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Introduction: Accurate verification of radiation dose delivery remains a major challenge in radiotherapy. 
Positron emission tomography (PET) imaging of megavoltage (MV)-induced positrons (MVIPET) has 
recently emerged as a potential in vivo dosimetry technique. In this study, we investigated the feasibility of 
enhancing MVIPET signals using high-Z nanoparticles (NPs), specifically platinum (Pt) and silver (Ag), to 
enable real-time dose monitoring during lung radiotherapy.  
Material and Methods: PET images arising from positrons induced by platinum and silver nanoparticles in a 
lung tumor were generated during radiotherapy with 6, 10, and 15 MV photon beams using the GATE Monte 
Carlo code. The resulting images were evaluated for both image quality and dose verification. 
Results: Results showed that positron production, absorbed dose, and PET signal intensity increased with 
both photon beam energy and NP concentration, with PtNPs producing significantly higher enhancement 
than AgNPs. High-quality MVIPET images with acceptable SBR and CNR, and low RMSE, were obtained 
for PtNP concentrations ≥8 wt% at 10 MV and ≥4 wt% at 15 MV. In contrast, AgNPs required higher 
concentrations and only yielded reliable monitoring at 15 MV. At 6 MV, image quality and dose–image 
correlation were insufficient for clinical feasibility. 
Conclusion: These findings demonstrate that MVIPET, particularly when combined with PtNPs and higher 
photon energies, is a promising strategy for real-time, non-invasive dose verification in lung radiotherapy. 
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Introduction 
Radiation therapy (RT) remains a crucial method 

for cancer treatment, with ongoing advancements in 
techniques and technology. These advancements aim 
to boost the effectiveness of treatments, increase 
survival rates, and improve the overall quality of life 
for patients with cancer [1]. The outcome of RT is 
directly affected by the dose delivered to the patient . 
Factors such as setup errors, organ motion, and 
anatomical changes during treatment can significantly 
impact the accuracy of the delivered dose to the target 
[2]. To address these challenges, controlling target 
motion and monitoring the delivered dose during 
treatment are essential. Target movements can be 
managed using strategies like respiratory motion 
management and image-guided radiotherapy (IGRT) 
[3, 4]. However, finding established commercial 
techniques for real-time dose monitoring in RT 
remains challenging. In this context, in vivo dosimetry 
methods have been explored. Emerging in vivo 
dosimetry methods, such as Cherenkov luminescence 
imaging and X-ray acoustic computed tomography 
(XACT), provide real-time feedback on dose delivery 
during treatment [5, 6]. However, limitations such as 

limited dose information near the skin surface for 
Cherenkov radiation and a poor signal-to-noise ratio 
(SNR) for XCAT limit their use for deeper targets [7-9].  

Recently, positron emission tomography (PET) 
imaging has provided in vivo monitoring and 
verification of the dose delivered in proton therapy. 
These images are obtained from proton-induced 
positron emitter distributions during or immediately 
after treatment [10]. Conceptually, this approach can 
be extended to positrons induced by megavoltage 
(MV) photon beams. However, few studies have 
investigated the use of MV-Induced Positron Emission 
(MVIPE). Brivio et al. conducted a preliminary study to 
evaluate the feasibility of the MVIPE method [11]. 
Sheng et al. demonstrated that pair production can 
generate positrons suitable for dose monitoring [12].  

In recent years, the application of nanoparticles 
(NPs) in radiotherapy has been widely studied [13-
15]. High-atomic-number (high-Z) NPs have emerged 
as the most promising contrast agents in medical 
imaging due to their remarkable features, including 
high surface-to-volume ratios and optical, magnetic, 
antibacterial, and mechanical properties [16-19]. In 
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the presence of NPs during a megavoltage photon 
beam, dose monitoring can be achieved via PET 
imaging of positrons generated in the medium by 
interactions between the NPs and the beam. The pair-
production cross-section depends on the atomic 
number of the medium. Therefore, when NPs with 
higher atomic numbers than the surrounding medium 
are present, a certain number of induced positrons are 
generated within the medium. The flux of 511 keV 
annihilation photons influences the intensity of the 
obtained PET images. The proportional relationship 
between image intensity and absorbed dose, 
dependent on photon fluence, establishes a 
correlation between MVIPET image intensity and the 
absorbed dose distribution. This correlation suggests 
that the MVIPET method could enable real-time dose 
monitoring during radiation therapy [20]. 

The primary aim of this work is to acquire MVIPET 
images using pair-production signals generated by MV 
beams in the presence of silver (Ag) and platinum (Pt) 
NP within a lung tumor during RT. This study uses the 
GATE Monte Carlo simulation code. The study 
investigated the effect of NP concentration and photon 
beam energy on the quality and quantity of the 
images. Additionally, the feasibility of real-time dose 
monitoring using MVIPET images was assessed by 
comparing the dose obtained from Monte Carlo 
simulations with that derived from PET images. 

 

Materials and Methods 
This study was conducted with the GATE 9.2 Monte 

Carlo toolkit. GATE, the Geant4 Application for 
Tomographic Emission, is an open-source simulation 
platform dedicated to MC simulation in medical 
physics. This toolkit is used in various application 
domains, including medical imaging, RT, and dosimetry 
calculations [21]. Photons and electrons were tracked 
using the Livermore physics model. This package 
covers a wide range of electron and photon interactions 
within an energy range from 200 eV to 100 GeV. All 
interactions were considered with 0.1 mm range 
production cuts. This value is smaller than the phantom 
voxels, which ensures an accurate dose estimate. Image 
reconstruction was performed using CASToR software, 
employing an ordered subset expectation maximization 
(OSEM) algorithm [22, 23]. 

 

Dosimetry calculation 
A 1.5 cm-radius tumor was modeled in the lung of 

the adult male XCAT phantom (with a matrix size of 
240×240×540 and voxel dimensions of 3×3×3 mm³) 
[24]. The tumor was assumed to be located in the lower 
lobe of the right lung and contained a uniform mixture 
of platinum (Pt) and silver (Ag) atoms distributed as 
NPs. Five levels of NP concentration were studied: 2, 4, 
6, 8, and 10% by weight. The tumor was uniformly 
irradiated with 6, 10, and 15 MV photon beams, a 
commonly used energy range in RT. The photon beam 
spectrum used in this study was also derived from 
Sheikh-Bagheri's research [25]. The photon beam source 

was modeled as a disk with a radius of 1.5 cm, 
positioned 100 cm from the tumor center. The tumor's 
absorbed dose was calculated in the presence and 
absence of PtNPs and AgNPs at varying concentrations. 
The three-dimensional (3D) dose distribution was used 
to obtain a normalized dose-volume histogram (nDVH), 
which is considered the reference nDVH [26]. To ensure 
an uncertainty of less than 2% in the dose calculation, 
2×108 histories were considered. 

 

MVIPET Imaging 
The PET subsystem of the RefleXion X1 machine 

(RefleXion Medical, Inc., Hayward, CA) was used, as 
described in a previously published modeling and 
validation study [27]. MVIPET images were acquired at 
various NP concentrations. Ordered Subset Expectation 
Maximization (OSEM) was used to reconstruct images 
by incorporating point-spread function (PSF) and time-
of-flight (TOF) models. The OSEM reconstruction 
parameters of 12 iterations, 3 subsets, and 7.8 mm 
Gaussian filtering were adopted from a previously 
published study, where they were established as optimal 
[28]. All images were reconstructed using these 
parameters. In all acquired PET images, the pixel counts 
within the tumor region were calculated, and normalized 
intensity-volume histograms (nIVHs) were generated for 
the tumor. 

 

Real-time Radiation Dose Monitoring 
To assess the feasibility of real-time dosimetry 

during radiation therapy using MVIPET images, nIVHs 
and nDVHs were compared. The Root Mean Square 
Error (RMSE) statistical metric was utilized to assess 
the correlation between the dose derived from MVIPET 

images and the reference dose, that is, 𝑅𝑀𝑆𝐸 =

√∑ (𝐼𝑥−𝐷𝑥,𝑟𝑒𝑓)
280

20

60
. Where Ix and Dx, ref, represent the 

normalized intensities at x% volume coverage from the 
image-based nIVH and reference nDVH, respectively 
[29]. Following the approach outlined in Siman et al., 
RMSE threshold values between x=20 and x=80 were 
used to minimize noise effects on the nIVH [28]. To 
quantitatively evaluate the images, the Contrast-to-
Noise Ratio (CNR) and Signal-to-Background Ratio 
(SBR) were computed using the following formulas: 

𝐶𝑁𝑅 =
𝑀𝑇−𝑀𝐵

𝜎𝐵 
                                                                 (1) 

𝑆𝐵𝑅 =
𝑀𝑇

𝑀𝐵 
                                                                     (2) 

 
The mean pixel intensities for the tumor and 

background regions are denoted as 𝑀𝑇 and 𝑀𝐵, 
respectively. The standard deviation of the background 

pixel intensities is represented by 𝜎𝐵 . The number of 
histories was set to 3×109 to acquire the MVIPET 
images, ensuring an uncertainty of less than 2%. 
 

Results 
Figure 1a shows the number of produced positrons in 

the tumor when NPs are present at different concentrations 

of PtNP and AgNP. Figure 1b reveals the mean energy of 
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the positrons as a function of NP concentrations. As shown, 

increasing the energy of the MV photon beams and the 

concentration of NPs results in a significant increase in the 

number of positrons produced within the tumor. 

Nevertheless, the mean energy of the positrons remains 

consistent across concentrations. Figure 2 depicts variations 

in the tumor's mean absorbed dose as a function of PtNPs 

and AgNPs concentrations. With an increase 

in the concentration, the mean absorbed dose also rises for 

all energies. For PtNPs under a 6 MV beam, the mean dose 

increased by 1.7%, 5.2%, 7%, 10.5%, and 12.3% at 

concentrations of 2, 4, 6, 8, and 10 wt%, respectively, 

compared to the case without NPs. This increase was 

observed at 10 and 15 MV. The increases for the 10 MV 

beam were 3.5%, 7%, 8.7%, 12.3%, and 14%; similarly, 

the corresponding values for the 15 MV beam were 3.4%, 

6.9%, 8.6%, 12%, and 15.5%, respectively, compared to 

those without PtNPs. For the 6 MV beam, the tumor's 

mean absorbed dose increased by 1.7%, 3.5%, and 5.2% at 

AgNP concentrations of 2%, 8%, and 10 wt%, 

respectively, compared to the NP-free condition. At 4 wt% 

and 6 wt%, the increases were consistently 1.7%. The dose 

enhancement for the 10 MV beam at the same 

concentrations was 1.7%, 3.5%, 5.2%, 7%, and 8.7%, 

respectively. Similarly, for the 15 MV beam, the dose 

enhancements at the corresponding concentrations were 

1.7%, 5.2%, 6.9%, 8.6%, and 10.3%. 

The optimal parameters were applied to reconstruct all 

MVIPET images, and the nIVHs were derived from these 

reconstructed images. Figures 3 and 4 show the counts of 

random, scattered, and true coincidences in the MVIPET 

images as a function of PtNP and AgNP concentrations. As 

the concentration of NPs and the incident photon energy 

increased, the counts for all types of coincidences also 

exhibited a noticeable increase. For the 6 MV beam, the 

number of true coincidences in the presence of PtNPs was 

approximately 1.06, 1.12, 1.17, 1.21, and 1.24 times higher 

at concentrations of 2 wt%, 4 wt%, 6 wt%, 8 wt%, and 10 

wt%, respectively, compared to AgNPs. When using the 10 

MV beam, the increase in true coincidences in the presence 

of PtNPs compared to AgNPs was 4%, 9%, 13%, 16%, and 

19% higher at concentrations of 2 wt%, 4 wt%, 6 wt%, 8 

wt%, and 10 wt%, respectively. Similarly, for the 15 MV 

beam, the increase in true coincidences for PtNPs 

compared to AgNPs was approximately 4%, 8.4%, 12%, 

15%, and 18% higher, respectively, at the same 

concentrations.  

Figure 5 presents the CNR and SBR of images as 

functions of PtNP and AgNP concentrations. For a 6 MV 

photon beam, NP concentration variations, whether PtNPs 

or AgNPs, did not significantly affect the SBR and CNR 

values. However, as the photon energy increased, 

especially in the presence of PtNPs, both SBR and CNR 

values showed marked improvement. In contrast, the 

presence of AgNPs did not produce acceptable results for 

the 10 MV photon beam. For tumors with PtNPs at 10 MV, 

the SBR and CNR values were about 4.72 and 4.8 times 

higher than those without PtNPs at 8 wt% and 10 wt%, 

respectively. For the 15 MV photon beam, the presence of 

PtNPs led to significant improvements in both Signal-to-

Background Ratio (SBR) and Contrast-to-Noise Ratio 

(CNR) values as the NP concentration increased. 

Specifically, the SBR values increased by approximately 

2.30, 2.37, 2.54, and 2.54 at PtNP concentrations of 4 wt%, 

6 wt%, 8 wt%, and 10 wt%, respectively. For tumors with 

AgNPs at 15 MV, SBR values were approximately 2.45, 

2.52, and 2.52 times higher at 6 wt%, 8 wt%, and 10 wt% 

concentrations, respectively, compared to tumors without 

AgNPs. Similarly, CNR values increased by 3.51, 3.64, 

and 3.84 times at the same concentrations, respectively, 

compared to the control without AgNPs. 

Figure 6 shows how the RMSE changes as a function 

of PtNP and AgNP concentrations. The RMSE values for 

the 6 MV beam were relatively high, indicating that the 

MVIPET imaging method was less effective at accurately 

detecting the tumor in this case. The lowest RMSE was 

observed when the lung tumor, with a PtNP concentration 

of 10 wt%, was irradiated with a 15 MV beam, suggesting 

improved alignment between the nDVH and nIVH under 

these conditions. Additionally, RMSE values within an 

acceptable range were achieved at 8 wt% and 10 wt% 

PtNP concentrations when using the 10 MV beam. 

Concentrations exceeding 6 wt% were sufficient to achieve 

low RMSE values in the presence of AgNPs within the 

tumor when using a 15 MV photon beam. Figures 7, 8, and 

9 compare the nDVH obtained through Monte Carlo 

simulations with the nIVH derived from MVIPET images 

of lung tumors containing various concentrations of PtNP 

and AgNP. These curves represent the data for photon 

energies and NP concentrations that exhibited adequate 

SBR and CNR values in the MVIPET images. RMSE was 

computed to evaluate the histogram differences  

 

 
 

Figure 1. (a) The number of positrons per one photon, (b) the mean energy of positrons in a lung tumor as a function of PtNP and AgNP concentrations
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Figure 2. The mean dose (Gy per one photon) in a lung tumor as a function of PtNP and AgNP concentrations 

 

 
 

Figure 3. Variation in coincidence counts as a function of PtNP concentration in the MVIPET images. 

 

 
 

Figure 4. The variation of coincidence counts as a function of AgNP concentration in the MVIPET images 

 

 
 
Figure 5. The variation of SBR and CNR as a function of  PtNP and AgNP concentration in the MVIPET images 
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Figure 6. The values of RMSE as a function of PtNP (a) and AgNP (b) concentration and photon beam energy 

 

 
 

Figure 7. The nIVH and the nDVH in the lung tumoral tissue in the presence of PtNP at 8 and 10 wt% concentrations for a 10 MV photon beam. 

 

 

 
 

 
Figure 8. The nIVH and the nDVH in the lung tumoral tissue in the presence of PtNP with different concentrations for a 15 MV photon beam 
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Figure 9. The nIVH and the nDVH in the lung tumoral tissue in the presence of AgNP with different concentrations for a 15 MV photon beam 
 

 

Discussion 
This study investigated the feasibility of detecting 

and quantifying annihilation photons emitted by lung 
tumors using AgNPs and PtNPs, which generate 
induced positrons. As shown in Figure 1(a), induced 
positrons increase with the NPs' atomic number (Z). The 
probability of pair production is enhanced in proportion 
to Z and photon energy [30]. Therefore, the intensity of 
511 keV photons produced during positron annihilation 
was higher in the presence of PtNPs compared to 
AgNPs. Due to their high Z, dose-enhancement 
materials exhibit variations in mass attenuation 
coefficients and cross-sections, leading to dose 
enhancement. The interactions are explained by the 
photoelectric effect, Compton scattering, and pair 
production, with secondary electron generation 
contributing to dose enhancement [31]. For high-energy 
incident beams, pair production is a dominant 
interaction in high-Z materials, leading to a dose 
enhancement effect (Figure 2). On the other hand, a 
higher beam energy leads to greater pair production, 
generating more secondary electrons and increasing 
dose enhancement, consistent with Yu et al. [32]. This 
indicates that adding more NPs to the tumor leads to 
significant pair production. The mean absorbed tumor 
dose in the presence of PtNPs is significantly higher 
than in the presence of AgNPs, particularly for the 10 
MV and 15 MV photon beams at higher concentrations.  

The number of pair production interactions 
significantly affects the intensity of MVIPET images. 
As NP are introduced into the tumor, image contrast 
improves due to an increase in the probability of pair 
production. The pair-production cross-section is notably 
higher for Pt atoms at higher concentrations than for Ag 
atoms, making PtNPs more effective at enhancing tumor 
signal in imaging. As shown in Figure 3, the presence of 
PtNPs leads to higher total, true, scatter, and random 
coincidence counts compared to AgNPs. Additionally, 

SBR and CNR of reconstructed MVIPET images are 
notably enhanced with PtNPs, particularly at higher 
concentrations. However, as illustrated in Figure 4, the 
quality of MVIPET images obtained using either PtNPs 
or AgNPs is suboptimal, primarily due to the reduced 
positron production associated with the 6 MV beam. 
High-quality MVIPET images can be achieved when 
PtNP concentrations exceed 8 wt% and 4 wt% for 10 
MV and 15 MV photon beams, respectively. This 
improvement is attributed to the increased positron 
production induced by 10 MV and 15 MV beams at 
higher NP concentrations. Images acquired in the 
presence of AgNPs using the 10 MV photon beam are of 
poor quality. However, acceptable image quality was 
observed for the 15 MV photon beam when the AgNP 
concentration exceeded 6 wt%. Lung tissue's low 
effective atomic number and density result in minimal 
attenuation of 511 keV photons. Additionally, lung 
tissue does not exhibit a significant Compton Effect. 
Furthermore, modern PET detectors use energy-window 
adjustments to filter out most non-pair photons. These 
factors contribute to a higher detection rate of 511 keV 
photons produced within the lung tumor. 

The relationship between the reference dose and 
MVIPET-based dose was analyzed, as shown in Figures 
6-9. The intensity of the MVIPET images increased with 
both photon energy and NP concentration, attributed to 
the greater number of positrons generated within the 
lung tumor. However, the RMSE values between the 
image-based nIVH and the reference nDVH remain 
elevated with increasing concentrations of both PtNPs 
and AgNPs under the 6 MV beam. This suggests that the 
images obtained with the 6 MV beam are unlikely to be 
suitable for dose monitoring. For 10 MV and 15 MV 
photon beams, the highest correlation between nIVH 
and nDVH (indicated by the lowest RMSE) was 
achieved at PtNP concentrations exceeding 4 wt% and 8 
wt%, respectively, indicating that dose monitoring 
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during treatment is feasible under these conditions. In 
other words, the dose obtained from the MVIPET image 
can be reliable. In the presence of AgNPs, a minimum 
concentration of 6 wt% was required to enable dose 
monitoring, but only with the 15 MV photon beam. 
Since the tumor's absorbed dose and the MVIPET 
images' intensity are proportional to the fluence 
intensity, there will be a close correlation between the 
image pixel values and the reference absorbed dose. 
This relationship enables real-time dose monitoring 
through MVIPET images acquired during RT. 
Additionally, this approach verifies the radiation dose 
delivered to the patient.  

In this study, NPs were assumed to be uniformly 
distributed within the lung tumor, while their presence 
in the surrounding lung tissue was neglected. This 
assumption was adopted due to computational 
constraints inherent to Monte Carlo simulations, as 
explicit modeling of individual NPs at nanometer scales 
within a macroscopic tumor volume is not feasible given 
the memory and computational requirements. 
Consequently, NPs were modeled using a homogenized 
material approach based on weight fraction, which is 
commonly employed in Monte Carlo dosimetric and 
imaging studies when the objective is macroscopic dose 
verification rather than nanometric track-structure 
analysis [17, 33].In reality, NP uptake is expected to be 
spatially heterogeneous across tissue types and within 
different tumor regions, potentially influencing positron 
production and, consequently, the intensity of the 
MVIPET signal. Such heterogeneity could affect the 
accuracy of the three-dimensional dose distribution 
derived from Monte Carlo simulations and the 
correlation between nIVH and nDVH. Therefore, further 
investigations incorporating spatially heterogeneous 
nanoparticle distributions in both tumor and surrounding 
tissues are warranted to more realistically assess their 
impact on MVIPET-based dose verification. 

 

Conclusion 
This study focused on examining the positrons 

induced through MVIPET in the presence of PtNPs and 
AgNPs to develop a method for estimating the in vivo 
radiation dose delivered to patients. Images were 
obtained by counting annihilation photons, similar to 
PET imaging. Increasing NP concentrations and the 
energy of the photon beam improved the quality of 
MVIPET images, enabling better discrimination 
between tumors and lung tissue. The values of SBR, 
CNR, and coincidence counts were determined based on 
Monte Carlo simulations and reconstructed images. 
When photon beams exceeding 10 MV were used, 
MVIPET image analysis indicated that lung tumors 
could be detected with this method, provided that NP 
were incorporated into the tumor. Furthermore, the 
improvement in image quality due to energy and NP 
concentrations was more significant for PtNPs than 
AgNPs. The findings of this study suggest that MVIPET 
is a promising method for real-time dose monitoring and 
verification during high-energy photon radiotherapy, 

especially for lung treatments. It is also compatible with 
standard PET-Linac systems. 
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