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Measurement of equivalent organ doses received by medical 
personnel during coronary intervention procedures using 

Geant4 Application for Tomographic Emission (GATE) 

INTRODUCTION 

Interventional radiology procedures are being 
increasingly utilized (1, 2) to treat a broad range of 
diseases, with many now replacing complex surgical 
procedures (3). In the medical field, a large amount of 
ionizing radiation is frequently used to achieve 
optimal clinical goals with treatments that require 
radiation (4). Some patients receive high doses of 
radiation during diagnosis, treatment, and follow-up, 
raising particular concerns about the potential for 
radiation fibrosis syndrome (5, 6). The United Nations 
Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR) Report 2008 estimated that 
four billion X-ray examinations were being 
undertaken per year worldwide. All these procedures 
must be carried out by medical staff who might 
become exposed to high levels of radiation.  

Medical personnel need to be close to patients 
during procedures due to the increasing number of 
projections and the complexity of the procedures. 
The complexity results in significant potential 
radiation exposure (7) in the workplace, so 
appropriate measures must be taken to ensure that 
actual radiation exposure remains low and does not 
exceed the permitted limits. Over time, frequent 
exposure to radiation can lead to a substantial 

cumulative dose for medical personnel and increase 
the risk of stochastic effects. These include the 
probability of cancer and hereditary diseases, as well 
as deterministic effects involving tissue damage due 
to radiation. The prolonged exposure to radiation 
during the procedure can adversely affect the medical 
personnel involved (8–10).  

Monte Carlo methods are powerful tools in 
radiation studies (11–18), offering detailed and accurate 
dose calculations for various medical and radiological 
procedures. They help optimize safety protocols, 
improve training and education, and contribute to a 
better understanding of radiation interactions. These 
methods are also used in research settings to 
investigate new treatment techniques, evaluate novel 
imaging protocols, and validate experimental results 
against theoretical predictions (19–21). A notable 
implementation of these methods is the Geant4 
Application for Tomographic Emission (GATE) Monte 
Carlo simulation framework, which is widely used in 
medical imaging and radiotherapy research (22). GATE 
allows the simulation of complex interactions 
between radiation and matter, supporting the 
development of new imaging technologies, treatment 
planning systems, and dose estimation models. By 
providing precise radiation transport simulations, 
GATE enhances the accuracy of clinical procedures 
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ABSTRACT 

Background: This study aims to measure the equivalent organ doses received by 
medical personnel during the coronary intervention procedure using Monte Carlo 
Geant4 Application for Tomographic Emission (GATE) simulation. Materials and 
Methods: The specific dimension of the angiography room was recorded from the 
Department of Diagnostic Radiology at Singapore General Hospital to generate the 
angiography room geometry in GATE. ICRP phantom was utilized to represent the 
medical personnel whereas MIRD phantom was used to represent the patient on the 
tabletop. Dose received by medical personnel were recorded at anterior posterior (AP) 
exposure projection at 73 kVp and 350 mAs for all the rooms. Results: The study 
revealed variations in the equivalent doses received by medical personnel across 
different room configurations. The highest dose variation was observed in the right 
and left lens, with the IR1 exhibiting the greatest exposure. Conclusion: This highlights 
the importance of using GATE simulation, as it enables accurate modeling of radiation 
scattering in various room setups, ensuring precise dose calculations. 
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and facilitates the advancement of personalized 
medicine. The current work involved measuring the 
organ equivalent doses received by medical 
personnel during a coronary intervention procedure 
using a Monte Carlo GATE simulation. The novelty of 
this work lies in the development of automated GATE 
v9.4 command scripts to streamline simulation 
setups, thus minimizing human error, and the use of 
SpekPy to generate highly customizable X-ray spectra 
tailored to complex interventional procedures. 

 
 

MATERIAL AND METHODS 
 

Generation of geometries in Monte Carlo GATE 
For the Monte Carlo simulation, a custom-built 

personal computer (PC) with an INTEL Core I9 
14900K 24 Cores 32 Threads 3.2Ghz LGA1700 
Processor was utilized with an Ubuntu 22.04.4 LTS 
operating system (OS). GATE v9.4 including the 
Geant4 v11.2.1 and Root v6.28/12 platforms was 
used to run for the GATE simulation. The angiography 
room geometry was developed in GATE based on the 
layout and specifications of the Department of 
Diagnostic Radiology at Singapore General Hospital, 
Singapore. This Monte Carlo simulation aimed to 
closely replicate the real-world environment for 
accurate modelling and analysis. To ensure the 
simulation's relevance to clinical practice, coronary 
intervention procedure was chosen.  

Five angiography rooms were generated in Monte 
Carlo GATE, include IR1, IR3, IR4, IR5 and IR6. In 
each angiography room, measurements were taken of 
scattered radiation during the procedure to evaluate 
radiation exposure patterns. These measurements 
focused on areas where medical personnel are 
typically positioned during procedures, providing 
data to assess the occupational exposure risks. Figure 
1 shows angiography room geometries for the GATE 
simulation. Figure 2 illustrates the position of 
medical personnel and patient during the 
intervention procedure.  

 

Utilization of SpekPy to generate energy spectra 
In this work, the beam was modelled using 

SpekPy to generate the spectrum requires for the 
tube voltage. The specific SpekPy command provided 
a detailed overview of the configuration and input 
parameters used to generate the X-ray spectrum. 

 

Measurement of dose in Monte Carlo GATE  
The measurement of scattered radiation in GATE 

were recorded based on the position of source, 
medical personnel and the position of the patient 
during the procedure. The beam scattering was 
measured based on the anterior posterior (AP) 
exposure projection. In GATE, medical personnel 
were modelled using a computational International 
Commission on Radiological Protection (ICRP) 110 
phantom, representing an adult reference female. 

642 

This computational human phantom was employed 
to evaluate energy deposition across approximately 
141 organs resulting from both internal and external 
radiation exposures. The phantom was developed 
based on a computed tomography (CT) scan of a 43-
year-old individual with a height of 167 cm and a 
weight of 59 kg. The scan comprised 174 slices of 5 
mm thickness for the head and trunk regions, and 43 
slices of 20 mm thickness for the legs. Each slice 
consisting of a (256 × 256) pixel resolution. 
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Figure 1. Geometries of angiography rooms for simulation (a) 
IR1, (b) IR3, (c) IR4, (d) IR5, (e) IR6. The geometries represent 

different interventional radiology suites within the clinical 
setting, each with unique room dimensions. These room          

geometries were modelled based on actual floor plans and 
equipment layouts to accurately reflect clinical practice and 
ensure realistic dose estimation using the Monte Carlo GATE 
simulation framework. (IR 1 (5.75 x 7.00) m, IR 3 (4.55 x 7.70) 
m, IR 4 (3.89 x 4.57) m, IR 5 (3.43 x 5.76) m, IR 6 (4.22 x 4.65) 

m measurement). 

Figure 2. The location of the medical personnel, denoted as D, 
relative to the patient, represented as E, who is positioned 

supine on the angiography tabletop. Position D corresponds to 
the typical standing location of the primary operator 

(radiologist) during the procedure, often closest to the pa-
tient's thoracic region to perform catheter manipulation. The 
spatial relationship between D and E is critical for accurately 
assessing occupational radiation exposure in proximity to the 

X-ray source and patient-scatter field. 
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The three-dimensional voxel array of the 
computational phantom, organized into columns, 
rows, and slices, was oriented with the X-coordinates 
correspond to columns increasing from right to left, 
the Y-coordinates represent rows increasing from 
front to back, and the Z-coordinates indicate slices 
increasing from the toes to the body vertex. This 
precise anatomical representation facilitated detailed 
analysis of radiation energy deposition across various 
organs. Modeled as a rectangle, the phantom 
representing the patient was based loosely on the 
Medical Internal Radiation Dose system (MIRD) 
phantom. Figure 3 illustrates the ICRP and MIRD 
phantom representing medical personnel in GATE. 
Table 1 records the main characteristics of the adult 
female reference computational phantom. Figures 4 
illustrates the example of the positions of medical 
personnel, patient and sources generated in GATE 
during the intervention procedure.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

RESULTS 
 

Generation of geometries in Monte Carlo GATE 
The generation of the five angiography room 

geometries in the Monte Carlo GATE simulation, IR1, 
IR3, IR4, IR5, and IR6, successfully replicated the 
typical real-world setting of the spatial configurations 
and equipment placements of the angiography rooms 
at the Department of Diagnostic Radiology at 
Singapore General Hospital, enabling detailed 
analysis of the radiation exposure patterns. Figure 5 
depicts the angiography room geometry generated in 
GATE. Figure 6 illustrates the spectrum for 73 kVp 
generated by SpekPy.  

 

Energy spectra generated by SpekPy 
The displayed X-ray spectrum represents an X-ray 

tube operating at 73.0 kVp, illustrating the 
distribution of X-ray photon fluence (photons/cm²/
mAs/keV) relative to photon energy (keV). Table 2 
records the equivalent doses received by several 
anatomical locations during the procedure for each 
simulated room.  
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Figure 3. Illustration of (a) ICRP phantom and (b) MIRD               
phantom in GATE. ICRP reference computational phantom 
represents an anatomically realistic male or female adult  
human body based on medical imaging data. It features            

detailed organ structures and tissue compositions, allowing 
for accurate dose estimation aligned with ICRP                         

recommendations. The MIRD phantom depicts a stylized            
anthropomorphic model with simplified geometries. While 

less anatomically detailed, it remains widely used for internal 
dosimetry and comparison studies. 

Table 1. Main characteristics of adult female reference             
computational phantom from ICRP. The phantom is based on 
voxelized imaging data and represents a standardized adult 

female with average anatomical dimensions and organ              
masses, which includes detailed specifications such as body 

height, weight, organ volumes, and tissue compositions. 

Property Female Reference Phantom 
Height (m) 1.63 
Mass (kg) 60.0 

Number of tissue voxels 3, 886, 020 
Slice thickness 

(voxel height, mm) 
4.84 

Voxel in-plane resolution (mm) 1.775 
Voxel volume (mm3) 15.25 
Number of columns 299 

Number of rows 137 

Number of slices 
346 (+2; additional slices of 
skin at the top and bottom) 

Figure 4. The setup used in the Monte Carlo GATE simulation, 
showing the relative positions of the key components within 

the angiography room. The medical personnel, represented by 
the ICRP reference phantom enclosed in a red box, is            
positioned adjacent to the patient to reflect a realistic                 

operator stance during the procedure. The patient is shown in 
solid red, lying supine on the angiographic table in alignment 

with standard clinical practice. The X-ray detector, highlighted 
in yellow, is positioned above the patient, mimicking the actual 

configuration of a flat-panel detector in a C-arm fluoroscopy 
system.  
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Dose measurement in Monte Carlo GATE  
Figure 7 presents a comparison of equivalent 

doses for various organs and body parts across 
different simulated rooms (IR1, IR3, IR4, IR5, and 
IR6). The highest doses were often observed for lens, 
with IR1 exhibiting the greatest dose of 276 µSv for 
the left lens, followed by contributions of 210 µSv 
from IR5 with the right lens. The thyroid and uterus/
cervix also showed notable exposure across all rooms, 
with IR6 demonstrating a high thyroid dose of 115 
µSv and IR4 demonstrating the highest dose in 
uterus/cervix of 106 µSv. The gonads received the 
least exposure across all rooms, with only minimal 
doses detected ranging from 80.6 to 98.8 µSv, except 
for room with no specific dimensions. The skin and 
arms showed moderate exposure, with consistent 
exposure across the rooms. Overall, the dose 
distribution varied significantly across different 
anatomical locations, with IR1 consistently 
contributing the highest values in most cases, 
whereas IR6 produced lower doses overall. 

 
DISCUSSION 

 

In the Monte Carlo GATE simulation, the scattered 
radiation was meticulously calculated by accounting 
for the spatial arrangement of key elements during 
the procedure. This included the precise positions of 
the radiation source, medical personnel, and patient. 
The simulation specifically focused on the anterior-
posterior (AP) projection, a common and 
conventional imaging view in diagnostic angiography 
(23), to model the radiation beam scattering. By 
simulating this projection, it was possible to analyze 
how radiation scatters within the environment, 

644 Int. J. Radiat. Res., Vol. 24 No. 3, July 2026 

Figure 5. Angiography rooms in GATE (a) IR1, (b) IR3, (c) IR4, 
(d) IR5 and (e) IR6. Each room was constructed in GATE based 

on real clinical floor plans and equipment placements,              
including the C-arm system and patient table. Variations in 

room dimensions, wall configurations, and equipment               
positioning were carefully modelled to assess their impact on 

radiation dose distribution, particularly in relation to                  
occupational exposure among medical personnel. 

Figure 6. Spectrum for 73 kVp generated by SpekPy. The           
spectrum reflects the energy distribution of photons emitted 

from the X-ray tube, incorporating inherent filtration and 
beam quality characteristics typical of interventional radiology 

procedures. This input spectrum was used as the primary 
source definition in GATE simulations to ensure realistic               
modelling of photon interactions and scatter within the             

angiography room environment. Accurate representation of 
the source spectrum is essential for reliable dose calculations, 
particularly when estimating organ-equivalent doses received 

by medical personnel. 

Table 2. Equivalent doses received by medical personnel in 
several anatomical locations during the procedure. The dose 

values reflect occupational exposure under typical clinical 
conditions and room configurations, providing insight into the 
distribution and magnitude of radiation dose across the body. 

Organ 
No room IR1 IR3 IR4 IR5 IR6 

Dose (µSv) 
Eyes lens (Left) 92.3 276 108 62.3 44.8 92.4 

Eyes lens (Right) 122 119 75 147 210 28.8 
Gonad (Ovary) Left 122 92.5 88.5 98.8 87.4 93.4 

Gonad (Ovary) Right 84.7 83.4 90.3 95.4 86.3 80.6 

Skin, arms 101 100 100 100 99.2 101 
Thyroid 115 106 109 108 116 115 

Uterus/cervix 98.2 102 101 106 99.3 99 
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considering the geometrical relationship between the 
source, patient, and medical personnel. This 
approach provided detailed insights into the 
distribution of scattered radiation, which is critical 
for evaluating occupational exposure and enhancing 
radiation safety protocols in clinical settings. 

The X-ray spectrum shown corresponds to an X-
ray tube operating at 73.0 kVp. The graph depicts the 
distribution of X-ray photon fluence (photons/cm²/
mAs/keV) as a function of photon energy (keV). The 
spectrum exhibits a characteristic Bremsstrahlung 
radiation, which rises sharply, peaks around 35 to 40 
keV, and then gradually decreases towards the 
maximum energy of approximately 73 keV. 
Additionally, characteristic X-ray peaks appear 
around 58 to 62 keV, with previous literature 
reporting that a Bremsstrahlung peak exists in all 
clinical X-ray sources at 59 keV (24), likely due to K-
shell emissions from the anode material, commonly 
tungsten (W) or molybdenum (Mo). The overall 
shape of the spectrum results from electron 
interactions in the X-ray tube target, where lower-
energy photons are more abundant but also more 
likely to be absorbed by inherent filtration, while 
higher-energy photons contribute to the useful 
diagnostic X-ray beam. 

The differences in equivalent dose across 
sensitive organs indicate that highly radiosensitive 
organs, such as the gonads and eye lenses, are more 
vulnerable to scattered radiation (25). The heightened 
exposure in the eye lens, as seen in IR1, emphasizes 
the importance of dose monitoring in radiation-prone 
environments to prevent lens opacities and increased 
risks during lens cataract surgery (26). The 
discrepancies observed between left and right lens 
doses may be attributed to variations in radiation 
interaction and simulation modelling within the 
GATE framework. Otherwise, the discrepancy may be 
attributed to the X-ray tube being positioned on the 
medical personnel's left without adequate ceiling-
mounted protection. Previous works also 
demonstrated that operator position and 
angulation significantly influence scatter radiation 
exposure (27–30). 

The consistent arm skin dose across all rooms 
reflects typical hand positioning of medical personnel 
during the procedure. This dose is clinically relevant 
as repeated procedures can lead to cumulative hand 
exposure approaching 500 mSv per year, which is 
the ICRP annual limit for extremities. To overcome 
this, (31) previous literature has advocated the use 
of lead-lined gloves which can reduce the exposure. 
The hands of medical personnel are often among the 
most exposed body parts, particularly when working 
near the primary beam or the patient during a 
procedure. Lead-lined gloves typically contain 
specific thickness of lead-equivalent shielding, 
offering a significant reduction in scatter radiation 
dose, although they do not provide complete 

protection. 
In radiation transport simulations, slight 

asymmetries can arise due to statistical uncertainties, 
voxelized phantom geometry, or differences in the 
positioning of radiation sources relative to   
anatomical structures. Uncertainties can also arise 
from frequent and multiple geometry updates, as well 
as the configuration of command files (20). 
Additionally, variations in the relative positioning of 
the radiation source with respect to the phantom can 
influence scatter patterns and dose gradients. Even 
small shifts in source-to-phantom distance and 
angulation can produce measurable changes in local 
dose distributions, especially in regions near the field 
edge or where steep dose gradients are present. 

Although the dose measurement is based on the 
ICRP reference phantom (32), which ensures uniform 
anatomical composition, discrepancies between the 
left and right eye lens doses may still arise due to 
radiation transport physics and simulation settings in 
GATE. One possible contributing factor is the 
stochastic nature of Monte Carlo simulations, where 
statistical fluctuations in photon interactions can 
produce slight variations in dose distribution, even in 
symmetric anatomical structures. Additionally, 
differences in the angle of incident radiation, 
scattered photon trajectories, and boundary effects 
within the computational grid can result in 
asymmetric dose deposition.  

The simulations revealed distinct variations in 
scattered radiation levels across the different room 
configurations, influenced by factors such as the 
room structure. Further validation through phantom 
measurements or real-world clinical comparisons 
could enhance the credibility of these results. 
Ultimately, accurate dose simulations are crucial for 
optimizing radiation protection strategies, ensuring 
compliance with international safety standards, and 
minimizing risks to patients and radiation workers. 

 
 

CONCLUSION  
 

The Monte Carlo GATE simulation provided 
valuable insights into the distribution of scattered 
radiation in various room configurations, highlighting 
the significant exposure to sensitive organs such as 
the eye lens, particularly in IR1. The results 
emphasize the vulnerability of highly radiosensitive 
organs to scattered radiation and the importance of 
monitoring radiation doses. This signifies the 
importance of utilizing GATE simulation, as it allows 
for precise modeling of radiation scattering in 
different room configurations, leading to accurate 
dose assessments. 
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