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ABSTRACT 

 
A novel procedure for the generation of a realistic virtual Computed Tomography (CT) image of a patient, using 

the advanced Boundary REPresentation (BREP)-based model MASH, has been implemented. This method can 

be used in radiotherapy assessment. It is shown that it is possible to introduce an artificial cancer, which can be 

modeled using mesh surfaces. The use of virtual CT images based on BREP models presents several advantages 

with respect to CT images of actual patients, such as automation, control and flexibility. As an example, two 

artificial cases, namely a brain and a prostate cancer, were created through the generation of images and 

tumor/organ contours. As a secondary objective, the described methodology has been used to generate input 

files for treatment planning system (TPS) and Monte Carlo code dose evaluation. In this paper, we consider 

treatment plans generated assuming a dose delivery via an active proton beam scanning performed with the 

INFN-IBA TPS kernel. Additionally, Monte Carlo simulations of the two treatment plans were carried out with 

GATE/GEANT4. The work demonstrates the feasibility of the approach based on the BREP modeling to 

produce virtual CT images. In conclusion, this study highlights the benefits in using digital phantom model 

capable of representing different anatomical structures and varying tumors across different patients. These 

models could be useful for assessing radiotherapy treatment planning systems (TPS) and computer simulations 

for the evaluation of the adsorbed dose.  

 

 

1. INTRODUCTION 

 

In radiotherapy, Computed Tomography (CT) images of real patients are routinely used to 

compute the treatment plans and to calculate the dose distributions. The CT images provide 

the Hounsfield Units (HU) from which the treatment planning system (TPS) can apply 

conversions schemes to translate it into relative materials with known density and elemental 

composition [1-5].  

A particular task, that uses CT images, is the benchmarking of a TPS. The validation of the 

beam model, the geometry processor, the dose evaluation engine and the optimization is 

crucial in the TPS development. For the verification of the generated treatment plans the 

comparison can rely on measurement data, results from other commercial TPSs and Monte 

Carlo simulations [6-11. For the treatment plan calculation, a description of the employed 

geometry must be provided. In the most common procedure, TPS uses as input the computed 
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tomography (CT) of the patient. However, the employment of CT images of actual patients is 

a source of uncertainties for analytical dose calculations mainly for proton and ion therapy 

[12]. First, the estimation of the elemental composition cannot be performed exactly, since 

the correspondence between HU and material composition is not unique and can be affected 

by the CT image noise [2, 13]. Second, the identification of anatomical structures is not 

trivial, and the segmentation of the regions of interest (ROIs) must be done manually, 

introducing the possibility of subjective errors, or through automatic segmentation 

algorithms, that are still not completely trusted by the medical community. Third, limitations 

arise from the fact that the resolution of the CT image is fixed during the acquisition process; 

any post processing operation done to increase or reduce the resolution of the image will 

affect the final HU of the voxels, with possible aliasing problems in high heterogeneous 

regions. Furthermore, when voxels of very different tissues are adjacent, the interpolation or 

average could results in a further HU and tissue. Fourth, the use of CT images of real patients 

has ethical restrictions related with the privacy, making difficult the sharing of images within 

the researcher community.  

 

The use of virtual anthropomorphic models, developed for radiation protection simulations, 

to produce artificial CT images could constitute a solution too many of the cited problems. 

The most interesting category of anthropomorphic models for TPS validation are those based 

on the so-called advanced Boundary REPresentation (BREP) because they are realistic and 

flexible [14-21]. In those models the organs are constructed with 3D Non Uniform Rational 

Basis-Splines (NURBS) or mesh surfaces and created using Computer-aided Design (CAD) 

programs. The method allows the representation of any kind of complex volume with high 

accuracy. Indeed the technique has been inherited from the computer graphics or 3D 

animation studies that have implemented different transformations and modifiers making 

easier the construction process of a human model. In fact due to limitations in Monte Carlo 

codes, big complex mesh surfaces have to be converted into voxels. However the 

voxelization process is also flexible, allowing the creation of any kind of voxel size and 

volume. 

 

Actually ones of the most famous BREP-based models presented in literature are the RPI-

AM/RPI-AF developed at the Rensselaer Polytechnic Institute [17] and the MASH/FASH 

developed by Cassola et al [18]. Both groups of models represent an adult male/female 

human phantom according to the ICRP 110 recommendations [22]. The potentiality of this 

kind of models for radiation protection dosimetry had been underlined in some publications 

where conversion coefficients were calculated for organ doses in external and internal 

radiation exposures [17, 19, 23-25]. Recently other publications have shown the possibility of 

creating numerous derived models with different masses, heights, and anatomical structures 

from one single BREP model [20, 21]. However the use of this models in clinical applications 

for radiotherapy it is not yet fully explored. For this reason we decided to study the 

potentialities of this modeling approach for TPS and Monte Carlo benchmarking.  

 

This paper describes the procedure to create artificial CT images for TPS evaluation, 

representing patients with cancer using the public BREP based model MASH [18]. As 

examples we created two artificial CT images with their respective contours. The CT sets 

represent virtual patients with a brain cancer and a prostate cancer, respectively. In both 

cases, a cancer with a controlled shape, position and volume was added. As a secondary aim 

of this paper, these CT images were used to test and evaluate the performance of the INFN-

IBA TPS kernel and studied the uncertainties when comparing with Monte Carlo simulations. 
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2. MATERIAL AND METHODS 

2.1. Virtual CT images construction 

 

The goal of our work was to develop and test a novel procedure for generating CT images of 

virtual patients using an anthropomorphic BREP based model with the possibility of inserting 

or modifying organs and structures. The images were then translated into DICOM format. In 

this paper, we exploited the development for the evaluation the accuracy between TPS and 

Monte Carlo simulations in proton therapy. Figure 1 shows the implemented work-flow to 

create the virtual CT images in DICOM format.  

 

 

Figure 1. Procedure workflow for the construction of the virtual patient images in 

DICOM format. In this work the BREP base model MASH was used as reference. 

 

The tumor was modeled using mesh polygon surfaces, being the first step the selection of the 

BREP model where the tumor has to be inserted. In this work, among the possible BREP 

models, we decided to use the MASH [18] with the phantom placed in supine posture. This 

model was originally constructed using 3D mesh polygon surfaces and converted into a 

voxelized model for simulations. All the organ volumes are in agreement with the ICRP89 

[26] recommendations. In the last years, this model has been used for diverse studies in 

radiation protection dosimetry involving internal and external radiation exposures [23. 

Furthermore, several models were derived from MASH and were used to study the Body 

Mass Index effects for the effective dose [20]. We remark that the BREP model is still not 

public, even though the voxelized version is available for download from the Caldose site 

(www.caldose.org). Nevertheless our workflow includes the tumor modeling using as 

reference either the BREP either the voxel model (see figure1).  

 

The MASH voxelized version was downloaded in RAW 8-bit format with 478 x 258 x 1462 

voxels with size 1.2 x 1.2 x 1.2 mm
3
.  At the same time it was downloaded a spreadsheet with 

http://www.caldose.org/
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the list of the organ identification numbers (IDs), volumes, sizes, and centers of mass. For 

ease of use, this RAW file was converted into a sequence of 1462 Portable Network Graphics 

(PNG) grey scale images using an open-source image editor software Fiji [27. The colors of 

the MASH organs correspond to the originals IDs. 

 

For the tumor insertion we used, as software framework, public available open-source three-

dimensional rendering software (Blender 2.63, The Blender Foundation, Amsterdam, The 

Netherlands, www.blender.org). MASH was then imported with the software and used as 

reference in order to determine the correct positioning and correspondence of the tumor shape 

in the model. Tumors were modeled using mesh surfaces.  

 

Figure 2 shows the result of a brain cancer modeling. If the original BREP model is used, the 

tumor can be modeled directly inside the MASH, see figure 2(a). Instead, if the voxel version 

is used, the projections in the sagittal and coronal planes of the PNG images may be used as 

background and guidance during modeling see figure 2(b). 

 

    
(a) 

 

   
(b) 

 

Figure 2. Brain tumor modeling: a) using as modeling reference the polygon mesh 

model MASH, b) using as modeling reference the coronal (left) and sagittal (right) 

projections. 
 

For the modelization of the brain cancer case we decided to represent a generic brain tumor 

which could be transformed into a specific brain cancer in future studies, see figure 2.  

For the prostate cancer case, it was applied an isotropic expansion of 3 mm to the prostate 

organ surface to obtain the planning target volume (PTV). Figure 3 shows the modeled mesh 

surface representing the prostate cancer.  

 

As said before, in order to be able to use these virtual models as inputs to a TPS or a Monte 

Carlo code, it is necessary to convert them into a voxelized representation and to assign a HU 

http://www.blender.org/
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value to each organ or tissue. For the 3D tumor voxelization an animation to generate axial 

cut images was implemented. Using and moving mesh cube object of 1.2 mm of thickness, 

boolean modifiers were exploited to generate the axial cuts of the tumor. The rendered 

images of a top orthographic camera containing only the tumor in white color over a black 

background were saved in PNG format, using the same size and resolution of the MASH 

axial images. 
 

         
 

Figure 3. Prostate cancer modeling: the cancer model is shown in orange mesh, left view 

(left) and perspective view (right).  
 

Next step was the merging of tumor images with the extracted region of interest of the 

MASH model using the same open-source image editor software Fiji [27. Both stacks of 

images were merged in a new image stack. The new image stack representing a patient with 

brain or prostate cancer is saved as PNG to be later converted into CT DICOM images. In the 

prostate cancer case an additional operation was needed to crop the patient hands (see figure 

4), which would have constituted an interference for the two opposing radiation fields when 

performing the treatment planning. A new identifier (ID = 255) corresponding to the tumor 

was added to the list of organs, in order to allow the tumor identification inside the model. 

 

The organs at risk (OAR) and the PTV contours are important information needed to generate 

the treatment plan. The fact of starting from a BREP model, where all the organs are already 

segmented, greatly simplifies the generation of Region of Interest (ROI) contours. Using the 

same open-source image editor and the stack of images representing the virtual patient with 

the inclusion of a tumor, automatic macros were implemented to perform the contour 

extraction. During the contour generation of a OAR or PTV, the macro highlighted the 

portion of the PNG images corresponding with the identification number while removing the 

remaining part (see Figure 5a). The isolated organ boundaries were then detected via a 

standard edge detection algorithm and transformed into a set of consecutive coordinates. The 

coordinates of the contours were saved in a file and processed for the generation of the 

structures associated with the DICOM images of the virtual patient. Figure 6b shows an 

example of reconstructed contours of eyes, brain, tumor and skin generated from the brain 

cancer case.  
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Figure 4. Sectional views of the PNG image stack for the prostate cancer case. The 

removal of the hand interference is obtained by selecting the indicated sectors inside the 

pink lines. 
 

For the conversion of the PNG images into CT DICOM images it was first necessary to 

assign to each organ in the MASH model the corresponding HU. Furthermore to complete the 

information concerning any given organ, one needs to assign the material composition and 

density. 

 

Since most of the organ/tissue volumes of the MASH are compatible with the standard ICRP 

human ICRP-Adult Male (AM) model, it is possible to use the materials and densities defined 

in the ICRP Report 110 [22]. However, in this study we are not restricted by the ICRP 

recommendations, since the objective is that of constructing a realistic, virtual human 

phantom for testing purposes, rather than a realization of the ICRP standard adult male. We 

therefore decided to use a restricted set of 71 human tissues taken from literature [2, 28]; this 

choice was performed in view of simplifying the HU conversion problem and use a well-

established set of converted HU to material data used frequently for other authors [29,30]. 

However, the association of these tissues to the MASH organs was established trying to 

match, whenever possible, the same tissue and density recommended by the ICRP 110 for 

each organ. 

 

The resulting assignment of the MASH organ/tissue to HU and density is shown in Table 1. 

The HU and density of the tumor were defined depending on the specific case. For the brain 

cancer case, it is known that the tumor HU depends on several conditions, among those the 

level of calcification, water content, hemorrhage and clinical stage. In our case, the HU of the 

tumor was set to 45 representing a tissue with density slightly higher than the brain, as it is 

reported for lymphoma, colloid cyst or medulloblastoma [31]. The larger HU value for the 

tumor was also introduced to allow the visualization, when contours and dose distributions 

were superimposed. For the prostate cancer the HU of the tumor was set to 34 being equal to 

the prostate CT number. However, the procedure offers the flexibility of changing these 

values allowing, for example, the evaluation of the effects related to the uncertainties of the 

tumor HU and density on the TPS or Monte Carlo results. 
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(a)         (b) 

Figure 5. a) Example of operation of the Macro for the automatic contour generation. b) 

Three-dimensional plot of the generated contours points for some slices.  

 

 

Table 1. MASH organ/tissue to HU and density assignment. 

ID MASH ORGAN/TISSUE HU ρ(g/cm
3
) 

1 Skin 74 1.090 

2 Adipose subcutaneous -77 0.950 

4 Eyes 49 1.070 

5 Lens of eye 49 1.070 

6 Muscle 44 1.050 

7 Brain 40 1.040 

8 Spinal chord 34 1.040 

9 Adrenals 14 1.030 

10 Lungs -741 0.260 

12 Pancreas 32 1.040 

13 Liver 43 1.050 

14 Kidneys 43 1.050 

15 Thymus 54 1.060 

16 Spleen 54 1.060 

17 Nasal passage -1000 0.001 

18 Tongue 43 1.050 

19 Oral cavity 14 1.030 

20 Salivary glands submandibular 14 1.030 

21 Salivary glands parotid 14 1.030 

22 Salivary glands sublingual 14 1.030 

24 Pharynx + Larynx 54 1.060 

26 Esophagus 54 1.060 

27 Trachea 54 1.060 

28 Thyroid 42 1.050 

29 Bronchi -741 0.260 

30 Gall bladder contents 27 1.030 

32 Stomach contents 0 1.000 

34 Small intestine contents 0 1.000 

36 Colon contents 0 1.000 

38 Urinary bladder contents 26 1.020 
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39 Prostate 34 1.040 

40 Testicles 36 1.040 

41 Lymphatic nodes 29 1.030 

42 Soft tissue 40 1.050 

43 Periarticular tissue + tendons  102 1.100 

46 Glandular tissue 14 1.030 

48 Blood 56 1.060 

49 Penis 36 1.040 

50 Adipose abdominal (visceral) -98 0.930 

55 Peritoneum 40 1.050 

89 Gall bladder wall 27 1.030 

91 Stomach wall 41 1.050 

93 Small intestine wall 23 1.030 

95 Colon wall 23 1.030 

97 Urinary bladder wall 23 1.030 

98 Adipose breasts -77 0.950 

99 Heart 43 1.050 

100 Teeth 1524 1.920 

101 to 128 Skeleton compact bones 1524 1.920 

131 to 157  Bone spongiosa -22 1.000 

180 to 186 Bone spongiosa -22 1.000 

161 to 168 Bones medullary yellow 

marrow 

-49 0.980 

170 to 177 Cartilages  102 1.100 

255 Tumor depends of the 

tumor case 

 

We used MatLab (MatLab
®

 software, in particular Image Processing Toolbox) as software 

platform to process all the data. To guaranty that the final virtual CT images were in 

agreement with the DICOM-RT standard the images were created using a template DICOM 

header file. Additionally the patient name, institution, and other personal data were also 

changed. 

 

2.2. Application of the virtual patients in treatment planning and Monte Carlo dose 

evaluations 

 

The generated DICOM CT and Structure Set files can be imported into a TPS or a Monte 

Carlo code for benchmarking purposes or comparison. To exercise the use of the described 

virtual CT image generation technique we choose a novel TPS (INFN-IBA TPS), which has 

been developed by our group and it is in a prototyping phase, being burdensome to acquire of 

a commercial one.  For the Monte Carlo we used GATE/GEANT4 for which we have 

available the full application.  

A complete description of the details of the INFN-IBA TPS is beyond the scope of this work 

and they will be provided in a forthcoming article.  

 

The use of GEANT4 has been validated for proton active scanning systems and reported 

elsewhere [8, 32].The GEANT4 settings (physics lists, range cut, step size, database binning) 

used in this work come from the ones reported and tested by Grevillot et al [33]. The beam 
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model was implemented using the GATE framework for the Pencil Beam Scanning (PBS) as 

described by Grevillot et al [34]. We remark that the model was already benchmarked with 

respect to dosimetric measurements for a specific case (Essen center in Germany) of beam 

delivery. For that setup, using a complex 2D test pattern consisting of a combination of 

homogeneous and high-gradient dose regions, GATE passed a 2%/2 mm gamma index 

comparison for 97% of the points [34]. The reported validation tests demonstrated that the 

beam model reaches clinical performances and can be used for TPS benchmarking. 

 

 2.2.1. INFN-IBA TPS and GATE comparison 

 

The DICOM CT images and contours files, generated for the two cases, brain and prostate 

tumors, were imported into the INFN-IBA TPS to compute the treatment plans. Both of the 

cases have been optimized for the simultaneous irradiation with two coplanar beams 

impinging at angles 90° and 270° on the sagittal plane of the virtual patient. Single-fraction 

treatment plans were optimized imposing a homogeneous reference dose of 2 Gy in the PTV 

for both cases. The brain cancer case was treated with proton beams modeled after the data 

with no divergence, while the prostate case was treated with proton beams modeled with a 

more divergent beam. The full plan is the result of the superposition on numerous beams, 

each described by energy, deflection, and fluence. The output beam information is stored in 

RT Ion Plan files. Finally the dose distributions were evaluated with a scoring grid resolution 

of 1 x 1 x 1 mm
3 

 for both cases. 

Similarly, the artificial CT images and the RT Ion Plan files were imported into 

GATE/GEANT4 to simulate the virtual patient irradiation with proton active scanning 

system. The conversion of CT DICOM images and RT Ion Plans to the GATE PBS input 

format were implemented using open-source libraries developed by Whitcher et al.[35]. 

 

In the Monte Carlo simulations the dose distributions were evaluated over a computational 

grid with resolution of 1 x 1 x 1 mm
3
 for the brain cancer case and 2 x 2 x 2 mm

3
 for the 

prostate cancer case. In both cases 10
7
 primary protons for each plan were simulated. The 

standard error of the dose at the isocenter was 0.75% (0.015 Gy) for the brain tumor case and 

2.5% (0.05 Gy) for the prostate case. 

 

 

3. RESULTS 

3.1. Virtual CT images and contours generation 

 

In Figure 6a and 7a, we show the views of the virtual CT images of the brain and prostate 

cancer cases generated from the BREP-based model MASH with the contour superposition 

over the CT. During the visual inspection, the final HU values, the voxel size, the image 

resolution and the tumor shape/position were in agreement with the created mesh model of a 

cancerous patient and the MASH organ/tissue to HU lookup table (see Table 1). Figures 6b 

and 6b show the three-dimensional plot of all the contours that were generated automatically 

from the implemented edge detection and extraction procedure.  
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(a) 

 
(b) 

 

 

. 

 

Figure 6. Axial views with contour superposition (a) and three-dimensional plot of all 

the contours for the brain tumor case

 
 

 
(a) 

 

 
(b)

 

Figure 7.  Axial views with contour superposition (a) and three-dimensional plot of all 

the contours for the prostate tumor case. 
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3.2. Comparison of INFN-IBA TPS and GATE 

 

The treatment plan computed with the INFN-IBA TPS required a total of 2630 elementary 

beams with 52 different energies between 74.1 and 128.3 MeV, for the brain tumor case 

(PTV volume of 22.84 cm
3
), and a total of 1173 beams with 31 different energies between 

153.3 and 182.8 MeV, for the prostate case (PTV volume of 55.54 cm
3
). Axial views of the 

TPS dose distributions, for a selection of slices, are reported in absolute dose in the left-hand 

side of Figures 8 for the brain tumor case and Figure 9 for the prostate tumor case. In the 

right-hand side of the Figures are reported the results obtained with GATE/GEANT4 

simulations. 

 

The precise comparison between the TPS and GATE results are beyond the purpose of this 

paper, which focus on the methodology to construct CT DICOM images and Structure Sets. 

However some considerations can be directly withdrawn from the results. The penumbra 

positions determined with both the TPS and GATE coincides to a submillimetric level. For 

what concerns the comparison of the absolute doses, we observe that there is only a 

qualitative agreement. 

 

 
Figure 8. Axial views of the absolute dose distributions evaluated with the INFN-IBA 

TPS kernel (left-hand side) and with GATE/GEANT4 (right-hand side) for the brain 

tumor case. 
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(b) 

Figure 9. Axial views of the absolute dose distributions evaluated with the INFN-IBA 

TPS kernel (left-hand side) and with GATE/GEANT4 (right-hand side) for the prostate 

tumor case. 

 

 

4. CONCLUSIONS 

 

For the assessment of several radiotherapy practices, it is beneficial to use CT images of 

virtual patients. Using a MASH BREP model, we created a procedure to add an artificial 

tumor, which has been modeled using mesh polygon surfaces, and to generate the CT images 

of the virtual tumor cases. 

 

The constructed procedure would make possible the generation of a public standard database 

with different cancer for tests and share Monte Carlo and TPS treatment simulations. 

Additionally, as the tissue material/density is set up using a lookup table, by changing these 

parameters it is possible develop a set of models with the same shape and different HU. 

These models could be used for the study of the CT conversion effect in ions range 

uncertainties inside the patients. Moreover, by exploiting the interesting characteristic of the 

BREP models of modifying the organ shapes, sizes and locations as a function of the time the 

model can be extended and be used for 4D studies. 

 

In this paper, as an example, we report the design of two virtual models, concerning a brain 

and a prostate case. In the framework of the charged particle therapy, the two generated 

virtual patient models were successfully applied to produce treatment plans using the INFN-
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IBA TPS kernel. The evaluated dose distributions were also compared to GATE/GEANT4 

simulations, thus demonstrating the feasibility of an approach based on the BREP modeling 

to produce virtual CT images for TPS and Monte Carlo benchmarking. 
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