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ABSTRACT

We evaluated the physical properties that occur to dose enhancement and changes from secondary particle 

production resulting from the interaction between enhancement material. Geant4 was used to perform a Monte 

Carlo simulation, and the medical internal radiation dose (MIRD) head phantom were employed. X-rays of 4, 6, 

10, 15, 18, and 25 MV were used. Aurum (Au) and gadolinium (Gd) were applied within the tumor volume at 

10, 20, and 30 mg/g, and an experiment using soft tissue exclusively was concomitantly performed for 

comparison. Also,  particle fluence and initial kinetic energy of secondary particle of interaction were measured 

to calculate equivalent doses using the radiation weight factor. The properties of physical interaction by the 

radiation enhancement material showed the great increased in photoelectric effect as compared to the compton 

scattering and pair production, occurred with the highest, in aurum and gadolinium it is shown in common. The 

photonuclear effect frequency increased as the energy increased, thereby increasing secondary particle production, 

including alpha particles, protons, and neutrons. During dose enhancement using aurum, a maximum 424.25-fold 

increase in the equivalent dose due to neutrons was observed. This study was Monte Carlo simulation corresponds 

to the physical process of energy transmission in dose enhancement. Its results may be used as a basis for future 

in vivo and in vitro experiments aiming to improve effects of dose enhancement.
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Ⅰ. INTRODUCTION

Radiation therapy uses high energy (megavoltage or 

higher) to reduce the integral dose of radiation applied 

to surrounding normal tissue. Remarkable advances in 

intensity modulated radiotherapy (IMRT) and 

volumetric intensity modulated arc radiotherapy 

(VMAT) have now made it possible to deliver 

sufficient therapeutic doses while maintaining a low 

normal tissue complication probability (NTCP).[1] The 

ultimate goal of radiation therapy advances is to 

deliver sufficient therapeutic doses of radiation to 

tumors and minimize the effects of radiation on 

surrounding normal tissues. Since the radiation doses 

required to improve tumor control probability (TCP) 

can cause complications in normal tissue depending 

on the location, pathological features, and systemic 

conditions of a tumor, care are always needed.[2,3] 

Ideally, a high TCP could be maintained with a low 

probability of complications in normal tissues, and a 

large difference maintained between the two. This 

could be achieved by improving the therapeutic ratio 

(TR).[4] TR improvement methods include 

hyperthermia, charged particle therapy, concomitant 

chemoradiotherapy, and dose enhancement.[5-8] Dose 

enhancement increases the cross section of interactions 

involving substances with high anatomic numbers and 

electronic densities. This increases the number of 

secondary electrons such as photoelectrons and Auger 
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electrons, thereby increasing local energy transfer.[9-11] 

During this process, physical phenomena such as the 

photoelectric effect, Compton scattering, and pair 

production occur, and photons with radiation doses of 

8-10 MeV or higher can exhibit photonuclear 

reactions.[12] Increasing the interaction cross section 

can increase the linear energy transfer (LET) within a 

substance and its relative biological effectiveness 

(RBE), ultimately improved the efficacy of radiation 

therapy.[5] Substances such as aurum (Au), gadolinium 

(Gd), and iodine (I) are used in dose enhancement to 

account for biological compatibility and chemical 

safety.[13-15] Nanoparticles are used to account for 

enhanced permeability and retention (EPR) within 

tissues and the vascular system.[16,17] Dose enhancement 

effects are reportedly influenced by the substance type, 

particle size, concentration, and quality of radiation 

[18]. In-vivo and in-vitro experiments, as well as 

Monte Carlo simulations investigating dose enhancement 

have been actively conducted in the last several years.

Although numerous studies have investigated the 

effects of dose enhancement substances and the 

determinants of efficacy, research regarding the 

physical phenomena that occur during dose 

enhancement and production of secondary particles 

resulting from these phenomena has been lacking. 

Therefore, this study aimed to evaluate the physical 

reactions that occur during dose enhancement, and the 

resulting production of secondary particles. 

Ⅱ. MATERIAL AND METHODS

Monte Carlo simulations are based on random 

number sampling and allow three-dimensional (3D) 

particle transported for various materials and sources. 

This study conducted a Monte Carlo simulation using 

geometry and tracking (Geant4, ver. 10.03). A head 

phantom of the medical internal radiation dose 

(MIRD) developed by the Oak Ridge National 

Laboratory (ORND) was converted into a slab and 

used in the simulation.[19-20] The head phantom 

consisted of a 0.2 cm scalp layer, 0.3 cm soft tissue, 

0.9 cm cranium, 11.5 cm brain parenchyma, and 

tumor tissue-mimicking model with a 2.5 cm radius 

within the brain parenchyma. Fig. 1 shows the 

experimental scheme. These constituents adhered to 

the International Commission on Radiation Units and 

Measurement (ICRU) report 46.[21] The simulation 

used X-rays of 4, 6, 10, 15, 18, and 25 MV and the 

spectrum of a 2100 C, 2300 C/D medical linear 

accelerator developed by Varian medical systems, 

United States.[22-24] X-rays were vertically irradiated 

toward the phantom surface from the source 100 cm 

away. The field size was set to 10 × 10 cm2, and the 

initial particle transfer was set to 1×109 (number of 

source particle history considering statistical errors). 

The physics model QGSP_BIC, which includes a 

standard electromagnetic model, was used. The lower 

limit of the particle tracking range was set to 1 mm. 

A mock simulation was performed, including Auger 

electrons occurring during the deexcitation process 

within substances. 

Aurum and gadolinium were used for describing the 

dose enhancement substances within the tumor volume 

at concentrations of 10, 20, and 30 mg/g based on 

previous reports by Chow et al, Mesbahi et al., and 

Daniel et al. An experiment using only soft tissues was 

also performed for comparison.[25-27] To analyze the 

physical interactions resulting from dose enhancement 

within the tumor tissue, changes in the reactions 

resulting from interactions between the initial particles 

and dose enhancement substance were measured as 

ratios according to radiation dose, enhancement 

substance, and concentration using a sensitive detector 

by GEANT4. When secondary particles other than 

electrons arose due to photonuclear reactions, 

simulation tracking of these secondary particles was 

performed to identify the particle fluence and initial 

kinetic energy as well as calculate the equivalent dose 

from the radiation-weighting factor (WR) from the 

International Commission on Radiological Protection 

(ICRP) publication 103 and 119. The equivalent dose 
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can be expressed as Eq. (1).

Where HT is the equivalent dose in Sieverts (Sv) 

by tissue, WR is the radiation weighting factor, DR is 

the absorbed in grays (Gy) by radiation type R.


 × (1)

Fig. 1. Geometric diagram of slab head phantom based 
the MIRD-ORND phantom.

Ⅲ. RESULT

The physical reactions that occurred during dose 

enhancement were expressed as ratios of changes in 

the reactions resulting from interactions between the 

initial particles and dose enhancement substance. 

Compton scattering accounted for over 90% of all 

physical interactions that occurred at 4, 6, 10, 15, 18, 

and 25 MV within tumor tissues, whereas the 

photoelectric effect accounted for less than 1%. The 

frequency of pair production increased as the photon 

energy increased, and its highest frequency of 7.03% 

was observed at 25 MV. Photonuclear energy was 

observed at or over 10 MV, and its frequency 

increased but remained <0.1% as irradiation energy 

increased. Fig. 2 shows physical interactions in tumor. 

Regarding interaction frequency changes in the relating 

to dose enhancement, changes in both the photoelectric 

effect and pair production frequencies, whose 

interaction cross-section is more significantly affected 

by the anatomic number of the dose enhancement 

substance than that of Compton scattering, were 

observed. Aurum increased the frequency of the 

photoelectric effect by 1.59–11.41-fold, that of 

Compton scattering by 1.13–1.54-fold, that of pair 

production by 1.18–1.99-fold, and that of photonuclear 

effect by 1.26–7.23-fold. Gadolinium increased the 

frequency of the photoelectric effect by 1.00–4.84-fold, 

that of Compton scattering by 1.05–1.20-fold, that of 

pair production by 1.08–1.50-fold, and that of 

photonuclear effect by 1.12–4.57-fold. Increases in 

these interaction frequencies were more significantly 

at higher enhancement substance concentrations. 

Although the frequency of the photoelectric effect, 

Compton scattering, and pair production did not 

change according to the amount of photo energy, the 

photonuclear effect frequency increased as energy 

increased. 

Fig. 2. Frequency of interaction process, (a) 
photoelectric and photonuclear effect, (b) Compton 
scattering and pair production in tumour volume 
according to incident energy. Photonuclear interactions 
are represented by multiplying by ×10.

A radiation-weighting factor was applied to the 

fluence, absorbed energy per mass, and initial kinetic 

energy of the secondary particles that were produced 
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by the photonuclear effect during interactions with MV 

X-rays to find the equivalent dose. Particles produced 

from (γ, α), (γ, p), and (γ, n) reactions within the 

tumor tissue were tracked. Statistically significant 

values were obtained for radiation doses of 15 MV X 

and above. Alpha particles had a fluence of 2.39E-09 

~1.19E-07 cm-2, protons 5.37E-09~8.68E-08 cm-2, and 

neutrons 2.77E-10~1.35E-08 cm-2, making their 

respective equivalent doses 1.07E-04~5.93E-03 pSv, 

5.62E-06~1.10E-04 pSv, and 7.35E-09~1.60E-06 pSv. 

Table 2 shows equivalent dose due to secondary 

particles. These changes indicated produced particle 

fluence and equivalent dose increased in response to 

increases in the photon energy. Alpha particles showed 

the greatest increase, followed by protons, and then 

neutrons. Fig. 3 shows particle fluence of secondary 

particle.

Fig. 3. Fluence of secondary particles according to 
incident energy from (γ, α), (γ, p), and (γ, n) 
interactions.

  

Secondary particle production during dose 

enhancement indicated an increase in the fluence and 

equivalent dose resulting from the increased frequency 

of photonuclear effects. Aurum increased the equivalent 

dose of alpha particles by 1.09~1.64-fold, protons by 

1.12~1.97-fold, and neutrons by 1.42~424.25-fold. 

Gadolinium increased the equivalent dose of alpha 

particles by 1.02~1.24-fold, protons by 1.07~1.35-fold, 

and neutrons by 1.26~2.00-fold. Radiation dose 

changes due to secondary particle production during 

dose enhancement increased as the concentration of 

enhancement substance and photo energy increased. 

Additionally, greater dose changes were observed for 

aurum than gadolinium, with neutrons demonstrating a 

greater equivalent dose increase than alpha particles 

and protons. Fig. 4 shows normalized ratios of 

equivalent dose for dose enhancement through (γ, α), 

(γ, p), and (γ, n).

Table 1. Equivalent dose, HT by secondary particles 

through (γ, α), (γ, p), and (γ, n) interactions.(unit: cm-2)

Secondary particle

Alpha Proton Neutron

15 MV 1.07E-04 5.26E-06 7.35E-09

18 MV 2.41E-03 4.74E-05 4.43E-08

25 MV 5.93E-03 1.10E-04 1.60E-06
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Fig. 4. Normalized ratios of equivalent dose for dose 
enhancement through (γ, α), (γ, p), and (γ, n) 
interactions: (a) alpha particles, (b) protons, and (c) 
neutrons.

Ⅳ. DISCUSSION

Radiation dose enhancement uses the physical 

properties of high-atomic number substances to 

increase radiation doses at local sites without 

increasing the delivered dose, thereby improving the 

TCP.[22] Substances with high atomic numbers such as 

aurum (Z=79, Au), gadolinium (Z=64, Gd), and iodine 

(Z=53, I) have been used in numerous studies, and 

their dose enhancement effects have been observed in 

in-vitro[23-25] and in-vivo experiments[26,27] as well as 

Monte Carlo simulations.[28-30] Dose enhancement 

occurred as a result of the difference in the cross 

section of the interaction with surrounding 

substances.[31] The photoelectric effect is reported to 

dominate at photon energies in the keV range, and its 

cross section is affected by the atomic number of the 

dose enhancement substance.[12] Dose enhancement 

substances with high atomic numbers have higher 

photoelectric absorption coefficients than soft tissue 

and water (effective atomic numbers (Zeff) 7.22–7.50). 

Regarding the absorption edges of dose enhancement 

substances, aurum has a K-edge of 80.7 keV and 

L-edge of 11.0–14.3 keV, whereas gadolinium has a 

K-edge of 50.2 keV and L-edge of 7.2–8.3 keV.[21] 

Dose enhancement substances demonstrate higher 

response coefficients than soft tissues at photo energies 

in the keV range, and the ratio of the mass attenuation 

coefficient (μ/ρ) between dose enhancement substances 

and soft tissues displayed a >100-fold difference at 

photon energies of 100 keV or less. Conversely, the 

difference in response coefficients between dose 

enhancement substances and soft tissues is relatively 

small (photon energies of 1 MeV or greater) relative 

to keV-range photon energies. This is because for 

photon energies at or over MeV, attenuation is 

predominantly caused by Compton scattering resulting 

from a substance with a low atomic number. MeV 

X-ray dose enhancement may thus display more 

significant differences relative to that of keV X-rays.

Physical interactions that occurred during dose 

enhancement were analyzed to study the physical 

reactions caused by dose enhancement substances. 

These interactions were defined as the initial reactions 

that occurred within the dose enhancement substance 

due to the initial photons produced in the Monte 

Carlo simulation. Due to the energy characteristics of 

MV X-rays, Compton scattering interactions dominated. 

The photoelectric effect frequency increased as photon 

energy decreased, whereas pair production frequency 

increased as photon energy increased. The photonuclear 

effect frequency was low at photon energies of 10 MV 

or higher, but increased as the photon energy increased. 

The frequency of the photoelectric effect, pair 

production, and photonuclear effect increased due to 

the effect of the anatomic and nucleic numbers of the 

dose enhancement substances. No significant changes 

in Compton scattering frequency were observed. Notably, 

changes in interaction frequency were more evident in 

aurum than gadolinium as dose enhancement 

concentrations increased. These phenomena resulted 

from changes in the interaction cross sections relating 

to dose enhancement substances. 

Photon energies of MeV or greater that exceed the 

nuclear binding energy of a substance can lead to the 
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production of secondary particles such as 

photoneutrons, photoprotons and photoalphas through 

(γ, n), (γ, p), (γ, d), and (γ, α) reactions. These 

reactions can occur within soft tissues, resulting from 

interactions with carbon, nitrogen, oxygen, and other 

tissue constituent elements. Secondary particles such 

as neutrons, protons, and alpha particles exert 

relatively high biological effects due to LET effects. 

Allen et al. reported 0.8% and 0.2% dose delivery by 

photoneutrons at 24 MeV and 30 MeV X-rays, 

respectively[28], Ing et al. reported a photoneutron dose 

of 0.1% at 25 MV X-rays[29], and Tilikidis et al. 

reported the maximum photoneutron dose to be 2.0% 

at 50 MeV X-rays[30]. This study analyzed the 

secondary particles resulting from photonuclear effects 

during dose enhancement, and a radiation-weighting 

factor obtained from the mean and absorbed particle 

doses was used to calculate the equivalent dose. 

Alpha particles, protons, and neutrons released from 

(γ, n), (γ, p), and (γ, α) reactions were analyzed to 

assess the production of secondary particles by MV 

X-rays. The number of produced particles increased as 

photon energy increased, and the frequency of particle 

production changed according to the type and 

concentration of dose enhancement substance. The 

photonuclear effect, required for secondary particle 

production, was affected by the number of nucleons 

constituting the dose enhancement substance and 

nuclear binding energy.[28] Increased secondary particle 

production was observed during dose enhancement 

with 8.2 and 7.91 MeV binding energies for 

gadolinium and aurum, respectively. The quantity of 

secondary particle production and resulting equivalent 

dose increased as dose enhancement concentration and 

photon energy increased. Neutrons were produced 

most frequently, followed by protons and alpha 

particles. Neutrons showed maximum 424.25-fold and 

200.64-fold increases in equivalent dose when aurum 

and gadolinium were used, respectively. Based on 

previous reports,[28-30] neutrons may deliver 

approximately 0.3–1.5% of the total radiation dose in 

dose enhancement.  X-rays caused by secondary 

particles produced within a dose enhancement 

substance have significant biological effects when not 

controlled, and can increase the risk of secondary 

cancer. Therefore, understanding the physical 

phenomena caused by these particles is meaningful. In 

this study, a mock simulation of the physical stage of 

energy transmission was performed for a series of 

dose enhancement phenomena. These results may be 

used as basic research materials for future in-vivo and 

in-vitro dose enhancement experiments.

Ⅴ. CONCLUSION

Dose enhancement can improve therapeutic ratios 

by increasing dose absorption at a local site. This 

study analyzed the physical reactions that occurred 

during dose enhancement at different MV X-ray doses 

and the production of secondary particles that result 

from these reactions. During MV X-ray dose 

enhancements, the frequencies of the photoelectric 

effect, pair production, and photonuclear effects were 

found to be significantly more influenced by the 

anatomic number of the enhancement substance than 

that of Compton scattering. Secondary particle 

production from nuclei and inelastic collisions during 

dose enhancement, as well as the delivered dose, 

increased as the enhancement substance concentrations 

and photo energy increased. A notable increase in the 

equivalent dose due to neutrons was observed during 

aurum dose enhancement.
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요  약

선량 증강 현상에서 발생하는 물리적 특성과 증강 물질과의 상호 작용으로부터 발생하는 이차입자 생성

을 평가하였다. Geant 4, MIRD 두부 팬텀을 이용한 몬테카를로 전산 모사를 진행하였으며, 선형가속기에서 

발생되는 4, 6, 10, 15, 18, 25 MV X선을 선원으로 적용하였다. 10, 20, 30 mg/g의 금(aurum), 가돌리늄(gadoli

nium) 증강 물질을 팬텀 내부 종양에 모사하였으며, 물리적 상호작용의 변화와 이차입자 발생에 따른 입자 

플루언스와 초기 에너지로부터 방사선가중인자를 고려하여 등가선량을 평가하였다. 방사선 선량 증강 물

질에 의한 상호작용은 고 원자번호에서 기인하여 광전효과에 의한 에너지 흡수를 높이는 것으로 나타났으

며, 10 MV 이상의 에너지에서는 광핵반응의 증가를 나타내었다. 이로 인해, 팬텀 내부에서 양성자, 중성자

와 같은 이차입자 발생의 증가를 보였으며, 중성자에 의한 등가선량이 최대 424.2배 증가하는 것으로 나타

났다. 본 연구는 선량 증강 현상에서의 에너지 전달, 흡수의 물리적 과정을 모사하여, 증강 현상에서 발생

하는 물리적 특성을 분석하고자 하였다. 이러한 결과는 향후 in-vivo, in-vitro 선량 증강 실험을 위한 기초 

자료로 활용될 수 있을 것으로 사료된다.

중심단어: 몬테칼로 시뮬레이션, 방사선 선량 증강, 이차입자 발생.
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