0.96 3.1% 

59.54 keV 0.62 0.6% 1.42 0.5% 1.03 0.4% 



Table 3: Comparison of an homogeneous contamination with a lobe contamination for a 
system composed by two germanium detectors (uncertainties given for 1 σ). Results are 
expressed as the ratio of the simulation with an heterogeneous source and homogeneous one 
 
First, significant differences of ratio (heterogeneous/homogeneous) appear between left and 
right detectors. These differences are of course due to the repartition of activity within the 
lungs (cf. table 2). 
Moreover, the observed difference for each lung should probably be more important. Indeed, 
the heterogeneous contamination was modelled by an homogeneous contamination within 
each lobe with different activity from one lobe to another; but, in the case of experimental 
contamination of the baboon, the distribution of the contamination was heterogeneous within 
the lobes themselves, parameter which was not taken into account for technical raisons of 
segmentation. As the contamination was rather deposited in the external part of lobes (cf. 
figure1 (b)), heterogeneous lobe contaminations, using an homogeneous contamination in the 
middle of the lobes and a surface contamination with a higher volume activity, could be 
envisaged. 
Nevertheless, if major differences appear between the two detectors, these differences offset 
each other when the counts of the detectors are added. So at 17 keV, a difference of only 12% 
is obtained between the modelled heterogeneous contamination and the homogeneous one, 
which shows a little overestimation in case of an heterogeneous contamination probably due 
to very variable volume activities in lobes. For higher energies, the observed difference 
between heterogeneous contamination and homogeneous is not significant for the sum of the 
detectors. 
Finally, the positioning at the LRT is different; during the measurements, the baboon had the 
shoulders pushed back (cf. figure 4), that allows positioning the detectors with a good 
covering of the lung volume. During the simulations performed at the LEDI, the shoulders of 
the primate could not be moved since the CT-scan images are static. Thus, the LEDI detectors 
only cover the inferior part of the lungs (cf. figure 6), the contribution of the superior part of 
the lung is then minor. 
 

 
Figure 6: Visualisation by MCNP plotter of a frontal slice of the baboon numerical phantom 
(lungs in yellow, bones in green). 
 
Overall, the differences observed in the intensity of energy peaks between right and left 
detectors clearly show the influence of a realistic heterogeneous contamination compared to 
an homogeneous one on the lung in vivo measurements.   
 
 

V. CONCLUSION AND PROPECTS 
 
In order to improve calibration of in vivo measurement systems, a Graphical User Interface 
called OEDIPE was developed in the Internal Dosimetry Laboratory, using voxel phantoms 
from MRI or CT images in association with the MCNP code. The goal of the work was to 
present a first approach to study, using OEDIPE, the influence of the source distribution in in 



vivo measurement, particularly in lung counting systems. This study was conducted through 
two ways: an experimental approach, performed at the CEA radiotoxicology laboratory  and a 
numerical approach using OEDIPE. It allowed to simulate and compare in vivo measurements 
on the voxel phantom of a non human primate in cases of homogeneous and heterogeneous 
source distribution models, heterogeneous source reproducing the experimental measurements 
on the pulmonary lobes. 
Preliminary results show large discrepancies between right and left lung as it was seen with 
the measured distribution of the contamination for energies from 17 to 60 keV. Nevertheless, 
by summing the contribution of both detectors, the differences are about 10 %.  
The potential of voxel numerical phantoms to study realistic contaminations in general 
appears clearly, and lung contamination in particular. Thus, uncertainties due to 
heterogeneous contaminations can be better assessed or the effect of a realistic heterogeneous 
contamination on the measurement can be studied, which could not be performed with an 
experimental way. If the new study planed will confirm these first results, such 
contaminations could be extrapolated to human being to check if the same conclusions can be 
drawn despite morphologic difference of the thoracic cage. This extrapolation to the human 
being may be limited by the physiological differences that can exist between humans and non 
human primates for a same physicochemical form of a contaminant [26].  
 
Further developments will be focused on the influence of biokinetic models on in vivo 
measurements. Indeed, ICRP biokinetic models will be used in OEDIPE tool to simulate, in 
voxel phantoms, more realistic distributions of source that evolve from the intake as described 
by the ICRP biokinetic models and often present much more heterogeneities. Thereby, the 
detectors response will be studied not only by comparison between an homogeneous source 
and a “static” heterogeneous one, but also with a “dynamic” heterogeneous source that 
reproduces the evolution of the repartition of the retained activity with time.  
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