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Abstract 
   Cone Beam Computed Tomography (CBCT) offers a lower radiation 

dose alternative for paediatric patients compared to conventional CT 

scan, particularly in managing cleft lip and palate (CLP). Accurate 

dosimetry is essential to balance benefits and risks, with Monte Carlo 

simulations being a feasible approach. Despite advancements in 

computational phantoms, a gap exists for 1-year-old paediatric phantoms 

specific to CLP cases in dental CBCT. This study addresses this gap by 

developing and validating a 1-year-old voxel model for dental CBCT, 

utilising binary data from medical images as outlined in International 

Commission on Radiological Protection publication 143. The binary data 

were converted to voxel images using (X) MedCon software and 

processed in 3DSlicer to create a 3D model representing head and neck 

organs and tissues, including modifications for CLP anatomical 

variations. Validation against anthropometric data confirmed the model's 

accuracy. Monte Carlo GATE simulations were then used to calculate 

absorbed and effective organ doses during dental CBCT procedures. 

Effective dose (ED) values ranged from 0.02 mSv to 2.98 mSv, with dose 

reductions achieved by lowering the tube current-time product. The 

cochlea received the highest dose due to its proximity to the cone beam's 

field of view, while the brain and thyroid received the lowest doses due 

to protective anatomical positioning. The study provides a reliable 

dosimetry voxel phantom and emphasises optimising exposure 

parameters in paediatric imaging to minimise radiation risks.  
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1 Introduction  

   Cone Beam Computed Tomography 

(CBCT) has emerged as a powerful imaging 

modality in dental applications, particularly in 

the diagnosis and management of craniofacial 

conditions such as Cleft Lip and Palate (CLP) 

in paediatric patients [1, 2]. CLP is a 

congenital deformity that requires precise 

imaging for effective treatment planning and 

follow-up. While conventional medical CT 

offers detailed imaging, its higher radiation 

dose, especially in paediatric patients, raises 

concerns due to the increased sensitivity of 

children to ionizing radiation[3, 4]. Radiation 

exposure in children is a critical issue, given 

their developing tissues and longer life 

expectancy, which heightens the risk of 

radiation-induced effects [5]. The biological 

effects of ionizing radiation can be broadly 

categorized into deterministic effects, which 

result from cell death and occur above a 

certain threshold, and stochastic effects, 

which include mutations that can lead to 

cancer and hereditary conditions. The risk of 

radiation-induced cancer has been extensively 

studied in various populations. 

Epidemiological data suggest that for the 

general population, a whole-body dose of 

1,000 mSv increases the lifetime risk of fatal 

cancer by approximately 5%. However, in 

paediatric populations, this risk is 

significantly higher, with estimates indicating 

by a factor 2 or 3 increase in sensitivity 

compared to adults, even at lower doses 

typically encountered in medical imaging 

procedures [6]. 

CBCT, as a low-dose imaging alternative, 

presents a potential solution to reduce the 

radiation burden on paediatric patients, 

particularly in the context of CLP 

management [7]. However, accurate 

dosimetry is essential to ensure that the 

benefits of CBCT outweigh the risks. Overall, 

internal organ dosimetry can be performed by 

measurement with physical phantom 

containing dosimeters, or post-exam 

estimation with simulation software for the 

computational phantom [8]. Patients' direct 

internal measurements are considered 

infeasible. As a result, Monte Carlo methods 

demonstrate better feasibility for clinical dose 

assessment because they can accurately 

simulate the complicated radiation 

interactions and energy deposition in the 

human body [9]. Despite being very 

processor-intensive, the simulations may be 

expedited using graphics processing units 

(GPUs) [10]. The persistent increase in 

processing power indicates an imminent 

future in which Monte Carlo techniques may 

be routinely used for clinical dosimetry [11]. 
 

The development of computational voxel 

phantoms has been instrumental in improving 

dosimetric accuracy in medical imaging. 

These phantoms, which simulate the human 

body with detailed anatomical structures, are 

used in Monte Carlo simulations to calculate 

radiation doses to specific organs [12-14]. 

Despite the availability of several 

computational phantoms for adults [15-22], 

there is a notable gap in the literature 

concerning paediatric phantoms, particularly 

for 1-year-old children, which are critical for 

dosimetric studies in CBCT. The International 

Commission on Radiological Protection 

(ICRP) has developed reference paediatric 

computational phantoms, as documented in 

ICRP Publication 143 [23]. Which provides 

free medical image data without ethical 

approval, but these do not fully address the 

unique anatomical characteristics of children 

with CLP. 

This study aims to address this gap by 

developing and validating a 1-year-old 

computational voxel phantom designed for 

dental CBCT use. The proposed phantom will 

be based on the reference paediatric 

computational phantom from ICRP 143 but 

will include modifications to account for the 

anatomical variations associated with 

CLP.  The validation of the phantom will 

involve comparing morphometric parameters, 

such as head and neck dimensions, against the 

ICRP reference values. Following validation, 

Monte Carlo simulations will be employed to 

calculate organ and ED in the head and neck 

region, with particular attention to 

determining whether the dosimetric data for 

these organs exceed the average levels by a 
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factor of 2 or 3, as suggested by the literature. 

This study will not only contribute to  

 

improving dosimetric accuracy in paediatric 

CBCT but also provide a valuable tool for 

clinicians in the management of CLP in young 

patients, ultimately enhancing the safety and 

efficacy of this essential imaging modality. 

2 Methodology 

2.1 Paediatric phantom construction 

  The method by which the paediatric (1-year-

old) phantom was constructed is outlined in 

the following steps: 

2.1.1 Tomographic data selection (Step 1) 

   The primary features of the paediatric 

reference phantom available in ICRP 

publication 143 were the fundamental factors 

used to construct our ICRP voxel model 

phantom [24], as displayed in Table 1. This 

reference document provides comprehensive 

information regarding various aspects, 

including voxel count, resolution, and total 

matrix size, for both the paediatric reference 

phantoms and their corresponding adult 

counterparts as outlined in publication 110 

[25]. The study focused on a 1-year-old male 

model, with phantom data sourced from the 

updated directory on the ICRP 143 website 

[26]. This directory contains subfolders that 

contain critical data for the creation of 

computational models for paediatric 

phantoms, including ASCII, binary, blood, 

media, organs, and skeletons. The data 

consists of model information for different 

age groups and genders. 

 

 

 

 

 

 

 

 

 

 

 

 
2.1.2 Binary data convert to voxel images 

(Step 2) 

   The binary data for 1- year- old male was 

chosen and the data sets of Table 1 were 

imported into the (X) MedCon software 

version (0.21.2) [27]. This software's 

graphical user interface (GUI) provides a 

visual interface for managing specific options 

to generate 2D medical image files (see 

Figure 1). The (X) MedCon facilities 

produced medical images that were preserved, 

and the file that resulted was 

labelled "binary.hdr." 

 

 

Table 1.  Primary characteristics of the reference 1-year-old 

computational phantoms. Reproduced from ICRP143 [23]. 
 

Property 1-

Year 

male 

Thickness of Slice (voxel height, mm) 1.4 

Resolution of Voxel in-plane (mm) 0.663 

Voxel volume (mm
3
) 0.615 

Column number  393 

Row number  248 

Slice number  546 
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Figure 1.  2D medical image produced by converting binary image data utilising (X) MedCon. 

2.1.3 Construction of paediatric voxel 

phantom (Step 3) 

   In this step, the 2D medical images that 

were saved as 'binary.hdr' were uploaded into 

3DSlicer software, an open-access toolkit that 

assists in processing 2D, 3D, and 4D image 

data, encompassing, segmentation, surfaces, 

annotations, modifications, and additional 

functionalities [28]. Subsequently, Step 3 

involves, several processing steps in 3DSlicer 

software, the voxel array stores a numerical 

value that aligns with the respective positions 

of the organ or tissue to represent the 

identification number (ID) of the organ. 

Consequently, a 3D model file was obtained 

representing a 1-year-old ICRP voxel 

phantom containing 1–140 organ/tissue 

regions [26]. 

The processing steps of the medical images in 

3DSlicer software are termed voxelisation, as 

explained in Figure 2. In Figure 2(a), the 

'Volumes' command of the modules was 

selected, and subsequently, from Table 1, the 

image spacing field values were selected to 

represent the resolution of the voxel in-plane 

(mm) and the thickness of the slice (voxel 

height, mm) (see Figure 2(b)). Figure 2(c) 

illustrates the visual representation of the 

ICRP voxel phantom for a 1-year-old male. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

Journal of Kerbala University, Vol. 21, Issue 2, December, 2024 
 

76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Transformation Process of Label Map Model: (a) Active Volume Selection, (b) Image 

Input Dimension and Spacing Details, and (c) Label Map Conversion represent ICRP voxel 

phantom. 

2.1.4 Phantom validation (Step 4) 

   Once a 3D model phantom was obtained 

representing 1–140 organs and tissues of a 1-

year-old ICRP voxel phantom. In this stage, 

anthropometric data from many literature 

sources were matched to the dimensions of 

the 3D model phantom. Three standard 

anthropometric measurements were taken: 

arm length, standing height, and head 

circumference. Reference heights for standing 

height alone are given in Publication 89 

(ICRP, 2002) [29]. The National Health and 

Nutrition Examination Survey (NHANES) III 

(1988–1994) data set was employed to get 1-

year-old head circumferences [30]. In 

addition, the 1-year-old phantoms' arm length 

and head circumference were obtained using 

the NHANES IV (1999-2002) survey [31]. 

The male and female phantoms were 

subjected to identical criteria at every age 

below fifteen years. 

 

2.1.5 Methodology for cleft geometry 

(Step 5) 

   The methodology utilized in this study 

implicated the employment of ICRP voxel 

phantoms, accurately designed layer by layer 

to facilitate create the clefts. The 3D Slicer 

module's ruler tool was employed as a guide 

in the creation of these layers, which were 

generated using the Segmentation module to 

encompass the entire area of interest (see 

Figure 3(a)). A total of 18 layers were created 

from the top of the head to the base of the 

skull, with portions of the cervical spine and 

neck included, each with a uniform thickness 

of 1 cm. The initial segmentation set was 

completed without any modifications, thus 

preserving the original anatomical features. 

 

 

 

(a) 
(b) 

(c) 
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Following this, layers 13 and 14 were 

specifically identified due to their anatomical 

relevance in covering the mouth and nose 

regions (see Figure 3(b)). The cleft geometry 

was modelled and edited to replicate specific 

anatomical conditions, which were integral to 

the study's focus on craniofacial structures, 

refer to Figure 3(c) [32-34]. After the cleft 

geometry was introduced and refined, all 

layers, including both the original, unaltered 

layers and the newly edited cleft layers, were 

combined, and converted into a 

comprehensive 3D model. This step ensured 

that the final model accurately reflected both 

the normal and modified anatomical features. 

For dosimetric simulation purposes, this 3D 

model was saved in '1M.mhd' format. The 

'1M.mhd' file can be uploaded to Monte Carlo 

GATE (Geant4 Application for Tomographic 

Emission). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  The process of cleft geometry using 3DSlicer. 

2.2 Mont Carlo GATE simulation  

   To apply GATE simulation and calculate the 

ED of the chosen organs in the head and neck 

for our developed voxel phantom for the 

simulation of paediatric exams, the Planmeca 

Promax 3D classic system parameters were 

applied, which were simulated using the 

GATE code, after generating X-ray beams 

Layer 14 

 

Before cleft 
editing 

After cleft 
editing 

Layer 13 

After cleft 
editing 

Before cleft 
editing 

cleft cleft 

(a) 
(b) 

 

(c) 
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using the Spekpy v2.0 software toolkit to 

create the cone shape of the X-rays in this 

simulation [35]. Since the acquisition 

parameters have shown significant impact on 

each of image quality and recorded doses 

[36], several exposure parameters provided by 

CBCT were also relied upon to calculate the 

ED to the organs. In order to simulate a 

standard CBCT scan for paediatrics’ jaws, the 

beam parameters were selected, as shown in 

Table 2. 

 

Table 2. Exposure parameters and indications of acquisition protocol. 

Protocol resolution 

mode 
Position 

Tube voltage 

(kVp) 

Tube loading 

(mAs) 

High 

Both jaws 

full rotation 

(360°) 

 110.8 

Normal   38.3 

Low  90 36.9 

Low   19 

Low   7.1 

 

 

One of the tasks of this study was to achieve 

the same level of target coverage as that 

utilised in the diagnostic planning of CLP 

patients through GATE simulation. During 

GATE simulation, phase space is employed to 

gather the data of X-ray photons obtained 

from the diagnostic of the CLP. The field of 

view (FOV) is utilised to reduce the beam to 

the minimum size required for scanning the 

desired region. It is worth noting that the 

shortest FOV results in the lowest effective 

doses [16, 37]. Therefore, FOV was set to 

68×68 mm
2
, which is recommended for 

paediatric patients. During the simulation, the 

variable histories were modified according to 

each exposure parameter. The history is 

contingent upon the detector area (cm
2
), 

fluence (photon/cm
2
), milliampere-seconds 

product (mAs), and tube voltage (kVp). 

"DoseByRegions.txt" is a text file that records 

the absorbed doses (D) in mGy in organs 

following the GATE simulation. This file 

contains data on the distribution of radiation 

dosage in different areas of the patient's 

cranium and neck.  

The equivalent dose (𝐻𝑡) has been calculated 

for each tissue or organ by multiplying the 

absorbed dose (D) by the radiation weighting 

factor WR (which is 1 for X-rays). Since WR =1, 

the equivalent dose is numerically equal to the 

absorbed dose. Additionally, the ED in mSv 

was measured by sum the products of the 

equivalent dose (𝐻𝑡)  and the tissue weighting 

factors 𝜔𝑡 for all relevant sensitive organs that 

we selected for paediatric patients in this 

study [38]: 

 

𝐸𝐷 =∑(𝐻𝑡 × 𝜔𝑡)

𝑡

……………………(1) 

3 Results 

   In this study, all the results related to the 

validation of our ICRP voxel phantom (1-

year-old) and additionally the dosimetric data 

during simulating dental CBCT by GATE are 

presented in this section. 

3.1  Phantom validation analysis 

   Table 3 presents a comparison between the 

dimensions of the ICRP voxel phantom (1-

year-old) and reference data from ICRP 143, 

focusing on key anthropometric parameters: 

head circumference, standing height, and arm 

length. The ICRP voxel phantom dimensions 

were measured using the 3DSlicer toolkit.  
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Table 3. Comparison of reference and ICRP voxel phantom values (mm) for morphometric 

parameters regarding some parts of the body. 

 Head circumference Standing height Arm length 

Phantom Ref 
ICRP 

Phantom 
%Diff Ref 

ICRP 

Phantom 
%Diff Ref 

ICRP 

Phantom 
%Diff 

1-year-old 

M 
47.3 47.3 0.0 76 76 0.0 32.6 32.6 0.0 

M, male; %Diff, percentage difference. 

 

3.2 Organ doses analysis by GATE 

simulation 

   The study employed a simulation approach 

where each exposure parameter was selected 

according to variable histories. Table 4 shows 

the dosimetric data, including the doses 

received by the organs and the exposure 

parameters (tube current-time product or 

mAs, and tube potential or kVp). The 

absorbed doses increased with the exposure 

parameters for the phantom organs. ED levels 

ranged from 0.02 mSv to 2.98 mSv, 

depending on the exposure settings. Lower 

exposure parameters led to decreased energy 

deposition in organs. For a 1-year-old 

phantom, ED reductions were noted when the 

tube current-time product was reduced from 

110.5 mAs to lower values. 
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Table 4. The absorbed and effective doses for different exposure settings in the head and neck organs of a 1-year-old ICRP voxel phantom. 

1-year-old Absorbed Dose (mGy) by GATE simulation 
ED  

(mSv) 

Protocol mode  Thyroid Optic nerve Optic chiasm Left parotid Right parotid Left lens Right lens Left eye Right eye Left cochlea Right cochlea Brainstem Brain  

Low resolution 

90 kVp ,7.1 mAs 
0.01 0.01 0.01 0.02 0.02 0.006 0.005 0.01 0.01 0.024 0.022 0.03 0.01 0.02 

Low resolution 

90 kVp ,19 mAs 
0.12 0.1 0.11 0.19 0.2 0.12 0.12 0.2 0.28 0.42 0.32 0.28 0.07 0.29 

Low resolution 

90 kVp ,36.9 mAs 
0.2 0.25 0.26 0.39 0.42 0.3 0.33 0.36 0.37 0.75 0.7 0.5 0.12 0.57 

Normal resolution 

90 kVp ,38.3 mAs 
0.22 0.57 0.55 0.6 0.66 0.5 0.53 0.45 0.4 1.03 1.11 0.95 0.15 0.90 

High resolution 

90 kVp ,110.5 mAs 
0.65 1.95 2 2.72 2.7 1.75 1.81 1.23 1.3 3.46 3.24 2.1 0.4 2.98 
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Regarding Figure 4, which represents the following observations were recorded for the 

phantom at 1 year of age about the mean contribution of organ dosage to the total ED. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Proportional contribution of organ doses to the total ED for a 1-year-old ICRP voxel 

phantom using the CBCT protocol (38.325 mAs, 90 kVp) simulated by GATE. 

4 Discussion  
 

   The study showed in Table 3 that the ratios 

depicting the disparity between the 

dimensions of the ICRP voxel phantom and 

the standard anthropometric data remained 

consistent across all measurements.  

The patient's age significantly influences the 

magnitude of radiation risk, with paediatric 

patients being particularly susceptible. The 

study found that the cochlea absorbed the 

highest radiation doses due to their proximity 

to the cone beam's field of view. The brain 

and thyroid received the lowest doses, 

benefiting from protective anatomical 

positioning. The findings underscore the 

importance of optimising exposure 

parameters to minimise radiation risks in 

paediatric imaging. Although the risk of 

neoplasia in adults exposed to doses below 50 

mSv has not significantly increased, the 

associated risk for younger patients is 

estimated to be 2-3 times higher [39]. Table 4 

presents the ED values (in mSv) that fall 

within this acceptable range for paediatric 

patients. This highlights the necessity of 

stringent radiation protection measures for 

paediatric patients, especially in dental CBCT 

procedures. 

One of the benefits of analysing the data in 

Figure 4 was to clarify which organ received 

the highest contribution of the dose in the 

field of view specified in this study. The 

exposure parameter (38.3 mAs, 90 kVp) 

showed that the right and left cochlea made 

the most significant contributions, at 15% and 

14% of the total ED, respectively. The left and 

right cochlea had the largest average radiation 

dose contributions in the simulation because 

they are located within the cone beam's FOV 

(68 x 68) mm
2
. Additionally, the brain and 

thyroid have the lowest contributions at 1% at 

the same exposure parameter. The brain 

Brain 
1% Brainstem 

13% 

Left cochlea 
14% 

Right cochlea 
15% 

Left eye 
6% 

Right eye 
5% 

Left lens 
7% 

Right lens 
7% 

Left parotid 
8% 

Right parotid 
9% 

Optic chiasm 
7% 

Optic nerve 
7% 

Thyroid 
1% 
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demonstrates low radiation dose absorption 

(1%) as a result of its location inside the skull 

bones, which effectively shields and absorbs 

the majority of the radiation doses. Whereas, 

the thyroid, due to its position out FOV (68 x 

68) mm
2
. 

 

5 Limitations and future applications  

   The phantom described in this study is the 

computational model representing the 1–

year–old male. This model was based on the 

main characteristics of paediatric reference 

computational phantoms and binary data of 

voxel images outlined in ICRP 143 [24], 

providing accurate digital 3D representations 

of human anatomy. It is important to note that 

although this phantom possesses organ/tissue 

masses corresponding to reference values 

from ICRP 143, it maintains the unique 

structure of each organ, including its contours, 

depth, and location, as seen in the reference 

data used to create it. Therefore, this model is 

unable to evaluate the amount of radiation 

absorbed by organs in individuals with 

varying body sizes and organ shapes. 

Although the main purpose of creating this 

computational phantom was to derive 

radiological protection values, it is 

acknowledged that it may be used for other 

purposes as well. However, it is crucial to 

remain aware of the specific limitations 

related to their intended use. 

For future applications, the resulting 3D 

model can be exported in STL 

(stereolithography) format, the standard 

format used for 3D printing. This format can 

be chosen due to its compatibility with a wide 

range of 3D printers, enabling the precise 

reproduction of the model for further 

experimental use. The STL file can then be 

prepared and optimised for 3D printing, 

ensuring that the final printed model will 

accurately reflect the detailed anatomical and 

modified features as designed. 

This study's significance lies in its 

determination of organ dosimetry. 

Furthermore, the existing phantom can also be 

used using non-standard exposure parameters 

from the CBCT that are less than (~90 kVp). 

This will create a full database of radiation 

doses and test the quality of diagnostic 

images. This underscores the need to achieve 

a judicious equilibrium between minimising 

radiation exposure and enhancing the quality 

of the image. 
  

6 Conclusion  

   This study adopts a new method for 

developing and validating a 1-year-old 

computational voxel phantom designed for 

dental CBCT use. The phantom was based on 

the reference paediatric computational 

phantom from ICRP 143 but included 

modifications to account for the anatomical 

variations associated with CLP. The research 

offers valuable insights into the precision and 

dependability of the ICRP voxel phantom and 

the corresponding measurements of selected 

organs at risk dosage using GATE simulations 

for a 1-year-old individual. CBCT protocols 

have been simulated as a diagnostic technique 

for dosimetry. The anthropometric 

measurements of the ICRP voxel phantom, 

including head circumference, standing 

height, and arm length, were in line with 

established reference data, confirming its 

dependability for dosimetric simulations.  

The dosimetric results demonstrated a clear 

relationship between increased exposure 

parameters (tube potential and tube current-

time product) and absorbed organ doses. The 

ED values ranged from 0.02 mSv to 2.98 

mSv. The ED was dramatically reduced by 

decreasing the tube current-time product 

(mAs), demonstrating the possibility of 

optimising the dose in paediatric imaging 

techniques using CBCT. The research 

highlighted the need to tightly control 

radiation exposure in paediatric imaging by 

identifying ED levels within the permissible 

risk range for paediatric patients. Due to their 

locations within the field of view, the right 

and left cochlea organs had the largest dose 

contributions, but the thyroid gland and brain 

showed the lowest contributions, due to the 

protective position of the brain within the 

skull absorbing most of the radiation, while 

the position of the thyroid gland is outside the 

field of view. In conclusion, the study 

underscores the necessity for tailored 
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dosimetric approaches in paediatric imaging 

to mitigate radiation risks, with the validated 

ICRP voxel phantom and detailed dose 

analysis through GATE simulations providing 

a robust framework for optimising exposure 

parameters and enhancing the safety and 

effectiveness of radiological practices for 

young patients. 
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