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Purpose

In the field of radiation therapy for brain metastases, whole-brain hippocampus-avoidance treatment is commonly employed. this study aims to examine the impact of different head tilt angles on the dose distribution in the whole-brain target area and organs at risk. It also aims to determine the head tilt angle to achieve optimal radiation therapy outcomes.





Methods

CT images were collected from 8 brain metastases patients at 5 different groups of head tilt angle. The treatment plans were designed using the volumetric modulated arc therapy (VMAT) technique. The 5 groups of tilt angle were as follows: [0°,10°), [10°,20°), [20°,30°), [30°,40°), and [40°,45°]. The analysis involved assessing parameters such as the uniformity index, conformity index, average dose delivered to the target, dose coverage of the target, hot spots within the target area, maximum dose, and average dose received by organs at risk. Additionally, the study evaluated the correlation between hippocampal dose and other factors, and established linear regression models.





Results

Significant differences in dosimetric results were observed between the [40°,45°] and [0°,10°) head tilt angles. The [40°,45°] angle showed significant differences compared to the [0°,10°) angle in the average dose in the target area (31.49 ± 0.29 Gy vs. 31.99 ± 0.29 Gy, p=0.016), dose uniformity (1.20 ± 0.03 vs. 1.24 ± 0.03, p=0.016), hotspots in the target area (33.64 ± 0.35 Gy vs. 34.42 ± 0.49 Gy, p=0.016), maximum hippocampal dose (10.73 ± 0.36 Gy vs. 11.66 ± 0.59 Gy, p=0.008), maximum dose in the lens (2.82 ± 1.10 Gy vs. 4.99 ± 0.16 Gy, p=0.016), and average dose in the lens (1.93 ± 0.29 Gy vs. 4.22 ± 0.26 Gy, p=0.008). There is a moderate correlation between the maximum dose in the hippocampi and the PTV length (r=0.49, p=0.001). Likewise, the mean dose in the hippocampi is significantly correlated with the hippocampi length (r=0.34, p=0.04).





Conclusion

The VMAT plan with a head tilt angle of [40°,45°] met all dose constraints and demonstrated improved uniformity of the target area while reducing the dose to organs at risk. Furthermore, the linear regression models suggest that increasing the head tilt angle within the current range of [0°,45°] is likely to lead to a decrease in the average hippocampal dose.
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1 Introduction

Historically, whole-brain radiation therapy has been the standard treatment for brain metastases to achieve disease control (1, 2). However, the cognitive side effects associated with whole-brain radiation therapy, particularly the detrimental impact on hippocampal function, have raised concerns and highlighted the need for more precise and targeted treatment approaches (3–6). In recent years, whole-brain hippocampus-avoidance (HA-WB) techniques have emerged as promising strategies to minimize radiation-induced damage to the hippocampi while maintaining effective local disease control. These techniques aim to spare the hippocampi, a critical structure involved in memory and cognitive function, from unnecessary radiation exposure (7, 8).

Currently, there are various modalities available for whole-brain hippocampus-avoidance, including intensity-modulated radiation therapy (IMRT) (9), volumetric modulated arc therapy (VMAT) (10, 11), and tomotherapy (TOMO) (12, 13), that have been used in clinical practice to achieve hippocampal sparing during brain metastases treatment. In order to offer further protection to the hippocampi and decrease radiation dose to critical organs, several scholars have introduced a positioning method termed “head tilt,” which involves tilting the head at a particular angle (14–19). The findings of the article demonstrate that head tilt can effectively lower the radiation dose to critical organs. Moon et al. (14) and Se et al. (18) compared the dosimetric characteristics between head tilt and no head tilt using the VMAT technique. Their investigation was limited to a single specific tilt angle, and the analysis was restricted to the dose distributions in the target, hippocampi, lens, eyes, and cochlea. Lin et al. (16) employed the couch rotation technique to simulate virtual head tilt angles ranging from 0 to 40 degrees. However, their approach had the potential to introduce errors in organs at risk (OARs) doses due to variations in head tilt angles and modifications in CT cross-sectional scanning. Miura et al. (17) and Chung et al. (15) performed a comparative study using the TOMO technique to assess the quality of treatment plans aiming to spare the hippocampi during whole-brain irradiation at different head tilt angles. However, both studies were limited to investigating specific tilt angles. The aforementioned studies have left the potential effects of a broader range of angles unexplored, and the evaluation of critical organs is also incomplete.

Our study contributed to enhancing the application of HA-WB in a broader range of clinical contexts. To further explore the optimal angle for head tilt, we conducted a comprehensive study to investigate the influence of varying head tilt angles on the radiation dose imparted to the whole brain target volume and critical organs. Additionally, we explored the correlations between the dose spared to the hippocampi and the anatomical geometry. The main objective of this study was to determine the optimal head tilt angle that would lead to optimized clinical outcomes in radiation therapy.




2 Materials and methods



2.1 Patient selection

In this study, a total of eight patients with brain metastases were included. All patients received whole brain radiotherapy between April 2023 and November 2023 at our institution. All patients had a previous diagnosis of primary tumors originating from the bronchi and lungs. The age range of the study population was 36 to 78 years, with a median age of 57.5 years. The study was approved by the Institutional Review Board (Cancer Hospital Chinese Academy of Medical Sciences, Shenzhen Center Ethics Committee, approval number: JS2023-9-1). The inclusion criteria for this study are as follows: a) Age ≥ 18 years, no gender restrictions; b) Histologically confirmed primary solid malignant tumor (any type of cancer); c) Karnofsky Performance Score (KPS) ≥ 70; d) Patients who have previously undergone surgical treatment or SBRT/SRS radiotherapy for brain metastases are eligible for inclusion in this study. The following criteria are used to exclude individuals from this study: a) Patients with confirmed leptomeningeal metastases based on imaging; b) Patients who have previously received whole-brain radiotherapy; c) Presence of lesions within a 5mm expansion range of the hippocampus; d) Patients with obstructive hydrocephalus or significant structural deformation of brain tissue confirmed by imaging due to surgery or other benign/malignant brain diseases; e) Patients with severe cervical spondylotic myelopathy or other cervical spine disorders that prevent treatment at the head frame angle; f) Patients with severe underlying diseases (including hypertension, diabetes, heart disease, etc.), or those who are in an acute phase of a certain underlying disease and cannot tolerate radiotherapy.




2.2 CT simulation

CT simulation for these patients was performed on a CT scanner (GE Discovery RT; GE Healthcare, Milwaukee, WI). The slice thickness for CT simulation was 2.5mm. Five patients underwent CT scans at tilt angles of 0°, 10°, 20°, 30°, and 40°, while three patients underwent CT scans at tilt angles of 5°, 15°, 25°, 35°, and 45°. All patients were then categorized into five groups based on their tilt angles: [0°, 10°), [10°, 20°), [20°, 30°), [30°, 40°), and [40°, 45°]. Figure 1 illustrates five groups of CT-simulated images from a representative patient. The patients were positioned in the head-first-supine orientation using the Klarity Optek System. They were immobilized in a thermal mask to minimize the inter-fractional and intra-fractional variations. A tilting carbon fiber base plate (Klarity R602-DCF, Guangdong, China) was utilized to elevate the patient’s head with a range of 0° to 45°, following the protocol established by our institution.




Figure 1 | The sagittal views of a representative patient case. (A) [0°,10°) angle group, (B) [10°,20°) angle group, (C) [20°,30°) angle group, (D) [30°,40°) angle group, (E) [40°,45°] angle group.






2.3 Target and OARs delineation

The target volumes for all groups were demarcated by the physicians. The clinical target volume (CTV) was defined as the whole brain without the hippocampi region, and the planning target volume (PTV) was generated with an extension of 0.3 cm in all three dimensions from the CTV. The surrounding normal OARs, including the hippocampi, lens, eyes, pituitary, brainstem, optic nerve, optic chiasm, and cochlea, were automatically delineated by deep learning contouring software AccuContourTM (Manteia Medical Technologies Co. Ltd., Xiamen, China) and subsequently modified by the physicians. The prescribed dose for the target volume was 30 Gy in 10 fractions according to the Radiation Therapy Oncology Group (RTOG) 0933 protocol (8).




2.4 Treatment planning

The treatment plans were generated using the Pinnacle treatment planning system (Philips Medical Systems, Fitchburg, WI, USA). A 6MV FFF energy with a dose rate of 1400MU/min was employed, utilizing the Elekta Infinity linear accelerator (Elekta AB, Stockholm, Sweden) and the volumetric modulated arc therapy (VMAT) technique. The plan consisted of two full arcs, with a collimator angle of 5°. Treatment planning followed the recommendations outlined in RTOG 0933 (Table 1). Maximum and mean dose constraints were applied to limit the dose to the hippocampi, while the dose to the lens was kept below 8Gy. Additionally, efforts were made to minimize the maximum and mean doses to other OARs as much as possible.


Table 1 | Dose constraints for target and organs at risk.






2.5 Plan evaluation

The dosimetric parameters evaluated for the whole brain target included D2cc, D98%, mean dose (Dmean), homogeneity index (HI), and conformity index (CI) (20). CI represents the degree to which the dose is delivered with high conformity to the target volume while minimizing the dose to surrounding normal tissue and critical organs, and is calculated as follows Equation 1

	

Among the given terms, VPIL indicates the volume of the prescription isodose line, and VPTV represents the target volume of the planning target volume (PTV). HI is calculated as the ratio of the dose delivered to 5% of the target volume (D5%) to the dose delivered to 95% of the target volume (D95%) (21). Smaller HI values indicate a more homogeneous irradiation of the planning target volume (PTV). The HI is computed using the following equation: HI = D5%/D95%. D2cc of the PTV refers to the minimum dose received by at least 2cc of the target volume, while D98% represents the minimum dose received by at least 98% of the target volume. The dosimetric parameters assessed for OARs included maximum dose (Dmax) and Dmean. The Dmax and Dmean of the following OARs were evaluated: hippocampi, lens, eyes, optic nerve, pituitary, cochlea, optic chiasm, and brainstem.




2.6 Regression model

In order to examine the planning parameters associated with HA-WB treatment plans, a correlation analysis was conducted. We assessed the correlation between hippocampi dosimetric indices (Dmax, Dmean) and the monitor unit (MU) of treatment plans, PTV length, hippocampi length, and hippocampi angle. Figure 2 illustrates that the PTV length denotes the projection length of the PTV in the sagittal plane, while the hippocampi length signifies the projection length of the hippocampi in the same direction, and the hippocampi angle is the angle between the hippocampi and the horizontal line.




Figure 2 | Illustrations of PTV length, hippocampi length, and hippocampi angle.



Pearson’s correlation coefficient (r) was used to calculate the correlation Equation 2. Linear regression models were constructed using IBM SPSS Statistics software package.

	

in which i represents either the Dmax or Dmean of the hippocampi, j represents one of the following variables: the monitor unit (MU) of treatment plans, PTV length, hippocampi length, or hippocampi angle, n represents the dataset size. The value of ρ ranges from -1 to 1. When ρ=0, i and j are considered uncorrelated. If p=1 or -1, i and j exhibit a linear relationship. The absolute value of ρ determines the degree of correlation, with a higher absolute value indicating a stronger correlation. Conversely, a lower absolute value of the correlation coefficient suggests a weaker correlation.

In this study, the linear regression analysis method (22) was employed to investigate how the dose of the hippocampi can be predicted based on four factors, including MU number of the treatment plan, PTV length, hippocampi length, and hippocampi angle. By conducting regression analysis, the relationship between the dose of the hippocampi and these four factors was elucidated.





3 Result



3.1 Dosimetric comparison

The summary of dosimetric results for the PTV can be found in Supplementary Table 1. Figure 3 presents a comparison of the Dmean, CI, HI, D2cc, and D98% of PTV across five groups. The Dmean of PTV for groups 1 to 5 were reported as follows: 31.99 ± 0.29 Gy, 31.74 ± 0.19 Gy, 31.66 ± 0.24 Gy, 31.73 ± 0.35 Gy, and 31.49 ± 0.29 Gy, respectively. Group 5 demonstrated a significantly higher level of target average dose homogeneity compared to group 1 (p=0.016). In terms of target conformality, the CI values of PTV for groups 1 to 5 were reported as follows: 1.70 ± 0.49, 1.73 ± 0.50, 1.58 ± 0.46, 1.49 ± 0.28, and 1.76 ± 0.42, respectively. The homogeneity index of PTV for groups 1 to 5 were reported as follows: 1.24 ± 0.03, 1.23 ± 0.02, 1.22 ± 0.04, 1.23 ± 0.03, and 1.20 ± 0.03, respectively. Group 5 demonstrated a significantly higher level of homogeneity compared to group 1 (p=0.016), group 2 (p=0.041) and group 4 (p=0.039). The D2cc values of PTV for groups 1 to 5 were reported as follows: 35.78 ± 0.70 Gy, 35.15 ± 0.48 Gy, 35.15 ± 0.59 Gy, 35.04 ± 0.67 Gy, and 34.87 ± 0.50 Gy, respectively. Group 5 showed demonstrated statistically less hot spots compared to group 1 (p=0.016). The D98% of PTV for groups 1 to 5 were reported as follows: 20.15 ± 0.51 Gy, 19.89 ± 0.29 Gy, 20.23 ± 0.98 Gy, 19.70 ± 0.59 Gy, and 19.91 ± 1.10 Gy, respectively.




Figure 3 | Comparison of (A) PTV mean dose, (B) PTV conformity index, (C) PTV homogeneity index, (D) PTV D2cc, and (E) PTV D98% among five groups. *p<0.05.



Figure 4 illustrates the Dmax and Dmean values for the hippocampi and lens. The Dmax of hippocampi for groups 1 to 5 were reported as follows: 11.66 ± 0.59 Gy, 11.40 ± 0.65 Gy, 11.02 ± 0.16 Gy, 11.07 ± 0.19 Gy, and 10.73 ± 0.36 Gy, respectively. Group 5 demonstrated significantly lower values compared to group 1 (p=0.008), group 2 (p=0.016), and group 4 (p=0.039). Regarding the Dmean of hippocampi, the values for groups 1 to 5 were: 8.04 ± 0.21 Gy, 7.93 ± 0.16 Gy, 7.99 ± 0.19 Gy, 8.03 ± 0.20 Gy, and 7.97 ± 0.14 Gy, respectively. For the lens, the Dmax in groups 1 to 5 were reported as 4.99 ± 0.16 Gy, 4.79 ± 0.24 Gy, 4.09 ± 0.59 Gy, 3.25 ± 0.83 Gy, and 2.82 ± 1.10 Gy, respectively. Group 5 showed significantly lower values compared to group 1 (p=0.016), group 2 (p=0.016), and group 3 (p=0.023). The Dmean of lens in for groups 1 to 5 were reported as follows: 4.22 ± 0.26 Gy, 3.80 ± 0.30 Gy, 3.06 ± 0.62 Gy, 2.45 ± 0.53 Gy, and 1.93 ± 0.29 Gy, respectively. Group 5 exhibited demonstrated a significantly lower values compared to group 1 (p=0.008), group 2 (p=0.008), group 3 (p=0.008), and group 4 (p=0.039).




Figure 4 | The comparison of (A) hippocampi max dose, (B) hippocampi mean dose, (C) lens max dose, and (D) lens mean dose among five groups. *p<0.05.



The dosimetric results for OARs are summarized in Supplementary Table 2. In Figure 5 and Supplementary Table 2, The Dmean of eyes for groups 1 to 5 were reported as follows: 7.34 ± 0.56 Gy, 7.12 ± 1 Gy, 6.23 ± 0.93 Gy, 5.37 ± 1.07 Gy, and 4.96 ± 0.94 Gy, respectively. Group 5 demonstrated significantly lower values compared to group 1 (p=0.008), group 2 (p=0.016), and group 3 (p=0.039). The Dmax of optical nerve for groups 1 to 5 were reported as: 34.1 ± 1.17 Gy, 32.6 ± 1.25 Gy, 31.86 ± 0.52 Gy, 31.49 ± 1.66 Gy, and 30.17 ± 2.94 Gy, respectively. Group 5 showed significantly lower values compared to group 1 (p=0.008) and group 2 (p=0.039). The Dmax of pituitary for groups 1 to 5 were reported as: 34.23 ± 1.69 Gy, 33.12 ± 0.72 Gy, 32.87 ± 0.61 Gy, 32.54 ± 1.31 Gy, and 32.14 ± 2.52 Gy, respectively. Group 5 exhibited significantly lower values compared to group 1 (p=0.039). The Dmean of cochlea for groups 1 to 5 were reported as follows: 30.83 ± 0.5 Gy, 30.69 ± 0.65 Gy, 29.73 ± 1.29 Gy, 30.37 ± 1.19 Gy, and 29.83 ± 1.04 Gy, respectively. Group 5 exhibited demonstrated a significantly lower value compared to group 1 (p=0.016). Additionally, no significant differences were observed between Group 5 and the other groups in terms of the Dmax of cochea, Dmean of optical nerve, Dmax of optic chiasm, Dmean of optic chiasm, Dmax of brainstem, Dmean of brainstem, Dmean of pituitary, and Dmax of eyes. Supplementary Table 3 contains the summary of p-values denoting the significance of differences in PTV and OARs among the five groups.




Figure 5 | The comparison of (A) eyes max dose, (B) eyes mean dose, (C) optical nerve max dose, (D) optical nerve mean dose, (E) pituitary max dose, (F) pituitary mean dose, (G) cochlea max dose, (H) cochlea mean dose, (I) optic chiasm max dose, (J) optic chiasm mean dose, (K) brainstem max dose, and (L) brainstem mean dose among five groups. *p<0.05.



Figure 6 exhibits the dose distribution for a patient in the sagittal, coronal, and transverse views. The PTV and OARs were assessed across five different groups. The sagittal views from Figures 6A–E have tilt angles of 5°, 15°, 25°, 35°, and 45°, respectively. Similarly, the coronal views in Figures 6F–J correspond to tilt angles of 5°, 15°, 25°, 35°, and 45°, and the transverse views in Figures 6K–O are at the same respective tilt angles. Figure 7 shows the dose volume histogram (DVH) of PTV, hippocampi, optic nerve, optic chiasm, brainstem and lens in five groups. The PTVs have achieved a dose coverage of at least 92% of the prescribed dose. It is apparent that the PTV exhibits similar conformity, and the doses to the hippocampi are also similar. The PTV in the fifth group exhibits better uniformity, while simultaneously having the lowest dose to the lens.




Figure 6 | An example of dose distributions in sagittal, coronal and transverse views with different tile angles. From (A–E) present the sagittal view group 1–5, while (F–J) correspond the coronal view group 1–5 and (K–O) show the transverse view group 1–5.






Figure 7 | The DVH of PTV, hippocampi, optic nerve, optic chiasm, brainstem and lens. From (A–E) present the DVH with group 1–5, respectively.






3.2 Regression model

We further investigated the correlated factors of the maximum and mean dose in hippocampi. Four treatment planning parameters were considered, including monitor unit (MU) of the treatment plan, PTV length, hippocampi length, and hippocampi angle. Table 2 shows the correlation and significance of the above four factors with hippocampi Dmax. If significance (2-tailed) is less than 0.05, it is considered relevant. The higher the Pearson correlation coefficient (r), the stronger the correlation between this factor and hippocampi Dmax. There is a moderately significant correlation between hippocampi Dmax and PTV length (r=0.49, p=0.001). Likewise, hippocampi Dmean is significantly correlated with the hippocampi length (r=0.34, p=0.04).


Table 2 | The Pearson correlation and significance of hippocampi dosimetric indices were investigated in relation to the following factors: MU, PTV length, hippocampi length, and hippocampi angle.



Based on the aforementioned correlation analysis, we constructed linear regression models to establish the linear formulas for the maximum dose to the hippocampi and PTV length (Equation 3), as well as for the mean dose to the hippocampi and hippocampi length (Equation 4). Supplementary Table 4 presents the PTV length, hippocampi length, and hippocampi angle for each patient. The correlation assessment of two linear regression models are shown in Supplementary Table 5. The correlation between the maximum dose to the hippocampi and the length of the PTV can be represented by the following Equation 3 the model’s R-value is 0.486, and the Durbin-Watson test value is 1.887, indicating a positive correlation between the maximum dose to the hippocampi and the length of the PTV. The ANOVA (Analysis of Variance) yielded an F-value of 11.748, indicating the overall significance of the fitted equation. A higher F-value implies a more substantial equation and a better fit. The significance value is 0.001 (<0.05), affirming the validity of the model.

	

Equation 4 describes the correlation between the mean dose to the hippocampi and its length as follows: the model’s R-value is 0.335, and the Durbin-Watson test value is 1.820, implying a positive correlation between the mean dose to the hippocampi and its length. In the ANOVA, the F-value is 4.796, indicating the overall significance of the fitted equation. A higher F-value indicates a more significant equation and a better fit. The significance value is 0.035 (<0.05), signifying the model’s validity.  

	





4 Discussion

This study provides a thorough dosimetric comparison of the target and various OARs in brain metastasis treatment plans, considering 0°-45° different tilt angles. For the target, within the range of 30–45°, the uniformity of the target dose is satisfactory. Additionally, it should be noted that increasing the head angle may result in a decrease in the dose delivered to both the lens and the hippocampi. Table 3 shows the comparison of head tilt angles, planning techniques, treatment planning systems, and evaluated OARs in our study and previous ones.


Table 3 | Comparison of head tile angles, techniques, planning systems, and OARs.



Moon et al. (14) and Se et al. (18) conducted a comparative analysis of the dosimetric characteristics between without head tilt and with one tilt angle using VMAT technique. However, the study only investigated a single tilt angle and only analyzed the dose distributions in the target, hippocampi, lens, eyes, and cochlea. Lin et al. (16) employed the couch rotation technique to generate virtual head tilt angles ranging from 0 to 40 degrees. The study demonstrated a similar trend in hippocampal and lens dose compared to our study. However, despite the presence of various angle choices, the virtual angles did not provide information regarding the patient’s comfort at each specific angle. Additionally, when compared to the actual head tilt angles, the virtual angles could lead to inaccuracies in OARs as a result of variations in head tilt angles and modifications in CT cross-sectional scanning. Miura et al. (17) and Chung et al. (15) conducted a dosimetric comparison study using TOMO technique to explore the head tilt angles for whole-brain sparing of the hippocampi. However, both studies limited their investigation to specific tilt angles and did not adequately assess the OARs dose sparing. To summarize, our study’s strengths include providing a more comprehensive analysis of tilt angles, a more extensive comparison of OARs doses, and establishing a trend for hippocampal dose using a regression model, which could provide guidance for CT simulation and treatment of HA-WB.

The selection of angle 45 degrees as the maximum head tilt angle in this study stemmed from the fact that the tilting carbon fiber base plate has a maximum tilt capacity of 45 degrees. Additionally, surpassing this angle would have a negative impact on patient comfort. The proposed regression model revealed the relationship between hippocampal dose and the projected lengths of the PTV and hippocampi. The regression model would guide the patient setup in CT simulation and dose constraints in treatment planning. Given the correlation between the anatomical geometric features and hippocampal dose, we would be able to obtain the optimal angle of head tilt in CT simulation and conduct personalized radiotherapy. This approach takes into account the individual patient’s anatomy and dosimetric constraints, leading to more accurate and effective radiotherapy planning.

Xue et al. (11) and Yang et al. (23) have demonstrated that by changing the rotation direction of the radiation beam and adjusting the relative position of the hippocampi, non-coplanar plans offer the advantage of reducing the dose to the hippocampi. However, the optimization of non-coplanar plans is more complex due to limitations in gantry angles, increased treatment time, and the risk of potential collisions. Sprowls et al. (24) demonstrated that the use of HyperArc for WBRT with hippocampal sparing offers advantages over coplanar VMAT in terms of hippocampus preservation, reduction in maximum dose, and decreased volume of high dose to the whole brain. Nonetheless, one possible drawback of employing HyperArc is the radiation dose that exits the body when non-coplanar beams pass through the neck and thorax. In contrast, head tilt plans offer the advantage of requiring less time and effort during the planning and treatment stages, being easier to optimize, and effectively decreasing the radiation dose to the hippocampi and neighboring OARs. In head tilt plans, the maximum dose to the lens is 50% lower compared to non-head tilt plans, whereas the decrease in lens dose for non-coplanar plans is comparatively less significant.

Yuen et al. (10) investigated the correlation between collimator selection and the quality of HA-WB plans. However, the study did not examine the impact of collimator selection on the plan. The choice of a 5-degree collimator was based on our institution's expertise in treatment planning of hippocampal sparing whole-brain radiation therapy. Therefore, the potential influence of varying collimator angles on this study was not taken into account. Future research could explore the implications of different collimator angles on the study's conclusions.

The patient’s comfort and stability were not evaluated as the head tilt angle increased. However, we believe that a head tilt angle exceeding a certain threshold may affect the convenience of patient positioning and increase the possibility of setup errors during treatment. To ensure proper immobilization throughout the positioning and treatment process, it is recommended to employ a thermoplastic cushion or foam to secure the patient’s neck. Figures 8A–C displays the patient’s head tilt positioning for groups 3–5. The red arrows highlight that with an increasing head tilt angle, there is an expansion of the gap between the patient’s neck and the immobilization frame, which could lead to discomfort and reduced positioning stability. The selection of head tilt angles in practical clinical settings should prioritize both patient comfort and positioning stability. Moreover, as the head tilt angle increases, the distance between the treatment center and the linear accelerator table also increases, posing a potential risk of collision. When choosing a head tilt angle in clinical settings, the collision risk should be given primary consideration.




Figure 8 | Illustration of patient positioning comfort. From (A–C) were group 3–5, respectively. The red arrow indicated the level of unsupported neck for the patient.



The relationship between head tilt angle and hippocampal dose in the beam’s eye view (BEV) was explored in Figure 9. An increase in head tilt angle is hypothesized to result in a corresponding increase in the hippocampi visible in the BEV,  suggesting enhanced modulation of hippocampal dose through MLC optimization at each control point. Furthermore, the adjusted angle leads to a change in the relative position between the lens and the PTV, as depicted in Figure 6, resulting in a substantial decrease in lens dose.




Figure 9 | Illustration of the hippocampi in the BEV. (A) 0° head tilt angle and (B) 40° head tilt angle.






5 Conclusion

The present study demonstrated that VMAT plans with a head tilt angle met all dose constraints. For better dose coverage and uniformity for whole-brain PTV and dose reduction of OARs, the study results suggest utilizing a head tilt angle in [40°,45°]. According to our linear regression models, the hippocampi dose decreases proportionally to the increase in head tilt angle.
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