
International Journal of Radiation Research, January 2025 Volume 23, No 1 

Dosimetric evaluation of brain radiotherapy using custom-
made Rhizophora head phantom – comparison between 

Monte Carlo GATE and treatment planning system MONACO 

INTRODUCTION 

Brain metastases are a common sign of systemic 
cancer, which is one of the most typical intracranial 
tumours in adults, outnumbering primary brain            
tumours. They are among the key contributors to 
neurologic disorders and affect 20% to 40% of all 
cancer patients (1, 2). Previous literature has identified 
brain metastases as the primary factor in patient 
morbidity and mortality (3). It subsequently highlights 
the prominence of radiotherapy to improve the              
patients’ quality of life. 

Treatment accuracy is a crucial aspect for                 
radiotherapy's efficiency in treating brain metastases, 
particularly in giving tumours the highest achievable 
dose while avoiding unneeded doses to normal       
tissues. Whole brain radiotherapy continues to be a 
cornerstone of patients’ palliative care (4, 5).                      
Regression of the lesions’ report after whole brain 
irradiation was discovered to correspond with              
survival and better neurocognitive performance (6). 
Therefore, the primary goal of treatment is to control 

macroscopic lesions. 
Recent technological developments enable                 

various sectors to rely on algorithms, electronic, or 
digital data to promote high-quality industry                  
operation and output. The algorithm marketability 
and use of electronic data are growing at an                  
exceptionally fast rate, and this popularity boom has 
attracted numerous research and studies concerning 
the application of algorithms across a wide range of 
fields. As algorithm use in clinical dosimetry and 
quality control gained popularity in the healthcare 
sector, it was found to be precise, effective, and  
closely aligned with experimental measurements. As 
a result, using simulation in research involving            
radioactive sources has become essential and its              
efficiency stands as a determinant of the research 
development. 

Previous literature reported that MC algorithm is 
the gold standard for calculating absorbed dosage (7). 
GATE or ‘Geometry and Tracking’ aids in simulating 
particle movement through matter with MC                  
techniques. In particular, the GEANT4 particle         
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ABSTRACT 

Background: A custom-built head phantom has the potential as a dosimetric phantom 
in brain radiotherapy. Materials and Methods: Computed tomography (CT) was used 
to scan the phantom with CT data imported to treatment planning system (TPS) for 
dose computation. The dose prescription was pre-determined to deliver 300 cGy per 
fraction to the isocenter of the beam. 6 MV photon with parallel-opposed technique 
was used in this work. Absorbed dose computed in planning target volume (PTV) and 
organ at risks (OARs) were computed, and comparison was made with Monte Carlo 
(MC) Geant4 Application for Tomographic Emission (GATE). Results: The result 
demonstrates a close proximity of computed dose for TPS and GATE with a 1.6 % 
discrepancy for the PTV, with less than 1 % statistical uncertainty for GATE. The dose 
measured by TPS for most of the target of interest was in close proximity with the 
dose measured in MC. Conclusion: This study revealed the potential of MC GATE 
simulation in the dosimetric evaluation and verification of the treatment planning.  
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simulation toolkit has been gaining popularity in the 
field of medical physics. It employs C++ code that  
allows for object-oriented programming and can thus 
model and simulate particles' interactions with              
matter. This will ease the addition of new processes, 
shapes, graphic drivers, and other features.  

GATE was developed by the international               
OpenGATE collaboration as an open-source                   
simulation framework that allows for easy simulation 
of imaging, radiation, and dosimetry in a single             
environment (8, 9). The cutting-edge software is             
capable of simulating the interaction between                
identical or dissimilar matters as part of the GEANT4 
toolbox. It also offers high-level capabilities to                
facilitate simulation and design without the                  
requirement for C++ programming, which can be 
complex and challenging to understand. The smooth 
and simple building of geometry in GATE leads to 
precise simulation in a realistic setup owing to a             
dedicated scripting mechanism (10). Additionally, the 
validation by GATE has proven its dependability in 
dosimetry and radiation treatment (11). 

An essential evaluation tool for every radiation 
therapy treatment is a radiation treatment plan with 
precise and reliable dose computation (12). The              
treatment planning system (TPS)’s choice of dosage 
calculation method will affect the treatment plan. 
This is because the estimated dose from multiple 
TPSs must be precise and consistent across different 
TPSs and better precision could be achieved with 
technological advancement. Furthermore, using 
phantom with allocation for dosimeters is crucial for 
the secure and effective execution of treatment (13). 

In this work, the treatment plan for brain               
irradiation was evaluated using the MC GATE                  
simulation. A novel, custom-built head phantom             
consisting of soy-lignin Rhizophora spp. was created 
and the absorbed doses to the target and organ at 
risks (OAR)s were determined using TPS and GATE. 
The validation would reveal any discrepancies              
between experimental and simulated doses in the 
target volume as well as potential issues with the  
assumed properties of the head phantom in a             
simulation or experimental setup. The findings will 
serve as a useful guide for further verification of 
treatment planning for complex radiotherapy             
techniques. 

 
 

MATERIALS AND METHODS 
 

Preparation and fabrication of custom-made head 
phantom 

Wood particles with soy flour and lignin adhesives 
were hot pressed at approximately 200 °C to               
fabricate a particleboard for the production of               
phantom material. Past studies investigated and             
analysed the selection and characterisation of the soy
-lignin Rhizophora phantom (14–18). Following          

RANDO® phantom, the particleboards were cut into 
the desired shape and each slab received a gloss 
treatment to achieve smoothness. A total of 20 head 
phantom slabs, each measuring around 1.0 cm in 
thickness, were produced accordingly.  

 

Treatment planning for brain radiotherapy 
The custom-built head phantom was scanned with 

a CT simulation scanner, Toshiba Aquilion (Toshiba 
Medical Systems, Japan), at the Oncology and               
Radiotherapy Unit, Universiti Sains Malaysia (USM) 
Medical Centre. The purpose was to gather CT raw 
data for the MONACO treatment planning process. 
Phantom CT images were used to characterise the 
target volume and normal structures, allowing the 
planning and delivery system to be as effective as 
possible. The intended treatment plan was then               
conducted, followed by a comparison of the                   
measured and computed dosages. 

TPS MONACO (Elekta, Sweden) was used to               
identify the target area and many organs at risk,              
including eyes, lens, optic nerves, brainstem, spinal 
cord, and parotid glands. To account for                          
uncertainties, a 1.0 mm margin was introduced to the 
optic nerves and brain stem, which were called          
planning organ at risk volume (PRV). Meanwhile, a 
5.0 mm margin was introduced for the spinal cord. 
Previous literature reported that a 5% dosage            
adjustment can result in a considerable change in 
cancer control and normal tissue complication risks 
(19). TPS recorded the dose volume histogram (DVH), 
which was then compared with the GATE simulation. 
The conformity index (CI), which depicts the link     
between isodose distributions and target volume, can 
be utilised to evaluate the quality and conformality of 
a treatment plan (20). A high PTV coverage and         
minimal needless irradiation of nearby tissues are 
indicated by a conformance index of unity. It is              
recommended to quantify CI because it may be              
influenced by both planning variables and tumour 
characteristics (20). Equation 1 defines the calculation 
for CI (20).   

 

                (1) 
 

Where; TV is the treated volume and PTV is the 
planning target volume. TV is the tissue volume that 
received at least the dose determined and stated to 
fulfil the goal of the therapy, such as the treated             
volume encompassing the 95% isodose (20, 21). Using 
information from the DVH and the RTOG 90-05           
procedure, the treated volume (i.e., the volume of 
tissue enclosed by the 95% isodose) was computed 

(22).  
 

Simulation using GATE and comparison of dose 
between TPS and GATE 

The linear accelerator with precise multileaf             
collimators was utilised to model and simulate the 
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radiation treatment. The phantom was modelled         
using the extracted CT raw data and the dose                
calculation was measured appropriately. Six MV of 
energy was taken into account for photons. The             
dosage computed by TPS MONACO was compared to 
the absorbed dose obtained from GATE. Figure 1, 
shows the exported data from CT displayed in 3D 
Slicer in preparation for GATE. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Following the planning in TPS MONACO, all beam 
configurations were recorded in 3D Slicer. The CT 
data was saved in the mhd format after being                 
visualised in 3D Slicer to ensure compliance with the 
Monte Carlo GATE code. It was later imported as           
patient. mhd, a voxel phantom placed in the centre of 
the world. Schneider 2000 table conversion was used 
to convert the Hounsfield unit conversion to a             
material database (23). The computer model utilised 
was an HP-Z8-G4-Workstation running Ubuntu 20.04 
LTS with an Intel Xeon Gold 6242 (16 cores, 32 
threads). In this work, GATE version 9.1 and Geant4 
version 10.6 patch 3 were installed and the GATE's 
input file simulated the experimental setup by               
employing macro files containing a collection of             
commands.  

The absorbed doses measured by TPS and GATE 
were collected and compared to determine the               
percentage discrepancy. Statistical uncertainties for 
the MC GATE simulation were calculated                    
automatically by GATE. However, as a reference in 
the MC-generated model, the calculation of statistical 
uncertainty in dose was determined using equation 2 
(24). 

 
 

              (2) 
 

Where;          is an estimate of the standard error of 
the mean dose in voxel k, dk,i is the dose deposited in 
voxel k by independent history i, and N is the total 
number of primary independent histories. The GATE 
simulation output produced the dosage image, which 
was predetermined at 5.0 mm voxel size to match the 
TPS-specified voxel size. The resulting dosage image 

was attached to the custom-built phantom.  
 
 

RESULTS  
 

Preparation and fabrication of custom-made head 
phantom  

In this work, the custom-made head phantom was 
fabricated and the final outcome is illustrated in            
figure 2. The formulation of Rhizophora bonded with 
12% soy flour and lignin with gloss finish coating was 
chosen for the fabrication of the phantom based on 
previous works (17,25). The head phantom was marked 
from A to T, resulting in a total of 20 slabs. 

Treatment planning for brain radiotherapy 
The treatment planning in this work was designed 

to provide 3000 cGy in 10 fractions, with 300 cGy per 
fraction to the custom-built head phantom, using the 
Elekta Synergy linear accelerator (Elekta, Sweden). 
The dose was targeted at the beam's isocenter. 6 MV 
photon was selected using a parallel-opposed                  
approach with two beams arrangement with the CI 
value was recorded at 1.00.  

 

Simulation using GATE and comparison of dose 
between TPS and GATE 

For GATE simulation, the linear accelerator             
specification was necessary to design a precise              
treatment head for GATE, including particular shape, 
dimension, position, beginning energy, and material 
composition (26). Component module is a component 
of an individual treatment head that consists of              
several elements and certain geometrical shapes. The 
geometry of the linear accelerator's head was created 
to vendor specifications and the design was                     
developed based on earlier literature. In this work, 
the mean electron beam energy of 6.4 MeV and 3.0 
mm electron spot best fit the data with percentage 
depth dose (PDD), demonstrating a 100% pass for 
gamma comparison with the 3%/3mm criteria. 

In GATE, phase space was employed to record the 
energy spectrum and the results were saved as ROOT 
files. Phase space was also utilised for the simulation 
and determination of PDD and beam profile for the 
Rhizophora material. Figures 3 to 5 show the                
linear accelerator’s model geometry used in GATE 
simulation while Figures 6 and 7 illustrate the linear 
accelerator's model where the simulation took place. 

Zuber et al. / Dosimetric evaluation of brain radiotherapy 15 

Figure 1. CT data with segmented organ of interest illustrated 
in 3D Slicer.  Figure 2. Custom-made soy-lignin bonded Rhizophora spp. 

head phantom fabricated in this work. 
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The MC reports in this work adhered to Task 
Group 268 (27) as shown in table 1. The beam geome-
try from one gantry angle was duplicated using the 
identical source-axis distance value. The data was 
normalised for planning target volume at 30 Gy pre-
scribed dose. The DoseActor was coupled with the 
head phantom to generate a dosage image, which 
was then processed using 3D Slicer with the segmen-
tation volume from TPS. 

Figure 8 compares the dosages measured with 
TPS MONACO, TPS measured with GATE, and MC 
GATE simulation. All OARs and PTV are within dose 
constraints except parotid, with optic nerves (25.34 - 
26.28) Gy with a constraint of 55 Gy, eyes (7.78 - 
7.87) Gy with a constraint of 45 Gy, optic chiasm 
(29.12 Gy) with a constraint of 54 Gy, brainstem 
(29.18 Gy) with a constraint of 54 Gy, spinal cord 
(2.38 Gy) with a constraint of 45 Gy, and PTV (30.00 
Gy) with a constraint of 65 Gy. 

16 Int. J. Radiat. Res., Vol. 23 No. 1, January 2025 

Figure 3. Linear accelerator modelling prepared in the MC 
GATE simulation. 

Figure 4. Treatment head simulated in MC GATE. 

Figure 5. (a, b), 3D view of the treatment head modelling  
simulated in GATE. 

Figure 6. Bird eye view of the phantom in the linear                  
accelerator setting with the right and left beams reflect the 

lateral opposing field. 

Figure 7. (a, b), Full overview of the linear accelerator with 
phantom in position for the GATE simulation, where the           

simulation began with the phase, as photons passed through 
the multileaf collimator and jaws and were directed towards 

the phantom in the centre. 

Figure 8. Comparison of dose measured using TPS MONACO, 
TPS measured by GATE and MC GATE simulation. Rt = right;          

Lt = left; ptv = planning target volume; PRV = planning organ at 
risk volume; Error bar = 5 % percentage error 
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DISCUSSIONS 
 

Based on the average CT numbers, relative               
electron density (RED), and CT density profile, the 
quality of the custom-built particleboard was                   
analysed and the results revealed close compatibility 
with water. Particleboard has the potential as a  
phantom material, as evidenced by the mass                
attenuation coefficient's close proximity to water 
from the XCOM database. Results of the elemental 
composition analysis and effective atomic number 
calculation showed that Rhizophora particleboard 
with soy-lignin bonds has the potential to be used as 
phantom materials since its effective atomic number 
values were near to water's Zeff value (18). 

Previous research suggested that phantoms           
constructed of a material that closely resembles soft 
tissue should be employed to effectively analyse the 
patient contour and validate the radiotherapy               
techniques at both the commissioning and clinical 
stages. The calculated radiation dose for the phantom 
and the actual measured radiation dose can be             
compared by exposing the phantom to a series of 
beams. These phantoms should have radiologic             
characteristics that are identical to those of the           
tissues in question, anatomical realism, and the            
ability to use a variety of measuring devices to           
confirm dose and its distribution across various           
crucial locations throughout the target and normal 
tissue volumes (28). 

Delineation of the target area and OARs is the first 
step in the planning method for radiotherapy.              
Additional margin was included to the target volume 
and OAR to account for the movement of patient and 
organ as well as differences in positioning. Additional 
space will lessen the likelihood of inaccurate beam 
positioning and beam direction at the target area. 

The dose volume histogram (DVH) specifies the 
three-dimensional (3D) dose distribution inside the 

treatment volume with maximum, mean, and             
minimum values to the target of interest (29,30). Since 
DVH may also generate isodose curves around        
certain percentages of target volume and healthy 
tissues, it stands as a useful analytical tool for                 
interpreting the dose distribution in target volume (30, 

31). DVHs facilitated the treatment planning and            
ensured that the 95% PTV was completely covered 
by the 95% isodose while minimising the dose to 
healthy tissues (20). 

The utilisation of parallel fields in whole brain 
irradiation allows for full coverage (32).                         
The beam arrangement and weighting were adjusted 
so that 95% of the dosage covered 95% of the PTV 
volume, which was aligned with the recommended 
target dose uniformity of +7% and -5% by the                
International Commission on Radiation Units and 
Measurements (ICRU) Report 50 (33). 

The outcome of this study showed that the TPS's 
CI value was 1.00, which is in good agreement with 
the ideal value and may enable improved conformity 
of the dose region to PTV. This index may also              
indicate how closely the dose region adheres to the 
target volume, usually PTV. A CI number exceeding 1 
shows that TV is larger than PTV, making it less             
conformal; a CI value less than one indicates that PTV 
is not totally covered by 90% isodose and hence          
cannot comply with ICRU 50 (20). A good therapeutic 
index may be conferred by good conformance indices 
(20), with a better plan adhering to the target of              
interest can potentially provide a curative approach 
in radiotherapy. However, CI might not offer enough 
details regarding the entire treatment plan and the 
index might not account for the volume of                  
surrounding healthy tissues (29). 

The precision of radiation dose delivery has been 
reported and reviewed in earlier literature by ICRU. 
Past research suggests that radiation dose delivery 
errors of 5 % should be satisfied by dosage             

Zuber et al. / Dosimetric evaluation of brain radiotherapy 17 

Checklist item # Item name Description 

2, 3 Code, version/release date 
GATE v9.0 with geant4 v10.06.p03 and Root v6.24/0 platform 

Release Date: 03/02/2020 

4, 17 Validation 
Code was being validated against experimental measurements (Linear                  

accelerator configuration based on Elekta Synergy Agility LINAC (Elekta Medical 
Systems, Crawley, UK) 

5 Timing 
CPU based simulation: 3.9 GHz and 32 threads CPU 

CPU/GPU model number: Intel Xeon Gold 6242 
NVIDIA Quadro P2200 

8 Source description 
Source of phase-space: Energy spectrum from interaction gamma radiation 

Model parameter value: Nil 
9 Cross-sections Cross-section data: Nil 

10 Transport parameters EM Standard Option 4 (geant4) & secondary production cut-off 0.1 mm 
11 VRT and/or AEIT Nil 
12 Scored quantities DoseActor 

13, 18 # histories/statistical uncertainty Range of histories used was 2×109 / uncertainties of < 2 % for 150 million histories 

14 Statistical methods 
Statistical uncertainties measured based on equation (automatically generated in 

GATE) 
15, 16 Postprocessing Nil 

Table 1. RECORDS items checklist for MC study. 

LINAC = linear accelerator; UK = United Kingdom; CPU = central processing unit; GPU = graphics processing unit; EM = electromagnetic;                       
VRT = variance reduction technique; AEIT = approximate efficiency improving technique 
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uncertainties in photons that are less than 2% (34). 
The precision of dose delivery during radiotherapy 
treatment was intended to be better than ±5%, and 
for this to be achieved, the accuracy of dose                 
computation must not exceed ±3%. However,               
previous literature postulated that existing                   
algorithms frequently produce greater variances or 
deviations (35,36). For inhomogeneous tissues or                
irregular surfaces, it is commonly acknowledged that 
advanced algorithm has the capacity to handle the 
issues with great precision and can also produce a 
good solution. Meanwhile, the arrangement of the 
beam geometry closely followed the TPS plan with 
phase space employed to capture all photon data 
from the treatment head, which was then directed to 
the treatment area for the final output. One geometric 
component of a linear accelerator that is challenging 
to model is the multileaf collimator, which can only 
be properly simulated using MC techniques; however, 
this is not a simple operation. To reproduce similar 
opening during the simulation, the segment details of 
the x- and y-axis were individually extracted from 
TPS into Microsoft Excel, rechecked, rescaled to fit 
the requirement in GATE, and entered into the           
simulation.  

The photon spectra and cross sections, including 
statistical uncertainties, are additional potential 
sources of uncertainty in MC simulation. Past                 
literature suggests that for less than 2% uncertainties 
with 150 million histories, the simulation’s statistical 
uncertainty was less than 1% (24). When evaluating 
TPS dosimetry in various complicated geometries, 
the MC technique is highly preferred (37) as it offers 
more comparison points than can be measured           
precisely. This will enable the application of more 
advanced methodologies into the analysis, resulting 
in a better, more thorough dosimetric evaluation of 
the dosage calculation algorithms (37). However, a 
disadvantage of this benefit is that it may allow for 
higher variances than those measured empirically 
due to the larger number of comparison points (37).  

All MC calculations rely largely on input from             
human expertise in addition to the algorithm and 
technology. The onus is on the personnel to pinpoint 
and delineate the target of interest with the greatest 
degree of accuracy, aiming to create the best plan for 
delivering the necessary dose while sparing the 
healthy tissue. In GATE, the treatment plan should be 
accurately created and built as several phases of 
treatment planning are prone to mistakes. The               
accuracy of dose calculation and delivery must be 
evaluated for both treatment planning and delivery, 
and uncertainties in both of these processes can have 
a significant impact on the overall accuracy of               
radiotherapy. According to the bar chart in figure 8, 
the simulation suggested a theoretically attainable 
outcome since the findings demonstrate a good               
similarity between the TPS and GATE, with a 1.6% 
disparity for PTV. The results also revealed                  

differences of 2.11% for brainstem, 0.16% for spinal 
cord, and 1.58% for optic chiasm. However, optic 
nerves recorded higher disparity, which may be due 
to the organ's closeness to PTV. 

A portion of the optic nerve's volume was within 
the PTV in the TPS configuration, which could lead to 
an unfavourable dosage level (28). The dosage             
difference might be caused by inadequate                     
demonstration and simulation of the overlapping 
structures in GATE. As a result, the dose measured in 
the GATE setting may be higher than in the TPS           
setting. The intricacy of the multileaf collimator            
generated by GATE may also be the cause of this              
discrepancy in order to match the multileaf               
collimator predetermined in TPS MONACO.                   
Moreover, multileaf collimator is a geometric                  
component of a linear accelerator that is extremely 
challenging to simulate in any simulation algorithm. 
While the MC technique can adequately represent the 
collimator, doing so is not a simple undertaking.  
Scaling down is required in the GATE simulation to 
provide accurate shaping of the multileaf collimator 
structures because its fixed geometry was specified 
during planning, possibly explaining the existence of 
variances.  

When necessary, PRV provides a margin around 
OAR to take setup, motion, and anatomy differences 
into account (38). By purposefully limiting an area to a 
lower dose, PRV will better shape dose distributions 
and further assure the sparing of healthy OARs. All 
OARs and PTV were within the dose constraints, with 
the exception of the parotid glands. Creating a             
structure that allows critical OAR to be deducted 
from the target region when it is prescribed with a 
higher dosage than the tolerance of the overlapping 
OAR is one approach to prevent the OAR from            
receiving doses that are higher than the dose limit. To 
maximise the therapeutic ratio of treatment, this 
strategy may, however, lead to a compromise             
between proper tissue sparing and effective                 
treatment of the target (39). In this work, whole brain 
radiotherapy was performed, which is considered a 
palliative treatment. Due to lower radiation doses 
and shorter patient life expectancies, exposures to 
OARs are sometimes deemed less significant in              
palliative settings. These needless radiation                 
exposures eventually jeopardise the patient rather 
than treating the cancer. However, in a palliative     
situation, reirradiation and higher-dose stereotactic 
therapies are the common approaches in metastatic 
cases. During this scenario, unintentional toxicity 
could happen if cumulative normal tissue dosage  
restrictions are not adhered (39). In this work, it is 
evident that the utilisation of GATE with                         
sophisticated computer algorithms can be a useful 
tool for the verification of treatment planning, and 
with the advancement of technology and algorithms, 
it is vital to step back and adopt a novel approach to 
improve treatment (40). 

18 Int. J. Radiat. Res., Vol. 23 No. 1, January 2025 
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CONCLUSION  
 

The results revealed the potential of MC GATE 
simulation in the dosimetric evaluation and                  
verification of the treatment planning in brain                
radiotherapy using a custom-made head phantom. 
For the majority of the volume of interest, the doses 
predicted by TPS and MC simulation were in close 
proximity. These outcomes can be attributed to the 
calculating algorithms' shortcomings in both TPS and 
MC.  
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