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Background

This study aimed to investigate the effect of couch rotation angles on non-coplanar volumetric modulated arc therapy (ncVMAT) plan for stereotactic body radiotherapy (SBRT) in lung cancer patients and to evaluate the feasibility of clinically applying ncVMAT for SBRT.





Methods

Twenty-four lung cancer patients with a single lesion eligible for SBRT were enrolled in the study. Seven dual partial-arc VMAT plans with varying couch angles were designed for every patient. These plans utilized two partial arcs, with the same first arc set at a fixed 0° couch angle in all plans. The second arc’s couch angle varies at 15° intervals, ranging from 0° to 90°. The plans are designated as C0, NC15, NC30, NC45, NC60, NC75, and NC90, respectively. Plan evaluation included assessment of the maximum dose (Dmax), the mean dose (Dmean), homogeneity index (HI), conformity index (CI), and the ratio of the 50% isodose volume to the planning target volume (R50%). Dosimetric parameters for organs at risk such as the ipsilateral lung, contralateral lung, bilateral lungs, esophagus, trachea, chest wall, heart, and spinal cord were analyzed. Additionally, plan complexity-related metrics included modulation degree (MD), delivery time (DT), and monitor unit (MU) were assessed.





Results

As the couch rotation angle increased, parameters such as Dmax, Dmean, HI, CI, R50%, V20Gy, V25.75Gy and V30Gy of the ipsilateral lung and bilateral lungs, V10Gy of the contralateral lung and Dmean of the chest wall varied, while MD, MU, and DT increased. Compared to C0, the Dmax, Dmean, and HI of the planning target volume (PTV) decreased from 6728.35 ± 209.56cGy, 5743.04 ± 93.45cGy, and 0.281 ± 0.032 to 6500.48 ± 225.26cGy, 5654.81 ± 109.23cGy, and 0.245 ± 0.031, respectively, when the couch was rotated to 90°. The CI increased from 0.859 ± 0.031 to 0.876 ± 0.024. Decreases in R50% were 1.4%, 4.9%, 9%, 13.5%, 16.8%, and 18.4% for NC15, NC30, NC45, NC60, NC75, and NC90, respectively.





Conclusions

In the treatment of lung cancer using SBRT, ncVMAT plans demonstrate superior dose distribution and deliver lower doses to certain OARs compared to cVMAT plans. This advantage becomes more pronounced with increasing couch rotation angles. Our study offers theoretical support for the preferential use of ncVMAT plans in lung cancer SBRT and provides empirical evidence to guide the selection of optimal couch rotation angles.
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Introduction

Lung cancer is the most commonly diagnosed malignancy and the leading cause of cancer-related mortality worldwide, accounting for approximately 12.4% of all cancer cases and contributing to a mortality rate of 18.7% (1, 2). Radiotherapy has long been a cornerstone in the treatment of lung cancer. With advancements in medical physics and radiation technology, stereotactic body radiotherapy (SBRT) has emerged as a promising treatment option for patients with inoperable early-stage non-small cell lung cancer (NSCLC) and lung metastases (3). SBRT delivers high doses of radiation with precision in a limited number of fractions, significantly enhancing local tumor control and survival compared to conventional radiotherapy. Due to its non-invasive nature and efficacy, some studies suggest that SBRT may even surpass surgery in effectiveness, though further validation is required (4–8).

Linear accelerator-based SBRT techniques include three-dimensional conformal radiotherapy, intensity-modulated radiotherapy, and volumetric-modulated arc therapy (VMAT). VMAT delivers radiation while the gantry rotates continuously, enabling simultaneous gantry rotation, multileaf collimator (MLC) movement, and dose rate modulation. This approach provides superior dose conformality, improved homogeneity, and shorter treatment times for patients (9, 10). Currently, coplanar VMAT (cVMAT) is the most widely used technique for SBRT due to its simplicity. However, non-coplanar techniques are less frequently employed due to the complexity and uncertainty introduced by couch rotation (11). Non-coplanar VMAT (ncVMAT), which utilizes multiple arcs from different planes relative to the patient, offers distinct advantages in SBRT by reducing beam overlap, increasing the number of beam incidence directions, and achieving steeper dose fall-off outside the target volume (12). A previous study (13) demonstrated that ncVMAT with 15° opposite couch kicks significantly reduced V30 and V40 doses to the chest wall without increasing lung doses, compared to cVMAT. Additionally, Ishii et al. (14) compared three beam arrangement strategies for SBRT of centrally located lung tumors: two non-coplanar partial arcs, two coplanar partial arcs, and one coplanar full arc. Their findings indicated that ncVMAT plans resulted in reduced irradiation to mediastinal organs at risk.

Non-coplanar VMAT may represent a more effective approach for SBRT; however, the relationship between couch rotation angles and dosimetric distribution remains unclear. This study aims to investigate the impact of couch rotation angles on ncVMAT plans for SBRT in lung cancer, analyze the dosimetric benefits of varying couch rotation angles, and identify the optimal couch rotation angle for SBRT.





Methods




Patient selection and simulation

Twenty-four patients (eighteen men and six women) treated with SBRT lung cancer at the First Affiliated Hospital of Guangxi Medical University were retrospectively included in this study. The patients had an average age of 58.5 ± 12.2 years, ranging from 33 to 88 years. A detailed summary of patient characteristics is shown in Table 1. This study was approved by the Institutional Review Board of the First Affiliated Hospital of Guangxi Medical University.


Table 1 | The characteristics of 24 patients.



Each patient underwent a four-dimensional CT simulation on a Philips Big Bore Brilliance CT Simulator (Philips Healthcare, USA) equipped with a Philips Bellows Belt to monitor the breathing trace. Immobilization was achieved using a CIVCO SBRT device (CIVCO, USA) along with a customized vacuum cushion. To keep the arms out of the treatment fields, an arm shuttle was positioned above the trunk, with the arms raised overhead. A compression belt was also applied to the abdominal region to minimize internal organ motion during breathing cycles. Computed tomography (CT) images were acquired across 10 breathing phases.





Contouring

Following CT simulation, images were imported into the Elekta Monaco 5.11 Treatment Planning System (Elekta, UK) for contour delineation. Maximum and average intensity projection datasets were generated across all 10 respiratory phases. Planning objectives, target volumes, and critical structures were defined based on the ICRU 83 guidelines and RTOG 0813 protocol (14, 15). The internal target volume (ITV) was contoured on the maximum intensity projection by a radiation oncologist. A uniform 5-mm isotropic margin was applied to delineate the planning target volume (PTV). Contoured organs at risk (OARs) included the ipsilateral lung, contralateral lung, bilateral lungs, heart, esophagus, trachea, chest wall, and spinal cord.





Treatment planning

The Monaco 5.11 Treatment Planning System, which underwent clinical acceptance testing and periodic quality assurance, was employed for VMAT planning. Dose calculations were performed using the X-ray Voxel Monte Carlo algorithm with a 2-mm calculation grid, ensuring high computational accuracy. The linear accelerator (Versa HD, Elekta) was equipped with 80 pairs of 5-mm Agility MLCs, providing a maximum irradiation field of 40 × 40 cm². A 6-MV flattening filter-free photon beam was utilized, delivering a maximum dose rate of 1400 monitor units (MU) per minute, effectively reducing treatment time.

For each patient, an initial cVMAT treatment plan (designated as C0) was developed to meet clinical requirements using two partial coplanar arcs with the couch fixed at 0°. The first arc spanned 240°, rotating clockwise from 180° to 60°for right-sided lesions and from 300° to 180°for left-sided lesions, thereby minimizing dose exposure to the contralateral lung. The second arc spanned 90°, rotating clockwise from 315° to 45°, ensuring consistency with noncoplanar plans and reducing the risk of gantry collisions during noncoplanar treatment scenarios (Figure 1A). Subsequently, six ncVMAT treatment plans with varying couch rotation angles for the second arc were created by a single medical physicist, resulting in a total of seven treatment plans per patient and 168 plans overall. The first arc remained unchanged, while the couch rotation angle for the second arc was adjusted to 15°, 30°, 45°, 60°, 75°, and 90°, designated as NC15, NC30, NC45, NC60, NC75, and NC90, respectively (Figures 1B–G). The specific couch rotation angles for the VMAT plans’ partial arcs are detailed in Table 2.




Figure 1 | Room’s eye view of the couch rotation angle of the 2nd partial arc [(A) 0°; (B) 15°; (C) 30°; (D) 45°; (E) 60°; (F) 75°; (G) 90°].




Table 2 | Couch rotation angles of two partial arcs used in the VMAT.



All treatment plans prescribed a total dose of 50 Gy delivered in five fractions (10 Gy per fraction). A maximum dose exceeding 120% of the prescription dose to the PTV was deemed acceptable. To minimize planning bias, a consistent and standardized template of PTV and OAR objectives was applied uniformly across all plans without additional manual optimization. Dose constraints for OARs are summarized in Table 3 (16–19), and the objective functions used during plan optimization are detailed in Table 4. Plans were considered acceptable if they adhered to the RTOG 0813 protocol, with no major deviations. Optimization was performed iteratively by adjusting objective parameters to ensure nearly 95% PTV coverage while meeting OAR constraints. Final plans were normalized to ensure that 95% of the PTV received 100% of the prescribed dose, with normalization adjustments limited to less than 1%.


Table 3 | Dose constraints for organs at risk.




Table 4 | Objective functions used in treatment plan optimization.







Plan evaluation

Following retrospective treatment planning for each patient, PTV coverage was assessed using isodose line analysis and dose-volume histograms (DVH). Key evaluation parameters included maximum dose (Dmax), mean dose (Dmean), conformity index (CI), R50% (gradient index, GI), and homogeneity index (HI). Dmax and Dmean represented the highest and average doses delivered to the PTV, respectively. The HI and CI served as dosimetric indicators to evaluate dose distribution homogeneity and conformity of dose coverage to the target volume in each planto 1 indicated higher conformity of dose to the target, while a lower HI value signified greater dose homogeneity. Intermediate-dose conformity was assessed by R50% (GI), which quantified dose fall-off outside the target volume and was defined as the ratio of the 50% isodose volume to the PTV. A lower R50% indediate-dose conformity and a steeper dose fall-off outside the target region.

Dose metrics across plans were compared, including the mean dose, V5Gy, V10Gy, V20Gy, V25.75Gy, and V30Gy for the ipsilateral lung and both lungs combined; mean dose, V5Gy, and V10Gy for the contralateral lung; and maximum and mean doses for the esophagus, trachea, chest wall, heart, and spinal cord. Plan complexity-related metrics included evaluated included modulation degree (MD), monitor units (MU), and delivery time (DT). DT represented the estimated beam-on time calculated by the treatment planning system (TPS), excluding setup and couch movement time. MD was used to assess plan complexity in achieving the desired dose distribution. MD is an indication of complexity of the fluence maps used in the plan. The formula for MD is computed for all beams or sequences. It is defined as follows: MD = Total MU/[Sum of (Segment Area × Segment Mu/Total Beam Area)].





Patient-specific quality assurance

Patient-specific quality assurance (PSQA) was conducted to assess the accuracy of dose delivery for these VMAT treatments. Dose distribution measurements were performed using the OCTAVIUS 4D Modular Phantom combined with the 2D liquid-filled ion chamber array, OCTAVIUS 1000 SRS (PTW, Freiburg, Germany). The 1000 SRS array comprises 977 ion chambers, each measuring 2.3 mm × 2.3 mm × 0.5 mm, within an 11 cm × 11 cm field, providing high resolution at 2.5 mm in the central area and 5 mm in the peripheral area.

The OCTAVIUS 4D Modular Phantom, fitted with the 1000 SRS array, rotates synchronously with the LINAC gantry via an inclinometer. Pre-treatment verification was completed for all treatment plans. Planar dose measurements were taken, and the three-dimensional dose distribution was reconstructed using VeriSoft 7.1 software (PTW, Freiburg, Germany). The measured dose was then compared to the planned dose, as calculated in the TPS, using the gamma index (20). A 3D gamma analysis with 2%/2mm criteria was performed in VeriSoft 7.1, with a passing rate of over 90% considered acceptable.





Statistical analysis

All data analyses were conducted using SPSS software (IBM, NY, USA), with results presented as mean ± standard deviation (SD). Statistical analysis was performed using the nonparametric Jonckheere-Terpstra test, and a p-value of less than 0.05 was considered statistically significant.






Results

A summary of plan quality evaluations for various couch rotation angles is shown in Table 5. The mean PTV size of 24 patients was 27.11 ± 21.52 cc. In general, as the couch rotation angle increased, all evaluated parameters varied significantly. When comparing C0 to a 90°couch rotation, Dmax, Dmean, and HI decreased from 6728.35 ± 209.56 cGy, 5743.04 ± 93.45 cGy, and 0.281 ± 0.032 to 6500.48 ± 225.26 cGy, 5654.81 ± 109.23 cGy, and 0.245 ± 0.031, respectively. CI increased from 0.859 ± 0.031 to 0.876 ± 0.024 (Figure 2A). The HI of ncVMAT plans was lower and closer to 0 compared to cVMAT plans, which had the highest HI (0.281 ± 0.032) (p = 0.000). Similarly, the CI of ncVMAT plans was closer to 1 compared to cVMAT plans, which had the lowest CI (0.859 ± 0.031) (p = 0.042). Additionally, R50% decreased significantly with larger rotation angles (p = 0.000), with incremental reductions of 1.4%, 4.9%, 9%, 13.5%, 16.8%, and 18.4% as the couch rotation increased (Figure 2B).


Table 5 | Plan quality evaluation in VMAT for various couch rotation angles.






Figure 2 | Line charts show the trend change at CI value (A), R50 value (B), V20Gy, V25.75Gy, and V30Gy of irradiated volume of bilateral lungs (C) and Dmean of chest wall (D).



A comparison of dosimetry parameters for the OARs is presented in Table 6. As couch rotation angle increased, the V20Gy, V25.75Gy, and V30Gy values for the ipsilateral and bilateral lungs showed slight reductions. The C0 plan resulted in the highest V20Gy, V25.75Gy, and V30Gy values, while the NC90 plan produced the lowest values (Figure 2C). For the contralateral lung, the V10Gy was lower in the ncVMAT plans compared to the cVMAT plan, which exhibited the highest V10Gy value (0.48 ± 0.68), with p-values less than 0.05 indicating a statistically significant difference among the plans. Additionally, the Dmean to the chest wall demonstrated a statistically significant difference (p = 0.001) (Figure 2D), with the NC90 plan achieving the lowest mean dose (590.88 ± 284.00 cGy), a reduction of 13.2% compared to the C0 plan (680.36 ± 263.89 cGy). However, the C0, NC15, and NC30 plans yielded similar Dmean values when the couch rotation was less than 45° (680.36 ± 263.89 cGy for C0, 684.85 ± 263.60 cGy for NC15, and 678.63 ± 264.45 cGy for NC30). For other OARs, no significant differences were observed among the plans, with values remaining comparable across all configurations.


Table 6 | Dosimetric comparison for organs at risk in VMAT for various couch rotation angle.



The plan complexity-related metrics included MD, MU, and DT values for the plans are shown in Table 7. The p-values for MD, MU, and DT were all <0.001, indicating statistically significant differences. As the couch rotation angle increased, MD, MU, and DT also increased. When the couch was rotated to 90°, MU increased by approximately 29.9%, from 4503.8 ± 1110.2 to 5815.9 ± 1116.6, and delivery time increased by approximately 22.6%, from 408.5 ± 95.3 seconds to 500.9 ± 93.3 seconds, compared to the C0 values. The gamma index results for all plans demonstrated a high pass rate, exceeding 90% for the 2%/2mm criteria.


Table 7 | Comparison of plan complexity-related metrics in VMAT for various couch rotation angles.







Discussion

SBRT, characterized by large single dose, fewer fractions, a high biological equivalent dose, and a rapid dose fall-off outside the target area, has been recognized as a standard treatment modality for medically inoperable early-stage non-small cell lung cancer (NSCLC) in the NCCN guidelines since 2012 (21). Non-coplanar radiation therapy enhances dose distribution to the target area and adjacent organs at risk by utilizing multiple beam angles and arcs achieved through couch rotation. Lincoln et al. (22) demonstrated that non-coplanar SBRT plans for early-stage NSCLC offered superior protection to surrounding organs while maintaining target conformity. Similarly, Kim et al. (23) reported that the homogeneity index (HI) and conformity index (CI) were superior in ncVMAT compared to cVMAT. Additionally, Hamilton et al. (24) confirmed the advantage of ncVMAT over cVMAT in optimizing dose distribution for lung SBRT. Our study observed similar results for both cVMAT and ncVMAT. Furthermore, we investigated the impact of couch rotation angles in ncVMAT to further optimize dose distribution.

In this study, we assessed the dosimetric benefits and robustness of treatment plans for lung cancer patients by comparing various couch rotations in ncVMAT plans. Our results demonstrated that the average values of Dmax, Dmean, and HI decreased as the couch rotation angle increased, with significant differences observed at couch angles of 45°, 60°, 75°, and 90°. A lower HI value indicates a more uniform dose distribution within the target area, whereas a higher HI value may suggest the presence of dose hotspots or uneven dose distribution. However, in SBRT planning, due to the pursuit of high-dose objectives, a certain degree of dose hotspots is often acceptable, and thus HI may not be as strictly emphasized as in conventional radiotherapy planning. Nonetheless, HI remains an important parameter, especially when there is a need to balance dose hotspots with the protection of surrounding normal tissues. The CI of ncVMAT plans was closer to 1 compared to cVMAT plans, indicating better conformity. In SBRT planning, in addition to ensuring target coverage and conformity, the rate of dose fall-off outside the target area is also a critical focus. According to RTOG 0813 guidelines, the minor deviation and the none deviation of R50% are less than 4.5 and 5.5 for a PTV of 22cc, while 4.3 and 5.3 for a PTV of 22cc (15). In this study, the PTV of the enrolled patients was 27.11 ± 21.52 cc, and the R50% values for all plans were within the minor protocol deviation limits. According to linear interpolation, the none deviation should be less than 4.41. Moreover, when the couch rotation exceeded 45°, R50% values were consistently below 4.41. Overall, ncVMAT plans demonstrated superior quality compared to cVMAT. As couch rotation increased, ncVMAT exhibited improved conformity, homogeneity, and dose distribution.

Radiation-induced lung injury (RILI) is the most common lung toxicity associated with radiation therapy, with an incidence rate of 5-20% (25). Many studies reported that various risk factors were associated with RILI, such as V5 and V20. Interestingly, Jiao Y et al. reported the lung BED volume parameter was a potential reliable value to predict RILI occurrence, they indicated that maintaining lung VBED70 below 2.22% in lung cancer patients treated with SBRT reduces the incidence of RILI (26). Consequently, we calculated the BED70 (using an α/β ratio of 10 Gy) in our plan to be 25.75 Gy and found that lung V25.75Gy (%) remained below 2.22% when couch rotation exceeded 60°, suggesting that couch rotations over 60° may be a novel factor in reducing RILI in lung cancer SBRT. ncVMAT has been shown to reduce the dose to OARs by minimizing geometric overlap. In our study, changes in couch rotation angles resulted in dosimetric variations. One possible explanation for this is the spatial repositioning of the tumor relative to the surrounding anatomy due to couch rotation, which also alters the photon path length from normal tissues to the target. Compared to cVMAT, ncVMAT utilizes multi-arc irradiation, delivering doses more efficiently across a 4π solid angle (27).

Chest wall pain and rib fractures are the most common chest wall toxicities following lung SBRT (28). Stephans et al. identified a correlation between tumor and treatment factors with late chest wall toxicity, showing that chest wall dosimetry is associated with the risk of these toxicities (29). Additionally, Shao et al. demonstrated that non-coplanar SBRT for patients with early-stage peripheral non-small cell lung cancer could reduce the dose to the chest wall (30). Yu et al. also found that the mean chest wall V30 and V40 decreased significantly in ncVMAT plans with 15° or 345° couch rotations compared to standard VMAT plans (13). In the present study, the C0, NC15, and NC30 plans showed similar dose distributions for Dmean. However, in ncVMAT plans with couch rotations greater than 45°, the chest wall received the lowest mean dose. As couch rotation increased, the mean dose to the chest wall further decreased. Dunlap et al. reported that a chest wall volume receiving 30 Gy over 35 cc increases the risk of chest wall pain and/or rib fractures (31). Thus, larger couch rotations in ncVMAT may be advantageous in mitigating chest wall radiation toxicity in lung SBRT.

Previous literature has showed no significant dosimetric difference between ncVMAT and cVMAT when the couch rotation angle separation was limited to ±15° (14). However, there are few studies on the dosimetric impact of smaller couch angle separations. Moreover, while the couch rotation setting in ncVMAT are beneficial for lung cancer SBRT, their practical feasibility in clinical treatment remains unclear. This study aims to explore an optimal range for couch rotation angles. To ensure the reliability of the result, all plans were optimized and calculated using the XVMC algorithm, which is accurate within 1% dosimetric uncertainty. The non-coplanar arc gantry rotation was set from -45° to 45° to avoid collision. Variations in dose distributions may be attributed to systematic errors in the IMRT machine, so periodic quality assurance and quality control procedures were performed, including checks on the gantry, collimator, couch, isocenter position, and dose calibration.

However, there are several limitations in this study. The sample size was small, and the findings need to be validated in a larger cohort. Additionally, only patients with a single tumor were included. There are also limitations for the clinical application of ncVMAT. First, as couch rotation increased from 0° to 90°, the plan’s modulation degree (MD) and monitor units (MU) increased by approximately 32.2% and 29.9%, respectively, while the delivery time (DT) was extended by 22.6%. This increase in MD, MU, and DT indicates reduced beam efficiency, which may contribute to increased wear and tear on the equipment. However, considering the setup time for SBRT at our department is about 20-30 minutes, the increase in delivery time (approximately 100 seconds) is relatively short. Secondly, ncVMAT may reduce operational efficiency and introduce angular deviations in couch positioning. Third, rotating the couch increases the risk of collisions with the treatment machine or the patient.

In conclusion, compared to cVMAT, ncVMAT employs more non-coplanar beams through couch rotation, resulting in superior plan quality, including improved homogeneity, greater conformity, and a more compact dose distribution. This approach demonstrated better adherence to the dose distribution criteria outlined in the RTOG 0813 protocol. Our study provides theoretical support for selecting ncVMAT plans in lung cancer SBRT and offers empirical data to guide the determination of optimal couch rotation angles for these plans.
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