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INTRODUCTION 

Cancer is a major global health burden characterized by the uncontrolled growth and spread 
of abnormal cells. It remains one of the leading causes of death worldwide, accounting for 
approximately 10 million deaths annually [1]. Among women, breast, colorectal, lung, cervical, and 
thyroid cancers are the most prevalent, while in men, lung, prostate, and colorectal cancers dominate. 
In Indonesia, cervical cancer ranks second after breast cancer as the most common malignancy 
among women [2]. 

Cervical cancer, primarily associated with persistent infection by high-risk human 
papillomavirus (HPV), remains a significant challenge in developing countries due to limited 
screening and late diagnosis. Radiotherapy, particularly X-ray–based external beam radiotherapy 
(EBRT), is the mainstay treatment modality for cervical cancer in Indonesia because of its 
effectiveness and accessibility. This modality delivers ionizing radiation to destroy malignant cells or 
inhibit their proliferation while sparing adjacent healthy tissues as much as possible [3]. Accurate 
dosimetric planning is therefore essential to ensure optimal therapeutic outcomes and minimize 
complications [4]. 

Imaging techniques such as 18F-fluorodeoxyglucose positron emission 
tomography/computed tomography (FDG-PET/CT) are widely used to enhance the precision of 
treatment planning. FDG-PET/CT enables visualization of tumor metabolism and assessment of 
treatment response by detecting glucose uptake in active cancer cells, offering superior diagnostic 
sensitivity compared to conventional CT or MRI [5]. 

Despite the availability of advanced imaging modalities such as FDG-PET/CT for 
radiotherapy planning, their integration into quantitative dosimetric simulation remains limited. 
Current clinical systems primarily rely on conventional dose calculation algorithms, which may not 
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Cervical cancer is one of the leading causes of cancer-related deaths among 
women worldwide. The effectiveness of X-ray therapy is significantly influenced 
by the direction of radiation used in treatment. This research aims to optimize 
the direction of X-ray radiation therapy for cervical cancer using the PHITS V 
3.341 program. The methods employed in this study include numerical 
simulations to analyze the dose distribution in cervical tissue. The PHITS V 3.341 
program is used to calculate the energy distribution and the dose received by the 
tissue, considering various radiation parameters. The main assumption in this 
research is tissue homogeneity and the use of standard radiation parameters. The 
research findings indicate that optimizing the direction of radiation can enhance 
treatment effectiveness and reduce side effects. These results are compared with 
existing clinical data and show good conformity. The main conclusion of this 
study is that using the PHITS V 3.341 program can aid in planning more effective 
radiation therapy. Further recommendations include additional research for 
clinical verification. 
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fully account for complex particle interactions and energy deposition in heterogeneous tissues. 
Moreover, few studies have utilized Monte Carlo–based simulation tools such as PHITS to validate or 
optimize X-ray dose distribution and irradiation time in cervical cancer therapy, particularly within 
the context of Indonesian clinical settings. This gap highlights the need for simulation-based 
approaches that can complement imaging data to improve the accuracy and effectiveness of 
radiotherapy planning. 

To improve dose accuracy and optimize irradiation parameters, Monte Carlo–based 
computational simulations have become integral to radiotherapy research. The Particle and Heavy 
Ion Transport code System (PHITS) is a powerful simulation tool capable of modeling the transport 
and interaction of photons, electrons, and heavy ions in complex geometries with high precision [6]. 
PHITS provides detailed analysis of dose distribution and particle behavior in biological tissues, 
offering advantages in accuracy and efficiency over other transport codes such as MCNP. 

This study employs PHITS to simulate X-ray radiotherapy for cervical cancer, focusing on the 
analysis of dose distribution and irradiation time. The objective is to evaluate the dosimetric 
performance of X-ray therapy under various irradiation conditions and identify optimal parameters 
that maximize tumor control while minimizing radiation exposure to surrounding normal tissues. 
The outcomes of this study are expected to support the development of more precise and effective 
radiotherapy planning strategies for cervical cancer treatment in Indonesia [7]. 
 

MATERIALS & METHODS 

This research utilizes simulation software and specific equipment, including laptop with 
specifications:  
1. Processor: Intel(R) Core(TM) i5-4300U CPU @ 1.90GHz, 2.49 GHz, RAM: 8GB, System type 64-bit 

operating system, x64-based processor. 
2. Particle and Heavy Ions Transport Code System (PHITS) simulation program version 3.341, 

licensed by JAEA. 
3. Notepad++ for writing, inputting, and outputting PHITS code. 
4. GSView for reading and displaying the output from PHITS code. 

A literature review was conducted to identify relevant studies related to cancer treatment, 
radiotherapy, dose analysis, and the application of the PHITS simulation program. Previous research 
has shown that Monte Carlo–based methods provide superior accuracy over analytical dose-
calculation algorithms in radiotherapy planning. For instance, Sato et al. (2013) [8] detailed the 
features and validation of PHITS for particle and heavy-ion transport in heterogeneous media, 
establishing its credibility in dose simulation. Sato et al. (2015) [9] further demonstrated PHITS’s 
applicability in dosimetric studies within medical physics contexts. Other researchers have applied 
Monte Carlo simulations to optimize beam geometry and dose uniformity in radiotherapy, though 
few have used PHITS specifically for X-ray radiotherapy of cervical cancer under local clinical 
conditions in Indonesia. This review thus collates theoretical and empirical data as reference 
parameters for the present study. Information on PHITS computational framework was obtained 
from official documentation by the Japan Atomic Energy Agency (JAEA) at https://phits.jaea.go.jp/. 
 
Modeling the geometry of the patient’s organs phantom 

This modeling utilizes the Particle and Heavy Ions Transport Code System (PHITS) program 
with the Monte Carlo method. The Monte Carlo method is a computational technique used to solve 
difficult or impractical numerical problems that cannot be addressed with conventional 
deterministic methods. It relies on a series of algorithms that use random experiments to obtain 
results [10]. The geometry of the cervical cancer patient's body is based on the Phantom from the 
Oak Ridge National Laboratory (ORNL), representing the average adult American woman [11]. Each 
organ's composition is accessed from materials specified in ICRP Publication 145 [12]. This study 
will replicate stage IIA cervical cancer in a 32-year-old female patient using FDG-PET scan imaging. 
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Figure 1. Positron emission tomography (PET) or computed tomography images of a patient with 
cervical cancer. (A) A typical whole-body 18F-fluorodeoxy-glucose (FDG)-PET image of a patient 

with cervical cancer. (B) A 32-year-old woman with stage IIA cervical cancer. FDG-PET images 
clearly show increased focal FDG accumulation (standardized uptake value = 22,43) in the tumor 

(arrow) [8]. The cancer cell consists of 3 parts called GTV, CTV, dan PTV [11] 
 

 
 

Figure 2. GTV, CTV, PTV position [12] 
 

Each with a size of 1.5, 1.8, and 2.2, with cancer cells (GTV) being spherical with a diameter 
of 3 cm, CTV being a sheath surrounding GTV with a thickness of 1 cm, and PTV being a sheath 
surrounding CTV with a thickness of 1 cm. and the combination of GTV, CTV, and PTV is located at a 
depth of 86.8 cm - 91.2 cm. 
 

Modeling the geometry of the Linear Accelerator (Linac) phantom 
The next stage after creating the body geometry is constructing the geometry of the 

components of the LINAC machine using the PHITS 3.341 program. The LINAC machine modeled is 
an Elekta brand, type Precise Treatment. 
 

 
 

Figure 3. Elekta Precise Linear Accelerator [13] 
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With its constituent materials as seen in the Table 1. 

Table 1. Characteristics of materials used to model the Electa Precise Linac head [14] 
Components Materials Composition (%) ρ (g/cm3) 

Target Tungsten (W) 100 19,3 

Primary collimator 
Tungsten (W) 

Nikel (Ni) 
Iron (Fe) 

95 
3,75 
1,25 

18 

Flattening filter 
Chromium (Cr) 

Nikel (Ni) 
Iron (Fe) 

18 
74 
8 

8,03 

Secondary collimator 
Tungsten (W) 

Nickel (Ni) 
Iron (Fe) 

95 
3,75 
1,25 

18 

 

All the materials above are input in the material section of the PHITS program, forming the 
geometry of the LINAC machine as shown in Figure 6. 

Beam Source 

In this study, an electron beam source is used because it utilizes an X-ray machine, specifically 
a LINAC. As the beam passes through the target (tungsten), it will transform into photon beams that 
will irradiate the cervical cancer cells until they die. A LINAC with an electron energy of 10 MeV 
requires a minimum current of 1.8 mA [15]. The following parameters are used in this study. 
 

Table 2. Characteristics of materials used to model the Electa Precise Linac head [14] 
No Parameters Description 
1 Beam Energy 10 MeV 
2 Particle Electron 
3 Beam Intensity 0,6653 
4 Normalization factor 1,12 × 1016 

5 Beam size 0,5 cm (radius) 
6 Angle irradiation variation 0°, 45°, 90°, 

135°, 180°, 
225°, 270°, 
315° 

7 Source distant to the phantom (SSD) 80 cm 
8 Number of particles in one run 100.000 
9 Number of batches in one rum 50 

 
Dose distribution 

The main output generated from programming using PHITS version 3.341 is the dose rate 
(Gy/s). This dose rate data will be used to calculate the irradiation time and the absorbed dose that 
the patient will receive. These calculations can then be used to determine the therapy plan for 
patients diagnosed with stage IIA cervical cancer. According to the Cervical Cancer Management 
Guidelines issued by the Ministry of Health of the Republic of Indonesia, stage IIA cervical cancer that 
does not undergo surgery (hysterectomy) and stage IIB can receive external radiotherapy as primary 
therapy at a dose of 45-50 Gy with 1.8-2 Gy per fraction [16]. If the irradiation time is denoted by 𝑡 
(𝑠), the minimum dose required to kill cancer cells is denoted by 𝐷𝑚𝑖𝑛 (𝐺𝑦), and the dose rate is 
denoted by 𝐷𝑟𝑎𝑡𝑒 (𝐺𝑦/𝑠) [17]. Then Equation 1 can be derived as follows: 
 

𝑡(𝑠) =
𝐷𝑚𝑖𝑛 (𝐺𝑦)

𝐷𝑟𝑎𝑡𝑒 (𝐺𝑦/𝑠)
 (1) 

 
After the irradiation time is determined, the dose received/absorbed by the organ can be 

calculated. The absorbed dose is calculated using Equation 2 [15]. 
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𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐷𝑜𝑠𝑒 (𝐺𝑦) = 𝐷𝑟𝑎𝑡𝑒 (𝐺𝑦/𝑠) × 𝑡(𝑠) (2) 
 

After obtaining the calculated data for the absorbed dose, the next step is to calculate the 
equivalent dose (𝐻𝑇) using Equation 3. 
 

𝐻𝑇 = ∑ 𝑤𝑅𝐷𝑇,𝑅
𝑅

 (3) 

 
When 𝐻𝑇 is the equivalent dose, 𝐷𝑇,𝑅 is the average absorbed dose for the organ or tissue 𝑇 caused by 
radiation 𝑅. and 𝑤𝑅 is the radiation weighting factor for X-rays [18] [19]. The radiation weighting 
factor for X-rays (photons) is 1 [18] [19]. Finally, the effective dose (𝐸) is calculated using the formula 
in Equation 4. 
 

𝐸 = ∑ 𝑤𝑇 ∑ 𝑤𝑅𝐷𝑇,𝑅
𝑅𝑇

= ∑ 𝑤𝑇𝐻𝑇
𝑇

 (4) 

 
Where 𝐻𝑇 is the equivalent dose in the organ or tissue 𝑇, 𝐷𝑇,𝑅 is the average absorbed dose for organ 
or tissue 𝑇 caused by radiation 𝑅, and 𝑤𝑇 is the tissue or organ weighting factor [18] [19]. 
 

RESULTS AND DISCUSSION 

Cervical cancer geometry 
The results of the stage IIA cervical cancer replication, based on Figures 1 and 2 and generated 

using PHITS version 3.341, are presented in Figures 4 and 5. 
 

 
 

Figure 4. Above side of cervical cancer geometry in 2D 
 

 
 

Figure 5. Front side of cervical cancer geometry in 3D 
 
Linear Accelerator geometry 

The replication results of the Elekta linear accelerator, including the precise treatment 
configuration, generated using PHITS version 3.341 and based on Figure 3 and the data in Table 1, 
are presented in Figure 6. 
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Figure 6. LINAC geometry modelling on 3D 
 
In the figure, black represents the collimator, orange the tungsten target, yellow the flattening filter, 
gray the gamma shielding, and silver the gamma filter. 
 
Irradiation geometry 

Figure 7 illustrates the interaction of the LINAC machine with the electron source, which is 
directed onto a tungsten target to produce X-rays for cervical cancer treatment, as referenced in 
Table 2. The X-Y axes represent the beam geometry, with the x-axis spanning −20 to 20 cm (width) 
and the y-axis 0 to 150 cm (depth). Eight irradiation directions were simulated in this study: 
Posterior–Anterior (PA, 0°), Right Posterior Oblique (RPO, 45°), Lateral Right (LR, 90°), Right 
Anterior Oblique (RAO, 135°), Anterior–Posterior (AP, 180°), Left Posterior Oblique (LPO, 225°), 
Lateral Left (LL, 270°), and Left Anterior Oblique (LAO, 315°). 
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Figure 7. The irradiation geometry in the direction of irradiation 

0°,45°,90°,135°,180°,225°,270°,315° 
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Dose distribution 
Figure 8 presents the dose rate distribution along the depth (z-axis) for eight irradiation 

angles: 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°. In all directions, the dose profile exhibits a sharp 
increase near the surface region (z ≈ 0 cm), corresponding to the point of beam entry, followed by a 
gradual decrease as the beam penetrates deeper into the tissue. This pattern reflects the 
characteristic attenuation of X-rays in biological media, where the maximum absorbed dose occurs 
near the tumor volume, and energy deposition decreases with depth due to scattering and 
absorption. 
 

  

  

  

  
Figure 8. Dose rate graph in the direction of radiation 0°,45°,90°,135°,180°,225°,270°,315° 

 
The similarity of dose distributions across different irradiation angles indicates a uniform 

beam quality and consistent energy deposition, confirming that the LINAC model accurately 
reproduces clinical beam characteristics. The superposition of multiple irradiation directions 
enhances dose uniformity within the target region while reducing excessive exposure to surrounding 
organs. These findings demonstrate that the simulated treatment geometry effectively mimics 
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clinical multi-angle external beam radiotherapy for cervical cancer, ensuring optimal tumor coverage 
and minimal dose to healthy tissue. 

Based on formula in Equation 1, 2, 3, and 4, the calculation results for dose rate, irradiation 
time, absorbed dose, equivalent dose, and effective dose for skin and cancer cell. Besides the skin, the 
ovaries are also sensitive organs at higher risk from radiation exposure compared to other OARs 
[23][26]. Therefore, it is necessary to consider the irradiation time, absorbed dose, equivalent dose, 
and effective dose for the ovaries for analysis as well. All the calculation data can be seen in Table 3. 
 

Table 3. Characteristics of materials used to model the Electa Precise Linac head [14] 

Angle 

Skin Cancer cell (CTV, PTV, GTV) Ovaries 

Drate 
(Gy/s) 

t (s) 
Absorbed 
dose (Gy) 

HT 
(Sv) 

E 
(Sv) 

Drate 
(Gy/s) 

t (s) 
Absorbed 
dose (Gy) 

HT 
(Sv) 

E 
(Sv) 

Drate 
(Gy/s) 

t (s) 
Absorbed 
dose (Gy) 

HT 
(Sv) 

E 
(Sv) 

0° 0,06 18,8 1,2 1,2 0,5 0,11 18,8 2 2 8,9 0,11 18,8 2 2 8,9 
45° 0,04 19,8 0,8 0,8 0,5 0,10 19,8 2 2 13,5 0,10 19,8 2 2 13,5 
90° 0,06 22,9 1,4 1,4 0,5 0,09 22,9 2 2 7,5 0,11 22,9 2,5 2,5 9,3 

135° 0,04 19,7 0,9 0,9 0,5 0,10 19,7 2 2 12,4 0,10 19,7 2 2 12,4 
180° 0,06 18,9 1,2 1,2 0,5 0,11 18,9 2 2 8,8 0,11 18,9 2 2 8,8 
225° 0,04 19,4 0,8 0,8 0,5 0,10 19,4 2 2 13,9 0,10 19,4 2 2 13,9 
270° 0,07 22,7 1,5 1,5 0,5 0,09 22,7 2 2 7,2 0,11 22,7 2,4 2,4 8,7 
360° 0,04 19,9 0,9 0,9 0,5 0,10 19,9 2 2 12,2 0,10 19,9 2 2 12,2 

 

This study aims to determine the most effective irradiation direction based on the shortest 
irradiation time, high absorbed dose in cancer cells, and low absorbed dose in the skin and ovaries. 
Based on the data in Table 3, the shortest irradiation time is found in the Posterior-Anterior (PA) / 
0° and Anterior-Posterior (AP) / 180° directions, with times of 18.8 seconds and 18.9 seconds, 
respectively, a difference of 0.1 seconds. The absorbed dose values for the skin, cancer cells, and 
ovaries are the same at 1.2 Gy, 2 Gy, and 2 Gy, respectively, all within the dose tolerance limits for 
each organ. The analysis shows that the smallest absorbed dose in the skin occurs in the Right 
Posterior Oblique (RPO) / 45° and Left Posterior Oblique (LPO) / 225° directions, with a value of 0.8 
Gy. The irradiation times for these directions are 19.8 seconds and 19.4 seconds, respectively, a 
difference of 0.4 seconds. However, the irradiation time for the Posterior-Anterior (PA) / 0° direction 
is still shorter, at 18.8 seconds. The absorbed dose received by the cancer cells and ovaries in these 
directions is 2 Gy, within the dose tolerance limits for each organ. Furthermore, the absorbed dose 
in the ovaries, as seen in Table 3, for six irradiation directions is within the dose tolerance limit for 
the ovaries, which is 2 Gy per fraction. However, this is not the case for the other two directions: 
Lateral Right (LR) / 90° and Lateral Left (LL) / 270°. The absorbed doses in the ovaries for these 
directions are 2.5 Gy and 2.4 Gy, respectively, exceeding the dose tolerance limit for the ovaries. 

Precentage Depth Dose 

PDD (Precentage Depth Dose) represents the dose distribution at a point on the central axis 
of the beam within a phantom, usually normalized to Dmax = 100% at the depth of maximum dose 
(Dmax) [20]. PDD is typically presented in a curve known as a dose profile. The dose profile is one of 
the curves used to determine the dose distribution received at the target at a specific depth. Accurate 
dosing is required when targeting to ensure the dose received at the target is maximized according 
to the pre-treatment plan [21]. 

Based on the discussion above, there are six effective irradiation directions, excluding the 
Lateral Right (LR) / 90° and Lateral Left (LL) / 270° directions, where the absorbed dose in the 
ovaries exceeds the established dose tolerance limits. However, it is still necessary to choose the most 
optimal irradiation direction based on the criteria mentioned earlier. Among the six effective 
directions, one has the shortest irradiation time, which is the Posterior-Anterior (PA) / 0° direction, 
with an irradiation time of 18.8 seconds. Additionally, the absorbed doses for the skin, ovaries, and 
other OARs are within the dose tolerance limits for each organ [22][23][24][25][26][27][28][29], as 
shown in Table 4. 
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Table 4. Characteristics of materials used to model the Electa Precise Linac head [14] 

OARs Dose tolerance limit 
(Gy) 

Absorbed 
dose (Gy) 

Cancer cell 2 2 
Uterus/Cervix/Vagina 2 2 
Ovaries 2 2 
Bladder 3 2 
Spine 4 1,22 
Pelvis 4 1,22 
Rectum 2 2 
Colon 3 2 
Small intestine 3 2 
Healthy tissue 10 1,22 
Skin 3 1,22 

 

As shown in Table 4 and Figure 9, the Percentage Depth Dose (PDD) results demonstrate the 
accuracy of the PHITS 3.341 simulation in replicating clinical dose distributions for stage IIA cervical 
cancer. Compared with previous studies that used single-beam or simplified geometries, this study 
provides a more detailed organ-based dose assessment. The absorbed dose in the tumor region (2 
Gy) remains within the therapeutic range, while surrounding organs receive lower doses, indicating 
effective dose confinement and improved protection of healthy tissues. 

 

 
 

Figure 9. PDD curve 

 

CONCLUSION 

This study concludes that the Posterior–Anterior (PA) or 0° irradiation direction provides the 
most optimal configuration for stage IIA cervical cancer treatment, as it offers the shortest irradiation 
time, the highest absorbed dose in cancer cells, and the lowest doses in surrounding organs such as 
the skin and ovaries, all within established dose tolerance limits. The simulation results align with 
clinical standards, indicating an absorbed dose of 2 Gy per fraction, equivalent to a total of 25 
fractions to achieve the therapeutic range of 45–50 Gy required for effective tumor control. The 
findings also confirm that the irradiation direction significantly affects both the absorbed dose and 
irradiation time to organs at risk (OARs). Future studies are recommended to incorporate patient-
specific anatomical data, evaluate various beam energies and fractionation schemes, and integrate 
adaptive treatment planning to enhance the accuracy and clinical relevance of PHITS-based 
radiotherapy simulations. 
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