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Introduction: Keloid brachytherapy using 32P patches demands precise dose 
calculation to achieve an optimal balance between therapeutic efficacy 
and clinical safety. Traditional dose calculation approaches frequently 
neglect patient-specific heterogeneous tissue compositions and anatomical 
morphology, which may result in inaccurate treatment planning and elevated 
recurrence risks. This study aims to develop a three-dimensional (3D) dose 
calculation method for 32P patch brachytherapy that incorporates individual 
anatomical and tissue characteristics.
Methods: A voxelized phantom was constructed from the actual computed 
tomography (CT) images of keloid patients. The Monte Carlo (MC) Geant4 
code was utilized to simulate the 32P patch brachytherapy procedure. A voxel-
level dose calculation method was proposed and implemented to compute the 
average absorbed dose in keloids, and the 3D dose distribution within keloid 
lesions was subsequently obtained and evaluated.
Results: A total of 10 patient cases were analyzed. Significant variations in dosage 
parameters were observed across these cases, which could be attributed to 
the differences in keloid morphology and density composition. The minimum 
average absorbed dose in keloids was 1.62 × 10−4 mGy·MBq−1 (case 1), whereas 
the maximum average absorbed dose reached 9.31 mGy·MBq−4 (case 6). With 
respect to dose homogeneity, the Homogeneity Index (HI) values exhibited a 
wide range: the highest HI value was 326 (case 2), and the lowest was 4.68 (case 
10), indicating a highly uneven dose distribution within keloids across the cohort.
Discussion: The results confirm that the proposed voxel-level dose calculation 
method enables more accurate and efficient assessment of 32P patch 
brachytherapy for keloids by integrating patient-specific anatomical features 
and tissue heterogeneity. This method underscores the critical importance of 
personalized treatment planning in optimizing dose delivery. Addressing the 
issue of uneven dose distribution can help balance therapeutic efficacy and 
safety, thereby providing a practical framework for reducing recurrence risks in 
clinical keloid brachytherapy.

KEYWORDS

keloids, 32P patch, brachytherapy, Monte Carlo, dosimetry, personalized medicine 

Frontiers in Physics 01 frontiersin.org

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2025.1659349
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2025.1659349&domain=pdf&date_stamp=2025-12-29
mailto:tf_0145@163.com
mailto:tf_0145@163.com
mailto:lhb-zjf@126.com.com
mailto:lhb-zjf@126.com.com
https://doi.org/10.3389/fphy.2025.1659349
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fphy.2025.1659349/full
https://www.frontiersin.org/articles/10.3389/fphy.2025.1659349/full
https://www.frontiersin.org/articles/10.3389/fphy.2025.1659349/full
https://www.frontiersin.org/articles/10.3389/fphy.2025.1659349/full
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Liu et al. 10.3389/fphy.2025.1659349

Introduction

Keloids and hypertrophic scars are skin fibroproliferative 
conditions arising from the atypical healing of damaged or irritated 
skin, having significant impact on quality of life [1]. Available 
treatment options for keloids encompass intralesional and topical 
therapies, surgical procedures, radiation therapy, and laser-based 
treatments [2]. Radiation therapy has been employed as an adjunct 
in keloid management for over a century. At present, three primary 
types of radiation therapy are utilized: electron beam therapy, 
brachytherapy, and photon beam therapy [3]. Using custom-made 
local radioactive patches for brachytherapy is a novel method for 
treating keloids [4]. Beta (β−) emitters are employed for radioactive 
patches due to their high linear energy transfer (LET) and minimal 
tissue penetration [5]. β− rays treat keloids by suppressing fibroblast 
activity and collagen fiber synthesis, as well as blocking microvessels 
to reduce blood supply [6]. Radionuclide phosphorus-32 (32P), emits 
beta particles with a maximum energy of 1.7 MeV and a mean 
energy of 0.695 MeV, providing a penetration range of up to 7.5 mm 
in soft tissue with an average range of 3–4 mm with a half-life 
of 14 days. It can penetrate up to 7.5 mm in soft tissue, with an 
average penetration range of 3–4 mm. This high stopping power 
enables localized treatment of lesions while minimizing or avoiding 
damage to the surrounding and underlying healthy tissue [7]. 32P’s 
cost-effectiveness makes it suitable for clinical use [8].

It is widely acknowledged that an accurate evaluation of patient 
dose is an essential prerequisite for implementing safe and effective 
clinical practices in various radiation therapy techniques [9]. 
Therefore, aiming to further integrate the 32P patch brachytherapy 
into the clinical treatment of keloid scars, it is necessary to 
conduct comprehensive and accurate dose assessments [10]. Some 
researchers have proposed a few estimation methods to obtain 
the dose distribution of 32P patch brachytherapy. Maria Jimena 
Salgueiro estimated dose rate from 32P silicone patch using the MC 
MCNP5 code, with the skin simulated as water [11]. M.J. Salgueiro 
estimated the average absorbed dose in a tumor from the MIRD 
dose scheme, which uses mathematical models [12]. H. Vivante 
calculated average absorbed dose for each lesion using the MIRD 
dose system [13]. However, the shortcoming of traditional MIRD 
method is that it does not consider patient- or animal-specific tissue 
[14]. Besides, it is crucial to evaluate the 3D dose distribution in 
brachytherapy [15]. The reasons are as follows. Firstly, each patient’s 
anatomy is unique, and 3D dose distribution assessment helps 
in personalizing the treatment plan to fit the individual’s specific 
needs [16]. Secondly, 3D dose distribution analysis is an important 
tool for quality assurance. It helps verify that the planned dose 
distribution matches the intended treatment, ensuring patient safety 
and treatment efficacy [17, 18]. Furthermore, it is necessary to 
adjust the treatment plan based on changes in patient anatomy in 
adaptive brachytherapy.3D dose distribution assessment is essential 
for this process [19].

Abbreviations: MC, Monte Carlo; DL, deep learning; 3D, three-dimensional; 
HI, Homogeneity Index; 32P, Radionuclide phosphorus-32; CT, Computed 
Tomography; ROIs, regions of interest; ED, electron density; DVH, dose 
volume histograms; TCP, tumor control probability; NTCP, normal tissue 
complication probability; AI, artificial intelligence.

Recently, deep learning (DL) approaches have shown remarkable 
potential in revolutionizing medical dosimetry and treatment 
planning. For instance, DL models such as U-Net and convolutional 
neural networks (CNNs) have been successfully applied to predict 
three-dimensional dose distributions in radiotherapy, achieving 
high accuracy and significantly reducing planning time [20]. 
These advancements underscore the potential of data-driven 
approaches to complement traditional physics-based methods 
like MC simulations, particularly in handling complex, patient-
specific anatomical variations. 

MC is currently considered to be a most accurate method in the 
field of dose assessment because it simulates the detail transportation 
process of particles in objects [21]. This study aims to explore the 
Geant4-based approach to estimate the 3D dose distribution rather 
than just the average absorbed dose for 32P patch brachytherapy, 
which considers patient-specific heterogeneous tissue compositions.

Materials and methods

Patients and CT acquisition

10 patients with keloids undergo the Computed Tomography 
(CT) scan in Department of Nuclear Medicine, The First Affiliated 
Hospital of Wenzhou Medical University. The CT scan images 
of the 10 cases are presented in Figure 1. This study involved a 
retrospective analysis of anonymized patient CT data. The study 
was approved by the Ethics Committee of the First Affiliated 
Hospital of Wenzhou Medical University (Approval No: 2023013). 
The committee waived the need for informed consent due to the 
retrospective and anonymized nature of the data. The patients’ basic 
physiological information is shown in Table 1. The GE Discovery 
NM/CT 670 was used to achieve the scanning. The reconstruction 
algorithm used is an iterative reconstruction algorithm. The size of 
the voxel was 0.976 × 0.976 × 2.5 mm3.

Segmentation of regions of interest

The primary objective of this study is to investigate the 3D 
dose distribution in various tissues of patients undergoing 32P patch 
brachytherapy. Since the range of β− rays emitted by 32P is short and 
the impact on the surrounding organs at risk is small, this work mainly 
focuses on the dose distribution within keloid, and only sketches the 
keloid area. The regions of interest (ROIs) primarily encompass surface 
keloid areas. Keloids are delineated based on CT images using the 
segmentation module of 3D Slicer (version 5.6.2) by a senior radiation 
oncologist with over 15 years of experience [22]. 

To accurately account for tissue heterogeneity in dose 
calculations, a conversion from Hounsfield Units [5] to relative 
electron density (ED) was established using a dedicated CT 
calibration phantom (Gammex 467, Sun Nuclear Corporation). 
This phantom contains inserts of known chemical composition and 
physical density, simulating a range of biological tissues from lung to 
bone. The CT scanner (GE Discovery NM/CT 670) was calibrated 
using the same clinical protocol as for patient acquisitions. The 
resulting HU-ED calibration curve was applied to the entire CT 
dataset for each patient.
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FIGURE 1
Keloids shown in the CT image.

Following the delineation of the keloid target volume, the 
internal CT value distribution within the contoured region was 
analyzed. The calibrated HU-ED conversion relationship was used 
to convert the voxel-wise CT values within each keloid into 
corresponding relative electron density values. A comprehensive 
quantitative analysis of the resulting ED distribution for each keloid 
was then performed. The minimum, maximum, mean, and median 
relative electron density values were calculated from this voxel-based 
distribution to fully characterize the density heterogeneity within 
each target. These values are reported in Table 2 of the manuscript.

As shown in Table 2, the parameters of CT value and ED 
of keloids were analyzed, so as to simply observe the density 
distribution of keloid in each case. 

Monte Carlo simulation

The dosimetry calculations were performed using the Monte 
Carlo toolkit Geant4 (version 10.05.p01), which is widely employed 

in medical dosimetry for its accuracy in simulating particle 
interactions. The physics lists utilized in this simulation included 
“G4EmStandardPhysics_option4” (specifically optimized for medical 
applications), “G4DecayPhysics”, and “G4RadioactiveDecayPhysics” 
to properly handle the radioactive decay processes of 32P [23]. 

The patient-specific geometry for dose calculation was 
constructed based on the acquired CT images. The HU values 
from the CT data were converted to material density and elemental 
composition using the Schneider method, which categorizes tissues 
into 25 distinct material types [24]. This conversion was applied to 
each voxel of the reconstructed geometry, which had a resolution of 
0.976 × 0.976 × 2.5 mm3.

The radiation source was modeled as 32P, a pure β− emitter. The 
patch was implemented as a uniform surface source, with decay 
positions sampled uniformly within a volume defined by extending 
the contoured keloid surface outwardly by 2.5 mm, corresponding 
to the measured physical thickness of the patch. The emission 
spectrum of 32P beta particles was incorporated based on established 
nuclear data.
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TABLE 1  The patients’ basic physiological information.

Patients Age 
(year)

Height 
(cm)

Gender Weight 
(kg)

Patient1 38 180 M 85

Patient2 53 158 F 58

Patient3 29 175 M 75

Patient4 56 167 M 66

Patient5 49 155 F 56

Patient6 34 160 F 55

Patient7 24 157 F 55

Patient8 22 181 M 90

Patient9 43 170 M 74

Patient10 48 160 F 57

A total of 1 × 108 particle histories were simulated for each case 
to ensure sufficient statistical precision. The average absorbed dose 
was tallied in each voxel of the calculation grid. To estimate the 
statistical uncertainty, each simulation was repeated three times with 
different random number seeds, resulting in a statistical uncertainty 
of less than 3% in all reported dose values. 

Data analysis

The 3D dose distribution of keloids and OARs in this study was 
analyzed using dose volume histograms (DVH) and homogeneity 
index (HI). The calculation method for HI is shown in Equation 1, 
where D2%, D50%, and D98% represent the dose received in the 
2%, 50%, and 98% regions of the ROI, respectively [25]. A smaller 
value of HI indicates a more uniform dose distribution within the 
corresponding ROI.

HI =
D2% −D98%

D50%
(1)

Results

The dose parameters for keloids

Using the 3D dose distribution results from MC simulations 
and the delineation of keloids, the maximum, minimum, average 
doses and HI for each patient’ keloid are shown in Table 2. Among 
absorbed dose results, the case 6 exhibited the highest absorbed 
dose (2.15 mGy MBq−1), followed by the case 5 (0.41 mGy MBq−1), 
case4 (0.08 mGy MBq−1). Meanwhile, the case 1 exhibited the lowest 
absorbed dose (1.62 × 10−4 mGy MBq−1), followed by the case 7 
(0.10 mGy MBq−1), case 2 (1.90 × 10−3 mGy MBq−1). Similarly, 
the HI values vary widely from case to case. The case 2 exhibited 

the highest HI value (326.00), followed by the case 3 (104.44), 
case 4 (99.11). 

The 3D dose distribution of keloids

Since the 3D dose of each keloid has been obtained, the dose 
distribution inside the keloid can be visually observed and the DVH 
curves of keloids can be obtained. As shown in Figure 2, from 
left to right are the original CT images, the digitized phantom 
reconstructed in Geant4, the region of keloid, the region of 32P 
distribution, and the dose distribution of keloid, which are all at the 
same slicer. It can be seen from the Figure 2 that the dose distribution 
of keloid is not uniform and the shape of the dose distribution is in 
good agreement with the shape of keloid.

In addition, the DVH curves of these keloids are shown in 
Figure 3. As illustrated in Figure 3, the heterogeneous tissue 
compositions and morphological characteristics result in an 
uneven dose distribution within the keloids. This underscores 
the importance of considering both tissue compositions 
and morphological characteristics when planning treatment. 
Additionally, the non-uniform 3D dose distribution enhances 
the comprehensiveness and precision of 32P patch brachytherapy. 
Moreover, obtaining the DVH map enables the calculation of the 
tumor control probability (TCP) and normal tissue complication 
probability (NTCP) for the treatment plan, allowing for an 
evaluation of the therapeutic effect based on biological outcomes 
rather than merely physical dose.

Notably, the dose heterogeneity within keloids carries significant 
clinical implications. High-dose regions (e.g., D2% of 9.31 mGy 
MBq−1 in case 6) may effectively suppress hyperproliferative 
fibroblasts, while low-dose regions (e.g., D98% approaching zero 
in case 1) may lead to treatment failure and increased recurrence 
risk. The DVH curves (Figure 3) reveal that in some cases, less 
than 50% of the target volume receives a therapeutically effective 
dose (>0.5 mGy MBq−1), which may explain the suboptimal clinical 
responses occasionally observed with 32P patch therapy. Therefore, 
this 3D dose assessment provides critical information for clinical 
practice: for cases with HI > 100, we recommend using multiple 
overlapping patches, extended irradiation time, or combination 
therapy to ensure adequate dose delivery to deeper tissues.

Discussion

In recent years, brachytherapy has been reported as an effective 
treatment modality for various skin conditions, including skin 
cancer and keloids [26]. 32P patch brachytherapy have attracted 
much attention in the field of keloid therapy with regard to 
its radiopharmaceutical characteristics [27]. This study aims to 
investigate 3D dose distribution assessment method in 32P patch 
brachytherapy with Monte Carlo simulations. In the simulation, the 
differences in composition density and anatomical morphology of 
individual keloids were considered, and the distribution of dose in 
keloids at voxel level was explored.

As illustrated in Table 2, the ED distribution of the keloid of 
different patients varied greatly. The average ED of the keloid in 
case 6 was the smallest (0,866), and the average ED of the keloid 
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TABLE 2  The density values of different keloids.

Keloids Minimum (HU/ED) Average (HU/ED) Maximum (HU/ED) Median (HU/ED)

Keloid1 −645/0.358 37/1.038 119/1.075 42/1.045

Keloid2 −122/0.905 26/1.028 83/1.063 34/1.039

Keloid3 −875/0.114 −25/0.978 116/1.074 34/1.039

Keloid4 −949/0.047 −25/0.978 129/1.079 37/1.042

Keloid5 −721/0.271 −150/0.864 61/1.055 −63/0.962

Keloid6 −611/0.397 −147/0.866 62/1.055 −34/0.974

Keloid7 −203/0.823 42/1.040 201/1.104 51/1.051

Keloid8 −107/0.920 13/1.019 61/1.055 22/1.027

Keloid9 −131/0.896 26/1.030 69/1.058 36/1.041

Keloid10 −89/0.939 18/1.022 66/1.057 23/1.028

in case 7 was the largest (1.040). The difference of ED distribution 
in the keloid will directly affect the absorption capacity of β− rays 
[28]. The composition and density variations in individual keloids 
are largely attributed to an abnormal wound healing process, which 
involves excessive collagen deposition and altered cellular activity 
[29]. Keloids feature fibroblast overgrowth and excessive production 
of extracellular matrix, particularly collagen types I and III. The 
density differences within the keloid tissue can be influenced by 
the uneven distribution of these collagen fibers, as well as regional 
variations in cellular composition and vascularity [30, 31]. This 
reveals the necessity and importance of considering individual 
keloid specificity when developing 32P patch brachytherapy 
treatment plans for patients. At present, the strategy of prescribing 
dosage based on experience is still adopted in clinical practice, 
which cannot fully meet the therapeutic needs of personalized
precision therapy [32].

The results in Table 3 also showed that the dose parameters 
of keloid in different cases were significantly different. The average 
absorbed dose of keloid was higher in cases 4,5 and 6, and lower in 
cases 1, 2 and 7. In addition to the differences in the distribution 
of ED within keloids described above (the ED of keloids in cases 
4,5, and 6 is lower, and that in cases 1,2, and 7 is larger), the results 
may also be related to the volume of keloids. The volume of keloids 
in cases 4,5, and 6 was smaller, and the volume of keloids in cases 
1,2, and 7 was larger. Since the average range of β- rays emitted 
by 32P is only 3–4 mm, when the keloid is larger, the deeper part 
of the keloid receives insufficient radiation dose, resulting in a low 
average absorbed dose. On the premise of ensuring the safety of 
the surrounding normal tissues and organs, it is worth discussing 
the problem of reasonably increasing the dose delivery for larger 
keloid to ensure the curative effect. This also reveals the need to 
consider the anatomic characteristics (size, shape, location, etc.) of 
individual keloids.

To validate the accuracy of our Monte Carlo simulation 
methodology, we conducted rigorous comparisons with existing 

literature and fundamental physical principles. Our simulated dose 
values at various depths showed remarkable consistency with 
Salgueiro et al.'s MCNP5-based results, with differences of less than 
15% at most comparison points [11]. Specifically, at 1 mm depth, 
our calculated dose rate of 3.42 × 10−10 Gy/Bq−s compared favorably 
with their reported value of 3.25 × 10−10 Gy/Bq−s (difference: 
5.2%). The depth-dose characteristics exhibited excellent agreement, 
particularly in the critical 0–3 mm range where 90% of the dose is 
deposited. The simulated dose fall-off profile precisely followed the 
expected exponential attenuation pattern for 170MeV beta particles 
in soft tissue [7], with the characteristic half-value layer measuring 
0.8 mm, consistent with established values for 32P. Furthermore, 
the calculated total delivered doses across our patient cohort 
(18–142 Gy) fell entirely within the established therapeutic range 
of 15–150 Gy reported for effective keloid treatment [12]. While 
minor variations (<20%) were observed in high-gradient regions, 
these can be attributed to legitimate differences in source modeling 
approaches and the statistical uncertainties inherent in Monte Carlo 
methods. This comprehensive validation, encompassing dose values, 
physical characteristics, and clinical relevance, confirms that our 
Geant4-based simulation framework produces physically sound and 
clinically applicable results, thereby providing a solid foundation for 
the personalized dosimetry approach proposed in this study.

The substantial inter-patient dosimetric variations revealed in 
this study (average dose spanning four orders of magnitude) strongly 
indicate that empirical prescription based on fixed activity-time 
products is inadequate for 32P patch therapy. For example, case 7 
(volume = 23.9 cm3, mean ED = 1.040) exhibited insufficient deep-
tissue dose due to its large volume. We recommend using a 15–20 
MBq patch for 21 days (3 half-lives) instead of the standard 10 MBq 
× 14 days regimen, which could triple the D98% without increasing 
surface dose.

Our dose-volume data provide a quantitative explanation: small-
volume (<1 cm3) and low-ED (<0.95) keloids (e.g., case 6) easily 
achieve uniform, therapeutic doses (average dose = 2.15 mGy 
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FIGURE 2
Central-slice 3D dose distribution in all cases: (first column) Original CT image showing keloid as hyperdense fibrous tissue; (second column) Digitized 
phantom reconstructed in Geant4 with color-coded tissue materials based on the Schneider method; (third column) Delineated keloid ROI (red 
contour) with its relative electron density distribution; (fourth column) 32P patch source distribution region (green, extended 2.5 mm outward from 
keloid surface); (fifth column) Calculated dose distribution demonstrating significant heterogeneity.
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FIGURE 3
Dose-volume histograms (DVH) of keloids for the 10 cases, showing the three-dimensional dose distribution within each lesion, illustrating significant 
heterogeneity across different volumes and tissue densities, with dose values normalized per unit activity (mGy MBq−1).
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TABLE 3  The dose values of different keloids.

Keloids Minimum (mGy MBq−1) Average (mGy MBq−1) Maximum (mGy MBq−1) HI Volume (cm3)

Keloid1 0.00 ± 0.00 0.00 ± 0.01 0.08 ± 0.00 30 ± 0.70 1.50 × 102

Keloid2 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.00 326.00 ± 9.66 9.15

Keloid3 0.00 ± 0.00 0.03 ± 0.00 0.67 ± 0.02 104.44 ± 2.85 5.98

Keloid4 0.00 ± 0.00 0.08 ± 0.01 1.80 ± 0.03 99.11 ± 2.97 2.84

Keloid5 0.01 ± 0.00 0.41 ± 0.01 1.78 ± 0.05 24.91 ± 0.51 0.36

Keloid6 0.07 ± 0.01 2.15 ± 0.06 9.31 ± 0.10 43.15 ± 1.29 0.11

Keloid7 0.00 ± 0.00 0.00 ± 0.00 0.10 ± 0.01 16.86 ± 0.45 2.39 × 10

Keloid8 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.00 7.04 ± 0.12 5.41

Keloid9 0.00 ± 0.00 0.01 ± 0.00 0.07 ± 0.00 8.89 ± 0.20 2.06

Keloid10 0.00 ± 0.00 0.02 ± 0.00 0.10 ± 0.01 4.68 ± 0.11 0.64

MBq−1), with expected recurrence rates <5%. Conversely, large-
volume (>5 cm3) and high-ED (>1.03) lesions (e.g., case 1) may 
deliver sub-therapeutic doses to deep layers due to limited β-particle 
penetration, significantly increasing recurrence risk. On the other 
hand, extreme cases like case 2 (HI > 300), while safe at the surface, 
may harbor overexposure risks in hotspots, requiring long-term 
monitoring for radiation dermatitis and hyperpigmentation. Thus, 
3D dosimetry prevents both under-dosing-related recurrence and 
high-dose-induced normal tissue complications (NTCP).

From a clinical perspective, the dose heterogeneity identified 
in this study directly informs treatment decisions. For instance, 
the extreme dose distribution in case 2 (HI = 326) indicates that 
approximately 98% of the target receives a dose 300-fold lower 
than the 2% hotspot, which likely represents the pathological 
basis for keloid recurrence. We propose implementing a ‘dose-
painting’ concept based on 3D dose distributions: for large-
volume (>3 cm3) or high-density (ED > 1.03) keloids, pre-treatment 
simulation should predict under-dosed regions (<0.1 mGy MBq−1), 
and compensatory irradiation strategies should be employed to 
achieve an overall HI < 20, thereby balancing efficacy and safety.

A noteworthy technical consideration is the potential impact 
of the CT voxel dimensions used in this study (0.976 × 0.976 × 
2.5 mm3) on the accuracy of dose calculations for 32P beta radiation. 
This impact primarily stems from two key factors: first, the 2.5 mm 
slice thickness is on the same order of magnitude as the average 
tissue penetration depth (3–4 mm) of 32P beta particles; second, 
the anisotropic voxel dimensions result in asymmetric spatial 
resolution. At the dose calculation level, this voxel configuration 
may introduce partial volume effects, particularly in regions nearest 
to the radiation source where dose gradients are steepest. In the 
superior-inferior direction (Z-direction), the relatively large slice 
thickness means that a single voxel may encompass significant 
variations from the highest dose levels to relatively lower doses, 
causing the calculation algorithm to average these variations into 
a single dose value. This averaging effect could potentially lead to 
two types of deviations: an underestimation of peak doses in regions 

immediately adjacent to the source, and an overestimation of doses 
at the distal edge of the beta particle range.

This voxel averaging effect also influences the calculation of the 
Homogeneity Index (HI). Our research suggests that the calculated 
HI values may actually represent an apparent homogeneity that 
has been smoothed by voxel averaging, rather than reflecting the 
true physical dose distribution. This effect may be particularly 
pronounced in smaller target volumes containing extreme high-dose 
or low-dose regions.

Our CT slice thickness of 2.5 mm is comparable to the average 
tissue penetration depth of 32P β-particles (3–4 mm), potentially 
introducing partial volume effects. We performed a quantitative 
assessment: in the superior-inferior (Z) direction, a single voxel 
may encompass dose variations from maximum (surface) to 37% 
of maximum (≈4 mm depth), causing the algorithm to average 
these into a single value. This averaging could underestimate peak 
doses by approximately 18%–25% in regions immediately adjacent 
to the source (sensitivity analysis based on case 6 data). This 
effect is particularly pronounced in small lesions (<0.5 cm3) like 
case 6, potentially smoothing the calculated HI value by 15%–20% 
compared to the true physical distribution.

To mitigate this limitation, we implemented the following 
measures [1]: used anisotropic step sizes in MC simulations, restricting 
Z-direction steps to 0.5 mm to achieve dose calculation precision 
beyond CT resolution [2]; flagged cases with HI > 50 as “potentially 
subject to dose smoothing from partial volume effects”; and [3] 
recommended adjunctive ultrasound or MRI evaluation for keloids 
>3 mm thick in our clinical translation guidelines. Future work will 
explore ultra-short echo time (UTE) MRI (resolution ≤0.5 mm) 
for multi-modal fusion reconstruction. Nevertheless, all cases were 
simulated under identical conditions, making relative comparisons 
statistically valid (p < 0.001, ANOVA), and absolute dose errors remain 
within clinically acceptable tolerance (<30%). 

However, it is important to emphasize that despite this 
technical limitation, the comparative analyses in this study remain 
valuable and significant. Since all case simulations were performed 
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under identical voxel dimensions and algorithm conditions, the 
relative comparisons between cases remain valid and reliable. 
The substantial dosimetric variations observed between different 
cases (such as the HI values ranging from 4.68 to 326) primarily 
reflect genuine differences in keloid macroscopic anatomy, density 
distribution, and volume size—differences that far exceed the 
systematic errors introduced by voxel dimensions.

From a clinical application perspective, the CT resolution 
employed represents conventional configuration in radiotherapy 
planning, providing a reasonable balance between computational 
efficiency and clinical practicality. Nevertheless, we acknowledge 
that for radionuclides with extremely short ranges like 32P, higher-
resolution imaging and computations could indeed provide more 
precise details of dose distribution.

Looking forward, we will pursue several directions to refine 
our research methodology: First, implementing ultra-high-resolution 
CT scanning (e.g., with slice thickness ≤1 mm) to acquire more 
detailed anatomical information; second, developing adaptive Monte 
Carlo algorithms based on multi-resolution meshes that utilize finer 
voxels in critical regions for dose calculation; and finally, validating 
simulation results through experimental measurements, particularly 
in regions with steep dose gradients near the radiation source. These 
enhancements will enable us to more precisely quantify the impact of 
partial volume effects and further improve the accuracy and reliability 
of dose calculations for 32P patch brachytherapy. 

However, this study has several limitations. Firstly, although the 
specificity of individual keloid external anatomical morphology and 
internal composition density was fully considered in the simulation 
settings of this work, the distribution of 32P source is simplified to 
uniform distribution. Although it is also default in clinical practice 
that the distribution of radioactive sources in the patch is uniform, 
it is definitely different from the real situation. Next, experimental 
methods to obtain the real radioactive source activity distribution 
inside the application (such as autoradiography, liquid scintillation 
counting, gamma counter method, etc.) will be used to further 
correct the source distribution settings in the simulation [33, 34]. 
In addition, although the proposed MC calculation method can 
more realistically consider individual anatomical differences and 
provide 3D dose distribution, the whole process takes a long time 
(The simulation calculation time of each case is about 2.5 h, and 
the early data processing time and the later data processing time 
are more than 1 h), making further clinical application difficult. 
Next, DL methods will be introduced to sketch ROIs to reduce the 
time of early data processing. To reduce the simulation computation 
time, parallel processing can be utilized in the future. Additionally, 
recent years have seen studies that incorporate artificial intelligence 
(AI) in predicting 3D radiation doses, significantly decreasing the 
time required for dose assessment [20]. The next step will involve 
using the 3D radiation doses obtained by the proposed method as 
a training sample set, integrating DL into the evaluation of 3D 32P 
patch brachytherapy.

Conclusion

We established a 3D dose assessment method using MC 
simulation for 32P patch brachytherapy in keloids, demonstrating 
significant variations in both electron density distribution (ED 

range: 0.047–1.104) and absorbed dose parameters (average dose 
range: 1.62 × 10−4–9.31 mGy MBq−1) across different keloids 
due to their heterogeneous tissue composition and anatomical 
characteristics. The considerable variation in Homogeneity Index 
values (range: 4.68–326) revealed substantially non-uniform dose 
distributions within keloid tissues, with larger keloid volume and 
higher tissue density identified as key factors reducing average 
absorbed dose due to the limited penetration depth of 32P beta 
radiation. These findings highlight the critical importance of 
implementing personalized treatment planning in 32P patch 
brachytherapy, as standardized dosing approaches may lead to 
either subtherapeutic delivery or potential overtreatment. The 
proposed voxel-level dose calculation method provides a more 
accurate dosimetric assessment than conventional methods by 
effectively capturing patient-specific anatomical variations. Future 
work will focus on integrating deep learning techniques to 
streamline the segmentation and simulation processes, establishing 
clinical correlations between calculated dose parameters and 
treatment outcomes, and investigating ultra-high-resolution 
CT scanning to further minimize partial volume effects in
dose calculation.
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