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Superficial Radiotherapy with Photons
Orthovoltage treatments

 Collaboration with the Medical Physics Department IRCSS - Arcispedale S. Maria Nuova 
Reggio Emilia

 Superficial and Orthovoltaic Radiotherapy application areas: 
o Nonmelanoma Cutaneous Tumors
o Cutaneous Mycosis

 Current treatment protocols
o High rates of tumor control
o Absence Treatment Planning System (TPS)

 Target: realization and evaluation of the benefits of a tps protocol based on Monte Carlo 
simulations

TAC pictures Monte Carlo 
simulations

Dose distribution
in models

Operative sequence

Relatore
Note di presentazione
Monte Carlo methods are employed in Treatment Planning Systems (TPS) of most Mega-Voltage photon external beams and in many dosimetry applications in the Radiotherapy field. 
However, this method is not common for lower energies treatments such as Orthovoltage and Superficial Radiotherapy. 
These therapies are used especially for non-melanoma skin lesions and their applications are expected to increase because of the aging population. 
Because of this, this work investigates the benefits related to the introduction of Monte Carlo based TPS for these energies.



Issues:

• Transition from "slice" information contained in the TAC as gray scale (Hounsfield scale 
"dependent machine") to volumetric and material information

• Choice of the most useful and fastest model geometry from the simulation point of view to 
simulate the particles transport processes (photons) with a Monte Carlo code: 
o unstructured meshes (optimal option from the point of view of the simulation of 

transport processes)

• Choice of MC code: GEANT, FLUKA, MCNP:  
o GEANT & FLUKA procedures not yet consolidated for the transition from TAC to 

unstructured meshes

o Used Monte Carlo code: MCNP6.1.1: Code extensively tested and validated, 
Integration with geometric models with non-structured meshes validated (also by 
manufacturers of therapy machines, eg VARIAN)

Relatore
Note di presentazione
The challenges to be faced for this work can be summarized in a procedure that can take the informations contained in the slices pictures of a TC exam, in terms of Hounsfield grey scale, that is machine dependent, and can convert them in accurate volumetric and material informations.
A critical aspect is the choice of the most useful and fastest model geometry to be used for the simulations of the particle transport but also the choice of the Monte Carlo code.
MCNP6 is tested and validated, is used by manufacturers of radiotherapy machine and permit the integration between geometric models with UM.



From TAC to Model for Transport 
processes: Anthropomorphic 

Computational Phantoms
• Field in great

development
 Computational power
 Imaging techniques

diffusion

Voxel Models

Non structured mesh models (UM NURBS type)

Benefits of the NURBS models:

 Better representation of 
volumes and surfaces

 Deformability

 4D models

 Removal of Voxel effects due to 
geometric "bias"

Segars et al. 2001 Xu et al. 2004

Zubal et al. 1994 Zubal et al. 1995

Relatore
Note di presentazione
This work also aims to compare the application of two different kind of computational phantoms in the Monte Carlo simulations: Voxel and Unstructured Mesh (UM) models. UM models are a kind of Boundary Representation computational phantoms where the original source DICOM data are discretized without applying a rectangular grid, as it is the case for voxel models. The direct use of UM models in Monte Carlo simulations is a recent development, introduced to represent as accurately as possible, complex surfaces and interfaces such as those of human organs and tissues.




Voxel model visualization

• Cubic Voxels

• Every element has
the same

dimension as all
the others

• The elements are 
parallel and 

simply traslated
to each others

Relatore
Note di presentazione
As it can be seen, an our example of a Voxel Monte Carlo model is shown in this slide. 
The resolution is quite high due to the voxel dimension of 2 mm edges.
The voxels are cubic, every element has the same dimension as all the others and the element are parallel and simply traslated to each others.



Unstructured mesh model 
visualization

• The unstructured mesh models can be tetrahedal, exahedral,….
• The order of the mesh can be 1 or 2 (curved faces of the elements)

• The volumes are better descripted

Relatore
Note di presentazione
Here, the differences with the UM model description can be seen.
The differences are, in fact, well evident and the real volumes are better descripted.
The mesh elements can be of various type as tethraedral, exahedral and others.
Moreover they can also be of the first or second order: this means that the surfaces of the elements can be curved and not only flat.



Unstructured mesh model 
visualization

• The material inhomogeneities can be taken into account
• The UM is adaptatives, so, mesh refinements occurred to 

better descript the organ volumes
• The mesh can be refined or modified with different

softwares
• The UM interfaces (between the elements) are 

distribuited in each direction

• Mesh refinements of 
size inferior to the TC 
resolution (1-2 mm) 

are admitted in 
homogeneous organs

Relatore
Note di presentazione
Furthermore, the material inhomogeneities can be taken more precisely into account.
The mesh is also adaptatives and so, mesh refinements can be used in order to better descript the organ volumes.
The mesh can be manually refined or modified with different softwares and the interfaces between elements are distribuited in each direction. 
Mesh refinements as the one that you can see on the eye lens are admitted also with size inferior to the TC resolution, but this makes sense only in homogeneous organs.



Example of Voxel effects on a TAC 
model

Monoenergetic point Beam Analysis in 
homogeneous material (water)
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Impact Arrangement and Size of 
elements in areas with high gradient

Dose profile on Unstructured meshes

Dose profile on Voxel 2 mm

Relatore
Note di presentazione
A simulation example is shown, regarding a monochromatic beam in homogeneous model material: water in this case.
Different PDDs are produced as output of the calculations, due to the different arrangments of the elements.
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Source modeling 

• X-ray tube – Therapax DXT 300 (50-300 kV)

•
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Relatore
Note di presentazione
The first step required, is to develop a simplified computational source model of an X-Ray tube for external beam therapy which could be used with MCNP6.1.1. Secondly, to tune the simulation parameters of the radiation source in order to match the beam measurable parameters.
In fact, the beam qualities are variables of paramount importance for the treatment outcomes and different real X-Ray source configurations have been modeled. 
The X-Ray therapy system in use is the Therapax DXT-300 (Gulmay Medical Ltd, Surrey, UK), which comprehends the X ray tube Comet MXR-321 (Comet AG, Flamatt, Switzerland). 
A further simplification was taken by splitting the simulations in two phases: initially an electron beam was simulated within the X-Ray tube and the resulting photon spectrum exiting the source was recorded with the appropriate tallies. In a second phase, using the energy and angular spectrums obtained previously, the simulations were started from a photon source with a great reduction in simulation time. These photon beams have been validated for each of the four chosen configurations with experimental data. 
In the first validation phase a comparison of the measured PDD curves in water with the simulated results with MCNP is made. Using the modeled sources, appropriate setups to measure the delivered dose in a water phantom are built, these setups follow closely the one described in the normal code of practice for this kind of calibration measurements of an X-Ray source
, the simulated PDDs have absolute percentage deviations from the relative measured ones in the order of 1%. 




Source validation
Experimental measurements on 3 

instrumentated phantoms

Setup Tension (kV) |Δ%|Medio

1 100 0.75

2 100 1.74

3 100 0.70

1) Homogeneous

2) 2.4 mm Al

3) 5 cm XPS

0

1

2

4 24 44 64

|∆
%
|

Depth (mm)

Setup 1

Phantoms setup Relative differences between measurements and 
simulations

Relatore
Note di presentazione
In a second phase of the validation, a series of measures were conducted where the X-Ray tube was aimed at phantoms with varying structures, in three different setups. Firstly, the phantom was composed of 8 square water-like slabs PTW RW3 (PTW, Freiburg, Germany) with 1 cm thickness and 30 cm edges. The second consisted in a phantom with the same setup but with a 2.4 mm aluminum layer inserted. In the last setup, a 5 cm thick layer of extruded polystyrene (XPS) foam was inserted. 
These phantoms were instrumented with a Farmer type ionization chamber, model PTW 31016 (PTW, Freiburg, Germany) shifted after each measure in order to obtain doses at increasing depths. 
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[kV]
Depth
[cm]

Measure
[%]

Simulation
[%]

Δ%

50 0.4 100.00 100.00 0.00

50 2.4 46.67 52.54 5.87

50 4.4 22.60 27.16 4.55

75 0.4 100.00 100.00 0.00

75 2.4 62.03 60.33 1.70

75 4.4 36.37 34.96 1.41

100 0.4 100.00 100.00 0.00

100 2.4 79.78 79.70 0.08

100 4.4 57.58 57.16 0.43

100 6.4 39.04 37.28 1.76

300 0.4 100.00 100.00 0.00

300 2.4 86.29 86.03 0.26

300 4.4 68.22 67.62 0.60

[kV]
Depth
[cm]

Measure
[%]

Simulation
[%]

Δ%

100 2.4 + 0.24 Al 65.47 63.64 1.83

100 4.4+ 0.24 Al 48.10 46.66 1.44

100 6.4+ 0.24 Al 32.72 30.73 1.99

[kV]
Depth
[cm]

Measure
[%]

Simulation [%] Δ%

100 2.4 +5 XPS 58.96 59.13 0.16

100 3.6 + 5 XPS 51.69 51.92 0.23

100 4.4 + 5 XPS 44.69 46.42 1.73

Relatore
Note di presentazione
The readings from the ionization chamber and the simulations have been normalized analogously to the PDD curves and the percentage variation between the simulated and measured curves have been calculated. 
These measurements provided a mean to validate the computational model as the relative deviations between the measured and simulated values were always below 2% except at the lowest energy where a deviation of 5% was recorded.
The validation process showed a good agreement of the simulations with the experimental data points proving the soundness of the computational source model. The results proved the ability to calculate the dose distribution fields, related to orthovoltage treatments, within anthropomorphous phantoms. 



• 2. Voxelizzation and Importation in MCNP6.1.1
• Tools: Abaqus/CAE + MATLAB Scripts

Development of a Voxel model 
Equivalent to the UM ones

Voxel dimension 2  x 2 x 2 mm

Voxel number 1,250,000

Simulated photons 10E+08 

Runt time (Xeon 32 thread) ~ 43 h

UM mesh model Equivalent Voxel model File Input MCNP6.1.1

 Voxelizzation with 
script MATLAB

 Produced by ScanIP
 Abaqus Mesh File format
 Meshing verification 

with Abaqus/CAE

 Realized with script MATLAB
 Choice of Voxel dimension
 Isocenter Positioning and 

Source Integration
 Assignment Material 

Properties ICRU 
(Composition + density)

10 x 10 cm

Relatore
Note di presentazione
The starting materials, for the creation of phantoms which can be imported in Monte Carlo simulations, are CT scans of the tissues of interest. 
As this project is still at a development phase, the CT scans are not from patients with real skin lesions but from an anonymized archive, only for research purposes. 
To perform the segmentation the scans had been imported in Simpleware ScanIP (Synopsis, Mountain View, USA). 
The decision to use this commercial software has been taken because of its capability to produce, starting from the segmented CT scans, a finite element unstructured grid mesh, which could be exported and used in MCNP6.1.1 with minimal editing. 
The segmented materials properties were chosen using literature values for the chemical composition while the density was extrapolated from the calibration curve of the Tomographic Scanner. 
In a second phase a script was developed to convert the unstructured mesh in regular voxel meshes, with edge length decided by the user in order to perform comparisons between the two typologies of models, originated by the same set of scans.
The number of obtained 2x2x2 mm voxels is equal to 1 million and 2 hundreds fifty thousands.
In this configuration, the run time was about 43 hours to simulate 1 billion of photon histories.





• 3. Post-Processing & analysis results.
• Tools: MATLAB Scripts + ParaView

Structure
Dose (cGy) 

per particle source
Relative error

Left eye 4.714E-16 0.0154

Right eye 2.436E-15 0.0069

Central nervous system 2.011E-15 0.0013

Bones 6.087E-15 0.0009

Soft tissues 2.148E-15 0.0009

PTV 1.315E-14 0.0017

Voxel model

Average dose at the structures Spatial dose distribution

Relatore
Note di presentazione
The results of the 2 mm edges cubic voxels are shown thanks to some matlab scripts, with the support of the paraview software.
The absorbed dose, given in this table in cGy per particle source, at the different organs was numerically esimated with a very small relative error: from 0.001% to 1.7%.




• 1. Meshing segmented model. Tool: ScanIP
• 2. Import in MCNP6.1.1. with the pre-processing tool

Unstructured Mesh Model 
Development

Downsample factor 0.65

Target minimum side 3 mm

Target maximum side 7.5 mm

Number of elements 740996

Number of nodes 161486

TAC pictures Unstructured segmented
mesh model File Input MCNP6.1.1

• ScanIP
• Mesh verification with Abaqus/CAE • Um_pre_op611

Number of structures 6

Number of material 14

Simulated photons 10E+08 

Run time
(Xeon 32 thread)

~ 8 h

Relatore
Note di presentazione
Turning back to the UM model, developed starting from the ScanIP software, processed with the Abaqus CAE, and given to the MCNP pre processor utility to produce the MCNP6 input file, one can notices that the number of structures assigned to the model is 6.
The global number of materials is 14.
The minimum and the maximum side of a tetrahedal elements are, respectively, 3 mm and 7.5 mm.
Totally, the number of elements are  more than seven hundred and forty thousand and the simulated histories of the primary photons were 1 billion.
In this configuration, that is at parity of structures, materials and simulated histories with the voxel model, the simulation time was about 8 hours: this means 5 time less than the voxel model.




Structure
Dose (cGy) 

per Particle Source
Relative 

error

Left eye 4.821E-16 0.0107

Right eye 2.473E-15 0.0048

Central nervous system 1.987E-15 0.0019

Bones 6.125E-15 0.0032

Soft tissues 2.119E-15 0.0016

PTV 1.317E-14 0.0012

Unstructured Mesh Model 
Development

3. Post-Processing & Analisys Risults.Tools: MATLAB Scripts + ParaView

Average dose to structures
Spatial dose distribution

Relatore
Note di presentazione
The reached relative errors is less, in some structures, than the voxel model and the results, as it can be seen, are quite clear.
The relative error has a minimum value of about 0.00016 until a maximum value of a 0.0107.
In the region of interest, the PTV, the relative error is 0.0012 with respect to the ones of the voxel model that was 0.0017.
So we have improved the results, the resolution of the model and at the same time reduced of a factor of 5 the simulation time.




Results exportation

3. Exportation DICOM – RT Dose

 Format to export Spatial Distribution Dose Absorbed in the model

 DICOM format extension (TAC images). Standard for Data Integration 
Radiotherapy with Patient Information

 Essential for the implementation of the Treatment Planning System 
(TPS) based on Monte Carlo

 Used in all Commercial Calculation codes for Patient Data 
Management and TPS

 Made using MATLAB scripts for Voxel and Non-Structured Mesh results

TAC 
pictures

Monte 
Carlo 

simulation

DICOM – RT 
Dose

Relatore
Note di presentazione
After to have obtained the simulation results it has been necessary to export the data related to the absorbed dose distribution in the DICOM format that is the once of the TC pictures and is the actual standard in this field.
This step is absolutely essential for the implementation of the TPS based on Monte Carlo simulations and it has been solved with a Matlab script written for this purpose, both for voxel models and Non structured mesh models.



Voxel effects on big application field
Abnormalities related to the Voxel model description

• Wrong volume reproduction
• Impact on particle transport

simulations

Voxel 4 mm Voxel 2 mm • Simulations with increasing
voxel resolution

• 10 x 10 field –
monoenergetic beam

• Homogeneous material
(water)

Local dose deviation

• Partial Convergence for increasing
resolution

• Deviations localized in regions with a 
high dose gradient

Relatore
Note di presentazione
But why seems the voxel description be less accurate and where this occurs in the models?
With the voxel descriptiption one have the wrong volume reproduction and this affects the particle transport simulation. 
In fact, we performed different tests with monoenergeticphoton fields in homogeneous materials but with a decreasing size of the edges of the voxels, finding a partial convergence with the results found with the UM models.
The deviation between the two techniques can be seen in the low right corner of this slide.
The differences are greater, even over the 20 percent, at the border of the photon beam, where the dose gradient is the highest.



X-ray tube voltage evaluation

50 kV 75 kV

100 kV
300kV

N. Setup SSD (cm) Applicator Filter (kV)

1 30 8 cm – Cylindrical F1 50

2 30 8 cm – Cylindrical F3 75

3 50 Open field – 10 cm square F4 100

4 50 Open field – 10 cm square F8 300

Filter Materials
Thickness

(mm)

F1 Aluminum 1.65

F3 Aluminum 3.10

F4
Aluminum

Copper
2.5
0.1

F8
Aluminum

Copper
Tin

1.5
0.25
0.8

Relatore
Note di presentazione
At this point, the evaluation on how the dose field was modified by the X-ray characteristics, was done.
In fact, the MCNP model of the X-ray machine was modified to adapt it with 4 different real configuration of the device, from 50 to 300 kV.
The differences are completed by different kind of collimator in terms of shape and dimension, different distances between the focal spot and the surface, different structures for the filters in terms of thicnkess and materials.
The results can be seen for the different energies.
I must remember that all the configurations were previously benchmarked against experimental measurements with the Percentage depth dose results and with 3 different antrophomorphous phantoms.



• 4. Average dose to structures analysis
• 5. Histograms Dose-Volume

Tension 100 kV 50 kV 75 kV 300 kV

Structure
Dose
(cGy)

Dose
(cGy)

Δ%
Dose
(cGy)

Δ%
Dose
(cGy)

Δ%

PTV 664.1 549.0 -17.3 608.2 -8.4 683.3 2.9
Left eye 24.2 2.7 -88.9 9.8 -59.4 41.0 69.5
Right eye 125.1 27.5 -78.1 58.6 -53.2 157.4 25.8
CNS 100.3 13.4 -86.6 41.2 -58.9 171.2 70.7
Bones 230.2 84.2 -63.4 161.6 -29.8 278.2 20.8
Soft tissues 107.9 47.8 -55.7 64.0 -40.6 143.7 33.2
Head (total) 179.3 50.7 -71.7 93.2 -48.0 201.2 12.2

DVH – PTV DVH – Bone tissue DVH – Right Eye (OAR)

X-ray tube voltage evaluation

Relatore
Note di presentazione
Varying the energy beam means the production of a variation of the absorbed dose in the region of interest and also in the different organs.
In fact, the results shown in table, normalized for 7 Gy at the isocenter, are explanatory on how the modified parameters can affects the absorbed dose in tissues.
One can note that also some critical organs are subject to absorb some non negligible quantities radiation doses.
Also the histograms that put in correlation the dose with the volume of a target were calculated as is normal practice during the TPS planning.



Contouring on Dicom Files
(smaller field)

Relatore
Note di presentazione
Finally, with the exportation of this doses on the DICOM files we could automatically contour the isodose curves on the TC pictures in such a way to communicate the doses to the medical physicist in the standard modality.



Differences between the two
techniques with a smaller field

Relatore
Note di presentazione
Here, it is another example of the differences between the results coming from a 5 mm edges voxel size and an unstructured mesh model.
On the right of this slide, the red points means the region where the differences between the 2 model is bigger than 20%: in particular this happens at the border of the photon beam and in such far region, especially in the bones, where the dose gradient is higher.



Example of knee treatment

Relatore
Note di presentazione
Here is another example of unstructured mesh model.
In this case,  the irradiation of a lesion on the external surface of a knee, produce an absorbed dose also at the bones but in particular at the bone marrow.
This effects should be taken into account during the normal practice of this kind of treatments in the way to prevent unwanted secondary effects that are radiation induced.



 MC methods can now be applied with great accuracy to structures coming from 
CT-SCAN, in particular thanks to the UMs and therefore provide additional 

information in the choice of treatment parameters and avoiding geometrical bias 
as in classical voxel models

 Benefits: Integration of Existing Protocols with Monte Carlo-based TPS

Conclusions

The application of UM models in Monte Carlo methods can 
provide models accurately reproducing the complex surfaces of 
human structures, with significant benefits over voxel models. 
Furthermore, it has been shown that MC methods can be used 

effectively to evaluate the impact of Radiotherapy parameters in 
Orthovoltage treatments. This can produce better results in skin 
lesion control and an overall benefit in the patient quality life.

Relatore
Note di presentazione
Concluding, MC methods can now be applied with great accuracy to structures coming from CT-SCAN, in particular thanks to the UMs and therefore provide additional information in the choice of treatment parameters and avoiding geometrical bias as in classical voxel models.
Benefits: Integration of Existing Protocols with Monte Carlo-based TPS.
The application of UM models in Monte Carlo methods can provide models accurately reproducing the complex surfaces of human structures, with significant benefits over voxel models. Furthermore, it has been shown that MC methods can be used effectively to evaluate the impact of Radiotherapy parameters in Orthovoltage treatments. This can produce better results in skin lesion control and an overall benefit in the patient quality life.





Future developments

 Simplification of the creation of models from TAC pictures

 Developments of parameters for the reduction of the 
variance and of the simulation time

 Collaboration with IRCSS – ASMN Reggio Emilia for 
passage from Prototype to TPS integrated in the 

Treatment Protocol

Relatore
Note di presentazione
The future developments for this research will be focused to the:
Simplification of the creation of models from TAC pictures.
Developments of parameters for the reduction of the variance and of the simulation time.
Collaboration with IRCSS – ASMN Reggio Emilia for passage from Prototype to TPS integrated in the Treatment Protocol.




THANK YOU
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