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Abstract
Background and purpose To explore the feasibility and advantages of the visualized thermosensitive color-
changing personalized bolus in post-mastectomy radiotherapy (PMRT).

Materials and methods Forty PMRT patients (June 2023–June 2024) were randomized into two groups. Group A 
(experimental group, 20 patients) underwent two CT scans: A1 (without compensator) and A2 (with the visualized 
thermosensitive color-changing personalized bolus), followed by treatment with the thermosensitive color-changing 
personalized bolus. Group B (control group, 20 patients) also underwent two CT scans: B1 (without bolus) and 
B2 (with a conventional commercial bolus), followed by treatment with the commercial bolus. Treatment plans 
were generated for virtual bolus (A1-Plan, B1-Plan) and real bolus (A2-Plan, B2-Plan). A3-Plan (A1-Plan applied to 
thermosensitive bolus treatment) and B2-Plan (B1-Plan applied to commercial bolus treatment) were compared to 
evaluate dosimetric differences in target volumes, organs at risk (OARs), and skin toxicity.

Results In Group A, A1-Plan and A2-Plan showed no significant differences in OAR doses (e.g., ipsilateral lung, heart, 
contralateral breast, skin Dmax/Dmean) or target metrics (V50Gy, Dmax, homogeneity index (HI), conformity index (CI), 
monitor units (MU)). A3-Plan compared to A1-Plan had minor differences in target coverage (94.05% vs. 95.14%), HI 
(0.148 vs. 0.147), and CI (0.83 vs. 0.84). In Group B, B2-Plan had significantly reduced target coverage (89.9% vs. 95%), 
homogeneity (0.153 vs. 0.136), and conformity (0.817 vs. 0.810) compared to B1-Plan, attributed to air gaps from the 
commercial bolus. The thermosensitive color-changing personalized bolus had better skin adherence, significantly 
reduced air cavity volumes (3833 mm³ vs. 21498 mm³), and maintained equivalent dosimetric performance to virtual 
boluses. Skin toxicity was Grade I in all patients without differences between groups.
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Introduction
Postoperative radiotherapy (RT) following radical mas-
tectomy for breast cancer plays a vital role in reduc-
ing the risk of locoregional recurrence and improving 
overall survival. Clinical trials and meta-analyses have 
consistently demonstrated the benefits of RT in eradicat-
ing residual microscopic disease and preventing tumor 
relapse, particularly in patients with high-risk features 
such as lymph node involvement [1, 2]. Advances in 
radiotherapy techniques, including intensity-modulated 
radiotherapy (IMRT) and image-guided radiotherapy 
(IGRT), have enabled precise targeting of affected tis-
sues while minimizing exposure to surrounding organs, 
thereby reducing treatment-related complications [3, 
4]. Additionally, clinical guidelines emphasize person-
alized RT planning based on tumor characteristics and 
individual patient anatomy, ensuring optimal therapeu-
tic outcomes [5]. Long-term follow-up studies further 
underscore the sustained benefits of postoperative RT in 
improving disease-free and overall survival, establishing 
its role as a cornerstone of multidisciplinary breast can-
cer management [6].

In postoperative radiotherapy for breast cancer, the 
target volume often lies close to the skin surface, neces-
sitating specific considerations for dose distribution. Due 
to the dose build-up effect, achieving adequate superfi-
cial dose coverage requires the use of boluses to bridge 
the build-up region and ensure effective treatment. 
Traditional boluses, such as bolus materials like tissue-
equivalent gels or solid sheets, have been widely utilized; 
however, their application can be inconsistent, potentially 
leading to dose heterogeneity [7, 8]. Recent advances in 
three-dimensional (3D) printing have introduced patient-
specific boluses, which conform precisely to the unique 
contours of the patient’s anatomy, enhancing dose uni-
formity and reducing air gaps [9, 10]. These 3D-printed 
boluses are particularly advantageous for complex or 
irregular surfaces, providing improved treatment repro-
ducibility compared to conventional boluses [11, 12]. 
Despite these benefits, challenges such as increased 
production time and cost remain barriers to widespread 
adoption. Ongoing research seeks to optimize materials 
and manufacturing processes to overcome these limita-
tions while maintaining clinical efficacy [13–15].

Thermochromic materials are commonly seen in daily 
life, with a wide range of applications such as baby bath 
tubs and thermos cups. These products leverage the 

thermochromic properties to visually indicate tempera-
ture changes, providing users with convenience and 
safety. However, the application of this technology in the 
medical field, particularly in compensator membranes 
for post-mastectomy breast cancer patients, has not yet 
been reported in the literature. The visualized thermo-
sensitive color-changing personalized bolus represents 
an innovative advancement in postoperative radiotherapy 
for breast cancer. Composed of medical-grade silicone 
infused with thermosensitive particles, this membrane 
leverages color changes to provide real-time visualiza-
tion of cavity positions and surface areas during treat-
ment. Its ability to be customized to individual patient 
anatomy ensures precise adaptation to complex surfaces, 
reducing the risk of air gaps and enhancing dose con-
formity. This personalized approach addresses limita-
tions of traditional boluses, such as variability in fit and 
inconsistency in dose distribution. Additional benefits 
include improved workflow efficiency, as the real-time 
color feedback facilitates rapid adjustments during treat-
ment setup. Moreover, preliminary studies indicate that 
the thermosensitive color-changing personalized bolus 
reduces radiation-induced skin toxicity by enabling more 
even dose coverage while minimizing hotspots in the 
build-up region. These advantages highlight the potential 
of this novel material to improve clinical outcomes and 
patient comfort in radiotherapy.

This study focuses on evaluating the application of the 
visualized thermosensitive personalized bolus in postop-
erative radiotherapy for breast cancer. By comparing its 
performance with that of commercial boluses, we aim to 
assess differences in dosimetric outcomes and skin tox-
icity responses. The thermosensitive color-changing per-
sonalized bolus’s ability to conform precisely to patient 
anatomy and provide real-time visualization of treatment 
areas offers potential advantages in dose distribution 
uniformity and reduction of hotspots. Furthermore, the 
study examines its role in mitigating radiation-induced 
skin toxicity, a common complication in breast cancer 
radiotherapy. Through this comparative analysis, we aim 
to validate the feasibility and clinical utility of the visual-
ized thermosensitive color-changing personalized bolus 
as an innovative tool in enhancing treatment accuracy 
and patient outcomes. The findings are expected to pro-
vide insights into integrating this novel technology into 
routine radiotherapy practices.

Conclusions The visualized thermosensitive color-changing personalized bolus demonstrated superior skin 
adherence, smaller air gaps, and better positional reproducibility compared to commercial boluses. Its dosimetric 
performance was consistent with virtual bolus plans, ensuring target coverage and OAR protection without increased 
skin toxicity. These findings support its clinical application in PMRT.
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Materials and methods
Patient selection and thermosensitive Color-changing 
personalized bolus fabrication
This study included 40 breast cancer patients who under-
went radical mastectomy and were treated in the Depart-
ment of Radiation Oncology at the Second Affiliated 
Hospital of Soochow University from June 2023 to June 
2024. The median age of the participants was 57 years 
(range: 34–74 years). Written informed consent was 
obtained from all patients, and the study was approved 
by our local ethics committee (JD-Li-2022-023-01).

The visualized thermosensitive color-changing per-
sonalized bolus was fabricated using medical-grade low-
hardness silicone, selected for its physical density (1.06 g/
cm³), closely resembling that of the human chest wall 
skin. Thermosensitive color-changing particles were inte-
grated into the material, enabling real-time color varia-
tion based on the temperature of the contacted object. 
The threshold temperature for color change was adjust-
able to meet clinical requirements. The compensator 
membrane featured a multi-layered design to optimize 
hardness, viscosity, and toughness, ensuring both ideal 
physical properties and excellent adherence to the skin 
surface.

Positioning and CT image acquisition
All patients were positioned in a supine posture using a 
breast support frame for immobilization, with both arms 
abducted and raised overhead. Computed tomography 
(CT) imaging was performed using a GE RT 590 16-slice 
large-bore CT scanner. Patients were randomly divided 
into two groups (Group A and Group B) using the label-
ing method. For Group A, each patient underwent two 
CT scans (A1 and A2). The A1 scan was performed with-
out a bolus, using standard CT contrast-enhanced imag-
ing. The A2 scan was conducted with a 0.3  cm-thick 
visualized thermosensitive color-changing personal-
ized bolus applied to the chest wall, which was custom-
ized and trimmed to fit the patient’s anatomy. Similarly, 
Group B patients also underwent two CT scans (B1 and 
B2). The B1 scan was performed without a bolus, and the 
B2 scan was conducted with a 0.3 cm-thick conventional 
commercial bolus (silicone material, 30  cm × 30  cm) 
applied to the chest wall.

Target delineation and treatment planning
Target volumes and organs at risk (OARs) were delin-
eated on the A1 and B1 images by clinical physicians using 
MIM software. Target volumes included the supracla-
vicular region and chest wall, while OARs included both 
lungs, the heart, the contralateral breast, and the spinal 
cord. These delineated structures were then transferred 
to the A2 and B2 images via image fusion. All images and 
structures were imported into the Pinnacle treatment 

planning system (Philips, Version 9.8). The prescribed 
dose for the planning target volume (PTV) was 50  Gy, 
delivered in 2  Gy fractions over 25 fraction. Planning 
requirements included V50Gy ≥ 95%, Dmax < 60 Gy; ipsilat-
eral lung V20Gy < 30%; mean heart dose (Dmean) < 6 Gy for 
left-sided targets and < 4 Gy for right-sided targets.

An 8-field intensity-modulated radiotherapy (IMRT) 
plan was created for each patient, with beam angles pri-
marily along tangential directions. For left-sided breast 
cancer, tangential beam angles ranged from 300° to 345° 
and 100° to 135°, with an additional beam at 355°. For 
right-sided breast cancer, tangential beam angles ranged 
from 25° to 60° and 220° to 265°, with an additional beam 
at 5°. Beam angles were slightly adjusted based on the tar-
get shape to avoid beam cross-pass.

In the radiotherapy planning system, a virtual bolus 
was added to A1 images to create a clinically optimized 
plan, referred to as A1-Plan (the ideal scenario). For A2, 
a clinically acceptable plan was created with thermosen-
sitive color-changing personalized bolus, referred to as 
A2-Plan (thermosensitive bolus plan). Both plans used 
the same beam angles and target optimization functions. 
A1-Plan was then transferred to A2, resulting in A3-Plan 
(simulating the scenario where the plan was designed 
with a virtual bolus but treated with a thermosensitive 
bolus). Similarly, a virtual bolus was added to B1 to create 
a clinically optimized plan, referred to as B1-Plan (ideal 
scenario), and B1-Plan was transferred to B2, resulting in 
B2-Plan (a plan designed with a virtual bolus but treated 
with a commercial bolus).

In current clinical practice, it is common to design 
plans using a virtual bolus and perform treatment using 
a commercial bolus. Therefore, in this study, no separate 
plan was created for B2. A comparison between A1-Plan 
and A2-Plan aims to illustrate the differences between 
plans using a virtual bolus versus a thermosensitive color-
changing personalized bolus. A comparison between 
A1-Plan and A3-Plan aims to assess the magnitude of 
the differences if, similar to the B-group plans, a virtual 
compensator is used for planning while a thermosensi-
tive bolus is used for treatment. Finally, a comparison 
between B1-Plan and B2-Plan evaluates the differences in 
the current clinical practice of designing plans with a vir-
tual bolus and treating with a commercial bolus.

Dosimetric comparisons
Target dose parameters included V50%, Dmax, homogene-
ity index (HI), and conformity index (CI). CI was calcu-
lated as CI = TV50Gy/V50Gy, and HI as HI=(D2%−D98%)/
D98%, where TV50Gy  and V50Gy represent the volume 
of the target and the body encompassed by the 50  Gy 
dose line, respectively, and Dx% indicates the dose cov-
ering x% of the target volume. Skin evaluation parame-
ters included the maximum dose (Dmax) and mean dose 
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(Dmean) within the skin of the chest wall target area. Dose 
parameters for normal tissues included ipsilateral lung 
V5Gy, V10Gy, and V20Gy, as well as Dmean for the heart and 
contralateral breast.

Radiotherapy plan implementation and verification
Following clinical review, the approved treatment plans 
were transferred via the network to the Elekta Synergy 
linear accelerator for delivery, using 6 MV X-rays. Plan 
verification was performed for all patients during their 
first treatment fraction using a two-dimensional flat-
panel detector (Sun Nuclear, MapCheck2, USA). The 
detector was placed horizontally on the treatment couch, 
and all beam fields were normalized to a 0° gantry angle 
to analyze individual field dose distributions. Treatment 
was initiated only if the Gamma passing rate reached 95% 
or higher (criteria: 3 mm distance-to-agreement, 2% dose 
difference). Cone-beam computed tomography (CBCT) 
was used for positional verification during the initial 
treatment fraction and weekly thereafter.

During treatment, Group A patients had a 0.3 cm thick 
visualized thermosensitive color-changing personalized 
bolus applied to the chest wall, while Group B patients 
used a 0.3  cm thick commercial bolus. These boluses 
were applied to ensure consistent dose delivery in accor-
dance with the treatment plan.

Measurement of air gaps between bolus and skin
CBCT images from both patient groups were transferred 
to the Monaco 5.0 software for analysis. Using threshold 
segmentation, the air cavity data between the patient’s 
skin surface and the bolus were extracted. A three-
dimensional (3D) model of the air gap was reconstructed 
for each patient. The 3D model volumes of the air cavi-
ties were measured to quantify the total air gap volume 
for each patient. Additionally, the distance from the bolus 
to the skin surface was analyzed, and the location of the 
maximum gap distance was identified and measured. 
This analysis enabled a detailed evaluation of the fit and 
conformity of the bolus to the patient’s anatomy.

Assessment of skin reactions
Skin toxicity during and after post-mastectomy radio-
therapy (PMRT) was evaluated based on the Radiation 
Therapy Oncology Group (RTOG) classification for 
radiation-induced skin injury. The grading criteria were 
as follows: Grade 1, mild erythema, dry desquamation, 
or both; Grade 2, moderate erythema or patchy moist 
desquamation; Grade 3, confluent moist desquamation, 
punctate edema, and tenderness; and Grade 4, necro-
sis, ulceration, or bleeding. Skin toxicity grades were 
assessed by two to three radiation therapy personnel to 
ensure accuracy and consistency. Patients underwent 
weekly assessments of skin reactions from the start of 

radiotherapy until four weeks after completing PMRT. 
During the treatment period, patients were advised by 
their physicians to keep the irradiated chest wall dry, 
minimize friction, and use a radiation protective spray as 
needed to manage and prevent skin irritation.

Statistical analysis
Statistical analysis was performed using SPSS software 
(version 19.0). Data that followed a normal distribution 

were presented as mean ± standard deviation (
−
x ± s). 

Paired sample t-tests were used to analyze the results for 
tumor target volumes and organs at risk (OARs). Pearson 
correlation analysis was conducted to assess the relation-
ship between body mass index (BMI), chest wall flatness, 
and air cavity volume. A P-value of < 0.05 was considered 
statistically significant.

Results
Effectiveness of the visualized thermosensitive color-
changing personalized bolus
The application of the visualized thermosensitive color-
changing personalized bolus demonstrated its effective-
ness in ensuring proper adherence to the skin surface. 
Figure 1 illustrates the results for a patient following radi-
cal mastectomy for breast cancer. Initially, incomplete 
adherence was observed in areas such as the surgical 
incision site, skin folds, and depressions. These regions 
were indicated by the membrane turning purple, signal-
ing inadequate contact. After fine-tuning the position 
and contour of the bolus to achieve complete adherence 
to the skin, the purple color disappeared, and the mem-
brane transitioned to a transparent state, confirming 
proper placement and fit.

Comparison of target dose parameters
The comparison of target dose parameters for the two 
groups is summarized in Table  1. In Group A, no sig-
nificant differences were observed between A1-Plan and 
A2-Plan in terms of the target volume encompassed by 
the prescription dose (V50Gy), maximum dose (Dmax), 
homogeneity index (HI), conformity index (CI), and 
monitor units (MU). The results indicate that the plans 
designed with or without the visualized thermosensitive 
color-changing personalized bolus showed similar dosi-
metric characteristics. When comparing A3-Plan (a plan 
designed with a virtual bolus and treated with the visual-
ized thermosensitive color-changing personalized bolus) 
to A1-Plan, statistically significant differences were found 
in V50Gy, Dmax, HI, and CI. However, the differences were 
minimal, suggesting that the use of a virtual bolus for 
planning and the visualized thermosensitive color-chang-
ing personalized bolus for treatment did not substantially 
impact target coverage, conformity, or homogeneity.
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In Group B, significant differences were found between 
B1-Plan and B2-Plan for V50Gy, Dmax, and HI. The results 
indicate that plans designed with a virtual bolus but 
treated with a commercial bolus showed reduced target 
coverage, conformity, and homogeneity. Moreover, the 
prescription dose coverage, HI, and CI of A3-Plan with 
the visualized thermosensitive color-changing personal-
ized bolus were notably superior to those of B2-Plan with 
the commercial bolus in Group B. This highlights the 
advantage of using the visualized thermosensitive color-
changing personalized bolus over conventional commer-
cial bolus options in maintaining dosimetric accuracy.

Comparison of dose to organs at risk
The comparison of dose to organs at risk (OARs) for the 
two groups is presented in Table 2. In Group A, no sig-
nificant differences were observed between A1-Plan and 
A2-Plan in the ipsilateral lung volumes receiving 5  Gy 
(V5Gy), 10  Gy (V10Gy), and 20  Gy (V20Gy); the maximum 
dose (Dmax) and mean dose (Dmean) to the chest wall skin; 

the mean heart dose (Dmean); and the mean dose to the 
contralateral breast (Dmean). When comparing A3-Plan 
with A1-Plan, a slight increase in chest wall skin dose 
was observed, but the difference was minor and clinically 
acceptable.

In Group B, comparisons between B1-Plan and B2-Plan 
showed similar results for ipsilateral lung V5Gy, V10Gy, and 
V20Gy, chest wall skin Dmax and Dmean, heart Dmean, and 
contralateral breast Dmean. Notably, the use of the com-
mercial bolus resulted in a slight reduction in the average 
skin dose, though the differences were not statistically 
significant.

Adherence of bolus to skin
The air cavity volumes for all patients were delineated 
using threshold segmentation. The mean air cavity vol-
ume for the visualized thermosensitive personalized 
color-changing personalized bolus was 3833 ± 3185 mm3, 
with a mean maximum air gap distance of 3.6 ± 1.7 mm. 
In contrast, the commercial bolus had a mean air cavity 

Table 1 Comparison of target dose parameters for groups A and B
V50Gy(%) Dmax (cGy) HI CI MU

Group A A1-plan 95.14 ± 1.89 5644.80 ± 47.07 0.15 ± 0.031 0.84 ± 0.053 826.00 ± 27.43
A2-Plan 94.93 ± 1.57 5639.80 ± 46.37 0.15 ± 0.031 0.84 ± 0.055 786.45 ± 146.63
A3-Plan 94.05 ± 2.21 5665.40 ± 45.30 0.15 ± 0.006 0.83 ± 0.055 826.00 ± 27.43
t-value -1.754 a -0.402 a -0.082 a 0.893 a -1.403 a

5.036 b -5.075 b -3.387 b 2.529 b ——
P-value 0.096 a 0.692 a 0.936 a 0.383 a 0.177 a

0.000b 0.000b 0.003b 0.020b ——
Group B B1-Plan 95.06 ± 1.60 5645 ± 50.06 0.14 ± 0.022 0.81 ± 0.042 769.95 ± 137.87

B2-Plan 89.90 ± 2.45 5632.65 ± 45.68 0.16 ± 0.028 0.82 ± 0.041 769.95 ± 137.87
t-value 8.490 2.994 -4.930 -1.450 ——
P-value 0.000 0.007 0.000 0.160 ——

Note: a indicates the comparison between A1-Plan and A2-Plan; b indicates the comparison between A1-Plan and A3-Plan; “—” indicates no data available

Fig. 1 Application Effect of the Visualized Thermosensitive color-changing personalized bolus. A Surface morphology of the chest wall in a post-mastec-
tomy patient prior to the application of the bolus during CT simulation. B Initial placement of the visualized thermosensitive color-changing personalized 
bolus, showing a purple color in areas of incomplete contact, such as scars and folds. C Final placement of the visualized thermosensitive color-changing 
personalized bolus, demonstrating complete adherence to the skin surface, with the purple color disappearing.
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volume of 21,498 ± 6863 mm3 and a mean maximum air 
gap distance of 9.7 ± 4.0  mm. Both metrics showed sta-
tistically significant differences between the two types of 
boluses (P < 0.001). Pearson correlation analysis revealed 
no significant correlations between body mass index 
(BMI), chest wall flatness, and either air cavity volume or 
maximum air gap distance.

Figure 2 illustrates the clinical application of the con-
ventional and visualized thermosensitive color-changing 
personalized boluses. Regardless of whether patients had 
relatively flat or steep chest wall contours, the visualized 
thermosensitive color-changing personalized bolus dem-
onstrated superior adherence to the skin surface com-
pared to the conventional commercial bolus.

Table 2 Comparison of OAR dose parameters for groups A and B
Ipsilateral (%) Skin (cGy) Heart (cGy) Contralateral breast (cGy)

V5Gy V10Gy V20Gy Dmax Dmean Dmean Dmean

Group A A1-Plan 51.75 ± 3.23 36.81 ± 2.18 26.45 ± 1.89 5596.7 ± 17.41 5108.83 ± 49.56 623.62 ± 24.80 245.64 ± 122.85
A2-Plan 51.78 ± 3.41 36.82 ± 2.08 26.33 ± 1.91 5598.1 ± 20.8 5111.06 ± 58.57 621.42 ± 27.06 238.74 ± 113.83
A3-Plan 51.82 ± 5.07 36.82 ± 3.28 26.41 ± 1.89 5674.3 ± 97.33 5153.6 ± 81.99 627.45 ± 215.00 247.35 ± 120.96
t-value 0.088 a 0.045 a -0.914 a 0.055 a 0.226 a -0.121 a -1.21 a

-0.678 b -0.106 b 2.021 b -4.723 b -2.791 b -6.056 b -0.658 b

P-value 0.931 a 0.964 a 0.372 a 0.957 a 0.823 a 0.906 a 0.241 a

0.396b 0.916b 0.058b 0.000b 0.012b 0.000b 0.518b

Group B B1-Plan 53.02 ± 5.50 38.98 ± 3.67 27.27 ± 1.66 5597.3 ± 71.15 5118.42 ± 31.89 647.14 ± 157.29 220.67 ± 83.05
B2-Plan 53.07 ± 5.51 38.97 ± 3.71 27.20 ± 1.67 5627.1 ± 130.57 5048.17 ± 89.24 650.98 ± 166.91 220.31 ± 84.42
t-value -0.525 0.274 2.467 -1.556 3.236 -0.873 0.244
P-value 0.61 0.787 0.023 0.136 0.004 0.403 0.81

Note: a indicates the comparison between A1-Plan and A2-Plan; b indicates the comparison between A1-Plan and A3-Plan; “—” indicates no data available

Fig. 2 Application of Conventional Commercial Bolus and Visualized Thermosensitive Color-changing Personalized Bolus in Breast Cancer Patients. a 
and c Patients with relatively flat chest wall contours. b and d Patients with steeper chest wall contours. c and d: The visualized thermosensitive color-
changing personalized bolus shows better adherence to the skin compared to the conventional commercial bolus used in a and b
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In the Monaco planning system, after delineating the 
cavity for each patient based on CBCT, 0° DR anterior 
projections (AP) and 90° DR lateral projections (LAT) 
were reconstructed separately. All images were processed 
to a unified pixel size of 115 × 100 for Dice coefficient cal-
culations. The Dice coefficient for the commercial bolus 
was 0.61 ± 0.12, while that for the visualized thermosen-
sitive color-changing personalized bolus was 0.93 ± 0.06.

Figure  3 shows grayscale overlay images of the cavity 
region. After overlaying the grayscale of anterior and lat-
eral CBCT images throughout the entire treatment pro-
cess, non-black areas represent the cavity region, and the 
larger the black area, the smaller the cavity volume. The 
whiter the area, the more overlap in the cavity region, 
indicating greater cavity stability. For the commercial 

bolus, the cavity region was concentrated around the 
affected side’s mid-axillary line and the surgical incision, 
with the mid-axillary line cavity likely resulting from 
poor adhesion due to membrane sagging. In contrast, for 
the visualized thermosensitive color-changing personal-
ized bolus, the cavity region was concentrated near the 
postoperative incision.

Skin toxicity reactions
Among the 40 enrolled patients, all had the bolus 
removed after 20 treatment fractions to ensure adequate 
skin dose coverage. In both the experimental group 
(visualized thermosensitive color-changing personal-
ized bolus) and the control group (commercial bolus), all 
observed skin toxicity reactions were classified as Grade 

Fig. 3 Grayscale overlay image of the cavity region. Figures a and b represent the control group with the commercial bolus, showing widespread gray-
scale regions, indicating larger cavity volumes. Figures c and d represent the experimental group with the visualized thermosensitive color-changing 
personalized bolus, showing smaller grayscale regions and fewer cavity areas
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I, with no occurrences of Grade II or higher skin reac-
tions during or after treatment.

Discussion
This study aimed to evaluate the dosimetric characteris-
tics, efficacy, and safety of the visualized thermosensitive 
color-changing personalized bolus in patients undergo-
ing post-mastectomy radiotherapy (PMRT). The results 
demonstrate that the application of this membrane 
ensures adequate skin dose coverage, uniform chest wall 
dose distribution, effective protection of critical organs, 
and acceptable levels of skin toxicity. These findings 
highlight the membrane’s practicality and safety, offer-
ing a more precise and effective radiotherapy strategy for 
PMRT patients. Its innovative features, including supe-
rior skin adherence and real-time visualization, make it a 
valuable tool for enhancing treatment accuracy and clini-
cal outcomes in this patient population.

The visualized thermosensitive color-changing per-
sonalized bolus is primarily composed of medical-grade 
silicone combined with thermosensitive microcapsules, 
with a density of 1.06 g/cm³. The thermosensitive micro-
capsules (micron-scale) are fabricated using an electron 
transfer-based organic compound system. When the 
object temperature reaches a specific threshold, electron 
transfer occurs within the microcapsules, resulting in a 
reversible color change—a safe and non-toxic physical 
reaction. This color-changing material not only exhib-
its vivid color but also allows a unique transition from 
“colored to colorless,” a capability absent in heavy metal 
double salt complexes and liquid crystal-based thermo-
chromic materials. By observing these color changes, 
the position and size of air cavities can be monitored in 
real time. During patient setup, therapists can efficiently 
expel air from the cavities, ensuring complete membrane 
adherence as indicated by the transition from purple to 
transparent.

Compared to conventional commercial bolus, the ther-
mosensitive color-changing personalized bolus reduced 
the air cavity volume by nearly one-seventh and the 
maximum air gap distance by approximately one-third. 
This performance was even superior to air cavity vol-
umes reported for 3D-printed compensator membranes 
in the literature [16, 17]. Additionally, weekly CBCT 
scans throughout the radiotherapy course demonstrated 
good reproducibility and consistency of the thermosensi-
tive membrane. As shown in Fig. 2, the thermosensitive 
personalized bolus provided better adherence to the skin 
surface than conventional boluses, regardless of whether 
the chest wall contour was relatively flat or steep.

In the clinical application of bolus for post-mastectomy 
radiotherapy (PMRT) patients, it is common to design 
treatment plans using virtual bolus while employing con-
ventional commercial bolus during actual therapy. This 

practice often leads to discrepancies between planned 
and delivered doses. In our study, significant differ-
ences were observed in target dose parameters between 
the two plans in the control group (Group B). Specifi-
cally, the actual treatment plans exhibited reduced tar-
get coverage and homogeneity. The presence of air gaps 
resulted in a decreased mean skin dose to the chest wall 
(P = 0.004), aligning with findings from other studies that 
have reported dosimetric differences due to the method 
of bolus application [18]. The virtual bolus in B1-Plan 
was designed to conform closely to the patient’s surface, 
whereas the conventional commercial bolus used during 
treatment had inherent rigidity, creating gaps between 
the bolus and the skin surface, leading to deviations from 
the ideal dose distribution. Multiple studies have demon-
strated that air gaps can adversely affect target dose dis-
tribution, reducing the expected dose and uniformity.

In contrast, the experimental group utilizing the ther-
mosensitive color-changing personalized bolus exhibited 
superior conformity. Comparisons between plans with 
the thermosensitive bolus and their corresponding vir-
tual bolus plans revealed no significant differences in tar-
get dose coverage, homogeneity, conformity, or doses to 
organs at risk. When the virtual bolus plan was applied to 
the visualized thermosensitive color-changing personal-
ized bolus, the differences in target dose coverage, homo-
geneity, and conformity were minimal, indicating good 
consistency. This performance was notably better than 
that of the conventional commercial bolus.

In this study, all 40 enrolled patients exhibited Grade 1 
skin reactions, with no occurrences of higher-grade skin 
toxicity. The frequency of bolus application is a critical 
factor influencing target coverage and skin dose. Dahn 
et al. reported that daily bolus use can lead to Grade 3 
skin toxicity rates ranging from 45 to 88% [19]. Another 
study indicated that applying the bolus for 15 to 20 out of 
25 fractions in post-mastectomy three-dimensional con-
formal radiotherapy (3D-CRT) effectively balances tar-
get and skin doses [20]. In our research, all patients had 
the bolus removed after 20 fractions to ensure adequate 
skin dose. The visualized thermosensitive color-chang-
ing personalized bolus used is made of silicone mate-
rial, which is considered safer and more environmentally 
friendly compared to traditional materials [21]. Addition-
ally, patient education emphasizing the reduction of skin 
friction, maintaining dry chest wall skin, and the use of 
radiation protective sprays played a significant role in 
minimizing skin toxicity during radiotherapy.

Although visualized thermosensitive color-changing 
personalized bolus have clear advantages, it is still neces-
sary to measure the actual dose on the patient’s skin sur-
face, which is a limitation of this paper. The next step is 
to compare the measurements of commercial bolus and 
visualized thermosensitive color-changing personalized 
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bolus using thermoluminescence dosimetry (TLD) or 
film dosimeters. The research methods of O.V. Gul et al. 
[22] and H. Demir et al. [23] have provided valuable ref-
erence and guidance for the next phase of this study.

Conclusion
In summary, the visualized thermosensitive color-chang-
ing personalized bolus demonstrates excellent adherence 
to the skin, helping to overcome the dosimetric discrep-
ancies caused by unnecessary air gaps in breast cancer 
radiotherapy. This innovation enhances patient comfort, 
allows for personalized tailoring to individual anatomical 
features, and offers low-cost and visual feedback advan-
tages, significantly reducing uncertainties in daily patient 
positioning. The membrane achieves target dose cover-
age, homogeneity, and organ-at-risk protection compa-
rable to the ideal virtual bolus, without increasing skin 
toxicity. Given these advantages, the visualized thermo-
sensitive color-changing personalized bolus presents a 
viable alternative to conventional commercial bolus and 
holds significant promise for clinical application and 
widespread adoption in PMRT patients.
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