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Purpose: This study presents a dosimetric comparison of volumetric modulated arc therapy (VMAT) treatment plans that employ 
static jaw, tangential arc, and jaw tracking techniques for patients with synchronous bilateral breast cancer (SBBC).
Methods: VMAT plans employing static jaw (S-VMAT), tangential arc (T-VMAT), and jaw tracking (J-VMAT) techniques were 
generated for twelve SBBC patients, receiving a prescribed dose of 50 Gy in 25 fractions. All treatment plans had their dosimetric and 
delivery parameters meticulously recorded and analyzed for comparison. Dosimetric verification was conducted using gamma analysis 
with 3%/3 mm criteria, based on ArcCHECK phantom measurements.
Results: PTV coverage was comparable among all three techniques, with no statistically significant differences in dose indices, CI, or 
HI (p > 0.05). In contrast, T-VMAT and J-VMAT showed significant advantages in OARs protection compared to S-VMAT. T-VMAT 
achieved the lowest lung and heart doses, with the heart Dmean reduced from 11.25 Gy (S-VMAT) to 7.44 Gy, and the heart V5Gy from 
86.98% to 36.03%. J-VMAT also demonstrated substantial improvements, reducing heart Dmean to 9.21 Gy and V5Gy to 76.89%. Both 
techniques also showed lower doses to the liver, esophagus, trachea, and spinal cord compared to S-VMAT. In terms of efficiency, 
T-VMAT required significantly fewer MUs and achieved a markedly shorter delivery time, with a reduction of over one-third 
compared to S-VMAT and nearly half compared to J-VMAT. QA pass rates were above 99% for all plans, with no significant 
differences observed.
Conclusion: T-VMAT and J-VMAT offer superior OAR sparing and efficient treatment delivery compared to S-VMAT. T-VMAT is 
particularly advantageous in reducing dose and treatment time, while J-VMAT provides a balanced approach between dosimetric 
quality and delivery accuracy. Both techniques represent promising strategies for optimizing VMAT planning in SBBC.
Keywords: synchronous bilateral breast cancer, volumetric modulated arc therapy, jaw tracking, static jaw, organs at risk

Introduction
Synchronous bilateral breast cancer (SBBC) is a rare subtype of breast cancer, defined by the diagnosis of primary 
malignant lesions in both breasts within a six-month interval.1–3 Compared to unilateral breast cancer, SBBC presents 
greater clinical challenges, requiring not only effective treatment for bilateral tumors but also meticulous planning to 
optimize target coverage while minimizing radiation exposure to surrounding healthy tissues, such as the heart, lungs, 
spinal cord, and liver. Traditional radiotherapy techniques often lead to uneven dose distribution or excessive radiation to 
critical organs, increasing the risk of long-term complications such as radiation pneumonitis and cardiotoxicity, which 
can significantly impact patients’ quality of life. Therefore, the development of more precise and safer radiotherapy 
strategies has become a crucial focus in the clinical management of SBBC.
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Volumetric modulated arc therapy (VMAT) is an advanced radiotherapy technique that achieves highly conformal 
dose distributions through the dynamic modulation of a multi-leaf collimator (MLC) in coordination with continuous 
gantry rotation, offering significant advantages in both treatment efficiency and dosimetric precision. It has been 
increasingly utilized in breast cancer radiotherapy.4–8 However, in SBBC, the symmetrical and adjacent anatomical 
positioning of bilateral target volumes presents unique challenges. Conventional VMAT is often constrained by static 
collimator jaw settings during optimization, limiting the movement range of MLC leaves. This restriction can result in 
dose inhomogeneities, such as “cold spots” or “hot spots” within the target area, while also increasing low-dose exposure 
to critical organs like the heart and lungs.9,10 Additionally, the complex geometric relationship between bilateral breast 
targets necessitates steeper dose gradients and enhanced plan deliverability, underscoring the urgent need for technolo
gical advancements to overcome these limitations.

Jaw tracking VMAT (J-VMAT) is an advanced optimization mode of VMAT that dynamically synchronizes 
collimator jaw adjustments with MLC leaf movements. By continuously tracking target projection boundaries in real 
time, J-VMAT expands the effective modulation range of MLCs, reduces inter-leaf leakage and penumbra regions, and 
enhances target dose homogeneity while significantly minimizing radiation exposure to adjacent normal tissues. Recent 
studies have demonstrated the dosimetric advantages of jaw tracking technology in prostate, lung, brain, skin, and head- 
and-neck cancers.11–13 However, its application in SBBC remains systematically unvalidated. Existing minimal research 
has predominantly focused on unilateral breast cancer, while the dosimetric characteristics, treatment plan complexity, 
and clinical feasibility of simultaneous bilateral target irradiation in SBBC patients warrant further investigation.

This study addresses the clinical demands and technical challenges of radiotherapy for SBBC, with the goal of 
systematically evaluating the clinical value of J-VMAT. By comparing static jaw VMAT (S-VMAT), tangential arc 
VMAT (T-VMAT), and J-VMAT in terms of target coverage, dose homogeneity, organs at risk (OARs) sparing, and 
treatment efficiency, we aim to elucidate the potential advantages of T-VMAT and J-VMAT in SBBC radiotherapy. The 
findings are expected to provide a theoretical foundation for optimizing radiotherapy strategies for bilateral breast cancer, 
facilitate the clinical implementation of precision radiotherapy in complex anatomical scenarios, and ultimately con
tribute to improved patient outcomes and quality of life.

Materials and Methods
Patient Selection and Contouring
In this retrospective analysis, twelve patients diagnosed with SBBC between October 2011 and May 2024 were identified 
and included. Of these, seven underwent bilateral breast conserving surgery (BCS), four had bilateral modified radical 
mastectomy (MRM), and one received BCS on the left side and MRM on the right. Further details are presented in 
Table 1. A vacuum bag and wing board were used for immobilization, ensuring stable positioning. Patients were 
positioned in the supine posture with arms elevated above the head during both scanning and treatment to optimize 
access to the treatment area. They breathed freely without controlled breathing techniques to replicate natural respiratory 
patterns. CT images with a 3 mm slice thickness were acquired using a large-aperture CT scanner.

The clinical target volume (CTV) included both whole breasts, with the decision to include or exclude regional lymph 
node areas based on histological results. The planning target volume (PTV) was defined by expanding the CTV with 
a 5 mm margin, while excluding the outermost 3 mm below the skin surface. The OARs considered for evaluation were 
the right lung, left lung, heart, esophagus, trachea, left femoral head, right femoral head, spinal cord, and liver. 
A radiation oncologist delineated all target volumes and OARs according to the Radiation Therapy Oncology Group 
(RTOG) guidelines.14

Treatment Planning
For every patient, a novel treatment strategy was developed using S-VMAT, T-VMAT, and J-VMAT approaches. In these 
plans, 6 MV photon beams were delivered at an operating rate of 600 MU/min. The entire process was carried out on 
a TrueBeam linear accelerator from Varian Medical Systems, Inc. (Palo Alto, CA, USA), which is outfitted with a 120- 
leaf Millennium MLC to enable precise beam modulation. Dose distributions were computed using a finely spaced 
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2.5 mm grid in conjunction with the Anisotropic Analytical Algorithm (AAA) for accurate dosimetry. A total dose of 50 
Gy was prescribed, administered in 25 fractions directly to PTV. The treatment design ensured that 95% of the PTV 
received the full prescribed dose, while the maximum dose was limited to no more than 110% of that value. Furthermore, 
the dose limitations for OARs were established based on clinical data from patients with unilateral breast cancer and 
earlier research involving SBBC.15–17 These limitations are as follows: for the lungs, the mean dose (Dmean) should be 
less than 15 Gy, with volume constraints of V5Gy < 70%, V20Gy < 30%, and V30Gy < 20%; for the heart, Dmean should be 
below 14 Gy, and the volume constraints are V5Gy < 40%, V20Gy < 15%, and V30Gy < 5%; for the liver, the volume 

Table 1 General Patient Characteristics

Characteristics N (%)

Age (years)

Mean 51.25

Range 36-72

Stage

pT1N0M0 7 (58%)

pT2N0M0 2 (17%)

pT2N1M0 3 (25%)

Histology

IDC 10 (83%)

ILC 2 (17%)

Surgery

Bilateral BCS 7 (58%)

Bilateral MRM 4 (33%)

Hybrid surgery (left BCS, right MRM) 1 (8%)

Heart Volume (cm3)

Mean 467.24

Range 308.89–604.50

Left Lung Volume (cm3)

Mean 1072.66

Range 833.40–1321.70

Right Lung Volume (cm3)

Mean 1296.87

Range 895.80–1632.20

PTV Volume (cm3)

Mean 1277.95

Range 711.51–1790.53

Abbreviations: IDC, Invasive ductal carcinoma; ILC, Invasive lobular 
carcinoma; BCS, Breast conserving surgery; MRM, Modified radical mas
tectomy; PTV, Planning target volume.
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constraints are V20Gy < 20% and V30Gy < 10%; for the esophagus, Dmean should be less than 10 Gy, with V20Gy < 30%; 
for the humeral heads, Dmean should not exceed 15 Gy; and for the spinal cord, the maximum dose (Dmax) should be kept 
below 40 Gy. These constraints were carefully selected to minimize radiation exposure to critical structures while 
optimizing treatment efficacy and maintaining a favorable therapeutic ratio.

In the present study, all three treatment plans utilized a single isocenter, centrally placed beneath the sternum to 
encompass the entire PTV. For the S-VMAT plans, the treatment plans incorporated two sets of four partial arcs, each 
covering a total arc span of 260°. To enhance beam delivery and ensure optimal dose distribution, the gantry was 
carefully rotated within a range of 230° to 130° for all patients (Figure 1a). Considering the mechanical constraints of the 
Varian linear accelerator, it is advised that the field size in the X direction does not exceed 15 cm, as going beyond this 
limit may negatively impact the modulation efficiency of the MLC. In addition, to minimize the influence of the tongue- 
and-groove effect during radiation delivery, the collimator angles were carefully set at either 85° or 95°. To ensure 
uniform dose coverage across the PTV, the partial arcs were specifically arranged to meet at the isocenter with a 3 cm 
overlap. This overlap region is crucial for maintaining dose consistency and avoiding underdosed areas within the target 
volume. The refinement of this overlap was achieved using the auto-feathering function, which effectively smooths the 
dose transition across the junction, ensuring a seamless integration between arcs. By minimizing dose inconsistencies and 
enhancing uniformity, this approach significantly improves the overall quality and effectiveness of the treatment plan. 
Such a systematic and precise planning strategy helps maximize therapeutic benefits while ensuring compliance with 
established safety and quality standards.

With respect to T-VMAT plans, six tangential arc beams were meticulously designed to provide effective treatment 
for bilateral breast cancer while ensuring optimal coverage of the target areas. These beams were precisely configured to 
minimize radiation exposure to critical organs, such as the lungs and heart, thereby reducing potential side effects and 
improving patient safety. The design of the tangential beams was inspired by the concept of a peeled apple, with layers 
strategically arranged to conform to the contours of the treatment region and achieve precise dose distribution. To further 
enhance the accuracy of the radiation delivery, the collimator angle was carefully aligned parallel to the long axis of the 
target areas, ensuring that the beams precisely matched the shape and orientation of the intended treatment zones. In 
practice, the jaw positions for the left- and right-sided arcs were individually defined according to the anatomical extent 
of each breast PTV. The superior and inferior jaws were aligned with the cranio-caudal borders of the target, whereas the 
medial jaws were confined at the midline to avoid crossing into the contralateral side. The lateral jaws followed the chest 
wall contour, thereby restricting the irradiation volume and reducing unnecessary exposure to the lungs, heart, and 
contralateral breast, consistent with the approaches reported by Prokofev et al18 and Zhang et al.19 This configuration 
allowed the arcs to wrap tangentially around each breast, reproducing the geometry of conventional tangential fields 
while maintaining the advantages of VMAT modulation. The arc spans were individually tailored to patient anatomy, 
with the right-sided arcs typically ranging from 220°–260°, 240°–315°, and 315°–0°, and the left-sided arcs from 0°–45°, 

Figure 1 Illustration of dose distributions and beam arrangements for S-VMAT (a) and T-VMAT (b) in synchronous bilateral breast cancer.
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45°–125°, and 100°–140° (Figure 1b). This comprehensive approach highlights the importance of both innovative design 
and precise execution in achieving effective and safe radiation therapy for breast cancer patients.

For the J-VMAT plans, we generated them by duplicating the S-VMAT plan and then enabling the jaw tracking 
technique. This approach allowed us to maintain consistency with the original S-VMAT plan while introducing the 
specific modification of jaw tracking. The integration of jaw tracking into the plan aimed to enhance the precision of dose 
delivery, potentially improving the sparing of surrounding healthy tissues by adjusting the jaws dynamically in response 
to the tumor’s position during treatment (Figure 2). By making this adjustment, we ensured that the only difference 
between the two plans was the use of jaw tracking, enabling a clear evaluation of its effects on treatment efficacy and 
accuracy. Throughout the optimization process, the same dose-volume objectives and constraints were implemented in all 
three treatment plans to ensure effective target coverage while reducing unnecessary radiation exposure to adjacent 
healthy tissues. Additionally, the prioritization of critical OARs remained consistent across all three plans, highlighting 
the need to protect normal tissue function and minimize potential adverse effects. This standardized approach allowed for 
an objective and equitable assessment of the performance and effectiveness of the S-VMAT, T-VMAT, and J-VMAT 
techniques.

Plan Evaluation
The dose and volume data for the structures were extracted from a dose volume histograms (DVHs) to assess the 
treatment plans. For the PTV, the parameters assessed included D98%, D2%, D50%, V90%, V95%, V105%, and V110%. D98%, 
D2%, and D50% represented the doses delivered to 98%, 2%, and 50% of the target volume, respectively, while V90%, 
V95%, V105%, and V110% indicated the percentages of the target volume receiving 90%, 95%, 105%, and 110% of the 
prescribed dose. For the OARs, serial tissues were evaluated using the maximum point dose (Dmax) and the maximum 
volume receiving a specific dose (VxGy). The serial tissues analyzed included the heart, spinal cord, esophagus, trachea, 
and femoral heads. Parallel tissues, such as the lungs and liver, were assessed based on the maximum volume and mean 
dose (Dmean).

The conformity index (CI) was used to evaluate the target’s conformity, which is defined as:20

Figure 2 Beam’s eye views of a patient in S-VMAT and J-VMAT treatment plans. (a) S-VMAT (static jaw) arc segments at gantry 0° for ARC1. (b) J-VMAT (jaw tracking) arc 
segments at gantry 0° for ARC1. (c) S-VMAT (static jaw) arc segments at gantry 0° for ARC2. (d) J-VMAT (jaw tracking) arc segments at gantry 0° for ARC2. (e) S-VMAT 
(static jaw) arc segments at gantry 90° for ARC1. (f) J-VMAT (jaw tracking) arc segments at gantry 90° for ARC1. (g) S-VMAT (static jaw) arc segments at gantry 90° for 
ARC2. (h) J-VMAT (jaw tracking) arc segments at gantry 90° for ARC2. The yellow region represents the planning target volume; the Orange regions denote the lungs; and 
the magenta regions correspond to the heart. Orientation marks: L = left; R = right; H = head (superior); F = foot (inferior). Jaw boundaries: X1 and X2 denote the left and 
right jaw boundaries in the lateral direction; Y1 and Y2 denote the inferior (foot-side) and superior (head-side) jaw boundaries in the longitudinal direction.
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Vref represents the volume covered by the reference dose, VPTV denotes the volume of the PTV, and VPTVref refers to 
the volume of the PTV encompassed the reference dose. A higher CI indicates better conformity.

The uniformity of the dose distribution within the PTV was assessed using the homogeneity index (HI). The HI is 
defined as:21

D2%, D98%, and D50% correspond to the doses received by 98%, 2%, and 50% of the target volume, respectively. 
A lower HI value indicates better dose uniformity.

Delivery Parameters and Dosimetric Verification
The monitor units (MUs) for both treatment plans were quantitatively analyzed. The delivery times were accurately 
recorded, from the start of the first beam-on to the end of the last beam-off, excluding any time spent on positioning. 
A comparative analysis of delivery efficiency was performed by assessing the differences in delivery times among the 
three techniques.

The treatment plans were transferred to the ArcCHECK phantom (Sun Nuclear Corporation, Melbourne, Florida, 
USA) to measure the dose distributions as part of patient-specific quality assurance (QA). These measured distributions 
were then compared to the calculated dose distributions to assess the consistency of the dose delivery, using gamma 
analysis for the comparison. The measurement data were evaluated using gamma criteria of 3% dose difference and 
3 mm distance-to-agreement, with a 10% dose threshold.22

Statistical Analysis
One-way analysis of variance (ANOVA) was performed to compare the means among the three techniques. Homogeneity 
of variances was tested using Levene’s test. If significant differences were found, post hoc multiple comparisons were 
conducted using Tukey’s test (for equal variances) or Games-Howell test (for unequal variances). A p-value < 0.05 was 
considered statistically significant. Statistical analysis was conducted using SPSS software (version 22.0, IBM, 
Chicago, IL).

Results
The evaluation of the treatment plan quantitatively involved analyzing DVHs, which were consistently utilized to assess 
the optimization of PTV coverage as well as the dose constraints of OARs. Tables 2 and 3 summarize the dosimetric 
parameters for PTV coverage and OARs dose distribution, respectively, as evaluated using the S-VMAT, T-VMAT, and 
J-VMAT techniques. Figure 3 illustrates the comparative DVHs for the PTV and OARs derived from the different 
treatment techniques.

PTV Coverage
Table 2 describes the dosimetric parameters for PTV coverage assessed using the S-VMAT, T-VMAT, and J-VMAT 
techniques. Statistical analysis revealed no significant differences (p > 0.05) among the three techniques in terms of D2%, 
D50%, D98%, V90%, V95%, V105% and V110%. Likewise, the CI and HI of the PTV showed no significant variation (p > 
0.05) across the three approaches.

OARs Dose Distribution
Both T-VMAT and J-VMAT demonstrated significant improvements in OARs sparing compared to S-VMAT, with each showing 
strengths in different anatomical structures. For the lungs, T-VMAT achieved the lowest low-dose lung exposure, with a whole 
lung V5Gy of 39.69 ± 4.37%, while J-VMAT also significantly reduced lung dose and showed values closer to T-VMAT than 
S-VMAT. In terms of cardiac sparing, the reductions were even more pronounced. The heart Dmean was lowered from 11.25 Gy 
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Table 2 Dosimetric Parameter Results for PTV, Treatment Efficiency, and Dosimetric Verification

Parameter S-VMAT T-VMAT J-VMAT p Value

Mean ± SD Mean ± SD Mean ± SD p1 p2 p3

PTV D2%(Gy) 54.19 ± 0.84 54.59±0.64 53.97 ± 0.63 0.363 0.740 0.101

D98%(Gy) 49.06 ± 0.17 48.92±0.26 49.02 ± 0.28 0.358 0.929 0.567

D50%(Gy) 52.36 ± 0.54 52.54±0.43 52.22 ± 0.46 0.635 0.737 0.234

V90%(%) 99.97 ± 0.04 99.89±0.09 100.00 ± 0.01 0.063 0.269 0.075

V95%(%) 99.65 ± 0.19 99.35±0.28 99.72 ± 0.13 0.304 0.688 0.079

V105%(%) 41.96 ± 19.19 44.80±13.89 36.89 ± 17.66 0.913 0.749 0.499

V110%(%) 1.39 ± 3.36 1.10±1.86 0.44 ± 1.03 0.949 0.576 0.764

CI 1.01 ± 0.01 1.02±0.02 1.01 ± 0.01 0.998 0.876 0.923

HI 0.09 ± 0.02 0.11±0.02 0.09 ± 0.01 0.273 0.880 0.116

MU 1045.10 ± 130.08 889.38±173.10 1053.15 ± 151.36 0.045 0.991 0.034

DT(s) 199.33 ± 2.71 129.42±14.20 254.08 ± 3.42 0.000 0.000 0.000

QA(%) 99.07±0.44 99.10±0.41 99.16±0.45 0.981 0.865 0.943

Note: p1, S-VMAT vs T-VMAT; p2, S-VMAT vs J-VMAT; p3, T-VMAT vs J-VMAT. 
Abbreviations: PTV, Planning target volume; S-VMAT, Static jaw volumetric modulated arc therapy; T-VMAT, Tangential arc 
volumetric modulated arc therapy; J-VMAT, Jaw tracking volumetric modulated arc therapy; DX%(Gy), The doses received by X 
% of the target volume; VX%(%), The maximum volume receiving a specific dose; CI, Conformity index; HI, Homogeneity index; 
MU, Monitor unit; DT, Delivery time; QA, Quality assurance.

Table 3 Comparison of OARs Dosimetric Parameters Using S-VMAT, T-VMAT, and J- 
VMAT Techniques

OARs Parameter S-VMAT T-VMAT J-VMAT p Value

Mean ± SD Mean ± SD Mean ± SD p1 p2 p3

Left Lung V5Gy (%) 65.20 ± 5.45 39.17 ± 6.65 56.91 ± 3.28 0.000 0.001 0.000

V10Gy (%) 30.01 ± 3.91 24.01 ± 3.56 29.26 ± 3.67 0.001 0.873 0.004

V20Gy (%) 14.80 ± 3.10 14.45 ± 2.49 14.95 ± 3.10 0.954 0.991 0.907

V30Gy (%) 7.53 ± 2.22 10.02 ± 2.39 7.70 ± 2.19 0.059 0.981 0.064

Dmean(Gy) 10.60 ± 1.03 8.99 ± 1.07 10.23 ± 0.97 0.001 0.649 0.015

Right Lung V5Gy (%) 67.97 ± 6.33 39.95 ± 5.01 59.13 ± 5.23 0.000 0.001 0.000

V10Gy (%) 29.54 ± 3.23 24.88 ± 3.89 28.78 ± 2.99 0.005 0.847 0.022

V20Gy (%) 13.86 ± 2.95 16.15 ± 4.25 14.09 ± 2.74 0.296 0.978 0.354

V30Gy (%) 6.96 ± 2.19 11.11 ± 3.93 7.09 ± 2.12 0.014 0.988 0.017

Dmean(Gy) 10.50 ± 0.93 9.50 ± 1.56 10.14 ± 0.87 0.165 0.605 0.439

Whole Lung V5Gy (%) 66.73 ± 5.41 39.69 ± 4.37 58.15 ± 3.79 0.000 0.000 0.000

V10Gy (%) 29.75 ± 2.82 24.58 ± 2.29 28.99 ± 2.52 0.000 0.752 0.000

V20Gy (%) 14.30 ± 2.45 15.04 ± 2.26 14.49 ± 2.25 0.716 0.979 0.829

V30Gy (%) 7.23 ± 1.71 8.08 ± 2.21 7.35 ± 1.57 0.531 0.985 0.428

Dmean(Gy) 10.55 ± 0.76 9.27 ± 0.84 10.19 ± 0.66 0.001 0.476 0.015

(Continued)
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with S-VMAT to 9.21 Gy with J-VMAT and further to 7.44 Gy with T-VMAT. Additionally, the V5Gy to the heart decreased 
significantly, from 86.98% to 76.89% (J-VMAT) and 36.03% (T-VMAT). In the liver, T-VMAT achieved the greatest dose 
reduction, while J-VMAT still performed better than S-VMAT in Dmean and V30Gy. For serial organs such as the spinal cord, 
esophagus, and trachea, T-VMAT achieved the lowest Dmax, especially for the spinal cord. J-VMAT also showed significant 
reductions in esophageal and tracheal doses compared to S-VMAT.

Treatment Efficiency and Dosimetric Verification
In terms of MUs, T-VMAT also required fewer MUs than J-VMAT (p3 = 0.034), with no significant difference observed 
between S-VMAT and J-VMAT (p2 = 0.991) (Table 2). T-VMAT demonstrated a clear advantage in delivery efficiency, 
with a significantly shorter delivery time compared to both S-VMAT and J-VMAT (p1 < 0.001, p2 < 0.001, p3 < 0.001). 
Specifically, delivery time was reduced by over one-third relative to S-VMAT and by nearly half compared to J-VMAT. 
Meanwhile, QA pass rates exceeded 99% for all three techniques, with no significant differences detected (p > 0.05).

Discussion
SBBC encompasses a vast target volume and a complex anatomical treatment area. While the bilateral breasts are 
symmetrically positioned, the natural curvature of the chest wall and post-surgical anatomical changes often lead to 
irregular target shapes. Furthermore, dose constraints for OARs, including the heart, lung tissue, and liver, add another 
layer of complexity to treatment planning.23 This study presents a comprehensive comparison of T-VMAT, J-VMAT, and 

Table 3 (Continued). 

OARs Parameter S-VMAT T-VMAT J-VMAT p Value

Mean ± SD Mean ± SD Mean ± SD p1 p2 p3

Heart V5Gy (%) 86.98 ± 8.50 36.03 ± 13.09 76.89 ± 9.28 0.000 0.062 0.000

V10Gy (%) 37.03 ± 7.31 22.69 ± 10.05 33.19 ± 7.99 0.001 0.520 0.013

V20Gy (%) 15.24 ± 4.13 10.69 ± 5.82 14.05 ± 5.32 0.091 0.838 0.259

V30Gy (%) 4.42 ± 1.30 4.23 ± 2.92 3.89 ± 1.29 0.972 0.795 0.908

Dmean(Gy) 11.25 ± 1.26 7.44 ± 2.29 9.21 ± 1.26 0.000 0.002 0.077

Liver V20Gy (%) 15.28 ± 3.82 3.33 ± 3.74 14.43 ± 4.63 0.000 0.869 0.000

V30Gy (%) 2.99 ± 1.24 1.33 ± 1.12 2.66 ± 1.19 0.005 0.779 0.025

Dmean(Gy) 9.06 ± 1.57 2.88 ± 1.64 8.66 ± 1.90 0.000 0.835 0.000

Spinal Cord Dmax (Gy) 13.51 ± 2.26 6.17 ± 3.43 13.21 ± 2.85 0.000 0.965 0.000

Trachea Dmean(Gy) 5.17 ± 1.32 2.73 ± 0.98 4.61 ± 1.24 0.000 0.500 0.001

Dmax (Gy) 15.96 ± 4.66 8.60 ± 4.13 15.99 ± 5.89 0.003 1.000 0.002

Esophagus Dmean(Gy) 6.24 ± 1.12 1.79 ± 0.49 5.55 ± 1.11 0.000 0.192 0.000

Dmax (Gy) 17.74 ± 4.21 7.24 ± 3.69 17.51 ± 4.65 0.000 0.990 0.000

Left femoral head Dmean(Gy) 3.32 ± 1.82 2.05 ± 1.65 2.71 ± 1.60 0.175 0.654 0.615

Dmax (Gy) 13.96 ± 13.74 11.27 ± 14.41 13.06 ± 14.08 0.886 0.986 0.948

Right femoral head Dmean(Gy) 4.77 ± 4.06 3.36 ± 3.79 4.15 ± 3.64 0.646 0.918 0.870

Dmax (Gy) 15.66 ±14.16 14.24 ± 16.34 14.74 ± 14.09 0.971 0.988 0.996

Note: p1, S-VMAT vs T-VMAT; p2, S-VMAT vs J-VMAT; p3, T-VMAT vs J-VMAT. 
Abbreviations: OARs, Organs at risk; S-VMAT, Static jaw volumetric modulated arc therapy; T-VMAT, Tangential 
arc volumetric modulated arc therapy; J-VMAT, Jaw tracking volumetric modulated arc therapy; VXGy(%), The 
maximum volume receiving a specific dose; Dmean, Mean dose; Dmax, Maximum point dose.
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S-VMAT techniques in the treatment of SBBC. The findings illuminate the dosimetric trade-offs between target cover
age, OARs sparing, and treatment efficiency, providing valuable insights to guide clinical decision-making.

To enhance clinical efficiency in SBBC treatment, a single isocenter was implemented for the T-VMAT, J-VMAT, and 
S-VMAT plans. This approach not only reduces patient setup time but also streamlines and optimizes the overall 
treatment workflow, ultimately enhancing both the precision and effectiveness of the procedure.24,25 In this study, the 
100% isodose effectively covered no less than 95% of the target PTV in all plans, ensuring adequate target dose 
coverage. The absence of significant differences in PTV coverage parameters (D2%, D50%, D98%, V90%, V95%, V105%, HI, 
and CI) among T-VMAT, J-VMAT, and S-VMAT indicates that all three techniques achieve comparable target coverage 
and plan homogeneity. Furthermore, these findings confirm that the integration of jaw tracking functionality does not 
compromise PTV dose distribution. This aligns with previous studies, which demonstrate that jaw tracking technology 
effectively maintains robust target coverage while optimizing beam shaping.26,27

In reference to the lungs, Marks et al28 indicated that the risk of radiation pneumonitis (RP) could be reduced to 
below 20% when the Dmean was kept under 20–23 Gy and the V20Gy was restricted to 30–35%. Jiang et al29 confirmed 
that compliance with the following constraints significantly reduced the incidence of RP: limiting V5Gy to below 65%, 
restricting V20Gy to under 40%, and maintaining Dmean within the range of 20–22 Gy. Graham et al30 reported that RP did 
not observed when V20Gy was less than 22%. The findings of this study demonstrated that the lung Dmean, V5Gy, and 

Figure 3 Comparison of DVHs for the PTV and OARs among the S-VMAT, T-VMAT, and J-VMAT techniques.
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V20Gy metrics in the T-VMAT, J-VMAT, and S-VMAT plans were considerably lower than those reported in previous 
research. Moreover, T-VMAT and J-VMAT exhibited superior lung protection, with significantly lower V5Gy values for 
the left lung, right lung, and whole lung compared to S-VMAT plans. The substantial reductions in V5Gy for both lungs 
underscore J-VMAT’s effectiveness in minimizing radiation exposure to healthy lung tissue, which is essential for 
reducing the risk of RP. This finding is in agreement with the results of Jung et al15 who utilized the Jaw tracking VMAT 
technique in the treatment of unilateral breast tumors.

During the radiotherapy treatment for SBBC, the simultaneous irradiation of bilateral target areas leads to an 
increased cumulative dose to the heart. Therefore, careful consideration should be given to minimizing cardiac radiation 
exposure. Numerous authoritative studies consistently underscore a well-documented and significant association between 
radiotherapy and an increased risk of cardiovascular disease.31–33 According to Darby et al,34 there is a dose-dependent 
association between heart irradiation and ischemic heart disease risk. The study revealed that a 1 Gy increase in the mean 
heart dose corresponds to a 7.4% higher probability of major coronary events. Another study reported a 16.5% increase 
in the cumulative incidence of acute coronary events per gray of mean radiation dose to the heart within the first nine 
years after treatment.35 The discoveries from their investigation disclosed a direct association between the mean radiation 
dose delivered to the heart and the probability of coronary artery deterioration. Furthermore, Shi et al36 reported a 1.1 Gy 
reduction in the mean heart dose with jaw tracking plans compared to static jaw plans. Similarly, Jung et al15 observed 
a 1.6 Gy decrease in Dmean with jaw tracking plans compared to static jaw plans. In our study, the Dmean of the heart in 
the J-VMAT plans was reduced from 11.25 Gy to 9.21 Gy, representing a reduction of 2.04 Gy compared to the S-VMAT 
plans. This decrease suggests that J-VMAT may lower the risk of radiation-induced cardiac complications. Notably, 
T-VMAT further decreased the heart Dmean to 7.44 Gy, achieving a 3.81 Gy reduction and indicating an even greater 
potential for cardiac protection. Additionally, other OARs such as the liver, spinal cord, esophagus, trachea, and humeral 
heads also exhibited notable dose reductions with J-VMAT, while T-VMAT achieved the most pronounced dose sparing 
in several of these structures, further reinforcing the dosimetric advantages of both advanced techniques.

While J-VMAT demonstrated dosimetric advantages, its longer delivery time compared to S-VMAT (p2 < 0.001) and 
T-VMAT (p3 < 0.001) warrants consideration. This discrepancy may arise from the increased mechanical complexity of 
dynamic jaw motion during arc delivery, which could impact clinical workflow and patient throughput. However, the 
absence of significant differences in MUs among the three techniques suggests that jaw tracking does not introduce any 
additional burden on dose output from a dose calculation standpoint. Additionally, all three techniques demonstrated high 
dosimetric accuracy, as evidenced by ArcCHECK verification results with gamma passing rates exceeding 99%. The lack 
of significant differences in QA outcomes among the techniques further reinforces the reliability of the calculated 
treatment plans. This observation is consistent with the findings of Yao et al37 and Park et al38 who conducted dosimetric 
verification studies employing gamma analysis techniques.

Our results show that T-VMAT provides superior OARs sparing and comparable target coverage for SBBC, despite 
the predefined jaw positions. The tangential arcs follow the natural breast contour, limiting low-dose exposure to lungs, 
heart, and contralateral breast, while the optimizer modulates beam intensity within the arcs to achieve precise target 
coverage. This design also reduces overlap and redundancy in beam paths, resulting in substantially fewer monitor units 
and improved treatment efficiency. These findings highlight the clinical advantage of T-VMAT in balancing OARs 
protection and delivery efficiency and demonstrate that careful arc geometry combined with VMAT modulation can 
outperform conventional partial-arc VMAT approaches.

Although variations in surgical procedures may lead to alterations in chest wall anatomy, which could potentially 
influence the dosimetry of OARs, particularly the heart and lungs, all patients in this study were subjected to uniform 
contouring protocols and identical planning objectives. Consequently, the dosimetric differences observed among 
treatment plans are predominantly attributed to the distinct characteristics of the jaw techniques employed, rather than 
anatomical variations introduced by surgical interventions.

Conclusion
In this study, a comprehensive comparison of S-VMAT, T-VMAT, and J-VMAT techniques was conducted in the context of 
SBBC radiotherapy. The findings demonstrated that both T-VMAT and J-VMAT significantly improved OARs sparing 
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compared to conventional S-VMAT, particularly in reducing the mean dose to the lungs and heart, which are critical structures 
in breast cancer treatment. T-VMAT showed the greatest advantage in lowering low-dose exposure and treatment delivery 
time, while J-VMAT provided a favorable balance between dosimetric performance and delivery accuracy.
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